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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 of the project was to test predictions made by structural
models for CFTR about interactions between amino acid residues during the gating cycle.
The residues hypothesized to interact were studied with a cysteine-specific
crosslinking approach: after their mutation to cysteine, the properties of resulting mutant
CFTR were assayed upon the treatment with the cysteine-specific crosslinker
bismaleimidoethane (BMOE).
Electrophysiological experiments suggest crosslinking between residues T164 and
L1059, I266 and A969 (supported by biochemical evidence), and between G971 and
S1049, implying a possible intramolecular interaction these residues are involved in.
Crosslinking between F508C and R1070C might occur, too. Experiments with the pair
G178/V260 did not give evidence of possible crosslinking between these residues or
conformational changes of CFTR leading to the channel closure upon the crosslinker
influence.
During erlectrophysiological experiments, intermittent fluctuations of the whole
cell conductance were observed upon sulfhydryl-specific reagents, which could be related
to possible activation of Ca2+-dependent Cl− channels (CaCC).
The approach applied in this work can provide evidence of structural proximity and
functional interaction of amino acid residues belonging to different structural units of a
protein, which information is essential for planning of future experiments and determining
of drug discovery targets.
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Zusammenfassung
Diese Arbeit beschäftigt sich mit strukturellen und funktionellen Aspekten des
Cystic Fibrosis Transmembrane Conductance Regulators (CFTR), eines Chloridkanals,
dessen Dysfunktion Mukoviszidose verursacht. Das Ziel des Forschungsprojekts war es,
die

Vorhersagen

von

Strukturmodellen

über

Wechselwirkungen

zwischen

Aminosäureresten in CFTR während des Gating-Zyklus zu testen.
Die Paare von Aminosäuren, die vermutlich an solchen Wechselwirkungen beteiligt
sind, wurden mithilfe der Cystein-spezifischen Vernetzung untersucht: nach der Mutation
zum Cystein wurden die Eigenschaften der resultierenden CFTR Mutanten unter der
Behandlung des Cystein-spezifischen Vernetzungsmittels BMOE beobachtet.
Elektrophysiologische Experimente lassen eine Vernetzungsreaktion für die Paare
von Aminosäuren T164/L1059, I266/A969 (unterstützt durch biochemische Beweise) und
G971/S1049 vermuten, was eine mögliche intramolekulare Wechselwirkung zwischen
diesen Aminosäuren impliziert. Experimente mit Aminosäureresten F508/R1070 lassen
ebenso vermuten, dass die Vernetzungsreaktion auch zwischen F508C und R1070C
stattfinden könnte. Bei Mutanten G178C und V260C scheint das Vernetzungsmittel keinen
Einfluss auf Konformationsänderungen zu haben, die zur Kanalschließung führen.
Während

elektrophysiologischen

Messungen

haben

sulfhydrylspezifische

Reagenzien eine kurze Schwankung der Zellleitfähigkeit verursacht, die mit einer
möglichen Aktivierung von Ca2+-abhängigen Cl−-Kanälen (CACC) in Verbindung stehen
könnte.
Die verwendete Vorgehensweise kann strukturelle Nähe und funktionelle
Wechselwirkung zwischen Aminosäuren aus verschiedenen Struktureinheiten eines
Proteins nachweisen, was entscheidende Information für die Planung von zukünftigen
Experimenten und zur Zielbestimmung der Wirkstoffforschung liefert.
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1.

Introduction

1.1 CFTR and its physiological role

The cystic fibrosis transmembrane conductance regulator (CFTR) is a protein
whose malfunction leads to cystic fibrosis (CF), a human autosomal-recessive hereditary
disease causing progressive disability and early death.
The name cystic fibrosis refers to the characteristic 'fibrosis' (tissue scarring) and
cyst formation within the pancreas, first described in the 1930s by Dorothy Andersen
(Andersen 1938). Another name for CF, mucoviscidosis, was given in 1945 by 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 about 1 in 3,200 newborns (Hamosh, et al. 1998), but
is found in all ethnic groups (Brown and Schwind 1999). CF is linked to a single specific
gene, which encodes the CFTR protein and is located on chromosome 7. To date, over one
thousand mutations of the CFTR gene have been described; approximately 1 of 25
Europeans is a carrier of a CF causing mutation, and the most common one is the loss of
phenylalanine in position 508 (∆F508 mutation).
CFTR is expressed in epithelial cells of many organs, including the respiratory and
digestive tracts (Zeitlin, et al. 1992), and also in cardiomyocytes (Levesque, et al. 1992),
mastocytes (Kulka, et al. 2002), endothelia (Tousson, et al. 1998) and some other cells. As
a chloride channel, CFTR delivers chloride anions out of the cell down their
electrochemical gradient. This ion flow enriches secretion of exocrine cells with chloride
and therefore with water, which is crucial for the normal gland function and the proper
condition of their secretion. Mutations of CF gene alter the CFTR folding; therefore, the
protein fails to be delivered to the plasma membrane and degrades more quickly (Cheng,
Gregory, et al. 1990). In absence of CFTR, the impaired chloride ion flow across
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membranes leads to abnormally viscous secretion, which obstructs the gland ducts and lead
to developing of CF symptoms (Thomas, Qu und Pedersen 1995, Qu, Strickland und
Thomas 1997). At the moment, there is no cure for CF, and most individuals with CF die
young from lung infection and failure, although modern treatment increased 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 associated with other disorders, such as
congenital absence of the vas deferens (CAVD), disseminated bronchoectasis and chronic
pancreatitis (Welsh, et al. 1995). Hyperactive CFTR is responsible for polycystic kidney
disease and secretory diarrhoea (Sullivan, Wallace and Grantham 1998, Gabriel, et al.
1994).
Aside from the chloride anions, this channel is also known to be able to transport
bicarbonate (Tang, Fatehi und Linsdell 2009) and thiocyanate (Fragoso, et al. 2004).
Additionally to its channel function, CFTR is reported to regulate other proteins, such as
the epithelial sodium channel ENaC (Stutts, et al. 1995), sodium-bicarbonate transporters
(Shumaker, et al. 1999), and aquaporins (Cheung, et al. 2003).
It was first uncertain whether CFTR is a chloride channel, or whether it functions
only to regulate such a chloride channel; hence the name: cystic fibrosis transmembrane
conductance regulator. However, studies of recombinant CFTR soon provided compelling
evidence that CFTR is an apical membrane chloride channel. First, CFTR was expressed in
cells that do not normally contain chloride channels (Anderson, Rich, et al. 1991, Bear,
Duguay, et al. 1991), and expression of CFTR generated a chloride current activated by
cAMP agonists. Second, similarity was shown between the biophysical properties and
regulation of chloride currents in cells expressing recombinant CFTR, in epithelial cells
expressing endogenous CFTR, in the apical membrane of secretory epithelia (Hanrahan
1993). Third, mutation of specific residues in CFTR altered the anion selectivity sequence
of chloride currents (Anderson, Gregory, et al. 1991). Fourth, when recombinant CFTR
was purified and reconstituted into planar lipid bilayers, it formed chloride channels with
properties essentially identical to those in native epithelia (Bear, Li, et al. 1992). The
causal relationship between CFTR mutation and defective chloride transport in CF was
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confirmed later by introduction of intact CFTR genes to the epithelial cells of CF patients,
which corrected chloride conductivity (Rich, Anderson, et al. 1990).

1.2 CFTR as an ABC protein
1.2.1 ABC transporters superfamily

The CFTR gene was discovered and sequenced in 1989 (Riordan, et al. 1989). The
primary amino acid sequence of CFTR identified it as a member of the ATP-binding
cassette (ABC) transporters superfamily (Hyde, et al. 1990), which members utilize the
energy of ATP hydrolysis to transport substrates across cell membranes, show similar
domain organization and have common structural elements (Higgins 1992, Childs and
Ling 1994, Dean and Allikmets 1995).
The term “ABC transporters” was introduced in 1992 (Higgins 1992). The
characteristic feature of these proteins is a structural element called “ATP-binding
cassette”: highly conserved through the superfamily cytoplasmic domains, which bind
ATP (nucleotide-binding domains, NBDs). Homology of NBDs through the superfamily
allows identication of new ABC proteins based on their amino acid sequence.
The ABC transporters superfamily is one of the largest and most ancient protein
families, widely represented in prokaryotes and eukaryotes (Jones and George 2004,
Ponte-Sucre 2009). Thousands of members are known to date, and 48 of them in humans
(Dean and Annilo 2005), which ones are divided into seven subfamilies (A-G), according
to the phylogenetic analysis (Dean 2002). CFTR belongs to the C subfamily and is named
ABCC7.
ABC proteines utilize the energy of ATP hydrolysis to transport various substrates
across extra- and intracellular membranes, such as metabolites and drugs, or carry out non-
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transport-related processes such as translation of RNA and DNA repair, and are involved
in development 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 prokaryotes, deliver 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, such as toxins and drugs,
from the cell. Another subgroup of ABC proteins is involved in translation and DNA repair
processes (Davidson, et al. 2008). It is accepted that ABC transporters have four common
domains: two transmembrane domains (TMDs) and two cytoplasmic nucleotide-binding
domains (NBDs) (Figure 1).

Figure 1. Domain structure of ABC transporters.
Two transmembrane domains (TMDs) bind and transport a substrate; two nucleotide-binding
domains (NBDs) bind and hydrolyze ATP.
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TMDs specifically bind a substrate, and NBDs bind and hydrolyze ATP. ATP
hydrolysis is coupled to the transport of the substrate, although the exact mechanism of this
coupling still remains unclear. NBDs of ABC transporters are homologous throughout the
family and have several highly conserved motifs, which participate in processes of ATP
binding and hydrolysis.
These motifs (Figure 2) include the nucleotide-binding “P-loop” (“Walker-A”
motif), the “ABC signature sequence” (LSGGQ motif, or “C-loop”, “Walker-C”), which
contacts the nucleotide in the ATP-bound state, the “Walker-B” motif that hydrolyses
ATP, the “Q-loop” that is thought to contact the TMD; the “D-loop” that contacts with the
opposite NBD, the “A-loop” that participates in the nucleotide binding, and the “switch
motif” that contributes catalytic reaction (Hyde, et al. 1990, Zaitseva, et al. 2005,
Ambudkar, et al. 2006). TMDs of ABC transporters are highly hydrophobic and consist of
multiple membrane-spanning α-helical segments. In CFTR, they form the channel pore.
The amino acid sequences of TMDs from different ABC transporters reveal little or no
significant similarity.

Figure 2. Highly conserved motifs in NBDs of ABC transporters (Linton 2007).
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Some ABC transporters have additional domains that serve other specific functions.
For example, CFTR is the only member of the family, which has an additional R-domain
(“R” stands for “regulatory”). This domain is situated in the cytoplasm, contains multiple
phosphorylation sites, and serves a regulatory function (Cheng, Rich, et al. 1991, Rich,
Gregory, et al. 1991): gating of CFTR is dependent on phosphorylation of this domain by
protein kinase A (PKA) (Anderson, Berger, et al. 1991).
ABC proteins change their conformations during the transport cycle between
“inward facing” and “outward facing” (Dawson und Locher 2006, Ward, et al. 2007)
(Figure 3). The inward facing conformation exposes the substrate to the intracellular side,
and the outward facing conformation to the extracellular side.
In CFTR, the outward- and inward- facing conformations would correspond to the
open and closed state of the channel, respectively.

Figure 3. Two conformations of ABC proteins.
The inward facing conformation (left) exposes the substrate to the intracellular side, the outward
facing one (right) to the extracellular side. The substrate transport direction is shown for exporters.

The occurance of these two conformations is supported by known X-ray structures
of the various ABC transporters, which identified these both orientations of TMDs. The
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ATP-bound state appears to be the outward facing, and the nucleotide-free state inward
facing (K. Locher 2009, Rees, Johnson und Lewinson 2009). This also supports the idea
that ATP binding in NBDs drives conformational changes in 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 R-domain are shown on Figure 4.

Figure 4. Proposed topology of CFTR domains.
TMDs comprise membrane-spanning α-helices (M1-M12), extracellular (ECLs) and intracellular
(ICLs) loops. NBDs and the R-domain are located in the cytoplasm, as well as the N- and C-terminus. Red
numbers mark positions of residues corresponding to the originally proposed approximate domain
boundaries (Riordan, et al. 1989, Chen, et al. 2001, Cui, et al. 2006).
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Each TMD consists of 6 transmembrane helices, three extracellular loops (ECLs)
and two intracellular loops (ICLs). ECL4 contains two N-linked glycosylation sites. Each
ICL has a single helix, which is parallel to the cell membrane and was suggested to be
responsible for the NBD-TMD coupling, therefore it is called “the coupling helix”
(Hollenstein, Dawson and Locher, Dawson, Hollenstein and Locher 2007).
Electron crystallography of 2D CFTR crystals revealed its overall architecture
(Rosenberg, et al. 2004). However, this protein was refractory to solve its structure using
X-ray crystallography, and high-resolution structures are not yet available for the whole
CFTR, although such structures were obtained for murine and human NBD1 (Lewis,
Buchanan, et al. 2004, Lewis, Zhao, et al. 2005, Thibodeau, et al. 2005, Atwell, et al. 2010,
H. A. Lewis, C. Wang and X. Zhao, et al. 2010), and for human NBD2
(DOI:10.2210/pdb3gd7/pdb) and some other members of the ABC transporters, such as Pglycoprotein (Aller, et al. 2009), the bacterial multidrug ABC transporter Sav1866 from
Staphylococcus aureus (Dawson and Locher 2006), the vitamin B12 transporter BtuCD
from E. coli (Locher, Lee and Rees 2002), the bacterial ABC lipid flippase MsbA (Ward,
et al. 2007).
The lack of a high-resolution structure for CFTR forces to use other approaches to
gain structural information about this protein. Possible structures of a protein can be
suggested by computer-built homology models, which are based on the known structure of
the protein homologues.
Proteins with homologous amino acid sequences show similarity in their threedimensional structure; therefore, known domain architecture of other ABC transporters can
serve as a basis of structural models for CFTR. Such homology models can be used as a
tool to generate hypotheses to be tested, and experiments can confirm whether the
homology model reflects a real structure of the protein. This strategy has already given
insight into the structure and function of CFTR (Mense, et al. 2006, Mendoza und Thomas
2007, Serohijos, et al. 2008, Huang, et al. 2009, Norimatsu, et al. 2012).
Such models for CFTR helped to answer a question prompted by the crystal
structure of a bacterial ABC transporter Sav1866 (Dawson und Locher 2006): according to
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this structure, the molecular architecture of Sav1866 can be described with a “domainswap” model (Figure 5 b), where each NBD forms connections with both TMDs. An
alternative would be a “side-by-side” model (Figure 5 a), which implies that each NBD
interacts with only one TMD of the corresponding side of the molecule.

Figure 5. Two proposed models of domain-domain interaction.
Left (a) – “side-by-side” model, right (b) – “domain-swap” model (Dawson and 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 neighboring. A homology model of CFTR based
on the known structure of Sav1866 (Figure 6) suggested residues proposed to interact, and
biochemical crosslinking experiments confirmed intramolecular contacts of NBDs with
ICLs of TMDs from the opposite half of CFTR (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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Figure 6. Homology model for CFTR based on the Sav1866 structure
(Serohijos, et al. 2008).
Domains are colored: TMD1 dark green, TMD2 light green, NBD1 light red, NBD2 dark red and Rdomain grey.

This kind of domain architecture is found in other ABC proteins as well: the crystal
structure of the heterodimeric ABC transporter TM287–TM288 (TM287/288) from
Thermotoga maritima in its inward-facing state (Figure 7) demonstrates that the coupling
helices of ICL2 and ICL4 interact with the NBD of the opposite subunit (Hohl, et al.
2012).
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Figure 7. Structure of TM287/288 viewed along a membrane plane (Hohl, et al.
2012).
TM287 and TM288 are colored cyan and pink, respectively. Coupling helices of ICL2 and ICL4
interacting with NBDs are colored yellow. The inward-facing cavity is shown as a blue mesh.

1.2.3 CFTR as an ion channel

CFTR is the only known channel among the ABC transporters. Channels and
transporters are thought to have different mechanism of function determined by their
structure: transporters bind a substrate and move it across the membrane during
conformational changes followed by this binding; and channels contain a pore, which
allow ions to diffuse down their electrochemical gradient. However, CFTR appear to have
structural properties of an ABC transporter, though functions as a channel, which suggests
that these functional properties developed during evolution (Gadsby 2009, Miller 2010).
CFTR functions as a cAMP-activated ATP-gated anion channel with linear current
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to voltage relationship in symmetrical Cl– concentrations (Berger, Anderson, et al. 1991,
Drumm, et al. 1991).
Gating of the CFTR channel depends on the R-domain phosphorylation and is
driven by ATP binding and hydrolysis. The R-domain is usually phosphorylated by protein
kinase A (PKA) (Anderson, Berger, et al. 1991), although it can be phosphorylated by
other protein kinases, for example, protein kinase C (Berger, Travis and Welsh 1993).
According to the currently accepted model for the gating cycle of CFTR (Figure 8),
NBDs bind two molecules of ATP between the Walker A motif of one NBD and the
LSGGQ motif of the other (Vergani, et al. 2005, Rees, Leslie and Walker 2009). This
interaction promotes the switch to the outward-facing conformation, opening of the gate in
the TMDs and chloride anions to flow down their electrochemical gradient through the
pore (Tabcharani, et al. 1991, Linsdell 2006).

Figure 8. Gating of CFTR.
Binding of two ATPs between NBDs promotes opening of the gate in the TMDs. ATP hydrolysis
leads to the gate closure.
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ATP hydrolysis leads to disruption of the NBD1/NBD2 interface, this disruption
produces a signal somehow transmitted to TMDs, where it causes the gate closure.
Structural changes occurring while opening/closing the gate are not known yet. It has been
proposed that structural rearrangements of TMD could open a pathway for anions (this
rearrangement would correspond to the switch between inward- and outward-facing
conformations of other ABC transporters); another possibility would mean the removal of
an intramolecular barrier for ions, similarly to other ion channels (Wang und Linsdell
2012).

1.2.4 Biochemistry of CFTR

CFTR is a 1480 amino acid long glycoprotein with a molecular mass of ≈160 kDa.
This protein is initially synthesized in the endoplasmic reticulum membrane as an
immature form, which is core-glycosylated and has the size of ≈140 kDa; the majority (6080%) of CFTR fails to mature and degrades in proteasomes (Ward, Omura and Kopito
1995). In the Golgi apparatus cisternae, the precursor forms the mature (“fully
glycosylated”) molecule that contains complex oligosaccharide chains (Cheng, Gregory, et
al. 1990, Kopito 1999). This is the form of CFTR that is present on the cytoplasmic
membrane. Many known mutations in CFTR impair the maturation of CFTR and
trafficking to the plasma membrane, (Gregory, et al. 1991, Cotten, Ostedgaard and Carson
1996, Seibert, Linsdell, et al. 1996, Sheppard, et al. 1996).
So on a Western blot, CFTR can be seen as 3 bands (Figure 9), which reflect
different maturation steps: a 150-170 kDa band represents the mature fully glycosylated
form (band C); a band at 135 kDa (band B) is the core glycosylated fraction. A band at 130
kDa (band A) represents unglycosylated protein. Depending on maturation of a certain
mutant, some bands can be less visible or even absent (so, mutant ∆508 on Figure 9 is
represented by only band B, corresponding to the core glycosylated form of the protein and
reflecting inability of this mutant to mature).
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Figure 9. Example of a Western blot for CFTR.
Bands A, B, and C are indicated by arrows. The blot demonstrates fully glycosylated (band C), core
glycosylated (band B) and unglycosylated (band A) human CFTR (wild type (wt) and ∆508) before and after
Endoglycosidase H (endoH) treatment. Fully glycosylated wt CFTR is not endoH-sensitive (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 questions about its structure and function to be answered, such
as the pore location, the role of the R-domain in the gating control, the mechanism of
NBD-TMD coupling, the role of coupling helices of ICLs in the gating signal transfer from
TMDs to NBDs, and the conformational changes occurring during the gating cycle. These
questions are especially difficult to answer because no high-resolution structure of the
entire CFTR protein is available yet, but they are crucial for the development of novel
therapeutic approaches for CF and other CFTR-related diseases.
If certain pairs of residues can be chemically crosslinked, it means that a
conformation exists, which brings these residues close together. If a covalent-binding
crosslinker 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 detected, for example, by protein electrophoresis as an
appearance of the additional band, representing the product of crosslinking (Figure 10).
The additional band is especially easy to distinguish from the bands representing noncrosslinked proteins when the protein sequence is split into two halves, each of them
containing one of points to be connected. But even if non-split protein constructs are used,
the additional crosslinking band is still visible due to different mobility of the crosslinked
molecule during electrophoresis (Serohijos, et al. 2008).

Figure 10. Illustration of a biochemical crosslinking experiment.
Two part of the protein (blue and yellow), once crosslinked, stay together. The presence/absence of
crosslinking can be detected by gel electrophoresis: non-crosslinked and crosslinked proteins migrate
separately.

This approach has already brought some insight into the CFTR domains interplay:
application of cysteine-specific bifunctional crosslinkers on Xenopus oocytes expressing
CFTR with introduced pairs of target cysteines demonstrated that NBDs of CFTR interact
with each other in a “head-to-tail” configuration (Mense, et al. 2006).
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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 NBDs (Figure 11).

Figure 11. Possible domain interactions in CFTR according to the “domainswap” model.
Two parts of CFTR are shown in yellow (front half) and blue (back half). Upside-down Y-letters
represent TMDs, rounded rectangles – NBDs, the ellipse – R domain.

The cysteine-specific crosslinking strategy requires some prerequisites: native
CFTR cysteines should be removed to avoid their reaction with the crosslinker; target
residues should be mutated to cysteine. Then a crosslinker can be applied attempting to
join these cysteines. A membrane-permeant bismaleimide based crosslinking reagent
bismaleimidoethane (BMOE) allows performing a crosslinking of cytoplasmic target
cysteines in vivo (Figure 12). Its molecule has a “spacer arm” between two maleimide
groups, which allows joining two cysteines within an intramolecular distance of 8 Å.
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Figure 12. Crosslinker bismaleimidoethane (a) and the reaction of crosslinker
with the target molecule (b).

As phosphorylation of CFTR by PKA activates the channel, application of
stimulating PKA activity reagents, such as forskolin and 3-isobutyl-1-methylxanthine
(IBMX), increases the whole cell conductance of CFTR-expressing cells. So, the wholecell conductance measured before and after forskolin stimulation reflects the presence of
functional CFTR in the cell membrane.
A suitable technique for such measurements is two-electrode voltage-clamp
(TEVC), which is a sensitive and relatively simple electrophysiological method (Stühmer
1992). TEVC measures current across the cell membrane at a given membrane potential.
This technique can assay functional expression of CFTR and the influence of different
factors on CFTR function. For instance, the channel conductance changes upon the
crosslinker influence can reflect possible intramolecular events caused by a formation of a
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covalent bond between two cysteine residues. This approach has been successfully used in
the laboratory to study interaction between residues F508 and L1065 (Jaksekovic, et al.
2008).
The goal of this work was to study possible structural and functional interactions
between NBDs and TMDs of CFTR with a crosslinking approach, which allows finding
points of inter- and intradomain interaction in CFTR during the gating cycle. A subset of
residues likely to participate in such interactions was selected using a homology model for
CFTR (Figure 13) based on the known structure of the bacterial transporter Sav1866 and
representing CFTR in its outward-facing conformation (Gulyas-Kovacs, Lockless and
Gadsby 2007), which corresponds to the open state of the CFTR channel.

A

B

Figure 13. Homology model of CFTR based on the Sav1866 structure.
A. Sav1866 structure (Dawson und Locher 2006). Two different subunits colored yellow and
turquoise. B. Homology models of CFTR (Gulyas-Kovacs, Lockless and Gadsby 2007). TMD1 (pale green),
TMD2 (pale blue), NBD1 (bright green) and NBD2 (bright blue) are presented.
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Some of these residues are shown on Figure 14, which demonstrates the
intracellular view on TMDs (Figure 14 A), as well as two NBD/TMD interfaces (Figure 14
B, C). Residues belonging to each interface are shown in different colors.
On the ICL1/ICL4 interface, residues T164 and L165 from ICL1 and residue L1059
from ICL4 appear to be in close proximity to each other (Figure 14 A, blue). The
homology model predicts also a possible close contact of residues I266, E267 and A969 on
ICL2/ICL3 interface (Figure 14 A, yellow), residues S176, I177, G178, Q179 and V260 on
ICL1/ICL2 interface (Figure 14 A, red), residues G970, G971, I972, S1049, F1052 and
T1053 on ICL3/ICL4 interface (Figure 14 A, green).
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A

B

C

Figure 14. Residues proposed to be involved in intramolecular interactions
based on a homology model for CFTR (Gulyas-Kovacs, Lockless and Gadsby 2007).
The homology model for CFTR (Figure 13) is based on the known structure of the bacterial
transporter Sav1866 and representing CFTR in its outward-facing conformation (Gulyas-Kovacs, Lockless
and Gadsby 2007), which corresponds to the open state of the CFTR channel. Parts of TMD1 (pale green),
TMD2 (pale blue), NBD1 (bright green) and NBD2 (bright blue) are shown. A. TMDs, cytoplasmic view.
Residues belonging to ICL1/ICL2 interface are marked red, to ICL2/ICL3 interface yellow, to ICL3/ICL4
interface green, and to ICL4/ICL1 interface blue. B. Residues belonging to NBD1/TMD2 interface are
marked magenta. C. Two clusters of residues belonging to NBD2/TMD1 interface are marked orange and
cyan.

Possible interactions between NBDs and ICLs predicted by this homology included
the one between F508 and R1070 on TMD2/NBD1 interface. Close spatial proximities of
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the residues L172, D173, K174, I175 from TMD1 (ICL1) and D1341 from NBD2 (Figure
14 B), as well as A274, Y275, C276 from TMD1 (ICL2) and R1283 and Y1307 from
NBD2 were also suggested (Figure 14 C).
Figure 15 shows another homology model of CFTR (Mornon, Lehn und Callebaut
2008), which is also based on the experimental structure of the bacterial transporter
Sav1866.

A

C

B

D

Figure 15. Intramolecular interactions predicted by the homology model of
CFTR (Mornon, Lehn und Callebaut 2008).
A. Homology model of CFTR. TMD1 and NBD1 are colored dark and light blue, respectively.
TMD2 and NBD2 are colored red and orange, respectively. B. TMDs, cytoplasmic view. Residues on
TMD/TMD interfaces proposed to interact. C. Residues proposed to interact belonging to NBD1/TMD2
interface. D. Residues proposed to interact belonging to NBD2/TMD1 interface.
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This model suggests interactions of the following residues belonging to TMD/TMD
and TMD/NBD interfaces: G178 from ICL1, which possibly builds a contact with V260
from ICL2; two possibly interacting residues from TMD2 are G970 (ICL3) and F1052
(ICL4) (Figure 15 B). Within the NBD/TMD interfaces, a possible interacting partner for
F508 from NBD1 is R1070 belonging to TMD2 (Figure 15 C). A formation of a hydrogen
bond is predicted between residues and D173 and D1341 (Figure 15 D). There 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 data (He, et al. 2008). The cited
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
sequence 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 outward-facing state of the protein, which was
expected from the homology model of TM287/288 created on the basis of the outwardfacing Sav1866 structure (Hohl, et al. 2012).
Mutations of some of the mentioned residues were found in patients with CF: L165,
Q179C, Y275, L1059, Y1307 (http://www.genet.sickkids.on.ca), I175 (Romey, et al.
1994), I177 (http://www.genet.sickkids.on.ca), G178 (Zielenski, Bozon, et al. 1991), F508
(Riordan, et al. 1989), G970 (Seibert, Linsdell, et al. 1996), F1052 (Gelfi, et al. 1994),
R1070 (Shrimpton, Borowitz and Swender 1997), R1283 (Cheadle, Meredith and al-Jader
1992); and in patients with CAVD: T1053 (http://www.genet.sickkids.on.ca), which might
reflect the role of these residues in the proper domain assembly and the channel function.
The mentioned homology models suggest likely inter- and intradomain interactions,
which allowed choice of the target residues for experiments presented in this work. The
plan of experiments included mutation of these residues to cysteines and application of the
cysteine-specific crosslinker to allow sufficiently close target positions to be connected by
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a covalent bond. The properties of such crosslinked CFTR channels can then be studied to
assay how the covalent bond formation between two engineered cysteines influences the
channel function.
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2. Material and Methods
2.1 Construction of CFTR mutants
2.1.1 Selection of amino acid residues

Appropriate pairs of target amino acid residues were selected based on the
homology models for CFTR in the outward-facing conformation (Figure 13, Figure 15).
Oligonucleotide primers for site-directed mutagenesis (Table 1) were designed with
Lasergene SeqBilder Software (DNASTAR, Madison, WI, USA). For some interfaces,
several residues were mutated to allow later selection based on their expression levels as
assessed in preliminary TEVC experiments; the residues chosen for more detailed study
are marked bold in Table 1.
The corresponding oligonucleotide primers were obtained from GeneLink™
facility (Gene Link, Inc., Hawthorne, NY, USA). As a native cysteine C276 was replaced
in the cysteine-depleted template to serine (Mense, et al. 2006), this residue was mutated
back to cysteine (“mutant S276C”).
Engineered cysteines were introduced into appropriate cysteine-depleted CFTR
backgrounds (see the following section) by the PCR site-directed mutagenesis
(QuikChange, Stratagene, La Jolla, CA, USA) using the pGHE vector.
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Table 1. Point mutations and corresponding oligonucleotide primers

mutant

Forward primers

Reverse primers

T164C
L165C
L172C
D173C
K174C
I175C
S176C
I177C
G178C
Q179C
V260C
I266C
E267C
A274C
Y275C
S276C
F508C
N965C
A969C
G970C
G971C
I972C
S1049C
F1052C
T1053C
L1059C
R1070C
R1283C
Y1307C
D1341C

gtttagtttgatttataagaagTGTttaaagctgtcaagccgtg
gtttgatttataagaagactTGTaagctgtcaagccgtg
gctgtcaagccgtgttTGTgataaaataagtattggacaac
gctgtcaagccgtgttctaTGTaaaataagtattggacaac
gctgtcaagccgtgttctagatTGTataagtattggacaac
gccgtgttctagataaaTGTagtattggacaacttgttagtctcc
gccgtgttctagataaaataTgtattggacaacttgttagtctcc
gccgtgttctagataaaataagtTGTggacaacttgttagtctcc
gttctagataaaataagtattTGTcaacttgttagtctcctttcc
gataaaataagtattggaTGTcttgttagtctcctttcc
gggaagatcagtgaaagacttTGTattacctcagaaatgatcgag
gtgattacctcagaaatgTGCgagaacatccaatctgttaaggcc
gtgattacctcagaaatgatcTGCaacatccaatctgttaaggcc
catccaatctgttaagTGCtactcctgggaagaagcaatgg
catccaatctgttaaggccTGCtcctgggaagaagcaatgg
catccaatctgttaaggcctacTGCtgggaagaagcaatgg
ccattaaagaaaatatcatcTGTggtgtttcctatg
gcacctatgtcaaccctcTGCacgttgaaagcaggtggg
caaccctcaacacgttgaaaTGCggtgggattcttaatagattc
ccctcaacacgttgaaagcaTGTgggattcttaatagattctcc
caacacgttgaaagcaggtTGTattcttaatagattctcc
ccctcaacacgttgaaagcaggtgggTGTcttaatagattctcc
ctggaatctgaaggcaggTGTccaattttcactcatcttg
ctgaaggcaggagtccaattTGCactcatcttgttacaagc
ggcaggagtccaattttcTGTcatcttgttacaagcttaaaagg
cactcatcttgttacaagcTGTaaaggactatggacacttcgtgcc
ggacacttcgtgccttcggaTGCcagccttactttgaaactctg
caataactttgcaacagtggTGTaaagcctttggagtgatacc
gaaaaaacttggatcccTGTgaacagtggagtgatc
gggaagcttgactttgtccttgtgTGTgggggctctgtcttaagt

cacggcttgacagctttaaACActtcttataaatcaaactaaac
cacggcttgacagcttACAagtcttcttataaatcaaac
gttgtccaatacttattttatcACAaacacggcttgacag
gttgtccaatacttattttACAtagaacacggcttgacagc
gttgtccaatacttatACAatctagaacacggcttgacagc
ggagactaacaagttgtccaatactACAtttatctagaacacggc
ggagactaacaagttgtccaatacAtattttatctagaacacggc
ggagactaacaagttgtccACAacttattttatctagaacacggc
ggaaaggagactaacaagttgACAaatacttattttatctagaac
ggaaaggagactaacaagACAtccaatacttattttatc
ctcgatcatttctgaggtaatACAaagtctttcactgatcttccc
ggccttaacagattggatgttctcGCAcatttctgaggtaatcac
ggccttaacagattggatgttGCAgatcatttctgaggtaatcac
ccattgcttcttcccaggagtaGCActtaacagattggatg
ccattgcttcttcccaggaGCAggccttaacagattggatg
ccattgcttcttcccaGCAgtaggccttaacagattggatg
cataggaaacaccACAgatgatattttctttaatgg
cccacctgctttcaacgtGCAgagggttgacataggtgc
gaatctattaagaatcccaccGCAtttcaacgtgttgagggtt
ggagaatctattaagaatcccACAtgctttcaacgtgttgaggg
ggagaatctattaagaatACAacctgctttcaacgtgttg
ggagaatctattaagACAcccacctgctttcaacgtgttgaggg
caagatgagtgaaaattggACAcctgccttcagattccag
gcttgtaacaagatgagtGCAaattggactcctgccttcag
ccttttaagcttgtaacaagatgACAgaaaattggactcctgcc
ggcacgaagtgtccatagtcctttACAgcttgtaacaagatgagtg
cagagtttcaaagtaaggctgGCAtccgaaggcacgaagtgtcc
ggtatcactccaaaggctttACAccactgttgcaaagttattg
gatcactccactgttcACAgggatccaagttttttc
acttaagacagagcccccACAcacaaggacaaagtcaagcttccc
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2.1.2 Choice of a template

Cysteine-depleted CFTR. For cysteine-specific 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 cysteine-specific reagents, I
used a cysteine-depleted “background” to introduce engineered cysteines. This background
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 C590 or C592) (Mense, et al.
2006). It turned out that mutation of C590 and C592 nearly abolished CFTR maturation in
Xenopus oocytes. Therefore these native cysteines remained unmutated to enhance protein
expression, and almost all experiments of the present work were performed using CFTR
with two native cysteines C590 and C592.
The exception was the mutation of F508: replacement of this residue with cysteine
abolished CFTR maturation and required to leave more native cysteines unmutated to
rescue protein expression.
Split vs. full-length CFTR. For biochemical experiments, a reasonable choice is a
template, in which the whole CFTR sequence is split in two sequences so that the residues
to be crosslinked belong to different domains. If two residues from different “halves” of
CFTR are crosslinked, these “halves” migrate together during electrophoresis, and the
difference between molecular weights of the separated halves and the whole molecule
allows better visualization of the crosslinking product on Western blot. CFTR constructs
split between TMD1 and NBD1 (residues 633 and 634) (Csanády, Chan und Seto-Young,
et al. 2000, Mense, et al. 2006) and between NBD1 and TMD2 (residues 389 and 390)
were already tested in the laboratory, and these constructs were used also in this work as
templates.
Wild-type background for the F508C mutant. Mutation F508C was introduced
into the N-terminal 1-633 native (wild type) part of the CFTR sequence, as the cysteinefree background combined with this mutation completely abolished CFTR expression and
did not allow performing the experiments.
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Following cysteine-depleted CFTR constructs were used as a background for the
site-directed mutagenesis:
- mutations T164C, L165C, L172C, D173C, K174C, I175C, I266C, E267C,
A274C, Y275C, S276C were introduced (each separately) into the N-terminal cysteinefree fragment of the CFTR amino acid sequence from 1 to 389 residue (1-389 0C
background), which was coexpressed with the corresponding C-terminal half to obtain the
whole CFTR, namely with the C-terminal half 390-1480 containing two native cysteines,
C590 and C592 (390-1480 2C background), which served as a background for mutations
A969C, L1059C, R1283C, Y1307C and D1341C;
- mutation F508C was introduced into the N-terminal 1-633 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 experiments. This
part of the protein was then coexpressed with the C-terminal cysteine free part 634-1480
(634-1480 0C background); the latter one was used as a background for mutation R1070C;
- mutations S176C, I177C, G178C, Q179C, V260C, N965C, G970C, G971C,
I972C, S1049C, F1052C and T1053C were introduced into the full-length cysteinedepleted CFTR sequence with two native cysteines, C590 and C592 (1-1480 2C
background).
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2.1.3 Site-directed mutagenesis: experimental protocols

The mutants were obtained by site-directed mutagenesis (QuikChange, Stratagene,
La Jolla, CA, USA). For each cycling reaction, 10 μl of reaction buffer (100 mM KCl, 100
mM (NH4)2SO4, 200 mM tris-(hydroxymethyl)aminomethane) hydrochloride (Tris-HCl),
20 mM MgSO4, 1% polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether
(Triton® X-100), 1 mg/ml nuclease-free bovine serum albumin (BSA)), 10 ng of template
DNA, 125 ng of each oligonucleotide primer (forward and reverse), 2 μl of dNTP mixture
(10 mM dATP, 10 mM dCTP, 10 mM dGTP, 10 mM dTTP, 0.6 mM Tris-HCl), 5 μl of
DMSO, 2 μl of PfuTurbo polymerase (QuikChange, Stratagene, La Jolla, CA, USA) and
water to 100 μl final volume were mixed in an Eppendorf tube and placed in the thermal
cycler for the cycling reaction. The reaction parameters are shown in Table 2.

Table 2. Parameters of the cycling reaction
Number of cycles

Temperature

Time

1

95°C

30 s

12-18

95°C

30 s

55°C

1 min

68°C

1 min/kBase of plasmid
length

After the reaction was completed, 2 μl of 10 U/μl Dpn I restriction enzyme (New
England Biolabs, Ipswich, MA, USA) were added to the reaction mixture and incubated at
37°C for 1 hour to digest the parental DNA.
To precipitate the obtained DNA, 250 μl of absolute ethanol, 10 μl of 3 M sodium
acetate (pH 5.5) and 1,5 μl of GlycoBlue™ Coprecipitant (Ambion, Inc., Austin, TX,
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USA) were added; the mixture was frozen at –80ºC for 15-20 min and then centrifuged at
10,000 RPM and 4 ºC for 15 min. The resulting pellet was washed 2 times with 70 %
ethanol, dried at 37ºC and dissolve in 10 μl H2O.
For the transformation, MAX Efficiency® DH5α™ Competent Cells (Invitrogen,
Carlsbad, CA, USA) were thawed on ice and aliquoted in 45 μl samples in pre-chilled
Falcon 2059 polypropylene tubes. After the incubation with 5 μl of the PCR product on ice
for 30 min, a heat shock was performed by placing the tube for 30 seconds at 37°C and
then on ice for 2 minutes.
After that, 950 μl of SOC-medium (2% tryptone (Sigma-Aldrich Co., St. Louis,
MO, USA), 0.5% yeast extract (Sigma-Aldrich Co., St. Louis, MO, USA), 10 mM NaCl,
2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) were added to each sample
and shaken at 225–250 RPM for 1 hour at 37°C. After the following centrifugation at 2000
RPM for 1 min, the resulting pellet was plated on LB–ampicillin agar (Sigma-Aldrich Co.,
St. Louis, MO, USA) and stored overnight at 37ºC.
The resulting colonies were placed in Falcon tubes with 5 ml lysogeny broth (LB)
with ampicillin, shaken for 1 hour at 37ºC and centrifuged at 3000 RPM and 4ºC. The
supernatant was removed, and the pellets were used for the DNA preparation with
QIAprep Miniprep Kit (Qiagen, Venlo, Netherlands).
The mutations were confirmed by automated DNA sequencing at Genewiz, Inc.
(South Plainfield, NJ, USA).
The resulting cDNA constructs were linearized using the NheI restriction enzyme
(New England BioLabs, Inc., Ipswich, MA, USA) and transcribed with the T7 mMessage
mMachine RNA kit (Ambion, Inc., Austin, TX, USA) to obtain the corresponding cRNA.
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2.2 Expression of mutant CFTR in Xenopus Oocytes
2.2.1 Experimental protocol

Xenopus laevis oocytes are routinely used for protein expression and
electrophysiological studies. For the following experiments, the oocytes were isolated from
adult female frogs by partial ovariectomy under tricaine (3-aminobenzoic acid ethyl ester)
anaesthesia (0.17% water solution) and defolliculated by treatment with ~500 u/ml
collagenase (Collagenase Type I GIBCO, Invitrogen, Carlsbad, CA, USA) in oocyte
Ringer (OR2) solution (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5) for about 2 hours at
room temperature.
Then oocytes of stage V–VI, which are preferred because of their size (1-1.4 mm),
stability and ability to express proteins, were selected and incubated at 18°C for several
hours in OR2++ solution (OR2 with 1.8 mM Ca2+ and 50 mg/ml gentamycin (GIBCO, Life
Technologies, Carlsbad, CA, USA)) before injection.
The amount of injected cRNA was 5-50 ng per oocyte in a constant total volume of
50 nl. The injection was performed by injector “NANOJECT” (Drummond Scientific,
Broomall, PA, USA). Injection pipettes were pulled with a vertical puller (PP83 Narishige,
Tokio, Japan) from glass capillaries (3-000-203-G/X; Drummond Scientific, Broomall,
PA, USA). The pipette’s tips were broken to an internal diameter of 10–20 μm, which size
provides efficient injection and is not damaging for the oocytes.
The oocytes were further incubated at 18˚C for 2-5 day before they were used for
experiments.
As a control, some oocytes were injected with an equal volume of water (Nucleasefree water, Ambion, Austin, TX, USA).
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2.3 Two-electrode voltage-clamp (TEVC) recording
2.3.1 Theoretical background

The voltage clamp method measures ion flow across a cell membrane as an electric
current at a given voltage. This technique was developed by Cole (Cole 1949) and
Hodgkin et al. (Hodgkin, Huxley and Katz 1952) for the squid giant axon and later evolved
in many variants applied to other cells.
For instance, two-electrode voltage-clamp (Stühmer 1992) is used for whole-cell
recordings in electrophysiological studies of membrane proteins. This method allows
measurement of the whole-cell current provided 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 performed with two different
electrodes (Figure 16): a voltage electrode measures membrane potential, and current is
injected through a current electrode. Channel activity resulting in membrane current
changes is followed by a corresponding current injection and detected by the amplifier
connected to the current electrode, whose output is monitored and recorded. So, the
method allows sensitive measurement of changes in electrophysiological properties of
membrane proteins expressed by the cell.
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Figure 16. Scheme of a TEVC recording setup.
Black rectangles denote Ag/AgCl pellets. The oocyte with the expressed tested construct is placed in
an experimental chamber filled with a perfusion solution. The chamber is connected via two bridges filled
with agarose/3M KCl and containing Ag/AgCl pellets (bath electrodes). One of these electrodes is connected
to the voltage-measuring amplifier, the second one to the virtual ground circuit. The second input of the
voltage-measuring amplifier is connected to the Ag/AgCl pellet in the voltage recording glass
microelectrode. The measured voltage is fed into one of the inputs of the 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 connected to the Ag/AgCl pellet in the current microelectrode and, together with the output of the
virtual ground circuit, is monitored and recorded (Dascal 2000).
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2.3.2 Experimental protocols

For TEVC measurements, oocytes were placed in a recording chamber, impaled
with two microelectrodes for the voltage and current measurement and continuously
superfused at room temperature. The microelectrodes were pulled with a horizontal puller
(P-2000, Sutter Instrument Co., Novato, CA, USA) from glass capillaries (3-000-210-G;
Drummond Scientific, Broomall, PA, USA) and filled with 3 M KCl. Voltage
microelectrodes had resistance of about 2 MΩ, and current ones had resistance of 1–1,5
MΩ. The current electrode was shielded by wrapping in aluminium foil to 1-2 mm to the
tip end. The chamber was connected to virtual ground circuitry through Ag/AgCl
electrodes in 2.5% agar/3 M KCl bridges. Current was measured by a voltage-clamp
amplifier (OC-725A oocyte clamp; Warner Instrument Corp., CT, USA), filtered at 50 Hz
by an eight-pole Bessel filter (Frequency Devices, Inc., IL, USA), digitized at 100 Hz
using a Digidata 1200 board (Axon Instruments, Inc., Foster City, CA, USA) with
PatchMaster software (HEKA Elektronik, Lambrecht/Pfalz, Germany) and analyzed by
IgorPro 6.01 software (WaveMetrics, Inc., Lake Oswego, OR, USA). Resting current was
measured while oocytes were superfused with OR2 solution, and forskolin-induced current
was measured during superfusion with 40 μM forskolin (Figure 17) and 1 mM IBMX
solution in OR2, prepared from stock solutions in DMSO (40 mM forskolin and 1 M
IBMX).

Figure 17. Forskolin.
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An example of the TEVC recording is shown on Figure 18. This example
demonstrates, how the whole cell conductance increases upon the forskolin stimulation
(500-1000 s from the start), and returns back to its initial level upon the washout with OR2
solution. The increased conductance after the application of forskolin reflects the
expression of mature CFTR on the cell surface.

Figure 18. Example of TEVC recording.
A. Voltage steps, current and conductance changes upon the forskolin stimulation. B. Voltage steps
applied before and after stimulation with forskolin (left); two current-voltage (IV) curves (right) compare the
conductance under basal (circles) and forskolin-stimulated (squares) conditions; the conductance amplitude
after stimulation monitors the expression level of CFTR, in this case the higher conductance confirms CFTR
expression.
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This response on the forskolin application is a useful tool to detect the functional
CFTR in the cell membrane and therefore to evaluate the quality of the mutant expression,
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 crosslinker influence.
Crosslinker influence on the current was assayed during the superfusion with 300
μM bismaleimide based crosslinking reagent bismaleimidoethane (BMOE, Figure 12)
(Pierce Biotechnology, Rockford, IL, USA). The BMOE solution was prepared in OR2
from the 25 mM stock solution BMOE in DMSO solution. In control experiments, a
monofunctional cysteine-specific reagent N-ethylmaleimide, NEM (Figure 19) (SigmaAldrich Co., St. Louis, MO, USA) was used in the same concentration as BMOE (300 μM
solution in OR2 prepared from 25 mM stock solution in DMSO).

Figure 19. N-Ethylmaleimide.

During the measurements, voltage was held at –10mV, and voltage steps (70 ms
steps from –50 to –10 mV, in 10 mV increments) were applied. Currents were averaged
near the ends of voltage steps, and plotted against voltage, and conductance was calculated
from linear fits of the IV curves.
To assay electrophysiological properties of the mutant CFTR under the crosslinker
influence, I used two perfusion protocols.
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The first protocol aimed to test how the channel responds on the forskolin
stimulation being pre-treated with the crosslinker. For this purpose, BMOE was added to
the OR2 perfusion solution about 3-5 min from the start of the recording and applied for
about 15 min. After the BMOE treatment, the combination of forskolin and IBMX was
added to the perfusion solution. The second protocol aimed to test the influence of the
crosslinker on the forskolin-induced conductance of CFTR pre-stimulated with
forskolin/IBMX solution. First, oocytes were superfused with forskolin/IBMX solution;
when the whole cell conductance stopped to increase upon the forskolin stimulation, the
crosslinker BMOE was added to the perfusion solution.
These protocols were also used in preliminary experiments, which aimed to choose
one pair of possibly interacting residues for a certain inter- or intradomain surface. When
the double-cysteine mutant demonstrated a sufficient expression level, but after the BMOE
application showed no or little forskolin response, or when the BMOE application
decreased conductance, 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 injected with 5-20 ng cRNA per oocyte and stored for CFTR
expression 2-5 days at 18˚C in OR2++ solution.
After that, two samples of 25–35 oocytes for each tested mutant were selected: one
sample for crosslinking and another one for the control. Samples were equilibrated in 4 ml
OR2 solution in 35-mm Petri dishes for 10 min at room temperature.
Then crosslinking was performed by adding 25 μl of 300 mM BMOE solution in
DMSO to each crosslinking sample and 25 μl of DMSO to each control sample. After 15
minutes incubation at room temperature, the oocytes were transferred with a pipette into
Eppendorf tubes with 500 μl ice-cold lysis buffer (400 mM KCl, 5 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 μM protease inhibitor
cocktail
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USA),

100
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phenylmethanesulfonylfluoride (PMSF), pH 7.0 (adjusted with KOH). The buffer for
crosslinking samples contained additionally 25 mM L-cysteine to stop the crosslinking
reaction.
Samples were lysed 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 RPM for 10 min to spin down cell debris. The supernatant
was diluted 1:2 in phosphate buffered saline (PBS), containing 137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4 and 1.7 mM KH2PO4, and centrifuged at 90000 RPM for 45 min.
The resulting pellet was resuspended by pipetting in 120-150 μl PBS and stored at
–80˚C or used immediately for Western Blot analysis.

49

2.5 Protein electrophoresis and Western blot analysis
2.5.1 SDS-PAGE

2.5.1.1 Experimental protocol

Polyacrylamide gel electrophoresis (PAGE) allows separation of biological
macromolecules according to their electrophoretic mobility, which depends on the length,
conformation and charge of the molecule. Sodium dodecyl sulfate (SDS) is an anionic
detergent, which denatures proteins and coats them with a negative charged cover, so the
SDS-PAGE separates proteins on a polyacrylamide gel in an electric field according their
molecular size (Laemmli 1970).
For the biochemical analysis of crosslinking, membrane preparation samples (25 µl
for each sample) were denatured upon addition of 5 µl 6X reducing loading buffer (250
mM TRIS-HCl pH 6.8, 10 % SDS, 50 % glycerol, 0.4 % bromophenol blue, 12 %
mercaptoethanol) for 30 min at room temperature.
After the denaturation, the samples were separated on 6.5% SDS-polyacrylamide
mini gels. Gels were prepared in mini Bio-Rad PAGE apparatuses for 1 mm gel thickness.
For the resolving gel, tetramethylethylenediamine (TEMED) and ammonium persulfate
(APS) solutions were added and mixed with an automatic pipette to avoid bubble
formation. About 9 ml of resolving gel solution were poured into the form, 1-2 ml
isobutanol were pipetted on top. After solidification of the resolving gel, isobutanol was
removed, and the gel surface was washed with Tris-Cl buffer 4 times. Stacking gel solution
with added TEMED and APS were poured on top of the resolving gel and the sample
comb was inserted to form sample lanes.
For each gel, 10 ml resolving and 2.5 ml stacking gel solutions were prepared and
degased in vacuum for 40-45 min to allow better polymerization of acrylamide. The
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resolving gel solution contained 2.5 ml Tris-Cl buffer pH 8.8 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), 3.25 ml acrylamide/bis (37.5/1) (Bio-Rad Laboratories, Inc.), 0,1 ml
10% sodium dodecyl sulfate (SDS) 5.75 ml H2O; 0.05 ml 10% APS in ethanol and 3.35 µl
TEMED were added for polymerization. The stacking gel solution contained 0.625 ml
Tris-Cl buffer pH 6.8 (Bio-Rad Laboratories, Inc.), 0.25 ml acrylamide/bis (37.5/1), 0.025
ml 10% sodium dodecyl sulfate (SDS), 1.6 ml H2O; 0.0125 ml 10% APS in ethanol and
1.25 µl TEMED were added for polymerization.
After the stacking gel solidification, 30 µl samples were loaded to each lane. Two
lanes of each gel were loaded with a marker (Precision Plus Protein™ All Blue Standards,
Bio-Rad Laboratories, Inc., Hercules, CA, USA) and a control sample (a membrane
preparation from oocytes expressing wild type CFTR).
Electrophoresis was performed at 80 mA for the stacking gel and at 100-120 mA
for the resolving gel.
The resulting gels were used for Western blot analysis.
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2.5.2 Western blot analysis

2.5.2.1 Experimental protocol

After electrophoresis, the gels were placed in transfer buffer (25 mM Tris, 192 mM
glycine, 1.3 mM SDS, 20% methanol) for 10 min. Proteins were transferred from the gel to
a membrane by a semidry blot: a polyvinylidene difluoride (PVDF) membrane (ImmunBlot® PVDF Membrane, Bio-Rad, Hercules, CA, USA) was pre-wet with methanol; two
sheets of filter paper were soaked with transfer buffer. A “sandwich” from filter paper, the
PVDF membrane, the gel and filter paper on top was placed into a Bio-Rad semidry
electrophoretic transfer cell (Trans-Blot® SD Semi-Dry, Bio-Rad, Hercules, CA, USA),
where proteins were transferred at 20 V for 45 min.
The membrane was rinsed then with water and Tris-buffered saline (TBS) (20 mM
Tris, 137 mM NaCl, pH 7.6) containing additionally 0.1% Polyoxyethylene (20) sorbitan
monolaurate (Tween20, Thermo Fisher Scientific Inc., Rockford, IL USA) (TBS-T) for 10
min each, and blocked with 5% nonfat dry milk (CARNATION® NonFat Dry Milk,
Nestlé USA, Glendale, CA, USA) solution in TBS-T at +4°C overnight.
For immunodetection, the membrane was incubated with a 1:2000-1:1000 dilution
of a rabbit polyclonal anti-R-domain antibody G449 (kindly provided by Dr. Angus Nairn)
in TBS-T at room temperature. After 1 hour of incubation, the membrane was rinsed 2-3
times for 20 min with TBS-T. Then the horseradish peroxidase-linked secondary antibody,
goat anti-rabbit IgG (Sigma, St. Louis, MO, USA), was applied in dilution 1:10000 in TBS
containing 5% nonfat dry milk. After 1 hour of incubation, the membrane was rinsed 2-3
times with TBS. Immunoreactive bands were visualized with an ECL Plus Western
Blotting Detection System (Amersham, Piscataway, NJ, USA) and Amersham
Hyperfilm™ (Amersham Biosciences). The resulting films were scanned at 16-bit
grayscale resolution on a flatbed scanner (Epson Perfection 3200 Photo, Epson, Long
Beach, CA, USA).
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3. Results
Cysteine-depleted CFTR constructs carrying mutations of selected residues were
obtained as described in 2.1 and tested by TEVC recording. These mutations included
T164C, L165C and L1059C from ICL1/ICL4 interface; I266C, E267C and A969C on
ICL2/ICL3 interface; S176C, I177C, G178C, Q179C and V260C on ICL1/ICL2 interface,
N965C, G970C, G971C, I972C, S1049C, F1052C and T1053C on ICL3/ICL4 interface;
L172C, D173C, K174C, I175C, A274C, Y275C, S276C, R1283C, Y1307C and D1341C
on TMD1/NBD2 interface; F508C and R1070C on TMD2/NBD1 interface.
ICL1/ICL4 interface. Residue L165 was initially suggested as a target for
crosslinking experiments to test its possible interaction with residue L1059. However, the
L165C mutant did not show a sufficient expression level in Xenopus oocytes for
performing TEVC experiments. This might reflect the importance of this residue for the
CFTR maturation and the negative influence of its mutation on the channel maturation.
Mutations of this residue are found in CF patients (http://www.genet.sickkids.on.ca).
A neighbouring residue T164 was then mutated to cysteine, and the expression
level of this mutant was sufficient to perform crosslinking experiments, so the TEVC data
were collected for the pair of residues T164 and L1059. Figure 20 demonstrates the
distance between these residues predicted by the homology model for CFTR (Figure 13)
based on the known structure of Sav1866 and representing CFTR in its outward-facing
conformation (Gulyas-Kovacs, Lockless and Gadsby 2007), which corresponds to the open
state of the CFTR channel.
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Figure 20. Distance (Å) between residues (C-atoms) T164 and L1059 predicted by
the homology model for CFTR (Gulyas-Kovacs, Lockless and Gadsby 2007).

ICL2/ICL3 interface. Both mutants I266C and E267C demonstrated a sufficient
expression level in Xenopus oocytes in preliminary experiments; the mutant I266C was
selected for the further TEVC experiments. Figure 21 shows the distance between these
residues predicted by the homology model for CFTR (Gulyas-Kovacs, Lockless and
Gadsby 2007).

Figure 21. Distances (Å) between residues (C-atoms) I266 and A969
predicted by the homology model for CFTR (Gulyas-Kovacs, Lockless and Gadsby
2007).
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ICL1/ICL2 interface. Mutants S176C, I177C, G178C, Q179C and V260C showed
a sufficient expression level in Xenopus oocytes in preliminary experiments. Doublecysteine mutants G178C/V260C, Q179C/V260C demonstrated changes of the forskolininduced conductance after BMOE application; the pair G178C/V260C was chosen for a
more detailed study. Figure 22 illustrates the distance between these residues predicted by
the homology model for CFTR (Gulyas-Kovacs, Lockless and Gadsby 2007).

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

ICL3/ICL4 interface. Mutants N965C, G970C, G971C, I972C, S1049C, F1052C
and T1053C showed sufficient expression in Xenopus oocytes in preliminary experiments.
These experiments also assayed the forskolin-induced conductance of the double-cysteine
mutants

N965C/S1049C,

N965C/F1052C,

N965C/T1053C,

G970C/S1049C,

G970C/F1052C, G970C/T1053C, G971C/S1049C, G971C/F1052C, G971C/T1053C,
I972C/S1049C, I972C/F1052C and I972C/T1053C after the application of BMOE. The
absence of the forskolin response after the crosslinker application for the pairs
N965C/S1049C, N965C/F1052C, N965C/T1053C, G971C/S1049C, G971C/F1052C, and
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G971C/T1053C suggested possible interactions between these residues. The full set of
experimental data was collected for the pair G971/S1049. Figure 23 shows the distance
between these residues predicted by the homology model for CFTR (Gulyas-Kovacs,
Lockless and Gadsby 2007).

Figure 23. Distances (Å) between residues (C-atoms) G971 and S1049
predicted by the homology model for CFTR (Gulyas-Kovacs, Lockless and Gadsby
2007).

TMD2/NBD1 interface. Mutants F508C and R1070C both demonstrated a
sufficient expression level in Xenopus oocytes to perform further TEVC experiments.
Figure 24 shows the distance between these residues predicted by the homology model for
CFTR (Gulyas-Kovacs, Lockless and Gadsby 2007).
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Figure 24. Distances (Å) between residues (C-atoms) F508 and R1070
predicted by the homology model for CFTR (Gulyas-Kovacs, Lockless and Gadsby
2007).

TMD1/NBD2 interface. Mutations L172C, D173C, K174C A274C, and Y275C
diminished expression level of the cysteine-depleted CFTR (1-1480 2C background, see
2.1.2) in Xenopus oocytes, and mutations I175C, R1283C, Y1307C and D1341C almost
completely depleted it. The insufficient expression did not allow selection of mutants for
crosslinking experiments.
Consequently, the five selected mutant pairs for detailed analysis were:
T164C/L1059C (ICL1/ICL4), I266C/A969C (ICL2/ICL3), G178C/V260C (ICL1/ICL2),
G971C/S1049C

(ICL3/ICL4)

and

F508C/R1070C

(NBD1/ICL4).

Their

electrophysiological properties were studied with two perfusion protocols. The first
protocol tested the forskolin response of channels pre-treated with the crosslinker, and the
second one assayed the influence of the crosslinker on the forskolin-induced current.
Examples of recordings are presented below, and the corresponding average conductance
changes are summarized on graphs.
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3.1 BMOE-induced conductance fluctuation
In TEVC experiments, BMOE caused an effect common for all tested constructs:
brief intermittent fluctuations of the whole cell conductance (Figure 25). The effect took
place also in oocytes expressing the background CFTR construct (both split and fulllength) lacking engineered target cysteines, and retaining only two native cysteines C590
and C592 (or also C76, C128, C225, C276, C343, C491, and C524 in the N-terminal part
for the F508C mutation, see 2.1.2) and even in control intact (injected with water, see 2.2)
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 (see 2.3.2), when BMOE was applied before the forskolin stimulation
(170 out of 243 experiments); however, if the BMOE application took place after the
forskolin-induced current reached its maximum, the effect, though rarer, could also be seen
in some experiments (11 out of 154 experiments, see, for example, Figure 47 C, Figure 52
C, D).
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Figure 25. BMOE effect on the whole-cell conductance.
Examples of TEVC recordings for the background construct 1-389 0C + 390-1480 2C (A) and for
the intact oocytes (B). Red traces show the changes of the whole cell conductance. During the experiments,
the oocytes were perfused with the crosslinker solution (the perfusion period is marked as a yellow bar above
the trace) before the forskolin stimulation (a green bar above the trace). The crosslinker application caused
conductance fluctuations (Fig.25 A: 400-1500 s, Fig. 25 B: 400-1500 s of the recording).
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Application of DMSO, the solvent used for BMOE stock solutions, in the same
~1% concentration as in the BMOE perfusion solution, did not cause this effect (0 out of 9
experiments, Figure 26).

Figure 26. DMSO in ~1% concentration does not cause conductance
fluctuations.
Application of ~1% DMSO (the corresponding time period is marked as a magenta bar) did not
cause conductance fluctuations. The TEVC measurement was performed with the oocytes expressing CFTR
carrying G178C and V260C mutations.

Application of N-Ethylmaleimide (NEM), an alkylating reagent that reacts with
sulfhydryls (Figure 19), caused conductance fluctuations similar to those observed upon
the BMOE influence (Figure 27). This suggests that the observed conductance changes
could be caused by chemical reactions with sulfhydryl groups of either CFTR or also other
proteins (as this effect was observed also in intact oocytes) influencing endogenous oocyte
conductance (perhaps Ca-activated Cl– channels (Miledi 1982)).
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Figure 27. Conductance changes caused by the application of NEthylmaleimide (NEM).
Conductance changes of the oocytes expressing the 1-1480 2C G178C V260C construct upon the
NEM application (300 μM solution in OR2 prepared from 25 mM stock solution in DMSO) can be observed
in the interval 600-1500 s of the recording.
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3.2 Probing of possible interactions between cytoplasmic
helical extensions from the transmembrane helices

3.2.1 TMD1/TMD2 interfaces

According to the homology model for CFTR (Figure 14A), the interface between
cytoplasmic helical extensions from the transmembrane helices of TMDs includes residue
T164, which belongs to ICL1 and are proposed to interact with L1059 from ICL4. This
interface also includes residue I266 from ICL2, which is proposed to interact with A969
from ICL3.

3.2.1.1 Experimental data collected for the pair of residues T164 and L1059

Positions of residues T164 and L1059 are demonstrated in Figure 28. They were
mutated to cysteines in the split CFTR background: the T164C mutation was introduced
into the N-terminal cysteine-free fragment of the CFTR amino acid sequence from 1 to 389
residue (1-389 0C background), the L1059C mutation was introduced into the C-terminal
half 390-1480 containing two native cysteines, C590 and C592 (390-1480 2C
background).
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Figure 28. Positions of amino acid residues T164 and L1059 predicted by the
homology model.
Side views of the homology model show TMD1 (pale green), TMD2 (pale blue), NBD1 (bright
green) and NBD2 (bright blue). Residues T164 and L1059 are marked blue.

Figure 29 demonstrates examples of conductance traces obtained during TEVC
recordings using the first perfusion protocol, which tested how the channels respond on the
forskolin stimulation being pre-treated with the crosslinker. BMOE was added to the OR2
perfusion solution after about 3-5 min from the start of the recording and applied for about
15 min. After the BMOE treatment, the combination of forskolin and IBMX was added to
the perfusion solution.
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Figure 29. Response on the forskolin stimulation of CFTR pre-treated with
BMOE. Examples of TEVC recordings for the pair of tested residues T164 and
L1059.
Red traces show the changes of the whole cell conductance (G) for the background construct (A),
single-cysteine mutants T164C (B) and L1059 (C), and the double-cysteine mutant T164C L1059C (D),
recorded for 35-40 min. During the experiments, the oocytes were superfused with the crosslinker solution
(the perfusion period is marked as a yellow bar above the trace) before the forskolin stimulation (perfusion
period is marked as a green bar above the trace).
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After the BMOE pre-treatment, application of forskolin and IBMX caused a
continuous increase of the whole cell conductance for the background construct and both
single-cysteine mutants (Figure 29 A: 1200-2100 s, Figure 29 B: 1500-2500 s, Figure 29
C: 1200-1800 s); but for the double-cysteine mutant, the conductance did not change
significantly (Figure 29 D: 750-2000 s). The observed conductance changes are
summarized on Figure 30. The diagram represents a ratio of the whole-cell conductance of
these pre-treated with BMOE cells after and before the stimulation with forskolin. So, the
size of the bars reflects the relative conductance increase under the forskolin influence.

Figure 30. Effect of BMOE pre-treatment on the whole-cell conductance for
the pair of tested residues T164 and L1059.
Each bar of the diagram represents a ratio of the whole-cell conductance of the pre-treated with
BMOE oocytes after the forskolin stimulation (Gafter fsk) and before this stimulation (Gbefore fsk) averaged for 36 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

Forskolin increased the whole-cell conductance significantly stronger (P<0.01) for
the oocytes expressing the background construct (7-8 times, Figure 30, top bar) than for
oocytes expressing the mutant constructs. The whole-cell conductance upon the forskolin
influence rose about four times for the single-cysteine mutants (Figure 30, bars 2 and 3
from the top) and did not change for the double-cysteine mutant (Figure 30, the bottom
bar).

65

The second protocol tested the crosslinker influence on the conductance of channels
pre-stimulated with forskolin/IBMX. Examples of the traces are shown in Figure 31.

Figure 31. BMOE influence on the forskolin-induced conductance: examples
of TEVC recordings for the pair of tested residues T164 and L1059.
Red traces show the changes of the whole cell conductance (G) of the oocytes expressing the
background construct (A), single-cysteine mutants T164C (B) and L1059C (C), and the double-cysteine
mutant T164C L1059C (D) recorded for over an hour. Oocytes were pre-stimulated with forskolin (the
stimulation period is marked as green bars above the traces) before the crosslinker BMOE was added to the
perfusion solution (the period of perfusion with BMOE is marked as yellow bars above the trace).
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First, oocytes were superfused with the forskolin/IBMX solution; when the whole
cell conductance reached a steady level, the crosslinker BMOE was added to the perfusion
solution. Upon the forskolin stimulation, the whole cell conductance increased for all
expressed constructs (Figure 31 A: 300-1000 s of the recording, Figure 31 B: 250-600 s,
Figure 31C: 300-1000 s, Figure 31 D: 300-1200 s), reflecting the presence of functional
CFTR in the cell membrane. The difference in the steady conductance levels reflects
differences in the number and the activitiy of expressed CFTR channels in the cytoplasmic
membrane. During the subsequent BMOE application, the conductance changed little for
the oocytes expressing the background construct (Figure 31 A: 1100-3200 s of the
recording) or the single-cysteine mutant T164C (Figure 31 B: 1200-3000 s), but decreased
measurably for the oocytes expressing the single-cysteine L1059C and double-cysteine
T164C L1059C mutant constructs (Figure 31 C: 1500-4100 s, Figure 31 D: 1200-3800 s).
In these experiments, BMOE did not cause the transient conductance fluctuations, which
were observed when BMOE was applied before the forskolin stimulation. Figure 32
summarizes the data.

Figure 32. Effect of BMOE on the forskolin-induced conductance for the pair
of tested residues T164 and L1059.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
forskolin oocytes after 30 min of the BMOE application (Gafter BMOE) and before this application (Gbefore BMOE)
averaged for 3-7 oocytes for the background construct, single-cysteine mutants T164C and L1059C and the
double-cysteine mutant T164C L1059C. Error bars reflect the standard error of the mean.
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BMOE did not change significantly the whole-cell conductance of the oocytes
expressing the background construct (Figure 32, the first bar from the top) and decreased
to only a minor extent the conductance of the oocytes expressing the single-cysteine
mutant T164C (the second bar from the top). For the oocytes expressing single- and
double-cysteine mutants with the engineered cysteine L1059C, a 50-60% conductance
decrease upon BMOE application was observed (Figure 32, bottom two bars).
So, summarizing the results for the pair T164/L1059, it can be said that 10-15 min
pretreatment with BMOE prevents response to the forskolin stimulation for the doublecysteine mutant, but not for the background, and somewhat impairs the response of the
single-cysteines mutants. The crosslinker reduced the forskolin-induced conductance of the
double-cysteine mutants and also to some extent for mutations of the single-cysteine
mutant 1059. After 30 min, the crosslinker did not completely abolish the conductance of
the double-cysteine mutant CFTR.
The stronger effect of BMOE on the double-cysteine mutants, compared to the
single-cysteine ones suggests that 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 data collected for the pair of residues I266 and A969

The next pair of tested residues was I266 in ICL2 of TMD1 and A969 in ICL3 of
TMD2. Figure 33 demonstrates the proposed positions of these residues on the homology
model. The corresponding cysteine mutations were introduced into the split CFTR
background: the N-terminal cysteine-free fragment of the CFTR amino acid sequence from
1 to 389 residue (1-389 0C background) for the I266C mutation and the C-terminal half
390-1480 with two native cysteines, C590 and C592 (390-1480 2C background) for the
A969C mutation. Figure 34 shows the traces obtained during TEVC recordings with
oocytes expressing these mutants.

Figure 33. Positions of amino acid residues I266 and A969 predicted by the
homology model.
Side views of the homology model show TMD1 (pale green), TMD2 (pale blue), NBD1 (bright
green) and NBD2 (bright blue). Residues I266 and A969 are marked yellow.
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Figure 34. Response on the forskolin stimulation of CFTR pre-treated with
BMOE. Examples of TEVC recordings for the pair of tested residues I266 and A969.
Red traces show the changes of the whole cell conductance (G) for the background construct (A),
single-cysteine mutants I266C (B) and A969C (C), and the double-cysteine mutant I266C A969C (D)
recorded for 35-40 min. During the experiments, the oocytes were superfused with the crosslinker solution
(the perfusion period is marked as a yellow bar above the trace) before the forskolin stimulation (the
stimulation period is marked as a green bar above the trace).
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The whole cell conductance of the oocytes expressing the background construct and
the single-cysteine mutants increased upon the forskolin stimulation (Figure 34 A: 12002100 s, Figure 34 B: 1200-2000 s, Figure 34 C: 1000-1700 s), but the conductance of the
oocytes expressing the double-cysteine mutant did not change (Figure 34 D: 800-1800 s).
Figure 35 summarizes the data: after BMOE, forskolin-induced increase of wholecell conductance was significantly larger (P<0.01) for the oocytes expressing the
background (7-8 times, Figure 35, top bar) and single cysteine mutants (about 3-5 times,
middle two bars) than for the double-cysteine mutant, whose conductance almost did not
change (bottom bar).

Figure 35. Effect of BMOE pre-treatment on the whole-cell conductance for
the pair of tested residues I266 and A969.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
BMOE oocytes after the forskolin stimulation (Gafter fsk) and before this stimulation (Gbefore fsk) averaged for 36 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

Figure 36 demonstrates examples of traces obtained during TEVC experiments
testing the crosslinker influence on the conductance pre-stimulated with forskolin.
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Figure 36. BMOE influence on the forskolin-induced conductance: examples
of TEVC recordings for the pair of tested residues I266 and A969.
Red traces show the changes of the whole cell conductance (G) of the oocytes expressing the
background construct (A), single-cysteine mutants I266C (B) and A969C (C), and the double-cysteine mutant
I266C A969C (D) recorded for about 40 min. Oocytes were pre-stimulated with forskolin (the stimulation
period is marked as green bars above the traces) before the crosslinker BMOE was added to the perfusion
solution (the BMOE application period is marked as yellow bars above the trace).
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After forskolin increased the whole cell conductance, BMOE application changed
the conductance little for the oocytes expressing the background construct (Figure 36 A:
1100-3200 s) or the single-cysteine mutant I266C (Figure 36 B: 700-1500 s), but decreased
it for the oocytes expressing the single or double mutants with the engineered cysteine
A969C (Figure 36 C: 800-2000 s, Figure 36 D: 1200-2500 s).
Figure 37 summarizes the data.

Figure 37. Effect of BMOE on the forskolin-induced conductance for the pair
of tested residues I266 and A969.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
forskolin oocytes after 30 min of the BMOE application (Gafter BMOE) and before this application (Gbefore BMOE)
averaged for 3-6 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

The more rapid and more complete conductance decrease by BMOE in the oocytes
expressing the double-cysteine mutant compared to single-cysteine mutants argues that it
results from crosslinking of the two target cysteines.
Gel electrophoresis was used to look for evidence of crosslinked proteins. The
Western blot on Figure 38 visualizes protein electrophoresis results for mutants I266C and
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A969C. PAGE was performed with membrane preparations of oocytes expressing singlecysteine mutants I266C, A969C, double-cysteine mutant I266C A969C, as well as the
background construct and wild type CFTR.

Figure 38. Western blot for I266C/A969C CFTR mutants.
Lanes 1, 2: double-cysteine mutant I266C/A969C; lanes 3, 4: single-cysteine mutant I266C; lanes 5,
6: single-cysteine mutant A969C; lanes 7, 8: background construct; lane 9 is a wild type CFTR used as a
control. Preparations are made with application of the crosslinker (lanes 2, 4, 6, 8) or without it (lanes 1, 3,
5, 7, 9). Immunostaining was performed with anti-R-domain antibody G449. Arrows show additional bands,
which appear only in case of the double-cysteine mutant I266C/A969C upon the crosslinker influence. The
molecular weight of the bands corresponds to the band B (core glycosylated) and band C (fully glycosylated)
of the full length CFTR (compare to lane 9).

Lanes 2, 4, 6, 8 represent samples of oocytes pre-treated with BMOE.
Immunostaining was performed with anti-R-domain antibody G449 (see 2.5.2.1). Since the
R-domain is a part of the C-terminal half (CFTR 390-1480 C590/C592), the N-terminal
half (1-389 0C) on the blots is not visible.
The lane loaded with the prepararion from the pre-treated with BMOE oocytes
expressing double-cysteine mutant I266C/A969C shows additional bands. The molecular
weight of these bands (≈140 and ≈170 kDa) corresponds those of the wild type bands B
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and C (lane 9). Immunostaining was performed with anti-R-domain antibody; and, since
the R-domain is a part of the C-terminal half (390-1480) of the protein, only this half is
visualized on the blots. It suggests that these additional bands correspond to the full
glycosylated (C) and core glycosylated (B) crosslinked CFTR, which contains both halves
of the CFTR molecule. The band with a molecular weight of about 100 kDa corresponds to
the C-terminal half (390-1480) of CFTR, and the comparison with the crosslinked protein
band reveals that only a small percentage of the protein was crosslinked. This might reflect
the changing distance between the mutated residues depending on their relative orientation
during the gating cycle, which influences the crosslinking yield. The lanes loaded with
preparations containing CFTR with one or zero engineered cysteine (lanes 3-8) do not
show additional bands reflecting that the crosslinking reaction did not take place.
To summarize the influence of BMOE to the pair of mutants I266C A969C, a
conclusion can be made that BMOE almost completely prevented the response to forskolin
for the double-cysteine mutant, but did not alter the response of the background, and
allowed some response of the or single-cysteine mutants. The crosslinker measurably
decreased the forskolin-induced current for all mutants with engineered cysteines, but the
current was markedly lower for the double-cysteine mutant than for the single-cysteine
mutants.

3.2.2 ICL1/ICL2 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 fulllength cysteine-depleted background containing two native cysteines, C590 and C592 (11480 2C background). Figure 40 demonstrates examples of traces obtained during TEVC
recordings for the pair of mutants G178C and V260C.
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Figure 39. Positions of amino acid residues G178 and V260 predicted by the
homology model.
Side views of the homology model show TMD1 (pale green), TMD2 (pale blue), NBD1 (bright
green) and NBD2 (bright blue). Residues F178 and V260 are marked red.
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Figure 40. Response on the forskolin stimulation of CFTR pre-treated with
BMOE. Examples of TEVC recordings for the pair of tested residues G178 and V260.
Red traces show the changes of the whole cell conductance (G) for the background construct,
single-cysteine mutants G178C and V260C, and the double-cysteine mutant G178C V260C recorded for an
hour. During the experiments, the oocytes were superfused with the crosslinker solution (the perfusion period
is marked as a yellow bar above the trace) before the forskolin stimulation (which period is marked as a
green bar above the trace).
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Upon the forskolin stimulation, the whole cell conductance increased for all tested
constructs (Figure 40 A: 1200-2100 s, Figure 40 B: 1000-1800 s, Figure 40 C: 2300-3500
s, Figure 40 D: 1300-2000 s), demonstrating that the CFTR function was not abolished by
the crosslinker influence. The different conductance amplitudes reflect the different
amount of expressed CFTR in the cell membrane.
Figure 41 summarizes the data. Forskolin increased the whole-cell conductance for
all BMOE-pretreated constructs, however, significantly less strong than for the
background/template CFTR (7-8 times, Figure 41, top bar). The forskolin-induced
conductance increase was not significantly different for the mutants with engineered
cysteines (Figure 41, bars 2-4 from the top).

Figure 41. Effect of BMOE pre-treatment on the whole-cell conductance for
the pair of tested residues G178 and V260.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
BMOE oocytes after the forskolin stimulation (Gafter fsk) and before this stimulation (Gbefore fsk) averaged for 36 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

Figure 42 shows examples of the traces obtained during TEVC experiments testing
the crosslinker influence on the oocytes pre-stimulated with forskolin.
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Figure 42. BMOE influence on the forskolin-induced conductance: examples
of TEVC recordings for the pair of tested residues G178 and V260.
Red traces show the changes of the whole cell conductance (G) of the oocytes expressing the
background construct (A), single-cysteine mutants G178C (B) and V260C (C), and the double-cysteine
mutant G178C V260C (D) recorded for over an hour. Oocytes were pre-stimulated with forskolin (the
stimulation period is marked as green bars above the traces) before the crosslinker BMOE was added to the
perfusion solution (the BMOE application period is marked as yellow bars above the trace).
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Upon the stimulation with forskolin, I observed the raise of the whole cell
conductance for all expressed constructs (Figure 42 A: 300-1000 s of the recording, Figure
42 B: 300-1000 s, Figure 42 C: 300-800 s, Figure 42 D: 300-1000 s), which reflects the
presence of functional CFTR in the cell membrane. Different amplitudes of this
conductance increase reflect the amount of expressed CFTR.
During the subsequent BMOE application, the conductance almost did not change
for the oocytes expressing the background construct and decreased for all oocytes
expressing the mutants (Figure 42 A: 1100-3200 s of the recording, Figure 42 B: 12004100 s, Figure 42 C: 1200-4100 s, Figure 42 D: 1100-4000 s).

Figure 43. Effect of BMOE on the forskolin-induced conductance for the pair
of tested residues G178 and V260.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
forskolin oocytes after 30 min of the BMOE application (Gafter BMOE) and before this application (Gbefore BMOE)
averaged for 3-6 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

These data are summarized on Figure 43. BMOE did not change the whole-cell
conductance of the oocytes expressing the background construct (Figure 43, top bar), but
diminished it for the oocytes expressing mutants with engineered cysteines (35-50%
decrease), but not significantly different for these three mutants (Figure 43, bars 2-4 from
the top). BMOE influence appears to be stronger in case of G178C comparing to the
double-cysteine mutant.
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3.2.3 ICL3/ICL4 interface

This chapter presents experimental data for residues G971 and S1049. Figure 44
demonstrates positions of these residues on the homology model. Mutations G971C and
S1049C were introduced into the full-length cysteine-depleted background containing two
native cysteines, C590 and C592 (1-1480 2C background).

Figure 44. Positions of amino acid residues G971 and S1049 predicted by the
homology model.
Side views of the homology model show TMD1 (pale green), TMD2 (pale blue), NBD1 (bright
green) and NBD2 (bright blue). Residues G971 and S1049 are marked green.

Figure 45 illustrate TEVC recordings with oocytes expressing mutants G971C
S1049C, G971C and S1049C, as well as the background CFTR construct 1-1480 2C as a
control.
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Figure 45. Response on the forskolin stimulation of CFTR pre-treated with
BMOE. Examples of TEVC recordings for the pair of tested residues G971 and
S1049.
Red traces show the changes of the whole cell conductance (G) for the background construct (A),
the single-cysteine mutants G971C (B) and S1049C (C) and the double-cysteine mutant G971C S1049C (D)
recorded for about 40 min. During the experiments, the oocytes were superfused with the crosslinker solution
(the perfusion period is marked as a yellow bar above the trace) before the forskolin stimulation (which
period is marked as a green bar above the trace).
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After the BMOE pre-treatment, the forskolin stimulation increased the whole cell
conductance of the oocytes expressing the background and both single-cysteine mutants
(Figure 45 A: 1200-2100 s, Figure 45 B: 1000-1500 s, Figure 45 C: 1200-2000 s), but did
not change the conductance for the double-cysteine mutant (Figure 45 D: 1200-2500 s).
Results are summarized on Figure 46.

Figure 46. Effect of BMOE pre-treatment on the whole-cell conductance for
the pair of tested residues G971 and S1049.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
BMOE oocytes after the forskolin stimulation (Gafter fsk) and before this stimulation (Gbefore fsk) averaged for 37 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

Forskolin increased the whole-cell conductance of the oocytes expressing the
background construct (Figure 46, top bar) 7-8 times, which is significantly higher (P<0.01)
than of oocytes expressing single-cysteine mutants (3-5 times, Figure 46, bars 2 and 3 from
the top). In the double-cysteine mutant, forskolin had no significant activating effect
(Figure 46, bottom bar).
Figure 47 illustrates TEVC experiments testing the crosslinker influence on oocytes
pre-stimulated with forskolin for the mutants G971C and S1049C.
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Figure 47. BMOE influence on the forskolin-induced conductance: examples
of TEVC recordings for the pair of tested residues G971 and S1049.
Red traces show the changes of the whole cell conductance (G) of the oocytes expressing the
background construct (A), single-cysteine mutants G971C (B) and S1049C (C), and the double-cysteine
mutant G971C S1049C (D) recorded for about 40 min. Oocytes were pre-stimulated with forskolin (the
stimulation period is marked as green bars above the traces) before the crosslinker BMOE was added to the
perfusion solution (the BMOE application period is marked as yellow bars above the trace).
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During the forskolin application, the whole cell conductance increased for all
expressed constructs (Figure 47 A: 300-1000 s of the recording, Figure 47 B: 250-800 s,
Figure 47 C: 200-500 s, Figure 47 D: 200-700 s). The amplitude differences of this
increase reflect different expression level of CFTR.
BMOE almost did not change the conductance for the oocytes expressing the
background construct (Figure 47 A: 1100-3200 s of the recording) as well as for the singlecysteine mutant G971C (Figure 47 B: 800-2500 s), but decreased it for the oocytes
expressing the mutants with the engineered cysteine S1049C, both single- and doublecysteine mutants (Figure 47 C: 500-2500 s, Figure 47 D: 700-2500 s).

Figure 48. Effect of BMOE on the forskolin-induced conductance for the pair
of tested residues G971 and S1049.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
forskolin oocytes after 30 min of the BMOE application (Gafter BMOE) and before this application (Gbefore BMOE)
averaged for 3-7 oocytes for each expressed construct Error bars reflect the standard error of the mean.

Figure 48 summarizes the results. The whole-cell conductance of the oocytes
expressing the background construct almost did not change upon BMOE. For the singlecysteine mutant G971C, the conductance reduction after ~30 min was about 10%. The
whole-cell conductance of the oocytes expressing the mutants with the engineered cysteine
S1049C decreased even stronger (Figure 48, bars 3 and 4 from the top). In case of the
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single-cysteine mutant, the conductance decreased to about 50% after ~35 min of the
incubation, and for the double-cysteine mutant the conductance decrease was about 90%
after 30 min. So, BMOE compromised the response on forskolin for the single-cysteine
mutants and strongly diminished the forskolin-induced current for the double-cysteine
mutant.
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3.3 Probing of possible interactions for NBD/TMD
interfaces
3.3.1 NBD1/TMD2 interface

Residues F508 and R1070 on the NBD1/TMD2 interface were 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 N-terminal 1-633 native part of the CFTR sequence (1-633 wt), and
mutation R1070C was introduced into the C-terminal cysteine free part 634-1480 (6341480 0C). Figure 50 shows traces obtained during TEVC recordings with the first
perfusion protocol for the pair of mutant residues F508C and R1070C in the split CFTR
background (1-633 wt (containing all 9 native cysteines) co-expressed with 634-1480 0C).
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Figure 49. Positions of amino acid residues F508 and R1070 predicted by the
homology model.
Side views of the homology model show TMD1 (pale green), TMD2 (pale blue), NBD1 (bright
green) and NBD2 (bright blue). Residues F508 and R1070 are marked magenta.
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Figure 50. Response on the forskolin stimulation of CFTR pre-treated with
BMOE. Examples of TEVC recordings for the pair of tested residues F508 and
R1070.
Red traces show the changes of the whole cell conductance (G) for the background construct (A),
the single-cysteine mutants F508C (B) and R1070C (C) and the double-cysteine mutant F508C R1070C (D)
recorded for about 40 min. During the experiments, the oocytes were superfused with the crosslinker solution
(the perfusion period is marked as a yellow bar above the trace) before the forskolin stimulation (which
period is marked as a green bar above the trace).
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Conductance fluctuations upon the BMOE application were observed (Figure 50 A:
450-1200 s of the recording, Figure 50 C: 500-1000 s, Figure 50 D: 200-500 s); the
subsequent forskolin stimulation increased the conductance for the background (Figure 50
A: 1200-2100 s) and the single-cysteine mutant F508C (Figure 50 B: 1200-1900 s), but not
for the mutants R1070C, both single- and double-cysteine mutants (Figure 50 C: 12002500 s, Figure 50 D: 500-2500 s).
Figure 51 summarizes the data. Forskolin increased 7-8 times the whole-cell
conductance of the oocytes expressing the background (Figure 51, top bar), significantly
higher (P<0.01) than for the cysteine mutants: the conductance increased about 3 times for
the cells expressing F508C (Figure 51, bar 2 from the top) and almost did not change for
the oocytes expressing R1070C (Figure 51, bar 2 vs. bars 3 and 4 from the top). It is
remarkable that BMOE resulted in the same conductance depletion in the single and
double mutant carrying R1070C.

Figure 51. Effect of BMOE pre-treatment on the whole-cell conductance for
the pair of tested residues F508 and R1070.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
BMOE oocytes after the forskolin stimulation (Gafter fsk) and before this stimulation (Gbefore fsk) averaged for 36 oocytes for each expressed construct. Error 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 influence on the pre-stimulated with forskolin oocytes.

Figure 52. BMOE influence on the forskolin-induced conductance: examples
of TEVC recordings for the pair of tested residues F508 and R1070.
Red traces show the changes of the whole cell conductance (G) of the oocytes expressing the
background construct (A), single-cysteine mutants F508C (B) and R1070C (C), and the double-cysteine
mutant F508C R1070C (D) recorded for about 40 min. Oocytes were pre-stimulated with forskolin (the
stimulation period is marked as green bars above the traces) before the crosslinker BMOE was added to the
perfusion solution (the BMOE application period is marked as yellow bars above the trace).
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Upon the stimulation with forskolin, the whole cell conductance increased for all
expressed constructs (Figure 52 A: 300-1000 s of the recording, Figure 52 B: 250-800 s,
Figure 52 C: 200-500 s, Figure 52 D: 200-700 s), the amplitude differences reflect
different expression level of CFTR.
The forskolin-induced conductance almost did not change for the oocytes
expressing the background construct (Figure 52 A: 1000-2500 s of the recording) and the
oocytes expressing the single-cysteine mutant F508C (Figure 52 B: 1800-3800 s), but
decreased the conductance in oocytes expressing the mutants with the engineered cysteine
R1070C, both single- and double-cysteine mutants (Figure 52 C: 700-1800 s, Figure 52 D:
700-2500 s).
Figure 53 summarizes the data.

Figure 53. Effect of BMOE on the forskolin-induced conductance for the pair
of tested residues F508 and R1070.
Each bar on the diagram represents a ratio of the whole-cell conductance of the pre-treated with
forskolin oocytes after 30 min of the BMOE application (Gafter BMOE) and before this application (Gbefore BMOE)
averaged for 3-7 oocytes for each expressed construct. Error bars reflect the standard error of the mean.

BMOE almost did not change the whole-cell conductance of the oocytes expressing
the background construct and the oocytes expressing the single-cysteine mutant F508C
(Figure 53, top two bars) and decreased the whole-cell conductance of the oocytes
expressing the mutants with the engineered cysteine R1070C (Figure 53, two bottom bars):
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~40% conductance decrease for the single-cysteine mutant R1070C and ~70%
conductance decrease for the double-cysteine mutant F508C R1070C was observed. In this
case, a significant difference was expected if the crosslinking reaction between F508C and
R1070C could occur.
In summary, the crosslinker somewhat decreased the response on forskolin for
F508C mutant, but it was indistinguishable from the effect on the background/template
CFTR. Mutants with the R1070C mutation were significantly affected by the crosslinker.
The forskolin-induced current was smaller by a factor of more than 2 after BMOE
application on the double-cysteine mutant. This indicates that BMOE affects the
conductance by crosslinking stronger than if it reacts with only one cysteine.
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4. Discussion
The present work aimed to identify points of possible inter- and intradomain
interactions in CFTR and their involvement in conformational changes occurring during
the channel gating cycle. Homology models for CFTR suggested amino acid residues
expected to be involved in such interactions (see 1.2.2 and 1.3). The existence of these
inter- and intradomain contacts was tested by means a cysteine-specific crosslinking
method, where the corresponding channel state was assayed by two-electrode voltageclamp (TEVC) technique.
After mutation of the selected pairs of target residues to cysteines, application of
the bifunctional cysteine-specific crosslinker to the mutant CFTR channels allows
investigation of the crosslinker influence on channel function. Conductance changes
caused by the crosslinker in double-cysteine mutants, but not single-cysteine mutants,
reflect the effect of crosslinking the target positions, perhaps trapping the channel in a
fixed state. This implies that the tested residues approach each other to the distance
spanned by the crosslinker’s spacer arm.

4.1 Conductance fluctuations upon the crosslinker
influence
Fluctuations of the whole cell conductance were observed in Xenopus oocytes upon
sulfhydryl-specific reagents BMOE and NEM before the forskolin stimulation for all
studied constructs and also intact oocytes. The 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 per second. The oscillatory character of these
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conductance changes suggests possible activation of Ca2+-dependent Cl− channels (CaCC)
by IP3-gated oscillatory release of Ca2+ from intracellular stores (Fewtrell 1993, Berridge
1994).
The CaCC channels are normally expressed in Xenopus oocytes and activated by
increased cytosolic concentration of Ca2+, which can be a result of Ca2+ release from
intracellular stores (Miledi 1982, Barish 1983).
In the presented here experiments, IP3-receptors appear to be triggered by
disturbances of the oocyte membrane upon BMOE or NEM application, which led to
oscillatory Ca2+ release and resulted in conductance changes. The absence or decrease of
these conductance fluctuations upon the forskolin stimulation is in agreement with the
finding that activated CFTR reduces activation of CaCC in Xenopus oocytes (Kunzelmann,
et al. 1997).

4.2 Cysteine-specific crosslinking of mutant CFTR:
possible intramolecular interactions
4.2.1 ICL/ICL interfaces

In experiments with CFTR carrying mutants T164C (in ICL1) and L1059C (in
ICL4), pre-treatment with the cysteine-specific crosslinker BMOE prevented the
conductance increase in response to the forskolin stimulation for the double-cysteine
mutant, whereas the single-cysteines mutants and the background constructs still showed
this response. When BMOE was applied after the forskolin stimulation, the crosslinker
decreased the forskolin-induced current significantly stronger for the double-cysteine
mutants comparing to the single-cysteine ones.
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Similar results were obtained for the pairs of residues I266/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
double-cysteine mutant, BMOE applied after the forskolin stimulation decreased the
forskolin-induced current. This effect was significantly stronger for the double-cysteine
mutants comparing to the single-cysteine ones.
A possible explanation for the observed conductance changes is the formation of a
covalent bond between two engineered cysteines by the crosslinker molecule. In this case,
the crosslinked double-cysteine mutant cannot change its conformation upon the
stimulation to allow the chloride ions to flow through the channel. As this reaction is only
possible when the distance between two residues does not exceed 8 Å (the distance
between two maleimide groups of BMOE), this implies the corresponding spatial
proximity of the tested residues.
In case of the single-cysteine mutants, the observed conductance decrease was
significantly smaller then for the double-cysteine mutants. This decrease also might be
explained by the covalent reaction of the crosslinker with one engineered cysteine: the
presence of the crosslinker molecule could lead to steric hindrance of intramolecular
movements, which are necessary for the channel opening. This can result in decreased
whole cell conductance. Such steric hindrance might also be a cause of conductance
changes in case of the double-cysteine mutants: two crosslinker molecules might react with
two engineered cysteines and result in diminished conductance. However, biochemical
experiments for the double-cysteine mutant I266C/A969C give some additional evidence
that the formation of a covalent bond between these engineered cysteines does take place:
Western blot analysis shows that BMOE causes appearance of a band additional to those
visualizing the CFTR halves containing one mutation (Figure 38). The molecular weight of
this additional band is in the range of that for a full-length CFTR, suggesting that this band
corresponds to the product of the crosslinking reaction: two halves of the CFTR molecule
each carrying one engineered cysteine joined together by the crosslinker molecule. This
means that these residues do approach each other to the distance of about 8 Å. This
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biochemical evidence relates electrophysiological events observed during TEVC
experiments to the crosslinking reaction between two engineered cysteines.
The obtained data suggest the spatial proximity of residues T164/L1059, I266/A969
and G971/S1049 in the closed state, as the crosslinker influence kept the channel in the
closed state (or led to its failure to re-open, as the channels are opening and closing all the
time before exposure to the crosslinker). However, a homology model of the human CFTR
(Mornon, Lehn und Callebaut 2009), which was constructed on the basis of different
MsbA structures, represents the channel in an inward-facing conformation corresponding
the CFTR closed channel state (Figure 54) and predicts following distances between the
mentioned residues (their C-atoms): about 3-4 Å between T164 and L1059, about 7-8 Å
between I266 and A969, and about 17 Å between G971 and S1049 (Figure 55). This
predicted proximity of residues T164 and L1059, as well as I266 and A969, would be in
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 of the corresponding
double-cysteine 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 influence on the channel state. It
is also possible that the crosslinking reaction between residues G971 and S1049 does not
occur in the closed, but in the open state, trapping though the channel in a conformation,
which fails to re-open. The faster decrease of the forskolin-induced current upon BMOE
for G971C S1049C (Figure 47 D) comparing to T164C L1059C (Figure 31 D) and I266C
A969C (Figure 36 D) could be explained that the crosslinking between G971C and
S1049C appears to be facilitated when the channel is open. This supports the suggestion
that the crosslinking reaction between G971C and S1049C could occur in the open CFTR
state.
Intramolecular distances similar to those proposed by a homology model of the
human CFTR (Mornon, Lehn und Callebaut 2009) are observed in the crystal structure of
the heterodimeric ABC transporter TM287/288 in its closed (inward-facing) state (Hohl, et
al. 2012): 6-7 Å between residues V96 (TM287) and I223 (TM288), which correspond to
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T164 and L1059 of human CFTR according to the mentioned in 1.3 multiple sequence
alignment performed in the laboratory by Dr. W. Labeikowsky; 4-7 Å between L199
(TM287) and H133 (TM288), which correspond to I266 and A969 of CFTR; 17-19 Å
between D135 and G213 in TM288, corresponding to G971 and S1049 of CFTR.

Figure 54. Homology model for CFTR representing the inward-facing
conformation of CFTR (Mornon, Lehn and Callebaut 2009).
The model was constructed on the basis of the X-ray structures of the ABC transporter MsbA (Ward,
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 (Å) between residues (C-atoms) T164 and L1059 (A),
I266 and A969 (B), and G971 and S1049 (C), predicted by the homology model for
CFTR representing the closed channel state (Mornon, Lehn and Callebaut 2009).
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For the pair of residues G178/V260, the forskolin response for single- and doublecysteine mutants diminished after the BMOE pre-treatment, but not significantly different
for all these mutants. Decrease of the forskolin-induced conductance upon BMOE was also
not significantly different for single- and double-cysteine mutants. One possible
explanation for this could be that residues 178 and 260 do not approach each other to a
distance sufficient for a crosslinking reaction with BMOE. The mentioned homology
model for CFTR (Mornon, Lehn und Callebaut 2009), representing the closed channel
state (Figure 54), predicts a distance of about 18-19 Å between these residues in the closed
state, which is too far to be joined by BMOE. A similar distance (19-22 Å) is observed in
the structure of TM287/288 (Hohl, et al. 2012) between residues S110 and R193 (TM287),
which correspond to residues G178 and V260 of human CFTR according to the alignment.

Figure 56. Distances (Å) between residues (C-atoms) G178 and V260
predicted by the homology model for CFTR representing the closed channel state
(Mornon, Lehn and Callebaut 2009).

Another explanation is that the modification of either of these residues by the
crosslinking leads to diminished overall conductance by steric effects that lower the open
probability somewhat. This supports a prediction made by the homology model for CFTR
(Mornon, Lehn und Callebaut 2008) of a possible 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 engineered 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 double-cysteine mutant
(see 3.2.2). 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 mentioned steric issues.

4.2.2 ICL4/NBD1 interface

For the pair of residues F508/R1070, TEVC experiments showed similar results for
the double- and the single-cysteine mutants with engineered cysteine R1070C: BMOE
prevented response on the forskolin stimulation for both of these mutants, whereas the
single-cysteines mutant F508C still showed the response on forskolin, as well as the
background construct.
Similarly, when BMOE was applied after the forskolin stimulation, the crosslinker
decreased the forskolin-induced current almost completely again for both mutants with
R1070C, the single- and the double-cysteine one. Comparing to these data, our previous
results for the pair of residues F508/L1065 (Jaksekovic, et al. 2008) showed that BMOE
decreased the forskolin-induced current almost completely only for the double-cysteine
mutant, whereas the single-cysteine mutant L1065C still kept the forskolin-induced current
even under the BMOE influence.
The observed lack of significant difference between the BMOE effect on the
double- and single-cysteine 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 state. This might reflect the
significance of this residue for the intramolecular rearrangements during the gating cycle.
The question, whether the crosslinking reaction between F508C and R1070C does take
place, or whether the BMOE effect on the double-cysteine mutant should be related to the
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steric rearrangements, still remains open. To distinguish between the crosslinking and
steric hindrance in this case, biochemical experiments similar to those performed for the
pair of residues I266/A969 could be helpful. Appearance of an additional band on the
Western blot would support the presence of the crosslinking product. These findings would
suggest NBD1/ICL4 interaction, confirming the domain-swapping architecture in CFTR,
and would be in agreement with the crosslinking data of Serohijos at al. (Serohijos, et al.
2008). In that study, a homology model of CFTR (Figure 6) was constructed based on the
known structure of the ABC exporter Sav1866 (Dawson and Locher 2006). To 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 F508 could be crosslinked to cysteines introduced at several positions in
ICL4, including L1065, F1068, G1069, and F1074, reflecting the central role of this
residue in this interface and in the interdomain interaction (Serohijos, et al. 2008).

4.2.3 ICL1/NBD2 and ICL2/NBD2 interfaces

Mutations on the ICL1/NBD2 and ICL2/NBD2 interfaces diminished the CFTR
expression in Xenopus oocytes (ICL1: L172C, D173C, K174C; ICL2: A274C, Y275C) or
completely depleted it (ICL1: I175C; NBD2: R1283C, Y1307C, D1341C). Interestingly,
mutations of residues Y275, Y1307, I175 and R1283 were described in patients with CF
(http://www.genet.sickkids.on.ca, Romey, et al. 1994, Cheadle, Meredith und al-Jader
1992). This suggests the significance of these positions for the normal channel expression
and/or function.
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4.3 Outlook
The approach applied in this work can gain structural information about CFTR as
well as other channels and is a useful tool to study influence of structural rearrangements
on the channel function in vivo. Electrophysiogical experiments combined with
biochemical data can deliver strong evidence of structural proximity and functional
interaction of amino acid residues belonging to different structural units of a protein.
Further biochemical experiments would be useful to distinguish, whether the inferred
crosslinking reaction between residues occurs, or whether altered conductance is a result of
steric hindrance caused by attachment of the crosslinker molecule to a single cysteine. In
the former case, the appearance of an additional band on a Western Blot could confirm the
presence of the crosslinking product.
The obtained data confirm some predicted intramolecular interactions based on
homology models, indicating that the models are therefore suitable for planning future
experiments and drug discovery approaches.
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