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Introduction

1.1 RNA BINDING PROTEINS (RBPs):

RNA binding proteins (RBPs) are proteins capable to recognize and bind RNA targets and form
ribonucleoprotein particles (RNPs). RBPs is one of the largest group of proteins in the cell; they play
important roles in the regulation of gene expression and participate in every step of the RNA
metabolism. In particular, RBPs are involved in transcription, splicing, modification, intracellular
trafficking, translation, and decay (Figure 1).'* RBPs are highly conserved throughout evolution, widely
distributed across tissues, and may act on RNA targets or with other regulatory partners that display
tissue-specific expression. They can bind RNA sequences with a wide range of affinity and specificity,
interacting with local sequences or structures of the RNA and can be modulated by post-transcriptional
modifications, leading to the formation of dynamic and cell type specific regulatory complexes. Hence,
even though RBPs can bind a wide variety of RNA targets, some may be regulated only under particular

cellular conditions. >
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Figure 1. RNA-binding proteins involvement in several steps of RNA life both in the nucleus and cytoplasm. Nuclear functions
involve transcription, splicing, capping and polyadenylation. Cytoplasmic functions involve transport (from nucleus to
cytoplasm), localization, translation, and degradation of mRNA targets. >

RBPs can have one or multiple domains responsible for recognizing and binding the RNA. The presence
of multi-domains can often help the coordination and enhance the binding to RNA; in fact, the
combination of several RNA binding regions give to RBPs the ability to recognize with high specificity
particular regions in RNAs. The most prevalent RNA binding domains (RBDs) include RNA
Recognition Motif (RRM), K-homology (KH), zinc-finger domains and DEAD/DEAH helicase. Within
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all of these, RRMs are the most abundant RNA-binding domain in higher vertebrates and the most

studied domain, both in terms of structure and biochemistry. **

1.2 RNA RECOGNITION MOTIF (RRM):

RRMs are found in prokaryotes, eukaryotes, and viruses. In prokaryotes, they are normally found in
proteins containing a single RRM domain and therefore are rather small. Conversely, when RRMs are
found in eukaryotes, they are often found as multiple copies within protein or together with other
domains.’ The fact that RNA Recognition Motifs are found in such abundance through species and in
particular, in higher vertebrates, highlights the importance of their biological function and their
association in many functions in the cell. Although it is known that eukaryotic RRM proteins participate
in all post-transcriptional events involving RNA (including pre-mRNA processing, and splicing, mRNA
stability, RNA editing, pre-TRNA complex formation, translation regulation and degradation), their roles

in bacteria are still unknown. ¢

A typical RRM domain comprises approximately 90 amino acids and consists in four-stranded
antiparallel B-sheets packed against two alpha helices, adopting the canonical af structure with a typical
Blalp2p3a2p4 topology (Figure 2A) *7. The loops between the secondary structure elements are often
disordered when the protein is in its free form and can vary in length. Only in the loop5 there is often
the formation of a secondary structure such as a small two-stranded B-sheet.’ The two central B-strands
B3 and B1 of the domain (Figure 2A), contain two conserved sequences of eight and six amino-acids,
that define the ribonucleoprotein domain (RNP) called RNP1 and RNP2 respectively (Figure 2B). They
play important roles in nucleic acid recognition, making the beta sheet surface the binding area of the
RRMs. On top of this, both a-helices interact with each other keeping the -sheet surface completely
free and ready for RNA binding.' Both consensus sequences of RNP in RRMs, contain 6-8 residues that
are mainly aromatic and positively charged. The consensus sequence for RNP1 is [Arg/Lys]-Gly-
[Phe/Tyr]-[Val/lle/Leu]-X-[Phe/Tyr] and for RNP2 is [lle/Leu/Val]-[Phe/Tyr]-[Ile/Leu/Val]-X-Asn-
Leu where X can be any amino acid.** These residues are involved in either stacking interactions with

RNA bases or inserted between two sugar rings.®

Although they share a really conserved RNP domains, RRM-containing proteins can recognize a wide
range of different RNA sequences. Indeed, many efforts have been made to shed light on this RNA
recognition mechanism, and despite the identification of RNA sequences for several RRM domains,
many RRMs still have no consensus sequences identified yet. The different binding modes and
differences between the RRM protein families, make the identification of a general code for RRM-RNA

a current challenge.” In general, each RRM can recognize between four and eight nucleotides; several
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studies emphasize that the two central B-strands of the -sheet surface are crucial for nucleic recognition,
but that also the loops connecting B-strands and o-helixes (Figure 2A) are involved in the interaction.
Loop! connecting 1 and al, loop3 connecting B2 and B3 and loop 5, connecting 02 and B4, are in fact

often involved in the formation of the main binding interface.*’

When multiple RRM domains are present in a protein, it is thought to increase its binding affinity and
specificity for RNA targets; the combination of two or more RRMs in fact allow the protein to recognize
a larger RNA sequence which often results in an increase of affinity. Furthermore, when two RRMs are
located close to each other in tandem and they are connected by a short inter-domain linker, they can
accommodate the RNA molecule and achieve a stronger interaction. When this happens, both RRMs
and the interdomain linker cooperatively bind the RNA target. *>'° In other cases, RRMs do not interact
with each other but rather seem to bind RNA independently, increasing the chance for the protein to
encounter their specific RNA binding sequence. This is the case of PTB protein where both RRMs are
separated by longer flexible likers.'' Finally, there are also cases where, independently by the length of
the linker, the two domains interact in the free form of the protein. This is the case of hnRNPAT1 for
example where, in presence of a single strand RNA target, those two domains can affect the RNA

topology inducing the formation of RNA loops between the two binding sites of each RRM. !

[Arg/Lys]-Gly-[Phe/Tyr]-[Val/lle/Leu]-X-[Phe/Tyr]

[lle/Leu/Val]-[Phe/Tyr]-[Ile/Leu/Val]-X-Asn-Leu

Figure 2. A) RNA Recognition Motif canonical off structure with a typical fio1f32f30204 topology. B) RRM binding interface
comprehending the f-sheet surface and the conserved RNP1 and RNP2 regions located in 53 and f1 respectively.
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On top of that, having multiple RRM proteins with similar affinity for the same RNA targets, but using
a different mode of interaction, is likely to be frequent in RNA biology. This can create a competition
effect which can make the molecular mechanisms of post-transcriptional gene regulation difficult to

deconvolute or model.'"!?

Over the last few years, in addition to the known capability of multiple RRM domains to cooperate with
each other to enhance the affinity for target RNA, several studies have shown that RRMs are also
involved in protein-protein interaction. The RRM-protein interactions seem so important that sometimes
other protein acts as a cofactor, enabling the interaction of the RRM with its target RNA.

It has also been demonstrated that other RRMs don’t bind RNA at all but are however involved in RNA-
related function through the interaction with other proteins; this usually happens when the beta sheet

surface of the RRM is involved in the interaction with the protein. >'?

From this brief glimpse on RRM interactions it is quite clear that to understand the interplay of multiple
RRMs, it is important to properly characterize their relative orientation and hence, their interaction. An
exhaustive characterization, that also includes the shape of the protein surface, the secondary structure
of the RNA and the network of non-covalent interactions such as Van der Waals, hydrogen bonds and
ionic bonds between the protein and the RNA, can be in fact the key to understand their mode of

interaction and define the exact RNA binding surface. ®

1.2.1 RRMs biological and pathological roles:

As we said before, RRMs are involved in elaborate networks of RNA-protein and protein-protein
interactions that control RNA metabolism; an alteration in their binding capability or specificity can
hence have an impact on many different pathways. '*!* For this reason, any change in their expression,
any dysfunction, or any aggregation of RRMs can lead to major human disease including neurological
disorders, muscular atrophies, and cancer. Moreover, aggregation of RRMs, i.e. induced by mutations,
can play an important role in the context of unfolded protein diseases since RRMs can promote their
aggregation or alter their function, which provides a direct mechanism for overactive Stress Granules
(SGs) formation. '

Altogether, these alterations of the physiological role of RRM-containing proteins can lead to a loss of
RRM function due to protein inactivation, or toxic RNA gain of function, usually observed by a

dysregulation on their level of expression that tends to lead to an overexpression.'*'°

Therefore, altered expression, post-translational modifications, or altered localization of RRMs can
contribute to tumorigeneses and diseases. Altered RNA metabolism due to a malfunction in RRM-

containing proteins can affect cell growth, proliferation, invasion, and death. It is in fact common that
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altered expression of these proteins has a role during the development and progression of cancer. Thus,
over the past decades, RRM-containing proteins have gained more attention and a special potential for

targeting them for cancer therapeutics has risen.'”'®

Here some examples between the numerous cases reported in literature throughout the years involving
RRM-containing proteins: spinal muscular atrophy (SMA), a common autosomal recessive
neuromuscular disorder, is associated with mutations or deletions in the survival of motoneuron (SMN-
1) protein, '*!'® mutations in FUS, Ataxin-2 (ATXN2), heterogeneous nuclear RNA proteins (hnRNPs)
and TDP-43 all cause neurodegenerative diseases including Amyotrophic Lateral Aclerosis (ALS);'*!'**
altered expression of Musashi (MSI), RNA binding protein 38 (RBM38), or TET family, proteins that
participate in cell growth control, are involved in several cancers;*"** and HuR protein, of the Hu/ELAV-

like family, has been implicated in promoting inflammation and inflammatory diseases.

During these past years, various strategies have been used to target RRM-containing proteins in cancer
and other human diseases. The most common approach to target them is via small molecules. '* These
might be used to inhibit the protein function in different ways including disruption of the RNA-protein

2324 induce RRM protein degradation % or prevent

interaction by binding the RRM-containing protein
functional RRM modifications by targeting the activity of the enzymes involved .

On the other hand, other approaches that have been gaining attention over the past years '® involve the
use of 1) antisense oligonucleotides (ASOs), designed to bind to the RNA to perturb protein production
by enhancing degradation of the targeted RNA and therefore alter RNA metabolism or up-regulate gene
expression ?’; ii) target delivery of small interfering RNA (siRNAs) nanoparticles for cancer treatment
applied for example in HuR protein %*, iii) nucleic acid or peptide based aptamers that fold into sequence
specific three-dimensional structure that can recognize their unique target *’; iv) peptides for targeted
drug delivery *° or v) circular RNAs (circRNAs) with several RRM recognition sites to regulate their
function by acting a as decoy or sponge *'.

However, to this date, many RRM-containing proteins still remain considered as “undruggable” and
only a few other have been targeted for therapy. This is due to the many difficulties and challenges that
these proteins entail. Some of these, include the fact that the complex biological function of most RRM
proteins in diseases still needs to be understood, the unknown RNA target or the specific mode of
interaction of the RRM-containing protein, the selective targeting of cancer cells as most of the RRM
proteins are required for both normal and cancer cells, or the identification of critical targets of an RRM
that can mediate its function in cancers.

To overcome these many difficulties one might encounter when trying to target these proteins, research
in many areas and focus on many RRM-containing proteins is needed. Understanding the structural

bases of the interaction with RNA, discover and understanding the biological function of the protein in
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cells, detecting the implication that each of these proteins have in diseases, finding selective targets, and
developing or improving technology or targeted therapies are just a few of the many paths that research
needs to focus on to continue making progress in the therapeutical field of RRM-containing proteins.

In this regard, the European project “RNAct: Enabling proteins with RNA Recognition Motifs for
synthetic biology and bio-analytics” has emerged as one of the multi-disciplinary and networking
projects that aims to study and improve the general knowledge in RRM-RNA interaction to try to

overcome some of these challenges.

1.3 RNAct: ENABLING PROTEINS WITH RNA RECOGNITION MOTIFS FOR
SYNTHETIC BIOLOGY AND BIO-ANALYTICS:

RNAct is Marie Sktodowska-Curie Innovative Training Network (ITN) project that focuses its research
on proteins containing RNA Recognition Motifs (RRM) to post-transcriptionally regulate gene
expression and detect specific RNAs. The ability to manipulate these RRM proteins offers a wide
application potential in synthetic biology, in bio-analytics and for the creation of synthetic pathways in
cells, such as enabling their activation on triggering their inhibition via small molecules.

As already mentioned in section 1.2, RRMs are extremely versatile in their RNA recognition capability
and are also able to modify RNA conformation, enabling its function or recognition by other proteins.
Because of the complexity of RRM-RNA binding and the intrinsic dynamics present in both RRMs and
RNA targets, we lack understanding of how the isolated domains recognize and bind specific RNA
fragments and how multiple RRMs act to achieve complex functions in multidomain RRM proteins.
RNActresearch is organized throughout a design cycle. This cycle starts with the computational analysis
of sequences and structures of both proteins and RNA, in order to identify the key amino acid positions
that drive the interaction. With this analysis achieved, a computational approach is used to try to
manipulate the interaction between protein and RNA changing the primary structure of both sequences.
The cycle continues with an analysis at atomic level using integrated structural biology approaches and
the final step is the synthetic biology study of the post-transcriptionally regulation of fatty acid
processing via RRMs, and within the bio-analytics field, the determination of RNA in-cell and the design
of RNA-based chips.

These design cycle steps address three general aims: 1) modify the RNA specificity of single-domain
RRMs by modulating their interaction, ii) allosterically control RRM-RNA binding via a small ligand
and iii) design multi-domain RRM protein switches where RNA binding changes the linker

conformation or where allosteric changes in the domain liner change RNA specificity.

This PhD thesis falls within the RNAct consortium and dives mainly in the first two general aims of the

project. In particular, it focuses on the expression, purification, and characterization of single- and multi-
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domain RRM containing proteins using biophysical and structural biology techniques in order to
determine how those proteins bind to RNA targets. Furthermore, it is also studied the development of a
new application to monitor time-resolved RNA-RRM interaction analysis on living bacteria cells and
its modification in presence of an allosteric inhibitor.

From all the RRM-containing proteins that still need to be studied, this thesis focuses on two really
relevant RNA binding protein families that are implicated in several diseases and have a high interest
within the research community from a therapeutic point of view. This thesis focuses its research in two
RRM-containing families, the Musashi (MSI) family, with regards to the Musashi-1, and the Elavl-like
family, with the analysis of the bacterial form of the Human Antigen R (HuR) protein.

1.4 MUSASHI (MSI) FAMILY:

The Musashi (MSI) family is a widespread and highly conserved protein family, first identified in
Drosophila due to its role in the regulation of the sensory organ precursor cells division. This protein
family comprises two Musashi homolog proteins: Musashi-1 (MSI-1) and Musashi-2 (MSI-2), that
function as translational regulators of mRNA targets and play critical roles in stem cell maintenance and
self-renewal. MSI-1 and MSI-2 share 69% of sequence identity and contain two RRM domains that

recognize and bind target mRNA.'#

1.4.1 Musashi-1 structure and RNA interaction:

Musashi-1 is a multi-domain RRM protein that consist of 362 amino acid residues. Its structure, Figure
4A, contains two highly conserved RRMs, RRM-1 (comprising residues Cys20-Val94) and RRM-2
(residues Lys109-Ser191) in its N-terminal region connected by a short flexible interdomain liker. The
tandem domain is followed by a highly disordered region in its C-terminal portion, that serves as a
putative nuclear export signal and mediates protein-protein interactions. As it can be seen in Figure 4B
and 4C, residues Arg61-Phe68 and Argl50-Phel57, and residues Met22-Leu27 and Alalll-Leull6
correspond to the RNP1 and RNP2 sequences of the two domains, respectively.

Both RRMs contain the classical conformation of four beta sheets packed against two alpha helixes
adopting the Blal B2B302p4 topology. In RRM-1 (Figure 4B), in addition to the canonical structure,
two short antiparallel beta sheets have been identified in loop5 between 02 and 4 (Glu84-Leu85 and
Lys88-Thr89, respectively), and a B-bulge structure, common in most RRM-containing proteins, has
been found in the B2 region comprising the residues Val46-Glu48. Furthermore, residues Phe23, Phe63
and Phe65 form a hydrophobic patch exposed to the solvent. **** In RRM-2 (Figure 4C), in addition to

the main structure, there is a short beta-strand located between the residues Phel71-1le174, and, a B-



Introduction

bulge, has been identified in the Vall135-Asp137 region, again in the 2. A hydrophobic patch is present
also in this second RRM, and involves residues Phel112, Phel152 and Phe154 .33

RRML RRM2

1 linker 200 362
A) N-terminal —O:)—_—— C-terminal B)

20 94 109 191 P

N'-terminal N\
D
). A nter-aomain linker 4
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b o, 57 ¢ (naosThrios) N
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(Cys20-valod)

RRM2 j
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.

RNP1: Arg61-Phe68
RNP2: Met22-Leu27
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al: GIn33-GInd2
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B3: Phe63-Thre7
a2: Ala72-Ala79
B4: Asp91-valoa

RNP1: Arg150-Phel57
RNP2: Alalll-Leull6

B1:Lys110-Gly1l4
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B2:vall135-Leul40
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a2: Glul6o-lle169
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- A,\ b s J
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Figure 4. Structural scheme of human Musashi-1 protein. Structures from Alpha fold: AF-O43347-F1. A) General overview of
MSI-1 full-length structure. RRM-1 (in green) and RRM-2 (in blue) are located in tandem in the N ’-terminal region and
connected by an inter-domain linker (pink). N'- and C’-terminal regions are highlighted in red. B) Structural information of
RRM-1. Highlighted in grey the residues comprising RNP1 and RNP2 regions. C) Structural information of RRM-2.
Highlighted in grey the residues comprising RNP1 and RNP2 regions.

Due to its role in the neural precursor cells and its implication in many diseases, experiments throughout
the years with the mouse homolog of the protein (m-MSI-1, 98.9% of sequence identity with the human
MSI-1) have been performed as an attempt to deconvolute the interaction mode with the target RNA.
First binding experiments were performed by Northwestern blot assays using RNA homopolymers.*®*’
Those experiments detected a strong binding of the m-MSI-1 full length protein with poly(G) and a
significantly weaker binding to poly(U). When analysing the isolated domains, RRM-1 showed similar
behaviour as the full-length protein, while no binding was detected with RRM-2.

In 1997 gel-retardation experiments with a proposed specific sequence ((GUUAGUUAGUUAGUU)),
also indicated that RRM-1 alone was able to bind the RNA oligomer while again no binding was

detected for RRM-2.%° Further experiments with solution NMR were carried out to determine the three-

dimensional structure of RRM-2 (Lys109-Ser191) in its free form.

In 2001, an in vitro selection of high-affinity (SELEX) RNA ligands for m-MSI1-1, allowed the

identification of the consensus RNA sequence for Musashi-1, and demonstrated putative translational

10
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repression of the mammalian numb (m-numb) gene.*® In this SELEX study, the authors identified
sequence-specific uridine-rich RNAs fragments in mRNAs that bind MSI-1, and all the selected
fragments were containing the (G/A)U.3AGU sequence motif that frequently appeared in two or three
tandem repeats.

Using the SELEX motif as a starting point, Miyanoiri’s group ** performed RNA binding experiments
with solution NMR with the isolated domains and the same RNA sequence used in gel-retardation
experiments mentioned above. Contrary to gel retardation experiments, where binding to RRM-2 was
not detected, NMR experiments were able to successfully detect the binding of RRM-1 and RRM-2 with
the RNA target.

Solution NMR *? and Fluorescence Polarization *° experiments, using different length RNA fragments
and the isolated domains of MSI-1, were performed to find the optimal Musashi binding determinant
and define the core motif for either recognition motif. The minimal consensus sequences identified for
the binding of RRM-1 and RRM-2 were r(GUAG) and r(UAG), respectively. These consensus motifs
are suggested to mainly be located in single stranded or partially bulged hairpins and within the 3’
untranslated region (3’UTR) region or mRNA targets.***!

Subsequently, structure of the RRM-1 ** and of the RRM-2 ** bound to r(GUAGU) (referred from this
point as G1-U2-A3-G4-US5) were determined by solution NMR.

Among the residues in the B-sheet surface of both RRMs involved in the RNA binding, RRM-1 residues
Lys21, Phe23, Arg61, Phe63, Phe65, Asp91 and Lys93 are conserved in the second recognition motif
(RRM-2), being Lys110, Phel12, Argl50, Phel152, Phel154, Glul80 and Lys182, respectively. These
residues share function and mode of interaction upon the binding (Figure 4, panel A and B).

In RRM-1 (Figure 4, panel C), the Trp29 located in the loop between Blal recognizes G1 of the RNA
sequence throughout aromatic-aromatic stacking, and a hydrogen bond is formed between the same G1
and the Lys88. In the RRM-2 the Trp29 is not maintained and the Vall18 is present instead; since the
second domain cannot undergo aromatic-aromatic stacking interaction and therefore is not able to bind

Gl. 32,34

To date, no proper RNA binding analysis has been performed on the tandem domain and no structural
biology experiments has been done on the human homologue protein. Furthermore, no deep kinetic
analysis has been done, and values of Kd obtained throughout the years came from fluorescence

polarization or densitometric analysis of gel retardation experiments.
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A)

G1  Vall1s

Figure 4. Structure of the residues involved in the RNA binding of RRM-1 (PDB:2rs2) and of the RRM-2 (PDB: 5x3z) bound
to r(GUAGU) (referred as G1-U2-A3-G4-US5). A) Asp91, Lys93 and Glul80, Lys182 formation of hydrogen bonds with U2. B)
phenylalanine residues located in the RNP2 (Phe23 and Phel12) and RNPI (Phe65 and Phel54) interaction through aromatic-
aromatic stacking interactions with A3 and G4 respectively and salt bridges are present between G4 and Lys21 and Lys110 to
support the stacking interactions. C) In the RRM-1 the Trp29, recognizes GI1 of the RNA sequence, throughout aromatic-
aromatic stacking whereas in RRM-2 Tr29 is not maintained and the Valll8 is present instead. Valll8 cannot undergo

aromatic-aromatic stacking interaction and therefore is not able to bind G1. 3234

1.4.2 Musashi-1 expression, localization, and function:

Musashi-1 is considered a specific RBP, because it interacts with small subset of mRNAs, and has a
restrictive pattern of expression such as being expressed only in certain tissues or during certain specific

developmental stages.*’ To be precise, MSI-1 protein is selectively expressed in neural precursors cells,
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including NSCs, and in central neuron system (CNS) of progenitor cells during the embryonic stage. It
plays important role in brain development, maintenance of stem-cell state and cell differentiation.**

Neural RNA binding proteins in mammalian, play important roles in post-transcriptional regulation of
gene expression and neural development.*® Indeed, Musashi expression is gradually down regulated
during neural differentiation; it associates with ribosome and is involved in maintaining the
undifferentiated state of neural stem cells through the posttranscriptional control of downstream

genes.**®

Once Musashi is expressed and activated in its specific tissues and developmental stages, it is expected
to regulate hundreds of different mRNA and thus, to be involved in regulation of cell cycle, cell
proliferation, cell differentiation, apoptosis, and post-translational modifications.*” In physiological
conditions, MSI-1 expression in mammary epithelial cells activates Notch and Wnt pathways and
promotes proliferation of mammary stem cells,” any dysregulation of the expression or activation of
the protein might lead to a disruption of these signalling pathways. The Wnt signalling pathway plays
important role in the maintenance of pluripotency and in the process of somatic cell reprogramming.
p21VAF T mRNA encodes for a cycling-dependent kinase inhibitor, which negatively regulates Wnt gene
expression. Musashi binds to the 3°-UTR region of the p21VAF! mRNA and represses its translation
resulting in an upregulation of the cell cycle via the Wnt signalling, maintaining cell proliferation and
multipotency (Figure 5). *

Separately, numb mRNA encodes for the Numb protein that promotes the differentiation of neural stem
cells (NSCs) via the suppression of the Notch signalling pathway (Figure 5).**** MSI-1 has been shown
to upregulate numb expression in gastric tissue. >’ NSCs are undifferentiated tissue stem cells present in
the CNS that possess multipotency, ability to self-renew and to repair damaged tissue. MSI-1 has been
found to bind the 3’-UTR region of Numb mRNA and inhibit its translation. On the other hand, Numb
protein binds the intracellular domain of Notch-1 protein and inhibits activation of the Notch signalling
pathway. Hence, MSI-1 positively regulates Notch signalling to maintain stem-cell NSCs self-renewal.*?
Thus, Musashi controls cell proliferation of cancer stem cells by modulating Notch and Wnt signalling
pathways, and promotes G0/G1 to S phase transition of cell proliferation by inhibiting translation of

checkpoint regulators through the direct binding to p21, p27 and p53 mRNAs.*

An additional in vitro affinity selection study of E12 embryonic mouse brain cells was performed to
identify mRNA and proteins that bind specifically to MSI-1 with the aim to understand and comprehend
its role in NSCs. *** Among the mRNA identified as Musashi binders, this study focused on the
doublecortin (dcx) mRNA, a protein related to the migration of new-born neurons and neural
development (Figure 5). They selected it because of its structural and functional features: 1) the mRNA

sequence includes the MSI-1 consensus sequence for both RRMs, ii) these motifs are located near or
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within an hairpin, and iii) are located on the 3’-UTR region of the mRNA; iv) doublecortin (dcx) is
expressed only in neural precursors from NSCs, v) exclusive and co-expression of both Musashi and
dex was observed in human brain, and vi) knock-out experiments on MSI genes reduced the number of
neuroespheres isolated from embryonic mouse brains while on dcx prevented their migration and
maintained their structure. In this study they confirmed binding both in vitro and in cultured cells, as
well as demonstrated binding of Musashi to dcx mRNA and a subsequently inhibition of its translation

throughout reporter assay systems.

The C-terminal region of Musashi-1 is involved in protein-protein interaction which allows other
proteins to both induce and repress protein translation (Figure 5). For instance, Musashi-1 is co-
expressed complementarily with HuR protein localized in differentiated neurons in the central nervous
system. HuR recognizes and directly binds the 3’-UTR region of Musashi and positively regulates MSI-
1 expression in glioblastoma. ***7 In this regard, in the mammalian system, MSI-1 was identified as a
marker for neuronal stem cells (NCSs) together with other RBPs from the ELAV family.*' Separately,
the interaction with a poly-A-binding protein (PABP), with a specific domain located after RRM-2 of
MSI-1 disrupts binding between PABP and the eukaryotic translation factor 4 gamma (elF4G) and thus,
represses initiation of translation of a subset of Musashi targets. In addition, in mammalians cells,
Musashi binds 3°-UTR region of the numb mRNA and represses m-numb 5’-cap dependent translational
by competing with eIF4G for PAB binding, thereby maintaining the stem cell state. *****°

In the C-terminal region of MSI-1, a Lin28-binding motif has been identified; hence a cooperation within
the two proteins can control the subcellular localization of proteins involved in microRNA (miRNA)
biogenesis and regulate the post-transcriptional miRNA biogenesis in the nucleus ***', influencing stem
cell maintenance and differentiation. In line with miRNA, MSI-1 was demonstrated to impair CD44

mRNA by limiting miRNA-mediated decay.
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Figure 5. General scheme of Musashi role and function in cells.

MSI-1 is localized in both the nucleus and cytoplasm, and shuttling was reported under stressed
conditions such as hypoxia or platinum-based therapy (chemodrugs). In response to the stress condition,
MSI-1 translocates to the cytosol where it recruits Argonaute 2 (AGO2) protein, another RBP that play
a central role in RNA silencing processes by inhibiting the translation of their targets and mediating
their decay (Figure 5). Once AGO?2 is recruited by Musashi, it post-transcriptionally regulates the
expression of target mRNA. Their interaction MSI-1/AGO2 to mRNA targets within the 3’-UTR region
enhances their degradation whereas binding to CDS region (coding sequence) prevents their rapid
degradation. By coordinating these mechanisms under stress conditions, MSI-1/AGO2 complex
enhances tumour proliferation and ensures cancer cell survival.*'*¢ In addition, MSI is also recruited by
stress granules (SGs) like many RBPs and affects SG formation. However, whether SG-recruitment is

linked to its roles in controlling cytoplasmatic mRNA remains unknown.*!

In 2001 Musashi was first linked to cancer where studies showed overexpression of MSI-1 in
medulloblastomas, gliomas and hepatomas *'**. Over the years, elevated expression ** has been also
identified in many types of solid tumours (like pancreatic, lung, colon, brain, or breast cancer). In
addition, overexpression has also been found in different types so leukaemia *’. In line with this,
overexpression of MSI-1 has been correlated with poor prognosis in several cancers, i.e., in breast cancer
% Because of the strong oncofetal expression of Musashi, its association with a poor prognosis and its
pro-oncogenic properties suggest MSI-1 as a potent marker and promising therapeutic target in various
solid cancers. It is considered a potent regulator of various cancer hallmark pathways such as

proliferation, apoptosis and self-renewal, migration, and tumour growth in vivo.'®4!43
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1.4.3 Musashi-1 targeting as a therapeutic strategy:

The importance of this protein in various cancers motivated researchers to develop small molecules
inhibitors of these proteins. However, as many other RBPs, MSI-1 was considered hard to target by
small molecules due to the lack of well-defined binding pockets and structural information. Moreover,
the strong electrostatic binding between the negatively charged RNA and the positively charged protein,
makes it even harder to obtain small molecules inhibitors. However, attempts have been made and to
date some small molecules (oleic acid and other fatty acids, (-)-gossipol and luteolin), have been
identified and tested. *!

Oleic acid was proven to bind the first recognition motif of Musashi and thus, disrupt the RNA binding.
It was also shown to inhibit proliferation of a cell line expressing Musashi, although the mechanism of
action remains unestablished.*

Luteolin disrupts MSI-1 binding to the consensus sequence via a direct interaction with the protein, and
diminishes Musashi’s positive impact on the pro-oncogenic target genes’ expression, resulting in
reduced proliferation, migration, and invasion of glioblastoma cells.*'

(-)-gossipol, a natural product extracted from cottonseed, inhibits RNA binding via a direct interaction
with RRM-1. It has been shown that it also reduces Notch/Wnt signalling pathways in colon cancer cell
lines, and supress tumour growth in a mouse xenograft model. However, on the other hand, it has shown
only minimal activity against prostate cancer.*

Since the situation described above, extensive research to find proper inhibitors of Musashi is needed.
These inhibitors may be valuable in cancer therapy or as regulators of responses to treatments like
chemotherapy or target therapy.

Also, MSI-1 is induced as part of the damage response processes in arthritis, overexpressed in
atherosclerotic plaques and critical for the functionality and survival of photoreceptors in the retina.*
Therefore, more work is needed to define Musashi’s role in other tissues with the aim to lighten

pathologic conditions.

1.5 HUMAN ANTIGEN (HU-ELAVL) FAMILY:

The Hu family comprises four mammalians neuronal RBPs that codify for the ELAV gene (embryonic
lethal abnormal visual system), a gene that encodes a nuclear product in neurons and that is required for
the maintenance and differentiation of postmitotic neurons. All members of the Hu or ELAV family are
essentially expressed within the nervous system as in neurons, neuroblasts and glial cells, and in less
frequency in other tissue.*’

The ELAV-like family proteins are well conserved throughout species and the fourth human Hu proteins
(HuR alternatively called HuA, HuB. HuC and HuD) themself, share >71% of sequence identity. Within

the four proteins, HuR is the only one ubiquitously expressed, whereas the expression of the remaining
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three are limited to neuronal tissues.**' These RRM-containing proteins are both located in the nucleus
and cytoplasm and thus perform various roles at different stages of gene expression including splicing,

nucleo-cytoplasmatic transport, translation, and degradation of mRNA.*?

The Hu family is known to bind mRNAs by targeting uridine- or adenine/uridine-rich (AU-rich)
elements (ARE) in the 3’-UTR region, and play important roles in the regulation of these mRNA
stability and translational efficiency. AREs are specific regulatory sequences that determine whether
mRNA decay is delayed or facilitated and can be grouped in three categories. Class I AREs contain
several copies of the AUUUA motif dispersed within U-rich regions, Class II AREs contain two or more
overlapping UUAUUUA(U/A)(U/A) monomers and Class III AREs are U-rich regions that do not
contain the AUUUA motif. **

1.5.1 HuR expression, structure, and overall function:

The HuR protein is an ubiquitously expressed protein mainly localized in the nucleus, but can shuttle to
the cytoplasm under proliferative and stress conditions including heat shock, UV radiation or nutrient
and energy depletion. In the nucleus it is engaged in the regulation of pre-mRNA splicing and
polyadenylation, while, in the cytoplasm, it is involved in the stabilization of various mRNAs ARE-
containing encoding for cell-cycle regulators, growth factors, tumour suppressors, proto-oncogenes,
apoptosis and various inflammatory enzymes. HuR can also increase or repress the translation of mRNA
targets.”*>*
HuR is composed by three RNA Recognition Motifs (RRMs) that contribute to the RNA binding. RRM-
1 and RRM-2 are the most conserved across the Hu family, and are located in tandem at the N-terminal
region after an initial intrinsically disordered region (about 19 residues) and are connected via a short
flexible linker. These two domains are known to provide the main surface of interaction for ARE binding
throughout a cooperative assembly. The third RRM domain is located at the C-terminal regions and
separated from the others by a much longer linker (about 60 residues) that includes the HuR
Nucleocytoplasmic Shuttling Sequence (HNS), which is responsible for the nuclear/cytoplasmic
shuttling. RRM-3 interacts with the poly(A) tails of mRNA and preferably binds U-rich stretches rather
than AUUA motifs. In addition, both RRM-3 and the RRM2-RRM3 linker have been shown to also

contribute to the stabilization of the HuR-AREs complexes. >'**%°

Both RRM-1 and RRM-3 domains have been demonstrated to self-associate and, therefore, dimerize in

solution. For RRM-1, the dimerization is established by the a-helices of the domain but without

engaging the B2- B3 loop. *> For RRM-3, several conformations with different orientations have been

17



Introduction

proposed, however, all agree that the Trp261 residue is critical for the stabilization of the dimer

conformation.>**¢8

Studies with RNA binding and small inhibitors like dihydritanshione-I (DHTS), have revealed an
equilibrium between an open-close conformation of the RRM1-RRM?2 tandem domain in the absence
of mRNA while adopting a close globular conformation upon the binding. The conformational change
induced subsequent contacts throughout the inter-domain linker and RRM-2 that increased the binding

affinity 2+

A detailed information on the expression, localization, structure, function, and RNA binding can be

found in Article 1, section 1.7.

1.5.2 HuR role in diseases and therapeutic strategy:

As many HuR targets encode for proteins that play critical roles in the establishment and development
of tumours, high or abnormal expression of HuR, and its nuclear-cytoplasmic localization, have been
found in several types of cancers, including lung, colon, breast, and ovarian tumours. Hence, HuR
protein is considered as a potential therapeutic target and a prognostic marker of cancer. HuR has been
proven to modulate cancer traits including enhanced cell proliferation, increased angiogenesis, anti-
apoptotic resistance, reduced immunosurveillance, invasion and metastasis. Moreover, HuR has been
implicated in promoting inflammation and inflammatory diseases and has been shown to be involved in
other pathologies like cardiovascular, neurological, and muscular disorders.*>’

Given its functions, HuR has been proposed as a useful therapeutic target. Approaches to inhibit HuR
function can be beneficial to inhibit or reduce tumorigenesis or useful for treating chronic inflammatory

diseases.”” A detailed information about the implication of HuR in diseases and information on

therapeutical approaches can be found in Article 1, section 1.7.

1.6 BIOPHYSICAL APPROACHES TO STUDY PROTEIN-RNA AND PROTEIN-
LIGAND INTERACTIONS:

Biophysical approaches to study protein-ligand interactions aim to identify the molecular components
of the complex and quantify their equilibrium populations and kinetics (association and dissociation
rates). ® Any signal that affects the amount of complex formed can be used to monitor the binding and
determine the thermodynamic and kinetic characteristics of the interaction. The choice of the

methodology to investigate a particular protein system depends on many factors, including specificity
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of the ligand for the protein, quantities of protein and ligand available and presence or absence of the

complex formation.*

Protein complex formation can be monitored both in vitro and in-cell. In vitro, particular buffer and salt
solutions are used to maintain each component stable and soluble whereas in-cell proteins are found in
physiological conditions in the cellular cytoplasm or blood plasma. A lot of different techniques exist
to study, in in vitro or in-cell, protein-ligands interaction and all together they give complementary
information one to the other leading to a broader and more complete understanding of the system.

These experimental strategies ° aim to detect the formation of complex via monitoring a change in the
ligand or protein properties, or in their structure, through detection and quantification of the population
of the free components and detect the location or biological implications resulting upon the complex

formation.

Starting from in vitro studies, many experimental strategies rely on changes in spectral properties of
either the protein or the ligand, for example, UV or visible light absorption, circular dichroism (CD) or
florescence detection. Other techniques such as nuclear magnetic resonance (NMR) and X-ray
crystallography, are used instead for the study of structural features of complexes and are widely used
for screening applications.®

A wide range of methods that have also been developed rely on the immobilization of the complex
components and the detection of their changes upon the binding. Examples of these methods are Surface

Plasmon Resonance (SPR) and SwitchSENSE® technology.

Continuing with in-cell studies, some of the wide range of approaches that can be used to study protein-
ligand interactions are focused on monitoring the interaction in real-time and estimate the affinity and
kinetic constants within living cells like the LigandTracer technology.®' Other techniques like confocal
microscopy, instead, are broadly used to resolve the localization or the structure of specific objects

within the cell.

To understand the mechanism of interaction between a protein and its ligand, the usual approach is the
study of multiple ligands (structurally related to each other) and the study of the interactions of mutants
of the protein or the ligand.®® Focusing on any changes that appear upon small changes in the structure,
it is possible to retrieve important information that could lead to a structural explanation of the binding

affinity or specificity of a particular ligand, or any change on the cellular function of the protein.

Using all the techniques mentioned above, among others, the complex formation can be studied using

different approaches. Experiments such as direct binding assays, competition experiments, binding
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kinetics, or enzyme activity, for example, are the most used. Thus, combining techniques both in vitro
or in-cell and employing different kind of experiments, it is possible to obtain a complete understanding
of the system collecting information on the complex formation from different and complementary points
of view. Exploiting these techniques and developing new methodologies helps improve the study of

protein-ligand interactions of all kinds.

In this PhD thesis several of these techniques were exploited for the study of proteins-ligand interaction

with a major focus on RNA binding proteins and their interaction with RNA targets.
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molecular target in oncology and briefly describes its role in inflammation. Namely, we show ample evi-
dence for the involvement of HuR in the hallmarks and enabling characteristics of cancer, reporting find-
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1. Introduction includes also HuB (or Hel-N1), HuC and HuD [2]. A characteristic
feature of these proteins is the tripartite architecture of three func-

1.1. ELAVL family conservation through evolution tionally distinct RNA Recognition Motif (RRM) domains, which

individually contribute to mRNA binding [3,4]. Elav-like ortholo-
Human antigen R (ELAVL1, HuR or HuA) belongs to the ELAVL gous genes are present in all metazoans with a high identity score
(Embryonic Lethal Abnormal Vision-like) protein family [1] that (>45%), but the number of paralogous genes in the different species
varies from one to four, without a clear relationship between the
complexity level of the organism and its size, development, and
; L o brain structure [5]. These observations suggest that the diversifica-
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sequences are contained in the RRM domains and include a con-
served octapeptide termed ribonucleoprotein motif (RNP-1) and
a conserved hexapeptide termed RNP-2, both responsible for the
binding with nucleotides of their RNA targets. The four human
ELAVL paralogous genes have different roles and different cellular
localizations. HuB, HuC and HuD are mainly neural (HuC and HuD
are strictly neural-specific, HuB targets are neural-specific RNA
species although several transcripts are also expressed in ovary
and testis), and are localized mainly in the cytoplasm, although
they can translocate into the nucleus. HuR, conversely, is ubiqui-
tously expressed in all human tissues [8-10], is localized mainly
in the nuclear compartment, but shuttles to the cytoplasm under
certain stimuli. The roles of neuronal ELAVL (nELAVL) proteins
are overlapping, undergo strict tissue- and cell-specific modula-
tion, and their expression is time regulated throughout develop-
ment [5,8,9,11]. HuR knock-out (KO) leads to embryonic lethality
in mice, due to extra-embryonic defects of placenta, showing
abnormalities in skeleton and spleen development in the surviving
embryos. These findings suggest that HuR is involved in regulating
the fate of mRNAs encoding proteins involved in key processes,
such as organ development and tissue homeostasis, and highlights
its relevance for the entire organism [12,13].

1.2. HuR expression, localization and molecular functions

In the nucleus, HuR binds target pre-mRNA introns, promoting
splicing and alternative polyadenylation events [14-17]. Upon
intrinsic (such as DNA damage) [18] or extrinsic stimuli (such as
UV irradiation), HuR acts as a shuttle, exporting associated-
mature mRNAs to the cytoplasm, where it mainly stabilizes and
promotes the translation of such mRNAs. In so doing, HuR regu-
lates the fate of thousands of coding and noncoding RNAs contain-
ing AU/UU-rich elements (AREs) sequences primarily located in
their 3’ untranslated regions (UTR) (Fig. 1).

The expression of HuR is finely regulated at multiple levels. HuR
expression depends on the transcription factor Nuclear Factor

Cytoplasm
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kappa-light-chain-enhancer of activated B cells (NF-kB) [19] and
on Smad family proteins [20], but the mechanism of transcriptional
regulation of HuR still remains unclear. It was shown that HuR
binds and stabilizes its own mRNA [21], and that HUR mRNA shows
alternative polyadenylation variants to protect itself from degrada-
tion, decay and nucleus-cytoplasmic export promotion [22,23].
HuR translation can be negatively controlled by several microRNAs
such as miR-519 and miR-125a, as observed in human MCF7, WI-
38 fibroblast and Hela cells [24,25]. Furthermore, HuR activity is
regulated by multiple post-translational modifications (PTMs),
such as phosphorylation and methylation. In particular, HuR can
be phosphorylated by the serine/threonine-kinase ChK2, the
mitogen-activated protein kinase (MAPK), p38, the protein kinase
C alpha (PKC-a) [26], the protein kinase C delta (PKC-3), and the
IkB kinase o (IKKot) [18,27-30], can be methylated by coactivator
associated methyltransferase (CARM1) [31] and neddylated by
murine double minute 2 (MDM2) [32]. Moreover, HuR activity
can be regulated by PARylation through the poly(ADP-ribose) poly-
merase 1 (PARP-1) [33,34]and by sulfhydration through the cys-
tathionine &-lyase (CSE) [35]. PTMs on HuR can occur at its
RRMs, at the hinge region, and at the HuR nucleocytoplasmic shut-
tling domain (HNS), affecting either its binding ability and its local-
ization [36]. Furthermore, HuR can be degraded via the proteasome
after ubiquitination [37] or cleaved by caspases during apoptosis
[38].

As HuR is involved in the regulation of post-transcriptional gene
expression for thousands of targets (approximately 7% of the
human protein-coding gene transcripts), it is not surprising that
an altered expression or localization of HuR leads to the emergence
of multiple pathologic phenotypes.

1.3. HuR in healthy tissues and human pathologies

HuR is crucial in promoting a proper differentiation of different
cellular lineages, including spermatocytes, myocytes, and adipo-
cytes [39-42]. In testes, HuR is essential for spermatogenesis by

Fig. 1. Schematic representation of HuR functions within the cell. Inside the nucleus HuR (green) binds pre-mRNA introns (light blue thin lines) and untranslated regions
(light green lines), promoting nuclear processing and mRNA maturation events. HuR cooperates with splicing factors (round colored dots), guiding splicing and alternative
splicing events, and favors mRNA export to the cytoplasm by interacting with transportation factors (colored shapes). In the cytoplasm HuR promotes mRNAs stability, helps

its storage (as in stress granules), and modulates target translation.
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specifically binding the heat shock protein A2 (HspA2), and while
its ablation causes sterility, HuR overexpression causes the failure
of spermatid differentiation [43]. In adipose tissue, HuR positively
regulates the expression of adipose triglyceride lipase (ATGL), thus
promoting lipolysis, while HuR ablation increases the risk of obe-
sity [44]. Furthermore, in muscle, HuR plays a critical role in myo-
genesis by positively regulating myogenic factors such as MyoD,
myogenin, and p21 [39], although during muscle wasting, HuR is
involved in the repression of myogenic differentiation [45].

In vivo studies targeting HuR functions clearly demonstrated its
key functions in development, differentiation and control of tissue
homeostasis, and its importance in the pathogenesis of various dis-
orders. HuR is essential for mouse embryogenesis, as genetic abla-
tion of HuR in the germ line using Deleter-Cre lines [12] or Hrpt-
Cre lines [46] both lead to embryonic lethality. Global ablation of
HuR using tamoxifen-inducible Cre recombinase-mediated gene
excision in adult mice also resulted in lethality within 10 days,
showing its non-redundant function in postnatal life. In these mice,
a severe depletion in progenitor cell populations in hematopoietic
and intestinal systems was observed [46].

Subsequent studies over the years, targeting HuR and using cell-
type-specific Cre lines in various cells ranging from immune to
neuronal cells, from hepatocytes to adipose cells have further
shown the exquisite role of HuR in regulating many aspects of cel-
lular differentiation and functions in various cell types (Table 1).

These are just some examples of the physiological role of HuR in
regulating tissues homeostasis. Indeed, physiological functions of
HuR were also reported in other organs. Namely, de-regulation of
HuR was shown in cardiovascular [76,77] and retinal diseases
[78,79], nephropathies [80] and neurological disorders [81].

In vivo models have been pivotal to better understand the role
of HuR in diseases. In some cases, HuR has a protective function
during disease initiation and progression, since its ablation leads
to disease aggravation, as for intestinal epithelial cells [59,60,62].
In other circumstances, HuR knockdown leads to beneficial effects,
most notably in experimental models of multiple sclerosis [63,64].
Such a complex functional profile for HuR is further demonstrated
by surprisingly opposite effects in the same cell type, depending on
the insult. In cardiomyocytes, for example, HuR ablation aggra-
vates the effect of isopentol-induced myocardial hypertrophy and
cardiac fibrosis [54]; conversely, in a transverse aortic constriction
(TAC) model of pressure overload-induced hypertrophy HuR dele-
tion reduces left ventricular hypertrophy, dilation, and fibrosis
while preserving the cardiac function [55]. Importantly, being
one of the major regulators of gene expression, a de-regulation of
HuR has been also associated in the development of a variety of
cancers. Indeed, the majority of its mRNA targets encodes for
extremely relevant proteins in oncogenesis and tumor progression,
such as p21 [82], c-FOS [83], the vascular endothelial growth factor
(VEGF) [84], SIRT1 [85], tumor necrosis factor alpha (TNF-at) [86],
B-cell lymphoma 2 (Bcl-2) [87], cyclooxygenase 2 (COX-2) [88]
and p53 [89]. An aberrant overexpression of HuR and a disturbance
of its nuclear/cytoplasmic localization have been associated with
malignant transformations [90] in a significant number of human
cancers, including breast [91], colon [92], ovarian [93,94], prostate
[95], pancreatic [96] and oral cancer [97] among others.

1.4. HuR nucleus to cytoplasm transport and association with diseases

The functions of HuR in the nucleus are still to be fully eluci-
dated, only recently being targeted in multiple studies. Conversely,
the role of HuR in the cytoplasm and the mechanisms driving its
shuttling have been clarified. Indeed, several PTMs regulate HuR
subcellular localization, influencing its interactions with several
transporters, and thus impacting on its regulatory feedback
[36,98-103]. A correct and balanced subcellular localization for
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HuR, either in the nucleus or in the cytoplasm, is pivotal for normal
development and organism homeostasis. As an example, a proper
cytoplasm to nucleus redistribution influences the 3’ UTR driven
alternative splicing of different mRNAs, such as focal adhesion
kinase (FAK) guiding adult neurodevelopment in mice neural stem
cells [104]. As to bone marrow derived macrophages (BMDMs),
HuR retention in the nucleus caused by its interaction with macro-
phage associated atherosclerosis IncRNA sequences (MAARS)
increases macrophage apoptosis, leading to a decrease in their effe-
rocytosis and, consequently, exacerbating the pathophysiology of
atherosclerosis [105]. When liberated from the MAARS sponging
effect and after translocation to the cytoplasm, HuR can then
appropriately regulate mRNAs (e.g p53, BCL-2) that drive beneficial
apoptotic processes. Furthermore, nuclear HuR regulates the alter-
native splicing of 3’ UTRs in different oncogenic mRNAs (e.g.
CENPN), so that treating MCF7 cells with doxorubicin (DOXO) pre-
vents HuR nuclear localization, impairing cell cycle progression
and thus cancer development [16]. Therefore, abnormal HuR sub-
cellular localization and accumulation correlates with multiple dis-
eases. Many studies on histological and clinical samples
demonstrated a positive correlation between cytoplasmic HuR
accumulation and VEGFA, VEGFC, COX2 and IL-8 levels in human
tumor samples [88,106-109]. HuR is also correlated with a high-
density of blood microvessels, and its presence in the cytoplasm
is associated with large different tumors [53]. HuR cytoplasmic
accumulation is mostly associated with cancer onset and progres-
sion, along with worse prognosis and poor outcomes in renal,
urothelial and esophageal carcinomas, and small-lung cancer
[90,110-114]. It also correlates with an overexpression of oncoge-
nes and pro-tumorigenic factors [115,116]. Conversely, HuR
nuclear accumulation is reported as a causative factor in the onset
of gallbladder carcinoma [117].

1.5. HuR targeting as a therapeutic strategy

Considering the earlier described pathogenic functions of HuR,
its inhibition via either small-interfering RNAs or small molecules
has emerged as a putative therapeutic approach to ameliorate the
outcome of multiple diseases. Indeed, many reports focused on the
identification and characterization of HuR targeting agents, each
exhibiting their advantages and disadvantages have been pub-
lished. The modulation of either the expression, the translocation
and the PTMs profile of HuR, and its silencing were found to be
effective in a context-dependent manner, and rely on the activa-
tion of specific factors [111,118]. Conversely, inhibitors (mostly
small molecules) impairing the HuR-mRNA interaction are less
context-dependent, although their potency may depend on the
PTM profile of HuR [33,119]. Their use could lead to unpredictable
side effects due to the ubiquitous expression of HuR, its pleiotropic
and controversial functions, and the lethal phenotype connected
with its complete ablation. Indeed, the in vivo efficacy and tolera-
bility of these HuR-mRNA modulators must still be completely
determined [12,13]. Moreover, HuR conditional KO animal models
(Table 1) suggest that its presence is essential for tissue homeosta-
sis (i.e. hepatocytes, hematopoietic stem cells and epithelia), there-
fore a strong inhibition of HuR function by small molecules may
cause potentially severe side effects. On the other side, pharmaco-
logical modulation of HuR only partially recapitulates a complete
HuR KO condition and may be less impactful. In addition, consider-
ing the structural similarity of HuR with other ELAVL-like proteins,
specificity remains a largely unknown issue. The aim of this work is
to critically review the HuR modulators discovered so far, focusing
mainly on naturally occurring and synthetic small molecules,
describing their physico-chemical and structural properties, and
commenting on their bioavailability. Their in vitro and in vivo
anti-tumorigenic activities is recapitulated in association with
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and mature splenic B cells.

Table 1
Cellular studies showing cell-specific HuR functions, major observations and genes regulated by HuR.
Targeted cell type Cre line used Major observations Regulated genes Refs
Ubiquitous Morpholinos Knockdown of Elavl1a using specific morpholinos results in a striking ~ Gatal [47]
(Zebrafish) loss of primitive embryonic erythropoiesis.
All tissues (global) Hrpt-Cre; Rosa26Cre/ Postnatal global deletion of HuR1 induces atrophy of hematopoietic ~ Mdm2 [46]
ERT2 organs, extensive loss of intestinal villi, obstructive enterocolitis, and
lethality within 10 days.
Germ line, epiblast cells; Deleter-Cre; Sox-Cre; Targeted HuR ablation leads to defects in placental labyrinth Fgf10, Tbx4, Ets2, Hoxd13, [12]
endothelial cells Tie 1-Cre morphogenesis, skeletal specification patterns, and splenic ontogeny. Hoxb9
Ubiquitous HuR-transgenic Transgenic overexpression of HuR, prevents the production of fully - [40]
functional gametes.
Reproductive tissue Sycp1-Cre; Vav-Cre; Targeted deletion of HuR specifically in germ cells leads to male but  Hspa2 [48]
Nestin-Cre; Vasa-Cre; not female sterility. Mutant males are azoospermic because of the
HuR-transgenic extensive death of spermatocytes at meiotic divisions and failure of
spermatid elongation. The latter defect is also observed upon HuR
overexpression.
Epiblast cells; epithelial Sox-Cre; Sftpc-Cre The loss of HuR blocks lung branching morphogenesis in the mouse  Fgf10, Thx4, [49]
compartment of the lung by controlling mesenchymal but not epithelial responses during
endoderm branching.
Hepatocytes Albumin-cre HuR knockout in hepatocytes reduces liver lipid transport and ATP  Apob, Uqcrb, Ndufb6 [50]
synthesis, and aggravates high fat diet (HFD)-induced NAFLD.
Adipose tissue; brown adipose  Adipog-Cre; UCP1-Cre  Fat-specific knockout of HuR significantly enhances adipogenic gene Insigl [51]
tissue program in adipose tissues, accompanied by a systemic glucose
intolerance and insulin resistance. HuR knockout also results in
depot-specific phenotypes: it can repress myogenesis program in
brown fat, enhance inflammation program in epidydimal white fat
and induce browning program in inguinal white fat.
Adipose tissue Adipog-Cre Mice lacking HuR in adipose tissue show obesity when induced with  adipose triglyceride lipase [44]
a high-fat diet, along with insulin resistance, glucose intolerance, (ATGL)
hypercholesterolemia and increased inflammation in adipose tissue.
Vascular smooth muscle cells alpha-smooth muscle Mice lacking expression of HuR in vascular smooth muscle cell show RGS (regulator of G-protein  [52]
actin (a-SMA)-Cre hypertension and cardiac hypertrophy. signaling) protein(s) RGS2,
RGS4, and RGS5
Endothelial cells VE-cadherin-Cre Endothelial-specific HuR knockout mice exhibit reduced Eifdenif1 [53]
revascularization after hind limb ischemia and tumor angiogenesis in
oncogene-induced mammary cancer, resulting in attenuated blood
flow and tumor growth, respectively.
Cardiomyocytes a-MHC-Cre Deletion of HuR in cardiomyocytes aggravates the effect of isopentol-  PLB; 1-AR [54]
induced myocardial hypertrophy and cardiac fibrosis.
Cardiomyocytes aMHC-mER-Cre-mER HuR deletion reduces left ventricular hypertrophy, dilation and Tgfb [55]
fibrosis while preserving cardiac function in a transverse aortic
constriction (TAC) model of pressure overload-induced hypertrophy
Muscle cells MyoD-Cre Muscle-specific HuR knockout mice have high exercise endurance KSRP [56]
that is associated with enhanced oxygen consumption and carbon
dioxide production. These mice exhibit a significant increase in the
proportion of oxidative type I fibers in several skeletal muscles.
Muscle cells MyoD-Cre Genetic ablation of HuR in muscle cells protects mice from tumor- STAT3 [57]
induced muscle loss (cachexia)
Skeletal muscle Myli-Cre Male, but not female, mice lacking HuR in skeletal muscle exhibit - [58]
metabolic inflexibility, with mild obesity, impaired glucose tolerance,
impaired fat oxidation and decreased in vitro palmitate oxidation.
Intestinal - epithelial cells Villin-Cre Mice lacking intestinal expression of HuR display reduced cell - [59]
proliferation in the small intestine and increased sensitivity to
DOXO-induced acute intestinal injury. Intestinal deletion of HuR also
decreases tumor burden in genetic and pharmacological models.
Intestinal epithelial cells Villin-Cre Intestinal epithelium-specific HuR knockout inhibits repair of cdc42 [60]
damaged mucosa induced by mesenteric ischemia/reperfusion in the
small intestine and by dextran sulfate sodium in the colon.
Intestinal epithelial cells Villin-Cre Intestinal tissues from intestinal epithelium-specific HuR knockout  Cnpy3 [61]
mice have reduced numbers of Paneth cells, and Paneth cells have
fewer lysozyme granules per cell.
Intestinal epithelial cells Villin-Cre Targeted deletion of HuR in intestinal epithelial cells disrupts Nucleophosmin (NPM) [62]
mucosal regeneration and delays repair after injury.
TH17 cells 0X40-Cre Knockout of HuR reduces the number of pathogenic IL-17 + IFN- Irf4, Runx1, iL12rb1 [63]
v + CD4 + T cells in the spleen during experimental autoimmune
encephalomyelitis, impairs splenic Th17 cell migration to the CNS
and abolishes the disease.
TH17 cells 0X40-Cre Targeted deletion of HuR in Th17 cells delays initiation and reduces IL-17 [64]
disease severity in the onset of experimental autoimmune
encephalomyelitis.
CD4 + T cell distal Ick-Cre Conditional HuR knockout in CD4 + T cells results in loss of IL-2 12ra [65]
homeostasis and defects in JAK-STAT signaling, Th2 differentiation,
and cytokine production.
B lineage cells Mb1-Cre Mice lacking HuR have reduced numbers of immature bone marrow - [66]
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Table 1 (continued)
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Targeted cell type

Cre line used

Major observations

Regulated genes

Refs

B lineage cells

Myeloid cells

Myeloid cells

Myeloid cells

Myeloid cells

Thymocytes
Microglia/macrophages
Excitatory neurons; pyramidal

neurons of the cerebral
cortex and hippocampus

Radial glia neural progenitors;
neuroepithelial cells

Neurons

Mb1-Cre

LysM-Cre (Mice):
Morpholinbos
(zebrafish)

LysM-Cre (Mice): HuR-
transgenic

HuR-transgenic

LysM-Cre

Lck-Cre

Cx3crl -Cre

AAV-CaMKllamCherry-

Cre; Nex-Cre

Emx1-Cre ; Foxgl-Cre

Thy1Cre-ERT2-EYFP

In the absence of HuR, defective mitochondrial metabolism resulted
in large amounts of reactive oxygen species and B cell death, showing
that HuR controls the balance of energy metabolism required for the
proliferation and differentiation of B cells.

Tumor growth, angiogenesis, vascular sprouting, branching, and
permeability are significantly attenuated in HuR-knockout mice,
suggesting that HuR-regulated myeloid-derived factors modulate
tumor angiogenesis. Zebrafish embryos injected with an elavll
morpholino show angiogenesis defects in the subintestinal vein
plexus.

Mice lacking HuR in myeloid-lineage cells, which include many cell
types of the innate immune system, display enhanced sensitivity to
endotoxemia, rapid progression of chemical-induced colitis, and
severe susceptibility to colitis-associated cancer. Conversely, myeloid
overexpression of HuR reduces inflammatory profiles, and protects
mice from colitis and cancer.

HuR overexpression in murine innate compartments suppresses
inflammatory responses in vivo.

Macrophage-specific HuR knockout mice display a markedly
diminished microvascular angiogenic response to an inflammatory
stimulus, and blood flow recovery and ischemic muscle
neovascularization after femoral artery ligation.

Mice with genetic deletion of HuR in thymocytes possess enlarged
thymi but display a substantial loss of peripheral T cells.

Targeted deletion of HuR in microglia/macrophages reduces tumor
growth and proliferation associated with prolonged survival in a
murine model of glioblastoma.

HuR is a critical modulator of stress-induced synaptic plasticity. In
adult mice, AAV-Cre-mediated knockout of HuR prevents anxiety-
like and depression-like behaviors induced by chronic stress, and is
required for stress-induced dendritic spine loss and synaptic
transmission deficits. Genetic inactivation of HuR during embryonic
development leads to enhanced synaptic functions.

Deletion of HuR before embryonic day 10 disrupts both neocortical
lamination and formation of the main neocortical commissure, the
corpus callosum.

Inducible, neuron-specific HuR-deficient mice develop a phenotype

Dist

Vegf-a

Tnf, 1110, Ccl2, Ccl7

Tnf, Cox2

Vegf, MMP-9

Tnf, Dr3

RhoA

Immediate Early Response 2

[67]

[68]

[69]

[70]

[40]

[71]

[72]

[73]

[74]

[75]

consisting of poor balance, decreased movement, and decreased

strength.

(IER2)

pivotal hallmarks of Cancer and enabling characteristics [120,121],
providing evidence for a modulating role of HuR targeting agents
on all of them. In addition, a summary guide on the molecular
and cellular tools used so far for the identification and characteri-
zation of authentic HuR-mRNA modulators is presented (Fig. 2).

2. HuR modulators from various sources: Chemical classes,
structural and mechanistic features

This Section focuses on small molecule HuR inhibitors, divided
in three classes depending on their source. Naturally occurring com-
pounds (Paragraph 2.1, Table 2 entries 1n-13n) were the first to be
reported in literature; they include a number of heavily oxy-
genated chemotypes with varying potency on HuR and limited
bioavailability. Synthetic compounds (Paragraph 2.3, Table 3
entries 1s-17s) resulted either from HTS campaigns on large com-
pound collections, or from rational drug design efforts using com-
putational tools. Finally, nature-inspired synthetic compounds
(Paragraph 2.2, Table 4 entries 1ns-7ns) were discovered either
by testing semi-synthetic derivatives of biologically active natural
compounds, or by rationally designing and synthesizing analogues
inspired by known, naturally occurring HuR inhibitors.

We decided to include in our review both direct/HuR-binding
inhibitors, and indirect modulators, acting to reduce HuR func-
tional activity. Conversely, we only included a brief Paragraph
2.4 to HuR inhibitors other than small molecules (e.g., sSiRNA or
miRNA sequences, antisense nucleotides, nano-objects containing
or decorated with HuR-interacting moieties). Some recent reviews
[122,123] can be accessed to cover in details these areas.

2.1. Natural compounds

A first study, aimed at demonstrating the druggability of HuR
with small organic molecules, was initially reported [124]. A HTS
campaign, taking advantage of a confocal fluctuation spectroscopy
homogeneous assay format, was run on ~50,000 microbial, myco-
logical and plant extracts tested on a shortened variant of recom-
binant HuR (HuR;;). RP-HPLC-fractionation of 13 most active
extracts led to the identification of chrysantone-like MS-444, dehy-
dromutactin and okicenone as HuR-RNA binding inhibitors
(Table 2, respectively entries 1n-3n). Namely, cell-free inhibition
constants in the low-medium micromolar range were determined
for the three hits; HuR-dependent cellular effects were confirmed
for MS-444 and dehydromutactin. Through RNA electrophoretic
mobility assay (EMSA) screening of 179 chemicals representing a
subset from a Korean compound library, quercetin (Table 2, entry
4n), a flavonoid extracted from more than 20 plant varieties, was
identified together with the synthetic compounds b-40 and b-41
(Table 4, entries 1s and 2s respectively) as inhibitors of the binding
of HuR to the ARE domain of TNF-oo mRNA [125]. A 1.4 pM ICso was
subsequently determined by measuring their effect on HuR-mRNA
formation in a filter binding assay; a good specificity vs. other RNA-
binding proteins was also observed.

Additional, naturally occurring flavonoids and coumarins were
reported as HuR-mRNA interaction modulators. Clorobiocin/C11
[126] (Table 2, entry 5n) - a natural aminocoumarin extracted
from Streptomyces roseochromogenes, known to inhibit DNA gyrase
[127] - was identified together with semi-synthetic daunomycin
3-oxime/C10 (Table 3, entry 2ms) through a high throughput
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TOOLS FOR THE CHARACTERIZATIONS OF HuR MO TORS

Amenable to HTS Not Amenable to HTS

Electrophoretic mobility shift
assay (EMSA) (124)

AlphaScreen/AlphaLISA Filtering Assay
131 124
BIOCHEMICAL- (eniEe) e
. BIOPHYSICAL Confocal Fluctuation Saturation Transfer Difference
\ APPROACHES, / Spectroscopic assay (FIDA) (123) (STD) assay (125)
N

Fluorescence Polarization (FP) Surface Plasmon Resonance
(125, 140, 150) (SPR) (125, 140. 150)

RNA and Protein Pull Down (122, 131, 150)

RNA and Protein Immuno Precipitation (IP) (1,131, 139, 142, 150, 167,
184)

NGS approaches: :

® iCLIP and RIP-sequencing (220, 221, 222)

® RNA-sequencing (150, 175)

MOLECULAR
VALIDATION

mMRNA Expression Level and Stability Measurements:
® QRT-PCR (1, 123, 131, 142, 188)
® ActinomycinD (125, 131, 188)
Protein expression and secretion detection:
® Western Blot (123, 218)
® ELISA (218)
Reporting system:
eI ASED Luciferase assay (139, 150, 167)
ASSAYS Scratch assay/Matrigel assay (142, 150, 184, 188)
Cellular thermal shift assay (CTSA) (150)
Cell cycle analysis (167)

Disease Model

Cancer Model (13):

+ APCminFamilial adenomatosis polyposis model (FAP) (APCmin)
« AOM/DSS model of Colitis-Associated Cancer (AOM/DSS)
Autoimmune inflammatory disease (63):

« Experimental Autoimmune Encephalomyelitis (EAE)

Other diseases:

+ Anti-Thy 1.1-induced Glomerulonephritis rat model (229)

ﬂgs“aﬁ; « Streptozotocin (STZ)-Induced Diabetic rat model (157)
Xenograft model
Colon cancer (1, 167)
Breast cancer (150)

Fig. 2. Tools for the discovery, development and characterization of HuR modulators. This pipeline lists techniques, strategies, cellular and in vivo models mostly applied for
the identification and characterization of HuR inhibitors. A number of biochemical and biophysical approaches (red boxes) were used for the identification (e.g. high-
throughput screening-HTS methods) and in vitro validation of HuR modulators (e.g., EMSA assays). Molecular validation assays (orange boxes) were then used to elucidate the
molecular mechanisms leading to HuR inhibition (e.g., RNA immunoprecipitation). Finally, cell-based assays (e.g., scratch assays) (blue boxes) and in vivo cancer models
(green boxes) used to preclinically evaluate HuR hits and leads as anti-cancer and inflammatory candidates are listed.
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Table 2
Naturally occurring HuR inhibitors: chemical structures, identification process. P = proven HuR binders, O = others.
Entry Molecule Structure Origin P/O Ref
Natural in MS-444 OH HTS of ~50,000 microbial, mycological and plant P [124]
compounds = extracts using a confocal fluctuation spectroscopic
<° assay
OH 0 CHs
2n Dehydromutactin 0 As 1n P [124]
/
ese
HO O OH
3n Okicenone OH O As 1n P [124]
Bece
OH
4n Quercetin OH EMSA screening of 179 molecules from a chemical P [125]
OH library at the Korea Researchlnstitute of Chemical
HO. o. O Technology (KRICT).
|O |
OH
OH O
5n C11/Clorobiocin oH OH Fluorescence polarization (FP)-assay followed by P [126]
SN STD-NMR validation, using the NCI diversity set V.
o 0 0 © 7
MeO- 5
OH
N 0
6n Rutin OH STD-NMR and molecular modelling. P [130]
ol
HO o O on
(L Keozsn
OH
0 /=0
OH O o
H;C o}
HO
OH
7n Novobiocin oH OH As 6n P [130]
H
AN
o 0N © 7
MeO. 5
OH
H;N/&O
8n DHTS I o CH, AlphaScreen assay of 107 commercially available P [1]
O, anti-inflammatory compounds
9n Cryptotanshinone Known DHTS analogue P [132]
10n Triptolide Known anti-inflammatory and anticancer activities 0] [134]
11n Kalopanax In vitro biological profiling of KPS-A [0} [135]
saponin A (KPS-A)
12n Ursolic Acid In vitro biological profiling of ursolic acid (0] [136]
13n Latrunculin A Known antimitotic effects of latrunculin A (0] [137]
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Table 3
HuR inhibitors inspired by natural products: chemical structures, identification process. P = proven HuR binders, O = others.
Entry Molecule Structure Origin P/O Ref
Nature-inspired 1ns Mitoxantrone H HTS of ~2000 molecules and secondary verification with RNA- P [138]
synthetic OH O HN">"~"oH EMSA.
compounds O‘O
OH O HN -~ A~ _OH
H
2ns C10/Daunomycin o on Moy As 5n - Table 2 P [126]
3- oxime
3ns CMLD2 FP-based HTS of ~6000 compounds, validation by an AlphaLISA P [139]
assay, SPR, RNP IP, and luciferase reporter functional studies
4ns AZA-9 FP-based HTS of ~2000 compounds from the NCI library plus P [140]
in-house compounds, validation by SPR, NMR, and
computational modeling
5ns 22h DHTS I-inspired modifications P [141]
6ns AzaTanshinone DHTS I-inspired modifications P [142]
6a
o
o]
7ns N-Benzyl- Me @ Known antitumoral effects of cantharidine 0] [143]
cantharidinamide

fluorescence polarization (HT-FP) assay run on the National Cancer
Institute (NCI) diversity set V (=~1,600 compounds). Twelve
selected hits were validated using saturation transfer difference
(STD)-NMR [128] and analytical ultracentrifugation [129], which
confirmed a direct HuR-hit interaction for clorobiocin and dauno-
mycin 3-oxime and a medium micromolar inhibition constant for
both (41.9 uM and 21.7 uM respectively).

A computational- and NMR-driven effort on a small subset of 28
validated, naturally occurring HuR inhibitors run a first stability-
solubility test for STD-NMR studies, selecting 13 drug-like hits;
STD-NMR confirmed the interaction between HuR and twelve hits,
and rutin and novobiocin (Table 2, entries 6n and 7n respectively)
were selected as the most prospective validated hits. Inhibition
constants were not reported [130].

A validated amplified luminescent proximity homogeneous
assay (AlphaScreen) format, measuring the inhibition of an interac-
tion between human HuR and the ARE domain of TNF-oo mRNA,
was used to screen a set of 107 commercially available anti-
inflammatory compounds [131]. Out of eight hits, after further val-
idation with an RNA EMSA assay, dihydrotanshinone I (DHTS I)
(Table 2, entry 8n) was identified as a nM inhibitor of recombinant
HuR (rHuR)-mRNA complex formation (0.149 uM in REMSA,
0.068 1M in AlphaScreen assay), endowed with cytotoxic cellular
activity [1,131]. A few other, naturally occurring tanshinones (i.e.,
cryptotanshinone - Table 2, entry 9n) resulted to be slightly less
potent [131,132].

30

In addition to validated HuR interactors, several compounds of
natural origin affected HuR functions; although no direct HuR-
compound interaction was proven for any of them, they are
described here. Several naturally occurring terpenoids, well known
in traditional Chinese medicine as anti-inflammatory and anti-
cancer compounds [133], were submitted to mechanistic studies
in order to identify their molecular target; they were found to
interfere with the cytoplasm-nucleus translocation of HuR, reduc-
ing stability and expression of various HuR-interacting, tumor-
related mRNAs. Triptolide (Table 2, entry 10n) was characterized
as a TNF- a-dependent COX-2 expression inhibitor [134], due to
a reduction of cytoplasmic HuR in A549 cells. Similarly, kalopanax
saponin A (KPS-A) (Table 2, entry 11n), used in traditional medi-
cine against rheumatoid arthritis and diabetes, inhibited phorbol
12-myristate 13-acetate (PMA)-induced cytoplasmic translocation
of HuR, and reduced HuR-dependent matrix metalloprotease 9
(MMP-9) mRNA stability and expression [135]. Ursolic acid (UA)
(Table 2, entry 12n), isolated from the leaves of many plants, fruits
and flowers, was also characterized as being able to reduce adri-
amycin resistance by promoting HuR cytoplasm-nucleus transloca-
tion, and by decreasing the mRNA stability of the HuR interactor
multidrug resistance gene 1 (MDR1), thus reducing MDR1 expres-
sion [136]. A few modulators of actomyosin cytoskeleton assembly
such as latrunculin A (Table 2, entry 13n), an actin polymerization
inhibitor toxin extracted from the Red Sea sponge Negombata mag-
nifica, and blebbistatin (Table 4, entry 16s), a synthetic highly
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Table 4
Fully synthetic HuR inhibitors: chemical structures, identification process. P = proven HuR binders, O = others.
Entry Molecule Structure Origin P/O Ref
Synthetic 1s b-40 ©ﬁo As 4n - Table 2 P [125]
compounds
NC. N CN OH
{
HNT N7 s/ﬁ/@io»«
o
2s b-41 OMe As 4n - Table 2 P [125]
NC. CN
| H
by,
o
Cl
3s HIN HoN HTS of ~89,000 compounds by CONA (confocal P [144]
nanoscanning/bead picking)
4©j NH o QOMe
HN >—< >—<
[elNe) HN:
4s 5 Iy a AlphaScreen assay P [145]
©: )—@NH >\:
N
o
NO,
5s Suramin 9 Wom 9 DSF screening of an FDA approved library P [147]
o So
6s 1 MeO. OMe Rational design by computational methods P [148]
Qn
N\/\u N/\(
0
7s 3 o R //< Rational design by computational methods P [148]
. ‘ N,
W
O
8s 4 OH Rational design by computational methods P [148]
o
Q) OH
Cl
9s 2 OH Biophysical fragment-screening P [149]
o
BeUN o
o
Cl
10s 3 OH Biophysical fragment-screening P [149]
o
>t
Cl
11s KH-3 FP-based HTS of ~2000 compounds from the NCI library P [150]
s plus in-house compounds, validation with an AlphaLISA
2 o}
//S‘Nm_\\—( assay and SPR
O H HN-OH
12s VP12/14 NP Rational design by computational methods P [151]
S
H \—Qow
OMe
13s VP12/110 q Rational design by computational methods P [151]
S X (o]
NH
- N, imizati i
14s SRI-42127 @\N/Q‘// Structural optimization of a HTS hit P [152]
|
V‘\IH
=N
15s Known anticancer properties of MP70B098 [0} [153]

MPTOB09S QCN
pa
g

o QOMe

(continued on next page)
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Entry Molecule Structure Origin P/O Ref

16s Blebbistatin o Known antimitotic effects of blebbistatin (0] [137]

17s Pyrvinium HTS of FDA-approved drugs for inhibition of HuR 0] [111]
pamoate @ ‘ expression after UVC irradiation

selective inhibitor of non-muscle myosin Il ATPase activity, were
able to reduce the translocation of HuR from nucleus to cytoplasm
in HepG2 and Huh7 hepatocarcinoma (HCC) cells [137].

2.2. Nature-inspired synthetic compounds

In addition to previously mentioned daunomycin 3-oxime/C10
(Table 3, entry 2ns) [126], several nature-inspired synthetic com-
pounds have been identified as HuR inhibitors.

Using the experimental setup described earlier (AlphaScreen
homogeneous assay, followed by an RNA EMSA assay) a library
of 2,000 small molecules, including clinically tested candidates
and natural products, was screened [138]. The anthraquinone
mitoxantrone (Table 3, entry 1ns) resulted to be able to interfere
with rHuR - TNFoo mRNA complex formation.

Two years later, the coumarin-like derivative CMLD-2 (Table 3,
entry 3ns) was identified through a FP-based HTS on a 6,000-
membered library containing FDA-approved drugs and in house
made compounds [139]. CMLD-2 was then validated through a
rich profiling cascade including a biochemical AlphaLISA assay,
surface plasmon resonance (SPR), ribonucleotide immunoprecipi-
tation (RNP IP), and luciferase reporter functional studies, display-
ing a dose-dependent effect on HuR. Another library of ~2,000
molecules, including compounds from the NCI Diversity Set II, a
small set of natural products, FDA-approved oncology drugs and
a few in-house compounds was screened using the same FP-
based biochemical competition assay [140]. Azaphilone 9 (AZA-
9) (Table 3, entry 4ns), a semi-synthetic derivative built on the
fungal natural asperbenzaldehyde scaffold, was characterized as
the most potent hit through SPR and NMR (1.2 uM for full length
HuR, 7.4 uM for HuR RRM1/2); computational studies were car-
ried out to better pinpoint the molecular interaction between
HuR and azaphilone 9.

Using previously mentioned 8n (Table 2) as structural guidance,
two research groups successfully obtained synthetic analogues
endowed with higher potency and better bioavailability. A small
set of lactam tetracyclic compounds inspired by 8n was synthe-
sized [141], out of which compound 22 h (Table 3, entry 5ns)
was selected as a bioavailable early lead. Rational design and
medicinal chemistry led us to a small array of bicyclic indolesul-
fonamide tanshinone mimics, out of which azatanshinone 6a
(Table 3, entry 6ns) was selected as an early lead [142]. Namely,
a profiling cascade entailing biochemical Alpha-Screen and RNA
EMSA assays, followed by cytotoxicity assays in breast MCF7 and
MDA-MB-231 cancer cell lines, and on pancreatic ductal adenocar-
cinoma PANC-1 cell lines, established the potent cellular antitu-
moral activity of compound 6a.

As to inhibitors of HuR functions without a proven direct inter-
action, N-benzyl-cantharidinamide (Table 3, entry 7ns), a synthetic
analogue of the topic, naturally occurring cantharidine drug, was
reported to reduce MMP-9 expression and the invasive potentials

32

10

of hepatoma Hep3B cells by inhibiting cytosolic translocation of
HuR, thus reducing HuR-mediated MMP-9 mRNA stability [143].

2.3. Synthetic compounds

In addition to previously mentioned b-40 [125], b-41 [125] and
blebbistatin [137] (Table 4, entries 1s, 2s and 16s respectively), a
few fully synthetic compounds have been characterized as effec-
tive HuR inhibitors.

At first, a representative diversity set of 89,000 compounds
from a large, 2.2 M bead-based library was screened by confocal
nanoscanning/bead picking (CONA) [144]; after decoding by MS
the structures of 46 most recurring hits, they were re-
synthesized and validated as single compounds with full-length
HuR and HuR;;. Out of six confirmed hits, polyamidoamine HIN
(Table 4, entry 3s) was identified as the first RRM3-targeted, low
molecular weight HuR inhibitor, while the vast majority of
reported HuR inhibitors bind to HuR RRM1 and RRM2.

In a glioma-targeted project, an AlphaScreen assay measuring
hinge phosphorylation and subsequent oligomerization of HuR
was used for a HTS campaign [145]; no details were given about
size and nature of the screened collection. Benzimidazoleamide
compound 5 (Table 4, entry 4s) was identified as a putative disrup-
tor of HUR multimerization. Suramin (Table 4, entry 5s), a polysul-
fonated naphthylurea known for its antitrypanosomal, anticancer,
and antiviral properties [146], was identified through a differential
scanning fluorimetry (DSF)-based screening of a 1570-membered
library of FDA- approved compounds; 55 initial hits were further
profiled in more demanding DSF conditions, and suramin resulted
as a single, fully validated hit. A low affinity HuR-suramin interac-
tion (Kg = 0.24 uM) was confirmed by SPR [147].

The first structure-based rational design of HuR ligands, based
on a virtual screening (VHTS) campaign using a platform specifi-
cally set to identify novel scaffolds/molecules as inhibitors of
macromolecular interactions, was recently reported [ 148]. Ranking
among 200 virtual chemotypes led to the selection of 17 specific
hits, which were docked into the HuR binding site and more exten-
sively studied. As a result four compounds were synthesized, three
(Table 4, entries 6s, 7s and 8s) were confirmed as HuR interactors
using a combination of STD-NMR and in silico studies, identifying
contacts with the RNP regions of RRM1 and RRM2 HuR domains,
and polyphenol benzamide 4 (Table 4, entry 8s) was qualitatively
suggested being the most potent based on the intensity of the
STD signal.

Aiming to improve the activity of polyphenol benzamide 4 (8s),
compounds 2 and 3 (Table 4, entries 9s and 10s respectively) were
designed on the basis of a SPR-fragment screening [149]. Their
interaction with HuR was then also evaluated by STD-NMR, and
their interference with the HuR-RNA complex was quantitated
with an FP assay (ICso = 105 pM and 92 pM for compound 2 and
3 respectively).
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Following the earlier described discovery of CMLD-2 [139] and
Aza-9 [140], using the same FP-based HTS - AlphaLISA and SPR
profiling cascade on a ~2000-membered compound collection,
benzothiophene hydroxamate KH-3 (Table 4, entry 11s) was iden-
tified as a HuR-AREM*! (Musashi RNA-binding protein 1) disruptor
with low micromolar potency (3.5 uM in an FP assay, 2.3 uM in an
AlphaLISA assay) and functional HuR effects [150].

In a study directed towards the identification of novel HuR-
mRNA binding inhibitors, 28 derivatives based on indole and caf-
feic acid phenethyl ester (CAPE) scaffolds were designed and syn-
thesized [151]. Among them, indole-based compounds VP12/14
and VP12/110 (Table 4, entries 12s and 13s respectively) were con-
firmed as HuR interactors in an in vitro assay.

Recently, bisheteroaryl compound SRI-4217 (Table 4, entry 14s)
was found to bind and inhibit HuR dimerisation in primary
patient-derived glioblastoma xenolines (PDGx) with a 1.2 pM
ICso. An interaction with the RRM1 and RRM2 domains was pro-
posed through computational studies [152].

Few other synthetic HuR inhibitors were identified, such as
Indoline sulfonamide MPTOB098 (Table 4, entry 15s) [153]. In addi-
tion to its antimitotic activity through microtubule binding,
MPTOB098 significantly decreased HuR translocation from the
nucleus to the cytoplasm in A549, HONE-1 and PC3 tumor cells,
subsequently reducing hypoxia-inducible factor 1-o (HIF-1-ot) pro-
tein expression.

Finally, pyrvinium pamoate (Table 4, entry 17s), an FDA-
approved anthelminthic drug, was found to dose-dependently
inhibit cytoplasmic accumulation of HuR by activating the AMP-
activated kinase/importin o1 cascade and inhibiting the check-
point kinase1/cyclin-dependent kinase 1 pathway [111].

2.4. Nanoparticle-encapsulated HuR siRNA as therapeutic agents

HuR was successfully targeted also through nanoparticle (NP) -
based HuR-specific small interfering RNA (HuR siRNA) delivery.
The efficacy of folate receptor-o (FRA)-targeted DOTAP:Cholesterol
lipid NPs carrying HuR siRNA (HuR-FNPs) was tested against
human lung cancer cells [154]. A folic acid (FA)-based FA-PEG-
DSPE  construct, 1,2-dioleoyl-3-trimethylammonium-propane
chloride salt (DOTAP), and cholesterol were used to build lipo-
somes with a particle size of 303 nm and a surface charge
of + 4.3 mV. Folate-conjugated liposomes showed efficient inter-
nalization in lung cancer cells via folate receptor endocytosis,
and serum stability and gel retardation assays revealed that such
liposomes protected HuR siRNA from rapid degradation [154]. A
method to deliver siRNA against HuR in vitro and in vivo was set
up and optimized by conjugating FA to 3DNA nanocarriers in ovar-
ian cancer models [155]. A transferrin receptor-targeted, liposomal
NP-encapsulated HuR siRNA (siRNA-Tf-NP) was investigated as a
therapeutic agent against HuR by employing sulfhydryl reactive
crosslinking chemistry to synthesize Tf-PEG-DSPE [156]. HuR
siRNA was administered intraocularly as nano-based lipidic sys-
tems in streptozotocin (STZ)-induced diabetic rat models. Such
lipoplexes caused an efficient decrease of pathologically elevated
HuR and VEGF retinal levels. Finally, nanocarrier-transported
siRNA showed an amelioration of the retinal damage caused by
STZ, increasing retina thickness and the number of retinal ganglion
cells (RGCs) up to homeostatic levels, compared to their reduction
observed in diabetic rats alone and when receiving naked siRNAs
[157].

In conclusion, the large number of reported small molecules
demonstrates the druggability of HuR. HTS campaigns were at first
employed to identify small molecules able to either directly or
indirectly interfere with HuR activity, due to the lack of structural
information about the HuR-mRNA interaction at that time.
Although these structurally heterogeneous compounds, being
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either natural, synthetic or natural compound-inspired, often con-
sist of complex molecular structures and/or show sub-optimal
pharmaceutical properties, they were useful starting points to
develop more specific HuR modulators. More recently, a detailed
knowledge of HuR structure and binding modes to mRNA and
small molecule modulators has enabled the rational design, syn-
thesis and characterization of new ligands specifically designed
through computational methods, as extensively described in the
next Chapter. We do believe that both HTS campaigns |/ access to
unpredictable structures of HuR inhibitors, and rational drug dis-
covery | further exploitation of structural information on HuR will
be exploited in future to enrich the panel of existing HuR modula-
tors and their properties. Their potential as putative clinical candi-
dates against oncological diseases will be commented upon in
details in Chapter 4.

3. HuR structural features and interactions with low molecular
weight inhibitors

Full-length HuR is a multi-domain protein constituted by three
RRMs of about 90 amino acids long. Namely, two conserved RRMs
near the N-terminus are named RRM1 (20-98) and RRM2 (106-
186), linked by a 12 amino acid linker and preceded by an intrinsi-
cally disordered region of 20 amino acids; and a third recognition
motif, named RRM3 (244-322), is located at the C-terminal region.
RRM3 is separated from RRM2 by a longer basic linker that
involves the 60 amino acid-long HNS, which is mainly responsible
for the nuclear-cytoplasmic shuttling of HuR to stabilize and/or
enhance the target mRNA translation efficiency (see Fig. 3A)
[3,4,130,158].

In the last decade ten 3D structures were deposited in the PDB
databank (nine resolved by X-ray diffraction, one by solution
NMR). Among them, three include only the RRM1 domain (PDB
codes: 4FXV, 3HI9, and 5SZW for the NMR structure), two span
the tandem RRM1-RMM2 domains (PDB codes: 4ED5 and 4EGL),
and five relate to the RRM3 motif (PDB codes: 6GD2, 6GD3,
6G2K, 6GD1 and 6GC5); none of them include any complexed inhi-
bitor in the crystal structure. Although structural guidance for HuR
modulation is now available, most HuR inhibitors discovered so far
(see Chapter 2) have been identified through experimental HTS.

3.1. Structural insights on HuR

X-ray structures collected on the isolated domains and on the
RRM1-RMM2 tandem domain of HuR reveal the typical architec-
ture of the RNA recognition motifs in eukaryotic RNA binding pro-
teins. They present four-stranded antiparallel B-sheets packed
against alpha helices, adopting the canonical o structure with a
B1-0t1-B2-B3-02-p4 topology [159,160]. Also, high structural simi-
larity has been detected between the first two RRMs of HuR, with
the exception of a different conformation involving a B-hairpin
located at the o2-B4 loop, which in RRM1 adopts a B-turn-f confor-
mation that is not present in RRM2 [158,159].

Characterization of the HuR-mRNA-binding activity allowed the
understanding of the role for each RRM domain. The interactions
between mRNAs and HuR are generally affected by any modifica-
tion of the residues within the RRMs. Conversely, modifications
on the residues within the HNS sequence alter the sub-cellular
localization of HuR [10].

Information on the mRNA-bound structures of HuR have been
obtained from the complexes of the protein with short AREs
[3,4,158,160,161]. HuR RRM1 and RRM2 control the recognition
of any target mRNAs. In particular, the RRM1-RMM2 tandem con-
struct has been reported to bind a 11-base AU-rich strand with
high nanomolar affinity, resulting from adding the micromolar
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RRM2
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RNP2_RRM2 108LYISGLys3

Fig. 3. A) Representative 3D model of full length HuR (Chimera model obtained with Prime-Schrodinger software); the protein is shown in ribbons with RRM1, RRM2 and
RRM3 displayed in yellow, orange, and cyan, respectively, and the long basic linker between RRM2 and RRM3 in grey. B) Co-crystal structure of the tandem RRM1 and RRM2
HuR-mRNA™* complex (pdb code 4ED5); the protein backbone is shown in grey, the RNP1 and RNP2 sequences of the RRM1 domain in magenta, the RNP1 and RNP2

sequences of the RRM2 domain in blue, mRNA“™ in yellow.

affinity of RRM1 to the weak affinity of RRM2 and to further con-
tacts established by the short interconnecting linker between
them. The same tandem construct recognizes and binds U-rich
sequences (U-rich RNA and U-rich DNA), with even higher affinity
and with a preference for U-rich RNA sequences [162].

A detailed analysis of the experimental structure of HuR com-
plexed with a 11-mer RNA oligonucleotide derived from c-fos
mRNA (PDB code 4ED5) shows that the binding site is mostly
hydrophobic. The residues involved in the interaction are placed
at the two canonical ribonucleoprotein sequences named RNP1
and RNP2 (see Fig. 3B) [163], located at the center of the B-
platform (B1 and B3) in the RRM domain.

Additional residues located around the B-strands and in the
RRM1-RRM2 linker contribute to the binding with mRNA“™ by
establishing weaker interactions. Residues N24 and F65 located
respectively at the 1 and B3 strands [158,159] are reported to play
a binding role, while residues located at the o2 helix, f2-83 and
o2-B4 loops and belonging to the inter-domain linker experience
conformational change upon RNA binding.

As to RNA, structural data show that the RRM1 domain recog-
nizes up to 5 consecutive uracils, while the inter-domain linker
and RRM2 bind only to one or two nucleotides [1,3]. A mechanism
for the HuR-mRNA binding has been recently proposed [3]. It
entails a first interaction with the RRM1 domain, followed by con-
formational changes involving the inter-domain linker and RRM2,
inducing them both to bind the RNA strand, and thus stabilizing
the HuR-mRNA complex.

As to the third recognition motif, despite previous studies sug-
gested its negligible contribution to the interaction between HuR
and mRNA strands, more recently an isolated RRM3 domain was
also shown to recognize ARE sequences, contributing to the inter-
action with the target mRNAs by binding their poly-A tail, as well
as being necessary for the cooperative assembly of HuR oligomers.
In fact, disruptions at the dimerization interface result in a
decreased binding affinity between HuR and its mRNA targets
[10,160,164,165].

The RRM3 domain can bind both to AUUUA motifs and poly(U)
sequences, with a preference for the U-rich strands [160]. Simi-
larly, to other RRMs, the binding interface in RRM3 is located in
RNP1 (B3), involving residues K285-M292, and in RNP2 (B1)
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involving residues [246-L251. Residues F287 and M292 from
RNP1 and F247-L251 from RNP2 are crucial for the interaction.
Later studies [4,161] confirmed both the binding site and prefer-
ence for U-rich sequences and determined that HuR-mRNA com-
plexes are stabilized by a combination of base stacking and polar
and hydrogen bond interactions. Although there are conflicting
reports on the number of binding pockets on the RRM3 domain,
different studies agree that RRM3 can recognize the UUU/A motif.
RNP2 is responsible for the direct interaction with uracil and RNP1
for other nucleotides such as adenines. (A/U)UU(A/U) has been pro-
posed as the RNA binding recognition sequence [161], while muta-
tions at the binding interface of isolated RRM3 domains as well as
within full-length HuR [4] confirmed the key role of F247 and Y249
in the HuR-mRNA interaction, and the minor contribution provided
by F287 and F288 residues. Notably, ATP was identified as a natural
RRM3 ligand responsible of a surprising, RNA-modifying, terminal
adenosyl transferase activity of HuR, suggesting an additional role
for HuR in the maturation and metabolism of mRNA targets [144].

As to the dimerization process of HuR, studies based on EMSA
assays have also shown the propensity of isolated RRM1 domains
to dimerize [166]. Interestingly, an equilibrium between multi-
meric forms of RRM1 has been described, with their predominance
on monomeric and dimeric forms in the absence of mRNA
sequences. The RRM1 domain region responsible for the dimeriza-
tion process comprises the B-hairpin and o-helices. Besides, muta-
genesis experiments reveal the involvement of a disulfide bridge at
Cys13, which may have functional significance in redox modula-
tion of HuR activity in response to oxidative stress [159]. Of note,
the dimerization region is placed on the opposite site with respect
to the mRNA binding surface. However, the interaction with mRNA
sequences involves a slightly overlapped protein region, thus pro-
moting the dissociation of the RRM1 dimeric form and shifting the
equilibrium to the monomeric state [158,159].

Another important recognition motif for the dimerization of
HuR is in the RRM3 domain. Recent studies on the C-terminal
region of the protein proved the existence of a dynamic equilib-
rium between dimeric and monomeric forms of RRM3 even in
the absence of RNA sequences. The extent of dimerization appears
to be dependent on the concentration of RRM3 domains, and the
dimeric form is stabilized by interaction with mRNA sequences.
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It is interesting to note that both sequence and length of the mRNA
strand play a role in the stabilization of a HuR dimer. In particular,
in presence of short mRNA constructs, the dimeric state of HuR
might be disfavoured, while both RRM3 domains forming a dimer
can bind to the same, long mRNA strand (more than 14 nucleo-
tides) [4,160,161,164]. X-ray and NMR studies on the RRM3
domain, together with Molecular Dynamic (MD) calculations
allowed the identification of a dimerization surface constituted
by the o1 helix and the loop between o1-B2. Moreover, the
W261 residue plays a crucial role, since any mutation involving
this amino acid leads to an increase of HuR monomers
[4,160,161,164].

The internal dynamics of HuR have been characterized in detail
by NMR. Measurements of the longitudinal (R1) and transverse
(R2) relaxation rates of the backbone amide nitrogens recorded
on the RRM1-RRM2 tandem domains prove that this construct
does not behave as a rigid body, but rather displays inter-domain
flexibility with the two domains that can reorient with respect to
one another [1].

Interestingly, the same relaxation data suggest that RRM1-
RRM2 dimers are not present in solution as stable complexes.
Another important finding from NMR studies concerns the RRM3
domain, that does not seem to interact with the other two recogni-
tion motifs in the absence of mRNA [160].

A comprehensive analysis of the experimental structures
obtained by X-ray crystallography and NMR data indicates that
in the absence of mRNA strands the three domains in full-length
HuR, as well as RRM1 and RRM2 in the tandem domain construct,
move independently and maintain an open/flexible conformation
(Fig. 4).

After binding to a target mRNA, the protein adopts a closed
globular conformation, forming a positively charged cleft where
additional contacts between RRM1 and RRM2 can be detected.
Namely, RNP1 and RNP2 sequences come in close proximity, espe-
cially around the U6, A7, U8 and U9 nucleotides, providing in this
region a narrower binding pocket, possibly amenable to the
rational design of organic Hur/RNA disruptors (see Fig. 3B).

3.2. Computational and NMR studies to elucidate the interaction
between HuR and small molecule inhibitors

Many HuR inhibitors were discovered and tested, especially
in vitro, in the last decade. However, for most of them the molecu-
lar mechanism of HuR inhibition has been poorly investigated and
characterized at the atomic level, and for a few it is completely
unknown. It has been proposed, solely relying on docking studies,
that small organic ligands should bind HuR at the cleft between the
RRM1 and RRM2 domains [149,150,152,163,167]. This theory has
been recently validated through combined NMR and computa-
tional studies [1,130,140,142].

For instance, using both NMR titration and docking calculations,
the interaction of 4ns (see Table 3) with HuR was elucidated.
Specifically, NMR-titration experiments allowed the identification
of a pool of residues interacting with the molecule (1103, L138,
Y26, R97, 1103, Y109 and R153) which delimit the mRNA binding
cavity. In line with NMR results, docking of 4ns into HuR suggests
Y26, K55, R97, and R153 as residues surrounding 4ns, establishing
electrostatic, hydrogen bond, hydrophobic, and pi-stacking inter-
actions with the small molecule (Fig. 5A). Thus, 4ns appears to dis-
rupt the HuR-mRNA interaction by competitively binding to the
RMM1-RRM2 interdomain cleft of HuR [140].

Similar results were subsequently obtained with twelve natu-
rally occurring HuR inhibitors including flavones, flavonols and
coumarins, which were studied through STD-NMR experiments
and docking to explore the ligand-protein interaction mode
[130]. These studies revealed that all compounds interacted with
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RRM1

Fig. 4. A superposition of NMR- (PDB code: 4EGL) and X-ray-derived (PDB code:
4ED5) HuR structures shows that RRM1 (yellow cartoon) and RRM2 (different
shades of orange cartoon) domains experience conformational freedom with
respect to each other [3].

HuR in STD-NMR with different strengths (see for example 6n
and 7n in Table 3); that all bind into the deep pocket between
the RRM1 and the RRM2 domains, stabilizing a “closed” conforma-
tion of the protein; and that some interactions are conserved
among flavones, flavanols and coumarins, including those with
Y63, R97, N25 and R153 side chains that have been described as
important also for 4ns and 6s [148].

We reported structural details on the interaction mode of 8n
and 6ns (see respectively Table 2 and Fig. 5B, and Table 3 and
Fig. 5C) with HuR [1,142]. A combined approach using NMR, MD
simulations and mutagenesis coherently indicated that these small
molecules bind to the region between the interconnecting linker
and the B-platform of both RRM1 and RRM2, altering the confor-
mational freedom and the reciprocal reorientation of RRM1 and
RRM2. This stabilizes an unproductive, “closed” conformation that
hampers target mRNA binding (Fig. 5D).

Noteworthy, a different mechanism of action has been
described for compound 3s [144]. Confocal nanoscanning-bead
picking experiments showed that this molecule binds to the
RRM3 domain. In vitro studies indicate that 3s interferes with
ATP as well as RNA binding within the RRM3 domain. Docking cal-
culations of 3s into the homology modeling structure of RRM3 (no
RRM3 domain was crystallized at that time) showed that the rela-
tively large ligand occupies both a conserved DXD motif (D54,
D3s6), commonly used for recognition of ATP, and an adjacent shal-
low and positively charged cleft, very likely binding the target
mRNA, thus hampering the accommodation of both RNA and ATP
in line with experimental data.

3.3. Computer-aided hit discovery

In 2019, a first example of virtual screening has been reported
[148] through which three structurally diverse ligands were found
to inhibit HuR using the NucleoQuery application within the free
Web-server platform AnchorQuery. Specifically, the authors
selected the mRNA U8 and U9 nucleotides as anchor points and
the NucleoQuery application detected all the possible interactions
with the protein interface, allowing the final selection of several
pharmacophore points. Such pharmacophoric query identified a
library of 800 structurally diverse, synthetically accessible mole-
cules as putative HuR inhibitors, all possessing a specific aromatic
moiety (superimposable with the U8 of mRNA) as an anchor point.
Four representative compounds were synthesized, three of which
(Table 4, 6s-8s) were characterized as HuR binders in an STD-
NMR assay. Just recently, 8s has been successfully optimized
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Fig. 5. A), B), C) Binding modes of 4ns (A), 8n (B) and 6ns (C) (green sticks) into HuR (yellow and orange cartoons), as determined by computational studies. HuR residues
involved in binding interactions are displayed as sticks, and H-bonds are depicted as dashed black lines. D) 3D superposition of the HuR conformation (green cartoons)
induced by 8n (green spheres) upon binding, and the mRNA-bound HuR conformation (PDB code 4ED5, grey and transparent yellow ribbons for HuR and mRNA, respectively).

through SPR and STD-NMR fragment screening [149]. Docking
experiments confirm that also optimized compounds 9s and 10s
bind in the same region occupied by the U8 mRNA base. Most
importantly, both studies demonstrate that computer based HuR
ligand discovery is achievable, and that the molecular interaction
between U8 in mRNA and Y63 in HuR represents an important
anchor point to design small molecules suitable for HuR recogni-
tion and binding [148,149].

Another successful, recent example of computer-aided hit dis-
covery on HuR consisted of a shape similarity screening using 8n
(Table 2) as a template and a proprietary database of 182 drug-
like molecules [151]. As a result, 28 putative HuR ligands mostly
built on indole or caffeic acid phenethyl ester scaffolds were found
and clustered on the basis of their structural interaction finger-
prints (SIFts). Two putative ligands (12s and 13s, Table 4) were
found in the same cluster of potent 1n and 8n, and thus were syn-
thesized. Although a direct binding assay with HuR was not
reported, cellular assays demonstrated that 12s and 13s modulate
HuR expression and decrease VEGF and TNF-a release, similarly to
8n. Noteworthy, MD simulations of 12s, 13s and 8n into the bind-
ing site of HuR demonstrated that 13s and 8n should compete with
mRNA to bind to HuR, possibly inhibiting the functional effects of
HuR on mRNAs.
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NMR and modeling data reported so far for HuR inhibitors
surely indicate, with the single exception of 3s, their binding in
the mRNA U6-U9 binding site of the RRM1-RRM2 construct, stabi-
lizing a closed, unproductive conformation of HuR that in turn
hampers mRNA accommodation in its binding site. Although HuR
inhibitors are chemically diverse, and no pharmacophore hypothe-
sis has been proposed up to now, some general, common features
could be detected. Namely, one or more aromatic rings (rarely sat-
urated rings) in the same scaffold, which confer structural rigidity
and a hydrophobic character to HuR inhibitors, then fitting well in
the mRNA U6-U9 binding region of the HuR protein; and functional
groups such as carbonyls, hydroxyls, amines and carboxylic acid to
increase polarity and interact with the hydrophilic residues in the
binding cleft. For instance, at least one polar contact with the side
chains of R97 or R153 residues should be established, as com-
pounds 6n, 6ns and 6s possess a carbonyl group (a sulfonyl for
6ns) that establishes a hydrogen bond with R97, while compounds
7n, 4ns and 6s are endowed with a hydroxyl or a carbonyl moiety
establishing one or two hydrogen bonds with R153. Other residues
frequently interacting with active molecules are S99 and S100 on
the interdomain linker, and Y63 and N25 in RRM1.

Taken together, the reported studies have laid the foundation
for the rational finding / design of novel HuR inhibitors through a
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Table 5
In vivo studies showing the effects of HuR targeting in different cancers.
Cancer type In vivo model HuR modulation Major observations Refs
Malignant - Tumor Xenograft - Lung metastasis model Genetic (Constitutive and - HuR knockdown prevents formation of xenograft tumors [171]
peripheral nerve inducible shRNAs) and induces regression of already formed tumors. -
sheath tumors Pharmacological (1n) Genetic ablation of HuR prevents formation and growth of
(MPNST) metastatic lung nodules. - Pharmacological inhibition of
HuR blunts growth of xenograft tumors and metastatic
nodules.
Gastric cancer - Tumor Xenograft Genetic (Overexpressing) Overexpression of HuR promoted gastric cancer cell [172]
growth in vivo.
Fibrosarcoma - Tumor Xenograft Genetic (CRISPR/Cas9) HuR deletion markedly diminished tumor growth on its [173]
own whereas AGI-5198 (a mutant IDH1 inhibitor)
treatment combined with HuR deletion had the greatest
impact on tumor growth.
Pancreatic ductal - Tumor Xenograft Genetic (DOXO-inducible HuR inhibition enhances PARP inhibitor olaparib- [174]
adenocarcinoma shRNAs) mediated reduction of PDAC tumor growth in vivo.
(PDAC)
Colon carcinoma - Tumor Xenograft Pharmacological (8n) Compound 8n induces significant anti-tumor effects, with  [1]
approximately a 4-fold reduction in tumor size.
Pancreatic ductal - Tumor Xenograft Genetic (CRISPR/Cas9) HuR-deficient PDA cells were unable to engraft tumors [175]
adenocarcinoma in vivo compared with control cells, whereas HuR-
(PDA), colorectal deficient colon cancer cells showed significantly reduced
cancer in vivo tumor growth.
Lung cancer - Tumor Xenograft - Lung metastasis model  Transferrin receptor- HuR-TfNP treatment suppresses lung tumor growth n vivo [154]
targeted liposomal and suppresses experimental lung metastasis
nanoparticle-based HuR
SiRNA (HuR-TfNP)
Bladder cancer - Tumor Xenograft Pharmacological (17s) Combining compound 17s with chemotherapeutic agents  [111]
(e.g. cisplatin, DOXO, vincristine and oxaliplatin)
synergistically suppressed the growth of patient-derived
bladder tumor xenografts in mice
Colorectal cancer - Tumor Xenograft Pharmacological (1n) Compound 1n led to an approximately 1.7-fold reduction [167]
(CRC) in tumor size
Melano - Tumor Xenograft Pharmacological (9n) Compound 9n effectively inhibited tumor growth and [132]
angiogenesis, decreasing the cytoplasm translocation of
HuR.
Small intestinal and - Apcmin/- mice, a TG model of intestinal Conditional intestine- Intestinal deletion of the HuR gene caused a three-fold [59]
colon cancer tumorigenesis. — inflammatory colon specific HuR deletor mice: decrease in tumor burden in Apcmin/- mice characterized
carcinogenesis protocol - AOM-DSS Hurf/f villin-Cre-ERT2 mice by reduced proliferation and increased apoptosis, and a
administration two-fold decrease in tumor burden in mice subjected to an
inflammatory colon carcinogenesis protocol
Lung - Tumor Xenograft Pharmacological (15s) Mice receiving compound 15s significantly delayed tumor [153]
adenocarcinoma growth in a concentration-dependent manner
Glioblastoma - Intracranial injections Genetic (ShRNA) HuR knockdown induces a significant attenuation of [176]
(GBM) tumor growth and invasiveness
Conventional renal - Tumor Xenograft Genetic (siRNAs) HuR knockdown inhibits human CRCC tumor growth in [177]
cell carcinoma nude mice in vivo.
(CRCC)
Colon carcinoma - Tumor Xenograft Genetic (siRNA & HuR-overexpressing cancer cells produced significantly [92]

Overexpressing)

larger tumors; conversely, cells expressing reduced HuR
developed significantly more slowly.

range of diverse methodologies. We expect that, now that diverse
HuR inhibitors are known, a few pharmacophore models will be
developed and used in virtual screening (VHTS) campaigns.
Besides, taking advantage of recently released RRM3 X-ray struc-
tures, novel HuR ligands targeting the RRM3 domain should be
soon discovered with the aid of receptor-based finding techniques.

4. HuR inhibitors and the hallmarks of cancer

HuR is often overexpressed in many human cancers, with
increased levels associated with tumor aggressiveness and worse
prognosis. HuR plays a critical role in controlling almost all key
cancer-associated traits, including proliferation, survival and dis-
semination amongst others, by regulating the expression of a
plethora of genes [106,122,168-170]. Due to this fundamental role
in cancer progression and metastasis, HuR has received consider-
able attention as a therapeutic target. Remarkably, over the years
hundreds of in vitro and in vivo studies (Table 5) have consistently
shown that targeting HuR is a promising strategy for a variety of
cancers. In addition, genetic silencing in several cancer models
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has shown benefits in terms of tumor regression, but, while these
studies are promising, advancing siRNA-based therapy to the clinic
remains a challenge. Thus, the importance of developing a potent,
bioavailable and safe small molecule inhibitor directed against
HuR to be tested and proposed for clinical studies cannot be
understated.

We decided to build our detailed description of biological and
pharmacological studies on HuR and on its modulators by taking
inspiration from the Hallmarks and Enabling Characteristics of
Cancer [120,121]. A surprisingly long list of molecular targets
impacted by HuR modulation through biologicals and/or small
molecules, and referred to cancer hallmarks, is graphically
depicted in Fig. 6.

4.1. Genomic instability

Genome instability embraces all the mutations which affect the
genome of a cellular lineage, from changes of a single base in the
nucleic acid sequence to chromosomal rearrangements or aneu-
ploidy. Malfunctions of the DNA repair machinery are among the
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Fig. 6. HuR modulators antagonize the cancer traits. Each feature is represented by a colored slice in a circle. Each slice contains a list of HuR modulators (e.g. siRNA, small
molecules, confined in rounded boxes), and a list of molecular targets affected by HuR inhibition (cellular or in vivo models, confined in square boxes). In the middle of the
figure, a schematic representation of the tumor progression, characterized by vascuolar tissues (in red) cancer cells (grey) and immune cells (pink and violet) is shown.

most common causes of genomic instability. Due to its conse-
quences, genome instability plays a central role in the develop-
ment of cancer.

Regulators of centrosome stability and integrity during mitosis,
such as growth factors (i.e., EGF and fibroblast bFGF), induce tyro-
sine phosphorylation on HuR and association with centrosomes. A
proper centrosomal duplication represents a key point during
mitosis. HuR dysregulations could therefore lead to strong chromo-
somal rearrangements [178]. The effect of HuR silencing on geno-
mic instability has been studied through various approaches. HuR
siRNA were used on triple negative breast cancer cells to study HuR
knockdown in radiosensitization, and the consequent involvement
of double strand break (DSB) repair [179]. HuR silencing correlates
with a reduced expression of proteins involved in DNA repair, such
as Ku80, ataxia telangiectasia mutated (ATM) and DNA-PK. How-
ever, the consequent positive or negative effects of HuR on cancer
therapies triggering DNA damage is not straightforward. Indeed,
HuR silencing combined with radiotherapy appears to improve
the radio sensitization of tumor cells by decreasing DNA repair
and enhancing radiation-induced ROS production. During DNA
damage response (DDR) HuR translocates from the nucleus to the
cytoplasm to regulate DNA repair genes upon chemotherapeutic
stress, improving cancer cells’ resistance to chemotherapy
[103,111,180]. However, in pancreatic cancer cells, HuR overex-
pression favors the expression of deoxycytidine kinase (dCK) and
the consequent metabolic activation of gemcitabine; therefore,
HuR becomes a key determinant for gemicitabine activity [96].
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Similarly, in breast cancer cells, HuR mediates doxorubicin efficacy
by post-transcriptionally regulating topoisomerase Ilot [181] and
its downregulation can lead to doxorubicin resistance in in vitro
cell models [182]. In ovarian cancer patients, HuR nuclear localiza-
tion during chemotherapy correlates with a good outcome, while
its cytoplasmic localization increases paclitaxel resistance [183].

The action of HuR inhibitors on genomic instability has also
been tested. The coumarin-like HuR inhibitor 3ns (Table 3) showed
reduction of cell viability in thyroid cancer cells, impairing HuR
binding with the microtubule regulator MAD2 [184]. Quinolinium
salt 17s (Table 4) has been observed to improve chemotherapy effi-
cacy in urothelial bladder carcinoma (UCB) by affecting HuR'’s abil-
ity to translocate into the cytoplasm [111]. To sum up, any possible
beneficial effect of HuR silencing on genomic instability for cancer
therapy needs to be carefully evaluated within the cancer context,
and the possible combinations with other treatments, due to the
multifaceted profile of HuR.

4.2. Enhancement of cell survival

Tumor cells are characterized by enhanced cell survival thanks
to resisting recognition and attack by immune cells and apoptosis
[185]. HuR is a potential coordinator of this pathologic behavior, by
controlling antiapoptotic genes such as Bcl2, Bcl-xL, and cIAP2 [3].
Even if HuR effects on cell survival were most likely both tissue-
and cancer type-dependent, silencing HuR expression utilizing
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HuR siRNA or shRNA significantly reduced tumor growth and
inhibited tumor cells’ survival in vitro and in vivo [137,184,186].

The therapeutic potential of targeting HuR for the treatment of
ovarian [156] and pancreatic cancer [ 186] was evaluated in models
stably expressing shHuR through a lentiviral gene transducing sys-
tem. Ovarian OVCAR3 and MiaPaCa2 pancreatic ductal adenocarci-
noma cancer cell lines stably expressed DOXO-inducible HuR-
targeted shRNAs. The suppression of HuR expression reduced pro-
liferation, anchorage-independent growth, and invasion of ovarian
and pancreatic cancer cells in vitro [156,186]. MiaPaCa2 cells were
also stably transfected with a tetracycline-responsive plasmid to
overexpress HuR in response to DOXO treatment, without affecting
cell proliferation [186].

Several small molecules showed inhibitory activity on HuR and
cell survival, as observed with genetic silencing. Chrysantone-like
1n (Table 2) interferes with the multimerization of HuR and forma-
tion of HUR-mRNA complexes, leading to a reduction in cancer cell
proliferation and survival in glioblastoma, PDA and colorectal can-
cer [145,167,187,188]. Treatment with 1n in inflammatory bowel
disease (IBD) and inflammatory colon cancer mice models seems
to increase tumor size and invasiveness by counteracting eosino-
phil recruitment into tumors, probably leading to enhanced cell
survival [13]; notably, 1n did not cause any relevant toxicity in
mice models. Compound 3ns (Table 3) disrupts the interaction
between HuR and ARE oligomers in pancreatic, colon, lung and thy-
roid cancer cells [184,189]. At genome wide level, compound 8n
(Table 2) dysregulates HuR by switching it to preferential binding
to longer, ARE-enriched mRNAs at the 3’ UTRs, including mRNAs
that encode apoptotic and cell-cycle regulatory proteins. Interest-
ingly, it inhibits colon cancer cell growth in vivo [1], and also
reduces or disrupts HuR dimers in the cytoplasmic fraction of
glioblastoma cells [145]; therefore, the exact, and possibly multi-
factorial mechanism of action of 8n against cancer is still to be fully
clarified. Microfilament inhibitors, such as macrocycle 13n
(Table 2) and fused pyridone 16s (Table 4), mimic HuR silencing
by interfering with HuR-dependent mRNA-stabilization and atten-
uating cytoplasmic HuR levels in hepatocellular carcinoma cells
[137]. Thus, in conclusion, tumor cells may be dependent from
the survival signals provided by HuR-regulated oncoproteins,
thanks to HuR activity in the cytoplasm and its multimerization.
This could be an adaptive survival mechanism of cancer cells under
stress conditions, that can be interfered with by the ability of small
molecules to inhibit the translocation of HuR in the cytoplasm, or
to inhibit its dimerization.

4.3. Reprogrammed cell metabolism

So far, there is no clear evidence about any effect of small mole-
cule HuR inhibitors on the regulation of cell metabolism. However,
pancreatic tumor HuR-deficient cells were shown to be less resis-
tant to glucose deprivation when compared to isogenic controls
[190]. Changes in the cellular microenvironment, and in particular
glucose deprivation, are a specific tumor signature of acute meta-
bolic stress. HUR may activate a pro-survival signaling pathway
in response to acute metabolic stress after translocation from the
nucleus to the cytoplasm, where it regulates the expression of
specific metabolic genes [190]. Three mRNAs that were selected
for further validation (GPI, IDH1, and PRPS2) were observed as
downregulated in HuR depleted pancreatic tumor cells.

In a similar manner, HuR was identified as the main regulator of
the IDH1 gene by deleting HuR in PDAC cells deprived of nutrients
and performing RNA deep sequencing [191]. PDAC cells repro-
grammed their metabolism in response to nutrient deprivation,
and caused the development of resistance to chemotherapy, that
induced an increase in oxidative stress. Namely, HuR regulation
of IDH1, the NADPH-generating enzyme, activated a rapid antioxi-
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dant response that enhanced PDAC cell survival, thus resulting in a
potential therapeutic target for this cancer type.

HuR shows an important role in the regulation of metabolic
pathways, and most importantly its inhibition could impair meta-
bolic flexibility, which is the difference in the respiratory exchange
ratio in fed and starved states. The conditional KO of HuR in skele-
tal muscle caused mild obesity in female but not male mice, due to
impaired glucose tolerance, fat oxidation and palmitate oxidation.
Thus, HuR is involved in the regulation of important skeletal mus-
cle metabolism-related genes [58].

Although there is no evidence about the impact of small mole-
cule HuR inhibition on the regulation of cell metabolism, targeting
HuR could also affect cancer cell metabolism, and in particular
their pro-survival response to glucose deprivation, as observed in
HuR-deficient pancreatic cells.

4.4. Invasion and metastasis

HuR extensively influences invasion and metastasis, two key
aspects of cancer progression. As a representative example for
the relevance of HuR in the progression of these hallmarks, HuR
was observed to stabilize both Snail mRNA, whose protein is
involved in the epithelial mesenchymal transition (EMT), and met-
alloproteases, involved in the degradation of the extracellular
matrix [192]. HuR is involved in peroxide-induced cellular migra-
tion of mammary carcinoma cells, and HuR KO reduces this migra-
tion ability. HuR is overexpressed in pre-neoplastic lesions of
invasive breast cancer, such as atypical ductal hyperplasia (ADH)
and ductal carcinoma in situ (DCIS), when compared to healthy
controls, confirming its role in the progression of invasion [193].
In addition, high levels of cytoplasmic HuR significantly correlate
with metastasis in bladder cancer [194]. In clinical studies, HuR
is also associated with lymph node metastasis in non-small lung
carcinoma [109].

Due to its strong influence on invasion and metastatic ability
of cancer cells, HuR activity was impaired through different
approaches, using anti-HuR siRNA and small molecule HuR inhi-
bitors. MCF7 and MDA-MB-231 cells were transfected with a
ribozyme transgene consisting of hammerhead ribozyme and
HuR-specific antisense. The effect of HuR knockdown on human
breast cancer cells reduced their growth and invasion and
affected the expression of Cyclin D1 and MMP-9 [195]. Anti
HuR siRNA conjugated with folate NPs (FNP) were designed and
tested on human non-small-cell lung carcinoma (NSCLC), showing
impairment in tumor cell migration [154]. In vitro scratch assays
revealed the impairment of cellular migration also in an ovarian
cancer cell model with altered HuR expression (OVCAR5-
shHuRc257) [156].

Benzothiophene hydroxamate HuR inhibitor 11s (Table 4)
strongly reduced the invasiveness of breast cancer cells by inhibit-
ing HUR-FOXQ1 interaction [150]. FOXQI1 is a transcription factor
involved in breast cancer EMT, and its interaction with HuR con-
tributes to cell invasion ability [150]. Finally, recently identified
tanshinone mimic HuR inhibitors have been observed, through
scratch assays, to remarkably reduce the migration ability of
MDA and PANC-1 cells [142]. Tanshinone mimic 6ns (Table 3), in
addition to interfering with HuR-RNA interactions, efficiently
blocked PANC-1 and MDA-MB-231 cell migration [142]. Tongue
carcinoma HSC-3 and SAS cell lines were treated with polysul-
fonate 5s (Table 4), and their ability to grow without adherence
to the extracellular matrix and to neighbouring cells was investi-
gated. Upon treatment with 5s, attenuated motile and invasive
properties were detected through in vitro wound healing and
Matrigel invasion assays; the same happened in HuR knockdown
HSC-3 cells [147].
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Recently the role of HuR in malignant peripheral nerve sheath
tumors (MPNST) was examined by us, finding a striking depen-
dence of these cancer cells on HuR for their proliferation, sur-
vival and dissemination [171]. HuR was overexpressed in these
highly aggressive sarcomas that originate in the peripheral ner-
vous system, regulating the expression of numerous cancer-
associated transcripts in human MPNST samples. A constitutive
genetic inhibition of HuR in MPNST cells was sufficient to com-
pletely prevent tumor formation using xenograft models,
whereas inducible ablation of HuR in pre-formed tumors led to
their shrinkage. Remarkably, we found that HuR inhibition also
prevented the formation and growth of metastatic nodules in
lungs using a surrogate model of lung metastasis. This was par-
ticularly relevant since MPNSTs have a high metastatic potential,
and up to 50% of patients develop metastatic disease, usually to
the lung, which worsens the 5-year survival rates of patients
[171]. Notably, pharmacological inhibition of HuR by
chrysantone-like 1n (Table 2) could reduce tumor growth in
xenograft models as well as metastatic growth in lungs, high-
lighting the relevance of HuR as a potential therapeutic target
for MPNSTs. Finally, using experimental and computational
approaches, it was ascertained that HuR exerts such profound
effects on these cancer cells because of its capacity to simultane-
ously regulate multiple essential oncogenic pathways, which
converged on key transcriptional networks [171].

4.5. Elevation of local angiogenesis

Tumor cells can promote vascular growth or angiogenesis
through different mechanisms. Angiogenesis subsequently con-
tributes to tumor growth and helps cancer cells enter the periph-
eral circulation [196].

Many clinical investigations have shown that HuR plays a crit-
ical role in promoting angiogenesis. In fact, cytoplasmic HuR accu-
mulation stabilizes angiogenic factors, such as VEGF-A, interleukin-
8 (IL-8), HIF-o, and COX-2 [196-198]. Moreover, HuR acts by aug-
menting the hypoxic or inflammatory signal and promoting the
proliferation and migration of endothelial cells [196,197].

In mesangial cells (hMCs) the vasoconstricting peptide angio-
tensin II (Angll) increases the capability of HuR to bind and stabi-
lize COX-2 mRNA. COX-2 mRNA is a specific target of cytoplasmic
HuR, and Angll stimulation is necessary for their interaction.
Indeed, attenuated HuR expression mediated by siRNA affected
the expression and function of COX-2 in cells after Angll treatment
[118].

HIF-1 is a master regulator of tumor neovascularization. The
heat shock transcription factor 1 (Hsf1) is overexpressed in a vari-
ety of tumors and plays a critical role in tumor progression by reg-
ulating numerous genes, including HuR. Upon Hsfl knockdown,
HuR levels decreased by about 70% in MCF7 and Hs578 cells,
MCF7 xenografts and in Hsf1-KO mice, consequently affecting
HIF-1 expression [199].

In myeloid cells HuR stabilizes different genes, including angio-
genic regulators bearing ARE or U-rich sequences at their 3’ UTR
region. VEGF-A is a key angiogenic growth factor directly regulated
by HuR and miR-200b in an antagonistic manner. After myeloid-
specific deletion of HuR in mice (ElavilMg KO), bone marrow-
derived macrophages presented a robust VEGF-A [68], VEGF and
MMP-9 [200] downregulation. Furthermore, tumor slices from
Lewis lung carcinoma (LLC) cells injected into ElavilMg KO mice
displayed reduced vascular density and permeability, sprouting
and branching, and contained vessels with dilated lumens. The
same phenotype also occurred in zebrafish embryos through the
injection of morpholino (MO)-targeted HuR, resulting in severe
defects in subintestinal vein (SIV) vascular development [68].
Therefore, macrophages and monocytes are the primary sources
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of the inflammatory angiogenic process, and macrophage-specific
HuR inhibition impairs the posttranscriptional mechanisms of
angiogenic regulator genes [68,200].

Among HuR small molecule inhibitors, natural tanshinone 9n
(Table 2) is endowed with anti-tumor and anti-angiogenic activity
both in vitro and in vivo. TNFa, besides being an important media-
tor of inflammation, also has proangiogenic effects. Compound 9n
has been observed to markedly reduce lipopolysaccharide (LPS)-
induced TNFoo mRNA expression in a dose dependent manner by
increasing nuclear HuR localization, thus impairing HuR cytoplas-
mic translocation and, consequently, TNFoo mRNA stabilization
[132].

Tanshinone mimic 6ns (Table 3) was tested for its capability to
interfere with HuR-RNA binding in MCF7 cells. Compound 6ns
treatment revealed a decrease of VEGF mRNA copies and a reduc-
tion in its expression levels [142].

As previously mentioned, HuR interacts with COX-2 mRNA, sta-
bilizing its expression [118,196]. Moreover, chrysantone-like 1n
(Table 2) was found to interfere with HuR cytoplasmic localization
and to impair its binding activity [123]. In Cajal-Retzius (CR) cells
and in mice bearing HCT116 and HCA7 cell xenografts, 1n inhibited
HuR and decreased COX-2 expression in a dose dependent manner.
Finally, HuR targeting by 1m altered COX-2 expression and
decreased angiogenesis both in vitro and in vivo [167].

HuR is associated with diabetic retinopathy (DR) [78], and is
abundant in human retinal endothelial cells (HRECs) [151]. The
aetiology of diabetic retinopathy is the onset of a diabetic macular
oedema that causes retinal detachment and visual loss. Indoles 12s
and 13s (Table 4) were selected as HuR inhibitors, presenting anti-
inflammatory and anti-angiogenic properties. On the basis of MD
experiments, these small molecules blocked HuR functions by
competing with its mRNA binding site and modifying the structure
of the HuR binding cleft. In addition to HuR impairment, TNFo and
VEGFA expression were significantly decreased in HRECs treated
with 12s and 13s, in high glucose media cultured conditions [151].

A matrigel tubule formation assay revealed Indoline sulfon-
amide 15s (Table 4), and indoles 12s and 13s (Table 4) [151] as
antiangiogenic HuR inhibitors, because their effects inhibited
VEGF-induced migration and tube formation ability of human
umbilical vein endothelial cells (HUVEC) [153] and of HRECs [151].

Eltrombopag is an approved oral drug used in clinics for the
treatment of thrombocytopenia, severe aplastic anaemia as an ago-
nist of the thrombopoietin receptor [201]. It is effective in disrupt-
ing the interaction between HuR and the ARE sequence of VEGFA
mRNA. Furthermore, eltrombopag is a good anti-angiogenic drug,
as demonstrated by its in vivo reduction of microvessels in tumor
tissue [202].

4.6. Promotion of cell proliferation and tumorigenesis

The CRISPR/Cas9 technology was used to define the role of HuR
in PDA and colorectal cancer cells (CRCs) [175]. MiaPaca2, Hs766T,
HCT116 and HCA?7 cells lacking HuR displayed attenuated growth
compared to the control and the HuR overexpression in HuR-null
MiaPaCa2 cells restored a tumor growth phenotype. According to
HuR function in promoting tumor cell growth, MIA.HuR-KO/~)
and HsT.HuUR-KO'/~) cells were unable to grow into 3D cultures.
Namely, cells with CRISPR/Cas9-mediated deletion of HuR only
formed single cell sheets, and were unable to form substantial
spheroids even after four weeks of plating, while positive control
cells easily formed spheroids in 3D cultures within a passage, con-
tinuing to grow and doubling in size [175].

As mentioned earlier, HuR was knocked down in four MPNST
cell lines by lentiviral delivery of shRNAs [171]. HuR is highly
aggressive in sarcomas originated from Schwann cells, and its
downregulation produced a dramatic decrease of percentage in
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BrdU positive cells and in the ability of single cells to form colonies.
After HuR silencing in MPNST cells, an analysis of B-galactosidase
staining revealed a marked increase in cellular senescence. There-
fore, HuR genetic inhibition has cytotoxic and cytostatic effects on
tumor growth [171].

In normal intestinal epithelium, HuR has a predominant nuclear
localization, while in adenocarcinomas it is mostly relocalized in
the cytoplasm, where it is aberrantly regulating the stability of
key pro-oncogenes responsible for cell proliferation, such as cy-
clinA, cyclinB1 and cFos.

HuR-siRNA encapsulated in lipid NPs was delivered in human
melanoma cell lines and by the Trypan blue exclusion assay
method, cellular viability was assessed. HuR-NP treatment in com-
bination with the kinase inhibitor UO126, generated a significant
inhibitory effect in a human melanoma cell line overexpressing
the microphthalmia-associated transcription factor (MITF) [203].

Several colorectal cancer cell lines overexpressing HuR
(HCT116, HCA-7, RKO, HT-29, and SW480 cells) showed growth
inhibition after treatment with chrysantone-like 1n (Table 2) at
different concentrations (1-100 uM), whereas only a weak effect
was observed on normal epithelial cells [167]. Further studies
highlighted the impact of 1n on HuR-mediated colorectal tumori-
genesis, discriminating among cells from different patient sub-
types. Targeting HuR was used to prevent development of cancer
in high-risk groups, such as those with familial adenomatous poly-
posis (FAP) or IBD. The level of HuR expression and localization
was different in each condition, and to better address the question
of how HuR expression is involved in each stage of tumor progres-
sion, azoxymethane/dextran sodium sulfate (AOM/DSS) and ade-
nomatous polyposis coli (APC)M™ mice models were used [13].
The c-myc gene, a known HuR target, was chosen as a biomarker
to verify the functional inhibition of HuR upon 1n treatment in
intestinal tissue, due to its involvement in colorectal cancer devel-
opment. As expected, both c-myc expression and the rate of
tumorigenesis were reduced, as confirmed by the decrease of
Ki67 positive cells among small intestinal crypt cells derived from
the aforementioned mouse models [13].

Chrysantone-like 1n was also tested against malignant glioma
cells [188]. Treatment with 1n (20 pM and 30 pM) strongly
impaired the invasion rate of JX12 cells, and their CD33* subpopu-
lation was even more sensible to 1n, as shown by an increased
inhibition of their invasivity at 10 pM. To assess the functional
phenotype of brain tumor initiating cells, the formation of neuro-
spheres was quantified by a limiting dilution assay. At 2.5 uM,
1n attenuated the initiating stem cell frequency in forming neuro-
spheres [188].

Compound 3ns (Table 3) was tested for its potential antitumor
activity in human lung cancer cells [189]. Several NSCLC cell lines
(H1299, A549, HCC827, H1975) were treated for 24 and 48 h with
3ns (20 uM and 30 pM), and a consistent, dose dependent inhibi-
tion of tumor proliferation and induction of G1 cell cycle arrest was
consistently observed. Conversely, limited or no effects were
observed on normal epithelial cells.

The antitumor efficacy of 3ns was evaluated in four thyroid can-
cer cell lines (SW1736, 8505C, BCPAP and K1) [184]. Through a
scratch assay, treatment with 3ns (35 pM) reduced their invasion
ability and impaired colony formation using an anchorage-
independent assay in soft agar. This effect on colony formation
and proliferation was ascribed to downregulation of mitochondrial
associated protein MAD2, a HuR target overexpressed in thyroid
cancer cells. MAD?2 is involved in the regulation of cell division,
in particular in the metaphase to anaphase transition, and treat-
ment with 3ns downregulated the expression of this gene via
HuR inhibition, thus blocking tumorigenesis. This was confirmed
by siRNA silencing of MAD2 and through a rescue experiment in
which MAD2 was overexpressed after treatment with 3ns [184].
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Compound 3ns was also tested in combination with the YAP
inhibitor verteporfin (VP), and the CA3 and CDK4/6 inhibitor abe-
maciclib in PDAC cells. The combination of abemaciclib with 3ns
decreased the number of PDAC colonies compared with both
monotherapies, most likely due to their shared regulatory role of
the cyclinD1 pathway [204].

Finally, HCT116 and HCT116 HuR-KO colorectal carcinoma cells
were grown under anchorage- and serum-independent conditions.
Cells lacking HuR were unable to form tumor spheroids and, after
treatment with natural tanshinone 8n (Table 2), HCT116 spheroids
were significantly reduced [175].

According to these evidence, HuR modulators seem to be able to
decrease cancer cell tumorigenesis at early stages, as evaluated by
colony formation or through spheroids assays. Nevertheless, fur-
ther data are needed to fully validate this hypothesis.

4.7. Resisting apoptosis

Resistance to apoptosis is a key event in tumor development.
HuR finely regulates the balance between cell survival and cell
death by caspase-mediated apoptosis in response to lethal stress.
Indeed, in normal conditions, HuR promotes cell survival by stabi-
lizing and increasing the translation of mRNAs coding for antiapop-
totic factors [18], whereas under such lethal stress HuR promotes
apoptosis by increasing the expression of proapoptotic proteins
[205].

Several studies have demonstrated that inhibition of HuR, by
using either genetic approaches (gene deletion and siRNA) or small
molecule inhibitors, promotes apoptosis [59,66,67]. For example,
HuR acts in B cells as a key factor for a proper metabolic switch
and cell growth during B cell maturation. In a B-cell precursor lin-
eage, HuR deletion led to the induction of apoptosis [66,67]. More-
over, annexin V staining of siHuR MiaPaCa2 cells exposed to death
receptor 5 (DR5) showed an increase in the apoptotic signal [206].

Among several small molecule HuR inhibitors, natural tanshi-
none 8n (Table 2) showed anti-tumor effects in different human
breast [207] and colon cancer cell lines [126] by inducing apopto-
sis. Induction of apoptosis was also observed with compound 1n
(Table 2) in colon cancer [167], in glioblastoma cells [188] and in
MPNST cells [171]. Finally, apoptosis induction was observed in
thyroid cancer cells treated with coumarin-like 3ns (Table 3) [184].

Interestingly, microtubule inhibitor 15s (Table 4) led to a
concentration-dependent increment of TUNEL-positive A549 cells
population, by inhibiting the expression of HIF-1o through reduced
translocation of HuR to the cytoplasm [153]. Finally, in UCB, pyrvi-
nium pamoate 17s (Table 4), in combination with genotoxic
agents, increased apoptosis by triggering DNA damage in 5637
cells [111].

4.8. Evasion of immune recognition and tumor invasion promotion

Cancer onset and progression are strongly determined by tumor
capacity of evading the immune response, with subsequent pro-
motion of inflammation [121]. The tumor microenvironment is
preserved by either inflammatory, stroma and tumor cells, often
exploiting signalling molecules, such as cytokines, chemokines, to
promote invasion, migration and metastasis [91]. Considering that
~90% of mRNAs coding cytokines and chemokines contain
repeated ARE sequences in their 3’ UTR structure, HuR probably
regulates these unstable transcripts in competition with stabilizing
and destabilizing trans-factors, such as other RBPs like tristetrapro-
lin (TTP) and T cell-restricted intracellular antigen 1 (TIA1). This
gives rise to a rapid degradation and turnover of these mRNAs in
response to changes in cells’ or tissues’ environments. Conse-
quently, HuR plays an important role in innate, adaptive immunity
and inflammatory pathways, in physiological and pathological
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condition [67,69,169,208,209]. Indeed, cancer-driven immune
escape still represents an issue for anticancer therapy [210]. In this
context, the role of HuR remains controversial, as indeed its dele-
tion or inhibition leads to different outcomes. Co-culture of MCF-
7 tumor-spheroids with primary human CD14" monocytes
attracted and retained macrophages in the 3D tumor spheroids
[211]. Tumor progression is strongly affected by infiltrating
immune cells, and environmental changes may affect the activity
of HuR. In fact, when HuR was knocked down by shRNAs, the
expression level of C-C motif chemokine ligand 5 (CCL5) increased
concomitantly to the infiltration of macrophages in the tumor
spheroid. Moreover, a model of 3D breast cancer showed a
decrease in size upon HuR depletion, supporting a role for HuR in
enhancing cancer proliferation [211].

Recently, in glioblastoma, HuR deletion has been associated
with a decrease of tumor growth and proliferation, as in particular
a reduction in the number of tumor associated macrophages
(TAMs), showing M1-like increased polarization. In fact, HuR KO
mice were characterized by substantial changes for key parameters
determining cancer progression, such as migratory and chemoat-
tractive capabilities, with substantial rearrangements of chemo-
kine and cytokine production, modifying microenvironment
conditions and reducing tumor growth [72]. This demonstrated
the importance of HuR as a valuable target for therapy in this field.
To this purpose, chrysantone-like 1n (Table 2), whose activity has
been previously described to downregulate different mRNA cytoki-
nes in cellular contexts such as GBM xeno-lines [72,123,167], has
been tested in vivo in AOM/DSS mice as earlier described. However,
in this model the treatment with 1n induced an attenuation of
eosinophils associated with tumor and a decrease of pro-
inflammatory molecules causing an exacerbation of tumor devel-
opment and invasiveness, therefore worseninig the outcome of
the treatment. On the other side, using 1n in an APCM™ model of
FAP and colon cancer partially ameliorated their carcinogenic con-
ditions [13]. These results are in line with genetic models in which
the ablation of HuR in the colon tissue protects from tumor burden
[59], while myeloid cell-specific deletion of HuR exacerbated
chemically induced colitis [64].

In other words, small molecule HuR inhibitors are validated
agents for immune-restoring therapy, although the complexity of
the HuR regulatory functions presented so far must be kept in
mind.

In conclusion, after having substantiated the claim of HuR influ-
encing the whole Hallmarks of Cancer panel, we must also say that
its emerging role in inflammatory processes and diseases is of sig-
nificant relevance as well, also in terms of its pharmacological-
small molecule targeting. Thus, in the next Chapter we provide a
somewhat detailed overview of this fast growing field, comment-
ing upon multiple and sometimes contrasting opinions.

5. A controversial role for HuR in immunity
5.1. HuR in immunity

HuR determines the development of a pro-inflammatory
response to agents such as LPS, since it prevents degradation of
toll-like receptor 4 (TRL4) mRNA, giving rise to an upregulation
of inflammation processes in models of vascular inflammation
and atherogenesis [212]. Furthermore, HuR stabilizes several indu-
cible transcripts, including interferon-y (IFN-y), TNF-o, IL-6; IL-8, IL-
3, IL-1p and the urokinase-type plasminogen activator (uPA), that are
key mediators of the inflammatory and immune responses
[166,213-219]. CX3CL1/fractalkine is a chemokine ligand specific
for natural killer (NK) cells and monocytes maturation It contains
ARE elements in its 3’ UTR and can be post-transcriptionally regu-
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lated by HuR. This suggests that HuR can modulate the develop-
ment of two among the major players in the innate immunity
system [220]. Recently, sequential photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation
(PAR-CLIP) experiments on normal and HuR KO bone-marrow
derived macrophages (BMDMs) showed that the expression of lin-
eage specific genes involved in vascular development and angio-
genesis is post-transcriptionally determined by an intricate
interplay between HuR and various mRNAs [221]. Moreover, simi-
lar PAR--CLIP experiments were carried out in primary macro-
phages under LPS stimuli, proving the existence of a complex
post-transcriptional landscape driven by balancing activities of
several RBPs, in particular HuR and TTP [222]. In fact, groups of
transcripts bound and modulated exclusively by TTP or HuR were
identified; another group, including mRNAs for TNFx or CXCL2, can
interact and bind simultaneously to both TTP and HuR, establishing
a competition between stabilizing and destabilizing effects that is
reflected in the insurgence of a vulnerable and tightly regulated
post-transcriptional pattern influenced by both TTP and HuR
[222,223]. Moreover, another molecular mechanism has been pro-
posed to explain the HuR-mediated increase of different cytokines
and chemokines (e.g. CXCL2) in macrophages, due to stabilization
of their mRNAs. Such mechanism entails a PTM carried out by
poly(ADP-ribose)polymerase 1 (PARP1) to HuR, known as a
PAR-ylation. This modification of HuR influences its shuttling to
the cytoplasm, and increases its interaction with different
pro-inflammatory mRNAs [120]. Moreover, in mammalian macro-
phages, HuR behaves as a mRNAs sponge and derepresses inflam-
matory agents by counteracting the induction of anti-
inflammatory response driven by infection of pathogens, such as
Leishmania donovani [224].

Despite these evidences, the role of HuR in immunity remains
controversial. For example, HuR deficiency in macrophages derived
from mice lacking HuR in the myeloid-lineage cells, has been
linked with an increase of pro-inflammatory cytokines. HuR KO
cells presented an increased CCR2-mediated chemotaxis and
enhancements in the expression of inflammatory mRNAs (includ-
ing Tnf, Tgfb, 1110, Ccr2, and Ccl2), due to mis-regulation in their
translational and stability levels. This caused an increased suscep-
tibility of these mice to colitis-associated cancer [69]. Furthermore,
experiments performed in a co-culture model of primary human
macrophages and MCF7 breast cancer cell lines, demonstrated that
HuR suppresses the production of the leukocyte attracting chemo-
kine CCL5, reducing the infiltration of pathogenic macrophages in
the tumor site, and preventing the exacerbation of inflammation
processes [211]. This confirms for HuR a regulatory role for both
pro-inflammatory and anti-inflammatory agents, with contrasting,
strongly cell lineage-dependent effects whose overall results are
difficult to be precisely predicted and determined. Accordingly,
exploiting intestinal inflammation mice models in which HuR
has been deleted in Intestinal epithelial cells (IECs) and in
myeloid-derived immune compartments, HuR KO increased in cell
death, confirming that HuR has a role in the maintenance of the
intestinal barrier integrity and homeostasis. In parallel, though,
the lack of HuR in myeloid lineages fueled the inflammation pro-
cess, thus exacerbating a pathological condition [225]. Conversely,
a conditional HuR KO mice model confirmed that HuR is pivotal for
the maintenance of hematopoietic stem cells during hematopoi-
esis, but also its essential role for B cell development and a home-
ostatic balance between T and B cells [46,67,71,226]. In particular,
using a Cre-LoxP system, HuR deletion in thymocyte development
resulted in a loss of peripheral T cells, highlighting its importance
in controlling thymocyte maturation and trafficking [71]. Never-
theless, in T cells HuUR modulates maturation and polarization of
Th2 and Th17 cell lineages, enhancing the stability of IL-2 and IL-
17 by binding to their 3’ UTRs [64,65].
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5.2. HuR targeting in inflammatory diseases

In a pathologic context, HuR deletion in distal lung epithelium
decreased neutrophilia and pulmonary inflammation levels
induced by IL-17, through increasing mRNA decay of chemokines
such as CXCL1 and CXCL5 [227]. Th17 cells are the major mediators
of the generation of inflammatory infiltrations in the central ner-
vous system (CNS) during neuroinflammation. Functional studies
and HuR conditional KO in CD4" T cells of a mouse strain, deter-
mined that in an experimental autoimmune encephalomyelitis
(EAE) model, HuR binds directly to the 3’ UTR of the C-C chemokine
receptor 6 (CCR6). CCR6 is a surface receptor on Th17 cells, and is
responsive to migration stimuli exerted by the release of chemo-
kine ligand 20 (CCL20), which is constitutively secreted by
choroid-plexus epithelial cells at the site of inflammation. A com-
plete ablation of HuR significantly decreases the production of
CCR®, thus lowering the number of migrating Th17 cells, amelio-
rating the pathogenic neuroinflammation processes in the CNS,
and the EAE outcome in mice [228].

Consequently, there is emerging evidence concerning the tar-
geting of HuR with small molecule inhibitors in order to ameliorate
disease onset and reduce autoimmune inflammation [63]. In fact,
administration of natural tanshinone 8n (Table 2) in EAE mice
models led to a reduction of the aggressiveness, and to a delayed
onset of the MS-like pathology. Compound 8n, injected at 10 mg/
kg every 48 h from day 5 to day 15 of disease induction, caused
a decreasing number of infiltrates in CNS and lower demyelination.
Furthermore, through flow cytometry assays the number of CD4* T
cells producing IFN-y and IL17 in mice spleen was significantly
reduced, as was the number of CD11b* myeloid cells present in
their spinal cords. Moreover, signals of pro-inflammatory mRNAs
(e.g. IL17, IFN-y) and adhesion factors (Vla-4) were lowered in
CNS after treatment with 8n. Nevertheless, no alteration of the bal-
ance between CD4, CD8 T cells, B cells and macrophages was
observed in the spleen of treated mice compared with control, sug-
gesting that compound 8n did not cause systemic toxicity in vivo
[63]. Lastly, a HuR targeting strategy has been applied to reduce
inflammatory contributions during the progression of chronic kid-
ney disease (CKD), that is characterized by sustained inflammation
and fibrosis development, leading to final end-stage renal disease
(ESRD). In particular, benzothiophene hydroxamate HuR inhibitor
11s (Table 4) was tested at 50 mg/kg daily for 5 days in an exper-
imental anti-Thy 1.1 nephritis rat model, characterized by high
level of glomerular HuR. Injections of 11s showed no side effects
(e.g. peritonitis insurgence), but caused the lowering of urea levels
in the serum and of protein content in urines when compared with
untreated rats. Moreover, the analysis of histological renal sections
staining showed a compound 11s-dependent reduction of
glomerulosclerosis, followed by a reduction in mRNA expression
and protein production of profibrotic markers such as TGFB1, plas-
minogen activation inhibitor 1 (PAI-1) and fibronectin. Finally, 11s
treatments decreased the number of monocytes and macrophages
invading glomerulal sites, and stimulated M2 macrophage activa-
tion and renal production of NF-kB-p65, that promotes HuR tran-
scription during tumor development [229] and induces
glomerular HuR transcription and shuttling to the cytoplasm [230].

6. Conclusion

In this review, we focused mostly on the therapeutical potential
of HuR inhibition in cancer. Considering that overexpression of
HuR, or its mis-localization along with accumulation either in the
nucleus or in the cytoplasm correlates with tumor development
and progression, HuR modulators - in particular small molecule
inhibitors - have been repeatedly used in multiple in vitro and
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in vivo models, providing promising preliminary results against
cancerogenic traits also known as the hallmarks and enabling char-
acteristics of cancer (Fig. 6). Thus, they represent a suitable and
prospective option in cancer therapy.

Although their effects in multiple cancer cellular contexts were
described, their in vivo evaluation remains limited, and should sig-
nificantly increase in the next years. Being HuR ubiquitously
expressed, and regulating a variety of different key mRNAs, the
development of suitable, HuR-centered in vivo models is still con-
troversial. Indeed, HuR KO in complex systems usually leads to the
exacerbation of the disease [224], and similar results were
obtained when treating with chrysantone-like 1n (Table 2) in sim-
ilar models [13], suggesting that targeting the pleiotropic functions
of HuR could arise some undesired effects.

Another concern, mentioned in Paragraph 1.5, regards the
specificity of these compounds versus other members of the ELAVL
family of proteins, with shared structural properties with respect
to HuR. Indeed, available data in this regard are not yet exhaustive
for HuR inhibitors tested either in vitro or in vivo. Nevertheless, the
scenario described in this review is strongly supporting the
rational design, synthesis and structural optimization of synthetic
HuR inhibitors, to overcome the limitations of current, mostly nat-
urally occurring HuR modulators in terms of bioavailability (e.g.
solubility) and specificity. When properly optimized for HuR
selectivity, safety and in vivo efficacy, such small molecule HuR
inhibitors could on one side minimize the possible insurgence of
side effects, and on the other side become potent and bioavailable
enough to foresee the identification of one or more HuR-targeted
clinical candidate as anticancer agents in the next years.
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2. Aims and topic of this Thesis



Aims and topic

This PhD thesis aims to investigate the key residues involved in the interaction between selected RNA
binding proteins (HuR and human Musashi-1) containing single or multiple RRMs and specific RNA
strands, in order to design novel chimeric proteins for possible biotechnological and therapeutic
applications. In particular, it focuses on the expression, purification, and characterization of the selected
RRM-containing proteins and the study of the RNA-protein binding.

To carry out this research, biophysical and structural biology techniques like Nuclear Magnetic
Resonance (NMR) and Size Exclusion Chromatography with Multi Angle Light Scattering (SEC-
MALS) were used. Additionally, Surface Plasmon Resonance (SPR) was used to deepen on the kinetics
of the interaction.

In detail, the specific objectives of this thesis related to each RRM-containing protein are described

below:

- Human Musashi-1 (MSI-1) protein:
o Expression and characterization of both the isolated and tandem domains of MSI-1
o Identification of the key residues involved in the interaction with ssRNA targets
o Understanding how the binding between MSI-1 and RNA is affected by RNA
secondary structures (hairpins)
o Modulation of the RNA-protein interaction to gain or lose specificity and affinity by
proposing and performing specific single point mutations (both on the RNA and on the

SI-1 side) and evaluate its effect on the binding.

- Bacterial HuR protein:
o Expression and characterization of the HuR isolated RRM domain coded in the
Acinetobacter Baumannii genome

o Investigation of its RNA binding activities by solution NMR.

Furthermore, this PhD thesis also focuses on the development of a new application of the LigandTracer
technology, a highly flexible platform that allows you to perform a broad range of interaction studies.
This technique is generally used to monitor molecular interactions in real-time on different targets,
usually cellular receptors expressed on the surface of living cells. We found that this technology has
huge potential to be slightly modified and could be exploited for the study of protein-RNA interaction.
Hence, we aimed to develop a new application to monitor protein-RNA interaction over time in bacterial

cells to study the Musashi-1 protein in £. coli cells.

Structural biology is emerging as a key component to design new biotherapeutics with improved

pharmacological activity and safety. In this regard, the role of NMR spectroscopy is particularly relevant
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for the development of biologics because of its potential applications for the structural characterization
of biomolecules, in protein-protein and protein-ligand interaction studies, and for the development of
suitable formulations for protein drug delivery. The development of suitable formulations is obviously
a key step for the real use of modified RBP and or RBP-RNA complexes in living systems. However,
the characterization of formulations for protein drug delivery is still a challenging problem and a new
field also for NMR spectroscopists. Therefore, during this research project efforts were devoted also to
develop new strategies based on the use of NMR spectroscopy to characterize protein-based drugs and
formulations with a view of using modified RBP. Two proteins Human transthyretin (TTR) protein, a
physiological protein acting as a hormone carrier and the therapeutic protein L-Asparaginase-II (ANSII)
from E. coli, approved against acute lymphoblastic leukaemia, already available in our laboratory have
been selected to speed-up the development of these new NMR-based strategies. In detail, the activities
have been focused on the NMR characterization of proteins embedded in hydrogels and protein-drug

conjugates.
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Methods

3.1 PROTEIN EXPRESSION AND PURIFICATION:

Protein production is a biotechnological process that leads to the expression and isolation of a
recombinant protein by introducing a recombinant DNA plasmid encoding for the target protein into the
host. After the insertion of the plasmid into the expression system, an over expression of the chosen
protein is performed and followed by its isolation from the rest of the proteosome.

Commonly used hosts for protein expression are bacteria, yeast, insect, plants, and mammalian cells.
All the proteins used in this PhD thesis have been expressed in E. coli cells.

In order to obtain a high yield of a recombinant protein, proper selection and manipulation of the
expression conditions is essential. The main variables that can influence the expression are the host
strain, growth medium and expression parameters such as the temperature, the expression promoter
concentration (usually isopropyl B-D-thiogalactoside, IPTG) and induction time.

To select the best conditions to obtain the desired protein, a preliminary expression test in a small volume
scale is performed, where different conditions are tested in order to evaluate them and choose the optimal
one.

Expression results are checked on a SDS polyacrylamide gel (SDS-PAGE), an approach that allows us
to compare the different expression conditions tested and evaluate which ones gives as the highest yield
of soluble protein before scaling-up to a culture in a bigger volume.

In case the desired protein is expressed in the inclusion bodies as an insoluble protein, it is also possible
to test multiple fusion tags, the kind of vector carrying the DNA and the expression promoters in order
to try to find some conditions that allow the soluble expression of the protein. If the main fraction of the
protein is still insoluble, another approach could be to try an in vitro re-folding screening.

As already mentioned, also different media can be used for cell growth, but this mainly depends by the
assay we want to do on the protein. Usually, the cultures are performed in a so-called “rich medium”
such as Luria Bertani (LB) medium not labelled, using this media is possible to get proteins, usually in
good amount, that can be used with almost all the techniques. If there is the need of isotopically enriched
proteins, chemically defined and isotopically enriched medium such as M9, a “minimal medium”, are
used. Using minimal medium for the expression of isotopically enriched samples is easier since it’s
enough to supply the medium with enriched nitrogen and carbon sources in the form of "NH4Cl and "*C

Glucose, respectively instead of the unlabelled one.

Once the most favourable conditions for the expression of the desired protein are obtained, and the
protein has been expressed, the protein isolation from the whole host proteosome is required in order to
work with the pure protein. A pure protein sample is essential for the characterization of the structure,

function, and interactions of the protein of interest.
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In theory, it is possible to use many purification strategies to get a pure sample, but due to the fact that
each purification step, or in general each operation on a protein sample, usually results, in some protein
loss, there is always the need to balance final yield and purity.

The purification process usually takes advantage of differences in size, physicochemical properties,
binding affinity and biological activity between the desired protein and the rest of the proteosome,
choosing an inadequate methodology, can affect the integrity and activity of the protein, or eventually
also the final purity of the sample, which might result in its degradation or precipitation.

The preliminary step in protein purification is the disruption of the cells, or cell lysis. This can be
achieved by several techniques, some of the most commonly used being sonication, osmotic lysis,
homogenization by high pressure (French press), repeated freeze-thaw cycle lysis or detergent lysis.
Afterwards, cell debris are removed by centrifugation.

The location of the expressed protein within the bacterial host will affect the approach towards its
isolation and purification. In fact, bacterial host may express a cytosolic protein or store it as insoluble
inclusion bodies. When working with an insoluble protein, extra steps for the extraction of the protein
from the inclusion bodies and its re-folding might be needed.

The subsequent steps of purification involve several chromatographic techniques. In order to simplify
the purification process and increase protein purity, affinity purification tags can be fused to the target
protein. The most used chromatographic techniques are used in this work have been Ion Exchange
Chromatography (IEX), size Exclusion Chromatography (SEC) and affinity Chromatography, such as
Strep-Tag affinity Chromatography and Ni**-affinity Chromatography.

IEX involved the separation of charged biological molecules based on their total charge. The separation
is based on the reversible interaction between a charged protein and an oppositely charged
chromatographic resin. Elution is performed by changing the ionic strength of the elution buffer, or by
changing the pH.

SEC is a chromatographic technique that separated proteins based on their size, or better, their
hydrodynamic radius. The column matrix is composed by a variety of beads with slightly different pore
sizes. When the dissolved molecules flow into the column, the larger ones migrate quickly whereas the
small ones fall into the pores and migrate slowly.

Affinity Chromatography is one of the most used techniques. It separates proteins based on the reversible
interaction between the sidechains of specific amino acids and chromatographic matrix. Strep-Tag
affinity chromatography can be used to separate recombinant proteins that contain a fused Strep-tag, an
eight-residue minimal peptide sequence (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) that exhibits intrinsic
affinity towards Strep-Tactin, an engineered streptavidin attached to the resin of the column. Elution is
performed using a buffer with desthiobiotin which competes with the Strep-tag for the Strep-Tactin.
Ni?*-affinity Chromatography can be used instead to separate recombinant proteins that contain a fused

His-tag (a sequence of multiple His, usually between 4 and 8). In this case, proteins with a fused His-
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Tag binds Ni*" ions attached to the resin of the column. Elution is usually performed by using increasing

concentrations of imidazole as a competitive agent.

3.1.1 Site directed mutagenesis:

Site-directed mutagenesis was used to obtain the construct of MSI-1 RRM-1 and all mutants of MSI-1
RRMi.; and MSI-1 RRM-2 genes. Mutations were performed using the QuickChange Mutagenesis Kit
(Agilent Technologies). All mutations were confirmed by DNA sequencing. Amino acid substitutions

were confirmed through 'H"’N heteronuclear single-quantum coherence (HSQC) NMR spectra.

3.1.2 UV-Visible spectroscopy (UV-Vis):

Proteins concentrations were estimated using UV-Visible spectroscopy (UV-Vis) by measuring the
absorbance at 280 nm (A280).

UV-Vis is an analytical technique used to measure the absorption of electromagnetic radiation by
molecules in the ultraviolet-visible region of the electromagnetic spectrum and is commonly used to
quantify the concentration of proteins and nucleic acids. Protein concentration can be in fact determined
by its absorption around 280 nm using the Beer-Lamber equation. Theoretical molar extinction
coefficients were computationally estimated using the ProtParam software from Expasy
(http://ca.expasy.org/tools/protparam.html).

UV-Vis can be also used to determine protein contamination by RNA/DNA by observing a shift of the
main peak absorption around from 280nm to around 260nm or by the simultaneous presence of two

peaks (one at 280n and one at 260nm).

3.1.3 Poly (ethyleneimine) (PEI) treatment:

Is quite common to find nucleic acids produced in E. coli associated to an RNA binding protein (RBPs).
This can be observed by UV-visible spectroscopy (UV-Vis) of the purified protein; if some nucleic acids
are still present, the maximum of the UV absorption is in fact shifted from 280nm (typical of a free
RNA/DNA bound protein) to 260 nm instead.

To avoid having intrinsic nucleic acids attached to the protein while performing further RNA-Protein

binding experiments, an additional step during the purification of the protein is implemented.

Precipitation of nucleic acids in E. coli with Poly (ethyleneimine) has been investigated. %
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PEI (Sigma Aldrich) as a 5 % (w/v) solution, pH 7.9, is added slowly, under stirring to the cell extract
and then the resulting suspension is centrifuged at 7500 rpm for 30 min. The following equation allow

to calculate the proper amount in ml of PEI needed based on the cell extract volume:
(Vcell extract T x) -0.8=PEI% - x

The pellet is discarded, while the supernatant is treated with solid ammonium sulphate, which is added
slowly under stirring at 4 °C until reaching 70% (w/v) to eliminate the excess of PEI in solution. The
precipitate, containing the protein, is collected by centrifugation and washed several times (around 4-5
times) with 30-60 ml of a 70% (w/v) solution of ammonium sulphate. After each washing step, the
precipitate containing the protein is collected by centrifugation and re-suspended in 70% (w/v)
ammonium sulphate solution. Finalized the washing, protein precipitate is re-suspended in the desired
buffer.

Successful precipitation of nucleic acids and purification of the protein is confirmed by (UV-Vis).

3.1.4 Preparation of RNAse free water:

To prepare Nuclease free water, 1 L of milliQ water is treated with 1 ml of Diethylpyrocarbonate
(DEPC) (to a final concentration 0.1%) and mix thoroughly. The DEPC-mixed water is incubated for
12h at 37°C and further autoclaved, for 45 min or 3 x 15 min at 121°C, to remove the residual of DEPC.

3.1.5 AB-Elavl protein expression and purification protocol

Recombinant AB-Elavl (rAB-Elavl) protein encoded in plasmid pET-30a(+) was overexpressed in
BL21(DE3) GOLD E. coli cells. Cells were grown in LB or M9 minimal media supplemented with
"NH4Cl or ""NH.Cl and "“C-glucose, at 37 °C until optical density (ODsoo) reached 0.6-0.8.
Subsequently, protein expression was induced with 0.2 mmol dm™ of isopropyl B-D-thiogalactoside
(IPTG), cells were incubated at 18 °C overnight and harvested by centrifugation at 4 °C, for 15 min at
7500 rpm. Cell pellet was resuspended in lysis buffer (50 mmol dm™ HEPES, pH 6.8, 300 mmol dm"
NaCl, 3 mmol dm™ MgCl,, Proteases Inhibitor Cocktail), ruptured by sonication and separated by
centrifugation at 30,000 rpm for 35 min at 4 °C. Soluble fraction was collected and a treatment with 5%
PEI solution was performed to remove DNA/RNA attached to the protein. The protein was re-suspended
in the lysis buffer. Soluble protein was filtered with a 0.22 um membrane and purified by a Ni*"-affinity
chromatography using a His-Trap HP 5 cm® column previously equilibrated in 50 mmol dm~ HEPES
pH 6.8, 300 mmol dm™ NaCl, 3 mmol dm™ MgCl,, Proteases Inhibitor Cocktail. rAB-Elavl was eluted
with increasing imidazole concentration (20—50—100-250 mmol dm™) in the buffer and subsequently

dialyzed overnight against 4 dm’® of 20 mmol dm™ HEPES buffer at pH 6.8, containing 150 mmol dm"

60



Methods

NaCl and 3 mmol dm® MgCl,. The protein was filtered and further purified to homogeneity by size
exclusion chromatography using a Hi load 26/60 Superdex 75 pg column that was previously
equilibrated in 20 mmol dm™ HEPES pH 6.8, 150 mmol dm™ NaCl, 3 mmol dm™ MgCl, and Proteases
Inhibitor Cocktail.

3.1.6 Crystallization of rAB-Elavl

rAB-Elavl was concentrated up to 6 mg/mL in 20 mmol dm™ HEPES buffer pH 6.8, containing 150
mmol dm™ NaCl, 3 mmol dm™ MgCI2 and Proteases Inhibitor Cocktail. Crystals diffracting at 1.6 A
were obtained by sitting drop vapor diffusion at 293 K, in which 5 pL of protein solution were mixed
with 5 puL of reservoir solution and suspended over 600 uL of the same reservoir solution. 0.1 mol dm

? sodium acetate trihydrate pH 4.5, 3 mol dm™ NaCl).

3.1.7 Human Musashi-1 (MSI-1) (1-200) RRM.; expression and purification
protocol

Recombinant human MSI-1 RRMi., (1-200) protein in plasmid pET29b was overexpressed in
BL21(DE3) GOLD E. coli cells. Cells were grown in LB, or M9 minimal media supplemented with
NH4Cl or '"NH4Cl and "C-glucose, at 37 °C until optical density (ODggp) reached 0.6-0.8.
Subsequently, expression was induced with 0.5 mmol dm™ of isopropyl B-D-thiogalactoside (IPTG),
cells were incubated at 37 °C for 4 h and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm.
Cell pellet was resuspended in lysis buffer 50 mmol dm™ Tris-HCI, pH 8.0, 500 mmol dm™ NaCl, 10%
glycerol, Proteases Inhibitor Cocktail, ruptured by sonication and separated by centrifugation at 30000
rpm for 35 min at 4 °C. Soluble fraction was collected and a treatment with 5% PEI solution was
performed in order to remove DNA/RNA attached to the protein. Protein was re-suspended in 20 mmol
dm™ Tris-HC], pH 9.0, Proteases Inhibitor Cocktail.

Soluble protein was filtered with a 0.22 pm membrane and purified by an ion exchange chromatography
using an Anion exchange Q FF 16/10 column previously equilibrated in 20 mmol dm™ Tris-HCI, pH
9.0, Proteases Inhibitor Cocktail. Elution was performed against the buffer 20 mmol dm™ Tris-HCI, pH
9.0, 1 mol dm™ NaCl, Proteases Inhibitor Cocktail. The protein was filtered and further purified to
homogeneity by size exclusion chromatography using a Hi load 26/60 Superdex 75 pg column that was
previously equilibrated in 50 mmol dm™ Tris-HCI, pH 7.8, 150 mmol dm™ NaCl, Proteases Inhibitor
Cocktail. The purified fractions were collected, and buffer exchange chromatography was performed
using a HiPrep 26/10 Desalting column previously equilibrated with the RNAse free buffer for the NMR
assignment experiments [20 mmol dm~ MES, pH 6.0, 100 mmol dm™ NaCl, 0.5 mmol dm™ EDTA,
Proteases Inhibitor Cocktail] or the RNAse free buffer for NMR titration experiments [50 mmol dm™
Tris-HCI, pH 7.2, 140 mmol dm™ NaCl, 1 mmol dm™ EDTA, Proteases Inhibitor Cocktail].
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3.1.8 Human MSI-1 RRM-1 (1-103) domain expression and purification protocol

To produce the MSI-1 human RRM-1 construct (1-103), a pET29b plasmid containing a Strep-Tag at
N-terminus followed by the first 261 residues of Musashi-1 human protein was modified by Site-
Directed Mutagenesis to replace Met-104 with a stop codon.

Recombinant human MSI-1 RRM-1 (1-103) protein in plasmid pET29b was overexpressed in
BL21(DE3) E. coli cells. Cells were grown in LB, or M9 minimal media supplemented with ’NH4Cl or
NH4Cl and "C-glucose, at 37 °C until optical density (ODgoo) reached 0.6-0.8. Subsequently,
expression was induced with 0.5 mmol dm™ of isopropyl B-D-thiogalactoside (IPTG), cells were
incubated at 37 °C for 3 h and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm. Cell pellet
was resuspended in lysis buffer 100 mmol dm™ Tris-HCI pH 8.0, 150 mmol dm™ NaCl, 1 mmol dm
EDTA, Proteases Inhibitor Cocktail, ruptured by sonication and separated by centrifugation at 30000
rpm for 35 min at 4 °C. Soluble fraction was filtered with a 0.22 um membrane and purified using a
Strep-Tag HP 5 ml column. Eluted fractions containing the protein were collected and purified to
homogeneity by size exclusion chromatography using a Hi load 26/60 Superdex 75 pg column that was
previously equilibrated in 50 mmol dm™ Tris-HCI pH 7.5, 150 mmol dm™ NaCl, 0.5 mmol dm™ EDTA,
Proteases Inhibitor Cocktail. The purified fractions were collected, 1 mmol dm™ DTT was added to the
solution and treatment with a 5% PEI solution was performed in order to remove DNA/RNA attached
to the protein. Protein was re-suspended in RNAse free final buffer [50 mmol dm™ Tris-HCI, pH 7.5,
140 mmol dm™ NaCl, 0.5 mmol dm™ EDTA, Proteases Inhibitor Cocktail] and filtered with a 0.22 um

membrane.

3.1.9 Human MSI-1 RRM-2 (104-200) domain expression and purification protocol

Recombinant human MSI-1 RRM-2 (104-200) protein in plasmid pET21a containing a Strep-Tag at N-
terminus was overexpressed in BL21(DE3) E. coli cells. Cells were grown in LB, or M9 minimal media
supplemented with ’NH4Cl or "’NH4ClI and "*C-glucose a,t 37 °C until optical density (ODsgo) reached
0.6-0.8. Subsequently, expression was induced with 0.5 mmol dm™ of isopropyl p-D-thiogalactoside
(IPTQ), cells were incubated at 37 °C for 4 h and harvested by centrifugation at 4 °C, for 15 min at 7500
rpm. Cell pellet was resuspended in lysis buffer [100 mmol dm™ Tris-HCI pH 8.0, 150 mmol dm™ NaCl,
1 mmol dm® EDTA, Proteases Inhibitor Cocktail], ruptured by sonication and separated by
centrifugation at 30000 rpm for 35 min at 4 °C. Soluble fraction was filtered with a 0.22 um membrane
and purified using a Strep-Tag HP 5 ml column. Elution fractions containing the protein were collected
and purified to homogeneity by size exclusion chromatography using a Hi load 26/60 Superdex 75 pg
column that was previously equilibrated in 50 mmol dm™ Tris-HC1 pH 7.2, 140 mmol dm™ NaCl, 1

mmol dm™ EDTA, Proteases Inhibitor Cocktail. The purified fractions were collected and treatment
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with a 5% PEI solution was performed in order to remove DNA/RNA attached to the protein. The protein
was re-suspended in RNAse free final buffer [S0 mmol dm? Tris-HCl, pH 7.2, 140 mmol dm™ NaCl, 1
mmol dm™ EDTA, Proteases Inhibitor Cocktail] and filtered with a 0.22 um membrane.

3.1.10 Human MSI-1 mutants’ expression and purification protocol

Site-directed mutagenesis was performed on the genes coding for the MSI-1 (1-200) RRM;, WT and
the MSI-1 RRM-2 (104-200) to replace either the E180 by an asparagine, the K182 by a methionine, or
both, to obtain the constructs MSI-1 RRM ., E180N, MSI-1 RRM ., K182M and MSI-1 RRM;., K182M
E180N, MSI-1 RRM-2 E180N, MSI-1 RRM-2 K182M and MSI-1 RRM-2 K182M E180N respectively.
Expression and purification of all mutants have been performed as previously described in section 3.1.7
for the mutants on the tandem domain protein and in section 3.1.9 for the ones of the second recognition

motif.

3.1.11 L-Asparaginase Il (ANSII) expression and purification protocol.

Recombinant L-Asparaginase II (ANSII) protein in plasmid pET21a(+) was overexpressed in C41(DE2)
E. coli cells. Cells were grown in LB, or M9 minimal media supplemented with "NH4Cl1 or "NH4Cl
and "C-glucose. Different expression approaches were used for the expression of different isotopic
labelled ANSII.

For the expression of natural abundance (NA) ANSII, cells were grown at 37 °C until optical density
(OD600) reached 0.6-0.8. Expression was induced with 0.75 mmol dm™ of isopropyl PB-D-
thiogalactoside (IPTG), cells were incubated at 25 °C overnight and harvested by centrifugation at 4 °C,
for 15 min at 7500 rpm.

For the expression of [U-""C,'*N] ANSII, a Marley-like method was applied. Cells were grown at 37°C
overnight in LB and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm. Pellet was re-suspended
in 1L M9 minimal medium and incubated at 37 °C for 1h. Expression was induced with 0.75 mmol dm®
3 of isopropyl B-D-thiogalactoside (IPTG), cells were incubated at 25 °C for 5 h and harvested by
centrifugation at 4 °C, for 15 min at 7500 rpm.

Despite the differences in the expression protocol, all samples of ANSII were extracted and purified in
the same way. Cell pellet was resuspended in lysis buffer [10 mmol dm™ Tris-HCL, pH 8.0, 15 mmol
dm™ EDTA, 20% (m/v) sucrose buffer (60 mL per litre of culture)]. The suspension was stirred at 4 °C
for 20 min, then centrifuged at 10000 rpm for 30 min. The supernatant was discarded, whereas the pellet
was redissolved in HO milli-Q (30-60 ml per litre of culture) and incubated at 4 °C for 20 min under
stirring. The mixture was again centrifuged at 10000 rpm for 30-60 min. The pellet was discarded, while
the supernatant was treated with solid ammonium sulphate, which was added slowly under stirring at 4

°C until reaching 50% of saturation. The precipitate was collected by centrifugation and then discarded,
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whereas the supernatant was similarly treated with solid ammonium sulphate until reaching 90% of
saturation. This time, the supernatant was discarded, while the precipitate, containing the protein, was
redissolved in a minimal amount of 20 mmol dm™ Tris-HCL, pH 8.6 buffer. The solution was dialyzed
against 4 L of 20 mmol dm™ Tris-HCI, pH 8.6 buffer, which was refreshed once after a night to remove
the excess of ammonium sulphate that might still be present.

ANSII was further purified by anionic exchange chromatography using an Anion exchange Q FF 16/10
column previously equilibrated in 20 mmol dm™ Tris-HCI, pH 8.6 buffer. Elution was performed with
a 0-300 mmol dm™ NaCl gradient in 15 CV. An SDS-PAGE was performed to identify which fractions
contained the protein. The protein was further purified to homogeneity by size exclusion
chromatography using a Hi load 26/60 Superdex 75 pg column previously equilibrated in the final buffer
[150 mmol dm™ NaPi, pH 7.5]

3.1.12 Transthyretin (TTR) expression and purification protocol

Recombinant human transthyretin (TTR) protein in plasmid pET-28a was overexpressed in BL21(DE3)
Codon Plus RIPL E. coli cells. Cells were grown in LB, or M9 minimal media supplemented with
SNH4C1 or ""NH4C1 and *C-glucose, at 37 °C until optical density (OD600) reached 0.6-0.8. Expression
was induced with 1 mmol dm™ of isopropyl B-D-thiogalactoside (IPTG), cells were incubated at 37 °C
overnight and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm. Cell pellet was resuspended
in lysis buffer [20 mmol dm™ Tris-HCI, pH 8.6, 5 mmol dm™ DTT, Proteases Inhibitor Cocktail],
ruptured by sonication and separated by centrifugation at 30000 rpm for 35 min at 4 °C. Soluble fraction
was collected and purified by an ion exchange chromatography using an Anion exchange Q FF 16/10
column previously equilibrated in the lysis buffer. Elution was performed with increasing gradients of
NaCl (60 mL of 0-200 mmol dm™, 300 mL of 200-500 mmol dm™, 60 mL of 500-1000 mmol dm™ and
60 mL of 1 mol dm™) in the buffer.

An SDS-PAGE was performed to identify which fractions contained the protein. The protein was further
purified to homogeneity by size exclusion chromatography using a Hi load 26/60 Superdex 75 pg
column previously equilibrated in the final buffer [50 mmol dm™ MES-NaOH, pH 6.5, 100 mmol dm"
NaCl, 5 mmol dm™ DTT, Proteases Inhibitor Cocktail].

3.2 PROTEIN CHARACTERIZATION:

3.2.1 Nuclear Magnetic Resonance (NMR) spectroscopy:

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the main techniques used for structural

characterization in chemistry, biology, and material sciences. NMR is based upon the concept that many
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atomic nuclei contain a spin, or “inherent angular momentum”, and all nuclei are electrically charged.
In presence of an external magnetic field, different spin states with different energy exist, and hence an
energy transfer is possible between the different energy levels. This energy difference between two spin
states depends on the gyromagnetic moment (y) that is unique for each nucleus. Hence, each NMR active
nucleus gives rise to an individual signal in the spectrum. When working with molecules containing
hundreds of atoms such as proteins, they require multi-dimensional NMR experiments to be resolved.
63

Developments in NMR methodology and hardware (cryoprobes, magnetic field...) together with
developments in the sample preparation and labelling of recombinant proteins have radically improved

the use of NMR for the characterization of biological macromolecules.

In this PhD thesis, 'H 1D and 'H-""N HSQC 2D NMR experiments were mainly used in order to
characterize the proteins. 'H-'"N-"*C 3D NMR experiments have been acquired to solve the assignment,
The 'H 1D NMR is a mono-dimensional spectra that it is based on the principle that protons in different
chemical environments give signals at a different position in the spectra. It is performed as a very first
step of any NMR-based study and although gives the first wealth of information on the sample, such as
if your protein is folded or not, in case of biological macromolecules, that contain hundreds or thousands
of resonances, 'H spectra are not enough to describe the system and multidimensional NMR spectra can

be used to provide complementary information. *

Heteronuclear Single Quantum Coherence (‘H-'N HSQC) is a bi-dimensional NMR spectra used to
correlate two different types of nuclei, generally 'H with '"N. Each amino acid of the protein (except
for the proline and the last residue at the C-terminal) has an amide proton attached to a nitrogen within
the peptide bond where the proton with the °N labelled nitrogen of the amide group can be correlated.
64

If the protein is folded, peaks are well dispersed in the proton/nitrogen dimensions and most of them
can be distinguished. The number of peaks in the spectra should match the number of residues present
in the protein with an addition of some extra peaks corresponding to several side chains with nitrogen-
bound protons.

In order to assign each peak of the 'H-""N HSQC to a specific residue, complementary three-dimensional
spectra have to be acquired. That is to find out the chemical shift that corresponds to each atom. Three-
dimensional spectra of '"N-"*C labelled proteins transfer magnetization over the peptide bond,
connecting different spin systems through bonds. Combining different 3D spectra gives complementary
information used to solve the assignment. The most commonly used ones are 3D HN(CO)CA, 3D

HNCA, 3D HNCO, 3D HN(CA)CO, 3D CBCA(CO)NH and 3D HNCACB spectra.
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3.2.2 X-ray Crystallography:

The crystallization of proteins depends on the creation of a solution that is supersaturated in the
macromolecule but exhibits conditions that do not significantly perturb its natural state. Protein
crystallization can be obtained using the hanging drop or sitting drop techniques, however, obtaining a
crystal of a protein can be difficult to achieve due to many factors that can affect this process, such as
purity of the sample, pH, temperature, protein concentration, protein dynamics, presence of substrates
and co-factors, nature of the crystallizing agent and many other minor variables such as light, presence
of oxygen or gravity acceleration.

Nevertheless, when a crystal of a protein is obtained, X-ray crystallography can be used to obtain a
three-dimensional molecular structure from the crystal. Therefore, it can help to determine the structure

of a protein.

3.3 PROTEIN — RNA INTERACTION:

3.3.1 NMR spectroscopy to study of protein -RNA interactions:

NMR is a powerful tool to probe and target molecular interactions and to investigate the behaviour of a
number of biological systems. Interactions change the physical and chemical properties of molecules,
and NMR can detect these subtle perturbations upon the complex formation. During the complex
formation of a protein-RNA complex, significant structural modifications caused by the complex
formation alter the chemical environment of the amino acids of the protein that are involved in the
complex-formation domain. The residues that are mainly involved in complex formation will experience
the most environmental changes, that will correspond to a bigger change in the NMR signals, hence is
possible to record those changes and use them to map the interaction interface of the protein. *

NMR titrations with a combination of "H 1D and "H-">’N HSQC spectra or similar bi-dimensional spectra
is one of the most commonly used approach to study these interactions. These experiments start with a
mono and bi-dimensional spectra of the protein in its free-form. Then, further spectra are acquired after
each addition of increasing amounts of ligand, in this case RNA until reaching a 1:1, 1:2 or even higher
molar ratio of protein/RNA. The acquisition of these spectra allows to follow the formation of the
complex and to track the changes of each peak in the bi-dimensional spectra.

Through the analysis of the Intensity decrease and Chemical shift perturbation (CSP) of the peaks, these
experiments allow to detect the binding area and therefore, the residues of the protein affected by the

interaction and complex formation.
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3.3.2 Size Exclusion Chromatography with Multi Angle Light Scattering (SEC-
MALS):

Size-exclusion chromatography with multi-angle light scattering (SEC-MALS) can be used to obtain a
deeper insight into the stoichiometry of the complexes.

Size exclusion chromatography (SEC) may be used together with standard concentration detectors, such
as UV absorbance, differential refractive index (dRI) and/or light scattering detectors, in order to
monitor the elution process. UV detector measures the protein or complex concentration at a wavelength
of 260 or 280 nm. dRI detector determines the concentration based on the change in the refractive index
in solution due to the presence of an analyte. Light scattering detectors such as multi-angle light
scattering (MALS) can enhance the analytical information by determining accurately the molecular
weight of soluble and insoluble protein aggregates.*®

SEC-MALS in structural biology is widely used to investigate the stoichiometry of isolated
biomolecules and complexes. It can determine the MW of all types of complexes, non-globular or
inherently disordered and heterocomplexes including protein-protein and protein-nucleic acid
complexes.

For protein-nucleic acid complexes, a specific analysis is performed, using the Protein Conjugate
function. This method is frequently used when both components in the complex differ in either the UV
coefficient (¢) or the dRI. It combines MALS, UV and dRI signals to quantify both component systems.
The addition of MALS data allows to determine the molar mass of each component of the complex

(protein and modifier) as well as the entire complex.

3.3.3 Ligand Tracer for monitoring protein-RNA binding in vivo in real time:

Ligand Tracer (LT) technology has been widely used for real-time cell binding assays (RT-CBA) and
typically used to measure the binding kinetics and calculate the affinity of proteins for receptors on
living cells that are adhered or tethered to a surface of a Petri dish. We have exploited this technology
to design a platform that offers the possibility monitoring protein-RNA binding throughout a reporter
system. In our approach, we have a fluorescent readout, Green Fluorescence Protein (GFP) whose
repression will be an indicator of the interactions between the protein and its RNA target sequence.
Fluorescence was detected through the use of difference detectors. For our experiments we used the

BlueGreen (488-535 nm) detector to detect GFP.

Two RBP systems were tested with our method; one based on bacteriophage MS2 coat protein and a
second based on Musashi-1 protein. Each system is composed of two plasmids: p15A and pSC101, that
are jointly transformed to E. coli cells. p15A contains a constitutive promotor with 3 different elements:

an RNA binding motif close to sfGFP sequence, an sfGFP-encoding sequence, and an RFP-encoding
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sequence. pSC101 contains an inducible plasmid, pLac (inducible by lactose or analogues such as
Isopropyl B-d-1-thiogalactopyranoside, IPTG, in this case), encoding a Musashi-1 sequence comprising

both RNA-recognition motifs (RRMs) (1-196 residues).

Untreated MultiDishes (MD) 2x2 (1-04-202, Ridgeview Instruments AB) were coated with LB agar.
Agar was coated by applying 4 mL LB agar in each of the four sections and letting it solidify at RT for
1 h. Different techniques were used for seeding: uniform seeding of the whole section with 20 pL of
bacteria suspension in LB medium (OD600= 0.5); and drop seeding of just the detection area followed

by incubation at RT until the drop was completely absorbed by the agar.

3.3.4 Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance is a powerful tool to study the dynamics of RNA-protein interactions and
provides both equilibrium and kinetic information about intermolecular interactions.®’

This biophysical methodology ¢ is based on an incident light that hits a metal (typically gold) surface
and is reflected in a specific angle between two layers. At this particular angle, the light is absorbed and
is converted to a wave that propagates into the medium on the nonilluminated side of the metal surface.
The defined angle, at which resonance occurs, is dependent on the refractive index of the material near
the metal surface, when working with a constant wavelength and metal thin surface.®®

When there is a small change in the reflective index of the sensing medium such as biomolecules
interaction, it can be detected. Thus, this technique allows to monitor intermolecular interactions. 67,68
In our case, the ligand is coated onto the surface matrix, and the protein is injected in the flowing buffer.
The experimental cycle consists of several steps. - Firstly, the protein is injected in the buffer solution.
Once the protein is close to the RNA surface, binding occurs and it causes a change on the refractive
index near the metal surface, which results in a change in the angle at which the light is absorbed. This
change is recorded and displayed in the form of a sensogram. This sensogram provides information on
the association rate. Afterwards, buffer alone is injected which leads to the dissociation phase; the
protein gradually dissociates from the RNA and the absorbed angle returns to its previous value. Surface
can be regenerated, and several cycles can be performed increasing the protein concentration.

These real-time interaction analyses allow to study the kinetics of an interaction.
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Acinetobacter baumannii due to its ability to be highly adaptable in antibiotics is considered as one of
the most carbapenem-resistance bacteria. It is a Gam-negative opportunistic pathogen that can cause
infections associated with high mortality.

The relevance of RNA binding proteins in this host is far from being elucidated, and so far, just a few
examples have been reported. However, to our knowledge, the presence and role of an RRM-containing
RBP in Acinetobacter baumannii has not yet been reported.

Human HuR is one of the most studied RRM-containing RNA binding protein due to its many
implications in diseases (see section 1.5.2, and Article 1 in section 1.7). However, no information

regarding these proteins has been found in Acinetobacter baumannii.

With all of this in mind, we aim to uncover the existence of an RRM-containing RNA binding protein
from the ELAVL family in Acinetobacter baumannii that we call AB-Elavl. Our goal is to identify,
express and characterize this RRM protein and demonstrate via biochemical and structural biology
techniques its ability to recognize and bind RNA targets.

In order to accomplish this, a similarity search for homologous proteins to HuR protein in Acinetobacter
baumannii has been used to detect a gene encoding for a RRM domain protein. To prove its expression
and translation in Acinetobacter baumannii we have employed PCR, Mass Spectrometry and Western
blot analysis. Subsequently, the expression in E. coli cells and characterization using liquid NMR and
X-Ray Crystallography has been used to obtain confirm the presence of a typical RRM structure in our
protein. Finally, RNA binding studies have been performed with RNA ElectroMobility Shift (REMSA)
assays, liquid NMR, HTRF-FRET and AlphaScreen technology.

In particular, my contribution to this project has been the expression and purification of AB-Elavl RRM-
containing protein in E. coli cells (unlabelled, 'H-""N and "H-"’N-"°C), the characterization of the AB-
Elavl protein in liquid NMR by solving the assignment and the experimental obtention of protein crystals
from which the structure has been solved by other collaborators of the project. Regarding the RNA
studies, I have also been involved in all RNA titrations performed with liquid NMR
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Abstract: Acinetobacter baumannii is a Gram-negative pathogen, known to acquire resistance to
antibiotics used in the clinic. The RNA-binding proteome of this bacterium is poorly characterized,
in particular for what concerns the proteins containing RNA Recognition Motif (RRM). Here, we
browsed the A. baumannii proteome for homologous proteins to the human HuR(ELAVL1), an RNA
binding protein containing three RRMs. We identified a unique locus that we called AB-Elavl, coding
for a protein with a single RRM with an average of 34% identity to the first HuR RRM. We also widen
the research to the genomes of all the bacteria, finding 227 entries in 12 bacterial phyla. Notably we
observed a partial evolutionary divergence between the RNP1 and RNP2 conserved regions present
in the prokaryotes in comparison to the metazoan consensus sequence. We checked the expression
at the transcript and protein level, cloned the gene and expressed the recombinant protein. The
X-ray and NMR structural characterization of the recombinant AB-Elavl revealed that the protein
maintained the typical 310 $2B3x2B4 and three-dimensional organization of eukaryotic RRMs. The
biochemical analyses showed that, although the RNP1 and RNP2 show differences, it can bind to
AU-rich regions like the human HuR, but with less specificity and lower affinity. Therefore, we
identified an RRM-containing RN A-binding protein actually expressed in A. baumannii.

Keywords: Acinetobacter baumannii; RNA recognition motif; ELAVL1

1. Introduction

The RNA Recognition Motif (RRM) is the most diffused RNA-binding domain present
in eukaryotes and in proteins is often found in association with other domains (that
could be all RRM-like or different). The single RRM domain is characterized by the
presence of two consensus sequences: a highly conserved sequence (RNP1) of eight amino
acids and a less conserved sequence of six (RNP2) [1-3]. The typical secondary structure
consists of a 311 B2B302 34 topology and the RNP1 and RNP2 are localized in the internal
1B3 strands [4]. The role of the eukaryotic RRM-containing protein is associated with
many functions in the cell, as pre-mRNA processing, mRNA stability, translation and
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degradation [5]. In prokaryotes, instead, its role is still not totally elucidated, and the RRM
domain-containing protein is mainly composed by a single domain of around 90 amino
acids [1].

Acinetobacter baumannii (A. baumannii), is considered as one of the most concerning
carbapenem-resistant bacteria, for its ability to be highly adaptable to antibiotics. A.
baumannii is a Gram-negative opportunistic pathogen able to cause infections associated
with high mortality, thanks to its exchange mobile genetic elements as transposons and
plasmids [6,7].

The relevance of RBPs in A. baumannii is far from being elucidated, but some examples
have been reported: the silencing of Csr(A), a global post-transcriptional regulator respon-
sible for metabolisms of glucose, leads to the impairment of the growing abilities of the
bacterium [8,9]; the RNA chaperone Hfg, has an important role as a virulence factor, since
its knockout leads to reduced growth rate and stress tolerance [10,11]. Several RBP were
described to be overexpressed in resistant strains such are enolase, RNAse E and NusA, all
involved in mRNA processing and gene expression modulation [12]. However, to the best
of our knowledge, the presence and role of RRM-containing RNA-binding protein in A.
baumannii has not been reported.

One of the most studied RRM-containing RNA-Binding Protein (RBP) families among
the eukaryotes is the Elav-like family (Elavl). The Elavl proteins are widely spread across
all metazoans and are characterized by a high degree of conservation between different
species?. In humans there are four paralogous genes (ELAVL1-4) that encode for four
different proteins, HuR (or HuA), Hel-N1 (or HuB), HuC, and HuD, with different roles
and cellular localization; they are constituted of three distinct RRM domains, with the most
conserved sequences at the level of RNP1 and RNP2 [13]. ELAV-Like proteins bind specific
sequences of RNA called AU-Rich Elements (ARE) characterized by the enriched presence
of adenylates and uridylates. AREs can be located either in the intronic regions as well
as in coding or non-coding parts of the mature mRNA, and contribute to mRNA splicing,
maturation, stabilization, and translation [5,14,15].

Here, we identified an RRM-containing protein in Acinetobacter baumannii that we
called AB-Elav], starting from a protein similarity search with the human ELAV-like protein
HuR. We cloned the corresponding gene, expressed the encoded protein, and characterized
its biochemical function and protein structure.

2. Material and Methods
2.1. Similarity Search for Homologous Proteins to HuR Protein in A. baumannii

The human HuR protein sequence (NP_001410.2) was used as a query to search for
the most similar protein in the A. baumannii genome, using tblastn on the NCBI web server
(last accessed date 9 November 2019). The search was restricted to the species A. baumannii
within the RefSeq Genome Database. The best scoring hit (i.e., the A. baumannii protein
displaying highest similarity with the human HuR, F3P16_RS16475) was searched in all
A. baumannii genomes available using tblastn, and in all other bacterial genomes using the
Ortholuge database [16]. The sequences of the bacterial Elav-like proteins were submitted
to the MEME-suite tool MEME v5.3.3 [17], to find conserved motifs. We performed the
search using the following parameters: -mod zoops -nmotifs 50 -minw 6 -maxw 10 (that
means search for at least 50 motifs occurring zero or one time per sequence and spanning
6-10 aa in length).

2.2. Cloning and Expression of the rAB-Elavl for Biochemical Characterization

The mRNA of the orthologous of the A. baumannii HuR, AB-Elavl, was retro-transcribed
into cDNA and the sequence was amplified and inserted into the pET30a(+) vector (Gen-
Script, Piscataway, NJ, USA) by using the forward (5'-CGGC CATATG ATACTCAAATGTATA-
3’) and reverse (5'-ATAT CTCGAG CTCTTCAGCTGCCTT-3') primers containing the Ndel
and the Xhol restriction sites, respectively. Frame and sequence of the full-length ORF, with
the His tag-encoding sequence located at the 3’-end, was confirmed by Sanger sequencing.
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The recombinant vector pET30a(+)-AB-Elavl was amplified in competent E. coli Top10 and
the recombinant protein has been expressed into E. coli Rosetta BL21. Overnight cultures
of E. coli BL21 were diluted at 1:50 with the LB medium. At ODg of 0.5, cultures were
induced with isopropyl 3-D-thiogalactoside (IPTG) at 0.2 mM and grown overnight at
18 °C. Cells were spun down and lysed in buffer containing 20 mM HEPES pH 7.5, 300 mM
NaCl, 3 mM MgCl,, and 0.5 mg/mL Proteases Inhibitor Cocktail (Leupeptin, Aprotinin
and Pepstatin from Sigma Aldrich, St. Louis, MI, USA) and then centrifuged at 16,000 x g
for 30 min at 4 °C. The supernatant was incubated with Ni-NTA Agarose beads (Ni-NTA
Agarose, Qiagen GmbH, Hilden, Germany) for 2 h at 4 °C. After washing the beads with
buffer A (20 mM HEPES, pH 7.5, 150 mM NaCl, 3 mM MgCl, and 20 mM imidazole), buffer
B (as buffer A with 50 mM imidazole) and buffer C (as buffer A with 100 mM imidazole),
protein was eluted with buffer D (as buffer A with 250 mM imidazole). The eluted protein
was dialyzed against storage buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 3 mM MgCl,,
5% glycerol) and stored at —80 °C [18]. Recovered recombinant protein was analyzed by
Coomassie staining on 12%-SDS PAGE. The relative protein concentration was determined
in three different ways: using bovine serum albumin (BSA) standards and densitometry
quantification (Image]J 1.4 software, NIH) of corresponding bands on acrylamide gels, using
the Bradford assay and by UV-vis spectrometry using the molar extinction coefficient.

2.3. Expression and Purification of rAB-Elavl for X-ray and NMR Analysis

Recombinant AB-Elavl (rAB-Elavl) protein encoded in plasmid pET-30a(+) was over-
expressed in BL21(DE3) GOLD cells. Cells were grown in LB or M9 minimal media
supplemented with "NH,Cl or >'NH,Cl and 3C-glucose at 37 °C until optical density
(ODgqp) reached 0.6-0.8. Subsequently, protein production was induced with 0.2 mM of
isopropyl p3-D-thiogalactoside (IPTG), cells were incubated at 18 °C overnight and har-
vested by centrifugation at 4 °C, for 15 min at 7500 rpm. Cell pellet was resuspended
in lysis buffer (50 mM HEPES, pH 6.8, 300 mM NaCl, 3 mM MgCl,, Proteases Inhibitor
Cocktail), ruptured by sonication and separated by centrifugation at 30,000 rpm for 35 min
at 4 °C. Soluble fraction was collected and treatment with 5% PEI solution was performed
to remove DNA /RNA attached to the protein. Re-suspension of the protein was performed
with the lysis buffer. Soluble protein was filtered with a 0.22 um membrane and purified by
a NiZ*-affinity chromatography step using a His-Trap HP 5 cm? column previously equili-
brated in 50 mM HEPES pH 6.8, 300 mM NaCl, 3 mM MgCl,, Proteases Inhibitor Cocktail.
rAB-Elavl was eluted with increasing concentration of imidazole (20-50-100-250 mM) in
the buffer and subsequently dialyzed overnight against 4 dm® of 20 mM HEPES buffer at
pH 6.8, containing 150 mM NaCl and 3 mM MgCl,. The protein was filtered and further
purified to homogeneity by size exclusion chromatography using a Hi load 26/60 Superdex
75 pg column that was previously equilibrated in 20 mM HEPES pH 6.8, 150 mM NaCl,
3 mM MgCl, and Proteases Inhibitor Cocktail.

2.4. Crystallization of rAB-Elavl

rAB-Elavl was concentrated to 6 mg/mL in 20 mM HEPES buffer pH 6.8, containing
150 mM NaCl, 3 mM MgCl, and Proteases Inhibitor Cocktail. Crystals diffracting at 1.6 A
were obtained by sitting drop vapor diffusion at 293 K, in which 5 uL of protein solution
was mixed with 5 uL of reservoir solution and suspended over 600 uL of the same reservoir
solution. The reservoir solution consisted of 0.1 M sodium acetate trihydrate pH 4.5, 3 M
sodium chloride.

2.5. X-ray Data Collection and Refinement

The dataset was collected in-house, using a BRUKER D8 Venture diffractometer
equipped with a PHOTON III detector, at 100 K (Bruker, Billerica, MA, USA); the crystals
used for data collection were cryo-cooled using 25% ethylene glycol in the mother liquor.
The crystals diffracted up to 1.6 A resolution: they belong to space group I4; with one
molecule in the asymmetric unit, a solvent content of about 50%, and a mosaicity of 0.3°. The
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data were processed using the program XDS [19], reduced and scaled using XSCALE [19]
and amplitudes were calculated using XDSCONYV [19]. The structure was solved using the
molecular replacement technique; the model used was obtained through MODELLER [20]
by using 1FXL as the template. The successful orientation hand translation of the molecule
within the crystallographic unit cell was determined with MOLREP [21]. The refinement
was carried out using PHENIX [22], applying TLS restraints. In between the refinement
cycles, the model was subjected to manual rebuilding using COOT [23]. The quality of the
refined structures was assessed using the program MOLPROBITY [24]. Data collection and
refinement statistics are summarized in Table 1. The relevant coordinates and structure
factors have been deposited at the Protein Data Bank under the accession code 7QZP.

Table 1. Xray structure parameter of rAB-ELAV, Pdb code: 7QZP. Statistics for the highest-resolution

shell are shown in parentheses.

Parameter Values Parameter Values
Wavelength (A) 1.541 R-free 0.2280 (0.3590)
. 17.39-1.654
Resolution range (1.713-1.654) CC (work) 0.953 (0.523)
Space group 144 CC (free) 0.935 (0.489)
69.56
o Number of
Unit cell (A) 69.56 : 642
3046 non-hydrogen atoms
Total reflections 96620 (2480) Protein 601
Unique reflections 8226 (502) Solvent 41
Multiplicity 11.7 (4.9) Protein residues 78
Completeness (%) 87.01 (53.41) RMSD (bonds) (A) 0.013
Mean I/sigma(I) 18.74 (1.52) RMSD (angles) (°) 1.74
Wilson B-factor 24.38 Ramachandran 96.05
favored (%)
Ramachandran
R-merge 0.07861 (0.8945) allowed (%) 1.32
R-meas 0.08199 (0.9341) Ramachandran 2.63
outliers (%)
R-pim 0.02281 (0.4356) Rotamer outliers (%) 6.15
CC1/2 0.999 (0.364) Clashscore 12.87
Average B-factor (A?) 36.18
Reflections used in 8214 (501) protein (A2) 36.45
refinement
Reﬂ“t}grf‘s used for 411 (25) solvent (A2) 3225
-free
R-work 0.2049 (0.3354)

2.6. NMR Measurements and Protein Assignment

Experiments for backbone assignment were performed on samples of the 1B, BN
isotopically enriched RRM domain of rAB-Elavl at protein concentration of 300 uM in buffer
solution (20 mM HEPES, pH 6.8, 150 mM NaCl, 3 mM MgCl,, Proteases Inhibitor Cocktail).
NMR spectra were recorded at 298 K on a Bruker AVANCE NEO 900 spectrometer, equipped
with a triple-resonance Cryo-Probe (Bruker, Billerica, MA, USA). Spectra were processed
with the Bruker TOPSPIN software packages and analyzed with CARA (Computer Aided
Resonance Assignment, ETH Zurich). The backbone resonance assignment of RRM domain
was obtained by the analysis of 3D HN(CO)CA, 3D HNCA, 3D HNCO, 3D HN(CA)CO,
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3D CBCA(CO)NH and 3D HNCACB spectra [25]. Secondary structure prediction was
performed with TALOS+ [26] by using the chemical shifts of HN, N, C’, C«, and C3 as
input data.

2.7. Titration of rAB-Elavl with RNA Probes

The effect of two different types of RNA (AREpos and AREneg) on the 1*N-isotopically
enriched RRM domain of AB-Elavl (70 uM) was evaluated in the following experimental
conditions: 20 mM HEPES, pH 6.8, 150 mM NaCl, 3 mM MgCl,, Proteases Inhibitor
Cocktail. 2D 'H °N BEST-TROSY. NMR spectra were acquired at 298 K on Bruker Avance
1T and AVANCE NEO NMR spectrometers operating respectively at 950 and 900 MHz (‘H
Larmor frequency) and equipped with triple-resonance Cryo-Probes, to monitor the effect of
increasing amounts (17.5, 35, 52.5, 70, 140 uM) of each RNA added to the protein solution.

2.8. RNA-Electrophoresis Mobility Shift Assay (REMSA)

rAB-Elavl protein (at indicated concentrations) and RNA probes with DY681 infra-red
tag (at a concentration of 2.5 nM) (Eurofins Genomics, Ebersberg, Germany) were incubated
in REMSA buffer (20 mM HEPES pH 7.5, 50 mM KCI, 450 uM BSA, 0.25% Glycerol) in a
final volume of 20 uL at room temperature. The reaction mix was then loaded onto 6%
native polyacrylamide gel containing 0.5% Glycerol. Run was performed in 0.5X TBE buffer
at 80 V for 40 min and then 100 V for 20 min, at 4 °C. Free and complexed RNA probes
were detected with Odyssey infrared Imaging System (LI-COR Odissey Infrared Imager
Biosciences, Lincoln, NE, USA) using filters for red light emission detection [27-29].

2.9. Amplified Luminescent Proximity Homogeneous Assay (ALPHA Screen)

AlphaScreen assays have been performed using histidine (nickel) chelate detection
kit (Histidine detection kit Nickel Chelate 6760619C, PerkinElmer, Waltham, MA, USA)
in white 384 Optiplates. AlphaScreen assay was applied to study the interaction be-
tween rELAV-like protein and the different biotinylated single-stranded probes: ARE pos
(5’-Bi-AUUAUUUAUUAUUUAUUUAUUAUUUA-3'), ARE pos 19 (5'-Bi-AUUAUUU
AUUAUUUAUUUA-3'), ARE pos 11 (5'-Bi-AUUAUUUAUUA-3') and ARE neg (5'-Bi-
ACCACCCACCACCCACCCACCACCCA-3') (Eurofins Genomics, Ebersberg, Germany).
All reagents were reacted in ALPHA buffer (25 mM HEPES pH 7.4, 100 mM NacCl, 0.1%
BSA). For the optimization of the assay, the optimal protein:RNA ratio (hook point) was
identified: a series of concentrations of the recombinant protein (0-40 uM) were incu-
bated with different concentrations of ARE pos probe (0-500 nM). For the ECsj calculation
500 nM of the rAB-Elavl protein was incubated with a series of concentrations of probes
(0-500 nM) for 15 min at room temperature, then anti-His-Acceptor beads (20 pg/mL
final concentration) and Streptavidin-Donor beads (20 pg/mL final concentration) were
added, and the reaction was incubated in the dark at room temperature for 60 min to
reach equilibrium. Fluorescence signals were detected on Enspire plate reader instrument
(PerkinElmer; 2300 Multilabel Reader, PerkinElmer, Waltham, MA, USA). Non-specific
interference with the assay has been evaluated by reacting the same amount of acceptor
and donor beads (20 ng/mL/well) without the probe and with just the protein buffer in
the same experimental conditions. The half maximal effective concentration (ECsj) was
calculated with GraphPad Prism software v6.1 [27-29].

2.10. Time Course Experiments Kinetic

Time course experiments were carried out incubating in a final volume of 20 uL, a
series of concentrations (0-50 nM) of the RNA probes (Bi-AREpos and Bi-AREneg) with a
constant concentration of rAB-Elavl protein (500 nM), anti-His-Acceptor beads (20 pg/mL)
and Streptavidin-Donor beads (20 ug/mL) in Alpha buffer. Assays were performed in
triplicate. The wells were all seeded with a cocktail containing Alpha buffer and beads,
while rAB-Elavl protein and probes were added in a second moment, according to the
time checkpoints. The signals of the whole 384-well plate were detected at the end of the
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time course. Association and dissociation rate constants were determined from nonlinear
regression fits of the data according to the association kinetic model of multiple ligand
concentration in GraphPad Prism®, version 6.1. The resulting Kp values obtained by
koff/kon ratio [29].

2.11. Western Blot from A. baumannii and HEK293 Cells Lysate

A. baumannii strain ATCC 19606 (American Type Culture Collection, Manassas, VA,
USA), was grown in Luria-Bertani (LB) medium, in the incubator at 37 °C, 200 rpm shaking.
Inoculum was grown overnight and the next day it was diluted to a final concentration of
0.05 ODg(p. The bacteria were allowed to grow to a final ODgg of 0.5 (they were measured
at the spectrophotometer at a A: 600 nm) and pelleted at 4000 rpm for 20 min at 4 °C. The
pellet was incubated for 30 min in ice with lysis buffer (50 mM tris HCl pH 7.5, 100 mM
NaCl, 10% glycerol, 0.1% triton, 1 mM DTT, 1 mM EDTA, Leupetine, Aprotinin, Lysozyme,
2.5U/ulL) to a final volume equal to 1/20 of the initial culture, and then sonicated. HEK293
cells were rinsed with PBS and lysed in ice-cold RIPA buffer, while bacteria were lysed in a
bacterial lysis buffer (20 mM Tris HCI pH 8, 150 mM KCl, 1 mM MgCl,, 1 mM DTT, DNAse,
Proteinase inhibitors and RNAse inhibitors). Proteins were boiled in SDS gel sample buffer,
separated by SDS-PAGE and immunoblotted onto a polyvinylidene difluoride membrane.
The primary antibody against AB-Elavl was developed by Davids biotechnologie in rabbit,
while the antibody against HuR was purchased from Santa Cruz Biotechnologies (6A97)
(Santa Cruz, Dallas, TX, USA). Bands were visualized with anti-rabbit or anti-mouse HRP-
conjugated secondary antibodies and scanned on Biorad Chemidoc (Biorad, Hercules,
CA, USA).

2.12. Time Resolved Fluorescence Resonance Energy Transfer (HTRF-FRET)

All assays were performed in 20 uL in 96-well low-volume white plates, in triplicate.
The ECs calculation was performed by adding increasing concentrations of RNA. The
experiments were performed by incubating the protein with the RNA for few min before to
add the mix composed of beads (Acceptors beads europium-labeled anti-6X His-Antibody
and donor beads XL665—-conjugated for biotin detection at a final concentration of 35 nM),
potassium fluoride buffer and FRET reaction buffer 1x provided by the manufacturer. After
brief spinning (1000 rpm, 1 min), the plate was incubated for 1 h at 4 °C. The signals of
acceptors and donors were detected using Tecan Spark (Tecan, Ziirich, Switzerland) and
the results were calculated using the following equation:

Acceptors/Donors x 10,000.

2.13. Immunoprecipitation (IP) Assay of AB-Elavl

For each IP, 2.5 mg of total protein lysate from A. baumannii was used. Bacteria were
lysed in RIP lysis buffer (20 mM Tris HCI pH 8, 150 mM KCl, 1 mM MgCl,, 1 mM DTT,
DNAse, Proteinase inhibitors and RNAses inhibitors) [30]. The lysate was incubated with
Pierce A/G beads (Thermo Scientific Pierce 88847-88848, Waltham, MA, USA) for pre-
clearing steps 2 h at 4 °C; in parallel, 50% A and 50% G beads were incubated either with
10 pg of anti-rAB-Elavl antibody or 10 ug of IgG antibodies for antibody-coating step for 2 h
at RT. At the end of the 2 h of incubation, the protein lysate was incubated with antibodies
and beads overnight at 4 °C. Finally, samples were washed (5 times, 5 min each wash) with
NT2 buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM MgCl,, 0.05% NP40). The pellet
was then analyzed by western blot or mass spectrometry assay.

2.14. Mass Spectrometry (MS) Analysis

To perform the MS analyses of rAB-Elavl protein and A. baumannii ATCC 19606 lysate,
the samples were separately resolved on 10% polyacrylamide gel. After Coomassie stain, a
protein band corresponding to rAB-Elavl and a region representing proteins with molec-
ular masses of 6-14 kDa were cut from the gel. Excised gel bands were cut into small
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pieces (~1 mm?) and subjected to reduction and alkylation with 10 mM DTT and 55 mM
iodoacetamide, respectively. Gel pieces were then dehydrated with acetonitrile and dried
in a speed-vac. Gel plugs were rehydrated with 50 mM NH4HCO3 solution containing
12.5 ng/mL trypsin (Promega, Madison, WI, USA) on ice for 30 min. The digestion was
continued at 37 °C overnight. The supernatant was collected, and the peptides were se-
quentially extracted from the gels with 30% ACN/3% TFA and 100% ACN. All of the
supernatants were combined and dried in a SpeedVac. The peptides were then acidified
with 1% TFA, desalted on C18 stage-tips and resuspended in 20 uL of 0.1% formic acid
buffer for LC-MS/MS analysis.

To perform the IP-MS analyses, the co-immunoprecipitated complexes were eluted
with Laemmli buffer containing 5% 3-mercaptoethanol at 80 °C for 10 min. The samples
were loaded on a 10% SDS-PAGE and run for about 1 cm. Gels were then stained with
Coomassie and the entire stained area was excised as one sample. The stained bands were
then subjected to in gel digestion and peptide desalting process as described above. Samples
Digested peptides were separated using an Easy-nLC 1200 system (Thermo Scientific, San
Jose, CA, USA) on a reversed-phase column (25 cm column, inner diameter of 75 pm,
packed in-house with ReproSil-Pur C18-AQ material: 3 um particle size, Dr. Maisch,
GmbH), heated at 40 °C, with a two-component mobile phase system of 0.1% formic acid
in water (buffer A) and 0.1% formic acid in acetonitrile (B). The 85-min gradient was set
as follows: from 5% to 25% over 52 min, from 25% to 40% over 8 min and from 40% to
98% over 10 min at a flow rate of 400 nL/min. Peptides were analyzed in a Fusion Tribrid
mass spectrometer (Thermo Fisher Scientific) in data-dependent mode and positive mode
(2100 V). The full-scan in the Orbitrap was performed at 120.000 fwhm resolving power (at
200 m/z) and followed by a set of (higher-energy collision dissociation) MS/MS scans over
3 s cycle time. The full scans were performed with in a mass range of 350-1100 m/z, a target
value of 1 x 106 ions and a maximum injection time of 50 ms. A dynamic exclusion filter
was set at 40 sec. The MS/MS scans were performed at a collision energy of 30%, 150 ms
of maximum injection time (ion trap) and a target of 5 x 10 ions. Peptides searches were
performed in Proteome Discoverer software version 2.2 (Thermo Fisher Scientific) against
the A. baumannii database (uniprot, downloaded March 2021), the rAB-Elavl amino acid
sequence, and a database containing common contaminants. Proteins were identified using
MASCOT search engine, with a mass tolerance of 10 ppm for precursor 0.6 Da for product.
Trypsin/P was chosen as the enzyme with 5 missed cleavages. Static modification of
carbamidomethyl (C) with variable modification of oxidation (M) and acetylation (protein
N-term) were incorporated in the search. The false discovery rate was set to 1% at both
peptide and protein level. The results were filters to exclude potential contaminants. For
protein quantification in IP-MS experiment, peak intensities were transformed into log,
space. Data were normalized by the average of its abundance within each sample to
account for variation in sampling volumes [31]. Significant abundance differences between
conditions were determined using a t-test.

3. Results
3.1. Identification of a Putative RRM Containing RBP, AB-Elavl

We performed a similarity search for the HuR protein in the RefSeq Genome Database,
limited to the species A. baumannii, using tblastn and we found 25 hits on the same gene lo-
cus from different A. baumannii genomes (Table S1, Supplementary Materials). However, in
11 cases, the region of homology was limited to the RRM1 (aa 20-98 on the human protein),
in the remaining 14 hits instead covered the RRM3 (aa 244-322, Figure 1A). The percentage
of identity ranged 32.90-35.48% (on average 34.08 4 1.00%) when the subject sequence was
the human RRM1, and it ranged 31.94-46.00% (on average 35.70 % 3.67%) when the subject
was the human RRM3 (Figure 1B). The positive matches ranged 50.67-60.26% when the
subject was RRM1 (on average 54.11 £ 3.15%), and 51.39-60.00% when the subject was
RRM3 (on average 53.84 + 2.66%) (Table S1, Supplementary Materials). The identified gene,
F3P16_RS16475 (Table S2, Supplementary Materials), encodes for a putative RNA binding

81



Article 2

Biomolecules 2022, 12,922

8 of 20

82

protein that has been named here AB-Elavl. The similarity scores between the human
HuR’s RRMs and the AB-Elavl protein are in the same range as the similarity scores among
the three RRMs (RRM1-RRM2: 32% id and 57% positives, RRM1-RRM3: 36% id and 53%
positives, RRM2-RRM3: 30% id and 48% positives). The gene locus AB-Elavl was present in
nearly all the deposited A. baumannii genomes (4946 out of 4972 available), suggesting that
it belongs to the core genome of this species. The AB-Elavl gene was comprised between a
gene encoding an ASCH domain containing protein, 8 bp downstream, and a gene encoding
ATP-dependent helicase, 74 bp upstream (Figure 1C). We searched for AB-Elavl homol-
ogous proteins in all bacterial genomes contained in OrtholugeDB!” and found 227 hits
in genomes spanning 12 bacterial phyla. The sequence length ranged 78-241 aa with an
average of 106.68 £ 30.06; multiple sequence alignment consisted of a 375 aa alignment.
The bacterial proteins homologous to the human ELAV-like family shared an identity score
ranging from 9.1% (Dyadobacter fermentans versus Shewanella pealeana)-99.3% (between two
Shewanella spp.), having on average 31.1 &= 10.8% (Table S3, Supplementary Materials). The
visual evaluation of the multiple-sequence alignment suggested that there were conserved
regions within the bacterial homologous of HuR (Figure 1D), so we ran the web tool MEME
for motif discovery. We found that there were two motifs which were significantly con-
served across all sequences (Figure 1E), one had the pattern (I/L)(Y/F/L)YGNL (p-value
3.0e~131%), the second (K/R)GF(G/A)FVEM (p-value 3.0e~14%7). Those two patterns match
the locations and the order of the ribonucleoprotein motifs RNP-1 and RNP-2 in each of the
RRMs in HuR protein?, further supporting its potential RNA binding ability. Collectively,
we identified a conserved gene in the A. baumannii species and in many other bacteria
phyla, containing a RRM domain with a different consensus sequence with respect to the
metazoan one.

3.2. AB-Elavl Gene Is Expressed and Translated in A. baumannii

We checked whether the RNA transcript corresponding to A. baumannii Elav-like (AB-
Elavl) was expressed. We retro-transcribed the total RNA of the A. baumannii reference strain
(ATCC 19606) and amplified by PCR the surroundings of the gene of interest (Figure 2A)
using three different pairs of primers. The amplicons’ sequences were confirmed by Sanger
sequence analysis and matched the DNA deposited sequence. We observed that our gene
of interest is expressed and contained into a longer, polycistronic, mRNA of at least 764 bp
(Figure S1, Supplementary Materials). We cloned the AB-Elavl sequence into the expression
plasmid pET30a(+) in frame with a 6XHis tag in the C terminal region and expressed the
recombinant A. baumannii Elav-like (rAB-Elavl) protein in E. coli Rosetta BL21. We purified
the recombinant protein (predicted MW 12.8 KDa) from cell lysate by affinity purification
using Nickel NTA agarose beads. The purity of the rAB-Elavl protein was evaluated by
Coomassie staining of protein polyacrylamide gel of each purification step performed by
increasing imidazole concentration (Figure 2B). The yield of protein expression was 12.5
mg/L. The purified rAB-Elavl protein was subjected to mass spectrometry analysis after
trypsin digestion. We obtained 80.2% coverage of the entire recombinant sequence, missing
the first 17 amino acids, and the detected peptides perfectly matched the predicted amino
acid sequence (Figure 2C up). To evaluate whether the polycistronic mRNA is translated
into a protein containing the domain of interest, we performed proteome analyses by
mass spectrometry on the protein lysate of A. baumannii ATCC 19606. Protein cell lysate
was separated into a polyacrylamide gel, a band (6-14 kDa) comprising the MW of the
predicted protein (predicted MW 10.8 kDa) was cut, trypsin digested and submitted to
LC-MS/MS analysis. Among the detected fragments, we obtained 35% coverage of the
recombinant protein with complete matching of the experimental amino acid sequences
with the reference (Figure 2C down). Interestingly, the detected protein fragments contained
the region of the highly conserved octapeptide KGFGFVEM that we found conserved in the
protozoans and that corresponds to the ribonucleoprotein motif 1 (RNP-1) in metazoans
(Figure 2D). This analysis confirmed the presence of several small peptides belonging
to our hypothesized protein but did not provide any information on the real length of
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the translated protein. To obtain more insight on the presence and on the MW of the
hypothetical AB-Elavl protein translated in the bacterium, we developed an antibody
against the recombinant protein (xAB-Elavl). Rabbits were immunized with the denatured
rAB-Elavl protein, and after two cycles of immunization, the serum was collected, and
the IgG titer quantified. Specificity of the IgG in recognizing the protein of interest was
investigated by performing western blot against the rAB-Elavl protein, the recombinant
HuR (rHuR), human cell lysate (MCF7 cell line) and the total proteome of A. baumannii
(Figure 2E). We confirmed that the immunized serum recognizes the rAB-Elavl, but not
HuR, and observed a band at a slightly heavier MW compared to the calculated one in the
total protein lysate of the bacterium. This suggests that the native protein is longer than
the predicted one as well as the recombinant one is digested in any part during the protein
production into E. coli. To obtain more proofs about the presence of AB-Elavl protein,
we performed a protein immunoprecipitation from the lysate of A. baumannii using the
immunized serum with the a AB-Elavl. Protein precipitate was run on polyacrylamide gel,
but no bands were detected (Figure 3A). Therefore, we performed an immunoprecipitation
followed by mass spectrometry (IP-MS) on the same material, to investigate which proteins
were enriched, with respect to rabbit IgG, used as control. About 5675 proteins (Figure 3B)
were enriched into the immunoprecipitated material and, among the most enriched ones,
we found three entries in the Uniprot database related to hypothetical RNA-binding
proteins of A. baumannii (Figure 3C and Figure S2, Supplementary Materials) that are
extremely similar to our protein of interest (percentage of homology 54.5-81%, Figure 3C).
The three entries are DOCAL6, 86 aa, predicted MW 9560.22 Da, AOA009GGS82, 79 aa,
predicted MW 8715.23 Da and AOA4R5S8D9, 58 aa, predicted MW 6445.52 Da. All of them
showed a predicted MW lower than the recombinant protein. Notably, in addition to the
previously identified protein fragments in the protein lysate, we found eight more amino
acids that completed the retrieval of the hexapeptide conserved sequence (ILVRNL) in the
RNP-2 protozoa sequence. Taken together, these data indicate that the DNA encoding the
hypothetical AB-Elavl protein is effectively transcribed and translated into a protein that
contains the two RNPs amino acid sequences responsible for nucleic acid binding.

3.3. AB-Elavl Protein Has a Typical Single RRM Domain Structure

The X-ray structure (Table 1) showed the domain of an RRM domain: B1-o1-32-
3-x2-B4 [32] with an additional 35 segment present right before the C-terminus of the
protein. The two conserved amino acid sequences, ILVNRL and KGFGFVE, are localized
at the level of the two internal strands of the 3-sheet: $2-33 (Figure 4A and Figure S5,
Supplementary Materials). The structure was solved using the molecular replacement
method; the model showing the highest sequence identity (about 40%) was 1FXL (HuD,
HuR human paralog in complex with AU rich element of the C-FOS RNA). MODELLER
was used based on this structure to generate the model with the correct sequence for
molecular replacement. The solved structure shows the absence of the first 18 residues in
the electron density with respect to the cloned sequence. It is not trivial to tell whether
this is due to their high mobility or rather to their loss due to some protein degradation
before/during crystallization. Figure 4A shows the superposition between rAB-Elavl (red)
and 1FLX (green). It appears quite clear that the fold of rAB-Elavl is very similar to that of
the model used for structure solution and, in turn, similar to the typical RRM (Figure 4B).
The greatest discrepancy between the two structures is in the region involving residues
from 50 to 58, just before RNP-1. In our case electron density is missing for those residues,
confirming thus very high mobility. The average B-factor along the sequence is, in fact,
about 35 A2, confirming an overall rigidity of the structure, with the only exception being
the above-mentioned region 50-58 where temperature factor values are extremely high.
This mobility is not present in the case 1FXL because this region interacts with RNA. The
Ramachandran plot is good for all residues except for those in the mobile regions, where
the chain tracing is very approximate.
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Figure 1. In silico analysis. (A) The tblastn search, using as query the human HuR and restricting
the search to A. baumannii genomes, gave 25 hits corresponding to the same orthologous protein
which share a high homology with both RRM1 and RRM3. (B) Boxplots showing the percentages
of identity with the two RRMs, see Table S1 tblastn for the extended dataset. (C) Genomic context
of the bacterial HuR, it is shown that the three genes, namely an ATP-dependent helicase, the AB-
Elavl and the ASCH domain containing protein are arranged in proximity. (D) Alignment of the
bacterial homologues of human ELAV in selected bacterial species with clinical or environmental relevance
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spanning seven phyla, along with the HuR RRMs. The background shades denote the level of
conservation in that position, darker background mean more conserved residue in that position.
(E) Sequence logos for the significantly conserved regions, corresponding to RNP1 and 2 in Prokary-
otes (upper row, dataset produced in this study) and Eukaryotes (lower row, dataset from Samson
2008). The seqlogos have been aligned to highlight the presence of conserved residues.
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Figure 2. Protein identification and purification. (A) PCR amplification of the transcription of the
polycistronic mRNA containing the sequence of interest. The amplicons produced are 390 bp for
F1-R2, 340 bp for F2-R1, 764 bp for F3-R3 and 150 bp for F1-R1 (this amplicon was also used as positive
control). Neg_ctrl: negative control. (B) Purification of the recombinant protein. FT: flow through, W:
wash, EL: elution. (C) Mass spectrometry analysis. The recombinant protein was analyzed at first
to confirm the sequence. It was then used as a reference for the analysis of A. baumannii proteome.
In red: peptides retrieved with high confidence, underlined: conserved peptides. The predicted
molecular weight is 12 KDa for the recombinant protein and 10.8 for the protein from A. baumannii.
The predicted isoelectric point is 9.06 for both the proteins. (D) Alignment of AB-Elavl (above) and
the RRM3 domain of HuR (below). “|” means that the residues in column are identical.; “:” means
that the amino acid in column has been substituted by one with similar characteristics; “.” means
that semi-conserved substitutions are observed. (E) Western blot analysis to confirm the presence of
the protein of interest in the protein lysate of A. baumannii and in the MCF7 lysate, as well as on the

recombinant proteins AB-Elavl and HuR.
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Figure 3. Molecular characterization of AB-Elavl. (A) Immunoprecipitation assay on the total protein
lysate of A. baumannii. IgG was used as a control. No enrichment of the protein was visible by western
blot analysis. (B) Protein ranking based on log, fold-changes (IP/IgG) for all the proteins identified
by MS showing an enrichment of three hypothetical and highly similar RNA-binding proteins (RBPs)
in the top ten proteins. (C) Entry code and amino acid sequence of the three hypothetical RBPs based
on the IP-MS analysis compared with the rAB-Elavl sequence. Bold retrieved peptides (sequence
coverage: 62%, 67% and 91% for DOCAL6, AOA009GGS82 and A0A4R5S8D9 proteins, respectively).

Figure 4. AB-Elavl protein structure. (A) Ribbon representation of the three-dimensional structure of
the bacterial hypothetical HuR RRM domain. The secondary structural elements and loops have been
annotated: helices (1-x2), strands (31-35), loops (L1-L7). (B) Superposition of the crystal structure
of the bacterial hypothetical HuR RRM domain (rAB-Elavl, red) and 1FLX (green).
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The 2D 'H-1>N HSQC spectrum of the rAB-Elavl shows well-dispersed and resolved
signals in agreement with a small, uniform and well-folded protein structure (Figure 5).
The backbone assignment of the protein was obtained from the analysis of triple resonance
spectra. All the residues from Lys-22 to Glu-101 were assigned in the spectra, while the
first 21 N-terminal residues were missing. The NMR assignment of AB-Elav] (residues
Lys22-Glu101) has been deposited in the BMRB database under the accession code: 51440.
According to TALOS+ predictions, the RRM domain is constituted by two a-helices and
four pB-strands (Figure S3, Supplementary Materials), in agreement with the currently
resolved crystal structure and with the reported structures of the RRM domains.

A97 o F68 o ®va2

] 7//@52 V51 Meg L85

L240 o E48

10 9 8 7
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Figure 5. 2D 'H-'N HSQC spectrum of AB-Elavl. The spectrum was recorded with a spectrometer
operating at 900 MHz and 298 K. Assignment is reported on the signals.

3.4. AB-Elavl Binds AU Rich RNA Probes

Since AB-Elavl is an RRM domain containing protein characterized by the two con-
served RNPs, we investigated whether the RRM domain of AB-Elavl protein could have
RNA-binding abilities. We investigated whether in the proteome of A. baumannii there are
proteins able to recognize and bind the ARE sequences taken by the 3'UTR of TNFu, a target
of HuR, using non-denaturing and non-cross-linked RNA ElectroMobility Shift (REMSA)
assay?®. The single strand (ss) RNA probe ARE probe was bound with an infra-red tag
DY681 (IR-ARE pos). By mixing higher concentrations of the protein lysate with a fixed
2.5 nM concentration of the IR-ARE pos probe, we observed a decreased quantity of free
RNA probe and the formation of a protein-RNA complex. This indicates the presence of
one or more proteins able to bind the IR-ARE pos (Figure 6A). We then evaluated if the
rAB-Elavl was able to bind to probes that contained the HuR consensus sequence (ARE pos)
and probes without the HuR consensus sequence (ARE negative RNA probes, ARE neg), by

87



Article 2

Biomolecules 2022, 12, 922 14 of 20

88

REMSA. We mixed increasing amounts (40 nM, 80 nM and 160 nM) of protein with 2.5 nM
IR-ARE pos and 2.5 nM IR-ARE neg. As shown in the mobility shift assay, rAB-Elavl clearly
caused the RNA probe electrophoretic retardation detectable as one prominent band, with
both probes, showing a binding preference towards the ARE pos probe in this biochemical
condition, since the shifted band is not clearly visible for the ARE neg (but the free RNA
decreases with the incrementation of the protein) (Figure 6B). We evaluated the possible
formation of a super-shift by adding the antibody against rAB-Elavl. We were expecting
the formation of the heavy complex antibody—protein-RNA, but unfortunately, we could
not observe any super shift (Figure 6C).

A B C

r4B-Elavl
ARE pos ARE neg
RNA
Free AB lysate Free Free - RNA Prot RNA
RNA 0.1pg 02ug 0.5pg lpg ug dpug RNA 400M  80nM 160nM RNA 40oM _80nM 160uM RNA Prot Prot Ab _Ab
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Figure 6. Analysis of the protein binding abilities. (A) REMSA assay on the total protein lysate of
A. baumannii and a probe mimicking the AU rich sequence of TNF« (ARE pos) with an infrared tag.
(B) REMSA assay on the recombinant protein incubated with different probes with an infrared tag:
ARE pos and ARE neg. ARE pos is bound with a high affinity, while ARE neg shows a lower affinity.
(C) REMSA assay for detection of the super-shift in presence of the antibody against AB-Elavl. The
super-shift is not detectable.

The interactions of the AB-Elavl with ARE pos and ARE neg were also investigated
through solution NMR. In the presence of ARE pos, at the protein/RNA molar ratio of
1:2 a global decrease of signal intensity was observed (Figures 7 and S4, Supplementary
Materials). In particular, some residues located on the 3-platform (Leu24, Val25, Asn27,
Ser31, Val52, Thr58, Gly63, Gly65, Phe66, Lys80, Lys88, Gly89, 11e92) experience a larger
decrease in signal intensity (Figure 7A and 7C top). Some of these residues (or the neigh-
boring ones) are also affected by Chemical Shift Perturbation, CSP (Val25, Arg30, Ser31,
Val52, Gly63, Gly89, 11e92, Glu99, Leu100, Glu101, Figure 7B and 7C top). It should be
noted that Leu24, Val25 and Asn27 are located in RPN1, and Gly63, Gly65, Phe66 in
RPN2. The superimposition of the X-ray structures (Figure S5, Supplementary Materials)
shows that the same conserved protein regions are involved in the interaction of the HuR
human paralog with the AU-rich element of the C-FOS RNA. In the presence of ARE
neg, instead, the effect at the same protein/RNA molar ratio is much reduced. How-
ever, some residues of the 3-platform still experience a decrease in signal intensity (Val25,
Leu38, Phe41, Val51, Val53, Phe64, Gly65, Phe66, Tyr90, Glu101; Figure 7A and 7C bottom)
and/or a CSP (Lys22, Val25, Arg30, Phet4, Gly65, 1le92, Glu98, Glu99, Leul00, Glu101
Figure 7B and 7C bottom).
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Figure 7. NMR analysis of the protein binding abilities. (A). Plots of decreases in signal intensity
of rAB-Elavl RRM domain in the presence of 140 uM ARE pos (top), or 140 uM ARE neg (bottom)
with respect to the free protein (70 utM). The residues experiencing the largest decreases have been
highlighted in blue. (B). Chemical shift perturbation (CSP) of rAB-Elavl RRM domain (70 uM)
with respect to the protein in the presence of 140 uM positive RNA (top), and 140 uM negative

RNA (bottom). The CSP was evaluated with the formula: Aé = %‘ / A(S%{ + (AdN/ 5)2. The residues
experiencing the largest CSP have been highlighted in red. (C) Highlighted in blue are the residues
experiencing the largest decreases in signal intensity, in red the residues experiencing the largest
CSP, and in violet the residues experiencing the largest decreases in signal intensity and CSP, in the
presence of 140 uM positive RNA (top), and 140 uM negative RNA (bottom).

3.5. AB-Elavl Binds AU Rich RNA Probes with Nanomolar Affinity

To quantitatively characterize the binding activity of the rAB-Elavl to different RNA
probes, we applied AlphaScreen technology using 5'-biotinylated ssRNA probes as sub-
strate. We used the 5'-biotinylated ARE pos (Bi-ARE pos) and the biotinylated ARE negative
(Bi-ARE neg). We optimized the assay to identify the best molar ratio between the two
interacting partners coupled with anti-His-Acceptor and Streptavidin-Donor beads; the
optimal concentration, before the hooking effect, was observed at 250 uM and 50 nM for
rAB-Elavl and Bi-probes, respectively (Figure S6, Supplementary Materials). We then
evaluated the affinity of binding between the rAB-Elavl protein and probes with different
sequences but the same length. The recombinant protein shows a high affinity for Bi-ARE
Pos (ECsg = 0.5 nM) while it has low affinity for the Bi-ARE neg probe (ECsp = 257.1 nM)
(Figure 8A,B). Coherently with REMSA, rAB-Elavl bound both probes, but we could quan-
tify a stronger affinity for the ARE-positive probe. We then evaluated the minimal ARE
sequence required for binding. We observed that rAB-Elavl, as its human orthologous'#,
has a higher affinity for longer ARE sequences than for shorter ones (ECsy ARE pos
29 nt = 35.62, ARE pos 19 nt = 64.76, ARE pos 11 nt = not converged) (Figure 8C). The
affinity evaluation was confirmed using the HTRF-FRET assay. The probes used were
the same of the AlphaScreen assay: Bi-ARE pos and Bi-ARE neg. This assay, as well, was
optimized to identify the best molar ratio between the two interacting partners coupled
with europium-labeled anti-6X His-Antibody and XL665-conjugated for biotin detection;
the optimal protein concentration, before the hooking effect, was observed at around
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200 nM for both the probes (Figure S7, Supplementary Materials). The ECs5y (nM) are
respectively: ARE pos EC5p = 35.11 nM and ARE neg- ECsy = 945.5, (Figure 8D). To further
define the binding affinity between the rAB-Elavl protein and ARE sequence, we performed
a time course experiment in which different concentrations of the Bi-ARE pos were mixed
to the protein with different incubation time. The experiment shows that the binding
of rAB-Elavl to Bi-AREpos probe was both time and dose dependent (Figure 8E). Data
were globally fitted using the association kinetic model of multiple ligand concentration:
derived association (kon of 2.035 M~! min~!) and dissociation (koff of 0.02687 min~') rates
indicated a very high affinity of the rAB-Elavl protein towards this RNA substrate and a
low dissociation rate. According to the law of mass action, the equilibrium binding constant
Kp calculated as koff/kon was obtained as Kp value of 13.2 nM. We performed the same
type of assay for Bi-ARE neg, for which the binding resulted as ambiguous (Figure 8F).
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Figure 8. Biochemical characterization of the protein binding ability. (A) Sequences of the probes
used in the different assays. (B) AlphaScreen saturation experiment between the recombinant protein
and AREpos and AREneg. The EC5) was determined from non-linear regression fits of the data

according to the dose-response model in GraphPad Prism®

, version 6.1. (C) AlphaScreen saturation
assay for detection of the minimal probe length for binding of the protein. The probe are AREpos
with 3" deletions: ARE pos: ARE sequence full length, ARE pos 19: ARE sequence with 19 nucleotides,
ARE pos 11: ARE sequence with 11 nucleotides. The minimal number of nucleotides in order to
obtain the binding is 19, but longer sequences have a higher affinity. The ECs5y was determined from
nonlinear regression fits of the data according to the dose-response model in GraphPad Prism®,
version 6.1. (D) EC5j evaluation through saturation experiment by HTRF-FRET and AREpos and

AREneg. AREpos is confirmed to have high affinity while AREneg is not well bound. The ECs5y was
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determined from nonlinear regression fits of the data according to the dose-response model in Graph-
Pad Prism®, version 6.1. (E,F) Kinetic experiment with rAB-Elavl and AREpos (E) is dose dependent,
while for AREneg (F) the binding resulted ambiguous. Association (Kon) and dissociation (Koff) rate
constants were determined from nonlinear regression fits of the data according to association kinetic

®

model of multiple ligand concentration in GraphPad Prism®, version 6.1.

4. Discussion

We uncovered the existence of an RRM-containing, RNA-binding protein in A. bau-
mannii, solved its structure and provided an initial characterization of its RNA-binding
abilities. We started by performing a similarity search using the HuR protein sequence
as seed and found a conserved gene locus encoding for a putative RBP conserved in
most of the A. baumannii species. This supports the hypothesis that AB-Elavl found in the
A. baumannii genome encodes for a protein that has a functional relevance in A. baumannii
physiology. The length of the AB-Elavl roughly corresponds to a single RRM, while in
Eukarya, the RRM domain is present in tandem with other heterologous or homologous
domains. Indeed, evolution led to an increase in the number and specificity of eukaryotic
RBPs; they are often characterized by a repetition of domains that collaborate for a better
affinity to the target RNA [5,14,33]. On the contrary, bacteria tend to be more streamlined,
with simpler RBPs composed by just one single domain but with wider functions, since
they are less specific for their targets [4,8]. Bacterial RBPs, contrary to eukaryotic ones,
can normally bind a wider number of sequences. For example, Hfq has a wide substrate
selection, underling the different roles covered by this protein: from RNA chaperone to
ribosome biogenesis, DNA compaction, protein-protein interactions, and involvement in
RNA degradation machinery [8,34,35]. We characterized the crystal structure of rAB-Elavl,
which retraces the common structure of the classical RRM domain: $1-a1-p2-33-x2-p4,
in which RNP1 and RNP2 are in the internal strands of the beta-sheet (f1-33) [1,4]. We
observed a partial divergency in the RNP1 and RNP2 sequences, the regions responsible of
the binding with the RNA [1,2], between the HuR’s RRMs and the AB-Elavl RRM. Hence,
the target consensus sequences between bacterial AB-Elavl and eukaryotic Elavl RNPs, are
characterized by similar recognition motifs [2]; however, the two proteins do not show
completely equivalent RNA binding properties. Indeed, we tested the binding affinities
of RNA probes using the sequences known to be targeted by HuR (ARE pos) and the
respective negative sequence (ARE neg). The presence in the proteome of A. baumannii of
possible proteins binding the ARE sequences was confirmed by a REMSA assay, and the
ability of rAB-Elavl to interact both with the ARE-positive and ARE-negative probes by
AlphaScreen, FRET and NMR. All the assays showed a preference of the protein toward
the AU-rich sequence in the nanomolar range, even though the AC-rich peptides are also
bound but with a clear lower affinity. By a time course kinetic assay, we also calculated
a Kp in the nanomolar range (13.2 nM), although an order of magnitude higher than the
reported HuR Kp in the same experimental condition (2.5 nM) [29]. The kinetic experiment
using the ARE neg probe, instead, gave an ambiguous Kp calculation.

5. Conclusions

All these results suggest that A. baumannii express an RRM-containing RBP that shares
RNA-binding properties and characteristics with the human HuR for the ability to bind
RNA AU-rich region, although with lower affinity and specificity. However, the exact
length of the protein produced has not been determined and it is likely that the RRM
domain is contained into a longer protein. The structure of the bacterial RRM domain
appears very similar to the eukaryotic one but for the presence of an additional short 3
strand and a more flexible central region. Notably the amino acids present in the RNP1 and
RNP2 are different between protozoans and metazoans, but they are similarly involved in
the RNA binding. In addition, functional studies are needed to understand the role of this
protein in the bacteria.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biom12070922/s1, Figure S1. Sanger sequence of the retro-
transcribed amplicon of the transcriptome of Acinetobacter baumannii. We used the reverse primer R3
that was designed 235 nucleotides downstream the gene of interest. This data confirmed the insertion
of the mRNA sequence into a bigger polycistronic mRNA and confirmed the possible expression
of the protein AB-Elavl. Figure S2. Scatter plot comparing protein enrichment (log2 FC IP-vs-IgG)
compared with protein abundance within the IP proteome. Hypothetical and highly similar RNA
binding proteins of A. baumannii are highlighted. Figure S3. Top, secondary structure prediction
obtained by the program Talos+ using the experimental values of chemical shifts of HN, N, C’, C«,
and Cj3 atoms as input data. The blue bars indicate the 3-strand propensity while the red bars
the a-helix propensity. Bottom, predicted order parameter (S2) by the program Talos+ using the
experimental values of chemical shifts of HN, N, C’, Ca, and Cf atoms as input data. Figure S4.
NMR analysis of the protein binding toward AREs. Superimposed 2D 1H-15N HSQC spectra of
free AB-Elavl RRM domain (70 uM, black) and in the presence of 140 uM of ARE Pos (red). The
spectra were acquired on a spectrometer operating at 950 MHz and 298 K. Figure S5. Superposition
of the crystal structure of the bacterial hypothetical HuR RRM domain (rAB-Elavl, red) and 1FLX
(green and blue) with the presence of RNA (magenta). Figure S6. AlphaScreen for detection of the
hook point on the recombinant protein and three different concentrations of AREpos probe, to have
the best signal /noise ratio. [protein]: 250 nM; [RNA]: 50 nM. Figure S7. Hook point established by
HTRF-FRET between the recombinant protein and AREpos. Table S1: tblastn hits using as query the
human HuR protein sequence on the Acinetobacter baumanni genomes, the search was performed
restricted to the reference prokaryotic representative genomes database. Table S2: Retrieved target
gene and protein name and related sequences. Table S3: Pairwise identity matrix of the 226 sequences
found by searching the orthologous proteins of A.baumannii HuR gene on OrtholugeDB.
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Supplemetary Tables S1 and S3
See https://www.mdpi.com/2218-273X/12/7/922

Supplemetary Table S2

Fasta format entry F3P16_RS16475 RNA-binding protein [ Acinetobacter baumannii ]
Gene ID: 66398575, updated on 15-Nov-2021

Gene symbol F3P16_RS16475

>NZ_CP043953.1:¢3494438-3494199 Acinetobacter baumannii strain K09-14 chromosome, complete
genome

ATGAAAATATTAGTTCGTAATTTAGATCGTTCAGTGACTGAAGCTGAAGTTTTAGAGCTGTTTAAAGCTT
ATGGTAAAGTTGAGTCTTGTGTCGTTGTAACTGATAAAGATACGGGTAAATCAAAGGGCTTTGGTTTTGT
CGAAATGCCGAATCCGCGTGAAGCCATTAAAGCAATCAAAGGTCTAAATACACTTAAAGTAAAAGGTTAC

GGTATTCGGGTTAAGGCAGCTGAAGAGTAA

Predicted protein sequence
>WP_000699342.1
1 mkilvrnldr svteaevlel fkaygkvesc vvvtdkdtgk skgfgfvemp npreaikaik

61 gintlkvkgy girvkaaee
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1) Sanger sequence of the retro-transcribed amplicon of the transcriptome of Acinetobacter baumannii. We
used the reverse primer R3 that was designed 235 nucleotides downstream the gene of interest. This data
confirmed the insertion of the mRNA sequence into a bigger polycistronic nRNA and confirmed the
possible expression of the protein AB-Elavl.
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2) Scatter plot comparing protein enrichment (log2 FC IP-vs-IgG) compared with protein abundance within
the IP proteome. Hypothetical and highly similar RNA binding proteins of A. baumannii are highlighted.
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3) Top, secondary structure prediction obtained by the program Talos+ using the experimental values of
chemical shifts of HN, N, C’, Ca, and Cf3 atoms as input data. The blue bars indicate the (3-strand propensity
while the red bars the a-helix propensity. Bottom, predicted order parameter (S2) by the program Talos+
using the experimental values of chemical shifts of HN, N, C’, Ca, and C(3 atoms as input data.
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4) NMR analysis of the protein binding toward AREs. Superimposed 2D 1H-15N HSQC spectra of free AB-
Elavl RRM domain (70 uM, black) and in the presence of 140 uM of ARE Pos (red). The spectra were

acquired on a spectrometer operating at 950 MHz and 298 K.

5) Superpositionof the crystal structure of the bacterialhypothetical HuR RRM (rAB-Elavl], red) and

1FLX (green and blue) with the presence of RNA (magenta).
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6) AlphaScreen for detection of the hook point on the recombinant protein and three different concentrations
of AREpos probe, to have the best signal/noise ratio. [protein]: 250nM; [RNA]: 50nM.
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7) Hook point established by HTRF-FRET between the recombinant protein and AREpos.
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Abstract

RNA Recognition Motifs (RRMs) are key factors in the post-transcriptional regulation
of gene expression in eukaryotic cells. Human Musashi-1 (MSI-1) is an RNA-binding protein
that recognizes (G/A)U1-3AGU and UAG sequences in diverse RNAs through two RRMs and
regulates the fate of target RNA. Understanding the interplay between the two domains in the
mechanism of RNA binding is a prerequisite to develop ligands to hinder this interaction.

Here, we exploited an integrated approach to analyse the binding of the isolated domains
and the tandem domain of human MSI-1 against two linear single stranded RNAs and two
folded RNAs. A competition between the two RRMs has been observed when recognizing the
same RNA sequence, due to a similar affinity for the RNA motif. However, when a linear RNA
strand with two binding sites is considered, an interaction of both RRM-1 and RRM-2 from a

single MSI-1 has been observed. More intricated, instead, is the interaction with folded RNAs.

In particular, my contribution to this project has been the design of RNA sequences, the
expression and purification of all constructs of human MSI-1 protein in E. coli cells (unlabelled, 'H-""N
and "H-""N-"C), I have been involved on the characterization of the MSI-1 protein in liquid NMR by
solving the assignment of the tandem domain protein and on performing the protein-RNA interaction
experiments, both with NMR and SEC-MALS. Regarding the kinetic studies, I have also been involved

in the initial optimization phase of the SPR experiments.
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Introduction

RNA binding proteins (RBPs) participate in each step of the RNA metabolism and play
important roles in the regulation of gene expression.”® RBPs can have single or multi domains
responsible for the recognition and binding of RNA. Within the most characterized RNA binding
domain, we find the RNA Recognition Motif (RRM), also known as RBD, "-"° the most abundant RNA-
binding domain in higher vertebrates and the most studied domain, both in terms of structure and

biochemistry.*

RRMs typically comprise approximately 90 amino acids that consist of four-stranded
antiparallel B-sheets packed against two alpha helices, adopting the canonical of} structure with a typical
Blalp2p302p4 topology *’. The two central B-strands once the domain is folded, B3 and B1, contain
two conserved sequences of eight and six amino-acids, called RNP1 and RNP2, respectively, that play
important roles in nucleic acid recognition.! Because of their ability to interact with RNA, RNA
Recognition Motifs (RRMs) are known to be key factors in the transcriptional and post-transcriptional
gene expression in eukaryotic cells, and any dysregulation can result in a number of human disorders,

including cancer and neurodegenerative diseases.”’

The Musashi family is a widespread and highly conserved group of multi-domain RRM proteins
with critical functions in stem cell maintenance and tumorigenesis. Overexpression of Musashi (MSI)
protein has been found in several malignant tumors and, in some cases, a correlation between the levels
of expression of the protein with the proliferative activity of cancer cells and a poor prognosis has been
proposed. *>*° There are two members of the mammalian MSI family: Musashi-1 (MSI-1) and Musashi-
2 (MSI-2) that share a 69% of sequence identity. MSI proteins contain N-terminal disordered region
followed by two tandem RRMs connected by a short inter-domain linker, about 10 amino acid long, and
a large, disordered tail at C-terminal. Both RRMs provide the surface for the interaction with RNA while
the C-terminal region is known to bind poly(A)-binding proteins.*

Musashi-1 is gradually down regulated during neural differentiation; it is involved in
maintaining the undifferentiated state of neural stem cells through posttranscriptional control of
downstream genes.*** It controls cell proliferation of cancer stem cells by modulating Notch and Wnt
signalling pathways and promotes GO/G1 to S phase transition of cell proliferation by inhibiting
translation of checkpoint regulators through the direct binding to p21, p27 and p53 mRNAs.* Therefore,
any dysregulation of the expression or activation of the protein might lead to a disruption of these

signalling pathways.

Information on the mRNA-bound structures of the mouse MSI-1 have been obtained from the
complexes of the isolated domains with short single-stranded RNA fragments.’*** In vitro SELEX

experiments carried out by Okano and co-workers "> on mouse MSI-1 protein have provided information
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on RNA binding specificity of each RRM. A consensus sequence (G/A)U;.3AGU has been reported to
have high affinity for the mouse MSI-1 RRM-1, whereas a preference for the UAG motif was observed
for MSI-1 RRM-2.*

However, nothing is reported for the human MSI-1 and, more important, the information on
how the two RRMs interplay with RNAs of different length, composition and structure is completely
missing. It is not trivial to unravel the mechanism of action of RRMs proteins, due to their versatile
capability in their RNA recognition that often leads to complex systems.' Here, we have expressed in E.
coli the two isolated domains (RRM-1 and RRM-2) and tandem domain human MSI-1 RRM., and
characterized using solution NMR. To shed light on the binding mechanism and to dissect the different
contributions, the interaction of the isolated RRMs and of the tandem domain with selected RNA strands
was investigated with complementary biophysical methodologies. The integrated use of NMR
spectroscopy, Surface Plasmon Resonance (SPR), SwitchSENSE®™ and Size-exclusion chromatography
with multi-angle light scattering (SEC-MALS) have provided information on the binding sites,

stoichiometry and kinetic of the interactions.

Our results show a competition between the two RRMs present in the protein when recognizing
the same RNA sequence, leading to an heterogeneous solution and thus, a more complex and dynamic

interaction than expected.

Methods

RNA strands

Biotinylated RNA oligonucleotides (Oligo-1: 5’-CGG CGC CGC-3’ and Oligo-2: 5°-
UUGUUAGUUACCCCUU-3’, Oligo-4: 5'-AAGCGUUAGUUAUUUAGUCGCUU-3" and Oligo-5:
5’-CACUCUGUAGUAUGUAGGGUUUAUUU-3") used for SPR kinetic experiments were purchased
from Metabion, Planegg, Germany. Synthetic single stranded RNAs (Oligo-2: 5’-
UUGUUAGUUACCCCUU-3’, and Oligo-3: 5’-UUGUUAGUUAUUAGUU-3’) and hairpin RNAs
(Oligo-4: 5-AAGCGUUAGUUAUUUAGUCGCUU-3’ and Oligo-5: 5'-
CACUCUGUAGUAUGUAGGGUUUAUUU-3"), for NMR experiments were purchased from
Metabion international AG. Nucleic acid sequences (Oligo-1: 5’-CGG CGC CGC-3’, Oligo-2: 5'-
UUGUUAGUUACCCCUU -3°, Oligo-3: 5-UUGUUAGUUAUUAGUU-3", Oligo-4: 5'-
AAGCGUUAGUUAUUUAGUCGCUU-3’ and Oligo-5: 5-
CACUCUGUAGUAUGUAGGGUUUAUUU-3") wused for switchSENSE® technology were
purchased from Ella Biotech GmbH, Germany.
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Expression and purification of recombinant Human Musashi-1 (MSI-1) RRM;.> domain

Recombinant human MSI-1 RRM,.; (1-200) protein in plasmid pET29b was overexpressed in
BL21(DE3) GOLD E. coli cells. Cells were grown in LB or M9 minimal media supplemented with
NH4Cl or "“NH4Cl and "C-glucose at 37 °C until optical density (ODso) reached 0.6-0.8.
Subsequently, expression was induced with 0.5 mmol dm™ of isopropyl B-D-thiogalactoside (IPTG),
cells were incubated at 37 °C for 4 h and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm.
Cell pellet was resuspended in lysis buffer [SO mmol dm™ Tris-HCI, pH 8.0, 500 mmol dm™ NaCl, 10%
glycerol, Proteases Inhibitor Cocktail (SIGMAFAST protease inhibitor cocktail tablets, EDTA-free)],
ruptured by sonication and separated by centrifugation at 30000 rpm for 35 min at 4 °C. Soluble fraction
was collected and a treatment with 5% PEI solution was performed in order to remove DNA/RNA
attached to the protein. Re-suspension of the protein was performed with buffer 20 mmol dm™ Tris-HCI,
pH 9.0, Proteases Inhibitor Cocktail.

Soluble protein was filtered with a 0.22 um membrane and purified by an ion exchange
chromatography using an Anion exchange Q FF 16/10 column previously equilibrated in 20 mmol dm
3 Tris-HCI, pH 9.0, Proteases Inhibitor Cocktail. Elution was performed against the buffer 20 mmol dm"
3 Tris-HCI, pH 9.0, 1 mol dm™ NaCl, Proteases Inhibitor Cocktail. The protein was collected on the
flow-through. The protein was filtered and further purified to homogeneity by size exclusion
chromatography using a Hi load 26/60 Superdex 75 pg column that was previously equilibrated in 50
mmol dm™ Tris-HCI, pH 7.8, 150 mmol dm™ NaCl, Proteases Inhibitor Cocktail. The purified fractions
were collected, and the buffer was exchanged using a HiPrep 26/10 Desalting column, previously
equilibrated with the RNAse free buffer, for the NMR assignment experiments [20 mmol dm™ MES,
pH 6.0, 100 mmol dm™ NaCl, 0.5 mmol dm™ EDTA, Proteases Inhibitor Cocktail] or the RNAse free
buffer for NMR titration experiments [S0 mmol dm? Tris-HCl, pH 7.2, 140 mmol dm™ NaCl, 1 mmol
dm™ EDTA, Proteases Inhibitor Cocktail].

Expression and purification of recombinant the isolated domains RRM-1 and RRM-2 of

Human Musashi-1 (MSI-1)

To produce the MSI-1 human RRM-1 construct (1-103), a pET29b plasmid containing a Strep-
Tag at N-terminus followed by the first 261 residues of Musashi-1 human protein was modified by
QuikChange Site-Directed Mutagenesis to replace Met-104 with a stop codon.
Recombinant human MSI-1 RRM-1 (1-103) protein in plasmid pET29b and MSI-1 RRM-2 (104-200)
protein in plasmid pET21a were overexpressed in BL21(DE3) E. coli cells. Cells were grown in LB or
M9 minimal media supplemented with ""’NH4C1 or "’NH,Cl and "*C-glucose at 37 °C until optical density
(OD600) reached 0.6-0.8. Subsequently, expression was induced with 0.5 mmol dm™ of isopropyl p-D-
thiogalactoside (IPTG), cells were incubated at 37 °C for 3 h and harvested by centrifugation at 4 °C,
for 15 min at 7500 rpm. Cell pellet was resuspended in lysis buffer [100 mmol dm™ Tris-HCI pH 8.0,
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150 mmol dm™ NaCl, 1 mmol dm™ EDTA, Proteases Inhibitor Cocktail], ruptured by sonication and
separated by centrifugation at 30000 rpm for 35 min at 4 °C. Soluble fraction was filtered with a 0.22
pm membrane and purified using a Strep-Tag HP 5 mL column. Elution fraction was collected and
purified to homogeneity by size exclusion chromatography using a Hi load 26/60 Superdex 75 pg
column that was previously equilibrated in 50 mmol dm™ Tris-HCI pH 7.5, 150 mmol dm™ NaCl, 0.5
mmol dm™ EDTA, Proteases Inhibitor Cocktail. The purified fractions were collected, and a treatment
with 5% PEI solution was performed in order to remove DNA/RNA attached to the protein. Re-
suspension of the RRM-1 protein was performed with RNAse free final buffer [50 mmol dm™ Tris-HCI,
pH 7.5, 140 mmol dm™ NaCl, 0.5 mmol dm> EDTA, Proteases Inhibitor Cocktail] and filtered with a
0.22 um membrane, whereas RRM-2 was resuspended in the RNAse free final buffer [S0 mmol dm™
Tris-HCI, pH 7.2, 140 mmol dm™ NaCl, 1 mmol dm® EDTA, Proteases Inhibitor Cocktail] due to

stability conditions.

NMR measurements and protein assignment.

Experiments for the backbone resonance assignment (3D 'H-"*N-'3C HNCA, HNCACB and
HNCO) were performed on samples of the '*C, '*N isotopically enriched (MSI-1) RRM;., domain at the
protein concentration of 300 pmol dm™ in buffer solution [20 mmol dm> MES pH 6.0, 100 mmol dm™
NaCl, 1 mmol dm™ DTT, 1 mmol dm™ protease inhibitors]. NMR spectra were recorded at 298 K on a
Bruker AvanceNEO NMR spectrometer operating at 1.2 GHz ("H Larmor frequency) and equipped with
a TCI 3 mm cryo-probe.

Spectra were processed with the Bruker TOPSPIN software packages and analysed with CARA
(Computer Aided Resonance Assignment, ETH Zurich). The backbone resonance assignment of (MSI-
1) RRM.; was obtained comparing the assignments available in the literature for the individual domains
from the mouse MSI-1 protein (BMRB code: 11450 and 36058) *'° with the NMR spectra recorded on
MSI-1 RRM.; and analysing triple resonance spectra recorded on MSI-1 RRM ...

R, R> and NOE measurements

Experiments for the determination of '°N longitudinal and transverse relaxation rates and '*N-
"H NOE were recorded on a Bruker AvanceNEO NMR spectrometer operating at 700 MHz (‘H Larmor
frequency) using a '’N- enriched sample of the human MSI-1 RRM;., tandem domain protein at 298 K
[protein concentration of 140 pmol dm™ in 20 mmol dm™ MES pH 6.0, 100 mmol dm™ NaCl, 1 mmol
dm™ DTT, 1 mmol dm™ protease inhibitors]. "’N Longitudinal relaxation rates (R;) were measured using
a sequence modified to remove cross-correlation effects during the relaxation delay.” Inversion
recovery times ranging between 20-2000 ms, with a recycle delay of 3.5 s, were used for the
experiments. °N transverse relaxation rates (R,) were measured using a Carr-Purcell-Meiboom_Gill

(CPMG) sequence ™7, with delays ranging between 16.96 and 220.48 ms and a re-focusing delay of
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450 ps. Longitudinal and transverse relaxation rates were determined by fitting the cross-peak intensities
as a function of the delay to a single-exponential decay using the Topspin Dynamic Center software.
Heteronuclear NOE values were obtained from the ratio of the peak height for 'H-saturated and

unsaturated spectra.

Titration of Musashi with RNA strands.

The effect of two linear single stranded RNA constructs (Oligo-2: 5’-
UUGUUAGUUACCCCUU-3’) and (Oligo-3: 5’-UUGUUAGUUAUUAGUU-3") was evaluated on
"N-isotopically enriched MSI-1 RRM;,, MSI-1 RRM-1 and MSI-1 RRM-2 proteins at the
concentration of 100 umol dm™ in the following experimental conditions: 50 mmol dm™ Tris-HCI, 140
mmol dm™ NaCl, 1 mmol dm™ EDTA, 1 mmol dm™ protease Inhibitors. The interaction with two other
RNA strands Oligo-4 (5'-AAGCGUUAGUUAUUUAGUCGCUU-3") and Oligo-5 (5'-
CACUCUGUAGUAUGUAGGGUUUAUUU-3") able to form a hairpin, was also investigated under
the same experimental conditions. The pH was 7.2 in the case of MSI-1 RRM,.; and MSI-1 RRM-2,
while 7.5 in the case of MSI-1 RRM-1, taking into account its lower isoelectric point. 2D "H "N HSQC
and 2D 'H "N TROSY NMR spectra were recorded at 298 K on the single domains and on the tandem
domain, respectively, using a Bruker AvanceNEO NMR spectrometer, operating at 900 MHz ('H
Larmor frequency). During the NMR titration, increasing amounts of the RNA strands were added to
the protein solution to reach the final concentrations of 6, 12, 25, 50, 120, 200 umol dm™ of RNA.
Spectra were processed with the Bruker TOPSPIN software packages and analysed with CARA
(Computer Aided Resonance Assignment, ETH Zurich).

Size-Exclusion Chromatography with Multi-Angle Light scattering (SEC-MALS):

The isolated free MSI-1 RRM-1 and RRM-2 domains (140 pmol dm™) and in complex with
oligo-2, oligo-3, oligo-4 and oligo-5 (in 1:0.5 and 1:1 protein/RNA molar ratio), were dissolved in 50
mmol dm? Tris-HCI, pH 7.5, 140 mmol dm™ NaCl, 0.5 mmol dm™ EDTA, 1 mmol dm™ protease
inhibitors, and used to perform SEC-MALS experiments. The effect of additional sub-stoichiometric
concentrations of the RNA with respect to the protein was also evaluated in case of oligo-4 and oligo-5
(in 1:0.12, 1:0.25 protein/RNA molar ratio),

Samples of 100 uL were loaded at 0.6 mL/min on a Superdex 200 10/300 GL analytical size-
exclusion column (GE Healthcare), and elution was monitored by the following in-line detectors: a light
scattering diode array (DAWN EOS, Wyatt Technology UK Ltd.), a dynamic module (WYATT QELS,
Wyatt Technology UK Ltd.), UV detector (Smartline UV Detector 2500, Knauer) and a differential
refractive index detector (Optilab rEX,Wyatt Technology UK Ltd.).

Chromatograms were analysed using the ASTRA software (v7.3.2.19, Wyatt Technology UK Ltd.) and

the interaction chromatograms were analysed using the Protein Conjugate template.
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Parameters of the specific refractive index increment dn/dc (mL/g) and UV Extinction coefficient
(mL/(mg-cm)) of each domain (RRM-1 and RRM-2) and of the modifiers (oligo-2, oligo-3, oligo-4, and
oligo-5) are found in the Table S1.

Surface Plasmon Resonance (SPR)

SPR experiments were performed with a Biacore 3000 (Cytiva, Uppsala, Sweden). RNA
oligonucleotides were biotinylated in the 3’ end and immobilized to a streptavidin coated SPR chips
(SAD200M, Xantec, Dusseldorf, Germany). Streptavidin excess was removed by five injections of 10
uL of 50 mmol dm™ NaOH, 1 mol dm™ NaCl with a flow rate of 10 uL/min. After that, RNA oligos
diluted in running buffer (50 mmol dm™ Tris pH 7.2, 140 mmol dm™ NaCl, 0.5 mmol dm™ EDTA,
0.05%(v/v) Tween) were immobilized on the streptavidin-coated chips by flowing them over the chip
with a 2 uL/min flow rate until a signal of 80-90 RU was attained. Oligos were immobilized in flow
channels 1 to 3 and channel 4 was left as a reference. A 1 umol dm™ stock solution in running buffer
was prepared for each protein and further diluted 2-fold to create a concentration series down to 2 nmol
dm?. Kinetic experiments were performed at 25 °C with a 100 uL/min flow rate for human Musashi-1
RRMi.; and 60 pL/min for RRM-1 and RRM-2, respectively. An assay comprised a 2 min association
phase followed by 3 min dissociation for each concentration. After each assay, the chip was regenerated
by injecting 10 pL of 2 mol dm™ MgCl,, 2 mol dm™ NaCl with a 10 pL/min flow rate.

Data analysis was performed using TraceDrawer 1.9.2 (Ridgeview Instruments, Uppsala,
Sweden) by using the background subtracted curves and applying different mathematical fittings. The
simplest interaction model that describes the reversible interaction between a ligand (L) and a target (T)
is the so-called 1:1 Langmuir binding model (Eq. 1). This model assumes that an interaction is described
by a single association rate constant (k,) representing the molecular recognition and a single dissociation
rate constant (kq) that reflects the stability of the formed complex. The strength of the interaction given
by the affinity (Kp) and is equal to the ratio of the rate constants; ka/ks,. When the ligand concentration
is higher than the target concentration, the affinity represents the concentration at which 50% of the

targets is bound by a ligand.

L]+ [T] = [LT] 1]

kq

In real-time interaction analysis, the measured signal (B) is proportional to the number of
complexes. Given that the total number of targets is constant, Eq. 1 can be rewritten as a function of

time (t) and ligand concentration ([L]) to describe the change in the number of complexes.
8B/c = ko -[Ll - Buax—B) — kqg - B [2]

More complex interaction models are required to describe heterogenous interactions with more

than one k, and kq. For example. the 1:2 model assumes that the ligand can bind two different types of
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target populations, resulting in two independent 1:1 interactions with distinct kinetic parameters while
the bivalent model assumes that, after being bound to one target, all ligands have the capacity to bind a

second target of the same type and are thereby stabilized.

InteractionMap (IM) (Ridgeview Instruments, Uppsala, Sweden) is a data analysis method that
estimates the presence and rate constants of multiple 1:1 interactions and their contribution to the
experimental binding curves. In the resulting InteractionMap, all individual interactions are presented
in a ka (x-axis) - kq (y-axis) plot with heat-map coloration to indicate the relative abundance of each

interaction to the overall experimental data.

A 9 nucleotide RNA sequence (oligo-1) that didn’t display the binding motif was also used as a

negative control to test if the protein binding was truly specific.

switchSENSE®
All experiments were performed on adapter chips on the heliX® biosensor platform (Dynamic

Biosensors GmbH, Germany) using switchSENSE® proximity sensing ">’

measurement mode (details
of the apparatus are reported in the Supplementary Material).

Kinetic experiments were performed at 25°C with a 100 uL/min flow rate for human Musashi-
1 RRM1; in buffer 50 mmol dm™ Tris, 140 mmol dm™ NaCl, 1 mmol dm™ EDTA, 0.05% Tween 20
and 1 mmol dm™ TCEP at pH 7.2. An assay comprised a 5 min association phase followed by 20 min
dissociation for each concentration.

Data analysis was performed in heliOS® software (Dynamic Biosensors GmbH), were
association and dissociation rate constants, as well as the derived equilibrium dissociation constants Kd,
were calculated by performing a global fitting using monophasic or bi-phasic binding models. All data

was normalized and referenced with blank injection. Data for MSI-1 RRM,; was real-time referenced

with the spot 2 carrying a negative control sequence oligo-1.

Results

NMR characterization of free MSI.

The 2D 'H-"*"N -HSQC spectra of the three constructs (MSI RRM,., tandem domain, RRM-1
and RRM-2 isolated domains), are superimposed in Figure 1. The spectra show well-dispersed signals
in agreement with uniform and folded protein structures. The NMR spectrum of MSI RRM;.; tandem
domain is largely superimposable to the spectra of the isolated domains, as the majority of the signals
in the spectrum of MSI RRM,.; overlap with either a signal of RRM-1 or RRM-2. The absence of a
large chemical shift perturbation when passing from the isolated domains to the tandem construct

suggest a large interdomain flexibility with few interactions, occurring among the two domains and with
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the linker, in the full-length protein. In the spectrum of MSI RRM ., a number of additional signals, that
can be attributed to the portion of the interdomain linker, is also visible.

The backbone assignment of the MSI RRM ., tandem domain was obtained starting from the
published assignment of the murine isolated RRMs domains (BMRB codes: 11450 and 36058)***
considering the high sequence homology between the mouse and human MSI-1 protein (99.44%). This
was then confirmed and complemented by the analysis of triple resonance spectra. 92.5% of all residues
including those forming the linker region, have been assigned. The present assignment is the most
complete. The assignment for the single domains was as well obtained from the data available in the
BMRB and by superimposition of the spectra with the spectra of the MSI RRM ., tandem domain. The
95.14% and the 90.72% of the total sequences have been assigned for RRM-1 and RRM-2, respectively.

To characterize the protein dynamics, measurements of longitudinal (R;) and transvers (R2)
relaxation rates of the backbone amide nitrogen were performed on a '’N — enriched sample of the MSI-
1 RRM.; construct. Theoretical estimates of R; and R, values and of the rotational correlation time were
calculated by HydroNMR from the X-ray structures of the isolated RRM-1 (residues 20-96, PDB 2RS2)
and RRM-2 (residues 110-186, PDB 5X3Z) domains and from a model of the RRM;_; tandem domain
(residues 20-186) and are displayed together with the experimental data in Figure S1. The experimental
rotational correlation time obtained from R, R, and NOE experimental data (8.4 £ 0.4 ns) is in between
the calculated values for the isolated (5.8 ns for both domains) and tandem domains (14.9 ns). This
indicates that the RRM1-RRM2 construct does not behave as a rigid body but displays instead inter-
domain flexibility, simulating a protein of lower molecular weight. In details, the comparison of
experimental R; and R, data with theoretical values calculated for the isolated RRM-1 and RRM-2
domains shows that experimental R; values are smaller and R» values are larger than their theoretical
counterparts (Figure S1, panels A, B). At the same time, experimental R; values are higher and
experimental R, values are lower than theoretical estimates calculated for the MSI-1 RRM;.; construct
(Figure S1, panels C, D), indicating interdomain dynamics. Further indication of the presence of inter-
domain flexibility is provided by the "N—'H NOE for the linker residues, experiencing values lower
than 0.5 (from Ala95 up to Lys109, see Figure S1, panel E). The small NOE values of the residues in
the linker between the two domains are evidence of fast motions on ps-ns timescale (faster than the
overall protein-tumbling rate). Very small NOE values are found also for the N- and C-terminal tails

(from Thr3 up to His17 and from GIn185 up to Ser200), indicating fast motions also at this level.

Interaction of the isolated MSI-1 RRM1 (1-103) and MSI-1 RRM?2 (104-200) domains with a
linear single-binding site RNA (Oligo-2).

First the interaction of Musashi-1 with linear RNA strands was investigated. The effect on the
isolated RRMs domains due to an oligonucleotide with a single consensus binding motif (G/AU;.

3AGU)"™ has been initially analysed. *During the NMR titration, upon the addition of increasing
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concentrations of the oligo-2 to the solution of RRM-1, the intensity of the signals of the free protein in
the 2D '"H-""N HSQC decrease in intensity, while new cross-peaks, corresponding to RRM-1 in complex
with oligo-2, appear and increase in intensity (Figure 2). This indicates that the interaction between
RRM-1 and oligo-2 is in the slow exchange regime on the NMR timescale. As expected, the signals of
the free protein experiencing the largest decreases in intensity after the addition of RNA at the
concentration of 25 pM to the protein solution (1:0.25 protein/RNA molar ratio) correspond to residues
located in the B-platform as well as in loop-1 (Bi-o) and loop-3 (B2-B3) of the isolated domain (Lys21,
Ile24, Gly26, Ser28, Trp29, GIn30, Thr31, Arg61, Gly64, Phe65, Asp91, Ala95 and Phe96, Figure 3,
panel A and C). In the presence of RNA at the concentration of 100 uM (1:1 protein/RNA molar ratio),
the signals of the free protein have completely disappeared, while the signals of a new single
homogeneous species are visible. The new signals have been partially reassigned and the analysis of the
chemical shift perturbation (CSP) performed (Figure 3, panel B). The residues corresponding to the
assigned signals experiencing the largest changes (Lys21, Met22, GIn30, Thr31, Arg61, Gly64, Lys93
and Val 94), are located in the B-platform as well as in loop-1 (Bi-a,) and loop-3 (P2-B3) of the isolated
domain and correspond to the already described binding area for the isolated domain (PDB: 2RS2,%).
Unfortunately, many signals could not be reassigned because of their too large CSP. These signals
belong as well to residues located on the B-platform (Phe23, Ile24, Gly26, Trp29, Glu30, Thr31, Leu56,
Thr89, Asp91, Ala95, Phe98 and Ala100).

The interaction of RRM-2 with oligo-2 was then performed. Unexpectedly, the same behaviour
of RRM-1 was also observed for RRM-2, with the decrease in intensity of the signals of the free protein
during the NMR titration and the appearance of new cross-peaks (Figure 2). Also in this case, the signals
of the free protein experiencing the largest decreases in intensity after the addition of RNA at the
concentration of 25 uM to the protein solution (1:0.25 protein/RNA molar ratio) correspond to residues
located in the B-platform as well as in loop-1 (Bi-a1) and loop-3 (B2-Ps) of the isolated domain (Ile111,
Valll3, Glyl115, Leul 16, Asp124, Leul40, Gly153, his172, Glul80, Lys182, A184, GIn185, Glul88
and Vall89, Figure 3, panel A and C). The analysis of the chemical shift perturbation (CSP) at the end
of the titration (Figure 3, panel B), also showed that the reassigned residues experiencing the largest
changes (Lys110, Ile111, Vall13, Glyl14, Leul40, Thr146, Aspl61 and Met150) are located in the
same region. Also, for RRM-2 many signals of the B-platform could not be reassigned in the spectrum
of the complex because of their too large CSP (Thr108, Gly115, Leull6, VI118, Met139, Gly153,
His172, Lys182, Ala184, Glul88 and Vall§&9).

Binding was corroborated in both cases by SEC-MALS analysis, which also provided
information about the binding stoichiometry. First, the isolated domains and oligo-2 were analysed
separately to ascertain the monomeric form of each isolated macromolecule (Suppl. Figure 3). Then, the

interaction of each RRM with oligo-2 at the protein/RNA molar ratios of 1:0.50 and 1:1 was evaluated.
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Protein Conjugate Analysis shows a clear 1:1 interaction, confirming the ability of both domains to bind
the same RNA sequence (Figure 4).

To decipher the kinetics of both RNA recognition motifs, RRM-1 and RRM-2, with oligo-2, we
performed different Surface Plasmon Resonance (SPR) experiments. Both RRM-1 and RRM-2 showed
a rapid and rather similar association and dissociation rate when binding to oligo-2 that are well
described by a 1:1 model as shown in Figure 5A and 5B. The association rate constants (k,) were 2.32
M'st (CV 31.14%) for RRM-1 and 2.86 M's' (CV 24.37%) for RRM-2, with the respective
dissociation rate constants (kq) being 4.7E-2 s (CV 10.31%) and 5.26E-2 s™' (CV 24.37%). Affinities
(Kp), as calculated from the ratio between the dissociation and association rate constants, were also very
similar and amounted to 22.3 nmol dm™ (CV 33.42%) for RRM-1 and 19.6 nmol dm™ (CV 40.98%) for
RRM-2. Results from the InteractionMap (IM) calculations confirm that the RRM-1 and RRM-2
interactions are well described by a 1:1 model as a single binding event is shown for both RRMs (Figure
5) with affinities of 87.2 nmol dm>M (CV 7.23%) and 62.8 nmol dm™ (CV 16.9%) respectively. No

binding of the RRMs to the negative control was observed (data not shown).

Recognition of Oligo-2 by human MSI-1 RRM ., tandem domain.

Next, we studied the interaction of the MSI-1 RRM ., tandem domain with oligo-2 by solution
NMR. With this construct, upon increasing the concentration of RNA, some cross-peaks of the free
protein broaden and decreased in intensity (Figure 2) (at 1:0.25 protein/RNA molar ratio, mostly affected
residues are: Serl5, [1e24-Gly26, Ser28, Leu50, Arg53, Gly64, Phe68, Lys76, Val94-Ala95, Thr106,
Ilel11, Gly115, Met139, Asp143, Lys183, GIn185 and Glul188-Vall89, Figure 6, panel A and B) with
some signals affected by only small CSP (Aspl14, Met22, Gly25-Gly26, Trp29, Gly41, Lys58, Phe63,
Phe68, 11e90, Val94-Ala95, Thr106-Argl07, Valll3, Valll8-Asnl19, Argl50, Glyl153, Glul60,
Vall66, Lys183-Alal84, Glul88, Thr193 and Arg197-Gly198, Figure 6, panel A and B). However, the
cross-peaks of a new species could not be clearly detected; even with an excess of RNA with respect to
the protein (protein/RNA molar ratio of 1:2), we could hardly see few new signals with very low
intensity. Interestingly, the signals of residues belonging to the beta sheet surface of both domains are
affected by changes after the addition of oligo-2. This behaviour suggests a competition between the
two domains for the binding of oligo-2.

Kinetics of the tandem domain protein against oligo-2 were also performed with SPR. The 200
amino acid-long Musashi-1 protein, that includes both RRM 1 and 2, showed a complex binding trace
to oligo-2 that didn’t follow a 1:1 interaction, as it is shown in Figure 7, panel A. The dissociation phase
is clearly biphasic with a rapid initial dissociation that slows down considerably after roughly one
minute. Interestingly, at higher binding levels prior to starting dissociation, a larger fraction of the bound
Musashi-1 dissociates rapidly. Although the isolated RRMs did not show a significant difference in their
binding kinetics the two binding domains of Musashi-1 could independently bind the RNA sequence

116



Results

that potentially explains the biphasic dissociation pattern. Therefore, the binding curves were fitted with
a 1:2 model. This model fitted the data well as shown in Figure 7, panel B. Similar k,-values were
obtained for both interactions (k. 1.6E+6 M's™ (CV 23.43%) and k., 2.91E+6 M''s™ (CV 20.87%))
with the major differences observed in the kqvalues (ka1 6.21E-02 s™ (CV 17.71%) and kg2 1.17E-03 s™
(CV 36.1%)). The calculated affinities were Kp; = 40.6 nmol dm™ (CV 23.53%) and Kp,= 1.07 nmol
dm™ (CV 18.21%). Based on the obtained data, both binding events contributed equally to the observed
binding traces at higher concentrations while, at lower concentrations, the one displaying the higher
affinity becomes dominating. This indicates that the recognition of both interactions is rather similar but
that a fraction of the bound Musashi-1 is stabilized. This stabilized fraction is dependent on the
concentration used during dissociation indicating that the interactions are not independent as assumed
for the 1:2 model. The Interaction Map (IM) analysis shown in Figure 7, panel A confirms the results
by showing two different binding events with similar recognition values with a clear peak (with an
affinity of 21.5 nmol dm™) for a rapid dissociating fraction while the other peak (with an affinity of 1.53
nmol dm™), for the slower dissociating fraction, is smeared out over a range of dissociation rates.

A hypothesis that could explain the binding traces is that MSI-1, upon binding to one RNA, can bind
another RNA strand with its second domain, thereby stabilizing the interaction. At high concentrations,
MSI-1 binds rapidly thereby limiting the number of unbound RNA for the bivalent binding. Upon
dissociation, however, free RNA strands become available for bivalent binding, thereby stabilizing the
interaction and slowing down the dissociation rate. At low concentrations, Musashi-1 is able to bind in
a bivalent manner during the association phase. In view of the similarities of both RRMs to bind oligo-
2, fitting the experimental data to a bivalent model (2:1) would be more appropriate. Unfortunately, this
model is not capable of extracting all rate constants in a meaningful manner. No binding of the MSI-1

RRM..; to the negative control was observed (data not shown).

Additional kinetic experiments with switchSENSE® were performed on the tandem domain
protein. MSI-1 RRM ., showed a kinetic profile with two different binding interactions, presented in the
right panel of Suppl. Figure 4A. The interaction 1 has ~4-fold and ~8-fold faster on-rate and off-rate,
respectively, compared to interaction 2 (see Suppl. Figure 4B). Moreover, the interaction 1 has the
strongest contribution to the binding interaction (represented as a bigger data point on the rate plot map).

The Kp of the interactions is 0.445 + 12 nmol dm™ and 0.252 + 10 nmol dm™, respectively.

Interaction of isolated and tandem RRM domains with a linear RNA with two-binding sites
(Oligo-3).

After having detected this competitivity effect, we next wondered how the RRM domains, both
as isolated and in tandem, would behave with a single stranded RNA that contained two binding sites:

one site with the consensus sequence known to bind the first RRM, G/AU3AG, and one with the UAG
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motif, known to bind the second RRM. In order to test if both RRMs would be able to bind both binding
sites, we first investigated through solution NMR the interaction of the isolated RRM-1 and RRM-2
domains against oligo-3.

During the NMR titrations, upon the addition of increasing concentrations of oligo-3 to either
RRM-1 or RRM-2 domain, a decrease in the intensity of the cross-peaks of the free protein is observed,
while new cross-peaks, corresponding to the RRMs in complex with oligo-3, appear and increase in
intensity (Figure 2). Therefore, also the interaction of RRM-1 and RRM-2 with oligo-3 is in the slow
exchange regime on the NMR timescale. As observed for oligo-2, the signals of the free proteins
experiencing the largest decreases in intensity also after the addition of oligo-3 at the concentration of
25 uM to the proteins solution (1:0.25 protein/RNA molar ratio) correspond to residues located in the
B-platform (RRM-1: Lys21, Met22, Gly26, Leu50, Arg61, Gly64, Phe65, Val94, Ala95 and Phe96; and
RRM-2: Thr108, Ile111, Gly115, Leul 16, Met139, Leul40, Vall55, Vall66, lle1 74, Glu180, Lys182,
GIn185, Glul88 and Val189, Figure 8, panel A and C). Interestingly, after the addition of oligo-3 at the
concentration of 50 uM (1:0.5 protein/RNA molar ratio), for both RRMs, the signals of the free protein
have almost completely disappeared, while the new appeared signals are very broad. This phenomenon
can be explained by the occurrence of multiple heterogenous species in solution. Indeed, RRM-1 and
RRM-2 can bind both RNA binding sites, with the formation of complexes with different protein/RNA
stoichiometric ratios. Instead, in the presence of RNA at the concentration of 100 uM (1:1 protein/RNA
molar ratio) the linewidth of these new signals sharpens (Figure 2). The CSP between the resonances of
the new partially reassigned signals of the complexes and the resonances of the free proteins is displayed
in Figure 8, panel B and C. The residues corresponding to the assigned signals experiencing the largest
changes (RRM-1: Lys21, GIn30, Thr31, Arg61, Gly64, Lys93, Val94 and Alal100; and RRM-2: Lys110,
Ilel11, Vall13, Glyl14, Leul40, Aspl43, Thr146 and Aspl61), are located in the P-platform.
Unfortunately, also in this case, many signals could not be reassigned because of their too large CSP.
These signals belong as well to residues located on the B-platform (RRM-1: Phe23, [le24, Trp29, Thrg9,
Asp91, Ala95 and Phe96; and RRM-2: Argl07, Thr108, Glyl15, Leul16, Met139, Met141, Gly152,
Vall55, His172, Glul80, Lys182, Alal84, Glul188, Val189). As expected, most of the affected residues
are in common between oligo-2 and oligo-3.

SEC-MALS analysis was also carried out to shed light on the stoichiometry of the interaction
between RRM-1 and oligo-3 and support the NMR data. The interaction of RRM-1 with oligo-3 was
evaluated at the protein/RNA molar ratio of 1:0.50. The Protein Conjugate Analysis confirmed the
presence of two species in solution, the most abundant one with a 2:1 protein/RNA stoichiometry and a
minor one with a 1:1 protein/RNA stoichiometry Suppl. Figure 5. Moreover, no free protein was

observed.
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Next, we proceeded to see how the tandem domain RRM1-RRM2 protein would interact with
the single stranded oligo-3 and if the competitivity effect would be observed. A decrease in the intensity
of the cross-peaks of the free protein is observed also during this NMR titration. New cross-peaks,
corresponding to the MSI-1 RRM,.; tandem domain in complex with oligo-3, appear and increase in
intensity as well (Figure 2). Therefore, the interaction of the full-length construct with oligo-3 is in the
slow exchange regime on the NMR timescale, contrary to what has been observed for oligo-2. The
signals of the free protein experiencing the largest decreases in intensity after the addition of oligo-3 at
the concentration of 25 uM to the protein solution (1:0.25 protein/RNA molar ratio) correspond to
residues located in the B-platforms of both RRM domains (Lys21, Met22, Gly26, Leu50, Arg61, Gly64,
Phe65, Val94, Ala95 and Phe96, Thr108, Ilel11, Gly115, Leul 16, Met139, Leul40, Vall55, Vall66,
Ile174, Glul80, Lys182, GIn185, Glul88 and Vall89, Figure 9). Interestingly, after the addition of
oligo-3 at the concentration of 50 uM (1:0.5 protein/RNA molar ratio), the signals of the free protein
have completely disappeared, while the new appeared signals are very broad (Figure 2). In the presence
of RNA at the concentration of 100 uM (1:1 protein/RNA molar ratio), the new signals are still broad,
thus the absence of multiple conformational states cannot be excluded. Assignment of the new shifted
signals is unfeasible because of the higher ambiguity due to the higher crowding in the spectra of the
MSI-1 RRM;., tandem domain.

Kinetic experiments for the MSI-1 RRM,., with oligo-3 were performed with switchSENSE®
technology. The tandem protein showed a kinetic profile with two different binding interactions,
presented in the right panel of Figure 10A. The interaction 2 has ~4-fold faster on-rate and a remarkable
~600-fold slower off-rate, respectively, compared to interaction 1 (see Figure 10B). Moreover, the
interaction 2 has the strongest contribution to the binding (represented as a bigger data point on the rate
plot map). This combined effects lead to a Kp of 1.55 + 0.08 nmol dm™ and 687 + 13 fmol dm>,
accordingly. This seems to indicate a very strong cooperativity effect only present when both domains
are fully functional in the tandem protein, combined with the accessibility of both binding sites on the

RNA ligand.

Interaction of isolated and tandem RRM domains with folded RNAs bearing two-binding sites
(Oligo-4 and Oligo-5).

The binding of Musashi-1 to folded RNA strands (i.e., hairpins) was then investigated through
solution NMR. Oligo-4 and oligo-5 were selected because of the different location of the consensus
motifs, know to bind RRM-1 and RRM-2, respectively, on these RNA sequences. Indeed, oligo-4 is an
RNA fragment from the numb mRNA 72 that contains both the binding motifs (the G/AU;3AGU motif
for RRM-1 " and the UAG motif for RRM-2 **) within the loop region of a hairpin folding. Conversely,

oligo-5 is an RNA fragment from the doublecortin (dcx) mRNA ** and contains one consensus motif
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(G/AU3AGU) in the loop region, while the second one (UAG) in the double stranded region of the
hairpin.

The isolated RRM domains display a similar behaviour to what observed with the linear RNA
sequence with two binding sites (oligo-3). The interactions of isolated RRM-1 and RRM-2 with both
oligo-4 and oligo-5 are in the slow exchange regime on the NMR timescale (Figure 2). The effects due
to oligo-4 and oligo-5 are also located on the B-platforms of the isolated domains (Figure 11 and 12).
Also in these cases, the formation of multiple heterogenous species cannot be excluded in the presence
of RNA in sub-stoichiometric concentrations with respect to the protein.

SEC-MALS experiments were performed to better shed light on the stoichiometry of the
complexes. First, the isolated RRM-1 domain and oligo-4 and oligo-5 were analysed separately to
ascertain the monomeric form of each isolated macromolecule (Suppl. Figure 6). For both the oligo-4
and RRM-1, a monomeric form was detected, however, aggregates of RNA were observed with oligo-
5. Then, the interaction of RRM-1 with oligo-4 and oligo-5 at different protein/RNA molar ratios was
evaluated. The presence of species with different reciprocal protein/RNA stoichiometric ratio was
observed in solution (Figure 13), confirming the heterogenicity detected through NMR experiments. We
selected the chromatogram corresponding to an interaction of RRM-1 and oligo-4 with a molar ratio of
1:0.5 and attempted to analyse it with the Protein Conjugate Analysis. A mixture of complexes with the
protein/RNA stoichiometric ratios of 2:1 and 1:1 was detected. Additionally, free RNA was present.
However, the amount of each component cannot be determined with precision (Suppl. Figure 7), due to

the overlapping of the peaks.

Kinetic experiments for the isolated domains with oligo-4 and oligo-5 were performed with SPR
(Figure 14, panel A and B section i and ii). Binding of RRM-1 and RRM-2 to both hairpin structures
fitted well with a 1:1 model. Also, InteractionMap analysis (Figure 14, panel A and B section i and ii)
displays a single peak that indicates that the experimental data are dominating by an interaction with
distinct dynamics and affinity. These results indicate that, even if multiple binding motifs exist on the
hairpin structures, RRM-1 and RRM-2 are primarily binding to one of them or, alternatively, to both of
them with similar kinetics. The binding affinities of RRM-1 and RRM-2 for both hairpin structures are
in the 20-150 nM range. Regarding RRM-1, binding to RNA oligo-4 was two-times faster than RNA
oligo-5, with both having a similar dissociation rate. As a result, the calculated affinity values (Kp)
revealed a higher affinity of RRM-1 for RNA oligo-4 than oligo-5, as it is shown in Table 1. For both
RNAs, RRM-2 had similar association and dissociation rates. Accordingly, the calculated affinities were

similar, as shown in Table 1.
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Recognition of Oligo-4 and Oligo-5 by human MSI-1 RRM ., tandem domain.

We next investigated the interaction of oligo-4 and oligo-5 with the tandem domain MSI-1
RRM.; protein through solution NMR. In the NMR titration of the MSI-1 RRM,., with oligo-4 we
observed only a decrease in signal intensity without the appearance of new cross-peaks (Figure 2). In
the presence of RNA, at the protein/RNA molar ratio of 1:0.25, a general decrease of the protein signals
is observed (Figure 15) with some residues experiencing a larger effect (Serl5, Ile24, Gly25, Gly26,
Leu50, Met52, Gly64, Phe65, Val66, Val94, Alad5, Arg107, Thr108, Vall13, Glyl15, Leul40, Met141,
Phel42, Thr146, Argl50, Lys183, Ale184, GIn185, Glul88 and Met190) and few residues experiencing
minor CSP (Aspl4, Lys21, Met22, [le24, Cys49, Met52, Lys58, Gly64, Phe65, Phe68, Ala100, Lys109,
Glyl115, Lys134, Gly153, Phel54, Vall55, Ile162, Glul64, Lys165, Val166, Glu180, Alal84, GIn185,
Glul88 and Met190).

In the titration of MSI-1 RRM., tandem domain with oligo-5, instead, in the presence of the
sub-stoichiometric concentrations of oligo-5 with respect to Musashi-1, the appearance of new cross-
peaks corresponding to the protein in complex with the RNA has been observed (Figure 2). However,
also after the addition of RNA in excess with respect to the protein (~ 200 uM, protein/RNA ratio of
1:2) the signals of the new species do not increase in intensity, and the signals of the free protein are
still present. Competition in the binding of the same RNA site between the two domains may be present,
and multiple species formed in solution. Furthermore, the interaction landscape may be complicated by
the possibility of an opening of the hairpin structure. Therefore, NMR data can give information only
about the binding regions, but not about the strength of the interaction. In this respect, the residues
experiencing the largest changes are located in the same region of those interacting with the other oligos
(Serl5, Tle24, Gly26, Met52, Gly64, Val94, Serl17, Aspl24, Vall35, Metl139, Leuld40, Metl4l,
Thr146, His149, Gly153, Val163, Alal84, Val189, see Figure 15).

Kinetic experiments with SPR and with switchSENSE® were performed on the tandem domain
protein. MSI-1 RRM ., interaction with both oligo-4 and oligo-5. SPR data of MSI-1 RRM,., (Figure
14, panel A and B section iii) did not follow a 1:1 binding pattern and a clear biphasic dissociation was
seen for both hairpin structures. Interestingly, this initial rapid dissociation was only observed after
incubation with relatively high Musashi-1 concentrations. In the IM analysis (Figure 14, panel A and B
section iii), interactions with both hairpin structures show two distinct peaks with a similar recognition
but a difference in stability. Therefore, data were analysed with a 1:2 model assuming two independent
interactions. Analysis of oligo-4 revealed two interactions with similar association rates, reflecting
similar recognition, and a 20-fold difference in the dissociation rates while analysis of oligo-5 revealed
two interactions with a little more than 7-fold difference in the dissociation rate constant. The association

rate constants of Musashi-1 are somewhat slower than the association rates for the individual RRM-1
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and RRM-2 for both hairpin structures but also the dissociation rates for the more rapid dissociation

fraction is slower compared to the individual RRMs.

switchSENSE® data showed a kinetic profile with two different binding interactions, presented
in the panel A and C of Suppl. Figure 8. When interacting with oligo-4, the interaction 1 has ~3.5-fold
and ~12-fold faster on-rate and off-rate, respectively, compared to interaction 2 (see Suppl. Figure 8,
panel B). The Kp of the interactions is 1.44 £ 0.3 nmol dm™ and 425 + 20 pmol dm>, respectively.
Instead, when interacting with oligo-5 the interaction 1 has =4.7-fold and =39-fold faster on-rate and
off-rate, respectively, compared to interaction 2 (see Suppl. Figure 8, panel D). The Kp values for the
interactions with oligo-5 are 53.4 + 18.1 nmol dm™ and 6.35 = 0.77 pmol dm™, respectively. In both
cases, the interaction 1 has the strongest contribution to the binding interaction (represented as a bigger

data point on the rate plot map).

Discussion

As previously described for the mouse Musashi-1, the minimal RNA sequences, recognized by
RRM-1 and RRM-2 domains, are (G/AU13AGU) and UAG, respectively. However, the presence of the
UAG sequence in the (G/AU.3AGU) motif suggested an affinity of RRM-2 also for this site. Our
experimental data supports this view also for the human MSI-1 with the two isolated domains showing
a similar affinity in the nanomolar range for the (G/AU;.3AGU) motif. In this regard, the NMR spectra
recorded on the two isolated RRMs show an interaction in the slow exchange regime in the NMR time-
scale, and very similar effects upon the addition of the oligo-2. The characterization of the interaction
of the tandem domain with oligo-2 proves the presence of competition of the two domains for this site
revealed also by a biphasic dissociation pattern in the SPR and switchSENSE® sensorgrams. The
competition of the two RRMs for this site and presence in solution of different species is also supported
by the analysis of the NMR data recorded on the tandem domain in the presence of the oligo-2. The
intensity of the signals belonging to the protein binding sites drops down upon the addition of the RNA
without the appearance of the cross-peaks of the complexes. The analysis carried out on the RNA strand
containing the two recognition sites (oligo-3) has provided an additional piece of the puzzle. The two
RRMs bind both sites with high affinity as shown by the evolution of the NMR spectra of the isolated
RRMs upon the addition of the RNA strand. More important, two RRM-1 are able to bind the two sites
of oligo-3 at the same time by forming a 2:1 RRM-1/RNA complex as proved by the SEC-MALS
analysis. Interestingly, the data collected on RRM-1 in the presence of oligo-3 provide a possible way
to decipher the NMR data collected on the tandem domain upon the addition of this RNA strand. In fact,
at the MSI-1/oligo-3 molar ratio, new cross-peaks are visible in the spectra but they appear to be broad
if not split. These finding seem to be in agreement with the presence of 1:1 MSI-1/0Oligo-3 complexes

with the two RRMs interacting with the two sites of the same RNA strand.
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The experimental data collected on the isolated RMM-1 and RRM-2 in the presence of the oligo-
4 provide interesting hints on the possible effects of the RNA structure on MSI-1 recognition process
and binding. The NMR data shows that the two domains bind the hairpin with high affinity and as
previously observed for the linear strands. More important, the SEC-MALS analysis shows that two
isolated RRM-1 can bind oligo-4 at the same time provide a 2:1 complex. These results provide us with
two interesting pieces of information: i) the presence of the binding sites in the loop of numb mRNA
does not prevent the binding; ii) the position of the two binding sites within this mRNA strand allows
to accommodate two RRM domains at the same time. Further interesting information were obtained
from the analysis of the experimental data obtained by monitoring the interaction of the tandem domain
with oligo-4. The general decrease in signal intensity observed for the cross-peaks of the free protein
(stronger for the residues of the protein binding sites) during the NMR titration without the appearance
of new signals indicates competition of the two domains for the two binding sites present in the hairpin.
However, in contrast to what was previously observed with oligo-2, the general decrease in signal
intensity indicates the presence of species involving two or more MSI-1 proteins. More important, these
findings seem to rule out the capability of the two RRMs of a single MSI-1 to bind the two sites of a
hairpin at the same time as observed with the oligo-3. Interesting it is also the behaviour of MSI-1 in the
presence of the oligo-5. The high affinity of the isolated domains for this hairpin is proved by the NMR
data. Also, the tandem domain binds the oligo-5 with high affinity but the evolution of the spectra upon
the addition of the hairpin suggests a further different behaviour. The persistence of the signals of the
free protein together with the signals of the new species, even in the presence of an excess of the hairpin,
arises several questions on how MSI-1 can bind this oligo. A possible explanation is the binding at only
one site of the hairpin (the G/AU;3AGU site on the loop, presumably) with this binding preventing the
second domain present in the MSI-1 to interact with any other oligo. This behaviour could be related to
the involvement of the UAG in the double strand structure which could make this site unavailable for
the interaction with the two domains, and to the structure to the MSI-1-RNA complex which could make
the second domain of the protein unavailable to bind a second oligo.

Collectively, these data show that MSI-1 can bind the consensus binding motif G/AU3AGU
and also the UAG sequence when placed in linear RNA sequences or in folded RNA structures.
However, the involvement of a recognition motif in double RNA strands probably hamper the
interaction. Finally, the protein binds all the four investigated oligos with high affinity, however only

the oligo-3 seems to be able to interact with the RRM-1 and RRM-2 of a single MSI-1.
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Figure Captions

Figure 1. 2D 'H-"N HSQC and TROSY spectra of MSI-1 RRM-1, RRM-2 and RRM.,, spectra

superimposition, respectively.

Figure 2. Portions of the 2D "H-""’N HSQC and TROSY spectra, recorded on the isolated RRM-1 and
RRM-2 domains and on the tandem domain, respectively. In black are the spectra of the free proteins,
in blue the spectra of the proteins in the presence of sub-stoichiometric concentrations of oligo-2, oligo-
3, oligo-4 or oligo-5 (protein/RNA ratio of about 1:0.5), and in red the spectra of the proteins in the
presence of oligo-2, oligo-3, oligo-4 or oligo-5 in the protein/RNA ratio of 1:1.

Figure 3. Interaction of RRM-1 and RRM-2 with oligo-2. A) Plot of the decreases in intensity of the
signals of the isolated RRM-1 and RRM-2 domains. The residues experiencing the largest changes
during the interaction with oligo-2 at a protein: RNA molar ratio of 1:0.25 have been highlighted in
blue. B) Plot of the Chemical Shift Perturbation (CSP) of the signals of the isolated RRM-1 and RRM-
2 domains. The residues experiencing the largest changes during the interaction with oligo-2 at the
protein: RNA molar ratio of 1:1 have been highlighted in red (residues with ambiguity in the assignment
have been pointed at with a blue star). C) Mapping of the residues experiencing the largest effect in each
RRM on the structure (PDB:2RS2 for RRM-1 and PDB: 5X3Z for RRM-2). Highlighted in blue the

residues experiencing the largest Intensity decrease and in pink the one experiencing the largest CSP.

Figure 4. SEC-MALS Protein Conjugate analysis of the isolated RRM-1 and RRM-2 with oligo-2 at
protein/RNA molar ratio of 1:0.50. Binding observed in both RRMs is in 1:1 stoichiometry.

Figure 5. A) Sensorgram and interaction map of MSI-1 RRM-1 binding to RNA oligo-2, concentrations
used were 3.9, 7.8, 15.65, and 31.25 nmol dm™. C) Sensorgram and interaction map of MSI-1 RRM-2
binding to RNA oligo-2, concentrations used were 7.8, 15.65, 31.25 and 62.5 nmol dm™.

Figure 6. Interaction of MSI-1 RRM;., with oligo-2. A) Plot of the decreases in intensity of the signals
of MSI-1 RRM,; protein. The residues experiencing the largest changes during the interaction with
oligo-2 at a protein: RNA molar ratio of 1:0.25 have been highlighted in blue. B) Plot of the Chemical
Shift Perturbation (CSP) of the signals of the MSI-1 RRM.; protein. The residues experiencing the
largest changes during the interaction with oligo-2 at the protein: RNA molar ratio of 1:0.25 have been
highlighted in red. C) Mapping of the residues experiencing the largest effect on the RRM.; structure
(Alpha fold model) at molar ratio 1:0.25. Highlighted in blue the residues experiencing the largest
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Intensity decrease, in pink the one experiencing the largest CSP, and in green the ones experiencing the

largest effect in both Intensity decrease and CSP.

Figure 7. Sensorgram and interaction map of MSI-1 (1-200) binding to RNA oligo-2, concentrations
used were 7.8, 15.65, 31.25 and 62.5 nmol dm™.

Figure 8. Interaction of RRM-1 and RRM-2 with oligo-3. A) Plot of the decreases in intensity of the
signals of the isolated RRM-1 and RRM-2 domains. The residues experiencing the largest changes
during the interaction with oligo-3 at a protein: RNA molar ratio of 1:0.25 have been highlighted in
blue. B) Plot of the Chemical Shift Perturbation (CSP) of the signals of the isolated RRM-1 and RRM-
2 domains. The residues experiencing the largest changes during the interaction with oligo-2 at the
protein: RNA molar ratio of 1:1 have been highlighted in red (residues with ambiguity in the assignment
have been pointed at with a blue star). C) Mapping of the residues experiencing the largest effect in each
RRM on the structure (PDB:2RS2 for RRM-1 and PDB: 5X3Z for RRM-2). Highlighted in blue the

residues experiencing the largest Intensity decrease and in pink the one experiencing the largest CSP.

Figure 9. Interaction of MSI-1 RRM ., with oligo-3. A) Plot of the decreases in intensity of the signals
of MSI-1 RRM.; protein. The residues experiencing the largest changes during the interaction with
oligo-3 at a protein: RNA molar ratio of 1:0.25 have been highlighted in blue. B) Mapping of the residues
experiencing a larger intensity decrease effect on the RRM.; structure (Alpha fold model) at molar ratio

1:0.25. Highlighted in blue the residues experiencing a larger Intensity decrease.

Figure 10. Kinetic study of MSI-1 RRM., protein towards oligo-3 containing one binding motif for
RRM-1 and one for RRM-2, on the 5* and 3’, accordingly. A) Kinetic traces of MSI-1 RRM;.,. The
tandem protein displays a bi-phasic kinetic profile, with a step-like binding (interaction 1) and a slower
binding (interaction 2) likely derived from RRM1 and RRM2 binding, respectively. B) Graphic
displaying the on-rates, off-rates, and affinity values. The wild-type protein exhibit two distinct

interactions. The biggest data point indicates the dominant interaction for each protein.

Figure 11. Interaction of RRM-1 and RRM-2 with oligo-4. A) Plot of the decreases in intensity of the
signals of the isolated RRM-1 and RRM-2 domains. The residues experiencing the largest changes
during the interaction with oligo-4 at a protein: RNA molar ratio of 1:0.25 have been highlighted in blue
(RRM-1: Ile24, Gly26, Ser60, Arg61, Gly64, Phe65, Asp91, Lys93 and Ala95; and RRM-2: Trh106,
Argl07, llel11, Vall13, Gly115, Leul 16, Leul40, Thr146, Glu180, Lys182, Alal184, GIn185, Glul88
and Val189). B) Plot of the Chemical Shift Perturbation (CSP) of the signals of the isolated RRM-1 and

RRM-2 domains. The residues experiencing the largest changes during the interaction with oligo-4 at
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the protein: RNA molar ratio of 1:1 have been highlighted in red (RRM-1: Cys20, Lys21, Met22, Phe23,
Trp29, Thr31, Glu48, Leu50, Leu56, Gly62, Phe65, Val66, Lys93, Val94 and Phe96; and RRM-2:
Lys110, Ile111, Vall13, Glyl14, Leul40, Aspl143, Thr146, Glul58, Aspl61, Glul64, Vall66 and
Ile174; residues with ambiguity in the assignment have been pointed at with a blue star). Unfortunately,
many signals could not be reassigned because of their too large CSP (RRM-1: Ile24, Gly26, GIn30,
Ser60, Arg6l, Gly64, Thr89 and Ala95; and RRM-2: Argl07, Thr108, Glyl15, Leull6, Vallls,
Met139, Metl41, Argl50, Gly153, Vall55, His172, Lys182, Ala184, Glul88 and Val189). C) Mapping
of the residues experiencing a larger effect in each RRM on the structure (PDB:2RS2 for RRM-1 and
PDB: 5X3Z for RRM-2). Highlighted in blue the residues experiencing a larger Intensity decrease and

in pink the one experiencing a larger CSP.

Figure 12. Interaction of RRM-1 and RRM-2 with oligo-5. A) Plot of the decreases in intensity of the
signals of the isolated RRM-1 and RRM-2 domains. The residues experiencing the largest changes
during the interaction with oligo-5 at a protein: RNA molar ratio of 1:0.25 have been highlighted in blue
(RRM-1: Ala5, Met22, Ile24, Gly26, Ser28, Trp29, GIn30, Arg61, Gly64, Phe65, Lys93, Val94, Ala95
and Phe96; and RRM-2: Argl07, llel11, Valll3, Gly114, Glyl15, Leull6, His149, Gly153, glul80,
Alal84, Glul88 and Vall89). B) Plot of the Chemical Shift Perturbation (CSP) of the signals of the
isolated RRM-1 and RRM-2 domains. The residues experiencing the largest changes during the
interaction with oligo-5 at the protein: RNA molar ratio of 1:1 have been highlighted in red (RRM-1:
Alall, Cys20, Lys21, Met22, Phe23, Glu48, Asp54, Leu56, Gly62, Phe65, Val66, Lys76 and Lys93;
and RRM-2: Lys110, Ile111, Vall13, Gly114, Asp143, Thr145, Thr146, Asnl147, Aspl61, Ile174 and
Met190; residues with ambiguity in the assignment have been pointed at with a blue star). Unfortunately,
many signals could not be reassigned because of their too large CSP (RRM-1: Ile24, Gly26, Trp29,
GIn30, Ser60, Arg61, Gly64, Val94, Ala95 and Phe96; and RRM-2: Argl07, Thr108, Gly115, Leul16,
Metl41, Gly153, Vall55, His172, Glul80, Lys182, Alal84, Glul88 and Val189). C) Mapping of the
residues experiencing the largest effect in each RRM on the structure (PDB:2RS2 for RRM-1 and PDB:
5X3Z for RRM-2). Highlighted in blue the residues experiencing the largest Intensity decrease and in

pink the one experiencing a larger CSP.

Figure 13. SEC-MALS chromatograms of the interaction of RRM-1 with oligo-4 and oligo-5 at
protein/RNA molar ratios of 1:0, 1:0.12, 1:0.25, 1:0.5, 1:1. Both show heterogeneous solutions with
different stoichiometric species in solution. On the left, chromatograms of the interaction of RRM-1

with oligo-4. On the right, chromatograms of the interaction of RRM-1 with oligo-5.

Figure 14. Sensorgrams and InteractionMap corresponding to i) RRM-1, ii)) RRM-2 and iii) RRM1-
RRM2 binding to RNA A) oligo-4 and B) oligo-5.
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Figure 15. Interaction of RRM1-2 with oligo-4 and oligo-5. A) Plot of the decreases in intensity of the

signals of the MSI-1 RRMi., protein. The residues experiencing the largest changes during the

interaction with oligo-4 and oligo-5 at a protein: RNA molar ratio of 1:0.25 have been highlighted in

blue. B) Mapping of the residues experiencing the largest effect in the tandem domain protein on the

structure (AF-O43347-F1) upon the binding. Highlighted in blue the residues experiencing the largest

Intensity decrease.

Table 1. Kinetic and affinity values of RRM 1 and RRM 2 with oligo-4 and oligo-5

Table 2. Kinetic and affinity values of Msi-1 (1-200) with oligo-4 and oligo-5
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Interactions ka(M1s) Kai(s™) Kpi (nM)
(CV) (CV) (CV)

RRM 1- oligo-2 2.32 4.7E-2 22.3

(31.14%) (10.31%) (33.42%)
RRM 1- oligo-4 3.26E+06 1.37E-01 48

(29.28%) (13.36%) (46.04%)
RRM 1- oligo-5 1.80E+06 2.39E-01 145

(26.01%) (31.61%) (40.48%)
RRM 2- oligo-2 2.86 5.26E-2 19.6

(24.37%) (24.37%) (40.98%)
RRM 2- oligo-4 2.71E+06 8.42E-02 31.1
RRM 2- oligo-5 4.52E+06 1.13E-01 25

Table 1.
Interactions kal(M_IS'l) Kdl(S_l) Kbp1 (nM) kaz(M'IS'l) Kdl(S'l) Kbp1 (nM)
(CV) (CV) (CV) (CV) (CV) (CV)
Msi-1(1-200) 9.67E+05 1.98E-03 19.8 4.68E+05 | 4.25E-02 111
— oligo-4 (4.95%) (72.17%) | (72.48%) | (34.26%) | (35.74%) | (57.28%)
Msi-1(1-200) 1.07E+06 3.90E-03 3.64 3.73E+05 | 2.85E-02 63.5
— oligo-5 (5.91%) (33.87%) | (34.00%) | (58.86%) | (66.74%) | (40.48%)
Table 2.
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4.2.2 Supplementary Information

The interaction between Musashi-1 and RNA: a multiplayer
game.
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switchSENSE®

The adapter chip features a microfluidic channel with two gold electrodes, or measurement
spots, which portray immobilized fluorophore-modified DNA nanolevers that serve as linkers between
the sensor surface and the desired ligand (see Figure S1A). In the proximity sensing mode, the electrodes
are under a constant negative potential that maintains the nanolevers in an upward orientation. The
fluorescence of the probe is monitored over time, being affected when the analyte interacts with the
ligand. The fluorescent signal changes represent the kinetic profile of the interaction, as displayed in
Figure S1B.

Oligo-2, oligo-3, oligo-4, and oligo-5 were located in spot 1 and the RNA negative control
without a binding motif oligo-1 on spot 2. All nucleic acid sequences were synthetized along with a
standard DNA sequence called ligand strand on the 5 (5'-
ATCAGTACTTGTCAACACGAGCAGCCCGTATATTCTCCTACAGCACTA-3") which is part of
the DNA nanolever system serving as a linker between ligands and sensor surface. The upper half of the
ligand strand was hybridized in solution with a DNA adapter strand which is decorated with the so called
“Gb” green fluorescence probe on its 3° end. The bottom half of the adapter strand is complementary to
a pre-immobilized DNA anchor strand on the chip surface. The functionalization of the surface with the
ligand strand/adapter strand hybrid towards the anchor strand followed automated standard procedures

within the heliX® platform.
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Figure S1. Experimental set up for measuring binding kinetics with the switchSENSE® technology. In
A) the heliX® Adapter biochip portrays two gold electrodes, or measurement spots, where DNA
nanolevers (adapter strands) with a fluorescent dye serve as linkers between the ligands of interest and
the biosensor surface, while reporting on binding interactions. The DNA nanolevers consist of
hybridized anchor, adapter and ligand strands. In this case, the ligands are RNA overhangs with the
target sequence on spot 1 and a negative control sequence on spot 2. Kinetic experiments consist of an
association phase where protein is automatically injected in the flow channel of the biochip, while in the
dissociation phase the sensor is washed with buffer, all while recording the changes in fluorescence. In
B) an example of the kinetic profile obtained from H-MSI-1 RRM.; protein at a concentration of 10
nmol dm™ binding to oligo-2 is shown. Data was blank and real time referenced with the spot 2. The
association and dissociation phases are indicated. Image adapted with permission of Dynamic

Biosensors GmbH.

MSI-1  MSI-1  Oligo- Oligo- Oligo-  Oligo-5
RRM1  RRM2 2 3 4
dn/dc (ml/g) 0.185 0.185  0.180 0.180  0.180  0.180

UV extinction coefficient
1.045 0.586 6.200 6.200 6.200 6.200
(ml/(mg-cm))

Theoretical MW (KDa) 13.491 12.133 4.975 5.023 7.287 8.245

Table S1. Size Exclusion Chromatography with Dynamic Light Scattering parameters of MSI-1 RRM-
1 and RRM-2 and for oligo-2 and oligo-3.
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Figure S2. Comparison of experimental backbone '"NH R; values for MSI-1 RRM ., construct (data
collected at 298 K, black filled circles) with the calculated values (grey bars) for isolated RRM1 and
RRM2 domains (A) and for the full RRM1-RRM2 construct (C). Comparison of experimental backbone
SNH R, values for MSI-1 RRM ., construct (data collected at 298 K, black filled circles) with the
calculated values (grey bars) for isolated RRM1 and RRM2 domains (B) and for the full RRM1-RRM?2
construct (D). Experimental NOE values for MSI-1 RRM ., construct (data collected at 298 K) (E).
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Figure S3. SEC-MALS chromatograms. A) Chromatogram of the MSI-1 RRM-1. Analysis of the peak
correspond to a molecular weight (MW) value of 13.86 KDa close to the theoretical value of 13.49 KDa.
The peak corresponds to monomeric form of the protein. B) Chromatogram of the MSI-1 RRM-2.
Analysis of the peak correspond to a MW value of 12.16 KDa similar to its theoretical MW of 12.49
KDa, and therefore, corresponding to monomeric form of the protein. C) Chromatogram of oligo-2.
Analysis shows one single peak with a MW of 5.14 KDa, close to the theoretical value of 4.95 KDa.
Therefore, it shows the monomeric form of the RNA. D) Chromatogram of oligo-3. Analysis shows two
peaks, one with really weak intensity of 16 KDa corresponding to some aggregate form of the RNA,

and a second peak with much higher intensity with a MW of 5.12 KDa. The theoretical MW of this
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Figure S4. Kinetic study of MSI-1 RRM,., protein towards oligo-2 containing one binding motif for
RRM-1 and one for RRM-2, on the 5* and 3’, accordingly. A) Kinetic traces of MSI-1 RRM;.,. The
tandem protein displays a bi-phasic kinetic profile, with a step-like binding (interaction 1) and a slower
binding (interaction 2). B) Graphic displaying the on-rates, off-rates, and affinity values. The wild-type
protein exhibit two distinct interactions. The biggest data point indicates the dominant interaction for

each protein.
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Figure S5. SEC —-MALS Protein Conjugate analysis of the isolated RRM-1 with Oligo-2 at protein/RNA
molar ratio of 1:0.50. Binding observed in both RRMs in 1:2 and 1:1 stoichiometry.
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Figure S6. SEC-MALS chromatograms. A) Chromatogram of the MSI-1 RRM-1. Analysis of the peak
correspond to a molecular weight (MW) value of 13.86 KDa close to the theoretical value of 13.49 KDa.
The peak corresponds to monomeric form of the protein. B) Chromatogram of oligo-4. Analysis of the
peak correspond to a MW value of 7.911 KDa similar to its theoretical MW of 7.287 KDa, and therefore,
corresponding to monomeric form of the protein. C) Chromatogram of oligo-5. Analysis shows two
clear peaks, one of 38.10 KDa corresponding to some aggregate form of the RNA, and a second peak
with much higher intensity with a MW of 8.77 KDa. The theoretical MW of this RNA is 8.245 KDa

which indicates this second peak to be the monomeric form of oligo-5.
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Figure S7. SEC —-MALS Protein Conjugate analysis of the isolated RRM-1 with Oligo-4 at protein/RNA

molar ratio of 1:0.50. Several species of different stoichiometric ratios are present in solution.
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Figure S8. Contribution of each RRM in the binding of the tandem MSII protein towards oligo-4 and
oligo-5 containing one binding motif for RRM-1 and one for RRM-2, on the 5’ and 3’, accordingly. In
A) kinetic traces of the tandem protein with oligo-4. The tandem protein displays a kinetic profile that
is a combination of both RRM domains, with a step-like binding (interaction 1) and a slower binding
(interaction 2) likely derived from RRM-1 and RRM-2 binding, respectively. In B) comparison of the
on-rates, off-rates and affinity values in the interaction with oligo-4. The tandem protein, exhibit two
distinct interactions. In C) kinetic traces of the tandem protein with oligo-5. The tandem protein displays
a kinetic profile that is a combination of both RRM domains, with a step-like binding (interaction 1) and
a slower binding (interaction 2) likely derived from RRM-1 and RRM-2 binding, respectively. In D)
comparison of the on-rates, off-rates and affinity values in the interaction with oligo-5. The tandem

protein, exhibit two distinct interactions.
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Abstract

A new computational tool able to estimate and score the binding affinity of RNA-binding
proteins for RNA has been used to design a set of mutants of the human Musashi-1 protein and new
selected RNA strands to modulate binding selectivity and recognition. We have used this tool to
investigate the competition between the two RRM domains of Musashi-1 (RRM-1 and RRM-2) for the
same binding site within linear and an harpin RNA constructs. The in-silico predictions have been
assessed by monitoring the interaction between de-novo designed proteins and RNA strands by solution
NMR. The experimental results support the reliability of the predictions obtained in silico thus opening

the way for the development of new biomolecules for in vitro and in vivo studies and applications.

In particular, my contribution to this project has been the design of RNA sequences and
mutations, the obtention of experimental single point mutations and the expression and purification of
all constructs of human MSI-1 protein in E. coli cells (unlabelled, 'H-'>N) and performing the protein-
RNA interaction experiments with solution NMR. Computational scores have been calculated by our

collaborators.
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Introduction.

Musashi-1 (MSI-1) protein is a multi-domain RNA binding protein, highly expressed in neural
precursors cells during the embryonic stage. It participates in brain development, maintenance of stem-
cell state and cell differentiation.' MSI-1 is composed by two RNA Recognition Motifs (RRMs) located
in tandem in the N-terminal region which contribute to the RNA binding. Once activated, it regulates
hundreds of different 3’-UTR regions of mRNAs and therefore it is implicated in various signalling
pathways, including Notch and Wnt. Due to its regulatory functions, any alteration of the level of
expression of Musashi-1 often leads to a disruption of signalling pathways, leading to several diseases
and cancer.’ This highlights the importance of MSI-1 and remarks its potential to be a marker and a
promising therapeutic target in cancer disease. ®* In this respect, the design of novel RRMs could be
relevant to investigate the regulation of gene expression, as well as in the discovery of in vivo RNA
targets of RRMs with a still unknown function or interaction.

In previous studies (Article 3, section 4.2), we investigated in vitro the interaction of the tandem
domain of human Musashi-1 (MSI-1 RRM,.;), and of its isolated domains (RRM-1 and RRM-2), with
two single stranded linear RNAs and two hairpins, using solution NMR and kinetics experiments. We
have demonstrated the capability of each RRM to recognize and bind with high affinity the (G/A)U.
3AGU and UAG motifs placed in single linear RNA strands and in loops of harpins.

Very recently, a new computational tool able to estimate and score the binding affinity between
any specific RRM and a given RNA sequence has been developed by J. Roca and co-workers (under
review). Here, this tool (RRMScorer) has been used to address the competition between the two RRM
domains of Musashi-1 (RRM-1 and RRM-2) for the UAG motif within a linear and an harpin RNA
construct. The analysis allowed us to evaluate the contribution to the binding of the residues located in
specific positions of the RRM-1 and RRM-2, as well as that of nucleotides within the two RNA strands.
To prove the quality of the prediction and the reliability of RRMscorer, the data has been used to design
mutations on the tandem domain of Musashi-1 protein and on the two RNA strands for a biophysical
assessment. The RRM-2 mutant was designed to decrease its affinity for the UAG motif in order to
reduce the competition with RRM-1. Then, the RRMscorer tool was used to design mutants of the two
selected RNA strands where the UAG motif is replaced by a new set of three nucleotides with a high
affinity for the mutated RRM-2 domain. The NMR analysis carried out on the mutated protein and RNA
constructs proves the quality of the predictions provided by RRMscorer and suggest Musashi-1 as a
promising candidate to develop mutants with high selectivity for specific RNA sequences for in vitro

and in vivo studies and applications.
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Methods

Computational design of protein and RNA mutants

For the design of mutations, scoring of RRM-RNA interaction in both Musashi and RNA targets
were computed with RRMScorer method.!" This method has been recently developed to estimate the
binding between any specific RRM and a given RNA sequence (under revision data). Briefly, all the
structures available for the RRM-RNA complexes were analysed to derive the scoring function. A set
of entries, describing the canonical binding mode of RRM domains,'? has been selected after a careful
alignment of the RRM-RNA complexes. The contacts observed within this set of structures, and the
positions of the residues involved in the binding on the RRM domains, have been integrated in a
probabilistic framework. In this respect, meaningful propensities for residue-nucleotide contact
preferences in specific positions can be extracted, and it becomes particularly suitable for the limited
amount of the data and residue-level information currently available. The most relevant positions of the
protein regarding RNA binding are short-listed based on RRMScorer database contacts analysis, and for
each of them a preference matrix has been derived showing the binding preferences to a nucleotide for
any residue in that specific position. To perform new predictions, the sequences for both the RRM and

the RNA are required only.

RNA strands

Synthetic single stranded RNA (Oligo-2: 5’-UUGUUAGUUACCCCUU-3’, Oligo-3: 5'-
UUGUUAGUUAUUAGUU-3’, Oligo-3.2: 5-UUGAUAGUUAGCAGGU-3’, Oligo-4: 5'-
AAGCGUUAGUUAUUUAGUCGCUU-3", Oligo-4.2: 5'-AAGCGAUAGUUAUGCAGGCGCUU-
3’and Oligo-5: 5-CACUCUGUAGUAUGUAGGGUUUAUUU-3"), for NMR experiments were

purchased from Metabion international AG.

Expression and purification of recombinant isolated RRM-1 and RRM-2 domains of Human
Musashi-1 (MSI-1)

To produce the MSI-1 human RRM-1 construct (1-103), a pET29b plasmid containing a Strep-
Tag at N-terminus followed by the first 261 residues of Musashi-1 human protein was modified by
QuikChange Site-Directed Mutagenesis to replace Met-104 with a stop codon. Recombinant human
MSI-1 RRM1 (1-103) protein in plasmid pET29b and MSI-1 RRM-2 (104-200) protein in plasmid
pET21a were overexpressed in BL21(DE3) E. coli cells. Expressions were performed as previously

described in Article 3, section 4.2.
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Expression and purification of recombinant wild-type Human Musashi-1 (MSI-1) RRM.;
tandem domain and of the E180N/K182M mutant

To produce the mutant, QuikChange Site-Directed Mutagenesis was performed on the gene
coding for the MSI-1 (1-200) RRM, WT to replace the E180 by an asparagine, the K182 by a
methionine, and both of them to obtain the double mutant construct MSI-1 RRM;, E180N K182M
(MSI-1 RRM;., DM). Recombinant human MSI-1 RRM,., (1-200) protein and MSI-1 RRM;., DM in
plasmid pET29b were overexpressed in BL21(DE3) GOLD E. coli cells. Expressions were performed

as described in Article 3, section 4.2 for the wild-type tandem domain protein.

Titration of Musashi with RNA strands.

The effects of the RNA strands (Oligo-2: 5’-UUGUUAGUUACCCCUU-3’, Oligo-3: 5'-
UUGUUAGUUAUUAGUU-3’, Olige-3.2: 5 -UUGAUAGUUAGCAGGU-3’, Oligo-4: 5'-
AAGCGUUAGUUAUUUAGUCGCUU-3’, Oligo-4.2: 5'"-AAGCGAUAGUUAUGCAGGCGCUU-
3’and Oligo-5: 5'-CACUCUGUAGUAUGUAGGGUUUAUUU-3") were evaluated on the '"N-
isotopically enriched double mutant (E180N K182M) of Musashi-1 (MSI-1 RRM;, DM) at a
concentration of 100 pmol dm™ in the following experimental conditions: 50 mmol dm™ Tris-HCI, pH
7.2, 140 mmol dm™ NaCl, I mmol dm™ EDTA, 1 mmol dm™ protease Inhibitors. The effect of Oligo3.2
and Oligo4.2 was also evaluated on the wild-type protein under the same conditions. 2D 'H "N TROSY
spectra were recorded at 298 K on a Bruker AvanceNEO NMR spectrometer, operating at 900 MHz ('H
Larmor frequency) in order to monitor the effect of increasing amounts (6, 12, 24, 50, 120 pmol drn‘3)
of the RNA added to the protein solution. Spectra were processed with the Bruker TOPSPIN software
packages and analysed with CARA (Computer Aided Resonance Assignment, ETH Zurich).

Results and discussion

Mutant selection

First, the score of each RRM against all possible combinations of 3 nucleotide sequences was
computed (Figure 1, panel A). A clear preference of both RRMs towards the UAG motif was observed
and a better score for the affinity (0.1 difference in a logarithmic scale) was obtained for RRM-1. We
next evaluated the best possible scores of each RRM towards the 5-nucleotide motif NyUAGNy, where
N can be any nucleic base. The best scores are highlighted in Figure 1, panel A, whilst the positions
with higher score and with higher difference between both RRMs are plotted in Supp. Figure 1. In this
regard, we identified several RNA motifs that were predicted to have a reduced affinity (lower score) to
bind RRM-1, while keeping a relatively high score towards RRM-2 (Figure 1, panel A). An RNA with
two different short motifs to specifically bind the RRM-1 and RRM-2 is expected to show a stronger

binding as it avoids the forementioned competitivity. The CAG motif was identified as the most
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promising candidates, being CCAGG, and GCAGG the top-scoring 5-mers, that were thus included in
the experimentally tested RNAs (see Suppl. Figure 1).

Then, we wanted to identify protein mutations on the RRM-2, that helped to decrease the affinity
of this domain for the UAG motif, whilst increasing the affinity to the CAG motif, previously identified
as a good RRM-2 binder. For this purpose, we analyzed possible residues involved in the recognition of
the first pyrimidine of the 3-mer motif, so we could switch the preference from the uracil of UAG to the
cytosine of the CAG (Figure 1 panel C). Based on the published structure of the RRM-2 in complex
with GUAGU (PDB ID: 5x3z), two of the key residues involved in the uracil recognition are E180 and
K182, interacting with amine and carbonyl groups of the nucleotide base, respectively. Based on our
scores (Figure 1, panel B and C), the most suitable mutations to switch the binding specificity towards
a cytosine in that position are E180N and K182M. These mutations are supposed to have an impact on
the charges in those positions, while keeping a similar overall bulkiness, to not disrupt the structure of
the RRM domain. Moreover, these residues are already present in these positions for other RRMs and

display a preference to bind a cytosine.

Experimental evaluation of Musashi mutant using NMR

We evaluated the effect of the two designed mutations for the Musashi-1 RRM ., protein on the
binding of different RNA strands, using solution NMR. First, to validate if the mutations decreased the
affinity of RRM-2 for the (G/A)U;3AGU motif, we titrated the protein with a single stranded RNA only
containing this consensus sequence (oligo-2). In previous studies (Article 3, section 4.2), in the presence
of oligo-2, the residues of wild-type MSI-1 RRM.,, experiencing the largest effects, were located in
both domains, since both RRMs were able to recognize this motif with similar affinities. However, only
a decrease in the intensity of the protein signals was observed, without the appearance of new cross-
peaks corresponding to the protein/RNA complex (Figure 2). Conversely, when titrating MSI-1 RRM;.
» DM with oligo-2, the signals of the free protein in the 2D '"H-""N TROSY spectrum decrease in
intensity, while new cross-peaks, corresponding to MSI-1 RRM., DM in complex with oligo-2, appear
and increase in intensity (Figure 2). More important, the signals of the free protein experiencing the
largest decreases in intensity, after the addition of RNA at the concentration of 25 uM to the protein
solution (1:0.25 protein/RNA molar ratio), correspond to residues located only (but two residues) on
RRM-1 (Figure 3, position B and C) (Asp14, Serl5, Lys21, Phe23, lle24, Gly25, Gly26, Leu27, Ser28,
Thr31, Glu38, Val46, Glu48, Leu50, Met52, Asp54, Thr57, Arg61, Gly62, Gly64, Phe65, Val66, Lys76,
Lys88, Thr89, 1190, Asp91, GIn185 and Lys187). Although two residues at the C-terminal region of
the RRM-2 domain still experience some effect, the double mutation on the protein seems to have largely

shifted the binding preference of oligo-2 towards RRM-1. However, some heterogenicity seems to still

160



Results

be present at a protein/RNA molar ratio of 1:1, as indicated by the broadening of the signals (Figure 2,
and Suppl. Figure 2, position B)

Next, we studied by solution NMR the effect of the two mutations on the interaction of Musashi-

1 with RNAs containing two binding sites: i) a linear single stranded RNA (oligo-3), and ii) a folded
RNA bearing the two binding motifs within the loop region of a hairpin folding (oligo-4).
Upon the addition of increasing concentrations of the oligo-3 to the solution of MSI-1 RRM;., DM, a
decrease in intensity of the signals of the free protein and the appearance of new cross-peaks were
observed, as previously obtained for the wild-type protein (Figure 2 and Suppl. Figure 3). The signals
of the free protein experiencing the largest decreases in intensity after the addition of RNA at the
concentration of 25 uM to the protein solution (1:0.25 protein/RNA molar ratio) correspond to residues
mainly located in the RRM-1 domain (Aspl4, Serl5, Met22, Gly25, Gly26, Thr31, Leu50, Ser60,
Arg61, Phe65, Val66, Phe68, Lys76, Leu85, Lys93, Ala95, Vall5s5, Alal84, GInl85 and Lys187)
(Figure 4, position A and B i and iii). More interestingly, in the presence of RNA in a 1:1 molar ratio
with respect to the protein, the linewidth of the signals of the mutant is sharper than what observed for
the wild-type protein (Article 3, section 4.2). These data suggest the formation of a single species in
solution for the protein/RNA complex.

The interaction of MSI-1 RRM;., DM with oligo-4 was then performed. In this case, we saw a
different behavior with respect to what observed for the wild-type protein. Indeed, upon the addition of
increasing concentrations of the oligo-4 to the solution of MSI-1 RRM ., DM, the intensity of the signals
of the free protein in the 2D '"H-"’N TROSY spectrum decrease in intensity, while new cross-peaks,
corresponding to MSI-1 RRM., DM in complex with oligo-4, appear and increase in intensity (Figure
2, position and Suppl. Figure 4). As observed for oligo-3, the signals of the free protein experiencing
the largest decreases in intensity after the addition of RNA at the concentration of 25 pM to the protein
solution (1:0.25 protein/RNA molar ratio) correspond to residues mainly located in the RRM-1 (Asp14,
Ser15, Met22, Gly25, Gly26, Thr31, Leu50, Ser60, Arg61, Phe65, Val66, Phe68, Lys76, Leu85, Lys93,
Ala95, Vall5s5, Alal84, GInl85 and Lys187) (Figure 5, position A and B i and iii). Therefore, lower
heterogeneity is observed for the double mutant protein in the interaction with oligo-4 with respect to
the wild-type. However, more than one species seems to still be present in solution, as indicated by the

broadening of the signals (Figure 2 and Suppl. Figure 4).

Experimental evaluation of the RNA mutants using NMR.

Next, the effect of the RNA mutants on the wild-type and DM tandem domain protein was
evaluated using solution NMR. The interaction of oligo-3.2 with the wild-type protein was first
investigated. During the NMR titration, upon the addition of increasing concentrations of oligo-3.2 to

MSI-1 RRM.» WT protein, a decrease in the intensity of the cross-peaks of the free protein is observed,
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while new cross-peaks, corresponding to the wild-type tandem domain protein in complex with oligo-
3.2, appear and increase in intensity (Figure 2 and Suppl. Figure 3 position B). Therefore, also the
interaction of the wild-type tandem domain protein with oligo-3.2 is in the slow exchange regime on the
NMR timescale, as observed with oligo-3 (Article 3, section 4.2). The signals of the free proteins
experiencing the largest decreases in intensity after the addition of oligo-3.2 at the concentration of 25
uM to the protein’s solution (1:0.25 protein/RNA molar ratio) correspond to residues located in the B-
platform, as well as in loop-1 (Bi-a,) and loop-3 (B2-f3) of both RRMs (Figure 4, position A and B i and
ii. (Asp4, Ile24, Gly25, Gly26, Gly64, Val94, Argl07, Vall13, Glyl14, Val118, Met139, Glul80 and
Vall89). However, in the presence of RNA in 1:1 molar ratio with respect to the protein, the signals of
the protein in the 2D 'H-""N TROSY spectrum appear split, suggesting the presence of multiple species
in solution. This effect is more pronounced than what observed for the unmodified oligo-3 (4rticle 3,
section 4.2) and the presence of a RRM domain, not involved in an interaction with RNA, cannot be
excluded. As expected, the mutation on the RNA, weakens the interaction of the oligo with the wild-
type MSI-1 RRM ., protein. Interestingly, the residues experiencing the largest effect are spread on both
domains and not only on RRM-1, as it happens instead in the interaction of the doble mutant with oligo-

3.

The effect of oligo-4.2 mutant on the wild-type MSI-1 RRM ., protein was then investigated.
Upon the addition of the RNA to the protein solution, the signals of the free protein in the 2D 'H-""N
TROSY decrease in intensity, while new cross-peaks, corresponding to MSI-1 RRM;.» WT in complex
with oligo-4.2, appear and increase in intensity, unlike what was observed in the presence to oligo-4
(Figure 2, position and Supp. Figure 4 position B). The signals of the free protein experiencing the
largest decreases in intensity after the addition of oligo-4.2 at the concentration of 25 uM to the protein’s
solution (1:0.25 protein/RNA molar ratio) correspond to residues located in the B-platform as well as in
in loop-1 (Bi-a1) and loop-3 (B2-B3) of both RRMs (Figure 5, position A and B i and ii) (Serl5, Met22,
Ile24, Gly25, Gly26, Met52, Gly64, Ala95, Met104, Argl07, Thr108, Vall13, Gly114, Gly115, Leul 16,
Ser117, Met139, Leul40, Phel42, Asp143, Thr146, Argl50, Gly153, Vall55, Ser159, Glul64, Alal84,
GLn185 and Val189). However, after the addition of RNA in a 1:1 ratio with respect to the protein (~
100 uM, RNA) the signals of the new species do not increase further in intensity, and signals of the free
protein seems to be still present. Therefore, the mutations on the RNA construct have weakened the
interaction of the RRMs for the second binding site and hampered the formation of possible species
involving more than one MSI-1 protein. However, heterogeneity is still present in solution with different
combinations of binding between the protein and the RNA: e.g. complexes with RRM-1 or RRM-2
bound to the G/AU;3AGU binding site.

The interaction of the double mutant tandem domain of Musashi with the mutant RNAs, oligo-

3.2 and oligo-4.2, was evaluated with solution NMR. During both titration of MSI-1 RRM;., DM with
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oligo-3.2 and oligo-4.2, the cross-peaks of the free protein decrease in intensity while new cross-peaks,
corresponding to the protein in complex with the RNA, appear and increase in intensity (Figure 2). The
signals of the free proteins experiencing the largest decreases in intensity after the addition of oligo-3.2
and oligo-4.2 at the concentration of 25 uM to the proteins solution (1:0.25 protein/RNA molar ratio)
correspond to residues located on both RRMs (for MSI-1 RRM;., DM with oligo-3.2: Aspl8, Met22,
Ile24, Gly26, Cys49, Val66, Val94, Ala95, Argl07,1lel11, Gly114, Gly115, Phel132, Met139, Asp143,
Thr146 and Asnl147, Figure 4 panel A and B iv; for MSI-1 RRM., DM with oligo-4.2: Ser15, Lys21,
Met22, 1le24, Gly25, Gly26, Leu50, Met52, Arg6l, Gly64, Phe68, Asp91, Lys93, Val94, Ala9s,
Lys103, Argl07, Valll3, Metl41, Vall55, Alal84, GInl85, Lys187, Vall89 and Met190, Figure 5
panel A and B iv). In the presence of oligo3.2 in 1:1 ratio with respect to the protein, a homogenous
species is still visible in solution, as observed for the mutated protein with oligo-3. While, in the presence
of oligo4.2 in 1:1 ratio with respect to the protein, the signals of the protein are split. In this case, the
mutation on the RNA, also when combined with mutations on the protein, does not prevent the formation
of different complexes were either one or the other RRM can interact with the (G/A)U13AGU motif.
In conclusion, solution NMR has been here used to assess the quality of the predictions provided
by the computational tool RRMscorer by testing the designed mutants of Musashi-1 protein and of two
interacting RNA strands. In the presence of oligo-2, the RRM-2 domain within the mutated MSI-1
RRM ., DM exhibits a weaker interaction with the (G/A)U;.3AGU motif, thus, reducing the competition
with RRM-1 for the recognition of this site. This finding is corroborated by the experiments carried out
with the same mutant of MSI-1 in the presence of oligo-3 where the two binding sites ((G/A)U.:AGU
and UAG motives) are both present in the construct. Indeed, the titration of MSI-1 RRMi., DM with
oligo-3 shows the presence of a single MSI-1-RNA complex with RRM-1 mostly involved in the
interaction These results suggest RRM-1 acting as a “guiding domain” of the RNA recognition since
the mutated RRM-2 has a lower affinity for both the UAG motives, as predicted by the program. This
behavior is different from what observed when the wild-type MSI-1 was titrated with oligo-3. In that
case the competition between RRM-1 and RRM-2 for the two UAG sites leads to the formation two or
more species. A similar behavior is also observed when the MSI-1 RRM ., DM protein is titrated with
the folded oligo-4. The decreased affinity of RRM-2 for the UAG motif results in a reduction of
heterogeneity in solution, although two or more species are still observed. It should be noticed that, also
in this case the NMR data show weak effects on RRM-2 domain. More important, the CAG mutation
on the two RNA strands restores the affinity of the mutated RRM-2 domain for the two oligos leading
to a higher selectivity in protein-RNA recognition with respect to what observed when the wild-type
MSI-1 was titrated with non-mutated RNA strands. In particular a single species is obtained when a
stoichiometric amount of oligo-3.2 is added to MSI-1 RRM;., DM protein, Conversely, two predominant
species seem to be present in solution when oligo-4.2 is added to MSI-1 RRM;., DM protein. This
behavior is sizably different from that of the wild-type MSI-1 in the presence of unmutated oligo-4
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where a larger heterogeneity was observed. These results agree with a more selective interaction of the
MSI-1 RRM;., DM with oligo-4.2 where RRM-1 binds preferentially the UAG and RRM-2 the CAG
motif. Summarizing, these results prove the reliability and the quality of the prediction provided by
RRMscorer and, more important, that the MSI-1 and its RNA partners are promising candidates to

develop new tools for biological studies, and possible biotherapeutics

The collection of kinetics experimental data is in progress to provide a better picture about these multi-

player interactions.
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Figure Captions:

Figure 1. Scoring values from RRMScorer calculations. A) Top-scoring RNAs for the isolated domains.
B) Top scores and mutations proposed based on the protein. C) On the left, residues scoring values for
the CAG motif in positions E180 and K182 of RRM-2. On the right, structural view of the second RNA
Recognition Motif binding with GUAGU motif.

Figure 2. Portions of the 2D 'H-'"N TROSY spectra, recorded on the MSI-1 RRM;., wild-type and
double mutant (E180N, K182M). In black are the spectra of the free proteins, in blue the spectra of the
proteins in the presence of sub-stoichiometric concentrations of RNA, and in red the spectra of the

proteins in the presence the oligos in a protein/RNA ratio of 1:1.

Figure 3. Comparison of interaction between MSI-1 RRM ., WT and MSI-1 RRM;., DM proteins with
oligo-2. A) Mapping of the residues experiencing a larger effect in the Wild-type tandem domain protein
on the structure (AF-O43347-F1) upon the binding. Highlighted in blue the residues experiencing a
larger Intensity decrease at a protein/RNA molar ratio of 1:0.25. B) Mapping of the residues
experiencing a larger effect in the DM tandem domain protein on the structure (AF-O43347-F1) upon
the binding. Highlighted in blue the residues experiencing a larger Intensity decrease at a protein/RNA
molar ratio of 1:0.25. C) Graphic highlighting in blue on the WT and DM tandem domains the residues
most affected by an intensity decrease effect during the interaction with oligo-2 at a molar ratio of

protein/RNA of 1:0.25.

Figure 4. Comparison of interaction between MSI-1 RRM . WT and MSI-1 RRM;., DM proteins with
oligo-3 and 3.2. A) Mapping of the residues experiencing a larger effect in the Wild-type and DM
tandem domain protein on the structure (AF-O43347-F1) upon the binding with oligo-3 and oligo-3.2.
Highlighted in blue the residues experiencing a larger Intensity decrease at a protein/RNA molar ratio
of 1:0.25. C) Graphic highlighting in blue on the WT and DM tandem domains the residues most
affected by an intensity decrease effect during the interaction with oligo-3 and oligo-3.2 at a molar ratio

of protein/RNA of 1:0.25.

Figure 5. Comparison of interaction between MSI-1 RRM ;. WT and MSI-1 RRM., DM proteins with
oligo-4 and 4.2. A) Mapping of the residues experiencing a larger effect in the Wild-type and DM
tandem domain protein on the structure (AF-O43347-F1) upon the binding with oligo-4 and oligo-4.2.
Highlighted in blue the residues experiencing a larger Intensity decrease at a protein/RNA molar ratio

of 1:0.25. C) Graphic highlighting in blue on the WT and DM tandem domains the residues most
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affected by an intensity decrease effect during the interaction with oligo-4 and oligo-4.2 at a molar ratio

of protein/RNA of 1:0.25.
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MSI-1 RRM1  MSI-1 RRM2 Oligo-4

dn/dc (ml/g) 0.185 0.185 0.180
UV extinction coefficient (ml/(mg-cm)) 1.045 0.586 6.200
Theoretical MW 13.491 12.133 7.287
Table 1.
Competitivity for
UAG

A B
Based on the RNA Based on the Protein

Increase the RRM2 score against CAG motif
&
Diminish the RRM2 score against UAG motif

++ RRM2
& &

RO i | e | score]
RRM | Score RRM2
RRM-1
CCAGG i [-051 -3

-0.57

5
REEEE

RRM2 score

. o A WT -0.56 -0.57
i T e EISON  -0.63 -0.54
CUAGG:-0.56 2 -0.58 38
080 K182M -0.62 -0.54
e o0 03 0% 45 04 o3 oM w5 0 E180N+K182M -0.69 -0.51
Aot score s
A G C u No_contact
C R 0.16
K
D
g€
§¢
g N
£s
Zm
A
G
RNA nucleotide
A G C u No_contact
R{03 Gt mEmseN 404 033
K 0,98 9 0.0
D K ) . 0.6 -0.56
E 0.07
§ 2 0.04
SN
Esh
it
sy
L
! it
v
' RNA nucleotide
Figure 1.

167



Article 4

Wild-type E180N + K182m  Wild-type E180N + K182M
with mutated RNA  with mutated RNA
’E“115.0— 115.0
o
Oligo-2 =
190 F 116.0
8.4 813
8y (ppm)
115.0 115.04 115.0 1
Oligo-3
116.0 116.0 116.04
8.4 8.3 8.4 8.4 813
3., (ppm) 8. (Ppm)
115.0 115.0 115.0
Oligo-4
116.0 4 116.0 116.0 - I
8.4 813 8.4 .3 8.4
S (ppm) S (PPM)
Figure 2.
A Musashi-1 WT : Oligo-2 B Musashi-1 DM : Oligo-2
7'%*/;?
A “J
o} A )A/ ]
f :\ley
B2
c RRM1 RRM2
S N - T P

MSI-1 RRM1-2 WT : Oligo-2

80 100 120
Residue number

MSI-1 RRM1-2 DM : Oligo-2

Figure 3.

168

80 100 120
Residue number

160 180 200

RRM1 RRM2

a1 D _ 200

Oligo#2 (linear ligand, only RRM1 binding motif)
5-UUGUUAGUUACCCCUU-3"

RRM1 RRM2
1 200

/N
EISON Ki82M

Oligo#2 (linear ligand, only RRM1 binding motif)
5-UUGUUAGUUACCCCUU-3"



Results

A

Mus

Musashi-1 DM

10
ili) =os

0,0

ashi-1WT

Oligo-3

. # /{
~ ‘
( e
RRM1
B dind b B B ke

MSI-1 RRM1-2 WT : Oligo-3

20 40 60

MSI-1 RRM1-2 WT : Oligo-3.2

80 100 120
Residue number

20 40 60

MSI-1 RRM1-2 DM : Oligo-3

80 100 120
Residue number

MSI-1 RRM1-2 DM : Oligo-3.2

80 100 120
Residue number

1,0

iv) Sos

0,0

Figure 4.

80 100 120
Residue number

. ~ (¢
iv) ey §
@l
\J .3, N
~ il
5
o
{
RRM1 RRM2

1 200
=—

Oligo # 3 (linear, both binding sites)
5-UUGUUAGUUAUUAGUU-3'

RRM1 RRM2
1 D - 200

Oligo# 3.2 (linear, both binding sites)
5-UUGAUAGUUAGCAGGU-3'

RRM1 RRM2
—F=—. =
/N

E180N K182M

Oligo # 3 (linear, both binding sites)
5-UUGUUAGUUAUUAGUU-3'

RRM1 RRM2
—=— =
P

VD
E180N K182M

Oligo# 3.2 (linear, both binding sites)
5-UUGAUAGUUAGCAGGU-3’

169



Article 4
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4.3.2 Supplementary Information

Deciphering the RNA recognition by Musashi-1 to develop new
artificial biomolecules for in vitro and in vivo applications
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Figure S1. RRMScorer values of 5 nucleotide mutations scored against RRM-1 (x-axes) and RRM-2
(y-axes) of MSI-1 protein. Scores are computed for each residue-nucleotide interacting position
individually and the final score is normalized from O to 1. Low values indicate that the RRM-RNA
complex does not show very favourable contacts while higher values indicate that the contacts are very

often observed in the training data set of the multiple sequence alignment.

Figure S2. One-dimensional NMR analysis comparison of MSI-1 RRM1-2 WT and MSI-1 RRM;., DM
proteins interaction with oligo-2. A) One-dimensional NMR titration steps of MSI-1 RRM1-2 WT
interaction with oligo-2. B) One-dimensional NMR titration steps of MSI-1 RRM1-2 DM interaction
with oligo-2.

Figure S3. One-dimensional NMR analysis comparison of MSI-1 RRM1-2 WT and MSI-1 RRM;., DM
proteins interaction with oligo-3 and oligo-3.2. A) One-dimensional NMR titration steps of MSI-1
RRM1-2 WT interaction with oligo-3. B) One-dimensional NMR titration steps of MSI-1 RRM1-2 WT
interaction with oligo-3.2. C) One-dimensional NMR titration steps of MSI-1 RRM1-2 DM interaction
with oligo-3. D) One-dimensional NMR titration steps of MSI-1 RRM1-2 DM interaction with oligo-
3.2.

Figure S4. One-dimensional NMR analysis comparison of MSI-1 RRM1-2 WT and MSI-1 RRM;., DM
proteins interaction with oligo-4 and oligo-4.2. A) One-dimensional NMR titration steps of MSI-1
RRMI1-2 WT interaction with oligo-4. B) One-dimensional NMR titration steps of MSI-1 RRM1-2 WT
interaction with oligo-4.2. C) One-dimensional NMR titration steps of MSI-1 RRM1-2 DM interaction
with oligo-4. D) One-dimensional NMR titration steps of MSI-1 RRM1-2 DM interaction with oligo-
4.2.
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Abstract

Musashi-1 is an RNA Binding Protein (RBP) which modulates key cellular functions by interacting
with mRNA and affecting its translation. The interaction with RNA is complex as it has two RNA binding sites
(RRM-1 and RRM-2) and its RNA binding, in turn, can be modulated by allosteric binders.

RNA Binding Proteins (RBP) act as modulators in key cellular functions by binding RNA and affecting
its translation. Therefore, different techniques have been developed to study these interactions both in vitro and

in vivo.

Here we present a new application to study RNA-protein interactions in living bacteria over time.
Bacteria were transformed with a reporter system based on two plasmids; one encoding Musashi-1 and the other
one an RNA sequence close to the promoter of a green fluorescent protein (GFP) sequence so that GFP
expression is downregulated upon the binding. GFP expression is monitored for a bacteria cultured on a solid
agar support using LigandTracer Green, an instrument designed for long time (> 24 h) monitoring of
fluorescence in or on living cells in with high temporal resolution. We describe the method, its reliability, and

results obtained from Musashi-1 binding to various RNA sequences and allosteric inhibitors.

In particular, my contribution to this project has been the experimental optimization of the system and

performance of all replicates in collaboration with our colleagues in Sweden.
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Introduction

RNA-binding proteins (RBP) mediate key interactions that modulate a variety of cellular processes such
as cell differentiation', proliferation?, and inflammation® by modifying different aspects of the ribonucleic acid
(RNA) lifecycle®. It is therefore no surprise that RBPs are involved in several pathologies such as neurological
diseases’, cancer®, autoimmune’, and metabolic disorders®. Their biological relevance has fostered research to
discover and characterize these interactions both in vitro and in vivo® opening a broad horizon of applications,

ranging from drug discovery'’ to synthetic biology''.

Several methods are used to study RNA-protein interactions'?. When expression of the protein is
possible, in vitro techniques have been usually chosen to study binding kinetics, such as electrophoretic mobility
shift assay (EMSA)", fluorescence anisotropy'®, and surface plasmon resonance (SPR)"°. For a long time, these
techniques have been the only way to extract kinetic information from RNA-protein interactions but a newly
developed tool, kinetic crosslinking and immunoprecipitation (Kin-CLIP), nowadays offers the possibility of
extracting association and dissociation rates and, thereby, affinity values for interactions in living cells'®. Live
cell interaction analysis has the advantage of studying interactions in a biological relevant environment but it
also increases the complexity of the system, both for the experimental settings and the analysis. Before the
appearance of this new method, the most widely used in vivo assays for RNA-protein interaction
characterization were CLIP (crosslinking and immunoprecipitation) assays in which present RNA-protein
complexes are crosslinked by UV light followed by immunoprecipitation and detection of the specific proteins
using antibodies. Different modifications of the original CLIP protocol'?, like eCLIP'", iCLIP'®, HITCLIP"
have been developed. Another method described to characterize in vivo RNA-protein binding and extract
affinity information is the use of reporter gene assays®’. Reporter gene assays are based on the detection of a
fluorescence readout (or several readouts) associated with the expression of a certain gene or promoter®' and
are widely used to study regulatory systems, especially in bacteria. Reporter gene assays are often conducted
with bacteria in suspension but development towards reporter gene assays on solid supports has gained attention

due to the strongly increased cell viability*® and lack of expression of major stress response genes>*

thereby
providing a superior platform for drug screening®. Therefore, a method is required that monitors the expression

of fluorescent proteins in sessile bacteria rather than planktonic cells®.

LigandTracer (LT) technology has been widely used for real-time cell binding assays (RT-CBA) and is
typically used to measure the binding kinetics and calculate the affinity of proteins for receptors on living cells
that are adhered or tethered to a surface of a Petri dish. These measurements can be performed in environment-
controlled cabinets like heat chambers or incubators and enable online monitoring of reporter gene expression
with high temporal resolution. In contrast with previously mentioned in vivo techniques to study RNA-protein
interactions, LT offers the possibility to monitor fluorescence in bacteria on solid support rather than in
suspension 2. In this study, however, bacteria were captured on a Petri dish under conditions designed to

minimize cell growth. This approach is not suitable for monitoring reporter gene assays as an environment that
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allows bacteria to grow and express proteins is required. For this reason, an assay where bacteria are cultured
on agar coated plates was developed so that the repression of Green Fluorescence Protein (GFP), as reported of

the interaction between the protein and RNA target sequences, can be studied in biofilms.

The RBP studied with this new method was Musashi-1 binding to several RNA strands. These RNA
strands were selected based on previous binding studies®. Musashi-1 is an RBP, part of the RNA recognition
motif (RRM) family, which is characterized because it harbours two RNA binding sites (RRM-1 and RRM-
2)*°, which display a typical of sandwich structure with a Bappap distribution®'. This protein also has a binding
site for fatty acids (FA) (showing a higher affinity for mono-unsaturated FA)*%. It plays a biological role as a
regulator of stem cell differentiation in neural cells* and in pathological states has been associated with several

34-36

diseases ranging from cancer to Alzheimer®’.

Material and Methods

Bacteria

Two strands of Gram-negative bacteria Escherichia coli were used: BL21 for the LigandTracer reporter
assays and DH5a for plasmid amplification. Bacteria came from a frozen stock and for both plasmid
amplification and the assays they were previously inoculated in Luria-Broth (LB) medium (2 mL) and incubated

overnight at 37°C, 220 rpm (InforsHT Minitron).

RNA strands
RNA oligonucleotides sequences in plasmid pREP6 with single-point mutations (highlighted in red):
WT: 5-GGCAGCGTTAGTTATTTAGTTCGTATGCC-3’;
Mutant-1: 5-GGCAGCGTTCGTTATTTTAGTTCGTATGCC-3’;
Mutant-2: 5’-GGCAGCGTTACTTATTTAGTTCGTATGCC-3’;
Mutant-3: 5’-GGCAGCGTTAGCTATTTAGTTCGTATGCC-3’;
Mutant-5: 5’-GGCAGCGTTAGTTATGTTAGTTCGTATGCC-3’ and
Mutant-6: 5’-GGCAGCGTTACTTATTTTACTTCGTATGCC-3’) wused for LigandTracer

experiments were provided by CSIC, Valencia.

Plasmids and plasmid amplification

Two RBP systems were tested with our method; one based on bacteriophage MS2 coat protein and a
second based on Musashi-1 protein. Each system is composed of two plasmids: p15SA and pSC101, that are
jointly transformed to E. coli cells. p15A Contains a constitutive promotor with 3 different elements: an RNA
binding motif close to sSfGFP sequence, an sfGFP-encoding sequence, and an RFP-encoding sequence. pSC101

contains an inducible plasmid, pLac (inducible by lactose or analogues such as Isopropyl [-d-1-
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thiogalactopyranoside, IPTG, in this case), encoding a Musashi-1 sequence comprising both RNA-recognition

motifs (RRMs) (1-196 residues).

Preparation of chemo-competent cells

A single colony of E. coli BL21 strain was incubated in 5 mL LB-Miller medium at 37°C with shaking
(220 rpm; InforsHT Minitron) for 24 h. Prewarmed LB-Miller medium (30 mL) was inoculated with 1% (v/v)
of the overnight culture and grown for 3 hours to an ODgp =0.5. Cells were harvested by centrifugation
(4 000 x g,4°C, 15 min; Heraeus Megafuge 8R). In the following, all solutions were precooled in ice. The pellet
was resuspended in 9 mL TfB1 buffer and 3.2 mL 1 mol dm™ MgCl, was added. It was incubated on ice for
15 min. After centrifugation, the pellet was resuspended in 1.2 mL TfB2 and incubated on ice for 15 min. After
incubation, cells were divided in 50 puL aliquots that are snap-freezing in liquid nitrogen and then storage at -

80°C.

Transformation

E. coli BL21 transformation was done using a heat-shock protocol. 50 pL of competent cells were
incubated with 1 uL. of each DNA plasmid (in Eppendorf tubes) for 30 min on ice. Heat-shock was performed
by a 45 s incubation at 42 °C followed by 2 min incubation on ice followed by adding 1 mL of pre-warmed SOC
medium and a 1 h incubation at 37 °C. Bacteria were seeded in an agar plate supplemented with appropriate

antibiotics.

Dish coating

Untreated MultiDish 2x2 (1-04-202, Ridgeview Instruments AB) was coated with LB agar (see Figure
1). MultiDishes (MD) were chosen as a support because it has four independent sections that enables monitoring
and comparing four different experimental conditions per assay. Agar was coated by applying 4 mL LB agar in
each of the four sections and letting it solidify at RT for 1 h. Different techniques were used for seeding: uniform
seeding of the whole section with 20 pL of bacteria suspension in LB medium (OD600= 0.5); and drop seeding

of just the detection area followed by incubation at RT until the drop was completely absorbed by the agar.

LigandTracer

After seeding the bacteria, the MultiDishes were placed on the rotating support in LigandTracer Green
(1-04-002, Ridgeview Instruments AB). To detect fluorescence from GFP, the LigandTracer was equipped with
a BlueGreen (488-535 nm) detector. The LigandTracer assay was set to detect fluorescence coming from the

four different detection spots on each section of a MultiDish every 15 seconds.
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Data evaluation
Gompertz model, a mathematical model used to fit sigmoidal curves, was use to fit the obtained curves.
The used equation allowed us to obtain three different parameters: the reduction in the fluorescence signal (4);

the growth-rate coefficient (k) and the time of inflection (7)**.

_e—k-T)

Signal (t) =Ae

Results and Discussion

eGFP fluorescence signal measured in real-time in live bacteria.

E. coli BL21 cells were transformed with two different plasmids (see Figure 2). p15, inducible by IPTG,
expresses Musashi-1 protein in presence of lactose analogues and a second one, pSC101, that contains an RNA
binding motif close to the GFP promoter, constitutively expresses the RNA sequence. This reporter gene circuit
was engineered to inhibit GFP expression upon MSI-1 binding by blocking RNA polymerase binding to the
promoter. In absence of IPTG (Figure 2A), no expression of Musashi-1 is observed while high expression of
GFP in cells is detected and its signal is monitored with LigandTracer. When IPTG is present in the medium
(Figure 2B), Musashi-1 is expressed and binding to the RNA motif results in a reduced GFP signal compared

to the situation where Musashi-1 expression is repressed.

Monitorization of the fluorescence signal over time up to 20-24 hours is recorded by LigandTracer and
generates baseline-corrected fluorescence intensity curves as function of time for each of the four sections of
the MultiDish. The typical signal output follows a sigmoidal pattern, which is characterized by a lag-phase of

4 to 5 hours followed by an exponential phase that ends in a plateau after roughly 20 h, as shown in Figure 3A.

Six different RNA strands were tested to monitor the effect of the MSI-1: RNA interaction on the
fluorescence signal. The WT oligonucleotide sequence designed is an RNA fragment from the numb mRNA?’
that contains both the binding motifs (the (G/A)U;3AGU motif for RRM-1°° and the UAG motif for RRM-2).
Single point mutations at different positions were performed in the WT sequence (Mut-1, Mut-2, Mut-3, Mut-

5 and Mut-6) to evaluate the implication that specific nucleic bases had on the binding.

MSI-1 binding to RNA has been proven to be fast, which allows us to assume that the binding process
is mainly driven by the affinity and not by the binding kinetics. Due to this assumption, we concluded that the
signal reduction is directly related to the fraction of MSI-1-RNA complexes, which at the same time is in

function of the binding affinity and the MSI-1 and RNA concentrations.

The sigmoidal fluorescence curves were fitted using the Gompertz model (Figure 3B). The obtained

results, that corresponds to MSI-1 RRM;.> (1-200) binding to its RNA (Wild Type) sequence, showed an almost

186



Results

80% reduction in fluorescence when the protein is expressed, in comparison which cells that were not treated
with IPTG. This change was observed over all different replicates with a high consistency and allowed us to
validate the LigandTracer platform as a device able to monitor gene reporter systems, and specifically, to

qualitatively detect RN A-protein binding in living bacteria over time.

Regarding the mutants, the major effect has been detected in mutants 2,3 and 6 (Figure 4B). These constructs
presented mutations on the second (Mut-2) and third (Mut-3) nucleotides of the three-nucleotides binding motif

for RRM-1, while mutant 6 presented mutations both in the binding motif for RRM-1 and RRM- 2.

Conclusion
RNA-protein characterization in living cells by using gene reporter assays it is usually performed in
suspension cells. In this study we were able to establish a methodology to measure fluorescence changes of

bacteria in agar during long periods, showing its utility in the characterization of interactions in living cells.

Compared with usual protocols for suspension cells, the sample throughput, the impossibility to use
liquid handling, and the limit of measuring several fluorescence readouts or absorbance at the same time are
some of the most important limitations of our method. However, this method offers the possibility of tracking

cell behaviour in the long run and in a relevant physiologic environment.

In conclusion, it is possible to use LigandTracer to track and characterize reporter gene assays over

time, as it has been shown in the characterization of Musashi-1 binding to RNA.

Experiments with an allosteric inhibitor (oleic acid) of MSI-1 are currently being performed to evaluate

the regulation of protein-RNA binding using this reporter system in LigandTracer technology.
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Figure Captions:

Figure 1. Modification of the LigandTracer set-up. MultiDishes (MD) 2x2 (1-04-202, Ridgeview Instruments
AB) coated with agar and used to test four different experimental conditions and Blue Green detector on a

Ligand Tracer instrument were used for the fluorescence detection.

Figure 2. Reporter gene system of Musashi-1 protein. Representation of the system in absence A) or in presence
B) of IPTG in the medium.

Figure 3. A) In black, fluorescence signal over time corresponding to bacteria where MSI-1 expression has not
been induced. In red, fluorescence signal over time corresponding to bacteria where MSi-1 expression has been
induced. B) In blue, Gompertz fitting corresponding to bacteria where MSI-1 expression has not been induced,
the experimental data is in black. In green, Gompertz fitting corresponding to bacteria where MSI-1 expression

has been induced, the experimental data is in red.

Figure 4. A) RNA sequences studied. B) Graphic representation of the fluorescent reduction signal observed

for each of the studied RNA.
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Figure 3.
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Figure 4.
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New frontiers in medicine and new biotechnological opportunities are rising from the
continuous development of new biocompatible materials. Biocompatible hydrogels like those formed
by hyaluronic acid or mixtures of alginate and gelatine are used to load proteins as drugs or modulators
of the biological activity. However, while loading and once the protein is introduced in the matrix, it
needs to maintain its native structure, thus preserve its higher order structure (HOS) in order to be able
to perform its therapeutic function.

Several biophysical technics are used to characterize the protein in these matrixes. However, these

techniques normally are not sensitive to local changes in the protein fold.

In line with this, we aim to exploit the use of soldi-state NMR and demonstrate its applicability
for studies of the conservation of protein’s HOS when embedded in hyaluronic acid or alginate-gelatine
hydrogels. To accomplish this goal, two well-known proteins used in therapeutics (TTR and ANSII) are
chosen to investigate how the matrices used for 3D bioprinting interplay with embedded proteins have

been used as models and demonstrate this potential application for solid-state NMR.

In this project, my contribution has been the expression and characterization of both U-">C-"N

asparaginase II and U-"*C-"°N Transthyretin and the preparation of hydrogel matrices.
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ABSTRACT: Biocompatible hydrogels for tissue regeneration/replace-
ment and drug release with specific architectures can be obtained by three-
dimensional bioprinting techniques. The preservation of the higher order
structure of the proteins embedded in the hydrogels as drugs or modulators
is critical for their biological activity. Solution nuclear magnetic resonance
(NMR) experiments are currently used to investigate the higher order
structure of biotherapeutics in comparability, similarity, and stability
studies. However, the size of pores in the gel, protein—matrix interactions,
and the size of the embedded proteins often prevent the use of this
methodology. The recent advancements of solid-state NMR allow for the
comparison of the higher order structure of the matrix-embedded and free
isotopically enriched proteins, allowing for the evaluation of the
functionality of the material in several steps of hydrogel development.
Moreover, the structural information at atomic detail on the matrix—
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protein interactions paves the way for a structure-based design of these biomaterials.

Bl INTRODUCTION

The continuous development of new biocompatible materials
is opening new frontiers in medicine and new biotechnological
opportunities. Several biomaterials are currently used to
replace/support non-functional tissues like those damaged or
destroyed by injuries or diseases and in controlled drug release.
Materials for tissue regeneration are designed to provide
mechanical support to the surrounding tissue, to stimulate cell
growth, and to modulate the immune response promoting an
extensive cell colonization and matrix reabsorption."”
Composite scaffolds with a highly resolved architecture,
incorporating proteins and seeding cells, can be obtained by
three-dimensional (3D) bioprinting techniques starting from
biocompatible hydrogels like those formed by hyaluronic
acid®”’ or mixtures of alginate and gelatine.”*™"> In this
context, there is an increasing interest in loading proteins on
hydrogels as drugs or modulators of the biological
activity."*~>* The biological function of a protein is strictly
related to its native folding, and the preservation of the higher
order structure (HOS) in the composite biomaterial is crucial
for its therapeutic function. Actually, the interaction of the
protein with the matrix components can alter the protein
structure leading to a loss of activity and immunological effects.

Several biophysical methodologies, such as attenuated total
reflectance Fourier-transformed infrared and fluorescence
spectroscopy, circular dichroism, and differential scanning
calorimetry, are usually used to characterize the protein

© XXXX The Authors. Published by
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component in heterogeneous materials.”*™>* However, these
analytical methods measure different aspects of the structure,
either directly or indirectly, and are often not sensitive enough
to small, local changes in the protein fold. Nuclear magnetic
resonance (NMR) and mass spectrometry are well-established
techniques to investigate the preservation of the HOS of
biologics in solution.””>° Solution NMR has been used
previously on small proteins and peptides embedded in
hydrogels to investigate the folding state in a confined
environment* and for the structural characterization through
residual dipolar couplings, since hydrogels behave as
anisotropic external alignment media.*'~* However, when
the size of the pores in the gels is too small or strong
interactions between the gel matrix and the cargo protein take
place, the rotational correlation time of the protein in solution
increases and makes solution NMR ineffective in the analysis
of the protein structure at the atomic level.

Recently, solid-state NMR has emerged as a tool to
characterize the protein component and to reveal protein—
matrix interactions in heterogeneous materials. In this respect,
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the use of solid-state NMR has been described to characterize
noncrystalline large protein assemblies,**>° biomaterials,”"**
bioinspired silica matrix embedding enzymes,**** conjugated
proteins,”” ™% protein-grafted nanoparticles,®> and vac-
cines.** "% Here, we prove that solid-state NMR provides
detailed information on the preservation of the HOS of
proteins embedded into two popular matrices used for 3D
bioprinting.

The therapeutic protein E. coli asparaginase-II (ANSII),
clinically used against acute lymphoblastic leukemia, has
recently shown its activity also against solid tumor when
administered in long half-life formulations that reduce
immunological adverse reactions.®’

Human transthyretin (TTR) is a physiological protein acting
as a hormone carrier.**®” Although some genetic variants of
TTR lead to a systemic amyloidosis called familial amyloid
polyneuropathy,”® TTR is a potential drug carrier and has been
recently proposed as a multivalency Fab platform for target
clustering.”!

Therefore, these two proteins are suitable models to
investigate how the matrices used for 3D bioprinting interplay
with embedded proteins and are used here to prove the
potential of solid-state NMR (SSNMR) in the characterization
of the protein components during the design of these
composite hydrogels.

B EXPERIMENTAL SECTION

Sample Preparation and NMR Measurements.
[U-3C-'>N] ANSII was expressed and purified as previously
described.””'~®* The expression and purification protocol of
[U-*C-N] TTR is reported in the Supporting Information.
All the hydrogels embedding the selected proteins (ANSII and
TTR) were directly generated in Bruker 3.2 mm thin-walls
zirconia rotors with bottom and top caps, starting from the
dried materials prepared by using the different procedures
described below.

The sample of [U-*C-'*N] ANSII encapsulated in the
alginate/gelatine hydrogel was prepared by incorporating the
freeze-dried protein (4 mg) into a mixture of 1:1 alginate/
gelatine powders (S mg) and then by rehydrating the dried
mixture within the rotor.”” A different procedure was used to
prepare the sample of [U-"*C-"*N] TTR encapsulated in the
alginate/gelatine hydrogel. The dry mixture containing TTR
was prepared by lyophilizing a solution containing all the
components (6 mg of protein and S mg of the 1:1 alginate/
gelatine mixture). In both cases, the dried material was packed
in the rotor and hydrated with MilliQ H,O to reach a final
concentration of ~5—7% w/w for alginate and gelatine. Finally,
a concentrated solution of CaCl, (to reach a concentration of
100 mM in the rotor) was added to cross-link the hydrogel
materials within the rotor.”>”*

A sample of [U-*C-'*N] TTR protein encapsulated in the
alginate/gelatine hydrogel was also analyzed by solution NMR.
The gel was prepared by dissolving a mixture of alginate and
gelatine (~7% w/w) in 600 uL of a solution of TTR (100 uM
in S0 mM MES, pH 6.5, 100 mM NaCl, S mM DTT). Then,
the material was transferred in a S mm tube and cross-linked
by adding a concentrated solution of CaCl, (to reach a
concentration of 100 mM) in the NMR tube. The 2D 'H-'*N
TROSY-HSQC spectrum recorded on the encapsulated
protein was superimposed with that of TTR collected in
solution (see Figure S1).
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The hyaluronic acid hydrogels encapsulating the selected
proteins ([U-*C-'*N] ANSII or TTR) were prepared by
packing the rotor with consecutive layers of the freeze-dried
protein (~4—6 mg) and freeze-dried hyaluronic acid (Jonexa,
7—9 mg), which had been previously dialyzed against MilliQ
H,O to remove the excess of salts. The material was finally
rehydrated with MilliQ H,O (from 10 to 20 uL). Sample
homogeneity was obtained after rotor spinning and supported
by the quality of the spectra that suggests the presence of a
protein experiencing a single environment.

Samples of freeze-dried proteins were prepared as reference.
The free proteins (~20 and 25 mg of ANSII and TTR,
respectively) were freeze-dried in the presence of PEG1000 (4
and 2.5 mg for ANSII and TTR, respectively); the materials
were packed into a Bruker 3.2 mm zirconia rotor and
rehydrated with MilliQ H,O (~9 and 16 uL for ANSII and
TTR, respectively). CaCl, was not present in the samples of
rehydrated freeze-dried proteins.

10511 7 - 105
ANSII s
o2 g .
1104 F .o 1104
£ 0t . £
2 8o o v? s S
~Z 120 4 ?'S.Ba g. g‘ 1% ~ 120
2] b o0¥ ‘{ih 0
b
L AL
130 4 ¢ Tietay . 130 4
14 [}
R A e
65 60 55 50 45 40 35
8. (ppm)
105 105
TTR Cc D
¢ s 5' 4
—~ 110 . T —~ 1104 .
€ 0.2 ¢ E 5
o . 3.8 2 o
X BRI Sl -
0 P 0 ol
- ®
o ° ° &
130 A 130 4 «®
T T T T T T T T T
65 60 55 50 45 40 35 180 170
3. (ppm) 8. (PPm)

Figure 1. (A, C) 2D N *C NCA and (B, D) NCO spectra of
ANSII-HA (red, top) and TTR-HA (red, bottom) superimposed with
NCA and NCO of the rehydrated freeze-dried reference proteins
(black). The spectra were acquired at ~290 K, MAS 14 kHz and 800
MHz.

Silicon plugs (courtesy of Bruker Biospin) placed below the
turbine cap were used to close the rotor and preserve
hydration.

SSNMR experiments were recorded on a Bruker Avance IIT
spectrometer operating at 800 MHz (18.8 T, 201.2 MHz Bc
Larmor frequency) equipped with a Bruker 3.2 mm Efree
NCH probe-head. The spectra were recorded at 14 kHz MAS
frequency, and the sample temperature was kept at ~290 K.
The sample of the alginate/gelatine hydrogel encapsulating
TTR was also investigated at a higher spinning frequency (16
and 20 kHz).

Standard *C-detected SSNMR spectra (2D N-'3C NCA,
“N-"*C NCO, and “C-C DARR, mixing time 50 ms) were
acquired on all the samples (except for TTR encapsulated in
the alginate/gelatine hydrogel) using the pulse sequences
reported in the literature.”” 2D C-3C CORDxy4’® was
instead recorded for the sample of the alginate/gelatine

https://doi.org/10.1021/acs.analchem.1c01850
Anal. Chem. 2021, 93, 11208-11214



Results

Analytical Chemistry

pubs.acs.org/ac

o

e

A8 (ppm)

=3

150

175
Residue number

90°$

200

225

Figure 2. (A) Chemical shift perturbations (CSPs) of ANSII-HA with respect to rehydrated freeze-dried ANSIJ, evaluated according to the formula

AS = %\/ (ASc,/2)* + (ASy/5)". The residues experiencing the largest variations have been highlighted in magenta. (B) CSP mapping on the

protein surface (PDB code: 3ECA) with the region with the largest perturbation in magenta. (C) Electrostatic potential generated by APBS plugin
in PyMOL on 3ECA with blue and red representing the regions of positive and negative electrostatic potential, respectively.
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Figure 3. (A) Chemical shift perturbations (CSPs) of TTR-HA with respect to rehydrated freeze-dried TTR, evaluated according to the formula
AS = %\/ (ASe,/ 2 + (Asy/ 5)?. The residues experiencing the largest variations have been highlighted in magenta. (B) CSP mapping on the

protein surface (PDB code: 1BMZ) with the region with the largest perturbation in magenta. (C) Electrostatic potential generated by APBS plugin
in PyMOL on 1BMZ with blue and red representing the regions of positive and negative electrostatic potential, respectively.

hydrogel encapsulating TTR at a higher frequency speed (20
kHz), to favor the protein sedimentation.

All the spectra were processed with the Bruker TopSpin 3.2
software package and analyzed with the program CARA.”’

B RESULTS AND DISCUSSION

Analysis of the Preservation of the HOS of the
Proteins Encapsulated in the Hyaluronic Acid Hydrogel
by SSNMR. The selected proteins (ANSII and TTR)

encapsulated in the hyaluronic acid hydrogel (ANSII-HA and
TTR-HA, respectively) were first analyzed by SSNMR. The
1D {'H}-BC cross polarization spectra of ANSII-HA and
TTR-HA show well-resolved and sharp signals with quality
comparable with that of the spectra of the rehydrated freeze-
dried materials (Figure S2).

Despite the limited concentration of the embedded proteins
in the hydrogel, the 2D amide-carbon alpha (2D "N “C
NCA) and amide-carbonyl (2D N 3C NCO) correlation
spectra of ANSII-HA (Figure 1A,B) and TTR-HA (Figure

https://doi.org/10.1021/acs.analchem.1c01850
Anal. Chem. 2021, 93, 11208-11214
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Figure 4. (A) 2D "N 3C NCA and (B) NCO spectra of ANSII-AG
(blue) superimposed with the NCA and NCO of the rehydrated
freeze-dried reference protein (black). The spectra were acquired at
~290 K, MAS 14 kHz and 800 MHz.

1C,D) are of high quality and comparable, for the number of
cross-peaks detected, with those of rehydrated freeze-dried
proteins. For both proteins embedded in the hyaluronic acid
matrix, the matching of the resonances of the 2D-NMR
spectral fingerprints with those of their own reference allows us
to assess the preservation of the HOS after encapsulation in
the matrix.

The assignment of the 2D '*N "*C NCA and NCO spectra
of ANSII-HA and TTR-HA was easily obtained by comparison
with the 2D N “C NCA and NCO collected for the
rehydrated freeze-dried proteins and also using the information
from the 2D C-BC correlation spectrum (dipolar assisted
rotational resonance, DARR) acquired for ANSII-HA and
TTR-HA. The analyses of the chemical shift perturbation
(CSP) of the NCA spectra of the proteins embedded in the
hyaluronic acid hydrogels, with respect to the NCA of the
corresponding rehydrated freeze-dried references, are reported
in Figures 2 and 3. Most CSP values were less than 0.1 ppm for
ANSII-HA and even lower for TTR-HA. The analysis of the

CSPs shows that for ANSII-HA, hydrophobic (Ala, Val, Ile,
Tyr, and Phe) and neutral polar (Thr, Ser, Asn, and Gln)
residues experience the largest effects (Figure 2). Minimal
CSPs were observed in TTR-HA protein where the largest
effects again involve hydrophobic residues and neutral polar
surface patches (Figure 3).

Analysis of the Preservation of the HOS of the
Proteins Encapsulated in the Alginate/Gelatine Hydro-
gel by SSNMR. The same analysis was also performed on the
alginate/gelatine hydrogels encapsulating ANSII and TTR,
respectively (ANSII-AG and TTR-AG). The 1D {'H}-'*C
cross polarization spectra of ANSII-AG and TTR-AG show the
same spreading of the resonances of the corresponding
rehydrated freeze-dried analogue. However, in particular for
TTR-AG, the signals feature broader lines than in the
rehydrated freeze-dried protein (Figure S2).

The NCA and NCO correlation spectra collected for ANSII-
AG (Figure 4) are still of high quality and comparable, for the
number of cross-peaks detected, with those collected on
rehydrated freeze-dried ANSII. On the contrary, for TTR-AG,
the fast decay of the NMR signal does not allow us to collect
high quality and well-resolved 2D spectra. However, by
increasing the spinning rate up to 16 and 20 kHz, the signals
become sharper and increase in intensity (Figure S3),
indicating a more efficient protein immobilization. Therefore,
it was possible to acquire a 2D *C-*C correlation spectrum at
20 kHz, which allowed us to assess the folding state of the
protein in the hydrogel and, after comparison with that
acquired for the rehydrated freeze-dried reference (Figure S4),
confirm the preservation of the HOS after encapsulation. The
structural analysis of TTR encapsulated in the alginate/gelatine
matrix was also attempted using solution NMR. However, all
the signals, but the N- and C-termini (Thr3-Ser8; Lys126-
Glu127), are broadened beyond detection (Figure S1).
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Figure 5. (A) Chemical shift perturbations (CSPs) of ANSII-AG with respect to rehydrated freeze-dried ANSII, evaluated according to the formula

Ad = é\/(AECa/Z)Z + (A8y/5)*. The residues experiencing the largest variations have been highlighted in green. (B) CSP mapping on the

protein surface (PDB code: 3ECA) with the region with the largest perturbation in green. (C) Electrostatic potential generated by APBS plugin in
PyMOL on 3ECA with blue and red representing the regions of positive and negative electrostatic potential, respectively.
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The assignment of the ANSII-AG spectra could be easily
obtained by comparison with the spectra collected for the
rehydrated freeze-dried protein and complemented with the
information from the 2D '*C-"C correlation spectrum
acquired for ANSII-AG. The analysis of the CSP of the
NCA spectrum of ANSII-AG with respect to the NCA of the
rehydrated freeze-dried reference is reported in Figure S.

The analysis of the CSPs shows that also for ANSII-AG,
hydrophobic (Ala, Val, Ile, Tyr, and Phe) and neutral polar
(Thr, Ser, Ans, and Gln) residues experience the largest effects.
In particular, many threonine residues are affected by
significant CSP, thus suggesting a possible interaction of
these surface residues with the hydroxyl groups of alginate in
the hydrogel.

Collectively, the good superimposition of the spectra and the
small CSPs observed for the two proteins prove the
preservation of their native HOS, thus providing the first
fundamental information on the investigated biomaterial.
Additional information on protein—matrix interactions is
obtained from the line broadening of the signals in the
spectra. For TTR, the large line broadening, its dependence
from the spinning rate, and the small CSPs suggest a weaker
protein—matrix interaction with respect to ANSII protein,
although the different molecular weights may also play a role.
The different behavior is probably related to the different sizes
of the proteins and to the physical—chemical properties of the
surface due to the different amino acid compositions. In this
respect, the observation that hydrophobic and polar neutral
amino acids on the protein surface experience the largest
effects provides a way to design possible chemical modifica-
tions of the matrix in order to tune the protein—matrix

interactions and the properties of the resulting biomateri-
78-82
al.

Bl CONCLUSIONS

In summary, we demonstrate that 2D-SSNMR spectra can be
exploited to assess the preservation of HOS of proteins when
embedded in matrices used for 3D bioprinting and drug
release. This analytical method can be integrated in the
pipeline for the development of new composite hydrogels
bearing biotherapeutics. In particular, when the assignment is
available, the analysis of the residues experiencing chemical
shift variations can provide information for a quality by design
approach of these innovative biomaterials.
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4.5.2 Supplementary Information

Evaluation of the Higher Order Structure of Biotherapeutics
Embedded in Hydrogels for Bioprinting and Drug Release
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Expression and purification of uniformly isotopically enriched ANSII [U-'3C-3N]. Escherichia coli
C41(DE3) cells were transformed with pET-21a(+) plasmid encoding ANSII gene. The cells were
cultured in 13C-, ’N-enriched minimal medium (M9) containing 0.1 mg/mL of ampicillin, and grown
at 310 K until ODggo reached 0.6-0.8. Then, the cells were induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside and further grown at 310 K overnight. Finally, they were harvested by
centrifugation at 6500 rpm (JA-10 Beckman Coulter) for 15 min at 277 K. The pellet obtained from
1 liter of culture was suspended in 60 mL of 10 mM Tris-HCI buffer, at pH 8.0, with 15 mM EDTA,
20% sucrose and incubated at 277 K for 20 min, under magnetic stirring. The suspension was
centrifuged at 10,000 rpm (F15-6x100y Thermo Scientific) for 30 min, and the supernatant discarded.
The recovered pellet was re-suspended in H,O milli-Q and newly incubated with the Tris-HCl buffer
solution at 277 K for 20 min under magnetic stirring. Again, the suspension was centrifuged at
10,000 rpm (F15-6x100y Thermo Scientific) for 30 min. The pellet was discarded, whereas the
supernatant was treated with ammonium sulfate. Still under magnetic stirring, aliquots of solid
ammonium sulfate were added up to 50% saturation. Then, the precipitate was removed by
centrifugation, and ammonium sulfate added again up to 90% saturation to trigger the precipitation
of ANSII, which was recovered by centrifugation. The precipitated ANSII was re-dissolved in a
minimal amount of 20 mM Tris-HCI buffer at pH 8.6 and dialyzed extensively against the same
buffer. ANSII was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10 column
(GE Healthcare Life Science). The protein was eluted in 20 mM Tris-HCI buffer at pH 8.6 with a
linear 0—1 M NaCl gradient. Fractions containing pure ANSII were identified by Coomassie staining
SDS-PAGE gels, then joined and dialyzed extensively against 0.5 mM Tris-HCI buffer at pH 7.5.
Aliquots of 0.5 mL, each containing 1 mg of protein, were freeze-dried to be used for SSNMR

analysis.

Expression and purification of uniformly isotopically enviched TTR [U-'3C-’NJ. Escherichia coli
BL21(DE3) RIPL pLysS cells were transformed with pET-28a(+) plasmid encoding TTR gene. The
cells were cultured in 13C-, ’'N-enriched minimal medium (M9) containing 0.1 mg/mL of kanamycin,
grown at 310K, until ODgyy reached 0.6-0.8 and then induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside. The cells were further grown at 310 K overnight and then harvested by
centrifugation at 6500 rpm (JA-10 Beckman Coulter) for 15 min at 277 K. The pellet was suspended
in 20 mM Tris-HCI at pH 8.5 (60 mL per liter of culture) and sonicated at 277 K for 40 min. The
suspension was centrifuged at 40,000 rpm (F15-6x100y Thermo Scientific) for 40 min and the pellet
discarded. The protein was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10
column (GE Healthcare Life Science). The protein was eluted in 20 mM Tris-HCI buffer at pH 8.6

with a linear 0—1 M NaCl gradient. Fractions containing pure TTR were identified by Coomassie
S2
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staining SDS-PAGE gels, then joined and purified by Size Exclusion Chromatography using HiLoad
Superdex 26/60 75pg in 50 mM phosphate buffer at pH 7.5; then dialyzed extensively against 2 mM
Tris-HCI buffer at pH 7.5. Aliquots of 1 mL, each containing 6 mg of protein, were freeze-dried to
be used for SSNMR analysis.
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Figure S1. 2D 'H-'SN TROSY-HSQC spectrum of TTR (blue) collected on a solution of the protein
at the concentration of 100 uM superimposed with the same spectrum collected on TTR (100 uM)
encapsulated in alginate/gelatine hydrogel (red). The spectra were recorded on a 950 MHz
spectrometer at 310 K.
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Figure S2. 1D {!H}'3C cross-polarization spectra acquired on the re-hydrated freeze-dried proteins,

on the proteins embedded in the hyaluronic acid hydrogels, and in the alginate/gelatine hydrogels

(ANSII, top, and TTR, bottom). The signals of the hyaluronic acid are highlighted by a red box. The
spectra were acquired at ~290 K, MAS 14 kHz and 800 MHz (number of scans: 512, recycle delay: 3
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Figure S3. 1D {'H}!3C cross-polarization spectra acquired on the TTR-AG at the different MAS
speeds indicated in the figure. The spectra were acquired at ~290 K and 800 MHz (number of scans:
512, recycle delay: 3 sec).
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Figure S4. Aliphatic region of the 2D 3C-13C CORDxy4 recorded on TTR-AG hydrogel (blue)
superimposed with the CORDxy4 recorded on the re-hydrated freeze-dried TTR (black). The spectra
were acquired at ~290 K, MAS 20 kHz and 800 MHz.
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Abstract

Protein-drug conjugates represent one of the new frontiers for drug design and promising tools
for cancer therapy. Several of such pharmaceutical products are already in clinical use and rely on
cytotoxic organic molecules covalently bound to the carrier proteins or interacting with them by van der
Waals force and hydrogen-bond mediated interactions. A physiological protein, human transthyretin has
been already considered as carrier protein to deliver cytotoxic agents to cancer cells. Here transthyretin
is used to show a new structure-based strategy for the design a non-covalent high affinity cytotoxic
molecule able to generate a stable protein-drug conjugate. The approach is based on the integration of
different structural biophysical methodologies and shows the pivotal contribution of NMR for the

development of this new class of challenging biological drugs.

In this project, my contribution has been the expression and characterization of the U-"C-'"N
Transthyretin and I have been involved with the experimental part of the titration experiments with

TTR/Taf-Ptx complexes in solution NMR and lyophilization of the sample complexes.
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Introduction.
The development of a suitable drug delivery system is a crucial step in drug design, and an
extended half-life together with an efficient targeting capability are often required to achieve a high

1121 The conjugation of drugs to natural or synthetic large polymers is often used to

therapeutic efficacy.
increase the half-life by reducing the renal excretion.’) When the polymer is conjugated to a protein, or
is a large protein itself that recognizes a specific receptor, an efficient targeting can be also achieved.
Human serum albumin is currently used as drug carrier and component of nanoparticles to deliver
cytotoxic molecules to cancer cells.**! Albumin has also been used in genetic fusion proteins as a carrier
for therapeutic peptides to prevent the fast clearance, the proteolytic degradation, and to improve the
solubility.[**]

Human transthyretin is a physiological protein present in blood plasma and cerebrospinal fluid
where it carries the holo-retinol binding protein and the thyroxine T4 hormone. The functional protein
is an assembly of four identical subunits, forming a tetramer (dimer of dimers) of 55 kDa with D,
symmetry. Mutations in the gene coding for the transthyretin protein decrease the stability of the
assembly leading to the dissociation of the tetramer into monomers that partially unfold and polymerize
to form amyloid fibrils.”? Extracellular accumulation of transthyretin amyloid fibrils in different tissues
and organs, including eyes, kidney, heart and peripheral nerves, leads to severe disorders, and ultimately
to fatal multiorgan failure. A recent therapeutic approach to treat the familial amyloid polyneuropathy
relies on small organic molecules that fit the two channels where the thyroxine T4 hormone binds the

tetramer.['%!!]

One of these molecules, 2-(3,5-dichlorophenyl)benzo[d]oxazole-6-carboxylic acid
(Tafamidis hereafter), binds transthyretin in a negative cooperative manner but still with low nanomolar
affinity, thus preventing its monomerization.!"” The conjugation of hydrophobic cytotoxic drugs to high
affinity ligands of transthyretin has been already extensively developed by Alhamadsheh and co-
workers to generate drug-protein conjugates with an improved selectivity against the cancer cells.!'>™)

There is an increasing interest in rational design of protein-drug conjugates to optimize efficacy,
pharmacokinetics and stability in vivo, and to limit their structural complexity. Structural biology
already plays a pivotal role in rational design of organic molecules and promises to be a game-changer
in the development of new biologics. X-ray crystallography, NMR spectroscopy and cryo-electron
microscopy are currently used to characterize the structure of macromolecules and macromolecular

[16-25) However, proteins covalently bound or strongly interacting with large drugs by long

complexes.
linkers can be hard to crystalize and, often, are too large for NMR spectroscopy in solution. Conversely,
the use of cryo-electron microscopy is often prevented by the limited molecular weight and by the
intrinsic flexibility of these systems.?" Solid-state NMR is currently used to investigate non-crystalline

274 and nowadays enhancement in sensitivity has been

protein samples biologics and biomaterials!
obtained by the recent achievements in NMR probes and by biomolecular Dynamic Nuclear Polarization

(DNP).[47751]
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Here, we show that solution and solid-state NMR provides complementary structural
information which can be integrated with X-ray crystallography to design new protein-drug conjugates
(PDC). The structural data have been used to design and synthesize a paclitaxel derivative conjugated
to the Tafamidis molecule by a long linker containing an easily hydrolysable ester bond. The
development of this molecule, that preserves a high affinity for transthyretin, shows the way for the
integration of the different techniques to develop protein drug conjugates and its advantages over the

single structural methodologies.

Methods.

Expression and purification of [U-°H, °C, °NJ and [U- °C, " N] TTR.

Escherichia coli BL21(DE3) RIPL PLysS cells were transformed with pET-28a(+) plasmid
encoding human TTR gene. For the expression of [U- 1*C, ’'N] TTR, cells were grown in M9 minimal
media supplemented with ""NH4Cl1 and "*C-glucose. For the expression of [U-H, "*C, '"'N] TTR, cells
were inoculated into 10 cm’® of Silantes OD2 medium and scaled up to 1 dm’ of the same enriched
medium. The same experimental protocol was used to purify the samples of [U- *C, "'N] TTR and [U-
’H, 1C, '’N] TTR. Cells were grown at 37 °C until optical density (ODgoo) reached 0.6-0.8. Expression
was induced with 1 mmol-dm™ of isopropyl B-D-thiogalactoside (IPTG), cells were incubated at 37 °C
overnight and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm. Cell pellet was resuspended
in lysis buffer [20 mmol-dm™ Tris-HCI, pH 8.6, 5 mmol-dm~ DTT, 1 mmol-dm™ protease inhibitors],
physical disrupted by sonication and centrifugated at 30000 rpm for 35 min at 4 °C. Soluble fraction
was collected and purified by using an Anion exchange Q FF 16/10 column previously equilibrated in
the lysis buffer. Elution was performed with increasing gradients of NaCl (60 cm® of 0-200 mmol-dm,
300 cm® of 0.2-0.5 mol-dm™3, 60 cm? of 0.5-1.0 mol-dm™ and 60 cm?® of 1 mol-dm™) in the buffer. An
SDS-PAGE was performed to identify which fractions contained the protein. The protein was further
purified by size exclusion chromatography using a Hi Load 26/60 Superdex 75 pg column previously
equilibrated in the final buffer [50 mmol-dm™ MES-NaOH, pH 6.5, 0.1 mol-dm™ NaCl, 5 mmol-dm™

DTT, 1 mmol-dm™ protease inhibitors].

Synthesis of Taf-Ptx.

Taf-Ptx was synthesized as reported in Scheme 1. In a reaction flask, HATU (190 mg, 0.50
mmol) was solubilized in 6 cm® of DMF, then Tafamidis (170 mg, 0.55 mmol), DIPEA (142 mg, 1.1
mmol) and a solution of tert-butyl (6-aminohexyl) carbamate (108 mg, 0.50 mmol) in DMF were added.
The solution was stirred at room temperature for 12 h. Control TLC was performed (EP : AcOEt =2 :
1). Subsequentially the mixture was diluted with H,O, and NH4Cl saturated solution was added until pH
= 7. Extractions were performed with AcOEt (10x10 cm?) and then washes with H,O (3x20 cm?®) were
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carried out. The organic layer was dried under anhydrous Na,SOs, following filtration and evaporation
of the solvent under reduced pressure to give the crude product 1 in 90% yield. Then, in a vial product
1 (50 mg, 0.1 mmol) was solubilized in 3.2 cm® of DCM and the solution was cooled to 0 °C.
Subsequentially 0.3 cm® of TFA was added dropwise. The mixture was stirred at room temperature for
4 h. TLC control was performed to verify reaction completion (EP : AcOEt =2 : 1). The mixture was
diluted with 20 cm® of DCM and pH adjusted to 7-8 with NaHCOj saturated solution. Extractions were
performed with DCM (3x20 cm®) and the organic layer was dried over anhydrous Na;SOs, following
filtration and evaporation of the solvent under reduced pressure to give product 2 in 66% yield. To obtain
product 3, DMAP (1.35 mg, 0.012 mmol) was added to a solution of paclitaxel (100 mg, 0.12 mmol) in
16 cm® of anhydrous DCM under nitrogen flow. The solution was cooled to 0 °C and 4,7,10,13,16 -
pentaoxanonadecanedioic acid (81.20 mg, 0.24 mmol) and then DIC (19 mm®, 0.12 mmol) were added.
The reaction mixture was stirred at room temperature for 24 h. Control TLC were performed to monitor
the reaction using as eluent (DCM : MeOH : AcOEt =8 : 1 : 2). The mixture was diluted with 20 cm’
of DCM, washed with a saturated solution of NH4CI (3x40 cm®) and H,O (6x20 cm?). The organic layer
was dried over anhydrous Na,SO4, following filtration and evaporation of the solvent under reduced
pressure to give the crude product. After purification by silica column chromatography (DCM : MeOH
: AcOEt =8 : 1 : 4) product 3 was obtained in 65% yield. To obtain the final product 4 (Taf-PtxIn) a
reaction flask, HATU (8 mg, 0.021 mmol) was solubilized in 0.25 cm® of DCM then 7 (27 mg, 0.023
mmol), DIPEA (6 mg, 0.046 mmol) and a solution of 2 (10 mg, 0.025 mmol) in 0.25 cm?® of DCM were
added. The reaction mixture was stirred at room temperature for 24 h. Control TLC was performed to
monitor the reaction (DCM : MeOH : AcOEt=10: 1 : 2). The mixture was diluted with 10 cm® of DCM
and washed with a saturated solution of NH4Cl (3x20 cm?®), H,O (3x20 cm’). Solvent was dried under
Na,SOs, following filtration and evaporation of the solvent under reduced pressure to give the crude
product. After purification by silica column chromatography (DCM : MeOH : AcOEt=6: 1 : 2) Taf-
Ptx was obtained in 22% yield.
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Scheme 1. Synthesis of Taf-Ptx.

Crystallization, Data Collection and Structure Solution.

Crystals of apo TTR were obtained in sitting drop by adding an aliquot of 10 mm® of protein
solution in the final buffer [50 mmol-dm™ MES-NaOH, pH6.5,0.1 mol-dm™ NaCl, 5 mmol-dm™> DTT,
1 mmol-dm™ protease inhibitors] to 10 mm? of crystallization buffer [100 mmol-dm™ HEPES — NaOH,
pH 7.5, 400 mmol-dm™ CaCl,, 34% PEG400].5% The reservoirs were filled with 800 mm® of

crystallization buffer and the plates were incubated at 20 °C. The protein concentration in the sample

was 10 mg-cm™. The native crystals of apo TTR were afterwards soaked in a solution containing the

compound 2 with a 1 mmol-dm™ concentration with respect to the protein for about some days. The

dataset was collected in-house, using a BRUKER D8 Venture diffractometer equipped with a PHOTON

III detector, at 100 K; the crystal used for data collection were cryo-cooled using 10% ethylene glycol

in the mother liquor. The crystal diffracted up to 1.5 A resolution but the structure has been refined at

1.6 A: it belongs to space group P2;2;2 with two molecules in the asymmetric unit, a solvent content of

about 50%, and a mosaicity of 0.3°. The data were processed using the program XDS,’)

reduced and

scaled using XSCALEP* and amplitudes were calculated using XDSCONV.! The structure has been

solved using the molecular replacement technique; the model used was 3TCT.["¥ The successful

orientation hand translation of the molecule within the crystallographic unit cell was determined with

MOLREP.5¥ The refinement and water molecule fitting have been carried out using PHENIX.! In
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between the refinement cycles, the model was subjected to manual rebuilding using COOT.P®! The
quality of the refined structure was assessed using the program MOLPROBITY.""! Data processing and
refinement statistics are shown in Table S1. Coordinates and structure factors have been deposited at

the PDB under the accession code SAWW.

NMR measurements

NMR relaxometry measurements. 'H nuclear magnetic relaxation dispersion (NMRD) profiles
were obtained for water solution samples of the free-TTR and of the protein in complex with Tafamidis,
by measuring the water proton relaxation rates, Ri, as a function of the applied magnetic field. The
profiles were recorded with a SPINMASTER2000 fast field cycling relaxometer (Stelar, Mede (PV),
Italy) operating in the 0.01-40 MHz, 'H Larmor frequency range. The measurements are affected by an
error of about =1%, as obtained in the field cycling experiment from the fit to a mono-exponential
decay/recovery of the magnetization.

The profiles were fitted as the sum of multiple relaxation contributions arising from different correlation

times t;, according to the model-free approach:***’!

N
T; 4Ti
R1=“+ﬁzci 1+w21-2+1+4a)21-2
i l l

where c; are weight coefficients summing to 1. The parameter § depends on the squared proton-proton
dipole—dipole interaction energy and on the protein concentration, and the coefficients c; report on the
contributions from protons with the associated correlation times. The parameter a takes into account the
contribution to water relaxation from protons with correlation times smaller than few ns (i.e., with a
dispersion occurring beyond the highest magnetic field). In order to reduce the covariance among the
many unknown parameters, 'H NMRD profiles at the same temperature were fitted simultaneously with
common values of the correlation times. This permitted to better monitor differences in the values of c;.
The parameter § was also constrained to be the same because of the same protein conditions and
concentration.

Solution NMR experiments on free-TTR. Solution NMR experiments for backbone resonance
assignment with a TROSY scheme!®” [3D tr-HNCA, tr-HNCACB, tr-HNCO, tr-HN(CA)CO]" %% were
performed on perdeuterated [U-*H, "*C, '°N] samples of native TTR (at the concentration of 500 pmol
dm™ with respect to the monomer) in water buffer solution [50 mmol-dm™ MES, pH 6.5, 100 mmol-dm’
3 NaCl, 5 mmol-dm™ DTT, 0.1% NaNjs, protease inhibitors (Roche)]. For 3D tr--HNCACB and tr-
HN(CA)CO nonuniform random sampling at 57% and 25%, respectively, and compressed-sensing
reconstruction were used.l*”? A 3D "H-"N NOESY-TROSY spectrum (mixing time 100 ms) was also
acquired to help and confirm the sequential assignment. All the spectra were recorded at 310 K on

Bruker AVANCE MHD and AVANCE NEO NMR spectrometers, operating at 950 and 900 MHz ('H
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Larmor frequency), respectively, and equipped with triple resonance cryo-probes. Two-dimensional
carbon-detected solution *C-""N CON NMR spectrum was acquired on a Bruker AVANCE NEO 700

MHz spectrometer, equipped with a triple-resonance cryo-probe optimized for '*C-direct detection.!*%%)

Solution NMR experiments on TTR/Tafamidis and TTR/Taf-Ptx complexes. The titration with
Tafamidis was performed using uniformly C, '"N-isotopically enriched [U-">C, "N] TTR at the
concentration of 800 umol-dm™ (with respect to the monomer) in 50 mmol-dm™ MES buffer at pH 6.5,
with 100 mmol-dm™ NaCl, 5 mmol-dm™ DTT, 0.1% NaN; and protease inhibitors (Roche). Increasing
aliquots of the ligand (solubilized in DMSO-dg), to reach the final concentrations in solution of 25, 50,
100, 200, 400 and 800 pmol-dm™, were added to TTR solution and 2D 'H-""N TROSY-HSQC acquired
at 950 MHz after each addition. The binding of Taf-Ptx to TTR was also evaluated by an NMR titration
in solution. Increasing aliquots of the ligand (solubilized in DMSO-ds) were added to the solution of [U-
B¢, 'N] TTR [~ 400 umol-dm>, with respect to the monomer, in 50 mmol-dm™ MES buffer at pH 6.5,
with 100 mmol-dm™ NaCl, 5§ mmol-dm~ DTT, 0.1% NaNj3 and protease inhibitors (Roche)] and 2D '"H-
SN TROSY-HSQC acquired at 950 MHz after each addition. After both titrations, the excess of the
ligands was removed using PD10 column and the buffer exchanged to 10 mmol-dm= MES, pH 6.5 and
20 mmol-dm™ NaCl. PEG1000 (in 1:10 weight ratio with respect to the protein) was added to protect
the protein during the lyophilization process. The solutions (containing ~ 6-8 mg of protein/ligand, 0.6-
0.8 mg of PEG1000, 1 mg MES, 0.7 mg NaCl) were freeze-dried and the materials used to pack 3.2 mm
zirconia thick wall rotors. The materials were then rehydrated by multiple additions of MilliQ H,O until
the resolution of the 1D {'H}"*C CP solid-state NMR spectra stopped changing.” Silicon plugs
(courtesy of Bruker Biospin) placed below the turbine cap were used to close the rotor and preserve
hydration.

A sample of [U-"°C, °N] free TTR lyophilized in the presence of PEG1000 (in the same weight
ratio, 25 mg TTR: 2.5 mg PEG1000) was also analyzed in 3.2 mm zirconia rotor after rehydration, as
reference for solid-state NMR.

The solid-state NMR spectra of free TTR and TTR in the presence of Tafamidis or Taf-Ptx were
collected on a Bruker Avance III spectrometer operating at 800 MHz (18.8 T, 201.2 MHz "*C Larmor
frequency) equipped with a Bruker 3.2 mm Efree NCH probe-head and on a Bruker Avance III 850
MHz wide-bore spectrometer (20 T, 213.6 MHz "*C Larmor frequency), equipped with 3.2 mm DVT
MAS probe head in triple-resonance mode. The spectra were recorded at 14 kHz MAS frequency and
the sample temperature was kept at ~ 290 K.

Standard *C-detected solid-state NMR spectra [2D *N-"*C NCA, '"N-"*C NCO and "*C-"*C
DARR; 3D NCACX and NCOCX] were acquired on the samples in 3.2 mm rotors, using the pulse

71-77

sequences reported in the literature.”" 7" 3D CANCO experiment was also acquired on the sample of

free TTR.
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All the spectra were processed with the Bruker TopSpin 3.2 software and analyzed with the
program CARA."®

Results and Discussion.

Tafamidis was selected to anchor Paclitaxel onto TTR because of its high affinity for the two
binding sites of the tetrameric assembly and for the availability of the X-ray structure of the Tafamidis-
TTR complex (PDB code: 3TCT).!"?! The X-ray structure shows the binding mode of Tafamidis and
suggests a suitable position on the molecule to host the linker needed to connect a Paclitaxel moiety.
The visual inspection of the X-ray structure (see Figure 1) suggests that the functionalization of
Tafamidis on carboxylic acid in position 6 does not significantly interfere with the interaction between
the ligand and the tetrameric assembly. Therefore, a derivative of Tafamidis bearing a six carbon atoms
linker at position 6 (compound 2) was synthesized and its complex with TTR investigated by X-ray
crystallography. The molecule was small enough to be used in soaking experiments with TTR. The X-
ray analysis of the soaked crystals reveals that the polypeptide structure is totally superimposable with
several others already deposited on the PDB and, of course, to the one used as the molecular replacement
model that bears a very similar ligand (3TCT). Figure S1 shows the superposition between the structure
presented in this work and 3TCT (just one monomer for both structures is presented for clarity), with a
RMSD of backbone atoms as low as 0.82 A: it is clearly visible that the only deviations are in external
loops whereas the other regions show a negligible RMSD. As in the case of 3TCT, there is a peculiar
crystallographic feature concerning the ligand: it sits with the longitudinal axis crossing the aromatic
rings almost coincident with the crystallographic two-fold axis. This situation implies that the
refinement has to be carried out placing the ligand in the density at half occupancy; the application of
the crystallographic symmetry itself generates a symmetry mate for the ligand, which is slightly tilted
about the above mentioned two-fold axis (Figure 1). Concerning the ligand, it still has to be pointed out
that the electron density is well defined for the aromatic rings only, whereas the long hydrocarbon chain
that is attached to the rings shows very faint patches here and there. This is certainly due to the mobility
of this chain that is totally projected into the solvent. The interactions between the protein and the ligand
are displayed in Figure S2. Summarizing, the X-ray structure proves that the synthesized molecule
preserves the binding pose of Tafamidis with the linker sticking-out from the central channel toward the
solvent (see Figure 1) thus supporting the correct design of this first ligand. Then, the Paclitaxel
molecule was conjugated to compound 2 through an additional nineteen-atoms PEG spacer to minimize
any possible steric clash with the protein and to increase the solubility of the final molecules. Paclitaxel
is connected to the PEG spacer through a labile ester linkage, which ensures its release into the cell
allowing the inhibition of tubulin polymerization.””*"! The molecule (Taf-Ptx) is too bulky to be used
in soaking experiments and does not allow for the co-crystallization with TTR. However, the molecular

weight of the tetrameric assembly of TTR is still within the range affordable by solution NMR although

231



Article 7

deuterated samples and TROSY-based pulse sequences are required for resonance assignment by 3D

experiments.

To investigate the binding mode of Taf-Ptx to TTR and the preservation of the stabilizing effects
on the tetramer, a comparative and extensive NMR analysis was performed on the free TTR and on the
protein in the presence of Tafamidis and Taf-Ptx. The analysis was carried out in solution and in the
solid-state to compare the quality and the relevance of the structural information of the two
methodologies and to evaluate the efficacy of the use of solid-state NMR alone in the development of

large protein-drug conjugates, when the application of the other methodologies is hampered.
NMR relaxometry

Firstly, a relaxometric analysis was carried out to investigate the stability of the tetramer and
the overall steadiness of protein dynamics upon ligand binding. The '"H NMRD profiles of 1.2 mM wild-
type TTR in water solutions, with and without Tafamidis, are shown in Figure 2. The profiles were
acquired at 15, 25 and 37 °C and, at each temperature, they appear close to one another, indicating that

no sizable changes in the overall dynamics of the protein occur upon addition of the ligand.

The '"H NMRD profiles report the field dependent relaxation rates of water protons, which

31585981 Their field dependence is determined by the correlation times

interact with the protein protons.!
modulating the proton-proton dipole—dipole interactions. Multiple correlation times must be considered
to account for the many motional processes of the different water protons interacting with the protein.
These correlation times are the fastest between the proton exchange time and the reorientation times,
comprising both the overall protein tumbling and faster protein local dynamics. Three correlation times
were needed for the fit of the profiles (see Table S2), the shortest of the order of nanoseconds, thus
reporting on the internal protein mobility and/or the lifetime of proton exchange processes, and the
longest of the order of hundreds or thousands of nanoseconds. The weight coefficients of the latter are
very low (< 1%), and thus correspond to contributions from aggregated forms of the protein. The
intermediate correlation time is of few tens of nanoseconds, hence corresponding to the overall
reorientation time of the protein. This correlation time in fact corresponds to 30 ns at 25 °C, and is in

nice agreement with the overall reorientation time expected for tetrameric TTR, as it can also be

calculated with HydroNMR[®? (29 ns).

The weight coefficients ¢; indicate a slightly higher propensity of the free protein to form
aggregates than in the presence of Tafamidis. Although within the experimental error, the data also
suggest that the presence of Tafamidis determines a slightly larger contribution from the intermediate
correlation time (c; of 0.27 instead of 0.24), which may correspond to a more rigid tumbling of the

tetrameric protein assembly.
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The 'H NMRD profiles acquired at the other two temperatures could be nicely fitted in
agreement with the values obtained for the samples at 25 °C, with an intermediate correlation time of
about 40 and 20 ns at 15 and 37 °C, respectively, in close agreement with the HydroNMR values of 38

ns and 22 ns calculated for these temperatures.

NMR analysis and assignment of free native TTR in solution

The assignment of free tetrameric TTR in solution was obtained comparing the assignments
available in the literature for the monomeric and tetrameric states of the protein!®*%! and analyzing triple
resonance spectra recorded on the perdeuterated sample of TTR. All residues (but the N-terminus, Gly-
1 and Asn-98) have been assigned in the spectra (Figure S3). The present assignment is the most
complete and has been deposited in the bmrb under the accession code YYYY.

The number of cross-peaks present in the 2D "H-""N TROSY-HSQC spectrum, and the absence
of signal splitting, are both consistent with the preservation of the D, symmetry of TTR in the tetrameric
assembly also supported by the relaxometric analysis. Interestingly, the signals within the same 2D
spectra are characterized by different line broadening. In particular, sharp and intense signals were
observed for the residues forming loops and on the external surface of the tetramer, while broad signals
were observed for the residues at the interfaces between the monomers (i.e., Cys10-Lys15; His91-
Phe95; Tyr105-Vall121). Also in the 2D 'H-'"N TROSY-HSQC spectrum recorded on the deuterated
sample, these signals are broad, suggesting the occurrence of a conformational heterogeneity/exchange
for the protein. These features also affect the quality of the 3D '"H-"’N NOESY spectrum where only
few NOE correlations are visible. As expected for a folded protein of 50 kDa, in the 2D *C-'>N CON
spectrum only signals of the flexible regions, which are not well-defined in most X-ray structures, can

be observed (Thr3-Cy10; Ala37-Thr40; Glu51-Ser52; Asn124-Glul27).

NMR analysis and assignment of free native TTR in the solid-state

The solid-state NMR spectra of re-hydrated freeze-dried tetrameric TTR are of good quality and
characterized by a good signal resolution (Figure S4). Nevertheless, around 20% of the expected
resonances are missing and some signals are characterized by large line-broadening. Assignment of the
free tetrameric protein has been also obtained in the solid-state (Figure 3). The available assignment of
the free protein in solution has been used as starting point and complemented by the analysis of new
carbon-detected spectra acquired in the solid-state. The residues whose signals are missing in the spectra,
are mainly located at the N-terminus (up to Lys15) and in flexible regions: Asp38-Thr40, Gly57-Leu58,
Phe64, Ser117-Thr119, Thr123-Asn124, Lys126. However, 80% of the spin systems of the protein have

been reassigned in the solid-state NMR spectra.
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NMR analysis and assignment of TTR-Tafamidis and TTR-Taf-Ptx in solution

The binding-mode of Tafamidis to [U-">C, '"N] TTR was first analyzed by solution NMR.
During the NMR titration, in the 2D '"H-'"N TROSY-HSQC spectra, the cross-peaks of the free protein
decrease in intensity upon the addition of increasing concentrations of the ligand, while new cross-peaks,
corresponding to the complex between TTR and Tafamidis, appear and increase in intensity. This
behavior indicates that the ligand is in slow exchange regime on the NMR timescale, and confirms its
expected high affinity towards the protein (Kas ~2 nM and ~200 nM).[">*” In the presence of Tafamidis
at 100 pM concentration (tetramer:ligand ratio equal to 1:0.5) the cross-peaks corresponding to the free
protein and to the protein bound to the ligand have similar intensities (Figure 4A), as visible for the
signal of Serl12 located at the interface between the dimers of the tetrameric assembly (PDB code:
3TCT).'" The analysis of the chemical shift perturbation (CSP) at the end of the titration (Figure S5A)
confirmed that the residues experiencing the largest changes (Lys15, Leul7, Alal9, Val20, Arg21,
Gly22, Ser23, Ile26, Gly53, His88, Val94, Tyr105, Thr106, Ile107, Leulll, Ser112, Alal120, Vall122)
are located in the expected Tafamidis binding site (Figure 5), that is shared by the natural ligand L-
thyroxine (T4). Some of the signals experiencing large perturbations (Alal9, Arg21, Gly22, Leulll)
have been tentatively reassigned with some uncertainty (Figure 5A). Interestingly the signals
corresponding to residue Ser117 and Thr118 which are almost missing in the spectra of the free protein
appear with increased intensity in the spectrum of TTR in the presence of Tafamidis.

NMR titration in solution was also performed with the new designed ligand, Taf-Ptx. The
evolution of the spectra upon the addition of increasing amounts of Taf-Ptx was superimposable to that
previously observed for Tafamidis, with several protein resonances experiencing a slow exchange
regime on the NMR timescale. After the addition of Taf-Ptx, in the presence of a tetramer:ligand ratio
equal to 1:0.5, the signals of the free protein and those of the protein bound to the ligand have similar
intensities (Figure 4B). The analysis of CSP between the protein signals in the complex and the free
protein (Figure S5B) confirmed that the residues experiencing the largest changes (Lysl5, Leul7,
Val20, Arg21, Gly22, Ala25, 11e26, Asp99, Leulll, Serl112, Alal20, Vall21, Vall22) are in the same
protein region affected by the presence of Tafamidis (Figure 5). It is important to point out that the
signals of some residues mostly affected by CSP in the spectrum of TTR/Tafamidis (Alal9, His88
Val94, Tyr105, T106) are broaden beyond detection in the spectrum of TTR/Taf-Ptx. This is probably
due to the sizably lower concentration of the sample of TTR/Taf-Ptx with respect to that of
TTR/Tafamidis and to their large line-broadening.

NMR analysis and assignment of TTR-Tafamidis and TTR-Taf-Ptx in the solid-state

The complexes between TTR and Tafamidis or Taf-Ptx were analyzed also by solid-state NMR.

The 2D solid-state NMR spectra of these complexes exhibit a higher number of cross-peaks with respect
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to those of the free protein. In particular, in the 2D *C-"*C DARR spectrum of TTR in the presence of
either Tafamidis or Taf-Ptx, some new signals appear or increase in intensity (Gly57, Argl03, 1le107,
Alal08, Ser117, Thr118, Thr119, Ala120, Thr123; see Figure 6, panel A and B). This also occur in 2D
>N-*C NCA spectra (Figure 6, panel C and D). These signals belong to residues located at the tetramer
interface, where Tafamidis binds (Figure 7C/D). The increase in signal intensity can be explained by a
higher rigidity of this region after the binding of Tafamidis, which is known to freeze the tetrameric
form of the protein. As shown by the high similarity of the spectra of TTR bound to one ligand or to the
other, the high affinity of the Tafamidis unit, and its stabilization effect on the tetramer, are still present
also when the Tafamidis unit is conjugated to the paclitaxel unit. However, a lower intensity of the
signals corresponding to residues S117 and T118 has to be pointed out when TTR binds to Taf-Ptx
compared to when it binds to Tafamidis.

The analysis of the CSP of TTR bound to Tafamidis or Taf-Ptx with respect to the free protein
indicates that the signals influenced by the ligands are largely the same (Alal9, Phe44, Gly47, Lys48,
Val65, Glu66, Gly83, Argl03, Leul 10, Ser115, Vall21, for Tatamidis and Alal9, Phe44, Gly47, Lys48,
Val65, Glu66, Gly67, Argl03, Serl15, Vall21 for Taf-Ptx). Most of the signals experiencing the largest

perturbations correspond to residues at the dimer/tetramer interface (Figure 7).

Impact of solid-state NMR on drug design

CSP in solution are extensively used to analyze and compare the binding mode of ligands
interacting with proteins or nucleic acids. For TTR the spectral changes resulting from the binding of
Tafamidis or Taf-Ptx are both in the slow exchange regime on the NMR time scale, in agreement to the
high affinity of Tafamidis for the protein previously observed and well characterized. Most of the
residues experiencing the largest chemical shift variations on the NH resonances are placed at the
interface of the two dimers forming the central channel which usually hosts the thyroxine T4 hormone.
In particular, Lysl15, Leul7, Val20, Arg21, Gly22, I1e26, Leulll, Ser112, Alal20, Vall22 show
chemical shift perturbation in the presence of both ligands, Tafamidis and Taf-Ptx. More important, the
visual inspection of the X-ray structure 3TCT shows that among the residues experiencing the largest
CSP, only Lys15, Leul7 and Thr106 seem to interact directly with the two ligands within the tetramer.
Therefore, the structural rearrangement associated to the tetramer stabilization induced by the two
investigated ligands seems to play the major role in determining the largest CSPs. These systems thus
represent interesting examples where the typical approach based on chemical shift mapping to design

and improve interacting molecules is extremely challenging.

The stabilizing effect of Tafamidis was unambiguously proved in vitro and in vivo. However,
the chemical shift mapping obtained by NMR in solution provides only indirect evidence of this

important structural effect, which can be inferred from the slow exchange regime on the NMR timescale
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of the signals corresponding to the residues where the binding occurs. At this regard, more informative
is the observation of the slightly better quality of the spectra recorded on TTR in the presence of
Tafamidis and Taf-Ptx. Another important finding of the comparative NMR analysis carried out in
solution is the experimental evidence of preservation of the binding mode of Tafamidis also for Taf-Ptx,

that proves the success of the functionalization with the Paclitaxel moiety.

It is important to point out that solid state NMR can be used to investigate very large
biomolecular systems which are not accessible to NMR in solution. More informative has been the
analysis of the data recorded on the solid-state samples of TTR in the presence and in the absence of the
two ligands. The comparative analysis on Tafamidis and Taf-Ptx has been carried out by using *N-"*C
isotopically enriched samples of TTR and "*C-detected experiments. The analysis of the NCA spectra
shows that TTR in complex with Tafamidis and Taf-Ptx exhibits the largest chemical shift variations on
the same residues with very few differences. This is a further experimental evidence about the very
similar binding mode of Taf-Ptx on TTR with respect to Tafamidis. The chemical shift variations affect
several residues placed at the interface of the two dimers around the central channel as previously
observed by NMR in solution, with three residues (Leul 10, Ser115 and Vall21) near the ligands in the
X-ray structure 3TCT. The mismatch between solution and solid-state data about the residues
experiencing the largest effects is not real because they are close to each other, and in both cases
localized at the interface between the two dimers forming the assembly. This can be clearly inferred
from Figure 8 where the residues experiencing the largest CSPs in solution and in the solid-state are

shown together.

NMRD measurements indicate that the tetrameric assembly of TTR is maintained, and possibly
reinforced, in the presence of Tafamidis. However, relaxometry is not sensitive to the presence of
multiple conformational states with similar reorientation time. Important information on this respect has
been obtained from the qualitative analysis of the signal intensity on DARR and NCA spectra. Several
residues, including some experiencing also large chemical shift variation, increase in intensity or appear
in the spectra in the presence of Tafamidis and Taf-Ptx. The increase in signal intensity or the appearance
of a signal previously undetectable in the solid-state spectra is conclusive evidence of an equilibrium of
the atom/residue shifted toward a unique conformation that in this case is associated with the structural
stabilization of the tetrameric assembly resulting from the interaction of two high affinity ligands with
TTR. Therefore, the analysis provides a map of the residues adopting a unique conformation thus
providing a different and more informative parameter to monitor the binding mode and to evaluate the
effects of ligands in large proteins and in multimeric systems.

Summarizing, this study shows that structure-based molecular design strategies can be fruitfully
used to design protein-drug conjugates. Our results show that the integration of different structural

biophysical methodologies is particularly suitable for the development of such systems where the classic
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strategies based on single techniques are not applicable and resolutive. More important, we realize that
solid-state NMR can provide new detailed information not only on the binding pose of the ligands but
also on the structural effects of the interaction opening new ways for the development of new protein-

drug conjugates.

Acknowledgements

This work has been supported by Regione Toscana (CERM-TT, BioEnable and PANCREAS-
AD bando salute 2018), the Italian Ministero dell’Istruzione, dell’Universita e della Ricerca through
PRIN 2017A2KEPL, the “Progetto Dipartimenti di Eccellenza 2018-2022” to the Department of
Chemistry “Ugo Schiff” of the University of Florence, the Recombinant Proteins JOYNLARB laboratory,
and the project FISR2021 SYLCOV. The authors acknowledge the support and the use of resources of
Instruct-ERIC, a landmark ESFRI project, and specifically the CERM/CIRMMP Italy centre. We
acknowledge H2020 -INFRAIA iNEXT-Discovery - Structural Biology Research Infrastructures for
Translational Research and Discovery (contract n® 871037), H2020 EOSC-Life "Providing an open
collaborative space for digital biology in Europe" (contract n°® 824087), H2020 FET-Open project
HIRES-MULTIDYN “Multiscale Dynamics with Ultrafast High-Resolution Relaxometry” (contract n®
899683), RNAct” Marie Sklodowska-Curie Action (MSCA) Innovative Training Networks (ITN)
H2020-MSCA-ITNAnalytical 2018 (contract n® 813239) and “Glytunes” Marie Sklodowska-Curie
Action (MSCA) Innovative Training Networks (ITN) H2020-MSCA-ITN-2020 (contract n°® 956758).
The authors acknowledge also Mestrelab Research for providing Mnova software and Bruker BioSpin

for AssureNMR software.

237



Results

Figure Captions.

Figure 1. Detail of the protein and ligand electron density map for the complex between TTR and
Compound 2 (the two possible orientations of compound 2 within the binding site are shown) (A).
Superposition between the structure presented (XXX) in this work and 3TCT (B). Surface representation
of TTR interacting with one of the two possible conformations of compound 2 displayed as stick (C).

In all the three pannels, the conformation of the aliphatic chain of compound 2 is arbitrarily defined.

Figure 2: "H NMRD profiles of wild-type TTR, in the absence and in the presence of Tafamidis at 15,
25 and 37 °C.

Figure 3. 2D "N *C NCA spectrum of rehydrated freeze-dried [U-"C, "’N] TTR with the assignment
reported on the signals. The spectrum was acquired on a spectrometer operating at 800 MHz ("H Larmor

frequency) with MAS of 14 kHz and temperature of ~ 290 K.

Figure 4. Region of the 2D "H-"*’N HSQC spectra of free TTR (200 pM with respect to the tetramer,
blue) and TTR in the presence of ~100 uM Tafamidis (A, red) or ~100 uM Taf-Ptx (B, red). The signals
of the free and bound species display almost equal intensities as indicated by the assigned peak of

Ser112.

Figure 5. (A, B) Chemical shift perturbation (CSP) of TTR in the presence of Tafamidis (A) and Taf-
Ptx (B) (in 1:1 ratio) with respect to free TTR, evaluated according to the formula A =

1/ 2 \/ AS% + (ASy/5)2. The residues experiencing the largest variations have been highlighted in red

and blue, respectively. The residues that were tentatively assigned have been indicated by a star. (C, D)
CSP mapping on the X-ray structure of TTR in complex with Tafamidis (PDB code: 3TCT)!"¥ with the
residues experiencing the largest perturbations in the presence of Tafamidis or Taf-Ptx colored in red
(C) and blue (D), respectively. The residues missing in the 2D 'H-'*’N HSQC spectra are colored in grey.

The monomers are in different colors (wheat, green, violet, pink) and Tafamidis as yellow sticks.

Figure 6. Comparison of a region of 2D *C-"*C DARR spectra (mixing time 50 ms, A, B) and ’N-"*C
NCA spectra (C, D) of free rehydrated freeze-dried TTR (blue) and TTR in the presence of the ligand
(red), Tafamidis (A, C) or Taf-Ptx (B, D). The assignment of some signals, with increased intensity in

the spectra of TTR in complex with the ligands with respect to the free protein, has been reported.

Figure 7. (A) Chemical shift perturbation (CSP) of rehydrated freeze-dried TTR in the presence of
Tafamidis (A) and Taf-Ptx (B) with respect to free rehydrated freeze-dried TTR, evaluated according to

the formula AS = 1/2 J (Ad¢,/2)% + (ASy/5)2.¥) The residues experiencing the largest variations

have been highlighted in violet (Alal9, Phe44, Gly47, Lys48, Val65, Glu66, Gly83, Argl03, Leul 10,
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Ser115, Vall121, for Tafamidis) and orange (Alal9, Phe44, Gly47, Lys48, Val65, Glu66, Gly67, Argl03,
Serl15, Vall21, for Taf-Ptx), respectively. (C, D) CSP mapping on the X-ray structure of TTR in
complex with Tafamidis (PDB code: 3TCT)!"# with the residues experiencing the largest CSP in the
presence of Tafamidis or Taf-Ptx colored in red (C) and blue (D), respectively. The residues
experiencing an increase in signal intensity after Tafamidis or Taf-Ptx binding have been colored in

magenta. The monomers are in different colors (wheat, green) and Tafamidis is shown as yellow sticks.

Figure 8. Comparative analysis of the NMR data collected in solution and in the solid-state of the effects
of Tafamidis (A) and Taf-Ptx (B) on TTR. The residues experiencing in solution the largest CSP in the
presence of Tafamidis or Taf-Ptx are colored in red (A) and blue (B), respectively. The residues
experiencing in the solid-state the largest CSP in the presence of Tafamidis or Taf-Ptx are colored in
violet (A) and orange (B), respectively. Residues experiencing in the solid-state an increase in signal
intensity after the binding of Tafamidis or Taf-Ptx are colored in magenta. Residues missing in solution
and solid-state spectra are colored in grey. Residues experiencing the largest CSP both in solution and
in the solid state are reported in black. Monomers are in different colors (wheat, green, violet, pink) and

Tafamidis as yellow sticks.
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Figure S1. Superposition between the structure presented in this work and 3TCT. One monomer for

both structure is presented for clarity.
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Figure S2. Interactions between the protein and compound 2 observed in the X- ray structure solved

in the present paper.
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Figure S3.2D 'H "N TROSY-HSQC of TTR with the assignment reported on the signals. The spectrum
was acquired on a NMR spectrometer operating at 950 MHz ('H Larmor frequency) and 310 K.
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Figure S5. 2D 'H "N TROSY-HSQC of free TTR (blue) and TTR in the presence of tafamidis (red,
left) and in the presence of Taf-Ptx (red, right). The spectra were acquired on an NMR spectrometer
operating at 950 MHz (‘H Larmor frequency) and 310 K.

Table S1.

Table S1. Data processing and refinement statistics for the X-ray structure solved in the present paper.
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TTR
Wavelength 1.541
Resolution 35.47 -1.6 (1.657 - 1.6)
range
Space group P21212
Unit cell 43.48 85.34 63.79 90 90 90
Total 384543 (15355)
reflections
Unique 31504 (2783)
reflections
Multiplicity 12.2 (5.5)
Completeness 98.21 (88.60)
(%)
Mean I/sigma(I) 22.29 (2.08)
Wilson B-factor 16.87

R-merge 0.08045 (0.9225)
R-meas 0.08391 (1.016)
R-pim 0.02336 (0.4066)
CC1/2 1(0.668)

cC* 1(0.895)
Reflections 31492 (2783)
used in refinement
Reflections 1574 (139)
used for R-free

R-work 0.1783 (0.2452)
R-free 0.2035 (0.2458)

CC(work) 0.968 (0.839)

CC(free) 0.977 (0.802)

Number of non- 2068
hydrogen atoms
macromolecules 1785
ligands 54
solvent 229
Protein residues 231
RMS(bonds) 0.014
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RMS(angles) 1.28
Ramachandran 98.68
favored (%)

Ramachandran 1.32
allowed (%)
Ramachandran 0.00
outliers (%)
Rotamer 0.00
outliers (%)
Clashscore 3.92
Average B- 23.91
factor
macromolecules 22.45
ligands 31.26
solvent 33.63

wild type TTR wild type TTR +
Tafamidis

a 0.34+0.01 0.34 +0.01 5!

B 1.9+0.7 107 s

ci 0.005 +0.002 | 0.003 +0.002

7 350 + 100 107 s

e 0.24+0.07 [ 0.27+0.08

5 30£3 107s

3 0.75 +0.07 [ 0.73+0.08

1'3 442 107s
7 (15 °C) 40 + 1 40 + 1 107s
(37 °C) 19+1 22+1 107s

Table S2. Best fit values of the "H NMRD profiles of wild-type TTR with and without tafamidis. Unless
differently specified, the values refer to the profiles collected at 25 °C.
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Conclusions

The relationship between structure and binding capability toward specific RNA oligonucleotides is
of fundamental importance to reveal the biological role of the RNA binding proteins (RBP), to design
potential drug candidates and mutants for application in synthetic biology and bio-analytics. The
research activity of my PhD project here described, was focused on the expression of bacterial and
human RBPs and on the biophysical characterization of their binding to selected physiological and
engineered RNA sequences. Concerning the RBPs, as a part of a collaborative project, we have
discovered, expressed and characterized an AB-Elavl RRM-containing protein from the ELAVL family
in Acinetobacter baumanii. After the development of an optimized experimental protocol, I obtained
crystals of the protein suitable for x-ray diffraction. The experimental structure confirmed the presence
of a typical RRM fold in the protein, and the NMR data recorded in solution proved its ability to bind
RNA AU-rich oligonucleotides. These results open the way to reveal the biological function of ELAVL

proteins in Acinetobacter baumannii and possible new drug targets to face this pathogen.

More closely related to the RNAct project is the research activity carried out on the human Musashi-
1 protein. This RBP play an important role in stem cell maintenance, tumorigenesis and is a potential
drug target. The results here reported demonstrate the capability of each isolated domain of MSI-1
(RRM-1 and RRM-2) to bind the RNA sequences containing the consensus binding motif G/AU;.3;AGU
and also the simple UAG motif placed in linear RNA sequences or in folded RNA structures with high
affinity. We have also demonstrated that the two domains within MSI-1 compete for the UAG motif
decreasing the selectivity and leading to the presence of multiple species in solution. However, when
the AUG recognition motif is involved in the formation of a double RNA strands the affinity for the two
domain is probably lost. These results have provided the necessary insights for the analysis in silico by
the computational tool RRMScorer, of the affinity of RRM-2 for the AUG motif and to design mutants
of the MSI-1 an improved selectivity. The decreased affinity of RRM-2 for the UAG motif induced by
the mutations in this domain within the MSI-1, results in a reduction of heterogeneity in the solutions
containing the mutated protein and the selected RNA oligonucleotides. The same computational tool
has been used to identify RNA motif with high affinity for the RRM-2 domain. In this respect, is
interesting the motif CAG. The replacement of the AUG motif with CAG sequence on the two
previously investigated RNA strands restores the affinity of the mutated RRM-2 domain for the two
mutated RNA oligonucleotides leading to a higher selectivity of the mutated MSI-1 in the recognition
of the mutated RNA strands, and to a lower heterogeneity in solution. Collectively, the NMR
characterization proves the reliability and the quality of the prediction provided by RRMScorer,
suggesting MSI-1 and its RNA partners are promising candidates to develop new mutants for application

in synthetic biology and bio-analytics.
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Conclusions

Always within the RNAct project and related to RBPs, is the research focused on the development
of a new application for the Ligand technology for the monitorization of RNA-protein interactions in
living bacteria cells in real time. An adaptation of the dish coating combined with the design of a reporter
system with RBPs, this work has allowed to track and characterize gene reporter assays over time in a
relevant physiologic environment. At the same time, the development of this new methodology opens
up tons of possibilities to exploit LigandTracer to regulate gene expression throughout RBPs and small

molecules.

Moreover, during this PhD project new strategies for the characterization of protein-based drugs
and formulations by NMR spectroscopy have been developed and tested. To speed-up the development
of these new NMR-based strategies, we have used the therapeutic protein ANSII and the potential drug
carrier TTR, already available in the lab. At this regard, solid-state NMR (SSNMR) spectroscopy has
been used to investigate the preservation of the higher order structure (HOS) of the proteins in
heterogenous materials suitable for drug release and bioprinting applications. In particular, the two
ANSII and TTR have been embedded in hydrogel matrices by using a simple sample preparation
protocol. As reported in the manuscript the recorded NMR data prove that SSNMR can be employed to
evaluate the preservation of the protein folding providing new perspectives for the development and
characterization of new biotherapeutics and pharmaceutical formulations.

Finally, SSNMR has been used within an integrated approach to develop a new strategy to design
protein-drug conjugates (PDC). In this research Transthyretin was selected as potential carrier for a
paclitaxel derivative conjugated to Tafamidis. Our results highlight the benefits and show the potential
of using an integrative approach using different complementary structural techniques like SSNMR and

X-ray to develop PDC.
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