Gadsby et a. — MiMM chapter — submitted May 20, 2010

Electrophysiological, Biochemical, and Bioinformatic M ethods for Studying CFTR Channel
Gating and its Regulation

Léaszl6 Csanady®, Paola Vergani?, Attila Gulyas-Kovécs®, & David C. Gadsby®

'Department of Medical Biochemistry, Semmelweis University, Budapest, Hungary

“Department of Neuroscience, Physiology and Pharmacology, University College London,
London, United Kingdom

3 aboratory of Cardiac/Membrane Physiology, The Rockefeller University, New York, USA

In “Cystic Fibrosis Diagnosis and Protocols, Volume |: Approaches to Study and Correct CFTR
Defects” M.D. Amara, and K. Kunzelmann, editors. Springer, New York. 443-469.
10.1007/978-1-61779-117-8 28.

Correspondenceto:

David C. Gadsby

Laboratory of Cardiac/Membrane Physiology
Rockefeller University

1230 York Avenue

New York, NY 10065, USA

Tel: 212-327-8680

Fax: 212-327-7589

E-mail: gadsby@rockefeller.edu



http://dx.doi.org/10.1007/978-1-61779-117-8_28
mailto:gadsby@rockefeller.edu

Gadsby et a. — MiMM chapter — submitted May 20, 2010

Abstract

CFTR isthe only member of the ABC (ATP binding cassette) protein superfamily known to
function as an ion channel. Most other ABC proteins are ATP-driven transporters, in which a
cycle of ATP binding and hydrolysis, at intracellular nucleotide binding domains (NBDs) powers
uphill substrate translocation across the membrane. In CFTR, this same ATP-driven cycle opens
and closes atransmembrane pore through which chloride ions flow rapidly down their
electrochemical gradient. Detailed analysis of the pattern of gating of CFTR channels thus offers
the opportunity to learn about mechanisms of function not only of CFTR channels, but a so of
their ABC transporter ancestors. In addition, CFTR channel gating is subject to complex
regulation by kinase-mediated phosphorylation at multiple consensus sites in a cytoplasmic
regulatory domain that is unique to CFTR. Here we offer apractical guide to extracting useful
information about the mechanisms that control opening and closing of CFTR channels. on how to
plan (including information obtained from analysis of multiple sequence alignments), carry out,
and analyze electrophysiologica and biochemical experiments, as well as on how to circumvent
potential pitfalls.
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1. Introduction

1.1. Present under standing of regulation of CFTR channel gating by nucleotides

CFTR’ s pair of cytoplasmic NBDs (NBD1, NBD2) are drawn together in head-to-tail
orientation (1,2), asin al other ABC proteins, by two ATP molecul es bound within composite
interfacial catalytic sites, between the Walker A and B motifs of one NBD and the LSGGQ-like
ABC signature sequence of the other (3,4,5,6,7,8,9). Hydrolysis of the ATP disrupts the interface,
causing the NBDs to separate and allowing fresh ATP to bind. In CFTR, these cyclic, ATP-
driven motions of the NBDs are transmitted to the transmembrane domains (TMDs) to adternately
open and close the pore through which chloride ions flow rapidly across the membrane, down
their electrochemical gradient. Dissimilarities between NBD1 and NBD2 in CFTR, mirrored in
all members of the OAD (organic anion and drug; 10) transporter subfamily of ABC proteinsto
which CFTR belongs, render only one of the composite interfacial ATP sites (the “NBD2
composite” site, incorporating the NBD2 Walker motifs) catalytically competent, while crippling
the “NBD1 composite” site by substitutions on both sides of the interface. In the absence of ATP,
phosphorylated (see 1.2., below) CFTR channels essentially remain closed (except for rare, brief,
openings, e.g., 11,12). On exposure of the cytoplasmic surface of CFTR channelsto millimolar
ATP, itsbinding at the two interfacial sites causes NBD1-NBD2 heterodimerization and opening
of theion pore. The average channel opening rate is a saturable function of ATP concentration
according to Michaelis Menten kinetics and is half maximal near 50 uM ATP for wild-type (WT)
CFTR (13). Because this apparent affinity for activation by ATP is diminished by mutations of
either NBD that are expected to impair ATP binding, normal channel opening appears to require
ATP binding in both composite sites (12).

The pore remains open until hydrolysis of the ATP in the competent “NBD2 site” triggers
channel closure. That hydrolysis rate-limits closure is supported by prolongation of channel
openings upon interference with hydrolysis by addition of inorganic phosphate anal ogues such as
orthovanadate or pyrophosphate (14,15,16), or of poorly hydrolyzable ATP analogs like
AMPPNP (17,15), or by mutation of key catalytic residues (15,18,11,12,1). That the hydrolysis
occursonly inthe“NBD?2 site”, and not in the “NBD1 site”, is demonstrated by the findings that
only “NBD2 site” mutations prolong openings (15,18,11,12), and that photocrosslinking with
gamma->?P-8azidoA TP radio-labels only the “NBD1 site”, since the **P is released from the
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“NBD2 site” too rapidly to be observed (19,20). The photocrosslinking experiments also
indicated that non-hydrolyzed ATP remained bound for minutes at the “NBD1 site” (19,20),
arguing that the seconds-long ATP binding and hydrolysis cycle that drives CFTR channel gating
reflects events at the “NBD2 site” (15,12,20), a conclusion further supported by the much slower
loss, after sudden ATP withdrawal, of the ability of brief exposures to pyrophosphate or
AMPPNP to dlicit prolonged channel openings (21).

Because crystal structures of nucleotide-bound ABC transporters show the extracellular-
side gate in the transmembrane domains open and the cytoplasmic side closed (e.g., 7,8,9,22),
whereas both gates must be open in an ATP-bound CFTR channel to allow the observed rapid
chlorideion flow (millions of ions per sec per channel), in CFTR the cytoplasmic-side gate
would appear to have become atrophied, or uncoupled from the outer gate (23). CFTR can
therefore be considered to be abroken ABC transporter (e.g., 24,25,26,27). Detailed analysis of
the pattern of gating of CFTR channels thus offers the opportunity to learn about mechanisms of
function not only of CFTR channels, but also of their ABC transporter ancestors.

1.2. Present under standing of regulation of CFTR channel gating by phosphorylation
Before a CFTR channel can be opened by ATP, cAM P-dependent protein kinase (PKA)

must phosphorylate consensus-site serines in the ~200-residue cytoplasmic regulatory (R)
domain that links CFTR’ s two homol ogous halves (28,29), and phosphorylation of PKC sitesin
the R domain might be a prerequisite (30,31). Because cells contain millimolar levels of ATP,
enough to saturate binding at CFTR’s NBDs, phosphorylation of the R domain by PKA may be
presumed to be the principal physiological regulator of CFTR channel activity. The R domainis
unique to CFTR, and its structure and mechanism remain controversial and incompletely
understood (reviewed in 32). Evidence of structural disorder of isolated R domain (33,34), and of
graded activation of CFTR channels with increasing phosphorylation (e.g., 28,35,36), have been
interpreted as indicating redundancy among up to 9 R-domain phosphoserines, with accumulated
negative charge as the mgor factor. The positions of consensus serine-containing segmentsin
crystal structures of CFTR NBD1 extended by an R-domain fragment (37), and NMR
measurements of NBD1-R domain interactions (34,38), prompted the proposal that non-
phosphorylated R domain binds to the NBDs and interferes with ATP-mediated formation of the
NBD1-NBD2 heterodimer, and hence with CFTR channel opening; phosphorylation of the R
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domain is proposed to release it from the NBDs, relieving the inhibition of gating. Such asimple
mechanism seems unlikely, as neither serine-containing segment is needed for channelsto close
in the absence of ATP, regardless of phosphorylation status, and their deletion or mutation does
not alter the strict dependence of channel gating on phosphorylation by PKA (39). Moreover,
deletion of the entire NBD2 (40,41) or introduction of “constitutive’” mutations (42), even the
CF-causing mutation G551D (43), results in channels that gate regardless of the presence of ATP
— but even this "spontaneous” activity remains strictly dependent on prior phosphorylation by
PKA. Finaly, two of the phosphoserines, including the one most readily generated by PKA
(29,36,44,45), seem to have an inhibitory, rather than stimulatory, influence on channel open
probability (P, see 3.4.2.) (46,36). A region of density interpreted as R domain that extends
between NBDs and TMDsin acryo-EM low-resolution structure of CFTR (47) seems more
consistent with an alternative proposal, that the R domain somehow controls transmission of
information from the NBDs to the channel gates (20).
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2. Materials
2.1. Xenopus oocyte incubation media
After injection with cRNA, oocytes are kept for 1-5 days at 18 °C in solution containing
(inmM): 83 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, 5 HEPES (pH 7.5), plus 50 ng/ml Gentamycin
(48,13,12).

2.2. Solutionsused for eectrophysiological recordings
For recording in intact oocytes, the superfusion solution contains (in mM): 83 NaCl, 2
KCl, 1 MgCl,, 5 HEPES (pH 7.5). For excised patch recording, pipette solution contains (in mM)
138 NMDG-CI, 2 MgCl,, 5 HEPES (pH 7.4), and bath solution contains (in mM) 138 NMDG-Cl,
2MqgCl,, 0.5 EGTA, 5 HEPES (pH 7.1); for chloride-free solutions, sulphamate or gluconate
replace chloride (48,13,12).
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3. Methods
3.1. Heterologous expression of human CFTR in various cell typesincluding Xenopus

oocytes

3.1.1. Expression plasmids

For expression in Xenopus oocytes, CFTR mutants are generated from pGEMHE-CFTR
(48) by mutation with Quikchange, verified by automated DNA sequencing, and in vitro
transcribed using mMessage T7 polymerase to yield cRNA. For expression in HEK293T cells,
pPIRES-CFTR constructs are generated by subcloning the corresponding CFTR into the ECORV
site of the pIRES vector (20).

3.1.2. Céll preparation
Oocytes are isolated from anaesthethized adult female Xenopus laevis, and dispersed
using collagenase, as described (13). HEK293T cells are maintained in DMEM medium
supplemented with 10% Fetal Bovine Serum, plated in 100-mm dishes and transfected with
PIRES-CFTR (20)

3.2. Biochemical analysis of CFTR regulation
3.2.1. Cysteine modification asa tool to study domain-domain interactions

To supplement the minimal structural information available for CFTR and to directly
examine changes in conformation associated with gating, sul phydryl-specific crosslinking can be
used to probe proximity of pairs of target cysteines introduced into CFTR, provided that some or
all of the 18 native Cys are first removed or shown not to interfere with the assay of target Cys
reactivity. If the Co. atoms of residues approach each other to within 5-8 A, then target Cys at
those positions should form disul phide bonds upon oxidation with copper phenanthroline.
Bifunctional sulphydryl-specific reagents, e.g., based on maleimide (2) or methanethi osul phonate
(MTS; 49,50), with variable-length linkers can provide upper estimates for the minimum
separation of Cys pairs under the conditions of the assay. These reagents can be applied to
functioning CFTR channelsin vivo. For example, crosslinking of severa target Cys pairs across
CFTR'’s head-to-tail NBD1-NBD2 heterodimer interface by BMOE (bismal eimidoethane;
reactive groups <8 A apart) in intact oocytes, assessed from large gels shifts of split CFTR

channels with atarget Cysin each half, has demonstrated that they must approach to within 8 A
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of each other at some point during the gating cycle (2). In inside-out membrane patches excised
from oocytes, formation of a disulphide bond across the NBD1-NBD2 interface, between Cys at
position 1248 in the NBD2 Walker A motif and 549 in the NBD1 L SGGQ motif, prevented
closure of the crosslinked CFTR channels after withdrawal of ATP; but the channels closed when
the disul phide bonds were reduced by dithiothreitol (2), further supporting the association of
dimerized NBDs with open channels. Similarly, bifunctional M TS reagents were found, in gel-
shift assays, to crosslink NBD1 and NBD2 to cytoplasmic coupling helices that extend from the
TMDs (51,50) in amanner consistent with the “ domain-swap” organization seen in the crystal
structure of Sav1866 a prokaryotic multidrug transporter orthologue (7); when tested in inside-
out patches, in contrast to the open state stabilization caused by the NBD1-NBD?2 crosslink (2),
crosslinking either NBD to one of the coupling helices tended to impair channel opening (51,50).
These crosslinking experiments on CFTR have all used homology models to identify candidate
target positions for Cys substitutions.

Modification of a single introduced target Cys, while assaying function as a monitor
of reaction and its consequence, is an alternative way to probe CFTR channel structure and
mechanism. Addition of N-ethylmaleimide (NEM) to the ATP-containing solution bathing
inside-out patches irreversibly diminished the P, of CFTR channels with a single Cys introduced
into Walker A or ABC signature motif of either composite interfacia site (52). Modification of
the Walker A, but not the ABC signature, mutants became slower as ATP concentration was
raised (52) and, at each [ATP], modification was much slower inthe “NBD1” than in the
“NBD2" composite site; these observations fit well with the present view of ATP-driven gating
of CFTR channels (section 1.1, above).

Further structural and mechanistic information may be obtained by determining the

gating-state dependence of modification of single Cys or of crosslinking of Cys pairs (e.g., 53).

3.2.2. Studying the kinetics of CFTR phosphorylation
Western blots of full-length (54) or split (2) CFTR, and Coomassie-stained gels or
autoradiographs of isolated R domain peptide (29,36), have all revealed mobility shifts induced
by phosphorylation with PKA. By using low [ATP] to slow phosphorylation, taking samples at
different times, and using SDS-PAGE followed by mass spectrometry of separated peptides, two-
dimensional phosphopeptide mapping, and/or point mutation to identify individual
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phosphoserines, the kinetics of phosphorylation of individual Ser can be assessed. With this
approach, Ser768 was found to be the first one phosphorylated and phosphorylation of Ser737
was found to cause the major mobility shift (36). Kinetic analysis of severa small synthetic
peptides (10-24 residues), each encompassing one (or two) of the R-domain consensus PKA
sites, showed that the peptide containing Ser768 was by far the preferred substrate for PKA (29),
consistent with the results for isolated R domain and entire CFTR (36).

A difficulty in all biochemical studies of CFTR isavailability of sufficient amounts of
protein; expression and purification from Sf9 insect cells (55) and baby hamster kidney (BHK-
21) fibroblast cells (56) have proven most successful so far. The large amplification of
electrophysiological assays alows circumvention of this difficulty, as some biochemical studies
can be donein real time on CFTR channelsin voltage-clamped excised membrane patches or
whole cells. For example, phosphorylation by PKA catalytic subunit or by PKC, and
dephosphorylation by specific phosphatases, of WT CFTR channels or mutants lacking one or
more consensus phosphorylation sites, can be monitored by recording current in excised patches
during direct application of exogenous kinases and/or phosphatases or inhibitors of endogenous
phosphatases (e.g., 35,57,30,58,59,31,60,36). The presence of active endogenous phosphatases in
excised patches even permits determination of PKA concentration dependence of CFTR channel
activation, assayed as P,; enhanced sensitivity to PKA in Ser768Ala mutants compared to WT
CFTR (36) confirmed the inhibitory influence of phosphoserine 768 concluded from
measurements of sensitivity to the phosphodiesterase inhibitor IBMX in intact oocytes (46). The
enhanced sensitivity to phosphorylation resulted in substantial activation of Ser768AlaCFTR
channelsin resting oocytes, due to basal levels of PKA activity; phosphorylation of six Ser
(including Ser768) in the R domains of WT CFTR channels in resting oocytes was confirmed by
mass spectrometry (36).

3.3. Electrophysiological recording of CFTR currents
The possibility of following ion channel function using electrophysiological techniques
make CFTR uniquely suited for basic structure/function studies among ABC transporters.
However, some of its gating characteristics — e.g. relatively slow and non-equilibrium gating —
limit the usefulness of some techniques.

3.3.1. Recording CFTR currentsin intact cellsby TEVC and whole-cell patch-clamp
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The two-microel ectrode voltage-clamp (TEV C) method, and tight-seal current
recording in the whole-cell configuration, allow little or no direct modification of the intracellular
solution. However, as described above, the main factors regulating CFTR channel gating are
phosphorylation and interaction with ATP, both acting on intracellular domains. In most intact-
cell studies CFTR is activated by extracellular application of membrane penetrating forskolin,
which activates adenylate cyclase, and hence PKA, eventually resulting in an increase in whole
cell conductance. For WT CFTR expressed in oocytes, held at -50 mV, the inward current peaks
~3 minutes after forskolin addition. For CFTR mutants with low P,, conductance can increase
more slowly, e.g. reaching a 10-100 fold lower maximal conductance in 10-20 minutes. The very
indirect control of the channel gates somewhat limits the kinetic information that can be obtained
with these techniques, yet they remain useful for screening (e.g. 48,2), or studying extreme
alterations of gating kinetics (e.g. 61). In addition, whole cell current recordings can be valuable
for studying endogenous CFTR in its physiological environment, with only minimal experimental
modification (methods described in 62).

3.3.2 Recording CFTR currentsin inside-out patches

The experimenter has many more possibilitiesif, after sealing, the patch can be
excised, so that the intracellular face of the patch is exposed. In Xenopus oocytes, this inside-out
configuration is conveniently obtained by initially “cramming” the pipette towards the centre of
the cell, before extricating it with the excised membrane patch. Because of the characteristic slow
gating of CFTR channels, relatively simple perfusion systems (e.g. available from ALA
Scientific Instruments, www.al ascience.com), which alow complete exchange of the solution
bathing the intracellular (outside) face of the patch within a fraction of a second, are sufficient for
most experiments. Most of the channels present in the patch will be activated within afew
minutes after switching to a solution in which catal ytic subunit of PKA (130 units/ml) and
MgATP (concentrations 2-5 mM) are present. PKA extracted from bovine heart is commercially
available (Sigma cat # P2645; note that recombinant PKA catal ytic subunit, Promega cat #
V5161, was found to be much less active even using up to 300 units/ml). Millimolar [ATP] are
saturating for most mutants, the WT apparent dissociation constant being ~ 50 uM (e.g. 13).
Simple solutions with high CI°, N-methyl-D-glucamine as a counterion (to minimize cationic

conductances), lightly buffered, and containing EGTA and millimolar Mg** are used as bath

10
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solutions, while pipettes (bathing the extracellular face) are filled with a similar solution but
lacking EGTA (e.g. 27, see 2.2, above).

In some expression systems the level of channel expression can be modulated. This
can be easily obtained when using Xenopus oocytes, by atering amounts of cRNA injected
(typically from 0.1 ng/oocyte to 10 ng/oocyte for WT CFTR), the time allowed for expression
(~12 hours to one week), the position of the patch with respect to the injection site (when
injecting within the animal pole, patches close to the injection site show higher expression). To a
lesser extent, when using mammalian cell lines, variation in expression levels - among different
cell lines and/or among clones obtained from different transfections, - can be achieved (e.g. 63).
The experimenter can thus obtain two different, complementary, sets of kinetic information:
either monitoring individual channels during steady-state gating (3.3.2.1) or recording ensemble

currents flowing through a high number of channels (3.3.2.2.).

3.3.2.1. Recording individual CFTR channel currentsin inside-out patches
If the patch contains one or few (e.g. <8) channels the current “jumps”

corresponding to the opening and closing of individual channel gates can be detected. Since the
single-channel conductance of CFTR issmall (~ 10 pS, 64), the main practical problemin
performing these experiments is keeping electrical noise aslow as possible to improve the
signal/noiseratio. Practical considerations on this subject are discussed at length in excellent
texts (65,66). Most important, the electrical seal resistance between glass pipette tip and cell
membrane needs to be very large (with Xenopus oocytes, seals >100 GQ can be routinely
obtained, using freshly stripped oocytes and 0.2 um-filtered solutions) and line-frequency
interference needs to be minimized (by carefully grounding conducting objects close to the
amplifier headstage, avoiding ground loops, and shielding in a Faraday cage). In addition,
severa parameters of the experimental setup can be optimized to obtain low-noise records (67).
In our labs, the patches are excised in alarge fluid-filled “ patch-pulling chamber”, and then
transferred to a“flow chamber” for recording (Fig. 1). Here, to minimize the capacitance of the
immersed pipette tip, the patch isimmersed in athin film of solution flowing down the walls of
the flow chamber, aong the petri dish edge, and grounded (Figure 1). Luckily, CFTR'sslow
gating characteristics are here an advantage, since the recording bandwidth need not be wide and

11
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filtering at 50-200 Hz does not remove events of interest for ATP- and phosphorylation-
dependent gating.

3.3.2.2 Recor ding macr oscopic, multi-channel, CFTR currentsin inside-out

patches
When studying low probability events or mutants whose gating is very slow,

accumulation of sufficient events cannot be achieved within the patch lifetime by recording from
one or afew channels. In these cases, information on channel gating regulation is most ssimply
obtained by recording ensemble current flow across patches containing alarge number (typically
hundreds or thousands) of CFTR channels (“macropatches’). Recording from macropatches
allows relative steady-state parameters, e.g., relative P, upon sudden change in [ATP] (13), or
relative P, in ATP vs. poorly-hydrolyzable analogues (12), to be easily obtained. Alternatively,
Kinetic information can be extracted from measurements of the time course of current change
following a manoeuvre that affects CFTR gating, e.g. burst duration upon washout of ATP (see
3.5, below).

3.4. Analysis of steady-state CFTR current recordings
3.4.1. Idealization of membrane currents

Thefirst step in the process of extracting information on channel gating kinetics from
araw current trace is to reconstruct the time series of channel opening/closing transitions. The
output of this"idealization" procedure is an ordered list of events, each event described by a pair
of numbers |y, tx; I denotes the number of channels open during the kth event and ty its duration.
This"events list" contains in a compact form all the information the raw data carry about gating.

The simplest idealization algorithm is the half-amplitude threshold crossing technique
(68). In this procedure the baseline current and possible slow current drifts — not channel-related
— are subtracted from the raw data. Ideal conductance levels are then set to integer multiples of
the unitary current amplitude, and consecutive data points which fall within a half-amplitude
distance of a given ideal conductance level are merged into an event. For reliable application of
this simple procedure the signal-to-noise ratio must be sufficiently high to minimize half-
amplitude threshold crossings caused by noise, while individual gating transitions should remain
well resolved in time. In addition, the channels should open predominantly to asingle, well

12
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defined, conductance level. These criteriaare typically met for WT CFTR under standard
conditions (e.g., (69,18,11,13)).

The half-amplitude procedure might present problems when using MOPS as an
intracellular buffer (15), for certain pore mutants (70), or for murine CFTR channels, which open
predominantly to subconductance levels (71). In such cases more elaborate agorithms are
necessary for idealization. Time-course fitting (68) and hidden Markov modeling (72,73) are
procedures that allow for successful idealization of records with frequent subconductance
openings and/or an insufficient signal-to-noise ratio; such algorithms are implemented by the free
software packages HICHIT (http://www.ucl.ac.uk/Pharmacol ogy/dcpr95.html) and QuB
(http://www.qub.buffalo.edu/), respectively.

3.4.2. Kinetic analysis of single-channel current traces

Channel open probability (Py), the fraction of time the pore is open, is simply obtained
asthe sum of all open-time durations in the events list divided by the total recording time.
Although P, can be viewed as the physiologically relevant readout of gating in terms of chloride
transport, it provides essentially no information on mechanism. For instance, mutations might
simultaneously alter the rates of both gating transitions by up to 1000-fold with no large effect on
Po (e.g., E1371Q, (1)), emphasizing the importance of kinetic analysis for mechanistic
understanding.

WT CFTR channel gating is characterized by bursts of openings — groups of openings,
interrupted by brief closures — that are flanked by long, interburst closures. Correspondingly,
dwell-time analysis of single WT channels reveas a single open state and two distinct closed
states (69). The 3-state schemes C;-O-C, and C;-C»-O can equally well account for such a pattern
of gating; assuming either scheme, the respective four rate constants can be estimated by
maximum likelihood fitting. Two commonly used approaches for maximum likelihood fitting of
single-channel eventslists are fitting the open- and closed-time distributions (e.g., (74)), or fitting
the entire series of closed and open-time durations (75,76,77), implemented, e.g., by the MIL
subprogram of the QuB package, and by HICFIT). In theory, the latter approach is more
powerful because it exploits the information carried by correlations between the durations of

adjacent closed and open events. However, for schemes with a single open state (or, in general,

13
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when asingle "gateway" state connects the sets of open and closed states), like the two schemes
above, open and closed events are uncorrelated and the two approaches therefore equivalent.

It isimportant to note that the schemes C;-O-C; and C;-C,-O cannot be distinguished
in steady-state records. And, because of the short life time of state C, (~10 ms at 25°C) relative to
C; (=1 sat 25°C), adistinction based on the time course of current change upon sudden
addition/removal of the ligand ATP istechnically not feasible. Thus, at present thereis no strong
evidence to support a choice between them. Correspondingly, both schemes have been used to
interpret ATP-dependence of CFTR gating, and fitting either scheme suggests [ATP]-dependence
of asinglerate: rate C;—0O (12) and rate C;—C,, respectively (69). Because these rates are
meaningful only in the context of a particular scheme, it is customary to report only the mean
durations of open bursts and interburst closures, which are model-independent descriptive
parameters, that can be calculated from the fitted rate constants regardless of the chosen scheme.
Using this descriptive nomenclature it is generally agreed that increasing ATP concentrations
shorten the mean interburst duration in a saturable fashion, while the mean burst duration, the
mean intraburst closed time, and the mean number of intraburst closures per burst are little
influenced by ATP concentration (78,13,12,79).

An aternative approach for studying the kinetics of open bursts and interburst
closuresis provided by conventional burst analysis. This method consists of ignoring brief
intraburst closures by creating a new events list of bursts and interbursts in which closures shorter
than a specified cutoff are suppressed. This cutoff is chosen based on the distribution of closed-
time durationsin the original eventslist, and isideally much larger than the mean duration of
intraburst closures, but much smaller than that of interburst closures. Nevertheless, because the
durations of both types of closures are exponentially distributed and therefore overlap, some
fraction of closures will be necessarily misassigned regardless of the choice of the cutoff. This
means that some fraction of intraburst closures will be erroneously kept and treated as interburst,
and some fraction of interburst closures will be erroneously misclassified as intraburst and so
eliminated. Two commonly used strategies for calculating the cutoff duration are to equalize the
probabilities of the two types of error (80) or to minimize the total probability of committing any
error (81). The merit of the first strategy is that the mean duration of reconstructed bursts

provides an undistorted estimate of the true mean burst duration, whereas the second strategy was

14
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found to cause less distortion of the shape of the distribution of burst durations for a non-
equilibrium cyclic gating mechanism like that of CFTR (27).

Because ATP concentration affects bursting, but not intraburst, kinetics, restricting
Kinetic analysis to a mere extraction of mean burst and interburst durations is equivalent to
modeling ATP dependent gating by a simple two-state process. Though more informative than
just extracting P,, such a simplifaction severely limits the amount of information that can be
obtained about a complex process involving binding of ATP at two distinct sites, dynamic
formation and disruption of an NBD1/NBD2 heterodimer, and hydrolysis of ATP in one of the
composite binding sites. However, by reconstructing each burst, burst analysis offers the
advantage of providing also the distributions of burst and interburst durations, not just their mean
values. These distributions carry invaluable information on the mechanism of bursts, and allow
quantitative evaluation of alternative gating schemes by fitting them to the observed distributions
using maximum likelihood. Although as afirst approximation both interburst and burst durations
are reasonably fit by single-exponential distributions (18,13,12), careful fitting of large sets of
both interburst (11) and burst (27) durations have identified tell-tale deviations from single-
exponential behaviour that are indisputable signs of a highly non-equilibrium mechanism. Thus,
the clear rising phases of these distributions (see histogram of burst durationsin Fig. 2B) signd
violation of microscopic reversibility (68). In addition, fitting these distributions by a cyclic
mechanism (Fig. 2A; cf., 1.1) alows estimation of the rates of conformational transitions that are

not associated with pore opening or closure (27).

3.4.3. Kinetic analysis of multi-channel current traces
Because CFTR gating is aslow process and gradual dephosphorylation by membrane-

bound phosphatases limits the length of steady-state single-channel recordings, obtaining
sufficient numbers of gating events from a patch containing only a single channel can become
challenging. In contrast, from patches with multiple (e.g., 2-8) active channels comparable
numbers of gating events are obtained in proportionately shorter duration recordings. An
ensemble of several (N) channels gating viaa common mechanism but independently of each
other can be described by a single macro-system with N+1 conductance levels; transition rates
between states of the macro-scheme are functions of the single-channel transition rates.
Consequently, both maximum likelihood analysis approaches mentioned in 3.4.2. above, i.e,,

15
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fitting of dwell-time distributions and fitting the entire time series, can be generalized to a multi-
channel system. However, because the macro-system has many states, the computational burden
for the latter approach becomes prohibitively large; even with improved present day (2010) PC
performances, fitting the entire time series for arecord with more than 2-3 channelsis still
impractical. In contrast, maximum likelihood fitting of single-channel open- and closed-time
distributions can be readily generalized to a ssimultaneous fitting of the ensemble of the dwell-
time distributions of al conductance levels of a multichannel patch. The computational burden of
this approach is far smaller, because once the sequence in which the events follow each other is
disregarded, the individua dwell-time distributions can be binned into histograms, resultingin a
large reduction in the size of the data set to be fitted. Moreover, there is no disadvantage to losing
correlation information between neighboring events for the smple C;-O-C; and C;-C,-O
schemes (as noted above, 3.4.2.). Finally, afirst-order correction for missed events due to limited
recording bandwidth is also readily incorporated into this approach (82). A program
implementing these procedures has been used successfully by several groups and isfreely

available upon request (laszlo.csanady @eok.sote.hu).

3.5. Analysis of macroscopic current relaxations

Information on gating kinetics of single ion channels can aso be obtained from the time
courses of macroscopic current relaxations in response to step changes in ligand concentration or
voltage. These time courses can be fitted with sums of exponentials, whose time constants and
fractional amplitudes are functions of the single-channel gating parameters. Non-linear |east
squares fitting algorithms are included in most commercially available data acquisition software
packages (e.g., Pclamp, PulseFit).

Because, for CFTR, closing from aburst is little sensitive to ATP concentration and the
rate of opening to aburst in the absence of ATP isvanishingly small, the time constant of
macroscopic current relaxation upon sudden removal of ATP reflects the steady-state mean burst
duration (83,13,27). This technique for estimating mean burst duration has been preferentially
used for catalytic site mutants which abolish ATP hydrolysis at the composite NBD2 site, (e.g.,
K1250A) or when non-hydrolyzable ATP analogs (e.g., AMP-PNP, pyrophosphate) are applied,
because in either case burst durations are prolonged to several seconds or tens of seconds. While
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this makes it difficult to collect sufficient numbers of steady state single-channel gating events,
macroscopic ATP-remova experiments are easy to perform, and require only moderately rapid
solution exchange (e.g., 13,12,84,85).

One limitation of this approach isthat for patches excised from certain cell types removal
of PKA catalytic subunit resultsin arelatively abrupt shortening of mean burst durations, likely
due to rapid partial dephosphorylation of CFTR channels by membrane-bound phosphatases
(17,13). In such systems the above approach can be used to study the mean burst duration of
partialy, but not of fully, phosphorylated channels. Thisis because sudden removal of ATP
terminates not only channel opening, but also activity of the co-applied PKA catal ytic subunit,
and so full phosphorylation of the channels throughout the time course of current relaxation

cannot be guaranteed.

3.6. Thermodynamic approaches to studying the energetics of gating
3.6.1. Studying temperature dependence

Observing a chemical reaction at several different temperatures provides insight into
the energetics of the process. For an equilibrium reaction A<>B the standard enthal py change
AH® between states B and A can be calculated from the van't Hoff plot, which displays the natural
logarithm of the equilibrium constant (In Key) as afunction of the inverse of absolute temperature
(UT). The slope of this linear plot is—AH®/(RT), where Ris the gas constant (8.31 Jmol *K™). If
not only the equilibrium constant, but also the rates of transition between states A and B can be
measured, then temperature dependence of these rates can be used to calculate the activation
enthalpies (AH*), i.e., the standard enthalpy differences between the transition state and the stable
ground states A and B. With kag denoting transition rate A—B, plots of In kag (Arrhenius plot) or
In (kag/T) (Eyring plot) as afunction of 1/T yield linear graphs with slopes —E4/(RT) or —
AH*¥/(RT), respectively. Here, E, denotes the activation energy and AH* the enthalpy difference
between the transition state and ground state A; the two are related by the equation E.= AH*+RT.
The corresponding parameters for the reverse step B—A can be obtained analogously from
Arrhenius or Eyring plots of the reverse rate kga (86).

lon channels are especially well suited to such thermodynamic studies, because the
average rates of opening (k,) and closure (k;) can be readily measured in single-channel

recordings. If channel gating is an equilibrium process, then the open-closed equilibrium constant
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is given by Keg=Po/(1-Py); because Po=ky/(ko+kc), an equivalent formulation is Keg= ky/ke. Thus,
measuring P, of such asingle channel at various temperatures allows construction of avan't Hoff
plot (i.e., In [Py/(1-P,)] versus 1/T) for estimation of the standard enthal py change between the
open and closed ground states. Similarly, measuring k, and k. at various temperatures allows
estimation of the activation enthal pies for opening and closure by construction of Arrhenius or
Eyring plots.

However, in the case of WT CFTR thereis strong evidence that the gating involves
irreversible steps and therefore follows a non-equilibrium cycle (15,87,11,27), such that channels
close from a burst predominantly through a pathway different from that by which they open (see
1.2.). This circumstance has important implications for the interpretion of temperature
dependence of WT CFTR bursting kinetics. First, if the processis not at equilibrium, then the
apparent equilibrium constant Kapp= Po/(1-P,) is not atrue equilibrium constant. Thus,
construction of avan't Hoff plot is meaningless, as the slope of aplot of In Ky, versus /T does
not report AH open-ciosed- (NOLtE, that if AH® for the process closed—open—closed is non-zero, then
the quantity AHpen-closed CANNOL even be defined in general; statements must be limited to
comparing an open state to either the preceding or the subsequent closed state (85).) It isalso
important to note, that alinear van't Hoff plot does not imply an equilibrium mechanism, as has
been argued (88). Because the apparent equilibrium constant K= Po/(1-Po) is always equal to
Ko/ke, the relationship In Kap=In ks—n ke also holds regardless of the mechanism. Therefore, if the
Arrhenius (or Eyring) plots for opening and closure are linear — as observed for CFTR (88,89,85)
—then the plot of In Ky versus UT will aso be linear, regardless of the mechanism. Similarly,
caution must be applied to the interpretation of energetic barriers. If WT CFTR indeed exits the
open burst state through a pathway which involves ATP hydrolysis, then AH* for opening and
closure characterize single sides of two distinct energy barriers, rather than the two sides of a
single barrier. In this case the barrier height for the reversal of the opening step must be obtained
from the temperature dependence of closing rate under conditions that prevent ATP hydrolysis
(e.g., using NBD2 composite catal ytic site mutations or non-hydrolyzable ATP analogs).
Together the three AH* values for opening, non-hydrolytic closure and normal hydrolytic closure
then allow reconstruction of the AH® profile for a partial gating cycle which involves transition
from an ATP-bound closed state through atransition state to the open state, and then from the

open state to a second, distinct, transition state for closure (85).

18



Gadsby et a. — MiMM chapter — submitted May 20, 2010

By transition state theory (e.g., 86,90) the absolute value of atransition ratek,
measured at a given temperature, provides at least an upper estimate of the activation free energy

(AG") in the form AG*<RTIn(ksT/(kh)), where kg is Boltzmann's constant (1.3810% J°K) and h
is Planck's constant (6.63'10°* Js). This upper estimate of AG* (AG* ) together with the

estimate of AH* yields alower estimate of the activation entropy AS': AS min=(AH—AG* )/ T
(cf., (85)) which provides additional information about the mechanisms underlying CFTR
channel gating.

3.6.2. Mutant cycle analysis

The thermodynamic mutant cycle formalism (90) can be used to detect energetic
coupling between two amino acid positionsin aprotein. In a generalized double mutant cycle, the
WT, two single site mutants and the double mutant form the vertices of athermodynamic cycle.
From patch recordings of CFTR channel currents, several kinetic parameters can be measured
that can be used to characterize WT and single and double mutants in terms of the AG between
two states. If the two residues do not interact, the effects of mutating one site will not depend on
whether that mutation was donein aWT or mutant (at the other site) background; i.e., mutation-
linked changesin AG on paralel sides of the cycle are equal (AAGi,; = 0). Any difference (AAGi
# 0) signifies, and (to some extent) quantifies, energetic coupling between the two residues.
Effective dissociation constants for ATP activation of channel gating, opening rates, and
equilibrium constant between closed and open states in a non-hydrol ytic background [footnote:
after reducing the cyclic gating scheme to a closed-to-open equilibrium by impairing hydrolysis,
this equilibrium constant can be obtained from Py, as Keg= Po/(1-Po)], can all be used to estimate
amutation-induced change in free energy, in each case probing a different step of the gating
cycle. Severa energetic coupling values can therefore be determined for each pair of target sites,
allowing inferences to be made about how coupling between two positions changes as the NBDs
bind ATP, and the channel opens, and transits between open and closed states, i.e., as the channel
progresses through its gating cycle (1).

Unfortunately, interpretation of data obtained using the mutant cycle formalismis
rarely straightforward. A first complicating factor relates to the large statistical variability
observed in CFTR gating measurements. Because coupling energies are obtained as sums (of

mutation-linked changesin AG on parallel sides of the cycle), the errors on the individual sets of
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measurements are summed too, resulting in coupling energies, AAG;n;, which are not significantly
different from zero unless the mutation effects are large. A second problem arises from the
oversimplifying assumptions required to reduce kinetic data to free energy differences between
two states. Thus, it islikely that the “equilibrium constants” estimated from measurements reflect
the steady state distribution of channels among more than two underlying states; and states with
low occupancy in WT might become important in certain mutants with severe phenotypes. A
third problem can arise from the quantitative interpretation of AAG,; as interaction energy in the
WT when the target-site residues still form significant interactions in the single and double
mutants (90). Such interactions can usually be avoided by using a anine substitutions. However,
mutant cycles in which the substitutions form a novel interaction in the double mutant only result
in astronger deviation from simple additivity, and this might help reveal energetic coupling when

the single mutation effects are small.

3.6.3. REFER analysis

Rate-equilibrium free energy relationship (REFER) analysis provides information on
transition state structures and has been used to study the tempora sequence in which various
regions of an ion channel protein move during a closed-open conformational transition. REFER
theory uses transition state formalism, and was developed for equilibrium reactions. The method
assumes that structural perturbations introduced into a given region of an ion channel protein
affect the free energy of the transition state for opening in proportion to their effects on the free
energy of the open ground state (both free energies measured relative to the closed ground state);
i.e., SAG ransition-closed=® 'SAGoopaq-dosaj (0< @ <1). Because the logarithm of the opening rate (ko)
and of the closed-open equilibrium constant (Keg) are identically sensitive to AG yansition-closes 2nd
AGgpen-closed, Fespectively, the slope of aplot of In k, as a function of In Ke, for a series of
structural perturbations to a particular region of a protein (Bransted or REFER plot) provides the
proportiondlity coefficient ®. (Because SAG ransition-closed=P “0AG open-closed IMPli€S SAG ransition-
open=(D—1)-8AG open-ciosed, the slope of the Bransted plot for channel closureis ®-1.) Large @
values (close to 1) indicate that in the transition state the perturbed region is already near its
open-state conformation, while a® value closeto 0 is an indication that the region is still closed-
likein the transition state. Therefore, high @ values are generally interpreted to signal early, and

low @ values late, movement of the target region during the closed-to-open transition (92).
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The success of REFER analysis for ligand-gated ion channels (e.g., 93,94) has
encouraged its application to CFTR gating (95,96). Unfortunately, however, interpretation of
REFER plots depends strictly on the assumption of an underlying equilibrium process. For this
reason, although the observed linearity of the REFER plots and the complementarity of the slopes
of such plots for opening and closure of CFTR channels have been argued to support an
equilibrium mechanism (96), such inferences have no theoretical foundation. Indeed, it has been
shown that both equilibrium and non-equilibrium mechanisms can result in either linear or non-
linear REFER plots, and that the complementary REFER slopes for opening and closure are a
trivial feature of al ion channels regardless of their gating mechanism; moreover, for non-
equilibrium mechanisms REFER analysis provides no information on the transition-state
structures (97). These limitations should be considered before applying REFER analysisto
CFTR.

3.7. Bioinformatic approaches to identify coevolving amino-acid positions
3.7.1. Coevolution reportson functional residue-residue interactions

Information about gating of CFTR channels can a so be gleaned from the evolutionary
record in the form of correlated amino acid substitutions. The conformationa changes associated
with gating are controlled by residue interactions, and interacting residues exert evolutionary
pressure on each other, such that substitutions at one position are coupled to substitutions at
another. In terms of multiple sequence alignments, this means that the variation of residues found
in one column will correlate with the variation in some other column(s). Thisisillustrated
schematicaly in Fig. 3 for evolution of positions x and y in a hypothetical protein family. In Fig.
3A, because of strong interaction between positions x and y, their substitutions are correl ated,
leading to their coevolution, whereasin Fig. 3B the positions do not interact strongly, and so they
evolve independently, and hence substitutions at those positions are uncorrelated (98,99, cf .,
100).

Because CFTR belongs to the ABC protein superfamily, the large quantity of
sequence data available makes such coevolution anaysis attractive. Depending on which ABC
subfamily sequences are included in the alignment, the analysis may illuminate general
mechanisms shared by the whole ABC superfamily (e.g., interactions across the NBD dimer
interface; 1) or may relate specifically to a particular subfamily. An alignment restricted to OAD
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family sequences, for instance, may be expected to yield information about mechanism
applicable not only to CFTR but aso to paralogs such as the SUR and MRP proteins.
3.7.2. Statistical approachesfor coevolution prediction
In practice, given the protracted timescale of evolution, inferences about past
substitution events made from alignments of contemporary sequences are used to generate a
statistic that relates to the probability that two positions coevolved. A number of methods have
been devel oped for these analyses, and they use one of two basic approaches (for recent reviews,
see 98,101). In one, the coevolution statistic is derived from correlated patterns in the alignment;
methods using this approach include McBASC (102), SCA (103), ELSC (104), OMES (105),
CAPS (106), and MlIp (107). Inthe other, an assumed evolutionary mechanism is used to
reconstruct the history of amino-acid mutations, from which correlations in the substitution
process can be extracted; this approach is used by CoMap (108,109), BMM (110), CorrMut (111)
and methods based on explicit coevolution models (112,113). This latter approach adheres
closely to the above (3.7.1.) definition of coevolution as temporally correlated substitutions, but
is subject to the uncertainty inherent in inferring past substitution and branching events from
present sequences.
3.7.3. Input data and practical aspects
A multiple sequence alignment comprises the input data for coevolution prediction.
As misalignments increase with sequence divergence, filtering out distant sequences improves
alignment quality but at the expense of discarding useful information. Calculation of BLAST E-
values (114) or HMMER log-odds likelihood scores (115), combined with estimates of local
(116) or global (117) alignment quality, can help guide this tradeoff between sequence number
and divergence. Once sequences are aligned, gaps need to be removed by deleting entire columns
and/or sequences. Ideally, the resulting multiple sequence alignment will retain hundreds of
homol ogs each containing hundreds of positions.
3.7.4. Validation of methodswith structural contact prediction
Benchmarking, to validate the predictive performance of a method on atest set of data
under particular conditions, would ideally require a protein family for which all coevolving, and
independently evolving, position pairs are known. As no such family exists, a data set can be
simulated, which offers precise control over phylogenetic tree parameters and rates of evolution,
and allows clear distinction between coevolving and independently evolving pairs. Applicability
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of the assumptions about mechanisms of (co)evolution used in the model, however, remains
uncertain. An aternative approach is to use aknown physical quantity, such as spatial proximity,
to characterize position pairs. The ability of a method to predict coevolution that arose from
structural contact can then be assessed for protein conformations for which a high-resolution 3D
structure exists. In the absence of an X-ray crystal structure for CFTR, homology models (e.g.,
51,118,119) based on the structure of Sav1866 (7,8) provide areasonable alternative (119).

Coevolution analysis has been shown to predict structural contact between amino
acidsin proteins significantly (120,109,121) better than random choice. Limits to the
performance of coevolution analysis assessed by contact prediction include incomplete overlap
between functional and structural interactions, in part due to functional interactions between
gpatially distant positions (connected by chains of direct, structural, interactions) that nevertheless
induce coevolution (122). In general, correction for phylogenetic relatedness of sequences (123),
instead of assuming sequence independence, improves performance (124,125,126,110,107). In
addition, coevolution analysis methods show different sensitivities to the heterogeneity of
substitution rates across positions, i.e., conserved, slowly evolving positions versus rapidly
evolving, variable positions (127,128), and the accuracy of coevolution prediction may be
improved by taking this into account.

In the case of CFTR, comparison of the results obtained from different methods of
coevolution analysis, followed by structural contact tests, can exploit the strengths and overcome

the weaknesses of individual methods, and so yield useful functional information.
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Figure 1. Photograph (A) and diagram (B) of a chamber for patch recording from oocytes.
The patch-pulling chamber (35 mm petri dish) and oocyte pool areinitialy filled with bath
solution. An oocyte stripped of its vitelline membrane is placed in the oocyte pool, which can be
rotated to position it appropriately for pipette approach. After the patch is excised it istransferred
to the flow chamber (to the position indicated by the asterisk) by moving the microscope stage,
the perfusion flow is turned on, and most of the bath solution is removed using the suction
capillary. The oocyte in the oocyte pool remains submerged by solution, and can be used to

provide further patches. The agar bridge (filled with 100 mM KCI + 4% agarose, providing an
electrical connection to asmall reservoir filled with KCI) is needed only when the bath solution

does not contain CI', and is omitted from the diagram.
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A Scheme 2 (non-equilibrium full model)

Scheme 1;01'ATPE—>k1 O,-ADP
(equilibrium : Hk_1 : lkz

M) G ATPi==2 C,ADP

ADP ATP

B 120 ) y—wr—yw ip¥ama 11 T aWin

[%2] B
£ 100 {7
o N 1, =37.7ms
o go Il T, = 421 ms
2 il a, =-0.098
2 60 i WT+PKA 2= 1.008
g '\.\ .
8' 40 k, = 0 (fixed)
"= ' k,=2.375s"
# 20 k,=265s"

0 - T —

0 1000 2000

Time (ms)
Figure 2. Distribution of open burst durationsreports on mechanism of bursts. A, Cyclic
scheme (Scheme 2) illustrating the proposed mechanism of CFTR gating in saturating ATP (see
1.1.). The nucleotide specified for each state represents that bound at the "NBD2-site"; the
"NBD1-site" is assumed to remain ATP-bound in all four depicted states. Scheme 1, the subset of
Scheme 2 framed by the dotted line, is a simple equilibrium closed-open model. Note that
extraction of just mean burst and interburst durations — using either the C;-O-C, or C;-C,-O
scheme —is equivalent to simplifying the mechanism of bursts to Scheme 1. B, Histogram of
open burst durations, and 30-s segment of single-channel current recording, of WT CFTR gating
in the presence of 2 MM ATP + 300 nM PKA. The dotted and solid lines are fits to Schemes 1
and 2, respectively; the fit parameters for Scheme 2, with predicted time constants and fractional
amplitudes, are printed in the panel. The fit to Scheme 2 is ranked significantly (P=4-10"°) better
by the log-likelihood ratio test. (Modified from 27.)

37



Gadsby et a. — MiMM chapter — submitted May 20, 2010

alignmem

—L—

Qe LQLLV
0 B

time

38



Gadsby et a. — MiMM chapter — submitted May 20, 2010

Figure 3. Signals of coevolution report on functional residue-residue interactions. A, Strong
interaction between positions x and y induces coevolution. B, Negligibly weak interaction lets
positions x and y evolve independently. In both cases an ancestral sequence (left) evolves along
the same phylogenetic tree, whose bifurcations represent gene duplication or speciation events.
Only two sequence positions, x and y, are considered, the rest are indicated by dots. Encircled x
and y characters mark substitution events at that position. As aresult of substitutions, a sequence
at the right (more recent) node of abranch may differ from the left (earlier) node at one or both
positions. The process results in the set of contemporary sequences on the right, organized into a
multiple alignment. Though substitutions occur stochastically in both cases, only in case A do
they correlate temporally between the two positions. Since the protracted timescale of evolution
precludes direct observation of substitution events, the challenge isto distinguish between the

two cases A and B indirectly, using the alignment as the only available input data.
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