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Calcium homeostasis modulator 1 (CALHM1) is a membrane
protein with four transmembrane helices that form an
octameric ion channel with voltage-dependent activation.
There are four conserved cysteine (Cys) residues in the
extracellular domain that form two intramolecular disulfide
bonds. We investigated the roles of C42-C127 and C44-C161
in human CALHM1 channel biogenesis and the ionic
current (Icaui). Replacing Cys with Ser or Ala abolished the
membrane trafficking as well as Icaum;. IMmunoblotting
analysis revealed dithiothreitol-sensitive multimeric CALHM1,
which was markedly reduced in C44S and C161S, but
preserved in C42S and C127S. The mixed expression of C42S
and wild-type did not show a dominant-negative effect.
While the heteromeric assembly of CALHM1 and CALHM3
formed active ion channels, the co-expression of C42S and
CALHMS3 did not produce functional channels, Despite the
critical structural role of the extracellular cysteine residues,
a treatment with the membrane-impermeable reducing
agent tris(2-carboxyethyl) phosphine (TCEP, 2 mM) did not
affect Icaum: for up to 30 min., Interestingly, incubation with
TCEP (2 mM) for 2-6 h reduced both Ics and the surface
expression of CALHM1 in a time-dependent manner. We
propose that the intramolecular disulfide bonds are essential
for folding, oligomerization, trafficking and maintenance of
CALHMT1 in the plasma membrane, but dispensable for the

voltage-dependent activation once expressed on the plasma
membrane,
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INTRODUCTION

Calcium homeostasis modulator 1 (CALHM1) is a newly
identified voltage-gated nonselective ion channel, and its
functional expression has been reported in cerebral cortical
neuronal cells and taste bud cells (Dreses-Werringloer et al.,
2008; Taruno et al.,, 2013). In cerebral neurons, CALHM1
is reportedly involved in the action potential frequency-de-
pendent regulation of excitability (Vingtdeux et al., 2016). In
type Il taste bud cells, CALHM1 interacts with CALHM3 as a
pore-forming subunit, and the CALHM1/3 hetero-multimeric
channel functions as an endogenous ATP-release channel
signaling to the purinoceptors in the sensory nerve ending
(Kashio et al., 2019; Ma et al., 2018).

In whole-cell patch clamp studies, CALHM1-expressing
cells showed slowly activating outward currents under strong
depolarized conditions, and the voltage-dependence was
shifted to the left by lowering the extracellular Ca** concen-
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tration ([Ca®*].) (Ma et al., 2012). We have recently reported
that both voltage dependence and activation speed were
markedly potentiated by raising the temperature to physi-
ological ranges (Jeon et al., 2021). Also, CALHM1 current
activation shows tendency of sensitization by repetitive stim-
uli as like the voltage-dependent activation of Anoctamin 6/
TMEM16F (Roh et al., 2021).

All six paralogues of the CALHM family proteins have four
transmembrane domains with both N-and C-termini locat-
ed on the cytoplasmic side. Recent cryo-EM studies have
revealed octameric (CALHM1) and undecameric (CALHM?2
and 4) assemblies with wide pore diameters consistent with
the unselective permeability to various ion sizes, including
ATP* (Choi et al., 2019; Drozdzyk et al., 2020; Foskett, 2020;
Syrjanen et al., 2020). There are four strictly conserved cyste-
ine residues in the extracellular domains of human CALHMT1,
CALHM?2, and CALHM3 (Figs. 1A and 1B). Based on the
cryo-EM study, the conserved C42, C44, C127, and C161
residues in CALHM1 are linked by disulfide bonds (C42-C127
and C44-C161) (Demura et al., 2020; Ren et al., 2020) (Figs.
1C-1E). The supplementary data from a study of Caenor-
habditis elegans calnm1 suggested a critical role for the
disulfide bonds in membrane expression (Yang et al., 2020).
However, their role in mammalian CALHM1 has not yet been
confirmed. Furthermore, the putative sensitivity of CALHM1
in reducing the environment through the state of disulfide
bonds has not yet been investigated.

The roles of intramolecular (between protein domains)
and intermolecular (units of multimeric assemblage) disulfide
bonds vary depending on the biogenesis, trafficking, and
gating mechanisms (see Discussion section). Therefore, it is
critical to elucidate the structural and functional roles of disul-
fide bonds in newly identified ion channels such as CALHM1.
In the present study, we investigated the role of two disulfide
bridges in the extracellular domains of human CALHM1 over-
expressed in CHO cells. All four Cys mutants completely lost
their channel activity and membrane expression. Although
the disulfide bond breakage using the reducing agents dith-
jothreitol (DTT) and tris(2-carboxyethyl) phosphine (TCEP) did
not acutely change the channel activity, sustained treatment
with TCEP (>2 h) significantly reduced /e and membrane
expression. These results indicate that two disulfide bonds
between conserved extracellular cysteine residues are essen-
tial for the proper folding for oligomerization and trafficking
but are dispensable for the electrophysiological function of
CALHM1 once it is localized to the plasma membrane.

MATERIALS AND METHODS

Cell culture preparation

Chinese hamster ovary (CHO) and human embryonic kidney
cell line (HEK293) cells were purchased from ATCC (USA) and
incubated in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% penicillin-streptomycin (Gibco). The
cells were incubated at 37°C and 5% CO,. The cells were
sub-cultured by centrifuging at 160 x g for 2 min and then
trypsinized. CHO cells at less than 30 passages were used for
subsequent experiments because of the very low expression
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of endogenous ion channels (Gamper et al., 2005).

Molecular cloning and heterologous expression of
CALHM1

To insert the coding sequence (CDS), the cDNA of human
CALHM1 and pEGFP-N1 vector (Takara Bio, USA) were
truncated with the restriction enzymes EcoRl and BamHl.
Truncated inserts were ligated, and the sequence of the
CALHM1-EGFP vector was confirmed. All point mutations in
CALHM1 were generated and PCR-amplified using the Quik-
Change Il site-directed mutagenesis kit (Agilent Technologies,
USA), and the sequences of eight mutants were confirmed
by DNA sequencing. All constructs were transfected into
CHO cells using the TurboFect transfection reagent (Thermo
Fisher Scientific, USA) according to the manufacturer’s pro-
tocol. The day before transfection, 3 x 10 cells were seeded
on a 12-well culture dish. The following day, 300 ng of the
CALHM1-EGFP vector was transfected into the cells in each
well. Downstream experiments were conducted 18-40 h
after transfection. For co-immunoprecipitation, the FLAG
(DYKDDDDK) tag and stop codon were inserted between the
CALHM1 and EGFP using Gibson assembly method (Gibson
et al., 2009). HEK293 cells (3 x 10° cells) were seeded on
6-well dishes and co-transfected CALHM1-FLAG with WT
CALHM1-EGFP or C42S CALHM1-EGFP (total amount of
cDNA was 1 pug) using the Lipofectamine 3000 (Thermo Fish-
er Scientific) according to the manufacturer’s protocol.

Electrophysiology

The transfected CHO cells were transferred to a bath mount-
ed on the stage of an inverted microscope (Ti; Nikon, Japan).
Borosilicated glass pipettes were connected to the CV 203BU
head stage of a patch-clamp amplifier (Axopatch 200B; Axon
Instruments, USA). The current was recorded at 10 kHz and
low-pass Bessel-filtered at 5 kHz. pCLAMP software version
10.6.2, and Digidata-1440A (Axon Instruments) were used
to acquire data and apply command pulses. Data were pro-
cessed using Clampfit version 11.2 (Axon Instruments). The
temperature of the bath and cells was controlled using an
in-line solution heating system (Warner Instruments, USA),
which was placed in front of the bath. The temperature was
monitored using a thermistor in the bath near the cells (<300
pum) and recorded using a digitizer. Pipettes with a free-tip re-
sistance of 2.0-2.8 MQ were used for whole-cell patch clamp.
Series resistance was estimated by dividing the time constants
of the capacitive current with the membrane capacitance,
which was kept below 10 Q in the whole-cell configuration.
Because the electrical capacitance of the cell reflects the sur-
face area of the plasma membrane, the current density of
leaumar Was defined as the amplitude of the time-dependent
outward current component divided by the cell capacitance
(pA-pF"). The bath was continuously perfused at a constant
flow rate (5 ml‘min") with Normal Tyrode’s bath solution
(NT) comprised of (in mM) 140 NaCl, 5.4 KCl, 2 CaCl,, 1
MgCl,, 10 glucose, 20 mannitol, and 10 HEPES [4-(2-hy-
droxyethyl)-1-piperazine ethanesulfonic acid], pH 7.4 (ti-
trated with NaOH) for whole-cell patch clamp experiments.
The Ca** concentration of NT was modified based on the
experimental conditions (0 and 2 mM). The pipette solution
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used for whole-cell patch clamp contained (in mM) 140 CsCl,
0.5 MgCl,, 10 EGTA [ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’ N-tetra acetic acid], and 10 HEPES, pH 7.2 (titrated
with CsOH). A salt-agar bridge with 3 M KCl was used to
compensate for the junction potential change following
treatment with reducing agents (Berman and Awayda,
2013). The reagents used in this study were purchased from
Sigma-Aldrich (USA).

Confocal microscopy imaging

CALHM1-overexpressed cells were imaged on an 18 mm
coverslip with an A1 confocal microscope (Nikon) one day
after transfection. Cell-attached coverslips were fixed with
4% paraformaldehyde and washed three times with ice-cold
phosphate-buffered saline (PBS). The membranes and nucleus
of cells were stained in the dark using 5 pg/ml wheat germ
agglutinin (WGA) and 1 ug/ml 4’,6-diamidino-2-phenylindole
(DAPI), respectively. Images were scanned with a 100x immer-
sion objective lens at 512 x 512 pixels using a digital zoom.
All confocal images were processed and transferred using NIS
software (Nikon) and ImageJ software (NIH, USA).

Immunoblotting and surface biotinylation

Proteins were extracted from overexpressed CHO cells using
lysis buffer containing 0.5 M EDTA, 25 mM Tris-HCI, 150
mM NaCl, and 1% Triton X-100 with a phosphatase and
protease inhibitor cocktail (Roche, Germany), pH 7.4. After
scraping the cells and treating them with the lysis buffer, the
lysates were homogenized 10 times with a sterile 26-gauge
needle. The protein was quantified using the Bradford assay
(Bio-Rad, USA). After incubation at 95°C with an appropri-
ate concentration of DTT (indicated in the results), lysates
were fractionated using SDS-PAGE on 3%-8% gradient gels
(Thermo Fisher Scientific) and transferred onto a PVDF mem-
brane in 25 mM Tris, 192 mM glycine, and 20% methanol.
Membranes were blocked with 5% skim milk containing 1%
TBS and Tween-20 (TBS-T) for 4 h at room temperature, with
gentle rocking. Membranes were then incubated overnight at
4°C with anti-GFP (Invitrogen, USA) and anti-GAPDH (USA)
primary antibodies, and this was followed by incubation with
secondary antibodies after washing three times with TBS-T.
Blots were developed using ECL Plus western blotting detec-
tion reagents (Merck, Germany) for western blot analysis.

To detect CALHM1 in the surface membrane fraction, CHO
cells were washed with ice-cold PBS and incubated in 0.5
mag/well Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) for 1
h at 4°C. Unreacted biotin was quenched using 50 mM Tris
(pH 7.4) and washed with ice-cold PBS. Biotinylated proteins
were then extracted as described above. Avidin slurry (100
ul: Thermo Fisher Scientific) was added to 500 ul of cell lysate
(500 png of biotinylated protein) in spin columns and incubat-
ed, with rotation, for 1 h at room temperature. After washing
the beads three times with TBS-T, proteins were eluted with
elution buffer (62.5 mM Tris, 1% SDS, 10% glycerol, and 50
mM DTT). The eluted proteins were fractionated using SDS-
PAGE on 4%-12% gradient gels and immunoblotted as de-
scribed above.
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Co-immunoprecipitation

To explore the biochemical interaction of WT CALHM1 and
C42S CALHM1, after co-transfection for 24 h, cells were
washed with ice-cold PBS and harvested in lysis buffer (120
mM NaCl, 50 mM HEPES, 2 mM EDTA, 2 mM MgCl,, and
0.5% Triton X-100 with a phosphatase and protease inhibitor
cocktail, pH 7.4). The lysates were passed 17 times through
a sterile 26-gauge needle and incubated on a rotator for 30
min at 4°C. After centrifugation, the protein concentration in
the supernatants were measured and 200 pg of lysates (500
ul) were incubated with 30 pl of Protein G-agarose beads
(Thermo Fisher Scientific) coupled to 1 pg of anti-FLAG M2
antibody (Sigma-Aldrich) or anti-GFP antibody (Thermo Fish-
er Scientific) on a rotator at 4°C overnight. After beads were
washed twice with wash buffer and once with ice-cold PBS,
the precipitates were eluted with 25 ul of 2x sample buffer
(120 mM Tris-Cl, 4% SDS, 0.02% bromophenol blue, 20%
glycerol, 10 mM DTT) at 60°C for 5 min. The lysates for input
(10 pg) were incubated in sample buffer at 95°C for 5 min.
All samples were fractionated using SDS-PAGE on 4%-12%
gradient gels and immunoblotted as described above.

Statistical analysis and data presentation

Statistical analysis was performed using Origin Pro 2021
(OriginLab Corporation, USA) and Prism 9.2.0 (GraphPad
Software, USA). Data are presented as the mean + SD. Stu-
dent’s unpaired t-test and one-way ANOVA were used where
appropriate, and differences were considered significant at
P < 0.05. Multiple protein sequence alignments were per-
formed using the modified ClustalW algorithm (Thompson
et al., 1994). Homology modeling was performed using the
SWISS-MODEL workspace, based on the cryo-EM structure of
CALHM?2 (Choi et al., 2019; Waterhouse et al., 2018). Struc-
tural analysis was performed based on the published cryo-EM
structure of killifish calhm1 (Demura et al., 2020). The killifish
calhm1 structure was visualized using PyMOL (Schrédinger,
USA).

RESULTS

The schematic figure of barrels and connecting lines demon-
strates the topology and domains of CALHM1 (Fig. 1A). Ami-
no acid sequences of the three human CALHM paralogues
(CALHM1-3) and the calhm1 sequences of mice and killifish
were compared (Fig. 1B). Four cysteine residues (C42, C44,
C127, and C161 in human CALHM1) were conserved across
all five proteins. The densities of the two disulfide bonds be-
tween the conserved cysteines (C42-C127 and C44-C161) in
the killifish calhm1 cryo-EM structure were determined (Figs.
1C-1E). All these residues were located in the extracellular
space, and the two disulfide bonds were located relatively
close to each other (Figs. 1C and 1D, red color). Since the
cryo-EM structure of human CALHM1 has not been reported
before, we used the homologous model to confirm whether
the less-conserved cysteine molecules also formed disulfide
bonds. There were eight additional cysteine residues in cryo-
EM structure, but they were too far from each other to form
disulfide bonds (Fig. 1D, orange color). Taken together, we
confirmed that only the four conserved cysteine residues



formed the two disulfide bonds identified (Fig. 1E).

We compared the electrophysiological properties of cyste-
ine mutants and wild-type (WT) CALHM1 in CHO cells. In the
whole-cell patch clamp configuration, step-like depolarization
was applied from 40 mV of holding voltage to 80 mV (5
s) with various levels, followed by repolarization to 40 mV.
At room temperature, slowly activating outward currents
(leauar) Were observed only at strong depolarizations above
40 mV (Fig. 2A, left panel) but not in the empty CHO cells
(data not shown). Consistent with the known CALHM1 prop-
erty (Ma et al., 2012; Tanis et al., 2017), removal of extracel-
lular Ca** ([Ca®"],) facilitated voltage-dependent activation of
CALHM1 current (Fig. 2A, middle panel). We recently report-
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ed on the thermosensitivity of CALHM1 (Jeon et al., 2021)
and confirmed the significant facilitation of CALHM1 activa-
tion at physiological temperature (37°C, Fig. 2A, right panel).
The summarized results are presented as current-to-voltage
relations (I-V curves, Fig. 2B). The voltage dependence of
CALHM1 current was investigated with conductance-to-volt-
age relations (G-V curves, Fig. 2C) under three conditions as
described above. The voltage was stepped from 40 mV to
120 mV (2 s) with 10 mV increments, followed by repolar-
ization to -80 mV (1 s) and then back to -40 mV of holding
potential. By removing the [Ca®*]. or increasing the tempera-
ture to 37°C, the half-maximal activation voltage (V;,) was
shifted to the left (42.90 £+ 2.515 mV, 58.25 + 0.725 mV, re-

NTH

calhml_Killifish

calhml_Killifish

calhml Killifish

M----MDKFRMIFQFLQSNQESFMNGICGIMALASAQMYSAFDFNCPCLPGY
MAALIAENFRFLSLFFKSKDVMIFNGLVALGTVGSQELFSVVAFHCPCSPAR
M-==—- DKFRMLFQHFQSSSESVMNGICLLLAAVTVKLYSSFDFNCPCLVHY
M-———- DKFRMIFQFLQSNQESFMNGICGIMALASAQMYSAFDFNCPCLPGY
Me-———- DKFRMMFQFLOSNQESFMNGICGIMALASAQMYSSFEFSCPCMPEY

[ s2a = ] [s ] S3a

NAAYSAGILLAPPLVLFLLGLVMNNNVSMLAEEWKRPLGRRAKDPAVLRYMF
NYLYGLAAIGVPALVLFIIGIILNNHTWNLVAECQHRRTKNC-SAAPTFLLL
NALYGLGLLLTPPLALFLCGLLANRQSVVMVEEWRRPAGHRRKDPGIIRYMC
NVVYSLGILLTPPLVLFLLGLVMNNNISMLAEEWKRPAGRRAKDPAVLRYMF
NYTYGIGLLIIPPIWFFLLGFVLNNNVSVLAEEWKRPTGRRTKDPSVLRYML

| S3b | [ s3¢c ]

CSMAQRALIAPVVWVAVTLLDGKCFL
SSILGRAAVAPVTWSVISLLRGEAY
SSVLQRALAAPLVWILLALLDGKCF
CSMAQRALIAPVVWVAVTLLDGKCFL
CSITQRSLIAPAVWVSVTLMDGKSFL

FCTAVPVSALGNGSLAPGLPAPEL
LSEFVDPSSLTAR--EEHFPSAHA
FSSSVDPEKFLDF---ANMTPSQV
FCTAVPVATLGNGSLVPGLPAPEL
FSINLDIEKFGNASLVIGMTETEK

S4 |
ARLLARVPCPEIYDGDWLLAREVAVRYLRCISQALGWSFVLLTTLLAFVVRS
TEILARFPCKENPDN-LSDFREEVSRRLRYESQLFGWLLIGVVAILVFLTKC
QLFLAKVPCKEDELVRDSPARKAVSRYLRCLSQAIGWSVTLLLIIAAFLARC
ARLLARVPCPEIYDGNWLLAREVAVRYLRCISQALGWSFVLLTTLLAFVVRS

152
153
148
151
151

204
204
200
203

calhml_Killifish

LKFLARIPCKDLFEDNEV--RVAATRYIKCISQACGWMFLLMMTFTAFLIRA 201

Extracellular

Intracellular

Fig. 1. CALHM1 protein sequence and structure. (A) Schematic topology of CALHM1 showing four transmembrane domains (TMD),
two extracellular loops (EL), short N-terminal helix (NTH), and four C-terminal helices (CH1-4). The four conserved cysteine residues are
presented as red dots; C42 and C44 in EL1, C127, and C161 in EL2. (B) Amino acid sequences of human CALHM1-3, mouse calhm1,
and killifish calhm1 were aligned using the Clustal Omega algorithm. The four cysteine residues are highlighted within grey boxes. (C)
The octameric structure of killifish calhm1 is depicted, and the locations of conserved cysteine residues are highlighted in red color (PDB
accession code: 6LMT). (D) A three-dimensional drawing of CALHM1 monomer; colored ribbon-type representation of domains is similar
to that in (A). The locations of eight non-conserved cysteine residues are highlighted in orange color. (E) Magnified view of the two

disulfide bonds: C42-C127 and C44-C161 (red color).
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Fig. 2. Electrical activity of
CALHM1 and loss of function in
Cys mutants. (A) Representative
traces of WT CALHM1 current
activated by step-like depolariza-

tions ranging from -40 to 80 mV
(5 s) every 20 s under standard
condition (2 mM [Ca®'], and
27°C), nominal Ca**-free, and at
37°C. B and Q) IrV curves and G-V
curves of WT obtained under the
three conditions (n = 12 and 10-
12 for I-V curves and G-V curves,
respectively). (D) No current was
observed in cells expressing C42S.
(E) 1-V curves of C42S obtained
under the three conditions (n = 6-8).
(F) Summary of current densities of
wild-type CALHM1 (n = 64) and all
the cysteine mutants under standard
condition (n = 4-6).
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2 mM [Ca®],, 27°C 0 mM [CaZ],, 27°C 2 mM [Ca®],, 37°C
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spectively) compared with condition of 2 mM [Ca?'], at room
temperature (67.76 £ 0.965 mV).

Replacement of any of the four cysteines residues with
serine or alanine residues by site-directed mutagenesis com-
pletely abolished /- 1. Representative patch clamp record-
ings of CHO cells transfected with C42S at room tempera-
ture, free calcium (0 mM [Ca*'],), and at 37°C are shown in
Figs. 2D and 2E. In addition, the summary of outward current
densities at 60 mV in CHO cells expressing the tested mutants
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is shown as bar graphs (Fig. 2F), clearly indicating the loss of
channel function across all the mutations.

To investigate CALHM1 trafficking to the plasma mem-
brane, we conducted confocal microscopic analysis of CHO
cells expressing CALHM1 with an EGFP tag (Figs. 3A and
3B). The cells were co-stained with WGA, which binds to
the glycoproteins in the cell membrane (Fig. 3A, red color).
Wild-type CALHM1 was localized to the plasma membrane,
along with the puncta form of intracellular expression (Fig.
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A DAPI WGA CALHM1 Merge B
= L .
< o] I Fig. 3. Surface expression of
WT 2w J CALHM1 and cysteine mutants.
e AN / (A) Representative confocal
10.:0 o3 o images of CHO cells expressing the
= 8] wild-type CALHM1 (uppermost
£ o] row) and four cysteine-to-serine
C428 é :: mutants are shown. Four images
o] are shown per row for each cell,
. °e " with the blue DAPI fluorescent
5 80 signal shown in the first column,
C44S ) N Sj: the red WQA signal of plasma
£ 0] \i\n { : ! / membrane in the second column,
; ” ot = o the green CALHM1-associated
1001 signal in the third column, and
Bt the merged signal shown in
C127S bj: the fourth column. Despite the
2 2] considerable portion of wild-
s ;o 7, type CALHM1 proteins expressed
100 in the cytosolic space, distinct
I membrane expression of CALHM1
C161S 4 b p was confirmed in yellow-colored
b, Ew regions. (B) Line scanning of
00 Re.aﬁv";s.engm 7 fluorescent images was processed
Cc using ImageJ software. (C) Surface
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75-] surface biotinylation followed
CALHM-GFP _— by immunoblotting. The total

and surface represented whole

GAPDH T e e — e —

cell lysate and surface fraction,
respectively.

3A, uppermost panel). Notably, a considerable amount of
the CALHM1 protein was located in the perinuclear region.
A pattern of relatively larger cytosolic expression of WT
CALHM1 has also been reported (Dreses-Werringloer et al.,
2008). In contrast to WT, none of the Cys mutants showed
plasma membrane localization, while the perinuclear ex-
pression pattern was evident (Figs. 3A and 3B). We also
compared the plasma membrane expressions of WT with the
expression of cysteine mutants using a surface biotinylation
technigue. While WT CALHM1 was found in the plasma
membrane fraction, none of the four cysteine mutants were
detected (Fig. 3C). The multi-bands of WT and Cys mutants
in the whole-cell lysates indicate variations of N-glycochains
on CALHM1, as reported by Okui et al. (2021).

We then evaluated whether intramolecular disulfide bonds
are necessary for multimerization in the biogenesis of the
CALHM1 channel. Immunoblotting using 3%-8% poly-
acrylamide gels was performed with or without a reducing
agent (DTT, 0, 0.1, 1, and 10 mM). In the control condition,
CALHM1 proteins of various sizes were detected, pointing to
the presence of monomers, dimers, and tetramers (Fig. 4A).
The calculated molecular weight of CALHM1-GFP is ~65.9
kDa, and the predicted molecular masses for dimeric and te-
trameric forms are ~131.8 kDa and ~263.6 kDa, respectively.
The multimeric forms of CALHM1 decreased with increasing

concentrations of DTT, while the monomeric form increased.
When either C42 or C127 was replaced with serine, multim-
eric bands were detected in the non-reducing condition (0
mM DTT), similar to WT (Fig. 4B). In contrast, the multimeric
sizes of C44S and C161S decreased significantly, even un-
der non-reducing conditions. We compared the intensity of
monomer and tetramer bands in four immunoblots with in-
creasing concentrations of DTT. Whereas the relative expres-
sion ratios of monomer gradually increased to 3.24 at 10 mM
DTT in WT, those of tetramer decreased to 0.22, when nor-
malized to signal intensity of 0 mM DTT (Fig. 4C). The ratios
of monomer and tetramer bands in C42S and C127S were
similar to WT (monomers, 3.12 and 2.97; tetramers, 0.28
and 0.14, respectively, Fig. 4D), while not significantly altered
in C44S and C161S (monomers, 1.53 and 1.44; tetramers,
0.55 and 0.67, respectively).

Co-expression of WT with mutated channel units often
showed dominant-negative effects, and hetero-multimerized
channels showed impaired electrophysiological function
(Bannister et al., 1999; Cho et al., 2000). Since the function-
al CALHM1 channel has an octameric structure, a putative
hetero-multimeric assembly might disrupt the function of the
channel. When WT and C42S cDNAs were co-transfected
using constant quantities of WT and increasing quantities of
C42S (10:1, 10:2, 10:5, and 10:10), the ey amplitude did
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Fig. 4. Multimeric formation of wild-type CALHM1 and cysteine mutants. (A) 10 ug of freshly prepared cell lysate from wild-type
CALHM1-transfected CHO cells was solubilized in SDS sample buffer without (lane 1) or with DTT (0.1, 1, and 10 mM, lanes 2-4),
followed by separation on SDS-PAGE and immunoblotting using GFP-antibodies. The predicted molecular weight for monomeric,
dimeric, and tetrameric forms of CALHM1 are marked with arrows on the right side. (B) Immunoblotting of four cysteine-to-serine
mutants was performed. The oligomerization of the ion channel was reduced in two cysteine mutants (C44S and C161S) but not in the
other two mutants (C42S and C127S). (C) Relative immunoreactive band intensities of monomer and tetramer in WT without or with
DTT. (D) The expressions pattern of monometric- or tetrametric form were altered in C42S and C127S comparing with WT, while not in

C44S and C161S according to the concentrations of DTT.

not change significantly (Fig. 5A). Furthermore, when the
total amount of transfected cDNA was kept constant, the
increased ratio of C42S (9:1, 1:1, and 1:9) induced only a
gradual decrease in Icami. Notably, the current density was
still significant even when the ratio of WT and C42S cDNA
was 1:9 (30 ng:270 ng).

To determine whether WT and C42S CALHM1 form het-
ero-multimerized channels, we performed co-expression
and immunoprecipitation of FLAG tagged WT CALHM1 and
GFP tagged C42S CALHM1 cDNAs with a positive control

764 Mol. Cells 2021; 44(10): 758-769

expressed with different (FLAG or GFP) tagged WT CALHM1
¢DNAs. While CALHM1 co-immunoprecipitates with itself as
a homo-multimer, GFP tagged C42S CALHM1 was not pulled
down with FLAG tagged WT CALHM1, indicating C42S
CALHM1 could not interact with WT CALHM1 (Fig. 5B).

The intrinsically expressed ATP-releasing channel in taste
buds is composed of CALHM1 and CALHM3 (Kashio et al.,
2019; Ma et al.,, 2018). When expressed with CALHM3
alone, CHO cells showed negligible voltage-dependent cur-
rents (Fig. 5C). However, when co-expressed with CALHM1,
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Fig. 5. No interaction of cysteine mutants and WT CALHM1. (A) Wild-type CALHM1 ¢cDNA was injected alone or with C42S mutant
cDNA. The ratios of WT CALHM1 and C42S cDNA were 10:0, 10:1, 10:2, 10:5, and 10:10 (n = 5-9). The current densities did not differ
between the groups (open bars). In addition, a combination of WT CALHM1 and C42S cDNA was transfected into CHO cells with varying
amounts (9:1, 1:1, 1:9), which of the total amount was 300 ng (n = 11-15). lcam: decreased based on the amount of wild-type vector
(**P < 0.01, ***P < 0.001, grey bars). n.s., not significant. (B) Co-immunoprecipitation blot represents that C42S CALHM1 do not
interacts with WT CALHM1. CALHM1 interacts with itself, but could not assemble with C42S CALHM1 through hetero-multimerization. (C)
Representative traces of the currents recorded in CHO cells expressing CALHM3 alone and co-expression of CALHM1/CALHM3 or C42S/
CALHM3 under standard condition (2 mM [Ca®*], and 27°C). (D) Summary of the membrane current densities in CHO cells co-expressing
CALHM3, WT CALHM1 and C42S cDNA. The current densities of triple co-expression of CALHM1, C42S, and CALHM3 did not differ
from that of CALHM1, CALHM3, and GFP (n = 5). In contrast, the co-expression of C42S with CALHM3 did not show significant current (n

=7). **xP<0.001.

the voltage-dependent outward Icaumis Showed a larger
amplitude (54.5 £ 3.57 pA/pF), with faster kinetics of activa-
tion compared with leaguur (Figs. 5C and 5D). These results
are consistent with previous reports (Ma et al., 2018). The
co-expression of CALHM3 with C42S CALHM1 could not res-
cue the electrophysiological activity; no outward voltage-de-
pendent current was observed (Figs. 5C and 5D). Although
the data obtained from the co-expression of WT CALHM1
and C42S excluded any interaction between the two, the
significant lcaymms compared with lea g Might suggest a
rescue effect from WT to C42S through hetero-multim-
erization. To test this hypothesis, the current density of triple
co-expression of WT, C42S CALHM1, and CALHM3 was
compared with that of WT CALHM1 and CALHM3 and with
GFP, replacing the C42S cDNA. Including C42S did not affect
leauar s @mplitude, similar to GFP (empty vector), suggesting
that the CALHM1 cysteine mutant did not assemble into the

CALHM1/3 hetero-multimeric channel (Fig. 5D).

Finally, we investigated whether reducing agents used to
break the cysteine bridges could affect CALHM1 activity. Step
depolarization from 40 to 60 mV (5 s) was repetitively ap-
plied to activate CHO cells expressing WT CALHM1 every 30
s. After confirming the constant amplitudes of lcaygmi, 2 MM
DTT or TCEP was added to the bath perfusing solution, and
this did not significantly change lcauw; amplitude for up to 30
min (Figs. 6A and 6B). Treatment with 10 pM ruthenium red
or 10 uM Gd*, known blockers of CALHM1, almost com-
pletely suppressed Iy (data not shown). In contrast to the
acute effect of the reducing agents, prolonged pretreatment
(2-6 h) of the transfected cells with 2 mM TCEP significantly
reduced lcayn @amplitude compared with time-matched con-
trol cells (Fig. 6C). lcaum Suppression by TCEP pretreatment
suggests reduced membrane expression (internalization)
or degradation of the CALHM1 protein. In fact, based on
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surface biotinylation and immunoblotting analysis, CALHM 1
expression decreased in the plasma membrane after 2 h
of TCEP treatment (Figs. 6D and 6E). The expression had
reduced even further 6 h after treatment. Interestingly, the
total amount of CALHM1 protein also significantly decreased
after 6 h of TCEP treatment.

DISCUSSION

The structures of various transmembrane proteins, including
ion channels, are stabilized by intra- or intermolecular disul-
fide bonds. In the CALHM family, four cysteine residues were
highly conserved across and within species (Fig. 1B). Recent
cryo-EM studies have confirmed the intramolecular disulfide
bridges investigated here (Choi et al., 2019; Demura et al.,
2020; Ren et al., 2020; Yang et al., 2020). Although the cryo-
EM structure of human CALHM1 has not been reported,
we indirectly confirmed the existence of two disulfide bonds
between four conserved cysteine residues using homology
modeling of CALHM1 based on human CALHM?2 structure.
These disulfide bonds are located in the extracellular space
and occur approximately 7 A apart, when measured using
the homology models and killifish CALHM1 cryo-EM struc-
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**xP<0.001).

ture. Interestingly, eight non-conserved cysteine residues
were also located in CALHM1 cryo-EM structure, but the dis-
tances between them were too large to form intermolecular
or intramolecular disulfide bridges (Fig. 1D). This implies that
only the four conserved cysteine residues could form two in-
tramolecular disulfide bonds (Figs. 1C-1E).

The nascent channel proteins are targeted to the endoplas-
mic reticulum (ER) and are folded and multimerized within
the ER prior to membrane expression (Deutsch, 2003; Isacoff
etal., 2013). In the ER, oxidative protein folding, a process of
disulfide bond formation, and a conformational folding reac-
tion are generated (Narayan, 2012). It is very important that
only properly folded and assembled channels are trafficked
to the plasma membrane as dysfunctional channels can have
serious effects. Starting with ER quality control, maturation
in Golgi shuttled channel complexes is also important to pro-
ceed in forward traffic to reach the cell membrane.

Our study showed the critical roles of the intramolecular
disulfide bonds (C42-C127 and C44-C161) in the biogenesis
and membrane trafficking of CALHM1 ion channels. Specif-
ically, we found that the cysteine bridge between C44 and
C161 (C44-C161) is essential, while that between C42 and
C127 (C42-C127) is dispensable for multimerization in the



ER (Fig. 4). Nevertheless, the patch clamp and confocal mi-
croscopy demonstrated the necessity of both disulfide bonds
as all mutants of the four individual cysteine residues showed
impaired trafficking to the membrane, with no electrophys-
jological function (Figs. 2 and 3). We cautiously interpret
that each disulfide bridge is critical to pass the quality check
during CALHM1 localization to the plasma membrane.

While WT CALHM1 forms a homo-multimer, the single
C42 mutation (C42S) lacking the C42-C127 bridge did
not assemble into WT CALHM1 when it was co-expressed
with WT CALHM1 (Figs. 5A and 5B). In addition, although
CALHM1 and CALHM3 form a heteromeric ion channel
(CALHM1/3) with higher activity than CALHM1 alone (Ma et
al., 2018), the triple co-expression of WT CALHM1, CALHM3
and C42S CALHM1 did not affect the electrophysiological
function (Figs. 5C and 5D). These results suggest that C42S
might be unable to assemble with CALHM1/3 hetero-multi-
meric proteins.

Finally, we investigated the sensitivity of CALHM1 to DTT
and TCEP. Surprisingly, despite the critical role of extracellular
disulfide bridges in biogenesis and trafficking, lcau: Was not
affected by acute treatment with both reducing agents (Figs.
6A and 6B). The absence of an acute response to the reduc-
ing agents indicated that, once assembled and trafficked
to the membrane, the octameric CALHM1 channels can
maintain their gating mechanisms even though the reducing
agents may have reduced the extracellular disulfide bonds.
Although there was possibility that the concentration of TCEP
was not enough to break the extracellular disulfide bridges,
we could not increase TCEP more than 2 mM due to toxic
effects of reducing agent for maintaining tight seal.

Because TCEP is impermeable to the plasma membrane,
we investigated the effect of sustained treatment on ion
channel activity and membrane expression of CALHM1. We
observed a decrease in Ica i @and the membrane expression
of CALHM1 from 2-6 h, while GAPDH expression was un-
altered (Figs. 6C-6E). We cautiously interpret that the con-
version of disulfide bonds to sulfhydryl residues induced en-
docytic removal and impaired recycling to the plasma mem-
brane. Furthermore, the disappearance of CALHM proteins
in the total preparation suggested degradation of CALHM1
with reduced cysteines that would have lost structural integ-
rity (Figs. 6D and 6E). Considering the effects of sustained
treatment of TCEP on membrane expression, we carefully
interpreted that 2 mM of TCEP could break disulfide bridge
of CALHM1 channel, while absence of acute effects.

The time gap between the nonsignificant acute effect on
leaumn @nd the delayed decrease in expression stood out.
Here, we interpret that the disconnected disulfide bridges
affected the gating function while shortening the functional
lifetime of the CALHM1 channels. Based on the limited in-
formation obtained from the present results, we could not
exclude the possibility that the quaternary structural change
in the CALHM1 channel due to TCEP treatment might be a
slow phenomenon that could not be detected within several
minutes by the patch clamp technique.

A number of studies have reported that intermolecular or
inter subunit disulfide bridges are important for the assem-
bly of ion channels; shaker-type voltage-gated K* channels
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(Schulteis et al., 1995; 1996), voltage-gated Na* channels
(Chen et al,, 2012; Yereddi et al., 2013), voltage-gated Ca**
channels (Calderon-Rivera et al., 2012), voltage-gated H*
channels (Fujiwara et al., 2013), and acid-sensing ion chan-
nels (Zha et al., 2009). Among the two-pore domain (K2P)
K* channel family, TWIK1 and TREK1 form a heterodimeric
channel via a disulfide bridge in the extracellular cap region
(Hwang et al., 2014). However, the role of disulfide bridges
in the cap structure formed by the extracellular M1-P1 linkers
of each K2P monomer remains controversial (Zuniga and Zu-
niga, 2016).

The critical role of intramolecular disulfide bridges in func-
tional channel expression has been reported in other types
of ion channels; inward rectifier K channels (Kir2.1 and 2.3)
(Bannister et al., 1999; Cho et al., 2000), transient receptor
potential channels (TRPC4 and 5) (Duan et al., 2018; 2019),
transient receptor potential ankyrin channel (TRPA1) (Wang
etal, 2012), TIM23 complex of mitochondria (Ramesh et al.,
2016), chloride intracellular ion channel (CLIC1) (Al Khamici
et al.,, 2016), and CALHM1, identified in this study. In con-
trast to the role of CALHM1 in membrane trafficking, the
extracellular cysteine residues of Kir2.1 and 2.3 are required
for their electrophysiological function but not for expres-
sion in the plasma membrane. Furthermore, the disulfide
bond on the extracellular side of the pore and the preceding
small loop of TRPC5 seem to be critical for the function and
pharmacological activation of the agonist, Englerin A. The
functional modulation of TRPC5 that results from changing
the state of disulfide bonds using reducing agents has been
reported (Xu et al., 2008). In contrast to TRPC5, acute treat-
ment with a reducing agent did not affect lca . However,
the previously observed inhibitory effect of sustained TCEP
treatment on TRPC5S activity (Hong et al., 2015) is similar
to the results of the our present study, that is, reduction in
lear @nd membrane expression (Fig. 6).

As discussed above, the roles of disulfide bridges in chan-
nel complexes are widely variable and include biogenesis,
gating process, and pharmacological modulation. Our study
confirmed the essential role of highly conserved intramolecu-
lar disulfide bridges in the proper assembly and trafficking of
CALHM1. Although TCEP treatment did not acutely change
the channel activity, prolonged exposure to the reducing
environment could significantly lower CALHM1 expression,
and this might have pathophysiological implications in the
cells and tissues where the functions of CALHM1 are being
revealed.
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