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Synopsis

Cystic fibrosis (CF) is the most common human genetic disease, occurring prevalently in the
Caucasian population at a rate of 1 to 2500 newborns. It is an autosomal recessive disease caused by
mutations in the cystic fibrosis trans-membrane conductance regulator (CFTR) gene, which encodes
a chloride channel expressed mainly in epithelial cells, but which is also involved in the
bicarbonate—chloride exchange. The most common CF symptoms include progressive lung disease
and chronic problems of the digestive apparatus (Riordan et al., 1989), whose degree of severity
depends on other genetic and/or environmental factors. CF pathogenesis is characterised by the
build-up of thick, sticky mucus in multiple mucin-producing organs, such as lungs, sinuses,
intestine, pancreas and reproductive organs. For this reason, CF is also denominated
mucoviscidosis, implying that mucins - polymeric, gel-forming O-linked glycoproteins responsible

for the viscoelastic properties of the mucus - play a critical role in the disease (Kreda et al., 2012).

The aim of the present Ph. D. work was to investigate the structural features of two CFTR domains:
the nucleotide binding domains (NBDs) - responsible for the gating mechanisms of the channel, and
which have been proposed to serve as drug targets - and the regulatory domain (RD), directly
involved in the activation of the channel. Knowledge of these aspects could likely improve
understanding of the aberrant functionality of defective CFTR, and also help designing therapeutic
strategies to either correct the defective protein in situ, and/or to potentiate its physiologic channel

activity.

The present thesis refers essentially to the four published papers containing most of the results
obtained during the 3 year-doctorate course. The first one reports on some biochemical and
structural features of NBDs, which were investigated using biochemical assays and measures of

small angle x ray scattering (SAXS), while the second paper dealt with the interaction of NBDs



with a potentiator (2-pyrimidin-7,8-benzoflavone, PBF) of CFTR activity. Instead, the third and the
fourth papers considered RD under non-phosphorylated and phosphorylated conditions, and the
influence of phosphorylation on the conformation of the domain as followed by circular dichroism

(CD) and SAXS experiments.

Briefly, the obtained results allowed us to draw the following principal conclusions.

NBDs When in an equimolar mixture and in the presence of ATP, NBDs form a dimer, whose
conformation can be significantly changed by PBF. In addition, data could be exploited to
reconstruct the ab-initio model of NBDs both as dimer (with or without PBF) and as isolated

monomers.

RD In this case, obtained results on biochemical, structural and thermodynamic RD aspects allowed
us to reconstructing a low-resolution, 3-D model of the native and phosphorylated protein, and to
underline how phosphorylation induces the conformational change of the domain and the

decreasing of RD stability.



| - Introduction

1- CFTR: amino acid composition and mutations

The gene that encodes CFTR is on the long arm of human chromosome 7, region q31-q32. The
gene has recently been identified and shown to be approximately 250 kb in size, comprising 27
exons (Zielenski et al., 1991). CFTR orthologs have also been identified in all mammals. CFTR is
identified by its primary sequence P13569 (CFTR_HUMAN) (UniProtKB/Swiss-Prot). After the
splicing process, a 6.5 kb mRNA that includes all exons is produced and translated to generate
functional CFTR (Fanen et al., 2014). More than 1,500 CFTR mutations have been identified

(http://www.sickkids.ca/), although for only a small number the functional importance is known.
1.1 - Classification of CFTR mutations based on CF clinical consequences

In 2007, during the Consensus Conference organized by the European Cystic Fibrosis Society, the
European Society of Human Genetics and the Euro Gentest Network of Excellence established to
classily CFTR mutations into four (A-D) groups based on their clinical consequences (Castellani et
al., 2008; Fanen et al., 2014). However, in order to appreciate this classification, it is firstly

necessary to briefly expose CF main phenotypes.

The majority of CF patients suffer from “classic” CF, with either an exocrine pancreatic
insufficiency (PI) or pancreatic sufficiency (PS), and show a sweat chloride concentration of >60
mmol/L. Indeed the disease can have a severe course, with rapid progression of symptoms, or a
milder course with very little deterioration of organs functionality over time. Classic CF generally
evolves to progressive respiratory problems, and from a genetic standpoint it is characterized by one
established CF-causing mutation on each CFTR allele. In contrast, non-classic CF (e.g. chronic
pancreatitis, allergic broncho pulmonary Aspergillosis and sclerosing cholangitis), is typical of

individuals with at least one of the previously described CF symptoms but with a normal (<30



mmol/L), or borderline (30-60 mmol/L), sweat chloride level. It is diagnosed by detection of a
mutation on each CFTR allele, or by direct quantification of CFTR dysfunction by the Nasal

Potential Difference Test (Boyle, 2003; Rosenstein, 2003).

Thus, two types of classification of CFTR mutations have been produced.

Classification based on clinical aspects

» Group A: it comprises 23 mutations that cause classic CF, which include missense, stop,

splicing and frame-shift mutations, e.g., F508del.

» Group B: it includes mutations that cause non-classic CF (associated to CFTR-related

disorders), e.g., TG13-T5a, R117H-T5a, D1152Ha.

» Group C: it comprises mutations with as yet unknown clinical consequences, e.g., TG11-

T5b, R117H-T7b, R75Qb.

» Group D: it consists of mostly missense mutations with an as yet undefined, or uncertain,

clinical relevance.

Only a few of the hundreds to date-identified CFTR mutations result in classic CF, and within a
given ethnic group, specific mutations may be more frequent than others. As mentioned, F508del is
one severe classic mutation, which accounts for approximately 70% of worldwide CF mutants;

most CF patients are Caucasian but other ethnicities are also affected (Lucotte et al., 1995).



Classification based on CFTR functional consequences

In light of the above-mentioned (see “synopsis) physiological aspects of CFTR, a classification
(into five major classes) of CFTR mutations was established according to their consequences on

CFTR processing or function (Welsh and Smith, 1993).

» Class | mutations: those which interfere with CFTR synthesis, and which result in the total,
or partial, loss of production of functional CFTR. Such mutations may arise from: (1), a
nucleotide substitution introducing an in-frame premature termination codon (PTC) - UAA,
UAG or UGA -; (2), frame-shifting insertions or deletions; (3), mutations at the invariant
dinucleotide splice junctions, or introduction of a PTC, resulting in the skipping of an out-

of-frame exon; (4), a gene rearrangement altering the exon sequence.

> Class Il mutations: those which affect CFTR maturation in such a way that not all CFTR are
properly folded, or transported to the cell surface. Defective CFTR then undergoes the
proteasomal degradative process. This class of mutations include the most prevalent CF
mutation, F508del (according to the Cystic Fibrosis Foundation Patient Registry (Cystic

Fibrosis Foundation. Patient registry annual data report 2010) (MacDonald et al., 2007)).

> Class Il mutations: those which alter the gating of the CFTR channel; they affect only a
small (2-3%) percentage of patients. Thus, CFTR is able to reach the cell membrane but the
channel does not open properly and CI transport cannot take place. This class of mutations
includes G551D (the most common), S492F, V520F, R553G, R560T and R560S (Rogan et

al., 2011; O'Sullivan et al., 2009).

» Class IV mutations: those which provoke the narrowing of the CFTR channel and affect a
small percentage (2%) of patients. Mutation of this class are: A455E, R117C, D1152H,

L227R, R334T, R117H (Rogan et al., 2011; O'Sullivan et al., 2009).



» Class V mutations: those which reduce the amount of CFTR that functions normally. They
are due to splicing defects that result in improper mRNA processing. Therefore, a reduced
number of CFTR reaches the surface in which, however, they are capable to transport
chloride effectively. In some cases, CF patients may be asymptomatic, as in the case of:
3849+10kb C—T;1811+1-6kb A—G; IVS8-5T; 2789+5G—A (Rogan et al., 2011;

O'Sullivan et al., 2009).

A (V1) class of mutations that decreases the stability of CFTR at the plasma membrane was
proposed. However, due to its still poor characterization (Haardt et al., 1999), these mutations are

now combined with class V (Welsh et al., 2001; Fanen et al., 2014).

There is a demonstrated relationship between the CFTR mutation functional class on both alleles
and pulmonary functionality in adult CF patients. Patients with a CFTR mutation belonging to class
I or Il show significantly lower baseline and current spirometric values, greater loss of pulmonary
function during follow up, higher risk of developing moderate to severe pulmonary disease, and a
lower rate of survival (due to end-stage lung disease) than patients with (at least) one CFTR
mutation of class I11-V on one allele. Thus, the genotype, based on functional class mutation on the
two alleles, seems one of the most decisive factors for pulmonary damage severity and survival

(O'Sullivan et al., 2009).

Table 1 and Figure 1 summarize some aspects caused by the different classes of CFTR mutations

(O'Sullivan et al., 2009).



Mutation belonging to Fallout on CEFTR Presence of functional CFTR on the

plasma membrane.

Class | Total or partial loss of CFTR production No

Class Il CFTR trafficking defects with subsequent No/substantially reduced

protein degradation

Class 111 Defective channel regulation yes

Class IV Reduced chloride transport Yes

Class V Splicing defects with reduced production of | Yes
normal CFTR

Tablel Classification of CFTR mutations and their consequences on the activity or amount of CFTR at the plasma

membrane.

Class IV . oo Class Il
Defective Defective
Conductiong \ Regulation
/3

Defective Protein A Defective
Production Processing

Fig. 1 Mechanisms by which CF-associated mutations cause altered processing and/or function of CFTR (Welsh and
Ramse, 1998).



2 - Cystic Fibrosis: clinical aspects

Before discussing CF clinical aspects, it is good to underline that CF ample phenotypic variability
has strongly suggested not only to implicate the occurring CFTR mutation, but that other factors,
ranging from gene modifiers to environmental (lifestyle, drugs etc.) factors, are also involved (De

Boeck et al., 2006).

CF affects several organs that show different types of abnormal mucus secretion or metabolism
(Quinton, 1999). The CF phenotype is typically characterized by complex, multi-organ
involvement, including pancreatic exocrine function, pulmonary disease, sweat ion imbalance, and,
in males, infertility due to obstructive azoospermia. Clinical consequences range therefore from
severe (lungs, pancreas, male reproductive tract) to mild (intestine) to asymptomatic (sweat glands)
symptoms, depending on the unique biochemical, cellular and physiological profiles of duct-lining
epithelia of the affected organ. Organ features, such as high protein load, slow secretion rate, and
long, tortuous ductal passages seem to be predisposing factors for the development of the damage.
An additional overall complexity of CF is the variability of the clinical manifestations pertaining to
a given organ, their degree of severity and the outcome of the disease. In any case, it has been
observed a relatively low variability in the case of sweat gland and male infertility (due to bilateral
absence of the vas deferens), a higher variability for pancreatic functions, and a very high

variability for the respiratory system (Zielenski, 2000).

Another aspect to be considered in CF is that, whereas a specific CFTR genotype can predict with
high precision the involvement of the pancreas, and/or of the male genital tract, the same feature
cannot anticipate other clinical phenotypes (e.g., pulmonary disease). Thus, in addition to CFTR
mutations, it has been recognized that factors that determine the overall clinical outcomes fall into

the environment or genetic category. The former plays a most important role in modulating
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pulmonary disease: e.g., inhalation of pollutants or infectious pathogens; active but also passive
smoking, which may significantly modify the pulmonary phenotype in patients with otherwise

identical genotype (Campbell et al., 1992).
2.1 - Gastrointestinal tract.

Among gastrointestinal manifestations, the exocrine pancreas is most profoundly and commonly
affected in CF, PI affecting 85% of CF patients. In the remaining patients, although the exocrine
pancreas is not totally normal, nonetheless it functions sufficiently well so as to exclude the need of
enzyme supplementation with meals. Pl is closely associated with class I-111 mutations, although
other genetic aspects and environment factors render weak the genotype-phenotype relationship,
especially with regard to lung disease (Drumm et al., 2005). Analysis of certain CFTR mutations in
patients with Pl and PS phenotypes revealed two (severe and mild) categories of mutations: a severe
one confers Pl only if paired with another severe mutation; a mild mutation sustains pancreatic
function in a dominant fashion (PS), even if the second mutation is severe. Thus mild mutations,
belonging to class V, affect only minor features of the CFTR channel activity, and likely provide
sufficient amount of functional CFTR that can compensate for the lack of active CFTR provoked by

severe mutations belonging to class I-V (Zielenski, 2000).
2.2 - Sweat glands.

Its involvement in CF was closely investigated in patients with different CFTR mutations, by
measuring their sweat chloride concentration. These studies showed that certain mild mutations
(R117H; A455E; 3849+10kb C —> T) from class IV or V tend to associate with significantly lower
CI" sweat levels than severe mutations (AF508; 621+1G — T; G542X; R553X, etc.). Based on this
type of observation, the U.S CF Foundation has approved the use of the Wescor Macroduct Sweat

to allow identifying putative CF-affected individuals.



2.3 - Male reproductive tract.

A through mutation screening of patients with congenital bilateral absence of the vas deferens
revealed a different spectrum of mutations compared with other CF patients. Typically, the
genotype consisted of at least one very mild mutation (predominantly missense or splice variant)
uncommon for CF patients, belonging to classes IV or V, producing variable amounts of functional

CFTR.
2.4 - Respiratory apparatus.

This system has received the highest attention because lung disease is the main cause of morbidity
and mortality in CF patients, and is most evasive in terms of treatment. Lung disease is a primary
target for developing therapies against CF, and considerable research effort has been devoted to
understanding disease pathogenesis in airways. As mentioned, there is ample variation in the
severity of pulmonary disease also in CF patients with the same genotype, probably due to other
endogenous, or exogenous, factors. Thus, to date, the complex pathology and multi-stage natural
history of lung disease appear the most challenging CF aspects in need of full definition and
understanding (Zielenski, 2000). The lung phenotype manifests as failure of airways innate defense
against inhaled bacteria, which produce chronic infection in the airways lumen and, ultimately,

airway obstruction, bronchiectasis and death (Boucher, 2007).

Several assumptions have been made to connect CFTR mutations to the failure of lung defenses
through CFTR ion transport function. The periciliary layer (that extends from the cell surface to the
height of the extended cilium) and the mucus layer (which is positioned atop the cilia) cooperate to
assure the effective clearance of particles deposited on airway surfaces. The two layers together
form the so-called airway surface liquid (ASL). The mucus layer must bind and entrap virtually all
deposited particles. Its viscoelastic properties and the beating of cilia induce mucus transport

(Randell et al., 2006), and also provide a lubricant activity that prevents adhesion of the mucus
10



layer to the cell surface (Raviv et al., 2003). The mucus layer is composed of extremely long, highly
glycosylated polymer, known as mucins. A combination of mucins MUC5AC and MUC5B secreted
by goblet cells and submucosal glands, respectively, constitute this gel layer (Rose and Voynow,
2006). Hydration of the mucus is the dominant variable governing mucus clearance. Individuals
with CF, who exhibit a phenotype thought to reflect ASL volume depletion, develop more rapid and
severe airway infection and destruction. Inadequate hydration causes mucus adhesion to epithelial
surfaces, resulting in obstruction and inflammation, and serving as a nidus for infections, as they

occur in CF (Matsui et al., 1998).

3 - CFTR (patho-) physiology

CFTR is a regulated CI" channel located to the apical membrane of epithelia. Immunological
detection of CFTR has revealed that it is abundant in these cells, including those lining the sweat
ducts, small pancreatic ducts, intestinal crypts, lung, and the kidney tubules, consistent with a
function in the vectorial ion movements across the epithelium. Several reports have indicated that
CFTR is also expressed in the heart and in the central nervous system, but its functional relevance

in these tissues has not yet been elucidated (Moran and Zegarra-Moran, 2008).

It has been established that synthesis of the whole CFTR takes ~9 min, and that this applies to both
wild-type (WT) and mutant F508del-CFTR. CFTR folding is a complex and hierarchical process
taking place in multiple cellular compartments along the secretory pathway and involving several
folding machineries. CFTR folds in a modular manner, domain after domain, with the simultaneous

insertion of the transmembrane segments into the ER membrane (Fig. 2).
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Positioning of the transmembrane MSD1 into the ER membrane represents the first step in CFTR
folding, while NBD1 is bound transiently by two molecular chaperones belonging to the Hsp-40
and Hsp-70 family, respectively, to promote NBD1 folding and stabilization during the time
required for the synthesis of the RD. The RD interacts with the N-terminal half of CFTR, leading to
reduction of Hsp-40 binding. MSD2 is then synthesized, integrated into the ER membrane and this
event appears to stabilize NBD1-RD interactions which lead to the release of most of the Hsp-40

from CFTR. Finally, NBD2 is synthesized.

The co-translational folding of each WT-CFTR domain uses substantial amounts of energy.
However, it is moderate if compared with the much higher energy needed to fold F508del-CFTR.
These facts could explain the limited folding efficiency of WT-CFTR and the large folding

inefficiency of F508del-CFTR (Fig. 2) (Pranke and Sermet-Gaudelus, 2014).

Co-translational folding Post-translational folding

WT CFTR

ER membrane

cytosol
CLs1/

NBD1

Domain folding and insertion Interfaces formation Interdomain interactions Native tertiary structure with
into the membrane interdomain interactions

F508del CFTR

ER membrane
cytosol
A

NBD1 AF

NBD1 F508del instabilit defects Misfolded unstable channel

defects

Fig. 2 CFTR folding and domain assembly. CFTR folding and insertion into the membrane starts co-translationally
during synthesis of the individual domains, and continues by formation of interfaces and interactions between domains.
Correctly folded WT-CFTR with native quaternary structure is then trafficked to the plasma membrane (PM) through
the secretory pathway. In contrast, F508del-CFTR folding is strongly affected by the destabilized NBD1 domain, by
defects of interface formation and failure of interdomain interactions. Finally, misfolded and unstable F508del-CFTR is
rapidly degraded by the ER associated proteasome. MSD1/MSD2 - membrane spanning domainl/2; NBD1/NBD2 -
nucleotide binding domain 1, 2; R - regulatory domain; CLs cytoplasmic loops; PM - plasma membrane; ERAD -

endoplasmic reticulum-associated degradation (Pranke and Sermet-Gaudelus, 2014).
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Because of its dominant contribution to CF, much attention has been focused on the impact of
F508del on CFTR folding and assembly. Replacement of the phenylalanine (F), normally present at
position 508, by one other amino acids revealed that the presence of many other residues was
compatible with substantial folding of the isolated NBD1 domain and the full-length protein
(Riordan, 2008). It was also observed that the requirements for maturation of the full-length CFTR
were somewhat more stringent with charged, or large hydrophobic, residues than with F, suggesting
that the side chain may contribute to inter-domain interactions. Even if the variants that mature
show some channel activity, F aromatic side chain apparently plays a specific role in the CFTR
channel gating mechanism: variants with either F508S or F508R substitutions lead to only a local
surface perturbation around the 508 position, making more realistic the idea that the main impact of
the mutation may be the disruption of a crucial interaction between this surface small patch of

NBD1 and another part of the molecule (Riordan, 2008).

CFTR is activated by phosphorylation at RD multiple sites by protein kinase A (PKA), and
probably also by protein kinase C (PKC). Because phosphorylation by PKA is mandatory for the
channel activity, CFTR is also defined as a “cAMP-activated channel”. Phosphorylated CFTR
channels are then regulated by ATP. The most accepted model for CFTR gating proposes that
binding of ATP promotes the dimerization of the NBDs, leading to a conformational change at the
level of the TM domains that in turn leads to the channel opening (Fig. 3). The hydrolysis of ATP
by the enzymatic activity of NBDs terminates the activity cycle, releasing ADP (Fig. 3), but the
energy liberated by ATP hydrolysis is not used to transport chloride. Indeed, once phosphorylated,

the channel can be opened also by non-hydrolysable ATP analogues (Aleksandrov et al., 2001).
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Fig. 3 The functional cycle of CFTR. Protein kinase A (PKA) catalyzes the phosphorylation of the RD domain of
CFTR, promoting a conformational transition that leads to active CFTR. The binding of ATP to NBDs induces a second
conformational change that gates the channel to the open, CI” permeable, conformation. Specifically, the gating cycle of
NBDs initiates with the successive binding of two ATP molecules, which induces the dimerization of the domains, by a
quasi-irreversible transition, allowing the channel to acquire the open state. By hydrolyzing one ATP, NBDs
destabilizes NBD1-NBD2 interactions, which cause the closure of the channel (Moran, 2010; Moran and Zegarra-
Moran, 2008).

CFTR activity also serves to maintaining the mucus hydration normal, which is related to its double

role as CI" channel and as an inhibitor of Na* channel (ENaC) (Boucher, 1999) (Fig. 4).

CFTR plays an important role in HCOg3™ secretion because it is permeant to the anion and because it
probably stimulates the CI'/ HCO3™ exchange. The most obvious manifestation of the loss of this
function is an impaired pancreatic HCO3™ secretion, but also a reduced pH in the epithelial surface

liquid of other tissues. Failure to alkalinize the fluid into which CI'/HCOj3" are secreted is probably

14



key to preventing the normal processing of mucins and to contributing to their hyper-viscosity

(Riordan, 2008).

Although the exact mechanism leading to CF is still a question of debate, undoubtedly the disease is
associated with a strong reduction/absence of CI" transport across the apical membrane of the
epithelium, in such way that the most severe loss of CFTR function is correlated with the most

severe CF forms (Moran and Zegarra-Moran, 2008).

apical tight-
Jjunction

UTP/ATP : &
cl- = -
l : Ader}osine \HCO, '/

VIS ITI ﬂ cFrr M ﬂ CFTR
\ \ /!

2K* HCO; + H*
v
ADP
=) ATP @ ;
Rg
\
Ve 3Na H,0
----------------- co,
sodium 3 Samensacacramndt
basolateral absorption chlofids. secration bicarbonate
secretion

Fig. 4 Schematic representation of epithelial Na* and CI" transport systems. Na* enters the cell from the apical side of
the epithelium through the epithelial Na* channel (ENaC) and leaves the cell mainly through the Na*/K*-ATPase. CI
instead enters the cell from the basolateral side through the Na'-K*-CI" cotransporter (NKCC-co-transporter) and leaves
the cell at the apical side either through CFTR or through a Ca®*-dependent channel (CaCl). Thus, CI" secretion has
been divided into a Ca**-activated system (in red) and a cAMP-dependent system (in green). An increase of the
intracellular Ca** concentration can be triggered by agonists acting on apical, or basolateral, membrane receptors, such
as P2Y receptor activated by UTP or ATP, or the muscarinic receptors activated by acetylcholine (ACh) (Moran and
Zegarra-Moran, 2008).
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Two different hypothesis have been advanced to describe ASL physiology in normal lungs and
dysfunction(s) consequent to CFTR mutations. One is based on the “isosmotic volume hypothesis,”
and emphasizes the importance of the volume, i.e., height, of the liquid lining the airway surfaces
(Boucher, 1994; Boucher, 1999). This hypothesis claims that airway epithelia regulate the height of
the liquid surrounding cilia, the periciliary liquid (PCL), to facilitate efficient transduction of energy
from the beating cilia to the mucus layer. It thus predicts that, in CF, the accelerated rate of
transepithelial Na* absorption increases isosmotic volume absorption (Fig. 5), which depletes PCL,
and impacts the mucus on airway surfaces that then serves as nidus for chronic infection (Matsui et

al., 2000).

Airway epithelia tonically absorb Na® through a trans-cellular route, mediated at the apical
membrane by the epithelial ENaC and at the basolateral membrane by Na*-K*-ATPase. Passive
anion flow, which probably reflects the movement of both CI" and HCOj3, can occur in part

transcellularly but the major part occurs through the paracellular path (Fig. 6).

Because the epithelium is water permeable, ion transport is isosmotic, leaving ASL nearly isotonic
under basal conditions. The model predicts that the epithelium must finely tune PCL height for
efficient mucus transport, suggesting that there are sensors that control the rate of Na* transport and,
under certain conditions, initiate CI" secretion to optimize ASL height/volume. Thus CFTR seems to

have functions both as a ClI" channel and as an ENaC regulator (Boucher, 1999).
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Isotonic [NaCl]

ASL

H,O Na* Ct

Fig. 5 Model of airway epithelial cells mediating isotonic volume transport. The basolateral Na*-K*-ATPase generates
the driving force for Na* entry across the apical membrane, which is mediated by ENaCs. Both functions of CFTR, as a
CI" channel (CI" CFTR) and as regulator of ENaC, and the alternative (Ca’" -activated) Cl'channel, are depicted on the
apical membrane. Active Na" absorption is transcellular, whereas anion flow is, in part, transcellular and, in a larger
part, paracellular. The epithelium is quite permeable to water, permitting isosmotic volume transport. Hence, the ASL is
designated as isotonic [NaCl] (depicted in dark blue) (Boucher, 1999).

The other hypothesis describes normal airway surfaces as systems that absorb salt, but not water,
from airway surfaces to generate a hyposmotic (low salt) ASL, which is required for the activity of
salt-sensitive antimicrobial factors against inhaled bacteria. Thus, normal epithelium lowers the
ASL Na" and CI" concentrations to a [NaCl] value of 50 mM, or less, to promote the activity of
antimicrobial defensin-like molecules. According to this theory, at the organ level there would be
no major role for mucus in lung defense (Boucher, 1999). Inability to absorb CI, through a CI™
“impermeable” airway epithelial cell as in CF, renders the airway surface liquids isosmotic (Zabner
et al., 1998) or hyperosmotic (Gilljam et al., 1989), effectively inhibiting the activity of

antimicrobial factors and leading to chronic infection. (Matsui et al., 2000).
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H.O  Hypotonic [NaCi]

Na* CF

Fig. 6 Physiology of hypotonic airway surface liquid: cell model postulated to explain the production of hypotonic ASL
(the ‘sweat ductal model’). The key elements are the trans-cellular absorption of Na* (via ENaC) and CI" (via CFTR)
and epithelial water impermeability (depicted as ‘deflected” arrow) (Boucher, 1999).

Two signaling pathways seem to be involved in regulating the airway surface liquid volume. One is
due to ATP released into the luminal compartment, which then interacts with luminal P2Y?2 whose
signal inhibits ENaC and activates both CFTR and the calcium-activated chloride channel (Stutts et
al., 1995). The other one is also due to ATP, although in this case it starts after ATP degradation to
adenosine by surface ectoenzymes. Adenosine interacts with A2b receptors that trigger activation of
CFTR (and CFTR-promoted ENaC inhibition) through a cAMP-dependent mechanism (Stutts et al.,

1995).

It follows that, in CF airways epithelia, CFTR is not activated, and ENaC is not inhibited, while the
consequent lower volume of ASL favors the chronic inflammation of the airway epithelia by
allowing colonization by Pseudomonas bacteria. Indeed, while bacteria deposited on a normally
hydrated mucus gel (2% solid) can ‘swim’ through the gel and remain in a planktonic state within it,
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after salt and water depletion the mucin-dependent meshwork of the CF mucus gel becomes
sufficiently ‘tight’ (size of <100 nm) to hamper the mobility of Pseudomonas that replicate at the
site of deposition faster than their capacity to migrate from it. In addition, lactoferrin and lysozyme
that act as antimicrobial agents, or neutrophils, are unable to reach the airway lumen because of the
too high concentration of mucus, and the cilia cannot beat normally. Interestingly, although failure
of CF lungs to clear infectious microorganisms is generally attributed to impaired mucociliary
clearance, it has also been proposed that CFTR itself may serve as a receptor for Pseudomonas
aeruginosa. In this case, binding of the microbe to CFTR is required for its internalization, which

stimulates secretions of the cytokine necessary for clearance (Riordan, 2008).
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4 - CFTR structure

CFTR, a member of the ATP-Binding-Cassette (ABC) family, is composed of 1,480 amino acids in
the mature form, and forms five domains (Fig. 7). One is the membrane spanning domain (MSD1)
(with 6 transmembrane segments), followed by an intracellular nucleotide binding domain (NBD1).
This motif is repeated twice, with NBD1 linked to the second MSD2 by a regulatory domain (RD),
located to the intracellular compartment, which contains a considerable number of putative

phosphorylation sites.

ouT
membrane

MSD1 MSD2

ICL1 ICL2 | ICL3 ICL4 N\

NBD1 nBD2 ©

RD

Fig. 7 CFTR structure: MSD1 and MSD2 are the membrane spanning domains; NBD1 and NBD?2 are the nucleotide
binding domains; RD is the regulatory domain; ICL1 to ICL4 are the intracellular loops 1-4 (from Moran, 2014).

High-resolution structures of eukaryotic ABC transporters have not been determined yet, primarily
because of limitations in generating homogeneous mono-disperse preparations of sufficient quality

and quantity for large-scale crystallization trials (Riordan, 2008).
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Sufficient amounts of CFTR have been purified from mammalian cell expression systems to
generate two-dimensional crystalline arrays as well as single particles, allowing to obtain low-
resolution 3D structural information (Fig. 8) (Rosenberg et al., 2004).

Fig. 8 Electron microscopy map of a bidimensional CFTR crystal. The CFTR map at the left was calculated at a
resolution of 18 A, allowing the molecular envelope of the two CFTR molecules in each unit cell to be clearly seen.
Three adjacent unit cells and six CFTR molecules are displayed. The interpretation of the packing in one unit cell is

shown at the right (from Rosenberg et al., 2011).

A high resolution structure has been obtained for mouse NBD1 (mMNBD1) recombinantly expressed
in bacteria. It has the same basic fold as that of the NBDs of many bacterial ABC proteins
determined earlier, as well as of several ABC proteins determined earlier. The mNBD1 domain has
a core tertiary structure similar to NBDs from other ABC transporters, but this core is modified with
major additions and deletions. Figure 10 shows a topology diagram of mMNBDJ, indicating through
color coding the subdomains and those regions of mNBD1 that show significant differences from
other ABC structure. Secondary structural elements in common with most known ABC structures
are given conventional designations (S1, S2, S3, H1, etc.) and additional elements found in mNBD1

are denoted with lowercase letters (H1b, Hlc, S6b, etc.) (Lewis et al., 2004) (Fig. 10).
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Most significantly the Phe508 residue occupies a position on the surface of the wild-type domain,
and its absence has only minor effects on the domain structure (Lewis et al., 2005), as indicated in

Figure 9 (Riordan, 2008).

Fig. 9 Structures pertaining to human WT- and F508del-NBD1. Their alignment structures of CFTR are indicated in red
for the WT (Protein Data Bank id: 2BBO) and in purple for F508del (Protein Data Bank id: 1XMJ)
(http://pymol.sourceforge.net/). The regulatory domain, which is missing from the NBD1 crystal structure, is inserted
from a loop database search (SYBL,Tripos Inc., CA). That loop contains (cyan) two a-helixes in good agreement with

hydrophobic patch analysis of this region (Riordan, 2008).

Fig. 10 Topology diagram of mNBD1. The Fl-type ATP-binding core subdomain is shown in gold, the ABC o-
subdomain in cyan, and the ABC B-subdomain in green. Regions of mNBD1 that are different from other ABC
structures are shown in gray.
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mNBD1 contains a loop-forming 35-residue stretch with serine residues (named the regulatory
insertion, RI) (Lewis et al., 2004). The phosphorylation of these serines imparts order to the
structure of the entire RI (Fig. 11); sites of phosphorylation in mNBD1-P are all located on the S1—
S2 insertion and on the H9b extension (Fig. 10), and these clashing segments might possibly be
displaced when phosphorylated to take up favorable interactions with other parts of CFTR, thereby
promoting and maintaining NBD association. This hypothesis is consistent with data from R-
domain deletions, which release CFTR gating inhibitions upon phosphorylation (Rich et al, 1991) to
give opening kinetics similar to phosphorylated wild-type CFTR but with less stable open channels

(Lewis et al., 2004).

Lewis et al., (2004) reported that the structural and thermodynamic observations suggest that the

AF508 mutation causes no substantive defect in the folding of NBD1.

Fig. 11 Backbone structure of mNBDL1 illustrating the (homologues) sites that in the human sequence are
phosphorylated or CF-mutated. Left: stereo ribbon diagram of mNBD1. ATP is represented in the ball-and-stick model.
Right: the same structure rotated 80° toward the viewer. Helices of regulatory segments are drawn as ribbons; the
remaining polypeptide chain is a “worm” drawing. ATP is shown in the ball-and-stick model. Ser422, Ser659, Ser660,
and Ser670 side chains are shown in purple (sites of phosphorylation). The amino acid span 420-428 becomes ordered
upon phosphorylation (solid red). The remaining residues of the structure that were not modeled (414-419) are indicated
as red dots. Side chains are shown at sites of common CF-causative mutations (Ala455, Gly480, 11e506, 11e507, Ser549,
Gly551, Ala559, Arg560, Tyr569, and Asp648 colored yellow; Phe508 in green).
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Interestingly, deletion of the entire RI sequence promotes maturation of F508del CFTR, perhaps
because the interactions of NBD1 with the rest of the protein are positively modified (Aleksandrov
et al., 2001). The regulatory extension (RE), defined by residues 638-670, has also been described
as part of NBD1 (Lewis et al., 2004; Thibodeau et al., 2005). This region contains two serine
residues (660 and 670) that form part of phosphorylation motif phosphorylated by PKA. It is,

however, disputable whether to include the RE as part of NBD1 or of RD (Moran, 2014).

The RD domain (of around 200 amino acids) is predicted to be highly unstructured (Ostedgratd et
al., 2001) and distinguished primarily by a conserved set of phosphorylation sites (12 serines; 8
threonines), which likely control the activation state of the channel (Hegedus, 2006; Riordan, 2008)
through the phosphorylation by PKA (Rich 1991; Ma et al.,1997; Chang et al., 1993). In a fully
phosphorylated protein, eight phosphoserines have been detected by mass spectrometry (Neville et
al.,1997; Townsend et al., 1996) and NMR (Baker et al., 2007). There are several lines of evidence
that suggest that not all sites contribute equally to the channel regulation. Mutagenesis of serines
660, 737, 795, and 813 cause a great reduction in channel activity, and a further reduction occurs
when serines 686, 700, 712, 768, and threonine 788, are replaced (Wilkinson et al., 1997).
However, it has also been proposed that phosphorylation of serines 737 and 768 could play an

inhibitory rather than a stimulatory role (Vais et al., 2004; Csanady et al., 2005).
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5 - Cystic fibrosis: therapeutic strategies

Life expectancy of CF-affected individuals has improved substantially in recent decades, the patient
mean survival age being increased from around 14 to approximately 40 years old in Countries with
well-funded healthcare systems. This has been possible thanks to early diagnosis, specialized care
centers, and improved symptomatic therapies (Becq et al., 2011). In addition to relieve symptoms of
the disease (with antibiotics, anti-inflammatory agents, mucolytics, nebulized hypertonic saline, and
pancreatic enzyme replacement), therapeutical strategies have mainly addressed the issue of re-
establishing CFTR functionality by gene therapy or use of small organic compounds, which either
correct CFTR processing (principally the F508del mutant) and/or to potentiate CFTR channel

activity.

Thus correctors and potentiators try to tackle the various defects in the folding, plasma membrane
targeting, surface stability, and channel function of CFTR mutants (Rowel and Verkman, 2014). All
this claims for a better understanding of drugs specification and of the interaction between drugs
and the defective CFTR. This would also bring a beneficial reduction of off-target effects. In this
respect, several attempts have been made to probe directly the efficacy of a drug (corrector or
potentiator). For example, yellow fluorescent protein (YFP) mutants have been constructed whose
fluorescence is strongly quenched by iodide (that is efficiently transported by CFTR) (Jayaraman et
al., 2000). This is the case of the YFP mutant YFP-H148Q/I521L (Galietta et al., 2001). Hence, its
co-expression with CFTR (WT or mutant) can reveal whether a specific molecule impinges on the

channel activity of defective CFTRs (Pedemonte et al 2011).
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Fig. 12 High-throughput cell-based screening assays for identification of F508del-CFTR potentiators and correctors.
(A) Potentiator assay. Fisher rat thyroid (FRT) cells coexpressing human F508del-CFTR and the halide sensing yellow
fluorescent protein (YFP) are incubated (27 °C, 18-24 h) before assaying the presence of F508del-CFTR at the plasma
membrane. Test compounds are added (10 min) in the presence of a cAMP agonist (forskolin) before iodide (1)
addition, and F508del-CFTR function is assayed in a plate reader from the kinetics of YFP fluorescence quenching
following iodide addition. (B) Corrector assay. Cells are incubated with test compounds (37 °C, 24 h). F508del-CFTR
function is assayed by iodide addition in the presence of forskolin and a potentiator (e.g., genistein) (Pedemonte et al
2011).

Molecules have thus been tested to rescue the processing and trafficking defects of F508del-CFTR,
and generally analyzed by high-throughput screening assays (Fig. 12), expecting that they could
improve defects of the mutant-CFTR by interacting with the protein itself, or one or more of the
multiple CFTR-interacting proteins that regulate CFTR biosynthesis (Becq et al., 2011). In this way,
Kalid et al. (2010) were capable to identify 15 compounds (out of ~500 tested), which act as

folding correctors.
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Much attention was given to the potentiator VX-770 (lvacaftor, Fig. 13, left panel) and the corrector
VX-809 (Lumacaftor, Fig. 13, right panel) (Baroni et al., 2014). The former molecule seems to
interact with the F508del mutant and with other less frequent CFTR mutants (e.g., G551D), in light
of the improved CI" transport and lung function of patients bearing the G551D mutation (Ramsey et
al. 2011). Instead, VX-809 increases the cell surface density of F508del- CFTR in vitro (Van Goor
et al., 2011). However, despite many efforts on analyzing the effect of these two compounds under
different conditions, the molecular basis of their interaction with CFTR, and the possible side
effects, are still ill-defined. To this end, studies carried out by Baroni et al., (2014), using small-
angle X-ray scattering with synchrotron radiation, to determine the electron density profile of the
bilayer wall of homogeneous large unilamellar vesicles, have clearly indicated that both VX-770
and VX-809 could cause unwanted side effects because they destabilize the lipid bilayer and,

possibly, cell membranes.

VX-770 VX-809

OH

Fig. 13 The potentiator VX-770 (lvacaftor) (left) and the corrector VX-809 (Lumacaftor) (right).
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Il - Materials and methods

This Ph.D. work has studied RD and NBD domains of CFTR after their production by recombinant
techniques. The following sections report the procedures to obtain the proteins, some biochemical

assays performed on them, and the methodologies used to study their structural features.

6 - Production and purification

6.1-RD

We found several difficulties to produce and purify the protein. However, after many attempts, we
eventually could establish protocols allowing us to generate considerable RD amounts (> 30 mg) in
a high pure form (> 98%). Escherichia coli BL21(DE3) was transformed with a plasmid encoding
the human RD isoform (from residue 654 to residue 838). The construct, generously provided by
Rhea Hudson (SickKids Hospital, Toronto, Canada), was inserted into the pPROEX vector. It
contained the Lac operon for its inducible expression, and a pTrc promoter. A sequence coding for
an hexa-histidine sequence, necessary for purifying the protein by affinity chromatography, was
included at the 3'-terminus of the RD cDNA. A stock of the transformed bacteria was stored (at -80
°C) for further utilization. A transformed E. coli aliquote was then inoculated in 50 ml of Luria
Broth (LB) growth medium supplemented with antibiotics (chloramphenicol 1 mM, and ampicillin
0.4 mM), and bacteria were allowed to grow overnight. The following day, the culture (diluted to
1.2 It with LB) was grown at 37 °C under stirring until reaching an optic density of 0.5 at 600 nm.
Protein synthesis was induced by the addition of 1 mM isopropyl-p-D-1-thiogalactopyranoside
(IPTG); after 3 h bacteria were harvested and treated with the below-described protocols to isolate

inclusion bodies (IB) and the desired protein (Protocol A), and to purify the protein (Protocol B).
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Protocol A

1) Suspension of cells in a buffer containing 100 mM Tris-HCI (pH 8), 2 mM EDTA, 10 mM

dithiothreitol (DTT).

2) Sonication (4 °C) and centrifugation (7,500 rpm, in a Beckman JA 25-50 centrifuge, 15 min, 4

°C).

3) 5x Washings of the IB-containing pellet in a buffer containing 50 mM Tris-HCI (pH 8), 0.5
Triton-X 100, 100 mM NaCl, 1ImM Na-EDTA, 1 mM DTT, followed by homogenization (using a

Potter homogenizer).

4) Centrifugation (7,500 rpm, 15 min, 4 °C) and washing of the resulting pellet with a buffer

containing 50 mM Tris-HCI (pH 8), 2M urea, 2 M NaCl, 10 mM DTT.

5) Centrifugation (7,500 rpm, 15 min, 4 °C) and washing of the pellet with a buffer containing 100

mM Tris-HCI (pH 8), 2 mM Na-EDTA, 10 mM DTT.

After another centrifugation, the pellet was washed again, and finally re-suspended in 10 ml of a
buffer containing 100 mM Tris-HCI (pH 8), 6 M guanidinium, 5 mM imidazole, 1 mM DTT, and
left overnight at room temperature. The obtained protein suspension was then subjected to affinity
chromatography using a Ni-bound column (HisTrap, Ge-Healthcare Uppsala, Sweden) to purify

recombinant RD, following the below protocol.
Protocol B

1) Two connected Ni-bound columns (5 ml each) were washed with (in sequence): H,O (3
volumes), 10 volumes of “charge buffer” (50 mM NiCl,), H,O (3 volumes), 3 volumes of Buffer A
(100 mM Tris-HCI (pH 8), 6 M guanidinium, 500 mM imidazole), 5 volumes of Buffer B (100 mM

Tris-HCI (pH 8), 6 M guanidinium, 5 mM imidazole).
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2) After adding the protein samples to the columns, their elution (at a flow rate of 1 ml/min) was
accomplished with (in sequence): 10 volumes of Buffer B, 10 volumes of 5% Buffer A, and 3

volumes of Buffer A.

To identify RD-containing fractions by molecular mass (expected mass, 24 kDa, see Paper 3, Fig.
2) samples were firstly de-salted (desalting column, GE-Healthcare) to avoid guanidinium
precipitation, and then subjected to SDS-PAGE (15% acrylamide). Selected fractions were then
purified by gel filtration chromatography (Superdex-75 10/300 GL column, GE-Healthcare). The
highest peak of the chromatogram corresponded to RD (with purity of around 90%) as routinely
assayed by SDS-PAGE. To purify the protein further (up to > 98%), we used an anion exchange
chromatography (HiTrap Q HP column, GE-Healthcare) that separates molecules based on net

surface charges.

Due to the presence of guanidinium during purification, a denatured protein was obtained, and a
three-step dialysis was necessary to achieve refolding. We firstly reduced the guanidinium
concentration to 3 M in the presence of 500 mM arginine, to prevent protein aggregation (8 h, 4 °C)
(Bondos and Bicknell, 2003). In the second step, the protein was dialyzed using a buffer without
guanidinium but with 500 mM arginine (8 h, 4 °C), which was removed in the final step by dialysis
(8 h, 4 °C) against phosphate buffer saline (PBS) (30 mM). RD was concentrated, fast-frozen in
liquid nitrogen, and stored (1.5 mg/ml, -80 °C) for further use in the presence of glycerol 12.5% (to

preserving it more efficiently from proteolysis in subsequent freezing and thawing steps).

The purity, quality and quantity of the final product was analyzed by SDS-PAGE (15%
acrylamide), fluorescence spectroscopy, and UV absorption, respectively. A further test for the
identity of the protein was carried out by Western blot (see also Paper 3). Ten-fifteen micrograms of
protein were subjected to SDS-PAGE (15% acrylamide), and separated proteins were transferred to
Polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) (1 h, 100 V, 4 °C), incubated
with polyclonal rabbit anti-RD (1:1,000 Acris Antiboby GmbH, Herford, Germany) and with
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horseradish peroxidase-conjugated goat anti-rabbit antibody (1:4,000, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), as secondary antibody. SNAP i.d.® 2.0 Protein Detection System
(Millipore, Worcester, MA, USA) - according to the manufacturer’s instructions - was used to
perform a faster secondary antibody incubation. Immuno-detection was performed using ECL
PLUS detection reagents (GE-Healthcare) and images were captured by Hyperfilm ECL (GE-

Healthcare).
6.2 - NBD1 and NBD2

cDNAs coding for human NBD1 (from residue 394 to residue 672) and NBD2 (from residue 1,191
to residue 1,480) were subcloned into plasmid pT7. The NBD1-cDNA was inserted between Ndel
and HindlIll sites, and the NBD2-cDNA between Ndel and Sall. A hexa-histidine coding segment
was included at the 3’-terminus of the open reading frame in both constructs. Protein synthesis was
induced in E. coli BL21 (Rosetta strain, Stratagene, La Jolla, CA, USA), transformed with plasmid
vectors pT7-NBD1 or pT7-NBD2, by adding IPTG (1 mM). As for RD generation, NBD1 and
NBD2 accumulated in 1.B. so that Protocols A and B were essentially followed with the exception

that, instead of guanidinium, urea (8 M) was the chaotropic agent used in Protocol B.

Proteins were analyzed by SDS-PAGE (15% acrylamide) (expected mass: NBD1, 37.7 kDa; NBD2,
34.2 kDa) and processed by dialysis for refolding, in a three-step procedure against (PBS)
containing (in sequence): 4 M urea and 500 mM arginine (8 h, 4 °C); 500 mM arginine (8 h, 4 °C);
30 mM PBS alone (8 h, 4 °C). NBD1 and NBD2 were stored separately (2.5 mg/ml, -80 °C) in the

presence of glycerol 12.5%.
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7 - ATP binding and ATP hydrolysis assay

7.1 - ATP binding to NBDs

Following the literature (Zoghbi et al., 2011), this parameter was determined from the quenching of
the refolded protein-intrinsic fluorescence upon ATP addition. Samples containing 1.8 nM of either
NBD1 or NBD2, or an isomolar NBD1-NBD2 mixture (in 100 mM Tris-HCI (pH 8.0), 5 mM
MgCI2, and 1 mM DTT), and ATP concentrations ranging from 0 to 800 uM, were excited with
monochromatic light at 285 nm. Uncorrected emission spectra from 305 to 400 nm were collected

for each tested ATP concentration.

The apparent dissociation constant (Kd) was calculated by non-linear regression of the acquired

data according to the equation:

_ [arP]
AF = (Kd+[ATP]) (7.1)

where AF is the normalized fluorescence decrease and [ATP] is the concentration of added ATP.
7.2 - ATP hydrolytic activity by NBDs

It was measured spectrophotometrically (25 °C) at 340 nm by following the decrease in absorbance
of NADH according to the coupled reactions catalyzed by pyruvate kinase (utilizing ADP and
producing pyruvate) and lactic dehydrogenase (utilizing pyruvate and NADH) (Ko and Pedersen,
1995). Samples contained 300 mM NaCl, 50 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 0.6 mM
phosphoenolpyruvate, 0.3 mM NADH, 1.6 U of pyruvate kinase (PK), 0.5 U of lactic
dehydrogenase, 25-40 pg of protein, and increasing concentrations of ATP (from 0 to 500 uM). The
velocity of the reaction, v, was plotted against the ATP concentration, and was fitted according to

Michaelis—Menten equation:

__ Vmax[ATP]
" Km +[ATP] (7.2)

where Km is the Michaelis—Menten constant, and Vmax is the maximum velocity of the reaction.
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Parenthetically, both assays were also useful to test the correct refolding process of the NBD

domains.

8 - Fluorescence spectroscopy

Fluorescence spectroscopy is a widely used technique to study the conformation of peptides and
proteins (Chen and Barkley, 1998). We used this technique to assay the correct refolding of RD,
NBD1 and NBD2, by following the peak-shift of tryptophan from about 365 nm (for the protein
denatured state) to about 340 nm (for the protein folded state) (excitation wavelength, 295 nm).
Indeed, being natural fluorophores, aromatic amino acids i.e., tryptophan, tyrosine and
phenylalanine (but tryptophan is mostly exploited given its presence in most proteins) are intrinsic
fluorescent probes with specific spectra, in which the position and the amplitude of the peak
depends on the surrounding environment. Being hydrophobic, these residues are normally hidden
inside folded proteins; however, they get exposed to the (polar) solvent upon protein unfolding and
this changes the fluorescence spectrum (Callis, 1997). Instead, circular dichroism (CD) spectra

(detailed afterwards) allow estimating the content of the secondary structure of a protein.

Accordingly, Fig. 14 reports fluorescence and CD spectra of purified RD in the unfolded, and
folded, state. In the former case (Fig. 14A), the peak of the intrinsic fluorescence emission spectrum
of unfolded RD is positioned to the red (the protein fluorophores are exposed to the environment),
and it shifts to the left (by 25 nm) after refolding (the aromatic amino acids are now buried in the
hydrophobic core of the protein). Also CD spectra change, revealing the increase in secondary
structure content upon refolding (Fig. 14B). Even if intrinsically disordered (see afterwards), RD
retains a high degree of secondary structure, as evident from the content of a-helices indicated by

two minima at about 208 and 222 nm (compare the black trace of Fig. 14B to the spectrum (Fig. 15)
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that a fully a-helical protein would display). Conversely, denaturated RD (grey trace, Fig. 14B)

displays the typical random coil spectrum with no minima at wavelengths higher than 200 nm (for

further details, see Paper 3).
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Fig. 14 Fluorescence (A) and CD (B) spectra of native (black lines) and denatured (gray) RD. A. Fluorescence emission
spectra were obtained using the excitation wavelengths 274 nm to reveal the tyrosine and phenylalanine intrinsic

fluorescence U. A., Arbitrary Units. B. The far-ultraviolet (UV) CD spectra were measured from 197 to 260 nm. 0 =
ellipticity per residue.
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9 - Circular dichroism

CD spectroscopy is a technigue that analyzes chiral molecules of all types and sizes in a wide range
of wavelengths. It is also exploited to study biological molecules, given that it permits to observe if
and how the secondary structure changes in relation to environmental conditions (temperature, pH,
etc.), or upon interaction with other molecules. Important structural, kinetic and thermodynamic

information can thus be obtained.

CD is based on the difference in the absorption of left-handed and right-handed circularly polarized
light, a phenomenon occurring in molecules containing one or more chiral chromophores that
absorb light. Because spectra of biological molecules in the far UV regions are dominated by the n
n* and m w* transitions of amide groups, and are influenced by the geometry of the polypeptide
backbone, spectra reflect the different types of secondary structures present in a protein (and thus

the ¢, y angles) (Whitmorea and Wallace, 2008).
9.1 - Circular dichroism and biological molecules

Proteins and peptides are composed by a sequence of amino acid residues (primary structure) that
are spatially organized to provide the secondary structure, a-helix, B-sheet or turns. This specific
organization and orientation of amino acids causes in the far-UV a characteristic CD phenomenon

(Fig. 15):
1. a-helices have a maximum at about 195 nm and two minima at 208 and 222 nm.

2. B-sheets have a maximum at about 195 nm (but the intensity is lower than in a structures) and a

minimum at 216 nm.

3. random coils have a minimum at about 200 nm.
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Fig. 15 CD spectra of secondary structures: a-helices (black), B-sheets (red) and random coil (green).

The CD spectrum of a given protein is the weight sum of the spectra of each secondary structure,
and it thus depends on the fraction contributed by each of them. To estimate the quantity of each

secondary structure present in a protein, it is necessary to deconvolve the signal:

0 = foBa + fpbp + frcOre (9.1)

where 6,, 05 and Orc are the ellipticity of a spectrum of pure a-helix, B-sheet or random coil,
respectively, and f,, fzand frc are the fraction of each secondary structure present in the analyzed

protein.

Practically, for the CD experiments carried out in the present work, spectra were collected using a
Jasco J-815 spectropolarimeter, equipped with a Peltier device for controlling the sample
temperature, and a 0.1 cm rectangular cell. Scans were collected from 195 nm to 260 nm (at 50

nm/min rate) with a data pitch of 0.1 nm. Usually, 10 replicate spectra for each sample were
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collected (at 10 °C), and normalized to the protein concentration (evaluated at 280 nm) determined
immediately before each CD measurement. Analysis of the secondary structure was carried out
using the on-line program Dichroweb (Whitmore and Wallace, 2008) and the algorithm SELCON3

(Sreerama and Woody, 2004).

10 - Stability of CFTR intracellular domains

Two means were used to measure the structural stability of purified intracellular CFTR domains:
the first one consisted in following by fluorescence spectroscopy the denaturation of the protein by
a chaotropic agent (Pace and Shaw, 2000); the second one was performed studying the
thermodynamic properties of the system. Indeed, for every protein, an increase in temperature
induces a transition from a native state (N) to a denaturated state (D) that depends on the physical-
chemical properties of the protein and of the solution (ionic strength, viscosity, divalent cation

concentration, among others) (Cortijo et al., 1988; Barone et al., 2006; Salvador et al., 2005).
10.1 - NBDs

Denaturation of NBDs (0.2- 0.5 mg/ml) was performed by the chaotropic agent guanidinium, in 50
mM phosphate buffer (pH 8.0), 1 mM DTT and 5 mM MgCl,. Tests were carried out also in the
presence of the potentiator 2-pyrimidin-7,8-benzoflavone (PBF) (12.5-200 nM in DMSO) (with or

without 2 mM ATP), and in this case controls were performed in the presence of DMSO.

Fluorescence emission spectra (between 310 and 410 nm, excitation at 290 nm) were accumulated.
The fraction of denaturated protein as a function of the guanidinuim (Gd.HCI) concentration was

estimated from the least square fit of the spectra:
F([Gd.HCL], Agyy, = Xd X F(6M, Agp) + (1 — Xd) X F(0, dopy) (10.1)

where F([Gd.HCI], Aem) is the fluorescence intensity at a given guanidinium concentration; F(0, Aem)

and F(6M, Zem) are the fluorescence spectra of the native and denatured protein, obtained at 0 and 6
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M guanidinium, respectively; Xq is the molecular fraction of the unfolded protein. The apparent free
energy transition difference, 4Gy, from the native to the denaturated state, at a given denaturant

concentration, can be defined as (Pace and Shaw, 2000):

Xd
10.2 - RD
10.2.1 - RD sample preparation

Phosphorylation assay - To allow different RD phosphorylation levels, 100, 200 or 600 units (per 1

nM of RD) of the catalytic PKA subunit were added to the samples (final volume 20 pl) containing
RD, ATP (50 uM) and MgCl, (5 mM). After incubation (30-40 min., 37 °C), the mixture was
diluted (to reach an RD concentration of 0.1-2 mg/ml) using a phosphate buffer (30 mM, pH 8.0)
and -mercaptoethanol (1:3,000) that, as reducing agents, prevents possible aggregation of proteins

by disulfide bonds during experiments (Bondos and Bicknell, 2003).

De-dephosphorylation assay - Alkaline phosphatase (100 units/ug of protein) was added with RD in

a buffer containing ZnCl, (0.2 mM), NaCl (1 M), MgCl; (5 mM) and B-mercaptoethanol (1:3,000),

and incubated (30 min, 30 °C).
10.2.2 - RD denaturation

Denaturation of RD was accomplished by increasing the temperature and was followed by CD that
provides spectra characteristic for native and denaturated proteins. CD allows evaluating the
fraction of the secondary structure content of a protein, by following (at a fixed wavelength)
changes in ellipticity as a function of temperature (Fig. 16). Ellipticity is usually monitored as the
minimum wavelength of the a-helix structure, fexp,222(T), because this is the secondary structure

that changes most during denaturation.
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Fig. 16 Model of protein transition — from the native to the denaturated state - by monitoring ellipticity at 222 nm as a

function of temperature (in Kelvin, K).

Ellipticity depends on the protein concentration, and at each temperature the ellipticity of a protein
in the native state, On+, Will be proportional to the fraction of molecules in this state Xy(T).
Likewise, ellipticity associated to denaturated molecules will be correlated to Xp (T). Ellipticity of

each state, dp,+ and Gy, can be related to the collected experimental signals:
Oprotein 2+ (T) = Xy (10N (T) + Xp (T)0p(T) (10.3)
Assuming that at the initial temperature, To, all molecules are in the state N, it is possible to obtain
the probability of the protein to be in the native state, or in the denaturated state:
Oprotein 2 (To) = Ona+(To)  With Xy (Ty) = 1and X, (T) + Xy(T)=1 (10.4)

In our experiments, denaturation curves were obtained by monitoring the mean residue ellipticity at
222 nm in the temperature range 20 °C - 95 °C, and by assuming a two state model defined as the

initial native state and the final, denaturated state.

The experimentally obtained curve (at the selected wavelength 6..,;+(T)) is fitted with a sigmoid

function (Tello-Solis and Romero-Garcia, 2001; Sanchez-Ruiz and Martinez-Carrion, 1988),

gexpﬂ *(T) = % +fi (105)

1+exp f3
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where T is the absolute temperature, Ty, is the melting temperature (point) (at which Xp = Xy), f;and
f, are the asymptotic maximum and minimum values, respectively, and f; is the e-fold slope of the
curve (see Fig. 16). Assuming that at T, all molecules in solution are in the native state, N, the
fraction of molecules that get denaturated as a function of temperature, Xp(T), will be estimated by

normalizing the experimental curves using the parameters in equation 10.5:

expr* (M—f1

Xp(T) = 222 (10.6)

In addition, the fraction of molecules in the native and denaturated state are related to the standard

free Gibbs energy by the ratio of their respective concentration (Xp/Xy):

AGY(T) = RTln(i—f’ (10.7)
where 4G is the standard Gibbs free energy difference between the initial and final states and R is
the gas universal constant.

Finally, because of the relation between enthalpy (4H) and entropy (4.S) variations:
AGT) =AH - A4S (10.8)

combination of equation (10.8) with equation (10.7) allows to obtain the Van't Hoff equation:

Xp _ 1AH _AS _ %AGO(T) (10.9)

Xy TR R

All this to explain that, by using the above equations on normalized experimental data, one can

describe the denaturation process of a given protein, and, hence, characterize its stability.
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10.2.3 - Thermodynamic study of the native and phosphorylated RD

The CD methodology used for RD was as described earlier (page 9). Also, as mentioned, RD
denaturation curves (obtained by monitoring the mean residue ellipticity at 222 nm, 6exp,222(T), as
a function of temperature (from 20 to 95 °C) were analyzed assuming a two state model, defined as
the initial native state and the final, denaturated state (Sanchez-Ruiz and Martinez-Carrion, 1988;
Tello-Solis and Romero-Garcia, 2001). To identify the initial and final states, the experimental
0exp,222(T) curves were first fitted with a sigmoid function (equation 10.6). We normalized the
curves to estimate the fraction of denatured protein, Xp according to equation 10.7. Data was fitted

according to the Van’t Hoff plot (equation 10.9).
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11 - Small-angle scattering of X-rays experiments

Small angle X-ray scattering (SAXS) is a technique appropriate to investigate the structure of a
wide range of particles in solutions, given that the provided information on the geometrical
invariants of a protein allows to model a 3D structure with a resolution of around 8-20 A. Although
X-ray crystallographic studies provide a resolution at the atomic level - SAXS forwards only in the
shape of a protein (Fig. 17) (Svergun and Koch, 2001) - SAXS is a good compromise for those

proteins that do not crystallize, and/or when crystallographic information is not crucially necessary.

In addition, SAXS offers the advantage to study proteins in solution.

Fig. 17 Representation of the achievable resolution allowing a 3D re-construction of a protein in function of the

scattering vector.
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In a SAXS experiment, the sample is exposed to a monochromatic X-ray beam (typically between
0.8 to 2 nm); and the diffraction pattern is recorded by a detector. The intensity of the emitted
radiation is calculated by integrating the signal recorded in each circle inside the detector (Fig. 18).
After appropriate geometrical corrections of the parallax, the scattered intensity 1(s) (equation 11.4)

is plotted as a function of momentum transfers:

s = Zs;ne (111)

where 6 is the angle between the incident and scattered radiation (Fig. 18). The total amplitudes of
the scattering radiation (equation 11.2) should be the sum of scattered waves. However, considering
that the distance between the detector and the sample is much greater than the inter-atomic

distances, it is not possible to separate the contributions of individual electrons (Fig. 18).

Detector
Monochromatic 51 o
beam 3
® ~—= =
X-ray So Sample So
source \Y

Data ﬂ
processing ‘ \\
: TR

Ab initio Expe?i?ﬁental
reconstructution data

o)

Fig. 18 Scheme of a SAXS experiment allowing reconstruction of the shape of a protein (for the used symbols, see

text).
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The total amplitude of scattering radiation F(s) is:
F(s) = [, Ap(r)e ™ sdVr (11.2)

where V, is the volume of the sample and s is the scattering vector, defined as the difference
between the vector of the incident beam, sy, and the vector of the scattered wave, s; (see Fig. 18)
and 4p(r) (called contrast) is defined by the difference between the electron density of the particle,

p(r), and that of the homogeneous solvent, po.

4p(r) = p(r) — po (11.3)

The intensity recorded, I(s), is the square of the total amplitudes of the scattering radiations

(equation 11.2):
I(s) = |F(s)I? (11.4)

In the case of SAXS, the size and shape of the particles in solution are homogeneously distributed,
and therefore we can assume that the solution is mono-dispersed. To get information about the
shape and the dimensions of CFTR domains in solution, we analyzed SAXS spectra using the
Guinier approximation (Feigin and Svergun, 1987; Guinier and Fournet, 1955). Accordingly, an
example of the data range - indicated in the Fig. 19 - as that part of the curve in evidence by the
orange circle - from the collected SAXS spectra, used to perform analysis by Guinier plot (Guinier

and Fournet, 1955).
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Fig. 19 The slope of the SAXS spectra (indicated in the circle) gives information about the shape and the dimension of

the molecules in solution. 1(0) is the intercept of the curve with I(s).

11.2 - Samples preparation for SAXS experiments

11.21-RD

For RD samples preparation see paragraph 10.2.1.
11.2.2 - NBDs

Protein samples containing NBD1 and NBD2 alone or an equimolar NBD1/NBD2 mixture (1.2-1.8
mg/ml), were prepared in a phosphate buffer (50 mM, pH 8.0). When required, samples were

supplemented with 2 mM ATP or 25 nM PBF.
11.2.3 - SAXS spectra

SAXS spectra were carried out using native and phosphorylated RD samples, or NBDs samples
containing each domain alone, or an equimolar mixture of them. Beforehand, samples were cleared
using a 0.45 um filter (Ultrafree-MC, Millipore), and concentrated by ultrafiltration with an

Amicon membrane. Sample protein concentrations were determined from the absorbance at 280
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nm. Each protein sample was subjected to dialysis (buffer phosphate, 30 mM), the dialysis buffer

being used to measure SAXS background signal.

Spectra were collected at the ID14-EH3 beam line of the European Synchrotron Radiation Facility
(ESRF, Grenoble). The distance of the detector (1.83 meters) covered the range of the momentum
transfer 0.08 < s < 3.6-4.5 nm-1 (using a wavelength = 0.093 nm); X-ray optical path through the
sample was about 1 mm. Data were collected at 10 °C. For each sample, ten spectra of 30 s each
were recorded, for a total of 5 min of acquisition. When using RD samples, glycerol (1.5%) was
present to scavenge free radicals and thus to minimize possible radiation damages to the protein.
Instead, when using NBDs samples, DTT (1 mM) was added to prevent anomalous S-S formation

during the experiment (Bondos and Bicknell, 2003).

A comparison of the 10 successive exposures showed no change in the scattering patterns,
suggesting that no measurable radiation damage to the proteins had occurred. Sample protein
concentrations were normalized to the intensity of the transmitted beam, and the scattering data
from the buffer dialysis (performed before and after each measurement, see above) was averaged

and used to subtract the background.
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11.3 - Analysis of SAXS experimental data

In this work, most of SAXS data analysis were done with the software package ATSAS, developed

by D. Svergun's group at EMBL outstation of Hamburg (www.embl-hamburg.de/biosaxs).

11.3.1 - Guinier approximation

The Guinier approximation can be applied close to the origin of the SAXS spectra (Fig. 19) in a
mono-disperse solution. The scattered intensity I(s) can be approximated by a Gaussian where the
width is proportional to the square of the radius of gyration, Ry In practice, a linearized
representation can be used, by plotting In(I(s)) vs s* (Guinier plot), to obtain, by a linear fit, an

estimation of 1(0) and of R of the protein in solution.

4772
I(s) = 1(0)eC3 F9°sH

(11.5)
4m®
In(I(s) = In(1(0) — TR gS
where 1(0) is the intensity at zero angle and Rq the radius of gyration.
The Guinier approximation is valid only for the s-values that respect the condition:
SRy < 1.3 (11.6)

Ry value, determined by analyzing SAXS data, is related to the mass of the molecules in solution.

In addition to apply the approximation in the appropriate angular range (according to the condition
(11.6), the Guinier approximation relies of an ideal mono-disperse solution. A bad Guinier plot is a
strong indicator of a poor quality of the sample. Improper background subtraction, presence of
attractive or repulsive inter-particle effects and sample poly-dispersity result in deviations of the

interpolated curve.

47


http://www.embl-hamburg.de/biosaxs

A correlation exists between Ry and the geometrical radius, as shown in Fig. 18

Sphere R“: =(3/5)R? radius:R
(radius R) a
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Fig. 20 Radius of gyration of some homogenous bodies in solution.

11.3.2 - Molecular mass determination

The intensity at zero angle (obtained by the Guinier approximation) is proportional to the molecular
mass M of the scattering particle. A known standard protein (usually bovine serum albumin) is
measured to estimate the molecular mass of the protein of interest using the relation (Mylonas and

Svergun, 2007):

C(standard)M(standard)

M (sample) — I(O)sample (11.7)

I(O)Standard c(standard)

where M(sample) is the molecular mass of the sample, M(standard), C(standard), and
I(0)(standard) are the molecular mass, the concentration and the intensity at zero angle of the

standard protein, respectively (Mylonas and Svergun, 2007).

However, because of the limitations inherent to the Guinier approximation, albeit indirectly, values
of Rg and 1(0) can be derived from the Fourier transform methodology. Fourier transformation of

the scattering intensity yields the distance distribution function P(r):
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P(r) = %foszl(s) Si:—:'rds (11.8)

and consequently

Dmax

I(s) = 4nm |

P(r)s(r) Sin(sr()r) dr (11.9)

N

where Dpax IS the maximum particle diameter.

P(r) is a real space representation of the scattering data and allows one to graphically display the
features of the particle shape (Fig. 20). For example, globular particles yield bell-shaped profiles
with a maximum at approximately Dmax/2, whereas multi-domain particles often yield profiles with
multiple shoulders and oscillations corresponding to intra and inter-subunit distances (Fig. 21 and

22) (Mertens and Svergun, 2010).

In equation (11.8), P(r) takes in account an ideal system. Conversely, in an experimental setup the
intensity (lexp(S)) is not determined by an infinite angular range but by a restricted one Smin <'S < Smax
(Feigin and Svergun, 1987), impeding therefore to calculate P(r) from the Fourier transformation
(equation 11.8, 11.9) of ley(s) from a finite number of points. Hence, the Fourier transformation is
calculated indirectly (Glatter, 1977), and the program GNOM (Svergun, 1992) has been designed

accordingly.

GNOM is an indirect transform program for small-angle scattering data processing. It reads
scattering curves in one-dimension (possibly smeared with instrumental distortions) and evaluates
the particle distance distribution function P(r) (for mono-disperse systems) or the size distribution

function D(R) (for poly-disperse systems) (Svergun, 1992).
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Fig. 22 Schematic representation of a dimer in solution and the different conformational changes in relation with P(r)

and Dy, following the Fourier transform methodology. Graphs, showing the distribution of distance, underline the

mass centre of each monomer and their reciprocal position in the dimeric configuration.

50



11.3.3 - Krakty Plot

Information on the folding of proteins in solution can be obtained by a graphical representation of
the experimental data, named Kratky plot. By plotting I(s) xs? against s, one can argue the folding
state (Fig. 23) in which: (i), globular proteins typically yield a prominent peak at low angles (curve
1); (ii), unfolded proteins a continuous increase of the relation (curve 2); (iii), partially unfolded
proteins, yielding a mixture of curves 1 and 2 (curve 3), which is also similar to the behavior of

flexible multi-domain proteins.
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Fig. 23 Kratky plots of three proteins with different folding: globular (curve 1), denaturated (curve 2), partially

unfolded (curve 3) (for used symbols, see text).
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11.3.4 - Porod invariant

Higher s values of the SAXS spectra contain information on the shape of a molecule. By assuming a
uniform electron density inside the particle, the volume (V) is estimated following the Porod's

equation (Porod, 1982):

V= Z”T’“” Q = [7s2I(s)ds (11.10)

The estimation of V permits an alternative way to obtain the mass of a molecule, in which 1(0) is

the intensity of the scattering sample at zero angle, and Q the Porod invariant (Porod, 1982).
11.3.5 - Ab initio reconstruction models of proteins

A 3D reconstruction of a protein shape can be obtained following SAXS data. Given that
information by scattering data is drastically reduced by the random orientation of particles in

solution, data interpretation is usually performed in terms of homogeneous and rigid bodies.

An ab initio method, to reconstruct the 3D structure of molecules for which only low-resolution

data are available, is based on automated bead-modelling first proposed by Chacon et al. (1998).
The programs used here to this purpose are now briefly outlined.

DAMMIN (Dummy Atom Model Minimization) (Svergun, 1999). This program envisages that the
volume enclosing a particle (e.g., a sphere of sufficiently large radius) is filled with N densely
packed spheres of radius r, referred to as dummy atom. Given the fixed spatial positions, the shape
of the dummy atom model is described by a vector X with N components assigning each dummy
atom either to the solute phase (i.e., a protein in this case) or to the solvent phase. For an adequate
description of a structure, the number of dummy atoms usually reaches a few thousands. The task of
shape reconstruction from the scattering data is thus to find a configuration X where a goal function
f(X) is minimized. The goal function takes into account the discrepancy between the experimental
data and the calculated scattering of the dummy atom model, as well as other aspects of the model

(quantified as penalties). The contribution of the penalties to the goal function is expected to be 10-
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50% for the final model. The obtained conformations are then classified, aligned and averaged

using a suite of programs (Svergun, 1999) as following.

DAMCLUSTER is a cluster analysis of all models to find outliers from the largest group(s).

DAMSEL compares all models to find common features and eventually reject outliers.
DAMSUP aligns all models.

DAMAVER averages aligned models (Volkov and Svergun, 2003).

DAMEFILT filters the averaged models at a given cut-off volume.

All the above programs minimize a normalize spatial discrepancy (NSD) to find the best alignment
of two models. NSD is a measure of quantitative similarity between sets of 3D points (as explained
below). For ideally superimposed similar objects, NSD tends to zero, while it exceeds 1 if the object
systematically differ from one to the other (Kozin and Svergun, 2001). NSD is calculated as follows
(Bernado et al., 2007). In the presence of two 3D models - represented as sets of points - the above
programs are able to calculates the minimum value among the distance between every point of the
first model (model 1) and all points of the second (model 2). The same procedure is applied for
every point of model 2. The distances are added and normalized against the average distance

between the neighboring points for the two sets.

DAMMIF Being an implementation of the above-described bead-modelling program, it rapidly
determines an ab initio shape using small angle scattering (Franke and Svergun, 2009). Thus,
starting from the DAMMIN (arbitrary) initial model, DAMMIF utilizes simulated annealing to
construct a compact interconnected model yielding a scattering pattern that best fits experimental

data.

EOM (EOM: Ensemble Optimization Method) It fits the averaged theoretical scattering intensity
from an ensemble of conformations into SAXS experimental data (Bernado et al., 2007). A pool of

n independent models based upon sequence and structural information is first generated. For
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proteins, expected to be intrinsically unfolded, no rigid bodies are required in input and completely
random configurations are created based upon the sequence. Crystallographic symmetry can be
exploited using either an high-resolution oligomerized domain (if present), or specifying a potential
oligomerization interface on a domain. Once the pool generation is completed, an algorithm for the
selection of the ensemble is conceived. Hence, the algorithm compares the averaged theoretical
scattering intensity (from n independent conformational ensembles) against SAXS data. The

ensemble that better describes the experimental SAXS data is then selected.

SUPCOMB This program allows to superimpose a 3D structure onto another one (Bernado et al.,
2007). Structures can be low-resolution bead models, and/or high resolution NMR, or X-ray crystal
structures, but shape models are not considered. The program represents each input structure as an

ensemble of points, then minimizes a NSD to find the best alignment of two models.
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11 - Results

12 - List of papers

The published papers (referred to by numerals 1- 4) containing the main outcomes of the Ph.D.
work, are integral part of the thesis itself. In the following paragraph, however, their content will be

briefly summarized.

Paper n. 1 - Galeno L, Galfré E, Moran O. Small-angle X-ray scattering study of the ATP
modulation of the structural features of the nucleotide binding domains of the CFTR in solution.

Eur Biophys J 40:811-24, 2011.

Paper n. 2 - Galfre E, Galeno L, Moran O. A potentiator induces conformational changes on the

recombinant CFTR nucleotide binding domains in solution. Cell Mol Life Sci 69:3701-13, 2012.

Paper n. 3 - Marasini C, Galeno L, Moran O. Thermodynamic study of the native and

phosphorylated regulatory domain of the CFTR. Biochem Biophys Res Commun 423:549-52, 2012.

Paper n. 4 - Marasini C, Galeno L, Moran O. A SAXS-based ensemble model of the native and

phosphorylated regulatory domain of the CFTR. Cell Mol Life Sci. 70:923-33, 2013.
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12.1 - Rationale, and main results, of Papers 1 - 4

Paper 1 reports our investigation on the structure of CFTR NBDs, which we carried out in light of
previous observations suggesting that the putative binding site for CFTR drugs could be located in
the NBD1-NBD?2 interface (Moran et al., 2005; Zegarra-Moran et al., 2007), and on a few available
data on biochemical and structural aspects of CFTR. For example, Gadsby et al. (2006) reported
that CFTR channel is activated following a cCAMP-dependent phosphorylation of RD, and that the
ATP binding to NBDs evoked the channel gating. In addition, Vergani et al. (2005) proved that the
binding of two ATP molecules to NBD1 and NBD2 triggered dimerization of the domains, and that
such structural change induced the opening of the channel (see also Mense et al., 2006; Lu and

Pedersen, 2000; Kidd et al., 2004)

Our strategy consisted in first following the binding of ATP to recombinantly-generated NBDs by
fluorescence spectroscopy, and then in the study by the SAXS approach of the structure of the
domains in solution. This allowed us to obtain clear evidence of the modulation exerted by ATP on
the NBDs’ conformation, specifically on the capacity of ATP to induce the tight dimerization of
NBD1 (present alone), but also of the NBD1/NBD2 mixture. Conversely, dimerization of NBD2

molecules present alone could not be observed.

As reported in Paper 2, such results encouraged us to investigate on the interaction of NBDs with
those drug molecules called “potentiators”, which impact on the response of defective CFTR
channels (belonging to class Il mutations) to cAMP-dependent phosphorylation (for additional
information on therapeutic drugs, please refer to chapter 3). NBDs figured out from literature to be
the putative binding site of potentiators; indeed many studies have brought evidence to support the
same type of the interaction mechanism between CFTR potentiators and the protein: competition
has been described between genistein and benzimidazolones (Al-Nakkash et al., 2001), 7,8-
benzoflavones and benzimidazolones (Caci et al., 2003) and genistein and capsaicin (Bompadre et

al., 2005). Potentiators probably act by binding at the NBDs to favor the chloride permeable state of
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the protein. This hypothesis is supported by the observation that mutations in conserved residues of
the NBDs, such as G551D and G1349D, exhibit a shift in the affinity for potentiators (Pedemonte et

al., 2005; Van Goor et al., 2006).

To identify the binding site of potentiators, we modeled the NBD1/NBD2 dimer and compared the
theoretical binding-free energy of several compounds docked on the model with the experimental
binding free-energy using a wild-type and two mutated (G551D and G1349D) CFTR (Moran et al.,
2005). We found a good correlation between these two parameters for a putative binding site
located in the interface of the NBD1-NBD2. In this way, we highlighted that a putative binding site
for potentiators was located to the interface of NBD1-NBD2 dimer. This result strived us to
accumulate physic-chemical and structural proofs to experimentally sustain this possibility. In
particular, by performing denaturation experiments (with guanidinium) on isomolar recombinantly-
generated NBD1-NBD2 mixtures supplemented with 2-pyrimidine-7,8-benzoflavone (PBF, one of
the most potent CFTR potentiators), we calculated the free energy difference of the transition from
native to denaturated state founding that the potentiator modifies the structure of NBD1/NBD2
increasing the denaturant accessibility, as the concentration of PBF increases. We also measured the
binding of ATP to the NBD1-NBD?2 dimer, and the dimer ATP hydrolytic activity with, or without,
PBF: the apparent affinity of the NBD1/NBD2 complex in solution is significantly higher than that
estimated in the whole CFTR (Kidd et al., 2004); moreover the apparent dissociation constant for

ATP is about constant at concentrations of PBF between 0 and 200 nM.

Finally, by analyzing with SAXS the structural modifications of the NBD1/NBD2 dimer in the
presence of PBF, we were able to demonstrate that PBF induces a significant conformational

change of the NBDs

As reported in the Introduction section, it is still ill-defined the structure of CFTR RD, which plays

a fundamental role in the channel activation following the phopshorylation of nine of its serines. We
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now know that such a post-translation modification induces profound RD structural changes, as
observed by both CD (Dulhanty et al., 1995) and NMR (Baker et al., 2007) studies. Likely, RD
conformational changes impact on the RD interactions with NBDs (Chappe et al., 2005; Kanelis et
al., 2010). Accordingly, Paper 4 reports the work carried out on the structure of recombinant RD in
both the native state and after different phosphorylation events. In this study, CD was utilized to
gain information on the secondary structure of the protein. By deconvoluting CD spectra, we could
infer that, although more than 30% is in a disordered conformation (although not totally unfolded —
see Paper 3), still native RD retains a certain amount of secondary structure (45.9% o-helix; 12.1%
b-Sheets;) that, however, is significantly altered following the phosphorylation events (71.1% a-
helix; 0.8% [-sheets; 18.4% random coil). Fluorescence spectroscopy was employed to better
understand such a conformational change, which showed that has also shown a difference between
the unfolded RD in 6 M guanidinium-HCI and the folded protein after the dialysis procedure,
confirming the difference between the completely unfolded state and the native protein. These
experiments have also shown an increasing of intrinsic tryptophan fluorescence, following the RD
phosphorylation.

We performed Size Exclusion Chromatography (SEC) to measure experimentally the RD molecular
mass; thus, comparing the RD estimated molecular mass (~24 kDa) of the protein, for both native
and phosphorylated in solution, to the experimental ones, we confirm that RD is a monomer in
solution and that the small partition coefficient measured by SEC is actually due

to the large Stoke radius of the protein, and not to some protein aggregation during the
chromatography experiments. Moreover we obtained information about the shape of RD in solution
referable to a non-globular proteins.

Finally, through data obtained by SAXS experiments, we obtained the structural model of native
and phosphorylated RD: the ab initio molecular shape reconstructed from the SAXS data results in
elongated molecules for both native and phosphorylated RD and the models confirm the molecular

changes produced by the phosphorylation.
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12.1.2 - Paper 2

A potentiator induces conformational changes on the recombinant

CFTR nucleotide binding domains in solution.
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Thermodynamic study of the native and phosphorylated regulatory
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1V - Discussion and conclusions

Because CF is the most common genetic disease in humans, a more complete understanding of the
structural features of CF root cause, CFTR, and in particular of the intracellular domains (NBD1,
NBD2 and RD) that play a key role in CFTR function, is highly needed. This type of information
could shed light into the patho-physiology of CFTR and help, therefore, devising safe and effective

therapeutic strategies against the disease.

For this reason, the work carried out during the 3-year doctorate course dealt with some molecular
features pertaining to NBD1, NBD2 and RD, which were generated separately in bacteria, purified
from inclusion bodies and refolded. In this respect, it is good to mention that quite a great effort had
to be devoted to obtain an appreciable refolded state of the proteins, for which the literature helped
only partially. In fact, after using several of the available protocols, we introduced a stepwise

dialysis - to remove the used chaotropic agent - that gave the best, and reproducible, results.

Taken together, the conclusions of the different aspects of the work - present in Papers 1-4 -
indicate that the biochemical and biophysical characterization that we obtained for the intracellular
CFTR domains are such that, along with the provided low-resolution models, may likely further our
understanding on the pathogenesis of CF. A brief discussion of the obtained data, and the main

conclusions thereof, are now exposed as follows.
13 - Structural and biochemical features of NBD1 and NBD2

After the refolding step, recombinant isolated NBDs, and the equimolar mixture of NBD1 and

NBD2, were thoroughly studied by CD and SAXS techniques.

Beforehand, however, it was necessary to test the “quality” of the refolding status of the proteins.

One test was an indirect assay, i.e., the capacity to bind ATP followed by fluorescence
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spectroscopy, for which more than acceptable values for dissociation constants were found: 115 pM
for NBD1, 403 pM for NBD2, and 93 pM for the NBD1/NBD2 mixture (see Fig. 2b, Paper 1).
Then the intrinsic tryptophan fluorescence (see chapter 2 of the thesis) of refolded NBD1 and

NBD2 were compared to the denatured ones.

The final yield of refolding of NBD1 and NBD2 was between 70 and 75%. Interestingly, when an
equimolar mixture of NBD1 and NBD2 was processed for refolding, the yield slightly increased to
about 80% (data not shown). Moreover, we found that the addition of 2 mM ATP during refolding

further increased the yield to about 80-85% (data not shown).

In order to control the refolding of NBD1 and NBD2, isolated or in an equimolar mixtures (see
Fig.1c, Paper 1), proteins were analyzed by CD. In all cases, far-UV spectra revealed similar
contents of secondary structures: 24% a-Helix and 25% B-Sheet, for NBD1; 20% a-Helix and 30%
B-Sheet, for NBD2; 25% a-Helix and 23% B-Sheet, for the NBD1/NBD2 mixture. These values are
consistent with previous findings on recombinant NBDs (Logan et al. 1994), but the contribution of
B-sheets and of o-helices are higher and lower, respectively, than the values obtained from the

crystallographic analysis of NBD1 and NBD2.

Although we believe that the dialysis procedure used by us to refold NBD1 and NBD?2 recovers the
domain’s native conformations, we are unable to provide an unequivocal explanation for the
discrepant results towards crystallographic data. One possible reason is the fact that analysis of CD
data is not based on theoretical rigorous criteria but on a statistical comparison with other known
structures by means a multi-parametric fit. Essentially, it depends on the fitting criteria. On the
other hand, one has also to admit that ours would not be the first example for this type of
discrepancy, given that the secondary structure detectable in proteins in solution may not
axiomatically coincide with the secondary structure present in crystals (Hartman et al. 1992; Logan

et al. 1994; Karpowich et al. 2001).
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Use of the SAXS technique provided us, firstly, with values of the gyration radius (Rg) (referring to
the mass radius and giving, therefore, information on the molecule dimension) for both NBD1 and
NBD2. The first observation is that both NBD1 and NBD2, when in solution, show a globular
conformation with characteristic Ry that is consistent with those reported for the NBD1 and NBD2
atomic structures obtained by X-ray crystallography; indeed, the ab initio reconstruction of the
shape of the domains revealed an envelope hosting NBD1, or NBD2, as known from their
crystallographic structure (see Fig. 5, Paper 1). This result supports, therefore, the contention that

(at least) NBD1 crystal structure is probably not too different from that in solution.

NBD1 and NBD2 have a monomeric conformation, but that they form a dimer if present together in
an isomolar concentration (the mass of the scattering particle being fully consistent with the

heterodimer predicted mass).

We found that the SAXS pattern obtained from the NBD1/NBD2 mixture could not be described
just as the sum of the properties of the single NBDs. Indeed, the deduced geometric properties are
compatible with the presence of a structure bigger than that of NBD monomers, possibly with a
dimer. In the absence of ATP, the ab initio reconstruction of the NBD1/NBD2 dimer reveals a
globular structure, with two divergent ‘‘wings’’ (see Fig. 6, Paper 1). This shape is not compatible
with the common head-to-tail conformation, such as that reported for NBD1 and the NBD1/NBD2
models (Moran et al. 2005; Mornon et al. 2009) or for NBDs belonging to the other ABC-proteins.
The best fit of this low resolution model with the atomic structures of NBD1 and NBD2 vyields a
conformation that has some analogies to the Mornon’s model of the conformation of the NBDs in
the closed CFTR channel (based on homologies to bacterial proteins) (Mornon et al. 2009). Indeed,
the NBD1/NBD2 region of the Mornon’s model can be docked to the low resolution model of

NBD1/NBD?2 in the absence of ATP.

On the contrary, in the presence of ATP, NBD1/NBD2 dimer undergoes to a tight dimerization and
this conformation is very similar to the crystallographic head-to-tail conformation reported for this
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subunit (Moran et al. 2005; Mornon et al. 2009), as well as to the SAXS shape reconstruction of the

NBD1/NBD2 dimer.

Parenthetically, SAXS allowed us to observe that NBD1 undergoes to a tight dimerization (Fig. 8a,

Paper 1) while dimerization of NBD2 doesn’t occurs, in the presence of ATP.

The addition of ATP changes the complex conformation - from a bi-lobular shape (in the absence of
ATP) to a tight sphere (in the presence of ATP). It is important to stress that, rather than inducing
the dimerization process, ATP produces a small conformational change in the relative positions of

NBD1 and NBD2 that could be correlated with the channel gating of CFTR (Vergani et al. 2005).

From the biochemical point of view, our experiments confirmed (see, Ko and Pedersen, 1995) that
refolded NBD1 and NBD2, or a mixture of the two, hydrolyze ATP with a decreasing enzymatic
activity, i.e., NBD1 < NBD2 < NBD1/NBD2. Implementation of this type of information was
achieved from studying the effect of the CFTR potentiator molecule, PBF, which previous works
indicated that it likely occupies a site located to the interface between NBD1 and NBD2 (Moran et
al., 2005; Zegarra-Moran et al., 2007; Melani et al., 2010). We observed that PBF (0-200 uM) does
not modify the binding of ATP (calculating the dissociation constant (Kg) by fluorescence
spectroscopy) to the dimer, suggesting that indeed ATP and PBF bind to different sites. Conversely,
the Michaelis-Menten constant (Ky,) for ATP hydrolysis by the dimer increased proportionally to
the increase of PBF concentration (see Fig. 2, Paper 2), while the Vmax value decreased in parallel to
the increase in PBF (see Fig. 2, Paper 2) concentration. Given the significance of the constants
(Allen, 2008), and in light of the previous finding that the Ky is independent of PBF concentration,
we concluded that the action of PBF is essentially due to a decrease in ATP hydrolysis rate. Thus,
the decrease of both Ky, and Vpax values likely indicates that the action of PBF is that of a “mixed”

inhibitor.

We also found that PBF induced important conformational changes on the NBD1/NBD2 dimer

(irrespective to ATP presence), as argued from denaturation experiments (using a given guanidium
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concentration) that were carried out with the dimer in the presence, and in the absence, of PBF. We
observed that PBF increased the apparent Gibbs free energy difference, 4Gy, of the transition from
the native to the denaturated state, indicating a dimer reduced compactness and an increased
accessibility of the denaturant (Pace and Shaw, 2000; Wrabl and Shortle, 1999) after the
conformation change, in agreement with the fluorescence quenching produced by potentiator (see

Table 1, Paper 2).

However, SAXS experiments were crucial to highlight a dramatic modification of the structural
features of the dimer occurring in the presence of both ATP and PBF, whereby Rq significantly
increased from 2.11 nm to 3.06 nm, even though the dimer was not disassembled (as indicated by
the unaltered mass of the system (see Table 2, Paper 2)). Such an increase of the Ry value is
consistent with the increase of the maximum size of the particle, from 6.2 nm (in the presence ATP)
to 10.1 nm (adding also PBF), which was estimated from the distance distribution function (P(r))
(see Fig. 6b, paper 2). This modification can be explained only by a major conformational change.
Accordingly, the P(r) function allowed us to infer that the almost spherical dimer, observed in the
sole presence of ATP, became elongated when PBF was added (see also the 3D reconstruction, Fig.

7d, Paper 2).

In agreement with the above-described different accessibility of denaturant, addition of 25 nM PBF

produces effects on NBD1/NBD2 dimer that depends on whether ATP is present or not.

In the absence of ATP, NBD1 and NBD2 form a dimer with a molecular mass of about 63 kDa, a
value that however gets reduced to about 32 kDa when PBF is added to the dimer. This data is
consistent with NBD1 and NBD2 coexisting as monomers, rather that forming a heterodimer: to test
this possibility, data were fitted with a weighted sum of the curves shown in Fig. 5b, Paper 2,

corresponding to the monomeric NBD1 and NBD2 as measured before (see Paper 1), and the curve
110



of the putative dimeric conformation shown in Fig. 4, Paper 2. These curves are the reciprocal space
fit of scattering computed for the P(r) function calculated for each set of data. Results of the fitting
are compatible with the presence of about 3% of the dimer and the remaining being composed by
about half of each monomer (Fig. 5, Paper 2), thus we could consider the protein solution as mono-

disperse.

In other words, PBF seems to decompose the NBD1/NBD2 dimer, a conclusion that is confirmed
from the Kratky plot of the dimer in the presence of PBF (Fig. 7c, Paper 2), showing a globular
scattering particle with a double peak, in line with the P(r) function (Fig. 6b, Paper 2) indicating
two high-density regions in the complex. (In this case, the presence of two, very similar,
independent particles in the system makes it impossible to attempt a three-dimensional

reconstruction of the molecules).

Moreover, the presence of 2 mM ATP significantly modifies the effect of 25 nm PBF on the
equimolar mixture NBD1/ NBD2. The SAXS spectrum in these conditions, shown in Fig. 6a (Paper
2) is significantly different to that obtained with the potentiator but without ATP (Fig. 5, Paper 2).
In this case, the molecular mass estimated from the extrapolation of the intensity to s = 0 is
consistent with a dimer, but the dimension of the scattering particle is significantly bigger (Table 2,
Paper 2). The gyration radius, Ry, of 2.1 nm measured for the NBD1/NBD2 dimer with ATP
increases to 3.1 nm upon addition of 25 nM PBF. This is consistent with about 4 nm increase of the
maximum distance, Dnax, in the distance distribution function. Comparing with P(r) of the
NBD1/NBD2 dimer with ATP (Fig. 6b, Paper 2), we can conclude that the potentiator has induced
a significant change in the complex. The CFTR-potentiator induces a change in the shape of the
NBD1/NBD2 complex, which is compact and about spherical in the presence of ATP, becoming

elongated, and with a molecular mass corresponding to that of the two domains.

It is to be noted that our dimer 3D reconstruction, obtained from the SAXS data in the presence of
ATP and PBF, does not fit with the crystal structure of isolated NBD1 and NBD2 solved at atomic
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resolution. This add an additional proof that PBF changes dramatically the conformation of the

dimer in solution.
14 - Structural and biochemical features of RD

A molecular view of RD and an experimental validation of its intrinsic disorder emerge from the
combined biophysical and spectroscopic study of RD in the native and phosphorylated states. A
control of the identity and the purity of the isolated protein was performed by biochemical
techniques (see Fig. 2a, b, Paper 4) while a spectroscopic analysis was performed to verify if the

RD was in a folded monomeric state (see Fig. 3a, b, Paper 3).

The bioinformatics analyses also have predicted that RD is an “intrinsically disordered” protein: the
probability of disorder (threshold = 0.5) as predicted by the metaPrDOS web server is shown in Fig.
1 of Paper 4, where the disordered regions are indicated by the bars. These disordered regions

represent 81% of the sequence (149 out of 185 residues).

Refolded (recombinant) RD was subjected to CD and SAXS studies, before and after the
phosphorylation step, to monitor other possible PKA-induced changes. Using the CD technique, we
observed that phosphorylation changed dramatically the secondary structure of the protein, whereby
a large increase of a-Helix was accompanied by reduction of the B-Sheet and Random Coil contents

(see “Results” of Paper 4).

Given its crucial functional importance, in addition to the native (non-phosphorylated) form, we
also analyzed the stability of phosphorylated RD. To this end, we followed the A4G° after thermal
denaturation (Fig. 2A, Paper 3); specifically, 4G° was evaluated at 10 and 37 °C. Clearly,
phosphorylation reduced RD stability, in light of the lower melting point value displayed by
phosphorylated RD, and the AH between the non-phosphorylated and phosphorylated RD being of
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about 6 Kcal/mol. It was hypothesized that activation of CFTR results from the interaction of
phosphorylated RD with NBDs (Baker et al., 2007; Ostedgaard et al., 2001). Our data could suggest
that phosphorylation induces a conformational change of RD, and/or an increase of the protein

flexibility, either of which could favor RD-NBDs interactions.

By SAXS experiments, we then calculated the Ry of both native and phosphorylated RD, whose
values (estimated from the Guinier plot) were consistent with non-globular conformations, and in
line with the Stoke radius, Rs, value of RD measured from size exclusion chromatography (SEC).
From this set of data, we could infer that RD in solution is monomeric, and holds a shape that,

however, deviates greatly from that of a typical globular protein.

Accordingly, the observed hydrodynamic behavior (determined by SEC experiments) of both native
and phosphorylated RD was intermediate between that of a globular and an unfolded protein (see
Fig. 4, Paper 4). Specifically, while the expected Rs value for globular proteins (of molecular mass
of 24.3 kDa) is about 2.1 nm, and 4.4 nm for an unfolded protein (Tcherkasskaya et al., 2003), we
found a value of 3.6 nm for native RD (only slightly higher than the 3.4 nm value predicted for pre-
molten states), and an Rs value of 3.4 nm for phosphorylated RD. This latter value, which is also in
the range for a pre-molten proteins, indicated that phosphorylation induces a small reduction of RD

size.

These indications, i.e., that phosphorylation changes RD structure, were confirmed by SAXS. The
P(r) function shows a maximum that is smaller than Dpa/2 (Dmax iS the maximum particle
diameter) (Fig. 6, Paper 4), corresponding to elongated molecules (Feigin and Svergun, 1987;
Svergun and Koch, 2002). Consistently, the ab initio molecular shape reconstructed from the SAXS

data resulted in elongated molecules for both native and phosphorylated RD (see Fig. 8, Paper 4).
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Also Ensemble Optimization Method (EOM) analyses indicated differences between the ensembles
for the native and phosphorylated RD, essentially that phosphorylated RD had a smaller average Ry
and Dnax than the native protein. (Fig. 7b, ¢, Paper 4). The best EOM ensembles, which account for
the continuous light-gray lines in Fig. 5 of Paper 4, are composed by 16 and 19 structures for the
native and phosphorylated RD. The average anisometry (Bernado et al., 2007) evaluated for all the
EOM ensemble models was 2.1 + 0.6 and 1.7 + 0.3 nm, for the native and the phosphorylated RD,
respectively, indicating that the molecules have a prolate shape, being the phosphorylated RD more

compact.

The main conclusions that one can draw from the data regarding the structural features of the

intracellular domains of CFTR are the following:

» NBD1 and NBD2 dimerize spontaneously when present in isomolar concentration.

» The binding of ATP induces a conformational change rendering the dimer tighter.

» The CFTR potentiator, PBF, modifies the enzymatic activity of the NBD1/NBD2dimer.
However, reconstruction of the dimer ab initio model indicates that PBF also changes the
dimer conformation.

» Phosphorylation of RD diminishes the protein stability and induces a significant change of
the percentage of the contributing secondary structures.

» For the first time, an experimentally-based model for RD was provided by SAXS
experiments.

It is therefore possible that, together with the provided low-resolution models and those that
eventually will derive from CF-related NBD mutants, the here-presented biochemical and
biophysical characterization of the intracellular CFTR domains may have future implications in

further our understanding of the pathophysiology of CFTR.
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