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Background: Physiological function(s) and activation mechanism(s) of TRPML2 and TRPML3 channels are largely
unknown.
Results: TRPML2 and TRPML3 channels are activated by different small chemical compounds and low extracellular sodium.
Mutations in the first and second extracellular loops render TRPML3 constitutively active in high extracellular sodium.
Conclusion: TRPML2 and TRPML3 display similar activation mechanisms.
Significance: Novel insights into TRPML2 and TRPML3 activation are provided.

The transient receptor potential channels TRPML2 and
TRPML3 (MCOLN2 and MCOLN3) are nonselective cation
channels. They are widely expressed in mammals. However, lit-
tle is known about their physiological function(s) and activation
mechanism(s). TRPML3 can be activated or rather de-inhibited
by exposing it first to sodium-free extracellular solution and
subsequently to high extracellular sodium. TRPML3 can also be
activated by a variety of small chemical compounds identified in
a high throughput screen and is inhibited by low pH. Further-
more, it was found that TRPML3 is constitutively active in low
or no sodium-containing extracellular solution. This constitu-
tive activity is independent of the intracellular presence of
sodium, and whole-cell current densities are similar with
pipette solutions containing cesium, potassium, or sodium.
Here, we present mutagenesis data generated based on the
hypothesis that negatively charged amino acids in the extracel-
lular loops of TRPML3may interfere with the observed sodium
inhibition. We systematically mutated negatively charged
amino acids in the first and second extracellular loops and found
that mutating Glu-361 in the second loop has a significant
impact on the sodium-mediated block of TRPML3. We further
demonstrate that theTRPML3-related cation channel TRPML2
is also activatedby lowering the extracellular sodiumconcentra-
tion as well as by a subset of small chemical compounds that
were previously identified as activators of TRPML3, thus con-
firming the functional activity of TRPML2 at the plasma mem-
brane and suggesting similar gating mechanisms for both
TRPML channels.

TRPML2 and TRPML3 channels are expressed in a large
variety of tissues and organs, including the lung, liver, kidney,

colon, thymus, testis, olfactory bulb, skin, and inner ear (1). In
the inner ear, TRPML3 expression has been demonstrated for
the stria vascularis of the cochlea, the organ of Corti sensory
hair cells, and the utricle (1–7). In inner ear hair cells, endoge-
nous TRPML3 was found in intracellular vesicles in the subcu-
ticular region and the pericuticular necklace. Lower levels of
TRPML3 were reportedly detectable at the plasma membrane
of hair cell stereocilia (4). Hair cell bundles or stereocilia pro-
trude into the scala media of the cochlea, which is a cochlear
compartment that is filled with endolymph, an extracellular
fluid low in sodium and high in potassium. We have reported
previously that in the presence of low sodium bath solution
(LSS),3 TRPML3-expressing HEK293 cells showed a robust
constitutively active inwardly rectifying current that was not
detectable when the cells were kept in standard bath solution
(SBS) containing high sodium (1). Extracellular solution con-
taining either high potassium or high lithium as the sole cation
(at 150 mM) likewise evoked currents of comparable sizes in
wild-type TRPML3-expressing HEK293 cells (1). Extracellular
solution containing 150 mM cesium was found to result in sig-
nificantly smaller inward currents, whereas no currents were
detected with the organic monovalent cation N-methyl-D-glu-
camine (150 mM). To determine whether changes in the intra-
cellular ionic composition interfere with the activity of
TRPML3, the cesium-containing pipette solution was replaced
with solutions containing either 150mMK� or 150mMNa�. In
contrast to high extracellular sodium, high intracellular sodium
did not block TRPML3 activity (1). These results are consistent
with the finding that TRPML3 activity depends on the extracel-
lular Na� concentration, as suggested previously by Kim et al.
(8–10). Kim et al. (8–10) found that TRPML3 can be rendered
active by exposing it initially to sodium-free extracellular solu-
tion containing 150 mM N-methyl-D-glucamine, followed by
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Furthermore, TRPML3 was shown to be pH-regulated (9)
and activated by different small chemical compounds such as
5-mesityl-3-oxa-4-azatricyclo[5.2.1.0�2,6�]dec-4-ene (SN-2,
PubChem substance accession identifier (SID) 22411609),
5-chloro-N-(2-piperidin-1-ylphenyl)thiophene-2-sulfonamide
(SF-22, SID 14746905), and 1-(4-ethoxynaphthalen-1-yl)sulfo-
nylazepane (SF-31, SID 14722627), which were identified in a
high throughput screen (1, 11). Between the activation by LSS
and the activation by different chemical stimuli, a strong syn-
ergistic effect was observed, which can result in �10-fold
increases in TRPML3 current densities compared with LSS or
compound in SBS alone (1).
Two different recently described constitutively active

mutant TRPML3 isoforms, the deafness-causing A419P or
varitint-waddler mutant isoform Va and the H283A mutant
isoform, appear to be sodium-insensitive, i.e. high extracellular
sodium does not block channel activity (2, 8–9, 12–14). How-
ever, the underlying mechanisms appear to be different from
each other. In the case of A419P, which is located in the fifth
transmembrane domain (TMD5), the pore structure may be
directly affected. His-283 is located in the first extracellular
loop, and in contrast to A419P (14), the H283A mutant is also
insensitive to low extracellular pH (9). It has been suggested
that this mutation causes a long-range conformational change
affecting the pore loop. The first extracellular loop of TRPML
channels is unusually long compared with the ones found in
other transient receptor potential (TRP) channels and may
indeed have unique functional properties, possibly including
regulation of channel gating.
Here, we conducted a systematic site-directed mutagenesis

screen based on the hypothesis that negatively charged amino
acids in the extracellular loops of TRPML3 may interfere with
the observed sodium block.Wemutated individual negatively
charged amino acids in the first and second extracellular
loops and found that Glu-361 in the second loop is essential
for the sodium-mediated block of TRPML3 and that mutat-
ing Glu-361 to alanine causes strongly increased channel
activity in high sodium-containing SBS. We further demon-
strate that TRPML2 shows increased channel activity in low
extracellular sodium and is activated by a set of small chem-
ical compounds shown before to activate TRPML3 (1), thus
confirming that TRPML2 is functionally active at the plasma
membrane (15) and further suggesting similar gating mech-
anisms for both TRPML2 and TRPML3.

EXPERIMENTAL PROCEDURES

PlasmidConstructs andCell Lines—For calcium imaging and
electrophysiological experiments in HEK293 cells, wild-type
and mutant mouse TRPML3 (NM_134160), mouse TRPML2
(NM_001005846), and human TRPML1 (NM_020533) were
used. All wild-type and mutant TRPML isoforms were C-ter-
minally tagged YFP versions. For functional studies, constructs
were transiently expressed in HEK293 cells (1 �g of DNA/
10-cm dish with four to five glass coverslips each) using Gene-
Jammer (Stratagene) andmeasured 24–48 h after transfection.
Calcium Imaging and Patch Clamp Electrophysiology—

Measurements of [Ca2�]i with the fluorescent indicator fura-2
AM (Invitrogen) were performed using a monochromator-

based imaging system (iMIC platform and Polychrome V
monochromator, TILL Photonics). HEK293 cells were loaded
with 4 �M fura-2 AM in SBS containing 138 mM NaCl, 6 mM

KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 5.5 mM

D-glucose (adjusted to pH 7.4 with NaOH). HEK293 cells were
maintained in Earle’s minimum essential medium (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen), 100
�g/ml penicillin, 100 �g/ml streptomycin under a 5% CO2
atmosphere at 37 °C. For fluorescence measurements, cells
were plated onto glass coverslips. Calcium imaging experi-
ments were performed as described previously (1, 12, 13). Basal
calcium levels shown in Fig. 1C are average calcium levels of
experiments shown in Fig. 1B after subtraction of average cal-
cium levels of non-transfected control cells (at least three per
experiment).
Whole-cell currents were recorded with an Alembic Instru-

ments VE-2 amplifier and acquired with JClamp software. The
SBS used for patch clamp recordings contained 138 mM NaCl,
5.4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10
mM D-glucose (adjusted to pH 7.4 with NaOH). The LSS con-
tained 150mMKCl, 2 mMNaCl, 0.25mMCaCl2, 10mMHEPES,
and 10 mM D-glucose (adjusted to pH 7.4 with KOH). The
pipette solution contained 140 mM CsCl, 10 mM HEPES, 3 mM

NaATP, 1 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-tet-
raacetic acid, and 2 mM MgCl2 (adjusted to pH 7.2). All exper-
iments were performed at room temperature.
Site-directed Mutagenesis—All TRP channel mutants were

generated from wild-type cDNA templates using the
QuikChange site-directed mutagenesis kit (Stratagene). All
mutants were verified by sequencing both strands entirely.
Laser ScanningMicroscopy—Transfected HEK293 cells were

analyzed 24–48 h post-transfection. The cells were washed
once with PBS and analyzed in SBS using a Zeiss LSM 510
confocal microscope.
Compounds—Detailed information for all compounds is

available at the PubChem Project (pubchem.ncbi.nlm.nih.gov)
by conducting queries with the PubChem SID. For this study,
compounds SF-21 (SID 24801657) and SF-41 (SID 24787221)
were purchased from Asinex Ltd. Compound SF-81 (SID
14733059) was purchased from Key Organics. Stock solutions
of the compounds were prepared at 10 mM inMe2SO and were
stored in small aliquots at �80 °C.

RESULTS

Extracellular Loop Scan Reveals Constitutive Activity of
TRPML3AlanineMutants—On the basis of the hypothesis that
one ormore negatively charged amino acids in the extracellular
loops may be involved in the observed inhibitory effect of high
extracellular sodium on TRPML3 activity, we performed a sys-
tematic mutagenesis scan. The first extracellular loop between
TMD1andTMD2contains 28 negatively charged residues. The
second, much smaller extracellular loop between TMD3 and
TMD4 contains two negatively charged amino acids (Glu-361
and Asp-371).
In an initial step, we generated the following deletion

mutants: �90–277, �100–E268, �120–D248, �D173–E192,
and �E180–E184 (Fig. 1A). On the one hand, this was done
with the goal to find out whether a shorter first extracellular

Low Na�/Small Molecule Activation of TRPML2/TRPML3

22702 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 27 • JUNE 29, 2012



loop would have an effect on TRPML3 channel activity. On
the other hand, we thought we could thus possibly narrow
down the number of candidates in the first loop. However, all
of these deletion mutants were mislocalized and did not
reach the plasma membrane as judged by confocal laser
scanning microscopy (data not shown). Thus, we continued
with generating single-point mutants. We replaced the neg-
atively charged amino acids individually and analyzed the

resulting mutants by calcium imaging and confocal laser
scanning microscopy. We found that the TRPML3 mutant
isoform E361A, one of the two negatively charged amino
acids in the second extracellular loop, showed significantly
increased [Ca2�]i in SBS (Fig. 1, B and C). The constitutively
active TRPML3 mutant isoforms A419P (varitint-waddler
mutant isoform Va) and H283A (2, 8–9, 12–14) were used as
controls for comparison (Fig. 1C).

FIGURE 1. Extracellular loop mutation increases TRPML3 open probability in high extracellular sodium. A, schematic displaying the estimated positions
of all negatively charged amino acids in the extracellular loops, as well as the varitint-waddler mutations A419P and I362T and the H283A mutation previously
shown to result in constitutive TRPML3 activity. Color-coded scissors represent the positions where TRPML3 amino acid sequences were excised to generate
TRPML3 mutants with smaller first extracellular loops. B, shown are base lines of E361A mutant and wild-type TRPML3-expressing HEK293 cells as well as
non-transfected control cells (NT) of a representative fura-2 calcium imaging experiment. C, effect of the substitution of negatively charged amino acids in the
first and second extracellular loops with alanine on [Ca2�]i. Shown are means � S.E. Numbers in parentheses indicate the number of experiments. All experi-
ments are means of at least 10 –15 cells each. For background subtraction, non-transfected control cells on the same coverslip were used. ***, p � 0.0001; **,
p � 0.001; *, p � 0.01 (unpaired Student’s t test). D, TRPML1, TRPML2, and TRPML3 species protein sequence alignment of the region surrounding Glu-361,
which is indicated with a blue arrow. Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus norvegicus; Pt, Pan troglodytes; Pa, Pongo abelii; Nl, Nomascus leucogenys;
Mmu, Macaca mulatta; Cj, Callithrix jacchus; Bt, Bos taurus; Ec, Equus caballus; La, Loxodonta africana; Cf, Canis familiaris; Cg, Cricetulus griseus; Am, Ailuropoda
melanoleuca; Xl, Xenopus laevis.
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Some of the isoforms that carriedmutations in the central or
putative tip region of the first extracellular loop also showed
increased [Ca2�]i in SBS compared with wild-type TRPML3
(Fig. 1C). However, the overall [Ca2�]i increases were smaller
and less significant compared with those in cells expressing
either the previously described H283A and A419P mutants or
the E361A mutant. Also, amino acid conservation across
TRPML2 and TRPML3 species was much lower, e.g. in the case
of Glu-180 andGlu-192 comparedwithGlu-361, which is 100%
conserved among 30 TRPML2 and TRPML3 genes (Fig. 1D).
Interestingly, the amino acid directly adjacent to Glu-361, Ile-
362, is mutated to threonine in varitint-waddler VaJ mutant
mice (A419P � I362T) and reportedly causes an amelioration
of the Va mutant phenotype (A419P) (3).
Some of the non-responding mutants were clearly mislocal-

ized as judged by laser scanning microscopy, e.g. D112A,
D209A, and E217A (Fig. 2). However, other mutant isoforms
with significantly smaller [Ca2�]i compared with the wild type,
namely D240A, D263A, E268A, and D271A, were still detecta-
ble in the plasma membrane (Fig. 2).
Increased Activity of E361A in SBS Revealed by Whole-cell

Patch ClampMeasurements—To confirm the above-described
calcium imaging results, whole-cell patch clamp experiments
were performed. Constitutively active inwardly rectifying cur-
rents were recorded in SBS from HEK293 cells expressing
E361A. Currents were similar in size to those evoked by LSS in
wild-type TRPML3-expressing cells (Fig. 3A and Fig. 4, A and
B) (1). As expected, D371A, the other negatively charged amino
acid in the same loop, did not display increased constitutive

activity. This mutant control channel appeared to localize to
the plasma membrane, albeit with low efficacy (Fig. 2), and did
not display increased levels of intracellular calciumwhen tested
in SBS (Fig. 1C).
When exposing E361A to LSS, we still noted some additional

increase in TRPML3 activity (increase in average current den-
sities by �2-fold versus �5-fold in the wild type) (Fig. 3, C and
D, and Fig. 4, A and B). Hence, we cannot exclude that addi-
tional residues may be involved in extracellular sodium inhibi-
tion, but it appears that Glu-361 has a significant impact on the
sodium-mediated channel block.
In summary, ourmutagenesis screen led to the identification

of several mutant TRPML3 isoforms in both the first and sec-
ond extracellular loops that are constitutively active in SBS. The
strongest effect was recorded for the E361A mutant. This
observation fits well with previous findings (9–10), suggesting
that the two extracellular loops are sensitive to mutations with
direct consequences for proton and sodium inhibition.
TRPML2 Activation by LSS—In contrast to TRPML1, which

contains both N- and C-terminal dileucine motifs ((D/
E)XXXL(L/I) motifs) for endolysosomal targeting (16–18) and
which is found predominantly in intracellular vesicles,
TRPML2 and TRPML3 appear to be present both at the plasma
membrane and in intracellular structures, at least in the over-
expression system (1, 15, 19, 20). Such dual subcellular location
has been suggested before for other TRP channels such as
TRPM1, TRPM2, TRPV2, and TRPV5 (21–24).
Here, we observed that TRPML2 also showed increased

activity in LSS (Fig. 4, A and B). This observation suggests that

FIGURE 2. Subcellular localization of TRPML3 loop mutants. A, the table summarizes the laser scanning microscopy and calcium imaging results. PM, plasma
membrane localization; �, plasma membrane localization comparable with the wild type; �/�, mostly intracellular localization with some potential distribu-
tion in the plasma membrane; �, obvious intracellular localization of the channel protein; 	, unchanged basal calcium levels compared with the wild-type
control; �, �, and ��, decreased, increased, and strongly increased basal calcium levels in HEK293 cells transfected with the respective mutant isoforms.
B, subcellular localization of YFP-tagged wild-type TRPML3 and selected mutant isoforms overexpressed in HEK293 cells and analyzed by laser scanning
microscopy. Scale bar 	 10 �m.
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TRPML2 is similar to TRPML3with respect to permissive acti-
vation at low extracellular sodium concentrations. For intracel-
lular compartments, this would mean that TRPML2 is very
likely active in extracytosolic fluids that are low in sodium. The
electrophysiological recordings also confirmed the subcellular
localization of TRPML2 that we observed by confocal micros-
copy. However, compared with TRPML3, the amount of
TRPML2 protein at the plasma membrane appears to be much
smaller, possibly explaining the lower response levels of
TRPML2 compared with TRPML3 (Fig. 4C). TRPML1 did not
respond to LSS in whole-cell patch clamp experiments, as was
expected from its subcellular localization. In contrast, when
coexpressed in vitro, TRPML1 appears to tightly regulate the
surface expression and functional activity of TRPML2 and
TRPML3 channels at the plasma membrane (1, 25–28). This
may also hold true for in vivo situations when coexpression
occurs.
TRPML2 Activation by Small Chemical Compounds Con-

firms Similarity to TRPML3 and Presence of Functional Chan-
nels at Plasma Membrane—To confirm the functional activity
of TRPML2 at the plasma membrane, we used the following
recently identified small molecule agonists of TRPML3, which
had been shown in calcium imaging experiments to also evoke
calcium signals in HEK293 cells transfected with TRPML2 (1):

SF-21 (4-chloro-N-(2-morpholin-4-ylcyclohexyl)benzenesul-
fonamide), SF-41 (1-(2,4-dimethylphenyl)-4-piperidin-1-ylsul-
fonylpiperazine), and SF-81 (4,6-dimethyl-3-(2-methyl-
phenyl)sulfonyl-1-propan-2-ylpyridin-2-one).
Whole-cell patch clamp experiments revealed that these

three compounds activated TRPML2 significantly compared
with YFP-transfected control cells (Fig. 5, A and B). As a posi-
tive control, theTRPML2 equivalent of the constitutively active
TRPML3 mutant isoform A419P, TRPML2(A396P), was used
(12). TRPML2(A396P) showed similar current densities as
wild-type TRPML2 activated with SF-21, SF-41, or SF-81 (Fig.
5, A–C). As expected from analogous TRPML3 experiments
(1), currents obtained with small molecule agonists were signif-
icantly larger than those evoked with LSS.

DISCUSSION

Constitutive activity has been demonstrated for a variety
of mutant TRPML isoforms. Initially, it was found that the
varitint-waddler mutant isoforms of TRPML3 and the
equivalent mutant isoforms of TRPML1 and TRPML2
(TRPML1(V432P) or TRPML1 Va and TRPML2(A396P) or
TRPML2 Va) display constitutively active large inwardly recti-
fying currents, leading to rapid cell death in vitro and in vivo (1,
2, 12–15, 29–33). Due to its presence in the inner ear and in

FIGURE 3. Currents recorded from HEK293 cells expressing TRPML3 loop mutants E361A and D371A. A and B, steady-state current-voltage plots of
whole-cell currents (A) and average inward current densities (B) measured in HEK293 cells transfected with the extracellular loop mutants or wild-type TRPML3
in response to 10-ms voltage steps from a holding potential of �10 mV between �200 and �100 mV in 20-mV incremental steps (normalized by cell
capacitance (picofarads (pF)). Constitutively active inwardly rectifying currents were present in TRPML3(E361A)-expressing cells and were not detectable in
TRPML3(D371A)-expressing cells. Shown are means � S.E. Numbers in parentheses indicate the number of experiments. ***, p � 0.0001 (unpaired Student’s t
test) compared with the wild type. C and D, average inward current densities (C) and steady-state current-voltage plots (D) of whole-cell currents at �80 and
�200 mV from experiments similar to the ones described for A and B and normalized to cell capacitance. Shown are means � S.E. Numbers in parentheses
indicate the number of experiments.
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FIGURE 4. Effect of LSS on HEK293 cells expressing TRPML1, TRPML2, or TRPML3. A, steady-state current-voltage plots of whole-cell currents elicited
in HEK293 cells transfected with wild-type TRPML1, TRPML2, or TRPML3 in response to 10-ms voltage steps from a holding potential of �10 mV between
�200 and �100 mV in 20-mV incremental steps (normalized by cell capacitance (picofarads (pF)). Shown are the currents before and after perfusion with
extracellular solution containing 2 mM NaCl, 150 mM KCl, 0.25 mM CaCl2, 10 mM HEPES, and 10 mM D-glucose at pH 7.4 (LSS). The major cation in the
pipette solution was 150 mM Cs� (pH 7.2). B, average inward current densities at �80 and �200 mV from the experiments in A and normalized by cell
capacitance. Shown are means � S.E. Numbers in parentheses indicate the number of experiments. ***, p � 0.0001; *, p � 0.01 (unpaired Student’s t test).
C, expression of the three TRPML channels in HEK293 cells. Shown are representative confocal micrographs of HEK293 cells overexpressing C-terminally
YFP-fused constructs of TRPML1, TRPML2, and TRPML3 (yellow). Significant amounts of TRPML2 and TRPML3 were associated with the plasma mem-
brane, which is visualized with Cy5-conjugated anti-pan-cadherin antibody (pan-Cad-Cy5; red; Abcam). Scale bar 	 10 �m.

FIGURE 5. Effect of different chemical stimuli on TRPML2. A, average inward current densities in the presence and absence of different chemical
stimuli in SBS from experiments as shown in B at �80 and �200 mV and normalized by cell capacitance (picofarads (pF)). Shown are means � S.E. ***,
p � 0.0001; **, p � 0.001 (unpaired Student’s t test). � #, with compound; � #, without compound. Compounds were used at a final concentration of
10 �M each. B, steady-state current-voltage plots of whole-cell currents as summarized for A in the presence of different chemical stimuli in SBS. The
major cation in the pipette solution was 150 mM Cs� (pH 7.2). C, chemical formulae of compounds SF-21, SF-41, and SF-81.
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melanocytes, mice with the TRPML3 varitint-waddler mutant
display a severe auditory and vestibular phenotype as well as
significant coat color dilution. For the TRPML3 varitint-wad-
dlermutant isoforms Va andVaJ, it was originally hypothesized
that the constitutive activity is caused by a kink, hinge, or swivel
in TMD5 due to the exchange of alanine with proline at posi-
tion 419, leading to a structural change in the channel pore (8,
12). Kim et al. (9) have also suggested that, in addition to struc-
tural changes in the pore region, the underlying reason for the
constitutive activity of Va and VaJ isoformsmay be due, at least
in part, to the disruption of the regulation of TRPML3 by extra-
cytosolic (luminal) H� that locks the channel in an open state.
They demonstrated that certain histidines in the extracellular
loop of TRPML3, notably His-252, His-273, and His-283, are
responsible for TRPML3 regulation by extracytosolic H�.
Based on these findings, it was suggested that the extracytosolic
H� regulatory domain influences the orientation of TMD5 and
that binding of extracytosolic H� to His-283 exerts a long-
range conformational change that affects pore opening (9).
A419P (Va) and H283A are both insensitive to changes in

extracellular sodium. Here, we have shown that the open prob-
ability of the TRPML3 channel in high extracellular sodium is
also increased, albeit less strongly, when Glu-361 in the second
extracellular loop is mutated to alanine. As mentioned above,
the amino acid directly adjacent to Glu-361, Ile-362, which is
mutated in VaJ mice (A419P � I362T), causes an amelioration
of the Va phenotype (A419P). If Glu-361 has an impact on the
open probability of TRPML3 in high extracellular sodium, Ile-
362 may directly interfere with the underlying mechanism
when likewise mutated, e.g. by a conformational change. Alter-
natively, if Glu-361 directly affects sodium binding, an
exchange of the neutral amino acid isoleucine with the nucleo-
philic threonine next to Glu-361 may potentially enhance
sodium binding and thus decrease the A419P mutant channel
activity, leading to the observed rescue effect (3).
Furthermore, it cannot be excluded that other monovalent

ions are also inhibiting TRPML3 activity, with Na� being the
most potent inhibitor, whereas Cs�, K�, and Li�, for example,
are less potent due to decreased binding affinity for the mon-
ovalent binding site. This would explain why the E361Amutant
activity in SBS can still be increased with LSS. E361A would
bind Na� with decreased affinity, but the binding affinities for
K� and Li� would be even further decreased. Thus, TRPML3
could generally act as a monovalent sensor.
A functional interaction between distinct residues in the first

and second extracellular loops or the pore loop, which would
require low extracellular pH and/or high extracellular sodium,
may be an interesting scenario. The pore loop contains four
negatively charged amino acids. For three of these, mutational
effects have been described before, namely Glu-449, Asp-458,
and Asp-459 (10). Glu-449 is predicted to be in the pore helix,
whereas Asp-458 and Asp-459 are predicted to line the selec-
tivity filter. Whereas mutation of Asp-458 to Lys, Ala, or Asn
results in an inactive channel, the E449A mutation renders the
channel constitutively active (10). Thus, amino acids in the two
extracellular loops, as well as in the pore loop, can render
TRPML3 constitutively active when mutated. Among the 20
amino acids, at least 12 (especially charged amino acids: Asp,

Glu, Arg, and Lys) can form hydrogen bonds with their side
chains. Hydrogen bonds (e.g. between His-Glu or His-Asp) are
a common element in many catalytic sites (34, 35). Gao et al.
(36) showed, in site-directed mutagenesis studies, that the
closely linked residues Glu-13 and His-278 in A2A adenosine
receptors are involved in ligand binding and sodium modula-
tion. As in a channel selectivity filter, proper geometry and
energetics may play an important role in precisely positioning
the two extracellular loop(s) and thus blocking the TRPML3
pore entrance.
The identified small molecule activators of TRPML2 and

TRPML3 could act in a similar manner by disrupting the inter-
action between the two extracellular loops or between the first
extracellular loop and the pore loop (or both) andmay thus lock
the channel in an open state. Many of the TRPML3 small mol-
ecule agonists are sulfonamides, and sulfonamides are among
the chemical groups capable of forming hydrogen bonds with
several amino acids (37), thus enabling them to interfere with
potential amino acid interactions in TRPML2 or TRPML3.
It should be noted that although TRPML1 has not been fur-

ther investigated here, it has been demonstrated recently, with
the whole-lysosome patch clamp technique, as well as with cal-
cium imaging using a plasma membrane variant of TRPML1,
TRPML1(NC), which lacks the N- and C-terminal dileucine
motifs, that TRPML1 can likewise be activated by some of the
recently identified TRPML3 agonists (1). In addition, all
TRPML channels can be activated by the endogenous com-
pound PI(3,5)P2 (1, 38–41). This points to common activation
mechanism(s) for all three TRPML channels, at least with
regard to some of the identified small chemical activators and
PI(3,5)P2 (41).
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