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Spatial positioning of CFTR’s pore-lining residues affirms an
asymmetrical contribution of transmembrane segments to the anion

permeation pathway
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The structural composition of CFTR's anion permeation pathway has been proposed to consist of a short narrow
region, flanked by two wide inner and outer vestibules, based on systematic cysteine scanning studies using
thiol-reactive probes of various sizes. Although these studies identified several of the transmembrane segments
(TMs) as pore lining, the exact spatial relationship between pore-lining elements remains under debate. Here, we
introduce cysteine pairs in several key pore-lining positions in TM1, 6, and 12 and use Cd** as a probe to gauge
the spatial relationship of these residues within the pore. We find that inhibition of single cysteine CFTR mutants,
such as 102C in TM1 or 341C in TM6, by intracellular Cd?" is readily reversible upon removal of the metal ion.
However, the inhibitory effect of Cd?* on the double mutant 102C/341C requires the chelating agent dithiothreitol
(DTT) for rapid reversal, indicating that 102C and 341C are close enough to the internal edge of the narrow region
to coordinate one Cd** ion between them. We observe similar effects of extracellular Cd?* on TM1/TMé cysteine
pairs 106C/337C, 107C/337C, and 107C/338C, corroborating the idea that these paired residues are physically
close to each other at the external edge of the narrow region. Although these data paint a picture of relatively
symmetrical contributions to CFTR's pore by TM1 and TMé, introducing cysteine pairs between TM6 and TM12
(348C/1141C, 348C/1144C, and 348C/1145C) or between TM1 and TM12 (95C/1141C) yields results that contest
the long-held principle of twofold pseudo-symmetry in the assembly of ABC transporters’ TMs. Collectively,
these findings not only advance our current understanding of the architecture of CFTR’s pore, but could serve as
a guide for refining computational models of CFTR by imposing physical constraints among pore-lining residues.

INTRODUCTION

Regulated ion movement across the cell membrane by
transport proteins partakes in a broad array of physio-
logical functions in the human body; hence, it is not
surprising that disruptions of this process could lead to
many disease states (Cooper and Jan, 1999). Among
them, cystic fibrosis (CF) ails the suffered from their
birth because of a defective chloride transport across
the epithelial cells in the airway, the gastrointestinal
tract, and the reproductive system (Riordan et al.,
1989). Although CFTR—the culprit behind CF—is a
bona fide anion channel, topological analysis of its
amino acid sequence (Dean and Annilo, 2005) places
CFTR in the superfamily of the ABC transporter (Rior-
dan et al., 1989). Like most exporter members of this
superfamily, CFTR possesses the prototypical architec-
ture of two transmembrane domains (TMDs; TMDI
and TMD?2), each followed by a cytoplasmic nucleo-
tide-binding domain (NBD; NBD1 and NBD2). Each
TMD consists of 6 transmembrane segments (TMs),
and some of the overall 12 TMs have been shown to
craft an anion-selective pore (Akabas et al., 1994; Alex-
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ander et al., 2009; Bai et al., 2010, 2011; El Hiani and
Linsdell, 2010; Qian et al., 2011; Wang etal., 2011, 2014;
Norimatsu et al., 2012; Gao et al., 2013; Zhang and
Hwang, 2015). In contrast, the two NBDs play a key role
in controlling opening/closing of the gate in TMDs.
Specifically, after ATP binding to the two binding pock-
ets formed by NBDs, dimerization of the two NBDs facil-
itates gate opening, whereas gate closure is greatly
accelerated by ATP hydrolysis-induced disruption of the
NBD dimer (Csanady and Gadsby, 1999; Gadsby and
Nairn, 1999b; Jih and Hwang, 2012). In addition to
these characteristic domains shared by other ABC pro-
teins, CFTR distinguishes itself from its peers in this su-
perfamily by harboring a unique intracellular regulatory
domain (R domain) where several conserved serine/
threonine residues must be phosphorylated in order for
ATP to gate the channel (Gadsby and Nairn, 1999a).
Along with the aforementioned topological similari-
ties between CFTR and ABC exporters, functional re-
semblance that NBD dimerization triggers the gates in
the TMDs to open has led to the proposition that CFTR
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may evolve from a primordial ABC exporter by degrad-
ing its cytoplasmic gate (Gadsby et al., 2006; Chen and
Hwang, 2008). So far, high-resolution structures of
eight ABC exporters have been solved (Dawson and
Locher, 2006; Ward et al., 2007; Aller et al., 2009; Hohl
etal, 2012; Jin et al., 2012; Shintre et al., 2013; Choud-
hury et al., 2014; Kodan et al., 2014). Regardless of
whether the whole protein is composed of two identical
halves or not, a twofold (pseudo) symmetry of the sub-
strate translocation pathway is found. Experiments on
CFTR’s pore-lining TM6 and TM12 also appear to sup-
port such a symmetrical contribution of TM6 in TMD1
and its counterpart TM12 in TMD2 to the internal ves-
tibule of the pore by demonstrating that cysteines intro-
duced into the cytoplasmic portion of these two
pore-lining TMs could be accessed by intracellular MTS
reagents in both the open and the closed states (Bai et
al., 2011). However, recent studies provided more de-
tails in the structural and functional roles of CFIR’s
TMDs. For example, although several studies assure a
pore-lining role for TM1 in CFTR (Akabas et al., 1994;
Wang et al., 2011; Gao et al., 2013), overwhelming evi-
dence argues against such a role for TM7 (Wang et al.,
2014; Zhang and Hwang, 2015), the counterpart of
TMI1, in pore construction, countering the long-held
twofold pseudo-symmetry in the TMDs of ABC export-
ers. Furthermore, the extracellular end of ABC export-
ers’ substrate translocation pathway closes to form a
gate for the substrates (Kodan et al., 2014), but the ex-
ternal entryway of CFTR’s pore is accessible to extracel-
lular anions in a closed channel (Gao and Hwang,
2015). Specifically, our latest studies suggest that CF-
TR’s gate (between positions 337 and 344 in TM6) coin-
cides with the previously identified narrow region of the
pore that spans a short segment in TM6 (positions 338
to 341; Alexander et al., 2009; Bai et al., 2010). Interest-
ingly, our cysteine scanning experiments on TM1 also
identified a narrow region confined in between L102 to
1106, which prevents bulky MTS reagents from passing
through the channel (Gao et al., 2013). Therefore, the
narrowest section in CFTR’s pore could be as short as
just one o-helical turn in length if both TM1 and TM6
indeed, as proposed, assume a secondary structure of
an o-helix (Alexander et al., 2009; Bai et al., 2010; El
Hiani and Linsdell, 2010; Gao et al., 2013). In addition
to this narrow segment, the pore of CFTR comprises
two flanking compartments known as internal and ex-
ternal vestibules (Liu et al., 2003; Linsdell, 2014; Gao
and Hwang, 2015), which are relatively wide based on
the observations that many bulky reagents, like MTS re-
agents or channel blockers (e.g., glibenclamide), can
be accommodated in these regions (Sheppard and Rob-
inson, 1997; Zhou et al., 2002; Bai et al., 2010, 2011;
Gao et al., 2013).

As described above, our molecular understanding of
CFTR’s pore and gate has been fostered immensely by a
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plethora of functional studies, but the relative positions
of the pore-lining residues as well as the alignment be-
tween individual TMs remain unclear, lacking a high-res-
olution structure of CFIR’s TMDs. Some recent
experiments using the cross-linking strategy by engi-
neering cysteine pairs do provide some insights into the
positional relationship between pore-lining residues in
the spacious internal vestibule (EI Hiani and Linsdell,
2014). However, when mapped to homology models of
CFTR (e.g., those in Corradi et al. [2015]), those sup-
posedly cross-linkable residues are located too far away
from each other than expected from the cross-linking
data shown in El Hiani and Linsdell (2014). (See Fig. 1
legend for more details.) What is also surprising is a
lack of studies tackling the regions close to the narrow
region, which could be ideal for crosslinking experi-
ments because of its physical constraints. Of note, al-
though our previous study has proposed a revised
topology for TM1 that places L102 residue at the inter-
nal edge of the narrow region, and hence close to S341
the corresponding position in TM6 (Gao etal., 2013), a
quite different picture was depicted by another study
(Wang et al.,, 2011). To fill these knowledge gaps, we
used the paired cysteine strategy and performed more
extensive experiments on TMs 1, 6, and 12, the three
most extensively investigated pore-lining TMs, with a
special emphasis on the residues just internal or exter-
nal to the narrowest segment of the pore.

We introduced cysteine pairs to several positions in
those three TMs and used Cd** as our probe to test the
formation of any “tight” Cd**-binding sites by the intro-
duced paired thiol groups. We found that although
Cd*-induced inhibition on all mutants carrying one
single cysteine (except for 344C) could be reversed rap-
idly upon simple removal of Cd*" from the perfusate,
this inhibitory effect on mutants with cysteine pairs
102C/341C, 106C/337C, 107C/337C, and 107C/338C
becomes nearly irreversible. The observation that dith-
iothreitol (DTT), a strong Cd** chelator (Krezel et al.,
2001) that may have better access to Cd*-thiol metal
bridges than EGTA because of its smaller size, can rap-
idly reverse the effects brought by Cd*" implicates the
formation of a metal bridge between these paired cyste-
ines. These results are consistent with our previous cys-
teine scanning studies (Bai et al., 2010; Gao et al., 2013)
and hence support the notion that TM1 and TM6 con-
tribute to all three components of the pore. When we
used the same approach to examine the relation be-
tween TM6 in TMDI1 and its topological counterpart in
TMD2, TM12, surprisingly, our data suggested that the
previously defined middle section of TM12 (e.g., posi-
tion 1141) does not align with the topologically equiva-
lent position in TM6 (i.e., S341). Instead, 1141C forms
a tight Cd*"-binding site with the engineered cysteine at
position 348 in TM6, which is two helical turns internal
to the S341 residue. A similar Cd**-binding site was im-
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Figure 1. Relative alignments among
TM1, TMé6, and TM12 depicted in a
CFTR homology model. Based on the
crystal structure of an asymmetrical
ABC transporter, TM287/288, Corradi
et al. (2015) derived a CFTR model in
which the alignment between TM1 and
TM6é (left) is fairly consistent with data
represented in the current work. How-
ever, the distance between several po-
sitions where introduced cysteines were
shown to be cross-linkable (El Hiani and
Linsdell, 2014) is way beyond the physi-
cal constrain for the formation of an ef-
fective Cd?* metal bridge. For example,
the distance between M348 and S1141
(15.5 A, middle) and that between K95

and S1141 (17.6 A, right) both well exceed the working distance of Cd?, the cross-linker used in El Hiani and Linsdell (2014). Note
that although the distances measured above are between a-carbons of the two residues involved, the minimum sulfur to sulfur dis-
tance between two engineered cysteines, calculated by subtracting 5.6 A (twice the distance of a single cysteine side chain) from
the above values (i.e., 9.9 A for 348C and 1141C; 12 A for 95C and 1141C), is still >6.5 A, the distance for coordination of two thiol

groups with Cd?*.

plicated between 1141C and 95C, the latter of which
again is two helical turns cytoplasmic to the inner edge
of the narrow region in TM1 (i.e., position 102). Collec-
tively, the current study not only assigns specific amino
acid residues that confine the functionally important
region of the pore, but also provides experimental evi-
dence echoing the idea of an asymmetrical construc-
tion of CFTR’s pore by its two TMDs.

MATERIALS AND METHODS

Mutagenesis and channel expression

The cysless background construct used in the current
study was first made where 16 out of the overall 18 en-
dogenous cysteines in CFTR were mutated to serines
with the rest of 590C and 592C mutated to leucines
(Mense et al., 2006). As described in Wang et al. (2007),
an additional V510A mutation was introduced to all
constructs to boost channel expression. Subsequently,
site-directed mutagenesis was performed under this cys-
less background to engineer cysteines at positions of
interest. All mutations were confirmed by DNA se-
quencing (DNA core, University of Missouri).

Chinese hamster ovary (CHO) cells grown in Dulbec-
co’s modified Eagle’s medium with 10% fetal bovine
serum were used to express CFTR channels. Together
with pEGFP-C3, which encodes the green fluorescence
protein, all constructs were transfected into CHO cells
using PolyFect reagent (QIAGEN), according to the in-
structions from the manufacturer. Electrophysiological
data were collected 3-7 d after transfection.

Electrophysiology

Inside-out mode. Pipettes were made by pulling the
borosilicate capillary glass using a vertical puller (Na-
rishige). After fire polishing with a homemade micro-
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forge, the resistance of pipettes was between 1.5 MQ
and 2.5 MQ when filled with the inside-out pipette solu-
tion, which contained (mM) 140 NMDG-CI, 2 MgCl,,
5 CaCly, and 10 HEPES, with pH adjusted to 7.4 using
NMDG. Before every experiment, cells expressing cer-
tain mutants were transferred into a chamber that was
initially filled with a bath solution containing (mM)
145 NaCl, 5 KCI, 2 MgCl,, 1 CaCly, 5 glucose, 5 HEPES,
and 20 sucrose, with pH adjusted to 7.4 using NaOH.
After a tight GQ seal was made, yet before our excising
the patch into the inside-out mode, the background
flow was switched to the standard inside-out perfusate
containing (mM) 150 NMDG-CI, 8 Tris, 10 EGTA, 2
MgCly, and 10 HEPES, with pH adjusted to 7.4 using
NMDG. All inside-out perfusion solutions contained
EGTA except for the one containing Cd**. In addition,
to ensure most of the cysteines in the patch were in
their reduced form, DTT was added into the PKA/
ATP cocktail used routinely to activate the channels.
All experiments with Cd** were performed after CFTR
currents had been activated to a steady-state with PKA
and ATP. Because this phase of channel activation
could take tens of minutes to complete, it was not in-
cluded in our data presentations. Solution changes
were achieved with a fast solution change system (SF-
77B; Warner Instruments). The membrane potential
was held at =50 mV for all inside-out experiments,
and downward deflection indicates CFTR current. All
of the currents were recorded with a patch-clamp am-
plifier (EPC 10; HEKA), filtered with an 8-pole low-
pass Bessel filter (Warner Instruments) at 50 Hz, and
digitized at 500 Hz using Pulse (V8.80; HEKA) into
a PC hard drive.

Whole-cell mode. Pipettes used for whole-cell experi-
ments were the same as those used for inside-out exper-
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iments except that they were not polished for easier
breaking in. The pipette resistance in whole-cell exper-
iments was between 1.5 MQ and 2.5 MQ when filled
with the whole-cell pipette solution containing (mM)
10 EGTA, 10 HEPES, 20 TEACI, 10 MgATP, 2 MgCl,, 85
aspartate, 16 pyruvate, and 5.8 glucose, with pH ad-
justed to 7.4 using CsOH. The bath solution was the
same as that used in inside-out experiments. After
breaking in, the cell at the pipette tip was lifted from
the bottom of the chamber to the outlets of the
three-barrel glass where the reagents could be immedi-
ately perfused to the whole cell. The membrane poten-
tial was held at 0 mV throughout the whole recording,
and upward deflections represent whole-cell CFTR cur-
rents. The whole-cell signals were filtered at 50 Hz and
digitized at 2 kHz. All electrophysiological experiments
were performed at the room temperature.

Reagents

PKA, ATP, and cadmium chloride were purchased from
Sigma-Aldrich. Cadmium chloride was first prepared as
10 mM stock solution. Upon use, it was diluted into dif-
ferent concentrations using bath or the standard in-
side-out perfusate subject to mutants under test. CFTR
inhibitor-172 (Inh-172) was provided by R. Bridges (De-
partment of Physiology and Biophysics, Rosalind Frank-
lin University, Chicago, IL) with support from Cystic
Fibrosis Foundation Therapeutics.

Data analysis

Figure preparations and curve fittings to generate
the time constant, t, were performed with Igor Pro 6
(WaveMetrics). The cartoon depicting TM1, 6, and 12
in Fig. 1 was prepared with PYMOL (Schrodinger). The
second order reaction rates were calculated as 1/(t *
[Cd*']). Student’s paired or unpaired ¢ tests were per-
formed with Excel (Microsoft), with P <0.05 considered
as significant. All data are presented as mean + SEM. n
denotes the number of patches for each experiment.

Online supplemental material

Fig. S1 shows the effects of 5 pM Cd*" on 102C and
341C single mutant currents. Fig. S2 shows the effects
of 5 pM Cd? on 345C and 102C/345C currents. Fig. S3
shows a whole-cell recording of 106C/337C currents in
response to forskolin and DTT. Fig. S4 shows reversible
inhibition of 107C and 338C single mutant whole-cell
currents by 1 mM extracellular Cd*. Fig. S5 presents
data suggesting that 341C and 1141C do not coordinate
Cd** together. Fig. S6 shows the effects of 50 pM Cd**
on 1141C current. Fig. S7 shows reversible inhibition
of 1144C and 1145C currents by 5 pM Cd*. Fig. S8
shows data suggesting that 95C and 1140C are not
close enough to bind one Cd*' ion together. Fig. S9
shows the measurement of the reaction rate between
Cd?* and 3848C/1141C in the absence of ATP. Online
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supplemental material is available at http://www.jgp
.org/cgi/content/full/jgp.201511557/DCI.

RESULTS

Although all of our experiments were performed under
the cysless background where all 18 endogenous cyst-
eines in CFTR were mutated to serine or leucine (see
Materials and methods), as Cd®* can interact with amino
acids other than cysteine (RuliSek and Vondrasek, 1998;
Choi et al., 2013), we first tested its effect on the WT
cysless CFTR channels. As shown in Fig. 2 A, after phos-
phorylation-activated WT/cysless CFTR channels were
opened by 2 mM ATP in an excised inside-out patch,
5 pM Cd* applied intracellularly reduced the macro-
scopic current by 22.8 + 2.8% (n = 5; Fig. 2 C), which
was readily reversed upon removal of the metal ion
from the solution. Even at a concentration as high as
1 mM, this inhibitory effect of Cd*" vanished within sec-
onds once Cd*" was washed out from the perfusion solu-
tion, an observation similar to that in Fig. 2 A except for
a slightly higher inhibition of the CFTR current (32.2 =
9.6%; n = b; Fig. 2, B and C). Although we did not know
how and where Cd* binds to exert this effect, its speedy
reversibility within seconds of solution changes indi-
cates a loose binding and allows inferences of the for-
mation of a tight Cd*-binding site by our engineered
cysteine pairs, should we observe any Cd*-dependent
inhibition that reverses much more slowly. Similar con-
trol experiments were performed in whole-cell experi-
ments with WT/cysless channels: in the presence of
forskolin, 1 mM Cd* applied from the extracellular
side only induced negligible inhibition of the CFTR
current, but the specific CFTR Inh-172 (Ma et al., 2002)
abolished nearly all of the current (Fig. 2 D). It is be-
cause of such high tolerance of CFTR to external Cd*"
that all our following whole-cell experiments adopted
this concentration, which helped shorten the recording
time so as to maintain a good patch quality.

Contributions of TM1 and TMé6 to the

pore’s narrow region

As our previous substituted cysteine accessibility method
(SCAM) experiments using bulky MTS reagents placed
L102 of TM1 and S341 of TM6 at the intracellular edge
of the narrow region in the pore (Gao etal., 2013), we
first tested whether introducing cysteines at these two po-
sitions can crafta tight Cd*-binding site. As a control, the
effectiveness of Cd** on 102C and 341C single mutants
was quantified. As shown in Fig. S1, application of 5 pM
Cd*"in the continuous presence of ATP decreased 102C
and 341C currents by 42.8 +2.7% (n=>5) and 38.5 +3.2%
(n = 3), respectively. However, subsequent removal of
Cd*"in the solution readily recovered the current to the
control level in both cases, indicating a relatively weak
interaction between Cd*" and either of these two cyst-
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eines. In stark contrast, when a double mutant with both
102C and 341C was put to the test, 5 pM Cd** abolished
virtually all of the current (95.6 + 3%; n = 3) in the pres-
ence of ATP, and very little current recovered even after
tens of seconds of washout with a Cd*free solution
(Fig. 3). We interpreted this result as a tight coordination
of one Cd*" ion by the two thiol groups in 102C and 341C,
respectively, an idea also supported by the observation of
a fast and full recovery of the current by DTT (Fig. 3 A).
Because, in order for Cd** to be coordinated concur-
rently by two cysteines, the distance between two thiols
needs to be <6.5 A (Jalilehvand etal., 2009), these results
place 102C and 341C in close vicinity of each other at the
intracellular edge of the narrow region in the pore (see
Discussion for more detailed elaborations).

Next we tested whether 102C can form a tight bind-
ing site with a cysteine introduced at position 344, a
pore-lining residue located one helical turn cytoplasmic
to S341 in TM6. Although 5 pM Cd*" only abolished
38.1 £5.2% (n=6) of 344C currents, the time course of
current recovery upon washout of Cd* was unusually
slow. Specifically, current recovery of other single cyste-
ine mutants upon washout of Cd* takes place in sec-
onds, whereas it takes tens to hundreds of seconds for
344C currents to recover, suggesting a slow off rate of
Cd?* for 344C. However, in light of such a slow off rate,
the low inhibition ratio seen with 5 pM Cd*" also indi-
rectly infers a slow apparent on rate of Cd** for 344C. To
better assess the current recovery rate, we increased the
concentration of Cd* to 50 pM, which inhibited 86.4 +
1.7% (n = 14) of 344C currents (Fig. 4 A). Indeed, the
current recovery time course after washout of 50 pM
Cd* can be well fitted with a single exponential func-
tion yielding a mean time constant of 198 + 21 s (n = 8).
Although the reason for the slow on rate and off rate of
Cd** to 344C channels is unclear, 50 pM Cd** was used
for all constructs containing 344C. Interestingly, as seen
in Fig. 4 A, DTT was able to expedite the recovery pro-
cess with a significantly (P < 0.005) shorter time con-
stant of 58 + 11 s (n =5). Because a single cysteine is not
expected to afford such a slow off rate for Cd*" (Choi et
al., 2013; also see Discussion), these results suggest that
344C may coordinate Cd** with some endogenous moi-

A 5 uM Cd? B
2 mM ATP

1 mM Cd*
2 mM ATP

< | <
S [WT/Cysless o |WT/Cysless
50 s ©40s
Cc D 5uM Inh-172

S 100 1 mM Cd>
E 80 10 uM Fsk
T 604 ()
£ 404 ) 60
= 1.5 .
o ol 2% <& 40
5 A== WT/Cysless
3 WT/Cysless
“6 = P T T T T T T
<o 3 £ 0 50 100 150 200 250 (S)
(=) 0 —

Figure 2. Effect of Cd** on WT CFTR channels. (A and B) Re-
sponses of WT cysless channels to 5 pM or 1 mM intracellular
Cd? in inside-out patches. Dashed lines mark the zero current
levels (also applicable to all figures). (C) Comparison of effects
of intracellular Cd?* on WT cysless CFTR channels. Numbers in
parentheses indicate the number of data points (also applicable
to all figures). Mean = SEM is shown. (D) 1 mM Cd?* applied
from the extracellular side did not alter whole-cell forskolin-
activated CFTR currents.

eties yet to be identified. Nonetheless, if 102C could
contribute to this coordination, we would expect an
even tighter binding of Cd*" for the double mutant
102C/344C. However, after a nearly full abolition (95.9
+ 1.8%; n = 7) of 102C/344C currents by 50 pM Cd*'
(Fig. 4 B), upon removal of Cd*, currents recovered
with a time constant of 168 + 24 s (n = 5), which is not
significantly different from the recovery time constant
for the 344C single mutant (P = 0.57; Fig. 4 E). In addi-
tion, DTT also significantly (P < 0.001) shortened the
time course of current recovery with an averaged time
constant of 43 + 8 s (n = 4; Fig. 4, C and E), which is
again not different from that measured with 344C sin-

A SmMDTT il Figure 3. Cross-linking 102C and 341C with Cd?*. (A)
5uM Cd* ki 5 puM Cd?* nearly abolished all 102C/341C currents in

2 mM ATP an inside-out patch, which recovered at an indiscernible
(3) rate upon washout of Cd?* in the presence of EGTA.

""""""""""""""""""" 128 DTT, however, readily restored the currents. (B) Com-

% of current inhibition 0

<
$| L102C/S341C/Cysless

100 s
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parison of Cd?**-induced inhibition for 102C, 341C, and
102C/341C. Mean = SEM is shown. ***, P < 0.001.

L102C/S341C
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Figure 4. Effect of Cd** on double mutant 102C/344C resembles that on 344C single mutant. (A) Inhibition of 344C currents
by Cd?** and slow but discernable recovery from inhibition by Cd* washout. Note that DTT could speed up the recovery process.
Current relaxations were fitted with a single exponential function (red and blue solid curves), yielding the corresponding time con-
stants, 7. (B) Inhibition of 102C/344C currents by 50 pM Cd?**. The current relaxation after removal of Cd?* was fitted with a single
exponential function (red curve), which yielded a similar time constant as that in the first part in A. (C) Effects of DTT on the current
recovery from Cd?*-induced inhibition of 102C/344C. In contrast to the recovery phase in the absence of DTT (B), the relaxation time
constant generated by the single exponential fitting (blue curve) is much shorter. (D) Effects of 50 uM Cd?* on 102C. (E) Summary of
current relaxation time constants for 344C and 102C/344C in the presence or absence of DTT. In both constructs, DTT significantly (P
< 0.005) decreases 1. Although the relaxation time constants for 102C/344C are slightly smaller than those of 344C, the differences

are not statistically significant (P > 0.1). Data shown in this figure are from inside-out patches. Mean + SEM is shown.

gle mutant (P = 0.36). Because the inhibition (77.6 +
5.5%; n = 4) on 102C current by 50 ptM Cd*" is readily
reversible within seconds (Fig. 4 D), the little difference
in the effect of Cd** between 344C and 102C/344C sup-
ports the notion that it is 344C with its unknown part-
ner, rather than 102C, that may largely account for the
slow recovery seen in 102C/344C double mutants.
Thus, despite a confounding effect from a yet to be
identified binding partner for Cd** binding to 344C,
these data suggest little contribution of the free energy
of binding from 102C to the interaction between Cd**
and the double mutant 102C/344C.

Compared with the complicated interaction between
Cd** and 344C, V345, a neighboring pore-lining residue
in TMO, offers another opportunity to address the same
issue: whether cysteines placed one helical turn intra-
cellular to S341 are close to 102C in TMI1. As shown in
Fig. S2, although Cd*-induced inhibition on the dou-
ble mutant is somewhat higher than that seen with sin-
gle mutants 102C and 345C (Fig. S2 C), which is perhaps
not surprising because the sheer presence of two thiol
groups increases the probability of occupancy of the
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double mutant by Cd** to disturb the chloride flow in
the pore, the fast recovery of the 102C/345C current
upon Cd* washout (Fig. S2 B) led to a tentative conclu-
sion that these two cysteines may not be close enough to
coordinate one Cd?' ion (see Discussion for details).
Meanwhile, the idea that L.L102 and S341 are in registry
to each other at the intracellular edge of the narrow
region is further supported by the findings made on an-
other double mutant, 98C/341C. As shown in Fig. 5,
inhibitions by 5 pM Cd*" on 98C (50.4 + 8.2%; n = 4)
and 98C/341C (46.4 + 5.6%; n = 4) currents are very
similar (P = 0.7), and both inhibitions are readily re-
versed upon removal of the metal ion, indicating that
98C, which is one helical turn cytoplasmic to position
102, is not able to bind a Cd** ion together with 341C.
Now that two residues at the intracellular edge of the
narrow region—position 102 in TM1 and position 341
in TM6—are shown to be aligned closely to each other,
under the premise that TM1 and TM6 share a similar
secondary structure (Alexander et al., 2009; Bai et al.,
2010; El Hiani and Linsdell, 2010; Wang et al., 2011;
Gao et al.,, 2013), residues at the extracellular edge of

Asymmetrical construction of CFTR’s pore | Gao and Hwang


http://www.jgp.org/cgi/content/full/jgp.201511557/DC1

A 5uMCd> B 5 uM Cd**
2 mM ATP 2 mM ATP

% of current inhibition

<
o
~ |QQBC/S341 C/Cysless

100 s

<
oy | Q98C/Cysless

100 s

the narrow region in TM1 could also be close to their
counterparts in TM6 as the narrowest section in the
pore spans only 3—4 amino acids along both TM1 and
TM6 (Gao et al., 2013). To test this idea, we introduced
cysteines to positions at the extracellular edge of the
narrow region in these two segments and assessed their
reactivity to Cd?*. We set out first with 106C/338C as
these two individual positions are extracellularly closest
to the narrow region. But unfortunately, this mutant
did not yield any measurable current for our whole-cell
experiments (n > 10), although each single mutant was
functional (see below). Therefore, we moved the cyste-
ine in TM6 from position 338 to position 337 to con-
struct a double mutant 106C/337C. As controls, we first
tested the effect of extracellular Cd** on the two single
mutants, 106C and 337C. As shown in Fig. 6 A, after
whole-cell 106C current was elicited by 10 pM forskolin
to a steady-state in the presence of DTT, external appli-
cation of 1 mM Cd* nearly abolished all of the 106C
current (96.2 + 0.4%; n = 4; Fig. 6 D), which was imme-
diately recovered upon exclusion of Cd*. Subsequent
inhibition of the recovered current by Inh-172 (Ma et
al., 2002) confirmed that the restored current was in-
deed from CFTR. As for 337C, Cd* induced a lower
(33.2 £2.6%; n="7) butstill reversible inhibition (Fig. 6,
B and D), and the effect of Inh-172 on this mutant also
seemed reduced when compared with that in other
whole-cell experiments. These results suggest Cd** does
not bind tightly to either 106C or 337C. However, very
interesting experimental results were obtained with the
double mutant 106C/337C. First, as shown in Fig. 6 C,
in the presence of forskolin, Cd*" applied right after
DTT caused an inhibition (90.7 + 4%; n = 4) that was
not reversed to an appreciable extent even after wash-
out of the metal ion for tens of seconds, but DTT could
readily reverse this inhibition, suggesting that Cd*" is
tightly coordinated by 106C and 337C. Second, al-
though forskolin alone could elicit 106C/337C CFTR
current, DTT further enhanced this current. Moreover,
once DTT was removed, the current started to decay by
itself as shown in the red rectangle in Fig. 6 C (also see
Fig. S3). One simple explanation for the spontaneous
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Figure 5. Comparison of Cd?*-induced
inhibition between 98C and 98C/341C.
(A and B) In inside-out patches, the inhib-
itory effect of Cd®** on 98C (A) and 341C
(B) currents dissipated in seconds upon
removal of Cd* from the perfusate. (C)
Summary of the inhibitory effect of Cd?*
on 98C, 341C, and 98C/341C. Note a lack
of statistically significant difference in the
percent inhibition between the double
mutant and either single mutant (P > 0.3).
Mean + SEM is shown.
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current decay in the absence of the reducing DTT is
that these two cysteines form a disulfide bond in a rela-
tively oxidizing extracellular environment, especially in
view of the observation that 106C and 337C can be close
enough to coordinate a Cd*" ion. Of note, susceptibility
of these two cysteines to possible contaminating metals
could also diminish the double mutant current (see Liu
et al. [2006] for more detailed discussions).

As the A107 residue that neighbors 1106 in TM1 also
lines the pore, we next tested whether 107C could du-
plicate what we observed with 106C/337C. When 1 mM
Cd** was applied together with forskolin to cells ex-
pressing 107C or 338C, no matter right after forskolin
plus DTT or forskolin alone, the whole-cell current was
greatly diminished with an averaged inhibition ratio of
93.5+£6.6% (n=3) for 107C and 77.1 £ 2.7% (n="7) for
338C (Fig. 7 C and Fig. S4). Because this current inhibi-
tion was only seen in the continuous presence of Cd*,
we conclude that Cd** binds loosely to both 107C and
338C. However, the reversal of Cd*-induced inhibition
of the double mutant 107C/337C or 107C/338C was
only dramatically expedited by DTT (Fig. 7, A and B),
indicating a formation of the cysteine—metal-cysteine
complex in these two constructs. Therefore, the three
testable cysteine pairs—106C/337C, 107C/337C, and
107C/338C—can all craft a tight binding site for Cd*,
corroborating the idea that these residues from TMI1
and TM6 nestle in a close proximity at the extracellular
edge of the narrow region. Together with data on
102C/341C (Fig. 3), we conclude that the narrow re-
gion of the pore is flanked internally by 102 and S341
and externally by 1106, A107, F337, and T338, a picture
consistent with our previous results (Gao et al., 2013;
Gao and Hwang, 2015; but cf. Wang et al., 2011).

Asymmetrical contributions to CFTR's pore

by TM6 and TM12

As described in the Introduction, twofold (pseudo)
symmetry of the substrate translocation pathway is a
hallmark for ABC exporters. For CFTR, all homology
models based on ABC exporters’ crystal structures also
portray a pore so constructed that TM6 and TM12 play
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asymmetrical structural role (Serohijos et al., 2008; Dal-
ton et al., 2012; Norimatsu et al., 2012; Rahman et al.,
2013; Corradi et al., 2015; Mornon et al., 2015). How-
ever, such a picture is contested by the following obser-
vations. First, unlike that of TM6, the extracellular half
of TM12 has been questioned as pore lining (Norimatsu
et al., 2012). Second, when carrying out cysteine scan-
ning experiments on TM6 and TM12, Bai et al. (2011)
found that cysteines introduced in the topologically de-

fined middle section of TM12 (e.g., 1141C) could be
modified by intracellular MTS reagents much faster
than those placed in the middle of TM6 (e.g., 341C),
suggesting that amino acids in the “middle section” of
TM12 may reside in a relatively wider space. We there-
fore extended our paired cysteine approaches to exam-
ine the relative position between TM6 and TM12.

We first tested the cysteine pair 341C/1141C, as previ-
ous SCAM data suggest these two positions define the
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Figure 7. 107C in TM1 can form a multi-liganded Cd?*-binding site with either 337C or 338C from TMé. (A and B) Recovery of

Cd?*-induced inhibition of 107C/337C (A) and 107C/338C (B) whole-cell currents is dramatically accelerated by DTT. (C) Summary of
cadmium’s inhibitory effects on 107C, 337C, 338C, 107C/337C, and 107C/338C currents. Mean + SEM is shown.
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internal access limits in TM6 and TM12, respectively
(Alexander et al., 2009; Bai et al., 2010, 2011). However,
inhibition of the double mutant 341C/1141C (54.9 +
4.5%; n = 4) by internal application of 5 pM Cd** was
only slightly larger than those on single mutants 341C
(38.5 + 3.2%; n = 3) or 1141C (44.4 + 3.5%; n = 5; Fig.
S5). More importantly, washout of Cd* resulted in an
immediate recovery of the current for either single or
double mutant. Next, we moved the cysteine in TM6 to
positions one helical turn cytoplasmic to construct two
double mutants—344C/1141C and 345C/1141C. For
344C/1141C, although, upon application of 50 pM
Cd*, the current was almost fully inhibited (99.1 +
0.3%; n = 5); simple washing out of Cd** with ATP recov-
ered the double mutant current with a mean time con-
stant of 219 + 23 s (n=6). Meanwhile, DTT could greatly
speed up this process with a time constant of 42 + 7 s (n
= 5; Fig. 8 A). These time constants are not statistically
different from those of 344C single mutant (Fig. 4 E).
In view of the ready recovery of 1141C current after re-
moval of 50 pM Cd** (Fig. S6), we again proposed that
344C and its “invisible partner” could account for the
slow recovery of 344C/1141C current. As for
345C/1141C, 5 pM Cd?" evoked an inhibition (48.4 +
7.1%; n = 4) that is not much different from that of
1141C (Fig. S5 C). More importantly, the immediate re-
covery of the double mutant current upon exclusion of
Cd** from the solution prompted us to conclude that
345C and 1141C are not able to provide a bi-dentate
Cd*-binding site (Fig. 8 C).

These results suggest that position 1141 in the mid-
dle of TM12 does not align with position 341, 344, or
345 of TM6. In contrast, the data shown in Fig. 9 lead
to the conclusion that position 1141 is in registry with
position 348, which is two helical turns cytoplasmic
to position 341 in TM6. Specifically, the recovery rate
of the Cd*-inhibited current upon simple removal of
Cd?* was too slow to be measureable; however, DTT
greatly accelerated the current recovery (Fig. 9 B).
In addition, 5 pM Cd** caused an inhibition of 88.6
+2.7% (n =5) of the 348C/1141C current, which is
much higher than that seen with either correspond-
ing single mutant (Fig. 9 C). Although the aforemen-
tioned data put M348 in the close vicinity of S1141,
a position close to the middle of TM12, examination
of 348C/1144C and 348C/1145C with Cd*" provided
further insights into the relative alignment between
TM6 and TM12. As shown in Fig. S7, both 1144C and
1145C currents could be readily inhibited by 5 pM
Cd*, but a fast relief of the inhibition was also seen
upon washout of Cd*" in both cases. However, this is
not the case for 348C/1144C (Fig. 10 A). Besides a
higher inhibition ratio of the mean current induced
by Cd* (Fig. 10 D), the recovery from the inhibited
state takes a long time (hundreds of seconds) to reach
its steady-state. Fitting the recovery time course with a
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Figure 8. Effect of 50 pM Cd** on 344C/1141C and
345C/1141C. (A) In an inside-out patch, 50 pM Cd?* inhibited
344C/1141C currents almost to the baseline, but removal of
the metal ion results in a slow current relaxation that can be
accelerated by DTT. The time constants were obtained by fit-
ting corresponding current relaxation curves with single expo-
nential functions. (B) The current relaxation time constants on
344C/1141C and 344C are similar (P = 0.51 for without DTT and
P = 0.26 for with DTT, respectively), indicating introduction of
1141C does not increase the binding affinity of Cd?* to 344C.
Thus, position 344 may not be close to position 1141. Mean +
SEM is shown. (C) In an inside-out recording, 5 pM Cd?* induced
reversible inhibition on 345C/1141C, suggesting 345C and
1141C are not able to construct a bi-dentate Cd®*-binding site.

single exponential function yielded a time constant of
182 = 30 s (n = 5), which is significantly shortened
by DTT (40 = 7 s; n = 4; Fig. 10, A and B), suggest-
ing that 348C and 1144C can coordinate a single
Cd** ion, but the 348C-Cd*-1144C complex is not as
strong as the 348C-Cd*-1141C metal bridge (Fig. 9).
In contrast, results with 348C/1145C double mutant
were similar to those of 348C/1141C (Fig. 10 C).
Collectively, these data suggest that the topologically
defined middle segment of TM12 is not aligned with
that of TM6 (i.e., position 341), but rather with a po-
sition that is two helical turns cytoplasmic to position
341 (i.e., position 348). More interestingly, such an
alignment between TM6 and TMI12 is further sup-
ported by the observations made on another double
mutant formed by 95C (TM1) and 1141C. Specifi-
cally, although Cd**-induced inhibition on 95C (34.6
+ 4.2%; n = 7) could be readily released within sec-
onds upon washing Cd* out with a solution with
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Figure 9. 348C, but not 341C, of TMé can tightly coordinate Cd** with 1141C of TM12. (A) An inside-out recording shows that
the inhibition of 341C/1141C currents was subject to the continuous presence of Cd?* in the solution. (B) Contrary to that shown in
A, for the double mutant 348C/1141C, the current inhibition brought by Cd?* in an inside-out patch was reversed extremely slowly
by simple washout, but DTT rapidly restored the current. The current decay phase was fitted with a single exponential function (see
Fig. S9 for more details). (C) Summary of the percent inhibition of 348C, 1141C, and 348C/1141C currents by 5 pM Cd**. Mean

+ SEM is shown.

EGTA (Fig. 11 A), reversal of the much higher inhi-
bition (92.9 + 2.1%; n = 7) seen with the 95C/1141C
double mutant took a much longer time, as indicated
by the current recovery time constants (84 + 15 s; n
= 8). However, such a time course could be greatly
shortened by the metal chelator DTT (6 = 1 s; n = 5;
Fig. 11, B and C), suggesting the formation of a Cd*'

bridge between 95C and 1141C. Thus, position 1141
in TM12 registers with both position 95 in TMI and
position 348 in TM6; they are all located two helical
turns cytoplasmic to the internal edge of the narrow
region. Collectively, these data support a picture that
the nominal counterparts—TM6 and TM12—do not
contribute to CFTR’s pore symmetrically.

A S mMDTT B *x Figure 10. 348C of TM6 forms a tight Cd?*-binding
5uM Cd? site with either 1144C or 1145C of TM12. (A) Acceler-
— — (5) ation of current recovery from Cd?*-induced inhibition

2 mM ATP S @ 2004 of 348C/1144C currents by DTT in an inside-out record-
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= & 160 fitting both t relaxations with a sing| tial
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DISCUSSION

Site-directed mutagenesis offers investigators a unique
tool to study the spots of interest in an ion channel pro-
tein by allowing them to replace original amino acids
with others and examine post hoc the functional conse-
quences of these mutation-induced perturbations with
single-molecule patch-clamp techniques. SCAM has
supplemented this already powerful combination as the
result of a rapid reaction of cysteine’s thiol group with
swaths of thiol-specific modification reagents (Wilson
and Karlin, 1998; Serrano et al., 2006). In the past two
decades, this method has been implemented success-
fully in the studies of structure/function of CFTR. Espe-
cially because of the known molecular sizes of these
bulky reagents, one can also, to some extent, use them
to gauge the physical dimension of the pore. Conse-
quently, a rough picture of an hourglass-shaped pore
for CFTR has subsequently emerged (see Introduc-
tion). In contrast, reducing the size of the probe to ap-
proximate thatof a permeating anion (e.g., [Au(CN).]")
can afford “chemical scanning” along the whole ion
permeation pathway (Serrano et al., 2006). Such an ef-
fective application of the permeant thiol-specific re-
agents enabled our latest localization of a gate in CFTR
(Gao and Hwang, 2015).

Moreover, by engineering cysteine pairs, one cannot
only take advantage of the potential for disulfide bond
formation between two thiol groups in a close proxim-
ity, but also use a broad array of soft metals (e.g., Cd*")
as a tool to cross-link two cysteines that may not be
close enough to form a disulfide bond. Indeed, a se-
ries of elegant studies by Yellen’s group on potassium
channels and hyperpolarization-activated cation
(HCN) channels showed that Cd** could be tightly co-
ordinated by multiple physically close cysteines or his-
tidines to irreversibly alter the channel’s gating or
permeation properties (Yellen et al., 1994; Liu et al.,
1997; Holmgren et al., 1998; del Camino and Yellen,
2001; Rothberg et al., 2002, 2003; Webster et al., 2004;
Ryu and Yellen, 2012). Similar strategies of engineer-
ing cysteine pairs have also been adopted by several
groups in the CFTR field with fruitful results. For ex-
ample, by engineering cysteine pairs in the head, cen-
tral, and tail regions of CFTR’s two NBDs, Mense et al.
(2006) demonstrated that the two NBDs in CFTR can
form a head to tail “heterodimeric” complex upon
ATP binding, which likely resembles those observed in
other ABC proteins. Guided by a homology model
built using the crystal structure of Sav 1866 as the tem-
plate, Riordan’s group introduced cysteine pairs into
the cytoplasmic-membrane domain interface and suc-
cessfully identified several potential contact sites be-
tween NBDs and TMDs (He et al., 2008; Serohijos et
al., 2008). In addition, a recent study, by engineering
cysteine pairs in the extracellular loop, provided evi-
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Figure 11. Positive contribution of 95C in TM1 to Cd?**
binding to 1141C in TM12. (A) Reversible inhibition of 95C
inside-out currents by Cd?*. (B) After Cd®*-induced inhibition,
95C/1141C currents can recover at a discernable rate back to
the preinhibition level by simple Cd?*" removal; in the same in-
side-out patch, current recovery is dramatically accelerated by
DTT. Time constants were generated from fitting both current
relaxations with a single exponential function (red and blue
curves). (C) Summary of the relaxation time constants for cur-
rent recovery in the presence or absence of DTT. Mean + SEM
is shown. **, P < 0.01. Here, we need to point out that, although
another study drew the same conclusion that position 95 is close
to position 1141 in the pore (El Hiani and Linsdell, 2014), ob-
servations made between the current study and that study are
somewhat different. Specifically, in El Hiani and Linsdell (2014),
both 95C and 95C/1141C currents were increased upon Cd?*
exposure, opposite to what we observed. The reason behind
this discrepancy is unclear, but numerous differences in SCAM
results have been noted before in the literature (Bai et al., 2010,
2011; El Hiani and Linsdell, 2010; Qian et al., 2011; Wang et al.,
2011; Gao et al., 2013). Regardless, because the interaction be-
tween Cd?* and the binding site constructed by 95C and 1141C
is relatively weak judged from a relatively faster relaxation time
constant, when compared with other positive pairs in the cur-
rent study (e.g., 102C/341C), we wondered whether moving
the cysteine at position 1141 to its neighboring positions (i.e.,
1140C or 1142C) could potentially identify a tighter binding site
for Cd?* with the 95C background. Unfortunately, although the
95C/1142C double mutant failed to yield any current in our ex-
periments (n > 10), 95C/1140C seems less likely to compose
such a tight binding site we sought (see Fig. S8).

dence for electrostatic interactions at the outer mouth
of the pore (Cui et al., 2014).

However, we were surprised that very few studies actu-
ally implement this strategy to tackle CFTR’s TMDs, es-
pecially because a low sequence similarity between
CFTR’s TMDs and those of other ABC proteins should
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pose a tremendous challenge to rely solely on computa-
tional approaches to gain a molecular understanding of
the structure/function relation for CFTR’s TMDs. We
therefore adopted the paired cysteine method to inves-
tigate TM—TM interactions with a focus on the three
most extensively studied pore-lining TMs in our labora-
tory—TM], 6, and 12 (Bai et al., 2010, 2011; Gao et al.,
2013). Of note, a recent study has provided evidence
for positive interactions among these three TMs (El
Hiani and Linsdell, 2014). Although their primarily in-
terested candidates are residues lining the inner vesti-
bule of CFTR’s pore, we made a deliberate decision to
place an emphasis on residues around the narrow re-
gion for the following reason. It is generally accepted
that the inner and outer vestibules in CFTR’s pore are
spacious, but the narrow region in between should bear
a width that is <5.3 A based on the permeability ratio
measured among different anions (Linsdell et al,,
1997), making Cd*" an ideal crosslinker at the two
edges of this restrictive region.

To our delight, 102C in TM1 and 341C in TM6 in-
deed form a tight binding site for Cd*" applied from the
intracellular side of the membrane (Fig. 3). The in-
ferred physical proximity between these two positions
not only corroborates our previous conclusion (Gao et
al., 2013) that L102, originally assigned to define the
external end of CFTR’s TM1 based on hydropathy anal-
ysis (Riordan et al., 1989), should instead be placed at
the internal edge of the narrow region similar to S341
in TM6 (Bai et al., 2010), but also demonstrates that
both TM1 and TM6 contribute to the internal end of
the narrow region. Moreover, the observation that cyste-
ine pairs (including 106C/337C, 107C/337C, and
107C/338C) introduced three to five residues external
to L102 and S341, respectively, can tightly coordinate
Cd** applied from the extracellular side of the mem-
brane supports the notion that residues from TM1 and
TMG6 also flank the external edge of the narrow region
(Alexander et al., 2009; Bai et al., 2010; Gao et al.,
2013). Thus, given that both TM1 and TM6 also harbor
additional residues that build the internal and external
vestibules, we posit that both TM1 and TM6 span the
whole length of CFTR’s anion permeation pathway
(also see Gao and Hwang [2015]).

However, the almost irreversible binding of Cd? with
the aforementioned cysteine pairs is puzzling as such
tight binding of a Cd** ion is reserved for a preferred
tetrahedral coordination seen in numerous metallopro-
teins (RuliSek and Vondrasek, 1998). Indeed, the for-
mation of a Cd*-binding site of covalent bond strength
with four cysteines has been shown in several ion chan-
nel studies (Yellen et al., 1994; Webster et al., 2004). No-
ticeably, a recent study by Choi et al. (2013) reported an
off rate constant (ko) of 3.5 x 1072 s7! for two cysteines
that are cross-linkable in the staphylococcal a-hemoly-
sin (¢HL) transmembrane pore, which corresponds to
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a dissociation time constant of ~29 s. Thus, although
the pore structure of CFTR is different from that of
oHL, itis likely that the positive pairs we identified (e.g.,
102C/341C) borrow some additional help from some
yet to be identified elements in the pore so that they
can together construct a binding site that has a much
higher affinity for Cd** than one constructed by two
lone cysteines. Moreover, the idea that other chemical
moieties in CFTR’s pore may participate in coordinat-
ing Cd*" may also explain the observation that recovery
of the single cysteine mutant 344C currents from
Cd*-induced inhibition takes hundreds of seconds to
complete (Fig. 4 A), which is in stark contrast to that
shown in Choi et al. (2013) (a time constant of <0.08 s
for single cysteine in o«HL). Notwithstanding, introduc-
tion of an additional cysteine—102C—did not seem to
alter coordination of Cd** by 344C and its yet to be iden-
tified partners, suggesting that, unlike positions 102
and 341, 102C and 344C may not be close enough to
coordinate one Cd** ion. Interestingly, if we accept the
premises that the diameter of the narrow region is ~5.3
A, as indicated above, and that both TM1 and TM6 as-
sume the same o-helical structure with a pitch of 5.4 A,
then the diagonal distance (>7.5 A assuming a vertical
triangle formed by residues 102, 341, and 344) between
102C and 344C should exceed that required for a
multi-liganded Cd*-binding site (Fig. 4). The same geo-
metric predictions can be made for cysteine pairs
102C/345C and 98C/341C. Indeed, our data (Fig. 5
and Fig. S2) show no evidence for a cooperative bind-
ing of Cd*" by any of these two paired cysteines. In con-
trast, we found experimental evidence for a close
proximity among four positions at the external end of
the narrowregion along TM1 and TM6 (i.e., 106G/ 337C,
107C/337C, and 107C/338C). Thus, the very region
defining the narrowest section of the pore is made
partly by TM1 and TM6 over a distance of one helical
pitch or 5.4 A.

Although the well-known coordination chemistry of
Cd* with the cysteine thiols affords a more exquisite
structural interpretation for a relatively compact envi-
ronment where the space between each party is con-
strained, this favorable attribute of physical constraint
is lost once we move our discussion focus to a more
spacious compartment of CFTR’s pore—the inner ves-
tibule. Nonetheless, we were surprised by the extremely
slow off rates of Cd** in several of the engineered cys-
teine pairs (e.g., 348C/1141C and 348C/1145C), sug-
gesting the presence of binding partners other than the
introduced thiols in the inner vestibule. Although more
extensive future studies on the mechanism of this appar-
ent tight cd?* binding are needed, the current data do
reveal an unexpected role played by TM12 in the pore.
Specifically, our data in Fig. 9 place 1141C of TM12 in
close vicinity to 348C, contradicting the proposition
that position 1141 in TM12, like its counterpart S341 in
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TM6, may be close to the internal brink of the narrow
region (Bai et al., 2010, 2011). Then, results in Fig. 10
further suggest 348C may straddle between 1141C and
1144C (or 1145C), which may line on the same face of
two adjacent helical turns. This geometrical constrain
subsequently predicts that S1141 should be located one
to two helical turns away from the narrow region of the
pore. Interestingly, 1141C indeed contributes to Cd*'
binding to 95C (Fig. 11), a position two helical turns in-
ternal to L102 of TM1 that defines the internal edge of
the narrow region. Collectively, these data lead to a sur-
prising picture for the structural role of CFTR’s TM12:
the middle section of TM12 (i.e., S1141) is located two
helical turns cytoplasmically from the proposed inner
brim of the narrow segment of the pore.

Before we wrap up our discussion, a few subjects
should be revisited and/or inspected in a more critical
manner so that the readers are fully aware of the poten-
tial caveats in our approach. First, although the marker
used in the current study to judge the formation of a
tight Cd**-binding site is the sluggishness of current re-
covery after washout of Cd?*, a fast recovery from the
Cd**-inhibited state for several double mutant currents
(e.g., 102C/345C) may not necessarily indicate a physi-
cal alienation between the two cysteines involved, espe-
cially when a higher inhibition for double mutant was
observed, as in the case of 102C/345C. One possible
scenario is that even though the two cysteines in the
double mutant are close to each other, a lack of support
from the aforementioned unidentified partner(s) could
render the Cd**-binding site as weak as undetectable in
our experiments.

Second, we need to point out that our measurements
of Cd*-induced current reductions (summarized in
Table 1 for the positive pairs) and current recovery af-
terward with or without DTT do not tell whether the
effect of Cd*" is on gating or ion conduction, or both.
Because all of the residues examined in the current
study have been shown to line the pore, we prefer a sim-
ple pore-plugging effect. Of note, this distinction be-
comes murkier when dealing with positions close to the
narrow region of the pore because of a possible dual
function for this segment (Gao and Hwang, 2015).
However, even if the effect of Cd*" in some of our mu-
tants is attributed to gating perturbation, the identifica-
tion of positive pairs still attests to a physical proximity
for the introduced cysteine pair during certain states of
the gating cycle. On the other hand, because Cd*" was
always applied in the presence of ATP for an extended
period of time during which the channel can virtually
visit all possible gating states, negative results obtained
in our experiments suggest that the two residues under
study are not close at any given point in a gating cycle,
thus excluding certain structural configurations for the
channel. Moreover, as many of our double mutant con-
structs exhibit extremely slow apparent off rates of Cd*",
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Table 1. Summary of current inhibition by Cd?* on mutants
carrying cross-linkable cysteine pairs

Cysteine pairs % Inhibition

TM1/TM6

102C/341C 95.6 3
106C/337C 90.7 + 4
107C/337C 105.6 + 5.5
107C/338C 98.6 + 3.8
TM6/TM12

348C/1141C 88.6 +2.7
348C/1144C 80.3 +3.7
348C/1145C 772 +3.1
T™M1/TM12

95C/1141C 92.9 + 2.1

Note that the >100% inhibition with 107C/337C results from the observations
in some experiments where the current level in the presence of Cd?* is even
lower than that at the beginning of the recording or under CFTR Inh-172.

we need to be concerned by the possibility that this
strong force may actually allow the formation of the in-
ferred metal bridge in conformations in fact rarely vis-
ited during normal gating transitions. Nevertheless, this
worse scenario is probably avoided as most of the inhi-
bition occurred within seconds of Cd** applications and
the gating cycle of CFTR is ~1 s7".

Third, except for the 348C/1141C pair, most of the
double mutants were not able to generate large enough
currents in inside-out patches for us to test state-depen-
dent effects of Cd?*. However, we do realize that the
state-dependent data could shed more light as channel
gating is a dynamic process. Therefore, whenever possi-
ble, we also directed our efforts to provide our audience
with a sliver of this kind of structural insights. For exam-
ple, the second order rate constant for Cd** reactivity
with 348C/1141C mutant in the absence of ATP is ap-
proximately threefold higher than that with ATP (Fig. 9
and Fig. S9), suggesting these two cysteines may be ei-
ther in a more accessible location or better orientated
to coordinate Cd?* in the closed state. Besides, we also
observed, in our whole-cell recordings of 106C/337C
channels, a biphasic current response to forskolin ap-
plication: current increase followed by a decrease,
which could suggest that these two cysteines are close to
each other only in the open state of CFTR (see Fig. S3
legend for more details).

Bearing nearly all of the topological hallmarks of an
ABC exporter, CFTR is a bona fide member of this su-
perfamily, as previous phylogenetic study has suggested
(Dean and Annilo, 2005). Many functional data on CF-
TR’s NBDs and TMDs also support the hypothesis that
CFTR evolved from an ABC exporter by degenerating
its intracellular gate (Bai et al., 2011). We noticed that,
because of CFIR’s kinship with ABC transporters,
nearly all homology models of CFTR were built using
the crystal structures of ABC exporters as templates (Se-
rohijos et al., 2008; Dalton et al., 2012; Norimatsu et al.,
2012; Rahman et al., 2013; Mornon et al., 2015). Unsur-
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prisingly, although many models are able to account for
those identified pore-lining components in individual
TMs, few could achieve a satisfaction from all examin-
ing eyes, partly because of their confinement to the two-
fold pseudo-symmetry inherited in ABC transporters
(e.g., the one in Fig. 1). Therefore, by providing some
physical constraints between well-defined, paired posi-
tions in different TMs, data reported here could pro-
videaneffectiveguideforfuturecomputationalmodeling.
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