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ABSTRACT

Many proteins contain disordered domains under physiological conditions. These

disordered regions may be functional, although under pathological conditions they

may lead to protein aggregation and degradation, as observed in proteins related to

neurodegenerative diseases. In my thesis study, I aimed to understand how the pri-

mary sequence of these proteins encodes for the diverse ensemble of conformations

rather than a stable folded state. I focused on the role of disordered domains in the

activity of RNA-binding proteins involved in post-transcriptional regulation, but may

lead to pathogenesis in many diseases.

The human TIS11 proteins bind to AU-rich elements in the 3′ UTR of mRNAs

through a CCCH-type tandem zinc finger (TZF) domain. Mutations in these proteins

have been linked to cancer. A member of this protein family, Tristetraprolin (TTP),

is partially unfolded in the C-terminal zinc finger in the apo state, but folds upon

RNA binding. The homolog protein TIS11d is folded in both free and bound states.

Previous studies have shown that the extent of structure of the TZF domain in the

apo state does not affect the affinity to target RNA in vitro, however it modulates

the activity of the protein in cell. To understand which interactions determine the

zinc affinity of the C-terminal zinc fingers of TTP and TIS11d, I investigated the sta-

bility of their TZF domains using homology modeling and molecular dynamics (MD)

simulations. I found that, in the C-terminal zinc finger of TIS11d, a hydrogen bond

is necessary to allow for π-π stacking between the side chains of a conserved pheny-

lalanine and the zinc-coordinating histidine. Using mutagenesis and nuclear magnetic

resonance (NMR) spectroscopy, I demonstrated that the lack of this hydrogen bond is

responsible for the reduced zinc affinity, and thus lack of structure, of the C-terminal
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zinc finger in TTP.

These results suggest that the CCCH-type TZF domain in different proteins have

evolved to differentiate their function through a disorder-to-order transition.

In Caenorhabditis elegans several RNA-binding proteins contain a TZF domain

homologous to the RNA-binding domain of TIS11 proteins, but have different RNA-

binding specificity. I characterized the structure and the dynamics of the C. elegans

protein MEX-5 using NMR spectroscopy and MD simulations. I found that MEX-5,

like its mammalian counterpart TTP, contains a zinc finger that is partially unfolded

in the free state but that folds upon RNA-binding. To assess if the disorder-to-order

transition upon RNA-binding contributes to MEX-5 function, I designed a variant

MEX-5 where both zinc fingers are stably folded in the absence of RNA. I character-

ized the RNA-binding activity of this variant MEX-5 and I found that the binding

affinity and specificity are unchanged compared to the wild type protein. Together

with Ryder’s lab, we used CRISPR-hr to introduce this variant into the endogenous

C. elegans mex-5 locus. Homozygotes animals are sterile, form massive uterine tu-

mors within a few days of reaching adulthood, and often die by bursting.

These results show that the unfolded state of MEX-5 is critical to its function in

vivo by a mechanism distinct from its RNA-binding activity.

To further investigate how the equilibrium between structural order and disorder

affects the function of a protein in the cell, I focused on the human protein TDP-43,

a major component of the cellular proteinaceous aggregates found in amyotrophic

lateral sclerosis and other neurodegenerative diseases. Previous studies have shown,

both in vitro and in vivo, that the second RNA recognition motif (RRM2) of TDP-43

domain contains peptide regions that are particularly prone to fibril formation. In

addition, RRM2 has been shown to populate, to a small degree, one or more partially

folded states under native conditions. To determine if the partially folded states of

TDP-43 RRM2 contribute to the formation of aggregates observed in the human dis-
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eases, I characterized the structures of these states using MD simulations including

enhanced sampling methods and restraints from experimental chemical shifts. I found

that in these states the protein exposes to the solvent aggregation-prone regions that

are instead buried in the protein core in the native state.

These results suggest a role in fibrogenesis for the transient partially folded states

of TDP-43 RRM2.
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CHAPTER 1

INTRODUCTION

1.1 Disorder in protein and its function: intrinsically disor-

dered proteins and partially folded states

The central dogma of structural biology has been, for roughly a century, that pro-

tein function associates only with a well-defined three-dimensional structure. This

protein-structure-function paradigm was first introduced with the lock-and-key pro-

posal by Fischer [1] and then continued with the interpretation of denaturation as loss

of specific structure by Wu [2] and, independently, by Mirsky and Pauling [3]. Nowa-

days, it is accepted that proteins fall instead onto a structural continuum: starting

from tightly folded single domains, to multidomain proteins that might have flex-

ible or disordered regions, to compact but disordered molten globules and, finally,

to highly extended, heterogeneous unstructured states [4, 5]. Proteins with intrinsi-

cally disordered regions (IDRs) or domains (IDPs) lack a sufficient hydrophobic core

and therefore fail at folding spontaneously into a highly organized three-dimensional

structures. However, IDPs and IDRs can adopt compact but disordered molten-

globule-like states, or local regions of their sequence can have a propensity to adopt

isolated and transient elements of secondary structure [4]. Consistently, it has been

shown that proteins rarely behave as true random coils in aqueous solution and show

propensity to form local elements of secondary structure or hydrophobic clusters even

under denaturing condition [6].

The occurrence of unstructured regions is notably common in functional proteins.

The existence of functional unstructured proteins have been longly acknowledged [7]
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and unstructured proteins have been reported in intact cells since early proton nuclear

magnetic resonance (NMR) spectroscopy experiments [8]. Compared to proteins that

adopt a well-defined energetically stable three-dimensional structure, the free-energy

landscapes of IDPs are relatively flat, allowing sampling of many different confor-

mations. Reported examples of domains that directly use their structural flexibility

to carry out their function are linkers [9], entropic springs [10] or elastomers [11],

entropic bristles [12], and native molten globules [13, 14]. IDPs and IDRs are present

in all organisms, but are particularly abundant in eukaryotes, where they play crucial

roles in processes like signaling and regulation [15].

1.1.1 Functions of the intrinsic disorder in proteins

IDPs and IDRs facilitate several biological processes through their lack of struc-

tural constraints [5]. The features of IDPs allow a precise level of control of cellular

processes. IDPs are characterized by the presence of small recognition elements that

fold on partner binding and by a high degree of flexibility, which enables them to in-

teract promiscuously with different targets in different contexts. Additionally, IDPs

contain accessible sites for post-translational modification [16]. The ability of IDPs to

bind partners with high specificity but modest affinity leads to rapid and spontaneous

dissociation and termination of the signal [17, 15, 18] and kinetic advantages in sig-

nalling [19], as their extremely fast association rates allow signals to be rapidly turned

on. The molecular interactions that occur in complexes involving IDPs are transient

and dynamic. IDPs, in fact, exchange binding partners and compete for binding to

central hub proteins, which are often present in limiting amounts [16]. These interac-

tions are fine-tuned by post-translational modifications that enable them to function

as switches and rheostats [15, 20, 21, 22, 23, 24]. Moreover, disorder-to-order tran-

sitions can underlie function [25], such as folding upon binding [26] or activation of

chaperones following unfolding [27]. Many of these processes involve interactions of
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IDPs and IDRs with partner proteins or nucleic acids.

The association between IDPs, or IDRs, and folded globular proteins can occur in

the disordered form, through preformed structural elements or, alternatively, through

conformational selection, first described for binding to a flexible ligand [28, 29]. Cou-

pled binding and folding, or induced fit [30], represents a different mechanism for these

protein-protein interactions, with structure formation occurring together with bind-

ing [31]. DNA- and RNA-binding proteins employ different strategies to overcome the

thermodynamic and kinetic challenges of binding to specific nucleotide sequences: in

order to form a network of interactions (i.e. hydrogen bonds) with the ligand molecule,

the protein undergoes a conformational change that has an entropic cost. Several of

these strategies include the interaction with unfolded or partially folded protein re-

gions. Indeed, induced protein folding contributes to sequence-specific DNA binding

with a large changes in heat-capacity, resulting from the conformational transition

undergone upon the nucleic acid-protein complex formation [31]. Structural reorgani-

zation of the protein upon binding involves folding of entire domains, as in the basic

region of the basic leucine-zipper DNA-binding domain [32], as well as folding of local

disordered loops or linkers between folded domains, as in the Cys2His2 zinc finger

proteins [33]. Additionally, several complexes involve a mutual induce-fit mechanism

where both the protein and the nucleic acid are more structured in the bound state,

as in the case of the ribosomal protein L5 associating with the 5S ribosomal RNA

[34].

Furthermore, the structural instability and flexibility of the IDPs and IDRs might

be exploited by the cell to target misfolded proteins for proteolytic degradation. Ir-

reparably misfolded proteins are tagged for destruction in the cell by the ubiquitin-

proteasome system. Targeting in the ubiquitin-proteasome pathway is driven by the

identification of solvated hydrophobic amino acids. It has been recently shown that

the yeast nuclear E3 ubiquitin ligase San1 uses disordered N- and C-terminal domains
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to directly recognize misfolded substrates [35]. These IDRs contain short, conserved

stretches of hydrophobic residues flanked by very flexible regions, which enable San1

to adaptively recognize many differently shaped misfolded substrates [35]. Although

IDPs and IDRs exhibit features of unfolded proteins, many of them are resistant to

proteolysis. The particular amino-acid composition, displaying linear sequence distri-

butions of oppositely charged or polar residues (Gln, Ser, Pro, Glu, Lys) and the lack

of bulky hydrophobic residues (Val, Leu, Ile, Met, Phe, Trp and Tyr) [36], may con-

tribute to the requirement of intrinsically unfolded segments for long-term stability.

Polyglutamine repeats, for example, have been found to be resistant to degradation

by eukaryotic proteasomes [37].

1.1.2 Case studies: early examples, CBP

Many IDPs and IDRs with biological functions have been reported for more than

60 years, including casein [38], phosvitin [39], fibrinogen [40] and calcineurin [41]. Ca-

sein has been one of the earliest studied protein to exhibit peculiar features of unfolded

protein: casein has been known, in fact, to tolerate prolonged heating and treat-

ment with chemical denaturating agents without any significant structural change.

Furthermore, casein is highly susceptible to protease degradation. In light of these

observation, McMeekin in 1952 suggested that casein occurs in milk in an unfolded

configuration, which may be rapidly digested by proteolytic enzymes. [38]. Recently,

it has been proposed that casein molecules associate under physiological condition

to form soluble micelles based on an IDP-based matrix [42]. These micelles are

sustained by diverse types of interactions, including interactions of phosphorylated

residues with calcium phosphate nanoclusters. Phosvitin, from egg yolk, was reported

by Jirgensons in 1958 as a flexible polyanion [39]. The primary sequence of phosvitin,

in fact, contains ∼ 57% serine, mostly phosphorylated, many polar residues and very

few hydrophobic moieties [43]. Fibrin is the cleavage product of the fibrinogen hex-
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amer, a blood plasma glycoprotein, by thrombin protease. Once cleaved, fibrin forms

an insoluble matrix [40]. Recent circular dichroism and NMR studies suggest that

the region at the carboxyl end of the α-chain of fibrin contains structured regions of

limited size that are connected by flexible unstructured linkers [44]. Calcineurin is

a serine/threonine phosphatase activated by binding to calcium-calmodulin [45, 46].

In the crystal structures of calcineurin [47], the calcium-calmodulin binding site is

located in a region of missing electron density. Moreover, hydrogen exchange exper-

iments show that the binding site is unprotected in absence of calcium-calmodulin,

supporting the hypothesis of its intrinsically disordered nature [48].

Intrinsically disordered regions are well exemplified by CBP. The transcriptional

co-activator CBP, and its paralogue p300, have an intrinsic acetyltransferase activ-

ity that is used in turn to modify chromatin and transcription factors. Addition-

ally, CBP functions as scaffolds for the recruitment and assembly of the transcrip-

tional machinery [15]. Roughly 50% of the protein is intrinsically disordered, with

folded domains connected by long unstructured regions containing predominantly

Gln, Pro, Ser, Gly, Thr and Asn residues. One of the folded domain of CBP, the

transcriptional-adaptor zinc-finger-1 (TAZ1) domain, mediates interactions with the

hypoxia-inducible factor-1α (HIF1α), therefore regulating the hypoxic response [49].

The C-terminal transcription-activation domain of HIF1α is unstructured in solu-

tion, but undergoes local folding transitions to form three short helices on binding to

the TAZ1 domain of CBP/p300 [15]. The tight binding (Kd ∼ 7 nM) between the

two domains represents an example of enthalpy-entropy compensation. There is a

conformational entropic cost associated with the disorder-to-order transition that ac-

companies the binding of an intrinsically unstructured protein to its target. The key

thermodynamic driving force for the binding reaction is usually a favorable enthalpic

contribution, which gives an example of enthalpy-entropy compensation. Indeed, the

coupling of folding and binding, in the case of HIF1α and CBP/p300, favors the burial
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of an extremely large surface area, despite the relatively small size of the interacting

domains [15]. The CBP/HIF1α system provides, also, several examples of how IDPs

regulate their binding partners through covalent modifications. The residue Asn 803

of HIF1α, located in the disordered C-terminal transcription-activation domain, acts

as a hypoxic switch: Asn 803 is hydroxylated in normoxic condition and disrupts

the binding of HIF1α to CBP [50]. However, the enzyme responsible for Asn 803

hydroxylation requires that the surroundings residues assume an α-helix conforma-

tion, with the side chain of the asparagine projecting into the enzyme active site

[51, 52]. The ability of the C-terminal transcription-activation domain of HIF1α to

adapt its conformation to different binding partners, at a marginal energetic cost,

arise from the intrinsic plasticity of the disordered domain. Finally, analysis of the

CBP sequence offers insights on characteristic features of flexible linkers connecting

folded globular domains. The amino acids composition of CBP linkers reveals a high

proportion of polar residues, with a percentage, ∼ 70%, that is conserved in many

species from Caenorhabditis elegans to Homo sapiens [15]. Interestingly, segments

within the linkers of CBP contain stretches with relatively high proportions of hy-

drophobic and charged residues. These motifs, although not yet characterized, may

represents binding sites for partner proteins [15].

1.1.3 Coupled folding and binding

Coupled folding and binding is the process in which an IDP, or IDR, undergoes

a conformational transition from disorder to an ordered structure upon binding to

its target. In this process there is an entropic cost to fold a disordered protein or

region, which is paid for using the binding enthalpy. As proposed by Schulz in 1979 in

its study on protein-nucleic acid interactions, this entropy/enthalpy compensation re-

sults in high specificity and low affinity [53]. However, recent studies have shown that,

although many IDPs exhibit weak affinities with their partners, many do not and the
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affinities for complexes involving IDPs span values common to complexes involving

structured proteins [54]. Additionally, complexes involving IDPs are characterized

by fast binding kinetics [55, 56], which may occur via a fly-casting mechanism [57]

or a dock-and-coalesce mechanism [58]. In the fly-casting model, the unfolded do-

main binds weakly at a relatively large distance, followed by folding as the protein

approaches the binding site. In the dock-and-coalesce model, intead, a segment of the

IDP first docks to its cognate sub-site on the target, allowing the remaining segments

to explore conformational space and coalesce around their cognate sub-sites. These

features of IDPs complexes, high specificity and fast kinetics, play an important role

in signal-transduction, in which proteins must properly associate to initiate the sig-

naling process, but must be able to rapidly dissociate when signaling is completed.

Moreover, a system that includes disordered domains that fold on binding can

take advantage of its conformational flexibility to facilitates the post-translational

modification of the complex components. As discussed above for the CBP/HIF1α

system, conformational flexibility confers to a protein the ability to interact with its

physiological target and with modifying enzymes [15].

1.1.4 Methods and experimental techniques to study structural ensem-

bles and dynamics

A central problem in studying IDPs and IDRs is to develop experimental tech-

niques that allow to describe, at atomic resolution, free and complexed states of IDPs

and IDRs. Traditional structural biology methods have been developed to charac-

terize stably folded conformations of proteins. Therefore, these techniques are not

appropriate to capture the structures and dynamics of IDPs and IDRs. Solution state

NMR and molecular dynamics (MD) simulations, however, have proven to be suited

to describe conformational ensemble of IDPs and IDRs and their structural disorder

[59].
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1.1.5 Nuclear Magnetic Resonance spectroscopy

NMR appears as a powerful tool to describe the conformational ensemble of IDPs

and IDRs due to the specific averaging properties of diverse conformationally depen-

dent observables [60]. NMR observables, such as chemical shifts, scalar couplings and

residual dipolar couplings, in fact, are measured as population weighted average over

all conformers if the system is in fast exchange regime, that is if structural intercon-

version happens in a timescale faster than the chemical shifts difference between the

corresponding crosspeaks, usually milliseconds [61, 62]. In particular, chemical shifts

report the chemical and electronic environment of the nucleus of interest. Deviations

of measured chemical shifts from random coil values [63] provide important insights

into the secondary structures populated in the conformational ensemble for IDPs or

IDRs.

NMR relaxation allows to explore protein motions in terms of backbone and side

chain dynamics. In the specific case of IDPs, NMR relaxation experiments provide

description of local dynamic timescales, long-range reconfiguration timescales and

conformational exchange (folding/binding) [62]. Standard techniques can be applied

to partially folded proteins and IDPs, such as measurement of T1, T2 and heteronu-

clear NOE parameters for backbone resonances or R2 relaxation dispersion [64]. Chal-

lenges in data analysis and interpretations, however, arise from the complexity of the

theoretical framework for quantitative analysis of nuclear spin relaxation in terms of

local and segmental motions [62].

1.1.6 Computational Biology (molecular dynamics and enhanced sam-

pling)

Atomistic MD simulations represent an established technique for studying protein

folding and the underlying free-energy landscapes. Some caveats in using MD simula-

tions in explicit solvent for characterization of the structural ensemble of IDPs are the
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computational power and the computational time required for adequate sampling of

the conformational space. The use of enhanced sampling methods allow to overcome

this issue. Enhanced sampling simulations are classified as unbiased (temperature

replica exchange [65], solute tempering [66]) or biased (umbrella sampling [67], meta-

dynamics [68]) [59].

In the temperature replica exchange MD method [65], multiple copies (replicas) of

the system are simulated in parallel, all at different temperatures. While one replica

is collected at the temperature of interest, the others are performed at a tempera-

ture high enough to rapidly overcome free-energy barriers between metastable states

[59]. Exchanges between replicas adjacent in temperature are attempted during the

simulations according to a Monte Carlo scheme [69]. Therefore, the conformational

ensemble at the temperature of interest results from the fast sampling of conforma-

tional space of the high-temperature replicas.

In order to reduce the computational cost of MD simulations that effectively ex-

plore the conformational space, enhanced sampling methods that employ biasing po-

tentials can be used rather than replica exchange-based approaches. In particular,

metadynamics simulations exploit a biasing potential to discourage the system of

interest to visit previously explored regions of the conformational space ([68]. Dur-

ing these simulations, Gaussian-shaped potentials are periodically deposited along

the trajectory of a collective variable (CV), an appropriately chosen variable that de-

scribes the reaction coordinates. As a result, at the equilibrium the history-dependent

biasing potential exactly compensate the unbiased free-energy profile along the cho-

sen CV [59]. The advantage of metadynamics, compared to other biased methods

[67, 70] consists in no required a priori knowledge of the end states. Additionally,

multiple CVs can be used to describe the system and multi-dimensional free-energy

landscape can be obtained [71].

The ensembles of conformations resulting from enhanced sampling methods are
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analyzed by clustering the data based on structural similarities or calculating the

probability of observables [59].
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In this thesis, I have studied how the balance between structure and disorder in a

protein affects its function. In particular, to address this fundamental question I have

focused on three independent RNA-binding proteins: TTP, MEX-5 and TDP-43. In

the following sections, I will describe the three proteins and their functions in the

cell.
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1.2 The role of CCCH-type Tandem Zinc Finger proteins in

post-transcriptional gene regulation

The majority of the zinc finger proteins are DNA-binding proteins, specifically

most of them are transcription factors. Among the family of zinc finger proteins,

however, several members, such as the CCCH-type zinc finger proteins, bind and

recognize RNA targets and are involved in regulation of the RNA metabolism, in-

cluding mRNA splicing, polyadenylation, export, translation, decay, transcriptional

repression or signaling modulation [72]. Structurally, CCCH-type zinc finger proteins

are characterized by one or more finger motifs, each of them coordinating a zinc ion

through three cysteines and a histidine.

Genome-wide surveys have revealed nearly 60 CCCH-type proteins in humans

and mice [73], and similar results (∼ 70) have been reported from genome analysis on

Arabidopsis thaliana and rice [74]. These results suggest that CCCH-type zinc finger

proteins are evolutionarily conserved across different species. Although the functions

of most of these proteins have not been elucidated yet, to date CCCH-type zinc finger

proteins have been reported to be involved in a broad range of biological processes,

spanning from immune response (cytokine production, immune cell activation, im-

mune homeostasis and antiviral innate immunity) to regulation of cell differentiation

and cancer cell growth [75].

1.2.1 Gene regulation and ARE-binding proteins

The control of mRNA stability is an important process in the response of the

cell to changes in intracellular and extracellular stimuli. This response requires rapid

regulation of gene expression and mRNA translation, processes that are controlled

by sequence elements that govern mRNA half-life, stimulating or inhibiting its degra-

dation [76]. In mammalian cells AU-rich elements (AREs) are 50-150 nucleotides

cis-acting sequences, within the 3′-untranslated regions (3′-UTR) of mRNAs, that
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ARE classification

Class I Dispersed AUUUA in U-rich context
Class II Overlapping (AUUUA)n
Class II U-rich stretch

Table 1.1: ARE Classes

have been reported to target mRNAs to rapid degradation [77]. AREs are defined

not only by an enrichment in adenosine and uridine but, importantly, by their pat-

terns, repeats, and context [78] (see table 1.1). Therefore, the minimum ARE motif

is not trivially the AUUUA sequence, but rather is the pentamer in a AU-rich context

(i.e. UAUUUAU or UUAUUUAU or overlapping repeats of the pentamer) [78]. The

cis-acting sequences are specifically recognized and regulated by trans-acting factors,

which can be RNA-binding proteins (RBPs) or noncoding RNAs, such as the microR-

NAs [78]. Specifically, to date several ARE-binding proteins have been studied and

their mechanisms elucidated, such as the members of the CCCH TIS11 family, the

AU-rich-binding factor 1 (AUF1) and the stability factor HuR [78].

Genes encoding ARE-containing mRNAs are usually involved in cell growth or

response to micro-organisms, inflammatory stimuli and environmental factors [76].

These genes require very precise regulation of their spatial and temporal expres-

sion patterns, which in turn depend on transcriptional control, translation regulation

and stability of the mRNA. In this context, AREs are essential elements to control

the turnover of these mRNAs [79, 80, 81, 82]. In fact, under normal unstimulated

condition, the ARE-dependent degradation mechanism represses very effectively the

expression of these potent proteins. Dysregulation of ARE-mediated degradation

has been reported to be associated with pathological states such as cancer, chronic

inflammations and auto-immune pathologies [83, 84].
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1.2.2 The TIS11 proteins family: Tristetraprolin and TIS11d

The TIS11 family of RNA-binding proteins includes three mammalian genes: Tris-

tetraprolin (TTP), TIS11b and TIS11d [85, 86]. These proteins are induced in re-

sponse to direct extracellular stimuli such as insulin, growth factors, mitogens and

phorbol esters [85]. The TIS11 proteins bind to the class II AREs (see table 1.1) and

consequently promote 5′-decapping or deadenylation and degradation of the mRNA

via the recruitment of the exosome [87, 78] (see figure 1.1). TIS11 proteins have an

important role in mediating the inflammatory response by regulating the stability of

the mRNA of critical genes [85], such as TNF-α. Through recognition and binding

to the TNF-α AREs, in fact, TTP, TIS11b and TIS11d control TNF-α concentration

through the turnover of its mRNA [88, 89].

1.2.3 The CCCH-type Tandem Zinc Finger domain architecture

Proteins of the TIS11 family possess a RNA-binding activity by mean of a highly

conserved tandem zinc finger (TZF) domain, containing two CCCH-type zinc finger

elements [90]. The affinity of the zinc fingers to zinc is high, Kd ≤ 10−11 M [91],

and mutations that abolish zinc-binding cause loss of RNA-binding activity [92, 93].

The primary sequences of the TZF domains in the TIS11 proteins highlight several

common features (see table 1.2), including the conserved spacing between the lig-

and cysteines and histidine, with scheme CX8CX5CX3H, and the length of the linker

connecting the two zinc fingers, 18 residues. Other conserved elements of the pri-

mary sequence consist of the motifs preceding the first zinc-coordinating cysteine,

(R/K)YKTEL (see table 1.2), that has been shown to be of pivotal importance to

define the RNA-binding specificity [90].

In 2004, Hudson et al. solved the solution NMR structure of the TZF domain

of TIS11d in complex with a cognate 5′-UUAUUUAUU-3′ RNA molecule [90]. The

structure reveals a new fold for the CCCH-type TZF domain, with the two zinc fin-

14



TTP SRYKTELCRTFSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQGRCPYGSRCHFIHNPSE

TIS11b SRYKTELCRPFEENGACKYGDKCQFAHGIHELRSLTRHPKYKTELCRTFHTIGFCPYGPRCHFIHNAEE

TIS11d TRYKTELCRPFEESGTCKYGEKCQFAHGFHELRSLTRHPKYKTELCRTFHTIGFCPYGPRCHFIHNADE

Table 1.2: Sequences of the TZF domains of TIS11 proteins. The TIS11 family
proteins share homology at their TZF domain. The two zinc finger motifs (under-
lined) have a characteristic CX8CX5CX3H scheme of the zinc coordinating residues
(highlighted in red). Conserved R(K)YKTEL sequences, preceding each finger, are
highlighted in blue.

gers, showing the same backbone conformation (root mean square deviation = 0.84

Åfor the heavy atoms), connected by a the linker region. Each zinc finger adopts

few secondary structure elements, specifically a short α-helix immediately after the

first cysteine ligand and a turn of 310-helix between the second and third cysteine

ligands [90]. Additionally, a turn of 310-helix is present at the interface between the

N-terminal zinc finger and the linker [90].

1.2.4 The RNA-binding activity of Tristetraprolin and TIS11d

TTP and its paralogs TIS11b and TIS11d have been identified as RNA-binding

proteins that lead to the destabilization of their polyadenylated mRNA targets con-

taining ARE class II elements [94] via the recruitment of the exosome [87] or, alterna-

tively, via the 5′ decapping and 5′ to 3′ degradation [87, 78] (see figure 1.1). Previous

studies demonstrated that mutation of A to either G or C in the context of the ARE

motif AUUUA abolishes, or strongly reduces, the ability of TIS11 proteins to bind

such sequences [89, 95, 96].

The solution structure of TIS11d in complex with a cognate 5′-UUAUUUAUU-3′

RNA molecule provides useful insights into the binding footprint of these proteins on

the ARE probe [90]. The structure of the complex, in fact, reveals that each zinc

finger recognizes a single 5′-UAUU-3′ motif [90]. Interestingly, Hudson et al. also

reported that for TIS11d, and likely for other TIS11 proteins, the ARE recognition is
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accomplished through an extensive network of hydrogen bonds between the protein

backbone and the bases of the RNA, mostly to the Watson-Crick edges [90]. The

binding between protein and RNA is further stabilized by means of stacking interac-

tion between the side chains of conserved aromatic amino acids and all of the RNA

bases [90].

16



Figure 1.1: Post-transcriptional mRNA decay mechanisms. A model of mRNA degra-
dation initiated by TTP binding to ARE-containing mRNA. Binding of TTP pro-
motes degradation of the mRNA transcripts, thus decreasing protein production.
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1.2.5 The role of TIS11 proteins in cancer

Members of the TIS11 protein family, by inhibiting translation of ARE-containig

mRNAs, have a critical role in regulating cell growth, inflammation, angiogenesis,

and invasion. Therefore, changes in expression levels, intracellular localization and

activity of ARE-binding proteins can lead to cancer initiation and progression [97].

TTP regulates inflammation- and cancer-associated factors [97], and loss of TTP

function is a common feature of several human malignancies, including brain, lung,

ovary, prostate, thyroid, breast, cervix, colon and liver tumors (Human Protein Atlas

available from www.proteinatlas.org).

TIS11d is a crucial modulator of hematopoiesis [98], and dysregulation of TIS11d

function has been associated with leukemia pathogenesis [99]. Iwanaga et al. have

identified several mutations of the Tis11d gene in patients with acute myeloid leukemia,

acute lymphoblastic leukemia and in lymphoma cell lines [99]. Two of these muta-

tions, P190L and D219E, occur in two highly conserved residues in the TZF domain

of TIS11d. Interestingly, a previous work from our lab has shown that these two

missense mutations cause differences in structural flexibility of the TZF domain of

TIS11d and results in aberrant cytoplasmic localization [100]. These findings suggest

a correlation between the loss of structure of TIS11d and its role in tumorigenesis.

Previous studies have shown a relationship between the activity in the cell of

TIS11 proteins and the extent of structure of their TZF domains [96]. Moreover,

two cancer-associated mutations in TIS11d have been demonstrated to cause loss of

structure in its TZF domain [100]. To date, however, the molecular interactions that

determine the stability of the CCCH-type zinc fingers are still not well characterized.

The results presented in this thesis identify a stacking interaction between the zinc-

coordinating histidine and a conserved aromatic side chain that is crucial for proper

zinc coordination and stability of the finger fold.
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1.3 The role of CCCH-type Tandem Zinc Finger proteins in

early development of Caenorhabditis elegans

Caenorhabditis elegans is a widely used model system to investigate fundamental

developmental processes of embryogenesis. One of the main theme of embryogenesis

studies is the post-transcriptional regulation of maternal mRNAs, produced and re-

versibly silenced in the earlier stages of oogenesis. During the transition from oocyte

to zygote, and for several cell divisions, the embryonic genome is transcriptionally

quiescent [101]. Therefore, maternally encoded mRNAs and their translational regu-

lation play a central role in the determination of cell fates and the establishment of

embryonic axes [102].

1.3.1 Embryonic development in Caenorhabditis elegans

In the fertilized C. elegans oocyte, the point of sperm entry determines the pos-

terior pole of the embryo, thus establishing the anterior-posterior body axis [103].

During the following stages of development, a series of rapid and invariant asymmet-

ric cell divisions pattern the identity of the early embryonic blastomeres [104]. The

first division of the zygote generates an anterior daughter cell (AB) and a posterior

daughter cell (P1). The AB daughter cell is the precursor of somatic tissues, whereas

P1 undergoes three subsequent asymmetric divisions, each time generating a somatic

blastomere (EMS, C, and D) and a germline blastomere (P2, P3, and P4) (see fig-

ure 1.2) [105]. Germline blastomeres are transcriptionally silent and progress more

slowly than somatic sisters through the cell cycle. At the ∼100-cell stage, P4 divides

symmetrically to generate Z2 and Z3, which proliferate throughout larval develop-

ment and give rise to the sperm and oocytes of the adult germline [105].

The initial patterning of the C. elegans embryo is controlled by maternal factors.

Among these maternal factors, PAR proteins act as cell polarity regulators, orches-

trating the anterior/posterior axis in the early C. elegans embryo [106, 107]. The 7
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PAR proteins in C. elegans are categorized in two groups, based on their distributions

in the anterior (PAR-3, PAR6 and the kinase PKC-3) or posterior (the kinase PAR-1

and the RING-finger protein PAR-2) cortical domains of the polarized zygote; two

additional PAR proteins, PAR-4 and PAR-5, are symmetrically localized in the cyto-

plasm and at the cell cortex [104]. As a result of their distribution pattern, the PAR

proteins determine the segregation of the cytoplasmic RNA-binding proteins MEX-5

and MEX-6 to somatic blastomeres [108]. MEX-5 and MEX-6, in turn, drive the seg-

regation of germline factors to the P blastomeres [109]. Consequently, during the first

cell division, the two daughter blastomeres inherit different determinants, which are

involved in specifying their distinct fates (anterior/somatic and posterior/germline).
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Figure 1.2: Reciprocal gradients of the C. elegans CCCH-type TZF proteins. Gradi-
ents of the TZF proteins MEX-5, MEX-6, POS-1, PIE-1, and MEX-1 from the 1-4 cell
stages of development. MEX-5 and MEX-6 are represented in white, POS-1, PIE-1,
and MEX-1 are represented in black. In the red box, the scheme of cell descendants
from the P0 zygote.
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1.3.2 The RNA-binding protein MEX-5

MEX-5 and MEX-6 are CCCH-type tandem zinc finger proteins that play a central

role in restricting germ plasm factors to the P blastomeres [109]. MEX-5 and MEX-6

share more than 70% of their primary sequence, their contributions to development

only partially overlap, however. Disruption of mex-5 gene, in fact, causes embryonic

death with a terminal phenotype that includes proliferation of muscle (Muscle EXcess,

MEX). In contrast, deletion of mex-6 does not affect viability [108, 110].

1.3.3 MEX-5 is required for body axis determination during embryoge-

nesis

Prior to the establishment of PAR polarity, MEX-5 is distributed symmetrically

in the zygotic cytoplasm [111]. At this stage, MEX-5 associates with slow-diffusing

cytoplasmic complexes that significantly reduce its mobility. Although the nature of

these complexes has not been determined yet, it has been reported that they depend

on MEX-5 ability to bind RNA [111]. Shortly after fertilization, the posterior kinase

PAR-1 phosphorylates MEX-5 on two residues, Serine 404 and Serine 458, resulting

in increased MEX-5 diffusion in the posterior cytoplasm. The activity of PAR-1 is

opposed by the phosphatase PP2A, symmetrically distributed in the cytoplasm. The

combined action of the kinase/phosphatase system generates a gradient in the dif-

fusion rate of MEX-5 along the anterior/posterior axis and leads to the preferential

retention of MEX-5 in the anterior [111]. Interestingly, MEX-5 sustains the PAR

proteins polarity via a feedback loop with PAR-1, although the mechanism has not

been characterized yet [112].

The MEX-5 gradient in the zygote stimulates the redistribution of germ plasm

RNA-binding proteins, such as POS-1 and PIE-1, to the posterior cytoplasm, indi-

cating that a primary function of MEX-5 is to restrict germ plasm activities to the P

blastomeres [108, 113, 114] (see figure 1.2). In a recent study, Han et al. have provided
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useful insights to elucidate the MEX-5-mediated mechanism that lead to POS-1 pos-

terior segregation [115]. They have shown, in fact, that MEX-5 recruits the Polo-like

kinase PLK-1 in the anterior cytoplasm. As a consequence, PLK-1 phosphorylates

POS-1 and inhibits the formation of stable, slow-diffusing POS-1/RNA complexes

in the anterior. The proposed mechanism for POS-1 segregation, therefore, appears

similar in many respects to that for MEX-5 segregation.

In support for the a central role of MEX-5 in determining the anterior/posterior

pattern of several cell fate determinants, recent studies demonstrated that MEX-5 is

also involved in P granules spatial regulation in the embryo. P granules are the C.

elegans germ granules, ribonucleoprotein organelles specific to the germline. Specifi-

cally, MEX-5 has been shown to suppress assembly and stability of P granules in the

anterior cytoplasm [116, 117, 118].

1.3.4 The CCCH-type Tandem Zinc Finger domain of MEX-5: compar-

ison with TIS11 proteins

Although belonging to the same CCCH-type TZF family, the TZF domain of

MEX-5 diverges from TIS11 proteins in several elements of the primary sequence (see

table 1.3). The two zinc fingers of MEX-5 display a different spacing between the

three conserved cysteines and the histidine compared to each other and to the TIS11

proteins: CX9CX5CX3H for the N-terminal zinc finger (ZF1), CX10CX5CX3H for the

C-terminal zinc finger (ZF2) and CX8CX5CX3H for the TIS11 proteins. Moreover,

the linker region connecting the two zinc finger is longer in MEX-5 than in TIS11

proteins, 23 residues and 18 residues, respectively.

The (R/K)YKTEL motifs, preceding the first zinc-coordinating cysteine and con-

taining residues that directly contribute to RNA binding [90], is highly conserved in

TIS11 proteins across many species. In MEX-5, however, the glutamate residue is
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TTP SRYKTELCRTFSESGR-CRYGAKCQFAHGLGELRQAN---RHP--KYKTELCHKFYLQGR--CPYGSRCHFIHNPSE

MEX-5 PNYKTRLCMMHASGIKPCDMGARCKFAHGLKELRATDAPARYPNNKYKTKLCKNFARGGTGFCPYGLRCEFVHPTDK

Table 1.3: Sequences of the TZF domains of TTP and MEX-5. The two zinc finger
motifs (underlined) have the zinc coordinating residues (highlighted in red). Con-
served R(K)YKTEL sequences, preceding each finger, are highlighted in blue.

not conserved. The identities of the corresponding amino acids preceding ZF1 and

ZF2, are arginine and lysine, respectively.

1.3.5 The RNA-binding activity of MEX-5

Since MEX-5 has been identified as a CCCH-type TZF protein, its RNA-binding

activity has been hypothesized on the basis of the homology with the already char-

acterized protein TTP [108]. First studies [110] on the RNA-binding specificity of

MEX-5 have confirmed that its TZF domain recognizes, as the human homologs, the

ARE of the TNF-α mRNA. Furthermore, it has been shown that MEX-5 binds to

RNA molecules containing a single 5′-UUAUUUAUU-3′ sequence, but with an overall

affinity that is 5 to 10 folds weaker than TTP.

MEX-5 specificity differs significantly compared to TIS11 proteins. MEX-5 binds

to polyuridine sequences with affinity similar to that of TNF-α ARE [110]. Specif-

ically, MEX-5 recognizes sequences containing a tract of 6-8 uridines within an 8-

nucleotide window. Sequences with these features are present in the 3′-UTR of 91%

of annotated transcripts of C. elegans [110]. Therefore, MEX-5 RNA-binding speci-

ficity suggests that MEX-5 may act as a broad-spectrum RNA-binding protein to

activate maternal mRNA turnover or as an affinity adapter for a more specific pro-

teins, such as PLK-1 [110, 115].

The role of MEX-5 is crucial for the determination of the body axis in the C.

elegans zygote. Additionally, recent studies unveiled MEX-5 contributions to other
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embryogenesis processes, such as P granules formation. However, the lack of knowl-

edge of MEX-5 structure, in particular of its RNA-binding domain, hampers a sys-

tematic understanding of the protein functions in the embryo. In this thesis, I present

a structural and functional characterization of the TZF domain of MEX-5 that reveals

a potential role of MEX-5 during cytokinesis.
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1.4 TDP-43 and Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease

that causes selective death of motor neurons. The effects of the disease include mus-

cle atrophy, paralysis and eventually death [119]. Although 10% of ALS cases occur

on a familial basis, approximately 90% of ALS patients are sporadic [120]. The neu-

ropathology of ALS is characterized by abnormal proteinaceous aggregates in the

cytoplasm of degenerating motor neurons [121].

In 2006, TAR DNA-binding protein 43 (TDP43) has been identified as the ma-

jor disease protein of most forms of ALS [122]. To date, mutations within the gene

that encodes TDP43 have been linked with other neurodegenerative diseases, in-

cluding fronto-temporal lobar degeneration (FTLD) [123], Alzheimer’s disease, other

tauopathies and Lewy body disorders characterized by α-synuclein inclusions [124].

1.4.1 Protein aggregation and neurodegenerative diseases

A common feature of neurodegenerative diseases, such as Parkinson’s disease,

Alzheimer’s disease, ALS and Huntington’s disease, is the presence of insoluble pro-

tein aggregates in the brain [125]. These aggregates are classified, based on their

cellular localization, as cytoplasmic, nuclear or extracellullar. Although the mecha-

nisms that lead to protein aggregation in diseases are not fully understood, factors

that promote aggregation include mutations in disease proteins, genetic alterations

that cause increased levels of protein expression or external factors, such as environ-

mental stress or aging [125].

The large intracellular or extracellular accumulations of aggregated proteins, known

as inclusion bodies, contain the disease proteins in a fibrillar aggregated form, called

amyloid [126]. Proteins in the amyloid state form multimeric assemblies with cross-β

structure and are therefore thermodynamically highly stable [127]. Although there is

evidence of functional amyloids, for example as natural storage of peptide hormones
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[128], in many cases the aggregation of proteins is pathological. Proteinaceous ag-

gregates, in fact, can directly be toxic for the cell, or they can sequester functional

proteins within the assemblies [129, 130].

1.4.2 Amyotrophic Lateral Sclerosis and TDP-43 proteinopathies

TDP-43 protein is the major component of the ubiquitinated neuronal cytoplas-

mic inclusions found in spinal motor neurons in ALS patients and in cortical neurons

in FTLD patients [122]. These TDP-43 aggregates are common to 97% of ALS

cases, both sporadic or familial [131, 132]. Interestingly, TDP-43 inclusions have

not been observed in ALS cases caused by mutations in SOD1 or FUS [131, 133].

Neurodegenerative diseases linked to the deposition of TDP-43 are known as TDP-

43 proteinopathies. The hallmark of TDP-43 proteinopathies is the deposition of

full-length and fragmented TDP-43 protein as detergent-resistant, ubiquitinated and

hyperphosphorylated aggregates in the cytoplasm, with consequent depletion of TDP-

43 from the nucleus [134, 122].

In order to establish a direct role for TDP-43 in ALS pathogenesis, several studies

have explored the roles of TDP-43 gain or loss of function in the disease. In ani-

mal models (mice, Drosophila and C. elegans), TDP-43 proteinopathy phenotypes

are observed upon overexpression of wild-type TDP-43. [135, 136, 137]. Moreover,

conditional and partial knockout models of TDP-43 indicate that loss of TDP-43 func-

tion induces motor neuron defects, a phenotype reminiscent of the human diseases

[138, 139, 140]. Interestingly, selective overexpression or knockdown of TDP-43 in glia

and muscle is sufficient to recapitulate ALS-like phenotypes [141, 142]. These results

suggest that both gain and loss of TDP-43 function may lead to ALS pathogenesis.

1.4.3 The structure and the function of TDP-43

TDP-43 is a 414-amino acid protein with two RNA recognition motifs (RRM1 and

RRM2) and a C-terminal disordered glycine-rich (G-rich) domain. A nuclear localiza-
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tion sequence is present at the N-terminus, as well as a nuclear export signal within

RRM2. The two RRM domains share significant sequence and structural homology.

The structures of the isolated RRM domains (Protein Data Bank entry: 2cqg, 1wf0)

show an α+β topology for each domain, composed of two repeating βαβ motifs with

an extra β strand inserted within the second βαβ motif [143]. Together, these strands

form an antiparallel β-sheet across one face of the RRM with the α-helices docked on

the opposite face.

The best characterized functions of TDP43 are those concerning its regulation of

RNA. The RRM1 domain is critical for TDP-43 RNA-binding activity, specifically

to UG repeats [144]. However, association of TDP-43 with sequences not containing

UG motifs has been reported [145]. Through its C-terminal G-rich domain, TDP-43

interacts with several heterogenous nuclear ribonucleoproteins (hnRNPs) and conse-

quently TDP43 regulates the splicing of human cystic fibrosis transmembrane con-

ductance regulator [144], survival of motor neuron [146], apolipoprotein A2 (APOA2)

[147] and serine/arginine-rich splicing factor 2 (SC35) [148]. TDP-43 also influences

mRNA turnover of several genes (cyclin-dependent kinase 6, histone deacetylase 6)

[149] and is involved in RNA trafficking [150].

Moreover, TDP43 is a DNA-binding protein, specifically it recognizes single-

stranded DNA. TDP43, in fact, has been first identified as a factor recognizing the

HIV1 TAR DNA sequence motif [151]. Binding of TDP43 to these DNA sequence

results in inhibition of transcription. Additionally, TDP-43 is a potential regulator

of acrosomal protein SP10 gene expression during spermatogenesis [152].

1.4.4 Models of disease pathogenesis

TDP-43 proteinopathies are defined by cytoplasmic mislocalization, fragmenta-

tion, aggregation, and post-translational modification. Mislocalization of TDP-43

in ALS and FTLD occurs by mean of the deposition of granular and filamentous
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macroaggregated protein in the cytoplasm, that results in depletion of TDP-43 from

the nucleus [122]. The disease form of TDP-43 corresponds to hyperphosphorylated,

ubiquitinated, and proteolytically cleaved C-terminal fragments of ∼ 25 kDa [152].

Cleavage of TDP-43 is promoted by C-terminal TDP-43 mutations [153], by cellular

stress [154], and proteasomal inhibition [155].

Recent studies have shown that the C-terminal fragments of TDP-43 form insol-

uble cytoplasmic aggregates [156] and toxic inclusions in cell lines [157, 158]. The

C-terminal fragments, in fact, mislocalize to the cytoplasm because of removal of the

nuclear localization sequence, and are aggregation-prone due to the prion-like nature

of the G-rich domain. Apart from the G-rich region, the truncated RRM2 present

in the C-terminal fragments also possess the ability to form fibrils. In particular, it

has been shown that β-strands β4 and β5 form two-dimensional sheet-like fibrils, in

a way resembling that of the protofilaments of amyloid fibrils [159].

However, several findings highlight that C-terminal fragments may not directly

exert toxicity. TDP-43 toxicity, in fact, requires intact RNA binding activity [160].

Moreover, cleavage is not necessary for TDP-43 aggregation, since a cleavage-resistant

mutant of TDP-43 is also converted into insoluble species [161]. Several studies in

animal models have found that mutant TDP-43 causes toxicity in the absence of visi-

ble aggregates [162]. These results suggest that misfolded forms of TDP-43 may play

a central role in pathogenesis, directly affecting the protein function and promoting

aggregation [134]. Interestingly, Mackness et al. characterized the folding pathways

of TDP-43 RRM2 and identified a stable folding intermediate [143]. The study of this

intermediate state may be useful to elucidate the mechanisms that link the functional

form of TDP43 with its misfolding and aggregation.

Both the RRM2 and the C-terminal region of TDP-43 are required for protein

aggregation and toxicity. To date, however, the mechanism of the pathological ag-
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gregation of TDP-43 is not completely understood. In this thesis, I characterized the

residual structure of a folding intermediate of TDP-43 RRM2, providing insights into

the structural changes that might facilitate TDP-43 aggregation.
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Figure 4.7: The values of the four collective variables employed in the RAM simulation
as function of time are reported for one of the four replicas. A red line indicates the
value of the collective variable for the native state in each plot.
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Figure 4.8: Characterization of the free energy landscape of the partially folded states
of the RRM2 of TDP-43. Two-dimensional free energy landscapes as a function of two
of the four collective variables used in the replica-exchange metadynamics simulations.
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Figure 4.11: Residual structure of the microstates in the partially folded state of
the RRM2 of TDP-43. Comparison of the average probability of hydrogen bonds
formation in the microstates corresponding to the basins E and F (above diagonal)
with the native state (below diagonal). A schematic representation of the secondary
structure elements of the native state is depicted on top of each map.
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4.5 Material and Methods

4.5.1 TDP-43 RRM2 structure preparation.

The structure of RRM2 of TDP-43 used in the simulation, residues 189 to 261,

was obtained from the deposited NMR solution structure (pdb entry: 1WF0). Wild-

type mutations S191R, G192K, and G200E were introduced in the sequence of RRM2

using the Mutator plugin (v. 1.3) of VMD [194]. The resulting structure was solvated

using GROMACS [267, 268, 269, 270] with 37000 water molecules in a dodecahedron

water box (1140 nm3), containing 5 Na+ ions to enforce charge neutrality.

4.5.2 NMR assignment of TDP-43 RRM2.

Backbone chemical shifts of TDP-43 RRM2 at 6 M concentration of urea were

collected as previously described by Mackness et al. [252] (BMRB deposition number

27549).

4.5.3 Simulation protocol.

Molecular dynamics simulations of the RRM2 of TDP-43 were performed in GRO-

MACS using the Amber03W force field [271] with the TIP4P05 water model [272].

The equations of motion were integrated using the LINCS constraints to allow a time

step of 2 fs [273]. The van der Waals interactions were implemented with a cutoff dis-

tance of 0.9 nm and the particle mesh Ewald method was used to treat electrostatic

interactions with periodic boundary conditions [274]. All simulations were carried

out in the canonical ensemble at constant volume, and temperature was maintained

with the Nosé-Hoover thermostat [275].

A 30 ns unfolding trajectory at 450 K was preliminarily collected, starting from

the solvated structure described above, to obtain four starting conformations for the

replica-averaged metadynamics (RAM) simulations [250, 251]. The Cα root-mean-

square deviation (RMSD) of the resulting structures varies between 2.5 to 3 Å. Each

conformation was subsequently relaxed at 300 K for 10 ns. PLUMED2 [276] and
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GROMACS were used to perform the RAM simulations using chemical shifts as

replica-averaged restraints [251, 277] and bias-exchange metadynamics [250]. Four

replicas of the system were run in parallel at 300 K with restraints from experimen-

tal data applied at each time step to the average values of the NMR chemical shifts

calculated with the Camshift algorithm [278, 279]:

Ecs = α
N∑
k=1

4∑
l=1

(
δexpkl −

1

M

M∑
m=1

δcalcklm

)2

where the α is the force constant, set to 12 kJ/(mol·ppm2), k runs over the amino

acids of the protein, l runs over the four backbone atoms used in the simulatiions

(Cα, Cβ, HN and N) and m runs over the M = 4 replicas. The chemical shifts

of proline, glycine, aspartate, glutamate and histidine residues were not included

in the simulations [71]. In this way the system evolves with a force field that is

perturbed in such a way to increase the agreement with the experimental chemical

shifts as resulting by the application of the maximum entropy principle [71]. The

experimental chemical shifts were collected at 6 M urea and at this concentration of

urea the intermediate state is in fast exchange with the unfolded state. Thus, the

measured chemical shifts are the population weighted average of the 2 states [252].

The population of the unfolded state is estimated to be less than 5% [252]. In a

previous study, Mielke et al. [255] have shown that reference random coil chemical

shifts collected in 8 M urea for 13Cα and 13Cβ have modest to negligible differences

to those collected in aqueous solution. Therefore, no correction are required upon use

of chemical shifts collected at 6 M urea in the metadynamics simulations.

Each replica of the system employed a metadynamics approach to bias a collective

variable (CV), with exchanges between the replicas attempted every 50 ps according

to a replica-exchange scheme [65]. The CVs used in the simulations were calculated

as described:
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• Total α-helical content (αC): the ALPHARMSD module of PLUMED2 was

used, with a rational switching function [280] (r0 = 0.08 nm, n = 8, m = 12).

• Total β-sheet content (βC): the ANTIBETARMSD module of PLUMED2 was

used, with a rational switching function [280] (r0 = 0.08 nm, n = 8, m = 12).

• Radius of gyration (Rg): the GYRATION module of PLUMED2 was used.

• Number of hydrophobic contacts within the ILV cluster (#ILV): the CON-

TACTMAP module of PLUMED2 was used. The presence of each of the eigh-

teen contacts identified between isoleucine, leucine and valine residues for the

native state of the RRM2 of TDP-43 [236, 143] was evaluated using a rational

switching function with r0 = 0.6 nm for the distance between the Cβ atoms of

each pair of residues.

Gaussians deposition was performed with an initial rate of 0.125 kJ/mol/ps, where

the σ values were set to 0.46, 0.32, 0.006, and 0.34 nm, for αC, βC, Rg and #ILV,

respectively. The σ values were obtained as the average fluctuations of each CV from

unbiased simulations.

4.5.4 RAM simulations analysis.

The RAM simulations were analyzed using the METAGUI plugin of VMD [281].

Configurations corresponding to the partially structured states of RRM2 were grouped

in microstates by dividing the 4-dimensional CV-space in hypercubes [281]. The free

energy of the microstates was then computed with the WHAM technique [282, 283].

These microstates were clustered [284] to identify the energy basins in the free energy

landscape of RRM2 (Fig. 4.8). For each conformation the difference from the struc-

ture of the native state was calculated and shown as RMSD of the Cα in Fig. 4.17.

As previously described [71]. the convergence of the sampling was assessed by

monitoring the differences of the free energies at increasing simulation length during
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the simulations. After the first 570 ns the free energy landscapes for each CV were

stable below 2 kJ/mol (Fig. 4.6), thus the sampling was converged.

Hydrophobic ILV contacts for the structures resulting from the simulations were

estimated as the amount of surface area buried between a pair of residues: SASAa+SASAb-

SASAa+b, with a and b being ILV residues and SASA being the solvent accessible

surface area of the side chain of residue a, b, and residues a and b together. The

presence of an ILV contact was computed, using VMD, as 1 if two residues have at

least 45 Å2 of buried surface area and 0 otherwise [236]. The probability of an ILV

contact was calculated as the occurrence of the contact in the microstates of each

basin.

Aggrescan3D [259] calculations were performed using the Aggrescan3D server with

a distance of aggregation analysis of 5 Å. Twentyfive structures for each basin were

uploaded to the server and the average value and standard deviation of each residue

were used for graphical representation.
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CHAPTER 5

DISCUSSION

In the past decades, the idea that proteins might employ disordered domains

to accomplish their biological function has been confirmed by an increasing num-

ber of experimental studies [285]. In particular, disordered domains play a major

role in protein-protein and protein-nucleic acid interactions: the lack of structural

constraints, in fact, allows proteins to adapt their conformation to multiple targets;

moreover, the equilibrium between folded and unfolded states may vary in response

to external factors, tuning the activity of disordered proteins to respond to different

stimuli. Many disordered proteins are involved in fundamental processes in the organ-

ism, as in the case of transcription factors and cytokines regulators. Consequently,

dysregulation of the activity of these proteins, caused by mutations or external factors,

often correlates with pathogenic conditions. By obtaining insights into the confor-

mations sampled in disordered states, it is possible to elucidate the mechanisms that

govern normal and aberrant protein functions and possibly to identify therapeutic

targets. The main challenge in studying these systems, however, consists in their

intrinsic structural dishomogeneity that results in the experimental inaccessibility

of these disordered states with the traditional techniques of structural biology [59].

Therefore, new experimental approaches are necessary to explore the energy land-

scape of these proteins.

In this thesis work, I have elucidated how structural disorder contributes to the ac-

tivity of three RNA-binding proteins. In particular, I focused on the human proteins

TTP and TDP-43 and the C. elegans protein MEX-5. TTP and MEX-5 are mem-
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bers of the same CCCH-type tandem zinc finger protein family, and both contain

an unfolded zinc finger in their RNA-free form, ZF2 for TTP and ZF1 for MEX-

5, respectively. A combination of computational and experimental techniques was

employed to identify the intramolecular interactions that determine the structural

differences between the folded and unfolded zinc fingers in each domain. Altogether,

the results presented in this thesis demonstrate that these two proteins have evolved,

independently, to modulate their activity through their structure.

Additionally, the structural characterization of the partially structured folding in-

termediate of TDP-43 RRM2, described in this thesis, contribute to elucidate whether

this state may have a functional purpose, for example in cytoplasmic transport, or

may mediate misfolding and promote aggregation. The insights presented in this

work may drive design of specific antibodies for therapeutic treatments of neurode-

generation.

5.1 Major results and implications

5.1.1 A π-π stacking interaction within the zinc fingers of Tristetraprolin

and TIS11d stabilizes the coordination of a zinc ion

In Chapter 2, I discovered which elements of the primary sequence, in the TIS11

family of proteins, determine the folded/unfolded character of the C-terminal zinc

finger. TTP and TIS11d, two members of the human CCCH-type tandem zinc finger

proteins, share large sequence identity. Despite this similarity, and a similar specificity

and affinity towards the same RNA targets, the N-terminal zinc finger (ZF1) of TTP

is unstructured and does not coordinate zinc in the RNA-free form, but folds upon

RNA-binding. In TIS11d, however, both the zinc fingers (ZF1 and ZF2) are folded

in the RNA-free form. Recent results from our lab [96] have shown, using a reporter

luciferase assay in cell, that the mRNA destabilizing activity of TTP was increased

when the partially disordered RNA-binding domain of TTP was replaced with the
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fully structured domain of TIS11d. These results demonstrate that the degree of

structure of the RNA-binding domain directly affects the function of the protein in

the cell, suggesting that protein activity is modulated through its structure. Deveau et

al. [96] have also demonstrated that the residues in the C-terminal part of the short

α-helix, within the first two zinc-ligand cysteines, determines the folded/unfolded

character of the zinc finger. However, the interactions involved, and the mechanism

through which these residues regulate the zinc affinity, were not determined.

The unfolded nature of the C-terminal zinc finger of TTP represented an obstacle

for structural characterization of the interactions that stabilize the fold of the domain.

Using molecular dynamics simulations and homology modeling, however, I was able

to overcome this problem. Exploiting the in silico model of the folded C-terminal

zinc finger of TTP that is coordinating zinc with both zinc fingers, I have been able

to follow the series of events that lead to loss of zinc coordination and unfolding,

highlighting the key interactions involved. Explicitly, I found that the imidazole ring

of the zinc-ligand histidine is restrained to a rotameric state compatible with zinc

binding by a stacking interaction with a conserved aromatic side chain. In both

TIS11d zinc fingers, the stacking between the aromatic moiety and the histidine is

stabilized by a hydrogen bond that occurs within the short α-helix between the first

two ligand cysteines. In TTP, however, such hydrogen bond only occurs in the N-

terminal zinc finger. Interestingly, the residue involved in the hydrogen bond, in

TIS11d ZF2, is the threonine within the HTI stabilizing motif identified by Deveau

et al. [96]. The corresponding motif in TTP ZF2, YLQ, contains a leucine, whose side

chain cannot form hydrogen bond. Therefore, the results presented in Chapter 2 are

in agreement with previous studies, and, furthermore, they provide insights into the

molecular mechanism by which zinc coordination is stabilized in TTP and TIS11d.

Because CCCH-type zinc fingers are conserved motifs in proteins across many

species, spanning from yeast to human, we sought to investigate if regulation of
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activity through the structure, or lack of, in the RNA-binding domain is a common

mechanism in this class of proteins. The sequence alignment of 14,851 CCCH-type

zinc fingers reveals that the aromatic character of the third residue following the first

ligand cysteine is highly conserved (> 94%), indicating that the stacking interaction

described for TTP and TIS11d is likely present in most CCCH-type fingers. The

threonine, or serine, in the stabilizing HTI motif, however, is present in roughly half

of the analyzed sequences. Based on our results, I hypothesize that the remaining

zinc fingers might have unstructured domains as TTP; alternatively, they might use

alternative mechanisms to stabilize the coordination of zinc. In order to determine if

other proteins exploit their thermodynamic stability to modulate their activity, the

methods described in Chapter 2, and applied to TTP, can be used to characterize

other CCCH-type fingers.

5.1.2 The unfolded state of MEX-5 ZF1 is likely relevant to Caenorhabdi-

tis elegans reproductive physiology at the oocyte-to-embryo tran-

sition

In Chapter 3, I demonstrated that the CCCH-type tandem zinc finger protein

MEX-5, of the nematode Caenorhabditis elegans, contains an unstructured zinc fin-

ger in the RNA-free state, but coordinates zinc with both zinc fingers in its complexed

form with RNA. Moreover, I showed that this unfolded zinc finger is required for the

physiological function of the protein. MEX-5 is an RNA-binding protein that plays a

crucial role in early development of C. elegans. During embryogenesis, in fact, MEX-5

distributes in the zygote cytoplasm along an anterior-high posterior-low concentration

gradient [111], that in turn governs the segregation in the posterior of several cell fate

determinant, such as POS-1 and PIE-1. Additionally, recent studies [116, 117, 118]

have shown that MEX-5 regulates the formation of germline granules. Although sev-

eral elements of the primary sequence of the tandem zinc finger domain of MEX-5
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diverge from other members of the protein family, their contribution to MEX-5 activ-

ity has not been explored. Therefore, in order to elucidate the relationship between

primary sequence and protein activity, I proceeded to characterize the structure and

dynamics of the tandem zinc finger domain of MEX-5.

Using nuclear magnetic resonance spectroscopy, and in particular heteronuclear

single quantum coherence experiments, I demonstrated that the tandem zinc finger

domain of MEX-5 is partially unstructured in the RNA-free form. I showed that the

N-terminal zinc finger, in fact, only folds and coordinates zinc upon binding with

RNA, unlike the C-terminal zinc finger that stably coordinates zinc in both the free

and the bound forms. Although this mechanism is reminiscent of the human homolog

TTP, I showed that the interactions that define the stability of the zinc fingers diverge

from the other members of the CCCH-type zinc fingers proteins. The solution struc-

ture of the C-terminal zinc finger of MEX-5 presented in Chapter 3, in fact, reveals

that the backbone architecture of the finger diverges from the human homologs TTP

and TIS11d. Specifically, the region between the first two ligand cysteines contains

only a short turn of 310-helix, in place of the α-helix of the human proteins, and a flex-

ible glycine-rich loop. As described in Chapter 2, the conformation of this region in

TTP and TIS11d is crucial for posing a conserved aromatic side chain to stack against

the ligand histidine, thus stabilizing the zinc coordination and the fold of the finger.

For MEX-5, molecular dynamics simulations confirmed that the stacking interaction

occurs in the C-terminal zinc finger but not in the N-terminal one, recapitulating our

hypothesis, formulated in Chapter 2, that the π-π interaction is crucial for the stabil-

ity of the finger structure. Based on these results, I have been able to design a variant

of MEX-5 in which both zinc fingers are folded in the RNA-free form. This variant

of MEX-5 was as an invaluable tool to investigate the role of the disorder-to-order

transition of the tandem zinc finger domain of MEX-5, upon binding to RNA, to the

protein physiological activity. In collaboration with Sean Ryder’s group, we employed
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a CRISPR/Cas9 homologous recombination approach to introduce the MEX-5 vari-

ant in the endogenous locus of C. elegans. The resulting animals, homozygous for

the mutation, exhibit sterility, embryonic lethality and develop uterine embryoid-like

bodies, features that do not correspond with the null phenotype [108]. Therefore,

we concluded that the unfolded state of the N-terminal zinc finger of MEX-5 in the

RNA-free state is relevant for the reproductive physiology of C. elegans, through a

mechanism that has not been elucidated yet.

The results presented in Chapter 3 open new perspectives for understanding the

role of MEX-5 during embryogenesis. Whether or not the phenotype observed in the

mex-5(spr1) worms is related to an alteration of known MEX-5 functions, such as

its spatial distribution pattern [111] or the recruiting of PLK-1 [115], is still to be

determined. However, we showed that the disorder-to-order transition upon RNA-

binding of a zinc finger is a mechanism that appears conserved across species in the

CCCH-type tandem zinc finger family. Interestingly, the interactions that define this

transition are not conserved. We showed that the architecture of MEX-5 fingers differs

from the otherwise invariant structure of other CCCH-type proteins [172, 90][Ertekin

A., Massi F., unpublished data]. This observation suggests that certain CCCH-type

zinc finger proteins have evolved independently to exploit their thermodynamic sta-

bility to regulate their biological functions, as in the case of MEX-5 and TTP.

5.1.3 Partially folded state of TDP-43 RRM2 expose to the solvent the

aggregation-prone peptide regions located on strands β3, β4 and β5

In Chapter 4, I proposed a potential pathogenic role in ALS for the folding in-

termediate state previously identified by Mackness et al. [143]. TDP-43 is a major

component of the aggregates that are the hallmark of ALS and other neurodegen-

erative diseases. In TDP-43, both the low complexity C-terminal domain and the

second RNA-recognition motif (RRM2) have been shown to have an intrinsic aggre-
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gation and amyloidogenic propensity [122, 159]. The structural changes that might

facilitate TDP-43 aggregation, however, are still unclear. Mackness et al. provided

insights into this mechanism when they characterized the folding pathway of TDP-

43 RRM2, discovering that it could populate at least one intermediate state [143].

Although several structural features of the partially folded intermediate have been

unveiled by Mackness et al. [Mackness B.C., Morgan B.R., Deveau L.M., Kathuria

S.V., Tavella D., Massi F., Zitzewitz J.A., unpublished data], a description at atomic

resolution of this state, that is required in order to establish its role in misfolding and

aggregation, was not available. This state, in fact, is rarely populated under native

conditions and it is characterized by an high structural heterogeneity, two factors that

complicate the use of traditional methods of structural biology.

Using an advanced computational approach involving replica averaged metady-

namics, alongside experimental NMR chemical shifts collected at 6 M urea denatu-

rant, I was able to reveal the structural details of the partially folded states of TDP-43

RRM2 that correspond to the folding intermediate. These states display an overall

progressive degree of unfolding, corresponding to loss of secondary structure elements

and hydrophobic contacts. The most unfolded states, however, exhibit an increase

in helical structure, with a non-native α helix occurring in place of the strand β2.

I observed that a common feature of these states is the exposure to the solvent of

aggregation-prone residues in strands β3,β4 and β5, suggesting that the unfolding of

RRM2 may play an important role in the conversion of TDP-43 into the pathological

aggregates that occur in neurodegenerative diseases. Moreover, the partially folded

states may contribute to the nucleocytoplasmic trafficking of TDP-43 by a similar

mechanism, increasing the exposure of the nuclear export signal present in RRM2.

However, whether or not the exposure of the NES sequence of TDP-43 in the inter-

mediate state plays an active role in cytoplasmic transport has yet to be determined.

The structural characterization of the partially folded states of TDP-43 RRM2,
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presented in Chapter 4, provides the basis for further studies that will explore protein

misfolding and amyloid formation in TDP-43 proteinopathies and other neurodegen-

erative diseases. The relevance of the partially folded states of RRM2 in pathogen-

esis, in fact, is supported by previous works [286], showing that other RNA-binding

domains in disease-related proteins, FUS/TLS, matrin-3 and hnRNP A1, also pop-

ulate a stable intermediate state. A key gap in knowledge to how these partially

folded states contributes to physiological functions (RNA binding, nuclear traffick-

ing) and/or to pathogenic truncation, aggregation and nuclear depletion. The results

described in Chapter 4 provide a link between these partially unfolded states and

their increased exposure of aggregation-prone residues, thus supporting their poten-

tial relationship to pathogenic mechanisms of TDP-43-associated neurodegeneration.

Further experimental approaches including mutagenesis, however, are required to val-

idate this hypothesis both in vitro and in vivo ALS models.

5.2 Future directions

In this thesis I have explored the role of structure-disorder conversion and intrinsic

disorder in the functions of three RNA-binding proteins. In particular, I focused on

the central problem of developing an appropriate set of experimental and computa-

tional techniques to capture, at atomic resolution, the structures and dynamics of

IDPs and IDRs. The characterization of the heterogeneous structural ensemble of

disordered or partially disordered domains, in fact, represents the main challenge in

the study of IDPs. The relevance of the approaches described in this work extends

beyond the analysis of the studied systems and these methods are suitable to be ap-

plied to the study of other proteins that contain disordered regions in their native

state.

Molecular dynamics simulations have been extensively employed for studying pro-

tein folding and the underlying free-energy landscapes. In the particular case of IDPs,
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unstructured states are often experimentally inaccessible or only collection of sparse

data is possible. Molecular dynamics simulations, with advanced methods such as

enhanced sampling, represent a way to explore regions of the free-energy landscape

of these systems beyond the native state. Moreover, traditional force fields used in

MD simulations can be extended to include experimental data in order to provide a

better representation of the structural ensemble in the disordered state.

In the studies presented in this thesis, proper description of the interactions be-

tween the zinc ion and the ligand residues, through incorporation of charge transfer

and polarization effects terms in the CHARMM force field, allowed to identify the key

interactions that determine the stability of the native conformation in tandem zinc

finger proteins. The approach applied here to the tandem zinc finger domains of TTP

and MEX-5 may be extended to other zinc-binding protein that display a disorder-

to-order transition. In particular, the combination of homology modeling and MD

simulations might be beneficial to provide structural insights into these disordered

domains and drive the identification of mutations that alter the order/disorder equi-

librium.

In addition, the results presented in Chapter 2 and 3 represent, to our knowledge,

one of the few example of how the unstructured states of proteins that undergo to a

disorder to order transition upon binding might be functional. Previous studies have

explored the role of disordered states on the biological activity of proteins [220, 96],

however here we provided a structural characterization of these states and we proved

that the extent of structure in the disordered state affects the biological function of

the protein.

In Chapter 4, we showed that structural disorder can be functional for the physio-

logical or pathological functions of a protein even if unstructured states are populated

at low percentage under native condition. Folding intermediates, in fact, contains un-

structured regions in a similar fashion to IDPs. However, because of their transient
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nature, experimental characterization of folding intermediates might be challenging.

The methods used to characterize the free-energy landscape of TDP-43 RRM2 might

be extended to other proteins whose folding pathway includes one or more function-

ally significant intermediate states. The RAM approach, in fact, allows inclusions

of a diverse set of experimental data and a proper choice of collective variable en-

sures an effective sampling of the conformational space. An alternative approach to

study these transient states is offered by relaxation dispersion nuclear magnetic res-

onance experiments [287, 288]. This NMR method is used to quantify millisecond

time scale dynamics that involve transitions between different protein conformations.

Data-fitting procedures allow then to extract the kinetic and the thermodynamic

properties of the exchange process and the structural features of the invisible excited

states along the exchange pathway. The relaxation dispersion approach facilitates

detection of intermediates and other excited states that are populated at low levels,

0.5% or higher, that cannot be observed directly in NMR spectra, so long as they

exchange with the observable ground state of the protein on the millisecond time

scale.

5.2.1 Understanding the molecular basis of leukemia-associated muta-

tions in TIS11 proteins

The human TIS11 proteins, including TTP and TIS11d, recognize the AU-rich

elements in the 3′-UTR of several mRNAs, and thus promote their turnover. TTP and

TIS11d regulate the expression of genes encoding inflammation- and cancer-associated

factors and, therefore, dysregulation of TIS11 proteins function is associated with

cancer, chronic inflammation and auto-immune pathologies.

Several mutations in the RNA-binding domain of TIS11d have been identified in

patients with acute myeloid leukemia, acute lymphoblastic leukemia and in lymphoma

cell lines [99]. Previous studies [100] have shown that the effect of mutations P190L
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and D219E in TIS11d is to destabilize the fold of the C-terminal zinc finger in the

RNA-free state, making the domain more similar to TTP. Because the decreased

degree of structure in the TFZ domain in TIS11 proteins has been demonstrated to

cause reduced mRNA turnover in the cell [96], the effect of this mutations is likely to

decrease TIS11d activity and, thus, to upregulate its targets.

In order to mitigate the effect of these pathological mutations, we can leverage our

knowledge of the stabilizing interactions identified in Chapter 2 for rational design

of small molecules. The short α-helix between the first two ligand cysteines, whose

conformation is critical for zinc coordination, represents a good candidate for small

molecule targeting. α-helices, in fact, are widely used as templates for inhibitor

design, and there is a vast literature describing small non-peptide molecules that bind

to an α-helical peptide receptor [289]. The effect of the candidate small molecules in

stabilizing the fold of the zinc finger can be evaluated in silico, with the molecular

dynamics simulations described in Chapter 2, and in vitro, using 15N-1H HSQC.

5.2.2 Investigating the role of the unfolded state of MEX-5 ZF1 during

embryogenesis

The results presented in Chapter 3 demonstrated that the unfolded state of ZF1

is required for the physiological function of MEX-5 during embryogenesis. However,

because the strain mex-5(spr1) has been obtained through a CRISPR/Cas9 approach,

the observed phenotype might be due to off-target RNA-guided endonuclease-induced

mutations at sites other than the intended on-target site [290]. To rule out this pos-

sibility, whole genome sequencing will be performed on the mex-5(spr1) worms.

Additionally, in order to determine which aspect of MEX-5 function is affected by

the unfolded/folded state of ZF1, the cytoplasmic distribution of the CX10C mutant

MEX-5 in the zygote needs to be evaluated. One possible approach is to generate

transgenic lines expressing GFP::MEX-5CX10C or GFP::MEX-5 wild type [111], and
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to monitor the protein localization using live fluorescence microscopy.

Moreover, additional studies are needed to determine at which stage of embryo-

genesis the folded state of ZF1 in MEX-5CX10C diverges from the wild type protein

function. To this aim, a RNAi screening targeting genes involved in cell division

processes or cell maintenance processes [291] might be a valuable tool.

5.2.3 Validating the pathogenic role of the partially folded states of TDP-

43 RRM2

To expand our knowledge on the mechanisms that lead to TDP-43 pathological

aggregation in ALS and other TDP-43 proteinopathies, and in particular to validate

the hypothesis that that partial or complete unfolding of the RRM2 may contribute

to TDP-43 misfolding and amyloid aggregates, additional experiments, including mu-

tagenesis, are necessary. In Chapter 3, we propose that mutations of Val 193, Val

195 and Val 232 that decrease the hydrophobic moiety of the residues (i.e., V193A

or V195A or V232A), will destabilize the most native-like states in favor of the less

structured and more extended states. We predict that the aggregation propensity

of these mutant TPD-43 variants will be increased compared to the wild type and

similar to the truncated C-terminal fragments.

To date, there are no biomarkers that can track TDP-43 misfolding and aggrega-

tion, and no TDP-43-based therapies are available for any of the numerous diseases

associated with it. The structural insights into the partially folded states of TDP-

43 RRM2, provided in Chapter 4, could inform the design of therapeutics, such as

antibodies recognizing specific elements of secondary structures or small molecule

compounds that inhibit the initial formation of these predicted toxic conformations.

Explicitly, I propose the non-native α-helix, that occurs in place of the strand β2

and is observed in the least-structured states of RRM2, as a candidate for antibody

targeting, to improve both the diagnosis and the therapy of TDP-43 proteinopathies.
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5.3 Concluding remarks

Many proteins, or regions of proteins, are intrinsically disordered under native,

functional conditions. Intrinsically disordered proteins present a challenge for struc-

ture determination, by experiments alone, because they populate highly heteroge-

neous ensembles of conformations. Moreover, the inherent dynamics of these un-

structured proteins hamper detailed analysis of their structure/function relationships.

Computational methods currently offer the best opportunity to study the conforma-

tions of these proteins, and they also enable the mapping of the free energy landscape

of the structural ensemble.

The results presented in these thesis show that computational studies and exper-

imental techniques, used in concert, are a powerful tool to learn about the structure

and dynamics of disordered proteins in physiological condition. In this work, I showed

that the balance between order and disorder in TTP, MEX-5 and TDP-43 is essential

for their function. In particular, I highlighted the importance of characterizing and

identifying the elements that affect this balance to fully understand the function of a

protein, and how disrupting this balance could lead to disease.

I hope my work on the structural characterization of disordered proteins will serve

as a helpful guide for further investigation of the balance between order and disorder,

and might provide insights on disease mechanisms and inform therapeutic develop-

ment.
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[267] Pall, Szilárd, Abraham, Mark James, Kutzner, Carsten, Hess, Berk, and Lin-
dahl, Erik. Tackling exascale software challenges in molecular dynamics simu-
lations with GROMACS. In International Conference on Exascale Applications
and Software (2014), Springer, pp. 3–27.
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