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Cellular Ca?* homeostasis is critical for normal cell physiology and is requlated by several mechanisms. Two
major players in intracellular Ca?* homeostasis in multiple tissues belong to the SLC8 (Na*/Ca?* exchangers
(NCXs); NCX1-3) and SLC24 (K* dependent Na*/Ca*" exchangers (NCKXs); NCKX1-5) families. It has been
established that NCXs and NCKX4 are palmitoylated, and that palmitoylation promotes NCX1 inactivation.
However, there is still little known about NCKXs' palmitoylation. We found that (1) NCKX3 and NCKX5, but
not NCKX1, are palmitoylated, (2) Cys to Ala mutation at position 467 for NCXK3 and 325 for NCKX5 notably
diminished palmitoylation and (3) reduced palmitoylation enhanced NCKX3 activity. Our findings bring
novel insights into NCKX1, NCKX3 and NCKX5 palmitoylation and establish palmitoylation as an endogenous
regulator of NCKX3 activity, paving the way for investigations evaluating the role of palmitoylation in NCKX3
function in health and disease.

Introduction

Calcium (Ca®) ions are key regulators of various physiological and biochemical processes (i.e., acting as

a second messenger in signal transduction pathways, cell-to-cell communication, neurotransmitter release
and cell growth) across multiple tissues. Maintaining intracellular Ca®* [Ca®']; levels at physiological range
(~100 nM) [1] and a ~ 10,000-fold concentration gradient of Ca** between the interior and exterior

of the cell are essential for normal cell physiology. This is achieved by several different mechanisms in
cells, including the super-family of solute carrier (SLC) proteins, which consists of over 400 proteins and
includes two major regulators of Ca** handling in cells: the SLC8 family of sodium/calcium ion exchangers
(NCXs) and the SLC24 family of potassium-dependent sodium/calcium exchangers (NCKXs) [2]. The
SLC proteins exhibit distinct expression patterns throughout the body, underscoring the tissue-specific
regulation of cellular Ca*'. For instance, while NCX1 is expressed in the heart, kidney and brain, NCX2
and NCX3 are predominantly found in the brain and skeletal muscle. In addition to NCXs, a tissue-specific
expression pattern is also observed within NCKX family: NCKX2, NCKX3 and NCKX4 are widely
expressed throughout brain tissue in both neuronal and non-neuronal cells, whereas NCKX1 and NCKX5
exhibit more restricted tissue distribution (NCKX1 in rod photoreceptors and platelets, and NCKX5 in
pigment cells) [3-7].

Interestingly, many of SLC proteins (i.e., SLCI family: EAAC1, GLT-1 and GLAST [8]; SLC2 family:
GLUT1 and GLUT4 [9-11]; SLC6 family: dopamine transporter (DAT) [12]; SLC8 family: NCX1, NCX2
and NCX3 [13-17]) are palmitoylated. Protein palmitoylation is the covalent attachment of 16C palmitate
to a cysteine (Cys) residue of the proteins through a thioester bond [18]. Palmitoylation alters various
aspects of proteins, including stability, sorting, membrane association, and function in cells [19,20].

Recently the potassium-dependent sodium/calcium exchanger 4 (NCKX4) was reported to be
palmitoylated at multiple Cys residues: C118, C130, C419 and C425 [3]. NCKX4 belongs to the SLC24
family, which remains understudied. The SLC24 family comprises five members (NCKX1-5) that co-
transport Ca®* and K* ions out of the cell by utilizing the transmembrane Na* gradient [21]. Although
NCKX proteins play key roles in various biological processes, such as vision, neuronal function, skin
pigmentation and olfaction [4], little is known about their regulatory mechanisms.

Amongst all palmitoylated members of the SLC superfamily, NCX1 palmitoylation and its molecular
and cellular consequences have been most studied. NCX1 possesses a single palmitoylation site within
its intracellular loop. Palmitoylation of the exchanger at this site is controlled by an amphipathic a-helix
adjacent to palmitoylated Cys (C739), and palmitoylation is required for appropriate NCX1 activity and
balanced [Ca?']; [22]. Impaired NCX1 palmitoylation is associated with cardiac pathologies [23]. These
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findings related to the regulation of NCX1 (and therefore intracellular Ca®*) by palmitoylation serve as

a good paradigm, but there is still a gap in understanding of tissue-specific regulation of cellular Ca*
and the control of this by palmitoylation. Therefore, we explored the palmitoylation of NCKX1, NCKX3
and NCKX5, and demonstrated, for the first time, that [1] NCKX3 and NCKX5, but not NCKX1, are
palmitoylated [2], NCKX3, but not NCKX5, is present in the surface membrane and [3] reduced NCKX3
palmitoylation, upon mutating Cys at position 467 (C467) to Alanine (Ala), did not affect its abundance
on the surface membrane but altered its activity. Taken together, our findings provide new insights into
our understanding of how NCKX proteins control Ca** homeostasis, which may help explain the distinct
mechanisms regulating intracellular Ca* in different tissue types.

Results

NCKX3 and NCKX5 but not NCKX1 are palmitoylated

We first tested whether NCKX 1, NCKX3 and NCKX35 are palmitoylated. Palmitoylated proteins were
purified from HEK293 cells transiently transfected with FLAG-tagged NCKX1, NCKX3 and NCKX5 using
resin-assisted capture of acylated proteins (Acyl-RAC). NCKX3 and NCKX5, but not NCKX1, were
palmitoylated (Figure 1A). Next, we sought to identify the palmitoylation site(s) for NCKX3 and NCKX5.
Unlike NCKX proteins, the structural mechanisms underlying NCX1 palmitoylation are well studied.
NCX1 palmitoylation occurs on the Cys residue at position 739 (C739) within the intracellular loop of the
exchanger and is governed by the amphipathic a-helix that sits next to C739 [25]. We first examined the
predicted structures of NCKX3 (AF-Q9HC58) and NCKX5 (AF-Q71RS6) to identify structural similarities
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Figure 1: Understanding NCKXs’ palmitoylation.

(A) NCKX3 and NCKXS5, unlike NCKX1, are palmitoylated in HEK293 cells transiently transfected with FLAG-tagged NCKXs (red arrowhead: NCKX1, green arrowhead: NCKX3, blue
arrowhead: NCKX5, N:8). (B) AlphaFold prediction of NCKX3 (AF-Q9HC58) and NCKX5 (AF-Q71RS6) structure suggested potential (palmitoylatable) Cys residue adjacent to the
a-helix (€467 for NCKX3 and €325 for NCKX5) and close to the membrane. Protein structures were built in ChimeraX [24] (C) Resin-assisted capture of palmitoylated NCKX3

and NCKX5 from HEK293 cells transiently transfected FLAG-tagged NCKX3 and NCKX5 showed that mutating 467 for NCKX3 and 325 for NCKX5 to Ala significantly reduced
palmitoylation (N:5 for NCKX3 and N:4 for NCKX5, unpaired t-test; P<0.0001 for WT- vs. (467A-NCKX3 and P=0.0659 for WT- vs. (325A-NCKX5). UF: unfractionated cell lysate,

HA: palmitoylated proteins, NaCl: negative control.
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with the NCXI1 palmitoylation site. NCKX3 and NCKXS5 possess multiple Cys residues; however, we noted
a Cys residue (C467 of NCKX3 and C325 of NCKX5) adjacent to an amphipathic helix as in NCX1
(Figure 1B). To explore this further, we introduced Cys to Ala mutation at positions 467 and 325 for
NCKX3 and NCKX35, respectively. C467A and C325A mutations reduced the palmitoylation of NCKX3 (by
~4 fold) and NCKX5 (by ~3 fold) (Figure 1C).

The Clustal alignment for NCKX1, NCKX3 and NCKXS5 (Figure 2A) identified a valine residue (Val) at
position 928 adjacent to the a-helix (AF-O60721, Figure 2B) in the analogous position to the palmitoylated
cysteines in NCKX3 and NCKX5 [26]. We next tested if the single point mutation from Val to Cys at
position 928 in NCKX1 leads to “gain-of-palmitoylation”; however, NCKX1 remained unpalmitoylated in
the presence of the V928C mutation (Figure 2C).

NCKX3 but not NCKXS5 is present on surface membrane

Given that palmitoylation controls the subcellular organisation of various proteins, we tested if
palmitoylation affects the subcellular localization and surface abundance of NCKX3. Immunofluorescence
imaging in tetracycline (Tet-)inducible engineered cells stably expressing wild-type (WT)- or C467A-
NCKX3 indicated a similar localization pattern for WT- and mutant NCKX3 (Figure 3A). Besides the
plasma membrane, both WT- and C467A-NCKX3 were scattered as small clusters/puncta in the cytoplasm
and nucleus. We then assessed the surface abundance of NCKX3 in cells stably expressing tetracycline-
inducible WT and C467A NCKX3 cells using a surface biotinylation approach. Surface membrane proteins
were labelled with Sulfo-NHS-SS-biotin and captured on the streptavidin beads. No difference in surface
abundance between WT- and C467A-NCKX3 was detected (Figure 3B). We did not observe NCKX5 on the
surface membrane (Figure 3C).

Abolishing palmitoylation enhances NCKX3 activity

The regulation of ion channel/transporter activity by palmitoylation is well-established for numerous
proteins including many Ca*" transport proteins (i.e., NCX1 [15,17], CaV1.2 [27],TRPM7 [28], TRPMS8
[29], ORAI1 [30,31], STIM1 [32], SERCAL [33]). To understand whether NCKX3 activity was regulated by
palmitoylation, we measured NCKX-mediated Ca** influx in cells stably expressing tetracycline inducible
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Figure 2: NCKX1 remains unpalmitoylated following V928C mutation.

(A) Clustal alignment (Clustal Q) [26]) of NCKX1, NCKX3 and NCKX5 identified Val (underlined in pink) at NCKX1 position 928 in an analogous position to Cys residues
(underlined in red) situated adjacent to the a-helix in both NCKX3 and NCKX5 structures. (B) Predicted NCKX1 structure (AF-060721) built in ChimeraX [24]. (C) V928C mutation
did not induce NCKX1 palmitoylation (red arrowheads, N:4). UF: unfractionated cell lysate, HA: palmitoylated proteins, NaCl: negative control.
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Figure 3: Effect of palmitoylation on subcellular localization.

(A) Cell surface abundance of WT- and C467A-NCKX3 was similar (unpaired t-test; P=0.322 for WT- vs. C467A-NCKX3, N:4). (B) WT- (left) and C467A-NCKX3 (right) exhibited
similar subcellular localization pattern in Tet-inducible engineered cells: little clusters scattered in the cytoplasm and nucleus (red: FLAG-NCKX3, and blue: Hoechst-nucleus).
(€) NCKX5 is not present in the plasma membrane. The Na pump is a surface membrane protein and was used to confirm successful purification of surface membrane proteins.
Streptavidin-HRP was used to confirm whether surface proteins were successfully probed with biotin and pulled down/captured by streptavidin beads. UF: unfractionated cell
lysate, UB: unbound fraction, B: purified surface proteins.

WT and C467A NCKX3. Ca** influx was induced by switching from a Ca®*-free extracellular buffer to
1 mM or 5 mM Ca?*-containing buffer (Figure 4A). Cellular Ca*"-influx was ~3- to 5-fold greater in cells
expressing C467A NCKX3 than wild-type cells (Figure 4B and C).

Discussion

Palmitoylation plays a crucial role in regulating many aspects of protein behaviour (cellular trafficking,
stability, function and more) in various tissues. The majority of SLC proteins including the major
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Bioscience Reports (2025) 45 1-11 °
https://doi.org/10.1042/BSR20241051 . . PORTLAND
.. PRESS

NCKX3 Activity Assay:
Ca2+ Free 1mM or 5mM Ca2+
Buffer ° e Na+
00 *° o oo °,° 0% .

. :°~. Y ‘.s’.: - exchange :;b. RS t'g.o:. . ..j," [Ca2+]i ° Ea2+
®e 0o° KX ’.. > ®e ':'~’o~' e‘o'o o K+
:',....' I *oees.’ s B AV 0 NCKx3
A S % @l

B
1mM Ca2+
g o7 pee= -8~ NCKX3 (+TET)
< . -~ C467A(+TET)
o “E’ 4 -O- NCKX3 (-TET)
>6 3 -O— C467A(-TET)
L - i
w B 2 o |° N: 4
c o n: 32
3 |Ml AT
© . o
[}
< 0T Fzﬁ |
Time [min]
C
5mM Ca2+ 0.0031
O 6- —
S s -8~ NCKX3 (+TET)
% -8 C467A (+TET)
e 2 4 -O- NCKX3 (-TET)
> o -O— C467A(-TET)
L S °
L S - . N: 4
S . n: 32
2 & |06
< 0T T T
3 6 9 12 15
Time [min]

Figure 4: Disrupting NCKX3 palmitoylation increased NCKX3-mediated Ca?* influx.

(R) Diagram illustrating the NCKX3 activity assay. (B, €) NCKX3-mediated Ca** influx was greater in (467A-NCKX3 compared with WT in Tet- inducible engineered cells upon
switching from Ca**-free buffer to T mM or 5 mM Ca**-containing buffer (1 mM Ca*: one-way ANOVA with Tukey’s multiple comparison test; P=0.0022 for WT (+TET) - vs.
(467A (+TET)-NCKX3; 5 mM: one-way ANOVA with Tukey’s multiple comparison test; P=0.0031 for WT (+TET)- vs. (467A (+TET)-NCKX3, N:4 and n:32 for each). Ca** intake
was represented/calculated as the area under curve (AUC).

players of the cellular Ca** handling (NCX1, NCX2 and NCX3 from SLC8, and NCKX4 from SLC24)
are palmitoylated [2]. Palmitoylation of NCXs, particularly NCX1 palmitoylation, and its cellular and
physiological consequences are well-studied; however, our knowledge on NCKX palmitoylation was limited
to NCKX4. Our work herein set out to investigate the palmitoylation of NCKX1, NCKX3 and NCKX5.
We found that NCKX3 and NCKX35, but not NCKX1, are palmitoylated. The architecture of NCKX
proteins contains eleven transmembrane domains (TMs) with an intracellular loop localised between
TMS5 and TM6 [34]. We identified an amphipathic a-helix in NCKX1, NCKX3 and NCKX5 which, like
NCX1, was positioned in this intracellular loop, close to TM6. These a-helices in NCKX3 and NCKX5
(but not NCKX1) are situated adjacent to a Cys residue (C467 for NCKX3, C325 for NCKXS5, V928 for
NCKX1). Mutating C467 in NCKX3 and C325 in NCKX5 to an Ala-residue significantly diminished
the palmitoylation levels of NCKX3 and NCKXS5. In contrast, introducing Cys to NCKX1 at position
928 (V928C) did not induce palmitoylation in NCKXI1. The features of a substrate protein required for
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its palmitoylation remain incompletely understood. Clearly, NCKX1 is not recognised by the cellular
palmitoylation machinery. We note that the a-helix adjacent to V928 is less amphipathic and more
hydrophobic in nature than the equivalent regions of NCKX3 or NCKXS5, which we suggest might limit the
accessibility of this helical region to the enzyme.

Next, we demonstrated that NCKX3 is predominantly intracellular, with a fraction of the protein
present on the surface membrane, as detected by labelling surface proteins with biotin. Furthermore,
disrupting NCKX3 palmitoylation did not alter the surface abundance of the exchanger, suggesting that
NCKX3 does not need to be palmitoylated to pass through the secretory pathway. In contrast, NCKX5 was
not detected on the plasma membrane. Supporting this, previous studies have reported that NCKX5 resides
in intracellular membranes with partial colocalization with the trans-Golgi network and mitochondria
suggesting that NCKXS5 contributes to organellar Ca** transport [35-37].

Palmitoylation alters the function of numerous proteins [38], and impaired/abnormal palmitoylation is
associated with various pathologies [23,39-50]. NCX1 palmitoylation promotes local structural
rearrangements within the intracellular loop of the exchanger, which in turn promotes the engagement of
Exchanger Inhibitory Peptide (XIP) with its binding site and, therefore, promotes NCX1 inactivation and
[Ca®*]; balance. Non-palmitoylated NCXI1 is less sensitive to XIP and does not properly inactivate [10,12].
In NCKX3 activity assays, we noted that reduced palmitoylation by C467A mutation caused greater Ca**
influx compared with WT-NCKX3, supporting the notion that palmitoylation is an endogenous regulator
of NCKX3, and “normal” NCKX3 palmitoylation is critical to protect the cells from Ca** overload. Given
our finding that NCKX3 delivery to the surface membrane is not influenced by palmitoylation, we suggest
that the changes in structure or flexibility of NCKX3 induced by palmitoylation modify either the substrate
affinities or Vmax of the exchanger, consequently altering cellular Ca®>* homeostasis. A paradigm in which
palmitoylation of NCKX3 controls intracellular Ca®** concentration has important implications for
cellular physiology across multiple tissues where NCKX3 is expressed (e.g., brain, urinary bladder, small
intestine [51]).

In conclusion, palmitoylation regulates calcium transport by NCKX3. Our findings suggest that further
exploration of the role of palmitoylation in NCKX3 function could shed new light on the relevance of
palmitoylation to NCKX3-related pathologies (e.g., abnormal motor function and social behaviour [52],
inflammatory bowel diseases [53]).

Study limitations

We present concise and fundamental observations regarding the palmitoylation of NCKX1, NCKX3 and
NCKXS5. Mutation of a single Cys to Ala reduced but could not eliminate the palmitoylation of NCKX3
(C467A) and NCKX5 (C325A), implying that there is more than one palmitoylation site in each protein.
Therefore, further investigation is needed to comprehensively map the other palmitoylated Cys in the
NCKX3 and NCKX5 structures.

We explored neither the enzymatic regulation of NCKX3 and NCKXS5 palmitoylation nor the
downstream pathway(s) affected by the abnormal exchanger activity due to the impaired palmitoylation.
Our activity assays were designed to evaluate palmitoylation-dependent changes in NCKX3 activity by
measuring NCKX3-mediated Ca’" influx. We did not address the palmitoylation-dependent changes in the
NCKX3 response to K* and Na*; therefore, we cannot rule out a potential effect of palmitoylation on K*
and/or Na* sensitivity of NCKX3. Hence, it may be necessary to test other ion uptake assays in future
experiments.

NCKXS5 is not expressed in the plasma membrane but rather on the Golgi and mitochondrial
membranes. Assays evaluating the calcium ion transport capacity of NCKX5 on organelle membranes
are required to better understand the effects of palmitoylation on NCKX5 function.

All in vitro experiments in the current work were performed in HEK293 and the engineered FT293
cells. Although these cells are appropriate models to study palmitoylation of NCKX proteins, additional
studies conducted in primary cells and/or animal models are needed to confirm the physiological or
pathophysiological relevance of palmitoylation of NCKX proteins in a broader context.

Future directions

Our findings established that NCKX3 and NCKX5 are palmitoylated, and palmitoylation of NCKX3 alters
the exchanger activity. There are, indeed, still more questions to be addressed to see the bigger picture.

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).
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Mapping palmitoylation sites of NCKX3 and NCKX5

Our findings suggest that there are multiple palmitoylation sites within NCKX3 and NCKX5, as the
point mutations in NCKX3 (C467A) and NCKX5 (C325A) did not abolish their palmitoylation. Hence,
identifying the additional palmitoylation site(s) that exist in NCKX3 and NCKXS5 structures would be
the next step. This could be achieved by either further mutagenesis (Ala-scanning) studies or mass
spectrometry-based proteomics.

Enzymatic regulation of NCKX3 and NCKX

The palmitoylation and depalmitoylation mechanisms of NCKX3 and NCKX5 remain unknown, and
addressing this could help explain whether these proteins are dynamically palmitoylated at the cell
surface or if their palmitoylation occurs in the secretory pathways, and which enzymes catalyse their
palmitoylation.

Physiological relevance of NCKX3 and NCKX5 palmitoylation

Validating the findings presented here in different tissues or primary cells from relevant animal models is
essential to gain insights into the physiological relevance of palmitoylation of NCKX3 and NCKX5 and its
association with the pathologies.

Methods

Cells, plasmids and transfection

HEK293 cells and tetracycline (Tet-)inducible FT293 cells stably expressing NCKX3 and NCKX5,
engineered using Flp-In T-Rex System (Invitrogen), were used in this study. The HEK293 cells were

grown in DMEM supplemented with 10% foetal bovine serum and 1% penicillin and streptomycin in a
humidified incubator at 37°C supplemented with 5% CO2. Tet- inducible stable cells were generated by
co-transfecting the cells with pcDNA 5 FRT/TO encoding NCKX3 or NCKX5 and pOG44 using GeneJuice
(Merck) according to the manufacturer’ instructions, and then selected and maintained in DMEM media
containing 100 ug/ml hygromycin.

pDONR221-SLC24A1_STOP was a gift from RESOLUTE Consortium & Giulio Superti-Furga
(Addgene plasmid # 161215; http://n2t.net/addgene:161215 ; RRID:Addgene_161215 [54]). Human
NCKX3-FlagTag (pcDNA3.1-) was a gift from Jonathan Lytton (Addgene plasmid # 75206; http://n2t.net/
addgene:75206 ; RRID:Addgene_75206 [55]). Human NCKX5 (pcDNA3.1+) was a gift from Jonathan
Lytton (Addgene plasmid # 75214; http://n2t.net/addgene:75214 ; RRID:Addgene_75214).

Plasmids encoding C-terminally FLAG tagged-NCKX1 and NCKX5 were generated using the InFusion
(TakaraBio) cloning strategy. Briefly, pcDNA FRT/TO with a FLAG tag in the multiple cloning site was
amplified and ligated to either amplified NCKX1 or NCKX5. The oligonucleotide primers used were
GACTACAAGGACGACGATGACAAG and TCCGAGCTCGGTACCAAGC (pcDNA5), GGTACCGAG
CTCGGATCCACCATGGGCAAGCTGA and GTCGTCCTTGTAGTCCACGCTCACGGGACAAGAGA
(NCKX1), GGTACCGAGCTCGGAATGCAGACAAAAGGGGGCC and GTCGTCCTTGTAGTCACCTC
CACAGCCCCTTAT (NCKX5).

Transient transfection of NCKX1, NCKX3 and NCKX5 was achieved using Lipofectamine 2000
(Invitrogen) according to the manufacturer’ instructions.

Resin-assisted capture of acylated proteins (Acyl-RAC)

Resin-assisted capture of acylated proteins (Acyl-RAC) was performed to purify palmitoylated proteins

as described in detail elsewhere [14]. Briefly, free cysteines were first blocked with 1% methyl-
methanethiosulfonate (MMTS, Sigma) followed by cleavage of thioester bonds with 250 mM neutral
hydroxylamine (HA). The palmitoylation level of NCKX proteins was calculated and presented as the
amount of palmitoylated NCKXs purified relative to their abundance in the corresponding unfractionated
(UF) cell lysate. Considering the day-to-day variations in palmitoylation stoichiometry, the individual
data points were normalised to the experimental mean for that experimental day. FLOT2, in all Acyl-
RAC experiments, was probed solely to assess the integrity of the assay, and the enrichment of FLOT2

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 7
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palmitoylation was neither quantified nor used when calculating the palmitoylation level of proteins of
interest.

Surface biotinylation

Primary amines on surface membrane proteins were biotinylated using 1 mg/mL sulfo-NHS-SS-biotin
(APExBIO) in Dulbecco’s PBS (Gibco) and then purified using streptavidin Sepharose as described
previously [28]. The intracellular enzyme GAPDH and the surface membrane Na pump were probed
as negative and positive controls for the assay and were not considered when calculating the surface
abundance of proteins of interest.

Western blotting

Western blotting employed chemiluminescent detection via horseradish peroxidase (HRP)-based
secondary antibody in all experiments described throughout the paper, using the LICOR imaging system.
Band intensities were quantified using densitometry in Image Studio Lite ver 5.2 (LiCOR) software.
Antibodies used in this study are FLAG (ProteinTech), GAPDH (Merck), FLOT2 (BD Biosciences), and Na
pump (Developmental Studies Hybridoma Bank clone a6f).

Confocal imaging

Confocal imaging was performed on Tet-inducible engineered cells expressing wild-type or mutated
NCKX3, as described in detail elsewhere [14]. Confocal images were captured with Zeiss LSM880 using
Airyscan confocal microscopy (63x). The diode (405-430 nm) and argon (458 nm, 488 nm, 514 nm) ion
lasers were used for detecting Hoechst and Alexa546. The cells were fixed with 4% PFA in PBS for 10 min
and then quenched with 100 mM and 10 mM glycine in PBS incubation (5 min) consecutively. The cell
membrane was permeabilised with 0.1% Triton X-100 in PBS, followed by blocking in 3% BSA in PBS

at room temperature for 1 h. Samples were incubated overnight at 4°C using FLAG primary antibody
(ProteinTech) and then probed with Alexa Fluor 546 (Sigma) secondary antibody at room temperature for
1 h. Hoechst (Invitrogen) was used to label DNA.

NCKX3 activity assay

Plasmalemmal Ca** fluxes were measured in tetracycline (Tet)-inducible engineered cells expressing
wild-type or mutated NCKX3. Engineered cells (~5 x 10* cells/well) were cultured in 96-well plates coated
with poly-L-lysine (PLL, Sigma), and 16-24 h after inducing NCKX3 expression with Tet (1 pg/ml), cells
were loaded with Fluo4-Direct (Invitrogen) for 1 h at 37 °C. Fluorescent intensities (Ex: 494 nm and
Em:516 nm) were measured using a POLARstar OPTIMA plate-reader (BMG LABTECH). NCKX3 activity
was determined as the calcium intake upon triggering Ca** influx by replacing Ca**-free buffer (140 mM
NaCl, 6 mM KCl, 10 mM HEPES, 1 mM EGTA and 5.5 mM glucose, pH:7.4) with Ca**-containing buffer
(140 mM NaCl, 6 mM KCl, 10 mM HEPES, 1 mM or 5 mM CaCl; and 5.5 mM Glucose, pH:7.4, Figure
3A). Changes in [Ca*]; were recorded at 1 min intervals upon triggering Ca* intake by buffer exchange
over 15 min. Ca** intake was calculated and presented as (F — Fy)/Fy, where F is the starting fluorescence
level in Ca**-free buffer and F is the fluorescence level after switching to the buffer with either 1 mM or 5
mM Ca*". The amount of plasmalemmal Ca?* fluxes was calculated as the area under curve (AUC).

Statistical analysis

All data are presented as mean + standard error of the mean. Quantitative differences between groups were
assessed using unpaired t-tests or one-way ANOVA analysis followed by appropriate post-hoc tests using
GraphPad Prism.
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All data generated through this work are available in the manuscript.

Conflicts of Interest

There is no conflict of interest to disclose.

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).



Bioscience Reports (2025) 45 1-11 °
https://doi.org/10.1042/BSR20241051 . . PORTLAND
.. PRESS

Funding
We acknowledge the financial support from the British Heart Foundation: PG/22/10847 to WF and CG.

CRediT Author Contribution

W.F. and C.G. supervised the study. R.T. performed the experiments and acquired the data. R.T., W.F. and C.G.
analysed and interpreted the data. A.D.R. contributed to new reagents. C.G. wrote the original draft. W.F. edited
the manuscript.

Abbreviations

AUG, Area under curve; Acyl-RAC, acylated proteins; Ala, Alanine; Cys, cysteine; DAT, dopamine transporter; HA,
hydroxylamine; HRP, horseradish peroxidase; NCKXs, potassium-dependent sodium/calcium exchangers; NCXs,
sodium/calcium ion exchangers; SLC, solute carrier; TMs, transmembrane domains; UF, unfractionated; WT, Wild
type; XIP, Exchanger Inhibitory Peptide.

References

1 Bagur, R. and Hajnoczky, G. (2017) Intracellular Ca** sensing: Its role in calcium homeostasis and signaling. Mol. Cell. 66, 780-788
https://doi.org/10.1016/j.molcel.2017.05.028

2 Villanueva, C.E. and Hagenbuch, B. (2023) Palmitoylation of solute carriers. Biochem. Pharmacol. 215, 115695 https://doi.org/10.1016/
jbcp.2023.115695

3 Al-Khannag, M. and Lytton, J. (2022) Regulation of K+-dependent Na+/Ca2+-exchangers (NCKX). Int. J. Mol. Sci. 24, 598 https://doi.org/
10.3390/ijms24010598

4 Hassan, M.T. and Lytton, J. (2020) Potassium-dependent sodium-calcium exchanger (NCKX) isoforms and neuronal function. Cell
Calcium 86, S0143-4160(19)30204-0 https://doi.org/10.1016/j.ceca.2019.102135

5  Schnetkamp, P.P. (2004) The SLC24 Na+/Ca2+-K+ exchanger family: vision and beyond. Pflugers Arch. 447, 683-688 https://doi.org/
10.1007/500424-003-1069-0

6  Wilson, S., Ginger, R.S., Dadd, T., Gunn, D., Lim, F.L., Sawicka, M, et al. (2013) NCKX5, a natural regulator of human skin colour variation,
regulates the expression of key pigment genes MC1R and alpha-MSH and alters cholesterol homeostasis in normal human
melanocytes. Adv. Exp. Med. Biol. 961, 95-107 https://doi.org/10.1007/978-1-4614-4756-6_9

7 Rogasevskaia, T.P, Szerencsei, R.T., Jalloul, A.H., Visser, F.,, Winkfein, R.J. and Schnetkamp, PP. (2019) Cellular localization of the K(+)
-dependent Na(+) -Ca(2+) exchanger NCKX5 and the role of the cytoplasmic loop in its distribution in pigmented cells. Pigment Cell
Melanoma Res. 32, 55-67 https://doi.org/10.1111/pcmr.12723

8  Kang, R, Wan, J,, Arstikaitis, P, Takahashi, H., Huang, K., Bailey, A.O. et al. (2008) Neural palmitoyl-proteomics reveals dynamic synaptic
palmitoylation. Nat. New Biol. 456, 904-909 https://doi.org/10.1038/nature07605

9 Du, K., Murakami, S., Sun, Y., Kilpatrick, C.L. and Luscher, B. (2017) DHHC7 palmitoylates glucose transporter 4 (Glut4) and regulates
Glut4 membrane translocation. J. Biol. Chem. 292, 2979-2991 https://doi.org/10.1074/jbc.M116.747139

10 Ren, W, Sun, Y.and Dy, K. (2015) Glut4 palmitoylation at Cys223 plays a critical role in Glut4 membrane trafficking. Biochem. Biophys.
Res. Commun. 460, 709-714 https://doi.org/10.1016/j.bbrc.2015.03.094

11 Zhang, Z, Li, X, Yang, F, Chen, C,, Liu, P, Ren, Y. et al. (2021) DHHC9-mediated GLUT1 S-palmitoylation promotes glioblastoma
glycolysis and tumorigenesis. Nat. Commun. 12, 5872 https://doi.org/10.1038/541467-021-26180-4

12 Foster, J.D. and Vaughan, R.A. (2011) Palmitoylation controls dopamine transporter kinetics, degradation, and protein kinase C-
dependent regulation. J. Biol. Chem. 286, 5175-5186 https://doi.org/10.1074/jbc.M110.187872

13 Gok, C. and Fuller, W. (2020) Topical review: Shedding light on molecular and cellular consequences of NCX1 palmitoylation. Cell.
Signal. 76, 109791 https://doi.org/10.1016/j.cellsig.2020.109791

14 Gok, C., Main, A,, Gao, X., Kerekes, Z., Plain, F,, Kuo, C.-W. et al. (2021) Insights into the molecular basis of the palmitoylation and
depalmitoylation of NCX1. Cell Calcium 97, 102408 https://doi.org/10.1016/j.ceca.2021.102408

15 Gok, C., Plain, F., Robertson, A.D., Howie, J., Baillie, G.S., Fraser, N.J. et al. (2020) Dynamic palmitoylation of the sodium-calcium
exchanger modulates Its structure, affinity for lipid-ordered domains, and inhibition by XIP. Cell Rep. 31, 107697 https://doi.org/
10.1016/j.celrep.2020.107697

16  Gok, C., Robertson, A.D. and Fuller, W. (2022) Insulin-induced palmitoylation regulates the Cardiac Na+/Ca2+ exchanger NCX1. Cell
Calcium 104, 102567 https://doi.org/10.1016/j.ceca.2022.102567

17 Reilly, L., Howie, J., Wypijewski, K., Ashford, M.L.J., Hilgemann, D.W. and Fuller, W. (2015) Palmitoylation of the Na/Ca exchanger
cytoplasmic loop controls its inactivation and internalization during stress signaling. FASEB J. 29, 4532-4543 https://doi.org/10.1096/
£.15-276493

18  Gok, C. and Fuller, W. (2020) Regulation of NCX1 by palmitoylation. Cell Calcium 86, 102158 https://doi.org/10.1016/j.ceca.2019.102158

19  Linder, M.E. and Deschenes, R.J. (2007) Palmitoylation: policing protein stability and traffic. Nat. Rev. Mol. Cell Biol. 8, 74-84 https://
doi.org/10.1038/nrm2084

20 S Mesquita, F,, Abrami, L., Linder, M.E., Bamiji, S.X., Dickinson, B.C.van der Goot,F.G.2024) Mechanisms and functions of protein S-
acylation. Nat. Rev. Mol. Cell Biol. 25, 488-509 https://doi.org/10.1038/s41580-024-00700-8

21 Hediger, M.A., Clémencon, B., Burrier, R.E. and Bruford, E.A. (2013) The ABCs of membrane transporters in health and disease (SLC
series): introduction. Mol. Aspects Med. 34, 95-107 https://doi.org/10.1016/j.mam.2012.12.009

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 9



Bioscience Reports (2025) 45 1-11

.. 6 PORTLAND https://doi.org/10.1042/BSR20241051
°

PRESS

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

GOk, C. and Fuller, W. (2024) Rise of palmitoylation: A new trick to tune NCX1 activity. Biochim. et Biophys. Acta (BBA) - Mol. Cell Res.
1871, 119719 https://doi.org/10.1016/j.bbamcr.2024.119719

Main, A., Boguslavskyi, A., Howie, J., Kuo, C.-W., Rankin, A., Burton, F.L. et al. (2022) Dynamic but discordant alterations in zZDHHC5
expression and palmitoylation of its substrates in cardiac pathologies.. Front. Physiol. 13, 1023237 https://doi.org/10.3389/
fphys.2022.1023237

Meng, E.C., Goddard, T.D,, Pettersen, E.F,, Couch, G.S., Pearson, Z.J., Morris, J.H. et al. (2023) UCSF ChimeraX: Tools for structure building
and analysis. Protein Sci. 32, e4792 https://doi.org/10.1002/pro.4792

Plain, F, Congreve, S.D., Yee, R.S.Z., Kennedy, J., Howie, J., Kuo, C.-W. et al. (2017) An amphipathic a-helix directs palmitoylation of the
large intracellular loop of the sodium/calcium exchanger. J. Biol. Chem. 292, 10745-10752 https://doi.org/10.1074/jbc.M116.773945
Madeira, F., Madhusoodanan, N., Lee, J., Eusebi, A., Niewielska, A., Tivey, A.R.N. et al. (2024) The EMBL-EBI Jjob d sequence analysis tools
framework in 2024. Nucleic Acids Res. 52, W521-W525 https://doi.org/10.1093/nar/gkae241

Kuo, C.-W.S., Dobi, S., Gok, C., Da Silva Costa, A., Main, A., Robertson-Gray, O. et al. (2023) Palmitoylation of the pore-forming subunit of
Ca(v)1.2 controls channel voltage sensitivity and calcium transients in cardiac myocytes. Proc. Natl. Acad. Sci. U.S.A. 120, €2207887120
https://doi.org/10.1073/pnas.2207887120

Gao, X., Kuo, C.-W., Main, A., Brown, E., Rios, F.J., Camargo, L.D.L. et al. (2022) Palmitoylation regulates cellular distribution of and
transmembrane Ca flux through TrpM7. Cell Calcium 106, 102639 https://doi.org/10.1016/j.ceca.2022.102639

Okuy, S., Takahashi, N., Fukata, Y. and Fukata, M. (2013) In silico screening for palmitoyl substrates reveals a role for DHHC1/3/10
(zDHHC1/3/11)-mediated neurochondrin palmitoylation in its targeting to Rab5-positive endosomes. J. Biol. Chem. 288, 19816-19829
https://doi.org/10.1074/jbc.M112.431676

Carreras-Sureda, A., Abrami, L., Ji-Hee, K., Wang, W.-A., Henry, C,, Frieden, M. et al. (2021) S-acylation by ZDHHC20 targets ORAI1
channels to lipid rafts for efficient Ca** signaling by Jurkat T cell receptors at the immune synapse. Elife 10, 72051 https://doi.org/
10.7554/eLife.72051

West, S.J., Kodakandla, G., Wang, Q., Tewari, R., Zhu, M.X., Boehning, D. et al. (2022) S-acylation of Orai1 regulates store-operated Ca2+
entry. J. Cell. Sci. 135, jcs258579 https://doi.org/10.1242/jcs.258579

Kodakandla, G., West, S.J., Wang, Q., Tewari, R., Zhu, M.X., Akimzhanov, A.M. et al. (2022) Dynamic S-acylation of the ER-resident protein
stromal interaction molecule 1 (STIM1) is required for store-operated Ca®* entry.. J. Biol. Chem. 298, 102303 https://doi.org/10.1016/
jjbc.2022.102303

Chaube, R, Hess, D.T., Wang, Y.-J., Plummer, B., Sun, Q-A,, Laurita, K. et al. (2014) Regulation of the skeletal muscle ryanodine receptor/
Ca2+-release channel RyR1 by S-palmitoylation.. J. Biol. Chem. 289, 8612-8619 https://doi.org/10.1074/jbc.M114.548925

Jalloul, A.H., Szerencsei, R.T., Rogasevskaia, T.P. and Schnetkamp, PP.M. (2020) Structure-function relationships of K+-dependent Na+/
Ca2+ exchangers (NCKX). Cell Calcium 86, 102153 https://doi.org/10.1016/j.ceca.2019.102153

Ginger, R.S., Askew, S.E., Ogborne, R.M., Wilson, S., Ferdinando, D., Dadd, T. et al. (2008) SLC24A5 encodes a trans-Golgi network protein
with potassium-dependent sodium-calcium exchange activity that regulates human epidermal melanogenesis. J. Biol. Chem. 283,
5486-5495 https://doi.org/10.1074/jbc.M707521200

Lamason, R.L., Mohideen, M.-A.PK., Mest, J.R., Wong, A.C., Norton, H.L., Aros, M.C. et al. (2005) SLC24A5, a putative cation exchanger,
affects pigmentation in zebrafish and humans. Science 310, 1782-1786 https://doi.org/10.1126/science.1116238

Zhang, Z., Gong, J., Sviderskaya, E.V., Wei, A. and Li, W. (2019) Mitochondrial NCKX5 regulates melanosomal biogenesis and pigment
production. J. Cell. Sci. 132, jcs232009 https://doi.org/10.1242/jcs.232009

Greaves, J. and Chamberlain, L.H. (2007) Palmitoylation-dependent protein sorting. J. Cell Biol. 176, 249-254 https://doi.org/10.1083/
jcb.200610151

Pei, Z., Xiao, Y., Meng, J., Hudmon, A. and Cummins, T.R. (2016) Cardiac sodium channel palmitoylation regulates channel availability
and myocyte excitability with implications for arrhythmia generation. Nat. Commun. 7, 12035 https://doi.org/10.1038/ncomms12035
McClure, M.L., Barnes, S., Brodsky, J.L. and Sorscher, E.J. (2016) Trafficking and function of the cystic fibrosis transmembrane
conductance regulator: a complex network of posttranslational modifications. Am. J. Physiol. Lung Cell Mol. Physiol. 311, L719-L733
https://doi.org/10.1152/ajplung.00431.2015

Bouza, A.A., Philippe, J.M., Edokobi, N., Pinsky, A.M., Offord, J., Calhoun, J.D. et al. (2020) Sodium channel 1 subunits are post-
translationally modified by tyrosine phosphorylation, S-palmitoylation, and regulated intramembrane proteolysis. J. Biol. Chem. 295,
10380-10393 https://doi.org/10.1074/jbc.RA120.013978

Demontis, G.C., Pezzini, F.,, Margari, E., Bianchi, M., Longoni, B., Doccini, S. et al. (2020) Electrophysiological profile remodeling via
selective suppression of voltage-gated currents by CLN7/PPT1 overexpression in human neuronal-like cells. Front. Cell. Neurosci. 14,
569598 https://doi.org/10.3389/fncel.2020.569598

Hernandez, C.C,, Zaika, O., Tolstykh, G.P. and Shapiro, M.S. (2008) Regulation of neural KCNQ channels: signalling pathways, structural
motifs and functional implications. J. Physiol. (Lond.) 586, 1811-1821 https://doi.org/10.1113/jphysiol.2007.148304

Jeffries, O., Geiger, N., Rowe, I.C.M,, Tian, L., McClafferty, H., Chen, L, et al. (2010) Palmitoylation of the SO-S1 linker regulates cell surface
expression of voltage- and calcium-activated potassium (BK) channels. J. Biol. Chem. 285, 33307-33314 https://doi.org/10.1074/
jbc.M110.153940

Kelleher, R.J., 3rd and Shen, J. (2017) Presenilin-1 mutations and Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A. 114, 629-631 https://
doi.org/10.1073/pnas.1619574114

Murthy, A., Workman, S.W., Jiang, M., Hu, J,, Sifa, ., Bernas, T, et al. (2019) Dynamic palmitoylation regulates trafficking of K channel
interacting protein 2 (KChIP2) across multiple subcellular compartments in cardiac myocytes. J. Mol. Cell. Cardiol. 135, 1-9 https://
doi.org/10.1016/j.yjmcc.2019.07.013

Olofsson, C.S., Salehi, A., Holm, C. and Rorsman, P. (2004) Palmitate increases L-type Ca2+ currents and the size of the readily releasable
granule pool in mouse pancreatic beta-cells. J. Physiol. (Lond.) 557, 935-948 https://doi.org/10.1113/jphysiol.2004.066258

Pochynyuk, O., Stockand, J.D. and Staruschenko, A. (2007) lon channel regulation by Ras, Rho, and Rab small GTPases. Exp. Biol. Med.
(Maywood) 232, 1258-1265 https://doi.org/10.3181/0703-MR-76

Vassar, R. and Kandalepas, P.C. (2011) The -secretase enzyme BACET as a therapeutic target for Alzheimer’s disease. Alzheimers. Res.
Ther. 3, 20 https://doi.org/10.1186/alzrt82

10 © 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).



Bioscience Reports (2025) 45 1-11 °
https://doi.org/10.1042/BSR20241051 . . PORTLAND
.. PRESS

50  Zhou, X., Wulfsen, I, Korth, M., McClafferty, H., Lukowski, R., Shipston, M.J. et al. (2012) Palmitoylation and membrane association of the
stress axis regulated insert (STREX) controls BK channel regulation by protein kinase C. J. Biol. Chem. 287, 32161-32171 https://doi.org/
10.1074/jbc.M112.386359

51 Fagerberg, L., Hallstrom, B.M., Oksvold, P, Kampf, C., Djureinovic, D., Odeberg, J. et al. (2014) Analysis of the human tissue-specific
expression by genome-wide integration of transcriptomics and antibody-based proteomics. Mol. Cell. Proteomics. 13, 397-406 https://
doi.org/10.1074/mcp.M113.035600

52 Tran,D.N., Jung, E.M,, Yoo, Y.M., Lee, J.H. and Jeung, E.B. (2020) Potassium-dependent sodium/calcium exchanger 3 (Nckx3) depletion
leads to abnormal motor function and social behavior in mice. J. Physiol. Pharmacol. 71 https://doi.org/10.26402/jpp.2020.4.08

53 Tran, DN, Go, S.M., Park, S.-M., Jung, E.-M. and Jeung, E.-B. (2021) Loss of Nckx3 exacerbates experimental DSS-induced colitis in mice
through p53/NF-kB pathway. Int. J. Mol. Sci. 22, 2645 https://doi.org/10.3390/ijms22052645

54  Superti-Furga, G., Lackner, D., Wiedmer, T,, Ingles-Prieto, A., Barbosa, B., Girardi, E. et al. (2020) The RESOLUTE consortium: unlocking
SLC transporters for drug discovery. Nat. Rev. Drug Discov. 19, 429-430 https://doi.org/10.1038/d41573-020-00056-6

55 Kraev, A., Quednau, B.D,, Leach, S., Li, X.F.,, Dong, H., Winkfein, R. et al. (2001) Molecular cloning of a third member of the potassium-
dependent sodium-calcium exchanger gene family, NCKX3. J. Biol. Chem. 276, 23161-23172 https://doi.org/10.1074/jbc.M102314200

© 2025 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1"



	Palmitoylation and regulation of potassium-dependent sodium/calcium exchangers (NCKX)
	Introduction
	Results
	NCKX3 and NCKX5 but not NCKX1 are palmitoylated
	NCKX3 but not NCKX5 is present on surface membrane
	Abolishing palmitoylation enhances NCKX3 activity

	Discussion
	Study limitations
	Future directions
	Mapping palmitoylation sites of NCKX3 and NCKX5
	Enzymatic regulation of NCKX3 and NCKX
	Physiological relevance of NCKX3 and NCKX5 palmitoylation

	Methods
	Cells, plasmids and transfection
	Resin-assisted capture of acylated proteins (Acyl-RAC)
	Surface biotinylation
	Western blotting
	Confocal imaging
	NCKX3 activity assay
	Statistical analysis



