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Significance

Mutations in the polycystin-2 
(PC2, also known as TRPP2) ion 
channel protein lead to 
autosomal dominant polycystic 
kidney disease (ADPKD), one of 
the most common genetic 
diseases in humans. The 
activation mechanism of this 
channel is unknown, and limited 
tools are available for its 
functional study. In this work, we 
reported a group of small-
molecule ligands that can 
regulate the function of a 
gain-of-function PC2 mutant and 
identified two binding sites of the 
ligand ML-SA1 in PC2 structure 
that correspond to activation and 
inactivation of the channel, 
respectively. This work found 
useful tools for functional studies 
of PC2, provided insights into its 
structure, and will help design 
new ligands for studying this 
channel and potentially ADPKD 
treatment.

Author contributions: F.Q., Y.S., and Y.Y. designed 
research; Z.W., M.C., Q.S., T.D.C.M., Y.W., E.N., and A.R.P. 
performed research; Z.W., M.C., Q.S., and Y.Y. analyzed 
data; Y.Y. conceived the project; and Z.W., M.C., Q.S., and 
Y.Y. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1Z.W. and M.C. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
yuy2@stjohns.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2316230121/-/DCSupplemental.

Published March 14, 2024.

BIOCHEMISTRY

Molecular and structural basis of the dual regulation of the 
polycystin-2 ion channel by small-molecule ligands
Zhifei Wanga,1 , Mengying Chenb,c,d,1, Qiang Sub,c , Tiago D. C. Moraisa, Yan Wanga, Elianna Nazginova, Akhilraj R. Pillaia , Feng Qiane ,  
Yigong Shib,c,d, and Yong Yua,2

Edited by Lily Jan, HHMI, University of California, San Francisco, CA; received September 21, 2023; accepted February 12, 2024

Mutations in the PKD2 gene, which encodes the polycystin-2 (PC2, also called TRPP2) 
protein, lead to autosomal dominant polycystic kidney disease (ADPKD). As a mem-
ber of the transient receptor potential (TRP) channel superfamily, PC2 functions as a 
non-selective cation channel. The activation and regulation of the PC2 channel are largely 
unknown, and direct binding of small-molecule ligands to this channel has not been 
reported. In this work, we found that most known small-molecule agonists of the mucol-
ipin TRP (TRPML) channels inhibit the activity of the PC2_F604P, a gain-of-function 
mutant of the PC2 channel. However, two of them, ML-SA1 and SF-51, have dual 
regulatory effects, with low concentration further activating PC2_F604P, and high 
concentration leading to inactivation of the channel. With two cryo-electron micros-
copy (cryo-EM) structures, a molecular docking model, and mutagenesis results, we 
identified two distinct binding sites of ML-SA1 in PC2_F604P that are responsible for 
activation and inactivation, respectively. These results provide structural and functional 
insights into how ligands regulate PC2 channel function through unusual mechanisms 
and may help design compounds that are more efficient and specific in regulating the 
PC2 channel and potentially also for ADPKD treatment.
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cryo-EM structure

Autosomal dominant polycystic kidney disease (ADPKD), one of the most common 
genetic diseases in humans, affects 1 in every 400-1,000 individuals and leads to end-stage 
renal disease in half of the patients (1, 2). ADPKD is caused by mutations in the PKD1 
or PKD2 genes, encoding integral membrane proteins polycystin-1 (PC1, or PKD1) and 
polycystin-2 (PC2, PKD2, or TRPP2) proteins, respectively (3, 4). PC1 and PC2 form 
a complex (5–8) and function as a non-selective cation channel (9–11). Besides interacting 
with PC1, PC2 also forms a homotetrameric non-selective cation channel (12, 13).

PC2 belongs to the transient receptor potential (TRP) cation channel superfamily and 
the polycystin subfamily (TRPP). TRP channels are directly involved in many sensory 
perceptions and regulated by a broad range of stimuli (14–17). They are connected to 
numerous human diseases and serve as common drug targets (14–17). All TRP proteins 
have similar structural features such as six transmembrane segments (S1–S6) and intra-
cellular N and C termini (18). Recently reported cryo-electron microscopy (cryo-EM) 
structures of the PC2 tetramer have significantly enhanced our understanding of this 
channel (19–21). Like other TRP proteins, the first four transmembrane segments (S1–S4) 
of each PC2 subunit form a voltage-sensor domain (VSD)-like structure and stay in the 
periphery, resembling the VSD in voltage-gated ion channels. S5 and S6, as well as the 
linker (pore loop, P-loop) between them, form the pore domain. The pore domains from 
the four subunits assemble into a four-fold symmetrical structure to form an ion-conducting 
pathway (pore) in the middle. The P-loops define the extracellular end of the pore and 
form a selectivity filter, which determines channel permeability and ion selectivity. The 
bottom part of the pore contains the gate, which is formed by the side chains of F677 
and N681 in S6 (19–21). The S1–S4 and pore domains assemble in a domain-swapped 
arrangement, similar to that in the classical voltage-gated channels (19–21).

Within the TRP family, TRPP and mucolipin TRP (TRPML) proteins are most closely 
related to each other. The reported cryo-electron microscopy (cryo-EM) structures of 
TRPP and TRPML channels also share high similarity (21–25). A unique structural feature 
these proteins have is the large extracellular loop that links the first and the second trans-
membrane domains. This loop has a highly ordered structure in cryo-EM structures of 
TRPP and TRPML proteins, containing mainly beta sheets and some alpha helices. It 
has been called the polycystin–mucolipin domain (PMD) (26), polycystin domain (21), 
or tetragonal opening for polycystins (TOP) domain (20). Here, we will call it the TOP 
domain since this name suggests its location (above the channel pore) in the structures. 
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The TOP domains from four subunits interact and assemble into 
a donut-like structure with a large hole in the center. In the 
cryo-EM structures of PC2, the TOP domain forms a direct inter-
action with the outer pore and the linker between S3 and S4, 
suggesting a possible role of it in channel gating (19–21).

The in vivo functions of the PC1 and PC2 and how their muta-
tions lead to ADPKD are still elusive. One of the biggest chal-
lenges is the lack of a reliable in vivo or in vitro activation 
mechanism for studying the PC2 and PC1/PC2 channels. To help 
this, we previously developed gain-of-function (GOF) mutants 
of the PC2 and PC1/PC2 channels, which, applied in multiple 
labs, provided capable platforms for function analysis (9, 27–30). 
PC2_F604P, a GOF mutant of the PC2 homomeric channel, 
which carries the mutation F604P in S5, gave rise to robust cur-
rents when expressed in Xenopus laevis oocytes (28). When 
expressed in zebrafish embryos, PC2_F604P, compared to the 
wild-type (WT) PC2, better rescued the PC2 downregulation–
induced morphological abnormalities (27, 28). The cryo-EM 
structure of PC2_F604P shows that the F604P mutation desta-
bilizes the interaction between S5 and S6 and leads to the con-
version of a π-helix turn in the middle of S6 to an alpha helix. 
Consequently, this results in twisting and rotation of the bottom 
half of S6 which opens the lower gate of the channel (27). Similar 
conformational changes in the pore happen in the gating process 
of some other TRP channels, including another TRPP member 
polycystin-2L1 (PC2L1, also called PCL or TRPP3) (31, 32). 
Thus, the F604P mutation-induced channel opening may mimic 
a natural gating process.

Many small molecules, either natural products or synthetic com-
pounds, have been found to bind ion channels as agonists and 
antagonists. They are not only useful in studying channel function 
but also have potential clinical applications. Previously, many lig-
ands have been identified and well studied for other TRP channels 
(33). As for PC2, although some lipid molecules like phosphatidic 
acid (PA), phosphatidylinositol 4,5-bisphosphate (PIP2), and cho-
lesterol have been suggested to bind to this channel (19, 34), it is 
not known how they modulate PC2 function. Identifying small 
molecules that can gate or regulate the PC2 channel will bring 
valuable tools to the field and significantly speed up its study. In 
this work, after testing a series of TRPML agonists on WT PC2 
and the GOF PC2_F604P, we found most of them inhibit the 
activity of PC2_F604P, while two of them, ML-SA1 and SF-51, 
further activate the channel at low concentrations and inactivate it 
at higher concentrations. Using cryo-EM, molecular docking, and 
mutagenesis methods, we dissected how the binding of ML-SA1 at 
two distinct sites leads to opposite effects on PC2_F604P.

Results

TRPML Agonists Regulate the Activity of PC2_F604P. Previously, 
multiple small molecule agonists of TRPML channels have been 
identified (35–38). Since TRPML proteins share high structural 
similarity with TRPP proteins, we focused on these TRPML 
agonists when looking for small-molecule ligands of PC2. In 
this study, we tested 15 of them [their International Union of 
the Pure and Applied Chemistry (IUPAC) names are listed in 
SI Appendix, Table S1]. In our test, these molecules were applied 
to the extracellular side of the WT PC2 and the PC2_F604P 
channels expressed in Xenopus oocytes. When 10 or 100 µM of 
molecules were applied, although none of them activates the 
WT PC2, thirteen of them (MK6-83, ML2-SA1, SF-21, SF-22, 
SF-23, SF-24, SF-31, SF-32, SF-33, SF-41, SF-71, SN-2, and 
rapamycin) caused significant inhibition to the channel activity 

of PC2_F604P (SI Appendix, Table S2 and Fig. S1). In 100 µM, 
these molecules inhibited channel current from ~30% to ~80% 
at +80 mV. In contrast, applying 10 µM or 100 µM ML-SA1, 
a synthetic agonist of all three TRPML channels (35), further 
activated the PC2_F604P channel, leading to ~70% increases of 
currents at +80 mV in these initial tests (SI Appendix, Table S2). 
Application of a TRPML3 activator, SF-51 (36), also led to a 
smaller increase of PC2_F604P current (SI Appendix, Table S2). It 
is worth noticing that ML-SA1 is a structural analog of SF-51, and 
the two molecules share a very similar structure (35, 36). These 
results indicate that TRPML ligands can bind and regulate the 
PC2_F604P channel. To investigate the molecular mechanisms 
of the regulation, we next focused on the activation effect of ML-
SA1 on PC2_F604P.

ML-SA1 Further Activates the PC2_F604P. In a bath solution 
containing 100 mM Na+ and 2 mM Ca2+ as cations, applying 
20 µM ML-SA1 at the extracellular side roughly doubled the 
outward current of PC2_F604P at +80 mV (Fig. 1 A and B). The 
EC50 of ML-SA1 for activating PC2_F604P is 5.2 µM (Fig. 1C). 
We previously found that the inward current of PC2_F604P was 
blocked by divalent ions Ca2+ and Mg2+ at the extracellular side 
(28). This blocking was not affected by ML-SA1 treatment (Fig. 1B 
and SI Appendix, Fig. S2). The activation by ML-SA1 is not Ca2+-
dependent either since a similar activating effect was found when 
Ca2+ was removed from the bath solution (Fig. 1D). In similar 
tests, ML-SA1 did not activate WT PC2 and had no effect on 
the current of another GOF mutant PC2_AA (L677A/N681A) 
(9) (SI Appendix, Fig. S3). The AA mutation opens the channel 
by removing the bulky side chains at the gate of the  channel, 
which is different from the GOF mechanism of the F604P mutant. 
Therefore, the structural disparities between the pore domains 
of PC2_AA and PC2_F604P may explain why ML-SA1 has no 
effect on PC2_AA.

The Ca2+ permeability property of the PC2 channel, a critical 
feature for PC2’s potential physiology functions, remains largely 
elusive (9, 39, 40). To test whether the ML-SA1 activation 
increases the Ca2+ permeability of PC2_F604P, we first recorded 
currents in a solution containing 70 mM Ca-gluconate in the 
absence and presence of 20 µM ML-SA1. Replacing all other 
cations with 70 mM Ca2+ helps to promote Ca2+ influx. At the 
same time, replacing Cl− with gluconate helps to avoid the current 
contamination from endogenously expressed calcium-activated 
chloride channel (CACC) in oocytes (41–43) since gluconate is 
not permeable through CACC. In the absence of ML-SA1, PC2_
F604P current recorded in 70 mM Ca-gluconate (Fig. 1E) shows 
no inward current at negative voltages (Fig. 1B), suggesting no 
Ca2+ influx. This result is consistent with our previous observation 
that PC2_F604P has no obvious Ca2+ permeability (9). Adding 
20 µM ML-SA1 in the bath led to a significantly larger outward 
current at positive voltages due to ML-SA1 activation (Fig. 1E). 
However, there is no obvious increase of the inward current at 
negative voltages (Fig. 1E). These results suggest that if the 
ML-SA1-treated PC2_F604P has Ca2+ permeability, it is still too 
small to give recordable Ca2+ influx.

The activation of CACC can be used to monitor the trace 
amount of Ca2+ influx through low Ca2+-permeable channels 
(9). To further test whether ML-SA1-activated PC2_F604P has 
gained a small amount of Ca2+ permeability, we next switch to 
a bath solution containing 70 mM CaCl2 with 20 µM ML-SA1. 
In this solution, if CACC is activated by Ca2+ influx through 
ML-SA1-activated PC604P, we should be able to record CACC 
currents. In our tests, we indeed observed that both inward and 
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outward currents became significantly larger (Fig. 1E). The I–V 
curve at negative voltage shows an unusual trough at strong 
hyperpolarization, a characteristic of the CACC current in this 
ionic condition (9), suggesting CACC was indeed activated by 
Ca2+ influx. The trace amount of Ca2+ influx through PC2_
F604P was induced by ML-SA1 activation, since when recorded 
in 70 mM CaCl2 solution, the CACC current component was 
only seen after applying ML-SA1 (Fig. 1F). Thus, these results 
suggest that ML-SA1-activated PC2_F604P channel gains some 
Ca2+ permeability. Although the Ca2+ influx is too small to be 
directly recorded, it is large enough to activate CACC (Fig. 1E).

ML-SA1 Likely Binds to PC2_F604P at a Site Similar to Its Binding 
Site in TRPML1. We next explored the binding site of ML-SA1 in 
PC2_F604P. In the reported cryo-EM structures of the TRPML1/
ML-SA1 complex, the ML-SA1 binds in a hydrophobic cavity 
formed by several aromatic and hydrophobic residues in pore 
helix 1 (PH1), helices S5 and S6, and helix S6 of a neighboring 
subunit (23, 44, 45) (Fig. 2 A and B). The binding sites of agonist 
temsirolimus (a rapamycin analog) (44) and antagonist ML-SI3 
(46) in TRPML1, and ML-SA1 in TRPML3 (22), also fall into 
the same cavity. Moreover, lipids and several blockers have been 
reported to bind at similar positions in TRPV1 and a model 
bacterial voltage-gated Ca channel CavAb (47, 48). Thus, this 
hydrophobic cavity serves as a common site for regulating TRP 
channel function. We wondered whether ML-SA1 also binds to 
a similar site in PC2_F604P.

The sequence alignment between PC2 and TRPML1 in the 
S5-pore-S6 region shows that most of the residues that play key 
roles in ML-SA1 binding in TRPML1, including F465 and I468 
of PH1; F428, V432, and Y436 of S5; F505 and F513 of S6; and 
Y507 of S6 in the neighboring subunit, are either identical or 
conserved between the two proteins (Fig. 2A). These key residues 
are also structurally conserved in WT PC2, as seen when aligning 
the cryo-EM structures of TRPML1 (22) with the WT PC2 (21) 
(Fig. 2 C, Left). Even the non-conserved residue Y499 of TRPML1, 

which is a threonine (T662) in PC2 (Fig. 2A), aligned well with 
the latter in the structures (Fig. 2 C, Left). In contrast, in PC2_
F604P (27), although most of these residues are also structurally 
similar to those in TRPML1, the side chain positions of two key 
residues at the bottom of the ML-SA1 binding cavity in TRPML1, 
F513 on S6, and Y507 on S6 in the neighboring subunit, are 
significantly different in PC2_F604P (Fig. 2 C, Right). In PC2_
F604P, the aligned residue F676 stays much further to the binding 
cavity and the side chain of F670 flips away from it (Fig. 2 C, 
Right). These changes are caused by the F604P mutation-induced 
rotation in the bottom half of S6 (27). Thus, based on the struc-
tures, it appears that ML-SA1 should bind more stably to WT 
PC2 than to PC2_F604P. In contrast, our results show that PC2_
F604P, but not the WT PC2, is activated by ML-SA1. So, it is 
possible that either ML-SA1 does bind to the WT PC2 but cannot 
activate it, or the conformational changes at the bottom of the 
binding cavity in PC2_F604P promote the accessing and binding 
of ML-SA1.

To confirm the binding of ML-SA1 in this cavity, we gener-
ated four individual mutations based on the sequence align-
ment between PC2 and TRPML1: F608A in S5, F637A in 
PH1, F676A in S6, and F670A in the neighboring S6, and 
tested the mutants’ responses to ML-SA1 treatment. The results 
of F608A and F637A are not conclusive since both mutations 
abolished PC2_F604P channel activity (SI Appendix, Fig. S4). 
Consistently, the corresponding mutations Y436A and F465A 
in TRPML1 also led to a dead channel (23). The other two 
mutations, F670A and F676A, did not affect PC2_F604P cur-
rent, but completely abolished the activation of ML-SA1 (Fig. 2 
D and E). The effect of F676A on ML-SA1 activation is con-
sistent with that of the corresponding mutations F513A in 
TRPML1 (23) and F497A in TRPML3 (22). Thus, although 
we could not rule out the possibility that the effects of F670A 
and F676A are indirect to ML-SA1 binding or activation, con-
sidering the sequence and structural conservation of this bind-
ing cavity between PC2 and TRPML and the similar effects of 
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Fig. 1.   ML-SA1 further activates the GOF PC2_F604P channel. (A) Representative gap-free recording at +20 mV shows that ML-SA1 activates PC2_F604P in a bath 
solution containing 100 mM Na+ and 2 mM Ca2+. The structure of the ML-SA1 molecule is shown as an insertion. (B) Representative I–V curves (Left) and scatter 
plot and bar graph (Right) show currents of PC2_F604P before and after applying 20 µM ML-SA1 in a bath solution containing 100 mM Na+ and 2 mM Ca2+. In the 
scatter plot and bar graph, the current at +80 mV of each oocyte was normalized to its current before applying ML-SA1. Data are presented as mean ± SD in bar 
graphs here and those in the other figures (***P < 0.001, Student’s t test). (C) Concentration–response curve of the effect of ML-SA1 on increasing the current 
of PC2_F604P at +80 mV when recorded in 100 mM Na+/2 mM Ca2+ solution. Data were collected when currents reached the peak seconds after the ML-SA1 
application. (D) Same as in B except that the currents were recorded in a bath solution without Ca2+. (E) Representative I–V curves of PC2_F604P, recorded before 
and after treatment of 20 µM ML-SA1 in 70 mM Ca-gluconate, and then switched to 70 mM CaCl2 with 20 µM ML-SA1. (F) Representative I–V curves of PC2_F604P 
recorded in 70 mM CaCl2 before and after treatment of 20 µM ML-SA1.
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these mutations, the results strongly suggest that F670 and 
F676 are directly involved in the binding of ML-SA1 in PC2_
F604P. Interestingly, F670 and F676 are the two amino acids 
that show significant structural differences between the WT 

PC2 and PC2_F604P (Fig. 2C). Thus, it is possible that the 
positions of their side chains in PC2_F604P favorite ML-SA1 
binding, thereby leading to its activation. This point is further 
suggested by the docking model shown below.

A

F676A

C

D

F

F670A

Voltage (mV) Voltage (mV)

C
ur

re
nt

 (μ
A)

C
ur

re
nt

 (μ
A)

-100 -50 50 100

2

4

6

8

-1
-2

- ML-SA1
+ ML-SA1

-100 -50 50 100

2

4

6

8

-1
-2

- ML-SA1
+ ML-SA1

ML-SA1

B

N
or

m
al

iz
ed

 c
ur

re
nt

 a
t +

80
 m

V

ML-SA1 +- +- +-
(20 μM)

n = 9

F60
4P

F60
4P

-F67
0A

F60
4P

-F67
6A

n = 6
n. s.

n = 7
n. s.

***

0

1

2
E

PC2 RCAKDLFGFAIMFFIIFLAYAQLAYLVFGTQVDDFS---TFQECIFTQFRIILGDINFAE 648
TRPML1 VALPSVMRFCCCVAVIYLGYCFCGWIVLGPYHVKFRSLSMVSECL---FSLINGDDMFVT 476
        .  .:: *.  . :*:*.*.  .::*:*    .*     ..**:   * :* **  *.

PC2 IEEA---------NRVLGPIYFTTFVFFMFFILLNMFLAIINDTYSEVKSDLAQQKAEME 699
TRPML1 FAAMQAQQGRSSLVWLFSQLYLYSFISLFIYMVLSLFIALITGAYDTIKHPGGAGAEESE 536
       :              ::. :*: :*: ::::::*.:*:*:*..:*. :*   .    * *

PC2 RCAKDLFGFAIMFFIIFLAYAQLAYLVFGTQVDDFS---TFQECIFTQFRIILGDINFAE 648
TRPML1 VALPSVMRFCCCVAVIYLGYCFCGWIVLGPYHVKFRSLSMVSECL---FSLINGDDMFVT 476
        .  .:: *.  . :*:*.*.  .::*:*    .*     ..**:   * :* **  *.

PC2 IEEA---------NRVLGPIYFTTFVFFMFFILLNMFLAIINDTYSEVKSDLAQQKAEME 699
TRPML1 FAAMQAQQGRSSLVWLFSQLYLYSFISLFIYMVLSLFIALITGAYDTIKHPGGAGAEESE 536
       :              ::. :*: :*: ::::::*.:*:*:*..:*. :*   .    * *

F608F600 F637

F670M668 F676

Y436F428 C429 F465 I468

Y507F505Y499 F513

Selectivity filter
FF
VAVA

MFMF
VAVA

FF
YY
FF
YY

FF
FF
FRFR
FFS

II
IIN
II
ININ

GFGFGF
RFRF
GFGFGF
RRFCFCCCFF

FF
YMYM
FIFI
YMYM

MM
FF
MFMF
FFYYYY

FF
FF

MMMFFF
FF
LL
II
LALA
AA

FF
FF

NN
TT
NDND
TGTG

GDDGDDGDDMNGDDM
GLGDLGDGLGDLGDLL

I640

V432

F604

S5

S6

pore helix 1 pore helix 2

F676

M668

F608
I640

F637

F670

PC2 (WT)
TRPML1/ML-SA1

PC2_F604P
TRPML1/ML-SA1

ML-SA1 ML-SA1

S5
, S

6

S5
, S

6

pore helix 1 pore helix 1

S6

(neighboring subunit)

S6

 (neighboring subunit)
Y436 (ML1)
F608 (PC2)

I468 (ML1)
I640 (PC2)

Y499 (ML1)
T662 (PC2)

F465 (ML1)
F637 (PC2)

F465 (ML1)
F637 (PC2)

Y499 (ML1)
T662 (PC2) Y436 (ML1)

F608 (PC2)

F505 (ML1)
M668 (PC2)

Y507 (ML1)
F670 (PC2)

F505 (ML1)
M668 (PC2)

F513 (ML1)
F676 (PC2)

I468 (ML1)
I640 (PC2)

F513 (ML1) F676 (PC2)

Y507 (ML1)

F670 (PC2)TRPML1/ML-SA1

A PC2-F604P/ML-SA1 docking model

ML-SA1

Fig. 2.   The activating binding site of ML-SA1 in PC2_F604P. (A) Sequence alignment shows conservation between PC2 and TRPML1 at the indicated regions. Gray 
boxes indicate the key residues at the ML-SA1 binding site in TRPML1 (23) and the aligned residues in PC2. Blue and pink boxes indicate the selectivity filter and 
lower gate, respectively. Asterisk: identical; double dots: conserved; single dot: similar. (B) Cryo-EM structure of the human TRPML1/ML-SA1 complex (PDB #5WJ9) 
(23). (C) Structural alignment between TRPML1/ML-SA1 and WT PC2 (PDB #5T4D) (21) (Left), and TRPML1/ML-SA1 and PC2_F604P (PDB #6D1W) (27) (Right). Side 
chains of key residues in the ML-SA1 binding site in TRPML1 and their aligned residues in PC2 are shown. (D and E) Representative I–V curves (D) and scatter 
plots and bar graphs (E) show the currents of PC2_F604P-F670A and PC2_F604P-F676A mutants before and after 20 µM ML-SA1 treatment. Currents at +80 mV 
are shown in bar graphs and were normalized to currents before ML-SA1 treatment (***P < 0.001, n.s.: no significance, Student’s t test). (F) A docking model 
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To further investigate the binding of ML-SA1 in PC2_F604P, 
we generated a molecular model of the PC2_F604P/ML-SA1 
complex by conducting ligand docking with the cryo-EM struc-
ture of PC2_F604P (21). In 47 out of the 50 docking runs we 
conducted, the ML-SA1 molecule ended up binding to the same 
cavity that ML-SA1 binds to TRPML1 (23). A model of ML-SA1 
binding in PC2_F604P with the lowest free energy is shown in 
Fig. 2F. The key residues mentioned above are nicely surrounding 
ML-SA1 in our model (Fig. 2F). We noticed that the ML-SA1 
molecule in most (43 out of 47) of docking model showed 
extended structure instead of the folded structure seen in the 
cryo-EM structure of TRPML1/ML-SA1 (23). The extended 
structure of ML-SA1 seems necessary in our model to reach F670 
and F676, which are located further from the binding cavity com-
pared to the aligned residues in the TRPML1 structure (Fig. 2 C 
and F). The docking results further confirm that ML-SA1 binds 
in the cavity formed by PH1, S5, S6, and neighboring S6 in 
PC2_F604P to activate the channel.

Inhibitors SF-33 and SF-71 May Bind at the Same Site as ML-SA1 
in PC2_F604P. We next investigated the inhibition of SF-33 and 
SF-71, the two most efficient molecules that inhibit PC2_F604P 
current (SI Appendix, Table S2). In a bath solution containing 
100 mM Na+ and 2 mM Ca2+, 20 µM SF-33 or SF-71 causes 
about 50% inhibition of the outward current of PC2_F604P at 
+80 mV (Fig. 3 A and C). The IC50 values of the two molecules 

are 16.9 µM and 6 µM, respectively (Fig. 3 B and D). A synthetic 
antagonist ML-SI3 was previously shown to bind at the same site 
as ML-SA1 in TRPML1 and thus directly compete with ML-SA1 
in its binding to inhibit channel activity (46). Here, we found 
that applying either SF-33 or SF-71 after ML-SA1 application 
inhibited ML-SA-activated PC2_F604P (Fig.  3E). Similarly, 
ML-SA1 application also reversed the inhibition caused by either 
SF-33 or SF-71 (Fig. 3F). These results indicate that SF-33 and 
SF-71 may also bind to the same site as ML-SA1 and can compete 
with the latter. To confirm it, we tested the effects of these two 
inhibitors on the PC2_F604P channel carrying the ML-SA1-
binding site mutations F670A and F676A. The results show that 
the inhibition of SF-33 and SF-71 is greatly reduced by these two 
mutations (Fig. 3G, compared to Fig. 3 A and C). Although mild 
inhibition was still seen when 100 µM inhibitors were applied on 
the F676A mutant, almost no inhibition was seen when applying 
20 µM inhibitors on both mutants (Fig. 3G and SI Appendix, 
Fig. S5). These results strongly suggest that SF-33 and SF-71 also 
bind to the same site as ML-SA1 in PC2_F604P.

The Dual Effects of the “Activators”: High-Concentration-
Mediated Inactivation. During our study of ML-SA1 activation, 
we noticed that when applied 20 µM ML-SA1 to activate 
PC2_F604P first, the subsequent application of 100 µM ML-
SA1 resulted in no further activation but rather a reduction in 
current (Fig. 4 A and B). Since 20 µM ML-SA1 has reached the 
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saturated concentration for PC2_F604P activation (Fig.  1C, 
where the peak currents right after ML-SA1 application were 
recorded), it is reasonable that 100 µM ML-SA1 did not induce 
a bigger current. However, the reduction in current suggests that 
inactivation or desensitization occurred after the application of 
100 µM of ML-SA1. To better describe the dual effects of ML-SA1 
on PC2_F604P current, we divided the currents of PC2_F604P 
after the application of ML-SA1 (20 or 100 µM) (IML-SA1) by the 
current before ML-SA1 appellation (Ibath) and named the ratio 
(IML-SA1/Ibath) “activation index.” Plotting the activation index of 
each oocyte gives us a clear view of how the application of 100 
µM ML-SA1 led to significant inactivation/desensitization of 
PC2_F604P that has been activated by 20 µM ML-SA1 (Fig. 4C).

Applying 100 µM ML-SA1 directly to PC2_F604P without 
the pre-treatment of 20 µM ML-SA1 led to a sharp initial increase 
followed immediately by a gradual decrease of the current (Fig. 4 
D, Right). The current dropped back to almost the pre-treatment 
level after about 1 min (Fig. 4 D, Right). The reduction did not 
happen after a long-term application of 20 µM ML-SA1 (Fig. 4 
D, Middle). The fact that this inactivation/desensitization never 
occurred when applying 20 µM ML-SA1 (Figs. 1A and 4 A and 
D) suggests that the reduction of current in 100 µM MLL-SA1 
is caused by inactivation, instead of desensitization. Moreover, 
these results suggest that there may be a second inhibitory binding 
site of ML-SA1 in PC2_F604P. This second site probably has a 
low affinity to ML-SA1, so the binding only happens when 

ML-SA1 concentration is high enough. When 100 µM ML-SA1 
is applied, ML-SA1 binds to the first activation site in the 
S5-PH1-S6 cavity to activate PC2_F604P, then after ML-SA1 
further binds to the secondary low-affinity inhibitory site, the 
channel is inactivated. In contrast, when 20 µM ML-SA1 is 
applied, only the activation site is occupied by the ligand, and the 
channel was activated and stays at the activation state.

To explore the necessary concentration for ML-SA1-induced 
inactivation, we applied ML-SA1 with a series of concentrations 
from 1 µM to 200 µM and recorded the current at the activation 
peak (initial) and current after 2 min application Fig. 4D and 
calculated the activation index for each concentration at these two 
time points. The results show that the initial activation index 
reaches saturation at around 20 µM and stays stable even when 
higher concentrations of ML-SA1 were applied (Fig. 4E, black 
line). The activation index at 2 min, however, starts dropping 
when concentration is higher than 20 µM (Fig. 4E, blue line), 
indicating ML-SA1 starts binding to the inhibitory site when 
concentration is more than 20 µM. In most of the cases, we 
noticed that the inactivation caused by high concentrations of 
ML-SA1 usually only partially eliminates the increased current 
caused by ML-SA1 activation (Fig. 4E). However, when we 
pushed the test to 4 min after ML-SA1 application, applying 200 
µM ML-SA1 led the current of PC2_F604P dropped to even 
smaller than the current before applying ML-SA1 (Fig. 4E, red 
line), suggesting the inactivation does not only offset the initial 
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ML-SA1 activation, but also inhibits the PC2 activity generated 
by the GOF mutant. This is clearer in the case of another PC2_
F604P activator SF-51. When applying 100 µM SF-51, there was 
only a small initial increase of current within several seconds fol-
lowed by a faster decrease compared to that in the case of ML-SA1 
treatment (Fig. 4F). At 1 min after application, the current has 
become about 40% smaller than the original PC2_F604P current 
(Fig. 4 F and G). In this sense, the relatively small activation effect 
of SF-51 seen in our experiments may just be caused by its fast 
and strong inactivation effect, as the latter can hide most of the 
initial activation. The fact that applying 200 µM ML-SA1 for 4 
min or 100 µM SF-51 for 1 min made the current of PC2_F604P 
become even smaller than its original current before treatment 
further suggests that inactivation, instead of desensitization, hap-
pened in these treatments.

ML-SA1 Binds to the TOP/Outer Pore Site of PC2_F604P. To better 
understand the molecular mechanism of the dual regulation of 
PC2_F604P by ML-SA1, we went to solve the cryo-EM structures 
of the PC2_F604P with or without ML-SA1, using a truncated 
PC2_F604P protein containing the fragment Pro185-Lys719. 
First, we tried to resolve the structure in the presence of 20 µM 
ML-SA1. However, no clear densities that accounted for ML-SA1 
were found in the EM map. After increasing the concentration 
of ML-SA1 to 200 µM, we were able to resolve a structure of 
the PC2_F604P/ML-SA1 complex with an overall resolution  
of 2.96 Å. At the same time, we have also resolved a structure of 
PC2_F604P in the absence of ML-SA1 with an overall resolution 
of 2.99 Å (Fig. 5A and SI Appendix, Figs. S6–S9 and Table S3).

Surprisingly, in the structure resolved in the presence of 
ML-SA1, we could not find the ML-SA1 molecule at the above- 
discussed PH1-S5-S6 site. However, unambiguous non-protein 
densities show up at a space formed by the TOP domain, S4 of one 
subunit, and the outer pore region of a neighboring subunit (Fig. 5 
A and B). This density is short and fat and ML-SA1 molecule fits 
well into it. Thus, we tentatively assigned this density, which is 
almost equivalent in each monomer under C1 symmetry, to the 
ML-SA1 molecule (Fig. 5 A and B and SI Appendix, Fig. S9B). 
Mutagenesis data shown below confirmed the assignment of 
ML-SA1 to this density. Therefore, this structure is referred to as 
“PC2_F604P_ML-SA1.” In our structure resolved in the absence 
of ML-SA1, a density was also observed at a similar position. 
However, this density is larger and elongated, which is obviously 
different from that in the PC2_F604P_ML-SA1 structure. A 
phospholipid-like molecule can be accommodated to this density 
(SI Appendix, Fig. S9A and Fig. 5C). Thus, we refer to this structure 
as “PC2_F604P_lipid.” Both densities are not seen in the previously 
reported PC2_F604P structure (referred to as “PC2_F604P_apo” 
here) (27) (Fig. 5D).

Further analysis of this ML-SA1 binding site shows that 
although the binding pocket is mainly hydrophobic (Fig. 5E), the 
key residues that are involved in direct association with ML-SA1 
include both polar and hydrophobic residues (Fig. 5F). Among 
these residues, I556 on S4, W380 in finger 2 of the TOP domain, 
and V655 on the loop between pore helix 2 (PH2) and S6 of a 
neighboring subunit may interact with ML-SA1 via Van der Waals 
effects. Q456 on the beta-sheet 5 (β5) of the TOP domain, Q557 
and N560 on S4, and N653 in the pore loop of the neighboring 
subunit may also contribute to the binding of ML-SA1 (Fig. 5F).

The Binding of ML-SA1 at the TOP/Outer Pore Site May Lead to 
Partial Closure of the Ion-Conducting Pore. When comparing 
the previously published cryo-EM structures of the WT PC2 (21) 
and PC2_F604P_apo (27) with our structures PC2_F604P_lipid 

and PC2_F604P_ML-SA1, we noticed significant changes in the 
ion-conducting pore in PC2_F604P_ML-SA1 (Fig.  5G). The 
gate of the WT PC2, which was resolved in a closed state, is 
formed by L677 and N681 on S6, and the diagonal distance 
between the opposing L677 is 4.94 Å, suggesting a closed state 
(Fig.  5 G, Left panel) (21). In the PC2_F604P_apo structure, 
the F604P mutation-caused π-helix to α-helix transition in S6 
and the rotation of the bottom half of S6 removes the side chains 
of L677 and N681 from the pore and opens the gate (27). The 
diagonal distance between the opposing F676, which forms the 
narrowest part in the pore, is 7.85 Å (Fig.  5 G, second panel 
from Left). In the structure of PC2_F604P_lipid, the α-helix in 
the middle of S6 stays the same as that in PC2_F604P_apo, and 
the diagonal distance between the opposing F676 is a similar 
7.46 Å (Fig. 5 G, second panel from the Right). Compared to 
the structure of PC2_F604_apo, an extra helical turn down to 
E686 was resolved in the S6 of PC2_F604P_lipid (Fig. 5 G and 
H). This part of the pore remains open, and the diagonal distance 
between the opposing Y684 is 13.8 Å (Fig. 5G). In the case of 
PC2_F604P_ML-SA1, although its overall structure is like PC2_
F604P_lipid, it has a narrower lower pore due to slightly shifted 
positions of some key side chains. The C terminus of S6 in the 
structure of PC2_F604P_ML-SA1 was resolved down to K688 
(Fig. 5H), and the diagonal distance between the opposing F676 
becomes a much shorter 5.88 Å, similar to that in the closed WT 
channel (Fig. 5 G, Right panel). More significantly, the diagonal 
distance at the narrowest part of the pore, which is formed by 
opposing Y684, is only 4.07 Å, (Fig. 5G). The pore radius plots 
of these four structures of PC2 also suggest that the narrower 
pore in PC2_F604P_ML-SA1 is less ion conductible compared 
to other PC2_F604P structures (Fig. 5I). Intriguingly, a similar 
intracellular gate closed by aromatic residues was also observed in 
the homologous PKD1L3/PKD2L1 channel (51). We hypothesize 
that the closed lower pore in PC2_F604P_ML-SA1 is caused by 
the binding of ML-SA1 at the TOP/outer pore site.

Meanwhile, the orientation shift of some side chains in the 
lower pore is the only significant change we found in the structure 
of the PC2_F604P_ML-SA1. The overall conformation of its pore 
helices (S5 and S6) is still very similar to that of the PC2_F604P_
apo and PC2_F604P_lipid (Fig. 5H). Thus, the current structures 
may not provide a complete picture of the high-concentration 
ML-SA1-induced inactivation of the PC2_F604P channel. We 
hypothesize that the closed lower pore observed in the structure 
of the PC2_F604P_ML-SA1 is only part of the conformational 
changes happen during the high-concentration ML-SA1-induced 
inactivation, while the others were not resolved in the current 
structure.

The TOP/Outer Pore Binding of ML-SA1 Is Involved in the High-
Concentration ML-SA1-Induced Inactivation. The closed pore 
observed in the structure of PC2_F604P_ML-SA1 suggests that 
the binding of ML-SA1 at the TOP/outer pore region may be 
involved in high-concentration ML-SA1-induced inactivation of 
PC2_F604P. To test this hypothesis, we made a series of mutations 
at this site and tested their effects in ML-SA1-induced activation 
and inactivation. In the PC2_F604P_ML-SA1 structure, the 
ML-SA1 binding cavity at the TOP/outer pore site is formed 
by three structural components: the β5 of the TOP domain, 
S4, and the loop between PH2 and S6 of a neighboring subunit 
(Fig. 6A). In our test, we picked some critical residues from each 
structural component and made the following seven mutations: 
Q456A, Q456W, Q557A, Q557W, N560A, N653A and N653T. 
To better describe the inhibitory effects of 100 µM ML-SA1 on 
PC2_F604P current, we divided the current of PC2_F604P after 

http://www.pnas.org/lookup/doi/10.1073/pnas.2316230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316230121#supplementary-materials
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the application of 100 ML-SA1 (I100 µM ML-SA1) for 2 min by the 
current after the application of 20 µM ML-SA1 (I20 µM ML-SA1) for 
about 10 s and named the ratio “inactivation index.” Plotting the 
inactivation index of each oocyte allows us to measure how 100 
µM ML-SA1 leads to the inactivation of the 20 µM ML-SA1-
activated PC2_F604P (Fig. 6C). Within the seven mutations, the 
last two mutations on the pore loop, N653A and N653T, led to 
complete loss of the PC2_F604P channel activity (SI Appendix, 
Fig.  S10), suggesting that N653 is critical for the function of 
PC2. The effects of ML-SA1 on three other mutations, Q456A, 
Q557W, and N560A, are roughly the same as the PC2_F604P 
channel: applying 20 µM quickly doubled the channel current 
while applying 100 µM inhibited current (Fig. 6C and SI Appendix, 
Fig. S11). However, in the cases of mutant Q456W and Q557A, 
although they have normal ML-SA1 activation as PC2_F604P, 
their inactivation by 100 µM ML-SA1 is significantly smaller 
(Fig. 6 B and C). Especially in the case of Q557A, the inactivation 
was almost abolished. Instead of causing inactivation, applying 
100 µM ML-SA1 further activated this mutant in most of the 
tested oocytes (Fig.  6 B and C). These results strongly suggest 
that the high concentration ML-SA1-induced inactivation of 
PC2_F604P is caused by its binding to the TOP/outer pore site 
shown in the cryo-EM structure.

The fact that Q557A and Q456W only affected the high- 
concentration ML-SA1-induced inactivation but did not change 
low-concentration ML-SA1-induced activation (Fig. 6 B and C) 
further proves that the latter is via binding of ML-SA1 at another 
site. The reason that we do not see ML-SA1 in the higher affinity 
activation site (S5-PH1-S6) in our cryo-EM structure is unknown. 
Besides of the possible high flexibility of ML-SA1 at this site, 
another unproved possibility is that the second binding at the TOP/

outer pore site leads to dissociation of ML-SA1 from the S5-PH1-S6 
site, as part of the inhibitory mechanism.

Applying 100 µM of SF-71, one of the channel inhibitors we 
found in this study, caused more inhibition of the channel activity 
compared to 20 µM (Fig. 6 D, Left). This trend was not changed 
by the mutation Q557A (Fig. 6 D, Right), suggesting SF-71 may 
not bind to the same TOP/outer pore site as ML-SA1. We assume 
that its inhibitory effect is solely from the binding to the 
S5-PH1-S6 site as described above.

Based on our cryo-EM structures and the mutagenesis results, 
we generated a working model of the dual regulation of PC2_
F604P by ML-SA1 (Fig. 7). At lower concentrations (<20 µM), 
ML-SA1 binds to the S5-PH1-S6 site and further activates the 
PC2_F604P channel. The channel gains weak permeability of 
Ca2+ after ML-SA1 activation (Fig. 7 A and B). At higher concen-
trations (>20 µM), ML-SA1 further binds to the TOP/outer pore 
site and causes inactivation of the PC2_F604P channel. The con-
formational changes in the inactivation may include the closing 
of the lower pore (Fig. 7C).

We have also tested some of these small molecules on the heter-
omeric PC1/PC2 channel. Similar to that on the WT PC2 and 
PC2_AA, 20 µM ML-SA1, SF-51, SF-33, and SF-71 showed no 
obvious effect on a truncated PC1/PC2 and the GOF PC1/PC2_AA 
mutant channels (SI Appendix, Fig. S12 A and B) (9). Interestingly, 
in contrast to that on PC2_F604P, we did not observe significant 
effects of these molecules on the GOF PC1/PC2_F604P channel 
(SI Appendix, Fig. S12C). The structure of PC2 subunits is highly 
conserved in the homomeric and heteromeric channels (10, 21). If 
these molecules still bind to PC2 subunits in PC1/PC2_F604P, our 
results suggest that the two types of channels may have distinct gating 
mechanisms.
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Discussion

In this study, we found two TRPML agonists, ML-SA1 and SF-51, 
further activate the GOF PC2_F604P channel (SI Appendix, 
Table S2). Combining the results from different approaches, we 
conclude that ML-SA1 has two binding sites in PC2_F604P that 
have different binding affinities. The first one that aligns to the S5-
PH1-S6 binding site of ML-SA1 in TRPML channels has higher 
affinity and ML-SA1-binding here further activates PC2_F604P 
(Fig. 2). Most of the residues involved in forming this binding site 
are conserved among TRPP proteins and between the TRPP and 
TRPML families (Fig. 2). Although this ML-SA1 molecule binding 
was not resolved in our structures, the mutagenesis and the molecular 
docking results, strongly suggest that the binding of ML-SA1 here, 
and the involvement of this binding in ML-SA1-induced activation 
of PC2_F604P (Fig. 2). Our data also suggest that the binding site 
is shared by some inhibitors of PC2_F604P identified in this study 
(Fig. 3). Shared binding sites between agonists and antagonists are 
seen in other TRP channels. For example, in TRPV channels, the 
vanilloid agonist-binding site was found to also bind inhibitors such 
as capsazepine in TRPV1 and cis22a in TRPV6 (33).

We further showed that the second binding site of ML-SA1 in 
PC2_F604P is formed by the TOP domain, the S4, and the outer 
pore region of a neighboring subunit. This site has a lower affinity 
and is only occupied when ML-SA1 concentration is higher than 
>20 µM (Fig. 4E). Binding of ML-SA1 at this site leads to the inac-
tivation of the channel (Figs. 4–6), which is supported by the 
cryo-EM structure (Fig. 5) and the mutagenesis results (Fig. 6). Since 
the outer pore region is involved in defining the conformations of 
the pore and the selectivity filter, it is reasonable that ML-SA1 bind-
ing here directly regulates channel function. Among the residues that 
are involved in this binding, Q557 and R654 are conserved in PC2 
and PC2L1, while W380, Q456, N560, N653, and V655 are con-
served in all three TRPP members (PC2, PC2L1, and PC2L2). 
Considering the structures of PC2 and PC2L1 also share high sim-
ilarity (19–21, 31, 32), it is possible that ML-SA1 also binds to 
similar sites in the other two TRPP proteins. On the other hand, 
these residues and the local structure of the TOP/outer pore binding 
site are not conserved in TRPML channels. Thus, we hypothesize 
that ML-SA1 does not bind to TRPML channels at this site. 
Consistently, there is no report about inactivating TRPML channels 
by ML-SA1.

Thus, significantly, we found that ML-SA1 binds at two sites in 
PC2_F604P, and each binding leads to distinct effects on 

PC2_F604P function. This dual regulation is also given by SF-51, 
another agonist found in this study (Fig. 4). Previously, Ca2+ has 
been found to have dual effects on PC2 channel function. Applying 
Ca2+ less than micromolar concentrations on the cytoplasmic side 
increased the channel activity, but a higher concentration of Ca2+ 
led to inhibition instead (12, 52, 53). These concentration-dependent 
effects suggest that they are carried out by Ca2+ binding to more than 
one site with different binding affinities. Dual regulations from the 
same factor have also been observed in other membrane proteins. 
For example, Zn2+ was found to both inhibit and activate the Otop1 
and Otop3 proton channels, and the two effects were done by Zn2+ 
binding at distinct sites (54).

In the structure of PC2_F604P_lipid, we observed a lipid molecule 
binds at almost the same binding site as ML-SA1 (Fig. 5 A and B).  
Interestingly, this site is close to but distinct from a phosphatidic acid 
(PA) binding site in a previously reported cryo-EM structure of the 
WT PC2 (19). Our results suggest that when a high concentration 
(>20 µM) of ML-SA1 is present, ML-SA1 will compete off the lipid 
binding to inactivate the channel. A similar situation was observed 
in the vanilloid-binding site in TRPV channels (33). In the absence 
of an agonist, this site is occupied by lipid molecules [phosphatidy-
linositol (PI) in the case of TRPV1]. Since the other agonists have 
to compete off the lipid from this site to activate particular TRPV 
channels, these lipid molecules can also be considered endogenous 
inhibitors of the channels (33). It will be interesting to investigate 
whether lipid binding at the TOP/outer pore site modulates PC2 
channel function.

Although we did not observe the effect on the WT PC2 channel 
in our initial screen with all tested small molecules (SI Appendix, 
Table S2 and Fig. S3), we could not rule out the possibility that 
ML-SA1 or other molecules bind to WT PC2, but the effect is not 
strong enough to open the channel. Meanwhile, if the effect is inhib-
itory, we will also not be able to record the change since WT PC2 
was in a closed state in our test. Based on the high conservation of 
both the sequence and structure of the S5-PH1-S6 binding site, it 
is reasonable to suspect that some of these molecules may be able to 
bind there in WT PC2. The structure of the TOP/outer pore site is 
also similar between the WT and the F604P mutant of PC2. Thus, 
ML-SA1 may also bind to the closed or naturally gated PC2 at this 
site to regulate its channel function. More work is needed to inves-
tigate how some of these ligands may bind and regulate the WT PC2 
channel. It is worth noting that here we did our test on PC2 expressed 
in Xenopus oocytes. If possible, it will be valuable to test these 
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molecules with mammalian cell–expressed PC2, although we had 
challenges in this approach since overexpressed PC2 tends to stay in 
the ER membrane in these cells (55).

The fact that these ligands further activate the opened GOF chan-
nel suggests a possibility that naturally gated PC2 channel can also 
be further activated by these ligands. Meanwhile, it indicates that 
either the F604P mutation only leads to partial opening of the gate, 
which can be further opened by ligand-binding, or that the PC2 
channel can have different open states responding to different stim-
uli. TRP channels are well known to be regulated by multiple stim-
uli or ligands, and their activations are polymodal (56). A good 
example is the founding member of the TRPV channel subfamily, 
TRPV1. As a thermo-TRP channel, TRPV1 can be activated by 
hot temperature (14). At the same time, the channel can also be 
activated by multiple agonists, such as capsaicin, resiniferatoxin 
(RTX), and double-knot toxin (DkTx), etc. (33). These agonists 
can bind to varied sites in the TRPV1 structure and lead to different 
open states of the channel, and the ligand-induced gating is also 
distinct from the temperature-induced gating (33, 57, 58). Thus, 
it is not surprising if PC2 also has distinct open states responding 
to different stimuli and some stimuli have superimposed effect on 
channel gating.

The dual regulatory effects of small-molecular ligands of PC2 
observed in this study showcase the complexity of interactions 
between ligands and ion channels. Our study also shows that TRPP 
and TRPML channels have shared small-molecule ligands due to 
their sequence and structural similarity. Thus, caution needs to be 
taken when applying these molecules to study the in vivo functions 
of these channels and to treat related diseases. At the same time, the 
identification of ML-SA1 and SF-51 as ligands of PC2_F604P pro-
vides a chemical scaffold for generating molecules that can more 
efficiently regulate the PC2 channel.

Material and Methods

cDNA Constructs. Human PKD2 cDNAs (NCBI accession no. U50928) were used 
for functional study, and a truncated human construct, encoding PC2 amino acids 
from Pro185 to Lys719, was used for structure determination.

Electrophysiology. RNAs were synthesized in vitro and injected into X. laevis 
oocytes (30 ng RNA/oocyte). The two-electrode voltage clamp (TEVC) method was 
used to record whole-oocyte currents.

In Silico Docking. AutoDock 4.2 (59) was used to dock ML-SA1 into the potential 
binding sites of PC2_F604P.

Cryo-EM Sample Preparation, Data Collection and Processing, and 
Model Building. PC2_F604P were expressed in HEK293expi cells and 
purified with affinity pull-down and size-exclusion chromatography. A Titan 
Krios electron microscope (Thermo Fisher) was used for EM data collection. 
EM particles were picked, and 2D classification, 3D global classification, and 
3D auto-refinement using C4 symmetry were performed. The coordinates of 
the human PC2 structure (PDB code: 6D1W) were used as the initial model.

Other Materials and Methods. Details for the methods described above are 
provided in SI Appendix, Supporting Text.

Data, Materials, and Software Availability. The atomic coordinates and EM 
maps for the PC2_F604P_Lipid and PC2_F604P_ML-SA1 have been deposited 
to PDB with the accession codes 8K3S (60) and 8HK7 (61), and EMDB with the 
codes EMD-36858 (62) and EMD-34848 (63), respectively.
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