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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) is a transmembrane protein that
functions as an ion channel. Mutations in this protein cause Cystic Fibrosis. For this reason, it is
important to study the structure and function of CFTR. In thidystonstructs of CFTR (@erminii),

a CFTRinteracting protein and fulength CFTR weresloned, expressed and purified for structural

and functionalstudies.The purified C-terminal polypeptides of CFTR wersoluble and shown to
interact withNHERFL PDZ 1 (a CFTR-interacting protein)The CFTRC-terminus andNHERF1

PDZ 1 domain were eexpressed and guurified. The purified complex showed a strong interaction

that might induces a conformational chan§ie-directedmutation of the @erminus of CFTR was
performed in order to examine the effect of removing a potentially flexible amino acid (Arginine) on

protein crystallization.

Pull-down assay experimentwith full-length CFTRdemonstrated an interaction between Kin
DDM detergentandNHERF1 PDZ {". No interaction was observed for CFTR in LRaxelatively
denaturing detergenand NHERF1limplying thatthe interaction betweethe PDZ motive of CFTR
and NHERF1 requires a stabléolded structure for botthproteins In addition,full-length CFTRIn
DDM has beerstudied byelectron microscopy an&ingle Particle Analysis in the presence of
NHERF1 PDZ §”. A 3D structure was generated fitre CFTRNHERF1 PDZ {’ complexat a
resolution of~ 18 A. This 3D structure showed a newenconformation of CFTR (V shape
comparablestudieswith CFTR alone a 3Dstructure was generated atesolution of 27 Aand this
structure showed alosed stateas previously reportedrhis newdatasuggest a possible role for

NHERFL1 in terms of CFTR channel gatiogactivation
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1. Introduction

Proteinsare macromoleculs composed of amino acids which are joined together by peptide bonds.
They can be found in all living organism&pm the simplest such as virusesmore complexlike
humans.The role of proteins in all cells is complicatddost biological processes are performieg
functional and structural proteinfiside and outside cells. Antibodies, transporters, receptors,
enzymes, structural elements and much moreeaemples of proteinshat have functional arl
structural rolesAmong protein functions, transpbof ions and other substances through the cell
membrands considered a worthtarget formedicalintervention The mechanism of ion transpast
relatedto many diseases. For this reason, capturing the three dimensionalrstfcttansporter
proteins isimportantin order to find out the relationship between defective proteins andctimgal
aspectsin general, there are three main steps that are required to purify proteins to grow 2D or 3D
crystals. First of all, expre®mn of the targeted protein by adding plasmid containing the
corresponding gene sequence to host cells. Secondly, purifying the protein in order to separate it from
other molecules and cellular substances. Finally, crystallizing the pure proteineglistieps will be

explained and discussed later.

1.1 TransmembraneProteins

The plasma membrane is a selective biological barrier located between the extracellular and
intracellular cell fluids.Two main classes of bimoleculesform the plasma membrane, protesrsd

lipids as shown in Figure 1The location of transmembrane proteinsually influences their
functions. Proteins located on the extracellular membrane surface interact with proteins or molecules
andserve as active medat between the cell and its surroungdenvironment The proteins which

are located on the intracellulaxembrane surface have many functifnmoen anchoringcytoskeleton
proteins to the membrane to triggerimgracellular signaling pathways (Lodish et al, 2000pteins

which are attached or embedded in the plasma membrane have sasksauch as carriers,
receptors and adhesion sitd3eside these functions, membrane proteins convert the energy of
sunlightinto chemical energy by the contributitmATP synthesisFurthermoremembrane proteins

H M
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play an important rolas a signal receptor that receives sigrsalsh asneurotransmitters, growth
factors, hormones, light ochemotacticstimuli (Branden and To00ze€]1998). Because membrane
proteins are involved in essential biological processes as revealed previously, tbegsitered as
major drug targetsThe study of thissubclass of proteins could lead to cures for several illnesses

such a heartdiseasegystic fibrosis and depressidbunn, 2010).

Protein-linked
Oligosaccharide Lipid-linked

Oligosaccharide

Exterior

Lipids

Cytosol

Integral Protein Peripheral Proteins

Figure 1: The two main biomolecules (proteins and lipids) found in the plasma membranes.

Both can also be linked to carbohydrate moieties, as shown.

There are two kinds of proteinteracting with the plasma membrane, integral oipperal. The latter

can transport ions and molecules across the plasma membrane (Thiriet, 2007). Because of the unique
and essential physiological role of transporter proteins, mutations in genesngrtbede proteins

result in human diseases (Opella, 2003). Despite the biological importance t#@toRproteins
encoded by the genome are membrane proteins, no more ¥hanfi the total files in the pd@Protein

Data Bank)are nembrane proteins (Loll,@3). According to the recent PDBTM record (Protein

Data Bank of Transmembrane Protejiisreare 1550 transmembrane structsicd 79538 structures

PDBTM: http://pdbtm.enzim.h@/Lastaccessed 602-2012.
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1.2 ABC Proteins

The ATRbinding cassette (ABC) transporters are the largest family of transmembrane proteins. They
can be found in prokaryotes and eukaryotes as integral proteins embedded in the plasma membrane
(Deanet al,, 2001).Several ABC proteinact as transporters by which many substances, small, large,
charged and hydrophobic are moved imweout cells and this explains the diversity of their
physiological roles (Higgins, 2001yhey are divided into two groups as full transporters consisting

of two transmembrane domains (TMDs) and two nucledtidding domains (NBDs), or half
transporters consisting of one TMD and one NBD (Hgtlal, 1990).In the latter case, two half
transporter proteins must associate in the cell to famentire transpter. Despite the structaf
similarity among ABC proteins, there are some exceptions. For examples, the (WiRRdrug
resistanceassociated proteifABCC) subfamily contains an additional multispanning TMD which is
found in a high majority of thestamily members(Hipfner et al, 1999 In addition,many ABC
proteins have NBDTMD2 linker polypeptids of variable length whicln some caseis involved in
regulaing gating by phosphorylatiorS¢hwieberet al., 1999b).This linker is present in CFTR diis

known agtheregulatorydomain (R domain)Senior and Gadsby, 1997).

This family of proteinsis divided into 7 subfamilies (ABCA, ABGB.ABCG) consisting of 48
members in humans (Dean, 2005; Kaminekial, 2006). Furthermore, ABC pseudogenes were
identified in the human genom@iehler et al., 2006, 2008)he role ofthese proteins depends on
using ATP energy so as to drive tinansport of a large number of molecules, such as sugars, lipids,
peptides, ions, through cell membranes. ABC proteins can be found thsidells of all living
organisms. For exampléhe Escherichia coligenomehasnearly5 % of its genes a®\BC proten
genes(around 70 transportersHo¢lland et al, 2003). And this big number of transport proteins
reflects the need to adajsta wide range of environments thHzcterialive in. Oneaim of studying

this family of proteins is to discover the relationship between defe&@BE protein genes,
subsequently their proteins, and many hereditary diseasssciated with defective transport

functions During the past years, this relationshigs been explored and it is known that complex
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diseases are related to defective ABC proteitisr(zelet al, 2007).Mutations in 14 human ABC
transporter genes are the main cause of different inherited diseases (Kanask2006).Table 1

showsABCs associated with human diseases.

GENE MONOGENIC DISORDER COMPLEX DISEASE
ABCA1 Tangier disease, FHDLD
ABCA4 Stargardt/FFM, RP, CRD, CD AMD
ABCB1 Ivermectin susceptibility Digoxin uptake
ABCB2 Immune deficiency
ABCB3 Immune deficiency
ABCB4 PFIC3 ICP
ABCB7 XLCA/A
ABCB11 PFIC2
ABCC2 Dubin-johnson Syndrome
ABCC6 Pseudoxanthorma elasticum
ABCC7 Cystic Fibrosis, CBAVD Pancreatis, bronchiectasis
ABCCS8 FBHHI
ABCD1 ALD
ABCG5 Sitosterolemia
ABCGS8 Sitosterolemia

Table 1: Disease anghenotypes caused by ABC gene$he Table shows the relationship between

ABC genes (and their proteins as a final product) and diseases. Some diseases can spread their effects
to other locations as it is with ABCA4, ABCBl1l, ABCB4 and ABCCKHHDLD, familial
hypoapoproteinemia; FFM, fundus flavimaculatis; RP, retinitis pigmentosum 19; C&i2rod
dystrophy; AMD, ageelated macular degeneration; PFIC, progressive familial intrahepatic
cholestasis; ICP, intrahepatic cholestasis of pregnancy; XLCA/Anked sideroblastosis and

anemia; CBAVD, congential bilateral absence of the vas deferens; FBHHI, familial persistent
hyperinsulinemic hypoglycemia of infancysLD, adrenoleukodystrophyThe table was obtained

from (Moitra, 2012).
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The 48 membersf the ABC family are expressed in different locations inside the human body
(Venter et al, 2001).Despite the fact thatome ABCtransporters reduce the amount of harmful
substances, they also reduce some useful substances such as chemotherape(@icodidiysi and
Klaassen, 2006). Physiologicallhe absorption, metabolismndtoxicity of pharmacological agents
are balanced via these proteins (Glavirmdsal, 2004). The resistanc® chemotherapy is a
physiological process that is related to ABCtpitws. Sharom (2008) has studied this process in three
ABC proteins, Rglycoprotein (ABCB1), MRP1 (ABCC1) and BCRreast cancer resistance
protein (ABCG2). These transporters, which can be foundverexpressindiuman tumors, are
involved in a common lyysiological process in which tissues are protected from xenobiotics and
endogenous metabolge The hydrophobic regions of many cancer drugs interact with the
hydrophobic and Hbonding regions ofiny binding sites of thesdganporters. These interactions
result intransport of the drugs andore resistance to chemotherags:glycoprotein Pgp is one of

the ABC proteins that transportgarious xenobioticsiticluding anticancer drugs) out of cells by

hydrolysingATP (Di Pietro et al., 1999).

1.3 The Cystic Fibrosis TransmembraneConductanceRegulator (CFTR)

Defective CFTR is the cause of two major diseases: cystic fibrosis (CF) (Cheng et al, 1990) and
secretory diarrhea (Gabriel et al, 1994) . In secretory diarametreny high CFTR activity dueto

the effectsof bacterialtoxin (e.gcholera toxin and heat stalfe coli enterotoxin) induces secretory
diarrhea (Chao et al, 1994Qystic fibrosis(CF) is an inheritedMendelian autosomal recessjve
chronic disease #tis more frequent in the caucasian rabDarpas et al, 2008)nd is associated with

loss of CFTR activityCF affects around one in 25@@wborns. There are about 30,000 children and
adults in the United States (70,000 worldwide) affected by CF. Cystic Fibrosis Foundation [homepage
on the Internet]. About Cystic FibrosisLast update (08-09-12). Available from:

http://www.cff.org/AboutCF/ Mutations in CFTR gene cause the body to produce thick and sticky

mucusthat prevent the organs from doing their biological functidiiee defect CFTR has been

associated with decreased in chloride ion transport across the apical membrane of the epithelial cells

HP
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(Widdicombe et al, 1985)The main organs which can be affected by cystic fibrosis (CF) are the
lungs, the gastrointestinal ttadiver, exocrine pancreas and the male reproductive tract (Sheppard
and Welsh, 1999)Patients who are diagnosedth CFIlung, suffer from aseriousfatal disease
compared toother types of CFavis, 2006).common symptoms of CF include lung infections
mainly by Pseudomonas aeruginosehich live in the thickmucusand can cause damage toing
tissue.In addition, twethirds of the patients suffer from pancreatic dumiseredby mucuswhich
prevens necessaryligestive enzymes reaching the gastrointestinal théistus also clogsmall bile

ducts and that can cause liver damage and slow down digeBtierreproductive system of male
patientscanalsobe affected by CF leading to blocking of fine ducts éimelvas deferens, accounting

for the 95% infertility rates. The blocking of sperm entry to the uterus can lead to infertility in women
(Gout, 2012) Cystic fibrosis (CF) was first distinguished from celiac disease in 1938 by studies
malnourished infargt that reportedh disease of mucus plugging of the glandular ducts (Andersen,
1938). Defecive sweat glands were linked to CF in 1953 and the sweat test in 1959 opened the
possibility that CF is not just a disorder of mucus (Davis, 20061989, The CFTRyene was

isolated from epithelial cell libraries and then was identified and sequenced (Riordan et al, 1989).

The cystic fibrosis transmembrane conductance regulator (CH&)re 2)is the only member of

the ABC family that is recognized for its physiological function as an ion channel. CFTR is located
mostly in the apical membrane epithelia to function as a gate that controls chloride ion movement
out and into the cellCFTR is exprssed in different locations, at the apical membrane of polarized
cells (Dalemans et al., 1992), at random locations in the plasma membranepuflaviwed cells
(Cheng et al., 1990). CFTR can also be located at endoplasmic reticulum (ER) where iesizsaith
(Pasyk & Foskett, 1995), at Golgi where it matures, at endosomes where it interchanges with plasma
membrane (Lukacs et al., 1992) and at lysosomes where it is degraded (Barasch et aCFI991).
plays an important role in movement of chlorides by using the energy of ATP in order to oped

close its poréHollandet al, 2003).). Both phosphorylation of theegulatory domairfR-domair) and
ATP-binding control the opening and closing of the CFTR charivetleotide binding domain 1

(NBD1) and NBD2bind ATPto open the channel. PKA (Protein kinaseafjiphosphatases add and
HC
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remove phosphate to thed®main making potential conformational changes in the domain which

leads to regulation of the channel activity.

Phospholipids {

Phospholipids {

Figure 2: The proposed structure of CFTR and the ATP sites on NBD1 and 2 domain$his
redrawn model is based on a research by Higgins and Linton (2004). A and B show the pi
ATP cycle which involves in CFTR gatind\, the closedstate of the channel where is no A1
binding. B, the bindingto ATP makes conformational changes lead to an open charviBl.is

transmembrane domaiNBD is rucleotidebinding domainR-Domain is egulatory domain

The wide distribution of epithelia cells in the organs makes the defective CFTR a cause of several

physiological problemsin humans, the gene encodes an integral membrane glycoprotein (CFTR)
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consisting of 1480 amino acid&enerally,humanCFTR mutationsiumber more than 1300 agdn

be categorizd into four classes (Welsh and Ramsey, 1998). These are Class |, where the CFTR loses
its full function because it becomes shorter than uddlass I, the most commonne where
mutationslead to inframe amino eids change or deletion of the CFTRI % of CF patients suffer

from the F508 deletion which is one of the Class Il mutati@iass Ill, causes changes in the
nucleotide binding fold or regulatory (R) domain of CFTR resulting in errors in the contiahohel

opening Class IV mutatios affect membranspanning domains of the protein preventing the correct
conduction of ions across the pores. In general, class | and Il are considered a cause of serious

medical problems and lead to an irregular pancréatiction (Goodman and Per@0Q05).

Cystic fibrosis is a disease that has no known cure and the treatments (physiotherapy, exercise,
nutrition or evermedication) are toseducesymptomsandslow thedevelopmenbf the diseaseBut

more recently,in January 2012FDA (The U.S. Food and Drug Administration) has approved
Kalydeco (ivacaftorpreviously known as VX770 for the treatment of a rare form of cystic fibrosis,
involving patients with th&551D mutatiorin at least one copy of the gel@FTRin people with the

G551D mutation has the ability to locatethe right place in the plasma membrane but it acts like a
blocked channel. Kalydeco can unlock the defective protein and resteeerigsory functionVan

Goor et al, 2009)WebsSite: http://www.cff.org/treatments/Therapiegfovidesmost recentlydetails

about CF treatment.

HY
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1.31 CFTR-Interacting Proteins

A large number of studies reportadteractions between CFTR armdany proteins, including
transporters, ion channels, receptors, kinases, phosphatases, signaling molecules, and cytoskeletal
elementsThe main function of CFTR is to transport ions through the plasma membrane. Beside this
function, CFTR regulates other chalmand transporters (Schwiebat al, 1999b). CFTR can

perform many physiological roles such as, mediating cCAMP regulation of amikeitktive Na

channel (Stuttet al, 1995), the CIHCO3 exchanger (Leet al, 1999), and the ROMK™ channel
(renaloutermedullarypotassium (Schwieberet al, 1999a) CFTR interactions with transporters and

channels affect all epithelial tissug@inzelmann, 2001)Table 2 shows some these effects.

Transport Interaction NBD1 Required?

ENaC Inhibition of ENaC Yes

Na'/H* exchanger Inhibition of Na+/H+ exchanger Unknown

HCGO;/CI exchanger Activation of HCQ;/CI exchanger Unknown
ICOR CIchannels Activation of ICOR, conferring glibenclamide sensitivity Yes
Cé&'*- and volume Activation/inhibition of C4"- and volumeactivated Cl Yes

activated Clchannels channels

ROMKZ2, Kir6.1 Conferring glibenclamide sensitivity to ROMK2 and Kir6. Yes
K,LQT1 Activation of K,LQT1 in oocytes Yes
AQP3 Activation of AQP3 Yes

Gap junction channels Activation ofgap junctions Unknown

Mucus secretion Exocytosis and mucus secretion Unknown
ATP transport ATP release by epithelial cells Yes

Glutathione transport Activation of glutathione efflux Unknown

Table 2: Some effectof the interaction betweenCFTR with other transport proteins. The Table
shows some effects of CFIABC protein interactions on cell functions. NBD1 of CFTR is required
in some of these interactionslBD1, nucleotide binding domain; ENaC, epithelial "Nznannel;
ICOR, intermediate&onductane outwardly rectifying Clchannel; ROMK2, rat distal nephron"H
channel; KLQT1, delayed activated voltagependent Nchannel; AQP, aquaporin water channel.

This table was obtained fro{unzelmann, 2001).

H ¢
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There are several direct interactions betwed&TRK and other proteins as follswSyntaxin 1A
interacts with the cytoplasmic-términal domain of CFTR and inhibits channel activity (Nagtal,
1997). A family of PDZbinding domain proteins, including the Md" exchanger regulatory factor
(NHERF1) (Hallet al, 1998) and ezribinding protein 50 (Shoret al, 1998) interact with the -C

terminal region. CFTR ialsoclosely associated with protginosphatase 2C (Zhat al, 1999).

1.3.1.1 CFTRNHERF Interactions

PDz (PSD95/DIlg/z0-1) proteins are the most abundant proteins that regulate and maintain
eukaryatic cell function. There are more than 500 PDZ dowm@itaining proteinsvhich include at

least 900 PDZ domains which are involved in this process (ShedgSala, 2001)Among all
proteins that interact with CFTR, PBi®6mainrcontaining proteins (NHERF family) are the most
common in mammalian cell®ang et al., 1998)The NHERF family can be found in colon, renal
proximal tubules, small intestingn or near brush bordegnd other mammalian tissuds.is not
presentin bacteria, plants and yea§the main role ofthe NHERF family is the formation o&
multiprotein signalinggcomplex to regulate the activities of other proteins (Donowitz et al. 200k).

family of proteinsconsistsof four related PDZ domakgontaining proteins and the total number of
PDZ domains in the four proteins is 12 domains (PDZ 1 and 2 domains in NHERF 1 and NHERF 2,
PDZ 1,2,3 and 4 domains in NHERF 3 and NHERF 4) (Donowitz et al. 2005) (As shown in Figure 3).
Each domain has a length of-800 amino acids, (Guggino and Stanton, 2@G0®)regulates protein
protein interactions by binding &hort peptides, most often in the carboxyl terminal of target proteins
(Karthikeyan et al., 2001)To date six PDZ proteins (NHERF1, NHERF2, NHERF3, NHERF4,
Shank2andCAL) have been reported to interact with thée@ninus of CFTRThefirst five proteins
interact with CFTRin the apical membrane of epithelial celigiile CAL (CFTR-associated ligand)
interacts with CFTRn Golgi (Singh et al, 2009Li and Naren, 2011)A single PDZ domain can
target different proteins with different affinities. Moreovesiagle PDZ motif can be recognized by
different PDZ domains. There are four types of PDZ motifs: Type IXSIT) , Tyig-@) | | Type

I I 1-x0)Q and TyxpVvw wher x: @y aminac i d; a: hydaoiptpbidc

on
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hydrophilic amineacid. The lasfour amino acids of CFTR (DTRL) are classified under Type |

(Bossard et al, 2012).

Figure 3: The four members of NHERF family and their domains.PDZ1 and 2 of NHERF 1 and

2 interact with the @erminus (QDTRL) of CFTRErone and Eggermont, 2006 andNaren, 201D

Both NHERF3 and 4 contain four tandem PDZ domains, and PDZ3 and PDZ4 of PDZK1 are reported
to bind tothe Gterminus of CFTR (Wang et al, 2000i and Naren, 2010 NHERF1 (NHERF,
EBP50). NHERF2 (E3KARP, SiP, TKA-1). NHERF3 (PDzK1, CLAMP,CAP70, DIPHORL,
NaPiCaP1l). NHERF4RDZK2, IKEPP, DIPHOR2, NaPiCaP2). ERM, ezrin, radixin and moesin.

The redrawn Figure was obtained from (Donowitz et al. 200BERF1 PDZ Iwasinvolved in this

study.

In this study,the C- terminus of CFTRNHERF1 PDZ 1 complex was investigatékhe last four
amino acids in the @&rminus of human CFTR have the ability to interact with RIdFains in the
NHERF family (Guggino and Stanton, 2006). A CFNRIERF 1 interaction (Figurd) was reported
in manystudies (Lambright et al, 1996; Hall et al, 1998; Raghuram et al, 20Gd)g et al (1998
studiedthe interaction between NHERF 1 PDZand 2 with three different peptides (1211 to 1481,
1387 to 1481 and 1466 to 1481) of thee@minus of human CFTR. They found that the three

peptides were able to interact with NHERF 1 PDEut not to PD2.
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Figure 4: Crystal structure of NHERF1 PDZ1-QDTRL. Ribbon
diagram of the human NHERF1 PDZ 1 domains (yellow and gr
bound to the QDTRL (pink) amino acids of CFTR. NHERF1 PD.
contains 6 beta strands (in yellow) and two alpha helices (in gr
The peptde ligand QDTRL is shown in pink. This structure w
solved by (Karthikeyan et al, 2001). QDTRL which is fused to «
molecule of NHERF1 PDZ 1 interacts with NHERF1 PDZ 1 from
other molecule(PDB code i1G90.

The interaction between NHERF1 PDaid many @erminal sequences allow slight conformationa
changes in NHERFL1 structuradathis flexibility canexplain why NHERF1 (PDZ 1 or 2) binds many

protein targets (Shenolikar et al, 200&he solved structure (Figu®) of QDTRL (GCFTR) and

NHERF1 PDZ 1 was reviewed by (Ladias, 2003). As shown in the figure, the NHERF1 PDZ 1
structure consists of six bes&rands (in brown) and two alphalices (in yellow) and this structure is
identical to othesh®®Zs st owumtisamnéwvigm(a popkaty wineérd e | b
QDTRL (revealed as a badndstick model) are inserted in. The core of PDZ 1 is stabilized by
hydrophobic interactions that were formed between amino acids 17, 26, 28, 39, 53, 59, 76, 79, 86 and

88.Table 3 gives more details about the chemical bonds between QNHAERF1 PDZ 1.

Yﬁsm Figure 5: Crystal structure of NHERF1 PDZ1-
QDTRL. Ribbon diagram of the human NHERF
- and ball and stick representation tie five amino
i \ acids of CFTR along with specific interactig
™ residues of NHERF1 (Asn22, Glu43,His72, Arg8
’ ~ X Arg80 GIn-4, Asp-3, Thr-2, Arg-1 and Leu O @ GCFTR
‘ residues and the rest of amino acids beltmghe
PDZ 1 domain of NHERF1.Water molecules are

° ) shown as green spherasd hydrogen bonds as cyz

- ® : dashed linesThe diagram was obtained frqfinadias,
¢ N \0 c:s'rz < 2003).
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C-CFTR residue Bond Description
Q (GIn-4) A hydrogen bond The carbonyl oxygen interacts with the amide nitrogen of Gl
D (Asp-3) A hydrogen bond The side chaiinteracts with His27
A salt bridge The side chain interacts with Arg40
T (Thr-2) A hydrogen bond The amide nitrogen carbonyl oxygen intesawith the amide

nitrogen carbonyl oxygen of Leu28
A hydrogen bond The side chain interacts with timidazole group of His72
R (Arg-1) Two salt bridges The guanido group interacts with the side chain of Glu43
Two hydrogen bonds The guanido group interacts with the carbonyl oxygen of As
L (Leu 0) Hydrophobic contact The side chain and carboxylate group interact with Tyl
Gly25, Phe26, Leu28, Val76 and lle79
Hydrophobic contact The isobutyl group interacts with Phe26 and Ile79
A hydrogen bond The carboxyl oxygen interacts with the amide nitrogen

Gly25, Phe26tyr24 and Arg80

Table 3. Specific interactions between QDTRL of GCFTR and the NHERF1 PDZ 1.The Table
shows the weak chemical bonds between the last five amino acids of CFTR and NHERF1 PDZ 1. Leu

and GIn form the strongest and weakest interactions respectively.

The CFTR GterminusNHERF1 PDZ 1 complexvas reportedas a linker that link<CFTR tothe

apical actin cytoskeleton in polarized epithelial ¢etoughezrin, radixin, or moesin proteinghis

complex is required for stabilizing CFTR to perform its functiBhort et al, 1998; Sun et al, 2000).

A part of this complex (CFTRNHERF1 PDZ §) was investigated in this study and a new possible
corformational change of CFTR was obtained (as revealeseation3.2.2). In addition, it was
suggested that CAL protein can reduce CFTR expression at the cell surface. This suppression can be
disruptedby CFTRNHERF1 binding by which NHERF1 enhances CFTR expression in the plasma
membrane. Thus, CFTR is able to interact with at least two PDZ proteins (Cheng et agn2i00ie
hypothesiss compatible with SPR daf@ppendix A) in which two monomersof NHERF1 PDZ 1

were observed to interacwith CFTR. Moreover, the dimerization ofNHERF1 PDZ {” was

confirmed usingnulti-angle light scattering (MALS) as shown in sectioAdpendix B).

(OJN0)
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1.3.1.1.1DoesNHERF-C-terminus of CFTR binding havean important role in CF?

An answerfor this questiorwasaddressedby Mickle et al (1998)who found thata mother and her
daughter, both heterozygous for CFBR455X and deletion of exon 14a (dell4ag(deletion of the
last 26 amino acids of CFTRicluding the PDZ motive) had naffect on CFTR expression and
activity in lung and pancreasThey also reported that this mutation generatechild diseases
detected byigh sweat chloride concentrations in the absence of tHar@fliseaseThe sametsidy
was reported that a second daughter homozygous for dell4a mutant had severeit@k. GF VR
constructs with the deletion die PDZ motf ( ¢pT RETR) were studied. Moyer and colleagues
(1999; 2000)found thatthe PDZ binding motif is an apical polarization signal and its deletion
decreases CFTRinctionin MDCK (Madin-Darby Canine Kidney) epithelial cells addition, (Li
and Naren, 2011) havghown a physiological importance of NHERIFTR interactions suggesting
that NHERFCFTR binding is not onlyimportantin ion transport, but it hasultiple rolesin
regulation of other proteia activities in epithelial cellfOn the other hand, other studmsggested
thatthe deletion of the PDZ binding motif haw influence on itsapical membrane localization nor
its activity in several cells such as BFK (Baby Hamster Kidnegpithelial cell3, COS1 (African
green monkey kidney epithelial celldIDCK, CaCe2 (adenoCarcinoma of the Colapithelial
cells), PANG-1 (Human pancreatic carcinonegithelial celly and primary human airway epithelial

cells (Benharouga et al., 2003; Milewski et al., 2005; Ostedgaard et al., 2003).

In general NHERF family proteins regulate CFTR by threans First,theylink CFTR to cytosolic
regulatory proteins. Secondly, NHERF proteins bring other transmembrane proteins closer to CFTR
for reciprocal regulation. ThirdiyNHERF1, NHERF2 and NHERF3 have the ability to enhance the
formation of CFTR dimerization. This dimeation may leadto an increase in CFTR activiiyVang

et al 2000; Li et al, 2004; J. Li et al, 20053l these mechanismsused by NHERF proteins to
regulate CFTR, make the family of NHERMpatential therapeutitarget for CFIn 2005,(Guerra et

al., 2005) found that mouse NHERF1 (but not NHERF2) overexpression increased FS08Rel

plasma membrane expression and activity in human bronchial epitheli#agllyears latelBossard
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et al (2007)reported that F508d€lFTR apical plasma membrangpeession and chloride channel
activity were restored by human NHERF1 overexpresdibase and other results make the study of

NHERF family proteinsnimportantgoal in terms of CF treatment.

1.4 Structural Biology of Transmembrane Proteins

Most transmembrane protein structures (and as mentioned in Flalile CFTR) havebeen
determined by Xay crystallography, NMR and electron crystallographyra¥( crystallography
requires a sufficient concentration of the protein (> 10 mg/ml) for crigstitin. This requires
significant amounts of protein to be purifieahd as explained before, CFTR has a low level of
expression because of degradation and misfolding of the protein. Beside this limitation, the presence
of hydrophobic regions in CFTR isiather reason that no 3D crystal of CFTR has been obtamed

far. NMR techniqusalso requirea high concentration of protein aace usuallylimited to proteins of

mass up to about 100 kDa (Wider and Wuthrich, 1999). Initiadd detergents that cover
hydrophobic amino acids in transmembrane proteins can alter the conformation of the protein
(Frishman and Mewes, 1997). Electron crystallography is considered as a metbtatrtineprotein
structure and with the advantage that transmembrane proteindecarconstituted into lipid.
However, there is a lack of large and good quality 2D crystals (several snicapeneters in size and

one unit cell thick) (Walz and Grigorieff, 1998h comparison with the three previously mentioned
protein structure detmsiination techniques (X-ray crystallography, NMR and electron
crystallography), SPA (single particle analysis) seems to be a faster and less expensive approach

because it is not necessary to generate 2D crystals and only small amounts of protein are needed.

1.4.1 Electron Microscpy

3D structuresf the cell componentthat are created usirgjectron microscopy can be divided into
two categories. First, cell components in the the size range oL@ nm. These components
possess a unique structure that differs from one to another. An example of this, is the mitochondria. In

contrast, macrooiecules ranging from 5800 nm may have identical structures such as folded

op
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proteins which can be treated with imaging software to classify them into simiéatationsn order

to create a 3D model. Electron crystallography was established by (Cavakey 857). Later, Hoppe

et al (1968) used crystallographic methods to obtain structural information from electron micrographs.
In 1975 the first membrane protein structure was determined at intermediate resolution (7 A) by
(Unwin and Henderson). But thist high resolution structure by electron crystallography methods
was achievedby Henderson et al (1990). They used electron -omgroscopy to record high
resolution micrographs dfacteriorhodopsir{2D crystals).As any other techinquehére are some
advantages and disadvantagethe use of transmission electron microscopy (TEM)rder toimage

transmembrane proteifssillustrated in Table §

Advantages Disadvantages
No need for protein crystals Non-crystalline samples subject to high vacuum
Small amount of proteird( hgd pl) is required Very thin samples are required to allow electrons
through

Phases are already recoreded on micrographs Image distortions thafire caused bynicroscope arg
phase problem compared terXy crystallography) usually corrected (corrections of amplitude and pha
Structural data can be obtained rapidly Significant expertise/training required
Proteins can be studied in solution at the instant 1 Resolution is usually limited, preventing tracing of {
were frozen polypeptide chain

Proteins can be stained and labelled prior to imagin Weak scattering of electrons by the the protein at

(proteins contairight atoms e.g C, O and H)

No upper size limitation for protein complexes Lower size limitofa 100 kD for SP
Electrons interact strongly with matt€x0000 greate! Electron damage to the sample must be minimise

than Xray)i individual protein can be imaged colling the sample or by minimizing the electron do

Table 4: Advantages and disadvantages of electron microscopy for structural biology of
transmembrane proteins. SPA (single particle analysisyhis table was adapted from (Ford et al,

2011).
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In general, there are two common methods to generate a 3D model of protein by electron microscopy.
One method requires the formation of 2D crystals with a good quality for image processing. The other
is to use norcrystalline specimens and SPA (single particle analysis) by which thousands of
projections are combined by image processing to produce a complatec@structionat a low,
medium (or in few casg¢sigh resolution. However, most structures tharavobtained by electron

crystallography were at a resolution around 10 A (Koeck et al, 2007).
1.4.1.12D Crystals of CFTR

Theformation of 2D protein crystals is stilhpredictabldKnol et al, 1998; Ford et al, 1999; Lu et al,
2012) This is becausef the lack of understanding of the backgrow®hind the formation 02D
crystals. Three requirements have been identified that can lead to successful 2D crystal formation.
Firstly homogeneous proteiSBecondly a high local concentration of proteind thirdly avoiding any
condition that can denature the protein (Lu et al, 2012). The production of 2D crystals is achieved by
many biophysical methods. The most common method is reconstitution by which the protein is
reconstituted into lipicbilayers & a high local concentration (high protein:lipid ratio) form 2D
crystals (Figure6). A successful reconstitutionan be optimised by adjusting several parameters
includingthe pH, salt concentration, temperature, types/compositions of lipid and desergad to

protein ratio (LPR) and rate of detergent removal (Mosser, 2@d¢3tallization is induced by using

a lipid : proteinratio that is low enough to promote protein/protein interactions. An impatgect

of this approach is that tts®lubilized protein must be staliier a period that is sufficient to remove
detergent bydialysis. A successful 2D crystallization requires traalderror attempts tdind the
appropriatelipid:protein ratio. Too higha concentration of lipid will form ehigh humber of lipid
bilayers that can not be filled by a sufficient concentration of protein and no 2D crystalse will
induced On the other hand, too highconcentration of protein causes aggregation of protein on

removal of the detergenYéager et b 1999)

Up to the presentae, no 3D CFTR crystalhave been reported. However, 3D structures of CFTR

were generated using 2D crystdRosenberget al (2004) studied purification and crystallization of

oT
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the protein. Thistudy reported the firstrystallizationof humanCFTR (Figure7). By usingelectron
crystallography for negatively stained 2D crystals of CFTR, the structure of this protein was

visualised and then analysed for two different conformational states.

Figure 6: 2D crystals of photosystem| complexes. The complexes were reconstituted in the
presence of DMPC lipid (dimyristoylphosphatidylcholine) and MgQhe scale bar is 100 nm. This
figure was obtained from (Ford et al, 1990).

Figure 7: An atomic model of MsbA protein (blue) is fitted into a threedimensional map of
human CFTR (yellow). This comparison between the two proteins showed similar structural fea
Both show a good match in overall size and shape with small differences that CFTR has additi
domainand posttranslational modification (glycosylation of extracellular loop 4). However the ©
model was later corrected (Ward et al., 2007). This figure was obtained Ruser(berget al, 2004).
Left panel, a top view perpendicular to the crystal plane with a slab through the high density
Center panel, an orthogonal view along the crystal plane. The density on the left and right edge
panel are because of the neighbgrunit cells. The right panel shows a second side view orthogor

the first.
oy
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1.4.1.2 Single Particle Analysis of CFTR

In principle, SPA isdesignedto perform averaging methods order to overcome the fact that
micrographs contain higtesolution information contaminated by a much higher intensity of noise.
With large soluble proteins, the single particle method is able to obtain information at a medium
resolution (1207120 ) and symmethciparticlesr(Feasnlo 2002)ithon f or
transmembrane protein particles, the resolution is usually lower becaudevegrasignatto-noise

ratio that is produced by a nonstructured detergent layers in hydrophobic regions. Single particle
samples can bamaged ina nativecondition (protein embedded in vitreous ice) or with negative
staining.Negative staining can provide a protection for biological samplesthiealectron beam and
improve electron scattering. Also, the negative stain is adsorbed wblblogical matter and this

forms dark(electronscattering) areas around the sample which enhance the image contrast (Bozzol
and Russell, 1999N\egative stainings fast and easgnda low resolution (1520 A) structure for
preliminary investigationscan be gained, buthe resolution is limited by the size of thstain
granularity. Furthermore, despite the fact that the stain can cause artefacts for the ciaental the
staining procedure, negative staining is still useful for the analysis of small protei@®Qq3HD)

which could not be visualized by cryomicroscopy due to the lack of contrast (Fernandez and
Valpuesta, 2009). For the previous reasons, namatiaining is a suitable techinque to investigate

samples inthe early stages followed by cryomicroscopy for a higher resolution structure.

There are several software packages designed specifically for -partjlde reconstructions,
PHOELIX (Whittaker ¢ al, 1995), SPIDER (Frank et al, 1996)JPRIM (Schroeter and Bretaudiere,
1996), IMAGIC (van Heel et al, 1996) and EMAN (Ludtke et al, 1999). EMENIAN 1 v1.9was

the software used in this study) is a software package that has a variety of toolofoplate data
processing with two features. First, EMAN is an accessible softwareséos with a little experience

and for those users who are advanced. Second, CTF (contrast transfer function) is nearly fully
automated. Generally, The creation of a fia@l model by EMAN requires three main steps. The

selection of particles that are collected by TEM (Transmission electron microscopy) on micrographs.

0
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And then the selected particles are used to create an initial 3D model. This preliminary model
functions asa template for several successive iterations of data to generate the final 3D structure (3D

map).

In single particle 3D reconstruction, a critical step igpteciselyallocatethe correct orientation of
each single particleSeveral methods are usedditocate the view for each particle, includitige
common lines approactused hergvan Heel, 1987Penczek et al., 199@&nd random conical tilt
(Radermacher, 1988nh the method used in this stydhe relative angle@Euler anglespetween the
particle views areassignedusing mathematical relationshisr different projections of the same
object. The relative anigs in the random conical tilt approach can leeedninted by setting up a
defined data collection geometiy contrastangular reconstructiohas no restriction on orientation
determiration. The orientations determined using this methoelbased ornthe central projection
theorem DeRosier and Klug, 1968This theorem states that tyarticleiamges of the same object
share common lines. If the common lines in two particles can be located then the reldége ang

between those two particles can be calacul#iegire 8 shows the main steps perforrhgSPA

Several 3D structures of ABC proteins have been generated by single particle methods. A P
glycoprotein (Pgp) structure wasdeterminedat 25 A and was reported as a monomer form
(Rosenberg et al, 1997). This structure afPwas the first structural dafiar any ABC transporter. A

viral protein 6 (VP6) was the first protein solvedchise toatomic resolution by SPA (Zhang et al.
2008). Theobtained structure at 5 A was fairly similar to theay crystallography structure at 3.8 A

for the same protein {§ure 9) (McClain et al, 2010). In theory, the minimum number of particles that
are necessary to achieve a 3D structure atfar@solution ranges between 1,400 and 12,600
(Henderson, 1995; Glaeser, 1999). date, no fulength structure of CFTR was obtad using X

ray crystallographyor NMR. The only structures that are available for fulength CFTR were

generated by 2D Electron crystallography and SPA.

nn
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Figure 8: The main steps(A-F) of SPA.The diagram was adapted from (Thur@2ommike, 2001).




PhD thesis by Ateeq AXlahrani

Figure 9: A comparison betweerthe same regionof two density maps A, the mapwasgenerated
by X-ray crystallographyfPDB code is3KZ4). B, the map was generated BPA Both maps were

fitted by an atomic model. This figure was obtained f(@mang et al. 2008).

1.4.2 The Structure of CFTR Domains

All identified ABC transporters consist of two nucleotisieding domains (NBDs) and two
transmembrane domains (TMDs) so that they can perform their physiolégnzaions Higgins,

1992). In bacterial ABC transporters, the four domains are mostly enbgdditferent genes whilst
NBDs and TMDs of CFTR are expressed by a single gene (Gadsby and Nairn, 1999). Basically, the
structure of CFTR is different from the other ABC proteins in the presence of-tleen&in. This
domain has several sites in which phlosrylation by cAMPdependent protein kinase (PKA) and
protein kinase C occuBoth terminal sides of CFTR, the NH&d COOHterminal halves, include a

TMD comprising 6 supposed membrasganningd h e linked te the NBDs which are located in

the cytopasm and connected to a regulatory (R) domain (Gadsby and Nairn, 1999). A large portion of
CFTR is found in the cytoplasm (P%) while smaller portions of the protein are found in the plasma
membrane (196) and 4% in extracellular loops, which (with exception for the M2 and M7M8

loops) are extremely smglkabas, 2000).
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The diameter of the CFTR channel has been determined by many studies. leéhsalel|1997)
reported that the minimum channel diameter3s3 A estimated by comparisaio the size of the
largest permeantanion. Another study by Linsdell and Hanrahan (1998) has suggested that the
diameter of the channel can &g large a40-13 A based on a slight transport of large anions (sized,
10-13 A in diameter) across the channel pdrkere are six positively charged amino acids witha

TMDs, K95 (M1), R134 (M2), R334, K335, R347 (M6) and R1030 (M(Riprdan et al, 1989)
which have been proposed to line the pdids basic region of the CFTR posaggests that there is

an interaction between the six positively charged amino acids and anions and this interaction

facilitatesanions movemerthrough the channel.

The Walker A, Walker B and LSGG(or signature)motifs are located ireachNBD (Figure 10).
They are highly conserved sequences that can be found in many nucleiatiitey proteinsMany
functional studies suggested that the three motifs play a key role of binding to ATP and consequently

controling the opening and closing of the idraonel(Sheppard and Welsh, 1999)

MBD1 1 QLLAVAGSTGAGKTSLIMVIMGELEPSEGKIKHSG———-——————- RISF--CS5QFSWIM 59
Q2+ + | TGHEK+HHLL + L +EG+I+ G B +F R +I
MNED2 1 QEVGELIGRIGSGKSILLSAFL-ELLNTEGEIQIDEVIWDI ITLOQOWREAFGVIFQEVELIE 59

NBD1 &0 PEIIE‘INIIF"-:"-.-"SY]EYRYRS’-.-’TE@;EQLEE]ISE{FP:.EE{:'NI'FLEEEEII‘,L_STEE’ER%RISL 113
GT ++H+ + + W L T+F K+ VL +36 LS5 G 4% + L
MNBD2 &0 SEIFR.E"I'ILJPYEQWS]QEII\’E".*-.-'?—';DE'-.-’"&I..RS’-.-'—.[EQFPEE‘U..DF’#'L'-.-'__."EEE"-.-‘_'_L@@E_HHQLHEL 113

NBD1 120 ZARAVYKDADLYLLOSPFGYLDVLT 143
LR4V B + LLDVEP 41D 4T
NBD2 120 ARSVLSKAKILLLDEPSAHLDPVI 143

Figure 10: The three conservednotifs in NBDs of CFTR. TheWalker A(redlined box), Walker B
(blue dasted box) and LSGGQ motifgreendashed box)The alignmentof the NBD1 (45271 594
residuey andNBD2 (12387 1380residuey BLASTP 2.2.5+ (online tool) was used for alignment

(Altschul et al, 1997).

NBD1 and NBD2 form a a hed&d-tail dimer in order to control the CFTR gating (Lewis et al, 2004).
This dimerization is required to compose the ATP binding pockets ichvthe Walker A and B
motifs fromone NBD interact with the signature motif from the partner NBD as shown in Figures 11

and 12.
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NBD1 NBD2

Walker A and Walker B

Walker A and Walker B LSGGQ motif

Figure 11: NBD dimerization. Two ATP binding pockets are formed.ATP binding pocket is
formed byan interaction oWalker A and B motifs of NBD1 and signature sequence of NBUOR
binding pocket 2is formed byan interactionof Walker A and B motifs of NBD2 and signature

sequence of NB1.

Figure 12: A model of a heterodimer of NBD1 and 2 of human CFTRNBDL1 is colored in cyan

and NBD2 is in green. The Walker A (blue), Walker B (magenta) and LSGGQ (red) motifs are

as well as the Q loop (yellow). ATP molecules (pink) are represented in stick mode. The moc
obtained from (Hwang and Sheppard, 200The two domains are linked by an interaction betw

two amino acid, R555 (NBD1)/ T1246 (NBD2). A hydrogen bond is formed between Arg 555 ar

1246 when the CFTR gai®open or in the transition state (Vergani et al, 2005).

A list of the available structures of CFTR domains is shown in Tabl® Blate, humamand mouse

CFTR cytoplasmic domains have been crystallized and their structures determined. All the protein
sequences of solved NBD1, NBD2 aned&mnain structures were riated for successful expression

and purification. The full length solved structure (2D crystal of human CFTR) was achieved by a

combination of 2D protein crystallization (with low resolution) compai@d3D high resolution
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structure (Sav1866). The NMRiwdear magneticresonancedata of Rdomain has confirmed that

most of the domain structure wdisordered. Last update2-010-2012.

Protein Experiment Length PubMed PDB
F508 mutation region (human) (Massiah et al, 199 NMR 498523 10360942 1CKX
Residues from the carboxyterminal peptide X-RAY 14761480 11304524 1G90
(human) (Karthikeyan et al, 2001).
NBD1 of mouse CFTR was determined X-RAY 389673 14685259 1Q3H
unliganded, ADP and ATRbound states, with an 1R0Z
without phosphorylation (Lewis et al, 2004). 1ROW
1ROX
1ROY
1R10
Residues from the amiaerminal peptide (human NMR 3063 15141088 not available
(CormetBoyaka et al, 2004)
NBD1 of human CFTR with the F508 and F50¢ X-RAY 389673 15528182 1XMJ
mutations (in ATPbound state) (Lewis et al, 2005). 389678 IXMI
NBD1 of mouse CFTR with F508R and F50¢ X-RAY 389673 15619636 1XF9
mutation (Thibodeau et al, 2005). 1XFA
NBD1 of human CFTR with solubilizing mutatior X-RAY 389678 19944699 2BBO
(Lewis et al, 2010). 2BBS
2BBT
Minimal NBD1 of human CFTR with (del46536) X-RAY 387-646 20150177 2PZE
and (del40%436, delF508) mutations (Atwell et a 375646 2PZG
2010). 387-646 2PZF
R-domain of human CFTRBakeret al, 2007). NMR 654-838 17660831  not available
Residues fromthe first extracellular domain o X-RAY 103117 19626704 3FHV
human CFTR (humar{(Balakrishneet al, 2009).
Residues from the amirerminal peptide (human X-RAY 5-22 20351101 3ISwW
(Smithet al, 2010).
NBD2 of human CFTR with N@&henylethydATP X-RAY 11931427 not 3GD7
(P-ATP) (Atwell et al,to bepublished. available
2D crystal of human CFTRRosenbergt al, 2011). Electron Full 21931164 4A82
crystallography
NBD1 of mouse CFTR with F508 mutatiol X-RAY 389673 22265409 3S17
(Mendoza et al, 2012)

Table 5: The existing CFTR structures in the protein data bank (PDB). No full-length of CFTR
structurewas obtained by Xay crystallographyor NMR tothe present date. In contrast, SPA and 2D
electron crystallography provided lemvedium 3D structure dEFTR. These structuseould fill gaps

in our knowledge about CFTR.
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1.4.2.1 Prediction of CFTR Topology(and the location of Gterminus)

As a resultof the complexity of crystallizing large membrane proteiosly a few threedimensional
structuresof ABC transportersare currently available Several online protein tools are available to
predict transmembrane topology. Tusnady et al. (2006) summarized the currently available
information on the membrane topology of some members of the human AB@ mobéamilies.

These topology predictions were created depending on biochemical experiments or the homology
modeling of the existing crystal structure of ABC transporters. Generally, the topology of ABC
transporters consists of four domaimsentioned bedre). The predicted structure for the membrane
topology of CFTR has been confirmed experimentally by insertional mutagenesis (Chang et al.,
1994). Theyfound that CFTR contains two transmembrapanning domainsind each domain
consiss of 6 membranespaniing helix regions. The proposed structure of another ABC transporter
(P-glycoprotein) has been suggested to be similar to CFTR topology by Gros et al. (1986) and Chen et
al. (186) and was confirmed by Xay crystallography (Aller et al2009. Several prdicted
topologiesof CFTR were published arall of them suggested thtte C-terminusof CFTRis located

out of the membraneand on the inside dhe cell(as shown in Figurd3). As revealedn Figure®,

CFTR is predicted to have fransmembrane segmentdie N- and C-terminii arelocated inside the

cell. Both N- and Gterminal peptides are expected to act as soluble proteins because they are not
embedded inside the cell membran®PCONS an online topology membrane protein prediction
tool, was used to predict the location efe€minus within the CFTR topology. The tool can be found

on this websitenhttp://topcons.cbr.su.se/index.php
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Figure 13. The predicted topology of CFTR by TOPCONS. SCAMPlseq, SCAMPImsa,
PRODIV, PRO and OCTOPUS are individual topology prediction mettiatsvere used to predict

the locations of CFTR domainRed lines indicate amino acids of CFTR which are located inside the
cell (in the cytoplasm). Blue lines (in the top section of the figure) locate amino acids outside the cell,
while gray lires locate amino acids buried in tmembraneBlack lines locate turns between CFTR
domains.The blue curve (inhe bottom section ohe figurg indicates the change of free energy for

each amincacid Amino acids with low free energy indicate that they are located into the plasma
membrane and vice versa. The green curve (in the bottom section of the figure) indicates the distance
(A) between amino acids locations and the plasma membrane. Amino acids with low value indicate
that they are located very close to the plasma membrane and viceTV@Ps2aONScombines these

methods into one consensus predic{Barnsel et al, 2009).
1.4.2.2The C-terminus of CFTR

Determination ofthe length of theC-terminus of CFTR(ard by definition, the end of the NBD2

domain)is an important goal in order to investigate its structural and functional roles. As NBD2 of
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CFTR is a domain thaat its Gtermind end is linked to the Nerminal start of @CFTR the
functional Gterminal boundary of NBDZ2as determined by structural studieah be used as a guide

to determinghe C-CFTR length. Based on this idea, Gentzsch et al (2002) designed an experiment to
investigate &zidoATP binding dependencen CFTR sequence (138@40). Truncation of the
protein atresiduesclose to the @erminus was carried olly site-directed mutagenesis. They found
that 8azidoATP binding was detectable in the CFTR mutated samplescated froml4251440.

On the other hand, CFTRuncations fronl380to 1420 were nolabeledwith azidoATP indicating

that they were not able to bind ATéhdtheses alsdacked channel gatind his interestig result
suggested that thetart of the CFTR @erminus and th€-terminal end of NBD2 iprobablylocated
betweenresiduesl424 and 142Q The location of the @erminus in the cytoplasrand within the
overall architecture of the fulength proteirwasstudiedby single-particle electron microscopy using

a Gterminal 6Histidine tag (Nanogoldabeled. The goldwas locatedn a region predicted to be
between the NBD1 and NBD2 domains @FTR. This unique lgation between the two domains
suggests a possélole for The @erminus in CFTR gating activity (Zhang et al, 2D1A new NMR
study was performed bgBozoky et al 2011a)(poster presentation NACFC 2011, Anaheim CA,
USA) which suggested a strong interaction between tHer@inud®*and the phosphorylated-R
domain. Previously, many other studies highlighted the importanceGFTR. The Gterminus of
CFTR has two conserved motif${YDSI) (Prince et al, 1999) and®{.L) (Hu et al, 2001)which
appear tdunction as endosomal tatgeg signals. The interaction between NHERF1 PDZnd the

last four amino acids (DTRL) of CFTR is required for the localization of the ion channel to the correct
membrane of polarized epithelia. Also, amino acids (1B3®i which are probably in NBD2and
(14041425) are required for apical localization (Milewski et al, BO&everalCFrelatedmutations

in the C-terminus of CFTR were reported\rgl422Trp, Tyrl424Stop, Serl426Pro, Serl426Phe,
led427Thr , Asnl432Lys , Serl435Gly, Argl438Trp, Alal440Akespl445Asn, Argl4a53Trp,
Serl455X, Serl456Asn, Lys1459Lys, GIn1463His, Lys1468Asn, Glul473X, GIn1476X,

Leul480Pro. @erminus of CFTR mutationsnplying that this region of the protein is crucial for

ny
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CFTR function within the cell and within the whole orgami The mutation data were obtained from:

Cystic Rbrosis Mutation Databasehttp://www.genet.sickkids.on.ca/cftr/SearchPage,$Form.direct

1.4.2.3Expressionand Purification of CFTR

In order to obtain structural information for a protein it is necestargverexpress it in large
guantities in a native or foreign host cell (Roth, 1994). The-expressed target must then be
purified (ideally to homogeneity) for subsequent structural analyf$ie first successful trial to
construct a complementary DNBDNA) encoding the CFTR gene was in 1990. Gregory esatl
E. colicells to produce a high number of cDMAcodingthe full-length CFTR in order to expretdse
CFTR proteinin cell lines. CFTR has a low expression level in its natural sowcdghis an be a
limitation to obtain adequate CFTR protein for biochemical and structural sty&iesdan, 1993).
The biogenesis of CFTR includés insertion into the ERendoplasmic reticuluminembrane in
which CFTR interacts with the cytosolic chaperones Hsc762Hdpd Hsp90and with the ER
chaperone calnexifyang et al, 1993)These chaperones are involved in CFTR maturation but only
D30% of the immature wildype (wt) CFTRIs released byhe chaperones ampdacedin the plasma
membrangLukacs et al., 1994)he low expressiorevel of CFTRdoes not just exidgh its natural
sourceshut is also noticed ircells that do nohaturally produce the proteBuchas yeast celldn a
yeastexpression system, Kiser et al (2001) created mutations that e @HIR degradation ithe
ER but the expression level of the proteas still low compared to other proteinCFTR was
expressed in Chinese Hamster Ovary (CH€l)s and it was purifiedvith low yield because itvas
degraed by the ER quality control systen{O'Riordanet al, 1995).A higher level of the CFTR
expressiorin baculovirusinfected insect cellsvasreportedby (Kartner et al, 1991) an{Bear et al,
1992) butCFTR was solubilised withdetergentghat areprobably not suitable for crystallization
studies.Furthermore, CFTR was expressed in bacteria ¢&lscol) (Gregory et al, 1990) and
(Lactococcus lactis(Steen et al, 211). The protein was detectable in thacteria membrane with a

very low yield (< 0.1% of membrane proteimg)dwith misfolding problems

n



PhD thesis by Ateeq AXlahrani

CFTR is an integral membrane protein that consists of hydrophilic and hydrophobic regions. One
approach is to cover hydrophobic regions with detergeradw purification and crystallization. An
alternative solution for the crystallization of membrane proteins is to study only the sibdulidéns

of the protein Many successful experiments to express and puiifsh constructs of CFTR were
made.A plasmid encoding amino acid sequences of NBD1 and 2 was expresedccafi. The
majority of CFTR mutations are within or near these nwoleotidebinding domaingNBDs) (Ko et

al., 1993). Additionally, some studies showed that the interaction of ATIPNBDs is essential for
opening and closing the chloride channel (Andersbral, 1991). Lu and Pedersen (2000) also
examined the relationship between CFTR's soluble domains (which included the two nucleotide
binding domains NBD1 and NBD2) and the regaty domain (R). Thefoundthat the Gterminus of

NBD2, which is located within the-@rminal section of CFTR, mayave two important roles. The

first role is its ability to control CFTR function including opening and closing of the channel pore.
The seond role is its capability to interact with other proteins that can affect CFTR actifitébsrt
carboxytterminal peptide of CFTR (QDTRLjused toNHERF1 PDZ 1 was expressed in BL21
(DE3) cells and its structure was solved (Karthikeyan et al, 2001). Therien et al (2002) have studied
small constructs of CFTR (7846 and 194241 amino acids) itk.coli and purified them by affinity
chromatography with a high yielaf protein for crystallization studies. Thet€minal residues 1377

1480 of CFTR was expressed in BL21 (DE3) cells and a soluble protein was obtained and used for
biochemical experiments (Wolde et al, ZDOAnd more recently, NBD1 of CFTR (T38%55) was

expressed and purified in BL21 (DE3) as a soluble protein (Faria et al, 2011).

1.5 Characterization of Protein Using Circular Dichroism

Circular dichroism (CD) is being increasingly considered e @able tool tqrovidecomplementary
structural information about proteins. Secondary structureeatidry structure are detectable by far
UV CD (160280 nm) anchear UVCD (260-320) Kelly et al, 2005).The basic idea behinthe CD
technique depends on measuring the absorption differginae occurs ima chiral chromophore of

protein) between two components of plane polarised light, the left (L) and right (R) circularly

pn
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polarised components of radiatidBoth components have equal magnitudeunpolarised light.If

the polariseccomponents olight areabsorbed by protein to differeaktents this difference in light

absorption createslliptical polarisationof radiation. The right and left polarised light are not
combined together by CDn practice, hey are measured as twgaeated components and then it

will bedisplayedas ei t her the difference in abAgpordsance o
the ellipticity CDninsttuments kreown aé spectropatarimstbrs) enbasure the

minor and major axes that are formed by the ellipti@)yFigure 14).

Figure 14: Plane polarised light prown is directed to Left and blue is directed to Right) is
absorbed by a chiralchromophore of protein. The dashed green linetise elliptical radation that

results from thelifferentialabsorption of left and right polarised light.

The obtained CD signal from most biological samptesmall (measuredn millidegrees) So it is
clear that experimentalconditions must beptimizedto obtain agood signal noise CD spectrum
(Kelly and Price, 2000)Secondary structureomposition(helix, sheet and random coil) can be
determinedrom CD spectraas theirpeptide bonds absorb left and right circularly polarised radiation

differentlyin the range from 19220 nm.Also, some information otertiary structure of protegtan

P M
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be determinedby the CD signal in the region 26820 nmthatarises from the aromati@amino acids.
The three amino acids (Phe, Tyr and Trp) have unique wavelength signéthen protein is folded
(containingsecondary otertiary structure), the peptide bonds and aromatic side chains are placed in

chiral environmentsand consequentiyey giverise to CD(Berova et al, 2000).

Several studiewere performedn CFTR by CDA construct of hNBD2 of CFTR was studied by CD
in 1994 by (Ko et al). Importargtructuraldatawere delivered by thigxperimentbefore the first
structure of NBD2 was obtained in 2010 byra§¢ crystallography. Ko et al (1994) found thhe
construct of 51 amino acids of hNBD2 (122878)hadsecondary structural elements of (28% U-
helix, 6-11% b-strand 1820% turns, and 433% random coil) Furthermorea 51-NBD2 construct
was able to bind to TNRRTP (TrinitrophenytATP), but notin the presence of ureadnaturation
state of the protein) and this gave ewide that the peptid¢ertiary structure was essential for
nucleotide binding. This experiment wie first direct data thathowed an interactionetweenthe
second nucleotidbindingdomain(hNBD2) andATP. Therien et al (20D havestudied theeffect of
SDS (Sodium dodecylsulphateand LPC (lysophosphatidylcholinefetergets on the secondary
structure of TM 84 constructs of CFTRThe CD spec# of theseexperimens had aminima at 208
and 222 nm, r e s p e-bdlix struetlirgy and therpibteiic \wasritargd by $DS but
not by LPC. The effect of thermal unfoldiog the secondary and tertiary structures of human NBD1
CFTR (with and without F508del) was investigated by-fand neatJV CD. No significant
difference was noticed between the two constructs in tertieoCD spectrum (ie overall secondary
structure composition)Protaseviclet al, 2010)And this result agreedith the X-ray crystallography
resuls that the mutation of F508reatesonly limited conformational changes near the site of the
deletedamino acidin the crystal structures afeveralhuman NBD1 constructéThibodeauet al,

2005).
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The CDspectrumof NHERF1 PDZ1 (Figure 15)reported by(Sun and Mierke, 2005) showed that

the proteinconsistedo f a smal |l -percen(ad6e8®wj &nd -strandi gher
(approximately 40%) and this result is a compatible with Xheay crystallography structure of
NHERF1 PDZ1 which hasa sixst r and e d aarteli capped dy tivekeliceb (Ladias,

2003).

B x 10-%deg cm*dmol x 103

195 205 215 225 2
Wavelength (nm)
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L

245

Figure 15: Circular dichroism signal of the PDZ 1 of NHERF1 protein. The CD signal was

collected in 10 mM PBhosphatebuffered saline) at a pH 7.0 at’g5
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1.6 Characterization of Protein by MALDI -TOF Mass Spectrometry

Mass spectrometry is an important technique lier ctharacterization of proteins and matassisted
laser desorption/ionizatietime of flight (MALDI-TOF) is one of the most commomass
spectrometry methods used to investigate protein function and struitere are two approaches to
study proteins bynass spectrometryn the first, whole proteins(undigested)are ionized and then
subjectto a mass analyser. In the second, protémsolution or isolated from SDBAGE gel) are
digested into smallgpeptides using proteases such as trypsin or pépiar proteolytic agents are
also used). The digested proteins are ionized and andlysexsame way a®r undigested proteins.
The final stageis to use peptide identification online software to mathk masses ofdigested
peptides with known protein sequendgALDI -TOF (thetechniquethat was used in this studyas
introduced as an analytical technique for large biomole¢eld®000 Daltonjn 1988 by (Karas and
Hillenkamp).Protein samples in MALDBTOF are mixed wittorganic compounds (matrix) to foran
mixture of proteirmatrix. The mixture is theiluminatedby a nanosecond laser pulse in the range of
266 to 337 nm. Most of laser energy is absorbed by the matrix and rimgms fragmentation of
protein sampleThe vaporised andonized protein is accelerated in amrottic field and enters the
flight tube. Different protein samples (or peptides) are separated according to their mass to charge
ratio during the flight in tle tube. The small ionized moleculeith greater chargeeachthe degctor
faster than the big ones. So, MALDDF detects differenMass/Charge ratios asignal peaks
(Jurinke et al, 2004jepresenting different size and charge states of the protein. Singly charge or
doubly chargd protein ions are usually detectablehe study of proteiprotein or proteinligand
interactions is important because there are many biological procebsesare related to these
interactions (Figey®t al, 2001).CFTR interactions were studied by MALIMS (Matrix-assisted
laser desorptiodMass spectrometryo draw a wider picture of CFTR roledn 1997, the
phosphorylated amino acids foll -length CFTRwere identified by MALDIMS (Neville et al, 1997).
They reported, for the first time, phosphorylatiorsefine753 which was not identified in the study
by (Townsend et al1996) in which13 serine residues (with at least oagginine residue) were

phosphorylated bPKA (cCAMP-dependent protein kindsd& hereaction catalysed byKA at serine,
pn
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threonine or tyrosingesiduescausesthe addition of phosphate growpto the theoretical massf
unphosphorylated peptigelhis comparison betwegrhosphorylated and unphosphorylated peptide
allows the detection of phosphorylation sites protein(Townsend et al, 1996Anotherinteraction
was detected by MALDMS in which filamin-A (actinbinding proteins)ound directly to the N
terminus of CFTR (5 amino acids)This interaction has a critical role that CFTR is stabilized at
the cell surfaceThelin et al, 2007)MALDI -MS was used to identify the interaction between CFTR
and severafurther proteins. Wild-type CFTR, F508deCFTR and FARKCFTR (substitution of
arginine by lysine at positions R29, R516, R555 and Rfi&gallows escae from theEndoplasmic
Reticulumquality controlmachineryand functioningof CFTR at the cell surfagewereexpressed in
Baby HamsterKidney (BHK) cells.The cell lysates were subjecteml Western blding and protein
spots were analyzed by MALBIS. 71 protein spots recognized as differentially expressed between

the three cell linesGomesAlves et al, 2010).

PP
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1.7 Aims and Objectivesof this Study

Defective CFTR can cause the loss of ion transport function. As a result, many patients die at young
ages. 8, attemptsto visualize the 3D structure of this protein are worthym both a basic and
applied science persptive since knowledge of the 3D structure could lead to the development of new
drugs to treat the conditioisuccessful crystallization of transmembrane proteins is linigthe
presence of hydrophobic regions. These regions cause protein to aggiegateey areexpose to
agueoussolution so no crystals can be formed. Crystallization of predicted hydrophilic portiens of

protein isanalternative solution to deal with aggregation proldem

As revealed in Table 5, the structures of NBD1 and-8pRain and some small portions of CFTR
have been publishe@he aim of this study was to investigate the structure and function of the last 42
amino acids (later extended to 61.a&)is fragment of he protein has no structlrdata (except for

the lastfour residues in complex with NHERF1 PDZE8econdly it containsa PDZ motf which has
structural and functional importancghirdly, it is a soluble polypeptide (a hydrophilic region located

in the cytoplasm) thatan be studied angotentially crystallized with fewer expectedoroblems
compared to the fulength protein Later, the Gterminus of Killifish and shark CFTRvere also
investigatedn terms oftheir expression and purification as a comparative studiigbhuman CFTR

C-terminus

Another aim of this study was &xplore the effect of the interaction between theinus of CFTR
and NHERF1 PDZ 1 on the structure of CFTR. For tthe, 3D structure of fulllength CFTR
NHERF1 PDZ §” was generated byirjle Particle Analysis In addition,the full-length human,
killifish and shark CFTRNHERF1 PDZ { interactions were studied in different conditidnsusing
apull-down assayThe® biochemical studiesonfirmed the binding of NHERF1 PDZ 1 to fl#ingth

CFTR, under the conditions used for the structural studies.
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This studyis divided into two maithemes
(i) Studying Partial Sequences of CFTR ncluding:

- Cloning of the plasmid containing these sequences into host cells, for ex&nepléefollowed by

largescale expression and purification of the polypeptide.

- Following protein expression and purification, many protein characterization methods dre use

including SDSPAGE, Mass spectrometry and Circuldichroism.

- Crystallization trialsperformed in order to obtain 3D crystals by using techniques such as, sitting

drop (vapor Diffusior).
(i) Studying Full-length CFTR Including:

- Single particle analysisf full-lengthhumanCFTR in the presence 6fHERF1 PDZ {” (or
isolated CFTR)was performed 3D structure are comparel with high resolution 3D
structuref homologous proteins.

- Proteinprotein interaction investigated bypull-down assay. Humen, killifish and mouse
CFTR (with 10His tag) are allowed tdnteract withNHERF1 PDZ {” (No tag) andesults

areanalysed by SDSAGE
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2. Materials and Methods

2.1 Materials

2.1.1 Source ofsiven Proteins

1- Full-length human CFTRFor experiments that requidull-length human CFTR the samples
were received from our collaborator, Professor John R Riordan (CF/Pulmonary Research & Treatment
Center, School of Medicine, University of North Carolina at Chafil Chapel Hill, NC 27599

7248, USA)

2- Full-length mouse andillifish CFTR: Mouse and kil lifish CwaeR sampl
kindly provided by Natasha Cant, another PhD student in the Ford laboratory at the University of
Manchester anexpression and purification of these proteins have been partly described recently
(O'Ryan et al, 2012)The purity of all the three proteins can &ssessed from the SBRGE data

shownin section3.2.1. Human CFTR hd a higher purity because it was puefi bytwo affinity
chromatography stepMouse and killifish protein samples haa®wer purity as they were obtained

from a single affinity chromatography stefajon immobilized metal affinity chromatography

(IMAC) purification).

2.1.2. Growth Media

LB Broth wasused for the growth of recombinaltcoli strains This medium is prepared usitige
Miller formula (Miller, 1972). Enzymatic Digest of Caseifi0 g Yeast Extractc g and Sodium

Chloride10 g Formula / Liter Final pH: 7.3 £ 0.2 at 2%C.

2.13 Antibiotics

Kanamycin (50 mg/ml in MQvaterthat was obtained by using a MiQ Purification Systenwas
prepared fresh and sterilized by 0.20 um filter, and stored0atC. The final concentration ithe

media is 50 pgnL.

Py
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Ampicillin (200 mg/ml inMQ watel) was prepared fresh and sterilizedflityation using a0.20 um

filter, and stored a20 °C. The final concentration itne media is 200 pg/mL.

2.14 Inducers

A 1M stock of IPTG(I s o p r ®{-thiogaldctopyranosidewas prepared in MQvater The
mixture was sterilized byfiltration using a0.20 pum filter, and stored at20 °C. The final

concentration ithemedia is 1 mM.

2.15 Buffers and Solutions

2.15.1 Buffer A (Unbound Materials Washing Buffer): 500 mM NaCJ 50 mM HEPES pH 7.0

0.01% Sodium Azide (Naly) andl mM 2-Mercaptoethanol.

2.15.2 Buffer B (Elution Buffer) : 500 mM NaC] 50 mM HEPES pH 7.,00.01% Sodium Azide

(NaNs), 1 mM 2-MercaptoethanoR50 mM Imidazol.

2.15.3 Buffer C (Sonication Buffer). 500 mM NaC] 50 mM HEPES pH 7,0.01% Sodium Azide

(NaNs), 1 mM 2-MercaptoethangD.1% TritonX-100, 100mg/ml Lysozyme

2.1.54 Dialysis Buffer: 100 mM NacCl, 50 mM Tris pH 7.9, 0.0% Sodium Azide (Nah), 1 mM 2-

Mercaptoethanotl mM EDTA, 2 mM Cac}.

2.1.5.5GST (the glutathione S-transferase tag Purification Buffers:

- Extraction buffer: 140 mM NaCl, 10 mM B4PO,, 1.8 mM KHPQO, 0.1 % TritonX-100,
100mg/ml LysozymeWash buffer:140 mM NaCl, 10 mM NaPGQ,, 1.8 mM KHPGO,. Elution

buffer: 33 mM Glutathione in 50 mM THACI pH 8.

2.1.5.6 Gel Filtration Buffer: 100 mM NaCl, 50 mM Tris pH 3, 0.01% Sodium Azide (Nah, 1

mM 2-Mercaptoethanoll mM EDTA

2.1.5.7 CFTR Buffer (DDM): 150 mM NacCl, 40 mM Tris pH 7.5, 0.@4 sodium azide (Naj), 0.05

% n-dodecy} b- D- maltoside (DDM)5 mM 2mercaptoethanol.
p &
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2158 CFTR Buffer (LPG): 50 mM NaCl, 20 mM HEPES pH 7.5, 0.0%

Lysophosphatidylglycerol (LPG)

2.1.5.9 PhosphateBuffer: 10 mM Na/K phosphate pH 7(80.2 ml of 1 M KHPO, was mixed with
19.8 ml of 1 M KHPQ, and the solution was made up to 1L with M@te)) , 1 mM EDTA, 1 mM2-

mercaptoethanol.

2.1.5.10Thrombin Buffer: 50 mM TrisHCI pH 7.7, 300 mM Potassium Acetate, 7 mM Magnesium

Acetate, 10% (v/v) Glycerol.

2.1.5.11 TFB1 Buffer: 30 mM potassium acetafgH 5.8, 100 mM RbCI, 50 mM Mngl 10 mM

CaChband 15% (v/v) Glycerol.

2.1.5.12TFB2 Buffer: 10 mM PIPES pH 6.8,10 mM R, 75 mM CaCl, 15% (v/v) Glycerol.

2.1.5.13Uranyl Acetate Solution: 4 % (w/v) Uranyl Acetate (Agar ScientificUK) wasprepared in

MQ water

2.1.5.14 Super Blue Coomassie Stain10 % Acetic Acid, 45% MQ water, 45% Ethano| 0.25%

Coomassie blue, made up to 500 ml.

2.1.5.1515% Tricine Gel Buffers

Materials Resolving gel buffer Stacking gel buffer
H,O 1.5mL 1.6 mL
30% (w/v) Acrylamide 2.5 mL 0.4 mL
3X Gel Buffer 2mL 1.0 mL
APS 20 pL 20 uL
TEMED 20 pL 20 pL

Table 6: Materials that were usedfor preparation of 15% Tricine gels.
cn
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3X Gel Buffer: 3M TRIS pH 8.45, 0.% SDS. 10X Top Buffer: 1M TRIS pH 8.25, 1Micine, 1%

SDS. 10X Bottom Buffer: 2M TRIS pH 8.9.

2.1.5.16Agarose Gel Buffers

TAE Buffer (50X): Tris-Base 142y, Glacial acetic acid 5@, EDTA 50 mL of 0.5 M, pH 8.0Total
Volume 1 Liter.DNA Loading Buffer (6X):0.25% (w/v) Bromophenol Blug0.25% (w/v) Xylene
Cyanol and 30% (v/v) Glycero] 50 mM EDTA Ethidium Bromide: 10 mg/mL (w/v) in Ethanol

DNA Marker (100 bp Ladder and 1K Ladder): DNA markers were purchased from Ferifi#jas

2.1.5.17M9 / Minimal Mediafor NMR (Nuclear Magnetic ResonanceAnalysis

Solution A: NaHPGQ, anhyd 2 .g,3KH,PQ, anhyd 7 . g51 L was made in dD at pH 7.2 and then

was autoclaved

Solution B: Glucoset g, NH,Cl 1 g, MgSQ.7H,O 0.24g, CaC}.2H,0O 0.02g, Thiamine 0.01g,

Antibiotic 0.1g. 2 8ml was dissolved d}D and sterilized by filtering through0 . 2 e m f i | t er

Trace elements were prepared up to a total volume of 10Cath.2H,05 5 thg, MNSQ.H,O1 4 0
mg, CuSQ5H,0 4 Omg, ZnSQ.7H,O 2 2 ng, CoC}.6H,O0 4 5mg, NaMoO,2H,0 2 6mg,
H:BO,4 0 mg, KI 2 6mg. The previous chemicals were added to 70 miQiEind adjusted to pH 8.0
and then 500 mg of EDTA was added and readjusted the pH t& 816 mg of FeSQ7H,O was

added andhe solution was made up to 100 rafw was autoclaved.
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2.16 E. coli Strains andVectors

Strains Genotype Source Function
DH5U | F ( 8l&cZAM15 A(/lacZYA-argF)U169 recAl Invitrogen Minipreparation
endAl hsdR17(k, m.)phoA supE44 thi-1 gyrA96 of DNA
relAl” &
XL1-Blue | endAl gyrA96(nalR) thil recAl relAl lac ginV44 Stratagene Ligation
FI[::Tnl10 proAB+ | aclq -
mK+)

T7 miniF-laclq(CamR) / fhuA2 lacZ:T7 genel [lof New England Protein
ompT gal sulAl1l R(me€f3::miniTn1G-TetS)2 [dem] Biolabs Expression
R(zgh210::Tn10G-TetS) endAl D(mcrC
mrr)114::1S10

BL21(DE3) | Fi ompT gal dcm lon hsdSBEBnB-) a( DE Novagen Protein
lacUV5-T7 gene 1 ind1 sam?7 nin5]) Expression
Table 7: E.coli strains usedin this study.

Vectors Tag Source

PET 24(a) N-terminal HisTag, Thrombin site, T7 promoter, Kanamyci Geneart

resistance.

pET 52(b) N-terminal Streprag Il followed by a recognition site for the hum Novagen

rhinovirus (HRV) 3C protease, T7 promoter, Ampicillin resistance.
pGEX-2TJL1 Thrombin or factor Xa protease sites to cleave protein from fusior Pharmacia
promoter, N-terminal T#Tag, an optional @erminal HisTag, T7
promoter, Ampicillin resistance.
pGA4 N-terminal HisTag, Thrombin site¢ T7 promoter, Ampicillin Geneart
resistance

Table 8: Vectors used in this study

Two vectors were used in this study to express NHERF1 POhd pGEX2TJL1 vector contains

the gene for NHERF1 PDZ"L The pET 52(b) vector contains the gene for NHERF1 PDZ 1. The

sequences for the two forns$§ NHERF1 (NHERF1 PDZ % and NHERF1 PDZ 1) are in Appendix

C. Both forms of NHERF1 proteins are humati.the vectors maps can be found in Appendix C.

CH
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2.17 PCR Primers (Oligonucleotides)

Table 9 shows the PCRrimers that were designed for amplifyisglected regions of the CFTR gene.

Name Sequence Description | Vector
P1For 5 CGTGGATCGTCTACCATGGGGCTGCCCCGG 3 Forward pET-52b
P2Rev 5" GAATTGTCAGGATCCTCATTACAGCAGAGAGTCGTTC 3° Reverse
Shark For 5  CGTGGCAGCATGCAGGTCTTTGGACATTTGGACCGTGG Forward pGA4
Shark Rev 5 GTTCTTTCTCGAGTTATAACCTTGTTTCTTGAAGGTCTTCG Reverse
Killifish For 5" CGAGATGTCTCACCGCATGCAATTTCCTCG' Forward pGA4
Killifish Rev 5 GATGATGCTCGAGTTATTAAAGTCTGGTATCCTG3 Reverse
P RA For 5" GAAGTGCAGGATACCGCTCTGTAATAACTCGGGCACCAC 3 Forward pET-24a
P RA Rev 5" GTGGTGCCCGAGTTATTACAGAGCGGTATCCTGCACTTC 3° Reverse

Table 9: Primers usedin this study.
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2.2 Methods
2.2.1 Designing Primers
2.2.1.1 P1For and P2Rev Primers:

These twaprimers Table9) are designed for sutdoning NHERFL PDZ 1 (91 amino acidsfrom a
PGEX-2TJL1 plasmid to a new plasmid (p&BRb). The new plasmidoesnot contain a tag (No
thrombin site, no 6His.). The reason for this was texjgress the gene with pET24&H& tagged
14381480 C-terminué®® and cepurify them togetherTwo restriction enzyme sites were chosen,
these aréNco | (CCATGG) which is present in P1For aBamH |1 (GGATCC) which is present in
P2Rev. A successful PCR reaction will give rise to a 236 bp band. Digestion of this fragment (after
using QIAGEN's PCR cleaningp kit) with BamH 1/ Nco | and subsequent ligation of this into a

BamH I/ Nco Icleaved pET52bvector will give rise to a fragment amenable teegpression trials.
2.2.12 R-AFor and R-ARev Primers:

This PrimerR-A (Table9) was designed for sigirected mutatiorin which Arginineat position1479

of the Gterminué®® of CFTR is replaced with Alanine. The purposes of this mutation are the
replacement of a big, flexible amino acid, Arginine with a small amino acid, Alanine, in order to try to
enhance therystallization ofthe C-terminus® An Xhol restriction site was destrogd by the

mutation which then could be usfmt checkingthe construct.

2.2.1.3Shark and Killifish Forward and Shark Reverse Primers:

The two primers (Tabl®) were designed to stddone shark CFTR @erminus (1436 1480) by
introducing a Sphl site and an Xhol site into the primers for efficient cloning. An additional
methionine was added to the sequence. The aim of studying shark GtFiRiQus was to perform a
comparativestudy among human, shark and killifish CFTRt&minii in terms of expression and

purification.
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General procedurder cloning and DNA manipulation were performed as described by Samlabok,

al. , (1989) and according

and vector construction experiments were performed (&iegliD H5 U

2.22.1 PCR Amplification of DNA Segments ofl nterest.

t

(0]

product

cel

manufacturer

S .

For amplifying the deséd segments of DNA usirthe PCR technique, a PCR mixtuneas prepared

asdescribed in Tabl&0. Failsafé" PCR premix kit was purchased from Epicentre Biotechnologies.

Materials Volume
Genomic DNA 1nm
PrimerF (125 ng) 1nL
PrimerR (125 ng) 1nL
Failsafe PCR 2X Premix G 23nL
Failsafe PCR enzyme Mix 1.25Units 0.5 nL
MQ water 23.5n

Table 10; PCR reaction mixture.

Three different temperatwsevere appliedo the mixture for 3@ycles of: denaturation at 94C for

30s, anealing at 50C for 20s andxtension at 70C for 30s.The PCRproducts were purified from

unwanted enzymes and buffers using Qiagen PCR purification kit. The final concentratien of

purified PCR productvas50ni.

2.22.2 Insert Restriction Digestion

The amplified PCR products were mixed with the appropriate restriction enzymes to make sticky

ends. The mixture was prepared as followednbMNA, 6.5 L. Enzyme Buffer 2 n. MQ water,

cp
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3.23nL Enzyme A 3.23nL Enzyme B The mixture was centrifuged at 080 rpmin a benchtop
Eppendorf microfugéor a few seconds and incubated at’87for 4 hrs before beindoadedonto 1

% agarose DNA mini gels (TAE) and subsequently purifietheyiagen gel extraction kit protocol.
2.22.3 Vector Restriction Digestion

Matching restriction enzymes were used to cut the vector in order to create compatible sticky ends
with the insert sticky ends. Identical amounts and materialseohsert restriction digestion mixture

were usedThen,thevector was gel purifietly the Qiagen gel extraction kit protocol.
2.22.4 Ligation and Transformation

After preparing the insert and vector, the ligation of the two pieces of DNA was done. The ligation
mixture was prepared as follows: MixturelniZ vector, 1nL insert, 2nL 10X reaction buffer, 1L

MQ waterand 1nL T4 DNA ligase. (T4 DNA ligase and reaction buffer purchased from New
England Biolabs)Mixture2: 4L vector, 4L insert, 2nL 10X reaction buffer, 1o MQ waterand

1 nL T4 DNA ligase.Mixture3: 1nL vector, 7 nL insert, 2L 10X reaction buffer, 10 MQ water

and 1nbL T4 DNA ligase.Mixture4: 4 ni vector, No insert, 2. 10X reaction buffer, 141 MQ
waterand 1nL. T4 DNA ligasse.The mi xtures were |l eft at 16 AC fc
was tranformed directlyintoa50 &L al i quot of | i bEadipH2O fstci &inn,
Invitrogen). The cells were incubated on ice for 30 minutes, followed bysheak at 42 °C for 45

seconds. @bsequently 500 &L of LB Broth was added to the
200 pl of resulting cell suspension was plated onto LB agar plates containing the relevant antibiotic.

The plates were incubated at 37 overnight. On théollowing day, individwal colonies were picked

from the plates and inoculated into 5 ml of LB Broth mediunfaicon tubes. The cultures were

grown overnight at 37C.
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2.2.2.5 SiteDirected Mutagenesis (Quick Change)

Two primers (section 2.2.1.2) were used for making the iRutation and for amplifying the desired
segments of DNA. SitBirected Mutagenesis mixture was preparedi(IDNA template, Ini 10x
buffer, 5nL dNTP mix, (10 mM each), il primer A, 1 b primer B, 31niL MQ and 1nL high-
fidelity DNA polymerase(Phusion).Three different temperatures were applied to the mixture for 18
cycles of denaturation at 98 for 30s, annealing at 55 °C for 30s and extension at 72 °C for 3.5
minutes.Following the PCR reaction, the PCR products were checked by 1% Agarbse rge of

Dpnl restriction enzyme were added to the PCR products to destroy the methylatdégpeavild
template DNA ¢amples weréeft for 2 hrs at 37°C). The nommethylated nicked mutant DNA was
transformednto XL1 Blue super competeft. coli cells (Statagene). The new mutated plasmid was

obtained usingnini-prep. Kit (Invitrogen).

2.22.6 Gel Electrophoresis

Agarose gel electrophoresis was used for checking DNA size and for separation dfdgients,

al agarose gel buffers and solutions wasalescribed ir2.1.5.16.1 % agarose gels was prepared by
dissolving agarose (0.5 g) in TAE buffer (50 mL), in a 250 mL conical flask via melting in a

mi crowave. After all owing it oft0a 3c&0 ashjutiehlmidsg ht | vy,
addedand agarose solution was poured into a casting triheafesired size After inserting a comb,

the gel was allowed to solidify for at least 30 min, and then it was placadelectrophoresis tank

and submerged in TAE buffer. DNA samples andkaaDNA mixed with DNA loading buffer were

loaded into the gel wells. Gels were electrophoresed at a constant voltage in the rarty@0o¥ 806r

40 minutesto 1hr and then visualized and photographed under UV ligihg a tansilluminator The

amountof DNA in the samples was estimated by comparing its intensity with the known amounts of

marker DNA. Two DNA ladders were used, 100 bp and 1 kb (NEW ENGLAND Biolabs).
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2 ..3Preparation of CompetentE. coli

Luria-Bertani agar plates (LB agar) were inoculated with the commercially available cellTlaigs,

1. E. coli cells were streaked onto LB agar plates contai@gug/pl kanamycin(or 200 pg/pul
ampicillin). The plates were inverted and incubated at@7or 16 hours. A single colony from each
was used to inoculate 50 mof LB broth containing10 mM of sterile MgSQ (LB broth, with
appropriate antibiotics) and grown overnight with shakin@ @RIPM and 37C. The next dayl ml

of the saturated overnight culturess added to aterilised conical flask containint0 ml of LB
broth (containingl0 mM MgSQ). The cultures were maintained under the same conditions as the
overnight cultures until the optical density at 600 nm reach@d@ units. At this point the cells
weredivided equally betweerwo pre-cooled (on ice) sterile 50 mL centrifuge tubes. The cells were
pelleted at3000 rpmfor 10 minutes at 4°C in a JS25.50rotor (Beckman centrifuge d8C). The
supernatant was discarded and the cells were resuspended with gentlegpip#itily ml of ice-cold
TFB1 (as describe@.1.5.1) that had been filter sterilised using a 0.2 um pore syringe filter. The cell
suspension was left on ice fahr and he cells repelleted under the same conditions as abate,
2000 rpmfor 15 minutes Cells were then resuspendeddiml of sterile icecold TFB2(as described
2.1.5.12. The mixture was left to incubate on ifmr 15 minutes Cells were aliquoted (200 ul per
chilled 1.5 ml microfuge tub&snd then snap frozen using an ethanol/dry ice bath and star8a at

°C until required
2.2.4 Expression and Purification
2.2.4.1 SmallScale Expression of Targets.

DH5 U Baxi (DE3)E.colicells were used for transformation of the desired plasmids as explained
in section2.2.2.4.For preparing smakcale expression of targets in LB Broth medium, on the next
day, individual colonies were picked from the plates and inoculated into 250 b2 Bfoth medium

in autoclaved flask. The cultures were grown overnight 8C37

cy
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2.2.4.2 LargeScale Expression of Targets.

50 mL of overnight cultures was inoculated into 1L of autoclaved LB broth containing an appropriate
antibiotic (4flaskswere prgared).The4L cultures were incubated in a shaker af@7at 200 RPM.

The reading of OD600 was monitored every hour. When the OD600 te@éie0.8, theexpression

of the target washducedby addition ofIPTG at a final concentration of 1mM. Before the induction,
the four flasks were incubated on ice for 5 minutes to rethesemperature to nearly 2% and the
shaker was adjusted to the sammmperatureThe induced cultures were left to grow for 4 &r25°C
andcellswerethenpelleted by centrifugation at 10009@m (FL0BCF6x500Y Rotor, Beckmanpt 4

°C for 15 minutes and the spent LB Brgibured off The pellewaskeptati 20°C.

2.2.4.3 ProteinPurification Using Metal Affinity Chromatography

Talon resin (CLONTECH) was used for purifying the Histidine tagged proteins. First, the bacterial
pellet was thawed oite. Buffer C (described insection2.1.5.3 was added to the pellet, 20 mL of
Buffer Cwas added petlL of LB Broth starting culture. A serine protease inhibitor, PMSF (phenyl
methane sulphonyl fluoride) was added to the pellatcaincentration of 2@g/mL (20 mg/mL stock
solution prepared in propdahol). The thawing process took about 30 minutes. Ppbbet was
resuspendelly gentleaspirationwith an automatic pipette before transferring the mixture into 50 mL
Falcon tubes forsonication (2Falcon tubeswere used for 4L of the cultures). Each sample was
sonicatedor 5 seconds, allowing 10 seconzi®ling period with each cycle repeated1Btimesat

30 % amplitudgSonics Vibra Cell).PMSF was added agass aboveThe sonicated samples were
transferred to centrifugation tubes and centrifuged at 16000 rpm aisifvd. 7 Rotor, Beckmarfor

20 mindes at 4°C. After this step, Protamine Sulfate (Sigma) was addetlcancentration of 1
ng/mL in order to bind and precipitate DNA, and the two tubes wecenm&ifuged for 20 minutes.
Finally, the pH was adjusted to 7 by adding of sodium hydroxide (0.002M). The supernatants were
addedto Taloncobaltresinin Falcon tubes as described belolalon immobilized metal affinity
chromatography (IMAC) resin was equilibrated with buffer B before mixingy wie supernatants.

Two Falcon tubes containing Talon resin were prepared. Typically 0.2 ml bed volume was used per 4

c o
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L of starting LB Broth. The Talon/supernatant mix was left &C4for 1 hour with gentle rotation.
Three steps followed the incubationthre cold room. First of all, the contents of tWwalcon tubes

were loaded inta 20 mL gravity flow columr(Biorad),andunbound materiahatpassedhroughthe
column andvascollected and kept in 200 mL keaker. Then, the resin was washed V@tlffer A (as
described.1.5.9 (10 times the volume of resin used) to remove unbound proteins. The final step was
the elution of the desired protein by adding BuBejasdescribed ir2.1.5.3 to the resin. The protein

was eluted from Talon resin using 20 mL of Buffer B and collectedbih ml Falcon tube. The purity

was checked by SDISPAGE. The purified protein was pipetted into a 5000 MWCO dialysis
membrane gurchased from BDH chemicals )tdrhe membranevas sealed with plastic clipat its

two ends and placed into 1L of dialy&isffer (described ir2.1.5.4 and incubateat 4 °C overnight

with movement by a small stirrer bar at low speed. If cleavage of the purified protein with thrombin
was required, 100 pL of thrombin was added to the protein sample before it was placed into the
dialysis membrane and 2mM Ca®as added to the protein sample and dialysis buffer. After the
dialysis step, the mixture that was placed into the dialysis memhrandoaded into a neWwalcon

tube that contained the same amount of Talon rasibefore. The resin was equilibrated using
dialysis buffer. Theralcon tubewasincubated on a 1RPM rotator the cold room ¢ °C) for 1 hr.

The three purification steps (ae#bed above) were repeated again in order to obtain the protein. Into
the first falcon tube, unbound materials including the cleaved protein were collected by gravity flow.
Into the second falcon tube, the remaining resin was washed with buffer A.drtarthfalcon tubge
unwanted materials were eluted by adding Buffer B. SDS PAGE analysis followed the purification.
Three chemicals, 0.0% Sodium azide (18 st oc k s o | urercaptogthanolla@id 2mM b
EDTA (ethylenediaminetetraacetic agidyere added to the purified protein in order to promote

stability.

2.25 Protein Concentration

Following theabovepurification scheme the purified protein wasltered through a 50kDa cutoff

filter and thenconcentrated using 3kDa cutoff filter(CentriconCentrifugal Filter Units3 and 50
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KDa microconcentratodevices, from Millipore). The two concentrators were washed with@rnd
equilibrated with Buffer A before use. The protein was concentrated to the volumei dd.8.5L at
4 °C at 6000 rpm and tmetransferred inta 3kDaMicron tube (Millipore)for further concentratioto

the volume of 0.1 mL. The concentrated protein was subsequently sto2arat
2.26 SDSPAGE Analysis

SDSPAGE was used for determining the purity and yield of proteins and for determining the
concentration of thepurified protein by comparison with known protein concentrations.%l5
TRICINE gels were prepared as described2.1.5.15.2X SDS gel loadingouffer was added to
proteinsamples, spun and heated at’@0for 5 minutes. The samplegerethen loadednto the gel

and run aR00 V for 40 minutes. After this, thgels werestainedwith Instant Blue (Generon Ltd) and
were left on a rotator for 10 minutes. The stain was kept for reuse while the gel varsedesith

dH,O. The proteirmolecular masmarkes werepurchased from FERMENTAS.
2.2.7MALDI -TOF-MS Analysis

Protein samplesat 0.02mg/ml were buffer exchanged into 50 mM Tris, pH 7.5 usiad/icrocon
centrifugal filter (3 kDa cub f f ) . 0. 0 05 -Cygancé-tiydrogyEir®amic (adid, MALDI
matrix, Sigma) was dissolved into 250 uL of 100% acetonitrile and then 25 pl%of\2v) formic

acid and 225 pL of HPLC grade water were added to the mixture. 1 ptotdinand 1 pL of the
matrix solution were loaded onto a 96 x 2 MALDI plate and were allowed to dry for few minutes. The
protein mass spectra were acquired with a Kratos Analyitiieas Spectrometepperated ininear

mode under 70,000 V accelerating voltage. The machine was calilfextednal calibrationith
ProteoMass Peptide and Protein MALDDFMS Calibration Kit from Sigma including bradykinin

(a fragment 47, human), angitensin Il (human), ACTH (a fragment -B®, human) and insulin
(bovine). In order to prepatbe protein sample®r massfingerprinting analysisproteinat 25 pg/uL

was added to 0.5 pg/pL of trypsin (in 50 mM ambidfer) and was left overnight at 3. 1 pL of
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the digested protein was mixed with 1 pL of CHCA and then was scanned using the same machine

and parameters that were used for undigested sample but without calibration proteins.
2.28 Circular Dichroism Analysis

The protein samplé0.5 mg/ml)for the circular dichrsm measurement was prepared by exchanging
the protein buffer into 10 mM Phosphate buffer in the presence of 1mM of EDTA and 1 &M of
mercaptoethanolpH 7.5 usinga Microcon centrifugal filten(3 kDa cutoff). The circular dichrois
scan was carried out with a spectropolarimeter (JASE20). A2 mm quartz cuvette with 0.2 nm
path length was used and the signals were obtained in the rangéd 8tn, a0 °C. Eachspectrum

was the average db scans.
2.29 NMR SpectroscopyAnalysis

For labeling of the human CFTRt€rminug®*3 expression was carried out using M9 minimal media
supplemented with°N ammonium chloride anfC glucose (CK gas, Hampshire, U. K.). Brief,

coli containing the pET24a CFTR-#€rminus was grown in Luria Bertani media to an optical density
of 0.7 and then centrifuged at 4000 RPM for 15 minutes. The pellets were resuspended in minimal M9
media (as described.1.5.17 and shaking at 200 RPM resumed fbrhour before induction with
1mM IPTG, as described. Purification of induced proteiuas as for the no#abeledmaterial but
with NMR buffers: Sonication Buffer (500 mM NaCl, 20mM sodium phosphate pH 7.0, %01
sodium azide (Nah, 1 mM 2-mercaptoetharip0.1 % tritonX-100, 100 mg/ml lysozyme). Wash
Buffer (500 mM NaCl, 20mM sodium phosphate pH 7.0, O@Xkodium azide (Naf), 1 mM 2-
mercaptoethanol, 50 mM imidazoElution Buffer (500 mM NaCl, 20mM sodium phosphate pH 7.0,
0.01% sodium azide (Naj), 1 mM 2-mercaptoethanol, 250 mM imidazoDialysis buffer (100 mM
NaCl, 20mM sodium phosphate pH 7.9, 0%Xkodium azide (Naf), 1 mM 2-mercaptoethanol)lhe

purified protein was concentrated to 5 mg/ml for the NMR analysis.
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2.210Histidine-tag Pull-down Assay

Talon immobilized metal affinity chromatography (IMAC) resin was equilibrated with 15 pL of
CFTR buffer (DDM) (as describedn 2.1.5.7 for human CFTRand buffer (LPG) (as described in
2.1.5.9 for killifish and mouse CFTRDecaHis-taggedCFTR and nortaggedNHERF1 PDZ {”
were added to Talon resin (15 pL) in a 1ndl Eppendorf tubeFor phosphorylation experiments,
CFTR (or CFTR NHERF1 PDZ 1) was mixed with 7 mM AP, 7 nM catalytic unit of PKA
(Protein kinase Aand 10 mM MgC] The mixture was incubated for 2 hr at RT with gentle rotation.
After the incubation step, the mixture was centrifuged at 13,000 rpm for 2 mirfGtaséd the
supernatantollected The Talon resin was washeeb4imes with 15 pyL ofCFTR buffer (DDM or
LPG). The final step wathe elution of CFTR (or CFTRNHERF1 PDZ {") with two washes with
CFTR elution buffer (DDM or LPG including4d00 mM Imidazol) An additional wash step was
performed by the addition of% of Sodium dodecylsulphate (SDS) to remawg remaining proteins
that were not eluted. All wash and elution steps were performed by centrifugation at 13,000 rpm for 2
min at 4°C. A sample (15 1) was collected after each centrifugation step. $I2&E wasused to
check superatant, wash and elutiommples. Theelswere stained using Silver staining kit (Thermo,

FERMENTAS).Human, mouse and killifish protein samples wasdescribed in section 2.1.1.

2.211 Gel Filtration of NHERF1 PDZ 1®

A Superdex 200 column was used on an AKTA FPLC fitted witlaction collector (Fra®50). For
purifying protein by size exclusion chromatography a method was created in the Unicorn software
suite (GE Healthcare) and then the column was equilibrated gatHiltration buffer (described in
2.1.5.9 before loading the respective proteintoit. Proteinsamples were injected into a sample loop
(500 pl) in volumes no more than half the volume of loop. The flow rate was adjusted to 0.5

ml/minute and).5 ml fractions were collected and the desired samples were analyzed Hy/ShRIS
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2.212 Vapour Diffusion Method (sitting drop)

After purifying the Gterminud?®® of CFTR (or C-terminud”*2NHERF1 PDZ 1) the protein was
entered into 3D crystallization trials usitige sitting drop technique. The wizard | and Il (Emerald
BioSystems) and Screen 1 and 2 (Hampton) crystallization solutions were used as reservoir solutions.
The crystallization tray consed of 96 wells,with wizard | or Screen in wells 17 48 while wizard

Il or Screen 2 fikkd the wells 49i 96. Crystallization solutionsvere prepared from crystallants,
buffers and salts with different concentratiohle sitting drop vapor diffusion techniqueaipopular

method for the crystallization of macromolecules. The principle of vapor diffusion is straightforward.
A drop composed of a mixture of a protein and reservoir solution (100 nteririnus of CFTR5

mg/ml + 100 nl of reservoir solution) is placed in vapor equilibration it reservoirsolution.

Drops of Gterminus (each 2 pl) were loaded into strips that were placed into an Automatic Protein
Crystallization Robot. After loading the protein asateens into 96vell plates, the trays weealed

with sticky tape andcheckedusing a light microscopeThe drop contains a lowgprecipitant
concentration than the reservoir. To achieve equilibrium, water vapor leaves the drop and eventually
ends up irthe reservoir. As water leaves the drop, the sample undergoes an incre@aseeintration

leading to an approach tsupersaturation. Both thprotein sample andprecipitantincrease in
concentration as water leaves the drop for the reservoir. Equilibriati;eached when the reagent
concentration in the drop is approximately the same as that in the resBwmiplates were prepared

for a single trial One was incubated af@ and the other was at 2G.
2.213 Vapour Diffusion M ethod (hanging drop)

The purified Gterminu§***NHERF1 PDZ 1complexwas entered int8D crystallization trials using
the hanging drop vapor diffusion metho8ix different conditionsvere preparedas crystallization
sparse matricesCondition1: 50 mM potassium sodium tarteat6 OmM sodium citrate,2M
ammonium sulfate pH 5.9, 20 mM MnClICondition2:50 mM potassium sodium tartrate,0 mM
sodium citrate,2M ammonium sulfate pH 7.5, 20 mM MnCConditior8: 50 mM potassium sodium

tartrate,6 OmM sodium citrate,2M ammoniumsulfate pH 5.9, 60 mM MnGl Conditiort: 50 mM

TN
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potassium sodium tartrat&20 mM sodium citrate,2M ammonium sulfate pH 5.20 mM MnCl,.
Conditiorb: 50 mM potassium sodium tartra 0mM sodium citrate, M ammonium sulfate pH 7.5,
20 mM MnCh. Condition6: 100 mM potassium sodium tartrate, 18@M sodium citrate,2M
ammonium sulfate pH 6.5, 20 mM MnCIRrops of5 mg/ml C*-NHERF1 PDZ lcomplex(eachl

pl) wereplacedon a siliconized coverslif22 x 22 mm) Drops ofreservoir solutioa(each 1 plwere
mixed with the proteinat the ratioof 1:1 The coverslip was immediately placed onto the well of a
VDX plate (Hampton researchfontaining 1mlof a reservoirsolution and wassealed with

SANTOVAC 5ail, taking care not to trap air bubbl@e plate was incubated at 20.
2.214 Single Particle Analysis Electron Microscopy
2 ..12.1 Glow Discharging and Negative Staining of Samples

For the study of macromolecular complexes using an electron microscope, carbon coatedrgrids
used. These grids are hydrophobic but glow discharging is performed to increase their hydrophilicity
so that protein complexes can adhere to the surface ofirithe Copper grids 400 mesh (Agar
Scientific, UK) with the shiny surface facing up were put on a parafilm wrapped glass slide. Glow
discharging was performeish a Cressington carbon coater at 0.1 Torr for 30 seconds. The glow
discharged grids were used within half an hour after glow discharging as the hydrophilicity of the
grids decreases with the passage of time. 4 %( w/v) uranyl acetate (Agar Scientificgpaggin
advance and centrifugaed a microfugeat full speed(12,000 rpm)for 5-10 minutes immediately
before use. A 3 ul protein drop containib@100 ng of protein, two 3 pl drops of filtered Ml

water and one 3 pl drop of freshly prepared uraapgtate were placed onto a parafilm sheet in
advance of glow discharging. The shiny surface of the grid was touched to the protein sample for 1
minute and excess liquid wafottedonto Whatman filter paper (no. 1 or 4). The same surface of grid
was thentouched to the drops of M) water for 10 seconds each and excess liquid biatted
away.Finally the same surface was touched to uranyl acetate 5 3@conds and excess stain was

removed by blotting withthe Whatman filter paper
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2 ..12.2 Electron Microscopy

Images were recorded @nJeol electron microscope JEM20 which has a Gatan CCD camera for
recording the image<srids were placedn the specimen holder, and inserted into rhieroscope.
Images wereecorded at different defocuslues in the rangé.5um to 2.5 um. Exposuretime was
kept at 1 secondA live FFT was usedo checkfor any astigmatism and dritind to adjust the
defocus All the images were recorded at 100v&minalmagnificationwith an acceleration voltage of

100 kV.
2 ..12.3 SingleParticle Analysis and 3DReconstruction

Threedimensional structures of proteins can be obtained by image processing using the technique of
single patrticle analysis and 3D reconstruction. Briefitgny image®f the protein oriented randomly

on EM grids are obtained. The images are 2D projections of the 3D structure and theoretically, if the
projection angle of each partictean be determined, its possible to obtain the 3D structure by
projecting the 2D imags back along their projections angles (bpakection) (Saibil, 2000;
Ruprecht and Nield, 2001Consequentlythe entire analysis starts with selecting single particles of

the proteini(e. native CFTRpr CFTRNHEF1 PDZ 1" compley.
2 ..12.4 Particle Selection

The initial data sets of a few thousand particles were interactively selected using theafraphic
interfaces of EMANL.9 (Boxen. Homogenous particles that were not overlapping or in close contact
with other particles were interactivedglected using a box size of (48 x 48 pixei)l A/pix = 5.2 for

all of the micrographsThe choice of the box size was made in such a way as to reduce as much
background noise as possible and at the same time allow sufficient space for molecular rotation and
translation during averaging and reconstruction to take plsiter particle seledbdn, the contrast
transfer functiorCTF for each micrograph in the dataset was determined using the progitaimom

EMAN package and CTF correction was applied to the selected images of the patrticles.
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2 ..12.5 Classification of Particles

The fact that images represent different orientations means that they might be classified according to
orientationsimilarities. This means that images with the closest similarities are averaged together, the
conseqguences of which is that the noise atpasjtion varies from image to image and averages out
but the signal from the molecules is the same and is reinforcestclassification procedure increases

the signal of therojectionwhile random noise is greatly suppressed. The overall implicatihratis

class averages have high signal to noise ratio compared to the raw image data and arenttogeefore
easily interpretableTherefore, sets of referenfiee class averages were generated representing
different characteristic views or orientations of single particles using the EMANrogram A
montage of different orientation classes produced by the single particle agensgindisplayed to
enable recognition of distinct view20 to 30 characteristic views of the classes representing top, side
and partial views were selected and used for the reconstruction of a preliminary 30(Froutel 16

and 17.

Figure 16: Typical projection classeswith C2 symmetry that were generated for CFTR
NHERF1 PDZ 1) 3D structure.

Figure 17: A sideview (A) and atop view (B) of a preliminary 3D modelwith C2 symmetry. It
was calculated from the classes in Figure 16. Tgrisliminary 3D modeivas generatetbr CFTR-

NHERF1 PDZ {” 3D structureThescale bar i§0A.
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