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Two TMEM16 family members, TMEM16A and TMEM16F, have different ion transport properties. Upon activation by
intracellular Ca?*, TMEM16A—a Ca?*-activated Cl- channel—is more selective for anions than cations, whereas TMEM16F—a
phospholipid scramblase—appears to transport both cations and anions. Under saturating Ca?* conditions, the current-
voltage (I-V) relationships of these two proteins also differ; the I-V curve of TMEM16A is linear, while that of TMEM16F is
outwardly rectifying. We previously found that mutating a positively charged lysine residue (K584) in the ion transport
pathway to glutamine converted the linear I-V curve of TMEM16A to an outwardly rectifying curve. Interestingly, the
corresponding residue in the outwardly rectifying TMEM16F is also a glutamine (Q559). Here, we examine the ion transport
functions of TMEM16 molecules and compare the roles of K584 of TWEM16A and Q559 of TMEM16F in controlling the
rectification of their respective I-V curves. We find that rectification of TMEM16A is regulated electrostatically by the side-
chain charge on the residue at position 584, whereas the charge on residue 559 in TMEM16F has little effect. Unexpectedly,

mutation of Q559 to aromatic amino acid residues significantly alters outward rectification in TMEM16F. These same mutants
show reduced Ca?*-induced current rundown (or desensitization) compared with wild-type TMEM16F. A mutant that removes
the rundown of TMEM16F could facilitate the study of ion transport mechanisms in this phospholipid scramblase in the same
way that a CLC-0 mutant in which inactivation (or closure of the slow gate) is suppressed was used in our previous studies.

Introduction

The TMEMI6 family of transmembrane proteins consists of
Ca?*-activated ion channels, such as TMEMI16A and TMEMI6B,
and phospholipid scramblases, such as TMEMI16F (Whitlock and
Hartzell, 2017; Falzone et al., 2018). TMEMI6A (Caputo et al.,
2008; Schroeder et al., 2008; Yang et al., 2008) and TMEM16B
(Stephan et al., 2009; Stshr et al., 2009) control Cl- transport
across cell membranes and thus play important physiological
roles in various functions, such as transepithelial fluid transport,
intestinal smooth muscle contraction, and signal transduction in
sensory neurons (Hartzell et al., 2005). The physiological role of
TMEMI6F, on the other hand, is different. After its activation by
Ca%*, TMEMIG6F scrambles phospholipids in the lipid membrane,
resulting in the exposure of phospholipids normally residing in
the inner leaflet of cell membranes (such as phosphatidylserine)
to the extracellular environment (Suzuki et al., 2010, 2013; Yu
et al., 2015), a process critical for many physiological functions
(Bevers and Williamson, 2016; Whitlock and Hartzell, 2017). For
example, the presence of phosphatidylserine in the outer leaflet
of platelet cell membranes attracts blood coagulation factors to

the surface of platelet cells, thus facilitating the blood coagula-
tion process. A defective function of TMEMIG6F, therefore, can
cause a bleeding disorder called Scott syndrome (Suzuki et al.,
2010; Castoldi et al., 2011).

Recent x-ray crystallography and cryo-electron microscopy
studies have revealed the atomic structures of TMEM16 mol-
ecules (Brunner et al., 2014; Dang et al., 2017; Paulino et al.,
2017a,b). The x-ray structure of a fungus phospholipid scram-
blase, nhTMEMI6, displays a dimeric structure formed by two
identical subunits (Fig. 1 A, right panel). Within each subunit,
transmembrane helices 3-7 form an open aqueduct (or groove),
residing distantly from the molecule’s twofold symmetry axis,
and this aqueduct is thought to be the lipid transport pathway
(Brunneretal., 2014). The cryo-electron microscopy structure of
TMEMI16A (Fig. 1 A, left panel) shows a similar molecular archi-
tecture to that of nhTMEMI16, except that transmembrane helix 4
of TMEM16A (helix colored in green in Fig. 1 B) is more tilted and
partially covers the aforementioned aqueduct structure (Dang et
al., 2017; Paulino et al., 2017a,b). Consequently, the extracellu-
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nhTMEM1 6

A TMEM16A

C TMEM16A/573-601 EKSFEERLTFKAFLLKFVNSYTPIFYVAF
TMEM16F/544-572 QTDYENSLTMKMFLFQFVNYYSSCFYIAF
nhTMEM16/363-391 VDAHDAALIQKQFVLNFMTSYMALFFTAF

Figure 1. Atomic structures of TMEM16 proteins. (A) Structures of TMEM16A (red) and nhTMEM16 (purple). In each structure, the right subunit of the
molecule rotated by 90° along the twofold symmetry axis is depicted on the right. Black spheres represent Ca?* ions. (B) Stereo views of single TMEM16A (left)
and nhTMEM16 (right) subunits highlighting the arrangement of helices 3-7. The view angle is the same as that of viewing the single subunit in A. Helix 3 and
helices 5-7 of TMEM16A and TMEMI6F are colored in red and purple, respectively, while helix 4 is in green in both molecules. (C) Sequence alignment of helix
5 of TMEM16A, TMEM16F, and nhTMEM16. K584 145, Q5591¢r, and the corresponding residue N378 in nhTMEM16 (highlighted in yellow) are located in this helix.

K584 165 and N378 of nhTMEM16 are also depicted as a space-filled residue (colored in yellow) in the structures shown in A and B.

lar half of the aqueduct in TMEMI6A is completely enclosed by
helices 3-7 (compare the left and right panels in Fig. 1 B), form-
ing a pore-like structure. Experimental evidence has suggested
that this pore-like structure in TMEMI6A is likely the pathway
that conducts the current carried by Cl- (Jeng et al., 2016; Lim
et al., 2016; Dang et al., 2017; Paulino et al., 2017b). Meanwhile,
Ca**-activated TMEMI16F molecules also conduct ionic currents
in addition to the phospholipid scramblase activity (Scudieri et
al., 2015; Yu et al., 2015). It has been suggested that ion transport
and phospholipid transport in TMEMI6F share the same path-
way (Yu et al., 2015; Jiang et al., 2017). However, while an aque-
duct with the sidewall open can transport lipid molecules via a
“credit card” sliding mechanism (Whitlock and Hartzell, 2017;
Malvezzi et al., 2018), a structure without an enclosed protein
conduit raises questions about the ion transport mechanism in
phospholipid scramblases.

Although both TMEMI16A and TMEMI6F conduct currents
upon activation by intracellular Ca**[Ca2*];, their selectivity of
the transported ions differs. The pores of TMEMI16A are more
selective for anions (Ni et al., 2014; Jeng et al., 2016) while those
of TMEMI6F poorly discriminate cations from anions (Shimizu
etal., 2013; Yu et al., 2015). In saturating [Ca*];, the I-V curve of
TMEMI6A is quite linear, while that of TMEMIG6F is very out-
wardly rectifying (Shimizu et al., 2013; Yu et al., 2015). In struc-
tural-functional studies of TMEM!16 molecules, functional roles
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of pore residues have been examined (Yang et al., 2012; Jeng etal.,
2016; Lim et al., 2016; Dang et al., 2017; Paulino et al., 2017a). In
particular, one residue was thought to be critical for controlling
the anion/cation selectivity in TMEM16A and TMEMI6F (Yang et
al., 2012). In TMEMI6A, this pore residue is a positively charged
lysine residue (K584, abbreviated as K584¢,) in the alternatively
spliced isoform “a” (or K588 in the “a, ¢” isoform), while it is a glu-
tamine residue in TMEMI16F (Q559,¢r). These corresponding res-
idues are highlighted in the sequence alignment in Fig. 1 C, and
theirlocations are depicted in Fig. 1, A and B, as a space-filled res-
idue. It has been suggested that the positive charge from this res-
idue in TMEM16A helps select anions over cations in TMEMI6A,
while the neutral residue in TMEMI16F renders this phospholipid
scramblase less selective for anions (Yang et al., 2012). In another
aspect of ion transport function, we and others showed that mu-
tating K584, into glutamine (K584Q;6) generated a prominent
outward rectification in the I-V curve of TMEMI6A (Jeng et al.,
2016; Lim et al., 2016).

The role of Q559 in regulating the I-V curve rectifica-
tion of TMEMIG6F has not been rigorously examined, although
the Q559K ¢r mutant was shown to remain outwardly rectify-
ing (Yang et al., 2012). In this study, we compared the residues
K584,64 and Q559 in controlling the rectification of their
respective I-V curves. We found that the side-chain charge of
amino acid at position 584 of TMEMI6A appears to control the
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rectification of TMEMI16A's I-V curve electrostatically. However,
charge manipulation of residue 559 of TMEMI16F was not consis-
tent with an electrostatic regulation. Instead, we discovered that
placing aromatic amino acids at position 559 of TMEMI6F sig-
nificantly reduced the outward rectification in this phospholipid
scramblase. Furthermore, mutating Q559,¢ into an aromatic
amino acid also greatly reduced the rundown of TMEMI6F cur-
rent. We thus took advantage of the mutant with a more linear
I-V curve and less current rundown to evaluate the properties of
ion transport in TMEMI6F.

Materials and methods

Molecular biology and channel expression

The alternatively spliced isoform “a” of the WT mouse
TMEMI6A cDNA (available from GenBank under accession no.
NM_001242349.1) was a gift from LY. Jan (University of Califor-
nia, San Francisco, San Francisco, CA). We also obtained from
Addgene the WT mouse TMEMIG6F tagged with mCherry on the
C terminus (Addgene plasmid #62554), initially deposited by
Han Renzhi (Loyola University Chicago Health Science Division,
Maywood, IL). The WT TMEMI16A (abbreviated as WT;s,) and
the mCherry-removed WT TMEMI6F (WT,q;) cDNAs, as well as
their mutant cDNA constructs, were subcloned in pEGFP-N3 or
pIRES2 expression vectors (Takara Bio). Mutations of cDNAs
were made using the QuikChange II site-directed mutagenesis
kit (Agilent Technologies) and were verified by commercial DNA
sequencing services. These cDNA constructs produced channels
with a GFP attached to the C terminus of the channel proteins
(from pEGFP-N3 constructs) or channels without a GFP tag,
but with a separate GFP protein (from pIRES2 constructs). The
functional properties of these two types of constructs were in-
distinguishable. In this study, we used the GFP-tagged construct
in all TMEMI16A experiments. For the TMEMI6F experiments,
the dose-response curve was obtained from the GFP-tagged
molecule, while the I-V curves were obtained from the un-
tagged TMEMI6F. WT;gs, WTgp, and all mutants were expressed
in human embryonic kidney (HEK) 293 cells. Transfections of
cDNAs to HEK 293 cells were performed using the lipofectamine
transfection method (Yu et al., 2014b; Jeng et al., 2016). Trans-
fected cells were identified by the green fluorescence under an
inverted microscope (DM IRB; Leica) equipped with a fluorescent
light source and a GFP filter cube (Chroma Technology).

Electrophysiological experiments

All experiments were excised inside-out patch recordings and
were conducted 24-72 h after transfections. The pipette solu-
tion contained 140 mM NacCl, 10 mM HEPES, and 0.1 mM EGTA
at pH 7.4 (adjusted with NaOH). This solution, which will also
be called “Solution A,” was considered to have nominally “zero”
free [Ca®*]. Solutions containing various free [Ca®*] were made
by adding CaCl, to Solution A followed by adjusting the pH. The
required amounts of total Ca?* for generating specific free [Ca®*]
were calculated using the MaxChelator program (Bers et al.,
2010), if the desired free [Ca®*] < 10 uM. In experiments where
various intracellular pH (pH;) values (5.4-8.4) were necessary,
the NaOH was also used to adjust the pH. For solutions containing
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free [Ca?*] 220 uM, the total [Ca®*] added to Solution A was equal
to the desired free [Ca2*] plus 0.1 mM. If the total added [CaCl,]
was >0.5 mM, [NaCl] was reduced accordingly to maintain a total
[Cl-] at 140 mM. Free [Ca?*] in the intracellular side of excised in-
side-out patches will be abbreviated as [Ca2*];. In all experiments,
the recording pipettes were made from borosilicate glass capil-
laries (World Precision Instruments) using the PP830 electrode
puller (Narishige), and the electrode resistance was between ~1.5
and ~3.0 MQ when filled with Solution A. All experiments were
conducted using an Axopatch 200B amplifier, and the signals,
filtered at 1 kHz, were digitized at 2 kHz by the Digidata ana-
logue/digital signal-converting board controlled by the pClamp
software (Molecular Devices). Solutions were delivered to the
intracellular side of the excised inside-out patch using the SF-77
solution exchanger (Warner Instruments), which can switch
solutions within a few milliseconds (Zhang and Chen, 2009).

To construct [Ca®*]-dependent activation curves, we used the
previously described three-pulse protocol to minimize Ca?*-in-
duced current rundown. The apparent Ca?* affinity of activat-
ing TMEMI6F was significantly lower than that of activating
TMEMI6A, so we used 900 pM [Ca**]; as the saturating [Ca®*];.
The experimental protocol included a direct delivery to the cy-
toplasmic side of the membrane of 900 uM [Ca®*];, a test [Ca®*]
{ (1-500 uM [Ca?*];), and finally 900 uM [Ca?*]; again. The leak
current, measured in the zero Ca2* solution (Solution A), was
subtracted from the current in the presence of Ca?*. The current
activated by the test [Ca?']; pulse was normalized to the aver-
age of the two flanking saturating currents obtained in 900 pM
[Ca?*];. For the dose-response activation curve of Q559W¢r and
other aromatic mutants of TMEMI6F, the three-pulse protocol
described above was also employed. Due to these mutants’ resis-
tance to rundown, current activated with 0.1-1 mM [Ca?*]; was
normalized to current activated with 2 mM [Ca?*]; instead of
900 uM [Ca®*];. With Q559W¢p, we also used another protocol to
construct a dose-response curve, in which we sequentially ap-
plied various [Ca®'];, and normalized the Ca?*-induced current
to the current activated by the maximal [Ca?*];. The purpose of
using this latter protocol was to compare the results with those
reported in the literature obtained with similar methods. In both
types of experiments, normalized values of the Ca?*-induced
current (I,0.m) were plotted against [Ca®]; to construct dose-
response curves.

I-V curves were constructed using a 1.6-s voltage ramp from
-80 mV to +80 mV applied to the excised inside-out patches. For
each patch, the recordings in Ca?* free intracellular solutions
were subtracted from that obtained in the presence of [Ca2*];, and
the resulting leak-subtracted I-V curves were used to determine
the reversal potential (E,.,). To average I-V curves from differ-
ent membrane patches, the digitized data points from the ramp
protocol were normalized to the last digitized point obtained at
+80 mV, and the normalized values from different patches were
averaged. All TMEMI6A constructs were activated with 20 pM
or 20 mM [Ca?*];. Additional I-V curves for WT;s, and K584H¢,
were measured at pH 5.4, 6.4, and 7.4 with 400 uM [Ca®'];. All
TMEMIG6F constructs were activated with 1 mM [Ca2*];. Addi-
tional I-V curves for Q559H;¢r were constructed at pH 6.4, 74,
and 8.4. To evaluate the degree of the I-V curve rectification, we
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defined a parameter called the rectification index (RI), which is
the ratio of the absolute current amplitudes at -80 mV versus
that at +80 mV (RI = |Lgomv/L.somy|)- Thus, positive or negative
deviation in RI from 1 indicates inward or outward rectifica-
tion, respectively.

To measure E,, under reduced NaCl conditions, the extra-
cellular solution was Solution A, containing 140 mM NaCl. The
intracellular NaCl concentration ([NaCl];) was made by mix-
ing the 140 mM NaCl solution with the same concentration
of (NMDG),S0, solution, both containing identical [HEPES],
[EGTA], [Ca?*-EGTA], and free [Ca*] (Jeng et al., 2016).1-V curves
of WTiea, K584Qi6a, WTier, and Q559W, ¢ were measured in the
presence of various intracellular solutions containing 100%
(~140 mM [NacCl];), 60% (~84 mM [NaCl];), or 30% (~42 mM
[NaCl];) of Solution A, whereas the reduced [NaCl]; was replaced
with the same concentration of (NMDG),SO, solution. We also
conducted the same experiments without adding (NMDG),SO, to
replace the reduced [NaCl];. To estimate the anion permeability
sequence, E,., was measured under bi-ionic conditions: [NaCl];
was replaced with identical concentrations of Nal or NaSCN.
The liquid junction potentials in these various experiments were
less than 2 mV except when reducing [NaCl]; without adding
(NMDG),S0,. In experiments without adding (NMDG),SO,, the
junction potentials were 2.6 mV and 6 mV for 84 mM and 42 mM
[NaCl];, respectively. All the reported E,, values have been cor-
rected for liquid junction potentials.

To alter the charge of the introduced cysteine residue, we used
methanethiosulfonate (MTS) reagentstomodifythe freethiolgroup
of the cysteine side chain. MTS reagents such as sulfonatoethyl
MTS (MTSES) and ethyltrimethylammonium MTS (MTSET)
were purchased from Toronto Research Chemicals. High concen-
trations of MTS reagents were made in double-distilled H,0 and
were stored at -80°C. Upon use, stock solutions of MTS reagents
were thawed and placed on ice and were directly diluted into the
working solution. To modify the channels in excised inside-out
patches, WT,,, and K584C,4, were activated with 20 uM [Ca?];
at —-40 mV before the application of MTS reagents. I-V curves of
the channels before and after MTS modification were obtained
as previously described.

Data analysis
Experimental data were analyzed using Clampfit 10 software
(Molecular Devices) and Origin software (OriginLab).

To evaluate the apparent Ca?* affinity for activating TMEM16
molecules, data points of the normalized current (I,o.) in the
dose-response plot were fitted to the Hill equation

Liorm = 1/{1 + (KI/Z/[CaZ+]i)h}’

where Kj/; and h are the fitted half-effective concentration and
the Hill coefficient, respectively.

Permeability ratios of Na* versus Cl- (Py,/Pc;) were calculated
according to the Goldman-Hodgkin-Katz equation

E., = (RT/F)ln
[(Pna[Na*]o + PalCl]y)/(Pyo[Na™]; + PalCl],)]

where R, T, and F are the ideal gas constant, absolute tempera-
ture, and Faraday constant, respectively.
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All averaged data are presented as means + SEM. Student’s
t test was used for statistical comparisons among the datasets
of fixed-charge mutations. For MTS modification experiments,
a paired Student’s t test was employed to compare the datasets
before and after 12-s MTS modifications. Differences were con-
sidered statistically significant if P < 0.05.

Online supplemental material
Fig. S1 shows MTSET modification effects of K584C, after
pre-exposing the mutant channels to MTSES intracellularly.

Results
Roles of K584¢, in the rectification of TMEM16A’s I-V curve
TMEMI6A is a dimeric CI- channel (Fallah et al., 2010; Sheridan et
al., 2011; Tien et al., 2013) with two distinct pores. The two-pore
architecture was first suggested based on the observations that
mutating K584,¢, (or K588, of the “a, ¢” isoform of TMEMI16A)
into a neutral residue, glutamine, generated an outwardly recti-
fyingI-V curve, and that this mutation effect was subunit specific
(Jeng et al., 2016; Lim et al., 2016). The high-resolution structure
of TMEM16A confirms the location of this positively charged res-
idue in the pore (Dang et al., 2017; Paulino et al., 2017a,b). There-
fore, TMEM16A’s I-V curve rectification, caused by the K584Qy¢a
mutation, might reflect an electrostatic effect of losing a positive
charge on CI” conduction. Such an electrostatic control has been
documented in CLC-0, in which the mutation of K519 of this Tor-
pedoCl- channel can alter the anion permeation electrostatically
(Middleton et al., 1996; Chen and Chen, 2003). A recent study
also showed that Ca®* binding to the binding sites of TMEMI6A,
which are close to the location of K584, can electrostatically
influence anion permeation in the pore (Lam and Dutzler, 2018).
To verify this possibility, we mutated K584,¢4 into amino acids
with different side-chain charges. Fig. 2 A shows that placing any
neutral amino acids at this position caused a significant outward
rectification of the I-V curve obtained in saturating [Ca*"]; with
symmetrical 140 mM [Cl-]. When a negatively charged residue,
such as glutamate or aspartate, was introduced at this position,
the I-V curves were even more outwardly rectifying. On the
other hand, introducing a positively charged residue at this po-
sition, i.e., the K584R¢x mutation, only affected the rectification
slightly. To compare the degree of rectification, we defined the RI
as the ratio of the absolute value of the current at -80 mV to that
at +80 mV. The mutation experiments revealed that the value of
the RI followed with the side-chain charge of the residue 584:
mutants with a negatively charged side chain had the smallestRI,
while those with the positively charged residues had the largest
RI. However, since the I-V curve of the WT;s, exhibits outward
rectification in nonsaturating [Ca®*]; (Kuruma and Hartzell,
2000; Yang et al., 2008; Yu et al., 2012), we also conducted the
experiments with 20 mM [Ca®']; to ensure maximum activation
of all TMEM16A mutants. As shown in Fig. 2 B, the pattern of the
electrostatic influence on Rl is preserved for I-V curves obtained
at 20 mM [Ca2'];.

To examine the electrostatic control of ion transport in
TMEMI16A more rigorously, we adopted two other methods to
alter the side-chain charge of residue 584. First, we placed histi-
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K584E
K584D

K584Y
K584F
K584Q
K584T
K584L i
K584S
K584M
K584C
K584H
K584A

K584R
WT

0.4 0.8 1.2
RI (II-BOmVIIBOmVI)

K584E
K584D

K584Y
K584F
K584Q
K584T i
K584L
K584S
K584M
K584C
K584H
K584A

K584R n.s.
WT

0.4 0.8 1.2
RI (II-SOmVIIBOmVI)

Figure 2. 1-V curves of WT TMEM16A and mutants. |-V curves in the presence of (A) 20 uM and (B) 20 mM [Ca?*];. Symmetrical 140 mM [CL-]. In both Aand
B, averaged |-V curves of WT s, K584Quss K584R16s, and K584E 6, are depicted on top, while the averaged Rl values (means + SEM, n = 3-36) of the WTiga
and various mutants are shown at the bottom. **, P < 0.005 by Student’s t test compared with WTyga. n.s., not significant.

dine at this position (K584H,¢,) and measured the effect of pH;
on the I-V curve (Chen and Chen, 2003). Lowering pH;, however,
may reduce the channel affinity for Ca?* because the Ca**-bind-
ing site of TMEMI6A consists of several acidic residues such as
E698, E701, E730, and D734 (Yu et al., 2012; Brunner et al., 2014;
Tien et al., 2014; Dang et al., 2017; Paulino et al., 2017a). The I-V
curve of TMEMI6A in nonsaturating [Ca2*]; is known to be out-
wardly rectifying, which could complicate the interpretation of
the results. Therefore, we used a higher [Ca?*]; (400 pM) to ac-
tivate the current in this experiment. Lowering the pH; does not
cause a decrease of RIin WTj, (Fig. 3 A), indicating that 400 pM
[Ca**]; is high enough to fully open the channel even at lower pH;
conditions. For K584H,,, a reduction of pH; from 7.4 to 5.4 in-
crementally increases the RI value in K584Hy,, (Fig. 3 B), likely
due to the more positively charged side chain of histidine. An-
other approach to alter the side-chain charge is to modify a cys-
teine residue at position 584 (K584C¢, mutation) with charged
MTS reagents, such as MTSES or MTSET, which add a negative
and a positive charge to the cysteine side chain, respectively
(Middleton etal., 1996; Chen and Chen, 2003). The WT;¢, channel
contains endogenous cysteine residues. However, neither 10 mM
MTSES nor 2 mM MTSET alters the Ca?*-activated current in
WTyea (Fig. 3, Cand D, left panel). In contrast, MTSES and MTSET
decrease and increase the current of K584C4s, respectively
(Fig. 3, C and D, middle panel), although the current alteration
effect of MTSET appears to be larger. It is also worth noting that
millimolar concentrations of MTS reagents are required to alter
current within several seconds, so their modification rates of
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K584C¢, are at least 30 times slower than the corresponding
modifications of K519C of CLC-0 (Lin and Chen, 2003). The mod-
ification by 10 mM MTSES for 12 s renders the I-V curve more
outwardly rectifying (Fig. 3 C, right), albeit the effect on the RI
reduction is small. In contrast, MTSET modification generates a
greater effect on altering the RI value, and the modification by
2mM MTSET for 12 s generates a nearly linear I-V curve (Fig. 3D,
right), suggesting that such an MTSET exposure likely modifies
most of the K584C,, mutants. The smaller MTSES modification
effect is consistent with the observation that the RI difference
between constructs with a neutral and a negatively charged res-
idue at position 584 is smaller than the difference between those
with a neutral and a positively charged mutation (Fig. 2). In ad-
dition, exposing the membrane patch for the same duration to
10 mM MTSES, which has an intrinsic reactivity 12-fold lower
than that of MTSET (Stauffer and Karlin, 1994), is not enough
to fully modify all K584C;¢4 mutants. This is shown by separate
experiments in which MTSET induces current in patches pre-ex-
posed to 10 mM MTSES for 12 s, and thus increases RI (Fig. S1).
Regardless of the slow MTS modification rates, the I-V curves
become more outwardly rectifying in every individual patch
after the application of 10 mM MTSES for 12 s (Fig. 3 C, right),
whereas outward rectification was decreased after MTSET mod-
ification (Fig. 3 D, right). These MTS modification results and the
pH titration effects shown above mimic those shown in CLC-0,
where a positively charged residue, K519, electrostatically con-
trols the efflux of Cl- in the CLC-0 pore (Middleton et al., 1996;
Chen and Chen, 2003).
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Figure 3. Side-chain charge modifications of the residue at position 584 of TMEM16A. (A and B) |-V curves of WTysx (A) and K584H 64 (B) with 400 M
[Ca?*];at pH 5.4 (blue), 6.4 (pink), and 7.4 (green). Insets show averaged rectification indices (n = 6, *, P < 0.05 and **, P < 0.005 by Student’s t test). (C and D)
Manipulation of the side-chain charge of K584Cys4 by MTSES (C) and MTSET (D) modifications. In each panel, recording traces of MTS modifications of WTig,
and K584Cyen at -40 mV are depicted on the left and middle, respectively. The dashed line represents zero current level. The structures of the MTS molecules
and the I-V curves of K584 Cyea before and after MTS modification are shown on the right. The Rl values are displayed next to each |-V curve. The Rl values after
MTSES (n = 9) and MTSET (n = 6) modifications were significantly different from those before the modifications (P < 0.05, paired Student’s t test).

Roles of Q559 in the rectification of TMEM16F’s I-V curve

TMEMI6F, a phospholipid scramblase in the TMEMI16 fam-
ily, can also conduct ionic current upon activation by [Ca?*];.
We were thus curious whether the charge of residue 559 of
TMEMIG6F also controls the rectification of its I-V curve. Before
answering this question, we evaluated the apparent Ca?* affin-
ity of the WT,¢r to determine a saturating [Ca®*]; suitable for
the experiments (Fig. 4 A). With excised inside-out patch re-
cordings, the TMEMI6F current appeared almost immediately
upon the application of [Ca?*];, and the current induced by high
[Ca?*]; ran down quickly (Fig. 4 A). We thus constructed the
[Ca?*];-dependent activation curve using the standard three-
pulse methods and normalized the current in tested [Ca®*]; to
the mean of the saturated current (induced by 900 pM [Ca®*];)
immediately before and after the tested [Ca®"]; (Ni et al., 2014).
Such a dose-response relationship shows that at +40 mV, the
K/, for Ca?* was 34 uM and the Hill coefficient was 1.2 (Fig. 4 B).
Since TMEMI6F currents run down within several seconds, the
dose-response curve in Fig. 4 B likely comes from the partially

Nguyen et al.
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rundown TMEMI6F, which has a lower Ca?* affinity than the
pre-rundown TMEMI6F (Ye et al., 2018). As the dose-response
curve indicated that it requires more than ~100 pM [Ca?*]; for
a near saturation of Ca?* activation, we obtained I-V curves
at a 10-fold higher [Ca®‘]; (1 mM) to ensure full activation of
TMEMI16F. WT¢r contains a neutral residue (glutamine) at po-
sition 559, but mutating Q559 into charged amino acid resi-
dues did not drastically alter the rectification of its I-V curve:
Q559E¢r and Q559D mutations did not significantly alter the
values of RI, while Q559R;¢r and Q559K ¢ mutations only caused
a small increase in RI (Fig. 5, A and B). Furthermore, titrating
the side-chain charge of Q559H, with pH; generated a result
inconsistent with an electrostatic control; lowering pH; from
7.4 to 5.4 actually decreases RI in the Q559H,¢r mutant (Fig. 5, C
and D). Therefore, we conclude that there is no clear pattern of
a significant electrostatic control of the I-V curve rectification
by the charge from residue 559 in TMEMI6F.

Among the various mutations of Q559,¢r, we found unex-
pectedly that introducing an aromatic amino acid at position
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Figure 4. [Ca?']i-dependent activation of WTyg.
Symmetrical 140 mM [Cl-]. (A) Representative traces
obtained at +40 mV (blue) and -40 mV (orange)
showing the three-pulse protocol. Dashed lines are
zero current level. Numbers and horizontal bars on
top of the traces indicate the application of indicated
[Ca?*]; (in micromolar). Notice the rapid current run-
down of TMEM16F. (B) [Ca?*]-dependent activation
curve of TMEMI6F. All current was normalized to
that obtained with 900 pM [Ca®*]; Data points were
the average of 3-12 independent measurements
(mean + SEM). The fitted values of Ky, and Hill coef-
ficient (h) are shown next to the fitted curve.

0.04 (n=10), and 0.19 + 0.03 (n = 9), respectively. In compar-
ison, the RI of WTys was 0.05 + 0.01 (n = 15). Although other
possibilities exist, the simplest interpretation for these findings
is that the region near Q559;¢p, like the corresponding region in
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Figure 5. 1-V curves of WTy¢ and mutants in symmetrical 140 mM [Cl-] and with 1 mM [Ca?*].. (A) Averaged I-V curves of Q559 ¢ (orange), Q559A:6¢
(green), WTygr (black), Q559R ¢ (pink), and Q559W ¢ (purple; n = 4-11). (B) Rectification indices of WTgr and various mutants. (C) I-V curves of Q559H ¢ at
pH; 7.4 (black), 6.4 (blue), and 5.4 (red). (D) Averaged rectification indices of Q559H at different pH;. *, P < 0.05 and **, P < 0.005 by Student’s t test compared

with WT16F at le =74,
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Figure 6. Mutation of Q5594 alters the Ca?*-dependent rundown of TMEM16F. WT 4 (black) and various mutants of Q5594 were activated by 2 mM
[Ca*]; at +40 mV in symmetrical 140 mM [Cl-]. Dashed lines are zero current level. Black horizontal line segments above the traces indicate the 10-s appli-
cation of 2 mM [Ca?*].. To evaluate the degree of Ca?*-induced rundown, the current measured at the end of the 10-s [Ca?*]; exposure (I10;) was divided by the
maximal current (I,) in the same 10-s recording in [Ca*],. Bar graph shows the averaged values of l1p/Imay indicating the nondesensitized current fraction

after exposure to 2 mM [Ca?*]; for 10 s (n = 3-8).

TMEMI16A, could be involved in the ion transport of this phos-
pholipid scramblase.

Q559 is critical for the rundown of TMEM16F currents

The second interesting finding of placing an aromatic amino acid at
position 559 of TMEMI6F is that these mutants show little current
rundown induced by high [Ca?*];. As shown in Fig. 6 (top trace),
the WT TMEMI6F current activated by 2 mM [Ca?*]; runs down
significantly within several seconds. On the other hand, Q559Wig,
Q559H;¢p, Q559Y¢r, and Q559F ¢ do not exhibit significant current
rundown from the same [Ca®*]; application (Fig. 6). For comparison,
introducing neutral amino acids such as alanine and cysteine, or
negatively charged amino acids such as glutamate, still maintains
the quick rundown response. On the other hand, introducing pos-
itively charged amino acids does not cause rundown in the same
high [Ca?'];. Instead, a slowly increased current upon [Ca?*]; ap-
plication was observed in Q559K;¢r and Q559R,¢r mutants. We also
tested the rundown for a more prolonged time in Q559W g, and
found little rundown in this mutant, even with 2 mM [Ca?*]; for 3
min (Fig. 7A). These results reveal that residue 559 of TMEMI6F is
critical for controlling the rundown of TMEMI6F.

Nguyen et al.
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The unexpected findings that the [Ca®*];-induced rundown
in TMEMI6F can be prevented and that the I-V curves are more
linear in mutants with aromatic amino acids at position 559
provide an opportunity for more reliable assessment of the
functional properties of TMEMI6F. A more linear I-V curve al-
lows a better estimate of the E,.,, while little current rundown
makes the construction of [Ca?*];-dependent activation curve
less prone to rundown-induced errors (Ni et al., 2014). We
thus characterized the apparent Ca?* affinity and ion perme-
ability functions in these mutants. We employed two different
protocols to construct [Ca®'];-dependent activation curves of
Q559Wr (Fig. 7, B and C). While the Hill coefficient of WT;ep
and that of the Q559W ¢ mutant are similar, the K;/, of the
dose-response activation curve in the Q559W g is signifi-
cantly different from that of the WTi¢r (Fig. 7), but similar to
that of the pre-rundown WT;e reported in the literature (Ye
et al., 2018). Other mutants with an aromatic residue at posi-
tion 559 also have apparent Ca?* affinities similar to that of the
pre-rundown WT;e as well (Table 1). For Q559K;¢rand Q559R g,
although the current rundown was also suppressed, a slow
continuous increase of the Ca?*-induced current generated a
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Table1l. Ca?*-dependent activation of WT TMEM16F and aromatic Q559
mutants using the three-pulse protocol

Channel Ca?* dose-response

K12 (uM) Hill coefficient
WTigra 34+3 1.2+0.1
Q559F16¢ 10+1 1.5+0.1
Q559Y16¢ 7.9+0.9 1.3+0.1
Q559H¢f 3.2+0.6 19+0.2
Q559W ¢ 22+07 0.9+0.2

aChannel likely in partially rundown state.

technical uncertainty to determine the steady-state current.
Therefore, we did not construct [Ca®'];-dependent activation
curves for these two mutants.

The Q559W;¢ mutation does not significantly alter ion
permeation of TMEM16F

To further characterize the rundown-resistant TMEM16F mu-
tants, we compared ion permeation functions between WTyg,
and WTyr in two aspects: the anion/cation selectivity, and the
permeability of I- and SCN- relative to that of Cl-. The former
was assessed by measuring the E,, in reduced [NaCl]; condi-
tions: 60% (84 mM) and 30% (42 mM) of the extracellular [NaCl]
(Fig. 8, Aand B), while the latter was evaluated by experiments in
which [C]]; was replaced with equal concentrations of a differ-
ent anion (Fig. 8, C and D). Unlike our previous results in WTjs
with the same ionic conditions (Jeng et al., 2016), reducing [NaCl];
to 42 mM (30% of the control concentration) resulted in only a
small shift of the E,. The values of E,., were 0.7 + 0.7 mV and
1.3 + 0.8 mV for WT;¢r and 2.8 + 0.4 mV and 4.3 + 0.9 mV for
Q559W ¢ in 84 mM and 42 mM [NaCl];, respectively (Fig. 8 B),
in the experiments where the reduced [NaCl]; was replaced with
(NMDG),S0,. Comparing these measured E,., values with a per-
fect Cl- Nernstian curve indicates that the pore of WTgr does
not selectively conduct Cl-, and the Q559W,¢; mutation does
not change this property (Fig. 8 B). Because the permeability of
TMEMIGF for the ions that replace [NaCl]; (namely, NMDG* and
S0,*") were not certain, we further conducted similar experi-
ments in reduced [NaCl]; solutions without (NMDG),SO,. The
Erey values were 1.7 + 0.7 mV and 5.4 + 1.8 mV for WT¢r and -0.2
+0.7mV and -1.4 = 2.9 mV for Q559Wy¢ in 84 mM and 42 mM
[NaCl];, respectively (Fig. 8 B). The calculated Py,/P¢ permea-
bility ratios were estimated to be ~1.3 and ~1.0 for WT, and
Q559W ¢, respectively, based on the values of E,., obtained with
84 mM [NaCl];.

The permeability of I~ and SCN- relative to that of Cl~ was
evaluated from bi-ionic experiments shown in Fig. 8 C. In
both WT;er and Q559W g, replacing [NaCl]; with equal con-
centrations of [Nal]; or [NaSCN]; generated significant shifts
of E., toward more positive potentials (~14 mV and ~25 mV,
respectively; Fig. 8, C and D), suggesting that I- and SCN- are
more permeable than Cl- in TMEMI6F. The shifts of E., in
WT,er and Q559Wy¢r were not statistically different, indicat-

Nguyen et al.
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ing that the Q559Wy¢r mutation did not alter the selectivity
among these anions.

Discussion

TMEMI6 family members play important roles in various phys-
iological functions. TMEMI6A participates in transmembrane
Cl- transport, while TMEMI16F scrambles membrane phospho-
lipids. Although ion transport across lipid membranes appears
unnecessary for the known physiological role of TMEMIG6F, this
protein also conducts ionic current upon activation by Ca?*. It
hasbeen shown that the scramblase activity and the current con-
duction of TMEMI6F accompany each other, suggesting that ion
transport in TMEMI16F may be involved in the process of phos-
pholipid transport (Yu et al., 2015). High-resolution structural
studies show that the mouse TMEMI16A molecule and the fungus
phospholipid scramblase, nhTMEMI6, adopt a similar struc-
tural architecture, including the conserved Ca?*-binding sites
(Brunner et al., 2014; Dang et al., 2017; Paulino et al., 2017a,b).
Nonetheless, the potential ion transport pathways appear to be
slightly different between these two molecules. In TMEM16A, the
extracellular half of the ion transport pathway is enclosed by sev-
eral helices (see the left stereo pair in Fig. 1B). On the other hand,
the corresponding pathway in nhTMEM!I6 appears to be an open
“aqueduct,” in which the sidewall of the entire pathway is open
(right stereo pair in Fig. 1 B). To understand the ion transport
mechanisms of TMEM16 members with or without an enclosed
pore, we compared the functional properties between TMEMI6A
and TMEMIG6F. In excised inside-out patches, both molecules
conducted ionic currents almost immediately after Ca®* was ap-
plied to the intracellular side of the membrane, although a de-
layed current activation of TMEMI6F was previously reported
in whole-cell recording conditions (Grubb et al., 2013; Yu et al.,
2015). An easily identified difference between the two molecules
is that TMEMI16A appears to be more sensitive to Ca?* activation
than TMEMI6F. Only sub-micromolar [Ca?*]; is required to open
the pore of TMEM16A, while micromolar [Ca®]; is necessary to
induce current in TMEMI6F.

Roles of K584¢, and Q559¢¢ in the I-V curve rectification

Another difference between WT,¢, and WT¢y is the rectification
of theirI-V curves. In symmetrical 140 mM [Cl-] with a saturated
[Ca?*]; the I-V curve of WT;e, is linear (Fig. 2), while that of WTygp
is very outwardly rectifying (Fig. 5). Previous experiments have
shown that when a positively charged residue, K584;65 (in the
“a” alternatively spliced variant, corresponding to K588, in
the “a, ¢” spliced variant), is mutated to glutamine, the linear
I-V curve of WTyss becomes outwardly rectifying in K584Qyea
(Jeng et al., 2016; Lim et al., 2016). Interestingly, WTgg, which
has an outwardly rectifying I-V curve, contains a glutamine res-
idue at the corresponding position (Q559¢r). To understand the
roles of K584¢5 and Q559 in regulating the I-V curve rectifi-
cation, we first examined if the outward rectification observed
in K584Q6a resulted from the removal of a positive charge. We
mutated K584,¢, into various amino acids and showed that the
side-chain charge from the introduced residue correlated with
the degree of outward rectification in TMEMI6A: the more neg-
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Figure 7. Ca2*-dependent activation of Q559Wi¢. (A) Exposure of Q559Wigr to 2 mM [CaZ*]; for 3 min (indicated by the black line on top) revealed little
current rundown. (B) Examining [Ca?*];-dependent activation of Q559Wi¢ (at +40 mV) in symmetrical 140 mM [Cl-] using the three-pulse protocol. A repre-
sentative trace of the experiment using this protocol is shown on the right. The dashed line is the zero current level. Numbers and horizontal segments above
the trace represent the application of the applied [Ca?*]; in uM. (C) Dose-response curve of Ca?*-activation of Q559Wie¢ in symmetrical 140 mM Cl". Various
[Ca?*]; were sequentially applied as shown by the recording trace shown on the right. In B and C, all currents were normalized to that obtained with 2 mM [Ca?*]
i (n=10-15). The dashed curve was the fitted dose-response curve of WTi¢e shown in Fig. 4.

ative the side-chain charge, the more outwardly rectifying the
I-V curve. We also adopted two other methods to change the
side-chain charge: titrating the side-chain charge of a histidine
residue with pH;, and modifying the free thiol group of a cyste-
ine residue by charged MTS reagents (Fig. 3). The results from
these experiments support the idea of an electrostatic regulation
of the I-V curve rectification in TMEMI6A by the charge from
residue 584. One somewhat surprising observation from MTS
modification experiments of K584C;, is that the modification
rates are slow compared with the rates of modifying K519C of
CLC-0. Although the position of K584,¢, appears accessible from
the intracellular aqueous solution based on the molecular struc-
ture of mouse TMEMI164, the MTS modification rates may be
reduced by factors not favoring the modification. These factors,
however, cannot be electrostatic in nature because both MTSES
and MTSET modification rates are equally reduced. The interfer-
ing factors thus could be due to physical obstruction to reduce the
accessibility of MTS reagents or due to a reduced reactivity of the
thiol group of the introduced cysteine.

An electrostatic control of ion permeation in TMEMI6A has
recently also been reported through the analysis of I-V curve rec-
tification in various saturation levels of the Ca**-binding site. It
was concluded that binding of Ca?* to the binding sites, which

Nguyen et al.
Comparing ion transport in TMEM16A and TMEM16F

are located at the sidewall of the intracellular pore entrance
near K584,¢,, removes the electrostatic barrier for anion perme-
ation exerted by those negatively charged residues forming the
binding sites (Lam and Dutzler, 2018). Using a noise analysis ap-
proach, Lim etal. (2016) have previously shown that the K588Qja
mutation (in the “a, ¢” isoform) reduces the TMEM16A channel
conductance. Therefore, the mechanism of the electrostatic con-
trol from residue 584 is likely similar to that of K519 of CLC-0 in
which replacing a positively charged residue with a neutral or
a negatively charged residue at the intracellular pore entrance
decreases the outward Cl- flux (Middleton et al., 1996; Chen and
Chen, 2003). On the other hand, the side-chain charge on resi-
due 559 of TMEMI6F does not show a significant correlation with
the I-V curve rectification. Mutating Q559 to negatively charged
residues does not change the RI of TMEMI6F, while mutating
Q559 to positively charged residues only slightly increases the RI.
However, this small increase of the RI is not consistent with the
results from the pH; titration of Q559H¢; lowering the pH; (and
thus increasing the positivity of a histidine side chain) appears to
decrease the RI in Q559H,¢y (Fig. 4). Therefore, there is no clear
pattern of an electrostatic control of the I-V curve rectification
by the side-chain charge of residue 559 in TMEMI6F. Further-
more, we discovered that when Q559 is mutated to an aromatic
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Figure 8. Comparing ion selectivity between WT,¢: and Q559Wig;. All recordings were with 1 mM [Ca?*]; and 140 mM [NaCl],. (A) Representative I-V
curves of WTgr and Q559W ¢ in 140 mM (black), 84 mM (orange), and 42 mM (blue) [NaCl];. Insets show the expansion of the I-V curves near the zero current
level. (B) Values of E, plotted against [NaCl]; in Cl- experiments of reducing [NaCl]; with and without the replaced (NMDG),SO,. Green line depicts a perfect
Nernstian relation for Cl". Orange squares were the mean E,., of WT 44 in the same ionic conditions reproduced from Jeng et al. (2016). (C) Representative |-V
curves of WTigr and Q559W ¢ in 140 mM [NaClJ; (black), [Nal]; (orange), and [NaSCN]; (blue). (D) Comparing bi-ionic potentials between WT ¢ and Q559Wig.

The values of E,., show no statistically significant difference between WT;gr and Q559Wig.

amino acid, the RI significantly increases. For example, the value
of the RI from 10 independent patches of Q559W,¢ ranged from
0.24 to 0.61, in comparison with the range of 0.01-0.23 from 15
independent recordings of WTg. To our knowledge, this is the
first report that mutations of TMEMIG6F can alter the I-V curve
rectification in TMEMI6F. The finding supports the idea thation
transport in TMEMI6F is more likely achieved through a specific
structure, possibly involving the region near Q559,¢, rather than
anonspecificleak. The results also support the idea that the open
aqueduct in the lipid scramblase may mediate the ion transport
(Yu et al., 2015; Jiang et al., 2017).

Rundown of TMEMIG6F alters the apparent Ca?* affinity

Another unexpected finding from replacing Q559 with aromatic
amino acids is that these mutants are resistant to [Ca?*];-induced
current rundown. The rundown of TMEMI6 proteins has been
well documented (Ni et al., 2014; Yu et al., 2014a; Ye et al., 2018)
and has been a hurdle in studying TMEM16 molecules. Previ-
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ously, we adopted a three-pulse protocol to evaluate the apparent
Ca?* affinity of TMEMI6A (Ni et al., 2014). This method exposes
the membrane patch to testing and saturating [Ca?*]; within ~10-
15 s. Because the rundown of TMEMI6A in such a time frame is
minimal, normalizing the current induced by the test [Ca*]; to
those obtained in saturating [Ca?*]; provides a reasonably accu-
rate determination of the current fraction activated by the test
[Ca?']; (Ni et al., 2014). For WTyg, however, the current induced
by a saturating [Ca2*]; (900 uM) already shows prominent run-
down within several seconds (Fig. 4). Therefore, the two satu-
rated currents before and after the test [Ca®']; in the three-pulse
protocol are always significantly different, creating uncertainty
on the precision of the dose-response curve. Furthermore, Ye et
al. (2018) recently showed that the apparent K, of the rundown
(or desensitized) TMEMI6F for Ca** (~45 uM) was significantly
higher than that of the TMEMI16F before rundown (~7 uM), al-
though the rundown of TMEMI6A did not affect the apparent
Ca?* affinity of TMEMI16A (Ni et al., 2014; Dang et al., 2017). Our
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finding that Q559W¢r shows very little rundown for several min-
utes provides an excellent model for the pre-rundown TMEMI6F.
Indeed, we show that the K/, of WT¢ obtained from using the
three-pulse protocol was ~34 uM (Fig. 4 and Table 1), while the
Ky, of Q559Wy¢r mutant and other mutants with aromatic amino
acids were ~2-10 uM (Fig. 7 and Table 1). This difference in the
apparent Kj,, between WTy¢r and aromatic mutants is likely due
to a decrease of Ca?* affinity in the rundown WT;q molecules.

The rundown-resistant mutation Q559W ¢ did not
significantly alter ion permeation of TMEM16F

Previous studies have shown that TMEMI16A conducts mostly
anions, while TMEMIG6F is less discriminating of cations from
anions (Ni et al., 2014; Yu et al., 2015; Jeng et al., 2016). Measur-
ing E.., for evaluating ion permeation functions, however, is not
without challenges. In recording a large current, series resistance
may render the measured E,., inaccurate (Yu et al., 2014b; Yu
and Chen, 2015), while determining the zero current voltage for
a highly rectified I-V curve could be less certain than for a more
linear I-V curve. The I-V curves of TMEMI16A and TMEMI16F
show different degrees of rectification. In saturating [Ca?*]; and
symmetrical 140 mM [Cl-], WT;e, has a linear I-V curve with an
RI (~Igo mv/Lisomv) close to unity (Fig. 2), while the RI of WTy4p is
very small, at ~0.05 (Fig. 5). If the inward current of WT;epis fur-
ther reduced (for example, by reducing the concentration of con-
ducting ions), precise measurements of E,, can be challenging
(see Fig. 8 A, left panel). In mutants with an aromatic amino acid
at position 559, the RI was between ~0.2 and 0.5, providing an
I-V curve better than that of WT,4 for determining the zero cur-
rent voltage (compare left and right panels in Fig. 8 A). Although
we were more confident on the accuracy of the results measured
from Q559W,¢r than from WTi,, the values of E,., obtained in
reduced [NaCl]; and those in [Nal]; or [NaSCN]; ended up being
reasonably similar for WT;er and Q559W, (Fig. 8, Band D). This
indicates that the Q559W,¢ mutations did not significantly alter
the ion permeation functions of TMEMI6F. The results also af-
firm the previous conclusion that TMEMI6F does not selectively
conduct Cl~. One concern in our TMEM16F experiments of reduc-
ing [NaCl]; is that the two ions used to replace the reduced [NaCl];
(namely, NMDG* and SO,*") may permeate through TMEMI6F.
We chose to use (NMDG),SO, to replace the reduced [NaCl] so
that the results obtained here can be directly compared with
those from our previous studies on TMEMI16A (see Fig. 8 B). For
the experiments of assessing anion permeation, we did not use
NMDG* or SO427, and thus the comparison of bi-anion potentials
(and thus the anion selectivity) may be more direct. The results
show that the anion selectivity of WT;sr and Q559W still fol-
lows the type I Eisenman sequence (Eisenman, 1962): namely,
Pscn > Py > P, similar to the previous observations in TMEMI6F
(Grubb et al., 2013) and in TMEM16A (Qu and Hartzell, 2000;
Nietal., 2014).

Conclusion and speculation

The I-V curve rectification presented here is more interpreta-
ble for TMEM16A than for TMEM16F. TMEMI16A appears to be a
classicalligand-gated anion channel. It is reasonable that K584;¢4
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exerts an electrostatic control on the outward Cl- flux, because
numerous studies have documented that a charge alteration at the
pore entrance can increase or decrease the ion flux (Imoto et al.,
1988; Chiamvimonvatetal., 1996; Middleton et al., 1996; Chen and
Chen, 2003). In TMEMI16F, however, the mechanisms underlying
the change of rectification and underlying the rundown resis-
tance in mutants with aromatic residues at position 559 remain
obscure. A recent study by Ye et al. (2018) suggests that the run-
down of TMEMI6F may involve phospholipids. Furthermore, it
has been proposed that the ion conduction pathway of TMEM16
proteins is partly composed of lipids (Whitlock and Hartzell,
2016), and molecular dynamic studies of the fungus TMEM16 pro-
tein suggest that the lipid bilayer is deformed near the aqueduct
(Bethel and Grabe, 2016; Jiang et al., 2017). The existing literature
thus prompts us to speculate whether the aromatic amino acids
we placed at position 559 of TMEM16F may alter the interaction of
phospholipids with the protein molecule. If so, are phospholipids
also present in the intracellular vestibule of TMEMI16A, and does
the very low MTS modification rate of K584C4, result from ob-
struction by nearby phospholipids? It will require further studies
to explore these speculations and to understand the role of phos-
pholipids in the ion transport of TMEM16 molecules.
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