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Mammalian voltage-activated L-type Ca** channels, such as Ca(v)1.2, control transmem-
brane Ca”* fluxes in numerous excitable tissues. Here, we report that the pore-forming
a1C subunit of Ca(v)1.2 is reversibly palmitoylated in rat, rabbit, and human ventricular
myocytes. We map the palmitoylation sites to two regions of the channel: The N termi-
nus and the linker between domains I and II. Whole-cell voltage clamping revealed a
rightward shift of the Ca(v)1.2 current—voltage relationship when a1C was not palmi-
toylated. To examine function, we expressed dihydropyridine-resistant ®1C in human
induced pluripotent stem cell-derived cardiomyocytes and measured Ca”* transients in
the presence of nifedipine to block the endogenous channels. The transients generated
by unpalmitoylatable channels displayed a similar activation time course but signifi-
cantly reduced amplitude compared to those generated by wild-type channels. We thus
conclude that palmitoylation controls the voltage sensitivity of Ca(v)1.2. Given that
the identified Ca(v)1.2 palmitoylation sites are also conserved in most Ca(v)1 isoforms,
we propose that palmitoylation of the pore-forming a1C subunit provides a means
to regulate the voltage sensitivity of voltage-activated Ca®* channels in excitable cells.

heart | iontransport | acylation | excitation-contraction coupling

Voltage-activated channels facilitate the movement of ions across the membranes of excit-
able tissues in response to changes in membrane potentlal The L-type Ca”* channel
mediates the depolarization-induced entry of Ca®* into numerous cell types, thereby
controlling excitation—contraction coupling in smooth and striated muscles, excitation—
secretion coupling in endocrme cells, and neurotransmitter release in neurons (1). The
precise control of L-type Ca** channel activity is therefore important in a diverse range
of physiological settings—from the contraction of cardiac muscle in the control of cardiac
output to the contraction of blood vessels in the control of blood pressure and the secretion
of insulin in glucose homeosta51s

Voltage-activated Ca” channels are composed of multiple subunits, including a
pore- formmg o subunit and an accessory f subunit (2). The o subunit (a1C in the cardiac
L-type Ca®* channel Ca(v)1.2) is a transmembrane protein that has four domains (I to
IV, each with six membrane-spanning units), which are connected by intracellular loops.
The B subunit is cytosolic, interacts with the intracellular loop between domains I and 11
of the & subunit, and regulates numerous aspects of channel behavior (3).

There are four subfamilies of f subunits (B1 to f4) encoded by distinct genes which
can be alternatively spliced (4). Specifically, f subunits enhance Ca(v)1.2-mediated cur-
rents by promoting channel exit from the endoplasmic reticulum (4). Once Ca(v)1.2 is
at the cell surface, f subunits promote channel activation by shifting the voltage depend-
ence of opening to more hyperpolarized potentials and accelerating channel actlvatlon
(5, 6). Two forms of activity-dependent inactivation control most voltage-sensitive Ca’*
channels: Voltage-dependent inactivation (VDI) and calcium-dependent inactivation
(CDI) Both VDI and CDI contribute to regulation of neuronal P/Q-type (Ca(v)2.1)
Ca** channels, (7, 8) whereas CDI usually dominates for L-type channels such as Ca(v)1.2
in the heart (8-10). Most p subunits enhance both VDI and CDI, but f2a specifically
reduces VDI (4).

Numerous regulatory pathways control Ca(v)1.2 activity. Its activation by protein
kinases, which was previously thought to involve direct a1 C phosphorylation, has recently
been shown to involve the phosphorylation-mediated dissociation of the small G protein
Rrad from the B subunit of Ca(v)1.2. (11) Palmitoylation, the reversible attachment of a
fatty acid (usually palmitate) to cysteine thiols, is a posttranslational modification that
regulates the activity of numerous ion channels and transporters. (12-21) Cysteines are
usually palmitoylated based on their proximity to the membrane and hence the active site
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Author contributions: T.G.H., G.L.S., and W.F. designed
research; C-W.SK, S.D., C.G, ADS.C, AM, O.R-G,
D.B.-H., KJ.W. and N.M. performed research; H.C.
contributed new reagents/analytic tools; C.-W.S.K., S.D.,
C.G, ADS.C, N.M,, G.LS., and W.F. analyzed data; and
W.F. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution License 4.0 (CC BY).

"To whom correspondence may be addressed. Email:
will.fuller@glasgow.ac.uk.

Published February 6, 2023.

10f 12


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:will.fuller@glasgow.ac.uk
https://orcid.org/0000-0002-1903-7618
https://orcid.org/0000-0002-2145-0057
https://orcid.org/0000-0003-3229-5424
https://orcid.org/0000-0003-4094-2740
http://orcid.org/0000-0002-5358-1035
http://orcid.org/0000-0002-6093-9429
https://orcid.org/0000-0002-9655-3798
https://orcid.org/0000-0002-2040-9714
https://orcid.org/0000-0001-9026-0073
mailto:
https://orcid.org/0000-0002-5883-4433
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2207887120&domain=pdf&date_stamp=2023-2-5

Downloaded from https://www.pnas.org by UNIVERSITY OF GLASGOW on February 7, 2023 from IP address 130.209.6.40.

of the palmitoylating enzyme. No primary sequence features spe-
cifically directing palmitoylation of individual cysteines have been
described, which makes palmitoylation site prediction haphazard.
The regulatory f2a subunit of Ca(v)1.2 is palmitoylated shortly
after being translated, which enhances the channel's activity (22,
23). However, the palmitoylation of the channel’s other subunits
has yet to be investigated. In this study, we investigated the pal-
mitoylation of the alC subunit of Ca(v)1.2. We mapped the
palmitoylation sites to the channel’s amino terminus and I-II
linker and found a shift in the voltage dependence of activation
in unpalmitoylatable Ca(v)1.2 channels compared to wild-type
channels. In induced pluripotent stem cell-derived cardiac myo-
cytes (CMs) expressing unpalmitoylatable a1C subunits, Ca**
transient amplitudes were significantly reduced compared to wild
type (WT). We conclude that ®1C palmitoylation regulates chan-
nel properties of profound importance for normal L-type Ca’*
channel activity and for cardiac function.

Results

Ca(v)1.2 a1C Subunit Is Palmitoylated in Ventricular Tissue. We
began by identifying the Ca(v)1.2 «1C subunit in a proteomic
screen of palmitoylated proteins from rat ventricular myocytes.
We next investigated its palmitoylation. Palmitoylated proteins
were purified using resin-assisted capture of acylated proteins
[acyl resin-assisted capture (acyl-RAC)] from mouse, rabbit, and
human ventricular tissues (Fig. 1) (24). This technique detects the
presence of a thioester bond on cysteine side chains under strongly
denaturing conditions. Only proteins with a facty acid esterified
to a cysteine (and not those interacting with them) are purified.
We estimated the fraction of palmitoylated Ca(v)1.2 a1C subunits
in cardiac muscle by comparing their enrichment following acyl-
RAC with the enrichment of the stoichiometrically palmitoylated

protein, caveolin 3 (12). In large mammals (rabbits and humans),
a1C was ~60% palmitoylated, significantly less than caveolin 3. In
mice, a1 C was close to stoichiometrically palmitoylated (Fig. 1).

Palmitoylation Is Not Required to Direct a1C to Cholesterol-Rich
Caveolar Microdomains. Palmitoylation is proposed to partition
proteins to detergent-resistant membranes, such as caveolae, (25)
so we investigated the localization of palmitoylated Ca(v)1.2 to
cardiac caveolae. A small proportion of Ca(v)1.2 alC subunit
localizes to buoyant caveolin-enriched microdomains prepared
from mouse ventricular tissue using a standard discontinuous
sucrose gradient (Fig. 24). Buoyant (fractions 4 and 5) and dense
(pooled fractions 8 to 12) membranes were used in acyl-RAC
experiments to purify palmitoylated proteins (Fig. 2B). We found
palmitoylated a1C subunits present in both buoyant and dense
membranes. Surprisingly, the small fraction of a1C localized in
buoyant membranes was significantly less palmitoylated than
that of ®1C from an unfractionated ventricular lysate (Fig. 2B),
which indicates that ®1C palmitoylation is not required for the
localization of Ca(v)1.2 to cardiac caveolae.

al1C Is Palmitoylated at Multiple Intracellular Cysteines. To
map alC palmitoylation sites, we expressed yellow fluorescent
protein (YFP) fusion proteins of the 5 intracellular regions (N
and C termini, I-1I, II-III, and III-IV linkers) of the human a1C
subunit in HEK cells and measured their palmitoylation by acyl-
RAC (Fig. 34). The I-II linker is the region that undergoes the most
quantitatively significant level of palmitoylation in a1C (Fig. 3B). In
some experiments, a small fraction of the a1C intracellular carboxyl
terminus was palmitoylated. We confirmed these findings in a
second cell type, rat cardiomyoblast HIC2 cells (Fig. 3C). The I-11
linker contains three cysteines (numbered 519, 543, and 547 in the
rabbit splice variant CACH2A of a1C). We used acyl-polyethylene
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Fig. 1.

Ca(v) 1.2 «1C subunit is palmitoylated in mouse, rabbit, and human ventricular tissues. Palmitoylated proteins were purified by resin-assisted capture

of acylated proteins (acyl-RAC) and immunoblotted as shown. The bar chart below each blot indicates the abundance of Ca(v)1.2 «1C and caveolin 3 (Cav3) in
the purified palmitoylated fraction (Palm) relative to the corresponding unfractionated lysate (UF). N = 4 (mouse), N = 8 (rabbit), N = 7 (human). ***P < 0.001,

unpaired t test. Error bars represent SEM.
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Fig.2. Palmitoylation and subcellular localization of the Ca(v)1.2 «1C subunit.
(A) Western blot of caveolae prepared from mouse ventricular myocytes using
a standard discontinuous sucrose gradient (sucrose concentrations in the
numbered gradient fractions are indicated under the blots). Caveolin-enriched
membranes were harvested from gradient fractions 4 and 5. (B) Palmitoylated
proteins were prepared from whole cardiac lysates (WL) and pooled buoyant
caveolar (4+5) and dense noncaveolar (8-12) fractions. The bar charts show
the amount of Ca(v)1.2 «1C and caveolin 3 (Cav3) in the purified palmitoylated
fraction (Palm) relative to the corresponding unfractionated whole lysate/
pooled gradient fractions (UF). Caveolin 3 is equally palmitoylated in all
fractions, but little Ca(v)1.2 «1C present in buoyant caveolar membranes is
less palmitoylated. *P < 0.05 compared to WL, ANOVA followed by Dunnett's
multiple comparisons test, N = 4.

glycol (PEG) exchange, which generates a 5-kDa band shift for each
palmitoylation site in a protein, to establish that two cysteines in this
region are palmitoylated (Fig. 3D). Alanine mutagenesis indicates
that C519 and C543 are both palmitoylated but that C547 is not
(Fig. 3E). C519 is the principal palmitoylation site as its removal has
the greatest impact on palmitoylation of the I-II linker.

To identify palmitoylation sites in full-length a1C, HEK cells
were transfected with two separate plasmids: one expressing the
cyan fluorescent protein (CFP)-tagged N-terminal half (CFP-I-II)
and the other expressing the YFP-tagged C-terminal half (III-IV-
YFP) of a1C fused to a split intein. We employed the split intein
system because this would allow us to express ®1C in myocytes
using adenoviruses. Full-length «1C exceeds the packaging limit
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for adenoviruses, so it must be delivered using two separate vectors.
When split between two polypeptides in the same cell, split inteins
assemble to form an active intein that splices the two polypeptides
together and excises the intein (Fig. 44). This system is validated
for expressing ®1C in CMs (26). In the presence of the transmem-
brane (TM) domains, we found an additional palmitoylation site
C136 in the a1C N terminus and C519 and C543 in the I-II
linker (Fig. 4B). We coexpressed CFP-I-II with III-IV-YFP to
generate intein-spliced channels in HEK cells (Fig. 4C).
Combining ITI-TV-YFP with a CFP-I-II mutant with all intracel-
lular cysteines mutated to alanine generates a nonpalmitoylated
channel, confirming that all palmitoylation sites lie in the
N-terminal half of the channel. Mutagenesis of the C136 or C519/
C543 residues reduces, but does not abolish, the palmitoylation
of the spliced channel. A spliced channel lacking all three palmi-
toylation sites is not palmitoylated (Fig. 4C).

We generated adenoviruses that encode split @1 C and expressed
wild-type and mutated «1C in ventricular myocytes isolated from
rat and rabbit hearts. The mutation of C136, C519, and C543 in
the N-terminal half of a1C abolished its palmitoylation in rat
myocytes (Fig. 4D). The same palmitoylation pattern was observed
in rabbit myocytes (Fig. 4E).

The positions of these palmitoylation sites in the structure of
skeletal muscle Ca(v)1.1 (27) are shown in Fig. 4F. C136 and
C543 lie close to the membrane, but no structure around C519
has as yet been resolved, which suggests that this region of the I-II
linker is either unstructured or can adopt >1 structure, which may
be influenced by palmitoylation at C519.

Palmitoylation of a1C Modifies the Voltage Dependence of
Ca(v)1.2in Cultured Cells. We investigated the functional impact
of a1C palmitoylation using engineered Flp-In 293 T-Rex cell
lines stably expressing tetracycline-inducible wild-type and
nonpalmitoylated (C136A/C519A/C543A) a1C. To evaluate the
impact of alC palmitoylation on its interaction with Ca(v)1.2
subunit, cells were transfected with $2a-CFP, and copurification
of the two proteins was assessed by coimmunoprecipitating using
anti-GFP. Equal quantities of wild-type and nonpalmitoylated a1C
were copurified with p2a in this assay (Fig. 5A4), indicating that
the physical interaction between the two proteins is not modified
by palmitoylation of the a1C I-II linker. Since the B2a is also
palmitoylated, we investigated whether a1C palmitoylation was
modified by coexpressing f2a and found it unchanged (Fig. 5B).
Nor did palmitoylation influence the amount of a1C expressed at
the cell surface in the presence of f2a (assessed using membrane-
impermeable biotinylation reagents; Fig. 5C).

To evaluate the impact of a1C palmitoylation on Ca(v)1.2-
mediated currents, we used whole-cell voltage clamping following
tetracycline induction of a1C expression in cells transfected with
f2a using either Ba?* (Fig. 6 A, C, and E) or Ca* (Fig. 6 B, D, F,
and G) as the charge carrier. For both Ba®* (Fig. 6C) and Ca*'
(Fig. 6D) currents, we observed a rightward shift of the current—
voltage (I-V) relationship for Ca(v)1.2 when a1 C was nonpalmi-
toylated, such that currents in cells expressing WT a1C were
significantly larger at 0 mV (Ba** currents) and +10 mV (Ba>* and
Ca®* currents). Bolzzmann fits of these recordings identified an
~10-mV positive shift of mean half-activation voltage (V50) when
a1C was nonpalmitoylated. Conductance—voltage (G-V) curves
identified the same shift in Ca(v)1.2 voltage dependence of acti-
vation but no significant change in slope factor (K,) using both
charge carriers (Fig. 6 £and F).

We detected essentially no inactivation of Ba®* currents (Fig. 64),
suggesting VDI is negligible in our experiments. Prominent
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Fig. 3. Palmitoylation of the I-Il linker of «1C in transfected HEK cells. (A) YFP fusion proteins of the a1C intracellular regions were expressed in HEK cells,
and palmitoylated proteins (Palm) were then purified and immunoblotted alongside unfractionated (UF) cell lysates. The palmitoylated protein flotillin 2 is a
positive control for the acyl-RAC reaction. (B) Palmitoylation of YFP fusion proteins normalized to expression in HEK cells (N = 9). (C) The I-Il linker (but no other
intracellular regions) is also palmitoylated in the cardiomyoblast HIC2 line. For clarity, the I-Il linker is marked with an arrowhead. Blots are representative of two
independent experiments. (D) PEGylation assay identifies dual palmitoylation of the I-Il linker. In this assay, palmitates are replaced with a 5-kDa PEG molecule,
which causes a band shift on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (arrowhead), according to the number of palmitoylation
sites. Mutation of either C519 or C543 removes one palmitoylation site. (£) Identification of the palmitoylated cysteines in a YFP fusion of a1C I-Il linker. Single and

double cysteine-to-alanine mutants were expressed in HEK cells, and palmitoylated proteins prepared by resin-assisted capture (WT, wild type; “only” refers to
all cysteines, but this one removed). Acyl-RAC captures proteins regardless of whether they are singly or doubly palmitoylated. Capture of each mutant (relative
to expression) is shown in the bar chart below the representative blot (error bars represent SEM). Mutation of a single cysteine does not abolish palmitoylation,
but mutation of cysteines in positions 519 and 543 does (UF: unfractionated cell lysate, Palm: palmitoylated proteins, N = 8). Statistical comparisons were made
using ANOVA followed by Dunnett's multiple comparisons test and are to WT. ***P < 0.001, **P < 0.005, *P < 0.05, n/s, not significant.

mactlvatlon was noted with Ca®" as the charge carrier (Fig. 6B). «1C Palmitoylation Controls Ca® Transient Amplitude in iPSC-
Peak Ca®* currents occurred at +20 mV for WT and +30 mV for ~ Derived CMs. We used adenoviruses that express a dihydropyridine-
nonpalmitoylated a1 C. We assessed Ca(v)l 2 inactivation proper-  resistant split form of «1C (CFP-I-II and YFP-III-IV T1066Y/
ties at +20 mV, a voltage at which Ca™ entry was not different ~ Q1070M) to investigate the impact of alC palmitoylation on

between the two groups. The inactivation time constant was not ~ Ca(v)1.2 functlon The function of the channel was assessed by
different between WT and nonpalmitoylated a1 C (Fig. 6G), sug- measuring Ca®" transients in adenovirus-infected human Induced
gesting CDI of Ca(v)1.2 is not influenced by «lC Pluripotent Stem Cell (iPSC)-derived CMs in the presence of 1 pM
palmitoylation. of the dihydropyridine nifedipine to block the native channel. The

40f12 https://doi.org/10.1073/pnas.2207887120 pnas.org
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Fig. 4. Expression and palmitoylation of «1C using the split intein system. (A) Intein splicing supports the assembly of mature, dihydropyridine-resistant «1C

from CFP-tagged I-1l and YFP-tagged IlI-IV. The positions of the palmitoylation sites and the mutations that render the channel nifedipine insensitive (TQ/YM)
are marked. (B) Palmitoylation site mapping in «1C using CFP-tagged I-Il fused to a split intein. Mutation of C519 and C543 in the I-Il linker does not abolish
a1C palmitoylation, but the additional mutation of C136 does. (C) Palmitoylation of intein-spliced channels in HEK cells. A spliced channel with all intracellular
cysteines in the |-l half mutated (cys-less) is not palmitoylated. Mutagenesis confirms palmitoylation of C136, C519, and C543 in the spliced channel. (D) Adenoviral
expression of C136A/C519A/C543A [I-1l]-N-intein in rat ventricular myocytes confirms that the palmitoylation sites mapped in HEK cells are recapitulated in
ventricular muscle (detected with anti-a1C). (E) No palmitoylation of spliced C136A/C519A/C543A o1C in rabbit ventricular myocytes (detected with anti-GFP). (F)
Position of palmitoylated cysteines in Ca(v)1.1 structure from PDB entry 5GJW generated using PyMOL. The analogous residues to C136 (C33) and C543 (F421)
are colored yellow. Insets show the same regions viewed from the other side of the protein.

commercially sourced iPSC-derived CMs displayed spontaneous
contractile activity and are “embryonic” in their electrophysiology
and excitation—contraction coupling process with <10% of the
Ca”* transient derived from the sarcoplasmic retrculum (28). As
such, both the rate of rise and the amplitude of the Ca”" transient
are entirely controlled by Ca(v)1.2, and the Ca* transrent decay is
controlled by both Ca(v)1.2 inactivation and Ca”" efflux through
the sarcolemmal Na/Ca exchanger NCX1. Identical quantities of
wild-type and unpalmitoylatable a1C trafficked to the surface
membrane in these cells (Fig. 74). Although time to peak of the
Ca”™ transient was not 1nﬂuenced by alC palmitoylation, we
recorded significantly smaller Ca® transients in cells expressing
unpalmitoylatable a1C (Fig. 7 B and C). Ca”™" transients were
significantly longer in cells expressing unpalmitoylatable alC

PNAS 2023 Vol.120 No.7 e2207887120

compared to WT, presumably due to the reduced Ca®*
leading to less CDI (Fig. 7 C-E).

To investigate the links between the shifts in Ca®* transient
amplitude and the Ca(v)1.2 activation mediated by palmitoy-
lation, we used a computatronal model of iPSC-CM electro-
physiology and Ca™ handling. (29) As shown in Fig. 7F,
shifting the Ca(v)1.2 activation parameter from the normal
value (V50 = -10 mV) more positive by 10 mV to V50 = 0 mV
reduces the action potential duration and the corresponding
Ca’* transient amplitude. Further shifts in V50 to +10 mV
cause further decreases in Ca®* transient amplitude. This sim-
ulation of the specific effect of decreased palmrtoylatron on
Ca(v)1.2 alone reproduces the decreased Ca®" transient observed
experimentally.

entry
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Fig.5. Impact of palmitoylation on a1C association with 2a and trafficking. (A) Western blot showing the coimmunoprecipitation of WT and unpalmitoylatable «1C with
p2a-CFP from HEK cells stably expressing WT and unpalmitoylatable «1C transfected with 2a-CFP. CL: detergent-solubilized cell lysate, IP:immunoprecipitated proteins.
(B) Palmitoylation assay from HEK cells stably expressing WT and unpalmitoylatable «1C transfected with 2a-CFP (Left, +) or in the absence of p2a-CFP (Right, -). UF:
unfractionated cell lysate, Palm: palmitoylated proteins. The bar chart shows a1C palmitoylation relative to expression in the presence (+) and absence (=) of p2a-CFP (N =11).
() Impact of a1C palmitoylation on its steady-state expression at the plasma membrane in the presence of p2a-CFP. Surface membrane proteins were biotinylated,
purified, and immunoblotted for «1C and the housekeeping protein Na pump. The bar chart shows a1C surface membrane abundance relative to expression (N = 6).

Palmitoylation Site Conservation in Ca(v) Isoforms. An alignment ~ completely lacks analogous palmitoylation sites in the I-II linker,
of human Ca(v)1 isoforms is presented in Fig. 8. All retain the while Ca(v) 1.3 and 1.4 possess a site analogous to Ca(v)1.2 C519
palmitoylation site in the N-terminal region. However, Ca(v) 1.1 but not C543.
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Fig. 6. Impact of palmitoylation on Ca(v)1.2-mediated currents. HEK cells stably expressing wild-type or unpalmitoylatable «1C and transfected with 2a were

voltage-clamped at -60 mV. 500-ms voltage steps from =60 mV to +60 mV at 10-mV increments were applied at 1 Hz. Representative examples of currents from
wild-type (black) or unpalmitoylatable (red) channels with either Ba’* (A) or Ca* (B) as the charge carrier are shown. Prominent inactivation was noted with ca®t
as the charge carrier. Peak amplitudes from the families of currents shown in A and B were normalized to cell capacitance and plotted against the step voltage
to construct the current-voltage relationships for experiments conducted with Ba** (C; wild-type N = 14, unpalmitoylatable N = 12) or Ca*" (D; wild-type N = 27,
unpalmitoylatable N = 24) as the charge carrier. Current densities at each step voltage were compared between wild-type and unpalmitoylatable channels; **P
<0.01, ***P < 0.001 (unpaired t test with Holm-Sidak correction for multiple comparisons). A Boltzmann function was fitted to the |-V relationships (Methods)
to yield Gmax, Vrev, V50, and Ka parameters. The tables provide the parameters derived from individual cells, with P values obtained from unpaired ¢ tests.
G-V curves were drawn by calculating G/Gmax (using parameters obtained from the Boltzmann fits of I-V curves from individual cells, see Methods) for Ca(v)1.2
composed of wild-type or unpalmitoylatable «1C with Ba’* (F) or Ca** (F) as the charge carrier. (G) Time constant for current decay for Ca(v)1.2 at +20 mV for
wild-type (N = 24) and unpalmitoylatable (N = 26) a1C.

Discussion rightward shift of the Ca(v)1.2 voltage activation curve is consistent
with reduced Ca entry in iPSC-derived CMs, reducing the ampli-
tude of the Ca** transient while simultaneously prolonging the

transients because the extent of CDI is reduced.

In this study, we set out to map palmltoylatlon sites in the pore-form-
ing a1 C subunit of the cardiac L-type Ca** channel Ca(v)1.2 and
to define the effect that the palmitoylation of this subunit has on

Downloaded from https://www.pnas.org by UNIVERSITY OF GLASGOW on February 7, 2023 from IP address 130.209.6.40.

the channel’s function. Our results show that two regions of the
protein are palmitoylated and that the voltage dependence of a chan-
nel formed from unpalmitoylatable a1 C is significantly altered. This

PNAS 2023 Vol.120 No.7 e2207887120

Events at the Membrane-Cytosol Interface Regulate Ca(v)1.2.
Two of the three palmitoylation sites in Ca(v)1.2, C136 and
C543, lie in cytosolic regions of the channel that are positioned

https://doi.org/10.1073/pnas.2207887120 7 of 12



Downloaded from https://www.pnas.org by UNIVERSITY OF GLASGOW on February 7, 2023 from IP address 130.209.6.40.

5 i
A o2 = B
88 89
t @ t @
53 53
a1C ““ “‘ 270kDa
v spliced
- - - apee —
Na pump 100kDa
al1C: WT C136A/
C519A/
C543A
C D_
- 1204 @ 0.3
E c —
o 110 [}) ]
H ]
.E £ 0.2 . .
§ 100 g
c 90 " - o°
2 S 0.14 U
: SEEEE HE
© c
= © .
(1] A
© 8 o0.0-

Amplitude (F/F0)

200 ms

CD50 (ms)

B WT @ C136A/C519A/C543A
F
25 - —— Vit = 10mV

S 0 —— Vact = 0mV
£ —— Vat = -10mV
& 25 -
£
S 50

_75 4

0.3 A
S 0.2
3
F
8 011

0.0 0.2 0.4 0.6 0.8 10

Time (s)

Fig. 7. Ca” transient characteristics in iPSC-derived myocytes expressing wild-type and unpalmitoylatable «1C. (A) Impact of «1C palmitoylation on its steady-
state expression at the plasma membrane in iPSC-derived myocytes. Surface membrane proteins were biotinylated, purified, and immunoblotted for «1C
and the housekeeping protein Na pump. Representative of 3 independent experiments. (B) Ca*" transients were measured from monolayers of iPSC-derived
cardiomyocytes loaded with Fura2 by incubation with the -AM form and excited in an alternate fashion at 340 nm and 380 nm. Ca®" transients were derived from
the fluorescence ratio (F340/F380) and were analyzed using CellOPTIQ analysis software. Averaged Ca*" transients indicate reduced Ca*" transient amplitude and
significant prolongation in the presence of unpalmitoylatable «1C compared to WT. (C) Ca®" transient rise time is not influenced by «1C palmitoylation (N = 14).
(D) Ca*" transient amplitude is reduced in cells expressing unpalmitoylatable a1C (N = 14). (F) Ca®* transient duration is significantly prolonged in the presence
of unpalmitoylatable a1C. CD50: transient duration at 50% amplitude. CD90: transient duration at 90% amplitude. *P < 0.05 (unpaired t test) compared to WT,
N = 14. Error bars represent SEM. (F) Modeled effects of altered V50 values for the L-type Ca®* channel on the action potential and Ca®* transient in human iPSC-
derived cardiomyocytes. The V50 (V,) values were varied from the default value (=10 mV, black) to 0 mV (red) and +10 mV (blue).

close to the membrane (27). While palmitoylation here might
influence the TM domains, it is unlikely to significantly alter the
local protein structure (and therefore function) since these regions
are already close to the membrane. The third palmitoylation site,
C519, which lies midway through the I-II linker, is considerably
more distant from the TM domains. This region of the channel
(for which structural information has not been resolved) is flanked

80f 12 https://doi.org/10.1073/pnas.2207887120

by the a-interaction domain [AID, residues 458 to 475 in the
rabbit splice variant used in this investigation, a highly conserved
motif, to which the Ca(v)1.2 p subunit binds (3)] and by the
first membrane-spanning segment of domain II. The I-II linker
is a key regulator of channel gating both through its interaction
with the B subunit (3) and through direct interactions with the
plasma membrane (30). Single amino acid changes in this region

pnas.org



Downloaded from https://www.pnas.org by UNIVERSITY OF GLASGOW on February 7, 2023 from IP address 130.209.6.40.

N terminus:
Rabbit (this study):
P15381 Cavl.2

136

Human:

Q013698 Cavl.l
Q013936 Cavl.2
Q01668 Cavl.3
060840 Cavl.4

RPPRALLCLTLKNPIRRACISIVEWK

154

RPPRALFCLTLENPLRKACISIVEWK 51
RPPRALLCLTLKNPIRRACISIVEWK
RPARALFCLSLNNPIRRACISIVEWK
RSPRALFCLTLANPLRRSCISIVEWK 92

124
126

* kkhkkoekkhkok *hkekookkhkhkkhkhkk
. L] L e o

I-II linker:
Rabbit (this study):
P15381 Cavl.2

519

Human:

013698 Cavl.l
013936 Cavl.2
Q01668 Cavl.3
060840 Cavl.4

543

VAGGDIEGENCGARLAHRISKSKFSRYWRRWNRFCRRKCRAAVKSN 554

EG-GS-D-TESLYEIAGLNKIIQFIRHWRQWNRIFRWKCHDIVKSK 432
AG-GDIEGENCGARLAHRISKSKFSRYWRRWNRFCRRKCRAAVKSN 524
SG-EGEN-RGCCGSLCQAISKSKLSRRWRRWNRFNRRRCRAAVKSV 523
DEDEEEGALASCTRCLNKIMKTRVCRRLRRANRVLRARCRRAVKSN 529

s, Kk ks kk, Kk skg  Kkk*k

Fig. 8. Palmitoylation site conservation in human Ca(v)1 channel isoforms. For clarity, regions of the rabbit «1C splice variant of Ca(v)1.2 CACH2A (UniProt
accession number P15381) with palmitoylated cysteines identified in this investigation numbered and highlighted in red are shown above the corresponding
regions of the human channels. Numbers at the end of each sequence are the numbering of the final amino acid in the region of each Ca(v)1 isoform shown.
Human Ca(v)1 isoforms (UniProt accession numbers shown) were aligned using Clustal Q. “*" below an amino acid indicates 100% conservation between isoforms;
“" indicates amino acids of highly similar properties; “." indicates amino acids of weakly similar properties. The palmitoylation site in the Ca(v)1.2 N terminus is
conserved in all isoforms. Ca(v)1.1 does not possess a cysteine analogous to C519 in the I-Il linker, but Ca(v)1.3 and 1.4 do. C543 is unique to Ca(v)1.2.

of alC profoundly alter Ca(v)1.2 behavior, causing Brugada
(31) and Timothy (32, 33) syndromes, which are characterized
by the shortening and prolongation of the electrocardiogram
QT interval, respectively. Indeed, a loss-of-function mutation
that causes Brugada syndrome [G490R (31) in human al1C]
is immediately adjacent to C519 in the rabbit splice variant
CACH2A used in this study. Given the importance of the I-1I
linker for channel function, future investigations will focus on the
regulatory contribution of palmitoylation at C519.

The importance of the f subunit in regulating the trafficking
and biophysical properties of L-type Ca®* channels has long been
established. Although each f variant has subtly different effects on
channel function, the general principle of f association shifting
the voltage dependence of activation and modifying inactivation
properties holds for all p subunits investigated. An a-helix between
transmembrane segment 6 of domain I and the AID is of particular
importance for the functional effects of . The rigidity of this helix,
for example, is central to the ability of P to regulate channel inac-
tivation (34). In this investigation, the rightward shift in the cur-
rent—voltage relationship of Ca(v)1.2 formed from nonpalmitoylated
alC suggests that the usual leftward shift in this relationship
induced by the presence of p has been blunted. We suggest this
implies that the flexibility and/or structure of the region on the
C-terminal side of AID (between AID and the first transmembrane
domain of a1C repeat II) is also an important determinant of f}’s
influence on Ca(v)1.2 activation properties. It is inevitable that
the flexibility of the I-II linker on one side of AID will influence
the ability of f to move/restructure the other side since both
regions are connected to f through their connection to AID. This

PNAS 2023 Vol.120 No.7 e2207887120

investigation focused on the functional impact of ®1C palmitoy-
lation in the presence of f2a. An important question for future
investigations will be whether the functional effects of ®1C palmi-
toylation are different in the presence of different beta subunits.

The C-terminal end of the I-II linker in Ca(v)1.2 forms an
a-helix that is amphipathic in character, with one face consisting
almost entirely of basic amino acids and the other rich in aromatic
residues (30). This region of Ca(v)1.2 binds PIP2 and is released
from the membrane by phospholipase C activation, leading to
changes in channel gating and run-down behavior (30). The pal-
mitoylation of C543 within this helix would ensure continued
membrane engagement in the absence of PIP2, potentially ren-
dering Ca(v)1.2 insensitive to phosphoinositide breakdown. The
palmitoylation of Ca(v) channel p subunits is known to change
their sensitivity to PIP2, (35) and the relationship between PIP2
and both NCX1 (14, 16) and ATP-sensitive potassium channels
(36) is also modified by palmitoylation, suggesting a common
theme in ion channel and transporter regulation.

Ca(v)1.2 Biophysical Properties in Health and Disease. We modeled
the impact of a1C palmitoylation on Ca** handling and action
potentials of iPSCs, whose Ca** handling pathways are relatively
immature. By controlling the duration of the cardiac action potential
in adult CMs, the biophysical properties of Ca(v)1.2 directly
influence the QT interval (9, 10, 37, 38)—a critical determinant
of cardiac electrical stability. Our modeling data are therefore
consistent with a role for ®1C palmitoylation in controlling the
QT interval in vivo. In the setting of cardiac arrhythmias, early
after-depolarizations (EADs, transient depolarizations late in the
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cardiac action potential) are induced by activation of Ca(v)1.2
at voltages where the channel’s activation and inactivation curves
overlap (the so-called window current). (39) EADs trigger the
lethal arrythmias ventricular tachycardia (VT) and ventricular
fibrillation (VF), and EAD susceptibility is directly controlled by
the biophysical properties of Ca(v)1.2. Even small positive shifts
in the V50 of Ca(v)1.2 will suppress EADs in ventricular (40) and
atrial (41) myocytes because the window current is reduced. Our
findings therefore suggest that strategies specifically decreasing
palmitoylation of a1C would improve cardiac electrical stability
and reduce susceptibility to VT and VE Compounds capable of
specifically depalmitoylating individual protein targets are currently
in development and show promise (42, 43).

Palmitoylation Sites in Ca(v)1.2. Palmitoylation sites are commonly
found near juxtamembrane amphipathic o-helices (44, 45). The
proximity of the active site of the palmitoylating zinc finger Asp-
His-His-Cys domain containing (ZDHHC) family of enzymes to the
bilayer (46) means that cysteines that are targeted for palmitoylation
must be close to this bilayer. C543 lies on the hydrophobic face of
the amphipathic a-helix at the carboxyl end of the I-II linker, while
C547 (which is not palmitoylated) is one turn of this helix further on
at the interface of the hydrophilic and hydrophobic faces. C136 and
C147 in the channel amino terminus are also in membrane-proximal
o-helices. Since they will be in close proximity to the active site of a
palmitoylating enzyme (when C136 and C543 become palmitoylated),
the lack of palmitoylation at C147 and C547 is somewhat surprising.
This implies greater specificity to the palmitoylation reaction than is
suggested by the concept of “stochastic palmitoylation” proposed for
integral membrane proteins. (47) Of note, a recent in vivo proximity
biotinylation study of cardiac Ca(v)1.2 a1 C subunit identified three
zinc finger Asp-His-His-Cys domain palmitoyl acyl-transferase
(zDHHC-PAT) enzymes in close proximity to this protein (11).
Future investigations will explore a functional link between these
enzymes and Ca(v)1.2 palmitoylation. The fact that C519 and C543
are palmitoylated in the absence of TM domains, while C136 requires
the TM domains to be present, suggests that different zDHHC-PATs
with different substrate specificities are responsible for palmitoylating
these different sites. Palmitoylation of the different sites may also occur
at different points in the secretory pathway.

Palmitoylation Site Conservation in Ca(v) Isoforms. All Ca(v)1
isoforms retain the N-terminal palmitoylation site, but the
palmitoylation sites in the I-II linker are less well conserved and
entirely absent from Ca(v)1.1. In terms of the wider Ca(v) family,
none possesses palmitoylation sites analogous to Ca(v)1.2 in their
[-1I linkers, while only the T-type channels Ca(v)3.2 and Ca(v)3.3
have cysteines analogous to Ca(v)1.2 C136 in the N terminus. An
in-depth proteomic characterization of palmitoylation sites in the
mouse brain previously identified the N-terminal palmitoylation
site in Ca(v) 1.2, 1.3, and 2.1 and multiple palmitoylation sites in
Ca(v) 3.2 and 3.3 (48). This suggests that palmitoylation is likely
to be broadly important for regulating Ca(v) channel function.

Future Questions and Concluding Remarks

We highlight that when investigating the functional impact of pal-
mitoylation, loss-of-function experiments (functional characteriza-
tion of nonpalmitoylated mutants) cannot readily be complemented
by gain-of-function experiments (functional characterization after
specifically enhancing palmitoylation of a protein of interest). It is
conceivable, but unlikely, that the mutations introduced into a1C
in this investigation influence Ca(v)1.2 function independently of
changes in palmitoylation. Technologies that allow researchers to
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specifically enhance palmitoylation of individual cysteines will be
a valuable addition to the palmitoylation tool kit but are not cur-
rently widely available.

Although we have ruled out a requirement for ®1C to be pal-
mitoylated in order for it to localize to buoyant, caveolin-enriched
membrane microdomains, we cannot rule out the possibility that
palmitoylation has more subtle effects on a1C subcellular locali-
zation. In particular, palmitoylation might influence the localiza-
tion of Ca(v)1.2 to t-tubules [which have a unique phospholipid
composition (49)] and/or the functional coupling between
Ca(v)1.2 and the ryanodine receptor in ventricular myocytes. This
question cannot be addressed in iPSC-derived myocytes but will
be the subject of future studies in adult ventricular cells.

We find that ~60% of a1C is palmitoylated in ventricular myo-
cytes, meaning palmitoylated and nonpalmitoylated «1C must
coexist in the heart. Our results thus support the existence of
functionally different subpopulations of Ca(v)1.2 in cardiac mus-
cle. Little is currently known about the cellular control of palmi-
toylating and depalmitoylating enzymes. Important future
questions to address about regulation of Ca(v)1.2 by palmitoyla-
tion include how rapidly alC palmitoylation turns over, on what
timescale channel properties can be “tuned” by palmitoylation,
and whether any remodeling of the ®1C palmitoylation and depal-
mitoylation pathways contributes to the well-established ventricu-
lar action potential abnormalities observed in heart failure (50).

Methods

Ethics Statement. This study utilized primary ventricular myocytes from mice,
rat, and rabbits. All protocols involving animals were approved by the University
of Glasgow Animal Welfare and Ethics Review Board. Rodent cardiac tissues were
collected postmortem after killing animals using a method designated Schedule
1 by the Animals (Scientific Procedures) Act 1986. Rabbit hearts were excised from
terminally anesthetized, heparin-treated animals under the authority of a project
license granted by the UK Home Office.

Human Cardiac Tissue. Cardiac tissue was kindly provided by Dr Kenneth
Campbell at the University of Kentucky. The tissue collection program was
approved by the University of Kentucky's Institutional Review Board. Kentucky
Organ Donor Affiliates obtained informed consent from the family of each donor
to use organs for research if they were not suitable for transplant. All donors
(four females aged 38 to 671y and three males aged 26 to 75 y) were classified
as healthy controls, and cause of death was not cardiac. All samples were from
the left ventricular endocardium of hearts that were not suitable for transplant.
The protocols for tissue collection, preservation, and storage are described in
detail elsewhere (51).

Mutagenesis and Cloning. For clarity, the numbering convention for amino
acids in Ca(v)1.2 used throughout this investigation refers to the rabbit splice
variant CACH2A. A plasmid expressing the human HHT-1 splice variant of o1C
was kindly provided by Professor Chris Peers, University of Leeds, UK. Regions
of this cDNA that encode intracellular loops of the protein were subcloned into
the vector pEYFP-C1 (Clontech).

Plasmids to express split a1C (CFP-[I-lI]-N-intein and C-intein-[ll-IV]-YFP
based on the rabbit splice variant CACH2A) and B2a-CFP were kindly provided
by Professor Stanley Colecraft, Columbia University. Adenoviruses that express
these proteins were generated using the Clontech Adeno-X system and purified
and titered using standard techniques. Point mutations were generated using
the QuikChange Il Site-Directed Mutagenesis Kit (Agilent).

Cells. Calcium-tolerant, adult rabbit ventricular myocytes were isolated from the
left ventricular free wall of male New Zealand white rabbits (2.8 to 3.2 kg) and
of male Wistar rats (250 to 300 g) following perfusion with collagenase in the
Langendorff mode. HEK-293 cells were cultured using standard conditions and
were transfected using Lipofectamine 2000.

We used the Flp-In System (Invitrogen) to generate cells stably expressing tet-
racycline-inducible wild-type and unpalmitoylatable (C136A/C519A/C543A) a1C.
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Briefly, the HHT-1 splice variant of human a1C was subcloned into pcDNAS-FRT/
T0, which was cotransfected with pOG44 Flp-Recombinase (Invitrogen) into Flp-In
293 T-REx cells. Cells were selected and maintained in the presence of hygromy-
cin and blasticidin according to the manufacturer's instructions. Commercially
sourced Cor.4U human iPSC-derived cardiomyocytes™ (NCardia, Netherlands)
were cultured using Cor.4U maintenance medium™ (NCardia, Netherlands)
using the manufacturer’s recommended density of 30,000 cells/well in 10 pg/
mL bovine fibronectin plasma (F1141, Sigma-Aldrich, Merck, Germany)-coated,
96-well, glass-bottom plate (MatTek, USA). (52)

Palmitoylation Assays. We adapted our PEG-switch assay that replaces palmi-
tate with a 5-kDa methoxy PEG (21) by using a refinement thatimproves the reac-
tion efficiency by PEGylating separately from the thioester cleavage step (53, 54).
Briefly, free protein thiols were alkylated with 100 mM maleimide (in the pres-
ence of 2.5% sodium dodecy! sulfate (SDS), 100 mM 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES), and 1 mM ethylenediaminetetraacetic acid
(EDTA), pH 7.5) for 4 h at 40 °C. Excess maleimide was removed using acetone
precipitation, followed by extensive washing of the protein pellet with 70% ace-
tone. Proteins were resolubilized (1% SDS, 100 mM HEPES, and 1 mM EDTA, pH
7.5), and thioester bonds cleaved using 200 mM neutral hydroxylamine for 1 h
at 37 °C. Hydroxylamine was removed by desalting (Zeba spin column), and free
cysteines were PEGylated with 2 mM 5K-PEG maleimide (Sigma) for 1 hat 37 °C.

Palmitoylated proteins were purified from whole-cell lysates using acyl-RAC.
Free thiols were alkylated with methyl methanethiosulfonate and palmitoylated
proteins captured using thiopropyl Sepharose in the presence of neutral hydrox-
ylamine. (44)

Western Blotting. Western blotting employed chemiluminescent detection
using ChemiDoc XRS (Bio-Rad) and Odyssey-FC (LI-COR) imaging systems. Band
intensities were calculated using Image Lab (Bio-Rad) and Image Studio (LI-COR)
software. Anti-Ca(v)1.2 a1C subunit antibodies raised in rabbit and guinea pig
were obtained from Alomone Labs, antibodies against flotillin 2 and caveolin
3 from BD Biosciences, and anti-GFP antibodies from Abcam and Protein Tech.

Coimmunoprecipitation. Cells were lysed in 2 mg/mL decaethylene glycol
monododecyl ether (C12E10) in PBS supplemented with a protease inhibitor
cocktail (Merck). Insoluble material was removed by centrifuging at 17,500 g
for 5 minat4 °C. Fluorescent protein-tagged proteins were immunoprecipitated
using magnetic anti-GFP beads (ChromoTek) according to the manufacturer's
recommendations.

Preparation of Surface Membrane Proteins. Primary amines on surface
membrane proteins were biotinylated using 1 mg/mL sulfo-NHS-SS-biotin in
Dulbecco's PBS and then purified using streptavidin Sepharose as described
previously. (14)

Whole-Cell Voltage Clamping. Whole-cell patch clamp was used to record Ba**
orCa’* currents at room temperature from cells stably expressing tetracycline-in-
ducible «1C 24 to 48 h after transfection with B2a (4 pg) and CD8 (0.25 pg)
using Lipofectamine 2000 (6 pL) in a 35-mm dish. Dynabeads coupled with an
anti-human CD8 antibody (Invitrogen) were used to visually identify cells which
were successfully transfected.

Membrane currents were recorded with an AxoClamp 2B amplifier (Axon
Instruments, Foster City, CA, USA) and WinWCP (John Dempster, University of
Strathclyde, Glasgow, UK) software. Pipettes were pulled from borosilicate glass
capillaries and when filled with intracellular solution had resistances between 2 and
6 MQ. Associated voltage errors during recording were minimized by bridge bal-
ancing prior to sealing and expected to be <5 mV; no subsequent series resistance
compensation was applied. Recordings were conducted from a holding potential of
—60 mV using 500-ms voltage pulses at 1 Hz. I-V curves were obtained at voltage
pulses between —60 mVand 60 mV with 10-mV increments. The pipette solution
contained 120 mM NMDG-CI, 1 mM MgCl,, 5 mM EGTA, 4 mM Mg-ATP, and 42 mM
HEPES (pH 7.3 adjusted with methane sulfonic acid). Bath solution contained 40
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mM CaCl, or 40 mM BaCl,, 1 mM MgCl,, and 105 mM Tris (pH 7.3 adjusted with
methane sulfonicacid). We did not correct for liquid junction potentials which were
—22.8 mV for Ca* recordings and —23.1 mV for barium recordings (calculated
according to the stationary Nernst-Planck equation using LJPcalc software).

From each cell, I-V curves in the range —60 to 60 mV were fitted to the
Boltzmann equation as follows:

I = Gmax(Vm-Vrev)/(1 + exp(-(Vm-V50)/Ka)).

Here, Gmax is the maximal conductance, Vm is the membrane voltage, Vrev
is the reversal potential of the current, Ka is the slope factor, and V50 is the
half-maximum activation voltage.

The values obtained for Gmax and Vrev were then used to calculate fractional
conductance values for each cell at each Vm using the following equation: G/
Gmax = 1/(Gmax(Vm-Vrev)).

G-V curves were fitted to the form of the Boltzmann equation as follows:

G/Gmax =1/(1+exp(—(Vm—V50)/Ka)).

The inactivation phases of Ca’* currents generated by voltage steps from —60
mVto 20 mV were fitted with a single exponential using the modified Levenberg-
Marquardt least squares minimization algorithm in WinWCP. This yielded inac-
tivation tau values for comparisons between wild-type and unpalmitoylatable
Ca(v)1.2-mediated currents.

ca®* Transients in iPSC-Derived Myocytes. Monolayers of iPSC-derived cardi-
omyocytes infected with adenoviruses that express wild-type or unpalmitoylata-
ble 1C were loaded with 4 uM Fura-4F/AM (F14175, Thermo Fisher Scientific) in
serum-free medium for 25 min at 37 °C, 5% CO,, and 80% humidity. Spontaneous
Ca®* transients were recorded in serum-free conditions in the presence of 1 uM
nifedipine in an incubated stage maintained at 37 °C, 5% CO,, and 80% humidity
ina CellOPTIQ platform (Clyde Biosciences Ltd., UK).(52, 55) Uninfected cells were
quiescentin the presence of nifedipine. Monolayers of iPSC-derived cardiomyocytes
were excited in an alternate fashion using 340- and 380-nm wavelength LEDs for 20
ms at each wavelength. Emission at greater than 570 nm was sampled separately
for 340-nm excitation (F340) and 380-nm (F380) excitation wavelenths (56). Ca®*
transients were assessed from the fluorescence ratio (F340/F380) and were subse-
quently analyzed using CellOPTIQ analysis software (Clyde Biosciences, Ltd.) (55).

Modeling ca?* Transients and Action Potentials in iPSC-Derived CMs.
The Paci-2013 IPSC cardiomyocyte model (29) was used to model the effect of
altering steady-state activation of the L-type Ca®* channel. This was implemented
in Myokit, a Python-based modeling integrated development environment. The
initial model used gating kinetics derived from Ma et al. (57) Activation kinetics
were altered by increasing the activation voltage in the d_infinity equation.

Sequence Alignments. Ca(v) sequences were obtained from UniProt and
aligned using Clustal Q.

Statistical Analysis. All data are presented as mean =+ SEM. Quantitative dif-
ferences between groups were assessed using a one-way ANOVA followed by
appropriate post hoc tests using GraphPad Prism.

Data, Materials, and Software Availability. The datasets generated and ana-
lyzed during the current study are available at 10.5525/gla.researchdata.1352
(58).

ACKNOWLEDGMENTS. We acknowledge the support of the British Heart
Foundation grant reference numbers PG/16/33/32134 and SP/16/3/32317 to W.F.,
PG/18/60/33957 to W.F, N.M., and G.LS., and PG/22/10847 to W.F, C.G., and
G.L.S. Afirst draft of this manuscript was edited by Jane Alfred, Catalyst Editorial, Ltd.

Author affiliations: °School of Cardiovascular and Metabolic Health, University of Glasgow,
Glasgow G12 8QQ, UK; °Division of Systems Medicine, Institute of Academic Anaesthesia,
School of Medicine, University of Dundee, Ninewells Hospital and Medical School,
Dundee DD1 9SY, UK; and “Center for Biomedicine and Innovations, Faculty of Medicine,
Macau University of Science and Technology, Macau SAR, 999078 China

4. 7.Buraei, J.Yang, The B subunit of voltage-gated Ca2+ channels. Physiol. Rev. 90, 1461-1506
(2010).

5. A.E.Lacerda etal., Normalization of current kinetics by interaction between the alpha 1 and beta
subunits of the skeletal muscle dihydropyridine-sensitive Ca2+ channel. Nature 352, 527-530
(1991).

https://doi.org/10.1073/pnas.2207887120

11 0f 12


https://doi.org/10.5525/gla.researchdata.1352

Downloaded from https://www.pnas.org by UNIVERSITY OF GLASGOW on February 7, 2023 from | P address 130.209.6.40.

10.

1.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

G.Varadi, P. Lory, D. Schultz, M. Varadi, A. Schwartz, Acceleration of activation and inactivation by the
beta subunit of the skeletal muscle calcium channel. Nature 352, 159-162 (1991).

H. Liang et al., Unified mechanisms of Ca2+ regulation across the Ca2+ channel family. Neuron 39,
951-960(2003).

T.Cens, M. Rousset, J. P. Leyris, P. Fesquet, P. Charnet, Voltage- and calcium-dependent inactivation
in high voltage-gated Ca(2+) channels. Prog. Biophys. Mol. Biol. 90, 104-117 (2006).

B.A. Alseikhan, C. D. DeMaria, H. M. Colecraft, D.T. Yue, Engineered calmodulins reveal the
unexpected eminence of Ca2+ channel inactivation in controlling heart excitation. Proc. Natl. Acad.
Sci. U.S.A. 99, 17185-17190 (2002).

S. Morotti, E. Grandi, A. Summa, K. S. Ginsburg, D. M. Bers, Theoretical study of Ltype Ca(2+) current
inactivation kinetics during action potential repolarization and early afterdepolarizations. J. Physiol.
590, 4465-4481(2012).

G. Liu et al., Mechanism of adrenergic CaV/1.2 stimulation revealed by proximity proteomics. Nature
577,695-700(2020).

L. B.Tulloch et al., The inhibitory effect of phospholemman on the sodium pump requires its
palmitoylation. J. Biol. Chem. 286, 36020-36031(2011).

J.Howie, L. B.Tulloch, M. J. Shattock, W. Fuller, Regulation of the cardiac Na(+) pump by
palmitoylation of its catalytic and regulatory subunits. Biochem. Soc. Trans. 41, 95-100 (2013).

L. Reilly et al., Palmitoylation of the Na/Ca exchanger cytoplasmic loop controls its inactivation and
internalization during stress signaling. FASEB J. 29, 4532-4543 (2015).

W. Fuller, L. Reilly, D. W. Hilgemann, S-palmitoylation and the regulation of NCX1. Channels (Austin)
10,75-77(2016).

C. Gok, W. Fuller, Regulation of NCX1 by palmitoylation. Cell Calcium 86, 102158 (2020).

L.Tian et al., Palmitoylation gates phosphorylation-dependent regulation of BK potassium channels.
Proc. Natl. Acad. Sci. U.S.A. 105,21006-21011 (2008).

0. Jeffries et al., Palmitoylation of the S0-S1 linker regulates cell surface expression of voltage- and
calcium-activated potassium (BK) channels. J. Biol. Chem. 285, 33307-33314(2010).

7.Pei, Y. Xiao, J. Meng, A. Hudmon, T. R. Cummins, Cardiac sodium channel palmitoylation regulates
channel availability and myocyte excitability with implications for arrhythmia generation. Nat.
Commun. 7,12035(2016).

C. Gok et al., Dynamic palmitoylation of the sodium-calcium exchanger modulates its structure,
affinity for lipid-ordered domains, and inhibition by XIP. Cell Rep. 31, 107697 (2020).

J. Howie et al., Substrate recognition by the cell surface palmitoyl transferase DHHCS. Proc. Natl.
Acad. Sci. U.S.A. 111,17534-17539 (2014).

A.J. Chien, K. M. Carr, R. E. Shirokov, E. Rios, M. M. Hosey, Identification of palmitoylation sites
within the L-type calcium channel beta2a subunit and effects on channel function. J. Biol. Chem.
271,26465-26468 (1996).

A.J.Chien, T. Gao, E. Perez-Reyes, M. M. Hosey, Membrane targeting of L-type calcium channels.
Role of palmitoylation in the subcellular localization of the beta2a subunit. J. Biol. Chem. 273,
23590-23597(1998).

K. J. Wypijewski et al., A separate pool of cardiac phospholemman that does not regulate or
associate with the sodium pump: Multimers of phospholemman in ventricular muscle. J. Biol.
Chem. 288, 13808-13820(2013).

I. Levental, D. Lingwood, M. Grzybek, U. Coskun, K. Simons, Palmitoylation regulates raft affinity for
the majority of integral raft proteins. Proc. Natl. Acad. Sci. U.S.A. 107, 22050-22054 (2010).

P. Subramanyam et al., Manipulating L-type calcium channels in cardiomyocytes using split-intein
protein transsplicing. Proc. Natl. Acad. Sci. U.S.A. 110, 15461-15466 (2013).

J.Wu etal., Structure of the voltage-gated calcium channel Ca(v)1.1 at 3.6 A resolution. Nature 537,
191-196(2016).

C. Denning et al., Cardiomyocytes from human pluripotent stem cells: From laboratory curiosity to
industrial biomedical platform. Biochim. Biophys. Acta 1863,1728-1748 (2016).

M. Paci, J. Hyttinen, K. Aalto-Setala, S. Severi, Computational models of ventricular- and atrial-like
human induced pluripotent stem cell derived cardiomyocytes. Ann. Biomed. Eng. 41,2334-2348
(2013).

G. Kaur etal., A polybasic plasma membrane binding motif in the I-II linker stabilizes voltage-gated
CaV1.2 calcium channel function. J. Biol. Chem. 290,21086-21100 (2015).

C. Antzelevitch et al., Loss-of-function mutations in the cardiac calcium channel underlie a new
clinical entity characterized by ST-segment elevation, short QT intervals, and sudden cardiac death.
Circulation 115, 442-449 (2007).

120f 12 https://doi.org/10.1073/pnas.2207887120

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44.

45.

46.

47.

48.

52.

53.

54.

55.

56.

57.

58.

N.J. Boczek et al., IDentification and functional characterization of a novel CACNA1C-mediated
cardiac disorder characterized by prolonged QT intervals with hypertrophic cardiomyopathy,
congenital heart defects, and sudden cardiac death. Circ. Arhythm Electrophysiol. 8,1122-1132
(2015).

1. Splawski et al., Ca(V)1.2 calcium channel dysfunction causes a multisystem disorder including
arrhythmia and autism. Cell 119, 19-31(2004).

F. Findeisen, D. L. Minor Jr., Disruption of the IS6-AID linker affects voltage-gated calcium channel
inactivation and facilitation. J. Gen. Physiol. 133, 327-343(2009).

B.C.Suh, D.1.Kim, B. H. Falkenburger, B. Hille, Membrane-localized beta-subunits alter the PIP2
regulation of high-voltage activated Ca2+ channels. Proc. Natl. Acad. Sci. U.S.A. 109, 3161-3166
(2012).

H.Q.Yang et al., Palmitoylation of the KATP channel Kiré.2 subunit promotes channel opening by
regulating PIP2 sensitivity. Proc. Natl. Acad. Sci. U.S.A. 117,10593-10602 (2020).

W. B. Limpitikul et al., Calmodulin mutations associated with long QT syndrome prevent inactivation
of cardiac L-type Ca(2+) currents and promote proarrhythmic behavior in ventricular myocytes. J.
Mol. Cell Cardiol. 74,115-124(2014).

A.Mahajan et al., Modifying Ltype calcium current kinetics: Consequences for cardiac excitation
and arrhythmia dynamics. Biophys. J. 94, 411-423 (2008).

C.T.January, J. M. Riddle, Early afterdepolarizations: Mechanism of induction and block. A role for
L-type Ca2+ current. Circ. Res. 64, 977-990 (1989).

R.V. Madhvani et al., Shaping a new Ca(2)(+) conductance to suppress early afterdepolarizations in
cardiac myocytes. J. Physiol. 589, 6081-6092 (2011).

S. Kettlewell et al., Dynamic clamping human and rabbit atrial calcium current: Narrowing ICal
window abolishes early after depolarizations. J. Physiol. 597, 3619-3638 (2019).

H.D.Vora, M. Johnson, R.J. Brea, A. K. Rudd, N. K. Devaraj, Inhibition of NRAS signaling in
melanoma through direct depalmitoylation using amphiphilic nucleophiles. ACS Chem. Biol. 15,
2079-2086 (2020).

A.K.Rudd, R.J. Brea, N. K. Devaraj, Amphiphile-mediated depalmitoylation of proteins in living
cells. J.Am. Chem. Soc. 140, 17374-17378 (2018).

F. Plain et al., An amphipathic alpha-helix directs palmitoylation of the large intracellular loop of the
sodium/calcium exchanger. J. Biol. Chem. 292, 10745-10752 (2017).

Y.H.Lin et al., Host cell-catalyzed S-Palmitoylation mediates golgi targeting of the legionella
ubiquitin ligase GobX. J. Biol. Chem. 290, 25766-25781(2015).

M.S.Rana et al., Fatty acyl recognition and transfer by an integral membrane S-acyltransferase.
Science 359, €aa06326 (2018).

R.N. P.Rodenburg et al., Stochastic palmitoylation of accessible cysteines in membrane proteins
revealed by native mass spectrometry. Nat. Commun. 8, 1280 (2017).

M. 0. Collins, K. T. Woodley, J. S. Choudhary, Global, site-specific analysis of neuronal protein
S-acylation. Sci. Rep. 7, 4683 (2017).

F. Brette, C. Orchard, Ttubule function in mammalian cardiac myocytes. Circ. Res. 92,1182-1192 (2003).
G. F.Tomaselli, D. P. Zipes, What causes sudden death in heart failure? Circ. Res. 95, 754-763 (2004).

. C.A.Blairetal., Aprotocol for collecting human cardiac tissue for research. VAD J. 2, 10.13023/

VAD.2016.12 (2016).

. Kopljar et al., Development of a human iPSC cardiomyocyte-based scoring system for cardiac
hazard identification in early drug safety de-risking. Stem Cell Rep. 11,1365-1377 (2018).

A. Percher et al., Mass-tag labeling reveals site-specific and endogenous levels of protein S-fatty
acylation. Proc. Natl. Acad. Sci. U.S.A. 113, 4302-4307 (2016).

A. Percher, E.Thinon, H. Hang, Mass-tag labeling using acyl-PEG exchange for the determination of
endogenous protein s-fatty acylation. Curr. Protoc. Protein Sci. 89,14.17.1-14.17.11(2017).

S.D. Lamore et al., Deconvoluting kinase inhibitor induced cardiotoxicity. Toxicol Sci. 158, 213-226
(2017).

T.J. Herron, P. Lee, J. Jalife, Optical imaging of voltage and calcium in cardiac cells & tissues. Circ.
Res. 110, 609-623 (2012).

J.Maetal., High purity human-induced pluripotent stem cell-derived cardiomyocytes:
Electrophysiological properties of action potentials and ionic currents. Am. J. Physiol. Heart Circ.
Physiol. 301, H2006-H2017 (2011).

C-W. Kuo et al., Palmitoylation of the pore-forming subunit of Ca(v)1.2 controls channel voltage
sensitivity and calcium transients in cardiac myocytes. Enlighten Research Data http://researchdata.
gla.ac.uk/id/eprint/135210.5525/gla.researchdata.1352.

pnas.org


https://doi.org/10.13023/VAD.2016.12
https://doi.org/10.13023/VAD.2016.12
http://researchdata.gla.ac.uk/id/eprint/135210.5525/gla.researchdata.1352
http://researchdata.gla.ac.uk/id/eprint/135210.5525/gla.researchdata.1352

	Palmitoylation of the pore-forming subunit of Ca(v)1.2 controls channel voltage sensitivity and calcium transients in cardiac myocytes
	Significance
	Results
	Ca(v)1.2 α1C Subunit Is Palmitoylated in Ventricular Tissue.
	Palmitoylation Is Not Required to Direct α1C to Cholesterol-Rich Caveolar Microdomains.
	α1C Is Palmitoylated at Multiple Intracellular Cysteines.
	Palmitoylation of α1C Modifies the Voltage Dependence of Ca(v)1.2 in Cultured Cells.
	α1C Palmitoylation Controls Ca2+ Transient Amplitude in iPSC-Derived CMs.
	Palmitoylation Site Conservation in Ca(v) Isoforms.

	Discussion
	Events at the Membrane–Cytosol Interface Regulate Ca(v)1.2.
	Ca(v)1.2 Biophysical Properties in Health and Disease.
	Palmitoylation Sites in Ca(v)1.2.
	Palmitoylation Site Conservation in Ca(v) Isoforms.

	Future Questions and Concluding Remarks
	Methods
	Ethics Statement.
	Human Cardiac Tissue.
	Mutagenesis and Cloning.
	Cells.
	Palmitoylation Assays.
	Western Blotting.
	Coimmunoprecipitation.
	Preparation of Surface Membrane Proteins.
	Whole-Cell Voltage Clamping.
	Ca2+ Transients in iPSC-Derived Myocytes.
	Modeling Ca2+ Transients and Action Potentials in iPSC-Derived CMs.
	Sequence Alignments.
	Statistical Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS


