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Abstract

This work is related to structural and functional aspects of cystic fibrosis
transmembrane conductance regulator (CFTR), a chloride channel whose dysfunction
causes cystic fibrosis. The aim thfe projectwasto test predictiongnade bystructural

modelsfor CFTR aboutnteractiondetweeramino acid residuesuring the gating cycle.

The residues hypothesized fateract were studied witha cysteinespecific
crosslinking approach: after their mutation to cysteine, the properties of resulting mutant
CFTR were assayed upon the treatment withthe cysteinespecific crosslinker
bismaleimidoethanBMOE).

Electrophysiological experimentaiggest crosslinkingetweenresiduesT164 and
L1059, 1266 andA969 (supported by biochemical evidepceand between G971 and
S1049, implyinga possibleintramolecularinteraction these residues are involved in.
Crosslinking between $08C and R1070C might occuoo. Experiments with the pair
G178Vv260 did not give evidence of possible crosslinking between these residues or
conformational changeof CFTR leading to the channel closungeon thecrosslinker

influence.

During erlectrophysiological experimentsitermittent fluctuatios of the whole
cell conductancevere observed upasulfhydrylspesific reagentswhich could be related
to possibleactivation ofCa?*-dependen€CI' channel{CaCQ.

The approaclapplied in this worlcan provide evidence of structural proximity and
functional interaction of amino acid residues belonging to different structural units of a
protein, which information is esntial forplanning of future experiments and determining

of drug discovery targets.



Zusammenfassung

Diese Arbeitbeschéftigtsich mit strukturellen und funktionelle Aspektan des
Cystic Fibrosis Transmembrane Conductance Regulators (CFTR), einesdKzrlals,
dessen Dysfunktion Muiszidose verursachDas Ziel de Forschungsprojektaar es,
die Vorhersagen von  Strukturmodelleniber Wechselwirkungen zwischen

Aminosaurerestein CFTR wahrend deSatingZyklus zu testen

Die Paarevon Aminosauren, die vermutliadm solchen Wechselwirkungen beteiligt
sind, wurden mithilfe der CystespezifischerVernetzunguntersucht: ach der Mutation
zum Cystein wurden die Eigenschaften der resultierenden CFTR Mutanten unter der

Behandlung des Cigin-spezifischen Veretzungsmittels BMOE beobachtet.

Elektrophysiologische Experimente lass®ne Vernetzungsreaktiditir die Paare
von Aminosauren T164/L1059, 1266/A96Anterstitzt durch biochemische Bewégigad
G971/S1049 vermutenwas eine moglichentramolekulare Wechselwirkung zwischen
diesen Aminoséauren implizierExperimente mit Aminosaureresten F508/R10d€sen
ebenso vermuten, dasiie Vernetzungsreaktiomuch zwischen F508C und R1070C
stattfinden konnteBei MutantenG178C und V26QC scheintdas Vernetzungsmittel keinen

Einfluss auf Konformationsdnderungen zu haben, di&kanalschlieBung fuhren.

Wahrend elektrophysiologischen Messungehaben sulfhydrylspezifische
Reagenzieneine kurze Schwankung der Zellleitfahigkeit verursaatie mit eing
moglichen Aktivierung von Ca*-abhangigerCl'-Kanalen (CACC) in Verbindung stehen

kdnnte.

Die verwendete Vorgehensweise kann strukturelle N&he und funktionelle
Wechselwirkung zwischen Aminosduren aus verschiedenen Struktureinheiten eines
Proteins nachweisen, was entscheidende Information fiir die Planung von zukinftigen

Experimenten und zuielbestimmungler Wirkstoffforsclungliefert.
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1. Introduction

1.1 CFTR and its physiological role

The gstic fibrosis transmembrane conduuta regulator (CFTR)s a protein
whosemalfunction leads tocystic fibrosis CF), a humanautosomarecessiveheredtary

diseaseausing progressive disability and early death.

The namecystic fibrosisrefers to the characteristic ‘fibrosis' (tissue scarring) and
cyst formation within the pancreas, firdescribedin the 1930s by Dorothy Andersen
(Andersen 198). Another name for CHmucoviscidosiswas given in 194%y Sidney
Farber(Farber 1945)who recognized the role of sticky mucus as a cause of many of the
symptoms (lat.mucus and viscidus viscous).CF is most common in populations of
European descent, where it occurs in about3,200 newborngHamosh, et al. 1998but
is found in all ethnic group@rown and Schwind 1999LF is linked b a single specific
gene, which encoddbke CFTR protein and is located on chromosome 7. To date, over one
thousand mutations of the CFT&ene have been describp@pproximately 1 of 25
Europeans is a carrier of a CF causing muta@md he most commowoneis theloss of
phenylalanine iposition508( @F508 mut ati on) .

CFTR is expressed irpghelial cellsof many organs, includintipe respiratoryand
digestive tractgZeitlin, et al. 1992)and also ircardiomyocytegLevesque, et al. 1992)
mastocyts (Kulka, et al. 2002)endothelig Tousson, et al. 199&ndsome other cellsAs
a chloride channel CFTR delivers chloride anims out of the celldown their
electrochemical gradienthision flow enrichessecretionof exocrine cellswith chloride
and thereforewith water, which is crucial fothe normal glandfunction and theproper
condition of her secretion Mutations of CF genalter theCFTR folding; thereforethe
protein fails to be delivered to the plasma membrane and degrades more ({Cinekiy,

Gregory, et al. 1990)In absence of CFTRthe impaired chloride ion flow across
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membranes leads &ibbnormally viscousecretion, whiclobstructs thglandductsandlead

to developing of CF symptom@homas, Qu und Pedersen 1995, Qu, Strickland und
Thomas 1997)At the moment, there is no cufer CF, and most individuals with CF die
young from lung infection and failurealthough modern treatmenincreased the life

expectancy from less than 10 years in the 1960s to an average of 30 to 40 years nowadays.

Beside CF,impaired CFTR function is ascciated with other disorders, such as
congenital absence of the vas defer@@8VD), disseminated bronchoectaaisd chronic
pancretitis (Welsh, et al. 1995)Hyperactive CFTR is responsible for polycystic kidney
disease and seetory diarrhoegSullivan, Wallace and Grantham 1998, Gabriel, et al.
1994)

Aside fromthe chloride aniog) this channel is alsknown to beable to transport
bicarbonate(Tang, Fatehiund Linsdell 2009)and thiocyanatgFragoso, et al. 2004)
Additionally toits channel functionCFTR is reported to regulatether proteins, such as
the epithelial sodium channel ENgStutts, etal. 1995) sodiumbicarbonate transporters
(Shumaker, et al. 1999nd aquaporin€heung, et al. 2003)

It was first uncertain whether CFTiRa chloride channel, or whethérfunctions
only to regubaite such a chloride channekrite the name: cystic fibrosis transmembrane
conductanceeqgulator However, studies of recombinant CFTR soon provided compelling
evidence that CFTR is an apical membrane chloride chafirgl. CFTR was expressed i
cells that do not normally contain chloride chanr@sderson, Rich, et al. 1991, Bear,
Duguay, et al. 1991)and expression of CFTR generated a chloride current activated by
cAMP agonists. Second, similarity wakosvn between the biophysicpfoperties and
regulation of chloride currents in cells expressing recombinant CFTR, in epitteigl
expressing endogenous CFTR, in the apical membrane of secretory effldaglrahan
1993) Third, mutation of specificesidues in CFTR altered the anion selectivity sequence
of chloride currentgAnderson, Gregory, et al. 1991ourth, when recombinant CFTR
was purified andeconstituted into planar lipid bilayens,formed chloride channels with
properties essentially identical to those in native epith@ear, Li, et al. 1992)The
causal relationship between CFTR mutation and defective chloride transport in CF was
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confirmed later  introduction of intact CFTR gends the epitheliatells of CF patients,

which rrected chloride conductivit§Rich, Anderson, et al. 1990)

1.2 CFTR as an ABC protein

1.2.1 ABC transporters superfamily

The CFTR gene wadiscoveredand sequenced in 198Riordan, et al. 1989)he
primary amino acid seqnee of CFTR identified it as a member thle ATRbinding
cassette (ABC) transportessiperfamily(Hyde, et al. 1990Q)which memberaitilize the
energy of ATP hydrolysis to transportubstrates across cell membranspw similar
domain organization and have common structural elemgfigggins 1992, Childs and
Ling 1994,Dean and Allikmets 1995)

The term AABC tintraducegin L1992 (Higghs 18%)sThe
characteristic feature ofhese proteings a structural element a | | e dbinding T P
c a s s diighlyeconservedhrough thesuperfamily cybplasmic domainswhich bind
ATP (nucleotidebinding domains, NBDs)Homology of NBDs through the superfamily
allows identication ohewABC proteinsbased on their amino acid sequence

The ABC transporters superfamily is one thie largest and most ancigmtotein
families widely represerdd in prokaryotesand ewkaryotes (Jones and George 2004,
PonteSucre 2009) Thousands of members are knotendate, and 48 of them in humans
(Dean and Annilo 2005which ones arelivided into seven subfamilies {&), according
to thephylogenetic analysi@ean 2002) CFTR belongs to the C subfamily and is named
ABCCY7.

ABC proteineautilize the energy of ATP hydrolysis to transport various substrates

across extraand intracellular membranes, such as metabolites and drugs, or carry-out non
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transporirelated processes such as translation of RNA and DNA repair, and are involved
in devebpment of such conditions as multiple drugs resistance and hereditary diseases
(Davidson, et al. 2008, Goffeau, Hertogh und Baret 2004)

ABC transporters are divided into subtypes based on their function. Importers,
which are present only in prokaryoteeliver substrates into the cell. These substrates
include ions, amino acids, peptides, sugars, and other cell nutrients. Exporters, which are
present in both prokaryotes and eukaryotes, transport substrate, sugimasna drugs,
from the cell. Another subgroup of ABC proteins is involved in translation and DNA repair
processegDavidson, et al. 2008}t is accepted that ABC transporters have four common
domains: two transmembrane danga(TMDs) and two cytoplasmic nucleotitdending
domains (NBDs)Kigurel).

Substrate

Figure 1. Domain structure of ABC transporters.

Two transmembrane domains (TMDs) bind and transpodubstrate;two nucleotidebinding
domains (NBDs) bind and hydrolyze ATP
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TMDs specifically bind a @strate, andNBDs bind and hydrolyze ATP. ATP
hydrolysis is coupled to the transporttbé substratealthough the exact mechanism of this
coupling still remains uncleaNBDs of ABC transportersirehomologous throughouhe
family and haveseveral highly conserved motifs, which participate in processes of ATP

binding and hydrolysis

These motifs (Figure 2) include thenucleotideb i n d i -h g o pWVRlke¢tAD
motif), the AABC signatures e quence 0 ( L SGIG®Qo pno,t iClioWdibhk e rii C
contacts the ruleotide in the ATfhound st at eB omotihtbat hjidWldek e r
ATP, theAQ-loopo that is thought toantactt h e T MD3:l o tothegcontaés with the
opposite NBDthe i A o otlpabparticipates in the utleotidebinding, and théi s wi t ¢ h
mo t ithhtcontributes catalytic reaction(Hyde, et al. 1990Zaitseva, et al. 2005,
Ambudkar, et al. 2006)I/MDs of ABC transporters are highly hydropholitd consist of
multiple membrane p a n n-helical segmentsin CFTR, theyform the channel pore
The amino acid sequences of TMDs from different ABC transporters reveal little or no

significant similarity.

F'—gp Y GnesGaGKST s20e LSGGEQ ILLDEAT LD .:'-':HF‘:i
MsbA Y GreGeGKST 8Qn LSGEQ ILiDEAT LD ARHR
Sav Y CmsCgGKST agd L8GGEQ ILiDEAT LD AHR
BtuD 1 GpnGaGKsT aQa L5GGe ILLDEpm Ls sHd
~14 ~ =44 ~83-86 ~140-44  ~1860-67 ~170-71 ~195-97
aromatic ABC D-loop

signature

Figure 2. Highly conserved motifsin NBDs of ABC transporters (Linton 2007).
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Some ABC transporters have additional domains that serve other specific functions.
For exampleCFTR is the only member of the familwhich hasan additional Rdomain
(ARG st ands fTeigdondin is gtuatedinh the cytgplasm, contains multiple
phosphorylation sites, and serves a regulatongtion (Cheng, Rich, et al. 1991, Rich,
Gregory, et al. 1991pating of CFTR is dependent on phosphorylation of tomain by
protein kinase A (PKAJAnderson, Berger, et al. 1991)

ABC proteins change their conformations during the transport cycle between
Ai nward facingo dDawsonfunduLibhera20db, Waral,cet al. 2007)
(Figure 3). The inward facing conformation exposes the substrate to the intracellular side,

and the outward facing confortnan to the extracellular side.

In CFTR, the outwardand inward facing confamations wouldcorrespond to the

open and closed state of the channel, respectively.

inward-facing outward-facing

Substrate

Figure 3. Two conformations of ABC proteins.

The inward facingconformation (leftlexposes the substrate to the intracellular sithe, outvard
facingone (right)to the extracellular sideThe substrate transport direction is shown for exporters.

The occurance of these two conformationsupported byknown X-ray structures
of the various ABC transporters, which identified these both atiems of TMDs. The
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ATP-boundstate appears to be the outwdading, and the nucleoticleee state inward
facing (K. Locher 2009, Rees, Johnson und Lewinson 2008is also sppors the idea
that ATP binding in NBDslrivesconformational changen TMDs.

1.2.2 Domain structure of CFTR

Five domains of CFTR, four of which are common for all ABC proteins (two
TMDs and two NBDs)and the regulatory fdomain are shown drigure4.

Cell membrane

1150
Cytoplasm
H,N

Figure 4. Proposed topology of CFTR domains

TMDs comprise membrasge p a n n-heticgs (MM12), extracellular (ECLs) and intracellular
(ICLs) loops. NBDs anthe Rdomain are located in the cytoplasm, as well as thad Gterminus.Red
numbers mark positions ofesidues corresponding tehe originally proposed approximate domain
boundariegRiordan, et al. 1989Chen, et al. 2001, Cui, et al. 2006)
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EachTMD consists of6 transmembrane helicethree extracellular loops (ECLS)
and two intracellular loops (ICLs). EClebntains two Ninked glycosylation siteszach
ICL has a single helix, which is parallel tke cell membrane and was suggested to be
responsible for the NBOE MD coupl i ng, therefore it

(Hollenstein, Dawson and Locher, Dawson, Hollenstein and Locher.2007)

Electron crygtallographyof 2D CFTR crystals revealeits overall architecture
(Rosenberg, et al. 200Mlowever, this proteinwvas refractory to solve itstructure using
X-ray crystallographyandhigh-resolution structures are not yet available for the whole
CFTR, although suctstructures were obtainefdr murine and human NBDI(Lewis,
Buchanan, et al. 2004, Lewis, Zhao, et al. 2005, Thitadet al. 2005, Atwell, et al. 2010,
H. A. Lewis, C. Wang and X. Zhao, et al. 2010and for human NBD2
(DOI:10.2210/pdb3gd7/pdidnd somether members of the ABC transportesach as P
glycoprotein(Aller, et al. 2009) the bacterial multidrug ABC transport&av1866 from
Staphylococcus auus (Dawson and Locher 20Q06the vitamin B12 transporter BtuCD
from E. coli (Locher, Lee andRees 2002)the bacterial ABC lipidlippaseMsbA (Ward,
et al. 2007)

The lack ofa highresolution structure for CFTRrces to usether approaches to
gain structural informatiorabout this proteinPossible strucires of a protein can be
suggested by computbuilt homology models, which are based on the known structure of

the protein homologues.

Proteins with homologousamino acid sequences show similarity their three
dimensional structureherefore known domain architecturaf other ABC transporters can
serveas a basi of structural models for CFTRuchhomologymodelscan be useds a
tool to generate hypotheses to be testmad experiments can confirnvhether the
homology modereflectsa real stucture of the proteinThis strategyhasalready given
insight irto thestructure andunctionof CFTR (Mense, et al. 2006, Mendoza und Thomas
2007, Serohijos, et al. 2008, Huang, et al. 2009,Matsu, et al. 2012)

Such models for TR helped to answer guestionprompted by the crystal

structure of a bacterial AB€ansporter Savl86@awson und Locher 20063ccording to
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this structure, the molecular architecture of Savl1866 can be described with@ama i n
s wa madel Figure5 b), where eactNBD forms connections withboth TMDs. An
alternative would be & s tbgsi dneodel Figure5 a), which implies that each NBD
interacts with only one TMD of the cesponding side of the molecule.

-

ATP ATP

Figure 5. Two proposedmodds of domain-domain interaction.

Left(@)i i s i-bg-i d e O righo(d)ed d o mawap 0 (Beovsoe dand Locher 2006)

The evidence which model corresponds to the domain structure of CFTR was
obtained by a crosslinking method, an approach that joins chemically two points of the
protein molecule to test whether they are neighboringosology model of CFTR based
on the knavn structure of Sav1866-igure6) suggested residues proposed to interact, and
biochemical crosslinking experiments confirmiedramolecular contacts of NBDs with
ICLs of TMDs from the opposite half of CFT{Serohijos, et al. 2008, He, et al. 2008)
confirming that the domain swapping described by Dawson and Locher also occurs in
CFTR.
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extracellular
region

cytoplasmic
region

Figure 6. Homology model for CFTR based on the Sav1866structure
(Serohijos, et al. 2008)

Domains are colored: TMD1 dark green, TMD2 light green, NBD1 light red, NBD2 darame:dR
domain grey.

This kind of domain architecture is found in other ABC proteins as thellcrystal
structure of the heterodimeric ABC transporter TMZBVI288 (TM287/288) from
Thermotoga maritiman its inwardfacing statgFigure7) demonstrates thdhe coupling
helices ofICL2 and ICL4interact with the NBD of the opposite subucktohl, et al.
2012)
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Inside

Figure 7. Structure of TM287/288 viewed along anembrane plane(Hohl, et al.
2012)

TM287 andTM288 are colored cyan and pink, respectivépupling helicesof ICL2 and ICL4
interacting with NBDsre colored yellow Theinward-facing cavity is shown as a blogesh.

1.2.3 CFTR as an ion channel

CFTR is the only known channel among the ABC transporters. Channels and
transportersare thought to have different mechanism of functiwiermined by their
structure transporters bith a substrate andmove it across the membranduring
conformational changes followed by this bindirand channels contain a pore, which
allow ions to diffuse down tlieelectrochemical gradientHowever, CFTR appear to have
structural properties of an ABtZansporter, though functions as a channel, which suggests
that these functional properties developed during evol{@asby 2009, Miller 2010)

CFTRfunctionsasa cAMP-activated ATPgated anion channalith linear current
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to voltage relationshifn symmetrical Cl concentration§Berger, Anderson, et al. 1991,
Drumm, et al. 1991)

Gating of the CFTR channel depends on theldtnain phosphorylation and is
driven by ATP binding and hydrolysis. The-8main is usually phosphorylated by protein
kinase A (PKA)(Anderson, Berger, et al. 1991gthough it can be phosphorylated by
other proteirkinases, for example, protein kinaséBerger, Travis and Welsh 1993)

According to the currently accepted model for the gating cycle of GFigfare8),
NBDs bind two molecules of ATP between the Walker A motif of one NBD and the
LSGGQ motif of the othefVergani, et al. 2005, Rees, Leslie and Walker 2009)s
interactionpromotes thewitch to the outwarflacing conformationppening of the gate in
the TMDs and chloride anions to flow down their electrochemical gradient through the
pore(Tabcharani, et al. 1991, Lindd2006).

Figure 8. Gating of CFTR.

Binding of two ATPs between NBPsomotesopening of the gate in the TMDs. ATP hydrolysis
leads to the gate closure.
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ATP hydrolysis leads toisfuption of the NBD1/NBD2 interfacehis disruption
produces asignal somehow transmitted to TMDwhere it causeshe gateclosure.
Structural changeeccurringwhile openindclosingthe gatearenot knownyet. It has been
proposed that structural rearrangements of TMD caoylena pathway for mions (this
rearrangement would corresponnd the switch between inwardand outwarefacing
conformations obther ABC transporters); another possibility would mean the removal of
an intramolecular barrier for ionsinslarly to other ion channel§Wang und Linsdell
2012)

1.2.4 Biochemistry of CFTR

CFTR is a1480 amino acidong glycoproteinwith a molecular mass @& 1 6 0. k Da
This proteinis initially synthesized in the endoplasmieticulum membrane aan
immature form, which is corglycosylateda nd has t he ;shemaoritp(66 a 140
80%) of CFTR fails to mature amtkgrades improteaomes(Ward, Omura and Kopito
1995) In the Golgi apparats cisternae, theprecursor é r ms t he mat ur e
gl ycosylatedo) mol ecul e that (ChenytGaegonyset c o mp |
al. 1990, Kopito 1999)This is the form of CFTR thatis present on theytoplasmic
membrane.Many known mutations in CFTR impair the maturation of CFTR and
trafficking to the plasma membrar{&regory, et al. 1991, Cotten, Ostedgaard and Carson
1996, Seibert, Linsdell, et al. 1996, Sheppard, et al. 1996)

So m a Western blot, CFTRan beseen as 3 band$igure 9), which reflect
different maturation steps: a 1800 kDa band represents the matfuity glycosylated
form (band C); a band at 135 kDa (band B) is the core gietesl fraction. A band &t30
kDa (band A) represents unglycosylated prot@epending on maturation of a certain
mutant, some bands can be less visible or even absent (so, eeHadw@ Figure 9 is
represented by only barg] correspondingo thecore glycosylated forrof the protein and

reflecting inability of thismutant to matue).
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EndoH -  + - +

WT AF508
Human

Figure 9. Example of a Western blot for CFTR.

Bands A, B, and C are indicated agrows The blotdemonstratefully glycosylatedband C) core
glycosylatedband B)and unglycosylate¢pand A)human CFTR (Mdtype W)and a&508) befor e
Endoglycosidase H (endoH) treatmeRully glycosylated wt CFTR is not endeddnsitive(Ostedgaard, et
al. 2007)

1.3 Aim of this work

Although much is known about the biological role of CFTR and regulation of its
activity, there are still many questioaBout its structure and function to be answered, such
as the pore locatiorthe role ofthe R-domain in the gating control, theechanism of
NBD-TMD coupling, the role of coupling helices of ICLs in the gating signal transfer from
TMDs to NBDs, and the cdormational changes occurring during the gating cytlese
guestions are especially difficult to answer because iglo-resolution structure of the
entir CFTR protein is available yetutbthey are crucial for thedevelopment of novel

therapeutic approaches for CF and other CidIRteddiseases.

If certain pairs of residues can hshemically crosslinked, it means that a
conformation exists, which brings these residues close togdtharcovalentbinding
crosslinler is used, these two points of the protein stay connected after crosslinking even

during intramolecular rearrangements of after denaturation. In this case, the presence or
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absence of crosslinking can be detectied example,by protein electrophoresis a
appearance of the additional band, representing the product of crossliRlgnge (L0).

The additional band is especially easy to distinguish from the bandsseegngnon
crosslinkedproteinswhen the protein sequence is split into two halves, each of them
containing one of point® be connected. But evennibrnisplit protein constructs are used,
the additional cro$imking band is still visible due to diffené mobility of the crosslinked
molecule duringelectrophoresigSerohijos, et al. 2008)

no crosslinking crosslinking

crosslinker
—y

A v’

‘e oy
Western blot analysis
denaturation,
electrophoresis
3.
ta
=
[u¥]
(=3
S LR . - crosslinked band
o
[
= B erererrrierriee e ————————————— > S
Ur: bands representing
o two halves
E.. of the protein
[s)
“»
-g_ ............................................ > L H
0
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w
A,

Figure 10. lllustration of a biochemicalcrosslinking experiment.

Two part of the protein (blue and yellguonce crosslinked, stay together. The presence/absence of
crosslinking can be detected by gel electrophoresis:-atosslinked and crosslinked proteins migrate
separately.

This approach has already brought some insight into the CFTR domizinsay:
apgication of cysteinespecific bifunctional crosslinkers aXenopusoocytes expressing
CFTR with introduced pairs of target cysteines demonstrated that NBDs of CFTR interact

with each othein afheadto-taild ¢ o n f i(Menseget &1.i2@06)
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The goal of the crosslinking experiments on CFTR presented in this work was to

study possible interactions between coupling helices of ICLs and NBRw¢11).

front half
back half (or full length CFTR)

® engineered cysteine

TMD-NBD interactions TMD-TMD interactions
ICLT X NBD1 ICL2 X NBD2 ICL1 X ICL4 ICL2 X ICL3
o @ o0 ( X }
® ®
C590 C590 C590 C590
C592 C592 C592 C592
ICL4 X NBD1 ICL2 X NBD2 ICL1 X ICL2 ICL3 X ICL4
@ ® ® o e ©
@ @
C590 C590 C590 C590
€592 €592 €592 €592

Figure 11 Possible domain interactions in CFTR accordingo theid o ma i n
swapo model

Two parts of CFTRare shown in yellow (front half) and blue (back half). difiedown ¥letters
represent TMDs, rounded rectanglesiBDs, the ellipsé R domain.

The cysteinespecific crosslinking strategy requires someerequisites native
CFTR cysteines should be removed to avoidrtheaction with the crosslinketarget
residues should be mutated to cysteifiken a crosslinker can be applied attempting to
join these cysteinesA membrangoermeant bismaleimide based crosslinking reagent
bismaleimidoethandBMOE) allows performing a crosslinkingf cytoplasmic target
cysteinesin vivo (Figure 12). Its molecule has & s p a ¢ e between two maleimide

groups, which allows joiniptwo cysteines withimnintramolecular distancef 8 A.
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BMOE

R—"N + B2y — = R —"N

=R

Figure 12. Crosslinker bismaleimidoethane (a) and the reaction of crosslinker
with the target molecule (b).

As phosphorylationof CFTR by PKA activates the channehpplication of
stimulating PKA activity reagents, such afrskolin and 3isobutytl-methylxanthine
(IBMX), increaseghe whole cellconductancef CFTR-expressingcells. So, the whole
cell conductanceneasured before and after forskolin stimulationetl the presence of

functionalCFTR in the cell membrane.

A suitable technique for such measurements is-dl@otrode voltagelamp
(TEVC), which is a sensitive and relatively simple electrophysiological mg®iithmer
1992) TEVC measuregurrentacross thecell menbrane ata given membrane potential.
This techniquecan assay functional expression of CFTR aheé influence of different
factors on CFTR functionFor instance,the channel conductance changes upon the

crosslinker influence careflectpossible intramolecular evertaused by formation of a
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covalent bond between two cysteine residiliéss approach has been successfully used in

the laboratory to study interaction between residues F508 and L(lakSekovic, etl.
2008)

The goal of this work wato study possibletructural and functionahteractions
between NBDs and TMDs of CFTRith a crosslinking approachwhich allowsfinding
points of inter and intradomain interaction in CFTR during the gating ey&lsubsetof
residues likely to participate such interactiongvasselectedusinga homology model for
CFTR (Figure13) based on the known structure of the bacterial transporter Saah866
representingCFTR in its outwardfacing conformation(GulyasKovacs, Lockless and
Gadsby 2007)which corresponds to the open state of the CFTR channel.

Cytoplasmic

Figure 13. Homology model of CFTR based on the Sav1866 structure

A. Sav1866 structuréDawson und Locher 2006)f'wo differentsubunits colored yellow and
turquoise. BHomology models of CFT&ulyasKovacs, Lockless and Gadsby 2Q0MD1 (pale green),
TMD?2 (pale blue), NBD1 (bright green) and NBD2 (bright blue) are presented.
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Some of theseresiduesare shown onFigure 14, which demonstrates the
intracellularview on TMDs Figure14 A), as well as two NBO/MD interfaces Figure14

B, C). Residues belonging to each interface are shown in different colors.

On the ICL1/ICL4interface residies T164 and L165rom ICL1 and residue L1059
from ICL4 appear to be irclose proximityto each other(Figure 14 A, blue). The
homology model predicts alsgpassibleclose contact of residud®66, E267andA969 on
ICL2/ICL3 interface(Figure14 A, yellow), residuess176 1177, G178 Q179 and V260 on
ICL1/ICL2 interface Figure 14 A, red), residues G970, G97B72, S1049, F1052 and
T10530n ICL3/ICL4 interfacgFigurel4 A, green).
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Figure 14. Residues proposed tdoe involved in intramolecular interactions
based ona homology modelfor CFTR (Gulyas-Kovacs, Lockless and Gadsby 2007)

The homologymodel for CFTR Eigure 13) is based on the known structure of the bacterial
transporter Sav1866 and representing CFTR in its outwacthg conformationGulyasKovacs, Lockless
and Gadsby 2007)which corresponds to the open state of the CFTR chaRadk of TMD1 (pale green),
TMD2 (pale blue), NBD1 (bright gen) and NBD2 (bright blue) are showh. TMDs cytoplasmic view.
Residues belomgg to ICL1/ICL2 interface are marked red, to ICL2/ICL3 interface yellow, to ICL3/ICL4
interface greenand to ICL4/ICL1 interface blue. B. Residues belonging to NBD1/TMD2 interface are
marked magenta. C. Two clusters of residues belongingBid2/TMD1linterface are marked orange and
cyan.

Possible interactions between NBDs a@tls predicted by this homology included
the one between F508 and R1070 on TMD2/NBD1 interfa@tese spatial proximities of
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the residues L172, D173, K174, 11#5m TMD1 (ICL1) andD1341 from NBD2 Figure
14 B), as well as A274, Y275, C276 from TMOICL2) and R1283 and Y130#fom
NBD2 were also suggestedigure14 C).

Figure 15 shows aother homology model of CFT@Mornon, Lehn und Cébaut
2008) which is also based on the experimental structure of the bactén@aisporter
Sav1866

(/\-?I'extracelkuar

ICLs1/2

el . ~J- -
Regulalory’CL N 1 . * v
msomon,/u.. b
=20y ,

/,/ ' , G P towards C
A towards R &~ cytoplasmic

Figure 15. Intramolecular interactions predicted by the homology model of
CFTR (Mornon, Lehn und Callebaut 2008)

A. Homology modebf CFTR TMD1 and NBD1 are colored darand light blue, respectively.
TMD2 and NBD2 are colored red and orange, respectivBlyTMDs, cytoplasmic viewResidueson
TMD/TMD interfacesproposed to interactC. Residues proposed to interact belonging to NBD1/TMD2
interface. D. Residues proposed to interact belonging to NBD2/TMDL1 interface.
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This model suggests interactionstioé following residues belonging to TMD/TMD
and TMD/NBD interces: G178 from ICL1, which possibly builds a contact with V260
from ICL2; two possiblyinteracting residues from TMD2 a@970 (ICL3) andF1052
(ICL4) (Figure15 B). Within the NBD/TMD interfaces, a possible interacting partner for
F508from NBD1 isR1070belonging to TMD2 Figure15 C). A formation of a hydrogen
bond is predicted between residues and D173 and DEdgaré 15 D). Thee is also a
proposed contact between Y275 from ICL2 and Y1307 from NBD2.

The interaction between residues L172 and D1341 was predicted by another
homology model of CFTR and supported by crosslinking ¢faéa et al. 2008)The dted
work also demonstrated biochemical evidence of the interaction between residues C276
and Y1307.

A pair of engineered cysteines at positions N105C in TM287 (a residue
corresponding to D173 from ICL1 of CFTR according to the mentioned above multiple
seqience alignment) and T486C in TM288 (a residue corresponding to D1341 in human
CFTR according to the multiple sequence alignment performed in the laboratory by Dr. W.
Labeikowsky) forms disulfide bonds in the outwdading state of the protein, which was
expected from the homology model of TM287/288 created on the basis of the eutward
facing Sav1866 structulélohl, et al. 2012)

Mutationsof some ofthe mentionedesidues weréund in patients with CH:165,
Q179C, Y275, L1059, Y1307(http://www.genet.sickkids.on.ca)175 (Romey, et al.
1994) 1177 (http://www.genet.sickkids.on.cap178(Zielenski Bozon, et al. 1991F508
(Riordan, et al. 1989)G970 (Seibert, Linsdell, et al. 1996F1052 (Gelfi, et al. 1994)
R1070(Shrimpton,Borowitz and Swender 1997mR1283(Cheadle, Meredith and-dbader
1992) and in patients wittCAVD: T1053 (http://www.genet.sickkids.on.cayvhich might

reflect the role of these residuedie proper domain assembly and the channel function

The mentionethomology modelsuggestikely inter- and intradomain interactions
which allowedchoice ofthe target residue®r experimentgresented in this worklThe
plan of experiments includedutation of these residueto cysteines andpplication of the

cysteinespecific crosslinketo allow sufficiently close target positions to benneced by
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a covalent bond. Ae properties asuchcrosslinkedCFTR channelscanthen be studied to
assayhow the covalent bond formation between two engineered cysteifiesnces the

channel function
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2. Material and Methods

2.1 Construction of CFTR mutants

2.1.1 Selection ofamino acid residues

Appropriate pairs of targetamino acid residues were selected basedthmn
homology models for CFTH the outwarefacing conformationFigure 13, Figure 15).
Oligonucleotide primers for sHdirected mutagenesisTgble 1) were designed with
Lasergene SeqBi@ Software (DNASTAR, Madison, WI, USAFor some interfaces
several residues were mutatiedallow later selectiofased on their expression levels as
assesseth preliminary TEVC experimentghe residueschosen for more detailed study

are markedbold in Tablel.

The corresponding oligonucleotid@rimers were obtained fronGeneLinkE
facility (Gene Link, Inc., Hawthorne, NYUSA). As a native cysteine C276 was replaced
in the cysteinalepleted template to seriifklense, et al. 2006}his residue was mutated
back to cysteiné A mut ant. S276 C0)

Engineered cysteines were introduced iafapropriatecysteire-depleted CFTR
background (see the following section) by the PCR sitelirected mutagenesis
(QuikChange, Stratagene, La Joll#, USA) using the pGHE vector.
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Table 1. Point mutationsand corresponding oligonucleotide primers

mutant Forwardprimers Reverse primers

T164C gtttagtttgatttataagaagTGTttaaagctgtcaagecegtg  cacggcttgacagctitaaACActicttataaatcaaactaaa
L165C gtttgatttataagaagactTGTaagctgtcaagccgtg cacggcttgacagcttACAagtcttcttataaatcaaac
L172C gctgtcaagccegtgttTGTgataaaataagtattggacaac  gttgtccaatacttattttatcACAaacacggcttgacag
D173C gctgtcaagccgtgtictaTGTaaaataagtattggacaac  gttgtccaatacttattttACAtagaacacggcttgacagce
K174C gctgtcaagccgtgtictagatTGTataagtattggacaac  gttgtccaatacttatACAatctagaacacggctigacagce
1175C gccgtgttctagataaaTGTagtattggacaacttgttagtctcc ggagactaacaagttgtccaatactACAtttatctagaacace
S176C gccgtgttctagataaaataTgtattggacaacttgttagtctcc ggagactaacaagttgtccaatacAtattttatctagaacacge
1177C gccgtgtttagataaaataagtTGTggacaacttgttagtctcc ggagactaacaagttgticcACAacttattttatctagaacacg
G178C gtictagataaaataagtattTGTcaacttgttagtctcctttcc ggaaaggagactaacaagttgACAaatacttattttatctage
Q179C gataaaataagtattggaTGTcttgttagtctcctttcc ggaaaggagactaacaagACAtccaatacttattttatc
V260C gggaagatcagtgaaagacttTG TattacctcagaaatgatcgctcgatcattictgaggtaatAC Aaagtctttcactgatcttcce
1266C gtgattacctcagaaatgTGCgagaacatccaatctgttaaggiggccttaacagattggatgttctcGCAcatttctgaggtaatca
E267C gtgattacctcagaaatgatcTGCaacatccaatctgttaaggcggccttaacagattggatgttGCAgatcatttctgaggtaatce
A274C catccaatctgttaag TGCtactcctgggaagaagcaatgg ccattgcttcttcccaggagtaGCActtaacagattggatg
Y275C catccaatctgttaaggccTGCtcctgggaagaagcaatgg ccattgcttcttcccaggaGCAggttaacagattggatg
S276C catccaatctgttaaggcctacTGCtgggaagaagcaatgg ccattgcttcttcccaGCAgtaggcecttaacagattggatg
F508C ccattaaagaaaatatcatcTGTggtgtttcctatg cataggaaacaccACAgatgatattttctttaatgg
N965C gcacctatgtcaaccctcTGCacgttgaaagcaggtggg  cccacctgctttcaacgtGCAgagggttgacataggtgc
A969C caaccctcaacacgttgaaaTGCggtgggattcttaatagattcgaatctattaagaatcccaccGCAtttcaacgtgttgagggtt
G970C ccctcaacacgttgaaagcaTGTgggatticttaatagatictcc ggagaatctattaagaatcccACAtgctttcaacgtgttgagg
G971C caacacgttgaaagcaggtTGTattcttaatagattctcc ggagaatctattaagaatACAacctgctttcaacgtgttg
1972C ccctcaacacgttgaaagcaggtggg T GTcttaatagattctccggagaatctattaagACAcccacctgctttcaacgtgttgage
S1049C ctggaatctgaaggcaggTGTccaattttcactcatcttg caagatgagtgaaaattggACAcctgccttcagattccag
F1052C ctgaaggcaggagtccaattTGCactcatcttgttacaagc  gcttgtaacaagatgagtGCAaattggactcctgccttcag
T1053C ggcaggagtccaattttcTGTcatcttgttacaagcttaaaagg ccttttaagcttgtaacaagatgACAgaaaattggactcctge
L1059C cactcatcttgttacaagcTGTaaaggactatggacacttcgtgggcacgaagtgtccatagtcctttACAgcttgtaacaagatge
R1070C ggacacttcgtgccttcggaTGCcagccttactttgaaactctg cagagtttcaaagtaaggctgGCAtccgaaggcacgaagt
R1283C caataactttgcaacagtggTGTaaagcctttggagtgatacc ggtatcactccaaaggctitACAccactgttgcaaagttattg
Y1307C gaaaaaacttggatcccTGTgaacagtggagtgatc gatcactccactgttcACAgggatccaagttttttc
D1341C gggaagcttgactttgtccttgtgTGTgggggctctgtcttaagt acttaagacagagcccccACAcacaaggacaaagtcaag
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2.1.2 Choice of a template

Cysteinedepleted CFTRFor cysteinespecific crosslinking experiments, the target
residues should be replaced with cysteines. As CFTR have 18 native cysteines, which may
constitute a problem as a possible substrate for a reaction with cyspeiciéc ragents, |
usedacysteindepl et ed fAbackgroundo t oThisbadkgroordluc e e
has already been obtained and used in the laboratory: all 18 native CFTR cysteines were
removed and replaced with serines (or leucines or valines for C32989@) (Mense, et al.

2006) It turned out that mutation of890 and C592 nearly abolished CFTR maturation in
Xenopusocytes. Therefore these native cysteines remained unmutated to enhance protein
expression, andlmost all @periments of the presemtork were performed using CFTR

with two native cysteines C590 and C592.

The exception was thmutation of F508: replacement of this residue with cysteine
abolished CFTR maturation armdquired to leave more native cysteines untegtao

rescue protein expression.

Split vs. full-length CFTR.For biochemical experiments, a reasonatbleice is a
template, in which thevhole CFTR sequence splitin two sequences so that the residues
to be crosslinked belong to different doma
CFTR are crosslinked, these fAhalvesd migra
difference between molecular weighdf the separated halves and the wholdemae
allows better visualizatioof the crosslinking product on Western bIGFTR constructs
split between TMD1 and NBD1 (residues 633 and §84panady, Chan und SeYmung,
et al. D00, Mense, et al. 200@nd between NBD1 and TMD2 (residues 389 and 390)
were already tested in the laboratory, and these constructs were used also in tlais work

templates.

Wild-type background forthe F508C mutant. Mutation F508C was introduced
into the Nterminal 2633 native (wild type) part of the CFTR sequence, as the cysteine
free background combined with this mutation completely abolished CFTR expression and

did not allow performing the experiments.
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Following cysteinedepleted CFTR constructgere used as a background for the

site-directed mutagenesis:

- mutations T164C, L165C, L172C, D173C, K174C, 1175e266C, E267C,
A274C, Y275C, S276C were introduced (each separately) into {teenMNinal cysteine
free fragment of the CFTR amino acid seqesrfrom 1 to389 residue {-389 0C
backgroungl which was coexpressed with the correspondirtgr@inal half to obtain the
whole CFTR, namely with the-@rminal half390-1480 containing two native cysteines,
C590 and C592300-1480 2Cbackgroungl, which ®rved as a background forutations
A969C, L1059CR1283C, Y1307C and D1341C

- mutationF508Cwas introduced into the &&rminal1-633 native (wild type) part
of the CFTR sequence, as the cystdiee background combined with this mutation
completely ablished CFTR expression and did not allow performing experiments. This
part of the protein was then coexpressed with titer@inal cysteine free pa@34-1480
(6341480 OCbackgroungt the latter one was used as a background for mutBtl&70G

- mutatiors S176C,I1177C, G178C,Q179C, V260C, N9&C, G970C, G971C,
1972C, S1049C, F1052C and T1053C were introduced into thdehgth cysteine
depleted CFTR sequence with two native cysteines, C590 and (5928¢ 2C
background).
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2.1.3 Site-directed mutagenesisexperimental protocols

The mutants were obtained by siteected mutagenesis (QuikChange, Stratagene,
La Jolla, CA, USA)For eaclcyclingr e a c t i o meactod fuffeg(100 noM KCI,100
MM (NH4)2SQy, 200 mM tris-(hydroxymethyl)aminomethandjydrochbride (Tris-HCI),
20 mM MgSQ, 1% polyethylene glycol 401,1,3,3tetramethylbutybphenyl ether
(Triton® X-100), 1 mg/ml nucleaséree bovine serum albumifBSA)), 10 ng of template
DNA, 125 ng of each oligonucleotide prim@orward and reverse) 2 d&TP mixture
(10 mM dATP, 10 mM dCTP, 10 mM dGTBD mM dTTR 0.6 mM Tris-HCI), 5 ¢ | of
DMS O, 2 ¢l of PfuTurbo polymerase (Qui kCha
water to 100 ¢l fi nal vrbtube anel placedrinethe thermaé d i n
cycler for the cycling reactioff.he reaction parametesse shown ifmable2.

Table 2. Parameters of the cycling reaction

Number of cycles Temperature Time
1 95°C 30s
12-18 95°C 30s
55°C 1 min
68°C 1 min/kBase of plasmid
length

After the reaction was completed, ¢ [L O o tDprel frestriction enzymeNew
England Biolabs, Ipswich, MAJSA) wereaddedto the reaction mixture and incubated at
37°C for 1 hour to digest the parental DNA.

To precipitate the obtaed DNA,2 5 0  abisolu® ethanol, 10 | 3 dMfsodium
acetate (pH 5.5) and 15 1of Gl yc o Bl ue E QAnbiore hd., pAisttn,aTixXt
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USA) were addedthe mixturewasfrozen ati 80°C for 15-20 min andthencentrifuged at
10,000 RPM and 4 °C fat5 min Theresulting pellet was wasted 2 timeswith 70 %
ethano] driedat 3PC anddissolve in10e H20.

For the transformatioffAX Ef fi ci encyE DHS5UE Compet er
Carlsbad, CA, USAwerethawedon iceand aliquoted n 45 ¢ lin prechited | e s
Falcon2059 polypropylene tulseAf t er t he i ncubat i adactowicda h 5 ¢
for 30 min, a heashock wasperformed by placing the tubder 30 seconds at 3C and

thenon ice for 2 minutes.

Af t er t ha$8QCmé&dmr (2% tryptond(SigmaAldrich Co., St. Louis,
MO, USA), 0.5% yeast extra¢SigmaAldrich Co., St. Louis, MQ USA), 10 mM NacCl,
2.5 mM KCI, 10 mM MgChk, 10 mM MgSQ, 20 mM glucosgwere added to each sample
and shaken at 22250 RPM for 1 hour at 37°@\fter thefollowing centrifugation at @00
RPM for 1min, theresultingpellet wasplatedon LBT ampicillin agar(SigmaAldrich Co.,
St. Louis,MO, USA) and stored overnight at 33.

The resulting colonies were placed in aldubes with 5 mlysogeny broth I(B)
with ampicillin, shakenfor 1 hour at 37°C and centrifuged at 3000 RPM and 4°C. The
supernatant was removednd the pellets were usedof the DNA preparatiorwith

QIAprep Miniprep Kit (Qiagen, Venlo, Netherlands).

The mutations were confirmed by automatBiNA sequencingat Genewiz, Inc.
(South Plainfield, NJUSA).

The resulting cDNA constructs were linearized using el restrictionenzyme
(New England BioLabs, Inclpswich, MA, USA) and transcribed with the T7 mMessage
mMachine RNA kit (Ambion)nc., Austin, TX, USA) to obtairihe correspondingRNA.
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2.2 Expressionof mutant CFTR in XenopusOocytes

2.2.1 Experimental protocol

Xenopus laevis oocytes are routinely used for protein expressiondan
electrophysiological studieBor the following experimentshé oocytesvere isolated from
adult female frogdy partial ovariectomy undericaine (3aminobenzoic acid ethyl ester)
anaesthesia (0.17% water solutica)d defolliculated bytreatmentwith ~500 u/ml
collagenase (Collagenase Type | GIBCO, Invitrogen, Carlsbad, CA, W&Apcyte
Ringer OR2 solution (82.5 mM NaCl, 2 mM KCI, 1 mM MgCl;, 5 mM 4(2-
hydroxyethyl}1-piperazineethanesulfonic acid (HEPE®H 7.5 for about 2 hoursat

room temperature

Thenoocytesof stage Y VI, which are preferred because of their gitd.4 mm),
stability andability to express proteinsyere sele@d and incubated at 48 for several
hours iNOR2™* solution(OR2 with1.8 mM C&* and50 mg/ml gentamycin (GIBCO, Life
Technologies, Carlsbad, CA, UpAefore injection.

The amount of injected cRNA was3® ng per oocyte in a constant total volume of
50 nl. The injectionwas performedoy i nj ect or Diudddd Scle@ificdo  (
Broomall, PA, USA). Injection pipettes were pulled with a vertical puller (PP83 Narishige,
Tokio, Japan) from glass capillaries-@80-203-G/X; Drummond Scientific Broomall,
PAJUSA) . The pipettebs tips weri€2 Obreark e whti @ ha n

provides efficient injection and is not damagingtfaeoocytes.

Theoocytes wer e f urt hebrdayibefareutheynwesdisecafor 1 8 e (

experiments

As a contrh some oocytes were injected with an equaumne ofwater Nuclease
free waterAmbion, Austin, TX, USA)
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2.3 Two-electrode voltageclamp (TEVC) recording

2.3.1 Theoretical background

The voltage clamp method measures ion flow across a cell membranelastic
current ata given voltage. This technique was developed by G@ele 1949)and
Hodgkinetal. (Hodgkin, Huxley and Katz 19529r the squid giant axoand later evolved

in manyvariantsapplied to other cells.

For instance,wo-electrode voltagelamp (Stihmer 1992)s used for wholeell
recordingsin electrophysiological studies of membrane proteins. This method allows
measurement of the whetell current povided by ion channels while keeping the
membrane potential on a controlled level. Membrane voltage is clamped at a certain level
by injecting current into the cell. These procedures are perfomuridtwo different
electrodeqFigure 16): a voltage electrode measures membrane poteandicurrent is
injected throgh a current electrodeChannel activity resulting in membrane current
changes is followed by a corresponding current injection and detected by the amplifier
connected to the current electrode,osé output is monitored and recorded. So, the
method allows sensitive measuremeftchanges in electrophysiological properties of

membrane proteins expressed by the cell.
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negative feedback V ommand voltage monitoring
amplifier —0 amplifier

Voltage
electrode

Current
electrode

Agarose/KCl bridge Agarose/KCl bridge

perfusion

solution
virtual ground —l
circuit

=t oocyte perfusion chamber

Figure 16. Scheme of a TEVC recording setup.

Black rectangles denote Ag/AgCI pellets. The oositte the expressetsted construct is placed in
an experimental chamber filled with a perfusion solution. The chamber is connected Viedyesfilled
with agarose/3M KCand containingAg/AgCl pellets (bath electrodes). One of these electrodes is connected
to the voltge-measuring amplifier, the second one to the virtual ground circuit. The second input of the
voltagemeasuring amplifier is connectetb the Ag/AgCl pellet in the voltage recording glass
microelectrode. The measured voltage is fed into one of the inptte negative feedback amplifier, where
it is compared with the command voltage fed into the second input of this amplifier. The output of the
amplifier is connectetb the Ag/AgCl pelletn the current microelectrode and, together with the output of the
virtual ground ciraiit, is monitored and recordg@ascal 2000)
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2.3.2 Experimental protocols

For TEVC measurementspcytes were placed in a recording chamber, impaled
with two microelectrodes fothe voltage and currentmeasurement and continuously
superfused at room temperatuEhe microelectrodes were pulled with a horizontal puller
(P-2000, Sutter Instrument Co., Novato, CA, USA) from glass capillari€0(210-G;
Drummond Sentific, Broomall, PA, USA and filled with 3 M KCI. Voltage
mi croel ectrodes had andcgrend onasnhaderesistdnce @bk u t
Mq .The current electrode was shielded by wrapping in aluminium foitZaxim to the
tip end. The chamber was connected to virtual ground circuitrpough Ag/AgCl
electrodes in2.5% agar/3 M KCI bridgesCurrent was measuredy a voltageclamp
amplifier (OG725A oocyte clamp; Warner Instrument Corp., CT, USA), filtered at 50 Hz
by an eighipole Bessel filter (Frequency Devices, Inc., IL, USA), digid at 100 Hz
using a Digidata 1200 board (Axon Instruments, Inc., Foster City, CA, USA) with
PatchMastersoftware (HEKA Elektronik, Lambrecht/Pfalz Germany and analyzed by
IgorPro 6.01 software (WaveMetrics, Inc., Lake Oswego, OR, URA3ting currentvas
measured while oocytes were supsetl with OR2 solutiarand brskolinrinduced current
was measured during superfusion vt ¢ M f @Figwekld land 1 mMIBMX
solution in OR2 prepared from stock solutions in DMSO (40 mM forskolin ani 1
IBMX).

Figure 17. Forskolin.
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An example of theTEVC recording is shown ro Figure 18 This example
demonstrates, how the whole cell conductance increases upon the forskolin stimulation
(500-1000 s fromlhe start), and returns back te initial level upon the washout with OR2
solution. The increased conductee after the application of forskolin reflects the

expression of mature CFTR on the cell surface.

fsk— 1 2

OR2 - —
. Eégz LR
> =38 3
P N
—_808nA o  forskolin

0 500 1000 1500 2000 2500 3000 3500s

A time
1041 2 iwiiiianalysis window
€ -20 — 152
> -30-
-40 —
-50mv— %
4 — 4
2 t — 2
p— O — B FEE I CCEEEEEE 0
-2 - -2
_4uA — — -4uA
T 17T T 17T [ I 1 I
0 40 80ms0 40 80ms-50m\40 -30 -20 -10
B time time Vi

Figure 18. Example of TEVC recording.

A. Voltage steps, current and conductance changes upon the forskolin stimBatittage steps
applied before and at stimulation with forskolin (left)yto currentvoltage (V) curves (rightcompare lhe
conductance under basal (circles) and forskafimulated (squargsonditions; the conductance amplitude
after stimulation monits the expression level of CFTR, in this case the higher conductance coDRiRs
expression
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This response on thirskolin applicationis a useful tool to detect the functional
CFTR in the cell membrane and therefore to evaluate the quality of thetrexpaiassion,
and this assay was therefore used in preliminary experiments to select mutants for the
detailed study, because only a sufficient expression level of the channel allows detection

and evaluation of conductance changes under the crosslinkemiod.

Crosslinker influence on the current was assayed ddin@guperfusion with 300
¢ Mbismaleimide based crosslinking reagent bismaleimidoetiBMOE, Figure 12)
(Pierce Biotechnology, Rockford, IL, USAThe BMOE solution was prepareth OR2
from the 25 mM stock solutionBMOE in DMSO solution In control experiments, a
monofunctionalcysteinespecific reagent Mthylmaleimide NEM (Figure 19) (Sigma
Aldrich Co.,St. Louis, MQ USA) was used in the same concentraielBMOEB 00 & M
solution in OR2prepared fron25 mM stock solutiorin DMSO).

O

D

O

Figure 19. N-Ethylmaleimide.

During the measurements, voltage was held1&mV, and voltage steps (70 ms
steps fromi 50 to7110 mV, in 10 mV increments) were appligdurrents were averaged
near the ends of voltage stepad plotted against voltage, and conductance was calculated

from linear fits of he IV curves.

To assay electrophysiological properties of the mutant CFTR under the crosslinker

influence,l used two prfusion protocols.
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The first protocol aimed to test how the channel responds on the forskolin
stimulation being préreated with the crosslinkeFor this purposeBMOE was added to
the OR2 perfusion solutioabout 35 min from the start of the recordirmond applied for
about 15 min. After the BMOE treatment, the combination of forskolin and IBMX was
added to the perfusion solutiomhe second protocol aimed to test the influence of the
crosslinker on the forskolimduced conductance of CFTR msemulatal with
forskolin/IBMX solution. First, oocytes weresuperfusedwith forskoliniBMX solution;
when thewhole cell conductance stopped to increapen the forskolin stimulation, the

crosslinker BMOEBEwas addedo the perfusion solution.

These protocolsverealso used in preliminary experiments, which aimed to choose
one pair of possibly interacting residues for a certain-imtemtradomain surfacéVhen
the doublecysteine mutant demonstrated a sufficiexpressiorevel, but after the BMOE
application sbwed no or little forskolin response, or when the BMOE application
decreasectonductance, it suggested a possible interaction between these residues, and

these mutants were selected for more detailed experiments.
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2.4 Oocyte plasma membrane preparation

2.4.1 Experimental protocol

Oocytes were injecte with 520 ng cRNA per oocyteaand storedfor CFTR
expressior2-5 days at g€ i n OR2

After that two samplesf 25/ 35 oocytedor each tested mutamtere selectedone
samplefor crosslinking and anberonefor the control. Samples werequilibrated in 4 ml

ORZ2 solution iM5-mm Petri disksfor 10 minat room temperature.

Then cosslinking was performed bgdding25 ¢ | o imM BMQE solution in
DMSOt o each c¢crosslinking saahmtpntrad sampledAftetr 35 ¢ | o]
minutesincubation at room temperatyre oocytes were transferred with a pipeitieo
Eppendor f t ub e s-coldviysishbuffér 400 naMl KCli & enM 4-(2-
hydroxyethyl}1-piperazineethanesulfonic acidHEPES), 100 ¢M protease inhibitor
cocktail set | (CALBIOCHEM, La Jolla, CA, USA) 100 &eM
phenylmethanesulfonylfluoride (PMSFpH 7.0 @djustedwith KOH). The buffer for
crosslinking samples contained additionally 25 raMysteine to stophe crosslinking

reaction.

Sampes werelysed by sonication (Branson Digital Sonifier 450, Branson,
Danbury, CT, USA) at 10% of amplitude 2 times for 10 seconds. The homogenate of lysed
oocytes was centrifuged at 1600 R 10 min to spin down cell debris. The supernatant
was diluted 12 in phosphate buffered salin®BS), containing 137 mMNaCl, 2.7 mM
KCI, 10mM NaHPQ; and1.7 mM KH:PQu, and centrifuged at 90000 RPfgr 45 min.

The resulting pellet was resuspended by pipettn$§2G1 5 0 ¢ | PBS and s
i80eC or us efdr Westem 8ldtiamalyse.| vy
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2.5 Protein electrophoresis and Western blot analysis

2.5.1 SDSPAGE

2.5.1.1 Experimental protocol

Polyacrylamide gel electrophoresi@®AGE) allows separationof biological
macromolecules according to thelectrophoretic mobilitywhich depends on the length,
conformation and charge of the moleculedism dodecyl sulfat€dSDS) is an anionic
detergent, which denatweroteinsand coatsthem witha negative charge cover so the
SDSPAGE separates proteiren a polyacrylamide geh an ekctricfield according their
molecularsize(Laemmli 1970)

For the biochemical analysis ofosslinking, nembrane preparaticsampleq25 pl
for each sampleyvere denaturecupon addition o6 pl 6X reducing loadingouffer (250
mM TRISHCI pH 6.8, 10 % SDS, 50 % glycerol, 0.4 % baphenol blue, 12 %

mercaptoethanofpr 30 min at room temperature.

After the denaturation,ite samples were separated on 6.5% -pbDIgacrylamide
mini gels. Gels were prepared in mini BlRad PAGEapparatses for 1 mm gel thickness.
For the resolving geltetramethylethylenediamin€TEMED) and ammonium persulfate
(APS) solutions were added and mixed wih automatic pipette to avoid bubble
formation. About 9 ml of resolving gel solution were palrato the form, 12 ml
isobutanol were pipetted on top. After solidification of the resolving igebutanol was
removed, and the gel surfasaswashed withTris-Cl buffer 4 times. Stacking gel solution
with added TEMED and APS were poured on top of rgeolving gel and the sample

comb was inserted to form sample lanes.

For each gell0 ml resolving an@.5 ml stacking gel solutiongere preparednd

degased invacuumfor 40-45 min to allow better polymerizatiorof acrylamide.The
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resolving gel solutiowontained & ml Tris-Cl buffer pH 8.8 Bio-Rad Lalwratories, Inc.,
Hercules, CAUSA), 325 ml acrylamide/bis (37.5/1Bio-Rad Laboratories, Ing.0,1ml

10% sodium dodecyl sulfate (SDS)5 ml HO; 0.05ml 10% APS in ethan@nd3.35pl

TEMED were adled for polymerization. The stacking gel solution contai@e&25 ml

Tris-Cl buffer pH 6.8 Bio-Rad Laboatories, Ing, 0.25 ml acrylamide/bis (37.5/19.025

ml 10% sodium dodecyl sulfatéSDS) 1.6 ml H20O; 0.0125 ml 10% APS in ethanand
1.25 yl TEMED were added for polymerization

After the stacking gebolidification, 30 ul sample were loadedo each laneTwo

lanesof each gelvereloadedwith amarker(Pr eci si on Pl us Pr ot ei

Bio-Rad Laboratories, Inc., Hercules, CA, USAnd a control sample (a memipane

preparation from oocytes expressing wild type CFTR).

Electrophoresis was performed & BA for the stacking gel and 400120 mA
for the resolving gel.

The resulting gels were used for Western blotyesms

nE
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2.5.2 Western blot analysis

2.5.2.1 Experimental protocol

After electrophoresis, the gels were placetramsfer buffel(25 mM Tris, 192 mM
glycine, 1.3 mM SDS, 20% methahébr 10 min.Proteins weréransferedfrom the gelo
a membrane by semidry blat a polyvinylidene difuoride (PVDF) membrane (Immun
Blot® PVDF Membrane, BidRad, Hercules, CA, BA) was prewet with methanol;wo
sheets of filter paper were soaked with tre
PVDF membrane, the gel and filter paper on top pasedinto a BicRad semidry
electrophoretic transfer cell (Traf8ot® SD SemiDry, Bio-Rad, Hercules, CA, USA),

where proteins were transferred at 20 V for 45 min.

The membrae was rinsethenwith water andTris-buffered salindTBS) (20 mM
Tris, 137 mMNaCl, pH 7.6) containing additionally 0.1% Polyoxyethylene (20) sorbitan
monolaurate (Tween2@hermo Fisher Scientific IncRockford, IL USA (TBS-T) for 10
min each and blocked with 5% ndat dry milk (CARNATION® NonFat Dry Milk,
Nestlé USA,Glendale, CA, USA¥olution in TBST at +4°C overnight.

For immunodetectiorthe membrane was incubated witti:20061:1000 dilution
of a rabbit polyclonahnt-R-domainantibody G449kindly provided by Dr. Angus Nairn)
in TBST at room temperature. Aftd hourof incubation, the membrane weesed 23
timesfor 20 minwith TBS-T. Then he horseradish peroxidaBeked seondary antibody
goat antirabbit 1IgG (Sigma, St. Louis, MO, USA¥asapplied in dilution 1:10000 in TBS
containing 5% nonfat dry k. After 1 hour of incubationthe membrane was rinseel32
times with TBS Immunoreactive bands were visualized wdh ECL Plus Western
Blotting Detection System (Amersham, Piscataway, NJ, USA) and Amersham
Hyperfil mE ( Amer sTha mesulg finsscwere nscaaned at 46t
grayscale resolution on a flatbesttanner (Epson Perfection 3200 Photo, Epson, Long
Beach, CA, USA).
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3. Results

Cysteinedepleted CFTR constructs carrying mutations of selected resvderes
obtainedas described ir2.1 and tested by TEVC recordinghesemutationsincluded
T164C, L165C and-1059C from ICL1/ICL4 interface;I266C, E267C andA969C on
ICL2/ICL3 interface;S176C,1177C, G178CQ179C andv260Con ICL1/ICL2 interface,
N965C, G970C, G971C, 1972C,1849C, F1052C and T1053C on IQIBL4 interface;
L172C, D173C, K174C, 1175QA274C, Y275C, S276CR1283C, Y1307C and D1341C
on TMD1/NBD2 interface; F508C and R1070C on TMRBD1 interface.

ICL1/ICL4 interface. Residue L165 was initiallysuggested as a targébr
crosslinking experiments to tess ipossible interaction with rekie L1059. However, the
L165C mutant did not show a sufficient expression lewelXenopusoocytes for
performing TEVC experimentdhis might reflect the importance of this residue for the
CFTR maturatiorand the negative influence of its mutation on the channel maturation

Mutations of this residue are foumdCF patientghttp://www.genet.sickkids.on.ca)

A neighbouring residue T164 was then mutated to cysteine, renexpression
level of this mutantwas sufficient to perform crosslinking experimergs he TEVC data
were collected for the pair of residues T164 ahtl059. Figure 20 demonstrateghe
distance between these residues predicted by the homology model for EiguFre 13)
based on the known structure of Savi&®6®@ representing CFTR in itutwardfacing
conformation(GulyasKovacs, Lockless and Gadsby 200#hich corresponds to the open
state of theCFTR channel.
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Figure 20. Distance (A) between residuegCa-atoms) T164 and L1059 predicted by
the homology model for CFTR(Gulyas-Kovacs, Lockless and Gadsby 2007)

ICL2/ICL3 interface. Both mutantd266C and E267Cdemonstrated sufficient
expression levein Xenopusoocytesin preliminary experimentshe mutantl266C was
selectedfor the further TEVC experimentsFigure 21 shows the distance between these
residues predicted by the homology model for CHIGulyasKovacs, Lockless and
Gadsby 2007)

Figure 21 Distances (A) between residues @atoms) 1266 and A969
predicted by the homology model for CFTR(Gulyas-Kovacs, Lockless and Gadsby
2007)
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ICL1/ICL2 interface . MutantsS176C, 1177C, G178C, Q179C and V26§ltdwed
a sufficient expression leveh Xenopusoocytesin preliminary experimentsDouble
cysteine mutant§5178QV260C, Q179GQV260C demonstrated chaeg of the forskolin
inducedconductanceafter BMOE application;he pairG1780QV260C was choserfor a
more detded study.Figure22 illustrates the distance between these residues predicted by
the homology model for CFTRGulyasKovacs, Lockless and Gaus2007)

Figure 22. Distances (A) between residuegCa-atoms) G178 and V260
predicted by the homology model for CFTR(Gulyas-Kovacs, Lockless and Gadsby
2007)

ICL3/ICL4 interface. MutantsN965C, G970C, G971C, 1972C, S1049C, F1052C
and T1053CGhowedsufficient expressioin Xenopusoocytesin preliminary experiments
These experiments also assayed the forsktinced conductance of the doublesteine
mutants N9650S1049C N9650F1052C N965QT1053C  G9700S1049C,
G9700F1052C, G9700T1053C G9710S1049C, G971F1052C, G9710T1053C
1972C/S1049C, 1972@-1052C and 1972(1053C after the application of BMOE. The
absence of the forskolin response after the crosslinker applic&bionthe pais
N9650S1049C N9650F1052C N965C0T1053C G9710S1049C, G97141052C,and
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G9710T1053C suggested possible interactiobetween these residuethe full set of
experimental data was collected for the pair G971/S1B#fure 23 shows the distance
between these residues predicted by the homology model for GEURrasKovacs,
Lockless and Gadsby 2007)

Figure 23. Distances (A) between residueg¢Ca-atoms) G971 and S1049
predicted by the homology model for CFTR(Gulyas-Kovacs, Lockless and Gadsby
2007)

TMD2/NBD1 interface. Mutants F508C and R1070Choth demonstrated a
sufficient expressn level in Xenopusoocytesto perform further TEVC experiments.
Figure24 shows the distance between these residues predicted by the homology model for
CFTR(GulyasKovacs, Lockless and Gadsby 2007)
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Figure 24. Distances (A) between residuegCa-atoms) F508 and R1070
predicted by the homology model for CFTR(Gulyas-Kovacs, Lockless ad Gadsby
2007)

TMD1/NBD2 interface. Mutations L172C, D173C, K174C A274@nd Y275C
diminished expression levelf the cysteinedepletedCFTR (1-1480 2C backgroundes
2.1.2 in Xenopusoocytes and mutations 1175C, R1283C, Y1307C and D1341C stimo
completely depleted it. Thesufficient expression did not allogelecton of mutantsfor

crosslinking experiments.

Consequently, the five selected mutant pairs for detailed analysis were:
T164C/L1059C(ICL1/ICL4), 1266C/A969C (ICL2/ICL3), G178C/V260C(ICL1/ICL2),
G971C/S1049C (ICL3/ICL4) and F508C/R1070C (NBD1/ICL4). Their
electrophysiological properties were studigdth two perfusion protocolsThe first
protocol testd the forskolinresponse of channegisetreated with the crossker, and the
second one assaydbe influence of the crosslinker ohet forskolinrinduced current
Examplesof recordings are presentbélow, and theorresponding average conductance

changesre summarizedn graphs
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3.1 BMOE -induced conductance fluctuation

In TEVC experimentsBMOE causedan effectcommon for all tested constructs:
brief intermittentfluctuatiors of the whole cell conductand€&igure 25). The effect took
place alsoin oocytes expressing the background CFTR construct (both split ard full
length) lacking engineed target cysteines, and retaining only two native cysteines C590
and C592r alsoC76, C128, C225, C276, C343, C491, and Cib2the Nterminal part
for the F508Cmutation see2.1.2 andevenin control intact (injected with water, s@e?)
oocytes This effect typically started within the first five minutes of the BMOE application,
lasted up to ten minutes and tended to disappear by the end of this period. The fluctuation
of the conductance was usually observed in TEVC experiments performed with the first
perfusion protocol (se2.3.2, when BMOE was applied before the forskolin stimolat
(170 out of 243 experiments); howeydr the BMOE application took place after the
forskolinrinduced current reached its maximum, the effect, though rarer, could also be seen
in someexperiments (11 out of 15kperimentssee for examplefigure47 C, Figure52
C, D).
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Figure 25. BMOE effect on thewhole-cell conductance.

Examples of TEVC recordinder the background construct-389 0C + 3901480 2C(A) and for
the intact oocyte (B) Red traces show thehanges of thevhole cell conductanc®uring the experiments,
the oocytes were perfused with the crosslinker solution (the perfosiadis marked as a yellowar above
the trace) before the forskolin stimulati¢amgreenbar above the trace)The crosslinker application caused
conductance fluctuation$ig.25 A:400-1500 s, Fig. 25 B: 4060500 s of the recording
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Application of DMSO,the solventusedfor BMOE stock solutions, in the same
~1% concentratioras in the BMOE perfusion solution, did not cause this effeott of9

experimentsfFigure26).

B DMSO forskolin
+IBMX
I
100pS -
801
60 1-1480 2C G178C V260C
G
401
20
0- T T T T T 1
200 400 600 800 1000 1200s
time

Figure 26. DMSO in ~1% concentration does not cause conductance
fluctuations.

Application of~1% DMSO ¢he corresponding time period is marked asnagenta bar) did not
cause conductance fluctuations. The TEVC measurement was performed with the oocytes expressing CFTR
carrying G178C and V260C mutations.

Application of NEthylmaleimide (NEM), an alkylatingeagent that reacts with
sulfhydryls (Figure 19), caused conductance fluctuations similar to those observed upon
the BMOE influence Kigure 27). This suggests that éhobserved conductance changes
could be causely chemical reactions with sulfhydryl groupseither CFTR or also other
proteins (as this effect was s#rved also in intact oocytes) influencing endogenous oocyte
conductance (perha@a-activated Cl channel{Miledi 1982).
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Figure 27. Conductance changescaused by the application of N-
Ethylmaleimide (NEM).
Conductancechangesof the oocytes expressing thel480 2C G178C V260C construgpon the

NEM application(3 0 0 seludlon in OR2orepared from25 mMstock solutiorin DMSO)can be observed
in the interval 6061500 s of the recordq.
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3.2 Probing of possible interactionsbetween cyoplasmic

helical extensions from the transmembrane helices

3.2.1 TMD1/TMD?2 inter faces

According to the homology model for CFTRigure 14A), the interface between
cytoplasmic helical extensions from the transmembrane healfc€sIDs includes residue
T164, which belong to ICL1 and are proposedot interact with L1059 from ICL4This
interface also includes residi@66 from ICL2, whichis proposed to interact with A969
from ICL3.

3.2.1.1 Experimental datacollected for the pair of residues T164 and L1059

Positions ofresidues T164nd L1059are demonstratedni Figure 28. They were
mutated to cysteines itie split CFTR backgroundthe T164C mutation was introduced
into the Nterminal cysteindree fragment of the CFTR amino acid sequence frooi38%
residue (1389 OC background), the L10596utation was introduced into thet€minal
half 3901480 containing two native cysteines, C590 and C5@&@901480 2C
backgrounjl
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L1059

Figure 28. Positions of amino acid residue§164 and L1059 predicted by the
homology model

Side views of thedmobgy model showrMDL1 (pale gree, TMD2 (pale blug, NBD1 (bright
green) andNBD2 (bright blug. Residue§ 164 and L1059 are marked blue

Figure 29 demonstrateexamples ofconductanceraces obtained during TEVC
recordingausing the firsperfusionprotocol, which tested how the chametsponan the
forskolin stimulation being preeated with the crosslinkeBMOE was added to the OR2
perfusion solution after about®Bmin from the start of the recording and applied for about
15 min. After the BMOE treatment, the combination of forskolin BB X was added to

the perfusion solution.
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Figure 29. Response on the forskolin stimulation of CFTR prdreated with
BMOE. Examples of TEVC recordings for the pair of tested residues T164 and
L1059.

Red traces show thehanges othe whole cell conductanc€s) for the background construct (A),
single-cysteine mutants T164C (B) and L1059 (C), and the demysieine mutant T164C L1059C)(D
recorded for 3540 min. During the experimentsthe oocytes werswerfused with the crossker solution
(the perfusiorperiodis marked as a yellowar above the trace) before the forskolin stimulatiperfusion
periodis marked as a greelar above the trace).
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After the BMOE pretreatment,application of forskolin and IBMX causeda
continuousincrease othe whole cell conductander the background construandboth
singlecysteine mutantgFigure 29 A: 12002100 s Figure29 B: 15002500 s Figure 29
C: 12001800 9; but for the doublecysteine mutantthe conductance did nahange
significantly (Figure 29 D: 7502000 3. The observed conductancechanges are
summaized on Figure30. The diagranrepresents eatio ofthe whole-cell conductancef
these prdreated withBMOE cells afterand beforehe stimulation with forskolinSo, te

sizeof the bars reflecttherelative conductance increaseder thgorskolininfluence.

background —
T164C T
L1059C A
T164_L1059 HH
o T I |
0 2 4 6
G

after fSk:Gbefore fsk

Figure 30. Effect of BMOE pre-treatment on the wholecell conductancefor
the pair of tested residues T164 and L1059.

Each barof the diagramrepresentsa ratio of thewholecell conductanceof the pretreated with
BMOE oocytesfter the forskolin stimulation (§&er ts§ and before thistimulation (Gefore 1s) averaged for 3
6 oocytes for each expressed constriator bars reflect the standard error of the mean.

Forskolin increased the whetell condutance significantly stronger (P<0.01) for
the oocytes expressing the background construst tiihes,Figure 30, top baj than for
oocytes expressing the mutant construtte wholecell conductanceipon theforskolin
influencerose about four times for the singlgysteine mutantsHgure 30, bars 2 and 3
from the top) and did not change for the doubjsteine mutantHigure 30, the bottom
bar).



65

The second protoctésedthecrosslinkerinfluenceonthe conductance ahannels

pre-stimulated with forskolin/IBMX Examples of the traces are showarFigure31.
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Figure 31. BMOE influence on the forskolin-induced conductance: gamples
of TEVC recordings for the pair of tested residues T164 and L1059.

Red traces show thehanges of thavhole cell conductancéG) of the oocytes expressinthe
backgroundconstruct (A) singlecysteine mutant3164C (B) and L1059C(C), and the doublecysteine
mutant T164C L1059C(D) recorded for over an hourOocytes werere-stimulatd with forskolin (the
stimulationperiodis marked as greebarsabove the trac® before therosslinkerBMOE was added to the
perfusionsolution ¢he periodof perfusionwith BMOEis marked agellowbarsabove the trace).
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First, oocytes wereuyperfusedwith the forskolinIBMX solution; when thewhole
cell conductanceeacheda steady levelthe crosslinker BMORvas addedo the perfusion
solution. Upon the forskolin stimulation, the whole cell conductance increased for all
expressed constructEigure 31 A: 300-1000 s of the recordindsigure 31 B: 250600 s,
Figure 31C: 3001000 s,Figure 31 D: 3001200 s), reflecting the presence of functional
CFTR in thecell membraneThe difference in thesteadyconductancdevels reflecs
differences in theaumberand the activitiyof expressed CFTR channels in the cytoplasmic
membrane. During theubsequenBMOE applicationthe conductance chardjéttle for
the oocyes expressing the background constrigigyre 31 A: 11003200 s of the
recording)or the singlecysteine mutant T164(~igure31 B: 12003000 s) butdecreased
measurablyfor the oocytes expressing tlsnglecysteine L1059C and doubtgsteine
T164CL1059C mutant constructsHgure31 C: 15004100 s,Figure31 D: 12033800 s).
In these experiment8MOE did not cause th&ransientconductancéluctuatiors, which
were observed when BMOE was applied before the forskolin stimulatogure 32

summarizes the data

background T
T164C
L1059C T
T164C_L1059C —
I 1 I I I
0.0 0.2 0.4 0.6 0.8 1.0
G

after BMOE:GbEfOI’e BMOE

Figure 32. Effect of BMOE on the forskolin-induced conductancefor the pair
of tested residues T164 and L1059.

Each baron the diagranrepresentsa ratio of thewholecell conductanceof the pretreated with
forskolin oocytesafter 30 min ofthe BMOE application (Grer smog) and before thispplication (Goefore BMoR
averaged for 37 oocytes forthe background construgsingle-cysteine mutants T164C and L1059C el
doublecysteine mutant T164C1059C. Error bars reflect the standard error of the mean.
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BMOE did not changesignificantly the wholecell conductance of the oocytes
expressing the background constr(feigure 32, the firstbar from the topanddecreased
to only a minor extenthe conductance of the oocytes expressimg singlecysteine
mutant T164C (the second bar from the top). For the oocytes expressglg and
doublecysteine mutantswith the engineered cysteilel059C, a 5060% conductance

decreae upon BMOE applicatiowas observe@Figure32, bottom twobarg.

So, suammarizing the results for the pdil641.1059,it can be said that0-15 min
pretreatment wih BMOE preventsresponseo the forskolin stimulation for the double
cysteine mutant, but not for the backgrouadd somewhat impaithe responsef the
single-cysteines mutant3.he crosslinkeredu@dtheforskolinrinduced conductanas the
doublecysteinemutantsand also to some extent for mutations of the shogkteine
mutant1059 After 30 min the crosslinker did natompletelyabolish the conductanad
the doublecysteine mutant CFTR

The stronger effect of BMOE on the doulolgsteire mutants, compared to the
singlecysteineones suggesthat linking position 164 in ICL1 to position 1059 in ICL4

traps these channels in a closed conformation.
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3.2.1.2 Experimental datacollected for the pair of residue66 and A969

The nextpair of testal residuesvas 1266 in ICL2 of TMD1 and A969in ICL3 of
TMD2. Figure 33 demonstratethe proposed positions of thesesidues on the homology
model The correspondingcysteine mutations were introduced into the sp@FTR
backgroundthe Nterminal cysteindreefragment of the CFTR amino acid sequence from
1 to 389 residue (3389 0C background) fahe 1266C mutatiorandthe Gterminal half
390-1480 with two native cysteines, C590 and C5&®B0-1480 2C backgroundfor the
A969C mutation. Figure 34 showsthe traces obtained during TEVC recordings with
oocytes expressirtpese mutants.

Figure 33. Positions of amino acid residue$266 and A969 predicted by the
homology model

Side views of thedmobgy model showrMD1 (pale greei), TMD2 (pale blug, NBD1 (bright
green) andNBD2 (bright blug. Residues 1266 and A969 are marked yellow.
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Figure 34. Response on thdorskolin stimulation of CFTR pre-treated with

BMOE. Examples of TEVC recordingsfor the pair of tested residues 1266 and A969.

Red traces show thehanges of thevhole cell conductancés) for the backgrounatonstruct (A)
single-cysteine mutant$266C (B and A969C (C), and the doublecysteinemutant 1266C A969C(D)
recorded for 3540 min. During the experimentghe oocytes wersuperfused with the crosslinker solution
(the perfusionperiod is marked as a yellovbar above the trace) before the forskoktimulation the

stimulationperiod

is marked as a greebar above the trace).
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Thewhole cell conductanaef the oocytegxpressinghe background construahd
the singlecysteine mutanttcreasedupon theforskolin stimulation(Figure 34 A: 12006
2100 s Figure34 B: 12002000 s Figure34 C: 10001700s), but the conductancef the
oocytesexpressinghe doublecysteine mutandid not changeRigure34 D: 800-1800 3.

Figure 35 summarizes the datafter BMOE, forskolin-induced increasef whole-
cell conductancewas significantly larger (P<0.01) for the oocytes expressing the
background (8 times Figure 35, top bar) andsingle cysteine mutasi{about 35 times,

middle two barkthan forthe doublecysteine mutantwhoseconductance almostid not

changgbottombar).
background T
1266C 1
A969C I !
1266C_A969C i
T | | | |
0 2 4 6 8
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Figure 35. Effect of BMOE pre-treatment on the wholecell conductancefor
the pair of tested residues 1266 and A969.

Each baron the diagranrepresents ratio of thewholecell conductanceof the pretreated with

BMOE oaytesafter the forskolin stimulation ({&er sy and before thistimulation (Gefore 1) averaged for 3
6 oocytes for each expressed constricator bars reflect the standard error of the mean.

Figure 36 demonstrateexamples oftraces obtained during TEVExperiments

testing the crosslinker ifence on theonductancere-stimulated wih forskolin.
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Figure 36. BMOE influence on the forskolin-induced conductance: gamples
of TEVC recordings for the pair of tested residues 1266 and A9609.

Red traces show thehanges of thevhole cell conductancéG) of the oocytes expressinthe
backgroundconstruct (A) singlecysteine mutant266C (B) and A98C (C), andthe doublecysteinemutant
1266C A9C (D) recorded for about 40 mirDocytes werere-stimulaed with forskolin (thestimulation
period is marked as greebars above the trace® before thecrosslinkerBMOE was added to the perfusion
solution (theBMOE applicationperiodis marked agellowbarsabove the trace).
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After forskolin increasedhe whole cell conductancBMOE applicationchange
the conductance littléor the oocytes expressing the background constrigtire 36 A:
11003200 3 or the singlecysteine mutant 12660-(gure36 B: 700-1500 3, but decrased
it for the oocytes expressing tlsengle or doublanutants with the engineered cysteine
A969C (Figure36C: 800200 s, Figure36 D: 12002500 3.

Figure37 summarizes the data

background
1266C !
AS69C C
1266C_AS60C -
[ [ I I I [
0.0 0.2 0.4 0.6 0.8 1.0

Gafter amoE:G hefore BMOE

Figure 37. Effect of BMOE on the forskolin-induced conductancefor the pair
of tested residues 1266 an@969.

Each baron the diagranrepresentsa ratio of thewholecell conductanceof the pretreated with
forskolin oocytesafter 30 min ofthe BMOE application (Grer smog and before thisipplication (Goefore M08
averaged for 3 oocytes for each expressed constrictor bars reflect the standard error di¢ mean.

Themore rapid and more complatenductance decreabg BMOE in the oocytes
expressing theloublecysteine mutantompared tasinglecysteine mutantargues that it

results fromcrosslinkingof the two target cysteines

Gel electrophoresis wassed to look for evidence of crosslinked proteinke T

Western blobn Figure38 visualizes protein electrophoresigsultsfor mutants 1266C and
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A969C. PAGE was performedgith membrane preparations of oocytes expressing single
cysteine mutants 1266C, A969@publecystene mutantl266C A969C, as well as the
backgroundtonstruct and wild type CFTR.

+ + + + BMOE

kD

1 2 3 4 5 6 7 8 9
250 --

o
150 S B _)
100 --
75- - -

.

50 --

1266C/ 1266C  A969C 1-3890c+ WU

A969C 390-1480 2C

Figure 38. Western blot for 1266C/A969C CFTR mutants.

Lanes 12: doublecysteine mutant 12668969C; lanes 34: singlecysteine mutant I266C; lanés
6: singlecysteine mutant A969C; lanes &, background construct; lane 9 is a wild type CFTR used as a
contol. Preparations are made with application of the crosslinfkanes 2, 4, 6, 8) or withotit (lanes 1, 3,
5, 7, 9. Immunostaining waperformed with antR-domain antibodyG449. Arrows show additional bagd
which appear only in case dfi¢ doublecysteine mutant 126680869C upon the crosslinker influence. The
molecular weight of the bands ceaponddo the band B (corglycosyated) ard band C (fully glycosylated)
of the full length CFTR (compare to lane 9).

Lanes 2, 4, 6, 8 represent samples of oocytestrpated with BMOE.
Immunostaining was performed with aidomain antibody449 (se&.5.2.). Since the
R-domain is a part of the-@rminal half(CFTR 3901480 C590/C592)the Nterminal
half (1-389 0C)on the blots is not visible

The lane loaded with the prepararion from the-tpeatedwith BMOE oocytes
expressing doubleysteine mutant266C/A969C showsadditional bandsThe molecular
weight of these bandsa 1 4 0 a n d cofrdspofAds thd3e of the wild type bamils
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and C(lane 9). Immunostaining was performed with d@ilomain antibdy; and, since

the Rdomain is a part of the-@rminal half (3961480) of the protein only this half is
visualizedon the blots.It suggests that these additional bands correspond to the full
glycosylated (C) and core glysglated (B) crosslinked CFTR, which contains both halves
of the CFTR molecule. The band wahmolecular weight of about 100 kDa correspotuls

the Gterminal half (3961480) of CFTR and the comparison with tleeosslinked protein
bandreveals that only amall percerggeof the protein was crosslinke@ihis might reflect
thechanging distance between timeitated residues depending on thielative orientation
during the gating cycle, which influences tbmsslinkingyield. The lanes loaded with
preparabns containing CFTR with one @ero engineered cysteine (lanes8B do not

show additional bands reflecting that the crosslinking reaction did not take place.

To summarize the influence &MOE to the pair of mutants 1266C A969C, a
conclusion can be madieat BMOEalmost completelpreventedhe responseo forskolin
for the doublecysteine mutant, budlid not alter the response dhe backgroundand
allowed some responsef the or singlecysteinemutants. The crosslinkermeasurably
decreased the forskolinduced currenfor all mutants with engineerezy/steina, but the
current wasmarkedlylower for the doubleysteine mutanthan for the singkeysteine

mutants

3.2.2 ICL VICL2 interface

Figure 39 shows predicted positions of residues G178 and V260 on a homology
model for CFTR The corresponding engineered cysteines were introduced into the full
length cysteinalepletedbackgroundcontaining two native cysteines, C590 and C592 (1
1480 2C backgroundFigure40 demonstrates examples todces obtained during TEVC
recordingdor the pair of mutais G178C an&¥/260C.
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Figure 39. Positions of amino acid residues G178 and V260 predictdyy the
homology model.

Side views of the homology model show TMD1 (pale green), TMD2 (pale blue), NBD1 (bright
green) and NBD2 (brightlue).Residues F178 and V260 are marked red.
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Figure 40. Response on the forskolin stimulation of CFTR predreated with
BMOE. Examples of TEVC recordingsfor the pair of tested residues G178 and V260.

Red traces show thehanges of thevhole cell conductanc€G) for the backgroundconstruct
singlecysteine mutants G178C amM260C,and the doublecysteinemutant G178C V260C recorded for an
hour. During the experimentthe oocytesveresuperfused with the crosslinker stibn (the perfusiomeriod
is marked as a yellowar above the trace) before the forskolin stimulatiarhich period is marked as a
greenbar above the trace).
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Upon the forskolirstimulation, the whole cell conductanicereasedor all tested
construcs (Figure40 A: 120062100 s Figure40 B: 10001800 s Figure40 C: 23003500
s, Figure40 D: 13002000 3, demonstrating thahe CFTRfunctionwas not ablished by
the crosslinker influenceThe different conductance amplitudes reflect the different

amount of expressed CFTR in the cell membrane.

Figure41 summarizes thdata Forskolin increased the whetll conductancéor
all BMOE-pretreated constructs however, significantly less strong tharorfthe
background/template CFTR7-8 times, Figure 41, top bar) The forskolirinduced
conductance increase@as not significantly differenfor the mutantswith engineered

cysteinegFigure4l, bars 24 from the top).
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Figure 41 Effect of BMOE pre-treatment on the wholecell conductancefor
the pair of tested residues G178 and V260.

Each baron the diagranrepresentsa ratio of thewholecell conductanceof the pretreated with
BMOE oocytesfter the forskolin stimulation (§&er ts§ and before thistimulation (Gefore 1s) averaged for 3
6 oocytes for each expressed constriator bars reflect the staratd error of the mean.

Figure42 showsexamples of théraces obtained during TEVE€xperiments testing

the crosslinker influence on tlo®cytes prestimulated wih forskolin.
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Figure 42. BMOE influence on the forskolin-induced conductance: gamples
of TEVC recordings for the pair of tested residues G178 and V260.

Red traces show thehanges of thavhole cell conductancéG) of the oocytes expressinthe
backgroundconstruct (A) singlecysteine mutant&178C (B)and V260C (C),and the doublecysteine
mutant G178C V260C (D) recorded for over an hourOocytes weregre-stimulaed with forskolin (the
stimulationperiodis marked as graebarsabove the tracg before thecrosslinkerBMOE was added to the
perfusionsolution (theBMOE applicationperiodis marked ayellowbarsabove the trace).
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Upon the stimulation with forskolin) observed the raise ofhe whole cell
conductancéor all expressed construdfBigure42 A: 3001000 sof the recordingFigure
42 B: 3001000 s Figure42 C: 300-800 s Figure42 D: 300-1000 3, which reflects the
presence of functional CFTR in the cell meamn®. Different amplitudes of this

conductancéncreaseaeflect the amount of expressed CFTR.

During the subsequenBMOE applicationthe conductance almost did not change
for the oocytes expressing the background construct and decreasedl fwcytes
expressinghe mutantgFigure42 A: 11003200 sof the recordingFigure 42 B: 1200
4100s, Figure42 C: 12004100 s Figure42D: 11034000 3.
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Figure 43. Effect of BMOE on the forskolin-induced conductancefor the pair
of tested residues G178 and V260

Each baron the diagranrepresentsa ratio of thewholecell conductanceof the pretreated with
forskolin oocytesafter 30 min ofthe BMOE application (Grer smog and before thisipplication (Goefore M08
averaged for 3 oocytes for each expressed constrictor bars reflect the standard error of the mean.

These data are summarized Figure 43. BMOE did not change the whoetll
conductance of the oocytes expressing the background cor(iguote 43, top baj, but
diminished it for the oocytes expressing mutants with engineered cysté8®S0%
decrease)but not significantly diferent for thesehreemutants(Figure43, bars 24 from
the top). BMOE influence appears to be stronger in cas€&sad¥8C comparing to the

doublecysteine mutant.
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3.2.3 ICL3/ICL4 interface

This chapter presents experimental data ésiduesG971 andS1049.Figure 44
demonstratepositions of these residues on the homologydel Mutations G971C and
S1049C were introduced into the Héhgth cysteinalepletedoackgroundcontaining two
native cysteines, 890 and C592 (1480 2C background

Figure 44. Positions of amino acid residue$971 and S1049predicted by the
homology model.

Side views of thedmobgy model showrMD1 (pale greef, TMD2 (pale blug, NBD1 (bright
green) andNBD2 (bright blug. Residues G971 and S1049 are marked green.

Figure 45 illustrate TEVC recordings with oocytes expressingutants G971C

S1049C G971CandS1049C as well aghe background CFTR construtt1480 2Cas a
cortrol.



81

35087 BMOE forskolin
3004 +IBMX
250
200+

G 1501

1-1480 2C
100
50

A 5(I)0 10I00 ISIOO ZOIOO 25I00 30I00 35(I)Os
time
180pS
160
1404
120
100
801
60+
40+
204

1-1480 2C G971C

a

500 1600 15b0 20605
time
45uSq
40
354
304
25
20
154
104

1-1480 2C $1048C

H

T T T
C 500 1000 1500 2000 2500 3000 3500s
time

40pS -

30
1-1480 2C G971C S1049C
20+

101

‘>~

T T T T T
D 500 1000 1500 2000 2500s

time

Figure 45. Response on the forskolin stimulation of CFTR prdreated with
BMOE. Examples of TEVC recordings for the pair of tested residues G971 and
S1049.

Red traces show thehanges of thahole cell conductancés) for the backgroundonstruct (A)
the singlecysteine mutants GO9TZ1(B) and S1049C (Chnd the doubleysteinemutantG971C S1049(D)
recorded for about 40 min. During the experimetits, oocytesveresuperfused with the crosslinker solution
(the perfusionperiod is marked as a yellovbar above the trace) before the forskolin stimulatiavhich
periodis marked as a greelpar above the trace).



82

After the BMOE pretreatmentthe forskolinstimulationincreasedhe whole cell
conductanceof the oocytes expressirtge backgroundnd both singlecysteine mutants
(Figure45 A: 12002100 s Figure45 B: 10001500 s,Figure45 C: 12002000 9, but did
not changehe conductancir the doublecysteinemutant(Figure45D: 12002500 3.

Resultsare summarized oRigure46.
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Figure 46. Effect of BMOE pre-treatment on the wholecell conductancefor
the pair of tested residues G971 and S1049.

Each baron the diagranrepresentsa ratio of thewholecell conductanceof the pretreated with
BMOE oocytesfter the forskolin stimulation (£zer ts§ and before thistimulation (Gefore s} averaged for 3
7 oocytes for each expressed constrietor bars reflect the standard error of the mean.

Forskolin increased the whetll conductance of the oocytespeassing the
background construcE{gure46, top bar) 78 times, which is significantly higher (P<0.01)
than of oocytes expssing singleysteine mutant€3-5 times,Figure46, bars 2 an@® from
the top. In the doublecysteine mutant, forskolin had no significant activadi effect
(Figure46, bottomban).

Figure47illustratesTEVC experimentdesting the crosslinker influence aocytes
pre-stimulated wih forskolinfor the mutants G971C and S1049C
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Figure 47. BMOE influence on the forskolin-induced conductance: ramples
of TEVC recordings for the pair of testedresidues G971 and S1049.

Red traces show thehanges of thavhole cell conductancéG) of the oocytes expressinthe
backgroundconstruct (A) singlecysteine mutant&971C (B) and S108C (C), and the doublecysteine
mutant G971C S1048C (D) recorded for abut 40 min Oocytes werere-stimulaed with forskolin (the
stimulationperiodis marked as greebarsabove the trac® before therosslinkerBMOE was added to the
perfusionsolution (theBMOE applicationperiodis marked agellowbarsabove the trace).
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During the forskolinapplication the whole cell conductancéncreasedfor all
expressed construcf(sigure47 A: 3001000 sof the recordingFigure47 B: 250-800 s
Figure 47 C: 200500 s Figure 47 D: 200700 s). The amplitude differences of this
increase refledtifferentexpressionevel of CFTR.

BMOE almost did not changéhe conductance for the oocytes expressing the
background constru¢Figure47 A: 11003200 sof the recordingas well as fothe single
cysteine mutant G971CFigure 47 B: 8002500 9, but decreased it for the oocytes
expressing the mutants with the engineered cysteine S1049C, both simglelouble
cysteine mutantd={gure47 C: 500-2500 s Figure47 D: 700-2500 3.

background ——
G971C ——
$1049C b

G971C_S1049C HH

| | | [ |
0.0 0.2 0.4 0.6 0.8 1.0

Gafter BMOE. G before BMOE

Figure 48. Effect of BMOE on the forskolin-induced conductancefor the pair
of tested residues G971 and S1049.

Each baron the diagranrepresentsa ratio of thewholecell conductanceof the pretreated with
forskolin oocytesafter 30 min ofthe BMOE application (Grer smog and before thigpplication (Gpefore BMOR
averaged for 37 oocytes for each expressed swnctError bars reflect the standard error of the mean.

Figure 48 summarizesthe results The wholecell conductance of the oocytes
expressing the backgrounmbnstructalmost did not change upon BMOEor the single
cysteine mutant G971C, the conductance reduditer ~30 min was about 10%hé&
whole-cell conductance of the oocytes expressing the mutants with the engineered cysteine
S1049Cdecreased even strger (Figure 48, bars 3 and 4 from the topn case of the
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singlecysteinemutant the conductance decreasedatmout 50% after ~35 min of the
incubaton, and forthe doublecysteine mutanthe conductancdecreasavas about 9%
after 30min. So, BMOE compromised theesponse on forskolifor the singe-cysteine
mutans and strongly diminishedthe forskolirinduced current for the doudstysteine
mutant
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3.3 Probing of possible interactions for NBD/TMD

interfaces

3.3.1 NBD1/TMD?2 interface

Residued-508 and R1076n theNBD1/TMD?2 interfacewere proposed to interact
and Figure 49 demonstrates their positions on the homology model. The corresponding
cysteine mutations were introduced into the split CFTR background: mutation F508C was
introduced into Nterminal 1-633 naive part of the CFTR sequence-§33 wt), and
mutationR1070Cwas introduced into the -@rminal cysteine free paf34-1480 (634
1480 0Q. Figure 50 shows traces obtained during TEVC recordings witle first
perfusion protocol for the pair of mutant residues F508C and R1@Y@he split CFTR
background1-633wt (containing all 9 nativeysteines) cexpressed with 634480 0Q.
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T™MD2

Figure 49. Positions of amino acid residue§508 and R1070predicted by the
homology model

Side views of thedmobgy model showrMDL1 (pale gree, TMD2 (pale blug, NBD1 (bright
greer) andNBD2 (bright blug. Residues F508 and R1070 are marked magenta.
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Figure 50. Response on the forskolin stimulation of CFTR predreated with
BMOE. Examples of TEVC recordings for the pair of tested residues F508 and
R1070.

Red traces show thehanges of thahole cell conductancés) for the backgroundonstruct (A)
the singlecysteine mutants508C (B)and R1070C (C)and the doubkeysteinemutantF508C R107@ (D)
recorded br about 40 min. During the experimenttse oocytesveresuperfused with the crosslinker solution
(the perfusionperiod is marked as a yellovbar above the trace) before the forskolin stimulatievhich
periodis marked as a greelpar above the trace).
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Conductanceldictuationsupon the BMOE applicatiowereobservedFigure50 A:
4501200 sof the recording Figure 50 C: 500-1000 s,Figure 50 D: 200500 s); he
subsequenforskolin stimulation increasethe conductancédor the backgroundFigure50
A: 12002100 s)and the singkeysteine mutanE508C Figure50B: 12001900 3, but not
for the mutants R1070C, both singlend doublecysteinemutants(Figure 50 C: 1200
2500 s Figure50D: 500-2500 3.

Figure 51 summarizesthe data Forskolin increasedr-8 times the wholecell
conductance of the oocytes expressing the backgr(kigdre 51, top bar), significantly
higher(P<0.0) thanfor the cystene mutants the conductancecreased about 3 timésr
the cells expressing508C Figure51, bar 2 from the topandalmost did not change for
the oocytes expressinR1070C (Figure 51, bar 2 vs. bar8 and 4 from the tgpt is
remarkable thaBMOE resulted in the same conductance depletiorthe single and

double mutantarrying R1070C.

background ——
F508C 1
R1070C H
FS08C_R1070C HH
- | | |
0 2 4 6

Gbefore fski(-.;mrter fsk

Figure 51 Effect of BMOE pre-treatment on the wholecell conductancefor
the pair of tested residues F508 and R1070.

Each bar on the diagram represents a ratio of the witelé conductance of thpre-treated with
BMOE oocytes after the forskolin stimulation.4&rsy) and before this stimulation @Gore 1) averaged for 3
6 oocytes for each expressed constrictor bars reflect the standard error of the mean.
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Figure 52 demonstrates examples of the traces obtained during TEVC recordings

testing the crosslinker ifence on the prstimulated wih forskolin oocytes.

forskolin
400pS +IBMX BMOE

350+
300+
250+
200+

¢ sl 1-633 wt + 634-1480 0C
100
50+

AO

T T
500 1000 1500 2000 2500s
time

600uS

500
400

c 300+ 1-633 wt F508C + 634-1480 0C
200+
1001
0-

T T T ]
B 1000 2000 3000 4000s
time

25045

200+

150+

G 100+
1-633 wt + 634-1480 0C R1070C
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160pS-|
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pa— 1-633 wt F508C + 634-1480 0C R1070C
40

T T T T T
500 1000 1500 2000 2500 3000s
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Figure 52. BMOE influence on the forskolin-induced conductance: gamples
of TEVC recordings for the pair of tested residues F508 and R1070

Red traces show thehanges of thavhole cell conductancéG) of the oocytes expressinthe
backgroundconstruct (A) singlecysteine mutant$=508C (B) and R107@ (C), and the doublecysteine
mutant F508C R107@ (D) recorded for about 40 mirOocytes werere-stimulaed with forskolin (the
stimulationperiodis marked as greebarsabove the trac® before therosslinkerBMOE was added to the
perfusionsolution (theBMOE applicationperiodis marked ayellowbarsabove the trace).



91

Upon the stimulation with forskolin, the whole cell conductammeeasedor all
expressed construcf(sigure52 A: 300-1000 sof the recordingFigure52 B: 250-800 s,
Figure 52 C: 200500 s, Figure 52 D: 200-700 9, the amplitude differences reflect
different expression level of CFTR.

The forskolirinduced conductance almost did not change for the oocytes
expressing the background constr(figure52 A: 10002500 sof the recording) and the
oocytes expressing the singlgsteine mutant F508CFigure 52 B: 18003800 3, but
decreased theonductance imocytes expressing the mutants with the engineered cysteine
R1070C, both singleand doublecysteine mutantdqgure52 C: 700-1800 s Figure52 D:
7002500 3.

Figure53 summarizes the data.

background T
FROBC T
R1D70C 1
FROBC_R1O70C =
| I | I |
0.0 0.2 0.4 0.6 0.8

Gpetore BMOEG after BMOE

Figure 53. Effect of BMOE on the forskolin-induced conductancefor the pair
of tested residues F508 and R1070.

Each baron the diagranrepreseaits a ratio of thewholecell conductanceof the pretreated with
forskolin oocytesafter 30 min ofthe BMOE application (Grer smog and before thisipplication (Goefore M08
averaged for 37 oocytes for each expressed constrictor bars reflect the standard error of the mean.

BMOE almost did not change the whalell conductance of the oocytes expressing
the background construct and the oocytes expressing the-sysidene mutant F508C
(Figure 53, top two bars) and decreased the who#l conductance of the oocytes

expressing the mutants with the engineered cysteine R1FH@@e53, two bottombars):
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~40% conductance decreader the singlecysteine mutant R1070C andé70%
conductance decreaf® the doublecysteine mutant F508C R1070¢&s observedn this
case, a significant differene@eas expected if therosslinkingreaction between F508C and
R1070Ccould occur.

In summary the crosslinkersomewhat decreasdtie response on forskolin for
F508C mutantbut it was indistinguishable from the effect on the background/template
CFTR. Mutantswith the R1070Cmutation weresignificantly affectedby the crosslinker
The forskolinrinduced currentwas smaller by a factor of more than 2 after BMOE
application on the doubleysteine mutant.This indicates that BMOE affects the

conductance by crossking stranger tharif it reactswith only one cysteine.
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4. Discussion

The presentwork aimed toidentify points of possibleinter and intradomain
interactionsin CFTR andtheir involvement inconformational changesccuring during
the channelgating cycle Homology modelsfor CFTR suggested amino acid residues
expected to be involved in such interactidgesel1.2.2and 1.3). The existence of #se
inte and intradomaincontactswas tested by means a cysteiggecific crosslinking
method, where the correspondingchannel statevas assayed by twelectrode voltage
clamp(TEVC) technique.

After mutation ofthe selectegairs of targetresidues to cysteines, application of
the bifunctional cysteinespecific crosslinkerto the mutant CFTR channelsallows
investigation ofthe crosslinker influence on channel functidondudance changes
caused by the crosslinkén doublecysteine mutants, but not singtgsteine mutants,
reflect the effect of crosslinkingthe target positions, perhapgpping the channel in a
fixed state. Thisimplies that thetestedresiduesapproach eaclother to the distance

spanned byhe crosslinkes spacer arm

4.1 Conductance fluctuations upon the crosslinker

influence

Fluctuatiors of the whole cell conductaneeere observed iXenopusbocytesupon
sulthydrytspecific reagent8MOE and NEM before thdorskolin stimulation for all
studied constructand also intact oocyte$he amplitude of these fluctuations approached
the size of the maximal CFTR conductance of the cell, suggesting activity of some

channels allowing passing of millions of ions pezes®l. The oscillatory character of these
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conductance changes suggests possible activatiGaétdependenCl’ channelfCaCQ
by IP3-gatedoscillatoryreleaseof Ca* from intracellular storeg¢Fewtrell 1993, Berridge
199A).

The CaCC channsl are normally expressed Xenopusoocytesand activated by
increased cytosolic concentration G&*, which can be a result ofCa* release from
intracellular storegMiledi 1982, Barish 1983)

In the presented here experiments, -tB8eptors appear to be triggered by
disturbances of the oocyte membramgon BMOE or NEM application, which ld to
oscillatory C&* release and resulted in conductance charijes.absence or decrease of
these condctance fluctuations upon the forskolin stimulation is in agreemwht the
finding thatactivated CFTReducesctivation of CaCGn Xenopusocytes(Kunzelmann,
et al. 1997)

4.2 Cysteinespecific crosslinking of mutant CFTR:

possible intramolecular interactions

4.2.1 ICL/ICL interfaces

In experiments with CFTRecarrying mutantsT164C (in ICL1) and L1059C (in
ICL4), pretreatment with the cysteinespecific crosslinker BMOE prevented the
conductance increas@ response tahe forskolin stimulation for the doubtgysteine
mutant, whereas the singbgsteines mutants and the background constructs still showed
this responseWhen BMOE was applied after the forskolin stimulatiadhe crosslinker
decreased the forskotinduced current significantly stronger for the doululgsteine

mutants companiyg to the singleysteine ones.
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Similar results were obtained for the pairs of residues 1266/A969 (belonging to
ICL2 and ICL3, respectively) and G971/S1049 (belonging to ICL3 and ICL4,
respectively)BMOE applied before forskolin prevented the conductance increase for the
doublecysteine mutantBMOE applied after the forskolin stimulatiodecreased the
forskolinrinduced current. This effect was significantly stronger for the decydeine

mutants comparing to the singtgsteine ones.

A possible explanation fahe observed conductance chanigake formation of a
covalent bond between two engineered cystdiyebe crosslinker moleculén this case,
the crosslinked doubleysteine mutant cannot change its conformation upon the
stimulation to allow the chloride ions to flow through the chanielthis reaction is only
possible when the distance between two residues does not eXckefthe distance
betwea two maleimide groupsof BMOE), this implies the correspondingspatial

proximity of thetestedresidues.

In case of the singleysteine mutants, the observed conductance decrease was
significantly smaller then for the doubdgsteine mutants. This decreaslso might be
explained by the covalent reaction of the crosslinker witk engineered cysteine: the
presence of the crosslinker molecule could lead to steric hindrance anahécular
movementswhich are necessary for the channel opening. This eanltrin decreased
whole cell conductanceSuch steric hindrance mighalso be a cause of conductance
changes in case of the douglgsteine mutants: two crosslinker molecules might react with
two engineered cysteines and result in diminished conduct&toeever, biochemical
experimentdor the doublecysteine mutant266CA969C give some additional evidence
that the formation of a covalent bond between these engineered cysig@seske place:
Western blot analysis showisat BMOE causes appearance diaamdadditional to those
visualiang the CFTR halves containing one mutat{&igure38). The molecular weight of
this additionalbandis in the range athatfor afull-length CFTR, suggestirntatthis band
corresponds tthe prodat of the crosslinking reactiotwo halves of th&CFTR molecule
each carrying one engineered cystgmieed together by the crosslinker moleculéis

meansthat these residues dapproach each othéo the distanceof about 8A. This
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biochemical evidencerelates electrophysiological events observed during TEVC

experimentgo the crosslinking reaction between two engineered cysteines

The obtained data suggeise spatialproximity of residuesl 164/L1059,1266/A969
and G971/S104% the closedstate,as the crosslinker influence kept the channel in the
closed statéor led toits failure to reopen,as the channels are opening and closing all the
time before exposure to the croskén). However, a homology model of the human CFTR
(Mornon, Lehn und Callebaut 20Q9Vhich was constructedn the basis of different
MsbA structures, represents the channel in an imfailg conformation corresponding
the CFTR closed channel stategure 54) and predicts following distances betwethe
mentioned residueheir Ca-atoms) about 34 A between T164 and L1059, abdus A
between 1266 and A969, and about A7between G971 and S104&idure 55). This
predicted proximity of residues T164 and L1059, as well as 1266 and A969, woird be
agreement with the data suggesting that the crosslinking of these pairs stabilize the closed
state of the channel. However, the predicted distance between the residues G971 and
S1049 in the closed state does not support the proposed crosslinking-ofrésponding
doublecysteine mutant stabilizing the closed state. A possible explanation for the
diminished conductance in this case could be the reaction of both engineered cysteines
with the crosslinker molecule and therefore stronger steric influsmtee channel statk.
is also possible that the crosslinking reaction between residues G971 andd8&84ht
occurin the closed, but in the open stat@ppingthoughthe channel in a conformatipn
which fails to reopen. e faser decrease of théorskolinrinduced current upoBMOE
for G971CS104< (Figure47 D) comparing to T164C L1059C(gure31 D) and 1266C
A969C (igure 36 D) could be explained that the crosslinking between G971C and
S1049C appears to be facilitated when ¢hanrel is open. Thisupports the suggestion
that the crosslinking reactidmetween G971C and S104@Guld occurin theopenCFTR

State

Intramoleculardistance similar to those proposed by leomology model of the
human CFTRMornon, Lehn und Callebaut 2008)e observed irthe crystal structure of
the heterodimeric ABC transporter TM287/288 in its clogedardfacing) state(Hohl, et
al. 2012) 6-7 A between residueg96 (TM287) and 1223TM288), whichcorrespad to
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T164 and L109 of human CFTR according to tmeentioned inl.3 multiple sequence
alignment performed in th&boratory by Dr.W. Labeikowsky 4-7 A betweenlL199
(TM287) and H133(TM288), which correspondo 1266 and A969 of CFTR17-19 A
betweerD135 andG213in TM288, mrresponding to G971 and S1049 of CEFTR

Figure 54. Homology model for CFTR representing the inwardfacing
conformation of CFTR (Mornon, Lehn and Callebaut 2009)

The model was constructed on the basis of thay)structures of the ABC transporter MspAard,
et al. 2007) TMD1 and NBD1 are colored dark and light blue, respectively; TMD2 and NBD2 are colored
red and orange, respectively
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Figure 55. Distances (A) between residue@Ca-atoms) T164 and L1059 (A),
1266 and A969 (B), and G971 and S1049 (Cpredicted by the homology model for
CFTR representingthe closedchannelstate (Mornon, Lehn and Callebaut 2009)
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For the pair of residues G178/V268¢ forskolin response for singland double
cysteine mutants diminished aftie BMOE pretreatment, but not significantly different
for all thesemutants. Decrease of the forskelimduced conductance upon BMOE was also
not significantly different for single and doublecysteine mutants. One possible
explanation for this could be that residues 178 and 260 do not approach each other to a
distance sfiicient for a crosslinking reaction with BMOEThe mentioned homology
model for CFTR(Mornon, Lehn und Callebaut 2009kpresenting the closed channel
state Figure54), predicts a distance of about-18 A between these residues in the closed
state, which is too far to be joined BMOE. A similar distancg19-22 A) is observed in
the structure of TM287/28(Hohl, et al. 2012petween residues S110 and R193 (TM287),
which correspond teesiduesz178 and V260 of human CFTR according to the alignment

Figure 56. Distances (A) between residuegCa-atoms) G178 and V260
predicted by the homology model for CFTR representinghe closed channel state
(Mornon, Lehn and Callebaut 2009)

Another explanation isthat the modification of eitherof these residueby the
crosslinkingleads to diminishedoverall conductancéy steric effects that lowehe open
probability somewhatThis supports a prediction made by the homology model for CFTR
(Mornon, Lehn und Callebaut 2008) a possit# steric hindrance with the main chain of
ICL2, which could be caused by substitution of G178 with another residue. This steric
hindrance might be caused by the substitution of G178 with cysteine as well as by the

reaction of BMOE with each of these engined cysteines. The significance of this residue
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might find the experimental support in the stronger BMOE influence on the conductance of
CFTR carrying G178C comparing even with the corresponding daybteine mutant

(see3.2.2. The last could be explained that the second mutation (V260C) replaces a
branched amino acid residue valine with unbranched cysteine, which might have a positive

influence on the mentionederic issues.

4.2.2 ICL4/NBDL1 interface

For the pair of residuessB8/R1070, TEVC experiments showed similar results for
the double and the singkeysteine mutants with engineered cysteine R1070C: BMOE
prevented response on the forskolin stimulation fahhbaf these mutants, whereas the
singlecysteines mutant F508C still showed the response on forskolin, as well as the

background construct.

Similarly, when BMOE was applied after the forskolin stimulatitwe, crosslinker
decreased the forskolinduced cwrent almost completely again for both mutants with
R1070C, the singleand the doubleysteine oneComparing to these data, our previous
results for the pair of residues F508/L10@aksekovic, et al. 2008howed that BMOE
decreased the forskolinduced current almost completely only for the dotdysteine
mutant, wherease singlecysteine mutant L1065C still kept the forskelimduced current

even under the BMOE influence.

The observed lack of significant difference between the BMOE effect on the
double and singlecysteine mutants with engineered cysteine R1070C could be related to
conformational changes caused by the crosslinker molecule reacted with this residue
leading to the relative stabilization of the closed channel stathis might reflect the
significance of this residue for the intramolecular rearrangements during the gating cycle.
The question, whether the crosslinking reaction betwefl8€ and R1070C does take
place, or whether the BMOE effect on the doubjsteine mutant should be related to the
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steric rearrangements, still remains open. digtinguish between the crosslinking and
steric hindrance in this case, biochemical experiments similar to those pefftontae

pair of residues266/A969 could be helpful. Appearance of an additional band on the
Western blot would support the presence of the crosslinking prachese findings would
suggest NBD1/ICL4 interaction, confirming the domawapping architeare in CFTR,

and would be in agreement with tbesslinkingdata ofSerohijos at al(Serohijos, et al.
2008) In thatstudy, ahomology model of CFTRKigure6) was constructed based on the
known structure of the ABC exporter Sav1§&&wson and Locher 2006) o define the
contacting sites between ICL4 and NBD1, pairs of cysteines were introduced at positions
on this interface that are in close proximity according to the homology model. The study
showed that F50&ould be crosslinked to cysteines introduceadsaveral positions in
ICL4, including L1065, F1068, G1069, and F1074, reflecting the central role of this
residue in this interface and in the interdomain interag@&amohijos, et al. 2008)

4.2.3 ICL 1/NBD2and ICL2/NBD?2 interfaces

Mutationson the ICL1/NBD2 and ICL2/NBD2 interfaces diminishedthe CFTR
expression irXenopusoocytes(ICL1: L172C, D173C, K174CICL2: A274C, Y275Q or
completely depleted (ICL1: 1175C; NBD2: R1283C, Y1307CP1341Q. Interestingly,
mutations ofresidues Y275, Y13Q71175 andR1283 were described in patients with CF
(http://www.genet.sickkids.on.ca, Romey, et al. 1994, Cheadle, Meredith wiatle
1992) This suggest the significance of these positions for the normahokhexpression

and/or function.
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4.3 Outlook

The approackapplied in this workcangain structural informatioraboutCFTR as
well as dher channe$ andis a useful tookto study influence of structuraéarrangements
on the channel function in vivo. Electrophysiogical experiments combined with
biochemical datacan deliverstrong evidence of structural proximity and functional
interaction of amino acid residues belonging to different structural units prbtain.
Further biochemical experiments would be useful to distinguish, whethenfdreed
crosslinking reaction between residues occursytatheralteredconductance is a result of
steric hindrance caused hytachment othe crosslinker molecul® a single cysteindn
theformercase, the appearancearfadditional band o Western Blot @uld confirm the

presege of the crosslinking product.

The obtaineddata confirm some predictedintramolecular interactionbased on
homology moded, indicaing thatthe modek aretherefore suitable for planning future
experiments and drug discovery approaches.
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