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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-
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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-

27



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-

29



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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1.5 Scope of the thesis

This thesis focuses on investigating the relationships between structural disorder

and protein activity in RNA-binding proteins. Disorder occurs in many proteins,

since lack of structural constraints confers flexibility to the polypeptide chain and

facilitate binding to multiple targets. In human, the two paralog CCCH-type tandem

zinc finger (TZF) proteins TTP and TIS11d share more than 70% of their sequence.

Biophysical characterization of these two proteins shows that both zinc fingers (ZF1

and ZF2) in TIS11d are folded in the absence of RNA. In TTP, however, only ZF1

adopts a stable fold, while ZF2 is unstructured. Additionally, a previous work has

demonstrated that the mRNA destabilizing activity of TTP is increased when the

partially disordered TZF domain of TTP is replaced with the fully structured do-

main of TIS11d. In Chapter 2, I investigated the interactions that determine the

lack of structure in TTP ZF2, and I found that a stacking interaction between the

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

zinc coordination and stability of the finger fold. All together, these results indicate

that CCCH-type proteins may have evolved to modulate their activity through their

structure.

In Caenorhabditis elegans several CCCH-type proteins, with TZF domains ho-

molog of TTP and TIS11d, regulate the first stages of embryogenesis. MEX-5, in

particular, determines of the body axis in the zygote and orchestrates the localiza-

tion of several cell fate determinants. In Chapter 3, I characterized the structure of

the TZF domain of MEX-5 and I observed that, as in TTP, one of the zinc fingers is

unstructured in the absence of RNA. Based on our characterization of the domain, I

designed a variant of the protein where both the ZFs are folded in the RNA-free state.

I studied the effect of the variant in vivo, and we observed that animals homozygous

for the mutation are sterile, develop uterine tumors and die by bursting. These results

demonstrate that the disorder in the TZF domain of MEX-5 is functional for a still
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unknown function of the protein.

Finally, I investigated the role of structural disorder in pathogenic TDP-43 aggre-

gation. TDP-43 is a human RNA-binding protein linked to multiple aspects of RNA

biology. Cytoplasmic inclusions, containing full-length or fragments of TDP-43, are

the hallmark of many neurodegenerative diseases, particularly ALS and FTLD. Pre-

vious studies have shown that the second RNA recognition motif (RRM2) as well

as the C-terminal glycine-rich domain are required for aggregation. In Chapter 4,

I studied the folding intermediate of TDP-43 RRM2 to evaluate its contribution to

pathogenic protein aggregation. I found that the ensemble of partially unstructured

conformations sampled in this intermediate state exposes to the solvent highly hy-

drophobic peptide regions. These results provide new insights into the mechanisms

underlying TDP-43 proteinopathies.

The last part of this thesis, Chapter 5, details how nuclear magnetic resonance

spectroscopy and molecular dynamics simulations can be used to characterize the

partially unstructured ensemble of conformations typical of disordered proteins. Ob-

taining structural insights of such diverse conformations, otherwise unaccessible with

other biophysical techniques, is crucial to understand the molecular basis of mecha-

nisms underlying pathological mutations or protein functions.

32



CHAPTER 2

STRUCTURAL BASIS OF THE DISORDER IN THE
TANDEM ZINC FINGER DOMAIN OF THE

RNA-BINDING PROTEIN TRISTETRAPROLIN

2.1 Abstract

Tristetraprolin (TTP) and TIS11d are two human RNA-binding proteins that

belong to the CCCH-type tandem zinc finger family. In the RNA-free state, TIS11d

coordinates a zinc ion in each of its two fingers, while TTP coordinates a single

zinc ion with the N-terminal zinc finger. We have previously identified three residues,

located in the C-terminal half of a short α-helix in the second zinc finger, that control

how structured the RNA-binding domain is in these two proteins: Y151, L152, Q153

in TTP and H201, T202, I203 in TIS11d. Here, we have used molecular dynamics,

NMR spectroscopy and other biochemical methods to investigate the role of these

three residues in the stability of the RNA-binding domain. We found that the intra-

helical hydrogen bond formed by the T202 hydroxyl group in the C-terminal zinc

finger of TIS11d is necessary to allow for π− π stacking between the side chains of a

conserved phenylalanine and the zinc coordinating histidine. We demonstrated that

the lack of this hydrogen bond in TTP is responsible for the reduced zinc affinity of

the C-terminal zinc finger.

2.2 Introduction

Tristetraprolin (TTP) is the prototype of the family of CCCH-type zinc finger

proteins. In the cell, TTP production is induced by extracellular stimuli such as
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insulin, polypeptide growth factor, phorbol esters and mitogens. By controlling the

activation of many genes, TTP plays an important role in modulating the inflamma-

tory response [163]. TTP binds to AU-rich elements located in the 3′ untranslated

region of many mRNAs, including tumor necrosis factor-α, granulocyte-macrophage

colony-stimulating factor, and interleukin-2 [164, 165, 166]. The binding of TTP pro-

motes deadenylation and consequent degradation of these transcripts, thus decreasing

the production of these proteins [165, 167, 168]. The RNA-binding domain of TTP

is a 70-amino acid fragment that contains the tandem zinc finger domain. The in-

tegrity of both zinc fingers is necessary for binding RNA, as any mutation of the

CCCH Zn2+-coordinating residues (henceforth defined as Cys1, Cys2, Cys3 and His4)

abolishes binding [169].

There are two other mammalian members in this protein family with TTP-like

activity: TIS11b and TIS11d [170]. The RNA-binding domains of these three proteins

are highly homologous: the primary sequences of TTP and TIS11d are 71% identical

(Fig. 2.10) while those of TIS11d and TIS11b are 91% identical.

The solution structure of the RNA-binding domain of TIS11d bound to the RNA

oligonucleotide 5′-UUAUUUAUU-3′ has been solved using NMR spectroscopy [171].

This structure is a novel fold characterized by few secondary structural elements, with

the two zinc finger domains, having nearly identical conformations, separated by an

extended eighteen-residue linker (Fig. 2.10).

Molecular dynamics (MD) simulations of TIS11d free and bound to RNA have

shown that a major structural reorganization occurs in TIS11d when it dissociates

from RNA [172, 173]. This reorganization primarily alters the structure of the linker

residues, thereby dramatically changing the relative orientations of the two zinc fin-

gers, yet leaving the internal structure of the zinc fingers essentially unperturbed.

This structural transition involves the burial of hydrophobic surface area that would

otherwise (in the absence of RNA) have an energetically unfavorable exposure to the
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solvent. Given the high sequence identity of the RNA binding domains of TTP and

TIS11d (Fig. 2.10), these two proteins were expected to have similar structures. In-

deed, in the RNA-bound state the secondary structure of TTP, predicted using the

backbone and Cβ chemical shifts using the δ2D [174] and SPARTA+ [175] programs,

is the same as that of TIS11d [176]. In the absence of RNA, however, only the N-

terminal zinc finger (ZF1) of TTP adopts a stable fold while the C-terminal zinc

finger (ZF2) does not stably bind Zn2+ [176, 177, 178]. The effect of a fully folded

RNA-binding domain on the cellular activity of TTP has been determined using a lu-

ciferase reporter assay, where luciferase was placed under the control of the TNF-α 3′

UTR [176]. Lower reporter activity was observed when the partially disordered RNA-

binding domain of TTP was replaced with the fully structured domain of TIS11d,

indicating that increased structure is associated with higher RNA-degradation ac-

tivity [176]. This result showed that folding of the RNA-binding domain is tightly

coupled with the activity of TTP and TIS11d in the cell.

We have previously shown [176] that the stability of ZF2 is determined by the

identity of three residues, located in the C-terminal half of the α-helix of ZF2: Y151,

L152, Q153 in TTP and H201, T202, I203 in TIS11d. Here, we investigate the fol-

lowing question: how do the residues located at the C-terminal half of the α-helix

determine the affinity of ZF2 for Zn2+ and consequently the folding and stability of

ZF2? To address this question we simulated TIS11d and a homology model of TTP

in solution using molecular dynamics. Analysis of the resulting trajectories points to

specific key interactions that stabilize the structure of ZF2 in TIS11d but that are

absent in TTP. To validate the findings from simulation, we tested the role of these

specific interactions using mutagenesis, NMR and CD spectroscopy experiments.
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2.3 Results and Discussion

2.3.1 ZF2 in TTP does not maintain Zn2+-coordination in the MD sim-

ulations

MD simulations of TIS11d in the free state show that the linker region of TIS11d

(Fig. 2.10) is flexible in solution, while the structures of both ZF1 and ZF2 are main-

tained throughout all trajectories, in agreement with the experimental spectroscopic

data [171, 176, 172, 173]. The homology model of the RNA-binding domain of TTP

used in this study was based upon the solution structure of TIS11d. For this reason,

the initial structure of TTP used in the MD simulations has both zinc fingers folded

and coordinating Zn2+ ions. Experimental evidence indicates, however, that only

ZF1 of TTP can stably bind Zn2+ in the RNA-free state [176, 177, 178]. Consistent

with this evidence, one of the three MD trajectories of TTP shows the loss of Zn2+-

coordination at ZF2, Fig. 2.1, through a series of events that are described in detail

below. The remaining two trajectories exhibit the earliest events that promote this

loss (Figs. 2.14 and 2.15). To characterize the Zn2+-coordination of each finger, the

six angles and the four distances between the Zn2+ cation and the Zn2+-coordinating

atoms (S from the cysteine residues, and Nε from the histidine) were monitored as a

function of time, Fig. 2.1.

To determine the order of events that lead to the loss of Zn2+-coordination at ZF2,

the structure, intramolecular fluctuations and overall dynamics were analyzed from

the trajectory where this loss was exhibited, as described in the following sections.
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unfolding C-terminal zinc finger of TTP, sampled from an MD trajectory, are shown
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the distances between the zinc ion and the zinc coordinating atoms are shown: SC147-
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ε -Zn2+ in green.
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2.3.2 The Zn2+-coordinating histidine in ZF2 of TTP samples two con-

formations

Comparison of the trajectories collected for TTP and TIS11d reveals important

differences in the structures of ZF2 in the two proteins. In particular, analysis of the

dihedral angles χ1 (defined by the following atoms: N, Cα, Cβ, Cγ) and χ2 (defined by

the following atoms: Cα, Cβ, Cγ and Nδ1) for the Zn2+-coordinating residues shows

that in TTP the Zn2+-coordinating histidine (i.e. His4) in ZF2 (H166 in TTP) samples

two different states characterized by different orientations of the aromatic side chain:

χ2 = 180◦ and χ2 = 90◦ (see Fig. 2.2B). The His4 residues in ZF1 of TTP and in both

ZFs of TIS11d mostly sample the conformation characterized by χ2 = 180◦, and visit

the second conformation, characterized by χ2 = 90◦, very infrequently, with ≈ 1%

probability (see Fig. 2.2A,C,D).

Rotation of the imidazole ring of H166, Fig. 2.3A, leads to steric hindrance with

the side chain of C162, the third Zn2+-coordinating residue in ZF2, Fig. 2.3B. As a

consequence, C162 separates from both H166 and the Zn2+ cation, thereby disrupting

proper Zn2+-coordination, Fig. 2.3C. Thus, one of the two orientations of the H166

side chain, χ2 = 90◦, is incompatible with Zn2+-binding.
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2.3.3 The stacking of histidine and phenylalanine aromatic rings stabi-

lizes Zn2+-binding in ZF2

The interaction of H166 with F150, in TTP, and of H216 with F200, in TIS11d,

stabilizes the His4 side chain in the Zn2+-binding conformation, characterized by

χ2 = 180◦. For TIS11d, both ZF1 and ZF2 exhibit stacking of aromatic residues

throughout our simulations. The aromatic side chain of His4 stacks with that of a

conserved phenylalanine located in the α-helix, three residues after the first Zn2+-

coordinating cystein, Cys1+3 (see Fig. 2.4 and Fig. 2.16). For TTP however, while

this aromatic stacking is consistently observed in ZF1 (see Fig. 2.16), it is observed

in ZF2 only in the first part of the trajectory that preceeds to the loss of Zn2+-

coordination (see Fig. 2.4). When this stacking interaction between H166 and F150

is lost, H166 preferentially samples the rotameric configuration characterized by χ2 =

90◦ (Fig. 2.5), resulting in the loss of Zn2+-coordination from ZF2.
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and by the area of each bin. Configurations and distributions were extracted from
the unfolding MD trajectory for TTP (100 ns) and from six 100 ns MD trajectories
for TIS11d.
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2.3.4 The stacking interaction between histidine and phenylalanine oc-

curs if the α-helix axis is bent

As described above, the phenylalanine residue that interacts with His4 is located

in the α-helix that separates Cys1 and Cys2 in each zinc finger. Structural alignment

of the α-helices of ZF2 of TIS11d and TTP reveals a difference in their conformations

(see Fig. 2.6) that is also evident from the difference in the backbone dihedral angles

of the three residues located in the C-terminal half of the α-helix (see Fig. 2.17). In

TIS11d, the α-helix axis is bent due to the presence of a hydrogen bond between

the side chain hydroxyl of T202 (the fifth residue in the α-helix, Cys1+5 position)

and the backbone acyl group of R198 (Cys1+1 position). This hydrogen bond is

present in all trajectories collected for TIS11d. The equivalent hydrogen bond in

ZF1, between the Oγ of S165, Cys1+6, and the acyl oxygen of P161 in TIS11d and

between the corresponding residues S115 and T111 in TTP, is always observed in all

the trajectory collected for TIS11d and TTP. A hydrogen bond between the Oγ atom

of a serine or threonine residue with the acyl oxygen of the i− 3 or i− 4 residue has

been previously observed to induce a bend in the α-helix axis of ≈ 3−4◦, particularly

in transmembrane α-helices [179].

Because of the lack of the corresponding hydrogen bond in TTP (between the side

chain of Cys1+5 and the backbone of Cys1+1), the bend in the α-helix is not stabilized

as it is in TIS11d. Fig. 2.6 shows the straightening of the α-helix axis occurring in

TTP at ≈ 37 ns. This rearrangement of the α-helix results in a displacement of the

phenylalanine side chain located at the middle of the helix, Cys1+3. In this new

position, the phenylalanine side chain is not positioned to stack against the imidazole

ring of H166 as well as the corresponding stacking interaction in ZF2 of TIS11d

(see Figs. 2.4 and 2.6). This helix reorganization is the first step in the zinc finger

destabilization that eventually leads to the loss of Zn2+-coordination in TTP.
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2.3.5 MD simulations of the TIS11d T202L mutant show decreased stack-

ing between the side chains of H216 and F200

Comparison of the MD simulations of TTP and TIS11d highlighted the role of

the hydrogen bond between the backbone acyl oxygen of R198 and the side chain of

T202 of TIS11d in stabilizing the bend in the α-helix. This bent conformation of the

α-helix places the aromatic ring of F200 in a position suitable for stacking against

H216, thus mantaining H216 in the rotameric state that allows Zn2+-binding.

To further assess this mechanism of stabilization of ZF2, we collected six 100

ns MD trajectories of a mutant of TIS11d where T202 was mutated into leucine,

the equivalent residue found in TTP. Due to the absence of an hydroxyl group on

the side chain of the leucine, this mutant cannot form the hydrogen bond. For this

reason the α-helix located in ZF2 is not stabilized in a bent conformation, and the

stacking interaction between F200 and H216 is not as stable as that in the wild type

protein. This relative instability results in H216 sampling both rotameric side chain

conformations, one that allows ZF2 to stably coordinate Zn2+ (χ2 = 180◦) and one

that does not (χ2 = 90◦), as shown in Figs. 2.18 and 2.19. The conformation that is

incompatible with Zn2+-binding is sampled by H216 with higher probability (9.6%)

in the mutant than in the wild type protein (4.7%), due to the lack of a stacking

interaction with F200 (Figs. 2.18 and 2.19).
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2.3.6 Mutation of threonine 202 to leucine is sufficient to destabilize the

structure of ZF2 in TIS11d

Our simulations of TTP and TIS11d indicate that the structural difference ob-

served between ZF2 of TTP and that of TIS11d arises from the different amino acid

composition of the α-helix, in agreement with reported experimental observations

[176]. In particular, our simulations reveal that the conformation of the α-helix is

different in the two proteins. In TIS11d, the hydrogen bond between the side chain of

T202 and the backbone of R198 causes a bend in the α-helix axis, thereby positioning

the aromatic ring of F200 to stack against the imidazole ring of H216. Stacking of the

aromatic side chains of F200 and H216 stabilizes H216 in the rotameric conformation

(χ2 = 180◦) that stabilizes Zn2+-binding in ZF2 (see Fig. 2.3). In TTP, the homol-

ogous residue to T202 in TIS11d is L152, whose side chain cannot form a hydrogen

bond with the backbone of residue 148. For this reason, the α-helix axis is not bent

in TTP as it is in TIS11d, resulting in a lower probability for the F150 side chain

of stacking against that of H166 (compare Figs. 2.4 A and B). Thus, F150 does not

stabilize the H166 side chain in the conformation with χ2 = 180◦ (Fig. 2.5), that

maintains Zn2+-coordination in ZF2 (Fig. 2.3).

To validate the role of T202 in stabilizing the structure of ZF2 based on our MD

results, we mutated threonine 202 to leucine in TIS11d and used NMR and CD spec-

troscopy to characterize the structure of the mutant protein. We found that in T202L

mutant of TIS11d, ZF2 is less structured than in the wild type protein, Figs. 2.7 A

and B. Cross-peaks from ZF1 and ZF2 are present in the 15N-1H HSQC spectrum of

the T202L mutant TIS11d, however cross-peaks corresponding to the residues in the

linker and in the α-helix of ZF2 are broadened beyond detection, Fig. 2.7A. Cross-

peaks from ZF2 show the largest chemical shift differences from the wild type and

have lower intensities than cross-peaks from ZF1, Fig. 2.20. These results suggest

that ZF2 is more flexible and that the structure of ZF2 is affected by the single point
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mutation. The CD spectrum of the RNA-binding domain of TIS11d T202L indicates

that this protein is less structured than the wild type TIS11d, and more similar to

TTP, Fig. 2.7B.

Zn2+ titrations of TIS11d T202L monitored by NMR spectroscopy show that only

ZF1 stably binds the metal cation. The titration endpoint occurred at a [Zn2+] /

[TIS11d T202L] ratio of 1:1, and further addition of Zn2+ resulted in no changes in

the cross-peaks intensity or in their position, Figs. 2.21 and 2.22. Cross peaks from

ZF2 have low signal-to-noise ratios, indicating that a small fraction of ZF2 is folded,

and that ZF2 binds Zn2+ with lower affinity than ZF1.

In agreement with what is observed for TTP, addition of RNA stabilizes the struc-

ture of ZF2 in TIS11d T202L, as indicated by the presence of cross-peaks from ZF2

in the 15N-1H HSQC spectrum of the T202L mutant TIS11d that were missing in the

free state, Fig. 2.23. All together these results indicate that mutation of threonine

202 to leucine decreases the affinity of ZF2 for Zn2+ and destabilizes its structure.
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Figure 2.7: Structural studies of T202L and F200A mutant of TIS11d. 15N-1H HSQC
spectra (A) of TIS11d wild type (black), T202L (blue) and F200A (red) mutants of
TIS11d. On top, a schematic representation of the RNA-binding domain depicts the
ZFs as rectangles and the linker region as a line. The circles indicate residues along
the primary sequence with a cross-peak in the 15N-1H HSQC spectrum. Black box
indicates the α-helix in ZF2. The F200A mutant protein is less stable than the wild
type protein as indicated by the presence of degradation peaks in the region between
7.8 and 8.2 ppm in the 1H dimension and 125 and 130 ppm in the 15N dimension.
Circular dichroism spectra (B) of TIS11d wild type (black), T202L (blue) and F200A
(red) mutants of TIS11d and TTP (gray).
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2.3.7 Mutation of leucine 152 to threonine is sufficient to stabilize the

structure of ZF2 in TTP

Following the same rationale discussed in the previous section that lead to the

mutation of threonine 202 to leucine in TIS11d, we made the equivalent mutation to

TTP, L152T. The introduction of a threonine in the middle of the α-helix allows for

the formation of a hydrogen bond with the acyl oxygen of the forth preceeding residue,

as observed in TIS11d. Such a hydrogen bond introduces a bend in the α-helix that

supports the stacking of phenylalanine located on the opposite side of the helix with

the Zn2+-coordinating histidine. For this reason, we expected ZF2 of this mutant

to have higher affinity for Zn2+ than the wild type protein. As shown by NMR and

CD spectroscopy, this mutant stably binds Zn2+ with both zinc fingers (Fig. 2.8).

The 15N-1H HSQC spectrum of TTP L152T contains cross-peaks from both ZF1 and

ZF2 (Fig. 2.8A) and the CD spectrum closely resembles that of TIS11d (Fig. 2.8B).

Combined these results indicate that both zinc fingers are properly folded in this

mutant protein.

Taken together TIS11d T202L mutant and the corresponding TTP L152T mutant

confirm the role of the intra-helical hydrogen bond formed by the side chain of the

threonine in stabilizing the π − π interaction, essential for the stability of ZF2.
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2.3.8 ZF2 is unfolded in the F200A mutant of TIS11d

To validate the importance in TIS11d of the aromatic stacking interaction between

F200, located in the middle of the α-helix, and H216 in stabilizing the structure of

the ZF2, we mutated F200 to alanine. The 15N-1H HSQC spectrum of the F200A

mutant TIS11d is missing all cross-peaks from ZF2, indicating that ZF2 samples

multiple states and, as a consequence, cross-peaks are broadened beyond detection

(see Fig. 2.7A). Cross-peaks from ZF2 are observed in the 15N-1H HSQC spectrum of

wild type TIS11d, where both ZFs are folded, but are missing in the 15N-1H HSQC

spectrum of TTP, where only ZF1 is folded. Missing cross-peaks from ZF2 are an

indication of lack of ZF2 structure. To prove it, we compared the spectrum of F200A

with that of a mutant protein of TIS11d where ZF2 is known to be unfolded, C212S

[176] (Fig. 2.24). In TIS11d C212S, Cys3 in ZF2, is mutated to serine thus, by removal

of one of the essential Zn2+-coordinating residues, zinc binding is abrogated and the

structure of ZF2 destabilized [176].

We used CD spectroscopy to characterize the structure of the mutant protein.

Fig. 2.7B shows that the RNA-binding domain of F200A is less structured than that

of wild type TIS11d, and more similar to that of TTP. The shift in minimum of the CD

spectrum is due to the loss of the aromatic interactions in the F200A mutant. These

experimental data demonstrate that F200 is essential in stabilizing the structure of

ZF2. It is important to note that F200 is located on the protein surface, it is partially

solvent exposed and there are no hydrophobic side chains within a 5 Å radius (see

Fig. 2.25). The destabilization of ZF2 observed in the F200A mutant, therefore, is

not due to the disruption of a hydrophobic core within the protein but only to the

disruption of the aromatic stacking with H216.

While RNA-binding by TTP is sufficient to stabilize the structure of ZF2 and

bind a Zn2+ cation [176], RNA-binding is not sufficient to stabilize the structure of

ZF2 in the F200A mutant of TIS11d. The 15N-1H HSQC spectrum of F200A shows
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minor changes upon addition of RNA: small shifts are present in the position of the

peaks from ZF1 and no additional peaks appear from ZF2 residues (see Fig. 2.26).

The addition of RNA, therefore, does not stabilize the structure of ZF2 and this

mutant protein does not bind RNA with high affinity, Kd ¡ 1 µM, as confirmed by a

fluorescence polarization binding assay. These data show that a phenylalanine located

three residues after the first Zn2+-coordinating cysteine (i.e. Cys1), in the middle of

the α-helix in TIS11d, is essential for stabilizing the structure of the zinc finger and

for increasing the binding affinity of the zinc finger for Zn2+.

2.3.9 Sequence alignment

Analysis of the primary sequences of 14,851 zinc finger domains from the tz-CCCH

family obtained from PFAM (PF00642) [180] shows that the aromatic character of

third residue after the first Zn2+-coordinating cysteine (Cys1+3) is highly conserved

(see Fig. 2.9A). In addition, we have shown that a bend in the α-helix axis facilitates

the stacking of the phenylalanine at the Cys1+3 position with His4. This bend is

stabilized by the formation of a hydrogen bond between the Oγ of either a threonine

or a serine residue, located either at Cys1+5 or Cys1+6, and the acyl oxygen of the

preceding fourth residue. Primary sequence analysis of the tz-CCCH family [180]

shows that a residue containing an Oγ, although not fully conserved, is present with

high frequency at either Cys1+5 or Cys1+6 (see Fig. 2.9B), with threonine being

the most abundant amino acid (46%). A charged or polar residue is often observed

at either of these positions with Arg, Lys and Glu having the highest probabilities

after threonine. The probability of finding an Asp is much lower than that of Glu,

suggesting that the side chain length of the charged amino acid is important.

Primary sequence analysis indicates that the stacking of an aromatic side chain

with the Zn2+-coordinating histidine is the strategy adopted by a large majority

(94.2%) of CCCH-type zinc finger domains to coordinate Zn2+ with high affinity
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(see Fig. 2.9A). Stabilization of the stacking interactions of the aromatic side chains,

however, is likely achieved in different ways by different zinc fingers in this family.

We have shown that in TIS11d, both ZF1 and ZF2 use an intra-helical hydrogen

bond to stabilize the stacking interactions between the phenylalanine in the middle

of the α-helix and His4. In TTP, however, only ZF1 adopts this strategy to stabilize

its structure, while ZF2 binds Zn2+ with low affinity in the absence of RNA and

is partially unstructured in solution. Our previous studies indicate that TTP has

recently evolved to modulate its activity through its folded stability [176]. The CCCH-

type tandem zinc finger domain contains few secondary structural elements and thus

has a relatively low thermodynamic stability. A single point mutation, therefore, can

easily destabilize the fold and shift the equilibrium towards a disordered zinc finger

state. For this reason, we expect proteins from this family to have evolved to use an

unfolded-to-folded transition to regulate their activity in the cell.
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Figure 2.9: Sequence analysis of the tz-CCCH family (PFAM ID: PF00642). A:
Probability of finding an aromatic or not aromatic residue at position Cys1+3. B:
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2.4 Conclusions

In this work, we investigated the interactions occurring in the RNA-binding do-

mains of TTP and TIS11d that stabilize their coordination of zinc ions. Using molec-

ular dynamics we were able to observe the loss of structure of the C-terminal zinc

finger of TTP and characterize the events that underly this loss. We found that, in

the C-terminal zinc finger of TTP, the zinc coordinating histidine, H166, populates

two rotameric states. The rotamers correspond to the χ2 angle of the side chain

centered at 180◦ or at 90◦, respectively: the first conformation allows the correct

tetrahedral geometry between the three cysteines, the histidine and the zinc ion; the

latter causes a steric clash between the side chain of H166 and C162 that results in

the disruption of the zinc binding site. We found that when the rotameric state of

H166 has χ2 = 180◦, a π − π interaction is present between the side chains of H166

and F150; when χ2 = 90◦, no such interaction is present. When the stacking between

the two aromatic moieties is formed, the side chain of histidine residue is kept in the

χ2 = 180◦ conformation. In TTP, this stacking interaction is only marginally stable,

however.

In TIS11d, the rotamer of H216 with χ2 = 180◦ is stabilized by the π− π interac-

tion with the side chain of F200. As in TTP, the phenylalanine is in the center of the

short α-helix spanning six residues and starting at the first cysteine. An intra-helix

hydrogen bond between the hydroxyl group in the side chain of T202 and the acyl

oxygen of R198 restrains the α-helix in a conformation that allows the side chain of

F200 to stack against the imidazole ring of H216. Although TTP and TIS11d share

the majority of their primary sequence in the RNA-binding domain, the residues that

form the α-helix are not conserved. The residue corresponding to T202 in TIS11d

is L152 in TTP. Leucine side chains are unable to form hydrogen bonds and hence

in TTP the phenylalanine is not kept in proximity of the imidazole ring of H156 in

a conformation that can stack against the side chain of H156. MD simulations of
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TIS11d T202L mutant support the importance of this hydrogen bond in stabilizing

the Zn2+-coordination: in the mutant protein, which cannot form the hydrogen bond,

the H216 rotamer with χ2 = 90◦ is more populated than in the wild type TIS11d.

The mechanism of stabilization of ZF2 that we proposed based on the MD sim-

ulations was experimentally validated using mutagenesis. First, we constructed two

mutant proteins, TIS11d T202L and TTP L152T, to probe the role of the hydrogen

bond in stabilizing the π−π interaction observed between the side chains of the Zn2+-

coordinating histidine and the conserved phenilalanine in the middle of the α-helix.

We have shown that a single point mutation of threonine 202 to leucine in TIS11d is

sufficient to decrease the affinity for Zn2+ of the C-terminal zinc finger and destabilize

the structure, while the corresponding mutation of leucine 152 to threonine in TTP

is sufficient to increase zinc binding affinity of ZF2. Second, we mutated the con-

served phenylalanine 200 to alanine in TIS11d, to verify that its stacking against the

Zn2+-coordinating histidine is essential for the folding of ZF2. Indeed, this mutant is

partially unstructured and ZF2 is unable to fold even upon addition of RNA. These

results unequivocally verify the critical residues and interactions identified using MD

that are necessary to increase Zn2+-binding affinity and stablize the fold of ZF2.

The sequence alignment of 14,851 CCCH-type zinc finger domains shows that the

residue three positions away from the first cysteine (i.e. Cys1+3) is likely to be aro-

matic (Phe, Trp, Tyr or His) with a probability > 94%. In addition, experimental

studies of the F200A mutant of TIS11d confirm that, in the absence of this aromatic

residue, the C-terminal zinc finger is unable to stably coordinate Zn2+. These re-

sults suggest that most CCCH-type zinc finger proteins employ π− π interactions to

stabilize the Zn2+-coordinating histidine in a rotameric state that is compatible with

the tetrahedral geometry of the Zn2+-binding site. The strategy adopted to maintain

the stacking of the aromatic side chain with the Zn2+-coordinating histidine is not

conserved, however. Previous studies had shown that the extent of disorder of the

58



RNA-binding domain affects the activity of the protein in the cell [176]. Of the 14,851

CCCH-type zinc finger sequences that we examined, roughly half of them support the

formation of hydrogen bonds using the Oγ from residues located either at Cys1+5 or

Cys1+6: the remaining zinc fingers may use alternative mechanisms to stabilize the

coordination of Zn2+. Through this apparent variety of Zn2+-coordination stabilizing

mechanisms, evolution can modulate the thermodynamic stability for this class of

zinc fingers and, ultimately, regulate their biological activity.
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TTP 103 RYKTELCRTFSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQGRCPYGSRCHFIHNPSE 170 

TIS11d 153 RYKTELCRPFEESGTCKYGEKCQFAHGFHELRSLTRHPKYKTELCRTFHTIGFCPYGPRCHFIHNADE 220
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Figure 2.10: A: NMR solution structure of TIS11d (pdb entry: 1RGO). The side
chains of the Zn2+-coordinating residues are shown. Sulfur atoms are depicted in
magenta, nitrogen atoms in blue and Zn2+ in black. B: Sequence alignment of the
tandem zinc finger domains of TIS11d and TTP is shown. Zn2+-coordinating residues
are depicted in red, conserved phenylalanines at position Cys1+3 are depicted in blue.
Boxes indicate each zinc finger. C: Equilibrated structures of TIS11d (gray) and
TTP (red) from MD trajectories. The side chains of the Zn2+-coordinating residues
of TIS11d are shown. Sulfur atoms are depicted in magenta, nitrogen atoms in blue
and Zn2+ in black. Overall RMSD between the equilibrated structures of the two
proteins is in average 8.8 Å, whereas ZF1 and ZF2 show a RMSD < 1 Å and < 1.5
Å, respectively.

60



time (ns)

e

38.4237.9637.1537.1311.95

2

1

d

-0.5

-1

c

-0.5

-1

b

-0.5

-1

Sakharov & Lim
B3LYP/cc-pVTZ
B3LYP/cc-pVDZ
B3LYP/6-31+G*

CHARMM27a

-0.5

-1

q
S

1
/e

q
S

2
/e

q
Z

n
/e

q
S

3
/e

q
N
/e

61



Figure 2.11: Classical polarizable charge-transfer model approximates environmental
dependence of electrostatic charges in the zinc fingers of TTP/TIS11d throughout
molecular dynamics simulations. In order to evaluate the accuracy of the zinc fin-
ger model of Sakharov and Lim [181] in classical molecular dynamics simulations of
TTP and TIS11d, five configurations of ZF2 in TTP were extracted from a single
trajectory to represent different states of zinc coordination (these configurations are
visualized at the top of the figure above), ranging from fully coordinated by the CCCH
residues (leftmost three configurations) to partially coordinated (rightmost two config-
urations). As a reference, the charges were computed using density functional theory
with the B3LYP approximate exchange-correlation functional [182, 183, 184] using
Gaussian09 [185], after truncating the protein backbone atoms from the cysteine and
histidine residues to form methanethiolate anions and a 4-methylimidazole molecule,
respectively. The charges from the CHARMM27 [186] force field are compared with
those from the polarizable charge-transfer model of Sakharov and Lim [181] along
with the natural bond orbital (NBO) charges [187, 188, 189, 190] corresponding to a
series of different basis sets. The 6-31+G∗ basis set was used in the parameterization
of the CHARMM27 [186] force field, along with that of the Sakharov and Lim [181]
model. Shown for comparison are the cc-pVDZ and cc-pVTZ basis sets. Agreement
among the different basis sets suggests that these choices are adequate, as basis set
expansion yields very small changes in the charges. Panels (a-c) report the charges
on the sulfur atom of the methanethiolate anion, panel (d) reports the charge on the
zinc-coordinating nitrogen atom of the 4-methylimidazole molecule, while (e) reports
the charge on the zinc cation. In each configuration, the polarizable charge-transfer
model represents an improved approximation to the fixed-charge model.
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RMSD(protein) (Å) RMSD(ZF1) (Å) RMSD(ZF2) (Å)

TIS11d r1 7.4± 2.3 0.8± 0.1 0.6± 0.1
TIS11d r2 7.1± 2.2 0.7± 0.2 0.7± 0.2
TIS11d r3 3.3± 0.6 0.5± 0.1 0.5± 0.1
TIS11d r4 3.8± 1.7 0.5± 0.1 0.6± 0.2
TIS11d r5 5.4± 2.5 0.6± 0.1 0.6± 0.1
TIS11d r6 1.6± 0.7 0.6± 0.1 0.5± 0.1
TTP r1 5.2± 1.2 0.5± 0.1 1.4± 0.4
TTP r2 7.5± 1.8 0.6± 0.1 0.7± 0.1
TTP r3 4.3± 2.7 0.6± 0.2 0.6± 0.2

Table 2.1: Values of RMSD for the equilibrated structures of the protein and ZF1
and ZF2, calculated for six trajectories 100 ns long of TIS11d and three trajectories
100 ns long for TTP. Values are shown as mean ± STD.
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Figure 2.12: RMSD as a function of time for a representative 100 ns long trajectory
of TIS11d. RMSD for the overall protein is depicted in black, for ZF1 in red and for
ZF2 in blue.
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Figure 2.13: The geometry of the zinc coordination in both zinc fingers of TIS11d
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Figure 2.14: The geometry of the zinc coordination in the C-terminal zinc finger of
TTP is monitored. The angles between the zinc ion and the zinc coordinating atoms
are shown for the first trajectory of TTP, 150 ns long: ]SC147-Zn2+-SC156 in black,
]SC147-Zn2+-SC162 in blue, ]SC147-Zn2+-NH166

ε in red, ]SC156-Zn2+-SC162 in green,
]SC156-Zn2+-NH166

ε in cyan and ]SC162-Zn2+-NH166
ε in magenta. Stacking distance

between F150 and H166 is shown as a function of time. The distance between the
aromatic rings was calculated as the distance between the centers of mass for the
heavy atoms of the two side chains. The running average of the angles, calculated for
a window of 100 datapoints, is shown as a black line (white for ]SC147-Zn2+-SC156)
within each plot.
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Figure 2.15: The geometry of the zinc coordination in the C-terminal zinc finger of
TTP is monitored. The angles between the zinc ion and the zinc coordinating atoms
are shown for the second trajectory of TTP, 150 ns long: ]SC147-Zn2+-SC156 in black,
]SC147-Zn2+-SC162 in blue, ]SC147-Zn2+-NH166

ε in red, ]SC156-Zn2+-SC162 in green,
]SC156-Zn2+-NH166

ε in cyan and ]SC162-Zn2+-NH166
ε in magenta. Stacking distance

between F150 and H166 is shown as a function of time. The distance between the
aromatic rings was calculated as the distance between the centers of mass for the
heavy atoms of the two side chains. The running average of the angles, calculated for
a window of 100 datapoints, is shown as a black line (white for ]SC147-Zn2+-SC156)
within each plot.
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Figure 2.16: Aromatic side chain stacking of phenylalanine and histidine in ZF1 of
TTP (top) and TIS11d (bottom). Probability distribution of the stacking angle (left),
calculated as the angle between the normals of the two aromatic rings (the planes for
the side chains are defined by atoms Cδ2 , Cε1 and Nε2 for histidine and Cζ , Cε2 ,Cδ2 for
phenylalanine). Probability distribution of the distance between the aromatic rings
(right), calculated as the distance between the centers of mass of the heavy atoms of
the two side chains. Data refer to the 100 ns long unfolding MD trajectory for TTP
and to six 100 ns long MD trajectory for TIS11d.
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Figure 2.17: Box-and-whisker plots of the distribution of φ and ψ angles for residues
201 (A,B), 202 (C,D), 203 (E,F) of TIS11d and 151 (A,B), 152 (C,D), 153 (E,F) of
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trajectory where a hydrogen bond within the α-helix is transiently lost.
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Figure 2.18: The T202L mutant form of TIS11d samples the Zn2+ binding-
incompatible state with higher probability than wild type. Probability density dis-
tribution of the dihedral angles χ2 of H178 and the stacking distance of F162 and
H178 in ZF1 of TIS11d (top left), χ2 of H216 and the stacking distance of F200 and
H216 in ZF2 of TIS11d (bottom left), χ2 of H128 and the stacking distance of F112
and H128 in ZF1 of TIS11d T202L (top right), χ2 of H166 and the stacking distance
of F150 and H166 in ZF2 of TIS11d T202L (bottom right). Data are taken from six
100 ns MD trajectories of TIS11d wild type and from six 100 ns MD trajectories of
TIS11d T202L. The color bars show the values of the probability density calculated
for χ2 and stacking distance as the number of counts normalized by the total number
of observations and by the area of each bin.
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Figure 2.19: A: The χ2 dihedral angle of the side chain of H216 is shown as a function
of time for a representative 100 ns long trajectory of the TIS11d T202L mutant. B:
Scatter plot of the stacking distance between the aromatic ring of F200 and H216 and
the χ2 dihedral angle of H216 for the TIS11d T202L mutant. The distance between
the aromatic rings was calculated as the distance between the centers of mass for the
heavy atoms of the two side chains. Data were extracted from a representative 100
ns long trajectory of the TIS11d T202L mutant.
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Figure 2.21: Zn2+ titration of TIS11d T202L followed by NMR spectroscopy. The
15N-1H HSQC spectra correspond to the protein in absence of zinc (top left), protein
with 0.5 equivalents of zinc in solution (top right), protein with 1 equivalent of zinc
in solution (bottom left) and protein with 3-fold excess of zinc (bottom right). Cross-
peaks from ZF2 have low intensities, close to the noise.

75



 0

 20000

 40000

 60000

 80000

 100000

 120000

 0  0.5  1  1.5  2  2.5  3

P
e
a
k
 I
n
te

n
s
it
y
 [
A

.U
.]

Equivalents of Zn
2+

Figure 2.22: Zn2+ titration of TIS11d T202L followed by NMR spectroscopy. Cross-
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Figure 2.23: 15N-1H HSQC spectra of TIS11d T202L free (blue) and bound (green)
to 5′-UUUAUUUAUUUU-3′ RNA.
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Figure 2.24: Comparison of 15N-1H HSQC spectra of TIS11d F200A (red) and TIS11d
C212S (black).
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Figure 2.25: All atoms representation of the NMR solution structure of TIS11d (pdb
entry: 1RGO). Side chains of hydrophobic residues are depicted in blue, side chain of
F200 in red and side chain of H216 in green.
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Figure 2.26: 15N-1H HSQC spectra of TIS11d F200A free (red) and bound (blue)
to 5′-UUUAUUUAUUUU-3′ RNA compared to the spectra of TIS11d wild type free
(black) and bound (purple) to 5′-UUUAUUUAUUUU-3′ RNA.
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2.5 Material and Methods

2.5.1 TTP and TIS11d RNA-binding domain homology model building

and preparation

The unknown structure of the ligand-free RNA-binding domain of TTP (residues

101 to 170) was generated starting from the lowest energy NMR structure of TIS11d

(pdb entry: 1RGO) bound to ARE (5′-UUAUUUAUU-3′) using the SWISS-MODEL

Server [191, 192, 193]. The resulting structure was solvated using VMD 1.9.2 [194] in

an orthorhombic water box (50x66x52 Å). Six Cl− ions were added to the system to

neutralize the charge. Similarly, to obtain the structure of TIS11d in the apo state,

the lowest energy NMR structure of TIS11d (residues 151 to 220) was solvated, after

removal of the RNA molecule, in a orthorhombic water box (60x75x66 Å) containing

a single Cl− ion to enforce charge neutrality. The size of the water box used to solvate

TIS11d needed to be larger than that used for TTP. This was to avoid the interaction

of the protein with its image in the surrounding boxes due to an infrequently observed

extention of the linker region. This rare linker extension was never observed for TTP.

Two additional simulations of 30 ns were collected for TTP solvated in the same size

water box used for TIS11d (60x75x66 Å). As expected, the size of the box did not

affect the structure and dynamics of TTP in solution. The mutation of threonine 202

into leucine (T202L) was introduced in the sequence of wild type TIS11d using the

Mutator plugin (v. 1.3) of VMD [194].

2.5.2 Simulation Protocol

The solvated proteins, described above, were energy-minimized and equilibrated

using the NAMD 2.10 molecular modeling package [195] and the CHARMM27 force

field [186]. The force field was modified following Sakharov and Lim [181] in order

to include polarization and charge transfer effects for the Zn2+ ions and the side

chain atoms of the zinc coordinating residues. Simulations including a fixed charge
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non-bonded model of Zn2+ were not able to accurately reproduce the tetrahedral

coordination geometry for the zinc ions in TIS11d [172]. In order to further assess

the accuracy of the Sakharov and Lim polarizable charge transfer model for these

CCCH-family tandem zinc fingers, five molecular configurations of ZF2 from TTP,

representing diverse coordination states for the Zn2+ cation, were selected and ex-

amined using electronic structure calculations and a series of levels of theory. The

charges transferred in the model of Sakharov and Lim reproduce accurate quantum

chemical charges reasonably well and substantially improve upon the accuracy of

the fixed charges from CHARMM27 [186] (see Fig. 2.11). Prior to equilibration, all

systems were subjected to energy minimization in three stages, with restraints se-

quentially removed: first, all heavy atoms were constrained; next, only Cα atoms

were constrained and finally, minimization was done without constraints. The sys-

tems were subsequently subjected to step-wise heating during constant volume MD

with restraints applied to Cα atoms, followed by 10 ps of unconstrained constant-NPT

molecular dynamics equilibration at 1 atm and 298 K. Trajectories were subsequently

collected from constant-NPT MD simulations at 1 atm and 298 K. Temperature and

pressure were maintained using Langevin dynamics (damping coefficient: 5 ps−1) and

the Nosé-Hoover Langevin piston method, respectively. The equations of motion were

integrated using the SHAKE constraint algorithm in order to use a 2 fs time step [196].

Non-bonded interactions were calculated at every time step with a cut-off distance of

12 Å and a switching distance of 10 Å. The particle mesh Ewald method was used to

treat electrostatic interactions with periodic boundary conditions [197, 198]. Three

trajectories of TTP were run, each for a total of 100 ns, with the last 80 ns used for

data collection and analysis. Two of the three trajectories of TTP, where the Zn2+ ion

remains bound to ZF2, were extended for a further 50 ns, to a total of 150 ns. Loss

of Zn2+ from ZF2 was not observed in the extended trajectories. Six trajectories of

TIS11d were run, each for a total of 100 ns, with the last 80 ns used for data collection
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and analysis. Six trajectories were run for the T202L mutant of TIS11d, each for a to-

tal of 100 ns, with the last 80 ns considered for data collection and analysis. Although

the thermodynamic values for each trajectory of TTP and TIS11d were equilibrated

in the initial configurations, on average it took about 20 ns to reach structural equi-

libration. Conformations were judged equilibrated as quantified by root mean square

displacement (RMSD) from the original structure. The structure of the zinc fingers is

well maintained for the entire duration of the simulations, while the linker region re-

mains flexible, as shown by the average RMSD calculated for the full protein and the

zinc fingers, see Figs. 2.12, 2.13, 2.14, 2.15 and Table 2.1. Trajectories were analyzed

using VMD 1.9.2 [194] and molecular configurations were visualized using STRIDE

[199] and Tachyon [200].

2.5.3 Protein Expression

The RNA-binding domain of human TIS11d (residues 152-220) and TTP (residues

102 to 170) were synthesized by Genescript and cloned into a modified pet28 vector

with a SUMO tag between BamH1 restriction site. The F200A, T202L and C212S

mutations of TIS11d and the L152T mutation of TTP were generated via Quikchange

mutagenesis. TIS11d wild type, F200A, T202L and C212S mutants and TTP wild

type and L152T mutant were expressed within BL21(DE3) E. coli competent cells.

Isotopic labeling with 15N was performed by growing the cells in M9 containing 1

g of 15NH4Cl per liter. The cells were grown at 37◦C to an OD600 of 0.8 and then

induced for 4 hours with 1 mM Isopropyl β-D-1 thiogalactopyranoside (IPTG) and

0.1 mM ZnSO4 at the same temperature. Harvested cells were lysed using a cell

disruptor in 50 mL buffer containing 50mM Tris HCl, pH 8.0, 50 mM NaCl, and 1

EDTA free cOmpleteTM protease inhibitor tablet (Roche). Lysates were centrifuged

at 19500 RPM for 1 hour at 4◦C and passed through a 20 mL pre-packed PrepEase

His Tagged resin (Affymetrix), washed with 5 column volumes of 50 mM Tris HCl,
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pH 8.0, 50 mM NaCl, 5 mM imidazole, and eluted with 50 mM Tris HCl, pH 8.0,

50 mM NaCl, 350 mM imidazole. The SUMO tag was cleaved off with ULP1. The

cleavage reaction was performed for 2 hours at room temperature, using a ULP1-to-

protein ratio of 1:10. The protein was then passed through a 5 mL HiTRAP Q and

SP column (GE Healthcare Life Sciences) pre-equilibrated with a buffer containing 50

mM Tris HCl, pH 8.0, 50 mM NaCl. Purified protein solution was buffer exchanged

into 10 mM Tris, pH 6.2, 20 mM KCl, 2 mM DTT, 0.1 mM ZnSO4 by dialysis and

concentrated using a 3 KDa Centriprep concentrator (Millipore).

2.5.4 CD spectroscopy

Far-UV circular dichroism (CD) spectra were recorded for TIS11d wild type,

F200A and T202L mutants and for TTP wild type and L152T mutant in 50 mM

HEPES, pH 7.0, 20 mM KCl and 1 mM TCEP using a Jasco-810 spectropolarimeter

(Jasco Inc., Easton, MD). Curves were monitored from 200-260 nm in a 0.1 cm path

length quartz cuvette using a scan rate of 20 nm min−1 and a response time of 8 s.

The sample temperature for all CD measurements was maintained at 293 K.

2.5.5 NMR spectroscopy

Folding of TIS11d wild type, F200A and T202L mutants and TTP wild type

and L152T mutant was monitored via NMR spectroscopy. 15N-1H heteronuclear

single quantum coherence (HSQC) spectra were collected at 298 K on a Varian Inova

spectrometer operating at 600 MHz equipped with a triple-resonance cold probe.

Data processing was performed using NMRPipe [201] and Sparky [202] software.
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CHAPTER 3

A DISORDER-TO-ORDER TRANSITION REGULATES
THE FUNCTION OF THE CAENORHABDITIS
ELEGANS RNA-BINDING PROTEIN MEX-5

3.1 Abstract

CCCH-type tandem zinc finger (TZF) domains are found in many RNA-binding

proteins (RBPs) that regulate the essential processes of post-transcriptional gene

expression and splicing through direct protein-RNA interactions. In Caenorhabditis

elegans, RBPs control the translation, stability, or localization of maternal mRNAs

required for patterning decisions prior to zygotic gene activation. Here, we report that

the CCCH-type TZF domain of MEX-5, a C. elegans protein that leads a cascade of

RBP localization events following fertilization, contains an unstructured zinc finger

that folds upon binding of its RNA target. To evaluate if this disorder-to-order

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

MEX-5 where both fingers are fully folded in the absence of RNA. We characterized

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

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

CRISPR-hr to introduce this variant into the endogenous mex-5 locus. Homozygotes

are sterile, form massive uterine tumors within a few days of reaching adulthood, and

often die by bursting. Heterozygotes are fertile but form tumors at advanced age.

We observed that the tumors are derived from embryonic cells wherein nuclei divide,

but not the cytoplasm, leading to giant polynucleated embryoid cells in the uterus.

Together, our 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.
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3.2 Introduction

During embryogenesis a fertilized oocyte develops from a single cell, the zygote,

into a multicellular organism. Before zygotic transcription begins, restricted distribu-

tion of maternal factors and their regulation coordinate early developmental processes

[203, 204]. Maternal factors are maternally provided quiescent mRNAs and proteins

present in the oocyte cytoplasm.

The Caenorhabditis elegans zygote is a classic model for the study of intracellular

asymmetries [106, 205] in which conserved mechanisms of cell polarization and cy-

toplasmic organization have been elucidated [104]. After fertilization, polarization

of the C. elegans zygote along the anterior-posterior (A-P) embryonic axis occurs

through the action of several conserved polarity regulators, the maternal factors PAR

proteins, which localize to the anterior (PAR-6, PAR-3, PKC-3) or posterior (PAR-2,

PAR-1) cell cortex [206]. As a response to this asymmetry, cell-fate determinants

become asymmetrically distributed in the cytoplasm. Among them, the CCCH-type

tandem zinc finger (TZF) RNA-binding protein MEX-5 redistributes across the length

of the 50 µm zygote with a concentration gradient anterior-high to posterior-low in

a timespan of ∼ 10 min [108, 207]. Such anterior enrichment of MEX-5 is driven by

a phosphogradient [208, 209, 111]: phosphorylation of MEX-5 by the kinase PAR-1

results in increased MEX-5 diffusion in the posterior, whereas in the anterior the

phosphatase PP2A reverts MEX-5 to a slow-diffusing state, which formation requires

MEX-5 RNA-binding [111]. The spatial asymmetry in the generation of the phos-

phorylated forms of MEX-5 generates a diffusion gradient that causes the protein to

concentrate in the region of low diffusivity [104]. Subsequently, MEX-5 partitions

other proteins such as PIE-1 and POS-1 to the posterior cytoplasm and PLK-1 to the

anterior cytoplasm [210, 211, 212, 108]. The first stages of C. elegans development

feature a series of rapid and invariant asymmetric cell divisions that determine the

identity of the early embryonic blastomeres [104]. As a consequence of proper A-P
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polarity, the zygote divides unequally, yielding the larger anterior cell AB and the

smaller posterior cell P1. Consequently, during the first cell division, the two daugh-

ter blastomeres inherit different determinants, which are involved in specifying their

distinct fates (anterior/somatic and posterior/germline).

MEX-5 has been first identified by Schubert et al. in a genetic screen for ma-

ternal effect lethal mutants [108]. Schubert et al. observed that adults homozygous

for null mutations in the mex-5 gene produced embryos containing abnormally large

numbers of muscles toward their anterior poles (Muscle EXcess, MEX). These em-

bryos were unable to undergo body morphogenesis and died without hatching. In

2007, Pagano et al. characterized MEX-5 RNA-binding specificity and showed that

the protein binds to poly-U streches, that are abundant in C. elegans 3′ untrans-

lated regions (UTRs) [110]. According to these results, it has been proposed [110]

that MEX-5 may function, in the two-cell stage and during further cell division, as

a broad-spectrum RNA-binding protein to activate maternal mRNA turnover in the

AB blastomere and in the somatic lineage cells [213]. More recently, Han et al. have

proposed a mechanism to explain the repulsive coupling between MEX-5 and POS-

1 in the zygote, which is similar in many respects to that for MEX-5 segregation:

the Polo-like Kinase PLK-1 interacts with MEX-5, distributed along an anterior-rich

cytoplasmic gradient, and is recruited into slow-diffusing complexes; in the ante-

rior cytoplasm PLK-1, in turn, phosphorylates POS-1 and inhibits the formation of

stable, slow-diffusing POS-1/RNA complexes [115]. Furthermore, MEX-5 has been

shown to be essential for the spatial patterning of the P granules, ribonucleoprotein

organelles found in the germline cytoplasm [116, 117, 118]. P granules-proteins form

germ granules by phase-transition, and this process is mediated by RNA-binding.

MEX-5 competes with the P granules-protein MEG-3 and PGL-3 for access to RNA

and therefore suppresses the assembly of MEG-3 and PGL-3 into phase-separated

liquid droplets in the anterior. To date, a comprehensive understanding of MEX-5
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functions in vivo has not been yet elucidated, however.

The mex-5 gene encodes for a 468-amino acids protein with predicted low-complexity

N- and C-terminal regions (see figure 3.1). The N-terminal region is rich in polyg-

lutamine stretches that could mediate MEX-5 self-association [111]. The central

domain of MEX-5, residues 268 to 341, contains two regions that are similar in se-

quence to the CCCH-type finger motifs that were first described in the vertebrate

protein Tristetraprolin (TTP), an RNA-binding protein that regulates mRNA sta-

bility [214, 215, 216]. In TTP, each zinc finger coordinates a zinc ion by means of

three cysteines and one histidine. Although several studies have characterized the

RNA-binding specificity of MEX-5, insights into the structure of the TZF domain

of MEX-5 are necessary to shine light onto the RNA-binding mechanisms and their

contribution to the protein activity during the early stages of embryogenesis.

In this study, we present a structural and functional characterization of the TZF

domain of MEX-5. We demonstrate that the N-terminal zinc finger of MEX-5 is

unstructured but folds upon binding with RNA. We show that this disorder-to-order

transition contributes negligibly to RNA recognition and affinity, however it is critical

for the physiological activity of the protein in cytokinesis in early embryogenesis.
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Figure 3.1: Propensities for the residues in MEX-5 to be disordered according to the
PONDR algorithm.
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3.3 Results

3.3.1 In the RNA-free state only the C-terminal zinc finger of MEX-5 is

folded

As a first step in the characterization of the structure and dynamics of the TZF

domain of MEX-5, we collected and assigned the 1H-15N heteronuclear single quantum

coherence (HSQC) spectrum of the MEX-5268−346 fragment in the RNA-free form.

Dispersion of the chemical shifts and analysis of the cross-peaks linewidth in a protein

spectrum, in fact, provide preliminary structural information, such as presence of

folded or unfolded regions [60]. We had been able to assign most of the 1H-15N cross-

peaks to residues in the linker and in the C-terminal zinc finger (ZF2) (see figure 3.2).

However, we observed that cross-peaks corresponding to residues in the N-terminal

zinc finger (ZF1) were very low in intensity or broadened beyond detection. A similar

result had been observed for the CCCH-type tandem zinc finger domain of the human

protein Tristetraprolin (TTP) [94, 96]. For TTP, the 1H-15N HSQC spectrum only

shows cross-peaks corresponding to its N-terminal zinc finger, whereas the peaks

corresponding to the C-terminal zinc finger are broadened beyond detection. In the

case of TTP, it had been showed that this behavior is due to the C-terminal zinc finger

being unstructured when the protein is not bound to RNA [94, 96]. In the RNA-free

form, in fact, the C-terminal zinc finger of TTP is not able to stably coordinate a zinc

ion and therefore is in a molten globular state, sampling several partially disordered

conformations in intermediate exchange regime [61].

To investigate the origin of the linewidth broadening of the cross-peaks corresponding

to ZF1 in MEX-5, we measured the zinc-binding stoichiometry of the TZF domain of

MEX-5. We collected a series of 1H-15N HSQC spectra at increasing concentration of

zinc ions and we observed that the end-point of the titration curve occurred at one

equivalent of zinc (see figure 3.3). In light of these results, we hypothesized that in a

similar manner to TTP, the TZF domain of MEX-5 is also partially unstructured in
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the RNA-free form.

In addition, we expressed and purify the MEX-5312−346 construct, containing only

the C-terminal zinc finger. The comparison of the 1H-15N HSQC spectra of the

MEX-5268−346 (TZF domain) and the MEX-5312−346 (ZF2) constructs reveals that

all the cross-peaks corresponding to ZF2 are present in both spectra, with marginal

differences in chemical shifts (see figure 3.4). This result supports the idea that

in both constructs the C-terminal zinc finger assumes the same three-dimensional

structure and, thus, that the peptide fragment corresponding to residues 312-346

(ZF2) is able to fold and to coordinate a zinc ion when expressed alone. Moreover,

we confirmed that the observed cross-peaks in the 1H-15N HSQC spectrum of MEX-

5268−346 correspond exclusively to residues in ZF2.
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Figure 3.2: The TZF domain of MEX-5 in partially unstructured in the RNA-free
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rectangles and the linker region as a line. The circles indicate residues along the
primary sequence with an assigned cross-peak in the 15N-1H HSQC spectrum. On
bottom, the 15N-1H HSQC spectrum of MEX-5 TZF domain is missing all cross-peaks
from ZF1 and part of the linker.
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3.3.2 Both MEX-5 zinc fingers fold upon addition of zinc and RNA

Once we established that the N-terminal zinc finger of MEX-5 is unfolded, we

investigated the structure of the tandem zinc finger domain of MEX-5 bound to

RNA. In 2004, Hudson et al. [90] have determined the solution structure of the TZF

domains of the homolog human protein TIS11d in complex with a RNA nonamer,

that to date represents the only three dimensional structure available for this class

of proteins. Their results have revealed that each zinc finger of TIS11d recognizes

and binds a UAUU motif. Other biochemical studies on the RNA-binding activity

of CCCH-type TZF proteins [110, 96, 102, 217] have confirmed that their minimal

consensus sequence for the cognate RNA molecules is spanning in length between 8

to 12 nucleotides, supporting the hypothesis that each zinc finger recognizes a motif

of 3 to 4 nucleotides. For MEX-5, it has been shown that the TZF domain binds

any poly-uridine stretch of at least 9 nucleotides with sub-micromolar affinity [110].

The same study also report that MEX-5 recognizes with high specificity one of the

RNA target of the human homolog proteins TTP and TIS11d, the AU-rich element

(ARE) in the 3′ untranslated region (3′-UTR) of the tumor necrosis factor α (TNF-α)

messenger RNA (mRNA) [110].

Here, we used the RNA oligonucleotide with sequence 5′-UUUUAUUUAUUUU-

3′ (ARE13) as binding partner of the TZF domain MEX-5268−346. This sequence

mimics the 3′-UTR in the TNF-α mRNA and contains the two UAUU repeats that

constitute the consensus sequence of TIS11d. The apparent dissociation constant of

MEX-5268−346 for this sequence, measured using electrophoretic mobility shift assay

(EMSA), is Kd, app = 16 ± 1 nM. To evaluate the structural changes in the TZF of

MEX-5 upon addition of RNA, we acquired a 1H-15N HSQC spectrum of the protein

in complex with the ARE13 RNA oligonucleotide (see figure 3.5). We observed an

increased number of cross-peaks in the spectrum of the bound state (66 1H-15N cross-

peaks for a total of 72 non-proline residues) compared to the RNA-free state (43
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1H-15N assigned cross-peaks). The increased number of cross-peaks in the bound

state spectrum suggest that residues in the N-terminal zinc finger assume a stable

conformation and are not in a molten globular state. In addition, the chemical shifts

of the cross-peaks in the bound state are significantly dispersed in the 1H dimension

and deviate from the values of residues in a random coil conformation. All together,

these results show that the both the zinc fingers in the TZF domain of MEX-5 are

folded, and thus coordinate a zinc ion, in presence of ARE13 RNA oligonucleotide.
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Figure 3.5: The 15N-1H HSQC spectrum of the TZF domain of MEX-5 bound to
5′-UUUUAUUUAUUUU-3′ RNA exhibits more cross-peaks than the RNA-free spec-
trum.
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3.3.3 The NMR solution structure of the C-terminal zinc finger of MEX-

5

To characterize the structure of the TZF domain of MEX-5, we used NMR spec-

troscopy. The primary sequence of the TZF domain of MEX-5 is characterized by

unique features among the CCCH-type TZF protein family. The spacing between the

cysteine and histidine zinc-coordinating residues, Cys1-X(8)-Cys2-X(5)-Cys3-X(3)-H,

is invariant in the TIS11 proteins and in many C. elegans homologs (see figure 3.6).

In MEX-5, however, this spacing is Cys1-X(9)-Cys2-X(5)-Cys3-X(3)-H in the ZF1

and Cys1-X(10)-Cys2-X(5)-Cys3-X(3)-H in ZF2. The different spacing and the lack

of similarity in the primary sequence with TIS11d and TTP, the CCCH-type TZF

model proteins, indicate that MEX-5 zinc fingers may have a different architecture

than the other members of the protein family.

Structure determination was challenging using the MEX-5268−346 construct be-

cause of the partially unstructured nature of the domain. Being the N-terminal zinc

finger partially unfolded, more than half of the residues in the TZF domain (ZF1 and

the linker) are in a random coil-like extended conformation, with the corresponding

cross-peaks having similar resonances. As a result, the collected spectra displayed

crowded regions that made the assignment of the resonances impossible. To over-

come these difficulties, for structure determination purpose we collected all the NMR

experiments with the MEX-5312−346 construct, that included only the structured C-

terminal zinc finger. As discussed above, the structure of the isolated C-terminal zinc

finger is not different than that of the zinc finger in the TZF domain.

The resulting ensemble of structures (root-mean-square deviation = 0.6 Å for

N,Cα, C′, O atoms in the ordered region 320-341) (see figure 3.7 and table 3.1)

showed that binding of the zinc ion, which is required to stabilize the structure of

the finger, occurs through the side chains of Cys 320, Cys 331, Cys 337 and His 341.

The histidine residue coordinates the zinc via its Nε2 atom. The protein structure is
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further stabilized by hydrogen bonds from main chain amides to zinc-bound Cys 337

sulfur atom and by long-range backbone hydrogen bonds (see figure 3.8). In addition,

the conserved aromatic side chains of Phe 323 is stacked against the side chains of His

341, suggesting a van der Waals interaction between the phenylalanine and histidine

side chains that stabilizes the histidine in a rotameric state compatible with the zinc

coordination geometry [218].

The polypeptide backbone adopts little regular secondary structure. Within the

zinc finger there are two short 310-helix turns: Cys 320 to Ala 324, immediately

after the first cysteine ligand (Cys1), and Tyr 333 to Cys 337, immediately before

the third cysteine ligand (Cys3) (see figure 3.8). The conformation of the zinc finger

(residues 320-341) is well defined and relatively rigid in the refined ensemble of struc-

ture, despite the flexibility observed for a glycine-rich loop between Cys1 and Cys2,

specifically residues Arg 325, Gly 326, Gly 327, Thr 328 and Gly 329. Evidences of

the high flexibility of the residues in the glycine-rich region are the lower 1H-15N het-

eronuclear NOEs (hetNOEs) and higher root-mean-square fluctuation (RMSF) values

than the remaining of the domain (see figure 3.9). Comparing the C-terminal zinc

fingers of MEX-5 and TIS11d, we observed a remarkable high similarity of the two

backbone structures, with the exception of the region between Cys1 and Cys2 (see

figure 3.10). In TIS11d this region contains a 6-residues long α-helix starting at Cys1,

whereas in MEX-5, after the short 310-helix, the two ends of the flexible glycine-rich

loop are stabilized by long range interactions between Asn 322 at the N-terminal and

Gly 329, Phe 330 at the C-terminal: the backbone carbonyl group of Asn 322 forms

an hydrogen bond with the backbone amide group of Gly 329, and the side chain

amide group of Asn 322 forms an hydrogen bond with the backbone carbonyl group

of Gly 330 (see figure 3.11).
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hTIS11d ZF1 RYKTELCRPFEES--GTCKYGEKCQFAHGF

hTIS11d ZF2 KYKTELCRTFHTI--GFCPYGPRCHFIHNA

hTTP   ZF1 RYKTELCRTYSES--GRCRYGAKCQFAHGL

hTTP   ZF2 KYKTELCHKFYLQ--GRCPYGSRCHFIHNP

cMEX-5 ZF1 NYKTRLCMMHASG-IKPCDMGARCKFAHGL

cMEX-5 ZF2 KYKTKLCKNFARGGTGFCPYGLRCEFVHPT

cMEX-6 ZF1 NFKTRLCMTHAAG-INPCALGARCKFAHGL

cMEX-6 ZF2 KYKTKLCKNFARGGSGVCPYGLRCEFVHPS

cPOS-1 ZF1 AFKTALCDAYKR--SQACSYGDQCRFAHGV

cPOS-1 ZF2 KYKTVLCDKFSM--TGNCKYGTRCQFIHKI

-------------------------------------------

Figure 3.6: Sequence alignment of CCCH-type zinc fingers in human (h) and C.
elegans (c). The zinc-coordinating residues are highlighted in red.
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Figure 3.7: The solution structure of MEX-5 ZF2. The best 20 structures super-
posed on backbone heavy atoms in ordered regions of the protein are shown. Zinc is
represented as a gray sphere.
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Conformationally-restricting constraints
NOE-based distance constraints:
Total 303

intra-residue [i = j] 96
sequential [|i− j| = 1] 111
medium range [1 < |i− j| < 5] 40
long range [|i− j| ≥ 5] 53
NOE constraints per restrained residue 9.2

Dihedral-angle constraints 43
Total number of restricting constraints 346
Total number of restricting constraints per restrained residue 10.5
Restricting long-range constraints per restrained residue 1.6
Residual constraint violations
Average number of distance violations per structure

0.1 - 0.2 Å 3.5
0.2 - 0.5 Å 1.1
> 0.5 Å 0
average RMS of distance violation / constraint 0.05 Å
maximum distance violation 0.31 Å

Average number of dihedral angle violations per structure
1 - 10◦ 3.65
> 10◦ 0
RMS of dihedral angle violation / constraint 1.14◦

Maximum dihedral angle violation 7.90◦

RMSD from average coordinates
backbone atoms 1.9 Å
heavy atoms 2.7 Å

Ramachandran statistics for ordered residues (MolProbity)
Most favored regions 98.8%
Allowed regions 1.2%
Disallowed regions 0%

Global quality scores Raw/Z-score
Procheck G-factor (phi / psi only) -0.24/-0.63
Procheck G-factor (all dihedral angles) -0.13/-0.77
Verify3D 0.20/-4.17
ProsaII 0.13/-2.15
MolProbity clash 12.43/-0.61

Table 3.1: Summary of NMR and structural statistics generated using PSVS 1.5 [219].
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Figure 3.8: Hydrogen bonding in MEX-5 ZF2. The probability map of hydrogen
bonds between two residues for the best 20 structures is shown.
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Figure 3.9: Measure of the backbone flexibility within MEX-5 ZF2. The 15N-1H
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Figure 3.10: Comparison of the backbone structure between TIS11d ZF2 and MEX-5
ZF2. The lowest energy structures of the ZF2 of TIS11d (red) and MEX-5 (cyan)
are shown superimposed. Zinc is represented as a gray sphere. The α-helices are
represented as ribbons.
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Figure 3.11: Hydrogen bonding within the Cys1-Cys2 region of MEX-5 ZF2. The
backbone structure is depicted in cyan, oxygen atoms in red, nitrogen atoms in blue,
and the side chain of Asn 322 in gray. The atoms forming H-bonds are indicated in
the figure.
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3.3.4 The stacking between His and Phe aromatic rings stabilizes Zn2+-

coordination in ZF2

To evaluate the structural differences between the two zinc fingers of MEX-5 that

determine their different affinity to zinc ions, we used molecular dynamics simulations.

The initial structure of MEX-5 was built using homology modeling [191, 192, 193]

from the solution structure of TIS11d, solved by Hudson et al. [90]. For this reason,

the initial structure of MEX-5 in the MD simulations has both zinc fingers folded and

coordinating Zn2+ ions. As discussed before, however, we showed experimentally that

only ZF2 of MEX-5 can stably bind Zn2+ in the RNA-free state. Consistent with this

result, the three collected MD trajectories of MEX-5 exhibit the loss of tetrahedral

geometry in Zn2+-coordination at ZF1.

A previous study on the TIS11 proteins has established that the stacking inter-

action between the zinc-coordinating histidine and a conserved aromatic amino acid,

three position after Cys1, is crucial to maintain the imidazole ring of the histidine

in a rotameric state compatible with zinc-binding [218]. In the TIS11 proteins the

conserved aromatic moiety is in the center of a short α-helix spanning between Cys1

and Cys2 and, as a consequence, it is properly posed to stack against the side chain

of the histidine.

In light of this result, we investigated the presence, in the collected trajectories,

of such interactions in the two zinc fingers of MEX-5. We observed that in the C-

terminal zinc finger His 341 stacks against Phe 323, and, thus, the side chain of the

histidine is constrained in the state characterized by the dihedral angle χ2 centered

at 180◦ (see figure 3.12). In this conformation the zinc-coordinating residues properly

and stably coordinate the zinc ion with a tetrahedral geometry. On the contrary, our

simulations showed that in the N-terminal zinc finger of MEX-5 the stacking between

His 279, the homologous residue of Phe 323 in ZF1, and His 296 was not maintained

along the trajectories and as a result, His 296 samples multiple rotameric states, as
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shown in figure 3.12). Therefore, the geometry of the zinc coordinating residues devi-

ates from a perfect tetrahedron and in two trajectories we observed the displacement

of at least one cysteine from the zinc-binding site.
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Figure 3.12: Aromatic side chains stacking in ZF2 constraints χ2=180◦ of His 341.
Top: Probability density distributions of the stacking angle and distance between
the aromatic rings are shown for H279 and H296 in MEX-5 ZF1 (left) and for F323
and H341 in MEX-5 ZF2 (right). The stacking angle was calculated as the angle
between the normals of the two aromatic rings (the planes for the side chains are
defined by atoms Cδ2 , Cε1 and Nε2 for histidine and Cζ , Cε2 , Cδ2 for phenylalanine).
The distance between the aromatic rings was calculated as the distance between the
centers of mass for the heavy atoms of the two side chains. The color bars show the
values of the probability density calculated for the stacking angle and distance as the
number of counts normalized by the total number of observations and by the area
of each bin. Configurations and distributions were extracted from three 50 ns MD
trajectory.
Bottom: Probability distributions of the dihedral angle χ2 of the zinc-coordinating
histidines H296 (left) and H341 (right) are shown.
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3.3.5 Rational design of a mutant of MEX-5 with a folded N-terminal

zinc finger

To investigate the biological role of the disorder in the TZF domain of MEX-5,

we designed mutant variants of MEX-5 where the N-terminal zinc finger is folded in

absence of bound RNA. We rationalized the design of these mutants based on the

solution structure of the C-terminal zinc finger described above and its difference with

the structure of the human homolog TIS11d.

Our MD simulations, performed with an homology model of the TZF domain of

MEX-5, revealed that in ZF1 the stacking between the side chains of residues His

279 and His 296 is not stable. The lack of this interaction destabilizes the zinc-

coordination in ZF1. In the C-terminal zinc finger of MEX-5, the ligand His 341

is stabilized, by the stacking with Phe 323, in a rotameric state compatible with

zinc binding [218]. In the comparison of MEX-5 to other CCCH-type zinc finger

proteins, the amino acid sequence between Cys1 and Cys2 displays the highest degree

of diversity. In particular, the spacing between the first two coordinating cysteines

is 9 and 10 residues for ZF1 and ZF2 of MEX-5, respectively, and 8 residues for

the other proteins of the family (see figure 3.6). Our computational studies and the

primary sequence analysis indicate that the region between Cys1 and Cys2 alone can

stabilize the structure of the zinc finger. In order to test this hypothesis, we generated

a series of mutants of the TZF domain of MEX-5 where, in turn, the sequence of the

Cys1-Cys2 fragment of ZF1 is replaced with the corresponding sequence of ZF2 (see

table 3.2).

We investigated the effects of the introduced mutations on the structure of ZF1 by

monitoring the 1H-15N HSQC spectra of the variants of MEX-5. The construct MEX-

5CX10C was the only one that displayed a significant difference in the 1H-15N HSQC

spectrum compared to the wild type domain (see figure 3.13 and 3.14): we observed

78 cross-peaks in the spectrum, with those corresponding to the C-terminal zinc finger
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having the same chemical shifts than the wild type. The other mutants described in

table 3.2 produced 1H-15N HSQC spectra with a similar number of cross-peaks than

the wild type domain. These results indicate that in the variant MEX-5CX10C both

the zinc fingers are folded and coordinate zinc ions in the RNA-free form, while in

the other variants ZF1 is unstructured. To confirm this hypothesis, we measured the

zinc-binding stoichiometry of the TZF domain of MEX-5CX10C . We collected a series

of 1H-15N HSQC spectra at increasing concentration of zinc ions and we observed

that, as expected, the end-point of the titration curve occurred at two equivalent of

zinc (see figure 3.15).
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MEX-5 ZF1 CMMHASG-IKPC

MEX-5 ZF2 CKNFARGGTGFC

CMMHASGGIKPC

CMMHASGAIKPC

CMMHASGGIGPC

CMMHASGGTGPC

CMNHASGGIKPC

CMNHASGGIGPC

MEX-5CX10C CKNFARGGTGFC

Table 3.2: Mutations in ZF1 of MEX-5, within Cys1 and Cys2, that mimic the se-
quence of the corresponding fragment of ZF2. Mutated residues are highlighted in
red.

112



9.0

9.0

8.5

8.5

8.0

8.0

7.5

7.5

7.0

7.0

2 - 1H (ppm)

130 130

125 125

120 120

115 115

110 110

1
- 

1
5
N

 
(p

p
m

)

Figure 3.13: The TZF domain of MEX-5CX10C is folded in the RNA-free state.The
15N-1H HSQC spectrum of MEX-5CX10C TZF domain shows 78 cross-peaks, indicating
that the domain is folded.
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Figure 3.14: The TZF domain of MEX-5 mutants is not folded in the
RNA-free state. The 15N-1H HSQC spectra of MEX-5 mutants from ta-
ble 3.2: A: CMMHASGGIKPC, B: CMMHASGAIKPC, C: CMMHASGGIGPC, D:
CMMHASGGTGPC, E: CMNHASGGIKPC, F: CMNHASGGIGPC. In spectra C
and E, the cluster of overlapped peaks in the middle of the spectrum indicate aggre-
gation.
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in the plot.
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3.3.6 Characterization of the RNA-binding activity of the mutant MEX-

5

As discussed above, the mutations introduced in the construct MEX-5CX10C (see

table 3.2) had the effect to stabilize the structure of ZF1, that stably coordinates zinc

in the absence of RNA. To determine the effect of this structural change on the RNA-

binding activity of MEX-5, we measured the apparent dissociation constant of the wild

type and the mutant variant TZF domain with four different RNA oligonucleotides.

The choice of the RNA target sequences was guided by the rationale that each zinc

finger binds to a 4 nucleotide long U-rich motif, with higher affinity for the UAUU

sequence. Thus, we measured the binding affinity of the mutated TZF domain to

oligonucleotides containing in different arrangements the UAUU and UUUU elements

(see figure 3.16). The results obtained for this mutant variant were compared with

those of the wild type.

The results, presented in figure 3.16, show that the mutated TZF domain of MEX-

5, as observed for the wild type, binds preferably to the ARE13 oligonucleotide. For

all the tested sequences, we observed no significant differences in binding affinity

between mutated and wild type domain (< 2-fold).

116



Figure 3.16: The TZF domains of MEX-5 and MEX-5CX10C bind to the same targets
with similar affinity. On top: the interaction of MEX-5 with ARE13 RNA as measured
by EMSA. On bottom: The Kd,app and the fit error of the two proteins are shown for
the four RNA sequences.
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3.3.7 Introducing the designed mutation into the endogenous mex-5 lo-

cus in Caenorhabditis elegans by CRISPR-hr

To assess whether the lack of structure of ZF1 is important for the biological

function of MEX-5, we used the CRISPR/Cas9 system to introduce the MEX-5CX10C

mutations in the endogenous mex-5 gene. We named the resulting gene mex-5(spr1).

We observed that several F2 individuals exhibits the same phenotype, consisting of

uterine masses (see figure 3.17), sterility and burst. In order to stably maintain

the mutation mex-5(spr1) in heterozygotes, and thus propagate the otherwise sterile

individuals, we crossed the F2 phenotypic males with VC362 hermaphrodites. The

resulting animals, from now on WRM31, express pharyngeal green fluorescent protein

(GFP) if heterozygotes for mex-5(spr1) (GFP+), but not in homozygotes (GFP-).

We observed that homozygous mex-5(spr1) worms lay significantly fewer embryos

than heterozygous (see figure 3.18). The embryos laid by homozygous individuals

fail to hatch, resulting therefore in sterility (see figure 3.18). Additionally, we char-

acterized the survival rate of adult worms. We found that > 50% homozygotes die

by bursting within 6 days post hatching, while heterozygotes exhibit longer average

lifespan (see figure 3.19).

To investigate the cause of these differences between homozygous and heterozy-

gous individuals, we analyzed the embryo morphology in WRM31 worms. Heterozy-

gotes do not deviate from N2 worms, homozygotes develop embryo-like bodies in the

uterine cavity by day 4 post hatching, however (see figure 3.20). These bodies con-

tain DNA distribution abnormalities, as revealed by DAPI staining of the nuclei (see

figure 3.20). Characterization of WRM31 homozygotes by differential interference

contrast microscopy revealed polynucleated embryoid bodies at day 5 post hatching

and loss of definition of the bodies by day 8, resulting in bursting of the worms (see

figure 3.21).
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Figure 3.17: Homozygotes for mex-5(spr1) are sterile, develop giant uterine masses
and often burst. In the picture, a homozygous WRM31 individual exhibits a giant
mass in the uterin cavity. In the inset, a normal N2 individual is shown.
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Figure 3.18: Homozygous mex-5(spr1) worms are sterile, but a few lay embryos that
fail to hatch. Homozygous mex-5(spr1) worms are sterile, but a few lay embryos that
fail to hatch. The the number of laid embryos per animal (left), the number of viable
progeny per animal (center) and the hatch rate is shown for heterozygotes (GFP+)
and homozygotes (GFP-). The number of individuals was 26 and 31 for heterozygotes
and homozygotes, respectively.
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Figure 3.19: Most homozygous mex-5(spr1) worms die by bursting within 7 days of
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Figure 3.20: The embryo-like bodies in homozygotes mex-5(spr1) contain abnormal
DNA distribution. Differential interference contrast microscopy images (left) and
DAPI staining of the nuclei, taken at day 4 post hatching for heterozygotes (GFP+)
and homozygotes (GFP-), shows mislocalization of the DNA in the uterine embryo-
like bodies in homozygotes.
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Day 5 Post Hatching Day 8 Post Hatching

Figure 3.21: The embryo-like bodies in homozygotes mex-5(spr1) are polynucleated
and cause bursting. Differential interference contrast microscopy images of homozy-
gotes, taken at day 5 (left) and 8 (right) post hatching. The arrows point to polynu-
cleated bodies in the uterus (day 5) and upon bursting (day 8).
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3.4 Discussion

In this study, we characterized the structure of the TZF domain of MEX-5 (residues

268-346) to elucidate its relationship with the protein function. We demonstrated

that the N-terminal zinc finger of MEX-5 is unstructured and unable to coordinate

a zinc ion in the RNA-free form, but undergoes a disorder-to-order transition upon

RNA-binding. Additionally, we showed that the two zinc fingers of MEX-5 fold inde-

pendently: the peptide fragment containing the C-terminal zinc finger assumes the

same fold of the ZF in the full-length domain context. Interestingly, by solving the

solution structure of ZF2, we observed that the backbone conformation of the domain

differs from the two other structures solved to this day of the members of the protein

family, TIS11d [90] and POS-1 [Ertekin A., Massi F., unpublished data].

Moreover, we identified key interactions within the ZFs of MEX-5 that stabilize

the zinc-binding, and based on these findings we designed a variant of the MEX-5

TZF domain that has both the ZFs structured in the RNA-free state. This variant

MEX-5 TZF domain displays unchanged RNA affinity and specificity compared to

the isolated wild type domain. Consequently, we introduced this variant into the en-

dogenous mex-5 locus in C. elegans using a CRISPR/Cas9-hr approach. Therefore,

the resulting animals express full-length MEX-5 containing the variant TZF domain.

We found that animals homozygous for the mutations are sterile and develop uterine

embryoid bodies. We hypothesize that this phenotype is caused by defects in cytoki-

nesis that lead to formation of giant polynucleated embryoid cells in the uterus.

During early stages of embryogenesis, MEX-5 contributes to the polarization of

the body axes in the zygote distributing in the cytoplasm along an anterior-rich gradi-

ent. This asymmetric distribution, in turn, establishes posterior segregation of other

fate determinants, POS-1 and PIE-1. MEX-5 distribution pattern in the cytoplasm

has been proven to depend on its RNA-binding activity and its phosphorylation state.

Additionally, MEX-5 has been shown to compete for RNA-binding with P granule-
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proteins, thus disrupting their ability to form germ granules in the anterior. These

protein distribution patterns in the one-cell embryo are retained upon cell divisions

and result in the separation of the somatic lineage (anterior) and the germline (poste-

rior). These observations suggest that the RNA-binding activity of MEX-5 is crucial

for its function during embryogenesis.

Our findings provide new insights on the regulation of MEX-5 activity in C. ele-

gans. A similar disorder-to-order transition upon RNA-binding as in MEX-5 has been

observed for another protein in the CCCH-type TZF family, the human TTP, but

not in the homolog TIS11d. Previous studies have determined the effect of having a

fully folded RNA-binding domain on the cellular activity of TTP using a luciferase

reporter assay, where luciferase was placed under the control of the TNF-α 3′ UTR

[96]. Decreased reporter activity was observed when the partially unstructured RNA-

binding domain of TTP was replaced with the fully structured domain of TIS11d,

indicating that the increased structure is associated with higher RNA-degradation

activity [96]. This result showed that folding of the RNA-binding domain is tightly

coupled with TTP and TIS11d activities in the cell. In a similar manner, we hypoth-

esize that the TZF domain of MEX-5 may have evolved to be partially structured to

allow for an additional degree of regulation beside phosphorylation, that could confer

functional advantages. For example, in order to bind RNA, MEX-5 requires spatially

and timely availability of zinc ions in the cell to allow folding of the N-terminal zinc

finger. Moreover, folding upon RNA-binding of the N-terminal zinc finger involves

a conformational entropic cost that has to be compensated by a favorable enthalpic

contribution to the binding energy. Folding-upon-binding is a common mechanism

employed by intrinsically disordered proteins (IDPs): often IDPs are promiscuous

binders that are able to interact with high specificity, but low affinity, with multiple

biological targets. Although MEX-5 binds uridine-rich RNA with high affinity, it

exhibits a relaxed specificity compared to other TZF proteins.
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Alternatively, the mutations introduced in the variant MEX-5 TZF domain can

affect other aspects of the protein function beyond the RNA-binding activity. The

presence of an unstructured zinc finger in the RNA-free form, in fact, might contribute

to regulate the degradation of the protein, and thus its abundance in the cytoplasm;

moreover, the disordered region corresponding to the N-terminal zinc finger might

act as a recognition motif for a partner protein. A caveat of our approach is that

we tested the effects of the variant MEX-5 tandem zinc finger domain with a trun-

cated form of the protein lacking the N- and the C- terminal domains. Although we

haven’t observed any difference in the RNA-binding specificity of the variant MEX-5

compared to the wild type form for the isolated TZF domain, we cannot exclude that

the introduced mutations may affect other functions of the protein in the full-length

form. In order to establish which molecular mechanism involving MEX-5 is altered by

the introduced mutations, further studies of the variant TZF domain in the context

of the full-length MEX-5 will be beneficial.

Previously, other studies have shown how mutations that alter the extent of struc-

ture in the free state of IDPs might affect their biological activity. Results on IκBα,

an inhibitor of the transcription factor NFκB, emphasized the requirement for dis-

order in IκBα to efficiently dissociate NFκB from DNA [220]. Dembinski et al., in

fact, showed that mutations that increase the foldedness of IκBα also decrease the

IκBα-mediated NFκB-DNA dissociation rate. Their results indicate how perfectly

tuned the IκBα energy landscape is for the function of dissociating NFκB-DNA from

the DNA.

In conclusion, our results highlight that the relationship between the TZF do-

main structure and the biological function is a critical feature to elucidate known and

unknown mechanisms in which MEX-5 is involved.
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3.5 Material and Methods

3.5.1 Protein Expression

The RNA-binding domain of human MEX-5 (residues 268-346) and MEX-5312−346

were amplified from pMal-MEX-5 [110] and cloned into a modified pet28 vector with

a SUMO tag between BamH1 restriction site. MEX-5CX10C was synthesized by IDT

and cloned into the same vector. Mutations described in table 3.2 were generated via

Quikchange mutagenesis. MEX-5 and its variants were expressed within BL21(DE3)

E. coli competent cells. Isotopic labeling with 15N and/or 13C were performed by

growing the cells in M9 containing 1 g of 15NH4Cl per liter and 2 g of 13C glucose per

liter, respectively. The cells were grown at 37◦C to an OD600 of 0.8 and then induced

for 4 hours with 1 mM Isopropyl β-D-1 thiogalactopyranoside (IPTG) and 0.1 mM

ZnSO4 at the same temperature. Harvested cells were lysed using a cell disruptor in

50 mL buffer containing 50mM Tris HCl, pH 8.0, 50 mM NaCl, and 1 EDTA free

cOmpleteTM protease inhibitor tablet (Roche). Lysates were centrifuged at 19500

RPM for 1 hour at 4◦C and passed through a 20 mL pre-packed HisTrap HP columns

(GE helthcare), washed with 5 column volumes of 50 mM Tris HCl, pH 8.0, 50 mM

NaCl, 20 mM imidazole, and eluted with 50 mM Tris HCl, pH 8.0, 50 mM NaCl, 350

mM imidazole. The SUMO tag was cleaved off with ULP1. The cleavage reaction

was performed for 2 hours at room temperature, using a ULP1-to-protein ratio of

1:10. The protein was then passed through a 5 mL HiTRAP Q and SP column (GE

Healthcare Life Sciences) pre-equilibrated with a buffer containing 50 mM Tris HCl,

pH 8.0, 50 mM NaCl. Purified protein solution was buffer exchanged into 50 mM

MES, pH 6.2, 100 mM KCl, 1 mM TCEP, 0.1 mM ZnSO4 by dialysis and concentrated

using a 3 KDa Centriprep concentrator (Millipore).
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3.5.2 NMR spectroscopy

Folding of MEX-5 and its variants was monitored via NMR spectroscopy. 15N-1H

heteronuclear single quantum coherence (HSQC) spectra were collected at 298 K on

a Varian Inova spectrometer operating at 600 MHz equipped with a triple-resonance

cold probe. Data processing was performed using NMRPipe [201] and Sparky [202]

software.

Triple-resonance spectra were collected at 600 MHz on 13C, 15N-labeled protein

in 92% H2O/8% 2H2O. Complete protein backbone 1 H, 13C, and 15N resonance

assignments for MEX-5312−346 were made using HNCACB, CBCA(CO)NH, HNCA,

HN(CO)CA, HN(CA)CO and HNCO. Aliphatic side chain assignments were made

using C(CO)NH-TOCSY and H(CCO)NH-TOCSY experiments. Assignments for

aromatic side chains were made from (Hβ)Cβ(CγCδ)Hδ and (Hβ)Cβ(CγCδCε)Hε

spectra. A 15N-edited NOESY spectrum and a 13C-edited NOESY spectrum were

acquired in 92% H2O/8% 2H2O with a mixing time of 300 ms.

3.5.3 Structure calculations

Intramolecular protein distance restraints were derived from 13C-edited and 15N-

edited NOESY spectra. Ambiguous distance restraints for the ZF domain and tor-

sional restraints were generated in CYANA 2.1 [221], and the same software was used

to determine initial MEX-5312−346 structures. φ dihedral angle restraints were based

primarily on 3J HNHα coupling constants from HNHA data (φ = 120 ± 45◦ if 3J

HNHα > 7.5 Hz; φ = 50 ± 45◦ if 3 3J HNHα < 6.0 Hz). Additional φ and ψ re-

straints were assigned using TALOS [222], only in cases where those restraints were

unambiguous and consistent with the directly determined ψ restraints. All restrained

simulated annealing was done in CNS [223, 224]. The 20 unique structures with the

lowest restraint violation energies were selected for analysis. During all calculations,

the zinc coordination was restrained to be tetrahedral.
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The protocol used here to determine the structure of the C-terminal zinc fin-

ger of MEX-5 differs from the one previously described by Hudson et al. [171] for

TIS11d in several points. Inclusion of residual dipolar coupling (RDC) restraints was

not required because only one zinc finger was considered in the calculation, and no

additional information about the relative orientation of the two zinc fingers, as in

the case of TIS11d, were necessary. Because we considered the RNA-free form of the

MEX-5 C-terminal zinc finger, the zinc finger exhibited an higher degree of structural

flexibility compared to the TIS11d RNA-bound domain. This feature, in particular,

resulted in a lower number of structural constraints compared to TIS11d (see table

3.1). As observed by Hudson et al., in fact, the RNA provide a scaffold that stabilizes

the structure of the TZF domain of TIS11d and constrains the linker between the

two zinc fingers in an extended conformation [171]. As a consequence of the lack of

such scaffold for the RNA-free MEX-5 C-terminal zinc finger, instead, only the region

between residues 320 and 341 assumes a well defined fold, whereas the two termini

are disordered (see figure 3.9).

3.5.4 MEX-5 RNA-binding domain homology model building and prepa-

ration

The structure of the ligand-free RNA-binding domain of MEX-5 (residues 268

to 346) was generated starting from the lowest energy NMR structure of TIS11d

(pdb entry: 1RGO) bound to ARE (5′-UUAUUUAUU-3′) using the SWISS-MODEL

Server [191, 192, 193]. The resulting structure was solvated using VMD 1.9.2 [194]

in an orthorhombic water box (60x75x66 Å). Six Cl− ions were added to the system

to neutralize the charge. Three simulations of 50 ns were collected for MEX-5 as

described in [218].
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CHAPTER 4

CHARACTERIZATION OF THE PARTIALLY FOLDED
STATES OF THE RRM2 OF TDP-43 AND THEIR

SIGNIFICANCE TO ALS PATHOGENESIS

4.1 Abstract

The human protein TDP-43 is a major component of the cellular aggregates found

in amyotrophic lateral sclerosis and other neurodegenerative diseases. Insoluble cyto-

plasmic aggregates isolated from the brain of amyotrophic lateral sclerosis and fronto-

temporal lobar degeneration patients contain ubiquitinated, hyperphosphorylated and

N-terminally truncated TDP-43. Truncated fragments of TDP-43 identified from pa-

tient tissues contain part of the second RNA recognition motif (RRM2) and the

disordered C-terminus, indicating that both domains can be involved in aggregation

and toxicity. Here, we focus on RRM2. Using all-atom replica-averaged metady-

namics simulations with NMR chemical shift restraints we characterized the atomic

structure of non-native states of RRM2, sparsely populated under native conditions.

These structures reveal the exposure to the solvent of aggregation-prone peptide re-

gions, normally buried in the native state, supporting a role in aggregation for the

partially folded states of RRM2.

4.2 Introduction

The 43 kDa human TAR DNA-binding protein (TDP-43) is a 414-amino-acid

protein with two RNA recognition motifs (RRM1 and RRM2), an N-terminal dimer-

ization domain and a C-terminal prion-like glycine-rich domain [225]. TDP-43 is a
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nuclear protein that is ubiquitously expressed and whose functions include RNA splic-

ing and transcriptional repression [226, 227]. In 2006, TDP-43 was identified as the

main constituent of the cytoplasmic inclusions that are the hallmark of most forms of

amyotrophic lateral sclerosis (ALS) and fronto-temporal lobar degeneration (FTLD)

[122, 228]. Since then, a large number of TDP-43 mutations in familial and sporadic

ALS patients have been reported (ALS Online Genetics Database) [229], thus estab-

lishing a primary role for TDP-43 in ALS pathogenesis. TDP-43 forms aggregated

species in vitro that display high structural similarity with TDP-43 aggregates from

FTLD and ALS patients [230]. Furthermore, ALS-related mutations identified in the

TDP-43 gene have been reported to accelerate aggregation in vitro and to promote

the formation of more numerous aggregates in vivo [230].

The cytoplasmic aggregates found in FTLD and ALS brain contain ubiquiti-

nated, hyperphosphorylated and N-terminally cleaved TDP-43 fragments (known as

C-terminal fragments) [122, 231]. TDP-43 25 kDa C-terminal fragments, identified as

the pathological species in FTLD and ALS [122, 231], are generated from proteolytic

cleavage within RRM2 [231, 232, 157], and consequently comprise a C-terminal part

of RRM2 and the glycine-rich region. When these C-terminal fragments of TDP-43

have been expressed in cell culture, they were observed to become ubiquitinated and

hyperphosphorylated and to form cytoplasmic aggregates [233, 157], recapitulating

the observations made in patient-derived brain tissue [233]. Moreover, cytoplasmic

inclusions formed upon ectopic expression of the C-terminal truncation product of

caspase cleavage were observed to be toxic in M17 neuroblastoma cells [157]. To

investigate the domain-specific contributions to neural toxicity in TDP-43, the aggre-

gation propensity and toxicity of different TDP-43 constructs has been studied in var-

ious disease models. Studies of TDP-43 fragments with differing lengths showed that

both the truncated RRM2 (residue 208-265) and the glycine-rich region contribute

to formation of insoluble cytoplasmic aggregates in mouse neuroblastoma N2a cells,
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with the truncated RRM2 playing a primary role [159]. In another mouse neuronal

cell line (motor-neuron-derived NSC-34), the C-terminal part of RRM2 was found to

be required but not sufficient for aggregation, with different TDP-43 fragments likely

impairing neurite growth through different toxic mechanisms [234]. In yeast, both

RRM2 and the glycine-rich region are required for aggregate formation and toxicity

[158]. Taken together, these studies emphasize the importance of these two domains

in the abnormal formation of cytoplasmic aggregates and in the pathogenic role of

TDP-43 in FTLD and ALS.

TDP-43 RRM2 is an unusually stable domain, as shown by thermal and chemical

denaturation studies [235, 159, 143]. The solution structure of TDP-43 RRM2 (PDB

accession number: 1WF0, Fig. 4.4) shows a large cluster of 12 connected hydrophobic

residues, isoleucines, leucines and valines (ILV) [236], in the core of the domain that

likely contributes to its high stability [143]. Denaturant-induced unfolding studies

have revealed the presence of an intermediate state on the RRM2 unfolding pathway.

This intermediate state has a low, although not negligible, population under native

conditions that increases with increasing denaturant concentration to a maximum

value of approximately 80% at 4 M guanidine hydrochloride before fully unfolding

[143]. This partially folded state of TDP-43, populated under native conditions,

may increase the probability of cleavage leading to the production of toxic truncated

forms of TDP-43 [159, 234, 158, 233, 157, 237] or directly contribute to aggregate

formation. A structural characterization at atomic resolution of this partially folded

intermediate state is not yet available, but it is essential to establish its role in ALS

and other neurodegenerative diseases by contributing to misfolding and aggregation

of TDP-43. Molecular dynamics simulations have been successfully used to explore

denatured states and folding intermediates of proteins [71, 238, 239, 240]. The use of

advanced sampling methods and the inclusion of experimental data as structural re-

straints allow sampling of low populated states in shorter simulation time and provide
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an accurate representation of the system [241, 242, 243, 244, 245, 246, 247, 248, 249].

Here, we used these approaches to characterize the structure of the partially folded

state of TDP-43 RRM2.

4.3 Results and Discussion

4.3.1 Free energy landscape of the RRM2 of TDP-43 in 6 M urea reveals

six energy basins

We used replica-averaged metadynamics (RAM) simulations [250, 251] with back-

bone chemical shift restraints and bias-exchange metadynamics to characterize the

partially folded state of TDP-43 RRM2. The bias-exchange metadynamics approach

employed in our simulations consisted of performing four metadynamics simulations

in parallel on different replicas of the system, with each simulation biasing a different

collective variable (CV), as was previously described [71]. At each timestep, chemical

shift restraints from experimental data collected for Cα, Cβ, N and HN for the in-

termediate state at 6 M urea concentration (BMRB deposition number 27549) were

applied to the ensemble of the four replicas. Mackness et al. [252] have shown that

at 6 M concentration of urea the population of this partially folded state is similar

to that of the native state, approximately 50%. In this study we characterize the

structure of this partially folded state of TDP-43 RRM2 that is present under native

conditions but sampled with low frequency. The application of the chemical shift

restraints collected for the intermediate state at 6 M urea increases the frequency

of sampling of this partially folded state, but the free energy landscape calculated

from the simulations does not correspond to what would be observed under native

conditions.

The use of chemical denaturant in general and urea in particular, is a common

approach to investigate protein stability and the mechanism of unfolding [253]. An

earlier study of the unfolding of chymotrypsin inhibitor 2 has shown that MD simu-
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lations performed in presence of 8 M urea at 60 ◦C or in water at 125 ◦C (above the

protein melting point) display the same unfolding mechanism [254]. The two simu-

lations collected under different unfolding conditions were reported to yield similar

partially folded intermediate states, sharing the same amount of secondary structure.

A greater protein nonpolar solvent-accessible surface area, however, was reported for

the conformations collected in the urea simulations than in water [254]. It is reason-

able, therefore, to expect that the structural features of conformations obtained from

our RAM simulations will be representative of the ensemble of structures observed

in aqueous solution, although the relative statistical weight of each state will not be

accurate.

In another study, Mielke et al. [255] showed 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. These results suggest that the chemical shift

differences observed for TDP-43 at 6 M urea compared to native conditions arise

mainly from conformational changes rather than solvent effects.

Appropriate choice of the collective variable is essential to guarantee proper sam-

pling of the energy landscape [256, 257, 258]. We chose the following CVs: the total

α-helical content, the total β-sheet content, the radius of gyration (Rg) and the num-

ber of hydrophobic contacts of ILV residues. The secondary structure content and

Rg were chosen because fluctuations of secondary structures and volume capture the

relevant structural changes sampled by a protein [71]. In addition, the amount of sec-

ondary structure and the Rg of the folding intermediate state is significantly different

from that of the native state in TDP-43 RRM2 (RN
g = 1.41±0.01 nm; RI

g = 2.34±0.04

nm) [143, 252]. The fourth CV was chosen to be the number of hydrophobic contacts

within the ILV cluster (#ILV contacts), because a large cluster of 12 ILV residues in

RRM2 provides an essential core of folding stability in this domain [236, 143]. With

the described approach (further details are provided in SI) we collected a total of
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2500 ns of simulation time and we obtained a free energy landscape within a statis-

tical uncertainty < 2 kJ/mol for free energies up to 10 kJ/mol (Fig. 4.6).

The collected simulations showed an effective sampling of the conformation space,

with the resulting conformations spanning a wide range of values of the CVs: α-

helical and β-strand content was sampled between 0% and 20%, Rg between 1 nm

and 3.1 nm and #ILV contacts between 0 and 16 (Fig. 4.7). From the trajectories we

calculated the free energy landscape of TDP-43 RRM2 as a function of the four CVs

(Figs. 4.1 and 4.8). The resulting free energy landscape revealed six energy basins

(Figs. 4.1, 4.8 and Table 4.1).
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Figure 4.1: Characterization of the free energy landscape of the partially folded states
of TDP-43 RRM2. Two-dimensional free energy landscape as a function of two of
the four collective variables used in the replica-exchange metadynamics simulations,
β-sheet content and number of hydrophobic contacts. Representative structures are
shown for the basins with statistical weights greater than 10%.
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4.3.2 Characterization of the residual structure and topology of the mi-

crostates of the RRM2 of TDP-43 in 6 M urea

The ensemble of conformations in the major basin, identified as A, shares most

of its structural features with the native state of TDP-43 RRM2, including hydrogen

bonds and contacts between ILV residues of the β-sheet and between Leu 207 in helix

α1 with hydrophobic residues in β1, β2 and β4 (Fig. 4.2, 4.3 and Table 4.1). Unlike

the native state, Leu 243 in helix α2 loses interaction with β4, but it interacts with

Val 193 in β1 (Figs. 4.2 and 4.9). This conformational change reflects the different

hydrogen bonds pattern within α2, and thus the reduced stability of the helix, com-

pared to the native state (Fig. 4.3).

Microstates from basins B and C (Fig. 4.1 and Table 4.1) share several com-

mon structural features, including Rg and β-sheet content, and display an overall

decreased structure and compactness compared to the native state and cluster A

(Fig. 4.1). Both basin B and C are characterized by a structural core formed by

β1, β3 and α1 (Fig. 4.3), with a stable β-sheet formed by β1 and β3 (Figs. 4.3). In

cluster C, however, β4 and β5 merge into an elongated strand (Fig. 4.1) that only

forms marginally stable parallel pairing with β1, not supported by any hydrophobic

ILV contacts (Figs. 4.2, 4.3). A structural reorganization from β-strand to α-helix

of residues 216-219, part of β2 in the native state, is observed with higher probability

in basin C than B (Figs. 4.3 and 4.10).

Basin D is the most extended and least structured cluster of microstates (Fig. 4.1).

The microstates in cluster D show a high degree of structural disorder, with α1 and

a short non-native transient α-helix, formed by residues 218-221, as the only stable

secondary structural elements (Figs. 4.3 and 4.10). Long-range hydrophobic contacts

within the ILV cluster are limited to the interaction of Val 195 with Leu 207 and

Leu 243 (Fig. 4.2). Basin E and basin F represent low populated states with no

significant structural difference from cluster A (Fig. 4.11) but more relaxed packing,
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as indicated by the lower #ILV contacts and larger solvent accessible surface area

(SASA) (Fig. 4.12)).

In summary, the free energy landscape of TDP-43 RRM2 consists of six basins

segregated in three separated regions in the CV-space (Fig. 4.1), with progressive

loss of secondary structure and hydrophobic contacts, suggesting a likely path toward

unfolding. The first region includes basins A, E and F, the microstates with the

highest content of secondary structures and most similar to the native state. The

second region, formed by basins B and C, represents conformations of RRM2 that

maintain a compact structure (Rg ∼ 1.2 nm) and several features of the topology of

the native state (α1, β1 and β3), but has lost several secondary structural elements

(α2, β2, β4 and β5). The last region, basin D, contains the most extended and the

least structured microstates of RRM2: with the exception of α1 and a short transient

α helix formed by residues 218-221 (Figs. 4.3 and 4.10), these microstates resemble a

random coil conformation.

To validate the results of the RAM simulations, we calculated the backbone chemi-

cal shifts of each conformation using the software TALOS+ [222], a different algorithm

than the one used in the RAM simulations. We observed good agreement with chem-

icals shifts measured at 6 M urea (Fig. 4.13). An Rg of 2.34± 0.4 nm was estimated

for TDP-43 RRM2 from SAXS data collected at 6 M urea [252]. The presence of

chemical denaturant in the SAXS experiments is likely to favor less compact con-

formations of RRM2, with a larger hydrophobic SASA, than our RAM simulations,

collected in a traditional water box without denaturant [254]. The Rg values and the

calculated backbone chemical shifts for basin D, that includes the most extended con-

formations of RRM2, are consistent with the experimental data collected at 6 M urea

(Fig. 4.14). We predict these extended conformations of basin D to be significantly

more populated at high concentration of denaturant.
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Figure 4.2: Residual structure of the microstates in the partially folded state of
TDP-43 RRM2. ILV cluster contact maps for RRM2 are displayed on the secondary
structure elements of the native state of the RRM2. α-helices and β-strands are
depicted as red cylinders and blue arrows. Secondary structure elements are colored
as solid if the structure is present in the microstate. Isoleucine, Leucine and Valine
residues are shown as gray circles and ILV contacts are depicted as dashed lines.
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Figure 4.3: Residual structure of the microstates in the partially folded state of the
TDP-43 RRM2. Comparison of the average probability of hydrogen bonds formation
in the microstates corresponding to the basins shown in Figure 4.1 (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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4.3.3 Partially folded states of the RRM2 of TDP-43 are predicted to

expose to the solvent aggregation-prone β-strands β3 and β5

In order to assess a role for these partially folded states of RRM2 in TDP-43

proteinopathies, we estimated the aggregation propensity of the microstates in each

basin. We employed the Aggrescan3D [259] (A3D) server to predict the aggregation

propensities of each residue in the partially folded states of RRM2 corresponding to

the energy basins described above. The results for the native state (Fig. 4.15 and

Table 4.2) show that A3D identified only two aggregation-prone residues (A3D score

> 1): Phe 221 and Ile 249. A3D predicted additional regions of RRM2 to have sig-

nificant propensity to aggregate (Fig. 4.4) in the partially folded states of RRM2,

Table 4.2.

In basin A two additional residues are found to be aggregation prone in β3 and

β5 (Fig. 4.4 and Table 4.2) as a result of their increased exposure to the solvent due

to the less stable pairing between the β-strands. Conformations from basins B and C

are predicted to have additional aggregation-prone residues (five in basin B and nine

in basic C, respectively) in regions that are part of strands β2, β3, β4 and β5 in the

native state (Fig. 4.4).

The increased exposure of the hydrophobic residues in cluster B and C com-

pared to the native state reflects the reduced β-content of these microstates, because

strands β2, β4 and β5 are not included in the β-sheet but are sampling a random coil

conformation (Figs. 4.2 and 4.3). In accordance with the lack of secondary struc-

tures in energy basin D, conformations in this cluster are predicted to have several

aggregation-prone residues, otherwise structured in the native state (Fig. 4.4). Based

on the structural analysis of the microstates identified in our RAM simulations, we

observed that the hydrophobic cluster centered around Val 193, Val 195 (β1) and

Val 232 (β3) (Fig. 4.2) is critical for the stability of basin A, B, C, E and F. We

predict that decreasing the hydrophobic moiety of these key residues through muta-
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genesis (i.e. V193A or V195A or V232A), thus disrupting the hydrophobic cluster,

will destabilize states from basins A, B, C, E and F more than the states of basin D,

and will increase the aggregation propensity of the mutant variants.

The most significant feature that emerges from the A3D analysis is the increased

aggregation propensity for strands β3, β4 and β5 in the partially folded states of

TDP-43 RRM2 relative the native state. Strands β3 and β5 were found to be prone

to fibril formation and able to form two-dimensional sheet-like fibrils resembling that

of the amyloid fibrils protofilaments in in vitro studies that used different synthesized

peptide sequences from RRM2 [159]. Moreover, recent work has shown that peptides

corresponding to RRM2 residues 247-257 (β4 and β5) are able to form fibrils in vitro

through polymorphic assemblies [260]. Remarkably, the structures of the partially

structured states found in this RAM simulation study shares several traits with the

truncated variant of RRM2, lacking strand β1 and part of helix α1, found in cytoplas-

mic aggregates from patient tissues [231]. Indeed, the truncation of RRM2 increases

the solvent accessibility of hydrophobic residues which could serve as a platform for

aggregation [239].
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Figure 4.4: Partially folded states of the TDP-43 RRM2 exhibit increased predicted
propensity to aggregation compared to the native state. The aggregation propen-
sity of each residue in the RRM2 is shown as the Aggrescan3D score for the mi-
crostates corresponding to the basins shown in Figure 4.1. Positive values corre-
spond to aggregation-prone residues, negative values correspond to soluble residues.
Residues predicted as aggregation-prone in the native state are identified with an *.
A schematic representation of the secondary structure elements of the native state
are depicted on top of each plot.
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4.4 Conclusions

In conclusion, we employed replica-averaged metadynamics with NMR chemical

shifts as experimental restraints to characterize the structures of sparsely populated

and partially folded states of TDP-43 RRM2 at equilibrium with the native state. In

order to populate significantly the partially folded states, that are otherwise transient

under native conditions, we used experimental data collected at high concentration of

urea (6 M) and we calculated the free energy landscape of RRM2. We determined the

three-dimensional structures of six ensembles of states that correspond to six distinct

energy basins in the free energy landscape. Basins B, C and D (Fig. 4.1) show the

loss of several elements of secondary structure (β3, β4, β5 and α2) that can expose

several cleavage sites, making the protein more susceptible to truncation [261, 233].

A common feature of these partially folded conformations is the exposure to the sol-

vent of the highly hydrophobic peptide regions located on strands β3, β4 and β5, that

are aggregation-prone. Previous studies had shown that short peptides carrying the

sequence of strands β3, β4 and β5 assembles under physiological conditions in long

straight sheet-like fibrils [159, 260].

Our results provide new insights into the mechanisms underlying TDP-43 pro-

teinopathies, proposing a role in fibrogenesis for the transient partially folded states

of RRM2. These states may have a role in the function of TDP-43, for example

by increasing the exposure of the nuclear export signal [262] (NES, residues 239-

250)(Fig. 4.16), buried in the native state, or by facilitating interactions between

the prion-like C-terminal domain and other proteins. However, upon environmental

changes, such as oxidative stress [263], RNA depletion [264] or TDP-43 overexpres-

sion, the usually low-populated partially folded states of RRM2 can be sampled with

higher frequency, increasing the probability of generating toxic truncated forms TDP-

43 [159, 234, 158, 233, 157] and triggering self-aggregation by exposure to the solvent

of the aggregation-prone strands β3, β4 and β5 [159, 260]. In addition, non-native con-
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formations of TDP-43 can be irreversibly sequestered in cytoplasmic fibrils, seeded

by the pathogenic truncated C-terminal fragments of TDP-43 [265].
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Basin statistical weight (%) Rg (nm) βC (%) αC (%) #ILV

A 37.3 1.15±0.02 12.8±1.7 11.8±3.1 10.2±0.7
B 11.5 1.20±0.02 7.2±1.3 11.2±2.2 5.7±0.6
C 10.7 1.24±0.03 6.7±0.6 12.6±1.3 3.4±0.4
D 10.6 1.61±0.25 1.9±0.8 14.2±1.5 1.8±0.8
E 4.8 1.20±0.02 10.0±0.7 12.9±3.0 8.0±0.4
F 0.5 1.18±0.01 13.0±0.2 11.4±2.2 7.7±0.4

Table 4.1: TDP-43 RRM2 Free energy landscape
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native state

β2:Phe 221
β4:Ile 249

partially unfolded states

basin A, E, F

β2:Phe 221
β3:Phe 229
β4:Ile 249
β5:Ile 253

basin B
β2:Phe 221
β3:Phe 229 and Phe 231
β4:Ile 249 and Ile 250

basin C

β2:Phe 221
β3:Phe 229 and Phe 231
β4:Leu 248, Ile 249 and Ile 250
β5:Ile 253, Val 255 and Ile 257

basin D

β1:Phe 194
β2:Val 220 and Phe 221
β3:Phe 229, Phe 231 and Val 232
α2:Ile 239
β4:Leu 248, Ile 249 and Ile 250
β5:Ile 253, Val 255 and Ile 257

Table 4.2: TDP-43 RRM2 aggregation prone residues. List of residues with an A3D
score > 1 for the native state (PDB ID: 1WF0) and partially folded conformations
of TDP-43 RRM2 obtained from the RAM simulations. The residues are organized
according to their location in the native state.
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Figure 4.5: Structure of the native state of TDP-43 RRM2. Top: the structure
of TDP-43 RRM2 with secondary structures depicted as red α-helices and blue β-
strands. Bottom: sequence of TDP-43 RRM2 with schematic representation of the
secondary structures.

148



 0

 2

 4

 6

 8

 10

 0  100  200  300  400  500  600

F
E

S
 s

.d
. 

(k
J
/m

o
l)

time (ns)

αC
βC
Rg

#ILV

Figure 4.6: The convergence of the free energy calculations is evaluated by considering
the free energy change as a function of the simulation time. The free energy change
is calculated as the difference between the free energy at time t-t0 and the free energy
at time t, where t0 is 13 ns.

149



 0

 5

 10

 15

 20

 0  100  200  300  400  500  600

α
−

co
nt

en
t (

%
)

time (ns)

(a) CV1

 0

 5

 10

 15

 20

 0  100  200  300  400  500  600

β
−

co
nt

en
t (

%
)

time (ns)

(b) CV2

 1

 1.5

 2

 2.5

 3

 0  100  200  300  400  500  600

R
g
 (

n
m

)

time (ns)

(c) CV3

 0

 2

 4

 6

 8

 10

 12

 14

 16

 18

 0  100  200  300  400  500  600

#
 I
L
V

 c
o
n
ta

c
ts

time (ns)

(d) CV4

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 4.10: Secondary structures in the partially stable states of TDP-43 RRM2.
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(d).
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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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Figure 4.13: Comparison of the experimental Cα and Cβ chemical shifts with the
values backcalculated using TALOS+ [222] for the microstates obtained from the
RAM simulations. The values are shown as weighted average over the entire ensemble
of structures in the energy landscape.
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Figure 4.14: Correlation of the backcalculated Cα (a) and Cβ (b) chemical shifts for
basin D with the experimental data collected at 6 M urea.

157



Ȃ3

Ȃ2

Ȃ1

0

1

2

3

190 200 210 220 230 240 250 260

A
g

g
re

s
c
a

n
3

D
 s

c
o

re

residue number

Figure 4.15: The aggregation propensity of each residue in RRM2 is shown as the Ag-
grescan3D [259] score for the native state. Positive values correspond to aggregation-
prone residues, negative values correspond to soluble residue. A schematic represen-
tation of the secondary structure elements of the native state are depicted on top of
the plot.

158



 0

 200

 400

 600

 800

 1000

 1200

 1400

A B C D E F

S
A

S
A

 (
Å

2 )

basin

NES

Figure 4.16: Solvent accessible surface area of the partially folded states of TDP-43
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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

167



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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[223] Brünger, Axel T, Adams, Paul D, Clore, G Marius, DeLano, Warren L, Gros,
Piet, Grosse-Kunstleve, Ralf W, Jiang, Jian-Sheng, Kuszewski, John, Nilges,
Michael, Pannu, Navraj S, et al. Crystallography & nmr system: A new soft-
ware suite for macromolecular structure determination. Acta Crystallographica
Section D 54, 5 (1998), 905–921.

[224] Brunger, Axel T. Version 1.2 of the crystallography and nmr system. Nature
protocols 2, 11 (2007), 2728.

[225] Lee, Edward B, Lee, Virginia M-Y, and Trojanowski, John Q. Gains or losses:
molecular mechanisms of TDP43-mediated neurodegeneration. Nature Reviews
Neuroscience 13, 1 (2012), 38.

[226] Buratti, Emanuele, Dörk, Thilo, Zuccato, Elisabetta, Pagani, Franco, Romano,
Maurizio, and Baralle, Francisco E. Nuclear factor TDP-43 and SR proteins
promote in vitro and in vivo CFTR exon 9 skipping. The EMBO journal 20, 7
(2001), 1774–1784.

[227] Buratti, Emanuele, and Baralle, Francisco E. Multiple roles of TDP-43 in gene
expression, splicing regulation, and human disease. Frontiers in Bioscience 13,
867-7 (2008), 8.

198



[228] Arai, Tetsuaki, Hasegawa, Masato, Akiyama, Haruhiko, Ikeda, Kenji, Non-
aka, Takashi, Mori, Hiroshi, Mann, David, Tsuchiya, Kuniaki, Yoshida, Mari,
Hashizume, Yoshio, and Oda, Tatsuro. TDP-43 is a component of ubiquitin-
positive tau-negative inclusions in frontotemporal lobar degeneration and amy-
otrophic lateral sclerosis. Biochemical and biophysical research communications
351, 3 (2006), 602–611.

[229] Abel, Olubunmi, Shatunov, Aleksey, Jones, Ashley R, Andersen, Peter M, Pow-
ell, John F, and Al-Chalabi, Ammar. Development of a smartphone app for
a genetics website: the amyotrophic lateral sclerosis online genetics database
(alsod). JMIR mHealth and uHealth 1, 2 (2013).

[230] Johnson, Brian S, Snead, David, Lee, Jonathan J, McCaffery, J Michael,
Shorter, James, and Gitler, Aaron D. TDP-43 is intrinsically aggregation-prone,
and amyotrophic lateral sclerosis-linked mutations accelerate aggregation and
increase toxicity. Journal of Biological Chemistry 284, 30 (2009), 20329–20339.

[231] Igaz, Lionel M, Kwong, Linda K, Xu, Yan, Truax, Adam C, Uryu, Kunihiro,
Neumann, Manuela, Clark, Christopher M, Elman, Lauren B, Miller, Bruce L,
Grossman, Murray, McCluskey, Leo F, Trojanowski, John Q, and Lee, Virginia
M-Y. Enrichment of C-terminal fragments in TAR DNA-binding protein-43
cytoplasmic inclusions in brain but not in spinal cord of frontotemporal lo-
bar degeneration and amyotrophic lateral sclerosis. The American journal of
pathology 173, 1 (2008), 182–194.

[232] Zhang, Yong-Jie, Xu, Ya-Fei, Dickey, Chad A, Buratti, Emanuele, Baralle,
Francisco, Bailey, Rachel, Pickering-Brown, Stuart, Dickson, Dennis, and Petru-
celli, Leonard. Progranulin mediates caspase-dependent cleavage of TAR DNA
binding protein-43. J. Neurosci. 27, 39 (Sept. 2007), 10530–10534.

[233] Igaz, Lionel M, Kwong, Linda K, Chen-Plotkin, Alice, Winton, Matthew J,
Unger, Travis L, Xu, Yan, Neumann, Manuela, Trojanowski, John Q, and Lee,
Virginia M-Y. Expression of TDP-43 C-terminal fragments in vitro recapit-
ulates pathological features of TDP-43 proteinopathies. Journal of Biological
Chemistry 284, 13 (2009), 8516–8524.

[234] Yang, Chunxing, Tan, Weijia, Whittle, Catheryne, Qiu, Linghua, Cao, Lucheng,
Akbarian, Schahram, and Xu, Zuoshang. The C-terminal TDP-43 fragments
have a high aggregation propensity and harm neurons by a dominant-negative
mechanism. PloS one 5, 12 (2010), e15878.

[235] Kuo, Pan-Hsien, Doudeva, Lyudmila G, Wang, Yi-Ting, Shen, Che-Kun James,
and Yuan, Hanna S. Structural insights into TDP-43 in nucleic-acid binding
and domain interactions. Nucleic acids research 37, 6 (2009), 1799–1808.

199



[236] Kathuria, Sagar V, Chan, Yvonne H, Nobrega, R Paul, Özen, Ayşegül, and
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