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1. Introduction
1.1. Role of CFTR in health and disease

The cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride
ion channel expressed at the apical surfaces of various epithelial layers, including the
lung, intestinal mucosa, exocrine pancreas, vas deferens, and the sweat duct, and its
function is essential for the salt-water balance of these surfaces under physiological
conditions.

Cystic fibrosis (CF), caused by dysfunction of CFTR due to mutations, is the
most common lethal genetic disease in Caucasian populations[1], with a frequency of
~1/2500. CF is a destructive multiorgan disorder, which presents with blockage of
airway passages due to viscous mucus, frequent respiratory infections, obstruction of
pancreatic ducts, meconium ileus in newborn, infertility in males due to blockage of the
vas deferens, as well as a distinctive high-salt sweat which is diagnostic for the disease.
Even though in recent decades progress in symptomatic treatment has greatly extended
the life expectancy of CF patients, the most common form of the disease remains
incurable to date. On the other hand, overactive CFTR kept in a constitutively
stimulated state due to the action of bacterial toxins, mediates fluid loss into the
intestinal lumen in secretory diarrheas such as cholera, still very frequent in developing
countries[2].

CFTR belongs to the ATP binding cassette (ABC) protein superfamily, whose
members are involved in a broad variety of physiological, pharmacological and
pathological processes[3]. Although ABC proteins are active transporters whereas
CFTR, alone, is a chloride ion channel, recent results suggest that a conserved
molecular mechanism couples a cycle of conformational changes between cytosolic
nucleotide binding domains (NBDs) and transmembrane domains (TMDs) of all ABC

proteins[4].

1.2. ABC transporters and their general structure

ABC transporters are members of a transport system superfamily that is arguably
one of the largest and most ancient transporter families, with representatives in all
existing phyla from prokaryotes to homo sapiens[5, 6]. From the current sequence

information of microbial genomes, ABC transporters represent the largest protein
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family identified up until now; underlined by the fact that between one and three percent
of bacterial and archaeal genomes encode for subunits of ABC transporters[6]. Forty
eight ABC transporters are known to exist in humans[7, 8], and a large number of these
have revealed to be responsible for, or associated with, various disease states, including
(but not limited to) adrenoleukodystrophy, neonatal diabetes, Tangier disease,
pseudoxanthoma elasticum, and CF[9].

The general structural make-up of every ABC transporter is composed of two
types of modular domains: the transmembrane domain (TMD) and the nucleotide
binding domain (NBD). The TMD, also known as membrane-spanning domain or
integral membrane domain, is made up of alpha helices, traversing the membrane
bilayer[10]. It normally recognizes an assortment of substrates, and goes through
conformational transformations between inward-facing and outward-facing states that
alternately expose the substrate binding sites to the two sides, to transport such
substrates across the membrane[10]. Correspondingly, the sequence and architecture of
TMDs is highly variable, reflecting the chemical diversity of substrates that can be
translocated[10]. The NBD on the other hand, is located in the cytoplasm, and is the site
for ATP binding and hydrolysis, required for driving unidirectional, thermodynamically
uphill, transport[10]. Correspondingly, NBD sequences are highly conserved, and form
an ABC consisting of two subdomains, a core ("head") and an a-helical ("tail")
subdomain. ATP binds to the highly conserved Walker A (GXXXXKT/S) and B
(PDDODDE, @ hydrophobic) motifs of the core subdomain, present in most ATPases,
whereas a third highly conserved motif, the ABC signature sequence (LSGGQR/K) is
found in the a-helical subdomain, distant from bound ATP[11, 12].

With a few exceptions, most functional ABC transporters contain two TMDs
and two NBDs, which may be expressed from a variable number of genes. In several
bacterial importers the four canonical domains are expressed as individual polypeptides
and coassemble with each other into a functional protein. In most bacterial exporters, an
N-terminal TMD is fused to a C-terminal NBD, and two such "half-transporters"
assemble into homo- or heterodimers. Human ABC transporters are expressed either as
half-transporters, or fused into a single polypeptide chain, and are typically arranged in
the following order: TMD1-NBD1-TMD2-NBD2 (Figure 1.).
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Typical sequential arrangement of the four canonical ABC domains in monomeric ABC

Figure 1. Modular architecture of ABC proteins

proteins. From left to right: the N-terminus, TMD1 (gray rectangle 1), NBD1 (green
box 1), TMD2 (gray rectangle 2), NBD2 (blue box 2).
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1.2.1. Crystal structures of ABC transporters

The latest developments in X-ray crystallographic determination of an array of
bacterial and eukaryotic ABC transporter structures have helped to advance our
understanding of the ATP hydrolysis-driven transport mechanism, but have also
depicted the huge structural and functional diversity within the family[4]. Numerous
intermediate to high resolution crystal structures have been resolved for many ABC
transporters that range from microorganisms to higher eukaryotes, including mammals.
These detailed structural data, combined with comprehensive biochemical and
biophysical studies, have given us a wealth of information on the catalytic process of
ATP hydrolysis-driven transport[9].

1.2.1.1. Crystal structure of Sav1866

The first high-resolution structure reported for a full-length ABC exporter was
that of the multidrug exporter Sav1866 from Staphylococcus aureus.[13, 14]. The NBDs
of the Sav1866 homodimer are similar in structure to those of other ABC transporters.
They expose conserved motifs involved in ATP binding and hydrolysis[15] at the
shared interface of a ‘head-to-tail’ dimeric arrangement that has been widely accepted
as physiologically relevant on the basis of structural[16, 17] and biochemical[18-20]
data. The hallmark of this NBD dimer arrangement is that two ATP-binding sites are
formed at the shared interface, formed on one side by the Walker-A (also called the P-
loop) and Walker B motifs of one NBD, and on the other side by the ABC signature
motif of the opposing NBD. Involvement of both NBDs in the formation of both
binding sites creates a direct link between the two sites and provides the molecular basis
of the observed cooperativity in ATP binding and hydrolysis[21]. The Sav1866 protein
was crystallized in the presence of adenosine diphosphate (ADP), and two ADP
molecules were resolved in the structure, both buried inside the dimer between the P-
loops and the ABC signature motifs of opposing NBD subunits. Although ADP, rather
than ATP, was bound, the NBDs in Sav1866 exhibit the tightly dimerized conformation
expected for the ATP-bound state based on biochemical studies[22, 23]. At the same
time, the TMDs were seen to adopt an outward-facing conformation with an unexpected
twist that puts intracellular loops of both TMDs into contact with the membrane-facing

surfaces of both NBDs ("domain-swap" arrangement)[24].
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The structure further identified a short "coupling helix" (CH) in each of the four
intracellular loops[24]. These helices run in parallel with the cytoplasmic face of the
membrane, and were proposed to act as linkers between TMD and NBD domains,
transmitting conformational movements between them[24].

In addition to the wealth of new information on ABC transporter structure and
mechanism relevant to the entire ABC field, the Sav1866 structure provided the first
clue for understanding the molecular consequences of the most common CF causing
mutation, deletion of phenylalanine 508 in CFTR's NBD1. When aligned with the
Sav1866 sequence, this CFTR residue maps to a conserved aromatic cluster of
aminoacids on the NBD surface that is seen to contact a similar cluster of aromatic
residues in and around CH2 in the Sav structure. Due to the domain-swap arrangement,
the F508 residue in CFTR is predicted to contact CH4, which is part of the TMD2
sequence. The AF508 mutation, responsible for ~90% of CF cases, was therefore

predicted to disrupt the normal domain-domain interaction at the NBD-TMD interface.

1.2.1.2. Crystal structure of TM287-288

Whereas in most ABC proteins both catalytic sites are hydrolytically active, a
subset of the superfamily — including the entire C subfamily into which CFTR belongs —
exhibits only one catalytically active site, while the other contains  non-canonical
substitutions in key conserved motifs and is therefore inactive[25]. The first crystal
structure to be solved for such an "asymmetrical” ABC protein was that of TM287/288
from Thermotoga maritima, a heterodimeric ABC exporter with nonequal ATP binding
sites[25]. The high-resolution (2.9-A) TM287-288 structure is in its intracellular-facing
conformation[25], and - similar to available intracellular-facing structures of
symmetrical ABC proteins[26, 27]- its NBDs are disconnected from each other,
revealing the nucleotide binding sites to the cytoplasmic milieu. This NBD boundary
disconnection is accompanied by an increase, compared to that seen in Sav1866, in the
distances between all four of the CHs, likely responsible for separating the cytoplasmic
ends of the TM helices apart. However, in contrast to inward-facing symmetrical ABC
exporter structures in some of which the two NBDs are seen wide apart, the NBDs of
TM287-288 only partially separate, retaining some contact across the degenerate

binding site, through an interface that involves the P-loop on one side, and the
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conserved "D-loop" (following the Walker B motif) on the other. Based on the TM287-
288 structure, a 15-A separation of the coupling helices of ICL2 and ICL4 is sufficient
to cause the TMDs to flip from an outward- to an inward-facing conformation, without

the need for complete NBD dimer disengagement.

1.2.2. CFTR structure

CFTR is a monomeric ABC protein[28] built from two homologous halves, each
comprising a TMD (Figure 2., gray) followed by a cytosolic NBD (Figure 2, green and
blue), but is unique in that its TMDs form an chloride-selective transmembrane ion
channel[29]. Both TMDs are built from six transmembrane o-helices (TM1-12), and
extensive functional studies have identified TM1, 6, 11, and 12 to be involved in
forming its anion-selective ion permeation pathway[30-37]. In CFTR, the two canonical
ABC halves (TMD1-NBD1 and TMD2-NBD?2) are linked into a single polypeptide by
the unique cytosolic regulatory (R) domain (Figure 2., pink), resulting in the following
sequential domain order: TMD1-NBD1-R-TMD2-NBD2.

The R domain is unrelated in its sequence to any other known protein, and is a
target for phosphorylation by cAMP-dependent protein kinase (protein kinase A,
PKA)[28] at multiple serine residues[38]. R-domain phosphorylation is a prerequisite
for ATP-driven CFTR chloride channel activity[39](Figure 3.).

The structures of the isolated NBD1[41] and NBD2 (PDBID: 3GD7) domains of
CFTR follow the conserved ABC NBD fold. However, to date, a detailed understanding
of CFTR structure and function is limited by the lack of a full-length CFTR crystal
structure. Consequently, several homology models of closed- and open-state CFTR have
been constructed based on crystal structures of homologous ABC exporters in their

inward- and outward-facing conformations ([42],[40]). (Figure 4.)
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TMD1 TMD2

C

Figure 2. CFTR membrane topology
Domain organizations of WT CFTR: TMDs (gray), intracellular loops (ICLs)
containing coupling helices (light violet), NBD1 (green), NBD2 (blue), R domain (pink),

membrane (yellow).
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Figure 3. Regulation of CFTR channel gating by PKA and ATP

CFTR's R domain must be phosphorylated by PKA before ATP is able to support
channel opening. Current recording of a single wild-type CFTR channel in an inside-
out membrane patch obtained in symmetrical 140 mM chloride, at a membrane
potential of -80 mV. Downward deflections reflect individual pore opening events. The
channel is activated by exposure to 300 nM catalytic subunit of bovine PKA (red bar)
in the presence of 2 mM MgATP (green bar). On PKA withdrawal endogenous
membrane-attached phosphatases partly dephosphorylate the R domain, thereby
reducing the probability of finding the channel open, but channels do not stop gating

until ATP is removed.

11



DOI:10.14753/SE.2017.2028

Figure 4. CFTR homology models

Ribbon representation of CFTR homology models[40] in the closed (A) and open (B)
states based on (A) the inward-facing structure of TM287-288[25] and (B) the outward-
facing structure of Sav1866[24].CFTR domain color coding follows that in Figure 2.;
due to lack of a structural template, the R domain is omitted from the homology models.
Three amino acid positions are highlighted in spacefill: threonine 1246 (red) located
within NBD2, tyrosine 275 (violet) located at the TMD-NBD interface, and methionine
348 (blue) located within the pore.

12
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1.3. ABC protein functional cycle

In ABC proteins, ATP binding triggers association of the two NBDs into a stable
head-to-tail dimer that occludes two molecules of ATP (Figure 5.A, yellow sticks) at the
interface[17]. By forming strong interactions with conserved residues of both the
Walker motifs in the head of one NBD and the signature sequence in the tail of the
opposing NBD these ATP molecules act as molecular glue that ties the NBDs together,
and prompt dimer disruption therefore requires ATP hydrolysis[43]. Consequently,
disrupting ATP hydrolysis by catalytic site mutations, such as substitutions of the
presumed catalytic base (the glutamate residue at the end of the Walker B sequence),
trap ABC NBDs in this tightly dimerized state. Based on full-length transporter
structures (see 1.2.1.1. and 1.2.1.2.) NBD dimer formation is believed to be the trigger
that flips the TMDs from an inward- (Figure 6., left states) to an outward-facing (Figure
6., right states) orientation, while dimer disruption following ATP hydrolysis and
substrate release resets them to inward-facing. As discussed above, NBD-to-TMD
signal transmission is likely mediated by an interface that includes the four short
coupling helices (CH1-4)[4] in the four TMD intracellular loops (cf., Figure 4., violet

helices).

13
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Figure 5. NBD dimer architecture

A, Ribbon representation of the structure (PDBID: 1L2T) of the Mj0796 ATP binding
cassette from Methanococcus jannaschii trapped in an ATP-bound dimerized state due
to mutation of the catalytic glutamate. ATP (yellow sticks) is sandwiched between the
two NBDs (green and blue), and seen to form contacts with opposing Walker A lysines
(red sticks) and residues of the signature motif (magenta).

B, Cartoon representation of the CFTR NBD1-NBD2 heterodimer. NBD1 is in green,
NBD?2 is in blue, ATP molecules are represented by yellow spheres. Key NBD2 head
residues K1250 (Walker A), D1370 and E1371 (Walker B), and H1402 ("switch"
histidine), are depicted as small colored spheres. Analogous positions in the NBD1
head follow the same color coding. Signature sequences in both NBD "tail" regions are
also depicted. Note replacement by serines of the Walker B glutamate and of the switch
histidine in the NBD1 head, as well as non-canonical substitutions (black letters) in the
NBD2-tail signature sequence..

14
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Figure 6. ABC exporter transport cycle

Cartoon representation of the functional cycle of an active transporter, mediating
unidirectional, thermodynamically uphill export. The energy of ATP hydrolysis is
harnessed to drive a cycle in which the TMDs alternate between inward-facing (left
states) and outward-facing (right states) TMD conformations, accompanied by an
affinity switch to allow high-affinity binding of the substrate in a low-concentration
compartment (lower left state) and low-affinity release of the substrate in a high-
concentration compartment (upper right state). Transporter TMDs, gray rectangles;
ATP, small yellow circle; ADP, red crescent; substrate, large red circle.

15
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1.4. CFTR channel gating

Although not a transporter, opening and closing (gating) of the CFTR chloride
ion pore, formed by its TMDs, is coupled to the same conserved ATP
binding/hydrolysis cycle at the NBDs that drives transport cycles of related ABC
exporters (Figure 7.). As an ABC-C subfamily member, CFTR is an asymmetrical ABC
protein: only the composite binding site formed by Walker A and B motifs of NBD2
and the signature sequence of NBD1 (hereafter referred to as "site 2"; Figure 5.B, top
site) is catalytically active; the other interfacial binding site (hereafter called "site 1";
Figure 5.B, bottom site) contains several non-canonical substitutions in its key motifs,
and keeps ATP bound and unhydrolyzed throughout several NBD dimerization
cycles[44, 45]. In CFTR NBD dimer formation initiates a burst of pore openings
interrupted by brief closures, while dimer dissociation terminates the burst and returns
the TMDs into a longlasting nonconducting (interburst) state[20]. Thus, by analogy, it
was suggested that in the bursting (‘‘open’’) state (Figure 7.; right states; O;, O,)
CFTR’s TMDs resemble the outward-facing (cf., Figure 6.; right states), whereas in the
interburst (‘‘closed’’) state (Figure 7.; left states; Cy, C,) they resemble the inward-
facing conformation of ABC exporter TMDs (cf., Figure 6.; left states). Indeed,
functional studies have largely confirmed that assignment[46-48]. For wild-type (WT)
CFTR gating is a unidirectional cycle: most openings are terminated by ATP hydrolysis
(Figure 7.; step O; — Oy; rate k;) rather than by the far slower pathway that involves
separation of the ATP-bound stable NBD dimer without hydrolysis (Figure 7.; step O
— Cy; rate k1)[49]. The mechanism of brief flickery closures (“intraburst gating") is
unknown, but represents a process independent of the slow gating transitions that are

coupled to NBD movements[50].

16
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Figure 7. Wild type CFTR gating

Cartoon representation of the wild-type CFTR gating cycle. Disengaged NBDs are
coupled to a closed (left states), tightly dimerized NBDs to an open pore (right states).
Thus, the pore opens when the tight NBD dimer forms, and closes when the dimer
interface separates — at least around site 2. However, because pore closure in the
absence of hydrolysis (step O; — () is extremely slow, gating of WT CFTR is an
essentially unidirectional cycle: channels open to a prehydrolytic open state (step C; —
0,), shuttle to a posthydrolytic open state (step O; — 0), and then close through a
pathway distinct from pore opening (step O, — (). Color coding follows that of Figure

2., the R domain is not depicted. ATP, yellow circles, ADP, red crescent.

17
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1.5. Studying transition-state structures

Transition states (T¥), which determine the rates of functionally relevant
conformational movements, are the highest-energy, shortest-lived conformations of
proteins. For instance, for ion channels: closed — open, and open — closed
conformational transitions, are so fast that they appear as single steps even in the
highest time-resolution recordings. This implies that the time the channel protein spends
in the T¥ itself is on the sub-microsecond scale—in contrast to the long (milliseconds-
seconds) intervals spent in comparatively stable open and closed ground states
observable in single-channel recordings. Intractable by standard structural biological
approaches, T+ structures can be studied using Rate-Equilibrium Free Energy
Relationship (REFER) analysis, which reports on the relative timing of movements in
selected protein regions during a conformational transition, such as a channel opening
step[51, 52]. Structural perturbations (typically point mutations) in a given channel
region often change channel open probability (P,) by affecting the open-closed free-
energy difference (Figure 8.), but the extent to which the free energy of the barrier that
must be traversed in opening or closing the channel is affected, depends on how early or

late that region moves.

18
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Free energy
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Figure 8. Effect of a perturbation on the free-energy landscape of an equilibrium
reaction

The free-energy landscape for the reversible, equilibrium transition C<>T Y0 (cf.,
Scheme 1 in Figure 9.) is shown without (solid line) and after (dashed line) a structural
perturbation. C, O, closed and open ground states; T#, transition state. The perturbation
changes the free energy of state O by 8AG,, that of state T/ by ®SAG, (relative to state
C). Reprinted with permission from[55].

19
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1.5.1. REFER theory

REFER analysis is a thermodynamic approach which provides information on
transition state structures of equilibrium reactions (Figure 9., Scheme 1)[53, 54], but is
not applicable to non-equilibrium reactions (Figure 9.,Scheme 2)[55]. By transition state

theory, a rate k is obtained as:

467
k=A.e RT

Equation 1.

where AG* is the height of the free energy barrier to reach the T* (Figure 8.); R is the
gas constant (8.314 J / (mol-°K)), T is the temperature in Kelvin (°K), and the prefactor
A was given by Eyring in the form of kgT/h, where kg is Boltzmann’s constant and h is
Planck’s constant (ksT/h = 6 x 10 s at 25°C)[56]. On the assumption that the
energetic perturbation of the T* is a linear combination of those of the ground states
(Figure 8.)[53, 54], a structural perturbation which changes the free energy of the open
ground state (relative to the closed ground state) by 6AGo, will change the free energy
of the T* by ®8AGo (Figure 8., dashed lines), where 0<®<1. Thus, the logarithm of the
forward rate constant (kco, Figure 9., Scheme 1) will change by —®3AG,/(RT):

_ BBAG,
RT

5(Ink,, )=
Equation 2.
On the other hand, the equilibrium constant (Keq), estimated as the probability the

channel is in the open state (P,) divided by the probability it is in the closed state
(P.=1-P,), is given by

P, _BAG,
E — Kgq — E RT
Equation 3.

20
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Scheme 1 Scheme 2

Figure 9. Equilibrium and Nonequilibrium schemes

Scheme 1, Simple equilibrium gating scheme with opening (kco) and closing rate (koc)
reflecting forward and backward passage across the same free energy barrier. Scheme
2, Simplified nonequilibrium scheme of CFTR gating: the closed states in Figure 7.
have been merged into a single compound state C. The C—QO; transition reflects
formation / nonhydrolytic disruption (rate k;) of the NBD dimer; step O;— O, reflects
ATP hydrolysis at site 2 (rate ki); step O,—C represents pore closure (rate k). Scheme
1 can be considered a subset (dotted blue frame) of the larger Scheme 2 (red frame).

Blocking the O;— O step (dotted red line) reduces Scheme 2 into Scheme 1.

21
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Therefore, as a consequence of the same perturbation the logarithm of K, will change
by —-0AG/(RT) (Equation 4.).

5(InK,, ) = —5§CT;0

Equation 4.

A REFER plot is a log-log plot of ke, versus Keq, for a series of structural perturbations
introduced into a single region of a protein (Figure 10.). Because the ratio ® between
the effects on transition-state and open-state stabilities is similar for perturbations of a
single protein position, the slope of this plot reports the value of @, as can be easily seen
by dividing Equation 2 by Equation 4:

5(Ink,, )
5(InK., )

Equation 5.

22
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Figure 10. Construction of a Brgnsted plot

A Bransted plot is a plot of Inkg, vs. InKeq for a number of mutations at a particular site
of the protein. Both the open-closed equilibrium constant (Keg=Po/(1-Po)), and the
opening rate (kco) can be determined in single-channel recordings. Thus, on a Brgnsted
plot the WT channel is represented by a dot (black dot). Introducing a series of different
substitutions into a certain protein position (in the illustration the WT channel contains
a threonine in the target position which is substituted for a glutamate, serine, valine, or
alanine), each substitution alters the open-state and transition-state stabilities to
different extents: thus, each mutant is represented by a distinct spot in the plot (colored
spots). Because the ratios between the effects on transition-state and open-state
stabilities are similar for perturbations of a single protein position, these spots fall onto
a straight line, the slope of which provides an estimate for the @ value of that protein

region.
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1.5.2. Interpretation of the ®-value

A region that moves early during opening will have already approached its open-
state conformation in the overall transition state: a perturbation here thus affects the
stability of the transition state to an extent similar to that of the open state (®=1). Thus,
the height of the barrier for the opening transition changes, but the height of the barrier
for the closing transition does not, so a perturbation in such a region impacts only
opening, but not closing, rate (Figure 11.A). In contrast, a region that moves late during
opening is still near its closed state conformation in the transition state, thus,
perturbations here that affect open-state stability do not affect transition state stability.
As a consequence, the height of the barrier for the closing transition changes, but the
height of the barrier for the opening transition does not, so perturbations in such a
region impact only closing, but not opening, rate (Figure 11.C). Finally, a region which
IS just on the move in the transition state, i.e., is in an intermediate conformation
between its closed-like and open-like conformations, will be characterized by an
intermediate @ value: by affecting the height of the barrier both for the opening and the
closing transition, perturbations in such a region impact both opening rate, and closing
rate, but in opposite directions (Figure 11.B). In reality, energy landscapes for ion-
channel gating transitions are more complex, but experimental @ values still reflect the

temporal sequence in which different regions of the protein move[51].

1.6. A CFTR construct suitable for REFER analysis

REFER analysis has been extremely fruitful in mapping gating dynamics of the
nicotinic acetylcholine receptor channel[57-60] but is applicable only to equilibrium
mechanisms[55], unlike that of WT CFTR. This drawback has so far hampered insight
into the CFTR opening transition state. Although two REFER studies on CFTR have
been published in the past[61, 62], it has been demonstrated[55] that this methodology
can provide no useful information on the non-equilibrium cyclic mechanism (Scheme 2,
Figure 9.) which governs WT CFTR bursting[49]. In addition, applying REFER
analysis to the equilibrium transition to and from flickery closures[62] (transitions that

have a negligible effect on P,[50]) has limited relevance to CFTR function.
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Free energy

G

C—T+ -0

Reaction coordinate

Figure 11. Effects on the free energy landscape of perturbations in a protein region
depend on the relative timing of its movements.

All three graphs illustrate the free-energy landscape for the reversible, equilibrium
transition C—T O without (black lines) and after (red lines) a structural
perturbation.(notations follow that in Figure 8.). A, a region that moves early during
opening will have already approached its open-state conformation in the overall T*:
perturbations here affect the stability of the transition state to an extent similar to that
of the open state. B, Perturbations of a region that is just on the move in the T affect
transition state stability to a smaller extent than open-state stability. C, A region that
moves late during opening is still near its closed state conformation in the T?: a
perturbation here that affects open-state stability does not affect transition state

stability.
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To appropriately adapt the REFER technique to CFTR gating, a suitable construct is
required, the gating of which approximates a simple equilibrium closed-open scheme
(Scheme 1, Figure 9.).

Hydrolysis-disrupting mutations (Figure 12., red star) truncate the normal
CFTR gating cycle by blocking the ATP hydrolysis step O;—O, (Figure 9., dotted red
line in Scheme 2; Figure 12., red cross), thereby reducing it to an equilibrium reaction
(Scheme 1 in Figure 9.). Among many known hydrolysis-deficient CFTR mutants
D1370N appeared as an attractive choice for a REFER study, because its unusually fast
non-hydrolytic closing rate (~0.5 s™) allows single-channel gating analysis[49, 50],
while ATP-dependence of channel opening was shown to be little changed[50]. When
studied in the presence of saturating ATP, the gating mechanism of such channels
approximates a simple two-state scheme: reversible transitions between states C; and O;
(red box in Figure 12.).

A second problem which must be addressed for proper interpretation of REFER
data is potentially altered phosphorylation-dependent regulation of mutant channels
(e.g.,[63]). Indeed, recent evidence suggests that the R domain regulates CFTR gating
by directly interacting with the TMDs[64, 65]. To selectively study the energetics of
ATP-dependent gating, confounding effects of potentially altered TMD-R domain
interactions must therefore be eliminated by using a CFTR construct lacking the R
domain (AR). The modular ABC architecture offers a natural strategy to achieve that
goal: functional CFTR channels can be obtained by the coexpressing NBD1-TMD1
(residues 1-633) and NBD2-TMD?2 (residues 837-1480) as separate polypeptides — a
strategy nature employs for most prokaryotic ABC proteins. This "cut-AR" CFTR was
shown to be active without prior phosphorylation but indistinguishable from
(prephosphorylated) WT CFTR with respect to ATP-dependent gating[49]. This
minimalist channel — pared down to the essential ABC domains and containing the
D1370N mutation in the NBD2 head (Figure 13.) — therefore appeared as an attractive
candidate background for a REFER study aimed at obtaining meaningful biophysical

information on CFTR channel opening dynamics.
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Figure 12. Reducing CFTR gating to a two-state scheme by abrogating ATP
hydrolysis

Cartoon representation of the CFTR gating cycle replotted from Figure 7. The D1370N
mutation (red star in NBD2 head) abrogates ATP hydrolysis (red cross) and confines
gating in saturating ATP to the simple equilibrium two-state closed-open scheme C; <
O (red box). Positions targeted for REFER analysis are depicted as small colored
circles: 1246 (red), 275 (light violet), 348 (dark blue).
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Figure 13. Domain topology of REFER background construct, and positions of
amino acids selected for point mutagenesis.

Left half-construct: TMD1-NBD1 (residues 1-633). Right half-construct: TMD2-NBD2
(residues 837-1480) containing mutation D1370N (red star in NBD2). Purified cRNA
for both half constructs is co-injected into Xenopus laevis oocytes, and translated into
separate polypeptides. Positions targeted for REFER analysis (small colored circles:
1246 (red), 275 (light violet), 348 (dark blue)) are mapped to reflect their approximate

positions in the primary sequence.
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1.7. Therapeutic relevance of mechanistic studies

A large fraction of CF mutations, including those which impair protein
folding/trafficking (e.g. AF508, constituting >70% of CF alleles) are associated with
severe gating defects. The AF508 mutation reduces opening rate, kco, approximately
25-fold[66], reporting a substantial mutation-induced destabilization of the opening
transition state. Thus, in addition to mending the folding defect, efficient
pharmacological treatment of CF will need to employ strategies that improve gating. On
the other hand, in secretory diarrheas efforts to reduce CFTR channel activity in
intestinal epithelial cells could moderate the excessive apical CI’, and hence water flux.
Based on CFTR's unique cyclic mechanism a novel intervention strategy for altering
channel P, has recently been suggested: for a strictly cycling mechanism large effects
on P, can be achieved by affecting transition-state energetics — in contrast to
equilibrium mechanisms for which such maneuvers alter transition rates but not P,[67].
For instance, a stabilization of the C,;<>0O; transition state by just 1 KT (assuming rates
keo=1s", k4=0.25?, ky=5s™ in Figure 7.; typical for WT CFTR in saturating ATP),
predicts an increase in P, from 0.17 to 0.35. This is because a simultaneous e-fold
increase in rates k¢, and k., increases opening rate by e-fold, while strict cycling, and
thus closing rate, are little affected.

Thus, insight into the dynamics of the opening conformational change and the
structure of its transition state would be beneficial in two ways. First, it would constitute
a key step forward in understanding the molecular mechanism of the AF508 gating
defect. Second, it would promote the design of drugs that enhance P, by improving
transition-state stability.
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2. Objectives
2.1. To choose an appropriate background construct suitable for REFER studies
Our first goal was to establish a background construct suitable for studying the
CFTR opening conformation change using the REFER approach. Essential criteria for
such a construct are that (i) its gating should be at equilibrium, (ii) its affinity for ATP —
even in the presence of all tested target-site mutations — should remain high enough to
allow experiments to be conducted under saturating conditions, (iv) perturbation-
induced changes in gating kinetics should reflect changes in ATP-dependent, rather than
phosphorylation-dependent mechanisms, and (iv) its gating transitions should be fast
enough to afford collection of sufficient numbers of gating events for reliable kinetic

analysis.

2.2. To study the global conformational wave along the longitudinal protein axis
With a suitable experimental system at hand we would like to get information on
how conformational changes are propagated along the longitudinal axis (cytoplasmic to
extracellular) of the molecule. To this end, we will aim to compare the relative timing of
opening-associated conformational movements in three spatially distant protein regions:
(i) composite site 2 of the NBD1-NBD?2 interface, (ii) the NBD2-TMD interface, and
(iii) the pore region. For the latter region we hope to employ two types of perturbations:

point mutagenesis and anion substitution.
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3. Methods
3.1. Molecular biology

All constructs were made starting from pGEMHE-CFTR(837-1480) (N-half)
and pGEMHE-CFTR(1-633) (C-half)[69]. First, mutation D1370N was introduced into
C-half to generate C-half(D1370N). Mutations of target positions 275 and 348 were
introduced into N-half, and those of target position 1246 into C-half(D1370N). All
mutagenesis was done using the Stratagene QuickChange Kit, and all constructs were
verified by automated sequencing. cDNA was transcribed in vitro using T7 polymerase
(Ambion mMessage Kit), and then run on denaturing gels to check size and quality.
RNA concentration was estimated by comparison with known amount of 0.24-9.5 kb
RNA ladder (GIBCO).

3.2.Heterologous expression: Isolation and injection of Xenopus laevis oocytes

Stage V-VI oocytes were isolated from adult female Xenopus laevis by partial
ovariectomy under ethyl 3-aminobenzoate methanesulfonate salt (4g/400mL solution)
anesthesia, and were defolliculated by one-to-two hour treatment, at 18°C, with 20
mg/mL collagenase (gibco; type Il type) in Ca®*-free oocyte Ringer's solution (OR2,
Table 1., row 1). Defolliculated oocytes were rinsed extensively with Ca?*-free OR2 (3-
5 washes, 50 mL each), and then incubated at 18°C for several hours in OR2
supplemented with 1.8 mM Ca®" and 1 mM gentamycin (OR2+, Table 1., row 2), before
they were pressure-injected (Nanojet, Drummond) with cRNA. Injection pipettes were
pulled with a micropipette puller (Narishige, PP-83) from glass capillaries (# 3-000-
203-G/X, Drummond) and their tips were broken to an internal diameter of 10-20 pum.
Usually, and unless otherwise specified, 0.1-10 ng of each half-construct cRNA,
premixed for coexpression, in a constant volume of 50 nL, were injected per oocyte; the
amounts of injected cRNA were chosen depending on the expression level needed.
Injected oocytes were further incubated at 18°C for a period of 6 hours to 5 days before

they were used for recording.
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3.3. Excised patch recording

For recording single-channel or macroscopic currents, excised inside-out patches
were pulled from pre-injected oocytes. Oocytes were shrunk for approximately 1 minute
in a hypertonic pealing solution (PLS1, Table 1., row 3), the vitelline membranes
removed manually, and the cells transferred to a recording chamber containing standard
bath solution (BS3-ClI, Table 1., row 4).

Patch pipettes were pulled from borosilicate glass (Drummond, cat.#N-51A)
using a vertical pipette puller (Narishige, PP-83). Tips were heat-polished to a diameter
of 1-2 pm (4-7 MQ), or 5-6 um (~1 MQ), for single-channel or macropatch recordings,
respectively. Pipettes were back-filled with pipette solution (PS3, Table 1. final row)
using a micro-syringe. Seals in the 100-300 GQ range were routinely obtained.

Patches were excised and transferred to a flow chamber, where the cytoplasmic
surface was continuously superfused with standard bath solution containing various test
substances. Switching between solutions was implemented by computer-driven electric
valves (Scientific Instruments, VC83 valve commander). With a dead volume of
approximately 20 uL and a flow rate of around 0.5 mL/min, complete solution exchange
took 2-4 seconds. The kinetics of solution exchange was characterized by a delay of ~1
second, followed by a transition period with a time constant of ~100 ms; as verified at
the end of each recording by applying a brief pulse of 2 mM Ca?*, and observing the
rate of decay of endogenous Ca**-activated CI’-channel current upon Ca®* removal.

In the case of chloride-based bath solutions the bath electrode (Ag/AgCI pellet)
was immersed directly into the flow chamber. In experiments that involved replacement
of the bath anion the electrode was placed in 100mM KCI and connected to the flow
chamber by an agar bridge (4% agar in 100mM KCI). CFTR channels were activated by
10 mM Magnesium-ATP added, from a 400-mM aqueous stock solution (pH = 7.1 with
NMDG), into a specified bath solution (Table 1., rows 5-8). Recordings were done at
ambient room temperature which varied between 23-26 °C. The holding potential was at
-80 mV (-100 mV for formate currents), and currents were recorded (EPC7, Heka
Elektronik amplifier) at a bandwidth of 2 kHz and digitized at 10 kHz. Single-channel
patches were identified as very long (typically 15 min-1 hr) recordings without

superimposed channel openings.
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Table 1. Experimental solutions

Solution | Solution | Composition pH
long short

name name

oocyte OR2 82.5 mM NaCl, 2 mM KCI, 1ImM MqgCl,, 5 (7.5
Ringer's mM HEPES

solution

#2

oocyte OR2+ 82.5 mM NaCl, 2 mM KCI, 1ImM MqgCl,, 5 (7.5
Ringer's mM HEPES, 18 mM CaCl,, 1 mM
solution gentamycin-sulfate

#H2+

Pealing PLS1 138 mM NMG, 2 mM MgCl,, 5 mM HEPES, | 7.1
solution 0.5 mM EGTA, 134 mM HCI ,100 mM NaCl

#1

Bath BS3-ClI 138 mM NMG, 2 mM MgCl,, 5 mM HEPES, | 7.1
solution 0.5 mM EGTA, 134 mM HCI

#3

chloride

Bath BS3-Fm | 138 mM NMG, 2 mM Mg(OH),, 5 mM | 7.1
solution HEPES, 0.5 mM EGTA, 138 mM Formic acid

#3

formate

Bath BS3-Br 138 mM NMG, 2 mM Mg(OH);, 5 mM | 7.1
solution HEPES, 0.5 mM EGTA, 138 mM HBr

#3

bromide

Bath BS3-Ni [ 138 mM NMG, 2 mM Mg(OH);, 5 mM | 7.1
solution HEPES, 0.5 mM EGTA, 138 mM nitric acid

#3 nitrate

Pipette PS3 138 mM NMG, 2 mM MgCl,, 5 mM HEPES, | 7.4
solution 136 mM HCI

#3
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3.4. Idealization and burst analysis of multi-channel patches

Baseline-subtracted current traces were digitally filtered at 20Hz (10 Hz for
anion substitution experiments), and idealized using a simple half-amplitude threshold
crossing criterion. While the vast majority of patches included in the analysis contained
only 1 active channel, in a few cases that allowed reliable estimation of channel number
events lists from records with 2 or 3 active channels were also included. Events lists
from such recordings were fitted with a model in which ATP-dependent gating
transitions were pooled into a closed-open scheme, and the flickery closures modeled as
pore blockage events[68], resulting in the three-state closed-open-blocked) scheme (C-
O-B). The best set of rate constants rco, roc, fos, and rgo was extracted[69] from a
simultaneous maximum likelihood fit to the dwell-time histograms, which accounts for

the filter dead time (9 ms). Mean interburst (tip,) and burst (t,) durations were then

calculated as ti,=1/rco, and tp=(1/roc)(1+ ros/rso).

3.5. Burst analysis of single-channel patches

Bursts were isolated from single-channel records by suppressing closures shorter
than a specified cutoff (t;). The method of Magleby and Pallotta (1983) was used to
choose the value of t. individually for each record; this method ensures unbiased
estimation of t, and tj, durations by equalizing the probabilities of misassigning
interburst events as flickery closures and vice versa. The arithmetic averages of the
durations of the bursts and interbursts obtained this way were taken as individual
estimates of 1, and tjy in a particular patch, and statistics was done on data from several
patches. All data are given as mean £ SEM of measurements from at least 4 (typically
5-8) long segments of single-channel recordings, from 4—-13 patches for each mutant; in
the face of alternating periods of lower and higher activity typical to CFTR[70], several
hours of total recording for each construct were obtained to ensure unbiased sampling of

average gating behavior.

3.6. Calculation of apparent affinities for ATP and fitting macroscopic current
relaxations upon ATP removal
For constructs that afforded macroscopic currents closing rates were also

verified from exponential fits to macroscopic current relaxations upon ATP removal.
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Because of the relatively lower expression of all of our constructs, compared to WT
CFTR, we could obtain macroscopic currents from tens to hundreds, but not hundreds to
thousands, of channels in an inside-out patch. However, time courses of such currents
were still adequate for reliable fitting. The macroscopic currents were digitally re-
filtered at 10Hz using a Gaussian filter, and then sampled at 50 Hz. Decay currents
following sudden ATP removal were fitted by single exponentials using a least-squares
fitter (SigmaPlot), and the relaxation time constants (triax) COmpared with steady-state
Tp,. The average steady-state current during 1-2-minute applications of test
concentrations of MgATP was normalized to the mean of the steady currents in 10 mM
MgATP before and after the test, and the ratios used to estimate apparent affinities for
ATP.

3.7. REFER analysis

For each target site five substitutions were chosen so as to perturb structure as
little as possible, but still sufficiently alter P, for reliable @ estimation. In general, side
chains of various sizes, polarities and charges were chosen. Experiments were done at
saturating [ATP] determined individually for each construct, to ensure that the channel
opening step is not rate limited by ATP binding.

Mean interburst and burst durations obtained from steady-state burst-analysis of
microscopic currents in 10 mM ATP (see sections 3.4. and 3.5.) were used to define
opening (Kco) and closing (Koc) rates as 1/ti, and 1/t,, respectively; Keq was then defined

as KcolKoc. Bransted plots (In keo vs. In Keg) Were fitted by linear regression.
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4. Results
4.1. Choice of a background construct suitable for REFER studies

ATP hydrolysis in ABC proteins is destroyed by mutations of the Walker
B aspartate[71-73], that coordinates Mg** at each active site[11, 16]. To induce
equilibrium gating in CFTR, we introduced the NBD2 Walker-B mutation D1370N
(Figure 12. and 13., red star). Amid several hydrolysis-disrupting mutations tested,
D1370N only slightly reduces the apparent affinity for ATP, and does not prolong open
bursts to an extent incompatible with single-channel gating analysis[49]. For example,
mutations of the NBD2 Walker A lysine (K1250) or proposed catalytic carboxylate
(E1371), shown to abolish or severely impair ATP hydrolysis in CFTR and other ABC
proteins[20], prolong 1, by several orders of magnitude[20] (Figure 14.), making
collection of sufficient numbers of single-channel gating events a daunting task. In
contrast, t, is prolonged only by ~10-fold in D1370N, likely due to a somewhat reduced
NBD dimer stability.

PKA- and ATP-dependent regulation of CFTR gating are intertwined, and the
mechanism of R-domain action is poorly understood: evidence exists for its direct
interaction with both NBDs and TMDs[74, 75]. Thus, changes in gating kinetics caused
by perturbations of a target position might potentially reflect altered R-domain/target
position interactions, rather than energetic effects on ATP-dependent conformational
transitions. Such confounding effects are absent in channels lacking the R domain: cut-
AR channels, obtained by coexpression of TMD1-NBD1 (residues 1-633) and TMD2-
NBD?2 (residues 837-1480), do not require phosphorylation to be active, while ATP-
dependent gating remains similar to WT[69]. Thus, we chose cut-AR(D1370N) as the
background construct for our REFER study (Figure 13.), and started off by its thorough

functional characterization.
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1=29s

Figure 14. Excessively long bursts of K1250A CFTR preclude single-channel gating
analysis

Macroscopic current of prephosphorylated K1250A CFTR channels was activated by
application of 10 mM ATP. Time course of current decay upon ATP removal was fitted

by a single exponential (red line), the time constant (t) reflects mean burst duration.
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Gating of cut-AR(D1370N) indeed proved PKA-independent but remained strictly
ATP-dependent with an apparent affinity for ATP of 288 + 27 uM (Figure 15.A-B). Just
as for WT[50, 69, 76, 77], cut-AR[69, 70], and D1370N[50] CFTR channels, 1, of cut-
AR(D1370N) proved largely ATP-independent: the time constant of macroscopic
current relaxation following ATP removal (Figure 16.E), a measure of 1y, in zero ATP,
was 1,342 + 72 ms; which is similar to the steady-state 1, of 1,526 + 301 ms (Figure
16.C) for single channels opening and closing in saturating (10 mM) ATP (example
single channel recording, Figure 16.A). Thus, ATP-dependence of P, (Figure 15.)
reflects ATP dependence of its tj,. Importantly, in saturating (10 mM) ATP j, (Figure
16.D) is minimal, and bursting of this background construct is reduced to a simple
equilibrium (C;<>04; Figure 12., red box) as reported by reasonable fits of the
distributions of both burst- and interburst-durations by single exponentials (Figure 17.).
These features identify cut-AR(D1370N) as a suitable construct for study by the
REFER approach.

4.2. Tracking the global conformational wave of channel opening
4.2.1. Timing of movement in composite site 2 of the NBD1-NBD2 interface

NBD2 Walker-A threonine 1246 makes important contributions to forming
composite site 2 of the CFTR NBD1-NBD2 dimer, by contacting the y-phosphate of
ATP (PDBID: 3GD7). Moreover, this interfacial residue undergoes relative movement
upon NBD dimerization, as reported by interaction of its side chain across the dimer
interface with that of opposing NBD1 residue R555 in open, but not in closed,
channels[20]. To test timing of relative movement at this NBD interface position, we

created a series of mutants by replacing the native threonine.
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Figure 15. Macroscopic inward current and Dose response curve for cut-
AR(DI1370N) CFTR

A, Macroscopic inward cut-AR(D1370N) CFTR channel current in an inside-out patch
recorded at -80 mV in response to exposures (green bars) to various concentrations
(green numbers, in mM) of MgATP.

B, Dose response curve of fractional macroscopic currents in various test [ATP],
normalized to the mean of the currents in the presence of bracketing applications of 10
mM ATP. All data are shown as mean + SEM (n = 5-10). Solid line is a Michaelis-
Menten fit through the data with Ky, indicated.
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Figure 16. Gating parameters for CFTR-cut-AR(D1370N)

A, Background construct, sample 1 minute current trace of a single cut-AR(D1370N)
CFTR channel opening and closing in the presence of 10 mM ATP.

Parameters for cut-4R(D1370N) in 10 mM ATP, obtained from steady-state single-
channel recordings: B, open probability; C, mean burst duration; D, mean interburst
duration.

E, Macroscopic current of cut-4R(D1370N) CFTR channels activated by brief 10 mM
ATP exposure. Time course of current decay upon ATP removal was fitted by a single

exponential (red line), the time constant (t) reflects mean burst duration in zero ATP.
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Figure 17. Burst Analysis of Cut-AR(D1370N) Single-Channel Recording.

Inward current of a single cut-AR(D1370N) channel repetitively exposed to 10 mM
MgATP (green bars). Upon readmission of ATP following prolonged exposure to an
ATP-free solution channels sometimes reopen with a marked delay (first asterisk);
infrequently channels also inactivate in the continued presence of ATP (second
asterisk). Such inactive periods were identified by eye, and excluded from our analysis.
(B and C) Closed (B) and open (C) dwell-time histograms[78] constructed from the
events list of the record in A; lower binning limit is 12 ms. Solid red lines are maximum
likelihood fits of the dwell-times by a double- and a single-exponential distribution,
respectively, with time constants (7, »)) and fractional amplitudes (a;, az) printed in the

panels.
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...Continuation of Figure 17.
Dotted black lines in panel B depict the two components of the fit; vertical blue line
marks the burst delimiter (tcri;) calculated using the method of Magleby and Pallotta
(1983)[79]: this method ensures unbiased estimation of mean burst and interburst
durations by equalizing the probabilities of misassigning interburst events as flickery
closures and vice versa. (D and E) Dwell-time histograms of reconstructed interburst
(D) and burst (E) events following suppression of closed events shorter than tei;. Solid
red line in (D) replots the longer component of the double-exponential fit in (B): note,
some flickery closures remain uncancelled (events above red fit line, right of blue line),
but an equal number of interburst closures is cancelled (lack of events below red fit
line, left of blue line). Solid red line in (E) is a maximum likelihood fit of the burst

durations by a single-exponential distribution (z, time constant).
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The latter was replaced with valine, proline, cysteine, asparagine, and alanine, and the
gating kinetics of each mutant was characterized in inside-out single channel patches
superfused with 10 mM ATP (Figure 18.A).

All of these perturbations dramatically reduced P, (Figure 18.A and D) by
prolonging mean interburst duration (zp; Figure 18.A and C), i.e., by slowing channel
opening rate (Kco=1/7p). In comparison, t,, and hence closing rates (1/tp), were less
affected (Figure 18.A and B). Correspondingly, the Brgnsted plot for position 1246
yielded a steep slope of ®=0.97+0.19 (Figure 18.E), indicating that this position moves
very early during the pore opening conformational transition. Importantly, although
mutations at position 1246 slightly reduce the affinity for ATP binding[20], 10 mM
ATP remained saturating for each of the mutants, as indicated by near-maximal currents
already in 3 mM ATP (Figure 19.C) This confirms that the reduced opening rates of the
T1246 mutants indeed reflect slowing of step C;—O; (kKco, Figure 12.).

The T1246A mutant expressed well enough to afford macroscopic current
relaxation measurements; its macroscopic closing time constant following removal of
10 mM ATP (Figure 19.A-B) matched its steady-state mean burst duration, and was
similar to that of the background construct (Figure 19.B).

Whereas estimation of t, does not require correct estimation of the number of
active channels (N) in the patch, estimates of ti,, and therefore of P, are highly
sensitive to the assumed value of N. Counting channels becomes exceedingly difficult
when the P, is very low, as in the case of the T1246 mutants. Therefore, efforts were
made to identify, and exclude, patches in which more than a single channel contributed
to the observed gating events. True single-channel patches were identified as very long
(typically 15 min—1 hr) recordings without superimposed channel openings. In addition,
T1246 mutants were strongly stimulated by 2'-deoxy-ATP, which was therefore applied
at the end of each experiment, to facilitate detection — or exclusion — of the presence of

a second active channel in the patch (Figure 20.).
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Figure 18. Timing of motion at position 1246 of the NBD1-NBD?2 interface.

A, Inward single-channel currents of the cut-4R(D1370N) CFTR background construct
(top trace), and of channels bearing mutations T1246V, T1246P, T1246C, T1246N, and
T1246A, respectively, in the same background. Currents were recorded at -80 mV, in
symmetrical 140 mM CI'; dashes on the left mark zero-current level. B-D, Mean burst
(B, m») and interburst (C, zp) durations and open probabilities (D, P,) of the six
constructs in A. Red horizontal lines highlight the respective control values of the
background construct. All data are shown as mean = SEM (n = 4-28). E, Brgnsted plot
for position 1246. Gray symbol identifies the background construct. Solid line is a

linear regression fit with slope @ indicated.
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Figure 19. ATP sensitivities and macroscopic closing rates of T1246 mutants.

A, Inward macroscopic current of cut-AR(D1370N) CFTR harboring mutation T1246A4,
elicited by exposure to 10 mM MgATP (green bar). Current relaxation time course
following ATP removal was fitted by a single exponential (red line) with time constant
(t) indicated.B, Macroscopic current relaxation time constant upon ATP removal for
the background construct in the absence (gray bar and gray line) and presence (red
bar) of the T1246A mutation. C, Fractional macroscopic currents in 3 mM ATP,
normalized to the mean of the currents in the presence of bracketing applications of 10
mM ATP, for cut-AR(DI1370N) channels harboring the indicated amino-acid
substitutions (letters) at position 1246.
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Figure 20. Stimulation of open probability by 2'-deoxy-ATP facilitates counting
channels for low-P, T1246-position mutants

Inward current of a single cut-AR(D1370N) channel harboring the T1246N mutation.
After several minutes of low-P, activity in 10 mM MgATP (green bar), exposure to 10
mM Mg-2'-deoxy-ATP robustly stimulated P,. Lower panels progressively expand the

timescale of indicated segments (gray arrows) of the panel above.
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4.2.2. Timing of movement at the NBD2-TMD interface

Conformational changes generated by ATP binding and hydrolysis are
transmitted from the nucleotide-binding to the transmembrane domains through non-
covalent interactions at the shared interface. The TMDs of Sav1866 contribute to this
interface mainly through the intracellular loops ICL1 and ICL2. Consistent with this
finding, mutational studies and sequence comparisons indicated that the ICLs of CFTR
provide similar crucial contacts[80-84]. In Sav1866, both ICLs contain short helices
oriented roughly parallel to the membrane plane and providing the bulk of the contacts.
These four short helices of the homodimeric transporter were named ‘coupling helices’
to emphasize their likely involvement in mechanically transmitting crucial
conformational changes. Correspondingly, they are seen to undergo large movements
between inward- and outward facing conformations[24, 25]. Due to domain swapping,
the ICLs of Sav1866 reach across, such that coupling helix 1 contacts the NBDs of both
subunits, whereas coupling helix 2 interacts with that of the opposite subunit
exclusively. As confirmed by extensive cross-linking studies[81, 82], this architecture
of the ICLs and coupling helices is conserved in CFTR. Thus, CH2 of TMD1 (residues
270-274) is in contact with NBD2 [82], and tyrosine 275 at the C-terminal end of CH2
is part of a conserved aromatic cluster important for NBD2-TMD interactions[85].

To test timing of motions at the NBD2-TMD transmission interface, we
substituted phenylalanine, glutamate, lysine, leucine, and serine, respectively, for
tyrosine 275 and studied gating of single mutant channels in 10 mM ATP (Figure 21.A).
Perturbations at position 275 caused modest changes in P, but in both directions
(Figures 21.A and D). Kinetic analysis revealed a clear tendency for opposing effects on
channel closing and opening rates, both contributing about equally to changes in Py:
lengthened 1, was mostly associated with shortened tj, and (in Y275L) shortened Ty,
with lengthened T, (Figures 21.B and 21C).
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Figure 21. Timing of motion at position 275 of the NBD2-TMD interface.

A, Inward single-channel currents of the cut-AR(D1370N) CFTR background construct
(top trace), and of channels bearing mutations Y275F, Y275E, Y275K, Y275L, and
Y275S, respectively, in the same background. Currents were recorded at -80 mV, in
symmetrical 140 mM CI’; dashes on the left mark zero-current level. B-D, Mean burst
(B, m») and interburst (C, zp) durations and open probabilities (D, P,) of the six
constructs in A. Red horizontal lines highlight the respective control values of the
background construct. All data are shown as mean = SEM (n = 9-28). E, Bransted plot

for position 275. Solid line is a linear regression fit with slope @ indicated.
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Changes in opening rate (1/t;y) again reflected changes in rate kco (Figure 12.), since 10
mM ATP remained saturating for each mutant (Figure 22.C). These coupled changes in
opening and closing rates resulted in a Brensted plot with an intermediate slope of @ =
0.50 £ 0.13 (Figure 21.E), indicating that position 275 has not yet reached its final

open-like position in the opening transition state.

4.2.3. Timing of movement within the pore region

Mutations of several pore residues were reported to affect gating[30, 33, 36, 86],
indicating gating-related movements at these pore positions. To study the timing of such
movements, we chose position 348 in transmembrane helix 6, because mutations here
profoundly affected P, without major effects on conductance[33], making it an
attractive target for single-channel gating studies. To perturb position 348, we
systematically replaced the native methionine with isoleucine, lysine, cysteine,
asparagine, or alanine, and recorded single-channel currents of the mutants in 10 mM
ATP (Figure 23.A), a saturating concentration for all constructs (Figure 24.D). Except
for the lysine substitution, perturbations at position 348 all dramatically reduced P,
(Figure 23.A and D), and this effect was in every case due to speeding of closing rate
(reduction in 1y, Figure 23.B), with little change in opening rate (1/t;,, Figure 23.C).

Interestingly, the M348K mutation only marginally affected gating (Figure
23.A-D), but increased the affinity for pore block by ATP, as reported by pronounced
flickery block of single-channel currents in 10 mM ATP (Figure 23.A), a bell-shaped
ATP dose-dependence of macroscopic currents (Figure 24.D, second blue bar from
left), and a current overshoot upon ATP removal from macroscopic patches reflecting
rapid unblock (Figure 24.A). Of note, even for M348K, the macroscopic current
relaxation time constant following ATP removal (i.e., % in zero ATP; Figure 24.A;
Figure 24.C, left blue bar) remained comparable to steady-state t,. Thus, even
pronounced flickery block of M348K by 10 mM ATP does not delay pore closure,
consistent with earlier demonstration that the gate, located on the extracellular side, can
readily close while large organic anion blockers remain bound in the intracellular
vestibule[67].
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Figure 22. ATP sensitivities and macroscopic closing rates of Y275 mutants
A, Inward macroscopic current of cut-AR(D1370N) CFTR harboring mutation Y275F,
elicited by exposure to 10 mM MgATP (green bar). Current relaxation time course
following ATP removal was fitted by a single exponential (violet line) with time constant
(7) indicated. B, Macroscopic current relaxation time constant upon ATP removal for
the background construct in the absence (gray bar and gray line) and presence (violet
bar) of the Y275F mutation.C, Fractional macroscopic currents in 3 mM ATP,
normalized to the mean of the currents in the presence of bracketing applications of 10
mM ATP, for cut-AR(DI1370N) channels harboring the indicated amino-acid
substitutions (letters) at position 275.
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Figure 23. Timing of motion at position 348 in

A, Inward single-channel currents of the cut-A4R(D1370N) CFTR background construct
(top trace), and of channels bearing mutations M3481, M348K, M348C, M348N, and
M348A, respectively, in the same background. Currents were recorded at -80 mV, in

symmetrical 140 mM CI'; dashes on the left mark zero-current level. B-D, Mean burst

(B, m) and interburst (C, zp) durations and open probabilities (D, P,) of the six

constructs in A. Red horizontal lines highlight the respective control values of the

background construct. All data are shown as mean = SEM (n = 4-28). E, Brgnsted plot

for position 348. Solid line is a linear regression fit with slope ® indicated.
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Figure 24. ATP sensitivities and macroscopic closing rates of M348 mutants

Inward macroscopic currents of cut-AR(D1370N) CFTR harboring mutation M348K
(A) or M348E (B), elicited by exposure to 10 mM MgATP (green bar). Current
relaxation time courses following ATP removal were fitted by single exponentials (blue
lines) with time constants (t) indicated. C, Macroscopic current relaxation time
constant upon ATP removal for the background construct in the absence (gray bar and
gray line) and presence (blue bars) of the M348K or M348E mutation.D, Fractional
macroscopic currents in 3 mM ATP, normalized to the mean of the currents in the
presence of bracketing applications of 10 mM ATP, for cut-AR(D1370N) channels
harboring the indicated amino-acid substitutions (letters) at position 348.
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We also replaced the methionine with glutamate, but this M348E mutant could
not be studied at a single-channel level due to the presence of subconductance states;
however, the rate of macroscopic current relaxation upon ATP removal attested to an
acceleration of M348E closing rate comparable to that of the I, C, N, and A mutants
(Figure 24.E; Figure 24.C). This speeding of non-hydrolytic closure (step O;—C; in
Figure 12., rate koc) by perturbations at position 348, with little effect on opening rate,
led to a Brensted plot with a small slope of ®=0.20+0.12 (Figure 23.E), indicating that
this pore region still resembles its closed-state conformation in the opening transition

state.

4.2.4. Timing of movements in the narrow region of the pore studied by anion
substitution

Previous accessibility studies outlined a short narrow region of the pore, confined to
approximately one helical turn of pore-forming transmembrane helices 1 (residues 102-
106), 6 (residues 337-341), 11 (residues 1115-1118), and 12 (residues 1130-36)[30-34,
36, 37]. This narrow region was shown to act as a lyotropic "selectivity filter" which
provides sites of interaction (T338, S341, S1118, T1134) for permeating anions[87-89].
Intriguingly, replacement of chloride with nitrate affects CFTR gating[90], suggesting
that interactions of permeating anions with residues lining the "filter" region of the open
pore energetically contribute to open-state stability. Thus, replacement of chloride with
other permeant anions might be viewed as a structural perturbation of the "selectivity
filter".

We therefore studied changes in the pattern of single-channel gating of our
background construct cut-AR(D1370N) in response to sudden replacement of cytosolic
chloride with nitrate, bromide, or formate. Of note, in these experiments gating in
chloride and in the replacement anion could be compared within the same patch (Figure
25.A).
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Figure 25. Timing of motion in the narrow region of the pore studied by anion
replacement.

A, Pairs of segments of inward single-channel current from three patches containing
single cut-AR(D1370N) CFTR channels. Each patch was alternately exposed to bath
solutions containing 140 mM of either chloride (upper segments) or a test anion (lower
segments), as indicated to the right: chloride (CI"), bromide (Br’), nitrate (Nt"), formate
(Fm’). Currents in CI', Br’, and Nt” were recorded at -80 mV, those in Fm™ at -100 mV;
dashes on the left mark zero-current level. B-D, Mean burst (B, %) and interburst (C,
7ip) durations and open probabilities (D, P,) in the presence of various test anions, each
normalized to the value observed in chloride in the same patch. Red horizontal lines
highlight the respective control values in chloride. All data are shown as mean + SEM
(n = 5-9). E, Bregnsted plot for the narrow region of the pore, constructed from
normalized opening rates and equilibrium constants in the presence of the four

permeating anions tested. Solid line is a linear regression fit with slope ® indicated.
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The latter arrangement eliminates any uncertainties about perturbation-induced
fractional changes in opening rate, precise estimation of which is normally dependent
on correct judgment of the number of active channels in each patch. In addition to
documented reductions in unitary conductance[88], perturbations of the filter by
replacement of permeating chloride with nitrate, bromide, or formate all affected gating:
nitrate and bromide which bind more tightly in the pore[88] increased P,, while formate
which binds less tightly[88] decreased it (Figure 25.A and D). Importantly, both gating
effects primarily reflected changes in 1, (Figure 25.B), i.e., in rate koc of step O;—C;
(Figure 12.), with smaller changes in t, (Figure 25.C); the observations on nitrate
replicated those of[90]. The slope of the Bragnsted plot constructed from these data
yielded ® = 0.28 + 0.03 (Figure 25.E), similar to that of position 348. Of note, the
observed changes in t, were confirmed by measurements of cut-AR(D1370N)
macroscopic closing rate in the presence of the three test anions (Figure 26.). These
ionic replacement studies therefore provide independent support for a small ® value in

the pore, confirming late movement of this region during opening.
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Figure 26. Cut-AR(D1370N) macroscopic closing rates in the presence of various
bath anions

Inward macroscopic currents of cut-AR(D1370N) CFTR evoked by repetitive exposures
to 10mM ATP in the alternating presence of various bath anions (gray/light-blue bars:
chloride (CI'); bromide (Br); formate (Fm’) ; nitrate (Nt")). .

All recordings were obtained at -80 mV; all current relaxation time courses following
ATP removal were fitted by single exponentials (colored solid lines) with time constants
() indicated (A-C, chloride (CI"); A, bromide (Br’); B, formate (Fm") C, nitrate (Nt")).
D, Macroscopic current relaxation time constants for cut-4R(D1370N) upon ATP
removal in the presence of either chloride (gray bar) or the specified anion (blue bars)
in the bath. All data are shown as mean £ SEM (n = 2-9), gray line highlights the

control value in chloride.
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5. Discussion

The general structural orientations of protein domains in the stable closed and
open states of the CFTR channel have been delineated by a large body of previous
work. Thus, the preponderance of evidence has established that the channel's closed
state corresponds to a dissociated NBD dimer interface[20, 91, 92] and inward-facing
TMDs[46-48], with the closed gate located on the extracellular side of the
membrane[46, 47, 67, 93]. Similarly, evidence suggests that in the open state the NBDs
are dimerized[20, 91, 92], while a conducting pore is formed by outward-facing
TMDs[46-48]. Consequently, several homology models of closed- and open-state CFTR
have been constructed based on crystal structures of homologous ABC exporters in their
inward- and outward-facing conformations (e.g. [42] and [40]; Figure 27., left and
right ribbon representations respectively). In contrast, far less is known about the nature
and relative timing of the sub-microsecond molecular motions that drive the channel
from its closed- to its open-state conformation.

Here we have adapted the REFER technique to obtain new insight into the
dynamics of ATP-dependent gating conformational changes of the CFTR protein:
careful choice of the background construct (see below) allowed selective examination of
the channel opening process (step C;—0;, Figure 12.). The strikingly different ®
values obtained for our three target positions define a clear spatial gradient along the
protein's longitudinal axis from cytoplasm to cell exterior: the very high ® value of
~0.97 for site-2 NBD interface position 1246 (Figure 18.E, Figure 28., red) stands in
stark contrast to the low ® value of ~0.20 for intra-pore position 348. For the pore
region a similarly small ® value emerges also from our anion substitution studies:
replacement of permeating chloride with anions such as nitrate and bromide, which bind
more tightly to the pore (as indicated by permeability ratio measurement[88]), clearly
stabilize the open state, whereas formate, which binds less tightly than chloride[88],
destabilizes it (Figure 25.D).
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CLOSED —— T-STATE — OPEN

Figure 27. Opening conformational wave and transition-state structure reported by
&-value analysis.

Ribbon representation of CFTR homology models[40] in the closed (left) and open
(right) states based on (left) the inward-facing structure of TM287-288[25] and (right)
the outward-facing structure of Savl866[24]), and cartoon depicting rough domain
organization in the opening transition state (center). The three target positions are
highlighted in spacefill on the models, and as colored circles in the cartoon. CFTR
domain color coding follows that of Figs. 12-13; threonine 1246 (red), tyrosine 275
(violet), methionine 348 (blue). Blue ribbons in the homology models highlight segments
102-106 (TM1), 337-341 (TM6), 1115-1118 (TM11), and 1130-1134 (TM12), that form
the narrow region of the pore (blue ovals in cartoon). Vertical colored arrow illustrates
the direction and timing of the conformational wave during pore opening (early — red,

late — blue).
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Figure 28. Comparison of normalized Brgnsted plots of the three regions

Merged normalized Brgnsted plot for the pore region (blue). Fitting the ensemble of the
normalized data for position 348 (standing triangles) and for the anion substitution
experiments (inverted triangles) by linear regression (solid blue line) yielded the
indicated slope value (®). Bronsted plots for positions 1246 (red) and 275 (violet) are
normalized versions of the plots in Figures 18.E and 21.E, respectively. The point
representing the cut-AR(D1370N) background construct in chloride is highlighted by a
black circle.
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Although the precise location at which permeating anions act to affect CFTR
gating is unknown, this strong positive correlation between anion binding affinity in the
filter and open-state stability does support the notion that the gating effects are caused
by interactions of the anions with residues located somewhere in the pore. It is notable
that the effects of ionic replacement on open-closed equilibrium were in each case
associated with changes in closing, rather than opening rates (Figure 25.B and C),
implying that the stability of the transition state, relative to the closed state, is less
sensitive to the permeating anion species. Insofar as pore-anion interactions are
expected to change between the closed and open state, the implication is that in the
transition state these interactions resemble those in the closed state: i.e., the pore is
closed. The Brgnsted plots for ionic replacement and for the 348 position closely agree
with each other, and the combined data are well fitted by a single line with a slope of
0.23+0.05 (Figure 28., blue). Compared to the ® values for the NBD1-NBD2 interface
and the pore, which are close to the smallest and highest possible values for this
parameter, respectively, the slope of ~0.50 of the Brensted plot for NBD-TMD interface
position 275 (Figure 28., violet) appears intermediate, distinctly different from the two
extremes. This spatially organized @ value gradient provides support for the
interpretation that for conformational changes of folded proteins the relative magnitude
of @ reflects relative timing of ordered sequential movements[51, 52], albeit on the sub-
microsecond time scale, as opposed to probabilities of taking alternative kinetic
pathways known to exist for more random processes such as protein folding (cf.,[58]).
For the CFTR pore opening transition this spatial ®-gradient implies a conformational
wave (Figure 27., large vertical arrow) initiated by tightening of the NBD dimer
around site 2, and propagated with some delay through the NBD-TMD interface to
eventually result in pore opening.

Furthermore, this set of @ values provides strong global constraints for the
structure of the actual transition state, the highest free-energy intermediate of the
channel opening process (Figure 27., center). For the NBD interface the @ value of ~1
indicates that it has already reached its open-state conformation, i.e., the tight dimer is
already formed (cf.,[20]). In contrast, the low ® value of ~0.2 for the pore region
implies it is still in its closed-like, inward-facing conformation. Finally, the intermediate

® value of ~0.5 for position 275 suggests that in the transition state coupling helix 2 is
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just on the move: it has already left its closed-like, but has not yet reached its open-like
conformation (Figure 27., center, bent rods). This transition state architecture, which
emerges from direct measurements of relative timing of movements, confirms a
previous speculation based on interpretation of enthalpy and entropy changes
determined for the opening transition state[94], but refutes the alternative proposition
that during opening all structural reorganizations in the cytoplasmic loops are completed
in the channel closed state[61]. The large molecular strain which must arise at the NBD-
TMD interface is the most likely cause of the very high enthalpy of the opening
transition state (AH* =117 kJ/mol), and is only partially compensated by an entropy
increase (TAS* > 41 kJ/mol) suggested to reflect dehydration of the closing NBD dimer
interface (i.e., dispersal of the layer of ordered water molecules into the disordered bulk
solution)[94]. Evidently, transition-state free energy (AG* =AH* — TAS?) of wild-type
CFTR is still very high, as witnessed by its very slow opening rate of ~1 s, >4 orders
of magnitude slower than for the ligand-gated nicotinic acetylcholine receptor
(e.9.,[95]). Moreover, it is this transient conformation of CFTR which is further
destabilized (relative to the closed state) by NBD-TMD interface mutation AF508,
causing the severe gating defect of this most common CF-associated mutant. Indeed,
stabilization of the opening transition state seems an attractive strategy for designing
potentiator compounds that stimulate gating of AF508 CFTR: thus, 5-Nitro-2-(3-
phenylpropylamino)benzoate, one of its most efficacious potentiators (albeit with a pore
blocking side effect; [67]), increases AF508 CFTR opening rate by precisely that
mechanism[67]. Successful adaptation of the classical REFER approach to studying
CFTR gating dynamics rested on three important innovations.

First, rather than focusing on the kinetics of pore opening and closure (cf.,[62]),
the durations of bursts of openings and of long interburst closures were analyzed here,
as the latter reflect conformational states of the pore associated with specific
conformations of the NBDs: bursts are linked to tightly dimerized NBDs, while
interburst closures reflect dissociation of the NBD interface around site 2[20, 92]. The
duration of the "active™ pore conformation induced by a single ATP occlusion event at
site 2 is also reflected by the time constant of macroscopic current relaxation upon
sudden removal of ATP. Indeed, for all of our constructs which afforded macroscopic

recordings, such macroscopic current relaxation time constants (Figures 19., 22., 24.,
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26.) were in good agreement with the mean burst durations obtained by conventional
burst analysis of steady-state single-channel recordings (Figures 18.B, 21.B, 23.B,
25.B), confirming that 1y, indeed reflects the duration of an activated state of the pore
induced by a single ATP occlusion event.

Second, CFTR bursting follows a non-equilibrium cycle[49, 96] (cf., Figure 7.)
to which REFER analysis is not applicable[55]. To study the pore opening step, we
therefore employed the D1370N background mutation which truncates the gating cycle
to an equilibrium scheme (Figure 12., red frame). Indeed, this is the key feature which
distinguishes our approach from previous studies, and is responsible for its very
different outcome. This is because in the normal hydrolytic background, mutation-
induced changes in the rate of slow non-hydrolytic closure (rate koc, Figure 7.) remain
unnoticed as long as the much faster hydrolytic pathway (rate O;—0,, Figure 7.)
dominates pore closure. It is therefore not surprising that structural perturbations
introduced into the nucleotide binding sites and several TMD/NBD interface positions
of WT CFTR affected only channel opening rates, yielding apparent ® values of ~1 for
all positions tested[61]. Similarly, previous studies identified several pore mutations
that affected gating[30, 33], but in the framework of a hydrolytic gating cycle even the
large, almost an order of magnitude, acceleration of non-hydrolytic closing rates
reported here for mutations at position 348 so far evaded detection. Of note, the AF508
mutation also greatly accelerates non-hydrolytic closure[97]- suggesting an
intermediate @ value for position 508 —, yet under normal hydrolytic conditions AF508
closing rate is unaffected[66, 98].

Third, removal of the R domain eliminated potential confounding effects of
altered R-domain mediated gating regulation in our target-site mutants: not only does
the non-phosphorylated R domain inhibit channel gating, but the phosphorylated R
domain also mediates substantial stimulation of channel Pqgg, 99, through mechanisms
which are poorly understood. In that regard our cut-AR background construct, pared
down to the canonical ABC domains, reduces complexity: in addition to obviating the
need for prior phosphorylation by PKA, gating of cut-AR CFTR is regulated only by
ATP, similarly to the transport cycle of ABC exporters. Thus, our ®-value map likely
bears relevance to the transition state for the inward- to outward-facing transition in this
broader family of CFTR relatives. Because gating of cut-AR(D1370N), like that of WT
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CFTR, is strictly ATP dependent (Figures 15. and 16.), our conclusions do not
necessarily apply to the mechanism of the extremely infrequent spontaneous openings
observable in the absence of ATP that are promoted by certain mutations[64] and
drugs[100].

In conclusion, we have provided an initial characterization of the CFTR opening
transition-state structure which could serve as a drug target for treating CF, and
developed a technique to directly measure timing of movements in distinct regions of
the CFTR protein during the sub-microsecond process of channel opening. By further
refining the ® value map, this approach might be used in the future to define regions
which move as a rigid body[57, 58], or to shed light on potentially asynchronous
movements at the level of the ATP binding sites, the coupling helices, or the TM helices

that form the pore.
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. Conclusions
CFTR cut-AR(D1370N), obtained by coexpression of CFTR segments 1-633 and
837-1480(D1370N) in Xenopus laevis oocytes, is active in the absence of
phosphorylation and gates in a strictly ATP-dependent manner.

In the presence of saturating ATP the ATP-dependent slow gating process of CFTR
cut-AR(D1370N) is reduced to a two-state equilibrium mechanism, suitable for Rate

Equilibrium Free Energy Relationship (REFER) analysis.

Mutations of position 1246 in the NBD2 Walker A motif (composite site 2) affect
opening, but not closing rate of cut-AR(D1370N).

Mutations of position 275 in coupling helix 2 affect both opening and closing rate of
cut-AR(D1370N), but in opposite directions.

Mutations of position 348 in TM6 affect primarily closing, but not opening rate of
cut-AR(D1370N).

Substitution of permeating chloride ions for nitrate, bromide, or formate affect

primarily closing, but not opening rate of cut-AR(D1370N).

The pore opening conformational change is initiated at the site-2 NBD interface, and

is propagated along the longitudinal protein axis towards the pore.
In the transition state for pore opening the site-2 NBD interface is already tightened,

but the pore is still closed, creating strain at the NBD-TMD interface which contains

disease locus F508.
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7. Summary

In CFTR, the chloride ion channel mutated in cystic fibrosis (CF) patients, pore opening
is coupled to ATP binding-induced dimerization of two cytosolic nucleotide binding
domains (NBDs), and closure to dimer disruption following ATP hydrolysis. CFTR
opening rate is unusually slow because of its high-energy transition state, and is further
slowed by CF mutation AF508. Here we exploit equilibrium gating of hydrolysis-
deficient CFTR mutant D1370N, and lack of phosphorylation-dependence of R-domain
deleted (cut-AR) channels, to apply Rate-Equilibrium Free Energy Relationship analysis
for the estimation of relative timing of opening movements in distinct protein regions of
cut-AR(D1370N) CFTR. We introduced five mutations into each of three different
positions in our background construct, recorded channel gating in inside-out patches
to compare the gating patterns at a single-molecule level, and constructed Brgnsted
plots. The slope @ (0 < ® < 1) of such plots reports relative timing of movement in the
tested position. Upon pore opening: ®=1 indicates that the test position has already
reached its open-like conformation, whereas ®=0 implies it is still in its closed-like
conformation, in the opening transition state. An intermediate ® value (®~0.5) implies
that the position is just on the move in the transition state. The strikingly different ®
values obtained for our three target positions define a clear spatial gradient along the
protein’s longitudinal axis from cytoplasm to cell exterior: the very high @ value of
~1.0 for site-2 NBD interface position 1246 stands in stark contrast to the low @ value
of ~0.2 for both the intra-pore posi-tion 348 and for another Brensted plot of the pore
region, obtained from anion substitution studies (replacement of permeating chloride
with other anions). Compared to these extreme @ values, ®~0.5 for the NBD-TMD
interface position 275 appears intermediate. Hence, we found clear directionality of
motion along the longitudinal protein axis, and identified an opening transition-state
structure with the NBD dimer formed but the pore still closed. Thus, strain at the
NBD/pore-domain interface, the AF508 mutation locus, underlies the energetic barrier
for opening. Our findings suggest a therapeutic opportunity to stabilize this transition-
state structure pharmacologically in AF508-CFTR to correct its opening defect, an

essential step toward restoring CFTR function.
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8. Osszefoglalas

A cisztikus fibrozis (CF) betegekben sériilt CFTR Klorid ioncsatorna porusat ket
citoszolikus nukleotidk6td domén (NBD) ATP-kotést kovetd dimerizacidja nyitja meg,
és a dimer ATP-hidrolizist kovetd szétesése zarja be. A CFTR szokatlanul lassu nyitasi
sebességét a nyitési atmeneti allapot magas szabadentalpidja okozza, és a AF508 CF
mutacio tovabb csokkenti. Az ATP-hidrolizisre képtelen D1370N mutans egyensulyi
kapuzésat és az R-domén-deletdlt (cut-AR) csatornak foszforilacio-fuggetlenséget
kihasznalva Rate-Equilibrium Free Energy Relationship (REFER) modszer segitségével
vizsgaltuk a porusnyitas sordn a kiilonbozd fehérje régiok mozgasainak viszonylagos
sorrendjét. R-doménmentes DI1370N  hattérkonstrukcionk  harom  kiilonb6z6
pozicidjanak mindegyikébe 6t-6t mutaciot vittink be, egy-csatornds membrénfoltokban
regisztraltuk mindegyik mutéans kapuzadsi mintazatat, és Brensted grafikonokat
szerkesztettiink. E grafikonok @ meredeksége (0 < @ < 1) a tesztpozicio mozgésainak
1dozitését tiikrozi: d=1 arra utal, hogy az atmeneti allapotban a pozicid mar elérte
allapotara jellemz8 konformécioban van. Atmeneti ® érték (®~0.5) jellemzi azon
régiokat, amelyek az A&tmeneti allapotban éppen mozgéasban vannak. Harom
tesztpozicionk merdben kiilonbozd @ értékei a fehérje hossztengelye mentén a citoszol
feldl az extracelluldris tér irdnyaba mutaté markans térbeli gradienst korvonalaznak: az
NBD érintkezési felszin 2-es kot6helyében tlalhatd 1246-0s pozicié nagyon magas, 1
koriili @ értéke erds kontrasztban all a poérusrégiot jellemzd alacsony, 0.2 koriili, @
értéekkel amelyet mind a 348-as poéruspozicio, mind anion helyettesitéses kisérletek
Bronsted grafikonjai sugallnak. E szélséséges @ értékekhez képest az NBD-TMD
hatarfelszin 275-0s poziciojanak 0.5 koriili @ értéke atmenetinek bizonyult. Ezen
eredmények a mozgasok hossztengely menti iranyitottsagarol tanuskodnak, és
ramutatnak arra, hogy a nyitasi atmeneti allapotban az NBD dimer mar kialakult, de a
porus még zart. Tehat, a AF508 mutacioé helyét tartalmazd NBD-TMD eérintkezési
felszinek fesziilése okozza a nyitdsi 1épés magas aktivacios szabadentalpidjat.
Eredményeink terapias lehetdségként azonositjak ezen adtmeneti szerkezet gydgyszeres
stabilizalasat a AF508 mutansban, ezaltal novelve annak csokkent nyitasi sebességét: ez

elengedhetetleniil fontos lenne a csokkent CFTR miikodés helyreallitasdhoz.
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