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Abstract

TMEM16A and TMEM16F belong to the transmembrane protein 16 family.
TMEM16A functions as a Ca2*-activated Cl- channel, whereas TMEM16F
functions as a phospholipid scramblase that also conducts ionic current. The
anion-selective TMEM16A has a linear current-voltage relationship, whereas
the non-selective TMEM16F has an outwardly rectified current-voltage
relationship. I used electrophysiological and biomolecular techniques to
study the molecular basis of ion permeation in TMEM16A and TMEM16F.
Manipulating the charge of the pore-lining K584 in TMEM16A alters the
channel’s current-voltage relationship, demonstrating an electrostatic effect.
The current-voltage relationship of TMEM16A becomes more outwardly
rectified as the charge of this residue becomes more negatively charged.
Mutating the analogous residue in TMEM16F, Q599, also alters the current-
voltage relationship of TMEM16F. However, there is no correlation between
the charge of this residue and the current-voltage relationship of TMEM16F.
Interestingly, aromatic mutants of Q559 exhibit a more linear current-
voltage relationship and is more resistant to current rundown than the wild-
type protein. Since the current rundown in TMEM16A and TMEM16F has been
attributed to the depletion of phosphatidylinositol 4,5-bisphosphate from the
cell membrane, and the ion permeation (or the phospholipids transport)
pathway of TMEM16 proteins is partially exposed to membrane

phospholipids, I speculated that mutating Q559 in TMEM16F influences ion



permeation by altering the conformation of phospholipids nearby. Therefore,
there is a possibility that divalent cations binding to phospholipids near the
intracellular vestibule of TMEM16A and TMEM16F may affect ion permeation
in these proteins. Indeed, mM concentration of divalent cations potentiate
TMEM16A current and reduce TMEM16F selectivity for Na* over Cl~. Tens of
mM concentrations of monovalent cations also affect the interaction between
phospholipids and divalent cations. Lowering the concentration of NaCl
enhances the potentiation of TMEM16A by divalent cations and enhances the
ability of divalent cations to alter the ion selectivity of TMEM16F. The
sensitivity of ion selectivity to ionic conditions explains the controversial
relative ion permeability of TMEM16F reported in the literature. Also,
sequestering negatively charged phospholipids with poly-L-lysine alters the
interaction between divalent cations and these two proteins, consistent with

the idea that divalent cations can interact with membrane phospholipids.
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Chapter 1: Overview of TMEM16 proteins

1.1 General physiology of TMEM16 proteins

The transmembrane protein 16 (TMEM16) family consists of
membrane proteins functioning as calcium-activated chloride channels
(CaCC) or phospholipid scramblases. The first member of this gene family,
TMEM16A, was functionally identified from a search for the gene that
encodes the classical CaCC reported in the 1980s [1-3]. Despite the
ubiquitous expression of CaCCs in many tissues, including ductal epithelial
cells, the identity of the gene encoding the classical CaCC was unknown for
decades. Although Sun et al. identified bestrophin 1 as a CaCC in 2002 [4],
bestrophin 1 differs from the classical CaCC in its biophysical properties,
such as the current rectification and the activation kinetic [5]. In 2008, three
groups of researchers independently identified TMEM16A and demonstrated
that TMEM16A’s functional behavior is very similar to that of the classical
CaCC [6-8]. Later, a different line of study searching for the defective gene
responsible for a blood coagulation disease, Scott syndrome, led to the
identification of TMEM16F [9]. Interestingly, the underlying mechanism of
the blood coagulation problem in Scott syndrome is not due to TMEM16F’s
abnormal ionic conduction but rather due to the abnormal phospholipid
scramblase function of TMEM16F [9]. Currently, molecular cloning work has

identified ten mammalian TMEM16 proteins (TMEM16A-K, with ho TMEM16I).



Among these members, two are CaCC (TMEM16A and TMEM16B), while most
other members, such as TMEM16F, function as phospholipid scramblases.
Non-mammalian TMEM16 family members, including nhTMEM16 (Nectria
haematococca, fungi) [10], afTMEM16 (Aspergillus fumigatus, fungi) [11],
IST2 (Saccharomyces cerevisiae, fungi) [12, 13], and DdTMEM16

(Dictyostelium discoideum, amoeba) [14], have also been identified.

TMEM16A, a classical CaCC, is known for its well-documented role in
transepithelial fluid transport in exocrine ducts. Therefore, TMEM16A is
thought to be very relevant to various pulmonary diseases such as cystic
fibrosis, chronic obstructive pulmonary disease, and asthma. Transepithelial
fluid transport maintains the airway surface's proper hydration, and many
ion channels and transporters are known to be involved in this vital process.
In the airway epithelial cells, TMEM16A and cystic fibrosis transmembrane
conductance regulator (CFTR) are expressed on the epithelial cells' apical
membrane, but TMEM16A appears to have a lower expression level than
CFTR and may thus contribute less to the overall fluid secretion [15-18].
However, Benedetto et al. (2017) showed that the function and expression
of CFTR are dependent on TMEM16A [15]. They also showed that the activity
of TMEM16A is related to abnormal mucus secretion [19], a common
symptom of various respiratory diseases. Besides airway epithelial cells,
TMEM16A is also expressed in the airway smooth muscle (ASM) [20]. In

ASM, the activation of G-protein coupled receptors (GPCR) increases
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intracellular Ca%* concentration to a level that is necessary for smooth
muscle contraction. The initial increase in intracellular Ca2* concentration by
GPCR activation can activate TMEM16A. Generally, smooth muscle cells have
a resting potential ranging from —60 mV to —40 mV [21-24] and a CI~
reversal potential ranging from —33 mV to —6 mV (previously measured in
guinea pig, dog, rat, and rabbit) [25]. Therefore, the activation of TMEM16A
will lead to an efflux of ClI~ as dictated by the electrochemical driving force.
The subsequent membrane depolarization activates voltage-dependent
calcium channels, leading further increase in intracellular Ca2*. Therefore,
TMEM16A activation can contribute to the GPCR-dependent depolarization
that triggers smooth muscle contraction. Thus, TMEM16A inhibition may be a
viable strategy for alleviating bronchial hyperreactivity. For example,
niflumic acid, a non-selective CaCC inhibitor, can attenuate the serotonin-
induced tracheal smooth muscle contraction in rat [26]. TMEM16A also plays
a role in the cell volume regulation process [27]. Hypotonic conditions
activate various cationic channels, such as TRPM7 and bradykinin B2
receptor [28-30]. The subsequent increase in the intracellular Ca2*
concentration activates TMEM16A, which aids in the regulatory volume
decrease (RVD) [30]. Since various cation channels and transporters are
involved in RVD, many questions regarding TMEM16A's contribution to RVD

remain unanswered. Also, a wide variety of tumors have elevated expression



of TMEM16A [31], although the exact role of TMEM16A in cancer biology is

still far from clear.

In 1991, Linda Buck and Richard Axel cloned and characterized several
olfactory receptors [32]. Within the same year, Steven Kleene and Robert
Gesteland discovered the CaCC current in frog olfactory cilia [33]. In 2005,
the TMEM16B gene was detected in olfactory sensory neurons [34].
However, it was not until Schroeder et al. identified TMEM16B as a CaCC in
2008 [7] that TMEM16B is thought to be critical for the olfactory sensation.
For olfactory signal transduction, the binding of odorants to odorant
receptors in the olfactory cilia activates G-proteins, increasing the adenyl
cyclase activity to make cyclic AMP (cAMP). The increase of intracellular
cAMP opens olfactory cyclic nucleotide-gated channels, causing an influx of
Na* and Ca?* and depolarizes olfactory neurons [35-37]. Subsequently, the
increase of intracellular Ca%* concentration opens Ca2*-activated Cl-
channels [33, 38]. Since the intracellular ClI~ concentration is high [39-41],
TMEM16B activation causes an efflux of CI~ which depolarizes the olfactory
sensory neurons and greatly enhances olfactory neurons' sensitivity to
odorant stimulation [35, 42, 43]. Besides olfactory signaling functions,
TMEM16B was shown to be important for motor coordination and learning in
mice [44-46]. TMEM16B seems to modulate action potential and neuronal
excitability of lateral septum neurons in the brain [47]. This effect on the

neuronal action potential in the central nervous system may be related to
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the observation that TMEM16B’s activity appears to correlate with anxiety in

mice [48].

Another functional group in the mammalian TMEM16 family consists of
transmembrane proteins functioning as phospholipid scramblases. In 2010,
Suzuki et al. reported that a defect in TMEM16F, which facilitates the
bidirectional phospholipid transport between the inner and outer leaflets of
the platelet's cell membranes, may be the culprit behind abnormal blood
coagulation in Scott syndrome [9]. It is now known that TMEM16F also
exhibits ion channel activity, but the physiological role of TMEM16F’s ionic
current remains poorly understood [49]. In contrast, TMEM16F is best
known for regulating membrane phospholipids. The inner and outer leaflets
of eukaryotic cell membranes have different phospholipid compositions, with
the negatively charged phospholipids, such as phosphatidylserine (PS) or L-
a-phosphatidylinositol-4,5-bisphosphate (PIP2), primarily present in the
inner leaflet [50]. Flippases and floppases establish such a membrane
phospholipid asymmetry by using ATP to facilitate unidirectional phospholipid
transport, whereas phospholipid scramblases, such as TMEM16F and Xk-
Related Protein 8 (Xkr8) dissipate this asymmetry [9, 51, 52]. The
asymmetry of membrane phospholipids plays a vital role in many
physiological processes such as apoptosis (programmed cell death) and
thrombosis (blood clotting) [53]. During apoptosis, for example, caspase-

dependent activation of Xkr8 triggers the PS exposure in apoptotic cells,



which facilitates phagocytosis [52]. Other known phospholipid scramblases
besides TMEM16F and Xkr8 include PLSCR1, which is associated with
apoptosis, and PLSCR3, which is associated with mitophagy [54]. Unlike
other phospholipid scramblases, TMEM16F is known for its essential role in
blood coagulation. During thrombosis, activation of TMEM16F triggers PS
exposure to the extracellular environment and aids in the assembly of blood
coagulation factors on the activated platelets' surface [9, 55]. Thus, a
nonfunctional TMEM16F disrupts thrombosis, leading to the abnormal blood
coagulation in the Scott syndrome [56, 57]. Besides thrombosis, the PS
exposure mediated by TMEM16F was linked to trophoblast fusion and
placental development [58]. Recently, Wu et al. (2020) reported that
TMEM16F plays a role in repairing mice thymocytes’ membrane that was
damaged by pore-forming agents [59]. They showed that the activation of
TMEM16F results in membrane blebbing and extracellular vesicle shedding,
which is likely necessary for the membrane repair process [59]. Also, their
results agree with previous reports of TMEM16F-dependent extracellular

vesicle and microparticle shedding [57, 60-65].

Compared to TMEM16A, TMEM16B, and TMEM16F, much less is known
about other mammalian family members' physiological functions. TMEM16C,
TMEM16D, TMEM16G, and TMEM16] were shown to exhibit phospholipid
scramblase activity [66]. TMEM16C (linked to late-onset Alzheimer's

disease) and TMEM16D (linked to schizophrenia and bipolar disorder) are
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found in the spinal cord, brain stem, cerebellum, and eye [67-70]. Also,
TMEM16C knock-out rats exhibit enhanced mechanical and thermal
sensitivity, and the protein seems to modulate the Slack sodium-activated
potassium channel in dorsal root ganglia [71]. Like TMEM16F, TMEM16E has
both phospholipid scramblase and ion channel activities [72]. TMEM16E,
expressed in muscle and bone tissues, is linked to gnathodiaphyseal
dysplasia, a bone disorder [73]. TMEM16G, expressed only in the prostate,
has been associated with aggressive prostate cancer [74, 75]. TMEM16H
functions as an endoplasmic reticulum-plasma membrane tethering protein
and plays a crucial role in the functioning of calcium release-activated
channels [76] associated with various neurodegenerative diseases [77].
Also, the detection of TMEM16H in murine embryonic dorsal root ganglia and
neural tube suggests a possible role in vertebrate development [78].
TMEM16] exhibits both phospholipid scramblase and cation-selective channel
activity [66, 79]. Murine embryonic esophagus, small intestine, stomach,
and pancreas express TMEM16] [78]. While the physiological role of
TMEM16] remains poorly understood, stage II and III colorectal cancer
tissues from human patients seem to have lower TMEM16] expression than
nontumorous tissues [80]. Also, Jun et al. (2009) reported that TMEM16]
promotes the proliferation of PANC-1, a human pancreatic cancer cell line

[81]. Finally, TMEM16K, localized in the endoplasmic reticulum, is a



phospholipid scramblase that has been associated with spinocerebellar

ataxia-10 [82-85].

Studies of non-mammalian TMEM16 proteins have been focused on
nhTMEM16, afTMEM16, DdTMEM16, IST2, and a Drosophila melanogaster
TMEM16 protein, Subdued (CG16718). When reconstituted in liposomes,
both nhTMEM16 and afTMEM16 exhibit phospholipid scramblase and non-
selective ion channel activity [10, 11, 86]. DATMEM16 transiently transfected
in human embryonic kidney 293 cells (HEK293) also exhibits phospholipid
scramblase activity but lack ion channel activity [14]. The physiological roles
of these non-mammalian TMEM16 proteins remain poorly understood. D.
melanogaster Subdued, which exhibits lipid scramblase and ion channel
activity, seems to play a role in defense against intestinal bacterial infection
and thermal nociception [87-89]. Like TMEM16H, IST2 functions as an
endoplasmic reticulum-plasma membrane tethering protein and does not
seem to be an ion channel or a phospholipid scramblase [13]. While non-
mammalian TMEM16 proteins are not directly relevant to human diseases,
the studies of these proteins, especially nhTMEM16 and afTMEM16 [10, 90,
91], have advanced our understanding of the structure of TMEM16 proteins

significantly.



1.2 General structure of TMEM16 Proteins
1.2.1 Topology and stoichiometry

The gene sequences of TMEM16 family members were first known
from the human genome sequencing project even before the physiological
roles of these "Transmembrane Proteins of Unknown Functions” were
identified. Initial sequence-based topology analysis of TMEM16 proteins
suggests that they contain at least eight transmembrane helices (TM) [6, 8,
73, 92-94]. Biochemical experiments such as immunofluorescence labeling
of various regions of TMEM16G and analyzing its N-glycosylation sites also
suggest that the protein contains eight transmembrane helices [92].
TMEM16 proteins thus were referred to as anoctamin proteins (a
combination of "anion" and Latin prefix for eight, "octa") [8]. Hence,
TMEM16A-K are also known as ANO1-10. However, Brunner et al. (2014)
first noticed that such a membrane topology of eight TM might need to be
revised when they report the first high-resolution structure of N(hTMEM16
with ten TM [10]. Indeed, all high-resolution structures of TMEM16 proteins
published so far show that TMEM16 proteins have ten TM rather than eight
TM (Fig. 1.1) [10, 82, 90, 95-97]. Since most TMEM16 proteins are not
anion channels and all known TMEM16 proteins have ten transmembrane

helices, the nomenclature of "anoctamin" has been falling out of favor.

Alternative splicing of TMEM16A precursor mRNA generates various

splice variants with different Ca?* affinity and voltage dependence [98].



Splice variants of TMEM16A comprise a combination of four alternative
segments labeled a, b, ¢, and d (Fig. 1.1). Spliced variant x (x can be any
combination of alternative segments a, b, ¢, and d) of TMEM16A refers to
the channel that only contains the alternative segment listed. Splice variants
that lack alternative segment d are similar to variants with this segment,
and splice variants that lack the alternative segment a also lack the other
three alternative segments [99]. For this dissertation, we will use the
residue numbering of alternatively spliced variant a of TMEM16A unless

stated otherwise.
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d (26 aa) Ca?*-binding site
N646® E701@® E730@®

c (EAVK) E D734
Exclusion lowers Ca*-affinity o 6980 340
E650 @
b (22 aa) TM 6 ™ 7 TM 8
Inclusion lowers Ca?*-affinity
-00C
NH_*

a (116 aa)

Figure 1.1 The topology of TMEM16 proteins. The ten transmembrane
helices are numbered, and the location of TMEM16A alternative segments a-
d is shown. The average helix length is ~30 residues. Residues forming the
Ca?* binding site of TMEM16A are shown. Approximate sequence numbers of
the N-terminal and C-terminal of each transmembrane helices of TMEM16A
are shown in black (PDB: 7B5C [100]). The residue number for the Ca2*-
binding site is for TMEM16a (splice variant @ of TMEM16A). For PDB 7B5C
(TMEM16ac), N646 (green) is N650, N647 (yellow) is N651, E650 (purple) is
E654, E698 (cyan) is E702, E701 (red) is E705, E730 (pink) is E734, D734

(blue) is D738.
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Before the availability of high-resolution structures, researchers
probed the stoichiometry of TMEM16 proteins using biochemical methods.
Fallah et al. (2011) and Sheridan et al. (2011) reported that the
denaturation of TMEM16A by sodium dodecyl sulfate shows two protein
bands in the polyacrylamide gel [101, 102]. They further showed that the
chemical cross-linking of non-denatured TMEM16A yields a prominent
polyacrylamide gel band for a dimeric assembly relative to other oligomeric
assemblies [101, 102]. These studies suggest that TMEM16A likely adopts a
homodimeric structure, which was later confirmed by the publication of high-
resolution structures of TMEM16A [97, 103]. Similar to TMEM16A, all
available high-resolution structures of TMEM16 proteins show a homodimeric

structure [10, 82, 90, 95-97].

1.2.2 High-affinity Ca?*-binding site and ion permeation pathway

High-resolution structures of TMEM16A reveal that residues N646,
N647, E650, E698, E701, E730, and D734 appear to surround the bound
Ca?* ions (Fig. 1.1 and Fig. 1.2) [97, 103]. The presence of glutamate and
aspartate residues in the Ca?*-binding site is not surprising because
carboxylate groups are common in various divalent cation chelators. Indeed,
many functional studies show that mutating one of these glutamate or
aspartate residues can reduce the Ca?* affinity of TMEM16A by 2-3 orders of
magnitude [96, 97, 104, 105]. Mutating corresponding residues in TMEM16F,

nhTMEM16, an afTMEM16 also reduce their affinity for Ca2* significantly [10,
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11, 49]. The alignment of TMEM16 protein sequences suggests that these
glutamate or aspartate residues are mostly conserved among various
TMEM16 proteins, except for IST2 (Fig. 1.3). Also, the high-resolution
structure of TMEM16F (Fig. 1.4), a phospholipid scramblase, has Ca?*-
binding sites similar to that of TMEM16A, an ion channel. Thus, TMEM16
proteins likely share a similar Ca?*-binding motif. Residues located outside of
the Ca?* binding site of TMEM16A also influence the Ca?* affinity of the
channel. For example, mutating residue Y589 into an alanine increases the
Ca?* affinity of the channel by ~2-5 fold, although the effect in altering the
calcium affinity is less than the glutamate/aspartate mutations mentioned
above [97]. Also, mutating several non-acidic residues in TM 4-7 TMEM16A
alters the channel affinity for Ca?* and permeability ratios for iodide (or
thiocyanate) over chloride [97]. Nonetheless, it is not clear how these

mutations affect the Ca?* affinity of TMEM16A.

Mutating a residue, K584, in TM 5 of TMEM16A into glutamate or
glutamine may alter the single-channel conductance [106] and the current-
voltage relation of the channel [106, 107]. Similarly, mutating several
residues within TM 5-6 of nhTMEM16 and TMEM16F alter these proteins'
phospholipid scramblase activity [108-111]. Thus, TM 5 and the surrounding
TM (or TM 3-8) likely form the ion permeation or phospholipid transport
pathway of TMEM16 proteins. High-resolution structures of TMEM16A and

TMEM16 phospholipid scramblases (such as nhTMEM16, afTMEM16, and

13



TMEM16F) show that they share a similar general structure (see Fig. 1.2
and Fig. 1.4 for representative structures of TMEM16 proteins). The ion
permeation pathway and the phospholipid transport pathway of TMEM16
proteins has a wide intracellular vestibule, a narrow neck, and a slightly
larger extracellular vestibule (Fig. 1.2 and Fig. 1.4, middle panel) [10, 11,
82, 90, 95-97]. Also, the overall structure of TMEM16 proteins (with less
than 40% shared identity) share a general homodimeric structure with each
monomer containing ten TM and a Ca?* binding site (TM 6-8), consisting of a
cluster of acidic residues (Fig. 1.2 and Fig. 1.4, bottom panel) [10, 11, 82,
95-97]. IST2 is the odd member of the TMEM16 family. Unlike other family
members, IST2 lacks a cluster of acidic residues that form the Ca2*-binding
site in other TMEM16 proteins (Fig. 1.3). When incorporated into liposomes,
IST2 exhibits no phospholipid scramblase activity [11]. Also, there is no

report of IST2 being a Ca?*-activated ion channel either.
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Figure 1.2. (Top) Stereoview (wall-eye) of TMEM16A (PDB: 7B5C [100]).
The middle panel shows transmembrane helices 3-8 surrounding the ion
permeation pathway of the orange subunit. (Middle) The orange subunit (as
shown in the top panel) was rotated 90° clockwise for the middle panel.
Green spheres are Ca?* ions. (Bottom) Residues surrounding Ca?* ions
(transparent spheres): N646 (green), N647 (yellow), E650 (violet), E698
(cyan), E701 (red), E730 (pink), and D734 (blue). The orange subunit (as
shown in the middle panel) was rotated 90° clockwise for the bottom panel.

The bottom panel is the zoomed-in view of the Ca?* binding sites.
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TMEM16A 648 LFEIGIPKMK 657 696 TPEYMEMIIQ 705 728 IIEIRLDAKK 737

TMEM1 6B 693 IFEIGVPKLK 702 741 TPEYMEMIIQ 750 773 VIEVRLDAKK 782
TMEM1 6C 708 FMELGYPLIQ 717 752 MDEYLEMVLQ 761 784 IIEIRLDAYK 793
TMEM1 6D 862 FMELGYPLIQ 871 909 FDEYLEMILQ 918 941 IIEIRLDAYK 950
TMEM1 6E 618 IHEAFQPLIF 627 661 FYEYLETVIQ 670 693 IMGIRVDAWK 702
TMEM1 6F 622 IQEVLLPWVM 631 665 FYEYLEMIIQ 674 697 ILEIRVDAWK 706
TMEM1 6G 599 VQEVLVPKLK 608 642 FHEYLEMVLQ 651 674 WVEIRLDARK 683
TMEM1 6H 603 LLDCGLRLKK 612 740 FQDYQEMFVQ 749 772 LIEIRSDAFK 781
TMEM1 6J 482 CVEYLCPLLA 491 529 FDEFMEMMIQ 538 561 LVEIRLDAIK 570
TMEM1 6K 459 ---HGVRVKR 465 495 FDDYLELFLQ 504 527 FTEVNSDALK 536
nhTMEM1 6 450 ATEVVVPYIK 459 501 SGDYREMVMQ 510 533 WVELRSDALK 542
afTMEM16 443 ALETIVPFVK 452 509 TDDLREMCIQ 518 541 WVELRSDFFK 550
DATMEM1 6 520 --ELLGPWIQ 527 559 FQEFNQIIIQ 568 591 IFEERVDSYK 600
IST2 621 SPEFNSNNEK 630 670 DPSSLSSASS 679 702 AGSAGKKPLA 711
Subdued 734 ILEVYLPMFW 743 786 FPEYLEMVLQ 795 818 ILEMRLDAKK 827

Figure 1.3. Sequence alignment of TMEM16 proteins Ca?*-binding sites.
Sequence alignment was performed with ClustalW2 program [112]. Protein
sequences were obtained from the NCBI's reference sequence database
(RefSeq) [113]. RefSeq accession number for each protein sequence:
TMEM16A, 6BGI_A; TMEM16B, NP_705817.2; TMEM16C, NP_001121575.1;
TMEM16D, XP_006513818.1; TMEM16E, NP_808362.2; TMEM16F, 6QP6_A;
TMEM16G, NP_996914.1; TMEM16H, NP_001158151.1; TMEM16],
NP_848468.2; TMEM16K, 50C9_A; nhTMEM16, 6QM9_A; afTMEM16,
6EOH_A; DdTMEM16, XP_647283.1; IST2, QHB06858.1; Subdued,

NP_650820.1
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Figure 1.4. (Top) Stereoview (wall-eye) of TMEM16F (PDB: 6QP6 [95]).
(Middle) Transmembrane helices 3-8 surrounding the cavity of the orange
subunit. The orange subunit (as shown in the top panel) was rotated 90°
clockwise. Green spheres are Ca?* ions. (Bottom) Residues surrounding Ca?*
ions (transparent spheres): N620 (green), N621 (yellow), E624 (violet),
E667 (cyan), E670 (red), E699 (pink), and D703 (blue). The orange subunit
(as shown in the middle panel) was rotated 90° clockwise for the bottom

panel. The bottom panel is the zoomed-in view of the Ca?* binding sites.
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Before the structure of TMEM16A was solved, whether TMEM16A has
one or two ion permeation pathways (one ion permeation pathway per
subunit) was not known. At one point, a single ion permeation pathway at
the dimer interface of TMEM16 molecules was considered [10]. However,
Jeng et al. (2016) and Lim et al. (2016) showed that individual TMEM16A
subunits could be activated independently [106, 107]. They manipulated the
current-voltage relationship of individual TMEM16A subunits and
demonstrated that each subunit appears to house its own ion permeation
pathway [106, 107]. Thus, their functional results suggest that TMEM16A,
like the Cl~ channels in CLC channel/transporter family, is a double-barreled
channel. It is currently thought that the two ClI- permeation pathways (and
perhaps the lipid transport pathway in TMEM16 phospholipid scramblases)
are located away from the two-fold symmetry axis, as shown in Fig. 1.2 and
Fig. 1.4. In addition, they found that mutating residue K584 in TM 5, at the
intracellular vestibule of TMEM16A (Fig. 1.5) alters the current-voltage (I-V)
curve rectification [106, 107]. Thus, this residue likely exerts an electrostatic

control on ion permeation in TMEM16A.
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Figure 1.5. (Top) Stereoview (wall-eye) of the spacefill model of TMEM16A
(PDB: 7B5C, chain A [100]). The orange circle highlights the intracellular
vestibule. (Middle) Stereoview of the highlighted region in the top panel
(same orientation but zoomed in). Intracellular vestibule surface is
presented as grey/orange mesh. The two green spheres are Ca?* ions.
(Bottom) Bottom-up view of the intracellular vestibule. The middle panel is
rotated 45° away from the screen around the central axis of the protein that
is parallel to the membrane. The approximate location of the ion permeation
pathway is highlighted with a transparent blue circle. Note that K584 as
discussed in Jeng et al. (2016), is K588 in PDB code 7B5C (shown here). At

this resolution (3.7 A), the extracellular opening is not visible.
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1.3 Biophysical properties of TMEM16 Proteins
1.3.1 Ca?* affinity

Although the Ca2*-affinity of TMEM16 proteins significantly varies from
each other, the half-maximal effective concentration of Ca2* (EC50) of
TMEM16 proteins is roughly in the sub-micromolar to the low micromolar
range [6-8, 43, 49, 95, 96, 114, 115]. For TMEM16A and TMEM16B, the
EC50 of the channel activation by Ca?* is ~0.5-1 uM without other divalent
cations, whereas TMEM16 phospholipid scramblases have higher EC50
values in general. Besides Ca?*, other divalent cations can also activate
TMEM16 proteins. For example, Ba2*, Sr?*, Ni2*, and Cd?*, can activate
TMEM16A, and Zn?* and Gd3* can activate TMEM16F [105, 115-118].
Similarly, Sr2* can activate nhTMEM16 phospholipid scramblase activity [10],
and Mn?*, Sr?*, and Ba?* can activate phospholipid scramblase and ion
channel activity of afTMEM16 [11]. Mg?* ions, on the other hand, act as a
competitive antagonist for the TMEM16A activation by Ca?*, likely because
they can bind to the activation sites but do not induce pore opening [115].
As suggested by high-resolution structures, the single high-affinity Ca?*-
binding sites in each subunit of TMEM16A can bind one to two Ca?* ions [10,
82, 90, 95-97]. Consistent with the presence of multiple Ca?* ions, the Ca?*
dose-response curves of TMEM16 proteins usually have a Hill coefficient
greater than one [8, 43, 49, 95, 114, 115, 119], indicating cooperative Ca?*

binding. Besides the high-affinity Ca?*-binding sites (Fig. 1.3), there may be

20



other Ca?* binding sites. For example, the high-resolution structure of
TMEM16F (PDB 6QP6) and TMEM16K (PDB 50C9) show a potential Ca?*
binding site formed by TM 2 and 10 [82, 95]. Ca?* ions are seen in this
region of those two proteins. However, a more detailed characterization of
this Ca2* binding site in TMEM16F and TMEM16K is necessary to determine
its relevance to the function of these molecules. Also, TMEM16A exhibits a
biphasic dose-response curve, suggesting that high concentrations of Ca?*,
beyond saturation level (in mM range), can increase TMEM16A current
further [106, 107]. Since this increase in current occurs when the high-
affinity Ca2*-binding sites are saturated, Ca?* binding elsewhere is likely

responsible for the biphasic dose-response curve.

A recent study suggests that the additional Ca?* binding site formed by
TM2 and TM10 in TMEM16A may consist of residues E425, K428, D879, and
D884 [120]. For example, two mutations, K428A and D884A, reduce the
Ca?* affinity of TMEM16A by ~2-3 fold [120]. Since these residues appear to
be conserved in other TMEM16 molecules (Fig. 1.6), further investigation
into how these residues affect the function of other TMEM16 proteins is

warranted.
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TMEM16A 423
TMEM16B 454
TMEM16C 486
TMEM1 6D 640
TMEM16E 388
TMEM16F 393
TMEM16G 379
TMEM16H 298
TMEM16J 276
TMEM1 6K 257
nhTMEM1 6 231
afTMEM16 223
DATMEM16 287
IST2 387
Subdued 510

™ 2

FMEHWKRK
FLENWKRL
FLEFWKRR
FLEFWKRR
FLEFWKQR
FLEFWKRR
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FLEEWKRR
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493
647
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400
386
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283
264
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294
394
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877
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930
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840
852
804
946
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696
733
869
964

™ 10

FVDWVIPDIP
LVDWMIPDIP
FIAYLIPDIP
LISYLIPDLP
LLAWLIPDVP
FISYAIPDVS
VLDLLVPDIP
SERPRRPGAL
IAAWFVPDVP
IRGHGTPEEM
KQGT-DPTER
IIPTPFTSKT
STKETKDSAR
LVRWCIPDMS

886
930
939
1109
849
861
813
955
719

693
705
742
878
973

Figure 1.6. Sequence alignment of TMEM16 proteins potential allosteric

Ca?*-binding site. Sequence alignment was performed as described in Fig.

1.3.

The activation of TMEM16 proteins by Ca?* is voltage-dependent.
TMEM16A exhibits a higher affinity for Ca?*, a faster Ca?* binding, and a
slower Ca?* dissociation at more depolarized potential [117]. However,
splice variants of TMEM16A that lack the alternative segment b have a
higher affinity for Ca2* [99]. Also, Xiao et al. (2011) reported that splice
variants of TMEM16A that lack the alternative segment ¢ (amino acids EAVK)
exhibit a more depolarized half-maximal conductance potential (Vi,2), a
lower affinity for Ca2* (EC50 in uM range even at depolarized potentials),
and an absence of the voltage dependence of the Ca?* dissociation rate

[117]. They suggested that the absence of this alternative segment reduces
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the voltage dependence of Ca?*-binding. The fact that the high-affinity Ca?*-
binding sites of TMEM16 proteins appear to be within the membrane electric
field is consistent with the observation that Ca?* binding affinity to TMEM16
proteins is voltage-dependent. Xiao et al. (2011) also showed that replacing
extracellular CI~ with NO3~ or SCN~ shifts the V1,2 to a more hyperpolarized
potential and that TMEM16A can also be activated by membrane
depolarization in the absence of Ca%*ions [117, 121]. Interestingly, deleting
the alternative segment ¢ enhances this Ca?*-independent activation [117].
Recently, Segura-Covarrubias et al. (2020) reported that lowering the
intracellular pH enhances the activation of TMEM16A by voltage in the
absence of Ca?*, and they attributed this pH facilitation of TMEM16A
activation to the voltage-dependent protonation of acidic residues in the
Ca?* binding sites [122]. Also, they reported that neutralizing acidic residues
in the high-affinity Ca?*-binding sites reduces the pH sensitivity of voltage
activation of TMEM16A and enhances the voltage activation of TMEM16A at
physiological pH [122]. Like TMEM16A, TMEM16B also exhibits a higher
affinity for Ca2* at a more depolarized potential [123]. However, TMEM16B
cannot be activated by membrane depolarization in the absence of Ca?%*

[122].

1.3.2 Current-Voltage relationship

TMEM16A and TMEM16B's I-V relationship displays outward

rectification at low Ca?* concentration but becomes nearly ohmic when the
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channels are activated by saturating Ca?* concentrations [7, 8, 107, 115,
124, 125]. The Ca?*-dependent change in I-V curve rectification could come
from multiple reasons. First, the apparent Ca?* binding affinity of TMEM16A
and TMEM16B is voltage-dependent. Although the difference between
positive voltage and negative voltages is only small (for example, the EC50
values of Ca?* activation of TMEM16A at —40 mV and +40 mV are ~0.4 uM
and ~0.5 uM, respectively [115]), the percentage of the current activation in
the presence of non-saturating concentrations of Ca?* can still be significant
given the very steep dose-response curve with a Hill coefficient value of ~3-
4; the dose-response curve of a single TMEM16A subunit also has a Hill
coefficient value of ~3-4, suggesting activation of one subunit has a minimal
effect on the activation of the other subunit [107]. Secondly, the Ca?*
activation sites of TMEM16A and TMEM16B are near the intracellular
vestibule of the CI~ permeation pore. Thus, the bound-Ca2* ions at the
binding site may exert an electrostatic force on CI~ permeation, leading to a
Ca?*-dependent shift in current rectification [126]. Finally, intracellular Mg?+
competes with Ca?* for the voltage-dependent binding to the binding site
[115]. Therefore, with an intracellular solution containing mM concentrations
of Mg?*, the TMEM16A and TMEM16B currents always show very significant
outward rectification, as shown in many studies using whole-cell recordings

[8, 114, 124, 127, 128].
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In contrast to TMEM16A and TMEM16B, known TMEM16 phospholipid
scramblases that conduct ionic currents show a constant current
rectification. The I-V relationship of TMEM16F, TMEM16E, and D.
melanogaster Subdued display outward rectification even at saturating
concentrations of calcium [49, 72, 87, 88]. Most studies on afTMEM16 and
nhTMEM16 utilize flux assay to study their ion channel activity, making the
I-V relationship of these two proteins unclear. However, one study that
utilized whole-cell patch-clamp configuration shows a linear I-V curve for
NnhTMEM16 at 200 uM Ca2* [109]. Currently, the molecular basis of the
outwardly rectified I-V relationship of TMEM16 scramblases remains
unknown. Voltage-dependent change in the conformation of TMEM16

scramblases remains unknown.
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Figure 1.7. (Top) Stereoview (wall-eye) of the spacefill model of a single
subunit of TMEM16A. (Bottom) Stereoview of the surface of TMEM16A
colored by electrostatic potential using ChimeraX [129]. Red represents
negative charges, blue represents positive charges, and white represents
neutral residues. Large green circle highlights the approximate location of

the intracellular vestibule.
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1.3.3 Ion selectivity

CaCCs in the TMEM16 family, TMEM16A and TMEM16B, exhibit a
higher selectivity for larger anions over smaller anions (SCN~ > I~ > Br~ >
Cl7) [7, 123, 130]. However, they are less permeable to cations with a
Pna/Pci of 0.05 for TMEM16B and 0.03 for TMEM16A [108, 130]. The
molecular basis behind TMEM16A and TMEM16B selectivity for anions over
cations remains poorly understood. In one study, mutating basic residues
within the ion permeation pathway of TMEM16A seems to alter the channel's
anion selectivity [131]. As shown in (Fig. 1.7), K556, R562, and K661
(TMEM16Aac) at the intracellular vestibule entrance may influence the ion-
selectivity of TMEM16A. However, TMEM16Aac K556A, R562A, K661A, and
wild-type all have a similar selectivity for CI~ over Na* [132]. In another
study, TMEM16B K540Q (located in TM 5, corresponding to K584 in
TMEM16A) and TMEM16B R573E (located in extracellular loop linking TM 5
and 6) exhibits significantly higher selectivity for Na* over Cl~ than wild-type
TMEM16B [130]. The ion selectivity of TMEM16 phospholipid scramblases
differs from that of TMEM16 CaCCs. Phospholipid scramblases with ion
channel activity (TMEM16F, nhTMEM16, afTMEM16, D. melanogaster
Subdued, and TMEM16E) are rather non-selective compare to TMEM16
CaCCs. There is a lack of consensus regarding the cation versus anion
permeability of TMEM16F. Three studies reported that TMEM16F is cation-

selective with a Pna/Pci of 6.8 [49], 2.7 [95], or 1.38 [108]. In contrast,
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several studies suggest that TMEM16F is anion-selective with a Pna/Pc <1
and can be as low as 0.24 [133-136]. Another point of contention regarding
the ion permeability of TMEM16F involves a pore mutant, Q559K, that seems
to reduce the Pna/Pc permeability ratio. In one study, this mutant reduces
the Pna/Pci of TMEM16F from 6.8 to 2.2 [49]. However, another study shows
that wild-type TMEM16F and TMEM16F Q559K have a similar Pna/Pci [134].
The varying experimental conditions in these studies may contribute to the
lack of consensus. In general, studies that use whole-cell patch-clamp
configuration, which involves manipulating extracellular ion concentration,
report a lower Pna/Pci. For inside-out patch-clamp configuration, studies that
use non-charged solutes (such as sucrose or mannitol) to adjust intracellular
ion concentration tend to report a higher Pna/Pc. In addition, TMEM16F
seems to become more selective for CI~ over Na* as the concentration of
Ca?* increases [116]. Thus, the different Ca?* concentrations used among

various studies makes a direct comparison of their results difficult also.

Fewer studies examine the ion selectivity of n(hTMEM16 and afTMEM16,
but they seem to favor cations over anions with a Px/Pc| of ~1.5 for
afTMEM16 and a Pna/Pci of ~2.3 for nhTMEM16 [11]. Like TMEM16F, the ion
selectivity of D. melanogaster Subdued is a matter for debate. One study
report that D. melanogaster Subdued is a CaCC with a Pna/Pc of 0.16 [87],
whereas another study reports that the protein is a phospholipid

scramblase/small-conductance Ca2*-activated non-selective ion channel with
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a Pna/Pci of 5.83 [88]. As with TMEM16F, the study that uses whole-cell
patch-clamp configuration reports a lower Pna/Pci. Two studies that examine
the ion selectivity of TMEM16E agree. Both studies show that TMEM16E is
non-selective [72, 137]. One study reports a Pna/Pci of ~1.6 for TMEM16E

[137].

Despite the varying cation permeability among TMEM16 proteins, they
seem to have a similar anion permeability. TMEM16A, TMEM16B and
TMEM16F have a similar relative permeability sequence, SCN~ > I~ > Br~ >
Cl- [7, 115, 123, 130, 133, 135]. One study that compares the ion
permeability of TMEM16A, TMEM16D, TMEM16F, and TMEM16K also show a

similar relative permeability sequence, I~ > Br~ > CI~ > HCO3~ [136].

1.3.4 Lipid Selectivity

Data on the lipid selectivity of TMEM16 phospholipid scramblases are
limited to nhTMEM16, afTMEM16, and TMEM16K. Both nhTMEM16 and
afTMEM16 seem to scramble phosphatidylethanolamine (PE) and
phosphatidylserine (PS) equally well [10, 11]. However, TMEM16K scrambles

PS roughly three-fold slower than PE and phosphatidylcholine (PC) [82].

1.3.5 Activation mechanism

In 2017, Paulino et al. published structures of Ca?*-free and Ca?*-
bound TMEM16A (Fig. 1.8) [96]. In the absence of Ca?*, TM 6 curves away

from the Ca2*-binding site and toward TM 3-4. The negative electrostatic
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environment at the ion permeation pathway's constriction creates a barrier
for ion conduction [96]. Experimental data suggest that three hydrophobic
residues (1641, 1550, and I551) may protrude into the pore and block ion
permeation (Fig. 1.8, bottom panel) [100]. In the presence of Ca?*, TM 6
bends around the glycine hinge (TMEM16A(ac) G644) away from TM 4, away
from the intracellular vestibule. Then, TM 6 becomes part of the Ca?* binding
pocket in conjunction with TM 7-8. Experimental data support the role of
G644 in channel activation. Mutating the glycine hinge to a proline (G644P)
locks TMEM16A in a partially open conformation [96]. Besides triggering the
movement of TM 6, Ca?* binding also triggers a small movement of TM 3-4.

Thus, the activation of TMEM16A involves the movement of TM 3-6.
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Figure 1.8. (Top) Stereoview of the pore from the side of Ca?*-free (Cyan,
PDB: 50YG) and Ca?*-bound TMEM16A (Orange, PDB: 50YB) [96]. (Middle)
View from intracellular to top of the pore. (Bottom) The pore constriction
with residues (spacefill) protruding into the pore. The glycine hinge (G644)
is presented as a red sphere in all stereo pairs, and green spheres are Ca?*
ions. UCSF Chimera was used for structure alignments for figures 1.8-1.12

[138].
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Figure 1.9. (Top) Stereoview of the pore from the side of Ca?*-free (Cyan,
PDB: 6QPB) and Ca2*-bound TMEM16F (Orange, PDB: 6QP6) [95]. (Middle)
View from intracellular to top of the pore. (Bottom) The pore constriction

with residues (spacefill) protruding into the pore. The glycine hinge (G615)
is presented as a red sphere in all stereo pairs, and green spheres are Ca2*

ions.
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In 2019, Alvadia et al. published structures of Ca?*-free and Ca?*-
bound TMEM16F (Fig. 1.9) [95]. In the absence of Ca?*, TM 6 bends away
from TM 4, 7, 8, and the Ca?*-binding site. As seen with TMEM16A,
experimental data suggest that three hydrophobic residues (F518, 1612, and
Y563) protrude into the phospholipid transport pathway and reduce the
scramblase activity of TMEM16F (Fig. 1.9, bottom panel) [111]. The Ca?*-
bound structure of TMEM16F shows a straight TM 6 that forms part of the
Ca?*-binding site. Like TMEM16A, Ca%* binding causes TM 6 to bend at the
glycine hinge (G615). The overall conformational change upon Ca?* binding

is smaller in TMEM16F than in TMEM16A.
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Figure 1.10. (Top) Stereoview of the pore of Ca2*-free (Cyan, PDB: 6DZ7)
and Ca?*-bound afTMEM16 (Orange, PDB: 6EOH) [90]. (Bottom) View from
intracellular to top of the pore. G441 is presented as a red sphere in all

stereo pairs, and green spheres are Ca2* ions.
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In 2019, Falzone et al. published structures of Ca?*-free and Ca2*-
bound afTMEM16 (Fig. 1.10) [90]. In the absence of Ca2*, TM 6 bends away
from TM 4, 7, 8, and the Ca?*-binding site. In the presence of Ca?*, TM 6 is
straightened by bending at G441, bringing it closer to TM 7-8 to form the
Ca?*-binding site. Unlike TMEM16A and TMEM16F, the activation of
afTMEM16 involves a significant conformational change of TM 3 and 4 that

widens the protein's intracellular vestibule.
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Figure 1.11. (Top) Stereoview of the pore of Ca?*-free (Cyan, PDB: 6QM4)
and Ca2*-bound (Violet, PDB: 6QMB; Blue, PDB: 6QMA; Orange, PDB:
6QM9) NhTMEM16 [91]. TM 6 of the Ca?*-free structure is partially
unresolved. Green spheres are Ca?* ions. (Bottom) Intracellular view of the
pore. The conformational transition arrows are speculative. Note that more
than two Ca?* ions are visible because the location of the Ca?* ions varies
between the Ca?*-bound structures. However, only two Ca?* ions are

present at any one time.
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In 2019, Kalienkova et al. published structures of nhTMEM16 at
various stages of activation (Fig. 1.11) [91]. The structure of Ca?*-free
nhTMEM16 purified with n-Dodecyl-B-D-maltoside (DDM) is different from
the structure of Ca?*-free nhTMEM16 in lipid nanodiscs. TM 4 of nhTMEM16
is closer to TM 6-8 in nanodiscs than in DDM. Consequently, the intracellular
vestibule of NhTMEM16 is more shielded from the membrane core in
nanodisc. In the absence of Ca?*, TM 6 bends away from TM4 and the Ca?%*-
binding site. Interestingly, TM 6 of n(hnTMEM16 has an alanine in place of the
glycine hinge seen in TMEM16A and TMEM16F. In the presence of Ca%*, a
slight rotation of TM 6 brings it closer to the Ca?*-binding site and TM 4.
Similar to the activation of afTMEM16, the activation of n(hTMEM16 involves
a significant movement of TM 3-4. Upon Ca?* binding, TM 3 and TM 4 shift
away from the Ca2*-binding site and widen the intracellular vestibule. Also,
Kalienkova et al. were able to solve the structure of two potential
intermediate states that show a partial movement of TM 6, which partially

widens the intracellular vestibule.
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Figure 1.12. (Top) Stereoview of the pore of Ca?*-free (Cyan, PDB: 6R7Z2)
and Ca?*-bound (Blue, PDB: 6R7Y; Orange, PDB: 50C9) TMEM16K [82]. TM
6 of the Ca?*-free structure is partially unresolved. Green spheres are Ca?*
ions. (Bottom) Intracellular view of the pore. The conformational transition
arrows are speculative. Note that more than two Ca?* ions are visible
because the location of the Ca?* ions varies between the Ca2*-bound

structures. However, only two Ca?* ions are present at any one time.
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In 2019, Bushell et al. published structures of Ca?*-free and Ca?*-
bound TMEM16K (Fig. 1.12) [82]. The activation of TMEM16K resembles the
activation of nhTMEM16. In the presence of Ca?*, TM 6 shifts toward the
Ca?*-binding site, and TM 3-4 shifts away from the Ca?*-binding site
widening the intracellular vestibule. Interestingly, Bushell et al. also reported
a Ca?*-bound structure of TMEM16K structurally like the Ca2*-free structure.

This structure could represent an intermediate state or a rundown state.

In summary, the activation of these TMEM16 proteins involves a
significant conformational change of transmembrane helices exposed to
membrane phospholipids. The activation of TMEM16 proteins that have a
glycine hinge involves a larger movement of TM 6 toward the Ca*-binding
site and a relatively smaller movement of TM 3-4. In contrast, the activation
of TMEM16 proteins that lack a glycine hinge involves a smaller movement
of TM 6 toward the Ca?*-binding site and a relatively larger movement of TM
3-4 that clearly widens the intracellular vestibule. Several questions
involving the activation of TMEM16 proteins remain unanswered.
Experimentally, TMEM16 proteins undergo desensitization (a decrease in
Ca?* affinity) and rundown (significant attenuation or disappearance of Ca?*
activated current). We do not have a clear picture of the conformational
changes associated with these processes. Likewise, the conformational
change associated with phospholipid transport, especially for TMEM16

phospholipid scramblases that also conduct ionic current, is not well
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understood. In order to accommodate phospholipids, TMEM16 phospholipid
scramblases likely have a wider intracellular vestibule than TMEM16 CaCCs.
However, the interaction of the ion/lipid transport pathway with the
intracellular leaflet of the cell membrane is very dynamic. As discussed
earlier, the type of stabilizing agent (DDM or phospholipids in nanodisc) was
shown to affect the structure of nhTMEM16 [91]. Thus, other less stable
intermediate conformations (between Ca?*-free and Ca?*-bound

conformations) of TMEM16 protein likely exist.

1.4 Regulation of TMEM16 proteins
1.4.1 Calmodulin

Several studies have examined how calmodulin (CaM), a Ca2*-binding
messenger protein, regulates TMEM16 CaCCs. The regulation of TMEM16A
and TMEM16B by CaM has been controversial. Tian et al. (2011) showed that
trifluoperazine, a CaM inhibitor, reduces the activation of TMEM16A and that
the channel can be co-immunoprecipitated with CaM [139]. However, Vocke
et al. (2013) showed that trifluoperazine and N-8-aminooctyl-5-iodo-
naphthalenesulfonamide, another CaM inhibitor, have no significant effect on
the activation of both TMEM16A and TMEM16B [140]. Interestingly, the two
CaM inhibitors can suppress the inactivation (defined as the Ca?*-induced
loss of channel activity) of TMEM16B. They also showed that the
overexpression of CaM mutants with only two instead of four Ca?*-binding

sites decreases TMEM16A currents. Initially, they postulated that CaM
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mutants with only two Ca?*-binding sites compete with endogenous CaM to
reduce TMEM16A currents. However, they showed that CaM mutant with no
Ca?*-binding sites, which should also compete with endogenous CaM, does
not affect TMEM16A currents. In agreement with Tian et al., Vocke et al.
show that both TMEM16A and TMEM16B can be co-immunoprecipitated with

CaM.

In disagreement with both Tien et al. and Vocke et al., Terashima et
al. (2013) and Yu et al. (2014) reported the activation of TMEM16A in the
presence of Ca2* alone [141, 142]. They also challenged the idea that CaM
and TMEM16A form a stable complex. Terashima et al. showed that CaM and
TMEM16A do not elute at the same time when run together on a size-
exclusion chromatography column [141]. Also, Yu et al. showed that CaM
co-immunoprecipitated with Ca2*-activated K* (SK2) channel but not

TMEM16A.

In 2013, Jung et al. suggested that CaM enhances the channel
permeability to HCO3~. In HEK293 cells, exposing TMEM16A to purified CaM
on the intracellular side causes a reversible shift in the Pycos/Pc from ~0.3-
0.4 to ~0.9-1 [143]. However, Yu et al. (2014) could not reproduce this ion
permeability shift [142]. Yu et al. attributed the observed shift in ion
permeability to technical issues associated with patch clamping, namely
series resistance and ion accumulation, rather than to CaM. As many

structures of TMEM16 molecules have been solved, the previously identified
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potential CaM binding domains via mutagenesis studies appear to be not
readily accessible to intracellular CaM, making it less likely that CaM binds to

and modulates TMEM16 proteins.

1.4.2 Phospholipids and Ion permeation

The cell membrane influences the structure and function of TMEM16
proteins. A cryo-electron microscopy study of afTMEM16 shows that the
protein causes phospholipid bilayer bending at its dimer interface, resulting
in phospholipid bilayer thinning near the ion permeation/phospholipid
transport pathway [90]. The mismatch in height between TM 3/TM 5 of one
subunit and TM 1/TM 2 of the other subunit deforms the cell membrane
[90]. Also, molecular simulations of nhTMEM16 and afTMEM16 suggest that
membrane thinning lowers the energy barrier for phospholipids/ions
transport [109, 144]. Experimentally, increasing membrane thickness

reduces the phospholipid scrambling rate of afTMEM16 [11].

Prolong exposure to Ca?* seems to change the Ca?*-affinity of TMEM16
proteins. Ta et al. (2017) showed that phosphatidylinositol 4,5-bisphosphate
diC8 (diC8-PIP2) increases TMEM16A currents and inhibits TMEM16B
currents at non-saturating concentration of Ca?* but not at saturating
concentration of Ca?* [145]. Using Danio rerio voltage-sensitive phosphatase
(Dr-VSP) to cleave PIP2 and phosphatidylinositol phosphate kinase to
replenish PIP2, they also showed that endogenous PIP2 affects TMEM16A

and TMEM16B in a similar manner to diC8-PIP2 [145]. In agreement with Ta
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et al., De JesUs-Pérez et al. (2018) showed that the activation of Dr-VSP
triggers a decrease in TMEM16A currents. They also showed that diC8-PIP2
prevents or partially reverses the current decay caused by prolonged Ca?*
exposure [127]. Subsequently, Le et al. (2019) reported that the EC50 of
diC8-PIP2 in preventing TMEM16A desensitization is ~4 uM at 100 uM Ca?*
[146]. As with TMEM16A, prolong exposure to Ca?* also decreases the Ca?*
affinity of TMEM16F. Ye et al. (2018) showed that prolong exposure to 1 mM
Ca?* shifts the EC50 of TMEM16F from 7.0 £ 0.8 uM to 45 £ 5 yM at +80
mV [147]. The desensitization of TMEM16 proteins likely involves PIP2
depletion from the cell membrane. Poly-L-lysine, which acts as a PIP2
scavenger, decreases the Ca2* affinity of TMEM16F, which can be reversed
with the application of exogenous PIP2 [147]. Similarly, poly-L-lysine is also
able to trigger desensitization in TMEM16A at 0.25 pM Ca?* [146]. The
neutralization of several basic residues in the first intracellular loop (N-
terminus) of TMEM16F seems to generate a desensitized protein [147].

Thus, this region of TMEM16F may interact with PIP2.

Le et al. (2019) identified several key basic residues in the TM 2-3
linker and TM 3-5 that alter the desensitization kinetics of TMEM16A when
mutated [146]. Also, Yu et al. (2019) identified twelve basic residues that
hinder diC8-PIP2 ability to increase TMEM16A currents when neutralized
[148]. These residues are in the N-terminus, TM 2, TM 2-3 linker, TM 5, and

TM 6-7 linker. They also identified several other residues associated with the
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diC8-PIP2 effect on TMEM16A current. Together, these two studies suggest
that TMEM16A appears to have multiple PIP2 binding sites. Currently, there
is no high-resolution structure of PIP2-bound TMEM16A. However, one PIP2
molecule can be docked into a region form by TM 3-5 (Fig. 1.13) [146,
149]. Besides PIP2, fatty acids and phosphatidylserine were shown to inhibit
TMEM16A, but the exact mechanism of inhibition requires further

investigation [127].

Figure 1.13. Illustration of a potential PIP2 binding site for TMEM16A

revealed by molecular docking [146, 149].
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1.4.3 Calcium-activated chloride channel regulator 1

Interest in the calcium-activated chloride channel regulator 1 (CLCA1)
stems from its association with chronic obstructive pulmonary disease and
mucus cell metaplasia [150, 151]. Even though CLCA1 was annotated as an
ion channel initially, several studies have indicated that CLCA1 is a soluble
protein rather than a transmembrane protein and that it can modulate CaCC
[152-154]. Thus, several studies have examined the modulation of
TMEM16A by CLCA1. Sala-Rabanal et al. (2015) showed that CLCA1
increases the surface expression of TMEM16A, which then increases calcium-
activated Cl~ currents [155]. They postulated that secreted CLCA1 stabilizes
the assembly of TMEM16A at the membrane surface and hinders either
TMEM16A internalization or degradation. However, The exact mechanism
requires further clarification. CLCA1 contains five domains: a
metalloprotease catalytic domain, a cysteine-rich domain, a von Willebrand
factor type A domain (VWA), a B sheet-rich domain, and a fibronectin type
ITI domain (FnIII) [156]. Secreted CLCA1l undergoes self-cleavage at
position 695, and the N-terminal fragment (N-CLCA1) itself (residues 1-695,
no FnIII) can modulate TMEM16A [155, 157]. In the presence of Mg?*, the
VWA (residue 297-482 in the N-CLCA1) alone can modulate TMEM16A [156].
The VWA seems to require Mg?* specifically because Berry et al. (2020)
reported that Mg?* but not Ca?* stabilizes this domain [158]. They also

suggest that the most probable site for CLCA1-TMEM16A interaction is on
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the extracellular side of TMEM16A. How and if CLCA1 modulates other

TMEM16 proteins besides TMEM16A requires further investigation.

1.5 Pharmacology

1.5.1 Inhibitors

Out of all TMEM16 proteins, TMEM16A has been the primary drug
target. Multiple TMEM16A inhibitors have been identified (Fig. 1.14). Even
before the discovery of TMEM16A, niflumic acid (NFA) has been used to
study CaCCs in Xenopus laevis oocytes, dog and cow airways, rabbit portal
veins, and rat cerebral arteries [159-162]. NFA inhibits TMEM16A currents
with an EC50 of ~18-20 uM over a wide range of voltages, consistent with a
voltage-independent mechanism of inhibition [115]. However, the EC50 of
NFA inhibition increases when CI~ is replaced with more permeant ions like
Br=, I, and SCN~[115]. Besides TMEM16A, NFA also affects other ion
channels, such as y-Aminobutyric acid type A receptor, Slo2.1 channel, CLC-
1 channel, and BK channel, making it a poor TMEM16A-selective inhibitor
[163-166]. NFA inhibits TMEM16B with no reported EC50 and TMEM16F with
an EC50 of 213 uM [114, 135]. Several groups have set out to discover
TMEM16A-selective inhibitors. Namkung et al. identified four inhibitors for
TMEM16A: T16Ainn-A01 (EC50 = 1.1 pM), CaCCinnAO1 (EC50 = 2.1 uM),
digallic acid (EC50 = 3.6 pyM), and tannic acid (EC50 = 6.4 uM) [167]. Using

a high throughput screening assay, Huang et al. (2012) discovered three
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TMEM16A inhibitors: dichlorophen (EC50

5.49 yM), benzbromarone (EC50
= 9.97 uM), and hexachlorophene (EC50 = 10.00 puM) [168]. Oh et al.
(2013) discovered another TMEM16A inhibitor, N-((4-methoxy)-2-naphthyl)-
5-nitroanthranilic acid (MONNA), with an EC50 of 0.08 uM [169]. Seo et al.
(2016) identified 2-(4-chloro-2-methylphenoxy)-N-[(2-
methoxyphenyl)methylideneamino]-acetamide (Ani9) as an TMEM16A
inhibitor with an EC50 of 77 £ 1.1 nM [170]. Miner et al. (2019) identified
several additional TMEM16A inhibitors such as niclosamide (EC50 = 132 nM)

and nitazoxanide (EC50 = 1.23 pM) [171].
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Figure 1.14. TMEM16A inhibitors.
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1.5.2 Activators and Potentiators

Namkung et al. (2011b) identified several TMEM16A potentiators such
as 3,4,5-trimethoxy-N-(2-methoxyethyl)-N-(4-phenylthiazol-2-yl)benzamide
(Eact), which activates TMEM16A with an EC50 of 3 UM in the absence of Ca?*
(Fig. 1.15) [172]. Eact was also found to activate TMEM16B but no EC50 was
reported [172]. They also discovered several potentiators that enhance
TMEM16A affinity for Ca2* but cannot activate the channel by itself. An
example of a TMEM16A potentiator is N-(4-bromophenyl)-3-(1H-tetrazol-1-
yl)benzamide with an EC50 of 37 uM (Fig. 1.15) [172]. Danahay et al.
(2020) discovered ETX001, which potentiates TMEM16A with an EC50 of 116

nM [173]. They did not publish the structure of ETX001.

OCH,

H;CO
H;CO

IRend;

3,4,5-trimethoxy-N-(2-methoxyethyl)-N-(4-phenylthiazol-2-yl)benzamide
(Activator)

H;COr

Br

N-(4-bromophenyl)-3-(1H-tetrazol-1-yl)benzamide
(Potentiator)

Figure 1.15. Representative TMEM16A activator and potentiator.
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1.5.3 Concluding remarks

The specificity of these pharmacological agents still needs to be
examined. For example, Boedtkjer et al. (2015) have questioned the
specificity of T16Ainn-A01, CaCCinn-A01, and MONNA for TMEM16A. They
showed that these compounds, which were reported to target CaCCs, can
induce vasorelaxation in rat arteries in the absence of CI~ [174]. Many
TMEM16A activators affect endogenous TMEM16A and overexpressed
TMEM16A differently [171, 172], and different cell types may respond to
these compounds differently. For example, micromolar of Ani9, a TMEM16A
inhibitor (EC50 = 77 nM) initially tested in Fischer Rat Thyroid cells [170],
has no effect on endogenous TMEM16A in HT29 (human colorectal
adenocarcinoma) cells, minor effect on endogenous TMEM16A in M1 (mouse
myeloid leukemia) cells and in Cal33 (human tongue squamous cell
carcinoma) cells [124]. Also, how these compounds interact with other
TMEM16 proteins besides TMEM16A needs to be examined. Inhibiting
multiple TMEM16 proteins can have an adverse effect. For example,
niclosamide, which inhibits TMEM16A, also inhibits TMEM16F [175]. Since
TMEM16F plays a role in thrombosis, niclosamide may also cause abnormal

blood clotting when used as a therapeutic.
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1.6 Dissertation aims

The current-voltage relationship of TMEM16 CaCCs and TMEM16
phospholipid scramblases differ from each other. TMEM16A, a CaCC, exhibits
a linear I-V relationship at a saturating concentration of Ca?* [7, 8, 107,
115], whereas TMEM16F, a phospholipid scramblase that can conduct ion
current, exhibits an outwardly rectified I-V relationship [49]. In chapter 2,
our group explored the molecular mechanism behind the I-V relationship of
TMEM16A and TMEM16F. Mutating a pore residue, K584, into glutamine
altered the I-V relationship of TMEM16A [107]. Thus, this residue may exert
an electrostatic control on ion permeation in TMEM16A. We tested whether
this residue influences the I-V relationship of TMEM16A through an
electrostatic mechanism and whether this residue's charge will correlate with
the degree of current rectification. In addition, we tested whether the charge
of the analogous residue in TMEM16F, Q559, can alter the channel's I-V

relationship.

High-resolution structures of TMEM16F and TMEM16K reveal another
Ca?*-binding site besides the high-affinity Ca2*-binding site [82, 95]. The
biphasic Ca?* dose-response curve of TMEM16A hints at the existence of
undiscovered, low-affinity, Ca%*-binding sites for TMEM16 proteins [106,
107]. In chapter 3, we characterized how Co?* affects ion permeation in
TMEM16A. Next, we tested whether this potential allosteric binding site is

within the membrane electrostatic field by testing for voltage dependence.
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Finally, we tested whether Co?* increases the current going through the pore
of TMEM16A by mutating a pore residue, Y589, and seeing if the Co?* effect

on ion permeation is altered.

Generally, TMEM16 CaCCs and TMEM16 phospholipid scramblases have
different cation permeability. However, they share a similar general
structure in that the intracellular vestibule is partially exposed to membrane
phospholipids. Ions interacting with phospholipids near the intracellular
vestibule of TMEM16A and TMEM16F may influence ion permeation in these
proteins. In chapter 4, we explored how divalent and monovalent cations
affect ion permeation in TMEM16A and TMEM16F. Next, we addressed the
apparent controversial ion selectivity of TMEM16F in the literature. Finally,
we explored how manipulating membrane phospholipids, especially PIP2,

affects ion permeation in TMEM16A and TMEM16F.
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Chapter 2: Comparison of Ion Transport Determinants Between a
TMEM16 Chloride Channel and Phospholipid Scramblase

Dung M. Nguyen?, Louisa S. Chen?, Wei-Ping Yu?, and Tsung-Yu Chen?3

Graduate Group of Pharmacology and Toxicology!, Center for
Neuroscience? and Department of Neurology3, University of
California, Davis, Davis, CA 95618.

This chapter has been adapted from a publication in J. Gen. Physiol. (Volume
151, issue 4, page 518-531).

2.1 Abstract

Two TMEM16 family members, TMEM16A and TMEM16F, have different
ion-transport properties. Upon activation by intracellular Ca?*, TMEM16A—a
Ca2*-activated CI- 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 TMEM16A and Q559 of TMEM16F in controlling the rectification of

their respective I-V curves. We find that rectification of TMEM16A is
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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.

2.2 Introduction

The TMEM16 family of transmembrane proteins consists of Ca?*-
activated ion channels, such as TMEM16A and TMEM16B, and phospholipid
scramblases, such as TMEM16F [176, 177]. TMEM16A [6-8] and TMEM16B
[43, 178] control CI- 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 [3]. The physiological role of TMEM16F, on the other
hand, is different. After its activation by Ca2*, TMEM16F 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 [9, 66, 108], a

process critical for many physiological functions [176, 179]. For example,
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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 coagulation process. A defective function of
TMEM16F, therefore, can cause a bleeding disorder called Scott syndrome

[9, 180].

Recent x-ray crystallography and cryo-electron microscopy studies
have revealed the atomic structures of TMEM16 molecules [10, 96, 97, 103].
The X-ray structure of a fungus phospholipid scramblase, nhrTMEM16,
displays a dimeric structure formed by two identical subunits (Fig. 2.1 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 [10]. The cryo-electron microscopy structure of TMEM16A (Fig. 2.1
A, left panel) shows a similar molecular architecture to that of n(hnTMEM16
except that transmembrane helix 4 of TMEM16A (helix colored in green in
Fig. 2.1 B) is more tilted and partially covers the aforementioned aqueduct
structure [96, 97, 103]. Consequently, the extracellular half of the aqueduct
in TMEM16A is completely enclosed by helices 3-7 (compare the left and
right panels in Fig. 2.1 B), forming a pore-like structure. Experimental
evidence has suggested that this pore-like structure in TMEM16A is likely the
pathway that conducts the current carried by CI- [97, 103, 106, 107].

Meanwhile, Ca2*-activated TMEM16F molecules also conduct ionic currents in
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addition to the phospholipid scramblase activity [108, 134]. It has been
suggested that ion transport and phospholipid transport in TMEM16F share
the same pathway [108, 109]. However, while an aqueduct with the sidewall
open can transport lipid molecules via a “credit-card” sliding mechanism
[176, 181], a structure without an enclosed protein conduit raises questions

about the ion transport mechanism in phospholipid scramblases.
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A TMEM1 62 nhTMEM1 6

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

Figure 2.1. 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 TMEM16F
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
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NhTMEM16. K58416a, Q55916F, and the corresponding residue N378 in
nhTMEM16 (highlighted in yellow) are located in this helix. K58416a and
N378 of nhTMEM16 are also depicted as a space-filled residue (colored in

yellow) in the structures shown in A and B.

Although both TMEM16A and TMEM16F conduct currents upon
activation by intracellular Ca?* ([Ca%*]i), their selectivity of the transported
ions differs. The pores of TMEM16A are more selective for anions [107, 115]
while those of TMEM16F poorly discriminate cations from anions [108, 135].
In saturating [Ca2*], the I-V curve of TMEM16A is quite linear, while that of
TMEM16F is very outwardly rectifying [108, 135]. In structural-functional
studies of TMEM16 molecules, functional roles of pore residues have been
examined [49, 96, 97, 106, 107]. In particular, one residue was thought to
be critical for controlling the anion/cation selectivity in TMEM16A and
TMEM16F [49]. In TMEM16A, this pore residue is a positively charged lysine
residue (K584, abbreviated as K58416a) in the alternatively spliced isoform
“a” (or K588 in the “a, c” isoform), while it is a glutamine residue in
TMEM16F (Q55916r). These corresponding residues are highlighted in the
sequence alignment in Fig. 2.1 C, and their locations are depicted in Fig. 2.1
A & B as a space-filled residue. It has been suggested that the positive
charge from this residue in TMEM16A helps select anions over cations in

TMEM16A, while the neutral residue in TMEM16F renders this phospholipid
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scramblase less selective for anions [49]. In another aspect of ion transport
function, we and others showed that mutating K58416a into glutamine
(K584Q16a) generated a prominent outward rectification in the I-V curve of

TMEM16A [106, 107].

The role of Q55916F in regulating the I-V curve rectification of
TMEM16F has not been rigorously examined, although the Q559K16r mutant
was shown to remain outwardly rectifying [49]. In this study, we compared
the residues K58416a and Q5591¢r in controlling the rectification of their
respective I-V curves. We found that the side-chain charge of amino acid at
position 584 of TMEM16A appears to control the rectification of TMEM16A’s
I-V curve electrostatically. However, charge manipulation of residue 559 of
TMEM16F was not consistent with an electrostatic regulation. Instead, we
discovered that placing aromatic amino acids at position 559 of TMEM16F
significantly reduced the outward rectification in this phospholipid
scramblase. Furthermore, mutating Q55916r into an aromatic amino acid also
greatly reduced the rundown of TMEM16F current. 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 TMEM16F.

2.3 Materials and Methods
2.3.1 Molecular biology and channel expression
The alternatively spliced isoform “a” of the wild-type (WT) mouse

TMEM16A cDNA (available from GenBank under accession no.
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NM_001242349.1) was a gift from L.Y. Jan (University of California, San
Francisco, San Francisco, CA). We also obtained from Addgene the WT
mouse TMEM16F 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 TMEM16A (abbreviated as
WTiea) and the mCherry-removed WT TMEM16F (WTier) cDNASs, 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 1II 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 indistinguishable. In this
study, we used the GFP-tagged construct in all TMEM16A experiments. For
the TMEM16F experiments, the dose-response curve was obtained from the
GFP-tagged molecule while the I-V curves were obtained from the untagged
TMEM16F. WTi6a, WT1er, 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 [107, 142].

Transfected cells were identified by the green fluorescence under an inverted
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microscope (DM IRB; Leica) equipped with a fluorescent light source and a

GFP filter cube (Chroma Technology).

2.3.2 Electrophysiological experiments

All experiments were excised inside-out patch recordings and were
conducted 24-72 h after transfections. The pipette solution contained
140 mM NaCl, 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 [182], if the desired free
[Ca2*] < 10 pM. In experiments where various intracellular pH (pH;) (5.4-
8.4) were necessary, the NaOH was also used to adjust the pH. For solutions
containing free [Ca%*] = 20 uM, the total [Ca%*] added to Solution A was
equal to the desired free [Ca?*] plus 0.1 mM. If the total added [CaCl.] was
>0.5 mM, [NaCl] was reduced accordingly to maintain a total [CI"] at 140
mM. Free [Ca?*] in the intracellular side of excised inside-out patches will be
abbreviated as [Ca?*];. In all experiments, the recording pipettes were made
from borosilicate glass capillaries (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
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kHz, were digitized at 2 kHz by the Digidata analogue/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 [183].

To construct [Ca2*]-dependent activation curves, we used the
previously described three-pulse protocol to minimize Ca?*-induced current
rundown. The apparent Ca?* affinity of activating TMEM16F was significantly
lower than that of activating TMEM16A, so we used 900 uM [Ca?*]ias the
saturating [Ca?*]i. The experimental protocol included a direct delivery to
the cytoplasmic side of the membrane of 900 uM [Ca2*];, a test [Ca2*]i (1-
500 uM [Ca?*]i), and finally 900 uM [Ca?*]i again. The leak current,
measured in the zero-Ca?* 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 average of the two flanking saturating currents
obtained in 900 uM [Ca?*]i. For the dose-response activation curve of
Q559Wie6r and other aromatic mutants of TMEM16F, the three-pulse protocol
described above was also employed. Due to these mutants’ resistance to
rundown, current activated with 0.1-1 mM [Ca?*]i was normalized to current
activated with 2 mM [Ca2*]iinstead of 900 uM [Ca?*]i. With Q559W 16, We
also used another protocol to construct a dose-response curve, in which we

sequentially applied various [Ca2*]i, and normalized the Ca?*-induced
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current to the current activated by the maximal [Ca2*];. 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 (Inorm) Were plotted against

[Ca?+]i 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 [Ca?*]i, and the resulting leak-subtracted I-V
curves were used to determine the reversal potential (Erev). To average I-V
curves from different 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
TMEM16A constructs were activated with 20 uM or 20 mM [Ca?*]i. Additional
I-V curves for WTiea and K584H16a were measured at pH 5.4, 6.4 and 7.4
with 400 uM [Ca?*]i. All TMEM16F constructs were activated with 1 mM
[Ca%*]i. Additional I-V curves for Q559H16r was constructed at pH 6.4, 7.4,
and 8.4. To evaluate the degree of the I-V curve rectification, we 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 =
|I-somv/I+somv|). Thus, positive or negative deviation in RI from 1 indicates

inward or outward rectification, respectively.
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To measure Erev under reduced NaCl conditions, the extracellular
solution was Solution A, containing 140 mM NaCl. The intracellular NaCl
concentration ([NaCl];) was made by mixing the 140 mM NaCl solution with
the same concentration of (NMDG),S04 solution, both containing identical
[HEPES], [EGTA], [Ca2*-EGTA], and free [Ca2*] [107]. I-V curves of WTisa,
K584Q16a, WT16F, and Q559W16F were measured in the presence of various
intracellular solutions containing 100% (~140 mM [NacCl]i), 60% (~84 mM
[NaCl]i), or 30% (~42 mM [NacCl];) of Solution A, whereas the reduced
[NaCl]i was replaced with the same concentration of (NMDG)2S04 solution.
We also conducted the same experiments without adding (NMDG).S04 to
replace the reduced [NaCl]i. To estimate the anion permeability sequence,
Erev Was measured under bi-ionic conditions: [NaCl]i 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)2S04. In experiments without adding
(NMDG),S04, the junction potentials were 2.6 mV and 6 mV for 84 mM and
42 mM [NaCl];, respectively. All the reported Erev values have been corrected

for liquid junction potentials.

To alter the charge of the introduced cysteine residue, we used
methanethiosulfonate (MTS) reagents to modify the free thiol group of the
cysteine side chain. MTS reagents such as sulfonatoethyl MTS (MTSES) and

ethyltrimethylammonium MTS (MTSET) were purchased from Toronto
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Research Chemicals. High concentrations of MTS reagents were made in
double-distilled H20 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,
WTi6a and K584Ci6a Were activated with 20 puM [Ca?*]iat -40 mV before the
application of MTS reagents. I-V curves of the channels before and after MTS

modification were obtained as previously described.

2.3.3 Data Analysis

Experimental data were analyzed using the 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 (Inorm) in the dose-response

plot were fitted to the Hill equation:
Inorm = 1/[1 + (Kl/Z/[Ca2+]i)h]/

where Ki/2 and h are the fitted half-effective concentration and the Hill

coefficient, respectively.

Permeability ratios of Na* versus Cl- (Pna/Pci) were calculated

according to the Goldman-Hodgkin-Katz equation:

Erev = (RT/F)IN[(Pna[Na*]o + Pa[Cl]i)/(Pna[Na*]i + Pal[Cl]o)],
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where R, T, and F are the ideal gas constant, absolute temperature, and

Faraday constant, respectively.

All averaged data were presented as means £ SEM. Student’s t test
was used for statistical comparisons among the data sets 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 considered statistically significant if p < 0.05.

2.4 Results
2.4.1 Roles of K584164 in the rectification of TMEM16A’s I-V curve
TMEM16A is a dimeric Cl- channel [101, 102, 184] with two distinct
pores. The two-pore architecture was first suggested based on the
observations that mutating K58416a (or K58816a of the “a,c” isoform of
TMEM16A) into a neutral residue, glutamine, generated an outwardly
rectifying I-V curve, and that this mutation effect was subunit-specific [106,
107]. The high-resolution structure of TMEM16A confirms the location of this
positively charged residue in the pore [96, 97, 103]. Therefore, TMEM16A’s
I-V curve rectification, caused by the K584Qi1sa 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 Torpedo Cl- channel can alter the anion permeation
electrostatically [185, 186]. A recent study also showed that Ca?* binding to

the binding sites of TMEM16A, which are close to the location of K58416a, can
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electrostatically influence anion permeation in the pore [126]. To verify this
possibility, we mutated K58416a into amino acids with different side-chain
charges. Fig. 2.2 A shows that placing any neutral amino acids at this
position caused a significant outward rectification of the I-V curve obtained
in saturating [Ca2*]i with symmetrical 140 mM [CI-]. 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 position, i.e. the
K584R16a mutation, only affected the rectification slightly. To compare the
degree of rectification, we defined the rectification index (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 smallest RI, while those with the positively charged residues had the
largest RI. However, since the I-V curve of the WTiea exhibits outward
rectification in nonsaturating [Ca2*]; [8, 104, 187], we also conducted the
experiments with 20 mM [Ca?*]i to ensure maximum activation of all
TMEM16A mutants. As shown in Fig. 2.2 B, the pattern of the electrostatic

influence on RI is preserved for I-V curves obtained at 20 mM [CaZ*]..
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Figure 2.2. I-V curves of WT TMEM16A and mutants. I-V curves in the
presence of (A) 20 uM and (B) 20 mM [Ca?*]i. Symmetrical 140 mM [CI]. In
both (A) & (B), averaged I-V curves of WTisa, K584Q16a, K584R16a, and
K584E16a are depicted on top, while the averaged RI values (mean + SEM, n
= 3-36) of the WTiea and various mutants are shown at the bottom. *P <
0.05 and **P < 0.005 by Student’s t-test comparing to WTiea. N.S., not

significant.
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To examine the electrostatic control of ion transport in TMEM16A more
rigorously, we adopted two other methods to alter the side-chain charge of
residue 584. First, we placed histidine at this position (K584H164) and
measured the effect of intracellular pH (pHi) on the I-V curve [185].
Lowering pHi, however, may reduce the channel affinity for Ca?* because the
Ca?*-binding site of TMEM16A consists of several acidic residues such as
E698, E701, E730, and D734 [10, 96, 97, 104, 105]. The I-V curve of
TMEM16A in nonsaturating [Ca?*]; is known to be outwardly rectifying, which
could complicate the interpretation of the results. Therefore, we used a
higher [Ca?*]i (400 uM) to activate the current in this experiment. Lowering
the pHi does not cause a decrease of RI in WTiea (Fig. 2.3 A), indicating that
400 uM [Ca?*]i is high enough to fully open the channel even at lower pHi;
conditions. For K584H16a, a reduction of pH; from 7.4 to 5.4 incrementally
increases the RI value in K584H16a (Fig. 2.3 B), likely due to the more
positively charged side chain of histidine. Another approach to alter the
sidechain charge is to modify a cysteine residue at position 584 (K584Ciea
mutation) with charged MTS reagents, such as MTSES or MTSET, which add
a negative and a positive charge to the cysteine side chain, respectively
[185, 186]. The WTisa channel contains endogenous cysteine residues.
However, neither 10 mM MTSES nor 2 mM MTSET alters the Ca2*-activated
current in WTiea (Fig. 2.3, C & D, left panel). In contrast, MTSES and MTSET,

decreases and increases the current of K584Ciea, respectively (Fig. 2.3 C &
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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 K584Ciea are at least 30 times slower than the
corresponding modifications of K519C of CLC-0 [188]. The modification by
10 mM MTSES for 12 s renders the I-V curve more outwardly rectifying (Fig.
2.3 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 2 mM MTSET for 12 sec generates a nearly linear I-V
curve (Fig. 2.3 D, right), suggesting that such an MTSET exposure likely
modifies most of the K584Ciea mutants. The smaller MTSES modification
effect is consistent with the observation that the RI difference between
constructs with a neutral and a negatively charged residue at position 584 is
smaller than the difference between those with a neutral and a positively
charged mutation (Fig. 2.2). In addition, exposing the membrane patch for
the same duration to 10 mM MTSES, which has an intrinsic reactivity 12-fold
lower than that of MTSET [189], is not enough to fully modify all K584Ciea
mutants. This is shown by separate experiments in which MTSET induces
current in patches pre-exposed to 10 mM MTSES for 12 s, and thus
increases RI (Fig. 2.51). 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 sec (Fig. 2.3 C, right), whereas
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outward rectification was decreased after MTSET modification (Fig. 2.3 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 controls the efflux of Cl- in the CLC-0 pore [185, 186].
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Figure 2.3. Side-chain charge modifications of the residue at position 584 of

TMEM16A. (A and B) I-V curves of WTiea (A) and K584H16a (B) with 400 pM

[Ca?* ]i at pH 5.4 (blue), 6.4 (pink), and 7.4 (green). Insets show averaged
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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 K584Cisa by MTSES (C)
and MTSET (D) modifications. In each panel, recording traces of MTS
modifications of WTiea and K584Ciea 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 K584Ciea before and
after MTS modification are shown on the right. The RI values are displayed
next to each I-V curve. The RI 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).

2.4.2 Roles of Q559;6F in the rectification of TMEM16F’s I-V Curve

TMEM16F, a phospholipid scramblase in the TMEM16 family, can also
conduct ionic current upon activation by [Ca%*]i. We were thus curious
whether the charge of residue 559 of TMEM16F also controls the rectification
of its I-V curve. Before answering this question, we evaluated the apparent
Ca?* affinity of the WTier to determine a saturating [Ca?*]i suitable for the
experiments (Fig. 2.4 A). With excised inside-out patch recordings, the
TMEM16F current appeared almost immediately upon the application of
intracellular Ca2*, and the current induced by high [Ca?*]i ran down quickly
(Fig. 2.4 A). We thus constructed the [Ca?*]i-dependent activation curve

using the standard three-pulse methods, and normalized the current in
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tested [Ca?*]i to the mean of the saturated current (induced by 900 uM
[Ca2*]) immediately before and after the tested [Ca2*]i [115]. 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. 2.4 B). Since TMEM16F currents run down
within several seconds, the dose-response curve in Fig. 2.4 B likely comes
from the partially rundown TMEM16F, which has a lower Ca?* affinity than
the pre-rundown TMEM16F [147]. As the dose-response curve indicated that
it requires more than ~100 uM [Ca?*]; for a near saturation of Ca2*
activation, we obtained I-V curves at a ten-fold higher [Ca%*]i (1 mM) to
ensure full activation of TMEM16F. WTier contains a neutral residue
(glutamine) at position 559, but mutating Q55916f into charged amino acid
residues did not drastically alter the rectification of its I-V curve—Q559E1er
and Q559D1er mutations did not significantly alter the values of RI while
Q559R16r and Q559Ki6r mutations only caused a small increase in RI (Fig.
2.5 A, and B). Furthermore, titrating the side-chain charge of Q559H1er with
pHi generated a result inconsistent with an electrostatic control—lowering
pHi from 7.4 to 5.4 actually decreases RI in the Q559H16r mutant (Fig. 2.5, 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 TMEM16F.
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Figure 2.4. [Ca?*]i-dependent activation of WTier. Symmetrical 140 mM [CI-
1. (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 [Ca2*]i (in uM). Notice the rapid current rundown of TMEM16F. (B)
[Ca?*]i-dependent activation curve of TMEM16F. All current was normalized
to that obtained with 900 uM [Ca?*]i. Data points were the average of 3-12
independent measurements (mean £ SEM). The fitted values of Ki,2 and Hill

coefficient (h) are shown next to the fitted curve.
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Among the various mutations of Q55916r, we found unexpectedly that
introducing an aromatic amino acid at position 559 significantly reduces the
I-V curve outward rectification. Fig. 2.5 (A and B) shows that the I-V curves
of Q559W1er, Q559H16r, Q559Y16Fr and Q559F16r all have a significant
increase in their RI, which were 0.45 £ 0.03 (n = 10), 0.23 £ 0.03 (n = 11),
0.22 £ 0.04 (n = 10), 0.19 £ 0.03 (n = 9), respectively. In comparison, the
RI of WT1er was 0.05 £ 0.01 (n = 15). Although other possibilities exist, the
simplest interpretation for these findings is that the region near Q5591e¢r, like
the corresponding region in TMEM16A, could be involved in the ion transport

of this phospholipid scramblase.
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Figure 2.5. I-V curves of WTier and mutants in symmetrical 140 mM [CI]
and with 1 mM [Ca2*]i. (A) Averaged I-V curves of Q559E16rF (0range),
Q559A16r (green), WTier (black), Q559R1er (pink), and Q559Wier (purple) (n
= 4-11). (B) Rectification indices of WTisr and various mutants. (C) I-V
curves of Q559H16F at pHi 7.4 (black), 6.4 (blue), and 5.4 (red). (D)
Averaged rectification indices of Q559H1¢r at different pH;. *P < 0.05 and

**P < 0.005 by Student’s t-test comparing to WTier at pHi = 7.4.
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2.4.3 Q559;6F is critical for the rundown of TMEM16F currents

The second interesting finding of placing an aromatic amino acid at
position 559 of TMEM16F is that these mutants show little current rundown
induced by high [Ca2*]i! As shown in Fig. 2.6 (top trace), the WT TMEM16F
current activated by 2 mM [Ca?*]i runs down significantly within several
seconds. On the other hand, Q559Wier, Q559H16r, Q559Y16Fr and Q559F16F do
not exhibit significant current rundown from the same [Ca2*]; application
(Fig. 2.6). 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
positively charged amino acids does not cause rundown in the same high
[Ca2*]i. Instead, a slowly increased current upon [Ca?*]; application was
observed in Q559Ki6r and Q559R16r mutants. We also tested the rundown
for a more prolonged time in Q559Wier, and found little rundown in this
mutant even with 2 mM [Ca?*]; for 3 min (Fig. 2.7 A). These results reveal
that residue 559 of TMEM16F is critical for controlling the rundown of

TMEM16F.
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Figure 2.6. Mutation of Q5591¢r alters the Ca?*-dependent rundown of
TMEM16F. WTier (black) and various mutants of Q55916r were activated by 2
mM [Ca?*]i at +40 mV in symmetrical 140 mM [CI-]. Dashed lines are zero
current level. Black horizontal line segments above the traces indicate the
10-sec application of 2 mM [Ca?*];. To evaluate the degree of Ca?*-induced
rundown, the current measured at the end of the 10-sec [Ca?*]i exposure
(I10s) was divided by the maximal current (Imax) in the same 10-sec

recording in [Ca?*];. Bar graph shows the averaged values of I10s/Imax,
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indicating the non-desensitized current fraction after exposure to 2 mM

[Ca2*]i for 10 sec (n = 3-8).

The unexpected findings that the [Ca?*]i-induced rundown in TMEM16F
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 TMEM16F. A more linear
I-V curve allows a better estimate of the Erev while little current rundown
makes the construction of [Ca2*]i-dependent activation curve less prone to
rundown-induced errors [115]. We thus characterized the apparent Ca2*
affinity and ion permeability functions in these mutants. We employed two
different protocols to construct [Ca?*]i-dependent activation curves of
Q559Wier (Fig. 2.7, B and C). While the Hill coefficient of WT1sr and that of
the Q559Wi6r mutant are similar, the Ki,2 of the dose-response activation
curve in the Q559Wier is significantly different from that of the WTisr (Fig.
2.7), but similar to that of the pre-rundown WTier reported in the literature
[147]. Other mutants with an aromatic residue at position 559 also have
apparent Ca?* affinities similar to that of the pre-rundown WTier as well
(Table 2.1). For Q559Kisr and Q559R16f, although the current rundown was
also suppressed, a slow continuous increase of the Ca?*-induced current

generated a technical uncertainty to determine the steady-state current.
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Therefore, we did not construct [Ca?*]i-dependent activation curves for

these two mutants.
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Figure 2.7. Ca?*-dependent activation of Q559Wier. (A) Exposure of
Q559Wier to 2 mM [Ca2*]; for 3 min (indicated by the black line on top)
revealed little current rundown. (B) Examining [Ca2*]i-dependent activation
of Q559Wier (at +40 mV) in symmetrical 140 mM [CI-] using the three-pulse
protocol. A representative trace of the experiment using this protocol is
shown on the right. The dotted line is the zero-current level. Numbers and
horizontal segments above the trace represent the application of the applied

80



[Ca2*]iin yM. (C) Dose-response curve of Ca?*-activation of Q559Wier in
symmetrical 140 mM CI-. 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 [Ca2*]i (n = 10-15). The dashed

curve was the fitted dose-response curve of WTier shown in Fig. 2.4.

Table 2.1. Ca**-dependent activation of WT TMEMI16F and
aromatic Q559 mutants using the three-pulse protocol.

Ca*" Dose-response

Channel Kiz (pM) Coe}fltlllc}ient

WTier 34+£3 1.2+0.1
Q559F 16F 10+ 1 1.5+0.1
Q559Y 16F 7.9+0.9 1.3+0.1
Q559H,6r 32+0.6 1.9+0.2
Q559Wier 22+0.7 0.9+0.2

*Channel likely in partially rundown state

2.4.4 The Q559W16r mutation does not significantly alter ion
permeation of TMEM16F

To further characterize the rundown-resistant TMEM16F mutants, we
compared ion permeation functions between WTiea and WTier in two

aspects: the anion/cation selectivity, and the permeability of I, and SCN-
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relative to that of Cl. The former was assessed by measuring the Erey in
reduced [NaCl]; conditions: 60% (84 mM) and 30% (42 mM) of the
extracellular [NaCl] (Fig. 2.8, A and B), while the latter was evaluated by
experiments in which [CI"]i was replaced with equal concentrations of a
different anion (Fig. 2.8, C and D). Unlike our previous results in WTisa with
the same ionic conditions [107], reducing [NaCl]i to 42 mM (30 % of the
control concentration) resulted in only a small shift of the Erev. The values of
Erev were 0.7 £ 0.7 mV and 1.3 £ 0.8 mV for WTisrand 2.8 = 0.4 mV and
4.3 £ 0.9 mV for Q559Wier in 84 mM and 42 mM [NacCl];, respectively (Fig.
2.8 B), in the experiments where the reduced [NaCl]; was replaced with
(NMDG)2S04. Comparing these measured Erev values with a perfect CI-
Nernstian curve indicates that the pore of WTisr does not selectively conduct
Cl-, and the Q559W16r mutation does not change this property (Fig. 2.8 B).
Because the permeability of TMEM16F for the ions that replace [NaCl];
(namely, NMDG* and S04?") were not certain, we further conducted similar
experiments in reduced [NaCl]; solutions without (NMDG)2S04. The Erev
values were 1.7 £ 0.7 mV and 5.4 £ 1.8 mV for WTierand -0.2 £ 0.7 mV
and -1.4 £ 2.9 mV for Q559Wierin 84 mM and 42 mM [NaCl];, respectively
(Fig. 2.8 B). The calculated Pna/Pci permeability ratios were estimated to be
~1.3 and ~ 1.0 for WT1er and Q559WieF, respectively, based on the values of

Erev Obtained with 84 mM [NaCl]..
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Figure 2.8. Comparing ion selectivity between WTisr and Q559Wier. All

recordings were with 1 mM [Ca?*]i and 140 mM [NaCl].. (A) Representative

I-V curves of WTier and Q559Wier in 140 mM (black), 84 mM (orange), and

42 mM (blue) [NaCl]i. Insets show the expansion of the I-V curves near the

zero-current level. (B) Values of Erev plotted against [NaCl]i in experiments

of reducing [NaCl]i with and without the replaced (NMDG).S04. Green line

depicts a perfect Nernstian relation for Cl-. Orange squares were the mean

Erev Of WT16a in the same ionic conditions reproduced from Jeng et al. [107].

(C) Representative I-V curves of WT1er and Q559Wier in 140 mM [NaCl];
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(black), [Nal]i (orange), and [NaSCN]; (blue). (D) Comparing bi-ionic
potentials between WTier and Q559Wier. The values of Erev Show nO

statistically significant difference between WTier and Q559Wer.

The permeability of I- and SCN- relative to that of Cl- were evaluated
from bi-ionic experiments shown in Fig. 2.8 C. In both WTier and Q559Wier,
replacing [NaCl]; with equal concentrations of [Nal]i or [NaSCN]i generated
significant shifts of Erev toward more positive potentials (~14 mV and ~25
mV, respectively) (Fig. 2.8 C & D), suggesting that I and SCN- are more
permeable than Cl- in TMEM16F. The shifts of Erev in WT16r and Q559Wi6r
were not statistically different, indicating the Q559Wi6r mutation did not

alter the selectivity among these anions.

2.5 Discussion

TMEM16 family members play important roles in various physiological
functions. TMEM16A participates in transmembrane CI- transport, while
TMEM16F scrambles membrane phospholipids. Although ion transport across
lipid membranes appears unnecessary for the known physiological role of
TMEM16F, this protein also conducts ionic current upon activation by Ca?*. It
has been shown that the scramblase activity and the current conduction of
TMEM16F accompany each other, suggesting that ion transport in TMEM16F

may be involved in the process of phospholipid transport [108]. High-
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resolution structural studies show that the mouse TMEM16A molecule and
the fungus phospholipid scramblase, nhTMEM16, adopt a similar structural
architecture, including the conserved Ca?*-binding sites [10, 96, 97, 103].
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 several helices (see the left stereo
pair in Fig. 2.1 B). On the other hand, the corresponding pathway in
nhTMEM16 appears to be an open “aqueduct,” in which the sidewall of the
entire pathway is open (right stereo pair in Fig. 2.1 B). To understand the
ion transport mechanisms of TMEM16 members with or without an enclosed
pore, we compared the functional properties between TMEM16A and
TMEM16F. In excised inside-out patches, both molecules conducted ionic
currents almost immediately after Ca?* was applied to the intracellular side
of the membrane, although a delayed current activation of TMEM16F was
previously reported in whole-cell recording conditions [108, 133]. An easily
identified difference between the two molecules is that TMEM16A appears to
be more sensitive to Ca?* activation than TMEM16F. Only sub-micromolar
[Ca2*]i is required to open the pore of TMEM16A, while micromolar [Ca2*]i is

necessary to induce current in TMEM16F.

2.5.1 Roles of K584164 and Q55916F in the I-V curve rectification

Another difference between WTiga and WTier is the rectification of their

I-V curves. In symmetrical 140 mM [CI-] with a saturated [Ca?*];, the I-V
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curve of WTiea is linear (Fig. 2.2), while that of WTier is very outwardly
rectifying (Fig. 2.5). Previous experiments have shown that when a
positively charged residue, K58416a (in the “a” alternatively spliced variant,
corresponding to K58816a in the “a, c” spliced variant), is mutated to
glutamine, the linear I-V curve of WT1ea becomes outwardly rectifying in
K584Qi6a [106, 107]. Interestingly, WTier, which has an outwardly rectifying
I-V curve, contains a glutamine residue at the corresponding position
(Q55916F). To understand the roles of K58416a and Q55916r in regulating the
I-V curve rectification, we first examined if the outward rectification
observed in K584Qi6a resulted from the removal of a positive charge. We
mutated K58416a into various amino acids and showed that the sidechain
charge from the introduced residue correlated with the degree of outward
rectification in TMEM16A—the more negative the sidechain charge, the more
outwardly rectifying the I-V curve. We also adopted two other methods to
change the sidechain charge: titrating the sidechain charge of a histidine
residue with pHi, and modifying the free thiol group of a cysteine residue by
charged MTS reagents (Fig. 2.3). The results from these experiments
support the idea of an electrostatic regulation of the I-V curve rectification in
TMEM16A by the charge from residue 584. One somewhat surprising
observation from MTS modification experiments of K584Ciea is that the
modification rates are slow, compared to the rates of modifying K519C of

CLC-0. Although the position of K58416a appears accessible from the
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intracellular aqueous solution based on the molecular structure of mouse
TMEM16A, 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 interfering 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 TMEM16A has recently
also been reported through the analysis of I-V curve rectification in various
saturation levels of the Ca2*-binding site. It was concluded that binding of
Ca?* to the binding sites, which are located at the sidewall of the
intracellular pore entrance near K58416a, removes the electrostatic barrier
for anion permeation exerted by those negatively-charged residues forming
the binding sites [126]. Using a noise analysis approach, Lim et al. [106]
have previously shown that the K588Q1sa mutation (in the “a, c” isoform)
reduces the TMEM16A channel conductance. Therefore, the mechanism of
the electrostatic control 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 CI flux [185, 186]. On the other hand, the side-chain charge on
residue 559 of TMEM16F does not show a significant correlation with the I-V

curve rectification. Mutating Q559 to negatively charged residues does not
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change the RI of TMEM16F, 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 Q559H16F; lowering
the pHi (and thus increasing the positivity of a histidine sidechain) appears
to decrease the RI in Q559H16r (Fig. 2.4). Therefore, there is no clear
pattern of an electrostatic control of the I-V curve rectification by the
sidechain charge of residue 559 in TMEM16F. Furthermore, we discovered
that when Q559 is mutated to an aromatic amino acid, the RI significantly
increases. For example, the value of the RI from 10 independent patches of
Q559Wie6r ranged from 0.24 to 0.61, in comparison with the range of 0.01-
0.23 from 15 independent recordings of WTisr. TO our knowledge, this is the
first report that mutations of TMEM16F can alter the I-V curve rectification in
TMEM16F. The finding supports the idea that ion transport in TMEM16F is
more likely achieved through a specific structure, possibly involving the
region near Q55916r, rather than a non-specific leak. The results also support
the idea that the open aqueduct in the lipid scramblase may mediate the ion

transport [108, 109].

2.5.2 Rundown of TMEM1G6F alters the apparent Ca?* affinity

Another unexpected finding from replacing Q559 with aromatic amino
acids is that these mutants are resistant to [Ca2*]i-induced current rundown.

The rundown of TMEM16 proteins has been well documented [115, 147,
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190], and has been a hurdle in studying TMEM16 molecules. Previously, we
adopted a three-pulse protocol to evaluate the apparent Ca?+ affinity of
TMEM16A [115]. This method exposes the membrane patch to test and
saturating [Ca2*]i within ~10-15 s. Because the rundown of TMEM16A in
such a time frame is minimal, normalizing the current induced by the test
[Ca%*]i to those obtained in saturating [Ca2*]i provides a reasonably accurate
determination of the current fraction activated by the test [Ca%*]i [115]. For
WTier, however, the current induced by a saturating [Ca?*]i (900 uM)
already shows prominent rundown within several seconds (Fig. 2.4).
Therefore, the two saturated currents before and after the test [Ca?*]i in the
three-pulse protocol are always significantly different, creating uncertainty
on the precision of the dose-response curve. Furthermore, Ye et al. [147]
recently showed that the apparent Ky/2 of the rundown (or desensitized)
TMEM16F for Ca?* (~45 uM) was significantly higher than that of the
TMEM16F before rundown (~7 pM), although the rundown of TMEM16A did
not affect the apparent Ca?* affinity of TMEM16A [97, 115]. Our finding that
Q559Wi6F shows very little rundown for several minutes provides an
excellent model for the pre-rundown TMEM16F. Indeed, we show that the
K12 of WT1er Obtained from using the three-pulse protocol was ~ 34 pM (Fig.
2.4 & Table 2.1), while the Ki/2 of Q559W16r mutant and other mutants with

aromatic amino acids were ~ 2-10 uM (Fig. 2.7 & Table 2.1). This difference
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in the apparent Ki/2 between WTier and aromatic mutants is likely due to a

decrease of Ca?* affinity in the rundown WTier molecules.

2.5.3 The rundown resistant mutation Q559Wier did not significantly

alter ion permeation of TMEM16F

Previous studies have shown that TMEM16A conducts mostly anions,
while TMEM16F is less discriminating of cations from anions [107, 108, 115].
Measuring Erey for evaluating ion permeation functions, however, is not
without challenges. In recording a large current, series resistance may
render the measured Erev inaccurate [142, 191], 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 TMEM16A and TMEM16F show
different degrees of rectification. In saturating [Ca?*]iand symmetrical 140
mM [CIl], WTiea has a linear I-V curve with an RI (-I-so mv/I+s0o mv) close to
unity (Fig. 2.2), while the RI of WTieF is very small, at ~0.05 (Fig. 2.5). If
the inward current of WTier is further reduced (for example, by reducing the
concentration of conducting ions), precise measurements of Erevy can be
challenging (see Fig. 2.8 A, left panel). In mutants with an aromatic amino
acid at position 559, the RI was between ~0.2-0.5, providing an I-V curve
better than that of WTier for determining the zero-current voltage (compare

left and right panels in Fig. 2.8 A). Although we were more confident on the
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accuracy of the results measured from Q559Wier than from WTiea, the
values of Erey obtained in reduced [NaCl]i and those in [Nal]i or [NaSCN];
ended up being reasonably similar for WT1sr and Q559W1er (Fig. 2.8, B and
D). This indicates that the Q559Wisr mutations did not significantly alter the
ion permeation functions of TMEM16F. The results also affirm the previous
conclusion that TMEM16F does not selectively conduct Cl-. One concern in
our TMEM16F experiments of reducing [NaCl]; is that the two ions used to
replace the reduced [NaCl]i (namely, NMDG* and SO42°) may permeate
through TMEM16F. We chose to use (NMDG).S04 to replace the reduced
[NaCl] so that the results obtained here can be directly compared with those
from our previous studies on TMEM16A (see Fig. 2.8 B). For the experiments
of assessing anion permeation, we did not use NMDG* or S04%7, 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 WTisr and
Q559Wier still follows the type I Eisenman sequence [192], namely, Pscn >
P1 > P, similar to the previous observations in TMEM16F [133] and in

TMEM16A [115, 193].

2.5.4 Conclusion and Speculation

The I-V curve rectification presented here are more interpretable for
TMEM16A than for TMEM16F. TMEM16A appears to be a classical ligand-

gated anion channel. It is reasonable that K58416a exerts an electrostatic
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control on the outward CI- flux, because numerous studies have documented
that a charge alteration at the pore entrance can increase or decrease the
ion flux [185, 186, 194, 195]. In TMEM16F, however, the mechanisms
underlying the change of rectification and underlying the rundown resistance
in mutants with aromatic residues at position 559 remain obscure. A recent
study by Ye et al. [147] suggests that the rundown of TMEM16F may involve
phospholipids. Furthermore, it has been proposed that the ion conduction
pathway of TMEM16 proteins is partly composed of lipids [196], and
molecular dynamic studies of the fungus TMEM16 protein suggest that the
lipid bilayer is deformed near the aqueduct [109, 144]. 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 TMEM16A, and does the very low MTS modification
rate of K584Ciea result from obstruction by nearby phospholipids? It will
require further studies to explore these speculations and to understand the

role of phospholipids in the ion transport of TMEM16 molecules.
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2.7 Supplementray material

Fig. 2.51 shows MTS ET modification effects of K584C16A after pre-
exposing the mutant channels to MTS ES intracellularly.

B
K584C, MTSES ____________. K584C, MTSET(post MTSES)
1 20 pA| 20 pA|
2s 2s
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Figure 2.S1. MTSET modification effects of K584Ciea after pre-exposing the

mutant channels to MTSES intracellularly. (A) Representative recording trace
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of MTSES modifications of K584Cisa at -40 mV. (B) Recording trace of
intracellular MTSET modification of K584Cisa (same patch as that shown in
A) after the patch was treated with 10 mM MTSES for 12 sec. (C) Averaged
I-V curves of K584Cisa before MTS modification (black), after MTSES
modification (orange), and after MTSET modification, post-MTSES treatment
(blue). The values of RI (mean £ SEM, n = 3) are displayed next to each I-V

curve.
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3.1 Abstract

TMEM16A, a Ca?*-sensitive CI- channel, plays key roles in many
physiological functions related to CI- transport across lipid membranes.
Activation of this channel is mediated via binding intracellular Ca?* to the
channel with a relatively high apparent affinity, roughly in the sub-uM to low
MM concentration range. Recently available high-resolution structures of
TMEM16 molecules reveal that the high-affinity Ca?* activation sites are
formed by several acidic amino acids, using their negatively charged
sidechain carboxylates to coordinate the bound Ca?*. In this study, we
examine the interaction of TMEM16A with a divalent cation, Co?*, which by
itself cannot activate current in TMEM16A. This divalent cation, however, has
two effects when applied intracellularly. It inhibits the Ca2*-induced

TMEM16A current by competing with Ca?* for the aforementioned high-
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affinity activation sites. In addition, Co?* also potentiates the Ca2*-induced
current with a low affinity. This potentiation effect requires high
concentration (mM) of Co?*, similar to our previous findings that high
concentrations (mM) of intracellular Ca?* ([Ca2*]i) can induce more
TMEM16A current after the Ca?*-activation sites are saturated by tens of yM
[Ca%*]i. The degrees of potentiation by Co?* and Ca?* also roughly correlate
with each other. Interestingly, mutating a pore residue of TMEM16A, Y589,
alters the degree of potentiation in that the smaller the sidechain of the
replaced residue, the larger the potentiation induced by divalent cations. We
suggest that the Co?* potentiation and the Ca?* potentiation share a similar
mechanism by increasing CI- flux through the channel pore, perhaps due to
an increase of positive pore potential after the binding of divalent cations to
phospholipids in the pore. A smaller sidechain of a pore residue may allow
the pore to accommodate more phospholipids, thus enhancing the current

potentiation caused by high concentrations of divalent cations.

3.2 Introduction

The TMEM16 gene family consists of two types of transmembrane
proteins with distinct molecular functions: ion channels and phospholipid
scramblases [176, 177]. TMEM16A, the first identified member in this gene
family [6-8], is a Ca?*-activated Cl- channel. It is highly expressed in the
apical membrane of ductal epithelial cells, and one well-documented

physiological function of this channel known for decades is its critical roles in
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transepithelial CI- transport [3]. Another Ca?*-activated Cl- channel from the
TMEM16 family is TMEM16B, which helps transduce odor stimuli into
electrical signals in olfactory receptor neurons [43, 178]. Physiologically,
these two anion channels conduct CI- across the lipid membrane in response
to sub-uM or low PM concentrations of intracellular Ca2* ([Ca?*]i). The other
type of TMEM16 family members, such as fungus nhTMEM16, afTMEM16 and
mammalian TMEM16F, are phospholipid scramblases. One documented
physiological role of TMEM16F is to scramble phospholipids in platelet cell
membranes and thus expose phosphatidylserine to the extracellular
environment, an important step in the signaling cascade for blood
coagulation [9, 66, 108]. A defect in the scrambling activity of TMEM16F has
been known to result in a bleeding disorder called Scott syndrome [9, 180].
Interestingly, activation of phospholipid scramblases by [Ca?*]i not only
leads to scrambling of membrane phospholipids but also causes ionic
conduction across lipid membranes. The physiological roles of the current

conduction in these phospholipid scramblases remain to be identified.

Although the physiological functions of ion channels and phospholipid
scramblases appear to be quite different, the structures of these two types
of TMEM16 proteins are similar to each other [10, 90, 95-97, 103]. These
TMEM16 molecules are homodimeric proteins [101], with 10 transmembrane
helices (helix 1-10) present in one subunit. In each subunit, helices 3-8 form

a conduit thought to be the pathway for the substrate (ions or
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phospholipids) transport across lipid membranes (Fig 3.1). Structural studies
of fungus TMEM16 proteins (such as nhTMEM16 and afTMEM16) show that
the conduit thought to be the substrate-transport pathways appears as an
open groove [10, 90], raising the possibility that phospholipid transport may
resemble swiping a credit card through a card reader [10, 108, 109, 144,
197]. However, recent cryo-EM studies on the mammalian TMEM16F protein
revealed that the extracellular half of helix 4 (the helix colored in orange in
Fig 3.1) slants more towards the transport pathway than the corresponding
helix in fungus scramblases [95, 198], and therefore the extracellular half of
the transport pathway appears to be fully enclosed by helices 3-8 (Fig 3.1A).
The intracellular half of the transport pathway in mammalian TMEM16F,
however, is still open, making room for membrane phospholipids to
contribute to the wall-lining. This structure of the transport pathway in
mammalian TMEM16F, namely, an enclosed ion-permeation conduit only in
the extracellular half of the pathway is shared by TMEM16A (Fig 3.1B), which
functions as a conventional ion channel but not a phospholipid scramblase
[96, 97, 103]. The implication from the pore structures of various TMEM16
molecules with respect to their abilities of transporting phospholipids

remains to be determined [95, 198].

98



TMEM16F

TMEM16A

99



Fig 3.1. Structures of TMEM16A and TMEM16F with bound CaZ?*. (A)
TMEM16F structure (PDB: 6QPC). (B) TMEM16A structure (PDB: 50YB). On
the left part of both A & B, the top view is from within the phospholipids for
seeing both subunits. The view below is obtained by rotating the structure
90° clockwise around the two-fold axis. The boxed area in the lower view is
expanded on the right using a stereo pair, and the subunit in the back is
hidden for clarity. Purple spheres represent calcium ions, and the space-filled
residue in red represents Y589 of TMEM16A or Y564 of TMEM16F. Helices in
color are labeled with humbers representing the six transmembrane helices

(TM3-8) encompassing the transport pathway.

In addition to the transport pathways for anions and phospholipids, the
Ca?*-activation sites have also been identified in the high-resolution
structures of TMEM16 molecules [10, 90, 95-97, 103, 198]. In both types of
TMEM16 molecules, each protein subunit possesses two Ca2*-binding sites,
in which several acidic residues use their sidechain carboxylates to
coordinate the bound Ca?*. Functional studies have shown that activation of
one subunit of TMEM16A still generates a dose-response activation curve
with a Hill coefficient greater than unity [107], consistent with the structural
findings that multiple Ca?* can bind to the activation sites of a subunit and
that one subunit contains one pore. Mutations of these acidic residues

dramatically alter the half-effective Ca?* concentration ([Ca?*]) in activating
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the channel—mutation of a single glutamate or aspartate residue increases
the intracellular [Ca?*] ([Ca?*]i) required for channel activation by three
orders of magnitude [104, 105, 107]. Thus, coordination of Ca?* in the
channel activation sites by multiple carboxylates from these acidic residues
underlies the relatively high apparent affinity of Ca?* in activating the
channel. In TMEM16A, it has been shown that Ca?* binding to the activation
sites can also have an effect on ion permeation—the binding reduces the
negative charge from these acidic Ca?*-coordinating residues, thus altering
the rectification of the CI- flux through the channel pore [126]. This is
consistent with the structural finding that the Ca?* activation sites are
located not far from the pore. Our previous experiments also showed that
altering the sidechain charge of a pore residue affects the rectification of the
I-V curve, directly supporting an electrostatic control of CI- flux in the pore

[107, 125].

While the structural features reasonably explain some of the molecular
properties of the TMEM16 proteins, the mechanisms of other functional
phenomena of TMEM16 molecules remain unclear. For example, the biphasic
dose-response activation curve for the activation of TMEM16A by Ca?* is still
puzzling [106, 107]. It is well documented that intracellular Ca2* activates
TMEM16A with a half-activation concentration in the range of sub-uM to low
MM [8, 99, 115, 117]. Therefore, the activation of TMEM16A should be

saturated by 10-20 uM [Ca?*]i. Yet, if [Ca2*]i is increased to hundreds of pM
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or to mM concentrations, TMEM16A current can be further increased—the
current induced by 20 mM [Ca2*]i was ~30-40 % larger than that activated
by 20 uM [Ca?*]i [106, 107]. If the Ca?*-activation sites have already been
saturated by 20 uM [Ca?*]i, what is the mechanism responsible for the
current induced by mM [Ca2*];? Is the current induced by mM [Ca?*];
mediated by different Ca?*-activation sites or is the mechanism of this low
affinity Ca2* effect mediated by the high affinity Ca2*-binding sites formed
by the aforementioned negatively-charged residues? To further examine the
properties of TMEM16A, we initially aimed at using cobalt ions (Co?*), to
interact with the channel activation sites on this CI- channel. We found that
intracellular Co?* is a competitive inhibitor for the Ca?* activation of
TMEM16A. The experiments also lead to a serendipity finding that high
concentrations (hundreds of uM or above) of intracellular Co?* ([Co?*]i)
potentiate the Ca?*-induced TMEM16A current. The results suggest that the
TMEM16A current potentiation by mM [Co2*]i and that by mM [CaZ2*];
described above may come from the same mechanism, thus explaining the
biphasic dose-dependent activation curve of TMEM16A. Interestingly,
mutating a pore residue of TMEM16A affects the degree of potentiation,
suggesting that the relatively low affinity potentiation site(s) for these two

cations may reside in or near the anion transport pathway.
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3.3 Materials and Methods

3.3.1 Reagents and cDNA clones

The cDNA of the “a” alternative splice variant [99] of the TMEM16A
(NCBI reference sequence: NM_001242349.1), subcloned in the pEGFP-N3
or pIRES expression vector (Clontech/Takara Bio), was used throughout the
study. The cDNA constructs produced channels with (from the pEGFP-N3
construct) or without (from the pIRES construct) a green fluorescent protein
(GFP) attached to the C terminus of the channel proteins. The results
obtained from the GFP-tagged and un-tagged TMEM16A were not
distinguishable. To create mutations, the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies) was used according to
manufacturer’s instruction. Channel expression was achieved by transiently
transfecting the channel cDNAs to human embryonic kidney (HEK) 293 cells
using the lipofectamine transfection method [107, 115, 142]. Under an
inverted microscope (DM IRB; Leica) equipped with a fluorescent light
source and a GFP filter (Chroma Technology), HEK293 cells expressing
transfected channels were identified by the green fluorescence from the
cells. The chemicals used in this study were all reagent grade. Regular salts
such as NaCl and CoCl> were obtained from MilliporeSigma and MP Medicals.

HEPES was obtained from Sigma/Aldrich.
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3.3.2 Electrophysiological methods

Twenty-four to forty-eight hours after transfection, patch-clamp
recordings were conducted on HEK293 cells with green fluorescence. All
experiments were from excised inside-out membrane patches. The pipette
(extracellular) solution contained 140 mM NaCl, 10 mM HEPES, and 0.1 mM
EGTA (pH 7.4). This solution was also used as the intracellular solution
containing “zero Ca?*.” For the intracellular solutions containing specified
[Ca%*]i, EGTA was not included because of two considerations. First,
including a Ca?* buffer (such as EGTA) in solutions containing both Ca2* and
Co?* would alter the free concentration of each ion in a complicated manner.
Second, most of the solutions used in this study contained [Ca?*]i in M to
mM range, which is way beyond the buffering range of EGTA. Without the
added EGTA, the free [Ca?*]i was assumed to be equal to the total added
[Ca2*]i. Nonetheless, it should be noticed that when the indicated [Ca?*];
was low (such as 2 or 5 uM), the real [Ca?*]i was likely slightly higher
because of the contaminating Ca?*. Based on the current of a TMEM16F
mutant induced by an intraceullar solution containing neither EGTA nor Ca?*,
the contaminating [Ca?*];i in this nominal zero-Ca?* solution was less than 1
UM (see 3.S1 Fig.). Such a small contaminating [Ca?*]i should not alter the
major conclusions in this paper as most of our experiments were performed
on the TMEM16A current induced by much higher [Ca?*]i. All intracellular
solutions also contained 10 mM HEPES (pH 7.4) and had a final [Cl] of 140
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mM. In the experiments of assessing Co?* effects, the intracellular solutions
contained Co2* up to 20 mM. Because the source of Co2* was from CoCly,
the concentration of NaCl in the intracellular solution was reduced according
to the extra [CI-] from the added [CoCl;]. For example, the solution
containing 20 mM [Co?*] included 100 mM [NaCl] and 20 mM [CoCl;z]. In
experiments using high [Ca?*];, the intracellular [NaCl] was also adjusted
accordingly if the total [CaCl;] in the solution was more than 0.5 mM. These
adjustments, likely would alter the ionic strength of the solution, and
therefore, the measurements obtained with high divalent cation

concentrations (such as 5 - 20 mM) may be less accurate.

The recording electrodes were made from borosilicate glass capillaries
(World Precision Instruments) using a PP830 electrode puller (Narishige).
The electrode tip was ~1-2 ym in diameter, and the electrode resistance was
between ~1.5 MQ and ~3 MQ when filled with the extracellular solution.
Voltage clamp experiments were conducted using the Axopatch 200B
amplifier (Molecular Devices), and the current was digitized via a
Digidata1440 analog-digital signal-converting board controlled by the
pClamp10 software (Molecular Devices). Exchanging solutions on the
intracellular side of the excised inside-out patch was achieved using the SF-
77 solution exchanger (Warner Instruments). Except where indicated, the
recording was initiated by stepping the membrane voltage to £20 mV in the

EGTA-containing zero-Ca?* solution. [Ca?*]i was then applied to open the
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TMEM16A channel, followed by the application of a particular [Co2*]i (with
the same [Ca?*]i) for 6 sec, which allowed the Co?* effect to reach a steady
state. Co?* was then removed by changing the solution back to the one
before applying [Co2%*]i. Finally, the intracellular Ca2* was removed using the
EGTA-containing zero-Ca?* solution. In evaluating the kinetics of the current
activation or deactivation upon applying or removing [Ca%*]i (such as those
in Fig 3.4), the recordings were made in the presence of the indicated
[Co?*]i throughout the whole recording course. For these experiments,
[Co?%*]i was first applied, and the voltage was then stepped to £20 mV
followed by applying and then removing [Ca%*]i in the presence of the same

[C02+]i.

To assess the current potentiation by high [Ca2*];, we employed a
three-pulse protocol described previously [115]. The cytoplasmic side of the
patch was sequentially exposed to a control solution containing 20 uM
[Ca%*];, a test solution containing [Ca%*]i from 50 uM to 20 mM, and then
again the 20 pM [Ca?*]i solution. We used this experimental protocol to
minimize the effect of current rundown so that a dose-response effect of the
test [Ca?*]i can be more precisely evaluated. The current induced by the test
[Ca%*] was then normalized to the average of the two currents obtained in
20 uM [Ca?*], and the normalized values were used for generating dose-

response curves.

106



3.3.3 Data Analysis

We analyzed the experimental data using the combination of pClamp
(Molecular Devices) and Origin (OriginLab, Co.) software. For data analyses,
the background leak current in the absence of [Ca?*] was first subtracted
from the current obtained in the presence of [Ca?*]i. Upon the application of
[Co%*]i, the Ca?*-induced current of TMEM16A was potentiated almost
immediately followed by a slower process of inhibition. We named Ip as the
control current immediately before the application of [Co?*]i. The peak of the
current potentiation was defined as Ipeak, While the current measured at the
end of the 6-sec Co?* application was defined as Ic,. We performed the same
experiments on the wild-type (WT) TMEM16A channel as well as on more
than 10 point mutants of residue Y589. To evaluate the degrees of
potentiation and inhibition, a Co?* potentiation coefficient was calculated by
dividing Ipeak by Io, while a Co?* inhibition coefficient was calculated by

Ico/Ipeak. All averaged results are presented as mean = S.E.M.

To analyze the dependence of the degree of inhibition on [Co%*], the
values of Ico/Ipeak Were plotted against [Co?*]i, and the dose-dependent Co?*

inhibitions were fitted to a Langmuir equation to evaluate the apparent Co?*

affinity:
Inorm_ : = co?t] (1)
peak 14—
K1/2
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where Kj,z is the fitted half-inhibition concentration. For the current
potentiation, because the potentiation effect appeared to be voltage
dependent and because the effect of the highest [Co%*]; (20 mM) at +20 mV
appeared unsaturated, we did not fit the [Co?*]i-dependent potentiation to
any type of binding isotherm equations. The data points were connected by

line segments.

To evaluate the apparent Ca?*-dissociation rate from the Ca?*-
activation site, the time course of the current reduction upon the final

washout of [Ca?*]i was fit to a single-exponential decay function:

I(t)z(lpeak'ICO)>< 1-exp (' L) (2)

Toff
where I(t) is the TMEM16A current at time t and the meaning of Ipeak and Ico
are as defined above. The time constant of the current reduction process
(Torr) Was used to correlate with the degrees of Co?* inhibition or Co?*
potentiation. Two other parameters, the sidechain hydrophobicity and the
molecular volume of the amino acid placed at position 589, were also used
to correlate with the Co?* inhibition or the Co?* potentiation. The values of
the sidechain hydrophobicity and the molecular volume of the amino acid
were obtained, respectively, from Kyte and Doolittle [199] and Zamyatnin

[200].
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3.4 Results

Examples of the intracellular Co?* effects on the WT TMEM16A are
shown in Fig 3.2. Intracellular Co?* (up to 20 mM) by itself does not activate
any current in WT TMEM16A (Fig 3.2A, left panel), while a robust current can
be induced by intracellular Ca?* from the same membrane patch (Fig 3.2A,
right panel). However, as illustrated by the recording traces shown in Fig
3.2B, intracellular Co?* (from 50 uM to 5 mM shown in these traces) appears
to have dual effects on the Ca?*-induced TMEM16A current. In these
recordings, TMEM16A currents were first activated by 30 yM [Ca?*]i. Upon
applying [Co?*]i (in the presence of 30 uM [Ca?*]i), the currents were first
potentiated, then inhibited, although the potentiation of the current by 50
MM Co?* was not observed. It appears that the degrees of the current

potentiation and inhibition depend on [Co?2*]..
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Fig 3.2. Effects of Co?* on the WT TMEM16A channel. (A) Effects of
intracellular Co?* (left) and Ca?* (right) when applied alone. The membrane
voltage began at 0 mV, and was then stepped from -60 mV to +60 mV in
+20 mV steps. [Co?*]i (pink line) and [Ca?*]i (green line) were applied as
indicated on the same membrane patch. (B) Effects of various [Co%*]i on the
TMEM16A current activated by 30 uM [Ca?*]i. The membrane voltage was 0
mV at the start of the recording and then stepped to -20 mV (black traces)
and +20 mV (orange traces), respectively, at the time indicated by the
capacitive spikes. [Ca?*]i (30 uM) was then applied, followed by applying
Co?* in the presence of the same [Ca?*]; as indicated by horizontal lines.

Ipeak, Io and Ico are defined as in the Data Analysis section in METHODS.

To understand the Co?* effects on TMEM16A, we first examined the
mechanism of inhibition. Fig 3.3A shows Co?* inhibition on the TMEM16A
current activated by different saturating concentrations of [Ca2*]i (from 10-
300 pM). Although [Co?*]i in all these recordings is the same (2 mM), the
degree of inhibition decreases with an increase of [Ca?*]i used for activating
the current. Fig 3.3B shows that at both +20 mV (upper panel) and -20 mV
(lower panel), the Ki/2 of [Co?*]i-dependent inhibition (shown in Table 3.1)
was shifted in parallel to higher values by increased [Ca%*]i. These results
suggest that Co?* may inhibit the current by competing with Ca?* for the

activation sites. This competition can also be directly appreciated from the
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kinetics of TMEM16A current induction by [Ca?*]i. Fig 3.4A and 3.4B show

two sets of the TMEM16A current activation time course in the presence of 0,

0.5, 2, and 5 mM [Co?*];. Both the rate of the current activation upon

applying [Ca?*]i and that of the current reduction after removing [Ca?*]; are

decreased in the presence of [Co2*]i. Thus, Co?* slows down the kinetics of

Ca?* binding to the activation sites.
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Fig 3.3. Competitive inhibition by Co2* on [Ca2*]i-induced TMEM16A

current. (A) Inhibition by 2 mM Co?* of the TMEM16A current activated by
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various [Ca?*]i at -20 mV (black) and +20 mV (orange). (B) Concentration-
dependent Co?* inhibition of the TMEM16A current activated by various
[Ca2*]i at +20 mV (upper panel) and -20 mV (lower panel). Numbers next to
each individual dose-response curves represent the [Ca?*]i (in uM) used in
activating the current. Data points were fitted to the Langmuir function
defined in METHODS (Eq 1). The fitted Ki,2 values of Co?* inhibition at -20

mV and +20 mV in various [Ca?*]i are presented in Table 3.1.
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Fig 3.4. Effects of Co?* on the kinetics of TMEM16A
activation/deactivation. The indicated [Co?*]i was present throughout the
entire recording period in all recordings. TMEM16A current was induced by
(A) 1 uM [Ca?*]i and (B) 1 mM [Ca?*]i. All recording traces in A were from
the same patch, while the recording traces in B were from another patch.
Notice intracellular Co?* slows down the current activation upon applying
[Ca%*]i and the current reduction upon [Ca?*]i washout in a dose-dependent
way. At the same time Ca?* antagonizes the effects of Co?* on the
activation/deactivation kinetics. Similar results were observed in another 4

patches (two patches each with 1 uM [Ca?*]i and 1 mM [Ca?*]).

Table 3.1. K12 of Co** inhibition of the TMEM16A current induced by various
[Ca“]i.

K12 (mM) of Co?* inhibition
[Ca®]i (uM)
-20 mV +20 mV
2 0.003 +0.001 0.005 +0.001
10 0.05+0.01 0.09 +0.02
30 1.3+£0.2 24+0.1
100 6.6+ 0.4 10+1.1
300 36+1.3 59+9.6
1000 1187 223 £ 37

If Co2* and Ca?* compete for the Ca?*-activation sites, the potency of
Co?* inhibition may decrease in mutant channels with slower Ca?*

dissociation rates. This indeed appears to be the case. Fig 3.5A depicts
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recording traces of applying 50 uM, 500 uM, and 5 mM [Co?*]i to a TMEM16A
mutant, Y589A, while Fig 3.5B shows a comparison of the [Co?*]i-dependent
inhibition curves between WT TMEM16A and the Y589A mutant at -20 mV
(upper panel) and +20 mV (lower panel), respectively. The Y589A mutant
has been reported to have a greater apparent affinity for Ca2* activation
than WT channels [97]. Our recordings show that the rate of the current
reduction upon [Ca?*]i removal in this mutant is significantly slower (Tofr of
the current reduction process is larger) than in the WT channel (Fig 3.5C),
consistent with a greater Ca?* affinity in this mutant. In comparison with the
effect on the WT channel, a higher [Co?* ]i is required to inhibit the Y589A
current induced by the same concentration of [Ca?*]i. Meanwhile, the degree
of current potentiation by [Co?* ]i is larger in Y589A than in the WT channel
(Fig 3.5D). We thus constructed more mutants of Y589 and analyzed Co?*
inhibition more extensively. Fig 3.6 depicts recording traces of the Co?*
effects in ten Y589 mutants. These Y589 mutants have different Ca2+
dissociation rates as judged from the current reduction time (Torf) after
removing [Ca?*]inear the end of the recordings. For example, the current
reduction upon washout of [Ca?*]; appears slower in Y589G, Y589S, Y589V,

and Y589C than in Y589W, Y589H, Y589F and Y589K (Fig 3.6).
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Fig 3.5. Comparing Co?* effects between WT TMEM16A and the
Y589A mutant. (A) Effects of various [Co2*]; on the Y589A mutant. [Ca2*];
= 30 uM for all patches. (B) Comparison of the dose-response curves of Co?*
inhibition between WT TMEM16A and the Y589A mutant. (C) Representative
traces comparing the current-reduction process upon washout of [Ca?*]; at
+20 mV between WT TMEM16A and the Y589A mutant. Recorded currents
were normalized to the current right before the washout of [Ca2*]i. The
current reduction processes were fitted to Eq 2 with the averaged Tosr of 144

£ 5ms (n =6)and 601 £ 29 ms (n = 4) for the WT channel and the Y589A
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mutant, respectively. (D) Comparison of the dose-response curves of Co?*
potentiation between WT TMEM16A and the Y589A mutant at -20 mV (left)

and +20 mV (right).

30 uM ca* 30 uM Ca?"

WT (Y589)

Y589F

Fig 3.6. Dependence of Co2* inhibition on the current reduction time
(Torf) upon Ca2* washout. Recording traces illustrate the effects of 2 mM
Co?* on various Y589 mutants activated by 30 uM [Ca%*]; at +20 mV.
Dissociation rates of Ca?* were evaluated from the current reduction process

upon Ca?* washout at the end of each recording by fitting the current
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reduction process with a single-exponential decay function (Eq 2). Notice
that the degree of Co?* inhibition was reduced with the increase of the time
constant (7o) of the current reduction upon removing [Ca?*]i (see

correlation plot in the left panel of Fig 3.7A).

The correlations between Co?* inhibition and the current reduction
time (Torf) are shown in Fig 3.7A and 3.7B (left panel). Plotting the fraction of
remaining current after 2 mM Co?* inhibition (Ico/Ipeak) against the value of
Toff confirms that the potency of Co2* inhibition decreases with the increase
of Torr; Namely, the slower the Ca?* dissociation rate, the weaker the Co%+
inhibition. We also correlated the Co?* inhibition (Ico/Ipeak) Obtained at +20
mV (Fig 3.7A) and at -20 mV (Fig 3.7B) against two other parameters: the
sidechain hydrophobic index (Fig 3.7A and B, middle panel) and the
molecular volume (Fig 3.7A and B, right panel) of the amino acid at position
589. Visual inspection of these correlation plots suggests that Co?* inhibition
decreases with the increase of Tof (Fig 3.7A and B, left panel), while the
correlations of Co2* inhibition with the sidechain hydrophobicity Fig 3.7A and
B, middle panel) and with the molecular volume (Fig 3.7A and B, right
panel) are weak. The inverse correlation of the potency of Co?* inhibition
with the Ca?*-dissociation rate supports the idea that Co?* and Ca?* compete

for the high-affinity Ca?*-activation sites on the channel.
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Fig 3.7. Correlation of Co?* inhibition with T.f, the hydrophobicity
index, or the molecular volume of the amino acid placed at position
589. Here, experiments were similar to those shown in Fig 3.6. the
remaining current fraction after 6-sec Co?* application (Ico/Ipeak) Was
calculated and was plotted against the three different parameters. (A)
Results obtained at +20 mV. (B) Results obtained at -20 mV. All data points
were obtained from the effects of 2 mM [Co?*]i on the WT TMEM16A current

induced by 30 uM [Ca?*]..
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As shown in the original recording traces (for example, see Fig 3.2B or
3.6), intracellular Co?* also potentiates the channel current. To extend data
analyses, we also plot the degree of potentiation against the Tofr of current
deactivation, the sidechain hydrophobicity, and the molecular volume of the
introduced amino acid at position 589 (Fig 3.8). Unexpectedly, the
potentiation was found to correlate best with the molecular volume of the
amino acid—the Co?* potentiation was larger in mutants with a smaller
amino acid sidechain at position 589 (Fig 3.8A and 3.8B, right panel). On the
other hand, the correlations between the degree of Co2* potentiation with Tos
(Fig 3.8A and 3.8B, left panel) and with the sidechain hydrophobicity (Fig

3.8A and 3.8B, middle panel) were weak.
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Fig 3.8. Correlation of Co2* potentiation with 1.sr, the hydrophobicity
index, or the molecular volume of the amino acid at position 589. (A)
Results obtained at +20 mV. (B) Results obtained at -20 mV. All data points

were obtained from the effects of 2 mM [Co?*]i on the 30 uM [Ca?*]i-induced

TMEM16A current. The degree of Co?* potentiation was defined as Ipeax/Io.

Notice a rough correlation between the potentiation and the volume of the

amino acid placed at position 589—the larger the side-chain volume, the

smaller the Co2* potentiation.
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To study the Co?* potentiation more closely, we examined the
concentration-dependent effect of Co2*. For the recording traces shown in
Fig 3.9A, the WT TMEM16A currents were respectively induced by 100, 300
and 1000 pM [Ca?*]i. [Co?*]i of various concentrations were applied at +20
mV (orange traces) and -20 mV (black traces), and the concentration-
dependent Co?* potentiation was shown in Fig 3.9B. The potentiation was
minimal at sub-mM [Co2*];. At the highest [Co2?*]i (20 mM), the potentiation
was ~10% and ~35-45% of the control current at -20 mV and +20 mV,
respectively. The results reveal a voltage dependence of Co?* potentiation:
the degree of potentiation at +20 mV is significantly larger than that at -20
mV, with this voltage-dependent difference most clearly observed at [Co2*];
= 20 mM. It is also clear from these results that the affinity of Co?* for the
potentiation effect is low—the potentiation effect at +20 mV was not
saturated even at 20 mM [Co?*]i! At -20 mV, the dose-dependent curve

appears to have an apparent half-effective concentration of several mM.
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Fig 3.9. Dose-dependent Co2* potentiation of the WT TMEM16A
current. (A) Recording traces depicting Co?* potentiation of the TMEM16A
current activated by 100 uM, 300 uM, and 1 mM [Ca?*];, respectively. To
focus on the Co?* potentiation effect, only the traces from 450 ms before to
550 ms after the application of Co?* are shown. (B) Averaged Co?*
potentiation of the WT TMEM16A current as a function of [Co?*];. Notice the
difference in the degree of potentiation between the experiments at -20 mV

and +20 mV.
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The observation that mM [Co2*]i is required for potentiation is
reminiscent of the finding that [Ca?*]; in the mM concentration range induces
more TMEM16A current even though the channel opening has already been
saturated by low uM [Ca2?*]i [106, 107]. The dose-response curve of Ca?*
activation of TMEM16A thus appeared as biphasic. Fig 3.10A shows an
experiment on the WT TMEM16A, using the three-pulse protocol to compare
the current induced by high [Ca?*]i (2 or 20 mM) with that by 20 uM [Ca?*];,
a concentration thought to already saturate the high-affinity Ca?*-activation
sites [8, 99, 115, 117]. The recording traces reveal that the current induced
by 2 or 20 mM [Ca?*];i is significantly larger than the current induced by 20
KM [Ca?*]i. Furthermore, the current reduction process upon removing mM
[Ca%*]i shows two exponential decays, and the remaining current after the
first exponential decay matches the amplitude of the current induced by 20
MM [Ca?*]i. These recording traces thus indicate that the current induced by
mM [Ca?*]; likely consists of two different components. We suspected that
the extra current induced by mM [Ca?*]i may have the same underlying
mechanism for the Co?* potentiation as both potentiation effects are
mediated by relatively low-affinity binding of these two divalent cations (mM
concentrations). Accordingly, we examined the high [Ca?*]i-induced current
in various Y589 mutants more closely. The exemplary recording traces
shown in Fig 3.10B indicate that the current reduction of the Y589A mutant

upon washout of [Ca2*]; also consists of two components: a fast and a slow
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current-decaying component. The fraction of the fast current-decaying
component (the low-affinity component) is larger than that in the WT
channel, consistent with a larger Co?* potentiation in Y589A than in the WT
channel. The dose-response curves of Ca?* potentiation in the WT channel
and in various Y589 mutants obtained with high [Ca?*]i (from 50 uM to 20
mM) are depicted in Fig 3.11. In comparison with the potentiation on the WT
channel (which has a tyrosine residue at 589 position), some mutants (such
as Y589A, Y589C, and Y589W) show greater potentiation, and some have a
similar degree of potentiation (such as Y589H and Y589L) while others show
a smaller effect. To compare the potentiation by Ca?* and Co?*, we plot the
potentiation by 20 mM [Ca?*]; (relative to the current induced by 20 uM
[Ca%*]i) against the potentiation by 20 mM [Co?*]i (the current was activated
by 300 uM [Ca?*];) for all the Y589 mutants we have created (Fig 3.12). The
results show that the Ca?* potentiation and the Co?* potentiation are roughly
correlated with each other—the higher the Ca?* potentiation, the larger the
Co?* potentiation. These results suggest that Ca?* and Co?* may act through

the same mechanism to generate the potentiation effects.
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Fig 3.10. Potentiation of TMEM16A current by mM concentrations of
[Ca2*]i. Recording traces of (A) WT TMEM16A and (B) Y589A. Both panels
show a larger current induced by 2 mM (left panel) or 20 mM [Ca?*]; (middle
panel) than that induced by 20 uM [Ca?*]i. Numbers below each pulse
represent [Ca%*]i in mM. Orange and black traces are from +20 mV and -20
mV, respectively. Notice the fast and the slow current reduction upon
washout of 2 or 20 mM [Ca?*]i. Right panels show dose-dependent Ca%*
potentiation of WT TMEM16A and Y589A at £20 mV compared to the current

induced by 20 uM [Ca?*]i. Current activated by various test [Ca?*]i (middle
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pulse) was normalized to the average of the control currents at 20 pM

[Ca2*]i before and after the test [CaZ*]..
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Fig 3.11. Current potentiation in various Y589 mutants by high
[Ca2*]i. Dose-response curves at +20 mV (orange triangle) and -20 mV
(black circle) were constructed from data obtained by the three-pulse
protocol as that shown in Fig 3.10 (A & B). The dose-response curves of WT

TMEM16A are plotted as dash curves in other panels for comparison.
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Fig 3.12. Correlation of Ca2* potentiation with Co?* potentiation for
various Y589 mutants. Y-axis represents the potentiation by 20 mM
[Ca?*]i (namely, Io0 mm/I20 um) While X-axis is the potentiation of the [Ca?*];
(300 pM)-induced current by 20 mM [Co?*]i. Aromatic mutants are

highlighted in yellow.

3.5 Discussion

TMEM16A is expressed in various tissues and plays many physiological
roles, including mediating transepithelial anion transport [201, 202],

modulating the mucin secretion and smooth muscle contraction in airways
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[168, 203], and controlling the motility of intestine [204, 205]. High-
resolution structures of TMEM16 molecules show that multiple acidic
residues use their sidechain carboxylates to coordinate the physiological
ligand, Ca?*, in the Ca2*-binding sites [10, 90, 95-97, 103], thus opening
the channel. Although other alkaline earth divalent cations can bind to the
activation sites, only Sr2* and Ba?* can induce current while Mg?* cannot.
The binding of Mg?* to the activation sites was previously suggested through
the observation that Mg?* shifts the Ca2*-activation curve [115], suggesting
a competition of Mg?* and Ca?* for the activation sites. In the absence of
other divalent cations, the apparent affinities of Ca?*, Sr?*, and Ba?* in
activating TMEM16A were shown to be in the range of ~0.5-1 pM, ~5-10
MM, and ~200-500 pM, respectively, while mM [Mg?*] is needed to shift the
apparent Ca2* affinity by only twofold [115]. It is not surprising that the
relative apparent affinities for these divalent cations in binding to TMEM16A
appear to be qualitatively similar to those of their binding to EGTA, because
the divalent cation-coordinating groups in TMEM16A and EGTA are
carboxylates, providing a relatively high affinity for Ca2* binding. The
activation of TMEM16A by sub-uM to low uM [Ca?*]; is physiologically
important because the channel can perfectly respond to the change of
[Ca?*] from the resting state (~0.1 uM) to the excited state (sub uM to low

MM) of cells.
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In the present study, we demonstrate that another divalent cation,
Co?*, can also interact with TMEM16A, although intracellular Co2* up to 20
mM cannot induce current in WT TMEM16A (Fig 3.2A). Intracellular Co?*,
however, has two effects on the Ca2*-induced TMEM16A current: an
immediate potentiation of the Ca?*-induced current followed by an inhibition
of the current (Fig 3.2B). The degree of Co?* inhibition depends on the
[Ca%*]i used to induce the current—with a higher [Ca?*]i, a larger [Co?*]; is
required to exert the same degree of inhibition (Fig 3.3A). In fact, Ca%*
shifts the dose-dependent Co?* inhibition curve in parallel towards the
direction of higher [Co?*]; (Fig 3.3B), and the rate of the Ca?* activation of
TMEM16A decreases with the presence of Co?* (Fig 3.4A and 3.4B).
Furthermore, mutant TMEM16A channels with a slower Ca?*-dissociation rate
from the activation sites show weaker Co?* inhibition—the longer the current
deactivation time (Torf) upon removing [Ca?*];, the weaker the Co?* inhibition
(Fig 3.6 and 3.7). We thus conclude that Co?* inhibition of the Ca?*-induced
current in TMEM16A likely results from the competition of Co2* with Ca?* for
the high-affinity Ca2*-activation sites. The apparent affinity of Co?* inhibition
is quite high, likely due to its interaction with the sidechain carboxylate of
multiple acidic residues in the Ca%*-activation sites. For example, the Ki/2 of
Co?* inhibition of the current induced by 2 uM [Ca?*]i is only ~3-5 uM (Fig
3.3 & Table 3.1). In comparison, the Mg?* inhibition of the TMEM16A current

activated by ~0.7 uM [Ca?*]i has a Ki/2 of ~5 mM [115].
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Besides inhibiting the Ca?*-induced TMEM16A current, intracellular
Co?* also potentiates the current, and this effect occurs before the inhibition
appears. In all Co?* concentrations used, we cannot discern the difference
between the rate of potentiation and the rate of solution exchange. Because
the time courses of potentiation and inhibition can be clearly distinguished,
and because the degree of potentiation does not significantly change in
various [Ca?*]i used in inducing current (Fig 3.9), Co?* potentiation is less
likely to be a phenomenon mediated via high-affinity Ca?* activation sites.
The current potentiation requires high [Co2*]i. Generating even a slight
potentiation effect requires at least hundreds of uM of [Co?*]i. The
potentiation appears to be voltage dependent: a clear difference in the
degree of potentiation is observed between -20 mV and +20 mV when 20
mM [Co?*]; was used to potentiate the current (Fig 3.9). Furthermore, the
degree of Co?* potentiation is affected by mutation of Y589 (Figs 3.6 and
3.88), a pore residue. We thus suspect that the potentiation may result from
an increase of the ClI- flux mediated by the binding of Co?* to the pore

region.

Previous experiments have shown a biphasic Ca?* activation of
TMEM16A [106, 107]. Namely, the TMEM16A activation is saturated at the
concentration range from several uM to ~100-200 pM of [Ca?*]i. However,
as [Ca?*]; is further increased, more TMEM16A current can be induced [106,

107]. Recording traces in Fig 3.10A and 3.10B reveal that the current
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reduction upon removing mM [Ca?*]i consists of a fast and a slow current-
deactivation process, and the amplitude of the slower component is
equivalent to the amplitude of the current induced by 20 uM [Ca?*]i. Thus,
the fast-decaying component is the extra current induced by mM [Ca?*]i. Fig
3.10A and 3.10B also show that the amplitude of this low-affinity component
in Y589A is larger than that in the WT channel, consistent with a larger Co?*
potentiation in the Y589A mutant. We systematically compared over ten
Y589 mutants for the degree of potentiation by Ca?* and Co?*. The results
indicate that the degree of potentiation by 20 mM [Co?*]; (300 pM [Ca?*]i-
activated current) roughly correlates with the degree of 20 mM [Ca?*];-
induced potentiation (relative to the 20 uM [Ca?*]i-activated current), except
perhaps in two mutants, Y589W and Y589F (Fig 3.12). The less than perfect
correlation in these two mutants could have two reasons. As shown in Fig
3.6, Y589W and Y589F have the shortest time constants (Tofr) of current
deactivation upon removing [Ca2*];, so their affinity for Ca2* activation are
low. Perhaps the 20 uM [Ca?*]i used to induce the current in these two
mutants was not a saturating concentration. Therefore, the current
potentiation by 20 mM [Ca?*]; (compared to the current induced by 20 uM
[Ca?*]i) may include a further opening of the channel by a more saturating
[Ca?*]i. A second possibility for the disproportionally higher Ca?* potentiation
than the Co?* potentiation in Y589W and Y589F may be a true difference of

the potentiation due to, for example, a different binding of these two
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divalent cations to mutants with an aromatic sidechain. The less than perfect
correlation between Ca2* and Co?* potentiation in Y589F and Y589W does
not undermine the observations that the affinities for the Ca2* and Co?*
potentiation are low, and the degrees of the potentiation by these two

cations are similar to each other.

It is intriguing that mutating the pore residue Y589 affects the degree
of Ca2* and Co?* potentiation. The fact that the mutants Y589K, Y589L, and
Y589M exhibit a similar degree of potentiation indicates that sidechain
charge plays little role in the potentiation. The correlation between sidechain
hydrophobicity and the degree of potentiation is also weak. Rather, the
potentiation appears to best correlate with the sidechain volume of the
amino acid at position 589. We suspect that the sidechain of residue 589
probably does not directly interact with Ca?* or Co?*. The potentiation
requiring hundreds of uM or mM of Ca?* or Co?* further indicates that
binding of these two divalent cations to generate the effect is of low affinity,
and therefore could be non-specific. Recent experiments from our laboratory
have revealed that introducing an aromatic residue at the Q559 position of
TMEM16F, which corresponds to K584 of TMEM16A (a pore residue),
significantly reduces the rundown of TMEM16F [125]. We speculated that
this reduction of rundown in the Q559W mutant may involve phospholipids
because membrane phosphatidylinositol diphosphate (PIP2) were shown to

affect the rundown of TMEM16 molecules [127, 147]. Interaction of the
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fungus scramblase protein with phospholipids has been shown to thin the
lipid bilayer near the transport pathway [90, 144]. Structures of TMEM16
molecules also suggest phospholipids may exist in the pore region [10, 90,
96, 97, 103], or may even form the wall of the substrate-transport pathways
[196]. Interestingly, divalent cations are known to bind to phospholipids with
binding affinities of mM or above [206-208]. It is thus possible that Co?* and
Ca?* bind to the phospholipids located at the intracellular pore entrance to

increase CI" flux through the channel pore.

We and others have also shown that the sidechain charge from K584
(or K588 of the “a, c” alternatively spliced isoform) of TMEM16A
electrostatically controls the CI- flux [106, 107, 125]. The binding of divalent
cations to the nearby regions would increase local [CI] via an electrostatic
effect. The degree of the Co?* potentiation best correlates with the volume
of the amino acid placed at position 589—a larger Co?* potentiation appears
in the mutants with a smaller sidechain (Fig 3.8). Such a dependence on the
sidechain volume of the introduced amino acid is reminiscent of previous
studies on the Torpedo CLC-0 CI- channel where the sidechain volume of a
residue deep in the pore (E166 of CLC-0) affects the blocking affinity of
amphiphlic pore blockers such as parachlorophenoxy acetate or octanoate
[183, 209]. In those experiments, it was concluded that the charged end of
the blockers “dock” at the pore entrance while the hydrophobic end of the

blockers directly interact with the sidechain of the amino acid at the E166
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position. If phospholipids contribute forming the pore wall of TMEM16A
[196], the hydrophilic (or charged) end of phospholipids should be located at
the pore entrance while the hydrophobic tail would be at a deeper position of
the pore. Perhaps a smaller sidechain of residue 589 would allow the pore
vestibule to accommodate more phospholipids for binding more divalent

cations.

In summary, we have shown that intracellular Co?*, like Mg?2+,
competes with Ca?* for the channel activation sites and thus inhibits the
Ca?*-induced current in TMEM16A. Co?* at higher concentrations can also
potentiate the Ca2*-induced TMEM16A current. Potentiation of the TMEM16A
current by Co?* is likely mediated by the same mechanism of the current
potentiation by mM [Ca?*]i. We suggest that this potentiation may occur via
the binding of divalent cations near or within the pore because of the voltage
dependence of the potentiation and because pore residue mutations affect
this potentiation. We suspect this potentiation effect may be related to the
phospholipids near the intracellular pore region. It will require further
experiments to refute or further support this conjecture that membrane
phospholipids indeed involve in the Ca2* and Co?* potentiation of the

TMEM16A current.

3.6 Supporting Information
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3.S1 Fig. Estimation of the concentration of contaminating Ca2*. (A)
Recording traces of the currents of the TMEM16F Q559W mutant induced by
various [Ca?*]i using a three-pulse protocol. The dash line represents zero-
current level. Vm = +40 mV. [Ca2*]i in the first and the third pulse was 2
mM, a saturating concentration. For the second pulse in the top trace, a
solution containing neither EGTA nor any added [Ca?*]; (called nominal zero-
Ca?* solution) was used, while a solution containing a calculated free [Ca?*];
of ~0.5 uM was used for the second pulse in the lower trace. The nominal
zero-Ca?* solution used in the top trace contains only 140 mM NaCl and 10
mM HEPES (pH = 7.4 adjusted with NaOH), while the solution used for the
second pulse in the lower trace contains extra 100 uM EGTA and an added
[Ca%*]i of 89.8 uM. Free [Ca?*]; in the solution was calculated using the

MaxChelator program (http://maxchelator.stanford.edu/CaEGTA-NIST.htm). (B)

Normalized currents of a TMEM16F mutant, Q559W, activated by various
[Ca%*]i. The amplitudes of all recorded currents were normalized to that
induced by 2 mM [Ca?*]i. Solid black circles represent the data from using
solutions containing calculated [Ca?*]i of 0.5 uM, 2.0 uM, and 5.1 uM free
[Ca%*]i (n = 4-11), and the data match the dose-response curve for
TMEM16F Q559W mutant reported in Nguyen et al. [125]. The solid pink
circle represents the data from using the 0 Ca?* solution containing only the

contaminating [Ca%*]i (n = 11).
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4.1 Abstract

Intracellular divalent cations control the molecular function of
transmembrane protein 16 (TMEM16) family members. Both anion channels
(such as TMEM16A) and phospholipid scramblases (such as TMEM16F) in this
family are activated by intracellular Ca?* in the low uM range. In addition,
intracellular Ca%* or Co?* at mM concentrations have been shown to further
potentiate the saturated Ca?*-activated current of TMEM16A. In this study,
we found that all alkaline earth divalent cations in mM concentrations can
generate similar potentiation effects in TMEM16A when applied

intracellularly, and that manipulations thought to deplete membrane
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phospholipids weaken the effect. In comparison, mM concentrations of
divalent cations minimally potentiate the current of TMEM16F but
significantly change its cation/anion selectivity. We suggest that divalent
cations may increase local concentrations of permeant ions via a change in
pore electrostatic potential, possibly acting through phospholipid head
groups in or near the pore. Monovalent cations appear to exert a similar
effect, although with a much lower affinity. Our findings resolve
controversies regarding the ion selectivity of TMEM16 proteins. The
physiological role of this mechanism, however, remains elusive because of

the nearly constant high cation concentrations in cytosols.

4.2 Introduction

The TMEM16 family encompasses transmembrane proteins functioning
as Ca?*-sensitive ClI- channels and phospholipid scramblases [176, 177].
TMEM16A is a Ca?*-activated Cl- channel [6-8], and its activation is
important for anion transport across cell membranes in many types of cells
[3, 210]. On the other hand, upon activation by Ca?*, TMEM16F and other
fungal TMEM16 molecules scramble membrane phospholipids, as well as
conducting ionic currents [9, 49, 66, 108]. Recent structural-functional
studies of TMEM16 molecules have revealed that the homodimeric
architecture is conserved between anion channels and phospholipid

scramblases, and helices 3-8 appear to form a conduit thought to be the
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pathway for ion and/or phospholipid transport [10, 90, 95-97, 103].
However, the substrate-transport pathways of the two types of TMEM16
phospholipid scramblases may be slightly different. In fungal phospholipid
scramblases, the entire conduit appears as a groove with an open sidewall
[10, 90]. This conduit in mammalian TMEM16F, however, has an intact
protein sidewall at its extracellular half as shown in recent cryo-EM studies
[95, 198]. The difference in the degree of sidewall opening of this conduit
between fungus and mammalian phospholipid scramblases raises a question
regarding the molecular mechanism by which these scramblases transport
phospholipids [198]. The ion-conducting pore of TMEM16A is similar to that
of mammalian TMEM16F; namely, the pore is fully enclosed for the
extracellular half but is missing part of the protein sidewall at the
intracellular half [96, 97, 103]. As TMEM16A and TMEM16F are membrane
proteins, the open cavity at the intracellular end of the conduit could consist
of membrane phospholipids. Indeed, interactions of phospholipids and
TMEM16 proteins have been suggested in structural and calculation studies
[90, 91, 109, 144, 148, 198]. Functional effects of phospholipids on the
activation and rundown of TMEM16 molecules have also been experimentally

documented [127, 145, 147, 148].

Various studies generally agree that after activation by intracellular
Ca?*, TMEM16A conducts mostly anions [8, 106, 115, 141, 142, 211]. On

the other hand, the cation versus anion selectivity for TMEM16F’s current
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conduction has been controversial. In TMEM16F, some experiments showed
that TMEM16F non-selectively conducts cations and anions with only a
slightly higher selectivity towards anions [133-135], whereas in other
studies the selectivity was found to significantly favor cations [49]. This
controversy may depend on experimental conditions. For example,
experiments using whole-cell recording methods tend to report that
TMEMI16F is less cation-selective [133-135], whereas experiments with
excised inside-out patch recordings have shown very different Na* versus CI-
permeability ratios (Pna/Pci) [49, 125]. Recently, Ye et al. [116] reported
that the Pna/Pc ratio of TMEM16F depends on the intracellular Ca%*
concentration ([Ca?*]i) used to activate the current: the ratio was ~0.5
(more anion selective) and ~6-7 (more cation selective) when the TMEM16F
current was activated by 1 mM and 15 pM [Ca?*];, respectively. It was
suggested that this effect could result from a change in the pore electrostatic
potential due to Ca2* binding to the pore. Our laboratory has shown that the
electrostatic control of CI- flux through the TMEM16A pore can be achieved
via altering the sidechain charge of a pore residue [107, 125]. The binding of
Ca?* to the high-affinity channel activation sites has also been shown to
electrostatically affect the ion conduction of TMEM16A [126], presumably
because Ca2*-activation sites are near the intracellular pore entrance. The
electrostatic control of Ca?* in altering the Pna/Pc ratio of TMEM16F is thus

conceivable, although the nature of this Ca?*-modulation effect on the
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Pna/Pci ratio in TMEM16F is still murky. For example, if TMEM16F activated by
15 uM and by 1 mM [Ca?*]i have different Pna/Pa ratios, the difference
cannot be mediated by Ca?* binding to the activation sites of TMEM16F,
which have an apparent Ca?* affinity < 10 uM. Meanwhile, though Ye et al.
[116] showed that TMEM16F was quite cation-selective (Pna/Pci ~6-7) when
the current was activated by low [Ca%*]i (15 uM), various studies in the
literature revealed that [Ca?*]i at similarly low concentrations activates a

non-selective TMEM16F current [125, 133-135].

We have reported that a high concentration (hundreds of uM or above)
of intracellular Co?* ([Co%*];) potentiates the TMEM16A current induced by
saturating [Ca%*]i[212]. This Co?* potentiation effect (see Figure 4.1A)
appeared to be similar to the current potentiation by mM [Ca2*]; after the
activation of TMEM16A is saturated (see Figure 4.1B). We suggested that
Ca?* and Co?* may bind to the pore region of TMEM16A to potentiate CI-
currents [212]. In the present study, we further examined this current
potentiation mechanism. We found that besides Ca?* and Co?*, alkaline
earth divalent cations such as Mg?*, Sr°* and Ba?* can all potentiate the
TMEM16A current with a roughly similar low affinity. In addition, treating the
patch intracellularly with poly-L-lysine reduces the potentiation effect,
whereas lowering ionic strength enhances the potentiation. On the other
hand, the same high concentrations of divalent cations had a minimal effect

in potentiating the current of TMEM16F, but changed its Pna/Pc ratio, as
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reported by Ye et al. [116]. The Pna/Pc ratio of TMEM16F also depends on

the concentration of intracellular monovalent cations. These results show a

modulation on the ion permeation of TMEM16 molecules by a rather

nonspecific cation binding. We suggest that divalent and monovalent cations

congregate around phospholipid head groups near or within the ion-

transport pathway of TMEM16 proteins with low affinities, thus changing the

electrostatic potential near the pore region. These observations are

significant because they explain the controversy in the literature regarding

the cation versus anion selectivity of TMEM16 molecules.
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Figure 4.1. Potentiation of the TMEM16A current by intracellular Co?* and
Ca?*. TMEM16A currents were obtained at voltages clamped at -20 mV (blue
traces) and +20 mV (orange traces). Currents were activated by 0.3 mM
intracellular calcium concentration([Ca2*]i). (A) Recording traces showing
the dual effects, inhibition and potentiation, on the wild-type TMEM16A
(WT1ea) current by 20 mM intracellular cobalt concentration ([Co%*]i). (B)
Recording traces showing potentiation of WT1ea by 20 mM [Ca?*]i. In the
bottom panel of both A and B, an expanded view of the yellow shaded area
in the upper panel is depicted to focus on the current potentiation. I
represents the control current before the application of divalent cations,
whereas Ipeak and Ico represent the peak current after the application of Co?*
and the quasi-steady-state current at the end of the Co?* application,

respectively.

4.3 Materials and Methods

4.3.1 Molecular biology and channel expression

The cDNAs of the TMEM16 family members and their mutants were
generated as described recently in Nguyen et al [212]. Briefly, the wild-type
TMEM16A (WTi6a) (NCBI reference sequence: NM_001242349.1) [99] and
the wild-type TMEM16F (WTier) cDNA (Addgene plasmid # 62554) were
subcloned in pEGFP-N3 or pIRES2 expression vectors (Clontech/Takara Bio,

Mountain View, California, USA). Mutants of TMEM16 molecules were created
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using the QuikChange II site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, California, USA), and the mutations were verified with
commercial DNA sequencing services. The E166A mutant of CLC-0
(abbreviated as E166Acico), which was reported previously [209], was
constructed in the pIRES2 vector (Clontech/Takara Bio). Transfections of
cDNAs to human embryonic kidney (HEK) 293 cells were performed using
the Lipofectamine 3000 kit (MilliporeSigma, St. Louis, Missouri, USA)
according to the manufacturer’s instructions. The cells that expressed
channels were identified by the green fluorescence with an inverted
microscope (DM IRB; Leica) equipped with a fluorescent light source and a

GFP filter (Chroma Technology, Bellows Falls, Vermont, USA).

4.3.2 Electrophysiological recordings

All electrophysiological recordings were performed on inside-out
membrane patches excised from GFP-positive cells 24-72 h after
transfections. Except where indicated, the pipette (extracellular) solution
was the same as the intracellular zero-Ca?2* solution, which contained 140
mM NaCl, 10 mM HEPES, and 0.1 mM EGTA at pH 7.4 (adjusted with NaOH).
Solutions with 20 yM Ca?* were the same as the intracellular zero-Ca?*
solution except for the addition of 120 uM CaCl, (pH adjusted to 7.4 after
the addition of CaCly). The experiments for evaluating the degree of current
potentiation were performed in symmetrical [Cl"] (140 mM or 40 mM). For

experiments in symmetrical 140 mM [CI-] with intracellular solutions
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containing high concentrations ( > 20 pM) of divalent ions (Ca?*, Mg?*, Ba?,
or Co%*), EGTA was not included in the solution, and the total concentration
of the divalent cations added to the solution was considered as the free
concentration. Because these divalent cations were from chloride salts, the
amount of NaCl was reduced accordingly to maintain a total [Cl"] of 140 mM.
For experiments testing the potentiation in symmetrical 40 mM CI-, the
extracellular (pipette) solution contains 40 mM [NaCl] and 100 mM D-
mannitol (VWR Chemicals, Radnor, Pennsylvania, USA). The intracellular
solution was of two kinds, containing 100 mM D-mannitol and 40 mM [NaCl];
or 20 mM divalent cations (chloride salts). For experiments evaluating the
reversal potential of TMEM16F, the extracellular solution was the zero-Ca?*
solution (140 mM [NaCl]). For measuring reversal potentials in asymmetrical
[NaCl] conditions, if [NaCl]; was lower than 140 mM (such as 15-70 mM), D-
mannitol was used to replace the reduced [NaCl]i. All experiments were
performed at room temperature (20 °C-22 °C). Poly-L-lysine-hydrochloride
(MW 15000-30000, MilliporeSigma, St. Louis, Missouri, USA) was dissolved
in ddH>0 to make 150-300 mg/ml stock solutions, which were kept at -20
°C and were diluted into working solutions right before use. The intracellular
side of the membrane patch was treated with poly-L-lysine (0.3 mg/mL) for
5 s. PIP2 of porcine brain origin (ammonium salt) was purchased from
Avanti Polar Lipids (Alabaster, Alabama, USA). Upon use, the organic solvent

in the vial (20:9:1, chloroform: methanol:water) was evaporated with
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nitrogen gas and immediately dissolved into the zero-Ca?* working solution.
The PIP2 solution (20 uM) was applied to the intracellular side of the

membrane patch for 1 min.

Recording electrodes were made from borosilicate glass capillaries
(World Precision Instruments) using the PP830 electrode puller (Narishige,
Amityville, New York, USA). When filled with the zero-Ca?* solution, the
resistance of the electrodes was between ~1.5 and ~2.5 MQ. All experiments
were performed using the Axopatch 200B amplifier and the Digidata1440
analogue-digital signal-converting board controlled using pClamp10 software
(Molecular Devices, San Jose, California, USA). Solutions were delivered to
intracellular side of the excised membrane patch using the SF-77 solution
exchanger (Warner Instruments, Holliston, Massachusetts, USA). In all
experiments, the ground electrode was immersed in 3-M KCl solution well,
which was then connected to the bath solution with a 1% agarose salt bridge
made out of 3-M KCI. Giga-ohm seal formations and patch excisions were
always achieved in an identical bath and pipette solution. Liquid junction
potentials were not corrected with the assumption that the potential
difference among various intracellular solutions connected to 3-M KCI

reference remain constant during recordings.

Except where indicated, all experiments of divalent cation-induced
potentiation were initiated by clamping the membrane voltage to £20 mV in

the EGTA-containing zero-Ca?* solution. The currents of TMEM16A or
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TMEM16F were activated by 0.3 mM [Ca?*]i. Intracellular divalent cations of
various concentrations were then applied (in the presence of [Ca?*]; used for
channel activation) until the recorded current reached a steady state. The
potentiating divalent cations were then removed (see Figure 4.1). Before
analyzing the experimental results, the leak current in the absence of [Ca?*];
was first subtracted from the recorded currents. For evaluating the degree of
potentiation, the peak current in the presence of potentiating agents (Ipeak)
was divided by the control current (Io) immediately before adding the
potentiating agents (see Figure 4.1). In some experiments, the degree of
current inhibition by divalent cations was also evaluated. In this case, the
quasi-steady-state current at the end of the application of divalent cations
was defined as Ipivalent (for example, Ico or Img) (see Figure 4.1), and the ratio
of Ipivalent/Ipeak Was used to reflect the degree of inhibition. Data points from
the dose-dependent divalent cation potentiation were not fitted to any
binding curves because the potentiation by the highest concentration (20
mM) of divalent cations did not reach saturation. To estimate the Na* and CI-
permeability ratio (Pna/Pcl), the asymmetrical [NaCl] conditions were created
by changing [NaCl]; to 15, 40, 70 or 280 mM while [NaCl], was kept at 140
mM. When [NaCl]i was reduced, the reduced [NaCl]; was replaced with the
same concentration of D-mannitol (VWR Chemicals, Radnor, Pennsylvania,
USA). The current-voltage (I-V) relationship was generated using a 1.6-s

ramp protocol from -80 mV to +80 mV. For each patch, the leak current
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obtained in Ca?* free solutions was subtracted from the current obtained in
the presence of Ca?*, and the resulting leak-subtracted I-V curve was used
to determine the reversal potential (Erev). I-V curves under symmetrical 140
mM [NaCl] were always recorded before [NaCl]i was changed. If the reversal
potential in symmetrical [NaCl] was more than 2 mV away from 0 mV, the
patch was discarded. The Pna/Pc ratio was calculated from Erev according to

the Goldman-Hodgkin-Katz equation:

RT, Ppna[Nat], + Pci[Cl7];
Erevz_ln Nal lo cllCl7];

F  PyalNat]; + Pg[Cl ],

(1)

where R, T and F are the universal gas constant, absolute temperature and

Faraday constant, respectively.

For the recording of E166Acic-o (Supplemental Information), because
this mutant is open constantly, the tight seal of the excised patch was
evaluated by taking advantage of the fact that the current of E166AcLc-0 was
blocked by uM para-chlorophenoxy acetate (CPA) at negative membrane
potentials [209]. Thus, for every excised patch, the currents at -160 mV in
the absence and presence of 10 mM CPA (Sigma/Aldrich) were first
compared before Mg2* potentiation experiments were conducted. If the
steady-state current in the presence of CPA was larger than 5% of the
current in the absence of CPA, the tight seal was considered not to be

optimal and the patch was discarded.
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4.3.3 Data Analysis

Experimental data were analyzed using Clampfit software (Molecular
Devices, San Jose, California, USA), OriginPro 2018 software (OriginLab,
Co., Northampton, Massachusetts, USA), and in-house script in Python 3.7
(Python 3.7, first released in 27 June 2018, was downloaded from
http://www.python.org); the Python script was used to find the peak current
(Ipeak) in recordings. In brief, Ipeak Was detected with a moving average
based algorithm, which alleviates a bias detection of the peak from noise of
the recording trace. All averaged data are presented as mean £ SEM. The
one-way ANOVA followed by Bonferroni’s multiple comparisons was used for
hypothesis testing in statistical comparisons. Symbols of * and ** indicate

the statistically significance levels of 0.05 and 0.005, respectively.

4.4 Results

We have previously shown that intracellular Co2* (up to 20 mM) by
itself does not activate current in WT16a. However, intracellular Co%*
potentiates the Ca?*-induced WTisa current, followed by an inhibition effect
[212]. Co?* inhibition on the WTiea current (see Figure 4.1A) is easier to
understand—Co?* competes with intracellular Ca2* for the high-affinity Ca%*-
activation sites [212]. The current potentiation by Co?*, however, is a
different mechanism because the potentiation occurs before the inhibition. A

high [Ca?*]; also potentiates the current of WTi6a (Figure 4.1B), just like the
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potentiation generated by high [Co2*]i. For both Co?* and Ca?*, at least
hundreds of UM are required for generating a detectable potentiation effect.
As the potentiation appears almost immediately upon the application of Co?%*
or Ca?*, the effect likely results from a potentiation of Cl- conduction through

the TMEM16A pore [212].

To further explore the mechanism underlying Co?* and Ca?*
potentiation, we examined whether other divalent cations also potentiate
TMEM16A current. Figure 4.2A compares the dose-dependent potentiation of
Mg?* (upper panels) and Ca?* (lower panels) on the WTisa current. In these
experiments, the current was induced by 300 pM [Ca?*]i at +20 mV (colored
in orange) and -20 mV (colored in blue), followed by the application of the
indicated concentrations of extra divalent cations (2 mM to 20 mM). To
compare the potentiation effects among different experiments, all currents
were normalized to the control current (Io) right before the addition of the
potentiating divalent cations. The degree of current potentiation, Ipeak/Io,
was calculated, and was plotted against the concentration of the potentiating
agents (Mg?* or Ca?*). As shown in the right panels of Figure 4.2A, the
current potentiation by Mg?* and Ca?* was qualitatively similar, both in the
concentration range required for generating the effect, as well as in the
degree of the potentiation. Figure 4.2B depicts the degree of potentiation of
each individual patch (circle symbols) and the averaged potentiation

(columns) by various divalent cations at 20 mM. The results show that
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alkaline earth divalent cations all potentiate the current of WTiea to a

roughly similar degree. Approximately 40%-60% increase at +20
20%-40% increase at -20 mV of the control current (activated by

[CaZ*]i) can be further induced by 20 mM divalent cations.
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Figure 4.2. Potentiation of WTiea current by various divalent cations. (A)

Dose-dependent Mg?* and Ca?* potentiation of the WTisa current.

Left three

panels show raw recording traces of Mg?* or Ca?* potentiation of WT1ea
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current. The currents were normalized to the current immediately before the
application of mM intracellular concentration of magnesium ([Mg?*]) or
[Ca%*]. Right panel shows averaged potentiation of WTisa current as a
function of [Mg2*] (n = 5-8) or [Ca?*] (n = 6-7). (B) Averaged potentiation
of 0.3 mM [Ca?*]i-induced WTiea current by 20 mM Ca?*, Co?*, Mg?*, Sr2+,
or Ba?* (n = 6-11). Insets show raw recording traces of Sr?* or Ba?*

potentiation of WTiea current.

The above results indicate that these various divalent cations
potentiate the current of WTisa with low different—all require at least
hundreds of uM to mM to start generating the effect. This is different from
the higher and very distinct apparent affinities of these divalent cations in
activating the current of WTiea [115]. The low affinity suggests that the
potentiation might involve phospholipids because the binding affinities
between the divalent cations and phospholipids are known to be in the range
of hundreds of uM to mM, or above [207, 208, 213]. To explore whether the
potentiation mechanism might involve phospholipids, we took advantage of
the report that poly-L-lysine depletes membrane phospholipids [147]. Figure
4.3A,B illustrate Co?* and Ca?* potentiation, respectively, before and after
poly-L-lysine treatment of the membrane patch expressing WTiea, Or two
Y589 mutants of TMEM16A with larger Co?* potentiation, Y589V and Y589A

(abbreviated as Y589V1i6a and Y589A16a, respectively) [212]. Figure 4.3C,D
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show that exposing the membrane patches to intracellular poly-L-lysine (0.3
mg/mL) for only 5 s reduces the potentiation of Co?* and Ca?*. On the other
hand, after poly-L-lysine treatment, supplying the membrane patch with 20
MM L-a-phosphatidylinositol-4,5-bisphosphate (PIP2) for 1 min appears to

recover the loss of potentiation caused by poly-L-lysine (Figure 4.3E,F).
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Figure 4.3. Manipulating Co?* and Ca?* potentiation of WT1iea, Y589V 16a,
and Y589Ai6a by intracellular reagents that affect membrane phospholipids.

(A,B) Representative recordings showing Co?* and Ca?* potentiation,
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respectively, before and after treating the patch with poly-L-lysine (PLL, 0.3
mg/mL) for 5 sec. All currents were induced by 0.3 mM [Ca?*];and
potentiated with an additional 20 mM Co?* or Ca?* (black bars underneath
phenotype labels). (C,D) Degree of Co?* and Ca?* potentiation, respectively,
before and after poly-L-lysine treatment. Orange (+20 mV) and blue (-20
mV) circles are the potentiation before poly-L-lysine treatment while light
orange (+20 mV) and light blue (-20 mV) diamonds are the potentiation
after poly-L-lysine. (E,F) Effects of PIP2 for reversing the effect of poly-L-
lysine on the Ca?*-induced potentiation of the WTiea current. Degree of Ca?*
potentiation was measured before poly-L-lysine treatment, after poly-L-
lysine treatment, and after PIP2 treatment. In (C,D,F), data points from the
same patch are connected by solid lines, and colored horizontal line
segments represent the mean of the data set. ns p > 0.05; * p < 0.05; ** p

< 0.005 by one-way ANOVA followed by Bonferroni’s multiple comparisons.

The results shown in Figure 4.2B and in Figure 4.3 C,D,F reveal a
significant variation in the degree of potentiation among different membrane
patches even before the treatment with poly-L-lysine. TMEM16 currents are
known to undergo significant rundown, and poly-L-lysine facilitates the
rundown process, an effect attributed to a depletion of phospholipids [146,
147]. We thus examined if the degree of the potentiation correlates with

channel rundown. Figure 4.4A shows an experiment on a TMEM16A mutant,
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Y589A16a. Here, the Mg?* potentiation was tested every one minute at +20
mV and -20 mV. The rundown of the TMEM16A current can be directly
observed from the time-dependent reduction of Ip from the recording traces
in Figure 4.4A and from the averaged Io in Figure 4.4B (circles). Figure 4.4B
also shows that the averaged degree of the Mg?* potentiation (Ipeak/Io,
squares) was reduced during the current rundown. We also tested if
mutations that reduce the binding of phosphatidylinositol-(4, 5)-biphosphate
(PIP2) to TMEM16A [146, 148] alter the degree of potentiation. Figure
4.4C,D confirm that the current potentiation by 20 mM [Mg?2+]; is
significantly smaller in P566A16a and D481A16a mutants than that in WTiea
whether the effects were examined at +20 mV or -20 mV. On the other
hand, the mutation effects of K678Qi16a and R437Q16a appear to be less
pronounced—the potentiation in these two mutants is more similar to that in
WTisa. Only the potentiation at -20 mV in R437Q is significantly smaller than
that in WT1ea. We speculated that the variation of these mutation effects in
different mutants might be related to the physical distance of the mutated

residues from the pore (see Discussion).
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Figure 4.4. Involvement of Phospholipids in divalent cation-induced
potentiation. (A) Representative recording traces are depicted to illustrate
the decrease in Mg?* potentiation of Y589A16a after channel rundown. For
every minute, current was elicited with 100 uM Ca?* (a concentration chosen
for reducing the speed of rundown), and 20 mM Mg?* were applied
subsequently for 1 s (black bar above traces). (B) Reduction of Mg?*
potentiation (Ipeak/Io) over time at +20 mV (left panel, orange) and -20 mV
(right panel, blue) (n = 6-9). The rundown of the control current (Io

normalized to the Iy of the trace at t = 0 min) is shown by circles whereas

158



the reduction of the Mg?* potentiation is shown by squares. (C) Mg?*
potentiation of a PIP2 binding-site mutant P566A16a at £20 mV. The
P566Ai6a current was easier to run down and the degree of potentiation was
also smaller compared to that in WTiea. (D) Comparing Mg?* potentiation at
+20 mV between WTiea (replotted from Figure 4.1) and four mutants
(numbers below each column are number of patches). ns p > 0.05; *p <
0.05; and ** p < 0.005 by one-way ANOVA followed by Bonferroni’s multiple

comparisons.

One well-documented mechanism underlying the effect of divalent
cation binding to membrane phospholipids on ion channels is an alteration of
the surface potential of the membrane [214, 215]. Altering membrane
surface potential affects the voltage-dependent activation of voltage-gated
channels [216, 217] as well as changing the conductance of various ion
channels [218, 219]. In altering the channel conductance, the effect
depends on the distance of the surface charge from the pore due to the
Columbic potential—the closer the charge to the pore, the larger the effect.
A large groove cavity is found at the intracellular pore entrance of TMEM16
molecules, and various studies have suggested the presence of
phospholipids in the nearby region [90, 91, 109, 144, 198]. As the open
groove is exposed to phospholipids, divalent cations may bind to low-affinity

binding sites formed by phospholipid head-groups near the pore, thus
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affecting ion transport. In comparison, the ion-transport pathways of CLC
channel/transporters are completely enclosed by protein structures [220,
221]. Therefore, membrane phospholipids are likely located further away
from the pore entrance in CLC channels than in TMEM16A. We thus
examined the degree of current potentiation by intracellular Mg?+* on a gate-
opened mutant of CLC-0, a CI" channel expressed in a Torpedo electric
organ. Indeed, the potentiation effects by intracellular Mg?* in E166AciLco
were much smaller than those observed in WTiea (Supplementary Materials,
Figure 4.51), consistent with the idea that phospholipids are located closer
to the ion-transport pathway in TMEM16 molecules than in CLC channels. If
the nature of the current potentiation is electrostatic, another prediction is
that the potentiation will be enhanced in low ionic strength solutions [214,
215]. Figure 4.5 shows that in symmetrical 40 mM [CI"], the degrees of
potentiation at +20 mV (outward current or inward ClI- flux) by Co?* and
Mg?*+ were greatly enhanced compared to those in the symmetrical 140 mM
[Cl-] condition. However, lowering the ionic strength appears to have little
effect on the potentiation of the inward current at -20 mV (see Discussion

for the interpretation of these results).
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Figure 4.5. Enhanced divalent cation potentiation of WTiea in low ionic
strength solutions. (Top) Recording traces comparing the Co2+ or Mg2+
potentiation of WT16A between conditions of symmetrical 140 mM and 40
mM NaCl. The 40 mM NaCl solution also contains 100 mM D-mannitol. All
currents were induced by 0.3 mM [Ca2+]i. (Bottom) Bar graph summarizing
Co2+ and Mg2+ potentiation under symmetrical 140 mM or 40 mM NaCl (n
= 6-8). nsp > 0.05; * p < 0.05; ** p < 0.005 by one-way ANOVA followed

by Bonferroni’s multiple comparisons.
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The electrostatic control of channel conductance is thought to result
from an increase of the local concentration of the counter-charged ions or a
decrease in the concentration of the ions with the same charge near the pore
[214, 215, 218]. Because TMEM16F conducts both cations and anions, we
expected that the current potentiation in TMEM16F by divalent cations would
be smaller than that in TMEM16A because TMEM16F conducts cations as well
as anions. To study current potentiation in TMEM16F, we performed
experiments on the Q559W mutant of TMEM16F (abbreviated as Q559WieF)
due to the technical advantage of slower current rundown in this mutant
[125]. The recording traces shown in Figure 4.6A and the averaged data in
Figure 4.6B indeed indicate that 20 mM Mg?* or Co?* generates very little
current potentiation in Q559Wier. On the other hand, Mg?* and Co?* inhibit
the Q559W1er current (Figure 4.6A,C), likely by competing with Ca?* for the

high-affinity activation sites as that shown in TMEM16A [115, 212].
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Figure 4.6. Potentiation and inhibition of the Q559WieF current by Mg?* and
Co?*. (A) Representative recording traces for the Mg+ and Co?* effects on
the Q559Wier current (induced by 0.3 mM [Ca?*]i). (B) Averaged
potentiation (Ipeak/Io) of Mg?+ and Co?* on the Q559Wier current. (C)

Averaged |nh|b|t|0n (IDivalent/Ipeak, i.e., IMg/Ipeak or ICo/Ipeak) Of Mgz+ and C02+

on the Q559WieF current.

The electrostatic potential that increases local [Cl-]i and reduces local

[Na*]i near the pore entrance could alter the calculated Na* versus Cl-
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permeability ratio (Pna/Pci). Controlling the channel’s ion selectivity by
surface potential has been previously suggested from experimental data
[222], as well as by theoretical analyses [223]. Recently, altering the Pna/Pc
ratio of TMEM16F by intracellular Ca2* has been reported [116]. To study the
effects of divalent cations on the ion selectivity of TMEM16F, we employed
Q559Wie6r again because a more linear I-V curve in this mutant provides a
better tool than WTier for measuring the reversal potential under
asymmetrical ionic conditions [125]. The I-V curves of WTisa and Q559W16F
shown in Figure 4.7A,B, respectively, were obtained from currents activated
by 20 uM or 1 mM [Ca?*];, using a voltage ramp from -80 mV to +80 mV.
Compared to the symmetrical 140 mM [NaCl] condition, the reversal
potentials with 40 mM or 15 mM [NaCl]; were shifted towards the negative
voltage direction for WTiea, but were shifted towards the positive voltage
direction for Q559Wer, indicating that WTiea is more Cl- selective, whereas
Q559Wier is more Na* selective. Interestingly, the calculated Pna/Pc ratio in
Q559W16r showed a large difference between the currents activated by 20
UM [Ca?*]i and those activated by 1 mM [Ca2*]i—the Pna/Pc ratios for the
currents activated by 20 uM [Ca?*]; were ~5.5-6.2 versus ~1.3-1.5 for the
current activated by 1 mM [Ca?*]; (Figure 4.7C). In WTiea, the Pna/Pc ratios
between currents induced by 20 yM and 1 mM [Ca?*]i appeared to be

different as well, although the difference was much smaller (Figure 4.7C &
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Table 4.1). A significant difference of the Pna/Pci ratio between low and high

[Ca%*]i conditions is consistent with the previous finding of Ye et al. [116].
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Figure 4.7. Intracellular Ca?* effect on the Na* versus Cl- permeability
ratios (Pna/Pci) of TMEM16 currents. Representative I-V curves for (A) WTiea
and (B) Q559Wie6r under asymmetrical [NaCl]. [NaCl]o = 140 mM in all
recordings, whereas [NaCl]i was 140 mM (green), 40 mM (blue) and 15 mM
(red), respectively. The reduced [NaCl]i in the 40 and 15 mM [NacCl];

solutions was replaced with D-mannitol. Currents were elicited with either
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0.02 mM or 1 mM [Ca?*];, indicated by the colored numbers next to each
curve. (C) Summary of reverse potential (Erev) measured under
asymmetrical [NaCl] for WTiea (squares) and Q559Wier (circles). The Pna/Pc
ratios (calculated based on the Goldman-Hodgkin-Katz equation, see
equation 1 in Materials and Methods) of WTisa and Q559Wier are shown in
the box on the right and in Table 4.1 (n = 5-15). * p < 0.05; ** p < 0.005

by one-way ANOVA followed by Bonferroni’s multiple comparisons.

Table 4.1. Calculated Pna/Pci of WT16a and Q559W ier.

Pna/Pci
NacCl]if (mM 2+]; M
[ ]' ( ) [ca ] (m ) WT16A Q559W16F
15 0.02 0.08 £ 0.005 6.2 £ 0.2
1 0.06 £ 0.004 1.3 +£0.2
40 0.02 0.11 £ 0.006 5.5+ 0.4
1 0.07 £ 0.01 1.5+ 0.2
0.02 -- 2.8 £ 0.3
70
1 - -
0.02 -- 1.7 £ 0.1
280 )

+ Does not include extraneous Na* from NaOH for clarity. However, the
extraneous Na* was included for the calculation of the Pna/Pq ratio.

Motivated by the effects of intracellular poly-L-lysine and PIP2 on the
divalent-cation activated TMEM16A current (Figure 4.3), we also examined

whether the same reagents could alter the Pna/Pci ratio of Q559W 6. Figure
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4.8A,B show that treating the intracellular side of the membrane patches
with poly-L-lysine (0.3 mg/mL for 5 seconds) reduces the Pna/Pci ratio of
Q559Wi6r, whereas PIP2 (20 uM for 1 min) can reverse the effect of poly-L-
lysine. These results demonstrate that the current of TMEM16A and the
Pna/Pci ratio in TMEM16F are both modulated by membrane phospholipid

manipulation.
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Figure 4.8. Effects of manipulating membrane phospholipids on the Pna/Pc
ratio of Q559Wier. All experiments were performed with 20 uM [Ca?*]..

[NaCl]o = 140 mM in all experiments. (A) Representative I-V curves of
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Q559Wier in various intracellular solutions; -80 mV to +80 mV are shown in
the top panel, whereas the expanded traces near reversal potentials are
depicted at the bottom. Experiments were first performed in 140 mM [NaCl];
(green traces), followed by experiments in 40 mM [NaCl]; before (blue
traces) and after (pink traces) 0.3 mg/mL intracellular poly-L-lysine
treatment for 5 s. Finally, the I-V curve was obtained after the patch was
intracellularly treated with 20 uM PIP2 for 1 min (purple traces). (B) Altering
the Pna/Pci ratio of Q559Wi6F after treating membrane patches with
intracellular poly-L-lysine or PIP2. Results are from experiments like those
shown in (A) and data points from the same patch are connected by line
segments. Horizontal lines depict the averaged reversal potentials from
individual data set. The mean Pna/Pci ratios (£ SEM) at the bottom of the
plot were calculated according to equation 1. * p < 0.05; ** p < 0.005 by

one-way ANOVA followed by Bonferroni’s multiple comparisons.

Because the degree of current potentiation of TMEM16A induced by
divalent cations (such as Mg?*) is roughly similar to that induced by Ca?*, we
asked whether intracellular Mg?* can also change the Pna/Pci ratio of
Q559Wier. Figure 4.9A,B show experiments in which 20 uM of [Ca2*]i was
used to activate the current. In an asymmetric CI- condition in which [NaCl],
= 140 mM and [NaCl]; = 40 mM, the Pna/Pc ratio of Q559Wi6r was 4.9 = 0.2

in the absence of Mg?* but was reduced to 2.3 + 0.1 in the presence of 1
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mM [Mg?*];, a result roughly similar to the effect of 1 mM [Ca?*]i. These
results demonstrate that divalent cations other than Ca?* can also alter the

Pna/Pci ratio of Q559W 6F.
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Figure 4.9. Effects of [Mg2*]i on the Pna/Pci ratio of Q559Wier. (A)
Representative I-V curves of Q559Wier under asymmetrical [NaCl] in the
presence and absence of 1 mM Mg?*. Currents were activated by 20 uM
[Ca%*]i. Bottom panel shows the same I-V curves expanded around Erev. (B)

Paired data showing the values of Erev in the presence (pink circles) of 1 mM
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Mg?*, and the values of Erv before Mg?* wash-in and after Mg?* wash-out
(blue circles). Horizontal black lines indicate the mean value for each data
set. Calculated Pna/Pc ratios are shown at the bottom of the plot. ns p >
0.05; ** p <0.005 by one-way ANOVA followed by Bonferroni’s multiple

comparisons.

In measuring the Pna/Pci ratios of Q559Wier with asymmetric [NaCl],
we noticed that the Pna/Pci ratio appears to be affected by [NaCl];, especially
in the experiments with low [Ca2*]i (20 uM). For example, with 15 mM
[NaCl]i, the current induced by 20 uM [Ca?*]i has a Pna/Pa ratio of 6.2 £ 0.2,
which is significantly larger than the Pna/Pc ratio of 5.5 £ 0.4 for the current
induced by the same [Ca?*]i in 40 mM [NaCl]i (Table 4.1). Since the
controversial Pna/Pc ratios from different laboratories were obtained with
different intracellular concentrations of monovalent ions [49, 116, 125, 133-
135], we examined the effect of [NaCl]; on the Pna/Pci ratio more rigorously.
In this experiment, we used a non-charged molecule, mannitol, to replace
[NaCl];, and systemically changed [NaCl]; in intracellular solutions containing
20 uM [Ca?*]i (Figure 4.10A). The Pna/Pc ratios of the Q559Wi6F current at
70 mM and 280 mM of [NaCl]; were reduced to 2.8 £ 0.3 and 1.7 £ 0.1,
respectively, in the same 20 uM [Ca?*]; (Table 4.1). Figure 4.10 B & C show
that the ratio of Pna/Pc of Q559W16r reduced with an increase of [NaCl];,

suggesting a reduction of cation selectivity in high [NaCl];. It should be
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emphasized that except for the indicated [NaCl]; the intracellular solutions in
these experiments did not include other salts (mannitol was used to replace
the reduced [NaCl]i). Although the affinities of phospholipid binding with
monovalent cations are lower than those with divalent cations, the
monovalent cation Na* is likely the culprit rendering the pore of Q559WisF

less cation-selective.

[NaClIJ/[NaCI], (mM) B - [Ca?] = 20 uM
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Figure 4.10. Dependence of the Pna/Pci ratio of Q559Wi1er on [NaCl]i. (A)

Representative I-V curves for Q559Wier in various [NaCl]; (from 15 to 280
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mM). In all recordings, [NaCl]o = 140 mM and the currents were activated
by 20 uM [Ca?*]i. The same I-V curves expanded around the Erev are shown
in the bottom panel. (B) Averaged Erev as a function of [NaCl]i from the
recordings like those shown in A. (C) Pna/Pc ratio as a function of [NaCl]; .

Notice the reduction of Pna/Pc ratio as the [NaCl]; increases (n = 6-22).

The above results are again consistent with the idea that cations bind
to membrane phospholipids, alter pore potential and thus change the
concentrations of permeant ions near the pore. This electrostatic control
exists in both TMEM16A and TMEM16F. For TMEM16F, a change in the local
ion concentration results in an alteration of the Pna/Pc ratio. However, since
TMEM16A is much more selective for anions, the effect manifests as a
potentiation of the anion flux through the pore. The phospholipids could
reside within the pore, or at locations outside the pore within a distance
short enough for an electrostatic effect (such as a position confined by
helices 3, 4 and 5, see Figure 4.11), or both. The fact that the Pna/Pc ratio
depends on divalent and monovalent cations and that the affinities of these
cations to generate the effects are low (mM or above) further suggest that

the binding of these cations is rather non-specific.
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Y593(Y589)

Intracellular

Figure 4.11. Illustration of divalent cation effects on TMEM16 molecules.
(A) High resolution structure of the “ac” alternatively spliced variant of
TMEM16A (left, PDB:50YB). The six transmembrane helices (helices 3-8) of
a single subunit forming the ion-conduction pathway are rotated 90°
clockwise along the axis perpendicular to the cell membrane (right). Helix 4
is colored in orange, whereas all other helices are colored in green. Residue
K584 of the alternatively-spliced “a” variant of TMEM16A (used in our
experiments) and residue Q559 of TMEM16F corresponds to residue K588 of
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the TMEM16A “ac” variant (colored in red). Y589 of the TMEM16A “a” variant
mentioned in the text corresponds to Y593 in the TMEM16A “ac” variant
(colored in blue). Light purple oval roughly depicts the intracellular pore
vestibule. (B) Intracellular view perpendicular to the cell membrane of a
single subunit. (Left) all transmembrane helices (with helix numbers) are
shown. (Right) Cartoon model of the six pore-forming helices depicted as
cylinders (same orientation as that in the left panel). Intracellular leaflet of
cell membranes contains negatively charged phospholipids (yellow circles
labeled with “-") as well as neutral ones (yellow circles without “-"). PIP2
molecules are depicted as salmon-color circles with “3-". The Ca?* ions at
the activation sites are colored in pink. Monovalent (not shown), divalent
(depicted as small green circles) or even multivalent cations (not shown) can
bind to phospholipid head groups, consequently decreasing the negative
potential from phospholipids. Four mutations associated with PIP2
regulations of TMEM16A studied in this paper are shown. Notice that
residues P556 (dark green star) and D481 (purple diamond) appear to be
closer to the intracellular pore vestibule than residues R437 (cyan down

triangle) and K678 (brown hexagon).

4.5 Discussion
Ion channels reside in lipid membranes, and thus membrane

phospholipids can control the function of ion channels in multiple ways. PIP2,
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for example, directly interacts with various ion channels to regulate their
functions [224]. The stabilization of the activity of voltage-gated Na*
channels by extracellular divalent cations was attributed to a membrane
surface potential effect resulting from divalent cations binding to membrane
phospholipids [216, 217, 225]. It has also been well documented that
membrane surface potential can control the conductance of ion channels via
altering the local ion concentrations near the cell membrane [214, 218, 219,
226]. For TMEM16 proteins, depletion of PIP2 from the recorded membrane
patches has been shown to reduce the apparent Ca?* affinity for the
activation of TMEM16F [147]. PIP2 also affects the rundown of TMEM16A and
TMEM16F, perhaps by binding to domains formed by helices 3-5, as well as
other parts of the molecules [127, 146-148]. These examples underlie the
critical interaction between membrane phospholipids and channel proteins.
Here, we suggest that phospholipids that are tightly associated with TMEM16
molecules may participate in forming cation-binding sites in or near the
intracellular ion-transport pathway and that the binding of intracellular
cations to the phospholipids alters pore potential and thus modulates ion

permeation.

4.5.1 Divalent cations potentiate the current of TMEM16A
All divalent cations and even the monovalent cations tested in the
present study modulate the ion permeation of TMEM16 proteins at low

affinities. In TMEM16A, generating the current potentiation requires at least
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hundreds of uM to mM Co?* and alkaline earth divalent cations (Figure 4.1,
also see [212]). The apparent affinity for monovalent cations (such as Na*)
to modulate the ion permeation of TMEM16 molecules appears to be even
lower, based on the observation that the calculated Pna/Pc ratios of
TMEM16F at 15-40 mM [NaCl]; are significantly different from those obtained
at 70-280 mM [NaCl]i (Figure 4.10). These very low affinities are similar to
the binding affinities between phospholipids and various cations documented
in the literature [207, 208]. We thus suspected that divalent cations may
bind to membrane phospholipids and mediate the effects by altering the
membrane surface potential [214, 215, 227]. To examine whether the
potentiation of TMEM16A current by divalent cations involves phospholipids,
we conducted several lines of experiments. We first found that treating
excised membrane patches with intracellularly applied poly-L-lysine for only
5 s reduced the potentiation of TMEM16A by divalent cations, whereas
applying PIP2 can reverse the effect of poly-L-lysine (Figure 4.3). Secondly,
the rundown of the TMEM16A current, a phenomenon thought to be due to
phospholipid depletion, was correlated with a reduction in the current
potentiation (Figure 4.4A,B). Finally, mutations thought to decrease PIP2
binding to TMEM16A also reduce divalent cation-induced potentiation (Figure
4.4D). These results support the idea that phospholipids are involved in the
divalent cation-mediated potentiation of the TMEM16A current. It is possible

that phospholipids are located at positions close to the pore of TMEM16A,
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and thus the binding of divalent cations can attract more CI" to the
intracellular pore entrance. A depletion of negatively charged phospholipids
(for example, PIP2) would thus result in less divalent cation binding to the

pore region and weaken the current potentiation.

Because divalent cation-mediated potentiation appears to involve
phospholipids, we further examined if the control is electrostatic in nature.
Our results revealed that the potentiation of the outward TMEM16A current
was significantly enhanced in solutions with a lower ionic strength (Figure
4.5), a phenomenon consistent with an electrostatic mechanism. We also
compared the degree of potentiation between TMEM16A and a CLC channel
because of the difference of the pore structures between these two types of
Cl- channels (Figure 4.S1). Indeed, the same concentration of intracellular
Mg?* had a significantly smaller potentiation effect in a CLC channel
compared to that in TMEM16A (Figure 4.S1C), a phenomenon that is likely
due to the closer location of phospholipids to the intracellular pore vestibule
of TMEM16A. It is interesting that the various mutations thought to alter the
interaction of PIP2 with TMEM16 molecules reduce the Co?*-induced
potentiation with different strengths (Figure 4.4D). Based on the cartoon in
Figure 4.11B (right), where the locations of these four mutated residues
relative to the pore vestibule are depicted, the strengths of the mutation
effects may depend on the distance of these residues to the intracellular

pore entrance. For example, mutations of D481 and P556 are known to
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affect the PIP2 located within a cavity formed by helices 3, 4 and 5 [146], a
location quite close to the intracellular pore vestibule. Therefore, mutations
reducing the amount of phospholipids at these positions are expected to
exert a larger effect than the mutations located farther away (such as R437
and K678). Although other speculations may also exist, an electrostatic
mechanism is consistent with the observation that larger effects occur at

those two mutations closer to the pore vestibule.

4.5.2 Intracellular cations alter the ion selectivity of TMEM16F

If the TMEM16A current potentiation is mediated by a change of the
potential near or within the pore, binding of divalent cations to the pore
region is expected to cause an increase of local [Cl]; and a decrease of local
[Na*]i. In an ion transport pathway that conducts both cations and anions
(such as TMEM16F), an increase in Cl- conductance would be canceled out by
a decrease in Nat* conductance. Our experiments indeed show that the
current potentiation by high concentrations (20 mM) of divalent cations is
much smaller in Q559W16rF (Figure 4.6 A,B). Nonetheless, the changes in
local anions and cations are expected to alter the calculated cation versus
anion selectivity, as shown elegantly in a theoretical analysis [223]. Our

experimental results confirm that the cation selectivity of Q559Wi6r in 1 mM

[Ca?*]i (Pna/Pa = ~1.3-1.5) was significantly smaller than that in 20 uM

[CaZ*]i (Pna/Pc = ~5-6) (Figure 4.7 and Table 4.1). Such effects of Ca2* on

178



the Pna/Pci ratio of Q559Wi6F are consistent with those observed in WTier

reported by Ye et al. [116].

Monovalent ions appeared to modulate the ion selectivity of TMEM16
proteins as well, as shown by the dependence of the Pna/Pc ratio of
Q559Wier on [NaCl]i (Figure 4.10 and Table 4.1). With [Ca2*]i = 20 uM, the
Pna/Pci ratios of Q559Wier were ~5-6 in 15-40 mM [NaCl]i. When [NaCl]i was
increased to 70-280 mM, the calculated Pna/Pci ratio was reduced to ~2. The
binding affinities of phospholipids with monovalent cations have been shown
to be lower than those with divalent cations and could be in the range of
tens to hundreds of mM [207, 208]. The observation that the Pna/Pc ratios
at 15 and 40 mM [NaCl]; were more similar to each other than to those at 70
mM [NacCl]; is consistent with such a very low binding affinity between

phospholipids and monovalent cations.

4.5.3 Modulations of TMEM16A and TMEM16F ion permeations result
from the same mechanism

Although divalent cations significantly alter the Pna/Pci ratio of
TMEM16F, their effects on TMEM16A are manifested as an increase in the CI
current because Na* flux through TMEM16A is nearly negligible. The degree
of potentiation of the WTiea current by divalent cations was larger at +20
mV (inward CI- flux) than at -20 mV (outward CI- flux). Since it was the
intracellular divalent cations that were manipulated, the change in the

surface charge should have been more prominent on the intracellular side of
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the membranes. A weaker potentiation of the inward current (outward CI-
flux) therefore contradicts to the classical Gouy-Chapman theory [214].
However, a more realistic surface potential model normally requires taking
the location of the surface charge into account, as elaborated by the Stern
theory [214, 215, 218, 228]. The anomaly of a larger potentiation at +20
mV, for example, could result from the voltage-dependent binding of these
modulating divalent cations if the binding sites are located within the
membrane electric field. Interestingly, the effect of [Ca2*]i on the Pna/Pci
ratio of TMEM16F was also shown to be voltage dependent—in the same
[Ca%*]i, the TMEM16F pore was more selective for anions at more positive
membrane voltages [116]. In the present study (Figure 4.5), the
potentiation of TMEM16A current was enhanced at +20 mV but not at -20
mV in symmetrical 40 mM [NaCl], a phenomenon that can also be explained
by the idea that monovalent cations (such as Na*) modulate the pore

potential of TMEM16A in a voltage-dependent way.

Although the divalent cation effects on altering TMEM16F’s Pna/Pci ratio
have been reported by Ye et al [116], our results here provide a more
general insight underlying the modulation of the ion permeation of TMEM16
molecules. In both TMEM16A and TMEM16F, we observed several common
features. First, we observed that all divalent cations and even monovalent
cations can exert the effect with very low affinities, suggesting a non-specific

binding. Second, we showed that phospholipids are involved in the

180



modulation mechanisms. Third, the degree of modulation is different in
solutions with different ionic strengths. These results led us to conclude that
the potentiation of the TMEM16A current and the alteration of Pna/Pc ratio of
TMEM16F result from the same electrostatic mechanism—intracellular
divalent and monovalent cations likely bind to membrane phospholipids,

thus modulating ion fluxes by altering the pore potential.

4.5.4 Implication of the modulation of TMEM16 current by
intracellular cations

The insight from the present study led us to recover a coherent picture
from the apparently controversial results of TMEM16F’s ion permeability in
the literature—experiments with high concentrations of cations (including
monovalent cations) on the intracellular side all showed a small Pna/Pq ratio
(less cation selective). In fact, this phenomenon is not limited to TMEM16F,
but appears to be also present in TMEM16A. When using 20 pM [Ca?*]i to
activate the current of WTiea, for example, the reversal potentials in
solutions containing only 40 mM [NacCl]; in this study (~-26 mV, see blue
open squares in Figure 4.7A) were significantly smaller than those values
(~-30 to -31 mV) when the reduced [NaCl]; was replaced with NMDG-CI
[107]. Thus, even in a quite anion-selective channel such as WTjiea, if non-
permeant monovalent cations (such as NMDG™) are used to replace the
reduced [Na*]i, the estimated Pna/Pc ratio is slightly smaller than those from

experiments where non-charged molecules (such as D-mannitol) were used
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to replace monovalent cations. This insight thus explains why TMEM16F is
very cation-selective (Pna/Pc = 6-7) in excised membrane patch experiments
in very low [NaCl]; (for example, 15 mM) than in whole-cell recording
experiments where physiological cation concentrations were present inside

the cell.

It should be emphasized that although divalent cations exert a
powerful effect on the calculated permeability on TMEM16F, a modulation
resulting from altering the pore potential does not change the “intrinsic
selectivity” of the channel pore [223]. The electrostatic control of the
permeability ratio of two ions will occur if the two ionic species are of
different valences. For two permeant ions with opposite charges traversing
the pore (such as that in TMEM16F), the calculated permeability can be
changed from more cation-selective to more anion-selective by means of a
change in surface potential of tens of mV [223]. Such a degree of membrane
surface potential perturbation is easily attainable by adding mM divalent

cations [217, 228, 229].

Our studies thus clarify the biophysical mechanism of the divalent
cation modulation on the ion permeation of TMEM16 molecules. The results,
however, raise a question regarding the physiological role of this modulation.
In vitro experiments show that the TMEM16F current can have a Pna/Pc = 6-
7 at low [NaCl]i (such as 15 mM). This high Pna/Pc ratio only exists if no

other monovalent cations are present in the intracellular solution. In a
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physiological context, however, a high concentration of monovalent cations
(such as K*) is present in cytosols. At the same time, the cytosolic solution
also contains mM Mg?* and other cations with multiple charges. As shown in
Table 4.1, even with 70 mM intracellular monovalent cations, the Pna/Pc
ratio is already reduced to ~2 in the absence of [Mg?*]i. A physiological
concentration (>100 mM) of intracellular monovalent cations and mM [Mg?*];
likely maintains a steady surface potential that renders TMEM16F non-
selective even with a fluctuation of [Ca?*]; from the sub-uM to uM level.
What then is a possible physiological role for this modulation of ion
permeation function of TMEM16 molecules? We speculate that the
significance of this electrostatic control may lie in the metabolism of
negatively charged phospholipids. For example, activation of G-protein-
coupled receptors is known to stimulate phospholipase C activity, leading to
the degradation of PIP2 [224]. Such a reduction in the amount of PIP2 in the
inner leaflet of cell membranes might alter the electrostatic potential near
the pore entrance of TMEM16 molecules and thus modulate ion permeation.
It will require experiments in more physiological conditions to confirm or
refute this possibility of controlling the ion permeation through TMEM16

molecules via synthesis and degradation of membrane phospholipids.
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4.6 Supplementary Materials
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Figure 4.S1. Potentiation of the current of EL166AcLco by intracellular
Mg?2*. (A) Nearly complete current block of E166AcLco by 10 mM CPA at -
160 mV to ensure that the majority of the current in the recording patch was
from the CLC-0 mutant. Horizontal dashed line indicates zero-current level.
Inset shows the voltage protocol (from 0 mV to -160 mV) used to induced
the current. (B) Representative traces showing the effect of 5 mM (upper

panel) and 20 mM Mg?* (lower panel) on the current of E166Acico at +20
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mV. Inset shows the voltage protocol (0 mV to +20 mV) used for the
experiments. Dashed lines are the zero-current level. (C) Dose-dependent
Mg?* potentiation of the E166Ac.co current (n = 3). The solid green line

represents the Mg?*-dependent potentiation of WTiea.
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Chapter 5: Dissertation Summary and discussion

5.1 Preface

Electrochemical gradients drive ion permeation through ion channel
pores. However, ions must overcome several barriers to cross the cell
membrane. In solution, water molecules form a solvation shell around ions.
Generally, ion transports are facilitated after the solvation shell is stripped.
For example, the ion selectivity filter of voltage-gated K+ channels contains
the conserved sequence TVGYG [230]. As K* ions travel through the
selectivity filter, water molecules in their solvation shell are replaced by the
backbone carbonyl of the conserved sequence [230]. This dissertation
examines the protein-ion interactions that affect ion permeation in TMEM16A

and TMEM16F.

We do not have a complete picture of ion permeation in TMEM16
proteins. Generally, TMEM16 CaCCs are anion-selective, whereas conductive
TMEM16 phospholipid scramblases are non-selective. One of the most well-
studied TMEM16 CaCCs is TMEM16A. The ion permeability of the unidentified
CaCC had been studied extensively even before the discovery of the TMEM16
family. Qu et al. (2000) reported that the endogenous CaCC in Xenopus
laevis oocyte, later identified as TMEM16A in 2008 [7], is more permeable to
larger anions, which require less energy to desolvate than smaller anions

[193]. They also show that the channel has a higher conductance when the
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permeant anion is smaller and that SCN~ or C(CN)3~ can block CI~ current
[193]. Therefore, smaller anions can enter the pore easier than larger
anions, but larger anions can occupy the pore for a longer time. While weak
interactions between ions and pore residues are essential for the ion
desolvation process, interactions between ions and pore residues could also
hinder ion conduction. Thus, ion channels maintain optimal interactions with
permeant ions to achieve high conductivity and selectivity. A similar idea
likely applies to phospholipid transport. Phospholipid transporters need to
facilitate the movement of phospholipids across the cell membrane without
binding to them too tightly. Since most TMEM16 proteins are phospholipid
scramblases, phospholipids may also interact with permeant ions and affect

ion permeation.

One of the most well-studied TMEM16 phospholipid scramblases is
TMEM16F. The anion permeability of TMEM16F resembles that of TMEM16A
[7, 115, 123, 130, 133, 135, 136]. In chapter 2, we reproduce the results
reported in the literature. Both TMEM16A and TMEM16F have a similar
relative anion selectivity sequence, SCN~- > I~ > CI~. However, TMEM16F is
much more permeable to cations than TMEM16A. TMEM16A and TMEM16F
also exhibit different current-voltage (I-V) relationships. At saturating
concentration of Ca2*, TMEM16A exhibits a linear I-V relationship [7, 8, 107,

115], whereas TMEM16F exhibits an outwardly rectified I-V relationship [49].
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This dissertation examines the ion permeation in both TMEM16A and
TMEM16F using electrophysiological and biochemical techniques. First, the
molecular mechanisms behind the I-V relationships of TMEM16A and
TMEM16F are explored. Second, how divalent cations binding to regions
outside the high-affinity binding sites affect ion permeation in these proteins
is examined. Finally, this dissertation also addresses the controversial ion
selectivity of TMEM16F and proposes a potential mechanism of how
membrane phospholipids can modulate ion permeation in TMEM16A and

TMEM16F.

5.2 Molecular mechanism behind the I-V relationship of TMEM16A
Chapter 2 demonstrates how K584, a pore-lining residue, affects the
current-voltage relationship of TMEM16A. In wild-type TMEM16A, K584
seems to attract nearby anions to the intracellular vestibule. Thus,
neutralizing this residue eliminates this interaction and reduces the local
concentration of anions near the intracellular vestibule. Consequently, anion
efflux is reduced, leading to an outwardly rectified I-V relationship. Making
this residue more negatively charged has an even more pronounced effect.
Both TMEM16A K584E and TMEM16A K584D have a significantly more
outwardly rectified I-V curve than wild-type TMEM16A. Similar to charge-
altering mutations, the modification of TMEM16A K584C by
methanethiosulfonate (MTS) reagents result in a similar shift in the degree

of outward rectification. Namely, a positively charged MTS reagent results in
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a more linear I-V relationship, whereas a negatively charged MTS reagent
results in a more outwardly rectified I-V relationship. Chapter 2 also shows
that the intracellular pH controls TMEM16A K584H’s I-V curve rectification by
controlling the charge of the introduced histidine residue. Consistent with
previous manipulations, the I-V relationship of TMEM16A K584H becomes

more linear as the intracellular pH decreases.

The electrostatic control of the I-V relationship of TMEM16A by K584
occurs at saturating concentrations of Ca?* and is similar to electrostatic
effect that the Ca2* bound to the channel [125] has on ion permeation.
Electrostatic control of ion conduction and permeation can be seen with
nicotinic acetylcholine receptors (nAChRs), in which rings of negatively
charged residues at both the extracellular and intracellular pore entrances
influence the conductance and ion selectivity of nAChRs [195, 231, 232].
Similarly, K584 appears to be a determinant of TMEM16A’s conductance.
Nonstationary noise analysis of TMEM16A K584E and wild-type TMEM16A
shows that the charge-reversal mutation reduces the single-channel
conductance of TMEM16A by a factor of ~2.5 [106]. Similar to TMEM16A,
charge-reversal mutation of the rings of charged residues in the Torpedo

californica AChR also affects the I-V relationship of the channel [195].

The residue in TMEM16F corresponding to K584 in TMEM16A is Q559.
However, this residue's charge does not seem to have the same effect on

the I-V relationship of TMEM16F. Thus, the molecular mechanism behind the
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outwardly rectified I-V relationship of TMEM16F is different from that of
TMEM16A. Placing an aromatic but not a charged amino acid at position 559
alters TMEM16F's I-V relationship. Wild-type TMEM16F has an outwardly
rectified I-V relationship, whereas the I-V curves of aromatic Q559 mutants
are less outwardly rectified. Interestingly, replacing Q559 with an aromatic
or a basic residue also attenuates channel rundown without altering the ion
selectivity of TMEM16F. However, the mechanism behind how these Q559

mutants affect ion conduction in TMEM16F is still unresolved.

Nonetheless, the TMEM16F mutants resistant to channel rundown and
exhibiting a more linear I-V curve will be helpful in future studies. The high
degree of outward rectification makes the identification of reversal potential
from I-V curves difficult, and the reduction in conductance over time due to
channel rundown introduces confounding variables into electrophysiological
experiments. Thus, utilizing rundown-resistant mutants of TMEM16F will
allow for more reliable reversal potential measurements. The rundown of
TMEM16F currents has been linked to the depletion of PIP2 from the cell
membrane [147]. However, it is unclear whether rundown-resistant mutants
of TMEM16F reduce the dissociation of PIP2 from the channel or stabilize the

conductive state of the channel.

5.3 Divalent cations affect ion permeation in TMEM16A and TMEM16F

Chapters 3 and 4 show that divalent cation binding to locations other

than the high-affinity Ca?*-binding sites can modulate ion permeation in
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TMEM16A and TMEM16F. Using Co?* as a probe, we found that Co?* serves
as a competitive inhibitor for Ca?* binding to the high-affinity Ca%*-binding
sites, thus inhibiting the Ca2*-induced current in TMEM16A. This competitive
inhibition is similar to the inhibition effect of Mg2*, which also competes with
Ca?* and inhibits TMEM16A [115]. Besides serving as competitive inhibitors,
Co?* and Mg?* also potentiate the current of TMEM16A with very low affinity
(mM or above). This potentiation effect has several characteristics. First, it is
not specific to Co?* and Mg?*, and other divalent cations, including (but not
limited to) Sr2* and Ba2*, can potentiate TMEM16A currents with similarly
low affinities, all at ~mM concentrations. Second, the potentiation occurs
even when the channel is saturated with Ca?*, and the degree of
potentiation is not affected by the Ca?* concentration used to activate the
channel. Therefore, the potentiation effect is likely due to divalent cations
binding at sites other than the high-affinity Ca?*-binding sites responsible for
channel activation. The low-affinity and non-specific binding of divalent
cations led us to conclude that phospholipids may form these binding sites;
The affinities of divalent cation binding to phospholipids are also in the mM
range [207, 208, 233, 234]. The binding of divalent cations to membrane
phospholipids can alter the membrane surface potential [227], which then
attracts or repels permeant ions. We believe that the current potentiation
elicited by mM divalent cations likely comes from an increase in positive

electrostatic potential near the intracellular pore entrance of TMEM16A.
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Therefore, divalent cation binding to membrane phospholipids increases the
local ClI~ concentrations, leading to additional Cl~ ions going through the
pore. To exert such an electrostatic effect on ion permeation, divalent
cations need to be near the ion permeation pathway of TMEM16A. In support
of these divalent cation binding sites locating within the membrane electric
field, chapter 3 shows that the divalent cation potentiation exhibits voltage
dependence, with potentiation being favored at depolarized membrane

potentials.

In contrast to TMEM16A, divalent cations only inhibit TMEM16F, likely
by competing with Ca?*, and do not potentiate the current of TMEM16F.
Since TMEM16F is permeable to both cations and anions, we believe that an
increase in positive electrostatic potential near the intracellular pore
entrance would attract anions to the pore and repel cations away from the
pore, leading to little to no net increase in current. Therefore, we postulated
the change in electrostatic potential would affect the ion-selectivity of
TMEM16F. Indeed, chapter 4 shows that 1 mM of either Ca?* or Mg?*
decreases the relative sodium-to-chloride permeability ratio (Pna/Pci) of
TMEM16F. While other explanations for the shift in ion selectivity exist, we
attributed the effect to a change in electrostatic potential at the pore

entrance.

Thus, chapters 3 and 4 suggest that TMEM16A and TMEM16F may

have additional non-selective, low-affinity binding sites for divalent ions.
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Since divalent cations bind to phospholipids with low affinity [207, 208, 233,
234], and the intracellular vestibule of TMEM16 proteins are partially
exposed to membrane phospholipids, pore-lining phospholipids can
potentially act as divalent cation binding sites. However, it is important to
note that these binding sites' location remains unresolved, and structures of
TMEM16 proteins with membrane phospholipids are not yet available. Thus,
the locations of these low-affinity divalent cation binding sites require further

clarification.

Also, other factors may contribute to the potentiation effect described
above. For instance, divalent cations, especially at mM concentrations, have
been shown to have a significant effect on cell membranes’ structure [235],
and molecular dynamic simulations of lipid translocation in nhTMEM16
suggest that membrane thinning at the ion permeation/phospholipid
transport pathway of TMEM16 proteins facilitates the movement of ions and
phospholipid head groups [144]. Thus, changes to cell membrane structure
may contribute to the potentiation effect. Also, there is a possibility that
divalent cations can increase leak current. However, we have addressed this
possibility in chapter 3. First, we show that 20 mM Co?2* alone can not
activate TMEM16A. Second, we show that mutating a pore residue in
TMEM16A, Y589, also affects the Co2* potentiation of Ca2*-activated ClI-

currents. Thus, the additional current elicited by divalent cations likely
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comes from additional ions going through the pore of TMEM16A rather than

elsewhere.

5.4 Factors contributing to the controversial ion selectivity of
TMEM16F

Few disagreements exist regarding the ion selectivity of TMEM16
CaCCs. However, the ion selectivity of TMEM16 scramblases has been
controversial, with contradicting Pna/Pci reported in the literature. Chapter 4
focuses on TMEM16F, the most extensively investigated TMEM16
phospholipid scramblase. Initially, K584 in TMEM16A and Q559 in TMEM16F
were thought to control the ion selectivity of the two channels [49]. This
hypothesis was driven by the fact that only anion-selective TMEM16A and
TMEM16B have a positively charged residue at their intracellular vestibule
(K584 and K629, respectively), and all other known TMEM16 proteins have
an uncharged residue (GlIn, Asn, or Tyr) at this location. Indeed, one
research group reported that the K584Q mutation renders TMEM16A more
permeable to Na* and less permeable to Cl-, whereas the Q599K mutation
renders TMEM16F less permeable to Na* and more permeable to Cl~ [49].
However, this shift in ion selectivity was not reproduced by others [107,

134].

The idea that electrostatic interaction between pore-lining residues and
permeant ions can influence ion selectivity is not new. For example,

eukaryotic voltage-gated Na+* channels' ability to select Na* over Ca2* has
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been attributed to lysine residues in their selectivity filter [236]. Although
Na* and Ca2* have a similar ionic radius, ~1.00 A, Ca2* has a larger charge
density [237, 238]. Thus, the electrostatic repulsion between the lysine
residues and Ca?* likely allows voltage-gated Na+* channels to select Na*

over Ca?+,

If the idea that pore residues can control ion permeation is not out of
the ordinary, why are there many conflicting reports on the ion selectivity of
TMEM16F in the literature? Studies that support a more cation-selective
TMEM16F report a Pna/Pci between ~1.4 and ~6.8 [49, 95, 108]. In contrast,
studies that suggest a more anion-selective TMEM16F report a Pna/Pci of less
than 1 [133-136]. Chapter 4 suggests that the varying ionic conditions
between electrophysiological experiments contribute to the controversial ion
selectivity of TMEM16F. Consistent with another report [116], chapter 4
shows that TMEM16F is more cation-selective (Pna/Pc ~6) when activated
with 20 pM Ca?*, but is less cation-selective (Pna/Pci ~1) when activated with
1 mM Ca?*. However, chapter 4 shows that Mg?* also alters the ion
selectivity of TMEM16F. In the presence 1 mM Mg?*, a physiological
concentration of Mg?*, TMEM16F is also much less cation-selective (Pna/Pci
~2) when activated with 20 uM Ca?*. Thus, the presence of Mg?* likely
contributes to the controversial ion selectivity of TMEM16F since experiments
that utilized whole-cell patch-clamp configuration tend to report a less

cation-selective channel [108, 133-136]. In whole-cell patch-clamp
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experiments, the intracellular solutions usually contain ~1-2 mM Mg?* to

mimic the physiological concentration of Mg?2+.

The outward rectification of TMEM16F current is another factor that
may contribute to the varying Pna/Pciof TMEM16F in the literature. TMEM16F
current is significantly smaller at negative membrane potentials than at
positive membrane potentials. As a result, the background current can
influence reversal potential measurements. This problem is particularly
problematic for inside-out patch-clamp recordings because the absolute
current amplitude is often small compared to whole-cell patch-clamp
recordings. Background current subtraction can alleviate this problem, but
this is not always performed. For example, Yang et al. (2012) reported a
Pna/Pci of 6.8 for TMEM16F [49]. Even though they used a saturating
concentration of 0.5 mM Ca?*, they did not perform background current
subtraction. Another study that used a similar experimental setup but with
0.2 mM Ca?* and background current subtraction reported a Pna/Pc of 2.7
[95]. Note that chapter 4 and another study [116] show that using a higher

concentration of Ca?* should yield a smaller Pna/Pc.

Ion permeability experiments involve measuring ion channel currents’
reversal potential in an asymmetrical ionic condition. Many studies that
examined the ion selectivity of TMEM16F used a 10-fold NaCl concentration
gradient to generate a significant shift in reversal potential. However,

chapter 4 shows that the actual concentration of NaCl, not just the NaCl
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concentration gradient, affects the Pna/Pc of TMEM16F. The lower the
concentration of intracellular NaCl, the higher the Pna/Pc. This finding may
explain why whole-cell patch-clamp experiments where intracellular ions
concentration is >100 mM tend to result in a lower Pna/Pc of TMEM16F.
Thus, monovalent cations, in addition to Mg?* and Ca?*, may also affect the

ion selectivity of TMEM16F.

In ion permeability experiments, sucrose, D-mannitol, NMDG2(S04),
and Cs-Aspartate are a few compounds that are often used to replace NaCl
on one side of the cell membrane. Chapters 2 and 4 suggest that the
compounds used to adjust NaCl concentration also influence the measured
Pna/Pci. Using either NMDG2(S04), as in chapter 2, or D-mannitol, as in
chapter 4, to adjust the intracellular NaCl concentration lead to different
reversal potential measurements. TMEM16A is nearly impermeable to
NMDG™*, whereas TMEM16F is more permeable to NMDG™* [108]. Even
though the permeability of NMDG* is low in TMEM16F, ignoring its

permeability may affect the measured Pna/Pal.

The Ca?*-dependent shift in the ion selectivity of TMEM16F was
postulated to have a physiological function [116], but chapter 4 suggests
that the dynamic shift in ion selectivity only occurs under non-physiological
conditions (no Mg?* and non-physiological concentration of ions). The
cytosol of mammalian cells typically contains ~0.8 mM Mg?*, ~139 mM K+,

and ~12 mM Na* [239]. At these concentrations of cations, TMEM16F would
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most likely be non-selective regardless of the intracellular concentration of

Caz+,

5.5 Phospholipids and ion permeation in TMEM16 proteins

This dissertation suggests that ion permeation in TMEM16A and
TMEM16F, and thus TMEM16 proteins in general, involves membrane
phospholipids. High-resolution structures of TMEM16 proteins show that the
ion/lipid permeation pathway is partially exposed to membrane
phospholipids [10, 82, 90, 95-97]. The degree of sidewall opening varies
among TMEM16 proteins. Thus, the conformation of phospholipids adjacent
to the ion permeation/phospholipid transport pathway of TMEM16 proteins
likely varies, and the role that phospholipids play in ion permeation likely
varies also. Since the conformation of phospholipids at the intracellular
vestibule is poorly understood, we can only speculate how the Q559W
mutation influences the I-V relationship of TMEM16F. The phospholipid
scrambling domain of TMEM16F contains Q559 [108], and mutating this
specific residue into a lysine seems to reduce the phospholipid scramblase
activity of TMEM16F significantly [109]. Also, mutating Q559 into aromatic
amino acids reduces the degree of outward rectification of TMEM16F
currents. Out of all mutations, the Q559W mutation generates the most
pronounced effect. The prevalence of tryptophan and other aromatic
residues at the water-membrane interface is well documented [240-242].

The indole side chain of tryptophan can form a hydrogen bond with the
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carbonyl in phospholipids [243-247]. Thus, placing a tryptophan at the
entrance of the intracellular vestibule of TMEM16F may alter the orientation

of pore phospholipids and affect ion permeation.

Chapters 3 and 4 show that divalent cations, which can interact with
membrane phospholipids [207, 233, 248], potentiate TMEM16A and alter the
ion selectivity of TMEM16F. Depleting negatively charged phospholipids from
the cell membrane with poly-L-lysine (PLL) reduces the potentiation of
TMEM16A by divalent cations and reduces the permeability of Na* in
TMEM16F. Furthermore, the PLL effect can be reversed by replenishing the
cell membrane with PIP2, suggesting membrane phospholipids' involvement
in ion permeation. Since Na*, Mg?*, and Ca?* are all cations, they likely
compete with one another to bind to phospholipids. Indeed, isothermal
titration calorimetry experiments have shown that Na* interferes with Ca?*
binding to phosphatidylcholine-phosphatidylserine vesicles [234]. Chapter 4
shows that symmetrically reducing the NaCl concentration on both sides of
the cell membrane enhances divalent cations potentiation of TMEM16A.
Perhaps lowering the NaCl concentration allows for more divalent cations to
bind to phospholipids at the intracellular vestibule of TMEM16A. Likewise,
increasing the intracellular NaCl concentration enhances the permeability of
anions in TMEM16F, an effect that can also be achieved by increasing the

concentration of divalent cations like Ca?* and Mg?*. Thus, Na*, like Ca?*
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and Mg?*, after binding to phospholipids at the intracellular vestibule of

TMEM16F, can also change the channel's ion selectivity.

While the orientation of phospholipids surrounding TMEM16 proteins
remains unknown, looking at ion permeation in non-biological conical
nanopores may shed light on how phospholipids may affect ion permeation
in TMEM16 proteins. How hydrophobic/charged surface affects ionic current
rectification in conical nanopores has been studied extensively (see [249,
250] for relevant reviews). The pore architecture of conical nanopores
roughly resembles that of TMEM16 proteins (a larger intracellular entrance
and a smaller extracellular entrance). Chemisorption of hydrocarbon chains
to the narrow opening (~100 A to ~330 A in diameter) of conical nanopores
alters their I-V curve rectification [251]. Similarly, membrane phospholipids'
fatty acid tails may act as an ion permeation barrier and alter the I-V
relationship of TMEM16 proteins. The location of phospholipid head groups is
also relevant because they are polar and can be charged. Phospholipid head
groups can block the ion permeation pathway, like how the positively
charged spermine blocks CNG channels [252, 253], voltage-gated Na*
channels [254], voltage-gated Ca?* channels [255], BK channels [256], and
a certain type of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor [257, 258]. Alternatively, charged phospholipid head groups might
line the pore surface and influence ion permeation directly. This idea was

demonstrated with canonical nanopores before. Namely, the chemisorption
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of 2-mercaptopropionic acid (negatively charged) or mercaptoethyl
ammonium (positively charged) to the surface of gold-coated conical
nanopores alters their I-V curve rectification [259]. While conical nanopores
may behave like ion channels that exhibit current rectification, they are
generally larger than ion channels, usually with diameters in the 100s A
range. Although ion permeation in nanopores and ion channels may differ,
smaller conical nanopores exhibit much more pronounced ionic current
rectification than larger conical nanopores [260]. Thus, it is likely that much
smaller ion channels would be more sensitive to changes to pore surface

charge.

If phospholipids cover part of the ion permeation pathway of TMEM16
proteins, then ion binding to pore-lining phospholipids’ head groups may
influence ion permeation. The idea that ions bound to the pore surface affect
ion permeation is not new. In one study, the ionic current rectification of
gold-coated conical nanopores was reduced when Cl~ in solutions was
replaced with F~ [259]. With K* being the primary current carrier, the
difference in current rectification between the two solutions is attributed to
Cl~ adsorbing onto the gold surface much better than F~[261, 262]. In
another study, the presence of Mg2* or La3* significantly alters ionic current

rectification in nanopores with a negatively charged pore surface [263].

Similarly, divalent cations binding to phospholipids near the ion

permeation pathway of TMEM16 proteins could affect ion permeation in
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these proteins. If that is the case, the phospholipid composition of cell
membranes must be considered. Eukaryotic cell membranes are only
composed of ~15% of negatively charged phospholipids [264]. Thus,
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (~57% of the
cell membrane [264]) are likely more abundant at the intracellular vestibule
of TMEM16A and TMEM16F than other phospholipids. While PC and PE are
considered neutral phospholipids, they could be positively charged in the
presence of Ca?*. Since Ca?* is thought to interact with either the carbonyl
group or the phosphate group in phospholipids (Fig. 5.1) [248, 265], the
normally neutral head group of PC and PE could be positively charged.
Beside Ca?*, monovalent cations like Na* can also bind to phospholipids
[207, 208]. The idea that ions binding to phospholipids can influence ion
permeation is consistent with the data presented in chapter 4. Namely, the
ion selectivity of TMEM16F is dependent on the concentration of both Na*
and Ca?*, and the potentiation of TMEM16A currents by divalent cations is

also dependent on the concentration of Na*.
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Figure 5.1. An illustration of Ca?* interacting with phosphatidylcholine and

phosphatidylethanolamine.

The mechanisms of phospholipid transport in flippases, floppases, and
phospholipid scramblases are still under investigation. However, one of the
most popular models for phospholipid transport is the “card reader” model.
In this model, phospholipids have their fatty acid tails in the cell membrane
core and their hydrophilic heads in phospholipid transporters' cavities as
they travel between the two membrane leaflets [197]. For TMEM16 proteins,
the asymmetric distribution of phospholipids between the two membrane
leaflets and the asymmetric architecture of the lipid transport/ion

permeation pathway of TMEM16 proteins have important implications. First,
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the intracellular half of the phospholipid transport/ion permeation pathway is
much more exposed to membrane phospholipids than the extracellular half.
Second, the intracellular membrane leaflet is more enriched with negatively
charged phospholipids than the extracellular membrane leaflet. Roughly
95% of total phosphatidylserine and 80% of total phosphatidylinositol in the
cell membrane are in the intracellular leaflet [264]. The intracellular leaflet
also contains a relatively smaller amount of negatively charged
phosphatidylinositol 4,5-bisphosphate (PIP2), which has been shown to
regulate many ion channels [266], including TMEM16A and TMEM16F [127,
145-148]. Thus, the intracellular side of TMEM16 proteins may be more
exposed to charged phospholipids than the extracellular side. This
asymmetrical exposure to charged phospholipids may play a role in ion
permeation, and further investigation is warranted. One study has explored
how other lipids besides PIP2 can affect ion permeation in TMEM16A. De
JesUs-Pérez et al. (2018) showed that fatty acids and phosphatidylserine
inhibit TMEM16A [127]. Fatty acids are known to affect the structure and
function of cell membranes (e.g., induce membrane swelling and disturbing
protein-lipid interactions) [267]. Thus, it is plausible that changes to the cell
membrane structure could contribute to the inhibitory effect of fatty acids
and phosphatidylserine on TMEM16A. Another possibility is that these
negatively charged lipids are embedded in the phospholipid regions near the

pore of TMEM16A, preventing ClI~ permeation.
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Several questions need to be answered before we can fully understand
how membrane phospholipids modulate TMEM16 protein function. If TMEM16
phospholipid scramblases utilize the “credit card” model of phospholipid
transport, do phospholipids line up along the phospholipid transport pathway
with their headgroup in the protein cavity in the absence of Ca2*? Is there a
significant difference in the orientation of phospholipids surrounding TMEM16
CaCCs and TMEM16 phospholipid scramblases? Are phospholipid scrambling
and ion conduction coupled? We do not have a solid answer for any of these
guestions. Physiologically, phospholipid metabolism would modulate TMEM16
proteins' function. Thus, understanding how membrane phospholipids
interact with TMEM16 proteins can help us understand the physiological role

of TMEM16 proteins.
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