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ABSTRACT

MCOLN3/TRPML3 is a Ca**-permeable cation channel that is expressed in multiple subcellular compart-
ments with dynamic localization. Our previous studies suggest that upon macroautophagy/autophagy
induction MCOLN3/TRPML3 is recruited and provides Ca** for the fusion process in autophagosome
biogenesis. However, how intracellular trafficking and the Ca** channel function of MCOLN3/TRPML3 are
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related to autophagy are not known. Here we report that MCOLN3/TRPML3 undergoes palmitoylation at Autophagy; Ca?* channel;
its C-terminal region, which is required for dynamic trafficking and cellular function of MCOLN3/TRPML3 MCOLN3/TRPML3;

in autophagy. Palmitoylation regulated MCOLN3/TRPML3 surface expression and trafficking, but not
channel properties or localization and function of intracellular MCOLN3/TRPML3. Activation of intracel-
lular MCOLN3/TRPML3 induced robust Ca®* release, which solely increased autophagy in Ca®*- and
palmitoylation-dependent manners. Palmitoylation regulated not only intracellular MCOLN3/TRPML3
trafficking to autophagic structures but also autophagic flux in induced autophagy. Importantly, nutrient
starvation activated MCOLN3/TRPML3 to release Ca’* and increased the level of MCOLN3/TRPML3
palmitoylation. Disruption of MCOLN3/TRPML3 palmitoylation, however, abolished the starvation-
induced MCOLN3/TRPML3 activation without affecting channel activity. These results suggest that
trafficking and channel function of MCOLN3/TRPML3 are regulated in the context of autophagy, and
palmitoylation is a prerequisite for the function of MCOLN3/TRPML3 as a Ca®* channel in autophago-
some formation by controlling its trafficking between subcellular compartments.

membrane trafficking;
palmitoylation

Abbreviations: 17-ODYA, 17-octadecynoic acid; 2-BP, 2-bromopalmitate; BFA, brefeldin A; DN, domi-
nant-negative; GPN, glycyl-L-phenylalanine-beta-naphthylamide; HN, hydroxylamine; KD, knockdown;
MCOLN3/TRPML3, mucolipin 3; MS, mass spectrometry; PAT, palmitoyl acyltransferase; PM, plasma
membrane; WT, wild type; ZDHHC, a zinc-finger motif and an Asp-His-His-Cys sequence

Introduction

MCOLN3/TRPML3 (mucolipin 3) is a Ca** permeable non-
selective cation channel [1,2] that is expressed in the endocy-
tic and autophagic pathways [3,4]. The cellular function of
MCOLN3/TRPML3 involves the regulation of endocytosis,
membrane trafficking, and autophagy [3]. In a previous
study, we showed that overexpression of MCOLN3/TRPML3
leads to reduced endocytosis and increased autophagy,
whereas both knockdown (KD) and expression of a domi-
nant-negative (DN) had a reciprocal effect. The subcellular
localization of MCOLN3/TRPML3 during these cellular
events is dynamic, in that MCOLN3/TRPML3 accumulated
in the plasma membrane (PM) upon inhibition of endocyto-
sis, and is massively recruited to autophagosomes upon
induction of autophagy [3]. In another study, we found that
MCOLN3/TRPML3 interacts with GABARAPL2/GATE-16

which is implicated in autophagosome biogenesis, and the
interaction is enhanced in induced autophagy [5]. Thus, it is
suggested that MCOLN3/TRPML3 dynamically moves to sub-
cellular sites for autophagosome formation where it may
provide Ca** for the fusion process [3,6]. However, the under-
lying mechanism by which MCOLN3/TRPML3 shuttles dyna-
mically between intracellular compartments and whether
vesicular Ca®* efflux via MCOLN3/TRPML3 truly contributes
to the autophagy process are largely unknown.
Palmitoylation is a post-translational modification consist-
ing of the attachment of the 16-carbon fatty acid palmitate to
cysteine residues via a hydroxylamine (HN)-sensitive thioester
bond [7-9]. This lipid modification increases protein hydro-
phobicity and thus affects protein structure and the affinity of
proteins for cellular membranes or membrane domains
[9,10]. Among lipid modifications, palmitoylation is unique
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because it is reversible and dynamically regulated by specific
extracellular signals [7,9,11]. The reversibility of protein pal-
mitoylation allows proteins to rapidly shuttle between intra-
cellular membrane compartments [8,11]. For this reason,
palmitoylation has been recognized as an important mechan-
ism for subcellular protein trafficking [12].

Although transmembrane proteins do not require palmitoy-
lation for stable membrane binding, palmitoylation can also
affect their structure, assembly, maturation, trafficking, and
function [10,13]. In addition, evidence suggests that protein
palmitoylation controls many stages in the life cycle and phy-
siological function of ion channels [14,15]. Palmitoylation is
thought to control the 2 fundamental determinants of ion
channel function: (1) the number of channels resident in a
membrane and (2) the activity of the channel at the membrane
[14]. It controls the former by regulating channel trafficking
and the latter by controlling channel kinetics and modulation
by other post-translational modifications. Currently, more than
50 distinct ion channel subunits have been experimentally
demonstrated to be palmitoylated [10,14].

Here we describe that MCOLN3/TRPML3 is a palmitoy-
lated protein, and palmitoylation controls MCOLN3/TRPML3
trafficking and cellular function in autophagy. Moreover, we
provide evidence that Ca** channel activity and trafficking of
intracellular MCOLN3/TRPMLS3 are regulated in the context
of autophagy, and Ca** release via MCOLN3/TRPML3 truly
contributes to the autophagy process in a palmitoylation-
dependent manner.

Results
MCOLN3/TRPML3 is palmitoylated on the C-terminal tail

We used the CSS-Palm v2.0 palmitoylation prediction algo-
rithm [16] to investigate whether and where MCOLN3/
TRPML3 is palmitoylated. As shown in Figure 1(a),
MCOLN3/TRPMLS3 is strongly predicted to be palmitoylated
at the N-terminal Cysl1 and C-terminal Cys549, Cys550 and
Cys551 amino acid residues. Sequence alignments of these N-
and C-terminal cysteine residues across different species and
among the TRPML subfamily members indicate that the
C-terminal cysteine residues are evolutionarily conserved
(Figure 1(a)). The C-terminal cysteine residues of TRPMLI,
which align with those of MCOLN3/TRPML3, were already
experimentally confirmed to be palmitoylated [17,18],
increasing the possibility that the predicted C-terminal resi-
dues of MCOLN3/TRPML3 are palmitoylation sites as well.
To directly assess whether MCOLN3/TRPMLS3 is a palmi-
toylated protein, we performed a recently developed palmi-
toylation assay [19]. HEK293T cells expressing GFP-tagged
wild-type (WT)-MCOLN3/TRPML3 were either treated with
DMSO or metabolically labeled with 17-octadecynoic acid
(17-ODYA), an alkyne-containing palmitate analog. The sam-
ples were then reacted with biotin-azide using click chemistry
to biotinylate the 17-ODYA incorporated proteins.
Biotinylated proteins were isolated with streptavidin beads
and palmitoylation was detected by western blots using anti-
GFP antibody. As shown in Figure 1(b), upper panel,
MCOLN3/TRPML3 is robustly palmitoylated in 17-ODYA-

labeled but not in DMSO-treated samples. To confirm that
17-ODYA is linked via a thioester bond and not via an amide
linkage, 17-ODYA-incorporated and biotinylated proteins
were treated with HN or with Tris as a control
Palmitoylation of MCOLN3/TRPML3 was completely abol-
ished by HN treatment, indicating that it occurs exclusively
on cysteine residues. Importantly, we also proved that the
endogenous MCOLN3/TRPML3 is palmitoylated using anti-
MCOLN3/TRPML3 antibody in HEK293T and SWI13 cells
(Figure 1(b), lower panel). Antibody validation and expres-
sion of endogenous MCOLN3/TRPML3 in various cell lines
are shown in Figures S1A-C.

Next, to determine MCOLN3/TRPML3 palmitoylation
sites, we generated single (CI1S, C549S, C550S and
C551S) or C-terminal triple (C549, 550, 551S; designated
as 3CS) site-directed cysteine-to-serine mutants and per-
formed the same assay. The N-terminal MCOLN3“''S
mutant showed similar palmitoylation levels to WT
MCOLN3/TRPML3, suggesting that C11 is not a palmitoy-
lation site in MCOLN3/TRPML3. Individual C-terminal
single mutants showed reduced levels of palmitoylation
but none of the single site mutants completely abolished
MCOLN3/TRPML3 palmitoylation. Serine replacements at
all C-terminal cysteine residues almost completely blocked
palmitoylation of MCOLN3/TRPML3 (Figure 1(c and d)).
To confirm that these cysteine residues are indeed modi-
fied, we employed mass spectrometry (MS) analysis and
identified C550 and C551 of MCOLN3/TRPML3 with
high and low confidence, respectively, as palmitoylation
sites (Figure S1E). We next performed an siRNA screen to
identify the candidate enzymes among 23 palmitoyl acyl-
transferases (PATSs) sharing a zinc-finger motif and an Asp-
His-His-Cys sequence (ZDHHC). We verified KD efficacy
by real-time RT-PCR (Fig. S1D), knocked down 12 sets of
the 23 ZDHHC PATSs as defined by phylogenetic tree ana-
lysis, and applied the same palmitoylation assay as in
Figure 1(b). As a result, we found that KD of ZDHHC1/
11 greatly reduced palmitoylation of MCOLN3/TRPML3
and individual KD of ZDHHC1 or ZDHHCI11 also had a
similar effect (Figure 1(e)). Taken together, all these data
demonstrate that MCOLN3/TRPML3 undergoes palmitoy-
lation at its C-terminal end.

Palmitoylation controls cell surface expression of
MCOLN3/TRPML3

In many ion channels, palmitoylation plays a significant role
in controlling cell surface expression [14,20-24]; therefore, we
investigated if this is the case in MCOLN3/TRPML3. Figure 2
(a) shows that MCOLN3/TRPML3(C11S) demonstrated nor-
mal surface expression, whereas MCOLN3/TRPML3(3CS)
had markedly reduced surface expression compared to WT
MCOLN3/TRPML3 in HEK293T and HeLa cells. We also
observed a reduced surface level of MCOLN3/TRPML3 in
cells treated with 2-bromopalmitate (2-BP), a potent palmi-
toylation inhibitor (Figure 2(a), middle panel, and Figure 2
(b)). Because abolition of palmitoylation did not completely
block the surface expression of MCOLN3/TRPML3, we next
determined whole-cell current levels in cells expressing WT
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Figure 1. Palmitoylation sites and PATs of MCOLN3/TRPML3. (a) Schematic of MCOLN3/TRPML3 showing palmitoylation sites (gray and red circles) predicted by CSS-
Palm v2.0 and sequence alignments of the indicated cysteine residues across different species and among MCOLN/TRPML subfamily members. (b) MCOLN3/TRPML3
palmitoylation assay. HEK293T cells expressing GFP-tagged MCOLN3/TRPML3 (upper panel) or HEK293T and SW13 cells (lower panel) were either treated with DMSO
(control) or metabolically labeled with 100 uM 17-ODYA. After 6 h, membrane fractions were prepared followed by reaction between biotin-azide and 17-ODYA using
click chemistry. Biotinylated proteins were affinity isolated using streptavidin beads and eluates were analyzed by western blot using anti-GFP antibody or anti-
MCOLN3/TRPML3 antibody to detect palmitoylated proteins. Tris or HN were added to the reaction mixture and incubated for 1 h at RT before adding the beads.
Input samples were 1% of protein lysate used in the click chemistry reactions. (c) MCOLN3/TRPML3 and cysteine mutant palmitoylation assays. HEK293T cells
expressing GFP-tagged MCOLN3/TRPML3 and the indicated single or triple cysteine mutants were assayed as in (b). (d) Quantified data of ratios of palmitoylated
MCOLN3/TRPML3s to total MCOLN3/TRPML3 protein levels (n = 3, *p < 0.05, ***p < 0.005 compared to WT, Student’s t-test). Data are presented as the mean + SEM.
(e) HEK293T cells treated with the indicated siRNAs targeting human ZDHHCs for 72 h were transfected with pEGFPC1-MCOLN3/TRPML3 for 24 h to be assayed as in

(b). NC indicates negative control siRNA.

MCOLN3/TRPML3 and palmitoylation mutants. As was
shown previously [2,25], alternative exposure of cells expres-
sing MCOLN3/TRPML3 to Na'-free and Na'-containing
solution resulted in a large inward rectifying current
(Figure 2(c)). Consistent with surface levels, MCOLN3/
TRPML3(C11S) demonstrated no effect whereas MCOLN3/
TRPML3(3CS) showed reduced current density at about 65%
of WT MCOLN3/TRPML3 (Figure 2(c-e)). To fully activate
MCOLN3/TRPML3 in another way, MCOLN3/TRPML3 cur-
rent was elicited by SF-21, a small-molecule MCOLN/TRPML
agonist [26]. As shown in Figure 2(f), applying SF-21 to the
cells induced a large inward current and consistently, the

current density from MCOLN3/TRPML3(3CS) was only
66% of that from WT MCOLN3/TRPML3 (Figure 2(h)).
Importantly, the current-voltage (I/V) relationships in
Figure 2(d) and (g) show that the 3CS mutation in
MCOLN3/TRPML3 did not alter the channel properties.
This indicates that the reduced current density from
MCOLN3/TRPML3(3CS) reflects lower surface protein level
and not changes in channel gating. We further measured PM
Ca’" influx in cells expressing WT MCOLN3/TRPML3 or
palmitoylation mutants by increasing the Ca®" concentration
in the external solution (Figure 4(e)). The amount of Ca?t
influx via MCOLN3/TRPML3(3CS) also decreased to about
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Figure 2. Effect of palmitoylation on MCOLN3/TRPML3 surface expression. (a) Analysis of surface expression by biotinylation. HEK293T cells expressing WT MCOLN3/
TRPML3, MCOLN3/TRPML3(C11S), or MCOLN3/TRPML3(3CS) treated with ethanol (control) or 2-BP, and Hela cells expressing WT MCOLN3/TRPML3 or MCOLN3/
TRPML3(3CS) were used for surface biotinylation assays. Total and surface proteins were analyzed by western blot using anti-GFP antibody. The data are
representative of 3 independent experiments. (b) Densitometric analysis of surface MCOLN3/TRPML3s to total MCOLN3/TRPML3 protein levels (n = 3, *p < 0.05,
**¥p < 0.005 compared to WT, Student’s t-test) of western blots from HEK293T cells similar to those in (a). Data are presented as the mean + SEM. (c) Whole cell
current was measured in HEK293T cells expressing WT MCOLN3/TRPML3, MCOLN3/TRPML3(C11S), or MCOLN3/TRPML3(3CS). The MCOLN3/TRPML3 current was
activated by sequentially exposing the cells to bath solutions containing 0 and 140 mM Na*. Current was measured by applying 100 ms ramps from =100 to + 100
mV and plotted at —100 mV. Dashed lines here and in (f) indicate the 0 current levels. (d) I/V relationships of the MCOLN3/TRPML3 currents recorded at the times
shown in the filled circles in panel (c). (e) The current amplitudes of WT MCOLN3/TRPML3, MCOLN3/TRPML3(C11S), and MCOLN3/TRPML3(3CS) are plotted as the
mean + SEM of 10-13 cells (*p < 0.05, Student’s t-test). (f) The whole cell current was measured in HEK293T cells expressing WT MCOLN3/TRPML3 or MCOLN3/
TRPML3(3CS) by applying 5 uM SF21 in a 140 mM Na* bath solution. (g) I/V relationships of the MCOLN3/TRPML3 current recorded at the times shown in the filled
circles in panel (f). (h) The current amplitudes of WT MCOLN3/TRPML3 and MCOLN3/TRPML3(3CS) are plotted as the mean + SEM of 10 cells each (**p < 0.01,
Student’s t-test).

65% of the WT MCOLN3/TRPML3 control. All these results MCOLN3/TRPML3 trafficking at the PM. The rate of
indicate that C-terminal palmitoylation of MCOLN3/ MCOLN3/TRPML3 endocytosis was measured using brefeldin
TRPML3 plays an important role in its surface expression. A (BFA), which inhibits protein transport to the PM (Figure 3
(a)). HEK293T cells expressing either WT MCOLN3/TRPML3
or MCOLN3/TRPML3(3CS) were incubated with 20 uM BFA
and current was recorded by applying SF-21 as in Figure 2(f).
Surprisingly, current from WT MCOLN3/TRPML3, and not
from MCOLN3/TRPML3(3CS), was reduced by 45% after BFA
The surface level of a protein is determined by the balance treatment compared to non-treated controls (Figure 3(b and ¢)),
between endocytosis from and delivery to the PM. To under- indicating that endocytosis of MCOLN3/TRPML3 was altered
stand the underlying mechanism for lower MCOLN3/TRPML3 by the palmitoylation-site mutation. Next, we examined
surface expression by palmitoylation inhibition, we investigated ~MCOLN3/TRPML3 delivery to the PM using Dynasore, a cell-

Palmitoylation controls MCOLN3/TRPML3 trafficking
between intracellular compartments, affecting MCOLN3/
TRPML3 function in endocytosis
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Figure 3. Effects of palmitoylation on MCOLN3/TRPML3 trafficking. (a) Schematic for MCOLN3/TRPML3 trafficking to and from the PM. (b and d) HEK293T cells
expressing WT MCOLN3/TRPML3 or MCOLN3/TRPML3(3CS) were treated with either 20 uM BFA (b) for 4 h or 100 pM Dynasore (d) for 2 h at 37°C. MCOLN3/TRPML3
currents were measured by applying 5 uM SF21 in 140 mM Na* bath solution. I/V relationships of the MCOLN3/TRPML3 current recorded from cells treated with the
indicated compound (black and red traces) at the indicated time points are shown. (c and e) The current amplitudes and relative current density of WT MCOLN3/
TRPML3 (black circle) and MCOLN3/TRPML3(3CS) (red circle) in experiments similar to those in panel (b and d) were plotted as the mean + SEM of 10-21 cells
(*p < 0.05, ***p < 0.005, Student’s t-test). (f) Hela cells transfected with mCherry-MCOLN3/TRPML3 or mCherry-MCOLN3/TRPML3(3CS) were incubated with Alexa
Fluor 488-EGF or Alexa Fluor 488-TF for 10 min, fixed, and imaged by confocal microscopy. Scale bars here and in all other confocal images: 20 pm. (g) ImageJ was
used to count the number of puncta in 14-16 cells from 2-3 experiments and the number of particles is plotted as the mean + SEM at the indicated conditions

(***p < 0.005, Student’s t-test). Con indicates the empty vector control.

permeable inhibitor of DNM1 (dynamin 1) (Figure 3(a)) [27].
By blocking DNMI-dependent endocytosis, MCOLN3/
TRPML3 current was significantly increased by 25% relative to
a non-treated control in WT MCOLN3/TRPML3-expressing
cells, but not in cells expressing MCOLN3/TRPML3(3CS)
(Figure 3(d and e)). This result is consistent with our previous
findings showing accumulation of MCOLN3/TRPML3 in the
PM upon inhibition of endocytosis by DN DNM1*** [3].
Together, these data indicate that MCOLN3/TRPML3 traffick-
ing is regulated by palmitoylation.

We previously demonstrated that overexpression of
MCOLN3/TRPML3 decreases, while KD increases, the rate
of endocytosis [3]. However, how MCOLN3/TRPML3 con-
trols the rate of endocytosis is not known. Because palmitoy-
lation has been implicated in many membrane trafficking
processes [8,9], we examined whether the effect of

MCOLN3/TRPML3 on endocytosis is also palmitoylation-
dependent. HeLa cells expressing WT MCOLN3/TRPMLS3 or
MCOLN3/TRPML3(3CS) were incubated with Alexa Fluor
488-tagged TF (transferrin) or EGF for 10 min and the uptake
was quantified by particle counting. The images in Figure 3(f)
and the summary in Figure 3(g) show that in both EGF and
TF uptake, WT MCOLN3/TRPML3 reduced the rate of endo-
cytosis as previously reported [3,4], whereas MCOLN3/
TRPML3(3CS) reversed it to control levels or higher. These
data combined with the results in Figure 3(b-e) suggest that
the proper trafficking of MCOLN3/TRPML3 by palmitoyla-
tion is required for the function of MCOLN3/TRPML3 in
membrane trafficking. Furthermore, these results imply that
MCOLN3/TRPML3 palmitoylation may also play a role in
autophagy, as the role of MCOLN3/TRPML3 in endocytosis
is likely linked to its role in autophagy [3]. Our previous study
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suggested that overexpression of MCOLN3/TRPML3 aug-
ments the autophagic response to result in accumulation of
cellular materials in the autophagosomes and lysosomes, caus-
ing a feedback response to slow endocytosis [3].

Localization and channel function of intracellular
MCOLN3/TRPML3 are not affected by palmitoylation

The results in Figures 2 and 3 show that localization and traffick-
ing of MCOLN3/TRPML3 at the PM are controlled by palmi-
toylation. However, MCOLN3/TRPML3 is expressed not only in
the PM but also in intracellular vesicular compartments, mainly
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in late endosomes and lysosomes and in LC3-positive autopha-
gosomes [3]. Thus, we investigated whether intracellular locali-
zation of MCOLN3/TRPML3 is also influenced by
palmitoylation. To do this, HeLa cells expressing WT
MCOLN3/TRPML3 or MCOLN3/TRPML3(3CS) were stained
with LAMP1, a well-defined late endosome and lysosomal mar-
ker, and colocalization of MCOLN3/TRPML3 with LAMP1 was
quantified from confocal images. As shown in Figure 4(a) and in
previous studies [3,4], approximately 50% of WT MCOLN3/
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Figure 4. Organellar localization and Ca®* release by WT MCOLN3/TRPML3 and MCOLN3/TRPML3(3CS). (a) Hela cells transfected with plasmids encoding mCherry-
MCOLN3/TRPML3 or mCherry-MCOLN3/TRPML3(3CS) were stained for LAMP1 (green) and imaged by confocal microscopy. (b) Images similar to those in panel (a) from 5-9
cells were used to determine the overlap with ImagelJ. The results are given as the mean + SEM. (c) Hela cells transfected with a plasmid encoding mCherry-MCOLN3/
TRPML3 or mCherry-MCOLN3/TRPML3(3CS) and GFP-LC3 were imaged by confocal microscopy. (d) Images similar to those in panel (c) from 7 cells were used to determine
the overlap with ImageJ. The results are given as the mean + SEM. (e) HEK293T cells expressing GFP (gray trace), WT MCOLN3/TRPML3 (black trace) or MCOLN3/TRPML3(3CS)
(red trace) were preincubated in Ca®*-free medium to block PM Ca** influx. Organellar Ca>* efflux was measured by applying 20 uM ML-SA1 in Ca®*-free medium and then,
Ca®* influx from the PM was measured by increasing Ca®*, to 10 mM. (f) Cellular responses to ML-SA1 and 10 mM Ca**, were compared in cells transfected with WT
MCOLN3/TRPML3 and MCOLN3/TRPML3(3CS). Results are plotted as the mean + SEM of 28-29 cells (***p < 0.005, Student’s t-test).



not altered by the 3CS mutation (Figure 4(c and d)). Thus,
localization of intracellular MCOLN3/TRPML3 appears not to
be affected by palmitoylation.

To better characterize organelle-residing MCOLN3/
TRPML3, we determined organellar Ca** efflux through
MCOLN3/TRPML3 using a membrane-permeable TRPML ago-
nist, ML-SA1 [28]. HEK293T cells expressing WT MCOLN?3/
TRPML3 or MCOLN3/TRPML3(3CS) were incubated in Ca®
*free external solution to block Ca** influx from MCOLN3/
TRPML3 localized in the PM. In this condition, ML-SA1
induced robust Ca®" release from intracellular compartments
via both WT and palmitoylation mutant MCOLN3/TRPML3
to a similar extent (Figure 4(e)). This is in sharp contrast to
results in the PM (Figures 2 and 4(e and f)) showing reduced
surface expression and the subsequent decreased activity of
MCOLN3/TRPML3 by inhibition of palmitoylation. Thus, we
conclude that the localization and the channel function of intra-
cellular MCOLN3/TRPML3 are palmitoylation-independent.

Intracellular MCOLN3/TRPML3 activation solely can
increase autophagy in Ca**- and palmitoylation-
dependent manners

Our previous studies [3,5] suggest that intracellular Ca®*
release through MCOLN3/TRPML3 may be involved in
autophagosome formation. As we obtained robust Ca>* efflux
via MCOLN3/TRPML3 by agonist stimulation (Figure 4), we
examined the effect of intracellular MCOLN3/TRPML3 acti-
vation on autophagy and whether palmitoylation is involved
in the process. To test this, HeLa cells transfected with a
plasmid expressing LC3 only or co-transfected with WT
MCOLN3/TRPML3 were treated with ML-SA1, and LC3 par-
ticles were counted. In this experiment, Ca** was removed
from the medium to determine the effect of intracellular
MCOLN3/TRPML3, not from the PM-localized MCOLN3/
TRPML3. Because we observed ML-SAl-evoked small Ca®*
efflux in control cells (Figure 4(e), gray line) most likely due
to endogenous TRPML activation [28], we first examined the
effect of ML-SA1 on autophagy in control cells. As shown in
Figure 5(a and h), application of ML-SA1 to control cells
induced a mild increase in autophagy, suggesting that orga-
nelle-residing endogenous TRPMLs participate in the autop-
hagy process. Notably, expression of MCOLN3/TRPML3
resulted in marked autophagy and the addition of ML-SA1
induced a dramatic increase in the number of autophago-
somes (Figure 5(b and h)). This result indicates that autop-
hagy can be induced solely by the activation of intracellular
MCOLN3/TRPML3 regardless of autophagy signaling
activation.

To determine whether the Ca®* release through MCOLN3/
TRPML3 activation in Figure 4(e) contributes to the increase
of autophagy in Figure 5(b), we depleted the intracellular Ca®*
store using BAPTA-AM. As shown in Figure 5(c), pretreat-
ment with BAPTA-AM for 30 min completely abolished ML-
SAl-evoked Ca®" release but did not affect PM Ca®" influx.
Importantly, autophagy increase by ML-SA1 was not observed
in cells pretreated with BAPTA-AM, suggesting that Ca®*
release via intracellular MCOLN3/TRPML3 activation contri-
butes to autophagy.

AUTOPHAGY (&) 333

To further dissect the source of ML-SAl-induced Ca**
release, we first used glycyl-L-phenylalanine-beta-naphthyla-
mide (GPN) and then treated cells with ML-SA1. Figure 5(e)
shows that ML-SA1-induced Ca** release remained even after
depletion of the acidic Ca** store by GPN, suggesting that
some MCOLN3/TRPML3 exists in non-acidic organelles. In
this condition, ML-SA1 treatment still increased autophagy
just as in Figure 1(b), increasing the possibility that
MCOLN3/TRPML3-mediated Ca>" release from a non-acidic
Ca®* store is indeed responsible for the increase of autophagy.
Figure 5(g) shows that MCOLN3/TRPML3(3CS) elicited a
similar level of increased autophagy compared to WT
MCOLN3/TRPML3; however, ML-SA1 treatment led to no
further increase of autophagy (Figure 5(g), lower panel),
despite similar amounts of Ca®* release (Figure 4(e)). These
findings imply that a non-palmitoylable mutant may not
traffic to sites for autophagosomes formation upon induction
of autophagy by ML-SA1, thereby not exacerbating autop-
hagy. Thus, the differential effect of WT MCOLN3/TRPML3
and a palmitoylation mutant on autophagy may be able to be
observed only when massive trafficking of MCOLN3/
TRPML3 is necessary, as reflected in induced autophagy by
ML-SA1 (Figure 5(h)).

Palmitoylation regulates autophagy-dependent MCOLN3/
TRPML3 trafficking and function

To further investigate the effect of MCOLN3/TRPML3 palmi-
toylation on autophagy, we induced autophagy or inhibited
MCOLN3/TRPML3 palmitoylation in different ways. First,
starvation was employed to induce autophagy in cells expres-
sing WT MCOLN3/TRPML3 or MCOLN3/TRPML3(3CS). As
previously shown, overexpression of WT MCOLN3/TRPML3
caused a significant increase of autophagy in fed cells, and
starvation of these cells resulted in a marked increase in the
number of autophagosomes (Figure 6(b and c), upper panels
and (d)). MCOLN3/TRPML3(3CS) increased autophagy to a
similar extent with WT MCOLN3/TRPML3 in fed conditions
(Figure 6(b), lower panel); however, starvation of cells expres-
sing MCOLN3/TRPML3(3CS) caused no further increase of
autophagy (Figure 6(c), lower panel and Figure 6(d)). These
results were once again confirmed in experiments using the
ER stressor, CPA as an autophagy inducer (Figure 6(e)). To
inhibit MCOLN3/TRPML3 palmitoylation in another way, we
made a C-terminal truncation mutant, MCOLN3/TRPML3
(A5) that lacks the last 5 amino acids including the palmitoy-
lation sites for MCOLN3/TRPML3 (Figure 6(f), upper panel).
As shown in Figure 6(f), the effect of the deletion on starva-
tion-induced autophagy was also similarly observed, confirm-
ing that the above results are palmitoylation specific.
Therefore, these findings together with previous results sug-
gest that palmitoylation enables MCOLN3/TRPML3 translo-
cation, which can further stimulate autophagy.

To examine whether MCOLN3/TRPMLS3 is indeed trans-
located upon induction of autophagy, we took advantage of
the previously reported MCOLN3/TRPML3-GABARAPL2
relationship. Our previous study showed that MCOLN3/
TRPML3-GABARAPL2 overlap was low in fed conditions
but increased in starved conditions in the confocal images
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Figure 5. Differential effect of organellar Ca®* efflux via WT MCOLN3/TRPML3 and MCOLN3/TRPML3(3CS) on autophagy. (a and b) Hela cells transfected with a
plasmid encoding GFP-LC3 only (a) or co-transfected with a plasmid encoding mCherry-MCOLN3/TRPML3 (b) were treated with vehicle or 20 uyM ML-SA1 in Ca**free
medium for 1 h at 37°C. (c) HEK293T cells transfected with a plasmid encoding WT MCOLN3/TRPML3 were preincubated with 10 uM BAPTA-AM for 30 min and
intracellular Ca®* was measured as in Figure 4(e). (d) Hela cells expressing GFP-LC3 and mCherry-MCOLN3/TRPML3 were preincubated with 10 uM BAPTA-AM in Ca?
*-free medium for 30 min and treated as in panel (b). (e) Ca** was measured from HEK293T cells transfected with WT MCOLN3/TRPML3 by applying 500 uM GPN and
then 20 uM ML-SA1. (f) HeLa cells expressing GFP-LC3 and mCherry-MCOLN3/TRPML3 were preincubated with 500 uM GPN and 10 uM CPA in Ca**-free medium for
30 min and treated as in panel (b). (g) Hela cells transfected with a plasmid encoding GFP-LC3 and mCherry-MCOLN3/TRPML3(3CS) were treated as in panel (b). (h)
The normalized number of GFP-LC3 puncta in panel (a, b, d, f, g) was counted using ImageJ and given as the mean + SEM of 23-33 cells for panel (a, b, g) and that
of 4-14 cells for panel (D and F) (***p < 0.005, Student’s t-test).
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Figure 6. Effect of palmitoylation on MCOLN3/TRPML3 trafficking in the context of autophagy. (A-C) Hela cells transfected with a plasmid encoding GFP-LC3 only (a)
or co-transfected with a plasmid encoding mCherry-MCOLN3/TRPML3 or mCherry-MCOLN3/TRPML3(3CS) were kept in fed medium (b) or serum starved for 2 h (c). (d
and e) The number of GFP-LC3 puncta in serum-starved cells (d) or in cells treated with 25 pM CPA for 3 h (e) was counted using ImageJ and given as the mean
+ SEM of 12-28 cells (*p < 0.05, ***p < 0.005, Student's t-test). (f) The upper panel shows the C-terminal amino acid sequence of WT MCOLN3/TRPML3 and MCOLN3/
TRPML3(A5), where A5 indicates truncation of the last 5 amino acids of MCOLN3/TRPML3 including the palmitoylation sites. The number of GFP-LC3 puncta in cells
co-transfected with WT MCOLN3/TRPML3 or MCOLN3/TRPML3(A5) was counted and given as the mean + SEM of 11-14 cells (*p < 0.05, Student’s t-test). (g) HEK293T
cells expressing GFP-tagged WT, 3CS or D458K MCOLN3/TRPML3 with FLAG-GABARAPL2 were kept in full medium or serum-starved for 2 h and immunoprecipitated
samples with anti-GFP antibody were subjected to western blotting with anti-FLAG antibody. The inputs, corresponding to 5% of the amount used for each
immunoprecipitation, were blotted with anti-FLAG antibody (middle panel) and anti-GFP antibody (lower panel). (h) Cell lysates in panel (g) were used for western
blot analysis to assay endogenous LC3 levels. ACTB/B-actin was used as a loading control.
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[5]. Moreover, their interaction was enhanced upon starva-
tion, indicating that MCOLN3/TRPML3 dynamically moves
to GABARAPL2-residing compartments upon induction of
autophagy [5]. Thus, we investigated the effects of palmi-
toylation and Ca®" channel function of MCOLN3/TRPML3
on MCOLN3/TRPML3-GABARAPL2 interaction and
autophagy using palmitoylation-disabled and channel-dead
mutants. Figure 6(g) clearly shows that the enhanced
MCOLN3/TRPML3-GABARAPL?2 interaction induced by
starvation in WT MCOLN3/TRPML3 expressing cells dis-
appeared in MCOLN3/TRPML3(3CS)-expressing cells, sug-
gesting that the palmitoylation mutant was unable to traffic
to autophagic structures. In addition, the interaction was
completely abolished in DN channel-dead MCOLN3P*>%¢
transfected cells, indicating that MCOLN3/TRPML3 chan-
nel activity is essential for the interaction and autophagy.
LC3-1II levels in the same set of experiments also proved
that only WT MCOLN3/TRPML3 dramatically increased
autophagy upon starvation, but MCOLN3/TRPML3(3CS)
and MCOLN3P*®¢ had a less or minimal effect (Figure 6
(h)). Therefore, these data suggest that palmitoylation reg-
ulates MCOLN3/TRPML3 trafficking on demand upon
autophagy stimulation, and channel activity of MCOLN3/
TRPML3 is crucial to autophagy.

Both channel activity and palmitoylation of MCOLN3/
TRPML3 have an impact on autophagy and vice versa

Next, to determine the effect of MCOLN3/TRPML3 channel
function and trafficking on autophagy, we performed an
autophagic flux assay using the vacuolar-type H'-ATPase
inhibitor bafilomycin A;, or a combination of lysosomal pro-
tease inhibitors E64d and pepstatin A. First, MCOLN3/
TRPML3 expression or channel activity was inhibited by
siRNA (Figure 7(a)), a cell-permeable antagonist, ML-SI1
(Figure 7(b)), or a DN MCOLN3P#8K (Figure 7(c)) and
autophagic flux was observed. Inhibition of MCOLN3/
TRPML3 only slightly increased the LC3-II level but signifi-
cantly decreased autophagic flux, indicating that MCOLN3/
TRPML3 mainly contributes to autophagosome formation
rather than degradation.

Second, to inhibit MCOLN3/TRPML3 trafficking, 2 fore-
mentioned palmitoylation mutants were used. Autophagic
flux was dramatically decreased in MCOLN3/TRPML3
(3CS)- or MCOLN3/TRPML3(A5)-expressing cells compared
to WT MCOLN3/TRPML3-expressing cells (Figure 7(d and
e)), suggesting that MCOLN3/TRPML3 palmitoylation is also
required for proper autophagy. These findings together prove
that both MCOLN3/TRPML3 channel activity and MCOLN3/
TRPMLS3 palmitoylation are essential for MCOLN3/TRPML3
function in autophagy, that is to say autophagosome biogen-
esis. This corresponds to our previous study showing that the
function of MCOLN3/TRPML3 in autophagy is to facilitate
autophagosome  formation by  interaction  with
GABARAPL2 [5].

As MCOLN3/TRPML3 activation solely increased autop-
hagy without autophagy signaling activation (Figure 5), we
asked whether autophagy induction can activate MCOLN3/
TRPMLS3 to release Ca®*. Figure 7(f and g) show a significant

Ca®" increase only in WT MCOLN3/TRPML3-expressing
cells, but not in MCOLN3/TRPML3(3CS) nor DN
MCOLN3P**¥ transfected cells when the media was changed
to HBSS to starve the cells. However, ML-SAl-induced Ca**
release was similarly observed between WT and palmitoyla-
tion mutant-expressing cells, as shown in Figure 5. This result
suggests that palmitoylation allows MCOLN3/TRPML3 to be
translocated and activated by autophagy induction, leading to
Ca®" release and autophagosome formation. If MCOLN3/
TRPML3 is dynamically translocated to autophagosomes
upon induction of autophagy, its trafficking and thus palmi-
toylation would be increased in an autophagy-dependent
manner. To test this possibility, we performed the same pal-
mitoylation assay as in Figure 1(b) except that the cells were
kept in serum-starved medium during metabolic labeling. The
level of MCOLN3/TRPML3 palmitoylation in starved condi-
tions was almost twice as much as that in fed conditions, but
this was not observed with the palmitoylation mutant
(Figure 7(h and i)). Moreover, this was the case with endo-
genous MCOLN3/TRPML3 of HEK293T cells (Figure 7(j)).
Together, all these data indicate that palmitoylation regulates
MCOLN3/TRPML3 trafficking and subsequent activation in
the context of autophagy upon cellular demand.

Discussion

In the present study, we propose palmitoylation as the under-
lying mechanism for the regulation of MCOLN3/TRPML3
trafficking and cellular function in autophagy. Figure 1
shows that MCOLN3/TRPML3 is a palmitoylated protein
and the palmitoylation occurs at C-terminal cysteine residues
of MCOLN3/TRPML3. Inhibition of MCOLN3/TRPML3 pal-
mitoylation by amino acid substitutions or a palmitoylation
inhibitor reduced the cell surface expression of MCOLN3/
TRPML3 (Figure 2). It turned out that the reduced surface
expression of the palmitoylation mutant resulted from
impaired MCOLN3/TRPML3 trafficking to the PM. When
endocytosis or exocytosis was inhibited, the surface level of
WT MCOLN3/TRPML3 was significantly changed, while that
of the palmitoylation mutant was not (Figure 3). However,
MCOLN3/TRPML3 channel properties and activity remained
intact in palmitoylation mutants, indicating that palmitoyla-
tion primarily regulates MCOLN3/TRPML3 trafficking
between subcellular compartments, and does not play a role
in channel kinetics.

Because MCOLN3/TRPML3 is expressed mainly in the
intracellular vesicular compartments, an evaluation of palmi-
toylation on intracellular MCOLN3/TRPML3 was also neces-
sary. As shown in Figure 4, the localization and function of
intracellular MCOLN3/TRPML3 appears not to be affected by
palmitoylation. Therefore, we investigated the effect of palmi-
toylation on intracellular MCOLN3/TRPML3 trafficking
between subcellular compartments. The data in Figure 6
clearly show that palmitoylation controls intracellular
MCOLN3/TRPML3 trafficking when MCOLN3/TRPML3 is
forced to move to other compartments as happens during
autophagy activation. Inhibition of MCOLN3/TRPML3 pal-
mitoylation did not increase n MCOLN3/TRPML3-
GABARAPL2 interaction and thus autophagy, suggesting
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Figure 7. Effect of channel function and palmitoylation of MCOLN3/TRPML3 on autophagy and vice versa. (a) Hela cells transfected with either negative control
SiRNA (-) or siRNA targeting MCOLN3/TRPML3 (+) for 72 h were treated with 100 nM bafilomycin A; in HBSS for 4 h or with 10 pg/ml E64d and 10 ug/ml pepstatin A
in serum-free medium for 11 h and processed for western blot analysis to assay endogenous LC3 levels. (b) Hela cells transfected with negative control siRNA in
panel (a) were treated with 100 nM bafilomycin A; in HBSS for 4 h in the presence and absence of 10 pM ML-SI1 and assayed as in panel (a). (c) HEK293T cells
expressing control vector (-) or MCOLN3P#8K (+) were treated with 100 nM bafilomycin A; in HBSS for 4 h and assayed as in panel (a). (d) HeLa cells transfected with
a plasmid encoding mCherry-tagged WT MCOLN3/TRPML3, MCOLN3/TRPML3(3CS), or MCOLN3/TRPML3(A5) were treated with DMSO or 100 nM bafilomycin A; in
PBS for 3 h and processed for western blot analysis to assay endogenous LC3 levels. The result is representative of 3 independent experiments. (e) Autophagic flux
was calculated from the change in normalized LC3-Il levels to ACTB/B-actin upon bafilomycin A; treatment in (d). Values are relative to WT MCOLN3/TRPML3 and are
plotted as the mean + SEM from 3 independent experiments (***p < 0.005, Student’s t-test). (f) Intracellular Ca®" was measured in HEK293T cells expressing WT
MCOLN3/TRPML3, MCOLN3/TRPML3(3CS), or MCOLN3P#*® while the cells were kept in fed medium and then exposed to HBSS. Organellar Ca* efflux was measured
by applying 20 pM ML-SA1. (g) The increase of 340:380 ratio in panel (f) was presented as the mean + SEM of 6-34 cells (***p < 0.005, Student’s t-test). (h) HEK293T
cells expressing GFP-tagged WT MCOLN3/TRPML3 or MCOLN3/TRPML3(3CS) were kept in fed medium or serum-starved during treatment with 100 uM 17-ODYA for
6-8 h and assayed as in Figure 1(b). (i) Quantified data of ratios of palmitoylated MCOLN3/TRPML3 to total MCOLN3/TRPML3 protein levels in fed or starved
condition are presented as the mean = SEM (n = 3, *p < 0.05, Student’s t-test). (j) HEK293T cells were treated as in panel (h) and analyzed by western blot using anti-
MCOLN3/TRPML3 antibody to detect endogenous palmitoylated MCOLN3/TRPML3.

in the fusion

that palmitoylation regulates the recruitment of MCOLN3/
TRPML3 into newly forming autophagosomes upon induc-
tion of autophagy.

As Atg8-family proteins are implicated in autophagosome
biogenesis [29], we suggested that MCOLN3/TRPML3 might
play a role in autophagosome formation through the

interaction with GABARAPL2 by providing Ca**
process. Indeed, we observed robust Ca’* efflux from intra-
cellular compartments using the cell-permeable MCOLN/
TRPML agonist ML-SA1 in cells overexpressing MCOLN3/
TRPML3 (Figure 5). Activation of MCOLN3/TRPML3 with
ML-SA1 solely induced autophagy, and the elevated
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autophagy was completely prevented by pretreatment with
BAPTA-AM, but not by GPN. These results suggest that Ca’
* efflux not from acidic Ca** stores via MCOLN3/TRPML3
activation truly contributes to autophagosome biogenesis.
Induction of autophagy by MCOLN3/TRPML3 overexpres-
sion itself was not affected by palmitoylation in that both
WT and palmitoylation mutant MCOLN3/TRPML3 increased
autophagy to a similar extent. However, further increase of
autophagy by ML-SA1 was completely abolished by inhibition
of palmitoylation, despite the same amount of Ca*" efflux.
This suggests that proper trafficking of MCOLN3/TRPML3 by
palmitoylation is required for the cellular function of
MCOLN3/TRPML3 in autophagy (Figure 5).

In Figure 7, we provide the evidence that both MCOLN3/
TRPML3 channel activity and palmitoylation are indispensable
for autophagosome formation. Importantly, here we first show
that MCOLN3/TRPML3 can be activated upon nutrient starva-
tion resulting in Ca”" release, which is also regulated by palmi-
toylation. We also show that MCOLN3/TRPML3 palmitoylation
is dynamically regulated in an autophagy-dependent manner, in
that the level of MCOLN3/TRPML3 palmitoylation was doubled
in starved conditions. Therefore, together with previous results,
these findings suggest that both trafficking and Ca** channel
function of MCOLN3/TRPMLS3 are regulated by autophagy, and
vice versa. When autophagy is induced, we think that MCOLN?3/
TRPML3 is recruited to autophagosome formation sites by
palmitoylation and then activated to provide Ca®* for the
fusion-fission process. How the translocated MCOLN3/
TRPML3 can be activated afterwards needs to be further inves-
tigated. Solving this problem is of particular interest as identifi-
cation of the Ca** channel supplying Ca** in the autophagy
process has been a long-standing question in the autophagy field.

Because autophagy is implicated in many human diseases,
understanding how autophagy is regulated is becoming increas-
ingly important. In the present study, we propose 2 mechanisms
for autophagy regulation, MCOLN3/TRPML3 palmitoylation
and MCOLN3/TRPML3 activation upon autophagy induction.
In addition, our findings suggest that palmitoylation may serve
as a general regulatory mechanism for other autophagy-related
proteins with dynamic subcellular localization.

Materials and methods
Plasmid construction and mutagenesis

Human MCOLN3/TRPML3 in pEGFPC1 (Clontech, 6084-1),
p3XFlag-CMV-7.1 (Sigma, E7533) and pCMV-HA (Clontech,
635690) was prepared as detailed previously [3]. To generate
mCherry-MCOLN3/TRPML3, mCherry was amplified by PCR
and cloned ahead of MCOLN3/TRPML3 into the pCMV-HA-
MCOLN3/TRPML3. The constructs were used to prepare sin-
gle or triple cysteine mutants, a dominant-negative mutant, and
a deletion mutant using the QuikChange mutagenesis kit
(Stratagene, 200523). All mutations were confirmed by sequen-
cing the entire DNA insert to verify the presence of the desired
mutation and the absence of extraneous mutations.
pEGFPC1-LC3 was kindly provided by Dr. Tamotsu
Yoshimori (Osaka University; Osaka, Japan). p3XFlag-CMV-
7.1-GABARAPL2 was prepared as detailed previously [5].

Antibodies and reagents

The following antibodies were used: anti-LAMP1 (BD bios-
ciences, 555798), anti-GFP (Invitrogen, A11122), anti-LC3
(Thermo Fisher Scientific, PA1-16930), and anti-MCOLN3/
TRPML3 (Alomone Labs, ACC-083). Other reagents used were
Alexa Fluor 488-EGF (Invitrogen, E13345), Alexa Fluor 488-TF
(Invitrogen, T13342), biotin-azide (Invitrogen, B10184), Fura-2
AM (Invitrogen, F1225), ML-SA1 (Merck Millipore, 648493),
GPN (Cayman Chemical, 14634), 17-ODYA (Cayman
Chemical, 90270), hydroxylamine hydrochloride (Sigma-
Aldrich, 159417), brefeldin A (Toronto Research Chemicals,
B677240), dynasore (Sigma-Aldrich, D7693), BAPTA-AM
(Invitrogen, B1204), bafilomycin A; (Merck Millipore,
196000), HBSS (Sigma-Aldrich, H8264), CPA (Sigma-Aldrich,
C1530), E64d (Merck Millipore, 330005), pepstatin A (Sigma-
Aldrich, P5318), and ML-SI1 (GW405833 hydrochloride;
Sigma-Aldrich, G1421). The siRNA sequences for MCOLN3/
TRPML3 were: siRNA 1: 5'-CUCCUUCAGUGUUAAAGUA-
3'; siRNA 2: 5-GUUAAUCUUCGCAGUAAAC-3".

Cell culture and transfection

HEK293T, HeLa, SK-MEL-28, and SW13 cells were obtained
from Korean Cell Line Bank (KCLB®, Seoul, South Korea). Cells
were maintained in DMEM (Sigma-Aldrich, D5796) supple-
mented with 10% fetal bovine serum (Gibco, 16000-044) in a
humidified incubator at 37°C and 5% CO,. Cells were plated 1
day before transfection with Lipofectamine 2000 (Invitrogen,
11668019) according to the manufacturer’s instructions.

Palmitoylation assay

HEK293T, SW13 or HEK293T cells transfected with the indi-
cated plasmids or siRNAs were incubated in medium supple-
mented with 100 pM 17-ODYA (Cayman Chemical, 90270)
for 6-8 h. Cells were then washed with phosphate-buffered
saline (PBS; pH 7.4, 137 mM Na(l, 1.5 mM KH,PO,, 7.8 mM
Na,HPO,, 2.7 mM KCI) and briefly sonicated in detergent-
free lysis buffer (PBS containing 1 x EDTA-free protease
inhibitor cocktail [Roche Diagnostics, 04693159001], 1 mM
sodium vanadate [Sigma-Aldrich, 590088] and 10 mM
sodium fluoride [Sigma-Aldrich, S7920]). Membrane fractions
were made by ultracentrifugation (163,348 g for 30 min at 4°
C) and then pellets were lysed in lysis buffer with 1% (v:v)
Triton X-100 (Sigma-Aldrich, X100). An aliquot (94 ul) of
each cleared lysate was reacted with 6 pl of freshly premixed
click chemistry reagent (final 100 pM biotin-azide [1 pl of
10 mM stock in DMSO], 1 mM Tris [2-carboxyethyl]phos-
phine [Sigma-Aldrich, 646547; 2 pl of 50 mM stock in H,O0],
100 pM Tris-[benzyltriazolylmethyl]amine [Sigma-Aldrich,
678937; 1 pl of 10 mM stock in DMSO], and 1 mM CuSO,
[Sigma-Aldrich, 469130; 2 ul of 50 mM stock in H,O]) [19].
Reaction mixtures were incubated for 1 h at room tempera-
ture (RT) with intermittent mixing, and then 2 pl of 0.5 M
EDTA was added to terminate the reactions. Unreacted biotin
was quenched by the addition of an excess of 1 M Tris, pH
8.0. Biotinylated (palmitoylated) proteins were then affinity
isolated using streptavidin beads (Thermo Fisher Scientific,



29202) by incubation at 4°C for 2 h. The beads were washed 3
times with PBS containing 0.5% Triton X-100 and treated
with sample buffer for western blot analysis.

Reverse transcription and real-time PCR

Total RNA from the siRNA-transfected HEK293T cells were
extracted using the RNeasy mini kit (QIAGEN, 74104)
according to the manufacturer’s protocol. Total RNA
(0.5 ug) was reverse-transcribed into complementary DNA
(cDNA) wusing SuperScript™ III Reverse Transcriptase
(Invitrogen, 18080-044). Quantitative real-time PCR was per-
formed to compare ZDHHC mRNA expression levels to the
negative controls. The sequences of the primer used are in
Table 1. A 2-ul aliquot of cDNA was amplified in a 20-pl
reaction volume, including 10 pl 2 x SYBR Premix Ex Taq
(Takara Biotechnology, RR420) and 1 pl of each 10 puM
primer (Bioneer) using the Thermal Cycler Dice Real Time
System TP800 (Takara Biotechnology, Kyoto, Japan). The
crossing threshold value for each PCR-amplified product
was calculated by the Thermal Cycler Dice Real Time
System software. Data for each ZDHHC amplification were
normalized to the housekeeping gene. Each experiment was
performed in triplicate and values were averaged.

LC-MS/MS analysis

LC-MS/MS analysis was performed at Medicinal Bioconvergence
Research Center. Peptide sample was analyzed on a LTQ-Orbitrap
Velos (Thermo Fisher Scientific, Bremen, Germany) connected to
an Easy-nano LC II system (Thermo Fisher Scientific, Odense,
Denmark) incorporating an autosampler. The dried peptide sam-
ple was resuspended in 70 pl of 0.1% formic acid, and an aliquot (7
ul) was injected to a reversed-phase peptide trap EASY-Column
(L2 cm, ID 100 ym, 5 pum, 120 A, ReproSil-Pur C18-AQ, Thermo
Fisher Scientific) and a reversed-phase analytical EASY-Column
(L10 cm, ID 75 pm, 3 pm, 120 A, ReproSil-Pur C18-AQ, Thermo
Fisher Scientific), and electrospray ionization was subsequently

Table 1. Real-time PCR primers for ZDHHCs.

Genes Forward primers Reverse primers
ZDHHC1 CTCCCTGCTGATTCACAAGC CATCTGCTTCCTGTGCCATC
ZDHHC2 (P299447, Bioneer) (P299447, Bioneer)
ZDHHC3 TGGTCCTCTATGCGGAGTTC GCATTTGGGGCACTTGTACA
ZDHHC4 CGGATTGTCTTCATGCTGGG AGTGAATGTTCCGGTGGACT
ZDHHC5 ATCCATTCGTTCAGAGGGCA TAAAGGTGGGTCTGGCTCAG
ZDHHC6 GCCTCGAATACAGCTGCAAA TCAGCATCACAGGGACACTT
ZDHHC7 CTTCATCGTCCTCCTCCTCC GGTTCTCAGGTGGGATGACA
ZDHHC8 TTCATCCCTGTCATTGGCCT GAAAGGCGGCTTCAAACTCA
ZDHHC9 ACTTTCCTCGTGGCTCTCAA TCCAGTGGCAAAATACCCCT
ZDHHC11 CTCCCTGCTGATTCACAAGC CATCTGCTTCCTGTGCCATC
ZDHHC12 GGATGGAGAACTGTGTGGGA ACCAACGAGAAGAGGGACAG
ZDHHC13 AGACTTGGGCAACTGATCCA GCATACATGGCAGTGGAGTG
ZDHHC14 AGAAGAAGAAAATCGCGGCC GGATGGCAGGGGTGATTTTC
ZDHHC15 CCAGTGTTTACAAGTGGCCC ATCCTCGTTGTCTTCCCAGG
ZDHHC16 TTATCACCAGACCCCACCAC TCCAAGCAGCCGTAGTTGTA
ZDHHC17 AGCGGGAGGAGGGATTTAAC CCTGCTTCCACCAATTCTCG
ZDHHC18 TTCCTGACGGCCTTCATCTT GACCACGAGCCTTTGATGTC
ZDHHC19 ATACAACCCCTTCGACCAGG TGCTTTGTAGGGACCCAGAG
ZDHHC20 GCGTCCTCTCACTTTTCAGC CCACAAGGCGAGTTGGAAAA
ZDHHC21 GAGAACCCCAAGATCCCACA CACAACTGCAGAAAGAGCCA
ZDHHC22 CACTGTTTCTTCACCGGCAA TCCGACATTGAACATGGGGA
ZDHH(C23 GGGATCACACTGACCTTGGA CCGCTCAGTCACATTGTAGC
ZDHHC24 CTCTTCCATGGGATGCTGCT ATCTGCTGTGGTCTGGAAGG
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performed using a 30-pm (i.d.) nano-bore stainless steel online
emitter (Thermo Fisher Scientific). The duration of the total LC
gradient was 60 min. The peptides were eluted in a linear gradient
of 10 ~ 40% Buffer B (0.1% formic acid in acetonitrile) over
40 min. The temperature and voltage applied to the capillary
was 275°C and 1.9 V. All data were acquired with the mass
spectrometer operating in automatic data-dependent switching
mode. The MS survey was scanned from 350 to 2000 m/z with
resolution set to 100,000.

Surface biotinylation assay

Cells were washed with PBS and incubated in 1 mg/ml Sulfo-
NHS-LC-Biotin (Thermo Fisher Scientific, 21335) in PBS for
30 min on ice. Free biotin was quenched by the addition of
100 mM glycine in PBS. Lysates were prepared in lysis buffer by
sonication, which were then centrifuged at 20,817 g for 20 min at
4°C, and protein concentration in the supernatants was deter-
mined. Volume and protein content were equally adjusted in all
samples and 12.5% avidin beads (Thermo Fisher Scientific, 29202)
were added to each sample. After incubation for 2 h at 4°C, the
beads were collected by centrifugation, washed 3 times with 0.5%
Triton X-100 in PBS, and the proteins were extracted in sample
buffer. Collected proteins were analyzed by western blot.

Confocal microscopy and immunocytochemistry

HeLa cells expressing WT MCOLN3/TRPML3 or a cysteine
mutant were grown on glass coverslips, fixed with 4% parafor-
maldehyde (Biosolution, BP031), and permeabilized by incuba-
tion with 0.1% Triton X-100 at RT for 20 min. After fixation,
nonspecific sites were blocked with 5% goat serum (Sigma-
Aldrich, A6003). Cells were stained with primary antibody over-
night at 4°C and followed by incubation with fluorescent second-
ary antibody for 1 h at RT. Cover slips were mounted on glass
slides and analyzed using a Zeiss LSM 710 confocal microscope.
The images were analyzed off-line using NIH Image] ™ software.

Uptake of fluorescent EGF and TF

HeLa cells were grown on glass coverslips and transfected with a
plasmid encoding WT MCOLN3/TRPML3 or a cysteine mutant.
The cells were washed twice with PBS and incubated with 80 ng/
ml labeled EGF (Invitrogen, E13345) for 10 min at 37°C. After a
PBS wash, cells were incubated with unlabeled EGF for 1-2 min
at 4°C and fixed with cold MeOH. For TF uptake, 1 pg/ml
labeled TF (Invitrogen, T13342) was used. Cells were mounted
on glass slides, fixed, and analyzed using confocal microscopy.

Current recordings and solutions

A tight seal, whole-cell configuration was used to record the
whole cell current at RT as previously described [2]. Currents
were measured in response to voltage ramps (—100 to + 100 mV,
100 ms) applied every 5 sec from a holding potential of 0 mV.
The pipette solution contained 150 mM KCI, 10 mM HEPES,
1.13 mM MgCl,, 5 mM ATP (Sigma-Aldrich, A9187), 10 mM
BAPTA adjusted to pH 7.3 with KOH. The bath solution con-
sisted of 140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCl,,
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10 mM glucose, 10 mM HEPES, adjusted to pH 7.4 with NaOH.
Na'-free solution contained 150 mM NMDG-Cl (Sigma-
Aldrich, M2004) and 10 mM HEPES, adjusted to pH 7.4.

Measurement of [Ca**];

Transfected HEK293T cells on glass coverslips were loaded with
Fura-2 by incubation with 2 uM Fura-2 AM for 30 min at 37°C
and transferred to a perfusion chamber. The cells were continu-
ously perfused with the indicated solutions. Fura-2 fluorescence
was measured at excitation wavelengths of 340 and 380 nm and
the results are given as the 340:380 fluorescence ratio.

Statistical analysis

Origin 7.0 (OriginLab Corporation) software was used for all
analyses. All presented numeric values represent mean + standard
error of the mean. Statistical significance was analyzed using
Student’s t-test and P-values <0.05 were regarded as significant.
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