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Abstract

Cystic Fibrosis is an autosomal recessive disease that is characterised by
conditions present throughout the body. The majority of cystic fibrosis
cases are caused by the deletion of phenylalanine at position 508 in the
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR). A large
amount of research, from across a number of fields, has gone into
correcting the defect caused by the mutation. The work in this thesis
continues this principle of research providing a multi-disciplinary
approach to providing insight into the mechanism of disease and solving
the issue of F508del-CFTR. There exists limited pharmacological options
for cystic fibrosis patients who are homozygous for the F508del mutation,
with current treatments currently exorbitantly expensive, providing
limited rescue and still leaving patients with a greatly reduced quality of
life; this thesis provides an assay by which to develop novel compounds, or
investigate existing pre-clinical compounds, which would benefit patients
in the future. The method is validated by determination of the stability
impacts of a novel biosensor and novel pre-clinical corrector, as well as the
testing of an FDA approved library of existing widely used drugs. Recently,
the cystic fibrosis research field has been bolstered by the publication of
several cryo-electron microscopy structures showing CFTR in its various
states. Work in this thesis aims to provide insight into the differences of
these states, via limited exposure to proteases, as well as provide further
insight into the protein population that is recognised by cell quality control

machinery and degraded.
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Chapter 1.0 Introduction

1.1 F508del SRC

This PhD was funded by the cystic fibrosis trust (CF Trust UK), as part of the
F508del Strategic Research Consortium (SRC). It exists as a collaborative
effort between 5 labs that, through interdisciplinary partnership, would aim
to correct the affect of the F508del mutation, leading to cystic fibrosis.

The Manchester arm of the branch was utilised for its ability to purify the
cystic fibrosis transmembrane conductance regulator (CFTR) to a
reasonable amount and with a high grade of purity. The purified protein
would then be tested using a medium-throughput compound testing
process in order to identify compounds that would correct the F508del
mutation. The insight for this PhD became present due to the inadequacy of
current drugs for treatment of cystic fibrosis (CF). The F508del mutation
requires both correction and potentiation in order to show clinical benefit.
Vertex pharmaceuticals have developed drugs that are fit for that task, VX-
809 (Lumacaftor) to correct and VX-770 (Ivacaftor) to potentiate. The
combination therapy was shown to increase lung function and aid with
disease stability in clinical trials [1], however further studies show that
chronic administration of this combination therapy actually reduced
correction, leading to abrogation of the disease [2] [3]. Therefore, new
compounds were sought after for the sake of further treatment of the
disease. The drugs wrought from Vertex pharmaceuticals had been the most
successful to date prior to the start of this research, thus novel methods
were sought in order to provide fresh insight into the correction process.
Therefore, the Manchester arm of the SRC would be testing novel
compounds developed by the French portion of the consortium. The aim
was to develop an assay that can test novel compounds for their direct
action against CFTR, seeing a pharmacological modulation effect where any
positive changes seen in the stability of the protein are due to the effect of
the drug on the protein rather than due to changes in the cellular
machinery. Thus the pharmacological work in this thesis aims to
distinguish between development of pharmacological chaperones from

proteostasis regulators. The chaperones would be defined in the literal



sense of the word, something to bind to the protein and affect it in a positive
way. Whereas regulators would be defined as a compound that would affect
the cellular machinery in such a way that the regulation leads to increased
trafficking of CFTR to the membrane either through a reduction in cellular
degradation or through increased expression [4].

This thesis presents results from this aim as well as other research
conducted into investigating the affects of cystic fibrosis causing mutations
on the conformation, stability and structure of CFTR. These data have been
published over a number of papers which are presented here as an

alternative format theses.

1.2 The cystic fibrosis transmembrane conductance regulator (CFTR)
and its stability (Chapter 3)

This paper involved written text looking at the general disease of cystic
fibrosis and the background of research undertaken into developing a cure.
Work was carried out in developing data for a time course, providing
F508del expression data to accompany WT and G551D data already
present. Samples were collected at relevant hourly points after induction.
The samples were ran on an SDS-PAGE gel, the CFTR fluorescence was
ratioed against an intrinsic fluorescent yeast protein and plotted
logarithmically against the relevant time point taken. The WT and G551D
data had already been provided from experiments carried out by another of
the authors, Xin Meng. Time course data is provided in one of the other
papers therefore this paper provides a basis from which the others can be
deduced. This paper is important to the field, providing an introduction to
the basis of the disease and the need for development of correction
compounds to occur. It summarises the structure of the CFTR protein,
describing the function and topology of the domains and how the function
of the protein is formed from these. It argues that the basis of cystic fibrosis
is rooted in the instability of the protein caused by the deletion of
phenylalanine at position 508. Therefore this paper introduces the
fundamental basis of the pharmacological aspect of this thesis. That to
correct the F508del mutation, providing pharmacological relief to the

patient, fundamental correction of the instability of the mutant protein must



occur. Indeed the paper introduces the thermal stability assay, which will be
presented as the main method in chapter 8 of this thesis. In terms of

writing, the majority of the introduction text was written by the candidate.

1.3 The structural basis of cystic fibrosis (Chapter 4)

This paper provides a general introduction to the Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR), its structural parameters
and their relation to its function as an ABC transporter. The paper explores
the effect of the mutation on the conformation of the protein, providing the
scientific basis to provide pharmacological correction to the mutation, as
well as elucidate more about the overall biogenesis of the mutated protein
and how its structure and conformation is affected in a normal state.
Similarly to the previous chapter, this paper introduces the field looking at
aspects of the structure of the protein and how the mutation leads to the
disease by affecting this structure. The candidate contributed text to this
paper and is included in this thesis as a means to provide an introduction
the field and provide a basis for the research chapters presented later in the

thesis.

1.4 CFTR structure, stability, function and regulation (Chapter 5)

The main premise of the paper is that F508del has an effect on the overall
stability of the protein, rather than affecting the wider conformation.

The studies in the paper test the effect of the F508del mutation on the
structure, conformation and stability of the CFTR protein. The limited
proteolysis experiments were carried out in as part of this PhD, comparing
pure protein and microsomal membranes. All of the constructs used;
F508del, WT and G551D possessed a GFP tag at the c-terminus, therefore as
the samples were ran on SDS-PAGE gel, and subsequently scanned, the
fluorescence given by the GFP tag could be visualised. Similarly, all of the
constructs possessed an N-terminal SUMO-tag, this was visualised by
immunoblotting, using a primary anti-SUMO antibody followed by a Li-Cor
conjugated secondary antibody that would provide a signal following

scanning. The degradation profile of each construct, in both its pure protein



and microsomal aspect was compared. The conclusions from these limited
proteolysis studies identify the similarity between purified protein and
microsomal membranes, arguing there is a retained conformation
throughout purification, at least at the lower temperatures that the
experiments were carried out at. The differences between F508del and WT
in the degradation profiles seen here do show conformation differences but
this can be summarised as an effect on the stability of the protein rather
than the overall conformation. The candidate contributed to Figures 2 & 3 of

this paper, as well as the main body of text.

Chapters 3, 4 and 5 are included in the thesis as an introduction to the basis
of the PhD and introduce the background of CFTR and the disease to which
the mutation causes. They also provide an introduction to the methods used
in the primary research papers presented in this thesis, validating the
premise of the research and the direction that was taken to answer the two
objectives presented earlier on in this chapter. The CPM method is shown in
chapter 3 of this thesis and the limited proteolysis method is identified in
chapter 5 of this thesis.

The cystic fibrosis transmembrane conductance regulator (CFTR) CFTR has
been widely studied for decades|[5]. Particularly, studies have always tried
to elucidate the similarities between structure and function and how this
may relate to disease. Early studies utilised non-human CFTR analogues
that were more stable and easier to express than the WT and mutant forms
of the human protein. There have been many structural and expression
studies using other orthologues of human CFTR. Their genetic similarity has
allowed for postulation and planned experimentation on human CFTR, as
the functional domains of the protein have been conserved in the
orthologous structures [6, 7]. Particularly interesting is the fact that the
functional domains of CFTR, the nucleotide binding domains and the
transmembrane domains are highly conserved across the orthologous
mammalian system. These orthologous structures have been expressed
using a variety of expression systems that allow the protein to be studied by
structural studies such as cryo-electron microscopy or X-ray

crystallography.



The CFTR construct used in this paper has been expressed in a
Saccharomyces cerevisiae strain, FGY217. Using a plasmid provided from
David Drew’s lab [8] .The plasmid contains a pep4 deletion corresponding to
the removal of lysosomal endopeptidase Pep4p [9]. Previous work carried
out with this genetic modification has shown improved expression, in
regards to limiting degradation of membrane proteins in yeast, particularly
S. cerevisiae [10]. The CFTR construct has been placed downstream of a
galactose promoter (GAL1) [8] indicating induction of cellular manufacture
of the protein when the log phase of growth yeast cells are exposed to
galactose. It has been shown that overexpression of recombinant proteins
can be toxic to the yeast cell, indeed the overexpression of a large, unstable,
membrane bound protein would prove taxing and energy depleting of the
cell. Therefore, the expression of CFTR is beneficial to the host expression
system if placed downstream of a tightly regulated promoter rather than a
promoter that may exhibit sporadic or delayed expression. The phase of
growth, and abundance of glucose can be monitored by optical density and
colorimetric tests respectively. This allows rather exact induction of the
expression system and also allows accurate monitoring of the effect of the
expressed CFTR protein on the yeast expression system. During the log
phase, the cellular cycle of the yeast organism has achieved a status that is
able to efficiently produce the protein. Similarly the cellular density is high
enough that enough of the recombinant protein is expressed for
experimental purposes. Yeast has been chosen and is continued to be used
for membrane protein expression due to its robustness its ability to be
grown to a large scale and it’s genetic manipulability [11]. It allows for post-
translational modifications on proteins that are generated allowing for
mammalian membrane proteins to be in their nascent state. It has
limitations for human membrane proteins but strains of varying genetic use

can be used to enhance their expression.
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1.5 CFTR structure and the effects of disease-causing mutations
probed by limited proteolysis (Chapter 6)

This paper provides insight into the effect of proteolytic enzymes on
purified CFTR and CFTR containing microsomal membranes. Due to CFTR’s
nature as an ABC transporter, it is heavily influenced by phosphorylation.
Work has been shown that indicates its activity is regulated by
phosphorylation and that its structure changes upon phosphorylation. [6, 7,
12-15] Work has already been carried out showing the efficacy of limited
proteolysis in determining conformational differences between protein
structures [16, 17]. Therefore, using the strength of the purified protein, we
have carried out work identifying differences between the phosphorylated
and dephosphorylated forms of the protein. This adds weight to the current
cystic fibrosis field as the recent cryo-EM structures have variable
conclusions ascertaining to what the conformation of the protein is at. A
paper in this thesis [18] has already put forward the hypothesis that CFTR,
in the presence or absence of substrate, actually exists as a number of
states, outward or inward. The work in this paper investigates the
differences between phosphorylated and dephosphorylated protein in
terms of its susceptibility to proteases. All of the limited proteolysis work
presented was carried out by the candidate and is being presented as one of
two main chapters for examination. The candidate carried out preparation
of samples. In this chapter, other authors, namely in Figure 7 and 4, carried
out work involving cryo-EM and fluorescence microscopy respectively. The
data is included in here for the sake of the publication. The author’s names

are present and credited duly.

1.6 Exploitation of a novel biosensor on the full-length human
F508del-CFTR with computational studies, biochemical and biological
assays for the characterization of a new Lumacaftor/Tezacaftor
analogue (Chapter 7)

This paper was a means by which to validate and use a novel biosensor for
identification of a novel corrector that could be used against the F508del-

CFTR mutation. Computational modelling in combination with surface

11



plasmon resonance (SPR) and thermal stability studies aimed to identify a

useful biosensor in the development of novel correctors.

This paper identifies the importance of using full length F508del-CFTR as
means to test the effect of new pharmacological compounds. It argues that
in recent cystic fibrosis history drug development has been hindered by the
complexity of the CFTR protein in general but also by the extreme
limitations of expression, stability and function caused by the F508del
mutation. This has led to poor generation of the full-length protein leading
to insensitive novel compound testing and an inhibited treatment pipeline.
The paper aims to illustrate the use of surface plasmon resonance (SPR) as a
means to test the interaction of a novel pharmacological compound with
detergent purified CFTR as well as setting up a useful model that can be
used for future development.

The PhD work involved proof of principle of the CPM assay, using purified
protein from the lab in Manchester in combination with CPM dye to test the
viability of the assay. The candidate tested the novel compounds and

biosensor in the CPM assay.

This paper shows use of the isothermal CPM assay as a means to test the
effects of certain variables on CFTR stability. It also argues the point of
using purified full-length CFTR as a means of developing new compounds
for cystic fibrosis treatment. The effect of the mutation leads to a global
effect on the whole protein so any testing of correction is useful in terms of

affecting the full-length protein rather than an isolated domain.

Novel compounds sent from Italy were used in combination with WT-
hCFTR purified in LPG-14. The protein was diluted in various buffers that
were used for SPR and ran via the thermal stability assay. Overall, the
candidate contributed to Figure 2; with panel C. Figure 2C provides
comparison of the various buffers that would be used for the SPR,
comparing the control of PBS-DMSO with a synthetic phospholipid blend as
well as the HBS-EP. This figure provides further validation of the assay,
allowing it to test the effect of various buffer conditions, detergent profiles,

reagent conditions, etc. on the stability of a protein. The CPM dye is greatly

12



beneficial for the use of stability testing for membrane proteins due to the
nature of their structure and the likely presence of buried cysteine residues.
This paper demonstrates a marked difference between the stability of
certain buffers, showing the assay’s sensitivity to differences in stability

caused by the different reaction conditions.

The candidate’s work also contributed to Figure 8, panel A, in which a novel
compound, EN503a was tested using the assay and compared with an
existing compound, Tezacaftor, one of Vertex’s compounds[19]. EN503a
was tested following its use with SPR. The method by which it was tested
should set the precedent for the testing of the other compounds later in this
thesis, in chapter 8. It provides a proof of principle to the development of
novel compounds. Both EN503a and Tezacaftor (VX-661) are shown to have

some correction ability when used in this regard.

1.7 Assessment of fluorescent assays for F508del CFTR stability and
the screening of FDA-approved and natural product compound
libraries (Chapter 8)

This paper identifies testing of compounds to find novel correctors and
potentiators. The main body of work presented by the candidate here
involves testing of an FDA approved drug library. This presents two main
benefits for the wider field. The principle of drug repurposing is a means by
which existing drugs are investigated for different uses[20]. These drugs are
already clinically used for alternative ailments to cystic fibrosis, having
passed the stages of clinical trials necessary to be administered by a patient
at various chronic concentrations. This presents a major benefit for the
British cystic fibrosis field. It is in the interests of the NHS and the Cystic
Fibrosis Trust UK charity to minimise the costs of new treatments, but also
to provide competition to the current treatments that are available for the
patient. Bypassing the costly, both in time and financially, clinical trials that
come with traditional drug development will reap rewards for the patient if
a new treatment is found. The second benefit of testing an FDA approved
drug library is providing solutions to problems that may not currently exist.

Due to the nature of the cystic fibrosis disease, patients suffer and require

13



treatment from birth until they die. Improvements in the treatment, the
drugs available, as well as the clinics has increased the life expectancy of
cystic fibrosis patients narrowing the gap in the quality of life between CF
sufferers and healthy individuals. This of course leads to cystic fibrosis
patients living a longer life than ever before increasing the likelihood of
occurrence of other diseases and ailments that may affect the patient. The
drugs contained in an FDA-approved drug library would more than likely be
taken by CF patients, perhaps over an extended period of time. Data from an
assay shown in this paper allows us to look at the potential effects of
common drugs on CFTR, allowing clinicians to make informed decisions to
patients about the negative, or indeed positive outcomes of different
treatments. Indeed, similar work has already been seen in the effect of a
Vertex potentiator, VX-770, on the ABC transporter P-glycoprotein[21].

The paper outlines the methods of the assay used, the compounds that were
tested and how effective the method is for finding new compounds to be
used for correction. The candidate presents this paper as joint first author.
The majority of the work presented in this paper is present in the form of
two assays, a 48-well assay and a 96-well assay. The candidate was the main
proprietor of the 48-well assay whereas the other joint first author, Xin
Meng was the main proprietor of the 96-well assay. The manuscript
presented in this thesis was mainly written and compiled by the candidate -
Xin Meng contributed to analysis and generation of figures. Purification of
protein and preparation of samples was jointly shared by the candidate and
the other first author.

Overall all this work contributes to the idea that there is still
pharmacological progress to be made in the field of rescuing CFTR. It
presents the idea that a different approach is needed in the future for

effective drug discovery due to the slow progress of current treatments.
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1.8 Objectives
The aim of this PhD was to promote the identification and development of

novel compounds to treat the most common form of cystic fibrosis,

F508del.

The finer objectives of this aim were as follows:

- to provide novel insight into new corrector compounds as well as
provide a means to which novel correctors can be identified.

- To provide insight into the when and where the F508del mutation
affects CFTR during biogenesis. The work presented in this thesis adds
to the foundational experimental procedure of what can be used to
elucidate this conundrum. Through evidence provided from the time
course and addition to the limited proteolysis procedures a foundation

for future work is provided to solve this mystery.
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Chapter 2.0 Materials & Methods

2.1 Materials

30% acrylamide/Bis solution 29:1 (Bio-Rad, 161-0156)
Adenosine 5’-triphosphaate magnesium salt (Mg-ATP) (Sigma-Aldrich,
A9187)

Agar (Formedium, AGA03)

Aminoethylbenzenesulfonyl fluoride (AEBSF) (Sigma-Aldrich, A8456)
Ammonium persulphate (APS) (Fischer Scientific, BPE179-100)
Benzamidine hydrochloride (Sigma-Aldrich, 434760)

Bestatin (Sigma-Aldrich, B838)

Bradford reagent concentrate (Bio-Rad, 500-0006)

Chymostatin (Sigma-Aldrich, C7268)

Chymotrypsin (Sigma-Aldrich, C4129)

Coumarin meleimide (CPM) (Life Technologies, D-346)
D-galactose (Fischer Scientific, G/0500/48)

D-glucose (Fischer Scientific, G/0500/53)

Dimethylsulfoxide (DMSO) (Sigma-Aldrich, D8418)
Dithiothreitol (DTT) (Sigma-Aldrich, 43817)

Dodecyl-maltoside (DDM) (Affymetrix, 69227-93-6)

Ethanol (Fischer Scientific, E/0056DF/P17)
Epoxysuccinyl-leucylamido-butane (E-64) (Sigma-Aldrich, E3132)
Glass beads, acid washed, 425-600um diameter (Sigma, G8722)
Glycerol (Fischer Scientific, G/0650/17)

Glycine (Fischer Scientific, BPE318)

Hydrocloric acid (HCI) (Fischer Scientific, A466-2)

Imidazole (Sigma-Aldrich, 1553)

Instant Blue Coomassie (Novexin, 15BIL)

Leupeptin hydrochloride (Sigma-Aldrich, L9783)
Lyso-phosphatidylglycerol 14 (LPG) (Avanti, 185092)

mqH:0 (lab supplied through a Millipore Q 0.22uM filter system)
PageRuler plus pre-stained protein ladder (Fermentas, SM1811)
Pepstatin A (Sigma-Aldrich, P4625)
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Phenylmethanesulfonylfluoride (PMSF) (Sigma-Aldrich, P7626)
Proteinase K (Roche, RPROTKSOL-RO)

Pro-Q Diamond Phosphoprotein Gel Stain (ThermoFisher Scientific, P33300)
Sodium adenosine triphosphate (Na2ATP) (Sigma-Aldrich, A2383)
Sodium Chloride (NaCl) (Fischer Scientific, S/2920/53)

Sodium dodecyl-sulphate (SDS) (Fischer Scientific, BPE166)

Sucrose (Fischer Scientific, S/7400/53)
Tetramethylethylenediamine (TEMED) (Bio-Rad, 161-0800)
Thermolysin (Promega, V400A)

Tris Base (Fischer Scientific, T/P631/48)

Trypsin (Sigma-Aldrich, T8642)

Tween-20 (Sigma-Aldrich, P1379)

Uracil Drop Out - Complete Supplement Mixture (CSM) (Formedium,
DCS0169)

VX-809 (Selleckchem/S1565)

Yeast Nitrogen base (YNB) (Formedium, CYN0410)

2.2 Equipment

Toledo pH Meter (Mettler Toledo, 51302910)
Semi-dry Transfer Machine (Bio-Rad, 1703940)
AKTA Purifier (GE Healthcare, 29010831)
Optima XE-90 (Beckman Coulter, A94471)
Optima Max-XP (Beckman Coulter, 393315)
Avanti J20-XP (Beckman Coulter, ]320XP-IM-5)
Biospec Beadbeater (Biospec, 11079100-105)
Chemidoc XRS+ (Bio-Rad, 1708265)

UNCcle (Unchained Labs)

2.3 Media and Buffers

17



YNB Broth 6.9g/L of YNB media, 0.77g/L of CSM drop out media and

2% glucose.

YNB Agar 6.9g/L of YNB media, 0.77g/L of CSM drop out media, 2%
glucose and 20g/L of agarose.

mPIB Buffer  0.3M Tris (pH8), 0.3M Sucrose. Buffer was supplemented
with 2ZmM DTT and 1x Protease Inhibitors depending on use.

CFTR Buffer =~ 50mM Tris (pH8), 20% glycerol and 1M NaCl. Buffer was
supplemented with 1ImM DTT and 1x Protease Inhibitors depending on

use.

Solubilisation Buffer 50mM Tris (pH8), 1M Salt (varies depending on
experiment), 20% glycerol and 4% detergent (varies depending on

experiment)

Purification Buffer A: 50mM Tris (pH8), 1M Salt (varies depending on
experiment), 20% glycerol and 0.04% detergent (varies depending on

experiment).

Purification Buffer B: 50mM Tris (pH8), 1M Salt (varies depending on
experiment), 20% glycerol and 0.04% detergent (varies depending on

experiment) and 1M imidazole.

Low Tris Limited Proteolysis Buffer - 50mM, 50mM NaCl, 10% Glycerol. s

2.4 Large Scale Fermenter Culture

Glycerol stocks of FGY217 containing the F508del-hCFTR plasmid were
streaked out on YNB-Agar plates and grown for three days. A full plate of
colonies was then picked and grown overnight in two baffled flasks
containing 750ml of YNB broth and 2% glucose. The culture was then

diluted into 14 litres of YNB broth. Glucose concentrated was monitored
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using standard glucose testing strips and 0.1% glucose was supplemented
if the glucose concentration of the media was depleted. The fermenter
culture was left to grow at 30°C until an OD600 of 0.8-1.2 was reached or
the glucose concentration was depleted.

Cultures were then induced with 2% galactose and 8% glycerol and left to
grow for 16-18 hours at 20°C. Following this, cells were centrifuged at
3000 x g for 10 minutes at 4°C. The supernatant was discarded and the
pellets were re-suspended in mPIB buffer and subsequently snap frozen for

further use.

2.5 Large Scale Time Course Growth

For time course samples, a fermenter was prepared as usual. The glucose
concentration and optimum density were monitored closely until the
glucose concentration had expired. The fermenter was then induced with
the galactose induction media; this was taken as time point 0. Time was
monitored from this and subsequent samples were taken out of the
fermenter at their respective time points and harvested with usual

methods.

To maintain sample consistency, the time course samples corresponding to
each batch were broken with the same weight of beads which were from
the same batch from the supplier and were therefore of consistent

durability.

2.6 Microsome Preparation

Cells from a large-scale fermenter culture were thawed on ice and added to
160/180g of glass beads 400-600um. mPIB buffer was added to fill the line
of the canister. The cells were broken using a BioSpec Beadbeater for 15
minutes total. For every minute of breakage, the cells were left to cool for
two minutes to ensure that the cells would not heat up too much.

200pl was taken every two minutes to assess the efficiency of cell breakage
via 0D380. A 1 in 50 dilution was made of the 200ul sample with CFTR
buffer and then recorded in a spectrometer. If, over time, the 0D380

increased linearly it was deemed that efficient cell breakage had occurred.
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Following this, the solution was centrifuged at 11,000rpm for 10 minutes at
4°C to pellet unbroken cells and any in-solution glass beads. The
supernatant was then centrifuged at 200,000 x g for 90 minutes to pellet
mitochondria and unwanted cell contents. The subsequent supernatant
was centrifuged at 100,000 x g for 60 minutes to pellet the microsomal
membranes. The pellet was re-suspended in CFTR buffer and the stock of

microsomes subsequently snap-frozen for further use.

2.7 Solubilisation of microsomal membranes

Transfer of the protein from the microsomal membranes to detergent
micelles required solubilisation of the protein with a detergent-containing
buffer. DDM and LPG detergent were used at a final concentration of 2% as
routine, but this can adjusted depending on the experimental procedure.
The microsomal material was incubated for 2 hours at 4°C and centrifuged
for 45 minutes at 100,000 x g to separate the soluble and insoluble
fractions.

The soluble fraction was collected and the insoluble pellet was gently re-

suspended in CFTR buffer.

2.8 SDS-PAGE

Samples of cells, microsomes and protein were ran on custom made 8% or
10% acrylamide gels. The samples were diluted with loading dye, usually at
a 2:1 ratio but this could be adjusted depending on the protein
concentration of the sample. Once added with loading dye, the sample was
left at room temperature for 15 minutes and than span at 1500x g for 30
seconds in order to pellet any aggregates that may have formed. Following
this the samples were added to the wells of the gel ran at 110 volts for 20
minutes to allow travel through the stacking portion of the gel followed by
130 volts for another 70 minutes to allow travel through the resolving part
of the gel.

The gels were subsequently scanned for GFP signal using a Chemidoc MP
scanner, using a blue light with a 530nm emission filter to scan for the GFP
signal and a green and red light to visualise the PageRuler protein marker.

The software available collated these three scans with the Chemidoc MP
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scanner to provide a Multichannel image for analysis, which appears in this
thesis alongside each corresponding 530nm scan representing the GFP

signal.

2.9 Nickel-Affinity Chromatography Purification

Routine purification was carried out according to the protocol outlined in
(Pollock et al., 2014). A HisTrap column was connected in parallel with an
AKTA Purifier system (GE Healthcare). The column was equilibrated with 5
column volumes (CV) of MQ water followed by 5 column volumes of
purification buffer. The solubilised material was supplemented with 5mM
of imidazole and ran over the column at a flow rate of 0.5ml/min in order
for the His-tagged CFTR protein to bind to the nickel resin. The flow
through was collected. The column was then washed with varying ratios of
imidazole containing purification buffer depending on the wash carried out

at a rate of 0.5ml/min.

2.10 Concentration of Purified Sample

Purified protein stocks were concentrated using a 100kDa filter, Sartorius
VIVASPIN TURBO 4. The solutions were centrifuged with the filter for
100,000 x g for 15 minutes at 4°C. The resultant purified protein was re-
suspended from the filter with 500ul-1ml of purification buffer depending

on the volume of pre-concentrated sample.

2.11 GFP Purification

The material for purification was incubated overnight with the GFP resin.
The solution was span down at 2500 x g for two minutes. The supernatant,
representing the unbound fraction of the protein, was collected. The resin
was then washed with a sample volume of purification buffer. This was
then span down at 2500 x g for two minutes and the wash fraction
collected. TEV protease was added at 0.2ul/ug of protein, this was then
incubated overnight at 4°C with 1 sample volume of purification buffer.
One final spin at 2500 x g for two minutes provided the elution fraction

containing the protein.

2.12 CPM Assay
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Depending on the reaction carried out, the concentration of the protein was
varied from 200-1000ng. The CPM dye was diluted from a 4mg/ml stock
down to 0.05ug per reaction. The experiments were run using a UNcle
system. The reactions were run in tandem using a 16 well cassette and the
reactions were subjected to a thermal ramp from 15-90°C and excited with
a UV spectrum laser. The resulting spectra were transferred from the

connecting software for analysis.

2.13 Immunoblotting - Semi-dry Method

Following SDS-PAGE analysis, the acrylamide gel was transferred by semi-
dry method onto nitrocellulose membrane paper using a prepared
‘sandwich’ of three pieces of 9 by 6 inch blotting paper soaked in cation
buffer 1 followed by three pieces of blotting paper soaked in cation buffer 2
followed by the nitrocellulose membrane soaked in cation buffer 2
followed by the acrylamide gel followed by three pieces of blotting paper
soaked in anion buffer. The transfer was ran for an hour at 15 minutes and

transfer was confirmed via Ponceau stain.

2.14 Immunoblotting - Blocking and incubation with antibodies.
Following confirmation of transfer, the membrane was blocked with a 2%
BSA solution. The BSA was dissolved into 1xTBST buffer and added to the
membrane with gentle shaking for 1 hour at room temperature.

The primary antibody was then diluted in 1xTBST blocking buffer to the
required concentration and added to the membrane for overnight
incubation at 4°C. The next morning, the membrane was taken and washed
for 5 minutes 5 times with 1xTBST buffer. Following washing, the
secondary antibody was diluted in 1xTBST blocking buffer and added to
the membrane and the membrane was subsequently left to incubate for 1
hour at room temperature. Following this the membrane was washed with
1xTBST buffer for 5 minutes 5 times. The membrane was then ready for

visualisation, using the LiCor Odyssey machine.

2.15 Limited Proteolysis
Thermolysin
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Limited Proteolysis reactions were carried out at 4 degrees in a 20ul
reaction. Protein and microsomes previously prepared according to 2.9 and
2.6 respectively were incubated with enzyme for 15 minutes and then the
reaction was halted with 12mM of EDTA. Pure protein amount was kept at
a constant of 0.5ug and microsome concentration was kept at a constant of
1ug while thermolysin enzyme was maintained at 12.5ug/ml and 50pg/ml
for pure protein reactions, and 25ug/ml and 250ug/ml for microsome
reactions. The enzyme was diluted in a calcium-containing Thermolysin
buffer to provide the co-factor for the enzyme reaction. The chelating
buffer stopped the reaction after addition. 2x Sample Buffer was then
added to the reaction 1:1 and left at room temperature for 30 minutes
before being run on a 12% polyacrylamide gel. SDS-PAGE was conducted

for 90 minutes at a constant of 130 volts.

Trypsin

Trypsin reactions were carried out in 20ul reactions on ice. The
experiments were conducted by ratio of mass. 75:1, 150:1 and 300:1 - the
trypsin quantity would vary depending on the amount of microsomal or
pure protein being used. The reactions were carried out in a low Tris
limited proteolysis buffer, which was usually used to make up the reaction
to the full reaction volume. The proteolysis reaction was stopped with
protease inhibitors from the PI cocktail which was diluted to a 1x stock. 2x
loading dye was added at 1:1 ratio with the reaction volume of the sample

and this was then run onto a SDS-PAGE gel.

Proteinase K

Proteinase K limited proteolysis reactions were carried out similar to
trypsin reactions. They were conducted using mass ratios between the
enzyme and the protein. The enzyme quantity was diluted in respect of the
amount of microsomal or pure protein being used and the ratio for which
the reaction was conducted. The reaction was stopped with protease
inhibitors from the PI cocktail which was diluted to a 1x stock. 2x loading
dye was added at a 1:1 ratio with the reaction volume of the sample and

this was onto a SDS-PAGE gel.
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2.16 Visualisation of anti-SUMO degradation profile

For Anti-Sumo identification, the gel was transferred using the semi-dry
method using Anode and Cathode Transfer buffers. Following transfer, the
membrane was incubated in a BSA blocking buffer for 1 hour at room
temperature. The membrane was then incubated with an anti-Sumo
primary antibody (Ms mAB to PAN SUMO abcam ab176485) overnight at
4°C. Following incubation the membrane was washed with TBST buffer 5
times for 5 minutes. The membrane was then incubated with a secondary
antibody (Dnk pAb to Ms IgG (IRDe@ 800cw abcam ab216774) for an hour at
room temperature. Followed by 3 washes with TBST buffer for 5 minutes.

The membrane was then viewed on a LiCor Odyssey machine.

2.17 Q staining method

The method for Q staining was carried out per manufacturer’s instructions.
An SDS-PAGE acrylamide gel was ran as normal and explained as above in
this chapter. All steps involve enough volume of the solution to submerge
the gel in a sufficiently sized container. Following SDS-PAGE, the
acrylamide gel was fixed with a 50% methanol, 10% acetic acid solution for
30 minutes and then overnight with fresh solution. The gel was then
washed with mqH20 water for 10 minutes for 3 times. The gel was then
stained with the Pro-Q Diamond stain for between 60-90 minutes. The gel
was then destained using a 20% acetonitrile solution for 30 minutes and 3
times. The gel was then washed for 5 minutes twice in mqH:0. Following

this the gel could then be scanned using a Chemidoc MP
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Chapter 3.0

The cystic fibrosis transmembrane conductance regulator

(CFTR) and its stability

Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) is responsible
for the disease cystic fibrosis (CF). It is a membrane protein belonging to the ABC
transporter family functioning as a chloride/anion channel in epithelial cells
around the body. There are over 1500 mutations that have been characterised as
CF-causing; the most common of these, accounting for ~70 % of CF cases, is the
deletion of a phenylalanine at position 508. This leads to instability of the
nascent protein and the modified structure is recognised and then degraded by
the ER quality control mechanism. However, even pharmacologically ‘rescued’
F508del CFTR displays instability at the cell’s surface, losing its channel function
rapidly and it is rapidly removed from the plasma membrane for lysosomal
degradation. This review will, therefore, explore the link between stability and
structure/function relationships of membrane proteins and CFTR in particular
and how approaches to study CFTR structure depend on its stability. We will also
review the application of a fluorescence labelling method for the assessment of

the thermostability and the tertiary structure of CFTR.

Introduction
Cystic fibrosis transmembrane conductance regulator (CFTR) is unique among

ABC transporters as it is the only member of this family of membrane proteins to
act as an ion channel (although two ABC proteins (SUR1 and SUR2) regulate a
potassium channel rather than act as transporters [1, 2]). As expected, the cystic
fibrosis transmembrane conductance regulator (CFTR) follows the same domain
structure as other ABC transporters (Fig. 1): it has two nucleotide-binding
domains (NBDs) in tandem with two transmembrane domains (TMDs). What

differentiates it from the other transporters (apart from its channel activity) is
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its regulatory domain or ‘R’ region (the word ‘region’ is suggested by Forman-
Kay and co-workers as this 200-amino acid-long region is largely unstructured
when analysed in isolation by NMR [3]). The R-region lies between the first TMD
and the second NBD, within the cytoplasm. There is no significant sequence
homology between the R-region and any other proteins in nature; hence, its
origins are obscure. Within the ABC family, only ABCA1 in higher plants has a
connecting region of similar length, and this is enriched in charged residues, like
the CFTR R-region. The R-region contains a number of Protein Kinase A (PKA)
phosphorylation sites which have been shown to be highly conserved across
species [4] PKA is a cAMP-activated kinase and as cellular levels of cAMP
increase, PKA phosphorylates CFTR. In a readily understood model, the R-region
is proposed to block the NBDs from associating together which subsequently
keeps the channel in a closed conformation. Phosphorylation causes a structural
change that removes the R-region from its steric-interfering position and allows
NBD dimerisation to occur, triggering a much larger conformational change
(Fig. 1). It is then the binding of ATP that is thought to initiate channel opening
whilst channel closure is associated with ATP hydrolysis and release of ADP and
inorganic phosphate [5, 6]. Forman-Kay and co-workers have proposed a more
complex model involving the C-terminal region [7], which also displays a
sequence unique to CFTR. In this model, phosphorylation of the R-region causes
a switch from it interacting with the NBDs to it interacting with the C-terminal
region. In this scenario the R-region acts as a global regulator of CFTR via its

alternative interacting partners [7].
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Figure 1: Cartoon illustrating how ATP binding and subsequent hydrolysis could
lead to channel opening and flux of chloride ions (based on the model proposed by
Wang et al. [3])
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The effects on stability of F508 deletion

Cystic fibrosis is caused by mutation in the CFTR protein. There are estimated to
be over 1800 different mutations that can lead to cystic fibrosis
(http://www.genet.sickkids.on.ca). Of these, the deletion of phenylalanine at
position 508 is by far the most common and 95 % of CF patients possess at least
one allele with this mutation. Homozygous F508del patients account for 65-

70 % of cystic fibrosis cases in some groupings [8] and they have almost
complete loss of the protein at the apical membrane. These patients have the
most severe form of the disease. Heterozygous individuals (carriers), with one
WT gene and one F508del mutated gene, have no symptoms and there may have
been some selective advantage in the past for such individuals—such as reduced
water loss in diarrhea. This has led to a theory that the prevalence of this
mutation in certain populations is due to the increased resistance to
dehydration-causing diseases such as cholera and typhoid fever which were

previously major causes of morbidity, especially in infancy [9].

The F508del mutation and its effect on the stability and function of the protein
have been studied extensively [10-14]. The deletion of phenylalanine at position
508 is crucial due to the position of this residue in the tertiary structure of the
protein. It probably lies at the connecting position between the helical sub-
domain of NBD1 and the second cytoplasmic loop of TMD2, a conclusion based
on homology modelling [15] as well as cross-linking studies [8, 16, 17]. As a
result of the mutation, there is thought to be a less stable conformation between
TMD2 and NBD1, resulting in a protein that is recognisable by ER chaperones
and which is then degraded by the ER quality control system via ubiquitinylation

and proteasome-mediated degradation [18-20].

Cui et al. also considered the defect of F508del in terms of a different set of
domain interactions [21]. They proposed that F508 deletion has an effect early in
the folding of the protein and that the interaction between NBD1 and TMD1 is
stabilised by this residue. These conclusions were based on the observation of a
defined TMD1-NBD1 unit that was resistant to exogenously added protease in
the WT protein, but not in the F508del version. This early unit in the CFTR

28



folding pathway was proposed to be sufficient to escape endoplasmic reticulum
quality control. If the F508del CFTR protein arrives at the apical membrane of
the epithelial cell, it exhibits a reduced functionality as a chloride channel [22]
and is susceptible to degradation. Two problems are thus associated with the
mutated protein, a reduced migration to the apical membrane of the cell and the
limited amount of protein that is found at the membrane has a highly reduced
gating functionality. Treatments aimed at combating both of these defects have

been considered [14].

Treatments affecting the stability defect

The first indication of a potential therapeutic method was reported by Denning
et al. [23]. Their results showed, with cells from two different expression
systems, that the induction of expression of F508del CFTR at lower growth
temperatures gave a much greater amount of fully glycosylated protein (the so-
called ‘Band C’, migrating with a roughly 25 kDa higher relative mass on SDS-
PAGE gels is extensively glycosylated). They suggested that some of the mutated
protein had escaped the usual endoplasmic reticulum quality control step and
had been correctly glycosylated and had proceeded to the plasma membrane.
Perhaps for the first time these results highlighted the role of thermal stability in
the correct processing of full-length CFTR. Shortly after this, work by Sato et al.
[24] showed that F508del-CFTR-expressing cells, when exposed to 10 %
glycerol, increase their expression of the mutant protein. These results included
immunoblotting of the mature, fully glycosylated protein after pulse chase and
patch clamp recordings of the cells which identified an increase in chloride
conductance. This discovery, alongside that of Denning and co-workers [23],
illustrated that the instability /misfolding of F508del-CFTR can be reversibly
corrected by either lowered thermal energetics of the protein, or by the inclusion
of a molecular chaperone such as glycerol. Although glycerol treatment cannot
be translated therapeutically, the work highlighted that development of small-
molecule correctors of the instability /folding defect might achieve
pharmacological practicality. It is now 20 years after these studies, and there has
been the discovery of a number of pharmacological correctors aimed at
treatment of the F508del mutation [25]. For example, compounds have been

produced that affect the F508del-CFTR interactome including the proteasome
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complex that leads to degradation of the protein and chaperones that specifically

bind to the F508del-CFTR peptide [13, 26, 27].

One of the earliest pharmacological groups of compounds to be discovered was
that of the tricyclic benzo[c]quinoliziniums or MPB compounds [28]. These were
originally deduced as activators of the CFTR channel. A further study of these
compounds carried out by Dormer et al. [29] revealed that application of a
derivative of the original compounds, MPB-07, resulted in increased delivery of
CFTR to the apical membrane, similar to the amount seen in wild-type cells. This
was shown to be as a result of the prevention of normal degradation of the
mutated protein, allowing for increased, yet unstable CFTR to make its way to

the apical membrane.

Some of the first pharmacological chaperones discovered through high-
throughput drug screening were reported by Pedemonte et al. [30]. Four classes
of molecules were found by this group of workers, each showing some efficacy in
helping to re-fold CFTR. Out of the four classes of molecules, two showed
significant efficacy in promoting an increased amount of F508del-CFTR to the
plasma membrane. Those of the bisaminomethylbithiazoles, class 4, were found
to be the most effective. Two particular molecules, corr-4a and corr-4c, when
incubated with CFTR-expressing Fischer Rat Thyroid (FRT) cells, showed an
increased efficiency of CFTR folding as well as stabilisation of the protein. Classes
2 and 4 are both thought to be proteostasis regulators [31], due to their effect on
either the endoplasmic reticulum quality control (class 4) or the lysosome-
mediated degradation quality control system (class 2). Only class 4 molecules
showed efficacy in primary bronchial epithelial cells which would be the primary

target cell in the diseased lungs.

Pedemonte and co-workers went on to explore the class 2 molecules identified in
the original screening; this led to identification of a particular group of
compounds called aminoariathiozoles (AATs). These compounds showed
enhanced channel trafficking and improved gating; this was seen as a promising
result due to the fact that a potentiator would no longer be required in addition
to a corrector. However, a further study involving these compounds failed to

produce a statistically significant result in primary bronchial epithelial cells [32].
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A number of studies have similarly fallen short in finding molecules that are

effective in vivo.

Van Goor et al. [33] described a corrector compound with efficacy in human
bronchial epithelial cells, a quinazolinone derivative, VRT-325. From their study,
they showed that the drug also aided the expression of other mutant forms of
CFTR. Further optimisation from this screen led to one of the most successful
correctors to be developed [34]. When tested in cultured primary human
bronchial epithelial cells, VX-809 increased chloride transport to that of 14 % of
non-CF (HBE). Most importantly, this was enough to produce an increase in the
thickness of the airway surface liquid (ASL) which shows a high clinical

importance [35].

VX-809 did show some efficacy in Phase Ila clinical trials carried out by Clancy et
al. [36]. These studies show a reduced sweat chloride concentration indicating
that VX-809 is active in that particular organ. However, reduced sweat chloride
is only a biomarker; it does not improve quality of life. A desired clinical outcome
in CF patients would be improved lung function. This particular study proved
that VX-809 has an acceptable safety profile and provided a foundation for an

increase of the study on the particular drug.

Farinha, CM et al. [37] have shown that out of the three correctors currently
developed: VRT-325, VX-809 and C4, VX-809 has been shown to be the most
effective in increasing protein accumulation to the plasma membrane. Compared
to VRT-325 and C4 in primary HBE cells, a higher production of F508del-CFTR
was found with the use of VX-809. However, despite the promising results
gained from VX-809, the rescuing effect was not high enough to restore CFTR
function to wild-type levels. Cystic fibrosis symptoms may be prevented with as
little as 25 % delivery of CFTR to epithelial cells, and certainly heterozygous
individuals with presumably 50 % CFTR levels are unaffected. Synergistic trials
were undertaken to try to increase the rescuing effect of VX-809 by applying
another drug in the presence of VX-809. VX-770 is an FDA authorised potentiator
drug, used to correct the gating defect present in the CFTR G551D mutation. This
restores the channel into an open state which allows chloride conduction across

the membrane where previously the G551D mutation resulted in a constitutively
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closed formation. Two recent studies have explored the use of VX-770 in
combination with VX-809 to potentially increase the efficacy of VX-809’s rescue
of F508del-CFTR to the plasma membrane.

Sampson et al. [38] showed development of a pharmacological chaperone
corrector; that is, a compound that binds to the CFTR protein itself and stabilises
the interaction between NBD1 and the TMD1. Despite no further work being
carried out on the compound to date, Sampson and co-workers’ study provides
somewhat of a scaffold for future pharmacological chaperone development. In
particular, they identify a terminal phenyl ring which they postulate to be

necessary for interaction with the nucleotide-binding domain.

VX-661 is another promising pharmacological chaperone, an improved version
of VX-809, which has shown improved lung function among homozygous
F508del-CFTR patients in a phase Il trial. Vertex Pharmaceuticals has announced
the compound to be used in triple combination trials with newly developed
correctors, VX-440 and VX-152, both of which are thought to have a positive
effect on the processing and trafficking of the CFTR protein leading to a higher

yield at the cell surface.

Despite the positive data achieved from Vertex’s compounds, VX-770 has been
shown to reduce the therapeutic effect of established CFTR chaperones. Two
studies by Veit et al. [39] and Cholon et al. [40] have shown evidence which
would suggest that VX-770 biochemically destabilises F508del-CFTR, thus
reversing the effect of current correctors, VX-809 and VX-661. Although these
are both in vitro studies and do not contradict the slight alleviation of CF
symptoms by VX-809-derived treatments, discovery of new pharmacological
correctors is probably required to ensure more effective treatment of the
F508del mutation. A revised strategy to ensure effective drug discovery is also
required, involving methods which increase the stability of the nascent protein,
allowing it to progress to the plasma membrane. A compound of this nature will
then suitably work in combination with VX-770 or another potentiator to

maintain an effective amount of CFTR-F508del at the plasma membrane.

As renewed efforts are made towards the development of pharmacological

compounds, assays of protein stability will be important to determine the
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efficacy of corrector compounds. One could argue that the more stable the
protein, the less likely it will be to unfold and the more likely it will be that it will
escape the ER quality control steps. On the other hand, the global
thermodynamic stability of the mutated protein may be irrelevant if the primary
defect is at the early stages of protein folding. Although data on low-temperature
rescue of F508del CFTR and its subsequent residence time at the plasma
membrane point to the likelihood of a global thermodynamic defect, there
remains the possibility that a specific step in the folding pathway is disrupted. To
address this, studies on the stability and structure of purified CFTR are desirable,

and this will be addressed in the next section.

Membrane proteins and the importance of stability for expression,
purification and structural studies

Membrane proteins compose a significant fraction of the number of different
proteins in the cell, and represent a disproportionately large fraction of the
molecular targets of current drugs used to treat human disease. However,
membrane proteins are vastly under-represented in the databases of protein
structures [41]. This deficit in information is due to difficulties in membrane

protein expression, purification and structure determination.

Membrane protein expression is fundamentally limited by available membrane
area in the cell and by the capacity of the co-translational membrane insertion

machinery. As a result, overproduction of membrane proteins like CFTR where
membrane capacity is exceeded can lead to the production of aggregates in the

cell that are highly resistant to detergent solubilisation and purification [42-44].

Purification is limited by the requirement for solubilisation of the membranes
with detergent and then the need for detergent to be present throughout the
subsequent fractionation processes [45]. The detergent may only partially
solubilise the protein (if a ‘mild’ detergent is used) or may solubilise effectively

but at the same time denature the protein (if a ‘harsh’ detergent is used [46, 47].

If a non-denatured protein can be purified, structural studies are still limited by
the need for long-term stability of the tertiary and/or quaternary structure in the
detergent, especially for NMR studies where the experiment will be performed

well above 4 °C to increase the tumbling rate [48]. Moreover, the presence of the
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detergent belt surrounding the protein can interfere with the structure
determination. For NMR studies the micelle belt increases the size of the
protein/detergent complex and reduces tumbling speed, with consequently
broadened signals [48]. This has led to a bias in the range of detergents that have
been used for NMR structures of membrane proteins
(http://www.drorlist.com/nmr/MPNMR.html) with those forming small
micelles being favoured. For X-ray crystallographic studies, the micelle must be
accommodated within the crystal lattice without interfering with lattice contacts,
hence must also be small and perhaps deformable. It is probably for this reason
that membrane protein crystals are biased towards relatively high solvent
contents—that is they have an open lattice that can accommodate the presence
of the detergent micelle [49]. For single particle cryo-electron microscopy (cryo-
EM) studies, the detergent micelle can be visualised as a weaker/diffuse band of
density around the protein [50]. It is not yet clear whether this reduces the
effectiveness of the cryo-EM approach, but the background presence of free
detergent micelles can reduce contrast and the efficiency of single particle
alignment steps in the 3D reconstruction procedure. For small-angle X-ray
scattering studies (SAXS), the micelle’s scattering needs to be divorced from the
protein scattering to generate reasonable models which require a series of
painstaking experiments with different solvent compositions so that either the
protein or the detergent scattering component can be contrast-matched to
remove its contribution to the scattering curve [51]. Similar approaches are
employed for neutron scattering studies, but here the contrast is adjusted by

varying the D20 to H20 ratio [52].

Stability - Many of these difficulties for membrane protein structure
determination can be influenced by the stability of the protein. For example, a
relatively unstable membrane protein such as CFTR may be recognised as such
by the host cell’s quality control machinery and degraded [14]. Similarly, an
unstable protein is likely to have any instability accentuated by the presence of a
detergent micelle; indeed the detergent may affect the membrane protein’s
soluble domains as well as the transmembrane domains [53]. Locally unstable
regions of the protein in domains normally exposed to the aqueous milieu may
give poor water solubility during purification because hydrophobic residues that

are normally buried in the tertiary fold will become exposed with a concomitant
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chance of forming polydisperse aggregates, especially at high protein
concentrations [45, 54, 55]. Monodispersity is a strict requirement for structure
generation from NMR and SAXS experiments, and is usually a pre-requisite for
obtaining 3D crystals that diffract X-rays to high resolution [45, 56]. For single
particle cryo-EM, monodispersity is also desirable, but is less strictly required
for structure determination, especially if polydisperse aggregates can be readily
distinguished from the non-aggregated monomeric or oligomeric particle [57].
Single particle cryo-EM and, to a similar extent, SAXS do not require high protein
solubility for structure determination as they are compatible with protein
concentrations below 1 mg/mL. However, NMR and X-ray crystallography

usually require the concentration of the protein to be greater than 5 mg/mL.

Thus, the effects of the stability of a protein on its water solubility as well as its
monodispersity properties are crucial for most structural biology techniques,
with the possible exception of cryo-EM which is more tolerant of some
polydispersity and does not require high water solubility of the protein.
However, cryo-EM and SAXS-derived structures have typically been at much
lower resolution than those obtained by X-ray crystallography and NMR. This is
likely to change in the next few years for the cryo-EM technique with the
introduction of new detection devices and software [58, 59]. Finally, it is possible
that a membrane protein may adopt a non-native state that may still crystallise
and generate a structure [60]. Thus, detergents and stability may be a factor

even where structures are present in the protein data bank.

Measures of protein stability

For many membrane proteins, stability can be measured simply by detecting the
activity of the protein as a function of time, temperature or denaturant
concentration. For example, crystallisation of G protein-coupled receptor family
members has been achieved by finding stabilising mutations, with stability
assessed by measuring radioactive ligand binding as a function of temperature
[61]. For proteins without an obvious activity read-out, or where activity
measurements require excessive amounts of purified protein, alternative
biophysical measures of stability are available. Biophysical methods such as
small-angle X-ray scattering, differential scanning calorimetry and circular

dichroism have been well described and are generally easily interpretable, but
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have the drawback of consuming significant amounts of purified protein.
Fluorescence methods are particularly useful for membrane proteins because of
sensitivity, avoiding the consumption of large amounts of protein. Intrinsic
fluorescence, where the differential properties of buried versus water-exposed
tryptophan residues can be exploited, has been employed with membrane
proteins, but the approach is hampered by the presence of detergent micelles or
liposomes (where the protein has been reconstituted) [62]. Adding fluorescent
probes has also been employed to measure membrane protein stability, although
again, the presence of detergents or lipid complicates the interpretation of the
data. The efficacy of three of the most commonly employed fluorescent reporters
with two different purified membrane proteins was recently compared [63], and
this provides a useful assessment of the methodology as applied to membrane
proteins. Of note was that the cysteine (Cys)-reactive reporter 7-diethylamino-3-
(4'-maleimidylphenyl)-4-methylcoumarin (CPM) was capable of distinguishing
the unfolding of separate subunits of cytochrome c oxidase. We review the use of

this reporter for CFTR stability measurement later.

Expression and purification of CFTR and the effects of stability

The expression and purification of CFTR has been reported previously [54, 64-
67]. Challenges in its purification are manifold and it illustrates many of the
problems described in the previous section. For CFTR, a comparison of
constructs with different degrees of stability is informative and shows how this
factor affects expression and purification. As discussed above, F508del CFTR is
less stable than the WT protein, whilst the G551D CFTR mutation locks the
channel in a closed state, and this mutant form of the protein appears to be more
stable than the WT protein. Comparison of expression levels for these constructs
can be made by monitoring a GFP tag on the C terminus of the CFTR protein. The
degree of GFP fluorescence can be compared with fluorescence from an intrinsic
fluorescent protein (e.g. yeast mitochondrial succinate dehydrogenase) to allow
the CFTR expression level to be adjusted for cell density and to allow for
variability in the harvesting and breakage of cells and for any and gel loading

errors.
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An illustration of such data for the CFTR expression is shown in Fig. 2. As
predicted there is a correlation between the stability of the construct and levels
of protein detected in the same expression system. G551D CFTR had a much
higher yield than WT or F508del CFTR. It is known that the potentiator VX-770 is
able to restore channel activity to the G551D CFTR channel and to stimulate
channel activity of WT and F508del CFTR; there is predicted to be a loss of some
stability as a result [40]. A comparison of expression levels of G551D CFTR in
cells treated with and without the potentiator VX-770 is shown in Fig. Z2b. Cells
treated chronically with VX-770 after induction did not show a reversal to the

expression levels of WT CFTR.
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Figure 2: Expression levels are broadly related to stability for CFTR in S. cerevisiae.
Comparison of WT (triangles), G551D (circles) and F508del (squares) CFTR
expression as a function of time after induction. The fluorescence from the GFP tag
attached to CFTR is compared to that from an endogenous fluorescent protein
(endFP, succinate dehydrogenase) to correct for variability in cell breakage,

microsome preparation and gel loading
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Purification of CFTR

CFTR is also an example for how stability can influence the ability to purify a
protein, and detergents used to solubilise and purify CFTR can be compared. For
example, we can examine the purification of the protein in a mild detergent and

in a harsher anionic detergent:

Purification of CFTR in an anionic lyso-lipid surfactant: lyso-phosphatidyl

glycerol-14 (LPG14)

The anionic detergent, LPG is thought to be less mild in terms of its surface
activity compared to non-ionic detergents [68]. In agreement with this, it was
more efficient in solubilisation and purification. However, functional CFTR was
successfully purified using this detergent [69, 70]. Figure 3 shows a Coomassie-
stained SDS-PAGE gel of G551D CFTR purified using nickel-NTA affinity
chromatography in 0.1 % LPG. Nearly 90 % of total CFTR in the microsomes can
be solubilised in LPG and its binding efficiency to the nickel-NTA column can
reach 90 % [67]. As a maximum, 20 mg of purified G551D protein can be
obtained from a single 18-L fermenter run, compared to about 2 mg for WT CFTR
[67]. These estimates of efficiency were estimated based on the GFP fluorescence
of the fractions using a fluorometer. This tenfold increase in final yield of
purified G551D protein compared to wild type [67] is in broad agreement with
the cellular expression levels indicated in Fig. 2. The purity immediately after
nickel-NTA affinity purification has been reported to reach 95 %, as judged by
Coomassie-stained SDS-PAGE gels, but CFTR protein can then be injected onto a
size-exclusion chromatography (SEC) column. This also allows monodispersity
of the CFTR to be estimated as well as providing a polishing step for the
purification. A fluorescence detector connected to the outlet from the SEC
column allows the detection of either GFP fluorescence or tryptophan

fluorescence. An illustration of a purification run is shown in Fig. 3.

Interestingly, the more stable G551D CFTR construct also seems to be more
homogeneous than WT CFTR, as judged by the relative fluorescence of the larger
aggregates versus monomer peak (Fig. 4). For both G551D and WT CFTR
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proteins it is possible to concentrate them using a 100 kDa MWCO membrane
concentrator up to 30 mg/mL in the LPG detergent. In general, the yield of LPG-
purified G551D CFTR is high compared to other eukaryotic membrane proteins
with the same GFP tag and yeast expression system [71]. The homogeneity of the
protein and high yield makes it possible to employ biophysical characterisation
methods that demand large amounts of protein and also to attempt high-
resolution structural studies. For example, both WT and F508del CFTR protein
purified in LPG have been used in small-angle X-ray scattering studies and for

Cryo-EM [51].
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Figure 3: a Coomassie-stained SDS-PAGE gel of G551D CFTR eluted from the main
peak from the nickel-NTA purification step for protein extracted and purified with
LPG. b SEC purification of WT (red line) and G551D (blue line) CFTR in LPG. The
second peak fractions (solid lines) were re-injected onto the Sucrose 6 column and
the curves are shown on the same graph, WT (red dashed line) and G551D (blue
dashed line). The inset is an example gel of the purification procedure. Lanes

1 and 2 are the first and second fluorescence peak elution fractions. Lane 3 was the
re-injected fluorescence peak elution for G551D CFTR. The intervening track

contains the tail of the first elution peak (monomeric CFTR in small amounts)
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Figure 4: Coomassie-stained SDS-PAGE gels of (left to right) G551D, WT and

F508del CFTR eluted in the 400 mM imidazole elution step from the nickel-NTA
column for protein extracted and purified with DDM. The CFTR band (220 kDa)
and the main contaminating protein in each case (RPL3: 44 kDa) are indicated.
The intermediate contaminating band is an abundant yeast membrane protein

(plasma membrane H*-ATPase:100 kDa)
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Purification of CFTR in a non-ionic detergent: dodecyl maltoside

DDM is the most commonly used detergent to purify membrane proteins and it
has been the most successful for crystallisation [72]. Purification methods in
both DDM and LPG are similar, as described in [67]. Figure 4 shows a
comparison of Coomassie-stained SDS-PAGE gels of CFTR eluted after nickel-
NTA affinity purification in 0.1 % DDM. Example gels of G551D, WT and F508del
CFTR (left to right) are given. The main contaminating protein in the CFTR
purification is yeast ribosomal protein L3 (RPL3, as confirmed by mass
spectrometry), which clearly binds strongly to the Ni-NTA resin, eluting later
than CFTR in a 400 mM imidazole elution step. Compared to WT CFTR
purification, the G551D purification again appears to be more efficient, with
equivalent levels of RPL3 present, but considerably higher levels of the full-
length CFTR. WT and F508del CFTR show similar levels of purity after Ni-NTA
affinity purification. Yields of G551D CFTR after the nickel-NTA affinity
purification with DDM were reported to be about 3-4 mg from an 18-L
fermenter while the yield was typically lower (2-3 mg) for WT CFTR [67]. The
differences between G551D and WT protein can also be noted at the early stages
of purification, with more solubilisation of the initial microsomal G551D CFTR by
DDM. G551D can be solubilised to about 50 % yield with DDM (occasionally
above 80 % can be observed) whereas typically 30 % solubilisation efficiency
can be gained for WT CFTR. Concentrating DDM-purified CFTR proteins after
affinity purification is a problem. The highest concentration that has been
reported in this detergent is about 0.5 mg/mL, and beyond this precipitates can
be observed. This behaviour can be monitored with SEC [67]. For DDM-purified
material, SEC purification was not suitable for completely removing the
contaminating proteins [67], but a second affinity purification step can be
applied such as FLAG affinity chromatography. However, the yield of FLAG
affinity steps is variable and for CFTR it remains about 20-30 % because of low
binding affinity. The compromise between yield and purity is commonly
encountered in protein purification and is particularly difficult for membrane

proteins.
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Thus, CFTR behaved very differently depending on which detergent was used in
the purification and which version of the protein was expressed—even though
the purification methods were broadly similar. In the DDM purification buffer,

1 M salt and 20 % glycerol are used to maintain the quality of the protein

[73, 74] but the solubility and monodispersity are still not sufficient for some
experimental methods such as Cryo-EM and X-ray crystallography. High salt and
glycerol are also problems for Cryo-EM [75] where the presence of these solutes
greatly reduces the contrast between the protein particles and the background.
DDM-purified CFTR also forms a range of oligomeric but non-identical
complexes of up to 30 nm diameter. These appear to be in a dynamic equilibrium
with monomeric particles because ultrafiltration with a 1 MDa cutoff device did
not remove these larger complexes. Even when these larger aggregates were
removed by SEC, they reappeared upon concentration and re-passaging down
the SEC column. In conclusion, LPG gives a better solubility efficiency and

prevents aggregation of purified full-length CFTR [67, 70, 76].

Activity of purified CFTR and stability

The protein purified in LPG is highly mono-disperse as shown above, but has
been reported to have less ATPase activity compared to the DDM-purified CFTR
[67]. Isolated CFTR NBD1 loses its thermal unfolding transition detected by
differential scanning calorimetry in the presence of LPG above a concentration of
0.05 % w/v [77]. Although this applies to the isolated domain, it does offer a
plausible explanation for the loss of ATPase activity after LPG14 purification.
However, from the thermal unfolding data, full-length CFTR purified in LPG
shows a greater stability probably because the cytoplasmic NBDs are much more
stable when associated with the other CFTR domains and where hydrophobic
interfacial regions are buried (Cant, N. University of Manchester, PhD Thesis,
2013). Thus, it could be argued that stability measurements on isolated domains
could be used to indicate trends in sensitivity to detergents and the effects of
mutations on stability, but that studies on full-length membrane proteins which

include the transmembrane domains are still essential.

CFTR and G551D CFTR ATPase activity can be compared after purification. The
CFTR potentiator VX-770 can also applied in these studies because of its
potentiation of CFTR G551D channel activity [78-82]. ATPase activity in CFTR
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preparations is inevitably susceptible to contaminating yeast membrane
proteins having ATPase activity, especially the highly expressed plasma
membrane H*-ATPase [83]. An ATPase activity inhibitor cocktail that includes
Sch28080, sodium thiocyanate (SCN) and oligomycin inhibits F-, V- and P-type
ATPases, but not CFTR channel gating [84]; hence, this cocktail can be employed

to suppress the activity of the major yeast ATPases.

As shown in Fig. 5, VX-770 does not have any effect on the ATPase activity of the
purified and reconstituted G551D protein, which is consistent with the
hypothesis that VX-770 may exert its effect through prolonging channel opening
(which is associated with ATP binding rather than ATP hydrolysis) [6]. However,
Eckford and co-workers [82] found PKA-phosphorylated G551D CFTR ATPase
activity was stimulated by VX-770. They proposed that VX-770 potentiates
defective channel gating in a phosphorylation-dependent manner whereas PKA
phosphorylation did not seem to affect ATPase activity of purified chicken CFTR
(Dr. Natasha Cant Ph.D thesis, University of Manchester 2013). Reconstitution
has been shown to stimulate purified CFTR’s ATPase activity [67, 82]. Purified
WT CFTR has much higher ATPase activity than G551D CFTR, as expected. These
data are interesting and may be informative for considering the effects of
detergent purification on activity; however, because the intrinsic ATPase activity
of CFTR is relatively low ([85]—e.g. turnover of 0.1/s) the presence of even small
amounts of highly active contaminating ATPases could be misleading and this

urges caution in interpreting these data.
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Figure 5: Comparison of the ATPase activity of WT and G551D CFTR with and
without VX-770. Purified CFTR was reconstituted with lipids and its ATPase activity
was measured using the Chifflet assay. The rate was measured at 25 °C at a
concentration of 2 mM ATP. These experiments were repeated >3 times and error
bars show the standard error of the mean. An inhibitor cocktail (+inhibitor) was
also employed to check for contaminating ATPases of the V-, H- and P-type, as

described earlier
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Stability of CFTR as measured by the CPM assay

As discussed above, the CPM assay has been used for assessing the thermal
stability of membrane proteins [63, 86-88]. The CPM (N-[4-(7-diethylamino-4-
methyl-3-coumarinyl)phenyl]maleimide) dye is a thiol-specific fluorophore and
it will fluoresce strongly in its thiol-linked state [89]. When incubated with
protein, it will form a covalent bond with exposed cysteine residues [88]. Upon
thermal denaturation, more cysteine residues will become surface exposed,
resulting in the fluorescence yield increasing significantly. Only a small amount
of protein is used in the CPM assay because the fluorescence read-out from the
dye is very sensitive. Other advantages are that it is compatible with several
detergents and exhibits a high signal-to-noise ratio [86-88]. The assay does
require the presence of several Cys residues in a protein and (for measurement
of thermal stability) that some of these Cys residues are secluded from the dye
when the protein is in the folded state. Hence, it is less applicable to small
proteins with few Cys residues. Nevertheless, it can, for example, be applied to
measure the high-temperature unfolding of GFP which is a small protein, but one

that fortuitously has 2 Cys residues—one buried and one surface exposed.

CPM, like many fluorescent dyes employed in biochemistry, is hydrophobic and
photo-sensitive and, therefore, needs careful handling. It is recommended when
making up CPM stock solutions in DMSO to store these solutions in glass vials at
-20 °C and in the dark and then to dilute to the required experimental
concentration just before use. Whenever possible, it is also advisable to use glass
microsyringes for transfer and dilution of CPM stocks rather than the plastic tips
employed routinely in biochemistry. The binding of CPM to proteins is affected
by thiol-containing reducing agents such as DTT, so these must be removed from
the protein and buffer samples before undertaking the assay. Reducing agent is
normally present where protein aggregates are a problem, especially with higher
protein concentrations (>1 mg/mL). However, the sensitivity of the CPM assay
means that purified protein will not normally need to be concentrated, thus
removal of DTT or reducing agent removal can be done just prior to assay. The
concentration of membrane proteins used for the assay will typically be below
0.1 mg/mL at this stage. It is important to include a buffer control for all CPM-

based assays. This is particularly important for membrane proteins where
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buffers will contain detergent in a micellar form. Although CPM is almost non-
fluorescent in water, it does have a significant fluorescence when it is associated

with detergent micelles.

Application of the CPM assay to CFTR

There are a total of 18 Cys residues in the full-length WT human CFTR, 6
predicted to be in the TMDs, 11 in the NBDs and 1 in the R-region [90].
Examination of CFTR homology models [90] implies that 5 Cys are exposed in
the outward-facing conformation and 7-8 Cys are exposed in the inward-facing
state—see Fig. 6 [91]. In either conformation, there are still predicted to be a
majority of Cys residues buried. At the beginning of the CPM assay, surface-
exposed Cys will react with the CPM dye at the initial incubation temperature (in
this case 10 °C to favour the native state). The buried Cys residues will probably
only be exposed when the protein becomes unfolded. These predictions are
based on models that are static snapshots of the CFTR structure, and CFTR may
have more flexibility than expected due to the presence of the detergent.
Nevertheless, it is possible to predict that CFTR will have at least 12 Cys that are
partly buried and 6 surface-exposed Cys.
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Figure 6 a, b Homology models for CFTR in the a outward-facing state (blue
ribbons) and b inward-facing state (red ribbons). The locations of the Cys residues
in each model are indicated by the yellow space-filling atoms, and predictions
about their exposure to solvent are listed below each model. ¢ The unfolding of
CFTR by thermal or chemical denaturation as detected by CPM fluorescence
changes. The light green line shows purified G551D CFTR in an LPG-containing
buffer. Other lines show the same protein but in the presence of 0.25-4 M
Guanidium HCl as indicated by the key, top left. The experiment is initiated by the
injection of CPM dye into a protein-containing cuvette at 10 °C which is then
monitored for 30 min (phase A). The sample is then heated to 90 °C (phase B).
Various changes in the CPM fluorescence are indicated: 1 immediate fluorescence
from CPM in buffer (unbound to protein). 2 Kinetics of CPM binding to solvent-
exposed Cys residues. For protein chemically denatured (black line), nearly all Cys
residues are initially exposed. 3 Rise in CPM fluorescence as thermal motion
exposes more Cys residues to solvent and CPM. 4 Thermal quenching of CPM
fluorescence as the sample is heated (protein is still predominantly folded for

the green line). 5 Cooperative thermal unfolding of the entire protein. 6 Continued
thermal quenching of CPM fluorescence after complete unfolding of the protein.
Data point scale represents time (1 min/point—phase A) and then temperature
(phase B—heating rate = 2 °C/min with 1 min/point). d The thermal denaturation
phase for G551D CFTR purified in a non-ionic detergent (DDM, blue line) and an
anionic lyso-lipid (LPG, red line). e Two views of the surface of a CFTR homology
model based on the outward-facing Sav1866 structure, with the sulphur atoms of
Cys residues coloured yellow whilst all other atoms are blue. The TMDs and NBDs
are towards the top and bottom, respectively. C128 and C225 are in membrane-
spanning portions and will probably be buried by surrounding lipid or

detergent. b Deviations of the Cys sulphur atoms for five selected residues over the
time course of a molecular dynamics simulation. The highly surface-exposed
residues C76 (black line) and C592 (red line) show much greater mobility than the
mostly buried residues C1395 (blue) and C276 (green). Hence, the former two
residues are likely to be labelled by CPM before thermal denaturation. The
completely buried residue C1400 (indigo) shows similar dynamics to C1395 and
C276.
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Figure 6 shows typical data for CFTR unfolding as measured using the CPM
assay. In aqueous buffers, CPM fluorescence is low, but greatly increases upon
formation of the covalent adduct with Cys residues in a protein. As shown in

Fig. 6¢, there is an increase in CPM fluorescence when CPM is added to purified
CFTR protein due to adduct formation with the surface-exposed Cys residues
(phase 2—Fig. 6¢). The very fast initial increase in CPM fluorescence indicated by
the number 1 is probably due to intrinsic CPM fluorescence in the buffer.
Although the CPM fluorescence in aqueous buffers is normally extremely low,
when detergent micelles are present, CPM can partition into the micelle and
shows some significant fluorescence, as stated above. When CFTR is completely
denatured by Guanidium HCI, the CPM fluorescence increases in phase ‘2’ to
about 60 % of the total signal over a period of about 30 min at 10 °C (Fig. 6c,
black line) with a half-time for the Cys adduct formation of about 10 min at this
temperature. Presumably the increase does not reach 100 % because the
membrane-spanning portions of the protein are relatively resistant to this
water-soluble chaotrope. Subsequent heating of the Guanidium-denatured
protein gives a further increase in CPM fluorescence—probably due to the
exposure of Cys residues that are in the membrane-spanning portions of the
protein. The final phase (phase 6) of the heating of the protein is characterised
by a loss of the fluorescence yield due to thermal quenching. In contrast, folded
CFTR (green line) gives only a small increase in CPM fluorescence at 10 °C (solid
line, Fig. 6), equivalent to about 20 % of the total signal. This probably
represents the small number of surface-exposed Cys residues in the folded CFTR
protein—i.e. about 5 of the 20 available residues in the CFTR-GFP construct
(Fig. 6a, b). A large increase in fluorescence is observed upon heating and
thermal denaturation of the protein in the absence of Guanidium HCI as in this
case, about 80 % of the Cys residues are buried. Hence, the CPM-derived
fluorescence data are broadly consistent with the available homology models for
CFTR and interestingly are more consistent with the outward-facing state rather
than the inward-facing conformation. After complete thermal unfolding of the
protein at approximately 78 °C, a decrease in CPM fluorescence yield is again
observed due to thermal quenching. These experiments were performed using

an Avacta Optim Fluorescence Spectrometer coupled to a Peltier element for
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heating, but a simple bench-top fluorescence spectrophotometer with an

attached water bath for heating can also be employed.

As the CPM fluorescence at any given temperature is a convolution of the
accessibility/dynamics of available Cys residues, the kinetics of protein unfolding
and CPM-Cys bond formation (temperature dependent) and the heating rate,
this assay will give differing mid-point temperatures for protein unfolding
depending on these various parameters. Hence, mid-point temperatures
estimated for proteins will be somewhat unreliable and, because of hysteresis,
will likely overestimate the stability of the protein at high heating rates.
Conversely, slow heating rates will tend to underestimate the mid-point
unfolding temperature because the time dependence of stability at a given
moderate temperature will have a stronger influence. Hence, the assay can be
used for comparative purposes as shown in Figs. 6 and 7, where the
experimental parameters such as heating rate are the same. These data provide
evidence that CFTR material purified in the anionic lyso-lipid LPG and in the non-
ionic detergent DDM have a folded, cooperative tertiary structure. There are,
however, differences in the unfolding profiles of LPG-purified and DDM-purified
CFTR. Whilst DDM-purified CFTR unfolds in a single cooperative transition, LPG-
purified CFTR shows a two-phase unfolding profile (Fig. 6d). The latter is
characterised by an initial increase in CPM fluorescence between 10 and 35 °C,
followed by a brief thermal quenching between 35 and 41 °C. This low-
temperature and low-amplitude transition may be due to a localised unfolding of
a sub-domain of CFTR in LPG, or may be due to increased dynamics of partly
buried Cys residues. The main unfolding transitions for CFTR purified in either
detergent are very similar, with mid-point temperatures of about 60-65 °C

(Fig. 6d).
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Figure 7: a Batch-to-batch variability in the thermal denaturation phase of four
batches of DDM-purified G551D CFTR, as detected by CPM fluorescence changes
(each batch was measured three times). Samples were heated at 2 °C/min. b-

d Effects of ATP on the thermal unfolding transition of WT (b), G551D (c) and
F508del CFTR purified in DDM. The presence of ATP stabilises all three constructs.
The increased noise in the data recorded in the presence of ATP is due to the
absorption of excitation light by ATP. F508del CFTR is globally destabilised versus
WT and G551D CFTR by about 8 °C. The midpoint temperatures for the thermal
unfolding transition are shown for each curve and the error for its estimation by

the curve fitting is indicated
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Molecular dynamics and modelling of Cys residues in CFTR

Of the 18 Cys residues in CFTR, and the 2 Cys residues in the GFP construct, some
are clearly surface exposed in both inward- and outward-facing conformational
models (Fig. 6a, b). In particular, Cys 832 (R-region) and Cys 1458 (C-term) are
likely to be in disordered regions of the protein whilst Cys 48 in the GFP is likely
to be surface exposed. Of the remaining Cys residues, Cys 78 and 647 are very
close to regions of the CFTR structure that are known to be folded, hence may be
at least partially buried. Residues 128, 225, 343, 866 are all in the membrane-
spanning portions of the protein, and hence are likely to be secluded from CPM
by detergent or lipid until the transmembrane domains are denatured. Most of
the remaining Cys residues in CFTR are buried within the NBDs, although three
display some exposure to the aqueous milieu in the outward-facing model

(Fig. 6e). These are Cys residues at positions 276, 592 and 1395, with C592 and
C1395 more buried than C276. Molecular dynamics of these Cys residues in a
homology model for CFTR support the visual impression that C592 and C1395
are buried compared to C276 (Fig. 6f). These residues display dynamics that are
similar to the completely buried C1400, whereas C276 shows much greater
dynamics, similar to that modelled for C78. Hence, molecular dynamics
simulation predicts that at least 4 Cys residues will be sufficiently surface-
exposed to be labelled by CPM in the compact outward-facing configuration, viz.,
C276,(C832,C1458 and C48 in the GFP tag. In addition, C78 and C647 may be
labelled, but these residues are in regions of the CFTR structure for which little
current structural data are available. Labelling of 4 of the 20 Cys residues in the
purified CFTR-GFP construct with CPM is consistent with the fluorescence

measurements shown in Fig. 6c¢.

Comparison of CFTR mutations

Thermal unfolding transitions for various purified CFTR constructs as detected
with the CPM assay are shown in Fig. 7. F508del CFTR has a broader thermal
unfolding transition, whilst G551D CFTR shows a more cooperative unfolding
that was similar to WT CFTR. G551D may be more stable at the beginning of the
thermal denaturation transition, i.e. in the temperature range that is relevant
physiologically. This may relate to the fact that the G551D mutation fixes the

CFTR channel in a closed state, which may correlate with a more stable
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structural state for the whole protein. A re-scan of the CPM fluorescence for the
thermally denatured protein is routinely monitored and should give a featureless
profile with a negative slope, due to the thermal quenching of the CPM
fluorescence. This also confirms that thermal unfolding is an irreversible

process.

Batch-to-batch variability and studies of stability in the presence of small

molecules

The effects of the purification procedure may also have a major influence on the
measured stability of a given membrane protein. Clearly, variability in
purification conditions can result in a protein batch that contains significant
amounts of already unfolded protein. An assessment of batch-to-batch variability
in the measured stability is, therefore, important, particularly if results on the
effects of mutations or small molecules on stability are desired. Figure 7 a
illustrates the variability in the unfolding data across 4 different batches of
G551D CFTR protein purified in the presence of DDM. The error bars indicate
that there will be significant batch-to-batch variability, even for this well-
behaved version of the protein. Hence, studies on the effects of small molecules
on stability should be performed on the same batch of protein, and comparisons
of the stability of CFTR mutants should be carried out on several batches of the
protein before conclusions are drawn. Figure 7b-d shows the effects of ATP
addition which gives a significant thermostabilisation of the purified full-length
proteins, as might have been predicted given similar conclusions for the isolated
nucleotide-binding domains [92]. In this latter study [92], the isolated WT and
F508del NBD1 were both thermostabilised by about 10-15 °C by the presence of
millimolar levels of ATP. For the full-length protein, the thermostabilisation of
the protein is less, as shown in Fig. 7. For F508del CFTR, ATP-induced
stabilisation is greatest, by about 8-10 °C in the midpoint transition, though at
lower temperatures, the difference in the CPM-detected thermal unfolding is
more noticeable. This may be taken as evidence that NBD unfolding may occur at
lower temperatures. For WT and G551D CFTR, the degree of ATP-mediated
themostabilisation is smaller, perhaps indicating that there is an upper limit for

stabilisation via ATP binding to the NBDs.
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Summary

CFTR is a typical membrane protein that is somewhat difficult to express and
purify. Stability is a major factor in the purification and structural analysis of
membrane proteins, and CFTR is a good example of how increased stability can
correlate with improved yield, purity and monodispersity. However, mutations
that stabilise a given membrane protein may not always be associated with
better activity. For example, the G551D mutation in CFTR improves its
properties for structural studies, but by locking the protein into a channel closed
conformation, it blocks its activity. Hence, it must be acknowledged that for
some, perhaps the majority, of membrane proteins an inherent instability or
flexibility may be crucial for the function of the protein. Structures of hyper-
stabilised versions of membrane proteins must, therefore, be treated with some
caution as they may bear less relevance for physiology. Indeed, for CFTR, even
though the F508del version of the protein is by far the least stable, it is also
probably the most relevant in terms of the disease, since loss of stability of
F508del CFTR may be a major factor in its inability to reach the plasma

membrane of the cell.
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Abstract: CFTR (ABCC7) is a phospho-regulated chloride channel that is found in
the apical membranes of epithelial cells, is gated by ATP, and the activity of the
protein is crucial in the homeostasis of the extracellular liquid layer in many
organs (1,2). Mutations in CFTR cause the inherited disease cystic fibrosis (CF),
the most common inherited condition in humans of European descent (2,3). The

structural basis of cystic fibrosis will be discussed in this article.
Introduction:

CFTR is a member of the ATP-binding cassette (ABC) family of proteins. As such,
CFTR has the standard four-domain structure consisting of two transmembrane
domains and two soluble nucleotide-binding domains (4). The ABC family are
predominantly active transporters. In accord with the Jardetzky model for
transporter action (5), the ATP is employed to drive the transition of the
transmembrane domains from an inward-facing to an outward-facing
conformation (or vice-versa for ABC importers). However for CFTR it is thought
that ATP drives a conformational change that opens a channel in the

transmembrane domains, through which chloride ions can diffuse passively(6).
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CFTR is the only member of the ABC family that has this channel-type
functionality, although some members do act as regulatory switches for other

channels (7,8).

Initial CFTR structural data.

Initial structural studies were carried out over a decade ago on the soluble CFTR
domains studied in isolation from the transmembrane portions (9,10). In these
early studies, the first soluble ATP-binding domain (nucleotide- binding domain
1, NBD1) containing the most common CF-causing mutation (F508 deletion) was
crystallised in the presence and absence of this phenylalanine residue. The F508
deletion was found to have almost no effect on the structure of the isolated
domain apart from some local rearrangements around the F508 position. This
was unexpected: prior studies of the mutation in various cells had been
interpreted in terms of its protein folding, with the F508del mutation discussed
as a mis-folding mutation that led to its recognition by the endoplasmic
reticulum quality control machinery (11-14). However crystallisation of the
domain, as well as the second NBD (NBD2), required an exhaustive search for
mutations that promoted solubility and stability. In the case of NBD1, these same
mutations were later demonstrated to partially rescue the defect caused by F508
deletion (15). Isolated domains were also studied by NMR although as above,
mutations that increased the protein solubility were needed to meet the criteria

for these biophysical approaches (16-18).

NMR was also employed to study the interactions of the third soluble ‘domain’ in
CFTR, the 200 residue-long Regulatory-domain or R-domain (19). These
interactions were studied with several potential partner proteins, including the
two soluble NBDs. Whether this region was intrinsically disordered (as
suggested by the NMR data and predictions based on its amino acid sequence),
or a structured domain, remained a moot point until recently. When cryo-EM
data for single CFTR particles emerged(20-23), the data implied that the R-
domain existed in an intermediate state in the absence of phosphorylation - i.e. it
displayed weak, but localized, Coulomb-scattering density in the cryo-EM maps.
This weak density was observed between the two NBDs and in one map it

protruded into the aqueous compartment generated by the two transmembrane
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domains in their inward-facing configuration (23, see Figure 1). Upon
phosphorylation, the weak density for the R-region could no longer be observed
(21,23), implying that the addition of about 7-9 negative charges to Serine and
Threonine residues in this region caused its dissociation from the CFTR core
domains and resulted in disorder throughout this portion of the protein. Such a
phosphorylation-dependence on R-region/NBD association was predicted by the

NMR interaction studies using the isolated domains(19).
Disease-causing mutations.

The multiple cryo-EM derived structures for CFTR at medium resolution (3-9
Angstrom resolution) represent structures equivalent to the wild-type protein,
or structures of CFTR with mutations that were incorporated to stabilise the
protein(20-23). The structural effects of mutations that are cystic fibrosis-
causing in a significant number of patients (such as F508del) still remain to be
studied using cryo-EM, although small-angle X-ray scattering has been employed
to study this most prevalent disease-causing mutation(24). The structural data
so far imply that F508 deletion causes significant changes in the overall structure
of the purified full-length protein as detected by SAXS. This is in accord with the
biochemical data that show that F508 deletion has a major effect on the stability
of the protein(25,26). F508 sits in a buried position in NBD1 at its interface with
the 2nd intracellular loop of transmembrane domain 2 (Figure 1). This loop links
transmembrane helices 10 and 11 which cross over from the opposite side of the
molecule in a domain-swap type arrangement. Hinge-like movements of these
transmembrane helices are closely associated with the transition from inward-
to outward-facing conformations and this may explain why F508del CFTR has
poor channel activity. However the position of F508 at a crucial and exquisitely-
conserved domain-domain interface may explain why it has a large effect on the

overall stability of the structure of the protein (Figure 1A).

The second most common missense mutation that causes CF is G551D, which
results in a predominantly closed channel. The open probability of fully-
phosphorylated G551D CFTR channels in the presence of milliMolar ATP
concentrations is ten-fold lower (Pp=0.04) compared to the WT channel
(P0=0.40)(26). G551 is part of the ‘signature’ sequence of NBD1 which jointly
binds ATP in association with the Walker A and Walker B residues from NBD2
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(Figure 1B). The signature sequence is a characteristic of all ABC proteins (27-

29). The incorporation of an additional negative charge at this position as well as

the -CH2-COO" side-chain of aspartate is likely to impede ATP binding and make
the formation of the NBD1-NBD2 sandwich dimer much less likely. Not only are
the negatively-charged phosphate groups of the ATP in close proximity to G551,
but also the E1391 and D1390 residues in the Walker B region of NBD2. A drug
to treat G551D patients was developed over the last decade (ivacaftor(30,31))
and this therapeutic compound greatly increases the open probability of the
channel to close to WT levels(30). Ivacaftor has been shown to be effective at
increasing the channel function of many, but not all CF-causing mutations
studied in vitro (32), and these mutations are distributed throughout the 3D
structure of the protein. Of note is that many of the mutations that ivacaftor can
work on involve a change in the charge of the mutated residue, akin to G551D.
Hence elucidation of the mode of action of the drug is challenging but we can
infer that Coulombic charge effects appear to be implicated. Examination of the
distribution of charged residues across the water-exposed surface of CFTR
allows the calculation of the Coulombic surface potential, which is displayed
using colour-coding in Figure 1C. This shows that the inner surfaces of the
intracytoplasmic loops are strongly positively charged, a feature of significance
for the above discussion since these surfaces must be pressed together in order

to reach the outward-facing state and hence open the channel.
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Figure 1. (A) Zebrafish CFTR in the outward-facing state shows F508 (highlighted
green) which is present in NBD1 (taupe backbone) and is at the interface (solid
line) with ICL4 of TMDZ2 (grey). The ribbon trace shows the paths of the long
cytoplasmic extensions of transmembrane helices 10 and 11. The human CFTR
structure (sky blue) in the inward-facing state is shown superimposed after
alignment. There is strict conservation of the interface across species and it is
retained despite the global conformational changes involved in the transit from
inward- to outward-facing states. (B) Position of G551 in the signature sequence of
NBD1 (right) and at the NBD1/NBD?Z interface (black line). Nearby charged
residues in NBD2 and the phosphate groups of ATP (yellow/red space-fill atoms)
imply that mutation of G to D will disfavour NBD dimersation and hence channel
opening. The zebrafish CFTR in the outward- facing state is shown. (C) Surface
charge distribution in the inward-facing human CFTR structure with no nucleotide
and unassigned R-region residues removed. Blue and red shades represent varying
positive or negative charge and white, no charge. Positively charged patches on the
inner surface (arrows) must be brought together for formation of the outward-

facing state.
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Figure 2: ‘Grunt’ model for CFTR structure-function relationships. Here nucleotide-
free CFTR is considered non-physiological (dashed circle). Inactivated CFTR
(bottom right) has R-region (green) impeding NBD dimerisation. Activation by PKA
(reversible by protein phosphatase) is via phosphorylation of R-region and removal
of the impediment (Step1). NBD dimerisation and production of the open channel
(Step 2) is not inevitable because of the need to overcome longer-range charge
repulsion as the outward- facing state is approached (red, blue circles, ‘Grunt’).
Mutations affecting channel open probability are predicted to exert their influence
at Step2, along with potentiator compounds such as ivacaftor. Once formed, the
outward-facing state is stable due to short-range interactions, but is destabilised in
some way by ATP hydrolysis by NBD2 Walker B residues (Step 3). Mutations
affecting Step 3 may prolong channel opening. Dissociation of ADP and inorganic
phosphate (Step 4) and re-binding of ATP (Step 5) must now occur, and mutations
affecting the kinetics of these steps may also affect the overall open probability of
the channel. Structural studies by cryo-EM have so far revealed three of these states
for CFTR (tick symbols). The relative thickness of the arrows at each step is only
indicative of the likely proportions of the participants.
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Integration of the biochemical and structural data for CFTR

A model is proposed to explain these observations, which we term the ‘Grunt’
model (Figure 2). This model assumes that nucleotide will remain bound to CFTR
for most of its lifetime in the cell, with a slow rate of ATP hydrolysis. Nucleotide-
free CFTR will never exist unless ATP levels drop in the cell due to cell death, but
note that this state can be produced and studied experimentally (e.g. in inside
out membrane patches (26,33-35)). In order for CFTR activity to be regulated,
phosphorylation by PKA and dephosphorylation by protein phosphatase will be
needed (step 1). Once phosphorylation of the R-region occurs then this region
can dissociate from its interfering position between the NBDs and take up a
disordered structure. In this new situation, inward-facing CFTR with no channel
activity can alternate with an outward-facing conformation that can form a
channel for chloride ions (step 2). Production of the outward-facing state may
have a significant energy barrier, possibly because of the long-range influence of
electrostatic forces due to the positively-charged residues that cluster in the
inward-facing surface of the intracytoplasmic loops as well as the negative
charge of the ATP molecules in the NBDs (Figure 1B,C). Once the outward-facing
state is formed, short-range interactions (H-bonding, van der Waals) are likely to
dominate and stabilize it. Mutations such as G551D that reduce the open
probability of the channel are likely to affect the equilibrium at step 2, and we
predict that ivacaftor also acts at this step but in this case it will promote the
outward-facing state. We expect the drug will be acting in a similar fashion to
ABC transporter allocrites (transported substrates) which are known to
stimulate ATPase activity when they bind. For exporters in the same family as
CFTR, allocrites bind to the inward-facing state with higher affinity and for some
transporters, the binding sites have been characterised by mutagenesis and
structural studies. For example in P-glycoprotein (ABCB1) which can transport
xenobiotics and drugs out of the cell, there are two drug binding sites at the apex
of the inner vestibule formed by the two transmembrane domains in the inward-
facing conformation(36,37). It is known that ivacaftor is one of the many

transported substrates of P-glycoprotein(38).

ATP hydrolysis is likely to occur at step 3 and the model implies that catalysis
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requires the NBDs to be dimerised, as they exist in the outward-facing
conformation, for this hydrolysis to be efficient. Mutations that affect this step
(such as those in the Walker B region) may have some influence on step 2 as
well. Indeed, mutation E1371Q in CFTR was used to generate a sufficient
proportion of outward-facing CFTR molecules to allow that state to be studied by
single-particle cryo-EM (21). Steps 4 and 5 are typical of ABC transporter
proteins where one of the ATP binding sites has evolved to be catalytically
inactive. There are many ABC transporters that show this feature, including
CFTR where the site formed between the NBD1 Walker motifs and the NBD2
signature motif is non-consensus (1). Mutations that affect these steps may also

influence the balance at step 2 for the same reasons as above.
Perspectives:

Both inward-facing and outward-facing conformations of CFTR in the presence
of ATP have recently been reported for phosphorylated protein (21,23). The
inward-facing conformation was also observed in a study of CFTR interacting
with NHERF1-PDZ1 domain which is known to bind at the CFTR C-terminus(39).
Moreover a detailed study of negatively stained single particles of two purified
ABC transporters found a spectrum of conformations in the presence of ATP,
with 1-2% in the outward-facing configuration even in the absence of ATP(40).
Similarly, structure-based calculations suggest that the free energy changes
needed to affect NBD dimerisation may be relatively small (41), and surprisingly,
CFTR channel activity can be detected in constructs completely lacking NBD2
(42). Hence there seems to be a remarkable plasticity in ABC protein
conformations and structures that are emerging appear to reflect this. The
‘Grunt’ model seems to be consistent with the (otherwise perplexing) diversity of
CFTR structures as well as observations concerning channel-disrupting
mutations and potentiators such as Ivacaftor. Future structural studies will
highlight the effects of disease-causing mutations and most significant of these
will be structures that include information about the binding site(s) of the new

therapeutics.
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Abstract

CFTR (Cystic Fibrosis transmembrane conductance regulator) is a unique
member of the ATP-binding cassette family of proteins because it has evolved
into a channel. Mutations in CFTR cause cystic fibrosis, the most common genetic
disease in people of European origins. The F508del mutation is found in about
90% of patients and it causes CFTR instability. Recent cryo-electron microscopy
data have shown that CFTR architecture is like other ATP-binding cassette
transporters, showing large conformational shifts between cytoplasmic- and
extracellular-facing states. Our recent studies into the effects of F508 deletion
and various approaches to study its destablising properties are presented here.
We also investigate the conformational states of CFTR that exist under various
experimental conditions, with the aim of unifying the models that explain

structure/stability, structure/function and structure/regulation.

81



Introduction

Cystic fibrosis transmembrane conductance regulator (CFTR):

CFTR is an ATP-gated chloride channel present in the apical membranes of cells
lining the externally-facing surfaces of several organs(Riordan, 2008).
Phosphorylation of a highly charged regulatory region (R-region) of CFTR by
protein kinase A or C activates the channel, which can then open, allowing
chloride ion flux, provided ATP is available(Chappe, Hinkson et al., 2003).
Chloride ions pass (passively) through the protein along their concentration
gradient. Typically this means that CFTR channel opening is associated with the
loss of chloride ions from the cell and their accumulation in the extracellular
milieu. The charge imbalance caused by the movement of chloride is corrected
by the concomitant flux of sodium ions in the same direction, and the resultant
osmotic imbalance is accommodated by the flux of water into the extracellular
space. Excess CFTR activity and hence water flux can lead to diarrhea (in the
intestinal tract). Sub-normal CFTR activity can lead to constipation in the guts
and also stasis of the mucociliary clearance mechanism, vital for maintaining
healthy lungs(Donaldson, Bennett et al., 2006). This latter outcome is the most
serious symptom for cystic fibrosis (CF) patients who have significantly reduced
CFTR activity due to inheritance of two mutated and defective copies of the cftr
gene(Riordan, Rommens et al.,, 1989). In CFTR, channel opening is associated
with the outward-facing state, where the ATP-binding domains are
dimerised(Cai, Sohma et al.,, 2011, Vergani, Lockless et al., 2005, Yeh, Sohma et
al,, 2017). CFTR channel function is also activated and controlled by
phosphorylation, and here new structural data have provided different models of
how phosphorylation could affects CFTR activity(Fay, Aleksandrov et al., 2018,
Zhang, Liu et al., 2017).

Mutations in the cftr gene are varied, although the predominantly observed
mutation in patients of European descent is a deletion of three bases that results
in the loss of a phenylalanine residue at position 508 in the protein’s amino acid
sequence(Riordan et al., 1989, Veit, Avramescu et al., 2016). Interestingly,
deletion of this single residue (F508del) leads to a protein that is only a little

worse in terms of its intrinsic channel activity(Meng, Wang et al., 2017c).
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However, it is noticeably less stable at physiological temperatures(Meng et al.,
2017c). The unstable product is recognized and degraded by endoplasmic
reticulum (ER) quality control mechanisms, and this occurs so efficiently that
little or no F508del CFTR protein reaches the apical membrane(Brodsky, 2001).
The high rates of occurrence of the F508del mutation (90% of patients have at
least one copy) and disease (~1 in 2000 sufferers, carriage rate ~1 in 25) point
to a prior selective advantage of being a carrier in humans with European
origins. The exact nature of that advantage is debated(Gabriel, Brigman et al.,
1994, Wiuf, 2001), but there is broad agreement that it is is likely to be related to
a strong selective pressure imposed by intestinal diseases associated with high

rates of infant mortality in the past.

Biochemical and biophysical measurements of CFTR have been crucial in our
understanding of the effects of the various CF-causing mutations such as
F508del(Meng et al., 2017c, Vernon, Chong et al., 2017, Yang, Hildebrandt et al.,
2018). Moreover, the development of fluorescence-based assays for CFTR
channel activity has allowed the discovery of small molecules that can potentiate
the channel activity and also rescue the instability defect(Galietta, Springsteel et
al,, 2001). There are now molecules available for the treatment of most
patients(Davies, Moskowitz et al., 2018, Keating, Marigowda et al., 2018, Ren,
Grove et al,, 2013, Yu, Burton et al., 2012) (subject to cost). CFTR is somewhat
unusual in that it is clearly a channel that has evolved from a group of proteins
that are otherwise active transporters(Dean, Rzhetsky et al., 2001). Our
understanding of the CFTR protein is, to a large extent, based on prior studies
with these other transporters that couple ATP hydrolysis to substrate transport
across a membrane(Higgins, 1992). When compared using sequence homology
and phylogenetics, CFTR has been classified into the C sub-family of the
eukaryotic ATP-binding cassette transporters(Dean et al., 2001). There are 38
transporter-like proteins belonging to this overall family in humans of which 13
are in the C sub-family. Two other C sub-family members are also non-
transporters, and this pair have evolved as switches that control another
channel(Mikhailov, Campbell et al., 2005). The remaining 10 members of the C
sub-family are transporters and many of them are involved in xenobiotic
clearance and hence associated with multi-drug resistance(Higgins, 2007,

Rosenberg, Oleschuk et al.,, 2010).
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Comparison of cryo-EM structures for CFTR:

There are now several structures that have been published for CFTR. A summary

of the various structures, their overall conformation and the experimental

conditions employed to obtain them is proposed in Table I.

Ortholog EMDB | PDB Experimental conditions Mutations Overall | Ref.
code code State(s)

Human 1966 4a82 | Phosphorylation state WT with C-term His 1
CFTR unknown. No nucleotide. tag OF

Detergent micelle. Epitaxial

2D crystals. N-linked

glycosylation present.
Zebrafish 8461 Suar Dephosphorylated. No WT 2
CFTR nucleotide. Detergent IF

micelle. SPA. N-linked

glycosylation.
Human 8516 Suak Dephosphorylated. No WT 3
CFTR nucleotide. Detergent IF

micelle. SPA. N-linked

glycosylation.
Zebrafish 8782 5w81 | Phosphorylated. ATP 4
CFTR present. Detergent micelle. E1371Q (0]0)

N-linked glycosylation. IF*
Chicken 7793 6d3r Dephosphorylated. No Stabilising: 5
CFTR nucleotide. Detergent ARI/H1404S/1441X | IF

micelle. SPA. N-linked C-term His tag

glycosylation present.
Chicken 7794 6d3s Phosphorylated. ATP Stabilising: 5
CFTR present. Detergent micelle. H1404S/ 1441X/ IF

N-linked glycosylation. ARI/ C-term His tag
Human 9230 6msm | Phosphorylated. ATP 6
CFTR present. Detergent micelle. E1371Q (0]0)

N-linked glycosylation.

Table I. Summary of sub-nanometre resolution cryo-EM structures of full-length

CFTR that have been deposited in the EMDB and PDB.

Key: EMDB - Electron Microscopy Databank (density map data). PDB - Protein

Databank (atomic model). SPA- single particle averaging. WT - wild type

sequence. OF - outward-facing state. IF - inward-facing state. 00 -

outward/occluded state. IF* - evidence for particles in the inward facing state co-

existing with the major state. ECL - extracellular loop. C-term - C-terminal. ARI -
deletion of residues 405-436. 1441X - truncation at this residue. Ref: (1)
(Rosenberg, O'Ryan et al, 2012); (2) (Zhang & Chen, 2016); (3) (Liu, Zhang et al.,

2017); (4) (Zhang et al, 2017); (5) (Fay, Aleksandrov et al, 2017); (6) (Zhang, Liu

etal,2018)
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An immediate observation based on Table I is that different conformations of the
protein can be observed under very similar experimental conditions: For
example the fully activated (phosphorylated) state of the protein in the presence
of ATP has been reported as being in the outward-occluded conformation in two
studies(Zhang et al., 2017, Zhang, Liu et al., 2018), but in another structural
study, activated CFTR was found to be in the inward-facing state(Fay et al.,,
2018). Similarly, the absence of nucleotide was correlated with the inward-
facing state in most studies(Fay et al., 2018, Liu et al., 2017, Zhang & Chen, 2016),
but in one study the outward-facing state was found instead(Rosenberg, O'Ryan
etal.,, 2011). We would argue that consideration of the plasticity of ABC
transporters must be taken into account. There are now several studies where a
range of conformations within a population of an ABC transporter under the
same conditions has been observed(Moeller, Lee et al., 2015). These studies
show that the separation between the NBDs can vary considerably for inward-
facing conformations, and that the NBD dimerized state (outward and outward-
occluded states) are sampled quite rarely, even in the presence of nucleotide and
non-hydrolysable nucleotide analogues. Mutagenesis may also throw some light
on these discrepancies (Table I, column 5). Catalytic silencing of ATPase activity
alone does not seem to be capable of stabilizing the outward-facing or outward-
occluded states, since the H1404S mutation when combined with ATP and
phosphorylation was nevertheless associated with the inward-facing state in
chicken CFTR(Fay et al., 2018). It seems possible, therefore, that the E1371Q
mutation may favour the outward-facing state by changing the charge repulsion

at the NBD-NBD interface.

CFTR channel function can be monitored at the single channel level. After
activation and the addition of ATP, single CFTR channels can open and ‘bursts’ of
current can be detected(Meng et al., 2017c). The bursts are punctuated by inter-
burst intervals of quiescence. In activated human WT CFTR at physiological
temperatures and with ATP present, the channels are closed for about 50% of
the time(Meng et al,, 2017c). Even during the bursts of current, there are rapid
‘flickery’ closures of extremely short duration. Rationalizing these single channel
measurements using the structural data summarized in Table I is not easy and

clearly all the cryo-EM structures are not determined under physiological
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conditions. One could propose that the outward/occluded state could represent
the state of CFTR in the inter-burst duration. Alternatively, although flickery
closures are transient at body temperature, low temperature may favour this
state, hence the outward-occluded state could be representative of CFTR during

a flickery closure.

Epitaxial 2D crystals(Rosenberg et al., 2011) are unlikely to be formed by CFTR
molecules with mixed conformational states, hence the crystallization process
itself may select for a given conformation, perhaps explaining the observation of
the outward-facing state in the absence of nucleotide. Although the
phosphorylation state in the 2D crystal study could not be readily controlled, in
all the other studies listed in Table I, the phosphorylation state was imposed
before structural data were collected. In all the structural studies, full
phosphorylation has been associated with the disappearance of a weak sinuous
density that was observed for the fully dephosphorylated state between the
NBDs and intracytoplasmic loops (ICLs). This weak density was proposed to be
part of the 200-residue long disordered regulatory (R) region that links the first
NBD to the second TMD(Fay et al., 2018, Zhang & Chen, 2016). Hence models for
how phosphorylation of the R-region regulates the channel activity could be
proposed: In one model a simple steric blocking of NBD dimerization in the
dephosphorylated state would prevent formation of the outward-facing state
and hence channel opening(Zhang & Chen, 2016). In the second model the
dephosphorylated R-region would not only prevent dimerization but would also
insert itself into the cytoplasmic entrance of the channel, blocking it like a
plug(Fay et al., 2018). In both these models, phosphorylation of the R-region
would cause increased disorder and its dissociation from its position in the
dephosphorylated state. Thus from Table I it would appear that a refined model
for ABC transporter or CFTR conformation/function relationships is needed. We
have proposed that inward-facing, outward-occluded and outward-facing states
are always in equilibrium with each other and that the presence of ATP can push
the balance in one direction or another(Meng, Clews et al., 2018). Similarly, in
CFTR, phosphorylation can influence the equilibrium, especially between the
inward-facing and outward-occluded states. Whether a similar phospho-

regulation mechanism exists in other ABC transporters remains to be explored.
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Further regulation of the activity of CFTR:

Apart from regulation via the linking R-region, CFTR activity may also be
influenced via the disordered C-terminal region of the protein. In the structures
listed in Table I, no density was observed for the last 40 amino acids, and indeed
for the chicken CFTR studies, the C-terminal region was deliberately truncated at
residue 1441(Fay et al.,, 2018). It is known that the CFTR C-terminus displays a
PDZ-binding motif, and this allows its interaction with either of the two PDZ
domains of NHERF1, a cytoplasmic soluble protein(Moyer, Duhaime et al., 2000).
NHERF1 can mediate CFTR-protein interactions with other PDZ binding motif-
containing proteins via its two PDZ domains. It can also mediate interaction with
the cell cytoskeleton via the Ezrin-binding domain of NHERF1(Moyer, Denton et
al, 1999). This has been associated with the formation of a non-mobile pool of
CFTR in epithelial cells(Haggie, Stanton et al., 2004, Valentine, Lukacs et al.,
2012). Links have also been proposed between CFTR-NHERF1-cytoskeleton
interactions and the recycling of CFTR in the cell(Cushing, Fellows et al., 2008).
From a structural perspective, the details of the interaction between the
NHERF1-PDZ1 domain and the last 5 residues of the CFTR C-terminal region
have been well characterized(Karthikeyan, Leung et al., 2001), but the overall
effects of NHERF1 binding on CFTR conformation have been studied little. There
is some evidence that NHERF1 binding may favour the inward-facing state of the
channel(Al-Zahrani, Cant et al., 2015), and it is suspected that the CFTR C-
terminus may associate with the R-region when it is phosphorylated(Bozoky,
Krzeminski et al., 2013). These data would point to a regulatory system where

NHERF1 would bind to the dephosphorylated CFTR protein in its quiescent state.

F508 deletion:

Noticeable by its absence in Table I is a structure for the F508del mutated
version of CFTR. Although the effects of this mutation have been examined in the
isolated NBD1(Atwell, Brouillette et al., 2010), only minor local changes in the
conformation were noted. Furthermore these studies relied on a stabilized, more
soluble NBD1 construct that may represent a ‘rescued’ state. Examination of the
available atomic models and the maps from which they are derived suggests that
the F508 residue sits at an important interface between NBD1 and TMDZ2. This
location was predicted well before the higher resolution structures of CFTR

became available(Dawson & Locher, 2007). Surprisingly, the overall
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configuration of this interface remains unchanged throughout the large
conformational transitions associated with channel activation(Meng et al., 2018).
From an engineering perspective, this implies that F508 is part of a locking-pin
component rather than being part of a ball and socket joint. Hence F508 deletion

may destabilize the protein by weakening the link between TMD and NBD.

In the studies described below we have tested the effects of the F508del
mutation on CFTR using a biophysical and a biochemical assay. The former
probes for the native folded state as well as the thermostability of the protein.
The latter probes for the native folded state and can also be applied to non-
purified CFTR in the membrane it was expressed in. We have also examined the
effects of phosphorylation on CFTR conformations using low resolution EM and
further explored the link between structure/activity and regulation with the

CFTR-interacting protein NHERF1.
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Figure 1: Thermal unfolding of CFTR: (a) Midpoint of thermal unfolding transition
(Tm) is plotted against the % of initial labeling at 100C for several batches of CFTR
and under different experimental conditions. Red, black and blue data points
represent F508del, WT and G551D CFTR, respectively, purified in DDM detergent.
Green points are for G551D CFTR in the presence of LPG14 detergent. Round,
square and triangle symbols show the effects of no addition, VX809 (2uM) addition
or VX770 (2uM) addition, respectively. Crosses and numbers show the effects of
GuHCI addition, with the number indicating the final GuHCI concentration in
mol/L. Where no clear thermal unfolding transition was detected (bottom right),
the Tm was arbitrarily assigned to the initial labelling temperature (100C). (b)
Exemplar thermal unfolding profiles for CFTR. The data series shown are for CFTR
purified in LPG and at different concentrations of GuHCI (numbers indicate
molarity).
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Results & Discussion

Protein Purification & Characterization.

The expression and purification of full-length CFTR construct with an N-terminal
His-SUMOstar tag and a C-terminal GFP-His tag has been described previously
(Meng, Wang et al., 2017d, Pollock, Cant et al., 2014b). WT, F508del and G551D
versions of this construct were employed for the CFTR stability studies.
Generation of a CFTR construct with no GFP-His tag and an authentic C-terminus
was carried out for the structural studies and a purification gel is shown in
Supplementary Figure 1a. The purified protein was shown to be partly
phosphorylated and could be readily dephosphorylated or fully phosphorylated
by treatment with the relevant enzymes (Supplementary Figure 1 ¢,d). Full-
length NHERF1, containing two PDZ binding domains and an ezrin binding
domain, was expressed in E.coli. A gel for the final purification step (size

exclusion chromatography) is shown in Supplementary Figure 1b.

CFTR Stability: The CPM Assay

We have employed a fluorescence-based assay for the stability of purified
proteins that is based on the labelling of exposed Cys residues by a CPM dye
(Alexandrov, Mileni et al., 2008, Meng, Clews et al., 2017a). Figure 1 summarises
the data for many experiments with purified CFTR under various conditions.
CFTR can be denatured thermally, whereupon more CPM will bind (to previously
buried Cys residues)) giving rise to a fluorescence increase from which a mid-
point unfolding temperature can be extracted (Tm). Initial labelling of exposed
Cys residues at the surface of the folded protein at the start of the experiment is
also useful indicator of the native folded state, reporting on batch-to batch
quality and can detect the effects of chemical denaturation (e.g. by detergent or
chaotropes). For example, increasing concentrations of Guanidium HCI reduce
the thermal unfolding transition temperature as well as having a major effect on
the native folded state as indicated by the high initial labelling by CPM (Figure
1). Using this assay one can clearly distinguish the lower thermal stability of
F508del CFTR (Fig. 1a, red symbols), although there is no clear difference in
terms of its initial folded state (within batch-to-batch variability). This supports
earlier studies implying that F508del CFTR NBD1 was unaltered in terms of its
overall 3D structure(Meng et al., 2017a). Acute addition of the F508del corrector

drug (VX809) appears to have an effect on the initial labelling of the protein, with
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less exposure of Cys residues implied (square symbols), and there is a small
thermostabilisation as reported before(Meng et al., 2017a, Meng et al., 2017d). In
contrast, the potentiator compound VX770 appears to have a general
destabilizing effect without significantly affecting the initial labelling (triangles,
Fig. 1a). Interestingly, the G551D mutation, which induces the closed channel
state, has a slight thermostabilising effect on the protein (blue symbols).
Although the negatively charged LPG detergent has been shown to be
destabilizing for isolated CFTR NBD1(Yang, Hou et al., 2018) (relative to the non-
ionic DDM detergent), we find that the thermostability of the G551D full-length
CFTR protein is somewhat enhanced in this detergent (Fig.1a, green symbols).
However the CPM labelling shows an additional transition prior to the main
higher temperature transition (Fig. 1b). This minor transition was not included
in the analysis presented in Fig. 1a, but it may indicate some localised low-

temperature unfolding by LPG.
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WT F508d WT F508d

G551D G551D

Microsomes LPG-Purified Protein

Figure 2: Limited Proteolysis of CFTR variants: Protease was at a ratio of 1:75 (0.3
ug/ml trypsin) with microsomes (left) and purified proteins (right) and detection
of C-terminal fragments using the GFP fluorescence. The 25kDa lowest mass
fragment is GFP alone (based on excess trypsin experiments and GFP-only
controls). GFP is not unfolded by the SDS-PAGE conditions. Full-length protein runs
just above the 250kDa marker and is much more protected in microsomes (arrow).

The dashed rectangle outlines bands that correspond to GFP with part of NBDZ,

discussed in the main text.
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Figure 3: Limited Proteolysis: Digestion with thermolysin at a concentration of
25ug/ml and 250ug/ml with microsomes (left) or LPG-purified proteins (right).
The ratio was 1:1 or 10:1 with microsomes or protein. The gel was probed by GFP
fluorescence scan (lower panels) or subsequently Western blotted and probed with
a SUMO antibody to detect the N-terminal fragments. Note that for microsomes
many native yeast SUMO-ylated microsomal proteins are detected in addition to
CFTR (left upper panel, no thermolysin). The overall fragmentation patterns with

thermolysin are similar although some differences can be observed for the lowest

mass C-terminal fragments (lower panels).
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CFTR Stability: Limited proteolysis assay

The CPM assay requires purified protein, hence it was useful to compare purified
CFTR in LPG with CFTR expressed in membranes. For this we employed limited
proteolysis at low temperature followed by SDS-PAGE (Figures 2&3). Proteolytic
fragments were visualised using a C-terminal GFP tag as well as an N-terminal
SUMO tag (probed with a commercial antibody). Figure 2 shows the effects of
limited trypsin concentrations on C-terminal fragments generated from WT,
F508del and G551D versions of the protein as described above, with the data for
CFTR in microsomes on the left and for purified protein on the right. Figure 3
shows the effects of limited (25 ug/ml) and high (250ug/ml) concentrations of a
different protease (thermolysin) and compares WT and F508del versions of the
protein in microsomes and after purification. Both the N-terminal fragments
(upper panels) and the C-terminal fragments (lower panels) are compared.

The largely unstructured R-region represents a major target for proteolytic
enzymes, and hence large fragments around 100kDa, representing TMD2-NBD2-
GFP and SUMO-TMD1-NBD1 can be observed at low protease levels for all CFTR
variants. Lower mass C-terminal fragments can also be detected at 25 kDa (GFP)
and 50-55kDa (NBD2+GFP) with both proteases, implying common protease-
sensitive sites at the TMD-NBD linker (55kDa fragment) and at the CFTR C-
terminus (25kDa GFP fragment). Despite the presence of F508 in the N-terminal
end of CFTR, no obvious differences can be detected in the N-terminal
proteolytic cleavage patterns of WT and F508del CFTR (Fig. 3), but the N-
terminal patterns are much more complex than the equivalent C-terminal
patterns. This applies to both purified CFTR as well as membrane-bound CFTR
and implies that the C-terminal end of CFTR may be susceptible to cleavage at a
few, particularly sensitive, sites. Some differences in the C-terminal proteolytic
cleavage patterns of F508del and WT CFTR were detected when thermolysin was
employed, but not with trypsin. The formation of SDS-resistant thermolysin-GFP
or thermolysin-SUMO complexes, especially at high thermolysin levels may
explain these differences (Supplementary Figure 1). Overall, the conclusions
from these limited proteolysis data are that F508del, G551D and WT CFTR
display broadly similar sensitivity to proteases at low temperatures and that
membrane-bound and detergent-purified CFTR are also similar in terms of their
ability to be cleaved by soluble proteases. The discrete nature of the N-terminal

and C-terminal bands with masses indicative of cleavage at major domain
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interfaces strongly supports the hypothesis that CFTR expressed in yeast
microsomes is folded correctly and that after purification it retains a very similar
overall conformation, at least at low temperatures. These data also support the
hypothesis that F508 deletion mainly affects the thermostability of the protein,
rather than affecting the overall fold or topology of the protein(Meng et al.,
2017d).
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Figure 4: Electron microscopy of phosphorylated and dephosphorylated CFTR. (a)
Negatively stained micrograph of LPG-purified dephosphorylated CFTR showing
14nm diameter single particles (circled) and some linear aggregates (rectangle).
(b) Examples of linear aggregates. (c) Examples of single particles. (d) 2D class
averages for phosphorylated CFTR showing a mixture of inward-facing and
outward-facing projection classes. Box size for panels b-c is 29nm. (e) Structures of
inward-facing (top) and outward-facing (bottom) 3D classes derived from (l to r):
dephosphorylated CFTR; dephosphorylated CFTR + NHERF1; phosphorylated CFTR
+ NHERF; phosphorylated CFTR. (f) Fitting of the dephosphorylated human CFTR
structure (purple ribbon trace) to the dephosphorylated CFTR+NHERF1 map
(mesh). Two orthogonal views are displayed. Additional density can be identified
close to the NBDZ location after fitting (arrows).
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CFTR Structure: Conformational Plasticity & Interaction with NHERF1

Both inward-facing and outward/occluded-facing conformations of CFTR have
been reported under similar conditions (+ATP and after phosphorylation, Table
[). In order to understand this dichotomy, we have proposed a model(Meng et al.,
2018) where CFTR can sample both conformations continuously in the presence
or absence of ATP. In this model the equilibrium between inward- and outward-
facing states is influenced by the presence of nucleotide and phosphorylated
residues in the R-region. In order to explore this further, we studied LPG-
purified CFTR single particles by negative-stain EM after phosphorylation and
dephosphorylation. We also investigated whether the C-terminal interacting
protein, NHERF1 had any effects on the CFTR conformational states. Figure 4a
shows an example of data recorded for dephosphorylated CFTR. Single particles
can be observed (circled) and these could be selected semi-automatically (Fig.
4c), classified and averaged (Fig. 4d). For dephosphorylated CFTR, but for none
of the other conditions, short linear aggregates were also detected in these
samples (Fig. 4a, rectangle, Fig. 4b). Similar linear aggregates were previously
reported for LPG-purified CFTR where the phosphorylation status was not
controlled(Al-Zahrani et al., 2015), and the aggregates may be mediated by
intermolecular NBD to R-region interactions which are promoted after
dephosphorylation of the R-region(Bozoky et al., 2013). Examination of the
projection class averages for all samples implied a mixture of inward- and
outward-facing states, as expected, hence a multi-reference refinement was
carried out, employing references corresponding to inward-facing and
outward/occluded states that had been filtered to low resolution (40A). Figure
4e shows the resulting 3D representations. No condition resulted in a single
conformational state, indeed even dephosphorylated CFTR in the absence of ATP
contained particles that gave an outward-facing structure (magenta volume)
whilst phosphorylated CFTR in the presence of ATP also had a recognizably
inward-facing sub-population of particles with separated NBDs (sky blue
volume). Particles corresponding to the inward-facing state of
dephosphorylated CFTR with NHERF1 (grey volume) had additional density
between the NBDs (ellipse outline, Fig. 4e and arrows, Fig 4f). It seems possible
that this could represent the location of NHERF1. No other maps showed a
plausible additional density close to the expected position of the C-terminal

region. If correct, this would imply that NHERF1 may preferentially bind to the
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dephosphorylated state and may take up a discrete location in the inward-facing
conformation. This concurs with earlier data showing an association of the C-
terminal 40 residues with the R-region of CFTR in the phosphorylated but not
dephosphorylated state(Bozoky et al., 2013).
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Figure 5: CFTR maps: (a) Fitting of the inward-facing (purple, 5uak) and
outward/occluded (blue, 6msm) molecular CFTR models to the equivalent low
resolution maps obtained from dephosphorylated CFTR (blue mesh) and
phosphorylated CFTR+ATP (brown mesh). The lower panel shows the same
models/maps after rotation of each by 900 around the vertical axis. At lower
density threshold (shaded regions) the boundaries of the upper LPG micelle can be
partially delineated (dashed red outline). (b) As in panel a, but the maps shown are
global averages of all particles classified as inward-facing (left) or outward-facing

(right).
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Figure 5 shows the fitting of the inward-facing human CFTR structure (PDBID
5uak) within the equivalent low resolution map obtained from
dephosphorylated CFTR. Despite the low resolution of the negative-stain
structure, the overall fit is quite good, with a similar separation distances
between the NBDs. The LPG micelle is partly delineated and at lower density
thresholds takes on the characterstic toroidal shape (shaded area and dashed
red outline). Similarly the outward/occluded CFTR structural model (PDBID
6msm) fits reasonably well within the equivalent map obtained from
phosphorylated CFTR in the presence of ATP. Here the detergent micelle appears

somewhat smaller and less symmetric (red dashed line).

Global 3D structures representative of all particles across the various
experiments were also generated (Figure 5b). These are for significantly larger
datasets and show better-defined molecular outlines. The quality of the maps
after global averaging suggests that CFTR is not sampling a spectrum of
conformations under the varying experimental conditions employed (at least to
the low resolution limits obtained here). However the inward-facing global 3D
map does show some smearing of one of the NBDs, whilst the other NBD density
is well defined. This could reflect some conformational flexing in the inward-
facing state, but also could arise from NHERF1 binding to the CFTR C-terminal
PDZ binding motif in the dephosphorylated state (Fig. 4f). For the global 3D map
of the outward-facing conformation, one would expect very similar

conformations as the NBDs should be tightly dimerised.

Conclusions: The studies suggest that the most common CFTR mutation (f508
deletion) mainly affects the stability of the protein rather than its overall 3D
conformation. The structural studies suggest that the protein is able to sample
inward-facing and outward-facing conformations in both the activated and
inactivated states, and that the CFTR-interacting protein, NHERF1 may
preferentially associate with the inward-facing, dephosphorylated state. The
observation of the outward-facing configuration, even for the inactivated/
dephosphorylated state implies that the R-region may have a loose association
between the NBDs and its steric hindrance of the NBD dimer formation observed
in some structural studies is not permanent. Similarly, the presence of ATP in

phosphorylated CFTR does not appear to result in a uniformly outward-facing
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population of molecules. When comparing the various models for CFTR
regulation and channel gating, the idea of the R-region acting as a phospho-

regulated channel plug appears to be more consistent with the data presented

here.(Fay et al., 2018)
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Methods:

NHERF1 expression and purification

The cDNA for human NHERF1 was synthesised by Geneart Inc. and cloned into
pSY5 vector (Chumnarnsilpa, Lee et al., 2009) using standard ligation
independent cloning methods (Aslanidis & de Jong, 1990). Plasmids were
transformed into BL21 (DE3) competent E. coli (New England Biolabs) according
to the manufacturer’s instructions. Starter cultures were grown overnight at 37
°C with shaking at 250 rpm in Luria broth (5 g/L yeast extract, 10 g/L peptone,
10 g/L NaCl) supplemented with 100 ug/mL ampicillin. Starter cultures were
inoculated at 20 mL/L into auto-induction media (12 g/L tryptone, 24 g/L yeast
extract, 9.4 g/L K;HPOy, 2.2 g/L KH2PO4, 8 mL/L glycerol 50 mM NH4Cl, 20 mM
MgS04, 5 mM NazS04, 0.3 % (w/v) a-lactose, 0.015 % (w/v) D-glucose)
supplemented with 100 pg/mL ampicillin. Cultures were grown at 37 °C
overnight at 15 °C. Cultures were harvested by centrifugation at 4,200xg, 1 hr, 4
°C. Pellets were resuspended in 50 mM Tris.HCI pH 8.0, 500 mM NaCl, 20 mM
imidazole and lysed using sonication then centrifuged at 19,000 x g, 1 hr, 4 °C.
Filtered (0.45 pm) lysates were loaded onto a 5 mL HisTrap FF Ni-NTA columns
(GE healthcare) washed with the same buffer and elution was with 50 mM
Tris.HCI pH 8.0, 500 mM NaCl, 250 mM imidazole. The eluted material was de-
salted 50 mM Tris.HCI pH 8.0 on a HiPrep 26/10 desalting column (GE
healthcare) and loaded onto 1 mL HiTrap Q HP columns (GE healthcare).
Following washing, bound NHERF1 was eluted using a gradient of 0-500 mM
NaCl. Fractions were collected and further purified by size-exclusion
chromatography (SEC) in 50 mM Tris.HCl pH 8.0, 150 mM NacCl using a HiLoad
16/600 Superdex 200 column (GE healthcare). Fractions were combined and
concentrated using 30 kDa molecular weight cut-off concentrators and the final
NHERF1 concentration was determined using the Pierce Bicinchoninic Acid
(BCA) Protein Assay kit (Thermo Scientific) according to the manufacturer’s

instructions.

CFTR expression and purification

C-terminal eGFP* and Strepll tags were removed from opti-hCFTR within the
pTR vector (Rimmington, 2014) using the Site Directed Mutatgenesis Kit (New
England Biolabs) according to the manufacturer’s instructions. The sequence

was confirmed by DNA sequencing and transformed into competent FGY217 S.
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cerevisiae for expression and purification as previously described (O'Ryan,

Rimington et al., 2012, Pollock, Cant et al., 2014a).

Phosphorylation and dephosphorylation

Purified CFTR in 50 mM Tris, pH8, 10% glycerol (v/v), 50 mM NaCl, 1 mM DTT,
0.05% LPG-14 was treated with protein kinase A (PKA) catalytic subunit (New
England BioLabs, P6000) as previously described (Zhang and Chen, 2016; Liu et
al, 2017). PKA was diluted to 1.6uM and incubated with CFTR at 30 °C for 1 h
with 0.2 mM MgATP. The dephosphorylation reaction was done in presence of
Lambda Phosphatase diluted 1:40 (w/w) at 22°C for 1h (Lin et al., 2017). Protein
phosphorylation was detected with Pro-Q Diamond stain, as described in the
manufacturer’s protocol(Steinberg, Rush et al., 2003) and scanned using Trans-

UV illumination

CFTR stability assay

The Coumarin maleimide (CPM) assay was adapted from (Alexandrov et al.,
2008). DTT, which interferes with the assay, was removed from the protein
sample at the SEC purification step. The assay was done either in a conventional
fluorimeter connected to a temperature-controlled water bath; or in an
Unchained Labs UNCLE instrument using the UV laser(Meng, Clews et al.,
2017b). For the latter, emission spectra were scanned every minute at 10 °C for
30min followed by a temperature ramp to 90 °C and spectra were collected at 2
°C increments with a heating rate of approximately 1.5 °C min-1. After
subtraction of buffer controls, data were analysed by integrating the Tryptophan
(323 nm to 350 nm) and CPM (445 nm to 463 nm) emission peaks. The ratio of
the integrals CPM/Trp was employed to compensate for temperature-dependent
fluorescence quenching effects and any spikes in the laser output. 1 pg purified

CFTR and 0.1 pg CPM were used in each experiment.

Limited proteolysis assay

Limited Proteolysis reactions were carried out at 4°C in a 20ul reaction volume.
Thermolysin (Geobacillus stearothermophilus) was from Sigma CAS # - 9073-78-
3. For thermolysin, protein and microsomes were incubated with the enzyme for

15 min at 4°C and then the reaction was halted with 12mM EDTA. Purified
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protein was at 25pg/ml and microsomes 50pg/ml while thermolysin was at
12.5pg/ml or 50pg/ml for pure protein reactions, and 25ug/ml or 250ug/ml for
microsome reactions. The enzyme was diluted in a calcium-containing
thermolysin buffer (50mM Tris, 0.05mM CaCl; ). SDS Buffer (50mM Tris, pH7.6,
5% Glycerol, 5mM EDTA, 0.02% Bromophenol Blue, 4% SDS, 50mM DTT) was
then added to the reaction 1:1 v:v and left at room temperature for 30 minutes
before being run on a 12% polyacrylamide gel for 90 min at 130V. Limited
proteolysis experiments with trypsin were conducted at 4°C for 15 minutes and
stopped with a protease inhibitor cocktail (5pg/ml E64, 48ug/ml AEBSF,
174pg/ml PMSF, 8.25ug/ml Leupeptin, 8.25ug/ml Pepstatin, 1.75 ug/ml
Chymostatin, 2ug/ml Bestatin). Protease was at a ratio of 1:75 (0.3 pg/ml

trypsin) with both microsomes and purified proteins.

For Sumo identification, the gel was transferred using the semi-dry method using
Anode (Anode I - 30mM Tris, 20% Methanol, Anode II - 300mM Tris, 20%
Methanol) and Cathode (40mM 6-amino hexanoic acid, 25mM Tris, 0.01% SDS,
20% Methanol ) transfer buffers. Following transfer, the membrane was
incubated in 5% w/v BSA in TBST buffer (Tris Buffered Saline - 20mM Tris
(pH7.5), 150mM NaCl, 1% TweenZ20) for 1 hour at room temperature. The
membrane was then incubated with an anti-Sumo primary antibody (Abcam
ab176485) overnight at 4°C. Following incubation, the membrane was washed
with TBST buffer 5 times for 5 min each. The membrane was incubated with a
secondary antibody (Dnk pAb to Ms IgG (IRDg 800cw Abcam ab216774) for an
hour at room temperature. Followed by 3 washes with TBST buffer for 5

minutes. The membrane was then viewed on a LiCor Odyssey machine.

Electron Microscopy and structural analysis

Samples were diluted to ~25pg/ml in 50 mM NaCl, 1 mM DTT, 0.05% LPG-14
(Mg-ATP, 2mM, was added for the phosphorylated sample) and then applied to
glow-discharged EM grids and negatively-stained as described earlier(Al-Zahrani
et al.,, 2015). Image processing was carried out with the EMAN2 software
package(Ludtke, Chen et al., 2004). Single particles were selected using the
EMAN?2 interactive particle-picking tool. Classification of the projection classes

allowed the removal of non-CFTR particles (discriminated by size) and
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aggregates (discriminated by size and shape). For most specimens this resulted
in elimination of about 50% of the automatically-selected particles; about 75%
were excluded for the dephosphorylated CFTR sample where linear CFTR
aggregates were present. Further reclassification of the included particles
identified projection classes consistent with both outward- and inward-facing
CFTR particles surrounded by an annular detergent micelle. The particles were
therefore further classified using the EMAN2 multirefine tool using two 3D
reference structures (EMDB_8516 and EMDB_9230 - corresponding to inward-
facing and outward-facing conformations respectively filtered to ~50A
resolution). Finally, particles classified with inward-facing or outward-facing
references were separately re-refined using the single map refinement tool: Here,
each dataset was split into two separately-refined subsets to allow the
assessment of the resolution of the final map by Fourier shell correlation (FSC).
Combination of all the particles classified with the inward-facing reference
across all datasets was also carried out and this large dataset (~14,000 particles)
was used for a global 3D structure refinement. A similar procedure was
performed for all particles associated with the outward-facing state (~13,000

particles).
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Supplementary Figure 1: Purification and characterisation of proteins: (a)
Coomassie stained SDS-PAGE purification gel for CFTR, corresponding to cell lysis
extract, flow-through, wash steps and the imidazole elution fractions from the Ni-
NTA purification stage, with the major CFTR band eluting at 400mM imidazole. (b)
Final purification gel for NHERF1 showing fractions from the 2nd step (size
exclusion chromatography - SEC). (c,d) LPG- purified CFTR was treated with (c)
lambda phosphatase twice for 1h at 22°C or (d) PKA and 0.2mM ATP for 1h at
30°C. The blue image in each panel represents the Coomassie -stained gel with
before and after treatment of CFTR samples. The greyscale image shows the Pro-Q
Diamond stained SDS-PAGE counterpart, with phosphorylated protein bands
showing up as white. The data shows that purified CFTR retains significant
phosphorylation. A weak doublet band around 85kDa may be due to some
proteolytic clipping at the R-region at 30°C which is also observed for the control

untreated sample at this temperature.
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Supplementary Figure 2: GFP-only controls: GFP was treated under limited
proteolysis conditions in the same way as CFTR and then run on SDS-PAGE. GFP
was resistant to degradation under the limited proteolysis conditions with both
thermolysin and trypsin. Higher molecular mass fluorescent bands of ~36kDa and
~34kDa were formed in the presence of thermolysin and trypsin, respectively
(indicated). A 36kDa fluorescent band was also detected after treatment of
microsomes with high concentrations of thermolysin (Fig.3, main text). The

formation of an SDS-stable complex between GFP and protease may be occurring.
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Supplementary Figure 3: Fourie:?hell correlati(;l> plots for CF Tf}?{)’D refinements:
Black - Dephosphorylated, inward facing state. Grey - Dephosphorylated, outward
facing state. Dark blue - Phosphorylated, outward facing state. Red -
Phosphorylated, inward facing state. Sky blue - Dehosphorylated + NHERF1,
outward facing state. Magenta - Dephosphorylated + NHERF1, inward facing state.
Yellow - Phosphorylated + NHERF1, outward facing state. Green - Phosphorylated +
NHERF1, inward facing state. The Dephosphorylated, outward facing state (Grey)

has the lowest resolution estimate and the fewest contributing particles (635). The

highest resolution at FSC=0.5, the more conservative measure, is for the
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Dehosphorylated + NHERF1 inward-facing dataset (Magenta) with 2719 particles.
(b) Fourier-shell correlation plots for global averages of the inward-facing (blue)
and outward-facing (red) states.
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Abstract

Cystic fibrosis is the most common genetic disease in populations of
European descent. Mutations in the cftr gene lead to loss of CFTR protein
and/or loss of its function and cause cystic fibrosis. There are many
different disease-associated CFTR mutations, but approximately 90% of
patients have at least one copy of the F508del mutation in their cftr genes.
The deletion of phenylalanine at position 508 in the amino acid chain
results in loss of the protein from the plasma membrane due to
misfolding/instability. The second most common mutation is G551D where
the protein expression is unaffected but causes the channel to remain
closed. Here we have studied human CFTR and these two most common
disease-causing mutations using a yeast expression system that allows
precise timing of the initiation of CFTR expression. CFTR variants express
over the same time-course of a few hours in yeast, although

polyubiquitination and turnover of F508del CFTR appears to be markedly
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more pronounced, resulting in reduced levels of expression. By using
limited proteolysis we have probed CFTR in yeast microsomal membranes,
as well as after its full purification in detergent micelles. In order to resolve
conflicting data derived from cryo-EM studies we test the hypothesis that
regulation of the protein by phosphorylation coupled with the presence of
ATP has large effects on its overall conformation. We find that
phosphorylation has some stabilising effects on the protein but these are
not sufficient to stabilise the F508del version of the protein. The stabilising
effects of phosphorylation appear to be mainly exerted on the C-terminal
half of the protein. The fragmentation patterns of WT CFTR and CFTR
variants are similar in phosphorylated and non-phosphorylated CFTR.
These data are consistent with a model where CFTR protein is in a state of
constant flux, alternating between inward- and outward-facing
conformations irrespective of its phosphorylation status and the presence

of ATP.
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Introduction

CFTR is a member of the ATP binding cassette family of membrane proteins
[1]. The function of this protein is to allow the flux of chloride ions [2] and
this is different to the rest of the family that are predominantly active
transporters. Recent structural data for CFTR has shown that the protein
shares a very strong structural homology with other transporter members
of the ABC family [3] [4]. The main sequence differentiation between CFTR
and other closely related transporters such as ABCC1 (multidrug resistance
protein one) and ABCC8 (sulphonylurea receptor one) is the presence of a
large internal linker region of approximately 200 residues in length. This
structurally disordered region [5] is utilised in CFTR function, and is
phosphorylated at multiple sites allowing for the channel function of the
protein to operate [6]. Although CFTR is an ATP-gated channel, because of
the normally high concentrations of ATP in the cell, the regulation of
channel function via the extended linker region is likely to be the most
critical [7, 8]. This region of the protein has been termed the regulatory or
R-domain. This part of the protein also contains several sites for
proteolysis and can be cleaved readily by externally added proteases,
yielding N-terminal and C-terminal halves of the protein that are roughly
equal in mass. However like many other ABC transporters, CFTR also
contains several regions that link the four domains of the protein, i.e. the
two transmembrane domains and the two-nucleotide binding domains [9].
CFTR also includes a unique short region of disordered structure inserted
at the start of its first nucleotide-binding domain (NBD) [10]. This so-called
regulatory insertion also represents a potential site for proteolysis.
Removal of the regulatory insertion increases the overall stability of the
isolated NBD1 domain [11], and recently it has been shown that it also (by
deletion) increases the stability of the full-length protein [12]. However
removal of the much larger R- domain does not have this effect and indeed
may cause reduction in expression levels. Given the multi domain nature of
CFTR as well as the presence of disordered domain-linking regions, the

protein can be considered a suitable target for study by limited proteolysis.
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In such studies, limiting amounts of protease are added to the protein of
interest and then the fragmented protein is run on an SDS-PAGE gel in
order to reveal the pattern of proteolysis and the presence of any stable
domains, subdomains or major fragments [13, 14]. Such a study can
provide information about domain-domain interactions, the overall
stability of the protein and its conformation, and may reveal any allosteric

changes that influence the exposure of specific linker regions.

In this manuscript, this methodology has been exploited to study the
properties of wild type CFTR as well as mutant forms of the protein that
occur frequently in humans and which lead to cystic fibrosis. So far,
structural data for CFTR has been derived by cryo-EM of the human or
chicken WT proteins [3, 4, 15, 16]. In the latter case, stabilizing mutations
were included in the chicken protein although its channel activity was
enhanced with a very high open probability using the ATPase- limiting
H1402S mutation [4]. In the former case, the human protein was also
studied with a mutation in the catalytic Walker B glutamate residue
(E1371Q) that is essential for ATP hydrolysis and therefore this mutation
also greatly enhanced the open probability of the channel[15]. Surprisingly,
the structure of chicken CFTR in the presence or absence of ATP and after
phosphorylation was relatively unchanged, and in both cases was in the
inward-facing state [4]. In contrast the human protein structure showed
the inward-facing state in the absence of phosphorylation and nucleotide,
but after phosphorylation and when trapped with E1371Q mutation
displayed the outward-facing state with ATP bound[15]. Hence one study
suggests that CFTR behaves in the typical fashion of an ABC transporter,
whilst the other suggests that CFTR is defective in the normal inward-to-
outward facing conformational transition that is characteristic of such
transporters. In this case, small changes in the local structure of the protein
would be proposed to initiate channel opening, whereas in the former case,
a large conformational change would be associated with channel opening.
Such different mechanistic models should be amenable to testing by limited
proteolysis. Recently it has been proposed that CFTR can sample both
inward- and outward-facing conformations under a range of experimental

conditions [17]. Hence in this model, even fully dephosphorylated CFTR in
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the absence of nucleotide can still exist in the outward-facing state for part
of the time and similarly the fully phosphorylated protein in the presence

of ATP can sample the inward-facing conformation.

The results show that a mutation affecting the maturation of the protein
and its ability to reach the plasma membrane have major effects on the
limited proteolysis fragmentation results. On the other hand, a mutation
that mainly affects the channel function appears to have minimal effects on
proteolytic fragmentation pattern. The expressing yeast system was also
utilised to look at early stages in the expression of the wild-type and
mutated proteins to address the question of whether stability defects in the
mutated version of the protein exert their effects at the very earliest stages

of expression.

Methods

Time Course - A starter culture containing the constructs from [18] [19]
was grown overnight at 30 °C; colonies were taken from a YNB-agar plate.
The following morning, the overnight culture was supplemented into a
larger culture and this was grown until the culture reached an induction
OD of 0.8-1.2. 2% galactose was subsequently added and the monitoring of
the time course begun. Samples were taken at relevant time points, span
down and broken using a mini Beadbeater. Following further
centrifugation, the pellet was re-suspended and the sample taken for SDS-

PAGE analysis.
Limited Proteolysis was carried out according to the Limited Proteolysis
methods in [17]. The trypsin and thermolysin were used in the same

context as written in Figures 2 and 3 of this paper.

Details of the methods used in this paper can be found in Chapter 2 of this

thesis, from section 2.5 through to section 2.15.
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Results

Figure 1 shows the time-course of CFTR expression in yeast measured
using SDS-PAGE and exploiting the GFP tag present at the C-terminus of the
polypeptide chain, which is non-denatured under the conditions used for
SDS solubilisation [20]. Wild-type CFTR expression can be detected within
1 to 2 hours of induction using galactose as indicated by the observation of
a faint single band around the 250kDa marker position. This corresponds
to full length CFTR (168 kDa) with the SUMO N-terminal tag (12 kDa) and
the C-terminal GFP tag (27 kDa). A similar result was obtained for the
G551D version of the protein. These results concur with several other
studies that show that the G551D mutation does not significantly affect the
maturation of the protein relative to wild-type [21]. Note that additional
fluorescent bands can be observed, even at time zero after induction. These
bands are likely to be yeast proteins that contain covalently bound FAD
which fluoresces in the same region of the spectrum as GFP [18, 19]. The
protein observed at around 60 kDa is probably due to succinate
dehydrogenase and this abundant mitochondrial protein has been
discussed previously [18, 19]. It may be employed as an internal reference
when comparing expression levels of proteins in yeast. A higher molecular
mass band at approximately 120 kDa has not been previously discussed.
This band is clearly present at early stages before full length CFTR becomes
apparent on the gel. Interestingly, a search of the yeast flavoproteome
reveals no candidate proteins of this molecular mass [22]. However the
abundantly expressed fatty acid synthetase beta subunit (product of the
fas1 gene) seems a plausible explanation for this band. Examination of the
yeast fatty acid synthetase structure reveals a missing, presumably
disordered, linker region between the FAD-containing dehydrogenase part
of the protein and the dehydratase C- terminal half of the protein. It seems
reasonable to propose that the fluorescent band at approximately 120 kDa
is due to cleavage of the fatty acid synthetase at the linker position yielding
a fragment that is approximately 1109 residues long, equivalent to 123

kDa.
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Figure 1: Time course of CFTR expression in yeast. The left hand panels
indicate a multichannel scan of an SDS-PAGE gel containing the cell samples
from each time point. The right hand panels indicate an Alexa488 scan of the
same gel, visualising the fluorescent signal from the samples in the
acrylamide gel. The numbers indicate time (in hr) after induction of
expression with 2% galactose. The F508del samples are collected every two
hours from 0 hours, that is at the point of induction, up to 12 hours. The WT
and G551D samples are collected on the hour from 0 hours, that is at the
point of induction, up to 4 hours and then every two hours up to 8 hours. The
full-length SUMO-CFTR-GFP band is indicated at the top of each gel, and the
cleavage/turnover product of GFP is indicated at the bottom. Each panel is

labelled with the construct of CFTR that was used for the experiment
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Figure 2
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Site 5 - Sumo-NBD2-TMD2-R-TMD2
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TMD1
Site 1 - Sumo Motif
Site 2 - Sumo-TMD1

Figure 2: Schematic diagram representing predicted cleavage sites on
CFTR. Dotted lines represent cleavage sites of thermolysin. Green
indicates fragments that would give a GFP signal while red indicates
fragments that would be bound by their SUMO motif and give a signal
corresponding to the antibody that would bind there. Below is a list of

the fragments and the domains that they would encompass.
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Figure 3
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Figure 3: Quantitation of the time-course of expression of CFTR in
yeast. Closed symbols represent the quantitation of the full-length
protein using SDS-PAGE and the C-terminal GFP tag. Open symbols
represent the intensity of the free GFP band, taken as an indication of
CFTR turnover/degradation. Squares represent F508del CFTR,
diamonds, WT CFTR and circles, G551D CFTR. (b) Larger scale study of
F508del CFTR expression in microsomes as a function of time after
induction with galactose in yeast. Each gel represents a different time-
point. Loading from left to right is: Markers (masses indicated),
F508del CFTR, F508del CFTR + VX809, F508del CFTR + VX661. For
comparison, the next two tracks correspond to WT CFTR and WT CFTR
+ VX809. The right hand side of each gel represents controls (unbroken
cells). (c) Quantitation of the time course of F508del CFTR expression
in yeast in the presence of two corrector drugs (VX809, squares and
VX661, circles). Expression in untreated cells is shown with the

triangles.
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Figure 2 represents a simplified schematic of what would be expected
following thermolysin addition to the full length CFTR protein. As the
amount of thermolysin increases the ratio of fragments would shift to the
left and right for SUMO and GFP respectively, as the larger fragments would
themselves be lysed to the smaller fragments. Sites of cleavage were
roughly estimated based on signals interpreted from Figure 5 and 6 and

predicted sites of thermolysin cleavage based on exposed residues.

The fact that some proteolysis is occurring either before or after harvesting
the cells is not surprising and indeed proteolytic fragments of CFTR can
also be observed in these gels including free GFP at approximately 27 kDa.
What is clear from the figure is the relatively weak expression of the
F508del version of the protein. From the signal on the image, the intensity
of the full-length CFTR band was quantified relative to the intensity of the
liberated GFP band and is shown in Figure 3. The F508del expression is
lower than for WT and G551D CFTR and it also shows a relatively higher
level of the free GFP band, which may be taken as an indication of greater
turnover and degradation of the mutated protein. Turnover and
degradation of proteins such as CFTR in yeast is similar to that in
mammalian cells, i.e. proteins targeted for degradation become poly-
ubiquitinated and then targeted to the proteasome [23] [24]. Therefore, it
was investigated whether the yeast system for CFTR expression was
employing this mechanism, to preferentially target the F508del version of
the protein for degradation. As shown in Supplementary Figure 1, purified
CFTR is relatively highly poly-ubiquitinated compared to the wild-type and
G551D versions of the protein. As observed in Figure 1 and Figure 3 CFTR
often runs as a doublet band around 200 kDa. Although the reason for
migrating as a doublet band is not clear it is interesting to observe that the
upper band in the doublet appears to be more poly-ubiquitinated relative
to the lower band for the F508del version of the protein. Hence from these
initial studies it appears that F508del expression in yeast is significantly
lower and this is probably due to an increased targeting of the protein to

the proteasome.
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A more detailed study of the time course of the F508del expression was
subsequently undertaken with larger amounts of F508del expressing cells,
as shown in Figure 4. F508del CFTR has a half-time for full expression of
around 3 to 4 hours and reaches maximum expression levels after 6 to 8

hours. Similar values for the onset of expression of the wild-type and
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Figure 4: CFTR and F508del CFTR in yeast: (a, b) F508del CFTR expression in yeast
at 1 hour and 8 hours after induction. Cells show a weak and evenly-distributed GFP
fluorescence signal at early time points, whilst at 8 hours the CFTR fluorescence is
stronger and localised in internal membranes (fluorescence intensity in panel b is
scaled x0.5 relative to in panel a). The inset shows wild-type CFTR for comparison,
where fluorescence is strong and localised to punctate regions around the periphery
of the cells. Scale bars correspond to 5 um. (c) Overall cell expression levels at 14 hr
post induction determined by quantification of fluorescence (arbitrary units). Level of
significance versus the wild-type CFTR expression is indicated with the asterisks. (d)
Background-corrected total cellular fluorescence (CTCF) for CFTR is displayed for
different regions of the cell with equidistantly spaced rings assigned to nucleus

(centre), ER (intermediate) and plasma membrane (outer).
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G551D versions of the protein can be observed. Hence F508del expression
levels seem to be mainly regulated by the balance between expression and
insertion into the ER versus a higher rate of poly-ubiquitination and
produce more degradation. As illustrated in Figure (3b), the overall time
for expression of F508del does not appear to be affected significantly by
the addition of corrector compounds VX-809 and VX-661. In all cases the
expression levels reach maximum values around 5 to 7 hours after
induction. In summary the production of the F508del version of the protein
appears to occur over the same time course as the wild-type protein, that
overall expression levels are relatively low due to poly-ubiquitination and
targeting to the proteasome and that the corrector compounds that have
been shown to rescue at F508del at the plasma membrane [25] [26] [27]
do not seem to affect this in any major way in this yeast expression system.
Intrinsic yeast proteases associated with the microsomal membranes cause
some cleavage of the F508del and wild-type proteins, although the
fragmentation patterns appear similar between the two versions of the
protein, and similarly are not affected by the presence of VX-809 and VX-
661. This was investigated this in greater detail, using externally added
proteases at defined concentrations for both microsomally-embedded

CFTR as well as for detergent-purified CFTR.

Limited proteolysis with thermolysin was employed to probe the status of
CFTR after expression levels had reached maximum (Figure 5). Over a
range of protease concentrations from 0 to 250 pg/ml, the microsomal
CFTR becomes completely degraded. At the highest thermolysin
concentration a single band at approximately 36 kDa can be observed. This
band is at a higher molecular mass than isolated GFP and it increases in
abundance relative to lower molecular mass bands as a function of the
thermolysin concentration. It has been previously shown that commercially
available GFP and thermolysin in combination at low temperature form a
highly stable complex that resists denaturation by SDS [17]. At lower

thermolysin concentrations, C-terminal fragments of CFTR can be
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Figure 5: (a) Study of membrane-embedded CFTR susceptibility
to limited proteolysis with thermolysin and with the
concentration of thermolysin (in ug/ml) indicated above or
below each track. No attempt was made to regulate the
phosphorylation status of CFTR, although its is expected to be
largely phosphorylated[17]. WT and G551D limited proteolysis
patterns are similar, with a spread of larger and smaller C-
terminal fragments. At high concentrations of protease, full-
length (fl) CFTR is lost (see next Figure) whilst an SDS-stable
complex of cleaved GFP and thermolysin accumulates as a band
at ~36kDa- as described earlier [17]. This complex predominates
even at lower concentrations of protease in the limited
proteolysis pattern of F508del CFTR which also shows relatively
less of the larger molecular mass fragments (left panel). (b)
Quantitation of the data in (a) showing stability of membrane-
embedded CFTR as determined by the amount of full-length
CFTR-GFP remaining on SDS-PAGE gels (solid symbols) versus
total intensity of all fluorescent bands on the gel (open symbols).
WT CFTR is indicated by triangles, F508del CFTR by squares and
G551D CFTR by diamonds. (c) Scan of the track corresponding to
WT CFTR treated with 25ug/ml thermolysin with an indication of
the likely origins of the fluorescent bands.
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observed over a range of masses, for example see wild-type CFTR treated
with 25ug per/ml of thermolysin. An interpretation of the composition of
these bands is shown in panel C. The fragmentation patterns are consistent
with a limited proteolysis condition, i.e. there is no observed smear due to
many fragments, but rather discrete bands that are indicative of a discrete
number of highly favoured proteolytic cleavage sites (see also Discussion
section). Wild type CFTR and G551D CFTR show much more resistance to
thermolysin cleavage than F508del CFTR and this difference in stability can
be quantified, as shown in panel b. Note that a logarithmic scale is used
because of the extremely low amounts of full-length CFTR bands that
remain after thermolysin treatment. Subsequent limited proteolysis studies
were carried out with purified protein but these results with non-purified
CFTR in microsomal membranes are important to demonstrate that the
purified protein in detergent is very similar to the protein in microsomal
membranes. The main differences that are observed between microsomal
CFTR and the detergent purified protein (see later) appears to be in the
number of discrete lower molecular mass C-terminal fragments. The
existence of more low mass bands for the microsomal CFTR implies that
the yeast may have some protective effect on the C-terminal ~40-100
residues of the protein. In mammalian cells, this region of the protein is
known to associate with the PDZ-binding domains of NHERF1 [28-30], but
in yeast no equivalent membrane-associated protein has so far been

identified.
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Figure 6:

Study of detergent-purified CFTR after full phosphorylation or
dephosphorylation using limited proteolysis with thermolysin and
detection of the C-terminal fragments using the GFP tag (blue,
white bands - left and centre) or detection of the N-terminal
fragments using an anti-SUMO antibody (green bands, right).
Increasing concentrations of thermolysin used are indicated under
each track (in ug/ml). F508 del CFTR (upper panels) appears much
more sensitive to thermolysin, with fewer intermediate mass C-
term fragments in the proteolysis pattern, and the immediate
formation of the GFP-thermolysin complex (GTC) compared to WT
CFTR (lower panels). For WT CFTR, phosphorylation in the
presence of ATP appears to stabilise it’s C-terminal half against
proteolysis, as judged by the greater retention of the fICFTR band,
the lower predominance of the GTC band as well as the greater
abundance of the ~100kDa and 55kDa bands associated with
TMD2-NBDZ2-GFP and NBD2-GFP fragments respectively. In
contrast, the phosphorylation status of F508del CFTR appears to
have little rescuing effect on the stability. The N-terminal half of
CFTR appears to be less sensitive to thermolysin fragmentation,
and the stability difference between WT and F508del CFTR appears
less pronounced, although still present. Phosphorylation plus ATP
again appears to have some stabilising effect, as judged by the
increased abundance of 3 bands around ~90, 110,120kDa arising
from SUMO-lasso-TMD1-NBD1.
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Figure 6 shows the limited proteolysis patterns for purified wild-type and
F508del CFTR. Purification allows both C-terminal and N-terminal
fragments to be detected. In the case of microsomes this was not possible
for the N-terminal fragments, as it relies on an antibody to the SUMO tag at
the N- terminus. In yeast there are many sumoylated proteins [31]and
hence proteolytic fragments of CFTR could not be distinguished from
intrinsic yeast sumoylated proteins (data not shown). When comparing
fragmentation patterns for the C-terminal end of CFTR with the N-terminal
end, a clear relationship is observed both for wild-type and F508del CFTR.
In both cases there is favoured proteolytic cleavage towards the C-terminal
half of the protein. This can be appreciated by comparing the spread of
fragments in the two situations. For example the C-terminal fragments are
in general distributed towards the lower mass end of the range especially
at higher thermolysin concentrations whereas the N-terminal fragments
are clustered towards the higher mass end of the range. The fragmentation
pattern for both F508del and wild-type CFTR is complicated, but using the
atomic models and conceptualisation in Fig. 5, one can identify various
bands that are present. Scans of the gels and interpretation of the different

fragments can be seen in Figure 6.

As also observed for the microsomal membranes, F508del CFTR appears to
be considerably more sensitive to thermolysin than wild-type CFTR. This
can be particularly appreciated when comparing the C-terminal
fragmentation pattern. On the other hand the difference between F508del
CFTR and wild-type is not so apparent for the N-terminal fragmentation
patterns, although it must be acknowledged that whilst the C-terminal
fragments can be reasonably accurately quantitated using the GFP
fluorescence, the same cannot be said for Western blotting. For blotting the
high sensitivity of the method is advantageous but the linear dynamic
range is worse. For both C-terminal and N-terminal fragments there
appears to be some stabilisation of wild-type CFTR after phosphorylation
of the protein and in the presence of ATP. That these conditions stabilise
the wild-type protein can be understood in terms of the likely effects of

phosphorylation on the structure. As the outward-facing CFTR model
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contains, in general, less structurally disordered residues [3, 4, 15], one
may surmise that the phosphorylated form of the protein will be more
resistant to proteolysis. In the case of F508del CFTR, effects of
phosphorylation are not apparent when comparing the C-terminal
fragmentation patterns, however for the N-terminal fragmentation pattern
there is some indication that phosphorylation also stabilises the protein
against fragmentation by thermolysin. Interpretation of the composition of
the N-terminal fragments of CFTR is presented in Supplementary Figure 3.
In contrast to the C-terminal fragmentation pattern, this analysis predicts
two cleavage points in regions of the structure that are expected to be
structured: This is the (structured) linker region between TMD1 and NBD1,
at the crossover loop ICL2 that interacts with the C-terminal half of the
protein, and at the boundary between the 8 sheet domain and the o helical
domain in NBD1. The latter fragment of ~65 kDa is interesting because this
corresponds to the approximate location of F508 in NBD1. Examination of
the N-terminal fragmentation pattern for F508del CFTR does not reveal
any differences in this region for the dephosphorylated protein, but at
intermediate thermolysin concentrations and after phosphorylation,
F508del CFTR shows an additional fragment that is a slightly shorter than
the 65kDa fragment. Hence there does appear to be some local changes

caused by F508 deletion that can be detected by limited proteolysis.

One of the interesting aspects of these results is that regions that are not
present in the available cryo-EM structures nevertheless appear to be
present to significant extents in some of the fragments. For example the R-
region, which one might expect to be cut at several sites does not lead to a
smearing of the larger proteolytic fragments (~100kDa), but rather
discrete bands were observed. This can be interpreted as implying that the
R-region is cleaved preferentially either at its N-terminal end or its C-
terminal end but less often towards the middle. These cleavage sites at the
ends of the R-region may be preferred due to interactions of the rest of the
R-region with other CFTR domains. Similar conclusions may be drawn for
the C-terminal end of the protein (the last 40 amino acid residues). One
might expect that this part of the protein would be highly susceptible to

cleavage, several C-terminal fragments are observed that must contain the
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C-terminal region, implying that cleavage must be occurring at other more
preferred sites. Again, this may be due to C-terminal interactions with
other CFTR domains such as the R-region [32]. In this respect, one of the
few differences in fragmentation pattern between phosphorylated and
non-phosphorylated CFTR occurs for a CFTR C-terminus/GFP fragment: At
50ug/ml of thermolysin, the first fragment larger than free GFP is at ~28
kDa in dephosphorylated CFTR but at ~30 kDa after phosphorylation. The
2-4 kDa mass additional to GFP would imply these fragments contain all or
part of the C-terminal extension. NMR data imply that interaction of the C-
terminus with the R-region can occur when the latter is fully
phosphorylated [32], hence some protection of the C-terminal region to
proteolysis may explain the longer fragment observed after

phosphorylation.

Confirmation of the dephosphorylation or phosphorylation of the CFTR
constructs was carried out using a pro Q diamond staining of the gels as
shown in Supplementary Figure 4. This stain will identify phosphorylated
proteins and after fragmentation it is expected that the most abundant
fragments present will contain significant portions of the R-region that has
several phosphorylation sites. For both wild-type and F508del CFTR
dephosphorylated protein shows little staining on the pro Q diamond
visualisation and there is almost no signal from dephosphorylated CFTR
bands after addition of thermolysin. There is a strong band on all the tracks
containing thermolysin at roughly 38 kDa, which probably corresponds to
this protease. The fact that the pro Q diamond stain, even under
dephosphorylation conditions, detects this protein suggests that this may
be an artefact present in the staining. It seems possible that the Zinc bound
by the protein may be producing the staining artefact. Despite the
additional complexity due to the stain detecting N-terminal, C-terminal and
internal fragments of CFTR, there are still discrete bands detectable on the
gel. In particular two bands between the 100-130 kDa marker proteins can
be detected in both F508del and wild type CFTR. Less well-stained bands
can be discerned at approximately 80 kDa and 60 kDa in mass. The lower
molecular mass fragments probably represent internal cleavage products

of CFTR containing the R-region (e.g. NBD1-R or R-TMD2) whilst the longer
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fragments of over 100 kDa probably represent the N and C terminal
fragments previously discussed, and where CFTR is being cleaved either at

the start or the end of the R region.

Similar experiments on phosphorylated and dephosphorylated CFTR
constructs were carried out using an alternative protease, trypsin. The
results are shown in Supplementary Figure 5. Overall the results with the
trypsin-limited proteolysis are very similar to those using thermolysin.
Again the F508del CFTR has a greater sensitivity to the protease than the
wild-type protein. As before, the N-terminal half of CFTR appears to be less
sensitive to protease action than the C-terminal half. Phosphorylation in
the presence of ATP appears to have some stabilising effect on wild-type
CFTR when comparing the N-terminal fragments, especially as judged by
increased abundance of the bands around 90 to 120 kDa. For wild type and
F508del CFTR, phosphorylation in the presence of ATP appears to have
minimal impact on the stability at the C-terminal half of the protein to

trypsin.

Discussion

This paper aimed to answer the question of CFTR structure and how it
changes upon phosphorylation, trying to answer conflicting EM data
regarding “in” and “out’ populations of the protein. In light of these
conflicting data, the authors of this paper supports the hypothesis that the
CFTR protein is in a constant state of flux, with “in” or “out” populations not
being entirely distinct from each other. What generates the specific
fragmentation patterns observed for CFTR in the presence of proteases?
Clearly discrete bands can be observed rather than a smear of fragments (a
situation one might expect given the number of potential cleavage sites if
the protein was unfolded). The proteolytic fragmentation patterns have
been interpreted using models shown in Fig. 5 but also assuming that the
process is being controlled principally by the proteolysis kinetics rather
than competition (by different sites in CFTR) for the protease. This is
because the stoichiometry of protease to target protein is quite high,

whereas the low temperature of incubation with CFTR will restrict the
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protease activity. Hence fragmentation rates at specific sites will determine
the fragmentation pattern on the SDS-PAGE gels, and since the CFTR
protein is denatured with SDS after thermolysin treatment, the dissociation
rate of the thermolysin-CFTR complex will not be relevant, but rather the
on-rate of the substrate and the subsequent rate of conversion to cleaved
product. With this conceptualisation in mind it is possible to make some
conclusions about the overall structures of wild-type and F508del CFTR
under the experimental conditions employed for limited proteolysis

including the effects of phosphorylation and the presence of ATP.

Firstly it is assumed that any disordered regions in the protein would be
highly preferred sites. The high concentrations of protease, coupled with
low incubation temperature ensures that the most dynamic, intrinsically
unfolded regions of the protein will be favoured and conversely that any
secondary or tertiary structure in the protein would tend to prevent such a
region from being cleaved by the protease. Thus, the number of available
sites under a given CFTR conformation will determine the C-terminal and
N-terminal fragmentation patterns. In contrast the relative abundance of
the various fragments will be determined by subtle changes in the rates of
proteolysis at different sites, since a priori the lower mass fragments will
be derived from the higher mass fragments (with the sole exception of the
GFP-protease complexes). For example the abundant NBD2-GFP band
observed after CFTR phosphorylation could arise either because of greater
stability of NBD2 after phosphorylation or because of increased rates of
proteolysis at other parts of the protein that would otherwise yield higher
mass fragments. For the NBD-GFP band the former explanation (increased
stability) seems more reasonable, because in this case the higher mass C-
terminal fragments are also more abundant (Figure 6). Based on these
considerations, the authors would propose that cleavage at the N- and C-
terminal ends of the internal R-region linker are probably the most
favoured cleavage sites, followed by the TMD2-NBD2 linker and then the C-

terminal extension to NBD2.

Taken as a whole, the limited proteolysis results suggest that the CFTR

protein does not show major differences in its fragmentation pattern under
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conditions where it is either fully activated or inactivated. This appears to
argue against a mechanistic model [16] involving discrete and major
conformational shifts: although less fragmentation of the protein is
observed after its activation, in terms of the increased abundance of certain
fragments, there are no major changes in the pattern per-se. When
comparing the N-terminal fragments between quiescent and activated
states there is an increase in the fragments corresponding to roughly half
the CFTR protein after phosphorylation, but no major changes in the
fragmentation pattern. Again this implies that conformational shifts due to
phosphorylation and ATP may stabilise the protein globally, but these
conformational shifts are not sufficient to expose or bury proteolytic
cleavage sites. In particular, it would be expected that the R-region would
be partly protected in the dephosphorylated state (and indeed segments of
the R-region have been observed in cryo-EM structures [4, 15]) however
the opposite is observed- i.e. the greater sensitivity of the R-region for
cleavage. A model where CFTR displays both inward and outward-facing
states continuously and under a range of conditions has also been
proposed [33]. This would seem to be in concordance with the limited
proteolysis data, i.e. there would be no difference in the fragmentation
pattern expected under any selected experimental conditions, but the
relative abundance of fragments would be expected to change according to

the proportion of each conformational state being sampled.
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Figure 7: Structures of human CFTR and likely proteolytic cleavage
sites (green text and sequence numbers) in unstructured regions.
The structures are coloured according to hydrophobicity, with red -
hydrophobic, blue - hydrophilic and white —-intermediate. The
green coloured residues lie at the boundaries of structured regions,
and where more than one residue in a boundary is shown it
corresponds to a region that is structured in that structure versus
the other (also as indicated by comparing the sequence numbering
in each structure). The N-terminal SUMO tag and C-terminal GFP
tag used in this study are also indicated, but these were not
component parts of the two structures shown. In general, the
phosphorylated, ATP-bound, outward-facing structure (6msm) has
shorter unstructured regions, although the exception to this is the
R-region where the inward-facing structure has a helical extension

at the end of NBD1 (residues 639-645).
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A brief comment can be made about the timescale of the limited
proteolysis, as due to the shifting nature of the CFTR protein between
states there may be cause that the predicted fragmented states may not be
consistently accurate. As the experiments are performed on ice, the
fluctuation of the CFTR protein will be at a minimum, and the state with
which the individual protein in the experiment will be preserved from
when it was purified from its cellular environment. Therefore, accurate
predictions about the state of the protein during proteolysis can be made.
F508del CFTR has been proposed to be defective because of a mis-folding
of the protein [34] and this mis-folded mutant is recognised by the ERAD
system and targeted for degradation|[9, 35, 36]. However the limited
proteolysis experiments with externally added proteases suggest that the
overall 3D fold and conformations in the active and quiescent states are all
similar to that of wild type and G551D versions of the protein. Similarly, the
time course studies, where some intrinsic proteases resulted in the
detection of CFTR C-terminal fragments of various lengths do not show any
major differences in peptide fragmentation pattern and, by implication, 3D
conformation. The major difference that appears to be consistently
emerging from these studies is that the F508del CFTR protein is
considerably less stable compared to the wild-type protein and G551D
proteins. Hence, the need for development of drugs that directly bind to
F508del CFTR and help to stabilise the 3D configuration of the protein is
strongly indicated by these studies. Drugs that down-regulate the ERAD
system [37] would also be favoured provided F508del CFTR can be suitably
stabilised at the plasma membrane. Factors associated with determination
of the correct folding pathway may be considered as less likely to have
therapeutic effects under these considerations, since it can be proposed
that F508del CFTR is correctly folded but that its 3D fold is much less stable
than normal. Phosphorylation appears to have some stabilising effects on
CFTR, but these stabilising effects do not rescue the F508del CFTR
instability defect.
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Supplementary Figure 1:

Comparison of wild type, F508del and G551D versions of purified CFTR. The
image on the left is recorded with the Alexa488 setting of the imager where
the C-terminal tag GFP on the CFTR construct is employed for visualisation
and quantitation of the amount of protein. There is less F508del protein than
the other two versions on this gel. The protein runs as a doublet. The image
on the right is of the same gel after Western blotting and probing with an
anti-polyubiquitin antibody. The upper band of the CFTR doublet is much
more cross-reactive to the antibody and F508del CFTR shows a greater signal

compared to the amount of protein loaded (left panel).

Supplementary Figure 2:

N-terminal fragments of CFTR detected by Western blotting after limited
proteolysis with thermolysin as shown in Figure 5, main text. The right hand
panel shows a scan of the dephosphorylated and phosphorylated CFTR tracks
after treatment with the highest thermolysin concentration. The most
plausible composition of the peptide fragments forming the bands is also
indicated. Where an apostrophe is shown - e.g. ECL4 - this indicates that
cleavage is expected to occur somewhere within this region of the CFTR
structure. In contrast to the C-terminal fragmentation pattern, this analysis
predicts two cleavage points in structured regions of CFTR: This is in the
(structured) linker region between TMD1 and NBD1, at the crossover loop
ICL2 that interacts with the C-terminal half of the protein, and at the
boundary between the 3 sheet domain and the a helical domain in NBD1. The

latter is interesting because this corresponds to the location of F508 in NBD1
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 3:

Diamond Q staining for confirmation of the phosphorylation status of purified
CFTR after phosphorylation or dephosphorylation and then treatment with
different concentrations of thermolysin as described in the main text and
Figure 5. Labelling as in Figure 5. 70kDa and 25kDa markers are
phosphorylated proteins. A band appearing at ~38kDa appears to be
thermolysin. Although the protease is not reported to be phosphorylated, the
presence of its Zn ions may result in adventitious phosphate association.
Interestingly, the dephosphorylation treatment does not completely remove

phosphate groups from the CFTR molecules.

Supplementary Figure 4:

Study of detergent-purified CFTR after full phosphorylation or
dephosphorylation and then probed using limited proteolysis with trypsin
and detection of the C-terminal fragments using the GFP tag (blue, white
bands - left and centre) or detection of the N-terminal fragments using an
anti-SUMO antibody (green bands, right). Amounts of trypsin used are
indicated under each track (in ng). F508 del CFTR (upper panels) appears
more sensitive to trypsin; with less intense intermediate mass C-term
fragments in the proteolysis pattern, and the immediate formation of the
GFP-trypsin complex (GTrC) compared to WT CFTR (lower panels). For WT
and F508del CFTR, phosphorylation in the presence of ATP appears to have
minimal impact on the stability of it’s C-terminal half to trypsin. The N-
terminal half of CFTR appears to be less sensitive to trypsin fragmentation
than its C-terminal half, and the stability difference between WT and F508del
CFTR is less pronounced. Phosphorylation plus ATP appears to have some
stabilising effect on WT CFTR N-terminal end, as judged by the increased
abundance of bands around ~90k and ~120Da arising from SUMO-lasso-
TMD1-NBD1 and SUMO-lasso-TMD1-NBD1-R respectively.
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Supplementary Figure 4
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Abstract

Cystic fibrosis (CF) is mainly caused by the mutation F508del of the cystic
fibrosis transmembrane conductance regulator (CFTR) that is thus retained in
the endoplasmic reticulum and degraded. New drugs able to rescue F508del-
CFTR trafficking to the plasma membrane and its activity are eagerly awaited, a
goal that requires the availability of computational and experimental models
closely resembling the F508del-CFTR structure and environment in vivo.

Here we describe the development of a biosensor based on F508del-CFTR in a
lipid environment that proved to be endowed with a wider analytical potential in
respect to the previous CFTR-based biosensors. Integrated with a new
computational model of the whole human F508del-CFTR in lipid environment
and CFTR stability and functional assays, the new biosensor allowed the
identification and characterization at the molecular level of the binding mode of
some known F508del-CFTR-rescuing drugs and of a new aminoarylthiazole-
Lumacaftor/Tezacaftor hybrid derivative endowed with promising F508del-

CFTR-binding and rescuing activity.

Keywords: surface plasmon resonance; cystic fibrosis; CFTR; computational

chemistry; molecular dynamics.
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Introduction

Cystic Fibrosis (CF) is the most common monogenic disorder in Caucasians,
caused by different mutations that can occur in different domains of the cystic
fibrosis transmembrane conductance regulator (CFTR) [1]. The most frequent
mutation is the deletion of phenylalanine 508 (F508del) that causes structural
instability of CFTR, its retention in the endoplasmic reticulum and its
degradation [2]. The CFTR deficit has a major impact on the respiratory system,
with abnormal production of a thick mucus and impairment of innate defence
against bacteria. Current therapies, mainly aimed at treating CF symptomatically
(e.g. aggressive antibiotic strategies), have significantly pushed forward the
mean survival age of patients [3], but the burden of CF care remains very high
and life quality /expectancy for most CF patients are still limited.

An ambitious therapeutic alternative is to address CF with drugs that restore
membrane expression and activity of mutated CFTR [4]. Despite some success,
the development of new CFTR rescuing drugs remains a priority that needs a
detailed knowledge of the alterations caused by mutations of F508del-CFTR and
of the mechanisms of action of the drugs.

CFTR is a large membrane-integral protein composed of two intracellular
nucleotide binding domains (NBDs), one regulatory domain (R), and two
transmembrane domains (MSDs) that span the cell membrane six times each [5].
This complexity, along with poor stability and high dynamic fluctuation [6]
limited the progress towards appropriate computational and experimental
F508del-CFTR models [5, 7].

Surface plasmon resonance (SPR) is an optical technology successfully used to
study biomolecular interactions in a variety of biomedical fields [8, 9]. It has
been already exploited also for the study of CF but the biosensors used so far has
been prepared with isolated domains of CFTR (mainly NBD1, where the F508del
mutation occurs [10-17] and R region [18]) or even shorter CFTR peptides [19,
20], thus restricting their analytical potential.

In effect, all the constrains that burden the F508del-CFTR-related biosensor as
well as all the other biochemical and computational models limit the reach of the
generated results, i.e. by hampering the identification of drugs that bind to
F508del-CFTR domains other than NBD1 [21] or by preventing the study of

allosteric effects caused by drugs binding to NBD1 but reverberating in other
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parts of the protein [22]. In addition, F508del-CFTR in vivo is embedded in a lipid
membrane, further limiting the significance of results obtained with isolated
domains in solution.

Importantly, a model of F508del-CFTR embedded in a lipid environment has
been generated [23] and the purification of human intact F508del-CFTR has been
reported [24-28]. Starting from this background, here we developed a new
biosensor based on the full length human F508del-CFTR and an ad hoc
computational model, both embedded in a lipid environment. Integrated with
well-established biochemical and biological assays, they have been here already
exploited to characterize a newly synthesized aminoarylthiazole-
Lumacaftor/Tezacaftor hybrid derivative that turned out to be endowed with a

promising F508del-CFTR-binding and rescuing activity.

Materials & Methods

Reagents

The compound test set included: a series of four aminoarylthiazole derivatives
(AAT, compounds 4, 5, 6 and 7) already analyzed by SPR for their binding to the
NBD1 module of F508del-CFTR (see [17] for their chemical structures),
Lumacaftor and corrector C4a (here used as controls), Tezacaftor (that has never
been subjected to SPR analysis) and the new compound 1-(benzo[d][1,3] dio-xol-
5-yl)-N-[5-(4-methoxybenzoyl)-4-(4-methoxyphenyl) thiazol-2-yl]
cyclopropane-carboxamide (EN503A), synthesized in our laboratory (see Fig. 1
for the chemical structures of these latter four compounds).

His-tagged human intact F508del-CFTR protein was purified as described by
O’Ryan et al., Pollock et al. [24, 26] using LPG14. Murine F508del-NBD1 was
obtained from the CFTR Folding Consortium [29]. Lumacaftor and Tezacaftor
were from SelleckChem (Houston, TX). C4a from Cystic Fibrosis Foundation
Therapeutics (CFFT). Lipids [synthetic phospholipid blend (Dioleoyl)
DOPC:DOPS [(7:3 w/w)] from Avanti Polar Lipids (Alabaster, AL). CHAPS and
cholesteryl hemisuccinate (CHS) Tris salt from Sigma-Aldrich (St Louis, MO).
Carboxy-methyl dextran CM5 sensorchip, anti-His antibody, 1-ethyl-3-(3-
diaminopropyl)-carbodiimide hydro-cloride (EDC) and N-hydroxysuccinimide
(NHS) from GE-Healthcare (Milwaukee, WI).
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Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

In a QCM-D experiment, the piezoelectric quartz crystal oscillates at its own
fundamental resonance frequency and the variations in frequency (Af) and in
energy dissipation factor (AD) are measured. The interaction of the injected
solution with the sensor is probed by the change of the sensor fand D acquired
at odd harmonics from 1stto 13th at a constant temperature (25+0.02 °C) and
analyzed by the Composite Sauerbrey fit [30] implemented by the software
QSense Dfind (Biolin Scientific, QSense, Gothenburg, Sweden) that allows the
calculation of the sensor-adsorbed mass.

The QCM-D sensor was coated with a thin Au layer, equilibrated in acetone for
30 min and cleaned by UV/ozone plasma (PSD-UVT, Novascan Technologies,
Boone, [A) for 30 min. Hepes 50 mM, pH 7 containing NaCl 150 mM (running
buffer) was injected in the chamber at 0.1 ml/min until stable fand D baselines
were obtained (drift lower than 2 Hz/h for fand 0.2x10-¢ for D). After
stabilization, running buffer containing DOPC:DOPS (7:3 W/W) 0.075 mg/ml,
0.02% CHS, 0.1% CHAPS (DOPC:DOPS running buffer), was injected at 0.1
ml/min until both fand D signals reached a new stabilization. Then, F508del-
CFTR (10 mg/ml) in Hepes 50 mM, pH 7 containing NaCl 150 mM DOPC: DOPS
(7:3 W/W) 363 mg/ml, 0.06% CHS, 0.3% CHAPS (DOPC:DOPS-F508del-CFTR
buffer), that reproduces the composition used for SPR, was injected at 0.05
ml/min until filling up of the chamber, when the flow was stopped for 40 min to
allow the system to reach equilibrium, which occurs by spontaneous adsorption
of protein-phospholipid structures at the sensor-solution interface. After
stabilization, running buffer was injected again at 0.1 ml/min to check the
adhesion and stability of the surface-adsorbed structures. Finally, the chamber

was washed with ultrapure milliQ water.

CFTR fluorescence-based thermostability assay

Purified wild type CFTR in LPG14 was diluted in the different buffers used for
SPR in the absence or in the presence of the various compounds at 40C and then
assessed using the fluorescence-based thermostability assay where (externally-

added) CPM and intrinsic tryptophan fluorophores can report on the relative
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stability of the protein. CFTR stability was measured using an Unchained Labs
UNCLE fluorimeter with the UV laser and as described in [27, 28].

Surface plasmon resonance (SPR)

Preparation of the F508del-CFTR biosensor

A BlAcore X-100 instrument (GE-Healthcare) was used. Anti-His antibody (100
mg/ml in 10 mM sodium acetate pH 4.5) was immobilized on a CM5 sensorchip
by standard amine-coupling chemistry [31]. After sensorchip equilibration by
injection of DOPC:DOPS running buffer for 1 min at 5 ml/min, human His-tagged
intact F508del-CFTR (10 mg/ml, DOPC:DOPS-F508del-CFTR buffer) was injected
on the anti-His surface for 3 min at 5 ml/min. A sensorchip coated with anti-His

antibody alone was used as negative control for blank subtraction.

Binding analysis

For the evaluation of the capacity of compounds to bind to human intact
F508del-CFTR, increasing concentrations of the compounds in PBS, 0.05%
surfactant P20 and 5% DMSO, pH 7.4 (PBS-DMSO) were injected over the
sensorchip for 90 seconds at 30 ml/min, 25 °C and washed until dissociation. To
preserve the immobilized protein and lipid environment on the surface, the
single cycle model was adopted [32], where the compounds were injected at
increasing concentrations within a single scan without regeneration of the
surface between every injection. Dissociation Constant (Kd) values were
calculated by steady state analyses performed by fitting the proper form of
Scatchard’s equation for the plot of the bound resonance units (RU) at
equilibrium versus the compound concentration in solution. The preparation of

the F508del-NBD1 biosensor was performed as described [17].

Cell culture and fluorescence assay for CFTR

CFBE41o0-cells stably expressing F508del-CFTR and the halide sensitive (HS)-
YFP (YFP-H148Q/1152L) were generated as described [33]. The fluorescence
assays of CFTR activity was performed as described [34].

2.6 Computational studies

Modelling of F508del-CFTR in membrane and binding pocket identification
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The previously described F508del-CFTR model without R-domain and spanning
residue from 646 to 841 [23] was here further developed using the AMBER-14
simulation package. to highlight conformational variations. A lipid bilayer was
created using a 140A x 140A DOPC model using the webserver CHARMM-GUI
Lipid Builder [35], solvated in the TIP3P water model using a force field for lipids
LIPID14. A 125ns MDS was performed on the lipid bilayer to stabilize its
structure. Stability was evaluated calculating the area per lipid parameter

according to the equation:

Area per lipid = (box dimension X)*(box dimension Y)/(number of DOPC in
a layer)
where:

area per lipid = (140,00%140,00)/282 = 69,50 A2/lipid

The F508del-CFTR model was then embedded into the pre-equilibrated DOPC
lipid bilayer according to data reported for human CFTR by the “Orientation of
Protein in Membrane” database. DOPC residues clashing with F508del-CFTR
atoms (< 2,5 A) were removed to embed the protein. The resulting model was
solvated and neutralized with CI- ions and subjected to minimizations by
AMBER-14 simulation package until the energy minimum value was reached. All
systems were simulated at 300 K. Temperature and pressure were kept constant
with the Langevin algorithm. Particle-mesh Ewald was used to calculate
electrostatic interaction. The simulation was performed by the following steps:
heating from 0 to 100K NVT and from 100 to 300K NVT with F508del-CFTR
atoms using a 6 Kcal/mol and 4 Kcal/mol restraint, respectively. NPT
equilibration of 4ns with F508del-CFTR atoms using a restraint of 2 Kcal/mol
and a free-of-restraints production of 25ns. F508del-CFTR stability was assessed
by Root Mean Square Deviation (RMSD) analysis of trajectory calculated during
the production phase using the respective initial minimized structure as a

reference.

Docking simulation and MDS of compound/protein complexes
For each pocket, a local docking was performed to predict the binding of each
compound of the test set and to optimize the compound/protein interactions

using Autodock Vina [36]. The grid box was centred on the pocket geometric
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centre and the search was carried out with the default parameters except for
exhaustiveness set at 24. For each compound a screening protocol was carried
out selecting all the poses with at most a AG of 1 Kcal/mol from the best pose
and performing a hierarchical cluster analysis (cluster size of poses and internal
RMSD as variables), visual inspection and data integration with the literature.

25ns MDS were performed to evaluate the stability and binding mode of
compounds inside each complex and to identify the key residues involved in the
interaction. Antechamber was used to parametrize the compounds, adding
torsion terms and partial atomic charges. The same MDS protocol described for
apo F508del-CFTR was applied, except for a 6 Kcal/mol restraint applied to the
compound during the heating and equilibration phases. AMBER 14 and
AMBERToo0ls package were used for simulation and post-process of the
trajectory. Compounds were built, parameterized (Gasteiger-Hiickel method)
and minimized with OpenEye Scientific Software (OpenEye Scientific Software,
Santa Fe, NM, www.eyesopen.com) using a MMFF94 force field. Regarding
Lumacaftor (characterized by a carboxylic moiety) accurate pKa predictions
performed with ChemSpider (http://www.chemspider.com) let us reasonably
suppose that it maintains its anionic form at physiological pH, so that

calculations were performed accordingly.
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Fig. 2: Preparation and characterization of the F508del-CFTR biosensor. A)
Representative sensorgram resulting from a procedure of immobilization of anti-
His antibody onto a CM5 sensorchip via amine coupling followed by capture of
F508del-CFTR. Black arrows: injections. Red arrows: amount of anti-His antibody
or F508del-CFTR immobilized to the sensorchip. Dashed lines: baseline at the
beginning and at the end of the procedure. B) Organization of DOPC:DOPS and
F508del-CFTR at the biosensor solid-liquid interface by QCM-D: Frequency shift (Df,
cold colors) and dissipation factor shift (DD, warm colors) odd harmonics (3 to
13th) versus experimental time coordinate. Black arrows: injection time points of
the solutions indicated at the top of the plot. C) Stability of CFTR in the SPR
conditions: CFTR was resuspended in the different buffers used for the preparation
of the biosensor and evaluated for its stability. Black circles: DOPC:DOPS running
buffer; grey triangles: PBS-DMSO; white squares: HBS-EP. The data shown are the
result + s.d. of 3 independent experiments. Buffer/CPM controls were subjected to a
single control run (inverted triangles: DOPC:DOPS running buffer; open circles:

PBS-DMSO; diamonds: HBS-EP).
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Results

Generation and characterization of the F508del-CFTR biosensor

For F508del-CFTR immobilization, CM5 sensorchip was activated by injecting a
mixture of EDC/NHS [31] that gave a transient RU increase (Fig. 2A). Once the
trace returned to baseline, anti-His antibody was injected over the sensorchip.
Due to the covalent binding of the amine groups of the protein to the carboxy-
methyl dextran surface, about 4,100 RU of antibody remained irreversibly
attached to the surface (Fig. 2A). The excess of reactive groups were deactivated
and F508del-CFTR was finally injected onto the surface allowing the capture of
about 350 RU (Fig. 2A).

The F508del-CFTR-DOPC/DOPS configuration at the solid-liquid interface (that
constitute the recognition layer of the biosensor) was investigated by QCM-D on
a pure Au surface, that fairly mimics the sensorchip hydrophilic surface but
features the rigidity and simplicity that allow an accurate determination of mass
adsorption and dissipation. The QCM-D quartz crystal sensor responds to
adsorbed mass by lowering its frequency (f), while dissipation factor (D) changes
provide information about the viscosity of the adsorbed layer.

As shown in Fig. 2B, the injection of DOPC/DOPS running buffer and of
DOPC:DOPS-F508del-CFTR are both characterized by Af < 0 and AD > 0, which
mirrors the additive mass adsorption at the sensor surface (lipids alone or with
the protein, respectively). Dissipation harmonics spread after the injection of
DOPC:DOPS-F508del-CFTR, indicating that the adsorbed layer is not tightly
bound to the surface, thus generating a large damping effect. The subsequent
flushing step with running buffer produces a superposition of the dissipation
signals and a further decrease of f; indicating that this step stabilizes and
promotes uniformity in the adherent layer by further adding phospholipids. The
recorded values of Af ( -40 Hz) and AD (= 3x10-¢) indicate the formation of a
layer by crowding of nanosized-vesicular structures [37-39].

Finally, the rinsing with milliQ water, which provides an osmotic shock,
causes a further sharpening and stabilization of the layer, as indicated by the Af
harmonics that tightly line up at = - 30Hz. Overall, the layer remains not tightly
bound to the surface, as indicated by the fact that the AD harmonics get back to 0,
but largely and uniformly spread around it. Application of the Composite
Sauerbrey fit [30] to the data gives a value of the final adsorbed mass on the

surface equal to 884 ng/cm?, which is about 75% higher than the value expected
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for a solid supported lipid bilayer (SLB) only made of phospholipids (about 500
ng/cm?) [38, 39]. The presence of F508del-CTFR cannot account for this mass
difference, since it would imply a F508del-CFTR/phospholipid ratio in the layer
equal to about 1/340, against a F508del-CFTR/phospholipid ratio in solution
equal to 1/10,000.

These results indicate that the formation of a SLB in the SPR experiments
(which does not even feature the milliQ control rinsing) is very unlikely.
However, they confirm the formation of a continuous viscous layer of vesicular
nanostructures bearing a high density of protein embedded in their membrane, a
topology that ensures a good amount of F508del-CFTR maintained in a proper
membrane-like environment.

We also checked for any non-specific denaturation effect of the buffers used in
the biosensor experiments. As shown in Fig. 2C, all the buffers tested displays
similar initial labelling of surface-exposed Cys residues of CFTR at the
temperature employed for the SPR assay, indicating that none of them has any
significant effects on the 3D fold of the protein. Similarly, no major differences
are observed in subsequent thermal unfolding of the protein, although the
protein appears to be slightly stabilized in the CHAPS/CHS/lipid-containing
buffer, with a thermal unfolding transition Tm = 69 °C with respect to PBS-DMSO
or HBS-EP buffers (Tm = 67 °C for both), as also manifested in a lower initial
labeling of CFTR by CPM at 15 °C. In comparison, CFTR in its usual purification
buffer shows a Tw in the range 62-67 °C [28]. Buffer/CPM controls show low
CPM fluorescence (Fig. 2C). These results demonstrate that DMSO (used for SPR,
see Section 2.4), is unlikely to destabilize CFTR and that the protein may instead

be slightly stabilized by the membrane-like environment.
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Fig. 3: Validation of the analytical performances of the F508del-CFTR
biosensor. A) Sensorgrams showing the binding of Lumacaftor (160 mM) to the
F508del-CFTR- or to the control anti-his antibody-coated surfaces with lipids
(straight and dashed lanes, respectively). B) Representative blank-subtracted
sensorgrams derived from a single cycle analysis of Lumacaftor (10, 20, 40, 80, 160
mM) injected on the F508del-CFTR biosensor with lipids. White and black arrows:
start and end of the injections, respectively. C-L) Representative steady-state
analysis of the indicated compounds injected (at 10, 20, 40, 80, 160 mM) onto the
F508del-CFTR biosensor in the presence (C-E, G-L) or in the absence (D, F) of lipids.
H) Binding of the indicated compounds (at 7.5 mM) to a biosensor containing
F508del-NBD1. The data shown are the result + s.d. of 5 independent experiments.
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Validation of the analytical performances of the F508del-CFTR biosensor

Once demonstrated the stability of F508del-CFTR and of the lipid environment,
and their proper organization on the sensorchip surface, we evaluated the
effective binding capacity of the mutated protein on the biosensor. To this aim,
we used the control compounds Lumacaftor and C4a and a series of ATT already
characterized for their capacity to bind to the mouse F508A-NBD1 [17]. As
shown in Fig. 3A, the injection of Lumacaftor on the sensorchip causes a relevant
increase of RU on both the F508del-CFTR and on the control surface (anti-Hys
antibody alone) that however does not hamper the determination of a specific
binding when the sensorgram is black-subtracted (Fig. 3B). Similar results were
obtained for all the other compounds tested (data not shown). Beside
Lumacaftor, also all the other compounds tested bound to the F508A-NBD1
biosensor in a saturable and dose-dependent manner (Fig. 3C, E, G-L). Relevant is
the binding of C4a, that we demonstrated to be unable to bind to F508A-NBD1
[17]. Similarly, compound 7 that was predicted (by computational analysis) and
demonstrated (by SPR) to be devoid of NBD1 binding capacity [17], binds to
immobilized F508del-CFTR with the highest affinity (Tab. 1).

The lipid environment is required for the binding capacity of F508del-CFTR, as
demonstrated by the fact that F508del-CFTR immobilized in the absence of lipids
binds Lumacaftor and C4a in an unsaturable way (Fig. 3D, F), evidence of a very
low affinity, non-specific interaction. Similar results were obtained for the other
compounds tested (Tab. 1).

In conclusion, the capacity to detect those compounds that bind F508del-CFTR in
domains other than NBD1, points to the F508del-CFTR biosensor as an improved
tool with a greater potential in respect to the previous CFTR-based biosensors
used so far.

Practical exploitation of the F508del-CFTR biosensor for the identification

of novel rescuing small molecules

In an effort to develop hybrid small molecules endowed with an increased
F508del-CFTR rescuing activity, compound EN503A was produced in our
laboratory and was subjected to binding analysis with the novel F508del-CFTR
biosensor. Tezacaftor, a compound with the common scaffold benzo [1,3] dioxol-

5-yl-cyclopro-panecarboxylic moiety of EN503A, approved for CF treatment [40]
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but that has never been subjected to SPR analysis, was also added to this study to
gain new insights into its binding mode. As shown in Fig. 4A-C, the two
compounds bind to immobilized F508del-CFTR in a dose-dependent, saturable
way. The affinity of Tezacaftor/F508del-CFTR interaction is about three times
lower than that of Lumacaftor, while the affinity of EN503A/F508del-CFTR
interaction is higher than that of both Tezacaftor and Lumacaftor (Table 1). The
compounds were also subjected to SPR analysis with an F508del-NBD1
biosensor. To allow a direct comparison of their NBD1-binding capacity, a single
subsaturating concentration equal to15 mM (that is around the Kd of
Lumacaftor/F508del-NBD1 interaction [17]) was tested. As shown in Fig. 4D,
Lumacaftor, but not C4a, bind to NBD1, in agreement with our previous report
[17]. In the same experimental conditions, EN503A binds NBD1, while
Tezacaftor showed a very limited NBD1-binding capacity.

These results confirm the increased screening potential of the F508del-CFTR
biosensor with respect to the biosensors containing the isolated NBD1 [10-20]
and demonstrate its effective capacity to identify new binders to be subjected to

further analysis to validate their effective rescuing capacity.
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Fig. 4: Practical exploitation of the F508del-CFTR biosensor for the

identification of novel rescuing small molecules. A) Representative blank-

subtracted sensorgrams derived from a single cycle analysis of EN503A (10, 20, 40,
80, 160 mM) injected on the F508del-CFTR biosensor with lipids. White and black

arrows: start and end of the injections, respectively. B, C) Representative steady-

state analysis of the indicated compounds injected (at 10, 20, 40, 80, 160 mM) onto
the F508del-CFTR biosensor in the presence of lipids. D) Binding of the indicated
compounds (at 7.5 mM) to a biosensor containing F508del-NBD1. The data shown

are the result + s.d. of 5 independent experiments.
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Fig. 5: Apo F508del-CFTR cluster, MDS trajectory analysis and docking poses of
data-set. A) F508del-CFTR is shown as cartoon, transmembrane domains in grey,
NBD1 and NBDZ in green and violet, respectively. The lipids are in yellow. Red box
delimits the NBD1-MSDs region partially overlapping NBD2-MSDs, purple box the
NBDZ2-MSDs region partially overlapping NBD1-MSDs, green box the NBD1-NBDZ2
region and blue box the MSDs, NBD1 and NBDZ2 region. B) Area per lipid along the
trajectory. C) RMSF of F508del-CFTR apo. D) RMSD of F508del-CFTR apo, NBD1
and NBDZ2. E) Docking Poses of compounds into apo F508del-CFTR. Lumacaftor
(blue), Tezacaftor (dark green), C4a (orange) and EN503A (purple) are shown as
stick, NBD1 (green), NBDZ (violet), ICL4 (gold) as cartoon.
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Fig. 6: MDS trajectory analysis of F508del-CFTR/Lumacaftor (A-C) and F508del-
CFTR/EN503A (D-F) complexes. A) RMSF of F508del-CFTR apo and F508del-
CFTR/Lumacaftor complex. B) RMSD of complexed F508del-CFTR, NBD1, NBD2
and Lumacaftor. C) MDS interactions of Lumacaftor (blue) with the indicated
residues of NBD1 (green) and ICL4 (gold). D) RMSF of F508del-CFTR apo and
F508del-CFTR/EN503A complex. E) RMSD of complexed F508del-CFTR, NBD1,
NBDZ2 and EN503A. F) Interactions of EN503A (purple) with the indicated residues
of ICL4 (gold) and NBD1 (green). In C and F, compounds and residues are shown as
stick, H-bonds as dot lines.
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Fig. 7: MDS trajectory analysis of F508del-CFTR/C4a (A-C) and F508del-
CFTR/Tezacaftor (D-F) complexes. A) RMSF of F508del-CFTR apo and F508del-
CFTR/C4a complex. B) RMSD of complexed F508del-CFTR, NBD1, NBD2 and (C4a.
C) Interactions of C4a (orange) with the indicated residues of NBDZ2 (purple),
NBD1 (green) and RXR motif (aqua). D) RMSF of F508del-CFTR apo and F508del-
CFTR/C4a complex. E) RMSD of complexed F508del-CFTR, NBD1, NBDZ2 and
Tezacaftor. F) Tezacaftor binding poses (teal, yellow and coral) are shown in NBD2
binding pocket (violet). The poses obtained by cluster analysis highlight the indole
moiety swinging. In C and F, compounds and residues are shown as stick, H-bonds

as dot lines.
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compound human intact D508-CFTR mouse D508-NBD1

with lipids without lipids* x
Lumacaftor 72.8+19.5 (7) >25,000 (2) 24.2 £ 6.2
C4a 18.6 + 8,6 (3) >25,000 (2) no binding

4 146.6 + 61 (5) > 1,000 (2) 99.3 + 14.5
5 19.7 £ 3.3 (4) > 1,000 (2) 40.3+2.5

6 44.1+10.2 (9) > 1,000 (2) 1979 £4.5
7 45+2.1(6) >1,000 (2) no binding
Tezacaftor 206,1 £ 11,3 (3) not determined no binding

EN503A 9.2+2.8(3) not determined not determined

Tab. 1. Binding of the compounds to F508del-CFTR immobilized in the presence or
in the absence of lipids. Kd values are reported in mM. The number of repeated
independent calculations (performed on two-three distinct sensorchips) are
indicated in brackets. * Values of Kd predicted by the BIAEVALUATION software. **
As a comparison, the Kd values of the binding of the compounds to mouse D508-

NBD1 published in [17] are reported.
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Computational studies

SPR-generated binding data can greatly profit from computational studies and
vice versa [41]. In the field of CF, we have found a good consensus between
computational predictions and SPR binding data based on F508del-NBD1 [17].
On these bases, we decided to develop a new ad-hoc computational model of the
whole human F508del-CFTR in a lipid environment, to perform virtual docking
and MDS with the compound data-set and to compare the predictions with the
results generated by SPR with the F508del-CFTR biosensor.

The previously described F508del-CFTR model without R-domain and spanning
residue from 646 to 841 [23] was here further developed (Fig. 5A). A lipid
bilayer was created and its stability evaluated calculating the area per lipid
parameter, obtaining an average value of 69,43 A2/lipid (Fig. 5B). F508del-CFTR
embedded in the stabilized DOPC environment was subjected to a 25ns MDS to
obtain a stable starting simulation system. The stability of the protein was
evaluated through trajectory analysis Root Mean Square Fluctuation (RMSF) and
RMSD.

RMSF of F508del-CFTR apo shows that the most flexible residues span from 885
to 912, corresponding to an extracellular loop distinct from the intracellular
portion of our interest. NBD1 (residues 423-646) shows a higher average
fluctuation than NBD2 (residues 1210-1443), while the MSDs are well embedded
in the lipids, showing a low fluctuation (Fig. 5C).

RMSD was carried out from the first frame of the simulation using the backbone
atoms (Ca, C, N) of the protein except for regions 404-437 (H1b and H1c, with
highly flexibility [42]), 623-646 (NBD1 C-terminus), 885-912 (solvent-exposed
extracellular loop), 1166-1186 (extended loop between TM12 and NBD2) and
1414-1445 (C-terminus). Taking into account the complexity of F508del-CFTR,
the protein remains stable during the simulation, while NBD1 and NBD2 stability
is reached after 12ns (Fig. 5D).

Based on RMSD results, cluster analysis was performed using the frames
between 12.5 and 22.5ns. CFTR being a multi-domain protein, this analysis was
performed considering functional domains described in Fig. 5A. A visual
inspection of all collected clusters produced a total of 17 conformations on which
the CASTp web server [43] was executed to identify those binding pockets
included in the intracellular space of the protein. Compounds volume was

evaluated through the web server Molecular Volume Calculator [44] obtaining:
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341.396 A3 for Lumacaftor, 395.021 A3 for Tezacaftor and 412.128 A3 for
EN503A. All pockets with a volume smaller that 200 A3 were thus discarded
along with those not in the region of interest (i.e. the lipid bilayer or the
extracellular portion). 75 pockets were eventually selected and subjected to
Autodock Vina docking studies with the compounds. A total of 7,370 poses were
obtained, that were ranked and filtered to reduce their number, progressively to
254 by AG, 78 by cluster analysis, 47 by visual inspection, and finally to 12 by
data integration with literature. These were then subjected to 25ns MDS with the
compounds to evaluate their stability and binding mode with F508del-CFTR,
considering only the stable complexes. As shown in Fig. 5E, Lumacaftor and
EN503A dock in a pocket at the NBD1-ICL4 interface, while C4a and Tezacaftor
dock in NBD2.

Trajectory analysis shows a RMSF of the Lumacaftor-bound protein with an
average fluctuation value that is lower than that of the apo form, indicating that
F508del-CFTR gains stability when complexed (Fig. 6A). RMSD of the F508del-
CFTR/Lumacaftor complex (Fig. 6B) shows that it reaches stability at 12ns (see
Fig. 5C), with deviations for the whole protein, its NBD modules and Lumacaftor
reported in Tab. 2.

Interaction studies highlight three strong H-bonds between Lumacaftor and Sa92,
W96, Rse0 of NBD1 (Fig. 6C) with 88%, 81.5 % and 78% of time persistence,
respectively, and one H-bond with W63 of ICL4 with a lower persistence (53%).
Lumacaftor is strongly anchored by a salt bridge between its carboxylic group
and Rseo plus additional H-bonds with the S492 side chain and W496 nitrogen
backbone. A further H-bond is formed by the amidic carbonyl oxygen and Wios3
nitrogen. Lipophilic interactions involve W4o1, F490, F494, K1060,W1063 and
aromatic and heteroaromatic rings of Lumacaftor, in particular pi-pi interactions
(data not shown). These prediction are supported by recent experimental data
suggesting a binding pocket for Lumacaftor between NBD1 and ICL4 [22].

RMSF demonstrates a higher stability of the F508del-CFTR also when complexed
with EN503A (Fig. 6D). Accordingly, RMSD shows that the complex reaches its
stability at 10ns, with values similar to those displayed by Lumacaftor (Tab. 2
and Fig. 6E). EN503A fully overlaps the common portion of the scaffold with
Lumacaftor and shares the same H-bond interaction with Wige3 (66%
persistence). EN503A shows H-bonds also with Kios0 (75% persistence), plus a
by pi-pi interaction with Fao4 from 4 to 4,5 A (Fig. 6F). Further hydrophobic
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contacts involve S169, Wao1, V1345 residues and the dioxolphenyl portion of
EN503A. W49, G1061, F1204 residues are involved instead with methoxyphenyl and
methoxybenzoil rings of the ligand. The H-bonds between EN503A and the
protein involve Kioso carbonyl oxygen and the amidic nitrogen of the compound,
while the nitrogen of W163 indole nucleus is engaged in an H-bond with the
nitrogen of the tiazolic ring of the compound. The W1¢e3 interaction is formed
after 10ns and it is retained along all MDS.

For the F508del-CFTR/C4a complex, RMSF shows a lower fluctuation value than
the apo form (Fig. 7A) and, again, RMSD indicates that the complex reaches its
stability at 4ns (Tab. 2 and Fig. 7B). Trajectory analysis of the complex shows
that C4a creates five H-bonds with Is46 and Rss3 of NBD1 and S12s55, Q1291 and
D1370 of NBD2 (Fig. 7C) with persistence equal to 96%, 81%, 94%, 80% and 92%,
respectively. C4a makes also hydrophobic interactions with P1290 and the first
aminoarylthiazole ring of the ligand plus Y1219 and L1261 with C4a benzylic ring.
Other H-bonds are N1370 side chain with the aminic nitrogen, Q1291 side chain and
the heterocyclic nitrogen of the first thyazolic ring, Rss3 side chain and the
heterocyclic nitrogen of the sub-sequent thyazolic ring, Isss backbone and the
amidic nitrogen and S1255 side chain with the carbonyl oxygen of the amidic
group.

At variance with the other compounds, Tezacaftor/F508del-CFTR complex
shows a RMSF comparable to the apo form (Fig. 7D). RSMD shows that the whole
protein and the two NBDs reach their stability only at 10ns, before the ligand,
which retains a first stable pose from 5 to 20ns by means of an H-bond with Rsss.
This pose is however subsequently lost, becoming unstable (Fig. 7E). After 25ns,
Tezacaftor gains again a partial stable pose, but with the substituted indole
moiety of the molecule still swinging inside the binding pocket (Fig. 7F). For this
reason MDS of Tezacaftor complex were extended until 50ns. Additional H-
bonds were not determined but the ligand makes hydrophobic interactions with
Meo1, Is46 and the substituted dioxolphenyl portion, while the indole moiety

interacts with L1254 and L126o.

Effects of the compounds on CFTR stability and trafficking defects
As already mentioned, once identified by SPR and further characterized by
computational studies, a putative CF drug needs to be assayed for its effective

capacity to stabilize the mutated CFTR and to rescue its activity. To this aim, in a
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first series of experiments, we used the fluorescence-based thermostability assay
already exploited to study Lumacaftor [27]. As shown in Fig. 8A, both
compounds show some stabilizing effect on the protein at low concentrations
and low temperature with a lower overall labelling of surface-exposed Cys
residues at moderate temperatures indicated by the reduced CPM fluorescence.
At the high temperature unfolding transitions, both compounds show a
concentration-dependent broadening of the transition which appears to be of
greater magnitude for Tezacaftor. A similar unfolding behaviour, with a low
temperature pre-transition followed by a large broad higher temperature
unfolding transition, has been already detected for a related protein (ABCB1/P-
glycoprotein) [45, 46]. Hence, the binding of Tezacaftor and EN503A can be
detected by the CPM assay, but their effects on the stability of CFTR are complex
and temperature-dependent. However, at temperatures similar to physiological,
both compounds exert a slight stabilising effect.

To correlate the CFTR binding and stabilizing capacity of the compounds to
their rescuing activity, we exploited the YFP functional assay in F508del-CFTR
CFBE41o0-cells [34]. As shown in Fig. 8B, Lumacaftor exerts a rescuing activity
with slightly higher potency than that of Tezacaftor (EDso = 160 and 220 nM,
respectively). Interestingly, the new hybrid compound EN503A shows the most
potent F508del-CFTR-rescuing activity (EDso = 80 nM).
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Fig. 8: A) Effect of Tezacaftor and EN503A on CFTR stability. Increasing
concentrations of the two compounds were evaluated. Blue circles: 10 uM; red
squares 40 uM; green triangles: 80 uM; purple inverted triangles: 120 uM; orange
diamonds: 180 uM. B) Activity of compounds as correctors. The bar graphs
report F508del-CFTR activity in CFBE41o-cells after treatment with the indicated
compounds for 24 h at 0.08, 0.4, 2.0 and 10 mM. The dashed line indicates the level
of activity in cells treated with vehicle alone. The data shown are the result + s.d. of

3 independent experiments.
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whole protein NBD1 NBD2 compound

F508del-CFTR apo 2.0-3.0 2.5-3.0 1.5-2.0 //
F508del-

2.0-3.0 1.5-2.0 1.0-1.5 1.5-2.0
CFTR/Lumacaftor
F508del-CFTR/C4a ~2.0 1.0-1.5 1.0-1.5 ~0.5
F508del-

2.0-3.0 ~15 ~15 1.0-2.0
CFTR/Tezacaftor
F508del-CFTR/EN503A 2.0-2.5 1.0-1.5 1.0-1.5 1.0-1.5

Tab. 2. RMSD of F508del-CFTR in its apo form or complexed with the
compounds. The values (in A) of deviation of F508del-CFTR, NBD1, NBD2 and

correctors during MD simulation are reported.
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Discussion

The development of drugs targeting F508del-CFTR can be considered still in its
infancy, with plenty of work to do to identify new active compounds. Also, for
each new drug, and even for some old ones, a detailed characterization of their
binding mode and molecular mechanisms of action is required. To achieve these
goals, new computational and biochemical models are essential to reproduce
closely the physiological conditions.

Biosensors are widely exploited in biomedical research. Unfortunately, surface-
immobilization of a protein can cause the loss of its correct fold or can mask
binding domains [47, 48], this being more probable for proteins as large as CFTR,
whose 3D structure also depend on its association to cell membranes. Because of
this complexity, the CFTR-related biosensors developed previously have been
prepared only with isolated domains of the protein (mainly NBD1) [10-20],
limiting the validity of such analyses.

It has been shown to be possible to immobilize seven-spanning membrane
receptors on a SPR sensorchip in an oriented way, to reconstitute a membrane
environment and to perform valuable binding analyses [49-51]. In parallel, a
recombinant form of the human intact F508del-CFTR has been made available
[24-27]. Taking advantage of this knowledge, here we generated a biosensor
containing the F508del-CFTR in a membrane-like environment.

QCM-D suggests that, on the hydrophilic carboxy-methyl dextran surface, the
lipids organize a layer of vesicular nanostructures/patches that, bearing a high
density of F508del-CFTR in a proper membrane-like environment, allows the
characterization of its binding to our compound test set. Lipids are required for
saturable binding of drugs to F508del-CFTR. Indeed, when immobilized in their
absence, F508del-CFTR binds to Lumacaftor in a non-specific, non-saturable
manner, suggesting that, without the stabilizing membrane-like environment,
the protein loses its 3D structure and hence its specific binding pockets.
Lumacaftor has been however shown to bind in a saturable manner to isolated
F508del-NBD1 immobilized by simple amine coupling [17], implying that the
isolated module does not require the lipids to retain its correct 3D.

The antibody-mediated capture here adopted leads to the immobilization of a
limited amount of F508del-CFTR (350 RU) that is about 30 times lower than that
obtained by amine coupling immobilization of NBD1 (11,000 RU) [17]. Despite

this, the new biosensor with F508del-CFTR in lipid environment provides
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meaningful and reproducible binding data, further indicating that the (relatively)
low amount of protein is present on the surface in a properly oriented way,
available for binding with putative drugs. It is also worth to note that, as
expected, the lipids present on the sensorchip surface aspecifically sequester a
big amount of the lipophilic compounds (as shown for Lumacaftor in Fig. 3A)
without however hampering the unmasking of the specific binding to
immobilized F508del-CFTR.

Due to compounds hydrophobicity, DMSO is required in the buffer used in the
SPR analysis. Despite its complex architecture and the presence of lipids, the
F508del-CFTR biosensor can be used in the presence of DMSO. This is in
agreement with the observation that the DMSO-containing buffer used for SPR
does not destabilize CFTR (Fig. 2C) and with similar rhodopsin biosensor [50].
The compatibility with DMSO, and thus the possibility to study small water-
insoluble chemical compounds, is mandatory for the first steps of any drug
discovery process, including that for a CF drug.

Here, the F508del-CFTR biosensor has been exploited to characterize a large
compound test set (see section 2.1 and Fig. 1). All the compounds bound to the
F508del-CFTR biosensor, including C4a, compound 7 and Tezacaftor, that do not
bind to a biosensor containing the isolated NBD1 module, indicating that the
F508del-CFTR biosensor represents a new tool endowed with a broader
screening capacity with respect to the previous ones.

Compound 6 binds to the human intact F508del-CFTR with an affinity that is 5
times higher than that measured for the isolated NBD1. It is tentative to
hypothesize that, beside its binding to NBD1, in the complex structure of the
intact protein, compound 6 finds additional points of contact that stabilize the
interaction increasing its affinity. Further computational studies are required to
substantiate this hypothesis.

Surprisingly instead, Lumacaftor and compound 4 bind to the human intact
F508del-CFTR with affinities that are slightly lower than those measured for the
isolated NBD1. This can be due to structural differences existing between the
two proteins (that are of human and murine origin, respectively) or to the
exposure of artefactual binding surface on the isolated NBD1 that are instead
absent in the intact protein.

Beside the comparison between the binding data generated by biosensors

containing NBD1 alone or the intact F508del-CFTR, it is equally important to
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compare the binding data with virtual predictions: Computational studies
predicted Lumacaftor and EN503A to share the same binding pocket, interacting
with residues of NBD1 and ICL4 through a similar network. Important to note
however, only EN503A sets up pi-pi interactions with residue Fi94 of the NBD1
Q-loop, a residue thatis crucial for NBD1-NBD2 dimerization [52]. This can be
tentatively related to the higher F508del-CFTR rescuing capacity of EN503A with
respect to Lumacaftor and, more in general, to the other compounds here tested.
In agreement previous reports [53] and with SPR data, our computational
studies predicted C4a to bind to NBD2, with a stable H-bond network and
involving Rss3 of the RXR motif, a residue that plays an important role in the
correct folding and stability of F508del-CFTR [54]. Similar binding features were
observed for Tezacaftor, which displays however only a partially stable pose
during the MDS. This can be related to the high Kd values calculated by SPR for
Tezacaftor/F508del-CFTR interaction. Relevant to this point, it has been
proposed that a low affinity binding can effectively generate an unstable pose
during MDS [55]. Also, the inability of Tezacaftor to decrease F508del-CFTR
fluctuation and its swinging binding mode could be associated to its behaviour in
the thermostability assay, where it exerts a negative effect when assayed at high
doses. Importantly, this is the first experimental characterization of Tezacaftor
binding to F508del-CFTR, despite extensive study for its F508del-CFTR-rescuing
effect.

Beside computational prediction, the binding data generated with the F508del-
CFTR biosensor are in agreement also with the results from the biological assay.
Indeed, the F508del-CFTR-rescuing activity of EN503A is significantly higher
than those of control compounds, being thus correlated to its F508del-CFTR
binding affinity, that is 7 and 20 times higher than that of Lumacaftor and
Tezacaftor, respectively. Thus, EN503A emerges as a new F508del-CFTR
corrector endowed with both a high affinity and F508del-CFTR-rescuing activity,

thus representing an interesting compound to be further developed as a CF drug.

Conclusions
Novel CF drugs are eagerly awaited, a goal that requires appropriate

computational and experimental models closely resembling the physiological
conditions. Here, we have developed a new biosensor containing the human

intact F508del-CFTR in a membrane-like environment that turned out to be
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endowed with a broad screening capacity, allowing the identification of binders
that would have been otherwise lost with previous biosensors prepared with
isolated module(s) of the protein. The F508del-CFTR has been then integrated in
a pipeline of analyses made up of well-established biochemical and biological
assay flanked to an ad hoc computational model. A good consensus was found
among the results obtained within the pipeline suggesting the F508del-CFTR
biosensor as an “ideal bridge” between computational studies and

biochemical /biological modelst functional to the identification and

understanding of the mechanism of action of novel putative CF drugs.
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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) is a
membrane protein in the ABC transporter family that operates as an ATP-
regulated chloride channel. Loss of CFTR function leads to cystic fibrosis,
the most common inherited disease in humans of European origins. By far
the most common disease-causing mutation is the deletion of
phenylalanine at position 508 in the CFTR sequence (F508del). F508
deletion causes instability and the mutated protein is recognised by the ER
quality control system and targeted for degradation. This study describes
the use of fluorescence assays to probe the stability of the purified F508del
CFTR protein. Two different assays were developed and employed to

screen drug libraries for potential stabilisers and destabilisers of the
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protein. This paper describes the benefits of the two assays and their
potential drawbacks. Results are presented for the screening of two
libraries of compounds: an FDA-approved drug library (1300 compounds)
and a natural product library (130 compounds). The efficiency of the two
screens are discussed and false positive and negative hits are identified and

explained.

Introduction

The screening of drug libraries for discovery of compounds for the
treatment of diseases is a major part of the activity of the pharmaceutical
industry [1]. For example, an effective screen for the function of the CFTR
protein has led to the development of new drugs that have proven
efficacious for the treatment of cystic fibrosis (CF) [2-5]. The drugs that
were discovered using this screen fall into different categories which are
together important in the therapeutic strategy. The first type of drug to be
developed was a potentiator that increased the likelihood of channel
opening and was primarily targeted at patients with missense mutations
such as G551D that had effects on the channel properties of the protein [6].
In the case of G551D the channel remains predominantly closed even after
activation with protein kinase A (PKA) and the addition of ATP [7]. The
second type of drug to be developed was a corrector that in some way
stabilised defective forms of the protein and allowed such mutant forms to
successfully reach the plasma membrane [2, 5, 6]. The most common CF-
causing mutation (F508del), which is present in about 90% of patients, falls
into this category [8]. Having reached the plasma membrane the activity of
such mutant forms of the protein can be further enhanced by the addition

of the potentiator compound [9].

More efficient corrector compounds have recently been developed such
that it now appears likely that about 90% of the cystic fibrosis patients in
the world could be treated with such pharmacotherapy [10-14]. However
there are currently barriers to this strategy, primarily associated with the
cost of the currently available drugs[15]. Moreover the patients are not

cured but rather the condition is managed in this therapeutic strategy.
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Hence at the moment it appears as though the patients will require the
existing costly pharmacotherapy for their entire lives [16]. The F508del
CFTR protein in patients that was previously present in minute amounts
may now reach significant levels in the plasma membrane of cells in
patients treated with the corrector compounds [17]. It is therefore
important to understand the effects of routine medicinal and
pharmaceutical compounds on mutant CFTR protein such as F508del CFTR,
as well as the effects of FDA-approved drugs that may be used to treat CF
patients for other diseases during their lives.

Indeed it is expected that any compounds will in fact more likely have a
therapeutic, manageable effect. Largely because of the nature of F508del-
CFTR, correction that not only rescues from the cell quality control
machinery is needed, but potentiation and amplification of the rescued
protein is required due to the increased turnover of the protein at the
membrane. Therefore, the likelihood of a compound having restorative
effects on the protein solving these three issues is unlikely. Indeed it is
desired in the CFTR-pharmacological industry that a novel drug may have
an increased correction affect allowing for greater synergistic, combination
therapy than already exists. This paper desires to find a corrector that will
fulfil the rescue of protein from the cell quality control machinery.
Compounds that may fulfil the other two roles can be taken for further
testing based on their predicted effect extrapolated from their stabilising or
destabilising of the protein.

In order to allow such studies, production and purification of the F508del
CFTR protein is required [18, 19] as well as the development of assays [20,
21] to study the effects of such compounds directly on the purified protein.
Such studies would hopefully allow the identification of compounds that
could act as destabilisers [22, 23] or stabilisers of the mutant protein. Two
such assays based on the Cys-reactive compound CPM are described here.
This compound is normally non-fluorescent or has low fluorescence in
aqueous systems, but becomes intensely fluorescent upon formation of a
covalent linkage with exposed Cys residues on the surface of proteins.
Upon protein unfolding and denaturation, exposure of previously buried
Cys residues allows further CPM binding to the protein and an increase of

fluorescence that is a useful indicator of the stability of the protein. The
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initial labelling with CPM (at low temperature used for CFTR purification)
gives an idea of the initial folded status of the protein and this initial
labelling value can be greatly increased by the addition of chaotropes such
as guanidium HCI and urea [24]. The subsequent denaturation of the
protein can be followed by monitoring the increase in CPM fluorescence as
more previously buried Cys residues become exposed, and this allows the
intrinsic thermostability of the protein to be assessed [25]. However the
CPM fluorescence in a system containing F508del CFTR at a physiological
temperature can also provide information about the long term stability of
the protein at 37°C, a temperature where F508del CFTR is known to lose
function rapidly [25].

This paper describes the development of the CPM assay for screening small
compound libraries in a 96-well or 48-capillary format for F508del CFTR-

stabilising or destabilising compounds.

Methods

Protein

Protein purified according to Method section 2.9-11 (in this thesis) was
used at a concentration of 200-1000ng according to Methods section 2.12.
Due to batch to batch variability during the purification process, the
concentration and stability of the protein would vary between batch and

therefore separate runs of each assay are compared together.

CPM Dye
A cpm dye was used in both assays for measuring the stability of the

protein. For reference, see Methods section 2.15 in this thesis.

48 Well Assay

The 48-capillary format assay was conducted using an “UNcle “ from
UnChained labs. For each assay, the maximum number of wells for testing
was 48 wells. Data in this paper includes batch formations with less than

48 data points due to some wells not being utilised for samples. Instead
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these wells would be used for run validating negative controls (data points
without protein and dye confirming that the fluorescence is not a false
positive signal), or indeed the capillaries may not always be viable for use
due to dust build up, presence of air bubbles in the sample or residue from
a previous sample. In these cases, the data sets are included for each ‘batch’
- that is the number of samples tested in one run of the UNcle machine, due
to variability between protein aliquots, therefore a dataset from this assay

will have a maximum of 48 samples but may indeed be less.
CFTR protein would be incubated with the relevant compound for 15
minutes at 4°C prior to loading. CPM dye would be added during the

loading process and each well would contain a different sample set.

The 48-capillary format assay was conducted in the same way as Methods

2.3 from [26] and the CFTR stability assay methods described in [27].

96 Well Assay

The 96-well assay was conducted using a BioTek Synergy H1 Multi-Mode
Reader; purified hCFTR was exposed to the CPM dye at concentrations
specified in Methods section 2.12 of this thesis and relevant compound in

the plate reader with constant recording from the instrument.

Drug library

Both assays tested compounds from an FDA approved compound library
provided by Apex BioTechnology. This library consisted of FDA approved
compounds with a wide variety of pharmacological properties and targets
including cystic fibrosis compounds developed by Vertex, VX-809, 661 and
770. Due to the blind nature of the testing process, these compounds from
the library were not used as positive or negative controls.

The 96 well assay, due to its higher throughput nature, tested all
compounds sequentially from that library. Whereas, the 48 well assay
tested select compounds at random in a blind format. Both of the assays
tested the compounds in singular repeats in order to maximise the

throughput efficiency of the assays.
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Results

Figure 1 shows a schematic description of the two different assays
employed in this work. Panel a shows the expected features of the
isothermal CFTR stability assay using CPM. At 37°C the F508del CFTR
protein has Cysteine (Cys) residues in its structure that are exposed to the
soluble environment and can therefore bind to the CPM dye and this leads
to an initial rapid increase in CPM fluorescence followed by a slower
increase due to the instability of the protein at the physiological
temperature. In this assay the protein is finally denatured by a 1 hour
incubation at 55°C and then the CPM fluorescence is measured. Any Cys
residues not exposed at 37°C will become exposed and the fluorescence
now reaches 100% of the maximum value. In the presence of a
destabilising compound the fluorescence from CPM will rise more rapidly
and may reach 100% of the maximum value indicating that the CFTR
protein is completely denatured at 37°C. In this case, the CPM fluorescence
actually decreases at 55°C due to thermal quenching. Thermal quenching
occurs when the high temperatures cause complete unfolding of the
protein leading to aggregation as the abundance of unfolded protein reacts
into each other. This prevents the fluorescent signal from being accurately
recorded via the machine leading to the phenomenon of thermal
quenching. In the presence of a stabilising compound, indicated by the blue
line in Figure 1, a slower increase in fluorescence at 37°C will be observed

and proportionately larger shift to 100% labelling at 55°C.

The second assay as illustrated in Figure 1b is able to measure the
thermostability of the CFTR protein. In this case the protein and CPM are

heated in 10uL volume capillaries and the instrument is capable of
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measuring the initial labelling of protein at low temperature as well as the
midpoint temperature for thermal unfolding. For this assay the de-
stabiliser may cause greater initial labelling as well as shift in the midpoint
thermal unfolding temperature to lower values. Conversely a stabilising
compound may reduce the amount of initial labelling and may shift to high
temperatures the midpoint for thermal and folding. Note that in this assay
there is also a phase in the fluorescence profile where it decreases, and

again this is due to the thermal quenching of the CPM fluorescence.

The assay illustrated in Figure 1a is from a 96 well format and utilises
every single compound from the library. Figure 1b uses a 48 well format
and is used for a select amount of compounds chosen at random to reduce

bias.
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Figure 1:

Schematic description of the two assays employed to assess CFTR stability:
(a) CFTR stability at physiological temperature is assessed by binding of CPM
to surface-exposed Cys residues which causes a large increase in the CPM
fluorescence yield. After 3 hours, the protein is fully denatured by heating at
55°C for an hour, whereupon all Cys residues become exposed and labeled by
CPM. Where protein is fully denatured at 37°C, then thermal quenching of
fluorescence at 55°C will be observed (red line). The black line shows the
expected profile for CFTR and the red and blue lines indicate the expected
effects of destabiliser and stabiliser compounds, respectively. (b) CFTR
thermostability is assessed by heating the protein (at roughly 1.5°C/min) in a
48-well capillary format after an initial CPM labeling at 4°C for 1 hour. The
extent of initial labeling reports on the preservation of the native
conformation of the protein, whilst the midpoints of the two thermal
unfolding events (Tm) show any stabilising (blue line) or destabilising (red
line) effects of added compounds.

Figure 2:

F508del CFTR stability: (a) Data for a single 96-well plate, using the first
assay (stability at physiological temperature). Potential destabiliser traces
can be observed at the top of the plot, and these show thermal quenching at
55°C rather than an increase in CPM fluorescence. The red line indicates the
profile for the CFTR control. The traces can be adequately analysed using a
single exponential increase, corresponding to an unfolding half-time at 37°C.
(b) Global analysis of over 1000 different compounds all tested at a
concentration of 10 uM using the 96-well assay. Different colours and
symbols correspond to different purified protein batches and 96-well plates.
The red line encloses the main cluster of experiments, with the spread of
initial labeling mainly accounted for by batch-to-batch variability in
purification and a mean unfolding half time of about 1hr at 37°C. The black
dashed line indicates a portion of the graph of interest for destabilising
compounds, whilst stabiliser compounds are expected to be found in the top

left portion of the graph.
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Figure 2 shows the actual CPM labelling data for the isothermal stability assay. In
panel A, 96 profiles are superimposed with the control F508del CFTR sample
indicated by the red line. The increase in CPM fluorescence can be fitted as single
exponential for the data at 37°C. The fitting of the exponential rise is done
between 20 minutes and 180 minutes to allow for the initial labelling event to be
accounted for. From the exponential fits the initial labelling and unfolding half-
time at 37°C can be estimated. These two parameters are plotted in Figure 2b.
The data cluster in a region of the graph corresponding to initial labelling values
between about 30 and 60% which has previously been found to be a range
determined by batch to batch variability [8]. Similarly most of the experiments
cluster around folding half times at 37°C of between 40 and 80 minutes. These
half times for unfolding are roughly equivalent to measurements of loss of
structure or function at this temperature [25]. Of interest are the experimental
points that lie outside the main cluster indicated by the red ring. These are
experiments where F508del CFTR is incubated with compounds that increase
the unfolding half-time at 37°C and/or reduce the initial labelling of the protein.
At this stage, a manual appraisal of the stabilising hits needs to be undertaken in

order to eliminate false positives (see later).

The destabilising compounds will lie to the bottom and right-hand side of the
plot since they will cause either a reduction in unfolding half-time and/or an
increase in the initial labelling of the protein. Although this part of the graph is
rather compressed using a linear axis for the unfolding half-time at 37°C, it is
possible to plot the data using a logarithmic scale for the y-axis, and this allows a
better visual identification of potential destabilising compounds. Again at this
point manual checking of the identities of the destabilising hits should be carried

out in order to eliminate false negatives.

205



Figure 3
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Figure 3: F508del CFTR thermostability: (a) Raw data for CPM fluorescence
increase as a function of temperature for F508del samples with 46 different
FDA-approved drugs (indicated by different colours). (b) as in (a) but with
CPM fluorescence normalised to maximum fluorescence and zero
fluorescence for each sample. Note that in one experiment (blue trace) the
unfolding curve is anomalous, likely due to migration of a bubble in the
capillary. (c) As in (b) but with normalisation to maximum and minimum
fluorescence values (symbols), and with the data fit using two exponential
functions to account for the two phases in the CFTR unfolding profile (solid
lines). (d) Tryptophan fluorescence averaged for the 45 samples showing
normal CPM fluorescence profiled. Thermal quenching of Trp fluorescence
occurs with no obvious unfolding transition. Error bars indicate SEM. (e) First
derivative of the averaged Trp fluorescence (black line) shows two inflexions
around 33 and 47°C (arrows). Grey line shows the relatively noisy trace for
one run (control protein with no drug). (f) as in (b), but CPM fluorescence
was scaled using the intrinsic Trp fluorescence (panel d) to account for the
background thermal quenching of fluorescence. This plot implies that the
higher-temperature thermal unfolding event at 45-60°C exposes more Cys
residues than the lower-temperature unfolding event around 30-35°C.
Figure 3e shows two inflexions in the curve. These represent unfolding events
of the protein, the initial unfolding representing unfolding of the less stable
nucleotide binding domains, the second inflexion representing unfolding of

the more thermally stable transmembrane domains.
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Figure 3 summarises the CPM stability assay data for the thermal unfolding
of F508del CFTR. Panel (a) shows the unprocessed CPM fluorescence data
for 46 compound containing capillaries (This assay holds a maximum of 48
capillaries, 46 is the number included from this batch of testing, the other
two wells would be accounted for with negative controls (absence of
protein and dye respectively). In order to allow better visualisation of each
experiment with a different drug (or with no protein control) they are
discriminated with different coloured lines. The majority of the
fluorescence profiles cluster together in terms of overall intensity as well
as their general shape. A feature of the CFTR unfolding profile that has
previously been described [8, 25] is the two-phase nature of the unfolding,
with a low temperature unfolding event between 20 and 40°C and a higher
temperature unfolding event between 45 and 65°C. These two events may
be related to unfolding of different domains within the protein. A similar
multiple event and folding profile has been described for other membrane
proteins with multiple subunits or domains [28]. The F508del CFTR data
also shows the initial labelling at 15°C, and this parameter can be easily
read at this stage from the digital record of the fluorescence profile. More
typically however, the data can be first normalised with the minimum value
set to 0 and the maximum value set to 100%, and this allows a value for the
initial labelling that will not be significantly affected by any loading errors
or small differences in the optical path length of the capillaries.
Nevertheless, some profiles now appear as outliers from the main cluster of
traces, this can be understood in terms of potential false positives (see
later). One profile (blue coloured trace) shows a normal initial profile up to
60°C and then deviate markedly with a decrease in fluorescence. This
anomalous behaviour may be caused by the formation or migration of an
air bubble within the capillaries, and such behaviour may be observed in

roughly every 50 experiments.

Panel C shows the same data but now normalised with the minimum value
set to 0 and the maximum value to 100%. This plot allows the assessment
of just the thermal unfolding phases of the profiles and their analysis using

non-linear regression analysis and curve fitting. This allows the estimation
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of mid-point thermal unfolding values for the lower temperature and
higher temperature transitions. This rough fitting allows an assessment of

the individual effects of compounds tested in a semi-automated fashion.

The instrument employed for this assay provides a very rich collection of
data, and it measures fluorescence over a large range of wavelengths. Since
the excitation source is at 266 nm, it is possible to measure intrinsic
protein fluorescence arising predominantly from tryptophan residues in
the protein. The tryptophan fluorescence profiles as a function of
temperature for F508del CFTR are very similar and an average of 45
different experiments is shown in Figure 3d with error bars indicating the
degree of variation from one experiment to another. Note that there is no
obvious inflection in the fluorescence profile due to protein unfolding, but
rather the profile is dominated by thermal quenching. In order to detect
effects on the tryptophan fluorescence profile that are a result of protein
unfolding a first derivative plot was used, as shown in Figure 3e. The first
derivative plot of the averaged tryptophan fluorescence shows two
inflection points that probably correspond to the low temperature and high
temperature unfolding events observed for the CPM fluorescence traces.
However, the signal to noise ratio for individual experiments was not
sufficient to allow such precision. For example the first derivative plot of
the tryptophan fluorescence profile for a single experiment (control
protein alone) is shown (grey trace), and whilst some features of the
averaged profile may be present, the overall signal is indistinct and hard to
interpret. It has previously been shown that it is possible to compensate for
the thermal quenching of the CPM fluorescence using the tryptophan
fluorescence profile as a guide. When this is applied, as illustrated in Figure
1f, It is clear that the high temperature unfolding transition is significantly
larger than the low temperature unfolding transition, implying that more
Cys residues become exposed during the latter unfolding event. For the
purposes of the screening assay, however the uncompensated CPM

fluorescence data was employed, as shown in panels a-c.
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Figure 4: Plots of parameters extracted by curve-fitting to the thermal
unfolding profiles of F508del CFTR tested in the presence of FDA-approved
drugs. (a) Plot of the fitted Tm values for a double unfolding event against the
degree of initial labeling. The lower temperature transition clusters around
20-30 °C. The higher temperature thermal unfolding event appears to show a
greater spread of estimated mid-points than the lower event. Experiments of
interest lie towards the top left (stabiliser candidates) and bottom right
(destabiliser candidates) of each cluster. (b) An alternative representation
that does not rely on curve fitting: Here the sum of the CPM fluorescence
values after normalisation is plotted against the initial labeling. In this case
potential destabilising hits will be found in the top right region of the plot
whilst stabiliser hits will deviate from their clusters to the bottom left of the
plot. In both panels, colours and symbols are used to differentiate different
experimental runs and protein batches with each point representing a single
thermal unfolding experiment for a single drug or natural product. (c)
Average of 35 thermal unfolding runs for two different F508del CFTR protein
batches with different compounds. The raw CPM fluorescence data is shown,
with error bars indicating the standard error of the mean value. One batch of
protein shows a generally higher fluorescence overall, but this will be
compensated for by normalisation of the fluorescence. This batch also

demonstrates a higher initial labeling value (arrows).
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The data for the thermal unfolding assay is more complex than for the
isothermal stability assay. Therefore several different ways of plotting the
data can be considered in order to identify potential stabilising or
destabilising compounds. Figure 4 shows some different ways of plotting
the data, although in each case the initial labelling of the protein is used for
the x-axis. This is important because it provides an internal control of any
batch-to-batch variability in the overall sample that should be considered
as well as the stability-moderating effects of compounds. Again, potential
hits that shift the midpoint thermal unfolding temperatures of the lower or
higher transitions can be identified using these plots. As before, manual

intervention at this stage is needed in order to isolate any false hits.
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Figure 5
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Figure 5: Examples of false hits: (a) The assay at physiological temperatures
yields false stabilisers and false destabilsers. These are predominantly
sulphur-containing compounds that can form adducts with CPM. False
positives form the adduct slowly whilst false negatives have fast reaction
kinetics. Such anomalies can be identified in the higher intensity of the
fluorescence prior to normalisation as these drug-CPM adducts have much
higher concentrations than the CPM-labeled protein. (b) Examples of false
hits from the thermal unfolding assay. An apparent destabiliser (fluticazone,
square symbols)) reacts rapidly with CPM and then fluorescence is quenched
beyond 40°C. Some fluorescence derived from CPM labeling of protein
between 40 and 90 degrees can be inferred. Another sulphur-containing
compound (mercaptopurine) reacts more slowly with CPM Compound
structures are coloured according to their elements and were obtained from

PubChem [31].
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Discussion

No single assay for the screening of compounds and their effects on the
biophysical properties and activity of a given protein will be perfect, and
hence it is important to assess the strengths and weaknesses of the two
assays that we have described in this manuscript. The use of tryptophan
fluorescence for thermal stability has been described in several papers [29]
[30] but, as illustrated in Figure 3, the quantities of protein required to
achieve a sufficient signal to noise ratio to allow the determination of
thermal unfolding events is high. The use of a Cys-reactive probe such as
CPM allows a more sensitive assay to be employed that can distinguish
relatively small shifts in thermal stability. Moreover the high fluorescence
output of the probe allows the minimisation of the amount of protein
required for each drug to be screened. For example in the 48 well capillary
format a few tens of nanograms of protein are sufficient to achieve good
signal to noise. However such assays that involve the external addition of
fluorescent reporter molecules, even when such a molecule is very small,
inevitably lead to an increased likelihood of misleading results (false
positives and negatives). In the case of CPM, for both the isothermal and
thermal unfolding assays, the main type of misleading result occurs with
drugs or natural products that also contain a sulphur atom that is capable
of forming a covalent bond with CPM. Figure 5A illustrates this type of
behaviour for the isothermal stability assay, with the expected traces for a
false negative in red and false positive in blue. In these cases (e.g. tiopronin
and pyrithione) it seems likely that the false negative compounds form a
covalent bond with CPM with fast kinetics, hence the initial labelling and
fluorescence increase at 37°C is very rapid, and then following heating to
55°C some thermal quenching will be observed. In contrast false positives
such as the compound disulfiram appear to label quite slowly and show a
slow fluorescence increase at 37°C, followed by a large increase in
fluorescence after heating to 55°C where the reaction’s kinetics will be
greater. In both these cases, the false hits can be identified in the raw
fluorescence data (e.g. Figure 1a) since these compound-CPM adducts will

have significantly higher fluorescence at the ~10uM concentrations
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present than for the CFTR-CPM adducts which will be in the ~50-100 nM

range.

For the thermal unfolding assay, as illustrated in Figure 3, the sulphur
containing drugs and natural products also give rise to several false
positives and false negatives. However for this assay the use of the 266 nm
laser excitation source also gives rise to other types of false hits. For
example strongly fluorescent compounds or drugs and natural products
with large delocalised electrons systems frequently appear as hits. In some
cases this may be because these compounds can also lead to absorption of
the 266 nm light and anomalous behaviour. This defect in the assay also
means that ATP can only be employed at relatively low concentrations (e.g.
at or below 1mM) because nucleotides also strongly absorb 266nm light.
Some false hits also appear to arise due to the intrinsic fluorescence of the
drug or natural product, which can compete with the CPM signal. Future
work would ideally use a dedicated instrument with a laser source closer to

the CPM excitation maximum around 384nm.
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Chapter 9.0 Conclusion

9.1 Furthering the drug screen

The original aim of the PhD project was to promote the identification and
development of novel modulators that can correct the F508del mutation.
Previous drug screens for CFTR have been carried out in cell-based assays,
where potential hits would have a higher chance of being proteostasis
regulators rather than pharmacological modulators [22-24]. The rationale
here is that by working on purified protein any positive hits identified from
these screens will be compounds binding to the CFTR protein. Having
identified some initial hits that appear to stabilise F508del CFTR and that
have some effects on CFTR function, as demonstrated in the Becq
laboratory (unpublished results), future studies may be considered as

described below:

(i) Following on from the primary drug screen described in Chapter 8, a
further cell-based, in vivo assay would be required in order to investigate
the effect of any hits on the actual rescue of the mutated CFTR. Such a
switch from high-throughput to high content assays would be typical for a
drug discovery effort. This further testing would ideally first be with a
CFTR-expressing epithelial cell line, and then an epithelial lung cell line,
and then with patient-derived cells. Ideally it would be using an assay
already developed by a laboratory that has experience in in such assays
such as the Sheppard laboratory [25], the Becq laboratory [26] or a similar
assay such as the YFP assay seen by Galietta. [22] as described above, some

testing has already been done in the Becq laboratory.

(ii) A further extension of the stability assay using the current positive hits
would be first to carry out extensive dose-response experiments to
determine the optimum concentrations at which they stabilise F508del
CFTR. Following this, one would probably utilise the structures of the most
potent hits to identify commerecially available and structurally homologous
compounds that would then be tested for F508del CFTR stabilisation. An
idea of the structure-activity relationship would then be built up and with

the aim of producing a pharmacophore for F508del CFTR stabilisation.
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Such information could be fed into a separate effort using computer-aided
methods such as drug-docking and in-silico screening of virtual compounds

against available CFTR structures. [6, 7, 14, 15, 27]

9.2 Elucidating the conformational state of CFTR

A separate foundation of the work was to investigate the biogenesis of
F508del CFTR at early time points and its structure relative to the wild-
type protein. Although some low-resolution data is available via small angle
X-ray scattering (SAXS) for F508del CFTR [28], in the absence of a high-
resolution structure, limited proteolysis work was performed. This method
also had the advantage of being applicable to membrane-embedded
F508del CFTR. The work was able to benefit from having specific
antibodies and a GFP tag that can report on the individual domains present
in the proteolysis profiles. Work like this has been carried out previously in
Utrecht. [16, 17] Work by Bertrand and colleagues allowed them to identify
components of the proteolysis profile that belong to individual domains
and therefore gave a more accurate view of how the protein is folded and
the effects of certain mutations and conditions on the conformation of the
overall protein. The novelty of the research presented here was the ability
to compare membrane-embedded and isolated purified protein such that
CFTR conformation can be monitored under a range of conditions such as
when phosphorylated or dephosphorylated or when drugs are present. As
the structures of the protein are elucidated more information can be
identified and conferred from the data that is presented here. In particular,
a high-resolution structure for the F508del CFTR protein would be
particularly important for interpretation of the limited proteolysis data

presented in this thesis.

Similarly, an area of research that would require more work would be the
finer dissection of when and where the F508del mutation affects the
biogenesis of CFTR. Specifically, the cystic fibrosis research field would be
interested in what part of the conformation of the mutated protein leads to
degradation by the cell quality control machinery. This has already been
partially answered by Bertrand and colleagues [16, 17] and the work here
also suggests that proteases appear to distinguish F508del CFTR at a few
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specific sites, but it would require further elucidation with chaperones to
allow more insights into the ER quality control of F508del CFTR. The thesis’
time course data shows a model by which this data could be sought. The
time course experiment could be scaled up to a point by which purified
protein could be collected for many time points between 0 and 4 hours.
Undergoing the experiment at a fermenter scale would aid the process as
enough material could be collected for each time point to carry out multiple
experiments. The time course data showed very weak signal for the earlier
time points for F508del CFTR, however it was carried out on a small scale.
If enough material could be collected there should be enough signal in
order to start gathering information regarding the early time points, and if
sufficient amounts of protein can be purified, then structural analyses by
cryo-EM or SAXS can be attempted. Limited proteolysis experiments, as
previously described could be carried out in order to distinguish at which
point folded domains become present in the early time points, and if there
are minute differences between F508del, WT and the G551D mutant once
both TMD1 and most of NBD1 have been translated. At the early time
points, the N-terminal domains may be more sensitive to the proteases and
therefore would show a distinct pattern compared to later time points
(after 8 hours). These experiments would rely on the SUMO tag at the N-
terminus and the anti-SUMO antibodies, although the experiments
described in chapter 5 show proof of principle for this. Optimising the
amount of protease and the different proteases to use would allow us to
experiment with the visualisation of the proteolytic profile. Using other
domain specific antibodies, as previously suggested, would allow us to
experiment between the different constructs and see in greater detail
which domains are affected as the protein is generated. It would be
interesting to attempt structural studies of protein being expressed at early
time points if enough material were acquired. Comparison by negative
stain electron microscopy (EM) would be likely to be most useful in
identifying the changes in conformation seen as the protein is generated
because it can be done with relatively small amounts of protein and is not
sensitive to high concentrations of salt and glycerol that may be needed to
stabilise immature forms of the protein. Previous negative stain electron

microscopy work has been carried out in this lab with a scale of ng
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quantities of protein; therefore generating similar quantities of material

from different induction time points should be feasible.

Chapter 7 of this thesis details work carried out developing a novel
biosensor. Due to the candidate’s small contribution the paper, discussion
of the work is included here so as not to change the text of the final paper
that has already been published.

During the work undertaken for this paper, the studies involved use of WT
protein as a comparison. The data is not published in this current paper.
The WT protein behaves similarly in that binds to the scaffold in the same

way F508del does. WT has been used in surface plasmon resonance before.

A criticism of this approach may be that no negative controls in the regard
of compounds that are known to not bind to CFTR were used, however
samples including just buffer and lipids were used showing the validity of
the assay.

Previous correctors have been shown to bind to the nucleotide-binding
domain [29] Indeed this is the part of the protein, which is desired to be
corrected, as this is where F508del first affects the protein [30] leading to
whole protein instability [31]. Therefore it is useful to extrapolate that

rescue of NBD1 can lead to whole protein rescue.

Due to the expense and high material demand of this approach, the position
of this experimental procedure in the drug development/testing process
should be considered. The nature of the experiment and the machinery
leads the process to be a low/medium throughput approach. Therefore,
significant arguments could be made for this approach to be defended as a
characterisation approach - appearing after a medium/high-throughput
approach such as that described in chapter 8 of this thesis. Indeed the
method described in chapter 8 may provide less exact data but it's ability to
test a much higher quantity of compounds with less amount of purified
material allows for it to appear earlier on in the drug development process.
Therefore, this thesis provides a series of pharmacological experiments,
which would aim to effectively find new compounds by investigating the

effect on the purified CFTR protein. Chapter 8 details the CPM assays as a
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high throughput means to ascertain compounds that are interacting with
the protein, while chapter 7 indicates a means to more closely investigate

the binding efficacy and stability effect of the compound on the protein.

EN503A should be further tested with cellular based assays to assess
toxicology/ dosage/ affect on different cell types. As detailed in chapter 8,
ideally the compounds would undergo testing in a robust, mammalian cell
line capable of expressing epithelial membrane proteins, such as that of
BHK cells, following on this testing would be undertaken on a bronchial
epithelial cell line, as effective treatment for the patient will primarily show
rescue in this area for the patient, as seen by current treatments measure of
lung capacity [19]. Indeed it is lung recovery by which existing compounds
have been measured due to the debilitating nature of the affect of the
disease on this part of the body. Following positive data from bronchial
epithelial cell lines, testing should be undertaken on cystic fibrosis patient
derived cells to show effective delivery and healthy dosage that may used

for patient treatment..

Overall the work in this thesis provides insight into the structural and
pharmacological gaps still present in the field and makes attempt at
providing the foundational means to fill in these gaps and provide
correction of the disease. Indeed, more direct pharmacological therapy is
needed that addresses the base function of the F508del defect. The
screening assays aim to present a solution to this issue, allowing for a finer
approach to finding a corrector. Further elucidation of when and where the
mutation affects the protein in its biogenesis is also needed in order to
ascertain what effective ‘correction’ looks like.

The means by which the effect on the biogenesis of the protein is measured
can provide a platform to which potential drugs could be measured for
their effective correction. Comparison of the WT and the mutated protein
at the early time points will provide a spectrum of structural correction in
which the mutated protein in combination with an effective corrector

treatment will more closely resemble that of the WT protein.
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The work in this thesis provides a foundation for these gaps present in the
field and future studies may be carried out on extrapolation of the

foundations and principles provided by this thesis.
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