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The mucolipin (TRPML) ion channel proteins represent a dis-
tinct subfamily of channel proteins within the transient receptor
potential (TRP) superfamily of cation channels. Mucolipin 1, 2,
and 3 (TRPMLI, -2, and -3, respectively) are channel proteins
that share high sequence homology with each other and homol-
ogy in the transmembrane domain with other TRPs. Mutations
in the TRPML1 protein are implicated in mucolipidosis type IV,
whereas mutations in TRPML3 are found in the varitint-wad-
dler mouse. The properties of the wild type TRPML2 channel
are not well known. Here we show functional expression of the
wild type human TRPML2 channel (h-TRPML2). The channel is
functional at the plasma membrane and characterized by a sig-
nificant inward rectification similar to other constitutively
active TRPML mutant isoforms. The h-TRPML2 channel dis-
plays nonselective cation permeability, which is Ca®>*-perme-
able and inhibited by low extracytosolic pH but not Ca** regu-
lated. In addition, constitutively active h-TRPML?2 leads to cell
death by causing Ca®>* overload. Furthermore, we demonstrate
by functional mutation analysis that h-TRPML?2 shares similar
characteristics and structural similarities with other TRPML
channels that regulate the channel in a similar manner. Hence,
in addition to overall structure, all three TRPML channels also
share common modes of regulation.

The mucolipin (TRPML) proteins represent a distinct sub-
family of channel proteins within the transient receptor poten-
tial (TRP)? superfamily of cation channels (1). TRP channels are
essential components of biological sensors that detect changes
in the environment in response to a myriad of stimuli including
cold or hot temperatures, natural chemical compounds, and
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mechanical stimuli. They participate crucially in many sensory
modalities (2, 3). TRP channel proteins are found in a variety of
organisms, tissues, and cell types including excitable and non-
excitable cells and comprise an evolutionarily conserved non-
specific cation channel family consisting of nearly 30 human
members (1). The founding member of this family was discov-
ered in Drosophila and was designated TRP by Minke et al. (4).
The TRP superfamily is divided into seven subfamilies, one
being the mucolipin-TRPML subfamily. Mucolipin 1, 2, and 3
(TRPMLY, -2, and -3, respectively) are channel proteins that
share high sequence homology with each other and homology
in the transmembrane domain with other TRPs. Transmem-
brane segments 5 and 6 represent the predicted cation channel
pore of these proteins (5, 6), as is true for all other TRP chan-
nels. Although most other TRPs localize and function primarily
at the cell surface (3, 7, 8) mediating cell-environment interac-
tions, TRPMLs and primarily TRPML1 are distinct in their
lysosomal subcellular localization (9). TRPML1 displays strict
lysosomal localization, whereas TRPML2 and -3 display cell
surface as well as endosomal and lysosomal localization (9 -15).
Biochemical interactions have also been observed between
TRPMLI, -2, and -3 in homo- and heteromultimeric combina-
tions (9, 15, 16). Multimeric interactions, in general, have been
well documented in the TRP superfamily among protein mem-
bers of the same subfamily (17) and also between subfamilies
(18) (for review, see Ref. 19). It is also documented that
TRPMLY], -2, and -3 are expressed in many different tissues and
cell types including brain tissue (20-22).

Loss of function mutations in the TRPML1 protein are impli-
cated in mucolipidosis type IV (MLIV; MIM 252650), an auto-
somal recessive neurodegenerative disorder found with
increased frequency in the Ashkenazi Jewish population, and
characterized by motor impairment, mental retardation, and
retinal degeneration (6, 23, 24). MLIV is characterized as a lyso-
somal storage disorder whereby lipids accumulate together
with water-soluble materials in the lysosomes of cells from
every tissue and organ of MLIV patients (25). Although the
etiology of the disease and the role of TRPML1 role in causing it
are well documented, the physiological function of TRPML1
has not yet been fully elucidated. Electrophysiological studies
involving TRPML1 have shown that it is a non-selective cation
channel whose activity is modulated by pH and Ca** (26-28).
However, the precise cation permeability of this channel protein
has also been a subject of controversy in recent years (28 —32).

To date TRPML2 has not been associated with any human
pathology, and its physiological role and inherent properties are
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poorly understood. Nevertheless, an active role has been pro-
posed for this protein in trafficking and regulation along the
clathrin-independent Arf6-associated endocytic pathway (10).
In addition, analysis of the Bruton’s tyrosine kinase (Btk) path-
way in a Btk mouse knock-out model has implicated TRPML2
in B-lymphocyte development (33, 34).

Like TRPML2, TRPML3 has not been associated with a
human pathology to date. Nevertheless, TRPML3 missense
mutations, A419P and I362T, have been identified in the
varitint-waddler mouse mutant, characterized by pigmenta-
tion defects and hearing loss. Mice homozygous for the A419P
(Va) missense mutation in TRPML3 are predominantly embry-
onic lethal, whereas viable mice of this genotype display hearing
loss, circling behavior, and pigmentation defects (35). Recent
studies have shown that this severe phenotype results from
constitutive and enhanced activation of the TRPML3 ion chan-
nel, leading to apoptosis in affected cells where mouse melano-
cyte and hair cells have been shown to be particularly sensitive
to the A419P gain-of-function variant of TRPML3. The
TRPML3-A419P mutant channel displays a distinct inwardly
rectifying current voltage relationship (I-V curve) that causes
cell death by inducing cell Ca®>" overload (20, 28, 36-39). A
milder phenotype is found in Va’ varitint-waddler mice, char-
acterized by normal vestibular function, partial pigmentation
deficiency, and partial hearing loss. These mice have been
shown to express a second TRPML3 missense mutation, [362T,
in cis to the severe A419P mutation (35, 40). When expressed
alone, the I362T TRPML3 mutant has been shown to lack chan-
nel activity in a mammalian expression system; however, when
expressed in cis with the A419P mutation, it has been suggested
that I362T ameliorates the lethal effects of A419P by reducing
cell surface expression of TRPML3 (20).

The electrophysiological properties of the human wild type
TRPML3 channel (h-TRPML3) have been described by Kim ez
al. (20). It was found that TRPML3 is a Ca®>*-permeable chan-
nel that is regulated by extracytosolic pH and that the channel
can be opened by reintroducing Na™ to an Na " -depleted extra-
cellular solution (20, 41). Other groups have also described the
constitutively active A419P mutant form of the TRPML3 chan-
nel. The permeability properties of this channel seems to be a
point of debate (20, 28, 29). In HEK cells, TRPML1 and
TRPML2 are not constitutively active, and as of yet, there is no
known activator of these channels, unlike the case for several
other TRP channels (e.g. TRPMS activation by menthol (42)).
However, when the A419P mutation was introduced into
paralogous sites in murine isoforms of TRPML1 and TRPML2,
the open probability of murine TRPML1-V432P was greatly
enhanced at negative membrane potentials, whereas both long
TRPML2-A424P and short TRPML2-A396P murine isoforms
were also constitutively active (21, 28, 29). Murine TRPML1-
V432P and the short murine TRPML2-A396P mutant also
feature the same I-V curve as TRPML3-A419P, with similar
biophysical properties, including conductance to Ca®>", which
is the cause of cell degeneration observed in mice and cells
heterologously expressing this mutated form of the channel
(28, 29, 37). However, unlike murine TRPML3-A419P, murine
TRPML1-V432P and TRPML2-A396P are also permeable to
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Fe’”, indicating that some features differ between the channels
(28, 29).

Unlike in mice, the human TRPML2 (h-TRPML2) channel is
found solely in a single isoform whose electrophysiological
properties are poorly understood. It is, thus, important to char-
acterize the wild type properties of this channel and compare
them to the properties of mutated channel isoforms.

To gain an improved understanding of the properties and
characteristics of the h-TRPML2 channel, we sought to express
the channel in S2 Schneider cells (S2) (a Drosophila cell line
derived from an embryonic cell lineage (43)) where some TRP
channels exhibit constitutive activity. It was previously found
that the Drosophila light-activated TRP-like (TRPL) channels,
which are closed in the dark in native photoreceptor cells,
become constitutively active when expressed heterologously in
S2 cells (44, 45). The advantage of using the Drosophila S2 cell
expression system is that the small endogenous currents of S2
cells are well characterized, making their effect upon heterolo-
gously expressed channels negligible. Also, mammalian pro-
teins in S2 cells might be subject to weaker regulation, allowing
for their functional expression. Here we show functional
expression of h-TRPML2 in S2 cells. The channel is functional
at the plasma membrane and characterized by a significant
inward rectification, similar to that reported for other TRPML
mutant channels that are constitutively active (28). The
h-TRPML2 channel displays non-selective cation permeability,
which is pH- but not Ca®" -regulated, and constitutive activity
of h-TRPML2 leads to cell death by Ca®>" overload. Further-
more, functional mutation analysis reveals that h-TRPML2
shares similar characteristics and structural similarities with
other TRPML channels that regulate the channel in a similar
manner.

EXPERIMENTAL PROCEDURES

Expression Constructs—The complete EYFP open reading
frame was derived from the pEYFP-N1 vector (Clontech) and
cloned into a slightly modified version of pMT/V5-His B
(Invitrogen). tdTomato nucleotide sequences with and without
a stop codon were derived from the pRSET-B tdTomato bacte-
rial expression construct, kindly provided by Dr. Roger Tsien
(Dept. of Pharmacology, University of California, San Diego),
and cloned into the same pMT/V5-His B vector. During subse-
quent cloning steps, the V5 and His tags on the pMT vector
were eliminated from all expression constructs. The human
TRPML3 open reading frame (GenBank™ accession no.
NM_018298), derived from control human lymphoblastoid
cells, was cloned downstream to and in-frame with the
tdTomato sequence on the pMT-tdTomato vector. The resulting
pMT-tdTomato-TRPML3 construct was then used to prepare
the pMT-tdTomato-TRPML3-A419P construct. The human
TRPML2 open reading frame minus a stop codon (GenBank ™
accession no. NM_153259), derived from control human lym-
phoblastoid cells, was cloned upstream to and in-frame with
EYFP and tdTomato sequences on the appropriate pMT-EYFP
and pMT-tdTomato vectors, respectively. The resulting pMT-
tdTomato-TRPML3-A419P, pMT-TRPML2-YFP, and pMT-
TRPML2-tdTomato fusion protein constructs were each used
for expression in Schneider 2 (S2) cells. All directed mutations
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in TRPML3 and TRPML2 were introduced into the pMT-
tdTomato-TRPML3 and the pMT-TRPML2-tdTomato con-
structs, respectively, by site-directed mutagenesis according to
a previously described method (46). For expression in HEK
cells, fusion protein constructs were subcloned into the
pcDNA3 mammalian expression vector (Invitrogen). For each
construct described above, insert orientation and polymerase
fidelity were verified by restriction enzyme mapping and
sequencing. The pEGFP-TRPML3 and PMCA2z/a constructs
used in this study were kindly provided by Dr. Shmuel Muallem
(University of Texas Southwestern Medical Center, Dallas, TX)
and Dr. Peter G. Gillespie (Oregon Hearing Research Center,
Portland, OR), respectively.

Cell Culture—Schneider S2 cells were grown in 25-cm” flasks
at 25°C in Schneider medium (Biological Industries, Beit
Haemek, Israel) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. S2 cells, stably expressing TRPL-
EGFP (TRPL accession number NM_165694) channels, were
obtained from Dr. Armin Huber (University of Hohenheim,
Stuttgart, Germany). All TRPML constructs for expression in
S2 cells were inserted into pMT vectors as described above and
transiently expressed using the escort IV transfection reagent
(Sigma).

Human embryonic kidney and HeLa cells were grown in
25-cm? flasks at 37 °C in Dulbecco’s modified Eagle’s medium
(Biological Industries) supplemented with 10% fetal bovine
serum, 1% penicillin-streptomycin, and 1% L-glutamine. All
TRPML constructs for expression in mammalian cells were
inserted into pcDNA3 vectors as described above and tran-
siently expressed using Translt transfection reagent (Mirus).

Electrophysiology—For S2 cells, cells were seeded on poly-
lysine-coated plates at a confluence of 25% 48 —72 h before the
experiment. 24 —48 h before the experiment cells were trans-
fected, and 500 um CuSO, final concentration was added to the
medium to induce expression of the channels. For HEK cells,
cells were seeded on polylysine-coated plates at a confluence of
25%. 24— 48 h before the experiment cells were transfected to
induce expression of the channels. Whole-cell currents were
recorded at room temperature using borosilicate patch pipettes
of 5-8 megaohms and an Axopatch 1D (Molecular Devices)
voltage-clamp amplifier. For S2 cells and HEK cells, voltage-
clamp pulses in the whole cell configuration using voltage
ramps from —140 to 140 mV in 1 s were generated, and data
were captured using a Digidata 1322A interfaced to a computer
running the pClamp 9.2 software (Axon Instruments). Cur-
rents were filtered using the 8-pole low pass Bessel filter of the
patch clamp amplifier at 5 kHz and sampled at 50 kHz.

Solutions—For S2 cells, the extracellular Tyrode solution
contained 150 mMm NaCl, 5 mm KCl, 4 mm MgCl,, 10 mm TES,
25 mM proline, 5 mM alanine, which provided a nominal Ca*>" -
free solution (0 Ca®>*) to which EGTA was added at 0.5 mm or
different concentrations of Ca®". The intracellular solution
contained 130 mm potassium gluconate, 10 mm TES, 2 mm
MgCl,, 4 mm Mg-ATP, and 0.4 mm Na-GTP. All solutions were
titrated to pH 7.15.

For HEK cells the extracellular Tyrode solution contained
137 mMm NaCl, 5 mm KCl, 1 mm MgCl,, 1.5 mm CaCl,, 10 mm
HEPES, and 10 mM glucose titrated to pH 7.4. The intracellular
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solution contained 135 mm CsCl, 8 mm NaCl, 5 mm EGTA, 10
mM HEPES and 2 mm Na, ATP and titrated to pH 7.2. Cells were
perfused via BPS-8 valve control system (Scientific Instru-
ments) at a rate of ~30 chamber volumes per minute. Chemi-
cals were applied via the perfusion system. NMDG extracellular
solutions contained NMDG replacing NaCl. Linoleic acid (LA)
was added to the extracellular solution at a final concentration
of 60 um. Low pH extracellular solution (pH 6.0) contained
MES instead of TES and HEPES for experiments in S2 and HEK
cells, respectively.

Confocal Imaging—Images of S2 or HEK cells, expressing
fluorescent protein-tagged channels, were acquired in a confo-
cal microscope (Olympus Fluoview 300 IX70) using an Olym-
pus UplanF1 60X/0.9 water objective. The cells were excited
with argon laser 488 and 568 depending on the fluorescent pro-
tein analyzed.

Annexin V Staining—HeLa cells were grown on coverslips
and transfected with fluorescent protein constructs. 18 h post-
transfection, Alexa Fluor 647 annexin V (BioLegend) was
diluted in binding buffer (BioLegend) and incubated with trans-
fected cells for 15 min at room temperature in the dark. After
incubation with annexin V, the cells were washed quickly with
binding buffer and then fixed in the dark in 4% formaldehyde
for 30 min at room temperature. After 3 washes with 1% NH,Cl
(in phosphate-buffered saline), coverslips were then mounted
onto glass slides with Antifade Solution (Vysis), and fluorescent
images of Alexa Fluor 647 annexin V staining together with
fluorescent protein emission were acquired in a confocal
microscope (Olympus Fluoview 300 IX70).

Surface Biotinylation Assay—Cell surface proteins were bio-
tinylated and isolated from transfected HEK cells as previously
described (47). During this procedure cell lysates were normal-
ized just before isolation of biotinylated cell surface proteins,
and after isolation total lysate and cell surface proteins were
then probed by immunoblot using the rabbit polyclonal anti-
DsRed (Clontech) antibody (which also detects the tdTomato
fluorescent protein). The mouse monoclonal anti-glyceralde-
hyde-3-phosphate dehydrogenase antibody (6C5; Santa Cruz)
was used for loading control.

Data Analysis—Data were analyzed and plotted using
pClamp 9.2 software (Molecular Devices) and Sigma Plot 8.02
software (Systat software). Confocal images were imported as
tiff single images into Photoshop (Adobe Systems Inc.) where
they were subsequently cropped and resized.

Statistical Analysis—For statistical analysis Student’s ¢ test or
paired ¢ test was used. All error bars are S.E.

RESULTS

The Use of Schneider 2 Drosophila Cells (S2) for Heterologous
Functional Expression of Channel Proteins—It was previously
found that the Drosophila light-sensitive TRPL channels, which
are closed in the dark in native tissue, become constitutively
active when expressed heterologously in S2 cells (Refs. 44 and
45 and supplemental Fig. 1). In HEK cells only a small leak
current was observed at the voltage range of —150 to +150 mV
(supplemental Fig. 1A). In contrast, in S2 cells, a typical (44, 45)
outwardly rectifying I-V curve of TRPL origin was observed
(supplemental Fig. 1B). As a positive control, we applied LA,
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which is known to activate the TRPL channel (44), and an out-
wardly rectifying I-V curve was observed in HEK cells, whereas
enhancement of the TRPL-dependent current was observed in
S2 cells (supplemental Fig. 1). These results, thus, demonstrate
and confirm our previous observation that TRPL channels
become constitutively active when expressed in S2 cells, due to
a still unknown reason, and that this system can be utilized for
the functional expression of other channel proteins.

Toidentify a TRPML2-dependent current after heterologous
expression of this channel in S2 cells, it was important to dis-
tinguish between the putative TRPML2 current and the endog-
enous S2 current. We found that S2 endogenous currents are
relatively small and many times nonexistent (supplemental Fig.
2A). When the endogenous current is detected, it shows a dis-
tinct inward rectifying I-V curve, which saturates at negative
membrane potentials <—100 mV (supplemental Fig. 2B) with a
negative reversal potential (—55.2 mV * 2.9, n = 16). Many S2
cells show only a leak current that is not affected by application
of LA and has a linear I-V curve of negligible current amplitude
(supplemental Fig. 2A4). On the other hand, when the endoge-
nous S2 current is observed, it is significantly inhibited by appli-
cation of LA (data not shown).

We observed that S2 cells express mammalian proteins with
low efficiency.® Therefore, to detect putative functional expres-
sion of h-TRPML2 in S2 cells, we tagged the TRPML channel
with a fluorescent protein at its C terminus using either YFP or
tdTomato conjugates. A previous report showed that C-termi-
nal tagging of h-TRPML2 does not affect the proper subcellular
trafficking of the protein (10). Nevertheless, because most of
the present study on functional expression of TRPML2 was
conducted with tdTomato tagging (48), it was important to
show that the tag itself does not affect the channel properties
(i.e. subcellular distribution and channel activity). The results
show that expression of the tdTomato tag alone in S2 cells has
no effect upon the endogenous S2 cell I-V curve in control
solution or upon application of LA or NMDG (supplemental
Fig. 2C), whereas its subcellular distribution is of a homoge-
neously diffuse nature (supplemental Fig. 2D), similar to that of
the inert green fluorescent protein tag when expressed in many
different cell types. This subcellular distribution is markedly
different from the distribution seen when tagging h-TRPML2
(see below). Comparing functional expression of h-TRPML2
when tagged with tdTomato or YFP in S2 cells shows that these
two tags display negligible effects upon the observed I-V curves
(see below). Thus, in aggregate, we conclude that S2 cells are a
suitable expression system for mammalian channels even atlow
expression levels.

Functional Expression of h-TRPML2 in S2 Cells—The
h-TRPML2 channel is a 566-amino acid protein that shares
~60% amino acid sequence homology with TRPML1(49). This
channel is the least characterized member of the TRPML sub-
family. Previous electrophysiological studies have been
reported for the TRPML2 channel involving expression of
murine TRPML2 mutants (TRPML3-A419P paralogous) in
HEK cells. One study, which characterized the longer murine

3S. Lev and B. Minke, unpublished observations.
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TRPML2-A424P isoform, did not observe any measurable cur-
rent, leading to the suggestion that TRPML2 might be a non-
functional channel (28). Another study, which characterized
the shorter murine TRPML2-A396P isoform (lacking the first
28 amino acids found in the longer isoform), reported a func-
tional constitutively active channel with the typical inwardly
rectifying I-V curve observed in TRPML3-A419P and
TRPML1-V432P mutant channels. A third study demonstrated
constitutive activity for both the short TRPML2-A396P and the
long TRPML2-A424P isoforms with robust inward rectifica-
tion (21). In addition, the short TRPML2-A396P mutant chan-
nel was also found to be iron-permeable and strongly potenti-
ated by low pH (29). Recently, the wild type h-TRPML2 channel
was also shown to be active when incorporated into synthetic
lipid bilayers (16). Nevertheless, much data describing the char-
acteristics or functional properties of the human or any other
wild type TRPML2 channel are yet to be reported. To help fill
the gap and especially to compare the properties of wild type
(WT) h-TRPML2 with that of h-TRPML2-A424P, we studied
the human wild type TRPML2 isoform.

Strikingly, expression of h-TRPML2 in S2 cells revealed a
very significant current at negative membrane potentials with
an inwardly rectifying I-V curve, similar to I-V curves of other
constitutively active TRPML mutant channels (Fig. 14). Very
similar I-V curves were obtained with tdTomato or with YFP
tagging (Fig. 1A), indicating that the fluorescent tag has no
effect upon the current. Furthermore, the observed I-V curve
was very different from the I-V curve of the endogenous S2
currents with a reversal potential (E,.,) of 2.5 = 4.09 mV (n =
10) and no saturation at negative membrane potentials. More-
over, the functional cell surface expression and vesicular intra-
cellular distribution of h-TRPML2 in S2 cells are consistent
with the subcellular distribution of this protein as observed in
other cell types as well (10, 15) (Fig. 1B). Interestingly, expres-
sion of h-TRPML2-YFP or h-TRPML2-tdTomato in HEK cells
resulted only in a leak current (Fig. 1C) despite the fact that WT
h-TRPML2 reaches the cell surface (see below and Fig. 7D),
whereas expression of h-TRPML2-A424P-tdTomato (Fig. 1D)
gave a large inward rectifying cationic current (Fig. 1E) that also
showed permeability to Ca%* (Fig. 1E, top, inset), similar to
other paralogous TRPML mutant channels (28).

Taken together, Fig. 1 shows functional expression of
h-TRPML2. Importantly, the I-V curve of the WT channel
reveals inward rectification similar to that observed from the
h-TRPML2-A424P mutant, supporting the notion that the
A424P mutation affects the channel open probability by locking
the channel in its active state. Nevertheless, we cannot rule out
the possibility that the inherent properties of the h-TRPML?2
channel (i.e. ionic permeability) are altered by introduction of
the A424P mutation in a similar manner to the alteration of the
A419P mutation upon wild type inherent properties of
h-TRPMLS3 (41).

TRPML?2 Channels Are Not Regulated by Ca®" or LA—Many
channel proteins are tightly regulated by Ca>" via an open
channel block. Experimental evidence has suggested that sev-
eral members of the TRP family (e.g TRPC2 (50), TRPC6 (51),
TRPV3 (52), TRPMS6 (53), TRPM7 (54) and the Drosophila TRP
and TRPL channels (45)) undergo open channel block by diva-
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facilitation of the TRPML2 mutant
current was observed upon removal
of Ca®", suggesting that the A396P
mutation alters more than just open
probability of TRPML2 channels
(29). On the other hand, similar to
the effect upon murine TRPML2-
A396P, we also observed that
replacement of external Na™ with
the non-permeable organic cation
NMDG, reduced the h-TRPML2-
dependent current and shifted E.,
to a negative range typical for the
endogenous S2 channels (Fig. 2D).
These observations, including the
fact that h-TRPML?2 has a reversal
potential close to zero in control
solution, indicate that h-TRPML2 is
a non-selective cation channel like
the murine TRPML2-A396P.
Insertion of Pathology-inducing
Mutations Derived from TRPMLI
and TRPML3 into the TRPML2
Channel—The TRPML2 channel
has not been studied in great detalil,
probably because this channel has
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FIGURE 1. Functional expression of h-TRPML2 in S2 and HEK cells. A, shown are representative |-V curves of
h-TRPML2-tdTomato and h-TRPML2-YFP measured from S2 cells by whole-cell patch clamp recordings (Tyrode
0 mm Ca?* solution). B, shown is a series of confocal images of h-TRPML2-YFP (ML2-YFP) and h-TRPML2-
tdTomato (ML2-tdTomato) in S2 and HEK cells, as indicated. Scale bar, 10 um. C, shown are representative |-V
curves of h-TRPML2-tdTomato and h-TRPML2-YFP measured from HEK cells by whole-cell patch clamp record-
ings (Tyrode wash solution). Note the lack of detectable inward rectifying current from these channels in HEK
cells. D, amino acid sequence alignment of human TRPML1, TRPML2, and TRPML3 shows the position of the Va
mutation (denoted A424P in h-TRPML2) in each protein. E, top, shown are representative |-V curves of
h-TRPML2-A424P-tdTomato measured from HEK cells by whole-cell patch clamp recordings. A typical inward
rectification is observed (black, green, and blue (blue and green are superimposed)) curves; Tyrode wash solu-
tion) and blocked upon NMDG application (red curve). Inset, although Ca?* permeates the channel, it perme-
ates to a lesser degree than Na™ (green curve), and at 20 mm external Ca** (pink curve), the E,,, shifts to a more
positive value (inset, green versus pink curves). Bottom, shown are the current values at +100 (blue dots)
and —100 mV (black dots) as a function of time. The numbers correspond to the curves presented in the top

panel.

lent cations, especially by Ca>*. It has recently been shown that
in addition to the known methods of removing open channel
block (either by depolarization or by reducing divalent cation
concentration), application of LA is also an efficient way to
remove open channel block without depolarization while in the
presence of divalent cations (55). LA also strongly affects many
types of TRP channels in a still unknown manner (e.g. TRPV1
and TRPMS (55)), giving LA importance as a pharmacological
tool to be used in TRP channel research. On this basis it was
important to examine whether or not Ca>* or LA application
might have an effect upon h-TRPML2 channel activity. Fig. 2
shows that neither a moderate increase in external Ca>" con-
centration (Fig. 2, A and B) nor application of LA (Fig. 2C) affect
the I-V curve of the h-TRPML2 channel in any significant man-
ner, thus ruling out the possibility that Ca*>" or LA regulate
h-TRPML2 activity in any way. These results differ from those
of a previous study involving murine TRPML2-A396P, where
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not been associated with any disor-
der in either humans or in animal
models to date. However, the lack of
pathological phenotypes may arise
from the possibility that mutations
in TRPML2 might be embryonic
lethal. As all three TRPML channels
belong to the same subfamily of
TRP channels and share high amino
acid sequence homology, it is of
utmost importance and physiologi-
cally relevant to examine whether
mutations in one channel type can
induce the same phenotype in other
channels because conservation of
channel structure and function within a particular channel sub-
group. This is certainly the case for the A419P (Va) gain-of-
function mutation in TRPML3, whose homologous variant in
TRPMLI gives a sustained inward rectifying current otherwise
not seen under standard assay conditions (28, 36). This is also
true for the murine variants of TRPML2 (21, 29) in addition to
the human TRPML2 channel (see Fig. 1E).

Various loss-of-function mutations in the TRPML1 protein
have been described, most of which have been implicated in
MLIV pathogenesis (23, 24). Because of the constitutive activity
of h-TRPML2 expressed in S2 cells, it is possible to examine the
effect of TRPML1 loss-of-function mutations on the constitu-
tive activity of h-TRPML2.

The F465L missense mutation in the putative ion channel
pore region of TRPML1 has been described in MLIV patients
with severe disease phenotypes. Although the mutation does
not affect the lysososomal subcellular localization of the protein

JOURNAL OF BIOLOGICAL CHEMISTRY 2775



Constitutive Activity of the Human TRPML2 Channel

A h-TRPML2-tdTomato B h-TRPML2-YFP
b= 800 1 —— wash 2 1000 1 —— \yash
] ca* ) _ ca?
5 < 400 S g 500 -
oe og /
-140 70 140 -140 0 70 140
-400 - -500
M Membrane Membrane
-800 X potential (mV) 1000 1 potential (mV)
Cc h-TRPML2-tdTomato D h-TRPML2-tdTomato
e 1200 7 —— \ash e 300 1 —— wash
g _ — LA 2 _ — NMDG
Sg_ 600—/ 8%_150—
-140 70 140 -140 0 70 140
600 1 Membrane 150 1 Membrane
1200 4 potential (mV) -300 1 potential (mV)

FIGURE 2. h-TRPML2 is not regulated by Ca>* or LA. A, representative |-V
curves measured from S2 cells expressing h-TRPML2-tdTomato (Wash,
Tyrode 0 mm Ca®* solution; Ca®*, Tyrode 5 mm Ca*™ solution). The curves
show no Ca®* dependence or effect on the channel. B, the same |-V curve
and lack of Ca?* dependence is seen also for h-TRPML2-YFP expressed in
S2 cells. C is the same as A, showing that LA (60 um) has no effect on
h-TRPML2-tdTomato current. D is the same as A, showing that h-TRPML2 is
a nonspecific cation channel that is blocked by the impermeable organic
cation, NMDG.

(12, 30), diminished channel activity has been observed in
TRPMLI1 expression constructs bearing this mutation (29, 56).
Amino acid sequence alignment of the putative pore region of
TRPML1 with that of the other TRPMLs reveals that the Phe-
465 residue in TRPMLI is conserved (Fig. 3A, top). Therefore,
we examined whether the corresponding F457L mutation in
h-TRPML2 would lead to a similar reduction of channel activ-
ity. Interestingly, we did not observe any significantly smaller
current amplitude in S2 cells expressing TRPML2-F457L (Fig.
3B). However, unlike h-TRPML2, in which ~80% of the cells
marked with tdTomato (and, hence, positive for TRPML2
expression) showed a typical inwardly rectifying I-V curve, less
than half of TRPML2-F457L-expressing cells displayed the typ-
ical TRPML2 I-V curve (Fig. 3C). This could indicate that the
mutant channel per se is functional, but some mechanism
involving protein regulation could be impaired, although the
cellular distribution of this mutated channel seems to be nor-
mal (Fig. 3D).

Within the putative pore region of all three TRPML chan-
nels, studies have identified two aspartate residues that lead to
impaired cellular phenotypes when mutated to lysine residues.
In TRPML1, the D471K/D472K mutant traffics properly to
lysosomes like the wild type protein, but unlike the wild type
protein, it cannot rescue the transport of lactosylceramide from
lysosomes to the Golgi in MLIV patient cells (30). In
h-TRPML2, the corresponding D463K/D464K mutant
(TRPML2-KK) (Fig. 34, top) was reported to display a domi-
nant-negative inhibitory effect upon the recycling of the inter-
nalized glycosylphosphatidylinositol-anchored protein, CD59,
to the plasma membrane (10). In TRPMLS3, the corresponding
D458K/D459K mutant (TRPML3-KK) (Fig. 3A, top) was
reported to enhance endocytosis of epidermal growth factor
receptor while also displaying a dominant-negative inhibitory
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effect upon starvation-induced autophagy (11). All three of
these mutants are predicted to display impaired pore selectivity
based on sequence comparisons with other TRPs and the volt-
age-gated Ca”>" channel a-subunit ((CACNLIA1) (30)). How-
ever, to date the predicted altered channel activity has not been
demonstrated for this mutation in TRPML2 in electrophysi-
ological assays. In Fig. 3 we examined the effect of the D463K/
D464K mutation on the h-TRPML2-dependent current. Fig. 3,
B and C, shows that the D463K/D464K mutation completely
blocked the h-TRPML2-dependent current when expressed in
S2 cells. This was shown by tdTomato marking, which revealed
a similar expression pattern as that of h-TRPML2-tdTomato in
S2 cells (Fig. 3D).

Thus, we demonstrate that it is possible to block activation of
the human TRPML2 channel by introduction of missense
mutations to the channel pore region. This also potentially
explains the inhibitory effect of h-TRPML2-KK upon the recy-
cling of internalized CD59 to the plasma membrane while also
demonstrating the similarity in structural functionality among
the TRPML channels. In addition, it should be noted that the
corresponding KK mutation in TRPML3 was also shown to
inhibit the WT (11) as well as the mutant TRPML3-A419P
channel when introduced into the protein in cis (28). We have
also observed that the KK mutation inhibits h-TRPML2-A424P
channel activity when introduced into the protein in cis (data
not shown). This suggests that the KK mutation locks the
TRPML3-A419P and h-TRPML2-A424P channels in an inac-
tive state even though these channels possess mutations that
supposedly enhance their open probability (28).

Varitint-waddler mice with a milder phenotype (designated
Va’) express a mutant TRPML3 with a second missense muta-
tion (I362T) in cis to the severe Va (A419P) mutation. When
expressed alone, the 1362T mutation in TRPML3 has been
shown to render the channel inactive in HEK cells (20). We
observed that h-TRPML2 with the corresponding 1367 T muta-
tion (Fig. 3A, bottom) expressed in S2 cells is active (Fig. 3B).
However, like h-TRPML2-F457L, only about half of the cells
expressing the mutant channel were found to be active (Fig.
3C). This suggests that mutated h-TRPML2 channels are inher-
ently functional, albeit with potentially altered aspects of cellu-
lar regulation. These results collectively indicate similarity in
structure and function between the three TRPML channels,
supporting the notion that they may share several modes of
activation and modulation.

Low Extracellular pH Attenuates the Current of Both Native
and Mutant h-TRPML2 Channels—It was previously shown
that low extracellular pH (4.6) facilitates murine TRPML2-
A396P current (29), whereas a significant decrease in current
was observed in murine TRPML3-A419P channels under the
same conditions (28). On the other hand, another group
reported that low extracellular pH (6.0) completely abolished
currents of the WT h-TRPML3 channel while displaying little
effect upon h-TRPML3-A419P currents (41).

Given these results regarding pH regulation of different WT
and mutant TRPML channels, we asked whether a similar dif-
ference might be observed between WT and mutant
h-TRPML2 channels. Because h-TRPML2 is known to traffic
through acidic endosomal and even lysosomal vesicles (10, 15),
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FIGURE 3. Insertion of pathology inducing mutations derived from TRPML1 and TRPML3 into the
TRPML2 channel. A, amino acid sequence alignment of human TRPML1, TRPML2, and TRPML3 shows the
position of the denoted h-TRPML2 mutations. B, shown are representative |-V curves measured from S2 cells
expressing wild type h-TRPML2-tdtomato (WT) and other mutated isoforms (Tyrode 0 mm Ca®" solution). Note
that wild type h-TRPML2, h-TRPML2-1367T, and h-TRPML2-F457L |-V curves and current amplitudes are similar.
C, shown is a histogram presenting the percentage of cells expressing the indicated h-TRPML2-tdTomato
channels, which are functional and non-functional, in terms of current amplitude. Note that all h-TRPML2-KK
expressing cells are non-functional. D, confocal images of S2 cells expressing the indicated h-TRPML2-
tdTomato (ML2) isoforms show similar subcellular distribution. Scale bar, 10 um.

the question of extracytosolic pH regulation is of utmost
importance when investigating h-TRPML2 cell biological func-
tion going forward.

Fig. 4 shows that a reduction of extracellular pH from 7.15 to
6.0 significantly reduces h-TRPML2 current in WT (Fig. 44) as
well as 1367T (Fig. 4B) and F457L (Fig. 4C) mutant forms.
Moreover, we also observed that this change in negative current
amplitude at low extracellular pH is consistently and signifi-
cantly ~25% lower than that observed when assaying these
channels under the physiological extracellular pH of 7.15 (Fig.
4D). As expected, low extracellular pH had no effect upon
h-TRPML2-KK currents (data not shown), as this channel is
inactive. Interestingly, we did not observe any reduction of cur-
rent from the constitutively active h-TRPML2-A424P mutant
in HEK cells in an extracellular pH of 6.0 (Fig. 4E). Nevertheless,
there was a significant facilitation of the h-TRPML2-A424P
current when extracellular pH was further lowered to 4.6 (data
not shown), consistent with a previous report describing
murine h-TRPML2-A396P under the same conditions (29).
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tions (20, 28, 36). Similarly, we also
observed that WT h-TRPML2 does
not display constitutive activity in
HEK cells under the same condi-
tions (Fig. 1C). In S2 cells, however,
we have seen that WT h-TRPML2 is
constitutively active in Tyrode solu-
tion (Fig. 1A). This is not the case
with WT h-TRPML3 in S2 cells
under the same conditions (data not
shown). Nevertheless, once we
introduced the A419P (Va) muta-
tion into the h-TRPML3 channel,
we observed constitutively active
and robust currents with a typical inward rectifying I-V curve in
our S2 cells (Fig. 54). Moreover, these same features were
observed for h-TRPML3-A419P in HEK cells as well (Fig. 5B). It
should also be noted that the overall cell surface and vesicular
intracellular distribution pattern of h-TRPML3-A419P in both
S2 and HEK expression systems (Fig. 5C) is consistent with
previous reports describing TRPML3 subcellular localization in
other cell systems (11, 13, 15).

Thus, in contrast to h-TRPML2, we have found that
h-TRPML3 is not constitutively active in Tyrode solution in S2
cells unless expressed in its constitutively active A419P mutant
form. These results also further qualify S2 cells as a pertinent
expression system for characterizing TRPML channels.

Constitutive Activity of TRPML2 and TRPML3 Channels
Results in Cellular Degeneration—It has been well established
that constitutive activity of TRPML3-A419P causes cellular
degeneration, which is attributed to Ca>" overload (20, 28, 37,
38). To examine whether the constitutive activity of the
h-TRPML2 channel expressed in S2 cells leads to the same phe-
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FIGURE 4. Low extracellular pH reduces the inward current in native and mutant isoforms of h-TRPML2
expressed in S2 cells. A, shown are representative |-V curves measured from S2 cells expressing wild type
h-TRPML2-tdTomato in the indicated pH of extracellular solution. Note that lowering of extracellular pH from
7.15 to a value of 6.0 reduces current amplitude significantly. Bis same experiment as in A, with the h-TRPML2-
1367T-tdTomato construct. C is the same experiment as in A, with the h-TRPML2-F457L-tdTomato construct.
D, shown is a histogram summarizing A-C displaying the normalized inward current of the indicated channels
atextracellular pH 6.0 relative to their currents at extracellular pH 7.15. Note that the mean reduction of current
is the same for all constructs. E, representative |-V curves measured from HEK cells expressing h-TRPML2-

A424P-tdTomato in the indicated pH of extracellular solution are shown.

notype, we examined the morphology of S2 cells expressing the
h-TRPML2 channel. The morphology of degenerated cells was
characterized by swelling, total deterioration (loss of morphol-
ogy), and cell detachment from the glass. Fig. 6, A and B, shows
that 54.5 = 3.1% of S2 cells expressing the active h-TRPML2
channel, as opposed to 28.8 = 3.5% of S2 cells expressing the
inactive h-TRPML2-KK mutant, present with cell degeneration
morphology. In addition, the degeneration of S2 cells express-
ing h-TRPML3-A419P was even more pronounced (74.6 =
3.1%) (Fig. 6, A and B). We found that the current amplitude of
h-TRPML3-A419P is larger than that of h-TRPML?2 in S2 cells
(compare the h-TRPML?2 trace in Fig. 3B to the h-TRPML3-
A419P trace in Fig. 5A4). This suggests that the extent of cell
degeneration in S2 cells corresponds with the magnitude of
current that is found upon heterologous expression of
h-TRPML2 or h-TRPML3 channels.

To corroborate our findings, we further characterized the
morphology of HEK cells expressing either h-TRPML2 or
h-TRPML3 channels. We found that expression of WT
h-TRPML2 in HEK cells did not lead to any significant cell
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channels induced robust cell degen-
eration when expressed in HEK cells
(Fig. 6, C and D). These mutant
channels also exhibit a robust, con-
stitutive, inwardly rectifying current
when expressed in HEK cells (Figs.
1E and 5B).

Thus, in aggregate, we show that
constitutive activity of h-TRPML2
and h-TRPML3 is toxic in both S2
and HEK cell systems. Furthermore,
we also show a clear correlation
between current amplitude and the
extent of cell degeneration in both
cell systems.

Apoptosis in h-TRPML2-A424P-
expressing Cells Is Caused by the
Ca®* Overload and Can Be Rescued
with the Ca®" Extrusion Pump,
PMCA2—In a recent study it was
confirmed that expression of
TRPML3-A419P induces apoptosis
by causing intracellular Ca*>* over-
load. TRPML3-A419P expressing
cells were rescued by co-transfect-
ing them with the plasma mem-
brane calcium extrusion pump, the
plasma membrane calcium ATPase
type 2 (PMCA2). In effect, PMCA2 was shown to ameliorate the
toxic effects of massive intracellular Ca?* concentrations,
caused directly by robust inward rectifying TRPML3-A419P
currents, by pumping intracellular Ca*>* out of cells without
showing any effect upon TRPML3-A419P current density (37).
Based on our observation that HEK cells expressing
h-TRPML2-A424P feature robust inward rectifying currents
that are also Ca*>*-permeable (Fig. 1E), we hypothesized that a
similar cytotoxic model was at play.

To confirm that the cell degeneration we observed in cells
expressing constitutively active h-TRPML2 channels was
caused by Ca®" overload, we sought to rescue cells expressing
the toxic h-TRPML2-A424P construct by co-transfecting them
with the Ca®>* extrusion pump, PMCA?2. Fig. 74 shows that
co-expression of h-TRPML2-A424P with PMCA2 significantly
reduces the appearance of morphologically degenerate cells. In
addition, annexin V staining for detection of early apoptotic
cells revealed a similar rescue when PMCA2 was co-expressed
with h-TRPML2-A424P (Fig. 7B). Importantly, we also found
that PMCA2 co-expression bears no effect upon the

Il CurrentatpH 7.15
Il Current at pH 6.0
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FIGURE 5. h-TRPML3-A419P is functional and constitutively active in both
S2 and HEK cells. A, left, shown are representative |-V curves measured from
S2 cells expressing tdTomato-h-TRPML3-A419P (black and green curves;
Tyrode 0 mm Ca®™" solution) by whole-cell patch clamp recordings. The cur-
rentis inhibited when Na ™ is replaced by NMDG (red curve). Right, the current
values at +80 (blue dots) and —80 (black dots) mV are shown as a function of
time. The numbers correspond to the curves presented in the left panel. B, left,
representative |-V curves measured from HEK cells expressing tdTomato-h-
TRPML3-A419P (black and green curves; Tyrode wash solution) by whole-cell
patch clamp recordings. The current is abolished when Na™ is replaced by
NMDG (red curve). Right, the current values at +80 (blue dots) and —80 (black
dots) mV are shown as a function of time. The numbers correspond to the
curves presented in the left panel. C, confocal images are shown of tdTomato-
h-TRPML3-A419P in S2 and HEK cells, as indicated. Scale bar, 10 pm.

h-TRPML2-A424P I-V curve and current amplitude (Fig. 7C).
Moreover, total and cell surface expression levels of
h-TRPML2-A424P are also unaffected by the presence of
PMCAZ2 (Fig. 7D). Taken together, these data confirm that apo-
ptosis and cell degeneration of cells expressing constitutively
active h-TRPML?2 is caused by robust inward rectifying Ca>*-
permeable currents that lead to intracellular Ca®>* overload.

DISCUSSION

In the present study we were able to functionally express the
human wild type TRPML2 channel and describe its electro-
physiological properties. Drosophila S2 cells assisted us in our
analysis by permitting the functional expression of WT
h-TRPML2, whereas in other expression systems the same
channel exhibited undetectable activity.

New Insights Derived from Functional Expression of WT
h-TRPML2—We have seen that constitutive activity of h-
TRPML2 leads to cell death. Therefore, we expect that
h-TRPML2 channels are carefully regulated under native phys-
iological conditions so as not to enter a constitutively active
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in cellular degeneration. A, shown is a histogram describing the percent of
S2 cells expressing the indicated tdTomato-tagged channel types, which also
exhibited features of cell degeneration (**, p < 0.01). Note a significantly lower
cell degeneration in cells expressing the inactive h-TRPML2-KK-tdTomato chan-
nel (ML2-KK). B, representative confocal images show the extent of degeneration
observed in terms of morphological aberrations in S2 cells expressing the indi-
cated tdTomato-tagged channels. Note that normal S2 cell morphology is
observed in cells expressing the inactive h-TRPML2-tdTomato-KK channel. Scale
bar, 5 um. C, shown is a histogram showing the percent of HEK cells expressing
EGFP-h-TRPML3 and the indicated tdTomato-tagged channels, which also exhib-
ited features of cell degeneration (**, p < 0.01). Note the minimal cell degenera-
tion in cells expressing channels that do not display constitutively active currents
in HEK cells (h-TRPML2 (ML2) and h-TRPML3 (ML3)). D, representative wide-field
confocal images show the extent of degeneration observed in terms of morpho-
logical aberrations in HEK cells expressing EGFP-h-TRPML3 and the indicated
tdTomato-tagged channels. Note that normal HEK cell morphology is observed
in cells expressing h-TRPML2-tdTomato and EGFP-h-TRPML3 channels. Scale bar,
20 pm.

state. Nevertheless, the ability to express functional, constitu-
tively active h-TRPML2 channels allows for a comparison
between the properties of WT h-TRPML2 and mutant
h-TRPML2-A424P channels. In this study we observed a strik-
ing similarity in current properties between these two isoform
channels; both feature an inwardly rectifying I-V curve, and
each is a nonselective cation channel, with an E,_, close to zero,
with no apparent Ca®>* regulation, and their constitutive activ-
ity leads to cell death. On the other hand, we have observed a
discrepancy in terms of pH regulation of these channels. Thus,
although it is possible that the A424P mutation locks the chan-
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FIGURE 7. Ca®* induced degeneration caused by constitutive activity of
h-TRPML2-A424P is rescued by the calcium pump PMCA2. A, top, the his-
togram shows the percent of degenerated HEK cells after co-transfection of
h-TRPML2-A424P (ML2*4?*") with PMCA2 or empty vector (**, p < 0.01). Note
the rescue of cell degeneration in cells co-transfected with h-TRPML2-A424P
and PMCA2. A, bottom, wide field confocal images show representative cell
morphology in the two groups of co-transfected HEK cells described above
(scale bar, 20 um). B, shown is a histogram showing the percent of annexin
V-positive Hela cells after co-transfection of h-TRPML2-A424P with PMCA2 or
empty vector (¥, p < 0.05). Note the rescue of cell degeneration in cells co-
transfected with h-TRPML2-A424P and PMCAZ2. C, top, shown are represent-
ative |-V curves of h-TRPML2-A424P in HEK cells after co-transfection with
PMCA2 or empty vector. Bottom, shown is a histogram of the current ampli-
tude in HEK cells co-transfected with h-TRPML2-A424P and PMCA2 or
h-TRPML2-A424P and empty vector. Note that the presence of PMCA2 has no
effect on h-TRPML2-A424P-dependent currents. D, surface proteins in trans-
fected HEK cells were biotinylated and subsequently isolated from normal-
ized total cell lysates. Pictured are immunoblots of total lysate (Total) and
surface protein (Surface) fractions that were probed for tdTomato-tagged
proteins (Blot: tdTomato). The endogenous glyceraldehyde-3-phosphate
dehydrogenase protein (Blot: GAPDH) was probed in total lysates as a loading
control (Loading Control). Cells were transfected with the tdTomato-tagged
constructs, indicated above each column of blots in the presence (+) or
absence (-) of PMCA2. Transfection of the tdTomato fluorescent protein alone
was used as a negative control for the assay. Note that the presence of PMCA2
bears no effect on the total and surface expression levels of both wild type
(ML2) and mutant (ML2*?*") h-TRPML2 proteins.

nelin an active state, it might also change inherent properties of
the channel.

Regarding the toxicity of constitutively active h-TRPML2, a
similar situation was reported for another TRP channel, the
Drosophila light-activated TRP, which is the founding member
of the TRP superfamily (4). The Drosophila TRP channel is
closed in the dark and cannot be activated by changing the
membrane voltage. However, under conditions of metabolic
stress, the channel is constitutively active in the dark with
native properties typically observed during illumination (57).
Constitutive activation of the Drosophila TRP channel in the
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dark under physiological conditions was also obtained by
inserting the F5501 mutation in the pore region of the channel
at transmembrane segment 5. This constitutively active chan-
nel has conductance properties similar to the wild type channel,
and like the A424P mutation in TRPML2 and A419P mutation
in TRPML3 channels, it causes rapid cell degeneration (58).

Because of the high amino acid sequence homology among
the three TRPMLs (49), mutations that induce an abnormal
phenotype in one TRPML channel can be introduced and stud-
ied in other TRPML channels. Accordingly, additional insights
into the function of the h-TRPML2 channel were derived by
studying the TRPMLI1 mutation, D471K/D472K, in its corre-
sponding h-TRPML2, D463K/D464K form. This mutation
induces in h-TRPML2 a dominant-negative inhibitory effect
upon the recycling of internalized CD59 to the plasma mem-
brane (10). Our ability to functionally express and, therefore,
characterize h-TRPML2 properties allows examination for the
first time of the effect of the D463K/D464K mutation directly
upon the native channel without need for an activating A424P-
like background mutation (29). The observation that the
D463K/D464K mutation completely blocks the h-TRPML2-
dependent current confirms the notion that activation of the
h-TRPML2 channel is required for proper trafficking of CD59
and perhaps other cargo that traffic along with CD59 through
the Arf6-associated pathway (10). Furthermore, the fact that
other paralogous TRPML mutations, which were studied in
h-TRPML2, demonstrated features that are similar to those
observed in the TRPML mutant protein of origin lends the idea
that all three channels of the TRPML subfamily share similar
regulatory features. This implies that there might be redun-
dancy, at least with regard to TRPML channel function, which
would allow for channel substitution as a therapeutic strategy in
any pathological state caused directly by gain- or loss-of-func-
tion of any one of the TRPML proteins. On the other hand, all
three endogenous TRPMLs have been shown to reside in dif-
fering subcellular compartments with only partial overlap, and
the fact that native TRPML2 and TRPML3 do not compensate
for the absence of native TRPML1 in MLIV patient cells (15, 21)
suggests that the cellular functions of these proteins are non-
redundant. Nevertheless, collectively these findings could
imply that the native TRPML channels are active indepen-
dently and in concert with each other, consistent with our
observation that all three TRPML channels heteromultimerize
in part (15). Further research should concentrate on the bio-
physical and physiological relevance of such multimerization
and how different mutations combined together act and affect a
specific TRPML channel activity.

By assaying the effect of extracytosolic pH upon h-TRPML2
and its mutants, we have already begun to better understand the
cell biological function of these channels. h-TRPML?2 has pre-
viously been shown to traffic dynamically from the cell surface
to acidic intracellular vesicles and vice versa (10, 15). In this
study, we have demonstrated that h-TRPML?2 is also a func-
tional cation channel. What remains to be seen, however, is
where in the cell h-TRPML2 becomes active? After demon-
strating the mild inhibitory effect of low extracytosolic pH upon
h-TRPML2 currents in this study, we may already begin to
speculate about the h-TRPML2 channel function in intracellu-

VOLUME 285-NUMBER 4-JANUARY 22, 2010



lar vesicles. Either the mild inhibitory effect of low extracytoso-
lic pH on h-TRPML2 channel activity implies that the channel
is finely regulated in acidic intracellular vesicles to serve a par-
ticular physiological function, or it may also be possible that
this effect hints to a lacking in the h-TRPML2 channel function
in acidic intracellular vesicles. Future experiments should elu-
cidate the physiological relevance of this limited pH regulation
upon h-TRPML2.

The Constitutive Activity of TRPML Channels Induces Cellu-
lar Degeneration—W e found that the constitutive activation of
h-TRPML2 induced cellular degeneration in S2 cells despite
seemingly low current densities. Interestingly, constitutive
activity of the Drosophila TRPL channel, expressed in S2 cells,
does not cause any detectable degeneration, although the TRPL
channel is a Ca®>" -permeable nonselective cation channel that
is expressed at high levels in these cells (45). The reason to
account for this difference between the effect of constitutive
activity of h-TRPML2 versus TRPL may arise from the exis-
tence of an open channel block mechanism in the TRPL channel
(45) that probably does not exist in the h-TRPML2 channel. At
resting membrane potentials, the constitutively active TRPL
channels are virtually closed in the presence of divalent cations,
due to open channel block (45). In the h-TRPML2 channel, the
inwardly rectifying I-V curve and lack of Ca®>" block result in
channels that are widely open, leading to cation overload and
degeneration. We found that HEK cells expressing h-TRPML2-
A424P featured enhanced inward current and a marked suscep-
tibility to cell death. A similar situation exists with regard to the
constitutively active TRP F5501 Drosophila mutant in which
the channel constitutive activity overcomes open channel block
at resting potentials in the dark, leading to Ca®>* overload and
degeneration (58).

h-TRPML2 or h-TRPML3 RNAi Knockdown Results in Cell
Degeneration—One of the major questions still pending per-
tains to the role of the TRPML channels in human physiology.
Although not clearly and fully understood, TRPML1 has been
shown to contribute to lysosome functionality, whereas a loss-
of-function or absence of this protein results in severe motor
and ophthalmologic deficits, as manifested in MLIV patients
(6). However, the physiological roles of h-TRPML2 and
h-TRPMLS3 are not clear.

Knockdown of h-TRPML?2 or h-TRPML3 expression in HEK
cells has been shown to cause severe cell degeneration in knock-
down cells, which also exhibit lysosomal inclusions and mito-
chondrial fragmentation in electron micrographs (15). This
suggests that the presence of both functional h-TRPML2 and
h-TRPML3 channels in the human cell are necessary to ensure
cell viability. This might also explain why no loss-of-function
mutations have been described for these proteins in any human
pathology hitherto. Furthermore, the lysosomal inclusions
in h-TRPML2/h-TRPML3 knockdown cells imply that h-
TRPML2 and h-TRPML3 may share a lysosomal regulatory
role with TRPML1, whose absence in MLIV patient cells leads
to a lysosomal storage disorder (25). A concerted mechanism
can be thought to exist, also based on experiments showing
limited co-localization and physical interactions between the
different TRPMLs (15). Nevertheless, the limited nature of
these interactions suggests that each of the TRPML: is likely to
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play a differing role in the endocytic/exocytic pathways that
regulate lysosomal integrity. This possibility will be explored
further in light of the similar properties that we have observed
in this study among the three TRPML channels.
Conclusions—In this paper we demonstrated and described
two extreme facets of human h-TRPML2 channel activity; that
is, constitutive activity and the absence of activity. Both lead to
impaired cellular function. The constitutively active form is
toxic and leads to cellular degeneration, whereas the constitu-
tively inactive form was shown by others to disrupt trafficking
along the Arf6-regulated pathway. Therefore, we conclude that
the physiologically relevant activation state of h-TRPML2 must
reside somewhere in between these two extremes, and the reg-
ulatory elements, which control h-TRPML2 activity, must be
tuned perfectly to render the channel active according to the
physiological needs of a cell. Because we have seen that all three
TRPMLs share structural similarities and regulatory regions,
future research directed toward understanding the regulation
of h-TRPML2 is likely to enable study and characterization of
other TRPML channels in a more comprehensive manner. This
ultimately allows for the development of therapeutically rele-
vant strategies in conditions where one of the TRPML channels
does not function properly and will enhance our understanding
of cell and, more directly, endosome-lysosome related function.
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