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TRPML2 in distinct states reveals the
activation and modulation principles
of the TRPML family

Philip Schmiege 1,8, Dawid Jaślan 2,8, Michael Fine3,
Nidish Ponath Sadanandan4, Alexandra Hatton1, Nadia Elghobashi-Meinhardt5,
Christian Grimm 2,4,6 & Xiaochun Li 1,7

TRPML2 activity is critical for endolysosomal integrity and chemokine secre-
tion, and can be modulated by various ligands. Interestingly, two ML-SI3 iso-
mers regulate TRPML2 oppositely. The molecular mechanism underlying this
unique isomeric preference as well as the TRPML2 agonistic mechanism
remains unknown. Here, we present six cryo-EM structures of human TRPML2
indistinct states revealing that theπ-bulgeof the S6undergoes aπ-α transition
upon agonist binding, highlighting the remarkable role of the π-bulge in ion
channel regulation. Moreover, we identify that PI(3,5)P2 allosterically affects
the pose ofML2-SA1, a TRPML2 specific activator, resulting in an open channel
without the π-α transition. Functional and structural studies show that
mutating the S5 of TRPML1 to that of TRPML2 enables themutated TRPML1 to
be activated by (+)ML-SI3 and ML2-SA1. Thus, our work elucidates the activa-
tionmechanism of TRPML channels and paves the way for the development of
selective TRPML modulators.

Transient receptor potential channels (TRP channels) play diverse and
important roles in eukaryotic cells and can be regulated by numerous
environmental cues, endogenous ligands and synthesized small
molecules1–3. TRPML channels, comprising TRPML1, TRPML2, and
TRPML3, are non-selective cation channels located in endolysosomal
membranes. These channels, which share high sequence homology
(Fig. S1a), facilitate the transport of sodium, calcium, and other cations
across their respective membranes4. TRPML1, a ubiquitously expres-
sed lysosomal channel, is involved in many endolysosomal-dependent
cellular processes, such as cholesterol accumulation, lipid trafficking,
and autophagy4–6. TRPML2 expression is particularly high in lympho-
cytes, activated macrophages, and other immune cells, suggesting a
critical role in innate immunity7,8. TRPML channels can be regulated by
various small-molecule synthetic compounds and lipids, including the

activatorsMK6-839,ML-SA18,ML-SA510,ML1-SA111,ML2-SA18,ML3-SA112,
rapamycin13, the endogenous lipid PI(3,5)P2

14, and the inhibitors ML-
SI315, the endogenous lipids PI(4,5)P2 and sphingomyelins16 (Fig. S1b).
Of these inhibitors, the isomeric forms of ML-SI3 — (1 R,2 R)-ML-SI3
(hereafter referred to as (-)ML-SI3) and (1S,2S)-ML-SI3 (hereafter
referred to as (+)ML-SI3)— have been shown to have varying effects on
the activity of different TRPML channels17. Further development of
TRPML channel modulators may directly contribute to the treatment
of TRPML channel-related disorders and other diseases18,19.

TRPML2 has been shown to be expressed in early/recycling
endosomes8,20, late endosomal and lysosomal (LEL) compartments21.
TRPML2 follows the Arf6 pathway, mediated by clathrin-independent
endocytosis, cycling between the plasma membrane and recycling
endosomes22. Many pathogens take advantage of the endocytic
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machinery to infect humans. Importantly, TRPML2 expression is
interferon-inducible and can enhance the uptake of an array of viruses,
including influenza A virus, Zika virus, and yellow fever virus, through
increased trafficking of endocytosed virus particles, subsequently
improving viral clearance in immune cells23. TRPML2 is also activated
by hypotonicity, participating in fast vesicular recycling as well as
cytokine and chemokine release of the immune response8,20. More-
over, the human TRPML2K370Q variant was shown to be a loss-of-
function mutant with respect to viral enhancement23,24. Thus, a better
understanding of themodulators of TRPML2may aid the development
of therapeutic approaches for infectious and immune diseases.

The existing structures of mammalian TRPML channels25–31 reveal
that these proteins form a classic tetrameric channel: each subunit
contains six transmembrane helices (S1-S6), two pore helices (PH1 and
PH2), and an ~30kD luminal/extracellular domain. The cytosolic
extensions of S1-S3 (labeled as IS1-IS3), which include several basic
amino acids, form a unique feature called the Mucolipin Domain that
binds to either PI(3,5)P2 or PI(4,5)P2, allosterically regulating the
activity of TRPML131,32. Modulator-bound structures, including TRPML1
in complex with either ML-SA1, ML-SI3, or temsirolimus (a rapamycin
analog) and TRPML3 in complex with ML-SA1 have revealed distinct
binding modes compared with other TRP channels26,29,31,33. In TRPML1,
ML-SA1 andML-SI3 bind to a hydrophobic pocket that is created by the
S5, S6, and PH1 of one subunit and the S6 of the neighboring subunit.
To date, structural information of human TRPML2 remains limited.
The only available structures are from the human TRPML2 luminal
domain34 and mouse TRPML2 in nanodiscs, which was captured in an
inactive state30.

Here, we report six human TRPML2 structures with different
modulators and four TRPML1 structures in the presence of distinct
agonists (Fig. S2). These structures along with our functional analysis
of two TRPML channels reveal a unique activation mechanism of
TRPML2 among ion channels.

Results
Overall structure of human TRPML2
We expressed full-length human TRPML2 with an N-terminal Flag-tag
by baculovirus-mediated gene transduction of mammalian cells. We
attempted to purify the protein in pH 5 conditions; however, the

protein was not well behaved, leading to a much lower yield at acidic
pHs. This is supported by a previous finding, which demonstrated that
the luminal domain was more stable at higher pHs34. The protein
exhibited reasonable behavior under 0.06% (w/v) digitonin at pH 7.5
during gel filtration (Fig. S1c) and was subjected to structural deter-
mination by cryo-EM. The apo TRPML2 and the (-)ML-SI3 bound
TRPML2 maps refined to 3.0 Å and 2.6 Å, respectively, with both
representing a closed state. The structures of (+)ML-SI3 bound
TRPML2 were determined at 2.7 Å in a pre-open conformation and at
2.6 Å in an open conformation. The structure of ML2-SA1 bound
TRPML2 was determined at 2.5 Å representing a pre-open conforma-
tion and the structure of ML2-SA1/PI(3,5)P2 bound TRPML2 was
determined at 2.6-Å in an open state (Fig. 1a–f, Figs. S3–6 andTable S1).

Apo TRPML2 shares a similar topology with other TRPML chan-
nels, forming the characteristic homo-tetrameric structurewith the ion
channel situated at the center (Fig. 1a–f). Each subunit consists of six
transmembrane helices (S1-S6), two pore helices (PH1 and PH2), and a
luminal domain (Fig. S1a). Electron density maps show clear resolution
for the overall structures, with the exception of a short linker in the
luminal domain, and a linker between S2 and S3. The high local reso-
lution of S4-S6 enables accurate modeling of the pore region side
chains and all the ligands (Figs. S4–6). The overall structure of human
apo TRPML2 is similar to that ofmouse TRPML2with an R.M.S.D. value
of 1.1 Å, human TRPML1 in the apo state with an R.M.S.D. value of 1.4 Å
and human TRPML3 in the apo state with an R.M.S.D. value of 1.3 Å
(Fig. S7a–c). The overall architecture of human TRPML2 is also akin to
that of PKD235 with an R.M.S.D. value of 8.5 Å (Fig. S7d).

Two main gates control ion selectivity and translocation through
the transmembrane pore of TRPML2 (Fig. 1g–l). The first gate in the
pore region is the selectivity filter, which consists of residues
461NGDD464 between PH1 and PH2. The carbonyls of residues N461 and
G462 as well as the side chains of residues D463 and D464 face the
pore axis. The second gate, also called the lower gate, is comprised of
residues I503 and T507 that control the efflux of hydrated cations. The
distance between diagonally opposed isoleucines in apo TRPML2 is
5.1 Å, which is consistent with the isoleucine distances in apo TRPML1
and TRPML3; in contrast, the diagonally opposed threonines are 7.6 Å
away from each other (Fig. 1g and Fig. S3a). This distance is slightly
larger than that in TRPML1 and TRPML3 (Fig. S7e). Additionally, the
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Fig. 1 | Overview of TRPML2 structures bound to different compounds. a–f
Overall structures of human TRPML2 from the side of the membrane with
respective substrates shown as sticks in darker respective colors: apo in yellow (a),
(-)ML-SI3–bound in green with the molecule shown as sticks in dark green (b), (+)
ML-SI3–bound in a pre-open state in light blue with molecule shown as sticks in
purple (c), (+)ML-SI3–bound in an open state in bluewithmolecule shown as sticks

in darkblue (d),ML2-SA1–bound in pinkwithmolecule shown as sticks in dark pink
(e), ML2-SA1/PI(3,5)P2–bound in salmon with ML2-SA1 shown as sticks in ruby (f).
g–l Side view of the ion pore of each structure with the pore and the α-helix or π-
bulge in S6 labeled. The lower gate residues and compounds are shown as sticks
and colored as in (a–f). Gray balls indicate the path of the cation pore as calculated
by HOLE.
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fact that 494DIYMI498 can form either a π-bulge or an α-helix demon-
strates its crucial role in sensing the agonists of TRPML2 (Fig. 1g–l).

Structure of the (-)ML-SI3 bound TRPML2
Our previous study showed that ML-SI3 can block ML-SA1-mediated
activation of TRPML1without affecting PI(3,5)P2-mediated activation33.
Interestingly, another study showed that there was a difference
between the isomers of ML-SI317. It demonstrated that (-)ML-SI3 func-
tions as an antagonist for all TRPML channels, while (+)ML-SI3 acts as
an agonist for TRPML2 and TRPML3, but not for TRPML1. Structural
comparison reveals that the overall structure of (-)ML-SI3 bound
TRPML2 aligns well with the ML-SI3 bound TRPML1 with an R.M.S.D.
value of 0.93 Å (Fig. 2a). The distances between diagonally opposed
residues I503 and T507 in the lower gate are 5.8 Å and 8.3Å, respec-
tively (Fig. 1h and Fig. S3a, c), indicating the structure is in a closed
state. Although the ML-SI3 used for the structural determination of
ML-SI3-bound TRPML1 is a racemicmixture of (+)ML-SI3 and (-)ML-SI3,
the binding poses of ML-SI3 in both structures are quite similar
(Fig. 2b), indicating that the isomer bound to TRPML1 is the (-)ML-SI3
isomer. The residues F457 in PH1; L414, L418, C421, A424 and G425 in
S5; F494 and F502 in S6; along with Y488, S492, Y496, and M497 in S6
of the neighboring subunit hydrophobically interact with (-)ML-SI3
while Y428 in S5 contacts (-)ML-SI3 via a π-π interaction (Fig. 2c).

Structures of (+)ML-SI3 bound TRPML2
Two structures of (+)ML-SI3-bound TRPML2 have been identified from
one dataset (Fig. 1c, d and Fig. S5). Structural analysis shows that the
lower gate of one structure is in a pre-open conformation, while the
other one is in an open conformation (Fig. 1i, j and Fig. S3b, c). Com-
pared to the structure of apo TRPML2, the S4-S5 linker in the pre-open
TRPML2 shifts by 3Å towards the cytosolic leaflet (Fig. 2d), although
their S5 helices are well aligned. Notably, the π-bulge in S6 transitions
to anα-helix upon interactionwith (+)ML-SI3, initiating a90° clockwise
rotation of the cytosolic half of S6 starting at residue Y496, whose
hydroxyl group interacts with the carbonyl group of the main chain of
M410 in the S4-S5 linker (Fig. 2e). The hydrophobic contact between
Y496 and L414 further stabilizes this state. Insteadof residues I503 and
T507, residues F502 and I506 form the lower gate, and the distances
between diagonally opposed F502 and I506 in the lower gate are 6.1 Å
and 5.3Å, respectively, indicating the structure is in a pre-open state
(Fig. 1i and Fig. S3a). Residues F457 and V460 in PH1; V417, C421, A424
and G425 in S5; I498 in S6; along with S492, I495 and Y496 in S6 of the
neighboring subunit contribute to hydrophobically engage (+)ML-SI3
while Y428 in S5 contacts (+)ML-SI3 via a π-π interaction (Fig. 2e). The
other state adopts an open conformation. The S4-S5 linker in the open
TRPML2 shifts by 1.5 Å towards the cytosolic leaflet compared to that
in the apo state (Fig. 2f). Residues V460 in PH1; V417, F420, C421, A424,

Fig. 2 | Binding and interaction details of (-)ML-SI3 and (+)ML-SI3. a Structural
comparison between ML-SI3–bound TRPML1 (7MGL) in gray and (-)ML-SI3–bound
TRPML2 in green with the compounds shown in their respective colors. b Zoom-in
comparison of molecule orientation between the two compounds in a, with the π-
bulge indicated. c Interaction details of (-)ML-SI3–bound TRPML2 with important
residues shown as sticks. Residues in gray denote a neighboring subunit.
dComparison of apo (yellow), and (+)ML-SI3–bound pre-open (light blue) TRPML2
with the α-helix indicated, and the movement of the S4-S5 linker denoted by a red

arrow. e Interaction details of (+)ML-SI3–bound pre-open TRPML2 with residues
shown as sticks and (+)ML-SI3 shown in purple. Residues in gray denote a neigh-
boring subunit. f Comparison of apo (yellow), and (+)ML-SI3–bound open (blue)
TRPML2with the π-bulge indicated, and themovement of the S4-S5 linker denoted
by a red arrow. g Interaction details of (+)ML-SI3–bound open TRPML2 with resi-
dues shown as sticks and (+)ML-SI3 shown in dark blue. Residues in gray denote a
neighboring subunit. h Comparison of the poses of ML-SI3 in three structures and
Y496 labeled as sticks.
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G425, and Y428 in S5; F494, L499 and F502 in S6; along with Y488,
S492 and Y496 in S6 of the neighboring subunit bind to (+)ML-SI3 and
F457 in PH1 contacts (+)ML-SI3 via a π-π interaction (Fig. 2g).

The pose of (+)ML-SI3 in this state is completely different from the
pre-open conformation and the π-bulge remains the same as that in
the apo state (Fig. 2f). The 2-methoxyphenyl group of (+)ML-SI3 faces
S6of the neighboring subunit in the pre-open state, however, it rotates
to faceS5 and S6 in the open state (Fig. 2h). Compared to (-)ML-SI3, the
specific conformation of (+)ML-SI3 allows it to have closer contacts
with F420 in S5, L499 and F502 in S6 (Fig. 2g), leading to the openingof
the lower gatewith the distances between the diagonally opposed I503
and T507 in the lower gate being 8.7 Å and 9.6 Å, respectively (Fig. 1j
and Fig. S3a). Such interactions were not detected in the (-)ML-SI3
bound state (Fig. 2c). Overall, TRPML2 can adopt two different con-
formations to engage (+)ML-SI3, either with or without the π-α
transition of S6.

Structures of ML2-SA1 bound TRPML2
While many of the small molecules mentioned affect more than one
TRPML channel, ML2-SA1 has been previously shown to be a TRPML2-
selective agonist8. Our structural analysis shows that the ML2-SA1-
bound TRPML2 is in a pre-open state (Fig. 1e, k and Fig. S3b). When

ML2-SA1 binds to TRPML2, it induces a 4Å shift of the S4-S5 linker
toward the cytosolic leaflet (Fig. 3a). The π-bulge in S6 participates in
the recruitment of the agonist, which subsequently transitions into an
α-helix upon interaction (Fig. 3b). The norbornane ring of ML2-SA1 is
positioned close to A424 in S5 while V460 in PH1 forms hydrophobic
interactions with the 2,6-dichlorophenyl group. The residues C421,
G425, and Y428 in S5; I498 in S6; along with I495 in the S6 of the
neighboring subunit are involved in binding to ML2-SA1 (Fig. 3c). Like
we observed in the (+)ML-SI3 bound TRPML2 pre-open state (Fig. 2e),
M410 and L414 also interact with Y496 in the S6 of the neighboring
subunit to stabilize this conformation (Fig. 3c). Interestingly, our cryo-
EM map reveals two conformations of F502 in the lower gate (Fig. 3d
and Fig. S6e). One conformation shows the side chain of F502 facing to
the luminal leaflet, while the other conformation has F502 facing the
cytosolic leaflet. This finding indicates the important role of F502 in
regulating the lower gate in the presence of ML2-SA1.

To further capture the active state of TRPML2, we added phos-
phatidylinositol 3,5-bisphosphate (PI(3,5)P2), an endogenous lipid that
regulates endolysosomal operations and activates TRPML channels14,
into the protein sample at a final concentration of 0.2mM in the pre-
sence of ML2-SA1. The 2.6 Å structure reveals a completely open
conformationofTRPML2without theπ-α transitionof S6,which is akin

Fig. 3 | Interaction details of ML2-SA1 and allosteric effects of PI(3,5)P2.
a Structural comparison between apo TRPML2 (yellow) and ML2-SA1–bound
TRPML2 (pink) with the molecule shown as sticks in dark pink, and the movement
of the S4-S5 linker denoted by a red arrow. bComparison of the same structures as
shown in a rotated 90° with the movement of Y496 indicated by a red arrow.
c Interaction details of ML2-SA1–bound TRPML2 with residues shown as sticks.
d Pore distances through the ML2-SA1–bound TRPML2, with the different F502

orientations labeled (one in pink and one in sage). Right panel shows the same
movement of F502 rotated 90°. e Comparison ofML-SA1/PI(3,5)P2–bound TRPML1
(7SQ9, light blue) with ML2-SA1/PI(3,5)P2–bound TRPML2 (salmon). f PI(3,5)P2
induces the conformational changes on the S4-S5 linker to prevent the rotation of
S6. The salt bridges between residues and PI(3,5)P2 are indicated by dashed lines.
g Interaction details of ML2-SA1/PI(3,5)P2–bound TRPML2 with residues shown as
sticks. Residues in gray denote a neighboring subunit.
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to (+)ML-SI3-bound TRPML2 (Fig. 1j, l and Fig. S3a, b). Owing to the
limited local resolution, only the polar head of PI(3,5)P2 can be defined
in the map, with the pose of PI(3,5)P2 being similar to that in
TRPML131 (Fig. 3e).

Interestingly, in the presence of PI(3,5)P2, the π-bulge in S6 does
not change to an α-helix. Structural analysis indicates that the 3′
phosphate group of PI(3,5)P2 binds to Y347 in S3 and R395 in S4. These
interactions allosterically trigger the conformational change of the S4-
S5 linker, causing S413 tomove towards S6 of the neighboring subunit
to prevent its rotation (Fig. 3f). The resulting conformation reveals that
ML2-SA1 binds in a different pose in the binding pocket to open the
lower gate. The residues F457 and V460 in PH1; C421, A424, G425, and
Y428 in S5; F494, I498, L499 and F502 in S6; along with Y496 in the S6
of the neighboring subunit are involved in the recruitment of ML2-SA1
(Fig. 3g). In this state, ML2-SA1 hasmuchmore extensive contacts with
S6 than in the absence of PI(3,5)P2, and as a result, the lower gate is in a
completely open state (Fig. 1l and Fig. S3b). It is most likely that the
engagement of PI(3,5)P2 confines the conformation of S6 resulting in a
different ML2-SA1 mediated activation mode. This finding is distinct
from the previous discovery on TRPML1, where PI(3,5)P2 binding does
not alter the pose of ML-SA1 in TRPML1 during activation31,32.

Electrophysiology Validation
To verify our findings, we generated two individual mutants on the
agonist-binding sites: L414A in S5, F457A in PH1 and Y496A in S6.
HEK293 cells were transiently transfected with the respective TRPML2
mutant constructs. Although TRPML2L414A and TRPML2F457A do not
express in lysosomes, both variants express on the cell surface, similar
to TRPML2WT (Fig. S8a, b). We performed patch clamp experiments in
an inside-out configuration (Fig. 4a, b). Consistent with our structural
findings, L414A and F457A reduced the channel activity in the presence
of either (+)ML-SI3 or ML2-SA1 compared to wild-type (WT), while
TRPML2L414A, but not TRPML2F457A, could be activated by PI(3,5)P2
(Fig. S8c). F457 contributes to hydrophobic contacts with Y488 and
I491 in S6, so it is possible that the F457A mutation may abolish the
dynamics of the TRPML2 pore, explaining the lack of PI(3,5)P2
activation.

We also performed lysosomal patch-clamp electrophysiology
experiments using endolysosomal vesicles isolated from cells expres-
sing TRPML2Y496A (Fig. 4c and Fig. S8d). Our data showed that Y496A
abolished the channel activity in the presence of either (+)ML-SI3 or
ML2-SA1 compared to wild-type (WT) (Fig. 4c). The results of
TRPML2L414A support the important role of L414 being in hydrophobic
contact with Y496 in α-helical S6 to stabilize the active state upon the
agonist binding. It is interesting that TRPML2Y496A retains some activity
in the presence of (+)ML-SI3 (Fig. 4c). Our structures showed that Y496
is crucial for the π-to-α transition upon ML2-SA1 and (+)ML-SI3 bind-
ing. However, in the open states without a π-to-α transition, Y496 is
4.5-5 Å away from (+)ML-SI3, contributing less to the substrate inter-
actions than in the ML2-SA1–bound state (3.5 Å between Y496 and
ML2-SA1). As a result, TRPML2Y496A can still partially sense (+)ML-SI3
without the π-to-α transition.

Engineering TRPML1 for TRPML2-specific agonists
Superposition of agonist-bound TRPML1 and TRPML2 revealed two
key residues in the S5 — V432/A433 in TRPML1 and A424/G425 in
TRPML2 — that play crucial roles in agonist recognition, determining
agonist selectivity (Figs. 2e, g, 3c, g). TheML-SI3 in TRPML1 adopts the
same conformation as that of (-)ML-SI3 (Fig. 2b). In contrast, when we
docked the (+)ML-SI3 into the TRPML1 structure, it seems that the
piperazine ring of (+)ML-SI3 would clash with V432 and A433 of
TRPML1 (Fig. 5a). Moreover, when we docked the ML2-SA1 into the
TRPML1 structure, the norbornane ring of ML2-SA1 is positioned close
to V432 which would potentially clash with ML2-SA1. Additionally,
residue Y507 prevents the accommodation of the 2,6-dichlorophenyl

group of ML2-SA1 (Fig. 5b). Compared to TRPML1, the binding pocket
inTRPML2 ismore spacious, allowing for better accommodationof the
entire ML2-SA1 molecule.

To investigate this further, we generated a TRPML1 variant with
V432A/A433G mutations (TRPML1VA/AG). The immunoblotting showed
that the expression level of TRPML1WT and TRPML1VA/AG in HEK293 cells
are similar (Fig. S8b). Compared to TRPML1WT, TRPML1VA/AG responded
to ML2-SA1 stimulation, albeit the activation faded within 30 s (Fig. 5c
and Fig. S8e). Additionally, we determined the structure of the
TRPML1VA/AG variant in the presence ofML2-SA1 at a resolution of 2.4 Å
(Fig. S9a–d and Table S2). Structural analysis revealed that the lower
gate of TRPML1VA/AG is slightly open (Fig. 6a, b and Fig. S3a, d), which
could explain the short activation byML2-SA1 presumably owing to its
relatively weak binding. ML2-SA1 was clearly defined in the cryo-EM
map, adopting a pose different fromeither of its poses in TRPML2, but
akin to that of ML-SA1 in TRPML1. Indeed, the pose of ML2-SA1 in the
TRPML1VA/AG variant is much shallower than either of its poses in
TRPML2, both ofwhich aremuchdeeper, regardless of the presenceof
PI(3,5)P2, (Fig. S9e–g). This deep binding in the pocket fosters greater
contacts between the ligand and the protein causing ML2-SA1 to be
highly selective for TRPML2.

Our electrophysiological experiments showed that TRPML1VA/AG

also responded to stimulation by (+)ML-SI3 (Fig. 5c). Therefore, we
determined the structure of the (+)ML-SI3 bound TRPML1VA/AG. The
final particles were classified into four classes. Two classes showed the
open conformation and the other two revealed the closed conforma-
tion (Fig. 6a, b). The particle ratio of the open to closed states is 3:5.
We selected one class from each state based on the quality of themaps
and carried out further refinement. The two states were determined at
2.4 Å and 2.7 Å, respectively (Fig. 6a, Fig. S10a–g and Table S2). In
one conformation, the density of (+)ML-SI3 is not well defined and the
distance between the diagonally opposed I514 and T518 in the lower
gate is 6.4Å and 7.6 Å, indicating a partially open state (Fig. 6b and
Fig. S3a, e). However, in the other map, a putative (+)ML-SI3 can be i-
dentified bound to TRPML1VA/AG, which triggers the π-to-α transition in
S6 causing thedistances between thediagonally opposedF513 and I517
in the lower gate being 7.7 Å and 5.0 Å, representing a pre-open sta-
te (Fig. 6b and Fig. S3a, e). Similar to our findings on TRPML2 (Figs. 2e
and 3c), the hydroxyl group of Y507 forms a hydrogen bond with the
carbonyl group of the main chain of L418 to stabilize the α-helix in
S6. Residues F465 in PH1; M426, C429, A432, G433, and Y436 in S5,
F505 in S6 along with Y499, S503, I506 and Y507 in S6 of the neigh-
boring subunit bind to (+)ML-SI3 and Y436 in S5 contacts (+)ML-SI3 via
a π-π interaction (Fig. 6c). While (+)ML-SI3 adopts a similar con-
formation to that in the open (+)ML-SI3 bound TRPML2, (+)ML-SI3 in
the TRPML1VA/AG insertsmore towards the pore center causing theπ-to-
α transition (Fig. 6d).

A previous study identified ML-SA5 as a more potent agonist of
TRPML1 than ML-SA110,36. However, how ML-SA5 activates TRPML1WT

remains unclear. Our structure of ML-SA5 bound TRPML1WT at 2.8 Å
resolution presented in an open conformation (Fig. 6a, b, Fig. S10h–k
and Table S2), and revealed thatML-SA5 binds to a similar site likeML-
SA1 (Fig. 6e); nevertheless, the S6 still retains the π-bulge conforma-
tion. Residues F465 and I468 in PH1; C429, A432, and Y436 in S5, F505,
V509, L510 and F513 in S6 along with Y499 and Y507 in S6 of the
neighboring subunit bind to ML-SA5 (Fig. 6f). Since no agonist-bound
TRPML1WT structure showsaπ-to-α transition in S6 so far, it is tempting
to speculate that the activation mechanism of TRPML1 may be differ-
ent from TRPML2.

The transition of S6 during activation
Structural comparison reveals that unlike TRPML131 and TRPML326, the
luminal domain of TRPML2 does not rotate during gating; however,
the S6 presents notable changes in the distinct states. The π-bulge
gating elements have been identified in the S6 of most TRP channels
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Fig. 4 | Electrophysiological characterization of TRPML2 mutants.
a Representative current density-voltage (I/Cm-V) relation of transiently expressed
and localized in plasmamembrane human TRPML2-eYFP variants, WT (left) or L414A
mutant (right). b Representative current density-voltage (I/Cm-V) relation of tran-
siently expressed and localized in plasma membrane human TRPML2-eYFP variants,
WT (left) or F457A mutant (right). c Representative current density-voltage (I/Cm-V)
relation of transiently expressed and endolysosomal localized human TRPML2-eYFP

variants, WT (left) and Y496A mutant (right). For each panel (a–c), basal levels are
shown in black. Channels were activated by application of (+)ML-SI3 (10 µM,blue, top)
or ML2-SA1 (10 µM, pink, bottom). Statistical analysis of experiments is shown in bar
graphs (far right), with each dot representing mean of biological replicate measure-
ments withdrawn at −100 mV, with the exact n indicated above each bar, and the
precise p value shown (mean±SEM, one-way ANOVA, Tukey’s post hoc test using
GraphPad Prism 10.2.3, ****p<0.0001, **p<0.01).
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and classified into three groups37: (1) those with a π-bulge in S6 in both
closed and open conformations (like TRPML129, TRPA138 and TRPV139)
(Fig. S7f); (2) thosewith anα-helical S6 in the closed state that undergo
an α-to-π transition upon activation (like TRPV240, TRPV341 and
TRPC442) (Fig. S7g); and (3) thosewith aπ-bulge turn in their S6 helices
in the closed state that undergo a π-to-α transition upon binding
their agonists43. To the best of our knowledge, the only observed case
of a π-to-α transition in the same channel during activation was iden-
tified in a comparison between PKD2 and its variant PKD2F604P43

(Fig. S7h), but this transition was introduced by a F604P mutation in
S5 to compensate for the loss of the S6 π-bulge rather than binding
agonists. In addition to these groupings based on activation, the S6IV
of some voltage-gated calcium channels and sodium channels
can undergo an α-to-π transition upon the binding of pore blockers
to close the pore44. Our results provide structural evidence to
present how theπ-bulge in TRPML2 is involved in agonist engagement,
and how agonist binding mediates this π-to-α transition, highlighting
and complementing the diverse role of the π-bulge in channel
modulation.

There are two possible mechanisms for the opening of the lower
gate: 1) the S6 helix rotates upon its transition from the apo to pre-
open to open states; or 2) the lower gate can open when the S6 con-
tains a π-bulge or after a π-to-α transition occurs. We performed
molecular dynamic simulations using the transmembrane domain of
the (+)ML-SI3 bound pre-open and open states individually. After
200ns simulations, the results from the open state showed that when
S6 contains a π-bulge, the lower gate remains stable with a symmetric
central pore. In contrast, simulations from the pre-open state reveal
that the π-to-α transition in S6 is retained during the 200ns; the
channel becomes more dynamic, and the central pore becomes
asymmetrical, with an opening only in one direction (Fig. S11). Based
on these results, we favor the secondmechanismof opening the lower
gate. Sincewe are currently not able to capture the open state after aπ-
to-α transition, it is likely that this state may need additional factors
(e.g., lipid or other ligands) in the local environment to be stabilized
in vitro.

Discussion
TRPML2 is essential for endolysosomal integrity as well as chemokine
trafficking and secretion. Activation of TRPML2 promotes intracellular
trafficking through recycling endosomes. Here, we report the struc-
tures of TRPML2 in multiple states bound to distinct modulators,
revealing its diverse regulatory mechanisms among ion channels. Our
findings show how ligand isomerism affects the regulation of TRPML2,
how a π-bulge in S6 is involved in the recognition of TRPML2-specific
agonists, and how a lipid allosteric modulator affects the agonist
bindingmode.Moreover, combined with our findings on TRPML2, our
studies on the TRPML1VA/AG variant elucidate the agonistic mechanism
of the TRPML family.

The o-dichlorobenzene ring of ML2-SA1 and the cyclohexane ring
of (+)ML-SI3 insertmore deeply into the center of TRPML2, interacting
with residues in theπ-bulgeof theneighboringmonomer to trigger the
π-to-α transition of S6 (Figs. 2e and 3c). However, this insertion con-
siderably reduces the contacts between the agonist and S6. (+)ML-SI3
just contacts I498 in S6 in the pre-open state (Fig. 2e), but interacts
with F494, L499, and F502 in the open state (Fig. 2g).ML2-SA1 interacts
with I498 in S6 in the pre-open state (Fig. 3c), but interacts with F494,
I498, L499 and F502 in the open state (Fig. 3g). In PKD2, F604 in S5 has
hydrophobic contact with F670 in S6 (Fig. S7h), F604P disrupts this
interaction to offer S6 more flexibility during activation. In contrast,
the lower gate of ML2-SA1 bound TRPML2 has extensive interactions
with S5 in our structure. Nevertheless, it remains unclear how these
agonists trigger the lower gate to completely open and additional
structural or dynamics studies should be conducted.

Unlike TRPML1, TRPML2 exhibits distinct agonist binding modes
for one ligand. Our findings provide the structural evidence that ligand
isomerism may be a critical determinant of their biological functions
and some ligands that have different isomers may be reviewed to test
their individual effects on channel regulation. Our structures suggest
that the smaller residues A424 and G425 in the S5 segment of TRPML2
reduce steric hindrance in the ligand-binding pocket. This structural
feature allows diverse ligands to access the channel core to adopt
multiple binding poses, thereby facilitating channel activation.
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Fig. 5 | Docking and electrophysiological characterization of TRPML1VA/AG in
the presence of (+)ML-SI3 andML2-SA1. a Docking of (+)ML-SI3 (dark blue) from
the (+)ML-SI3 bound TRPML2 open conformation into ML-SI3 bound TRPML1
(PDB: 7MGL; gray). b Docking of ML2-SA1 (dark pink) from the ML2-SA1 bound
TRPML2 pre-open conformation into ML-SI3 bound TRPML1 (PDB: 7MGL; gray).
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and endolysosomal localized human TRPML1-eYFP variants, WT (left) and V432A/
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****p <0.0001).
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Additionally, a previous study demonstrated that proline substitutions
at similar positions in the S5 segment of TRPMLs, as well as in TRPV5
and TRPV6, lead to constitutive activation of TRP channels45. This
finding underscores the critical role of the S5 segment in channel
activation. It is likely that the S5 segment is crucial in recognizing
diverse ligands, which either trigger the π-α transition in the
S6 segment or directly push S6, leading to the opening of the lower
gate. Contrary to previous knowledge about TRP channels, our results
demonstrate that the conformation of the π-bulge in S6, observed in
both TRPML1 variants and TRPML2, can be regulated by agonists
during activation. Owing to the important roles of TRPML channels in
lysosomal function and immune response, our work may aid the
development of selective modulators of TRPML channels.

Methods
Protein expression and purification of human TRPML2
The complementary DNA (cDNA) encoding full length human wild-
type TRPML2 (TRPML2WT, NCBI NP694991.2) with an N-terminal FLAG
tag was cloned into the pEG BacMam vector46,47. The protein was
expressed using baculovirus-mediated transduction of mammalian
HEK-293S GnTI- cells (ATCC no. CRL-3022). Transfected cells were
grown at 30 °C for 72 h post transduction. Cells were then harvested

and disrupted by sonication in lysis buffer (20mM HEPES pH 7.5,
150mM NaCl, 1mM PMSF, and 5mg/mL leupeptin). Lysate was sub-
jected to centrifugation for 10min at 3220x g, and the supernatantwas
incubated with 1% (w/v) Lauryl Maltose Neopentyl Glycol (LMNG,
Anatrace) at 4 °C for 1 h. The lysate was clarified by a 30-minute cen-
trifugation at 38,759 x g, and the resulting supernatant was loaded
onto a Flag-M2 affinity column (Sigma-Aldrich). The resin was washed
with 10 column volumes of wash buffer (20mMHEPES pH 7.5, 150mM
NaCl, 0.01% LMNG, and 5mMEGTA). The protein was then eluted with
elution buffer (20mM HEPES pH 7.5, 150mM NaCl, 0.01% LMNG, and
2mM EGTA, 100mg/mL 3xFlag peptide). The eluate was then con-
centrated and purified by size exclusion chromatography (SEC) on a
Superose6 Increase column (Cytiva). The SECbuffer contained 20mM
HEPES pH 7.5, 150mM NaCl, 2mM EGTA, and 0.06% (w/v) Digitonin
(ACROSOrganics). Peak fractions were collected and concentrated for
grid preparation.

Protein expression and purification of human TRPML1
constructs
The complementary DNA (cDNA) encoding either full length human
wild-type TRPML1 (TRPML1WT, NCBI NP065394.1), or full length human
TRPML1 with the V432A/A433G mutations (TRPML1VA/AG), both with

Fig. 6 | Structures of ML2-SA1 and (+)ML-SI3–bound TRPML1VA/AG, and ML-
SA5–bound TRPML1WT. a Side view of TRPML1VA/AG and TRPML1WT bound to dif-
ferent ligands (from left to right): ML2-SA1–bound TRPML1VA/AG in tan with the
substrate in olive; (+)ML-SI3–bound TRPML1VA/AG in a partially open state in green;
(+)ML-SI3–boundTRPML1VA/AG in a pre-open state in tealwith (+)ML-SI3 indicated in
gray sticks; and ML-SA5–bound TRPML1WT in green with ML-SA5 shown in light
green sticks. b Side view of the ion pore of each structure with the pore and the α-
helix orπ-bulge inS6 labeled. The lower gate residues and compoundsare shown in

sticks and colored as in (a). Gray balls indicate the path of the cation pore as
calculatedbyHOLE. c Interaction details of (+)ML-SI3–boundTRPML1VA/AG pre-open
state with residues shown as sticks. Residues in gray denote a neighboring subunit.
d Comparison of the binding orientation of (+)ML-SI3–bound TRPML1VA/AG (teal/
gray) with (+)ML-SI3–bound TRPML2 in an open state (blue/dark blue). e Compar-
ison of the binding orientation of ML-SA5–bound TRPML1WT (green) with ML-
SA1–bound TRPML1 (5WJ9, cyan). f Interaction details ofML-SA5–bound TRPML1WT

with residues shown as sticks.
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N-terminal FLAG tags, were separately cloned into the pEG BacMam
vector46. The protein was expressed according to the previously pub-
lished protocol29. Briefly, the proteins were expressed using
baculovirus-mediated transduction of mammalian HEK-293S GnTI-
cells. Transfected cells were grown at 37 °C for 48 h post transduction.
Cells were then harvested and disrupted by sonication in lysis buffer
(20mM HEPES pH 7.5, 150mM NaCl, 1mM PMSF, and 5mg/mL leu-
peptin). Lysate was subjected to centrifugation for 10min at 3220 x g,
and the supernatant was incubated with 1% (w/v) LMNG at 4 °C for 1 h.
The lysatewas clarifiedby a 30-minute centrifugationat 38,759x g, and
the resulting supernatant was loaded onto a Flag-M2 affinity column
(Sigma-Aldrich). The resin was washed with 10 column volumes of
wash buffer (20mM HEPES pH 7.5, 150mM NaCl, and 0.01% LMNG).
The protein was then eluted with elution buffer (20mMHEPES pH 7.5,
150mM NaCl, 0.01% LMNG, and 100mg/mL 3xFlag peptide). The elu-
ate was then concentrated and purified by size exclusion chromato-
graphy (SEC) on a Superose 6 Increase column. The SEC buffer
contained 20mM HEPES pH 7.5, 150mM NaCl, and 0.06% (w/v) Digi-
tonin. Peak fractions were collected and concentrated for grid
preparation.

Cryo-EM sample preparation and data acquisition
For the apo TRPML2 data collection, concentrated protein sample was
applied directly to the grids. For all other structures, concentrated
protein was incubated with the compound(s) of interest for 30min to
1 h on ice prior to grid preparation. Small molecule compounds, (-)ML-
SI3, (+)ML-SI3, ML2-SA1, and ML-SA5, were solubilized in DMSO to
50mM and added to the protein to a final concentration of 1mM.
PI(3,5)P2 was solubilized inwater at 10mMand added to the protein to
a final concentration of 0.2mM. For grid preparation, 3μl of each
protein samplewas applied toR1.2/1.3 400meshAuholey carbongrids
(Quantifoil). After 3 s, the grids were blotted for 4-5 s and plunged into
liquid ethane using a VitrobotMark IV (FEI) operated at 22 °C and 100%
humidity. The grids were loaded onto a 300 kV Titan Krios transmis-
sion electron microscope for data collection, and data was collected
using SerialEM version 3.7.10. All datasets were collected with a Falcon
4i camerawith the exception of theML2-SA1/PI(3,5)P2–bound TRPML2
dataset, whichwas collectedwith aGatanK3 camera. Rawmovie stacks
for the Falcon 4i were collected at a physical pixel size of either 0.738
or 0.936 Å per pixel. The raw movie stacks from the K3 camera were
collected at a physical pixel size of 0.826Å per pixel. All datasets were
collected with a nominal defocus range of −0.8 to −1.8μm. Exposure
time for the Falcon 4i datasets was 4 s, with about 1271 frames total in
EER format, while the exposure time for the Gatan K3 dataset was 5 s,
dose-fractionated into 50 frames with a dose rate of ~1.2-1.4 e–/pixel/s,
and collected in CDS (correlated double sampling) mode. All micro-
graphs had a total dose of ~60 electrons per Å2.

Cryo-EM image processing
For each dataset, the dark-subtracted images were first gain-normal-
ized, corrected for beam-induced motion, and the contrast transfer
function (CTF) was estimated using cryoSPARC v3.3.148. Auto picking
was performed with crYOLO v1.9.6 using the general model49 with a
particle threshold of 0.1. Subsequent 2D classification, multi-class ab-
initio reconstruction, heterogeneous 3D refinement, and nonuniform
refinements were performed in cryoSPARC. For certain datasets, fur-
ther 3D classification, 3D refinement, and masked 3D classification
without alignment were performed in RELION v3.1.350. Good classes
from RELION were transferred to cryoSPARC where they were further
refined using nonuniform refinements. The per-particle defocus was
then refined using the local CTF refinement, followed by local refine-
ments with soft masks covering TRPML1 or 2 to further improve the
map quality. The final maps were sharpened to half the value of the
default cryoSPARC sharpened maps, as this seemed to give the best
side chain and main chain densities. The mask-corrected FSC curves

were calculated in cryoSPARC, and reported resolutions are based on
the 0.143 criterion. Local resolution estimations were performed in
cryoSPARC.

Model building and refinement
A predicted model of TRPML2 was generated by AlphaFold51. This
modelwas thendocked into the densitymapusingChimeraX 1.852. The
model was then refined iteratively using Coot 0.9.853 and Phenix 1.2154.
After the apoTRPML2modelwas built, itwasused as thebasemodel to
build the other conformations. For TRPML1, we used the apo TRPML1
model PDB-5WJ5 to build the initial models, and the ML-SA1–bound
TRPML1 model (PDB-5WJ9) to build the ML-SA5–TRPML1WT structure.
These were then refined iteratively by manually fitting in Coot and
Phenix. Due to the limited local resolution, the following residues in
each structure were not built: apo TRPML2, 1–40, 172–174, 328–337,
520–566; (-)ML-SI3 TRPML2, 1–40, 172–174, 328–337, 520–566; (+)ML-
SI3–bound TRPML2 (pre-open), 1–35, 171–179, 281–285, 331–339,
517–566; (+)ML-SI3–bound TRPML2 (open), 1–35, 171–179, 281–285,
331–339, 517–566; ML2-SA1–bound TRPML2, 1–40, 172–179, 328–339,
514–566; ML2-SA1/PI(3,5)P2–bound TRPML2, 1–35, 171–179, 281–285,
331–339, 520–566; ML2-SA1–bound TRPML1VA/AG, 1–46, 200–215,
293–295, 336–345, 526–580; (+)ML-SI3–bound TRPML1VA/AG (partially
open), 1–59, 201–215, 293–295, 336–345, 527–580; (+)ML-SI3–bound
TRPML1VA/AG (pre-open), 1–59, 201–215, 293–295, 336–345, 521–580;
ML-SA5–bound TRPML1WT, 1–40, 202–216, 338–343, 527–580. Struc-
tural model validation was performed using Phenix 1.21 and Mol-
Probity 4.355. Figures were prepared using HOLE 2.3.1, PyMOL 3.0, and
ChimeraX 1.8.

Cell transfection and immunoblotting for TRPML1 constructs
For immunoblotting, the FLAG-tagged TRPML1WT and TRPML1VA/AG

constructs were the same constructs used for protein purification,
while the YFP-tagged TRPML2WT, TRPML2L414A, TRPML2Y496A, and
TRPML2F457A were the same constructs used in patch clamp experi-
ments. HEK293 cells were seeded onto 6-well plates at a density of 300
k cells per well in DMEM low glucose (Sigma) with 5% FCS (Gemini Bio)
and 1% penicillin-streptomycin (Gibco). 24 h later, the cells were
transfected with either the construct of interest, or empty vector as a
control using Fugene6 (Promega). 48 h after the transfection, the cells
were harvested and rinsed by PBS and lysed with Pierce RIPA buffer
(Thermo Scientific) with the addition of EDTA-free protease inhibitor
cocktail (Roche) and benzonase (Millipore Sigma). The cells were
incubated with the lysis buffer for 30min at 4 °C. After, the lysate was
spundown for 10min at 1000xg, and the supernatantwas analyzedby
SDS-PAGE and subsequently incubated with primary antibodies
against FLAG (anti-DDDDK-tag mAb, MBL Life Sciences, 1:3000 dilu-
tion), GFP (anti-GFP rabbit mAb, Cell Signaling Technology, 1:1000
dilution), or actin (anti-Beta Actin mouse mAb, Cell Signaling Tech-
nology, 1:1000 dilution) as a control overnight. The next morning, the
blots were washed and incubated with HRP-linked secondary anti-
bodies against either mouse or rabbit (anti-mouse IgG HRP-linked or
anti-rabbit IgG HRP-linked antibodies, Cell Signaling Technology, both
at 1:2000 dilutions) for 1 h at room temp and developed. Experiments
were repeated at least 3 times with similar results each time.

cDNA constructs and cell transfection for electrophysiological
experiments
Human wild-type TRPML1 and TRPML2 (C-terminally tagged with
YFP) were subcloned into the pcDNA3.1 expression vector9. All
point mutations were manufactured and generated using the CloneEZ
method, site-directed mutagenesis (Genscript Biotech, Netherlands).
HEK293 cells (ATCC) were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, containing 1 g/L glucose) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher) and 1%
penicillin-streptomycin (Sigma-Aldrich). HEK293 cells were seeded
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onto poly-L-lysine-coated coverslips at a density of 2.5 ×104 cells. The
cells were transiently transfected with plasmid DNA at a concentration
of 0.5 µg using 3 µL TurboFect Transfection Reagent (Thermo Scien-
tific). 24 h post-transfection, the cells were treated overnight with
apilimod (Axon Medchem) at a concentration of 1 µM to induce lyso-
somal enlargement. All cultures were incubated at 37 °C under a
humidified atmosphere containing 5% CO2.

Manual whole endolysosomal and inside-out patch-clamp
experiments
Manual whole endolysosomal patch-clamp recordings were con-
ducted as previously described56. In the case of TRPML2L414A and
TRPML2F457A mutants with TRPML2WT as control, standard inside-out
patch-clamp was performed57. Briefly, HEK293 cells transfected with
constructs tagged at theC-terminuswith YFPwere treatedovernight at
37 °C with 5% CO2 in 1 µM apilimod (Axon Medchem) to enlarge
endolysosomes. Before the patch-clamp experiments, apilimod was
washed out. Enlarged endolysosomes were carefully released from the
cell membrane using a glass pipette. Recordings were obtained at
room temperature, with only one endolysosome recorded per
coverslip.

Currents were recorded using an EPC-10 patch-clamp amplifier
(HEKA, Lambrecht, Germany) and PatchMaster software (v2x90.4,
HEKA), allowing data digitization at 40 kHz, filtering at 2.8 kHz, pre-
analysis, and cancellation of capacitive transients. Borosilicate glass
pipettes were polished to achieve resistances between 6–9 MΩ.

The pipette solution (simulating the luminal endolysosomal
environment) contained 140mM sodium methanesulfonate (NaMSA),
5mM potassium methanesulfonate (KMSA), 2mM calcium methane-
sulfonate (CaMSA), 1mM CaCl2, 10mM HEPES, and 10mM MES, with
the pH adjusted to 4.6 usingMSA or 20mMHEPESwith pH adjusted to
7.2 with NaOH. The bath solution (mimicking the cytosolic environ-
ment) consisted of 140mM KMSA, 5mM KOH, 4mM NaCl, 0.39mM
CaCl2, 1mM EGTA, and 20mM HEPES, with the pH adjusted to 7.2
using KOH.

All compounds were prepared as high-concentration stock solu-
tions and added to thebath to achieve thedesiredfinal concentrations.
The bath solution was completely exchanged when applying these
compounds. Voltage ramps (500ms, from −100 to +50mV) were
applied every 5 s at a holding potential of 0mV, with current ampli-
tudes at −100mV extracted from individual ramp recordings. Liquid
junction potential corrections were applied. Statistical analyses were
performed using GraphPad Prism software (version 10.2.3).

Construction of model
The “open” and “pre-open”TRPML2 structures (residues 340-519)were
modeled in the lipid bilayer as follows. The atomic coordinates were
constructed from the transmembrane domains of the TRPML2 ( + )ML-
SI3 bound pre-open (residues 340-517) and open (residues 340-519)
structures; hydrogen atoms were constructed using H-build from
CHARMM58. To assign an initial protonation pattern for each structure
at pH 7, the pKa values of all titratable residues were calculated with
PROPKA59. Force field parameters for (+)ML-SI3 were obtained using
the CGenFF server60. Next, using the OPM database61 and the
CHARMM-GUI62, the (+)ML-SI3-bound protein was inserted in a lipid
bilayer consisting of cholesterol (10%), 2,3-dioleoyl-D-glycero-1-phos-
phatidylglycerol (DOPG) (10%), and 3-palmitoyl-2-oleoyl-D-glycero-1-

Phosphatidylcholine (POPC) (80%). Next, the protein-membrane sys-
tem was solvated in explicit TIP3 water63 with 150mM KCl concentra-
tion. The models of the final solvated systems are displayed in Table 1:

Geometry optimizations and molecular dynamics
Energyminimizations andgeometryoptimizations of each solvated (+)
ML-SI3-protein-membrane complex were carried out with NAMD64

using the all-atom CHARMM36 parameter set for the protein and lipid
molecules65 and the TIP3P model for water molecules63; the para-
meters for (+)ML-SI3 were obtained from the CGenFF server60. The
initial geometry of each structure was optimized with two rounds of
100 steps of steepest descent (SD) energy minimization, followed
by 100 adopted basis Newton-Raphson (ABNR) steps to remove
any close contacts. The solvated (+)ML-SI3-protein-membrane com-
plex was simulated with molecular dynamics (MD) at 310 K according
to the following protocol: 1) equilibration MD with Langevin dynamics
(time step of 1 fs) for 375 ps followed by Langevin dynamics (time step
2 fs) for 1.5 ns; 2) production MD with Langevin dynamics (time
step 2 fs) for 200 ns. The simulations were carried out a totoal of
n = 1 times.

To simulate a continuous system, periodic boundary conditions
were applied; electrostatic interactions were summedwith the Particle
Mesh Ewaldmethod66 (grid spacing ~0.88 Å; fftx 144, ffty 144, fftz 120).
A nonbonded cutoff of 16.0 Å was used, and Heuristic testing was
performed at each energy call to evaluatewhether the nonbondedpair
list should be updated. MD trajectories were analyzed with VMD
(Version 1.94)67.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
authors upon request. The 3D cryo-EM density maps have been
deposited in the Electron Microscopy Data Bank under the accession
numbers EMD-48139 (apo TRPML2 closed); EMD-48140 ((-)ML-
SI3–bound TRPML2 closed); EMD-48141 ((+)ML-SI3–bound TRPML2
pre-open); EMD-48142 ((+)ML-SI3–bound TRPML2 open); EMD-48143
(ML2-SA1–bound TRPML2 pre-open); EMD-48144 (ML2-SA1/PI(3,5)
P2–bound TRPML2 open); EMD-48135 (ML2-SA1–bound TRPML1VA/AG

partially open); EMD-48136 ((+)ML-SI3–bound TRPML1VA/AG partially
open); EMD-48137 ((+)ML-SI3–bound TRPML1VA/AG pre-open); and
EMD-48138 (ML-SA5–bound TRPML1WT open). Atomic coordinates for
the atomicmodel have been deposited in the Protein Data Bank under
the accession number 9EKW (apo-TRPML2 closed); 9EKX ((-)ML-
SI3–bound TRPML2 closed); 9EKY ((+)ML-SI3–bound TRPML2 pre-
open); 9EKZ ((+)ML-SI3–boundTRPML2open); 9EL0 (ML2-SA1–bound
TRPML2 pre-open); 9EL1 (ML2-SA1/PI(3,5)P2–bound TRPML2 open);
9EKS (ML2-SA1–bound TRPML1VA/AG partially open); 9EKT ((+)ML-
SI3–bound TRPML1VA/AG partially open); 9EKU ((+)ML-SI3–bound
TRPML1VA/AG pre-open); and 9EKV (ML-SA5–bound TRPML1WT open).
Initial/final PDB states forMD simulations are provided as Source data.
The source data underlying Figs. 4a–c, 5c, and Supplementary Fig. 8
are provided with this paper. Previously published structures referred
to in this paper include: 5WJ5, 7DYS, 6AYE, 5T4D, 5WJ9, 6MHO, 6DVZ,
and 6D1W. Source data are provided with this paper.

Table 1 | TRPML2 simulation conditions, one simulation per model was performed

TRPML2 conformation K+ ions Cl- ions TIP3 water molecules Total atoms Simulation box dimensions

“pre-open” 126 87 31,805 157,399 127.13 Å × 127.13Å × 106.11 Å

“open” 124 85 31,442 156,430 127.13 Å × 127.26Å × 105.11 Å
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