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The plasmamembrane inner leaflet PI(4,5)P2
is essential for the activation of proton-
activated chloride channels

Woori Ko 1, Euna Lee 1,2, Jung-Eun Kim1, Hyun-Ho Lim 1,2 &
Byung-Chang Suh 1

Proton-activated chloride (PAC) channels, ubiquitously expressed in tissues,
regulate intracellular Cl- levels and cell death following acidosis. However,
molecular mechanisms and signaling pathways involved in PAC channel
modulation are largely unknown. Herein, we determine that phosphatidyli-
nositol 4,5-bisphosphate [PI(4,5)P2] of the plasma membrane inner leaflet is
essential for the proton activation of PAC channels. PI(4,5)P2 depletion by
activating phosphatidylinositol 5-phosphatases or Gq protein-coupled mus-
carinic receptors substantially inhibits human PAC currents. In excised inside-
out patches, PI(4,5)P2 application to the cytoplasmic side increases the cur-
rents. Structural simulation reveals that the putative PI(4,5)P2-binding site is
localized within the cytosol in resting state but shifts to the cell membrane’s
inner surface in an activated state and interacts with inner leaflet PI(4,5)P2.
Alanine neutralization of basic residues near the membrane-cytosol interface
of the transmembrane helice 2 significantly attenuates PAC currents. Overall,
our study uncovers a modulatory mechanism of PAC channel through inner
membrane PI(4,5)P2.

An acid-sensitive outwardly rectifying (ASOR) Cl− current was initially
identified in rat Sertoli cells1, then characterized in HEK293 cells2,3 with
permeability to anions in the following order: SCN− > I− > NO3− > Br− >
Cl−. Through RNA interference screens, the molecular identity of this
channel was recently unveiled as the transmembrane protein 206
(TMEM206or PACC1) encoding a proton-activatedCl- (PAC) channel2,3.
Human PAC (hPAC) channels are variable due to alternative splicing of
a single gene, where two main splice variants (hPAC isoform 1 or
hPAC1, AK297200.1; hPAC isoform 2 or hPAC2, AK024066.1) exhibited
a difference in the N-terminal sequence, with 61 more amino acids in
hPAC14. PAC1 splicing variant is less common, while PAC2 is prevalent
in most tissues and cell types and contributes to many physiological
responses, including endosome acidification, macropinosome shrink-
age, and brain damage after ischemia5–7.

PAC channels are formed by the homotrimeric association of a
subunit comprising two transmembrane (TM) helices (TM1 and TM2)

and a large ball-shaped extracellular domain (ECD)8,9. Due to extra-
cellular acidification, clusters of extracellular acidic residues coalesce
in the ECD and rearrange TMD helices to open the channel10. Notably,
the PAC channel activation threshold is about pH 5.5 at room
temperature2. Cryo-EM structural analysis has revealed distinct PAC
channel states; conformation obtained at pH 8.0 displayed a closed
state, whereas a protonated non-conducting conformation obtained at
pH4.0 indicated a desensitized state8. The open channel conformation
of PAC was recently manifested with detergent and lipid nanodisc
reconstitution samples at pH 4.510. The channel pore was wider than
3 Å, allowing hydrated Cl- to pass through10.

The acid-activated PAC channel can be regulated by intracellular
mediators, such as tyrosine kinase, phosphoinositide 3-kinase (PI3K),
and dynamin, but not intracellular Ca2+ 11. A recent study determined
that the membrane phospholipid phosphatidylinositol 4,5-bispho-
sphate [PI(4,5)P2] binds to the extracellular side of the PAC channel’s
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TMDs and prevents the channel from opening12. Furthermore, apply-
ing water-soluble dioctanoyl (diC8)-PI(4,5)P2 to a bath solution simi-
larly inhibited PAC channel activity. Therefore, extracellular PI(4,5)P2
may stabilize desensitized PAC channel states under acidic
conditions12. Despite these findings, it is necessary to reconsider PAC
channel regulation by intracellular PI(4,5)P2 since PI(4,5)P2 is primarily
distributed through the plasma membrane’s inner leaflet13,14. Further-
more, it electrostatically binds to a binding pocket comprising posi-
tively charged residues and proximal hydrophobic residues near the
membrane–cytoplasm interface15–17.

PI(4,5)P2 in the inner leaflet is a prominent target substrate of
phospholipase Cβ (PLCβ), an effector activated by Gq-type G protein-
coupled receptors (Gq-GPCRs)

18. Thus, GPCR-mediated PI(4,5)P2
hydrolysis canmodulate the function ofmany ion channels coupled to
PI(4,5)P2

19,20. In the present study, by manipulating membrane phos-
phoinositide (PI) levels in intact living cells, we found that inner leaflet
PI(4,5)P2, but not other PIs, is required for the proton activation of
hPAC channels. Application of diC8-PI(4,5)P2 to the cytosolic side of
the plasma membrane led to the increase in hPAC current. Mutagen-
esis and structural remodeling revealed that PI(4,5)P2 binds to posi-
tively charged residues in TM2’s plasma membrane–cytoplasm
interface in activated and desensitized channel conformations. We
also confirmed that activating muscarinic receptors suppresses PAC
channel activity by eliciting PI(4,5)P2 hydrolysis through PLCβ in exo-
genous and endogenous expression systems. Our results demonstrate
that the activation-dependent PI(4,5)P2 coupling is essential for the
pathophysiological function and GPCR modulation of PAC channel.

Results
Plasma membrane PI(4,5)P2 regulates human PAC1 and PAC2
channel gating
To investigate the regulatory effects of plasmamembrane PI(4,5)P2 on
PAC channel activity, the amino acid sequences of two splice variants
of human PAC, hPAC1 and hPAC2, and one mouse PAC (mPAC) chan-
nels were compared (Supplementary Fig. 1). hPAC1 and hPAC2 exhib-
ited a difference in the N-terminal sequence, with 61more amino acids
in hPAC1. We verified that PAC cDNA extracted from the human
embryonic kidney 293 cell linewith a plasmid encoding a temperature-
sensitive mutant of the SV40 large T antigen (HEK293T) is the shorter
hPAC2 isoform. Thus, we produced an hPAC1 channel by inserting 61
amino acids into the N-terminus of hPAC2 cDNA through inverse PCR
cloning.We alsomade five PAC knockout (KO) HEK293T cell lines, KO1
to KO5, via CRISPR/Cas9 (Supplementary Fig. 2a) and confirmed sig-
nificantly reduced endogenous currents in all KO cell lines at pH 4.6.
Among them, KO3 produced almost negligible PAC channel activity
(Fig. 1a and Supplementary Fig. 2b).

First, to examine PAC channel cellular distribution, KO3 cells were
co-transfected with each hPAC channel labeled with a green fluor-
escent protein (GFP), hPAC1-GFP, or hPAC2-GFP, and the plasma
membrane marker Lyn11-mCherry (Lyn-mCh). We confirmed that the
hPAC1 was predominantly colocalized with Lyn-mCh at the plasma
membrane (as evidenced by overlapped GFP and mCh line scanning
results). In contrast, hPAC2 was primarily distributed in cytosolic
organelles and the plasma membrane (Fig. 1b and Supplementary
Fig. 3b, c). To further clarify the cytosolic hPAC2 localization, we
visualized colocalizationwith the early endosomemarkerRab5 and the
lysosomalmarker LAMP1. The hPAC2wasmainly colocalizedwith Rab5
but not LAMP1 (Supplementary Fig. 3d, e). The hPAC2 N-terminus has
the endosomal targeting motif YXXφ, composed of 10YQEL13 sequen-
ces, where tyrosine (Y) or leucine (L) substitution by alanine (A) causes
a relocalization from the vesicle to the cell surface8. Similarly, since the
extra 61 hPAC1 aminoacidswere inserted into the endosomal targeting
sequence, hPAC1 was prominently expressed at the cell surface (Sup-
plementary Fig. 3a). hPAC1 and hPAC2 current densities increased
under lower extracellular pH. Under pH 5.3, hPAC1 displayed a greater

channel activity than hPAC2, coinciding with Y10A or L13A hPAC2
mutant results in a previous study (Fig. 1c)8.

We examined whether the plasma membrane phospholipid
PI(4,5)P2 regulated hPAC1 and hPAC2 using the zebrafish voltage-
sensing phosphatase (Dr-VSP). This phosphatase dephosphorylates
the 5ʹ-phosphate of PI(4,5)P2 at the plasma membrane’s inner leaflet
when stimulatedby adepolarizing voltage (Fig. 1d, left)21,22. To examine
the regulatory effect of the inner leaflet PI(4,5)P2 on PAC activity, a 10-s
depolarizing step protocol was applied at +100mV to elicit PAC Cl-

currents and deplete PI(4,5)P2. Using the Förster resonance energy
transfer (FRET) approach, we examined the time course of Dr-VSP-
mediated PI(4,5)P2 depletion by applying a + 100mV/10 s depolarizing
pulse in cells co-transfected with ECFP- and EYFP-tagged PH domains
derived from PLCδ1 (PHPLCδ1-CFP and PHPLCδ1-YFP). Control cells
did not exhibit a ΔFRETr signal change during the depolarizing
pulse. However, the ΔFRETr fell with a 0.25 ± 0.03 s time constant (τ)
in Dr-VSP-expressing cells and remained at lower levels during
the depolarizing pulse. This observation suggests that Dr-VSP
activation reduced PI(4,5)P2 concentration at the plasma membrane
(Fig. 1d, right).

With the 10-s depolarizing step protocol, we tested whether
endogenous PAC channel activity was sensitive tomembrane PI(4,5)P2
in wild-type (WT) HEK293T cells. Perfusion of the pH 5.5 solution
evoked endogenous PAC currents larger than that in the neutral
environment of control cells (Supplementary Fig. 4). However, Dr-VSP
co-expression almost blocked channel activity at pH 5.5 entirely, sug-
gesting that PI(4,5)P2 depletion by Dr-VSP inhibits the PAC channel.
This feature was further examined using PIP5-kinase type-1γ (PIPKIγ),
which elevates PI(4,5)P2 levels by phosphorylating phosphatidylinosi-
tol 4-phosphate [PI(4)P]. Comparatively, PIPKIγ co-expression slightly
increased current density. The current was significantly decreased
during Dr-VSP activation, likely due to the inner leaflet’s rapid PI(4,5)P2
resynthesis. We further evaluated the PI(4,5)P2 sensitivity of PAC
channels in KO3 cells transfected with hPAC1 or hPAC2. Heterologous
hPAC1 andhPAC2 indicated robust currents in control cellswithoutDr-
VSP at pH 5.5 (Fig. 1e). However, Dr-VSP co-expression inhibited the
elevation of hPAC1 and hPAC2 currents. The initial weak peak current
may occur due to the slow PI(4,5)P2 depletion by Dr-VSP during the
depolarizing pulse (Fig. 1d). hPAC1 and hPAC2 current densities at
+100mV were remarkably reduced in cells co-expressing Dr-VSP
(Fig. 1f). The Dr-VSP-induced current inhibition of hPAC1 and hPAC2
was also apparent in the pH 5.0 or 4.6 extracellular solution (Fig. 1g).

Next, we tested whether PI(4,5)P2 resynthesis after depletion is
needed to recover PAC currents from Dr-VSP-induced suppression.
Current recovery was monitored by applying +50mV/0.5 s test pulses
with successively longer delays after Dr-VSP activation starting at 0.5 s,
as indicated above the traces23. In the presence of intracellular ATP
(3mM), the hPAC1 current reduced by the depolarizing pulse was
restored to initial levels at a recovery time constant τ of 3.7 s (Fig. 1h, i).
Since PI(4,5)P2 synthesis from PI(4)P requires intracellular ATP, we
attenuated PI 5-kinase activity bydialyzing anATP-free pipette solution
into the cell for 10min. Without ATP in the pipette solution, the
maximumcurrent inhibition fromdepolarizationwas not affected, but
PAC current recovery was slowed (Fig. 1h, i). These findings together
support that PI(4,5)P2 is needed for normal PAC channel activity.

Phosphoinositide regulation of PAC channel responds specifi-
cally to PI(4,5)P2

To further assess whether PAC channel activity is regulated by the
plasma membrane’s PI(4,5)P2, we applied the rapamycin-inducible
translocation of phosphoinositide phosphatases from cytosol to the
plasma membrane’s inner surface. As shown in Fig. 2a, we employed
the enzymatic fusion proteins of mRFP-FKBP (RF) to manipulate ino-
sitol lipids of the plasma membrane as follows: (1) Sac1, PI(4)P 4’-
phosphatase; (2) inositol polyphosphate-5-phosphatase E (INPP5E); (3)
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pseudojanin (PJ), which possesses both INPP5E and Sac1. Using con-
focal microscopy, we validated whether lipid phosphatases can ade-
quately function at the intracellular side by co-expressing PHOsh1-GFP
and PHPLCδ1-GFP as PI(4)P and PI(4,5)P2 biomarkers, respectively
(Supplementary Fig. 5).

Rapamycin treatment recruited all the translocatable enzymes
from the cytosol to the plasma membrane. This system operates via

rapamycin-bound FKBP (FK506 binding protein), forming a complex
with FRB (the rapamycin-binding domain of mTOR)24. This complex is
anchored to themembrane throughmyristoylation andpalmitoylation
sites of Lyn kinase’s 11 N-terminal amino acid residues (Lyn11). No
PHOsh1 or PHPLCδ1 translocation change was observed in the over-
expression of RF-Dead without Sac1 and INPP5E enzyme activity
(Supplementary Fig. 5). Recruiting RF-Sac1 or RF-INPP5E increased
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PHOsh1 and PHPLCδ1 fluorescence intensity in the cytosol, depho-
sphorylating 4’-phosphate from PI(4)P and 5’-phosphate from PI(4,5)
P2, respectively. We also verified that recreating RF-PJ on the plasma
membrane released PHOsh1 or PHPLCδ1 into the cytosol.

We applied these rapamycin-inducible translocation systems to
pH 5.5-induced hPAC1 currents to verify phosphoinositide regulation.
Supplementing 100 nM rapamycin did not affect hPAC1 activity in cells
expressing RF-Dead or RF-Sac1 (Fig. 2b, c). However, recruiting RF-
INPP5E or RF-PJ significantly inhibited hPAC1 current density. As a
result of observing the real-time changes of hPAC1 currents in a single
cell expressing each enzyme, adding rapamycin inhibited pH 5.5-
evoked hPAC1 currents in cells expressing RF-INPP5E or RF-PJ by
72 ± 4% and 82 ± 5%, respectively (Fig. 2d, f). This observation proposes
that only PI(4,5)P2, but not PI or PI(4)P, is required to activate hPAC1
channels. Furthermore, these results also show that rapamycin-
induced current inhibition of hPAC1 was independent of voltages
between +40 and +80mV (Fig. 2e).

To examine the effects of PI(3,4,5)P3 on PAC channels, we applied
the chimeric enzyme Ci-VSTPEN15, where the Ci-VSP catalytic domain
was replaced with full-length PTEN (a phosphatase and tensin homo-
log). PTENdephosphorylates 3’-phosphate of PI(3,4,5)P3.Wemeasured
Ci-VSPTEN activity using the FRET approach in cells co-transfected
with PH domains derived from Bruton’s tyrosine kinase tagged with
ECFP or EYFP (PHBtk-CFP and PHBtk-YFP) (Supplementary Fig. 6a).
During the +100mV/10 s depolarizing pulse, PI(3,4,5)P3 depho-
sphorylation was proven in cells expressing Ci-VSPTEN, but not in the
control group (Supplementary Fig. 6b).With the 10-s depolarizing step
protocol, we tested whether the hPAC1 channel is sensitive to mem-
brane PI(3,4,5)P3 depletion. However, no difference in pH 5.5-induced
activation of the hPAC1 channel was observed between control and co-
expressingCi-VSTPEN cells (Supplementary Fig. 6c, d). Collectively, we
concluded that among the inner leaflet PIs, only PI(4,5)P2 can activate
the hPAC1 channel.

Intracellular application of PI(4,5)P2 potentiates PAC channels
in excised inside-out membrane patches
To determine whether PI(4,5)P2 alone is sufficient to potentiate PAC
channels on the inner side of membranes, we examined the activities
of hPAC1 and hPAC2 channels in excised inside-out membrane pat-
ches. Both hPAC1 and hPAC2 channels were activated by depolarizing
voltage stimulations of more than 50mV in acidic extracellular pH.
Representative current traces evoked by different voltage stimulations
from a single excised membrane patch of either hPAC1 or hPAC2
channel are shown inFig. 3a.However, wewereunable todetect single-
channel activity from the excised inside-out patches of untransfected
PAC channel knockout cells (Supplementary Fig. 7a). The single
channel openings of both hPAC1 and hPAC2 channels were highly
voltage-dependent, as observed in the macroscopic current traces.
Larger depolarization-induced significant increases in the channel

open probability (NPO) (Fig. 3b). Like as the whole-cell patch clamp
recording of a putative PI(4,5)P2-binding site mutant hPAC1 (R396A),
we could not measure voltage-dependent currents of R396A mutant
hPAC1 from the excised inside-out patches (three independent pat-
ches, Supplementary Fig. 7b). These results suggest that the outwardly
rectifying I-V relationships of macroscopic hPAC1 and hPAC2 currents
are due to the voltage-dependent gating of channels rather than pore
blockade, as cytosolic cellular components were removed in the
excised inside-out patch-clamp experiments. Gaussian fitting of
channel gating levels (closing and openings) allowed us to assign a
unitary channel current at specific membrane voltages. The estimated
unitary slope conductance of the hPAC1 and hPAC2 channels were
approximately 46.06 pS (n = 5) and 30.23 pS (n = 4), respectively
(Fig. 3c). Previously, the chord conductance of a single endogenous
PAC channel (PAC2) in HEK293 cells was reported to be 10 pS at
+43mV, 13 pS at +86mV, and 20 pS at +126 mV25. The extrapolated
value of slope conductance from the previous report was approxi-
mately 25 pS, which aligned well with our measurements. To confirm
that the recorded single-channel activities were fromacid-activatedCl−

current rather than cationic current, we measured the single-channel
activities in either a normal intracellular solution (CsCl andMgCl2) or a
cation-replaced solution (NMDG-Cl). The single-channel current
amplitudes of both hPAC1 and hPAC2 channels did not significantly
differ between the solutions, but the open probabilities decreased
under the NMDG-replaced condition, similar to the previous report on
the endogenous PAC channel (Supplementary Fig. 8)25.

We then examined the effect of intracellular PI(4,5)P2 on the
hPAC1 channel by applying diC8-PI(4,5)P2 to the internal side of
excised inside-out membrane patches (Fig. 3d, e). After forming an
inside-out patch, only a few hPAC1 channel openings were observed at
the single-channel level, but the application of 10μM diC8-PI(4,5)P2
significantly increased ionic currents to amacroscopic current level of
~30 pA. The treatment of a PAC channel inhibitor, 4,4’-diisothiocyano-
2,2’-stilbenedisulfonic acid (DIDS)25, abolished PAC current potentia-
tion even in the presence of 10μM diC8-PI(4,5)P2 (Fig. 3d). The initial
low-level activity of the hPAC1 channel might be due to the rapid
rundown of the hPAC1 channel caused by dissociation or degradation
of PI(4,5)P2 in the isolated membrane patch.

Identification of residues affecting PI(4,5)P2 sensitivity in the
intracellular side of PAC channels
Structural analysis has revealed that fundamental residues like lysine
and arginine around the membrane-cytosol interface usually interact
with PI(4,5)P2 in functionally active ion channels16,17,26. Thus, we con-
ducted alanine-scanning mutagenesis of positively charged residues,
including K120 and K124 in the N-terminus and K390, K394, R396,
K397, R398, K401, R402, and R403 located in the TM2 cytoplasmic
interface of hAPC1 (Fig. 4a). All hPAC1 mutant channels, including the
WT hPAC1, were co-localized with Lyn-mCh at the plasma membrane,

Fig. 1 | PI(4,5)P2 depletion inhibits human PAC channels. a Voltage-dependent
currents of hPAC channels in extracellular pH 7.4 or 4.6 solutions in wild-type (WT)
HEK293T cells expressing PAC channels endogenously and PAC CRISPR knockout
KO3 cells. b (left) Representative confocal images of KO3 cells expressing hPAC1-
GFP (top) or hPAC2-GFP (bottom) with the plasmamembranemarker Lyn-mCherry
(Lyn-mCh). The yellow arrow indicates the location and line scanning direction in
merged images. Scale bar: 10μm. (right) Line-scan analyzes of Lyn-mCh and hPAC1-
GFP (top) or hPAC2-GFP (bottom). *, peak cytosolic fluorescence intensity. Each
experiment was repeated 3 times independently with similar results. c Current
density–voltage relationship for hPACs at various pH conditions. n = 5 for pH 7.4,
6.3, 5.3, 5.0; n = 10 for pH 5.5; n = 7 for pH 4.6 in hPAC1; n = 2 for pH 7.4; n = 5 for pH
6.3, 5.5; n = 3 for pH 5.3, 5.0;n = 4 for pH4.6 in hPAC2. Data aremean ± SEM. d (left)
Scheme for PI(4,5)P2 depletion by Dr-VSP. (right) ΔFRETr changes in control (top)
or cells transfected with Dr-VSP (bottom) during +100-mV/10-s depolarization
pulse. Cells were transfected with the PI(4,5)P2 FRET probes, PHPLCδ1-CFP and

PHPLCδ1-YFP. e pH 5.5-induced PAC current traces during test pulse in KO3 cells
(top) and transfectedwith hPAC1 (middle) or hPAC2 (bottom), without (control) or
with Dr-VSP. f Current density measured by analyzing the steady-state current at
the end of each +100-mV depolarization step in (e). KO3: n = 8; n = 8. hPAC1: n = 6;
n = 7. hPAC2: n = 9; n = 6 for −Dr-VSP and +Dr-VSP, respectively. Dots indicate the
individual data points for each cell. Data are mean± SEM. g Average percent inhi-
bition of current densities by PI(4,5)P2 depletion in different pH solutions. h hPAC1
current recovery from Dr-VSP-induced inhibition in cells intracellularly perfused
with (top) or without (bottom) ATP. PAC currents were measured at the indicated
times after a + 120-mV/10-s depolarization pulse. Dotted lines indicate zero, and
dashed lines indicate PAC current amplitude (control) before the depolarizing step.
iAverage current recoverywith (open) or without (filled) of intracellular ATP (n = 6,
+ATP; n = 4, -ATP). Data are mean ± SEM. Source data are provided as Source
Data file.

Article https://doi.org/10.1038/s41467-024-51400-y

Nature Communications |         (2024) 15:7008 4



as indicated by yellow in the merged images (Fig. 4b). Quantifying the
co-localization of PAC channels with Lyn-mCh showed non-significant
difference in Pearson’s coefficient between WT and mutant channels
(Fig. 4d)27. Of the ten single amino acid mutant forms, the pH 5.5-
induced current amplitude at +100mV was dramatically reduced in
K394A, R396A, andK397A compared toWTwithoutDr-VSP expression
(control) (Fig. 4c, e). Similarly, we could not measure any significant

voltage-dependent currents of R396A mutant PAC1 from the excised
inside-out patches (Supplementary Fig. 7b). Triple mutation of three
effective basic residues (K394A/R396A/K397A) did not affect the
channel’s plasmamembrane distributionbut predominantly abolished
the hPAC1 currents in acidic pH ranges down to 5.0 (Fig. 4f, g).WithDr-
VSP, there was minor suppression of currents in the triple mutant
form; however, the additional suppression of whole-cell current by Dr-
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VSP was even found in PAC-KO cells (see Fig. 1f). We also conducted
alanine substitution mutations of the positively charged residues K59,
K63, K329, K333, R335, K336, R337, K340, R341, and R342 in the hPAC2
channel, corresponding to hPAC1 residues (Supplementary Fig. 9a),
and identified cellular distribution and channel activity. Mutant hPAC2
construct distribution was consistent with the WT hPAC2 expression
pattern (Supplementary Fig. 9b). Similar to hPAC1, K333, R335, and
K336 alanine mutations of hPAC2 substantially impaired channel
activity (Supplementary Fig. 8c, d). Moreover, triple mutation (K333A/
R335A/K336A) of hPAC2 channel retrained the current generation and
Dr-VSP suppression without affecting the cellular distribution. These
results suggest that those three basic amino acids in the TM2domain’s
distal end are important for regulating the PI(4,5)P2 regulation in both
hPAC1 and hPAC2 channels.

Verification of PI(4,5)P2-PAC interaction from structural
modeling
The PAC channel’s cryo-EM structure can be divided into resting,
activated, and desensitized states10. Since this structure has been
identified in the PAC2 channel, we investigated K333, R335, and K336
residue positions in the hPAC2 channel. Through the simulation using
I-TASSER and the cryo-EM structure, we obtained the resting state
conformation of the hPAC2 channel. The Ramachandran plot of the
simulation was strikingly similar to that of hPAC2’s cryo-EM structure
(Supplementary Fig. 10a). The model revealed that the three funda-
mental residues (K333, R335, and K336) and their side chainswereonly
located in the cytosolic region (Supplementary Fig. 10b). However, we
determined that the three basic residues were translocated and resi-
ded at the membrane–cytosolic interface in both activated and
desensitized conformations (Fig. 5a).

During the structural rearrangement from the resting to the
activated state, the TM2 domain is raised in the extracellular direction
by 10Å10. This conformational change in the activated form translo-
cates K333, R335, and K336A to the plasmamembrane’s inner surface.
With this structural feature, we assessed the PI(4,5)P2 coupling of K333,
R335, and K336 residues in activated and desensitized hPAC2 channels
via molecular docking simulation. Using the PI(4,5)P2 molecule
extracted from the G protein-gated inwardly rectifying potassium
(GIRK) K+ channel28, we identified three salt bridges between the
docked PI(4,5)P2 molecule and the putative PI(4,5)P2 binding sites in
activated form: 1) R335 side chains interact with 5’-phosphate of PI(4,5)
P2 through two salt bridges, and 2) 4’-phosphate of PI(4,5)P2 coordi-
nates the K336 residue through another salt bridge (Fig. 5b top). For
PI(4)P, the charge–charge interaction between 5’-phosphate and R335
disappeared, whereas the interaction between 4’-phosphate and K336
remained (Fig. 5b bottom).

Although PI(4,5)P2 sensitivity was not confirmed in the desensi-
tized PAC channel, we simulatedmolecular docking to examine PI(4,5)
P2 binding to the three positively charged residues in a desensitized
state. The docked PI(4,5)P2 has two salt bridges with the R335 side-
chain in a desensitized conformation (Fig. 5c). In the hPAC2 resting

conformation atnatural pH, even thebasic residueswere located in the
cytosol away from the plasma membrane. Our docking simulation
indicated that PI(4,5)P2 does not interact with the K333, R335, or K336
side-chain (Supplementary Fig. 10c). Together, these results suggest
that the hPAC2 channel in the resting state does not interact with
PI(4,5)P2, but can couple with the cytoplasmic leaflet PI(4,5)P2 when
the TM2 domain is outwardly shifted after activation (Fig. 5d). The
PI(4,5)P2 coupling of the TM2 domain remains stable during the
desensitized state.

The PAC channel is modulated by Gq-coupled muscarinic
receptors
The plasma membrane PI(4,5)P2 level is dynamically regulated by sig-
naling pathways, and Gq-GPCR activation reduces PI(4,5)P2 by hydro-
lyzing it intoDAGand IP3 via PLCβ. First, we assessedwhetherGq-GPCR
can function in a pH 5.5 acidic environment bymonitoring PHPLCδ1-GFP
translocation, a PI(4,5)P2 probe in KO3 cells co-transfected with theM1

muscarinic receptor (M1R). As shown in Fig. 6a, M1R stimulation with
oxotremorine-M (Oxo-M) translocated PHPLCδ1-GFP from the plasma
membrane to the cytosol at pH 7.4 and 5.5. However, PHPLCδ1-GFP’s
elevated cytosolic intensity at pH 5.5 was slightly lower than at pH 7.4
(Fig. 6b), likely due to the low agonist binding affinity to muscarinic
receptors in acidic pH conditions29,30. To test whether receptor acti-
vation canmodulate PAC channel activity, KO3 cells expressing hPAC1
or hPAC2 with M1R were stimulated with Oxo-M, which considerably
and reversibly reduced pH 5.5-induced hPAC1 and hPAC2 currents
(Fig. 6c). Themaximum inhibitions byM1R activationwere84 ± 4% and
87 ± 3 % with the time constants τ = 6 ± 2 s and τ = 5 ± 1 s for hPAC1 and
hPAC2, respectively (Fig. 6d, e).

PAC channels are ubiquitously expressed in all tissues and cell
types11,31–33. According to the Human Protein Atlas (https://www.
proteinatlas.org/), RNA expression of the PAC channel is the highest
in the SH-SY5Y cell line, a human neuroblastoma (Supplementary
Fig. 11). We compared hPAC1 and hPAC2 gene expressions in HEK293T
and SH-SY5Y through RT-PCR analysis using sequence-specific
designed primers (Supplementary Table 1). Both cell types expressed
hPAC2 (but not hPAC1) with a relatively higher density in SH-SY5Y cells
(Fig. 6f). We then examined innate PAC2 channel regulation by the
endogenous M3 muscarinic receptor (M3R) in SH-SY5Y cells34. There
were potent Cl- currents in the acidic extracellular solution with out-
ward rectification at positive membrane potentials (Fig. 6g, h). Oxo-M
treatment at pH 5.5 and pH 5.0 diminished endogenous PAC currents
by 79 ± 1% and 68 ± 2%, respectively (Fig. 6i, j). These results demon-
strate that PAC channels can be modulated by activating endogenous
Gq-GPCRs in native cells.

Discussion
Despite the pathophysiological significance of PAC channels, their
modulatory mechanisms through signaling pathways remain largely
unknown. In this study, using the voltage-sensing phosphatase Dr-VSP
and rapamycin-induced translocation of phosphatases, we verified

Fig. 2 | Phosphoinositide specificity for regulating hPAC1 currents. All experi-
ments were executed at extracellular pH 5.5 conditions. a Schematic of rapamycin
(Rapa)-inducedpoly-phosphoinositide phosphatase translocationonPACcurrents.
(left) Metabolic pathway of PI(4,5)P2 synthesis by lipid kinases (4-K and 5-K) and
lipid phosphatase breakdown (4-P and 5-P). PI, phosphatidylinositol; PI4P, phos-
phatidylinositol 4-phosphate. (right) Schematic of rapamycin-induced dimeriza-
tion of FRB and FKBP proteins. This dimerization recruits poly-PI-metabolizing
enzymes to the plasma membrane. RF-Dead is a translocatable construct with
inactive mutant Sac1 and INPP5E enzymes. b Representative current traces of
hPAC1 from cells expressing RF-Dead, RF-Sac1, RF-INPP5E, or RF-PJ before and after
rapamycin. Voltages were stepped from –80 to +80mV in 20-mV intervals.
c Summary of whole-cell current vs. voltage relationship. (black) Before rapamycin;
(red) after rapamycin. RF-Dead, n = 6; RF-Sac1, n = 6; RF-INPP5E, n = 5; RF-PJ, n = 8.

Data aremean± SEM.d (left) Time-dependent hPAC1 current amplitude changes by
rapamycin were measured at +80mV every 5 s from cells expressing RF-Dead, RF-
Sac1, RF-INPP5E, or RF-PJ. Black lines indicate the addition of 100nM rapamycin for
3min. (right) hPAC1 current comparisons before (black) and after (red) rapamycin.
e Voltage-independence of rapamycin-induced PAC1 channel inhibition (n = 5 for
INPP5E; n = 8 for PJ). Student’s two-tailed unpaired t-test: P values are 0.3042 for
INPP5E and 0.4410 for PJ. Data are mean± SEM. f Summary of hPAC1 current
inhibition (%) by rapamycin-induced translocation of RF-Dead, RF-Sac1, RF-INPP5E,
or RF-PJ to the plasmamembrane. Dots indicate the individual data points for each
experiment. Bars are mean± SEM. ns, not significant, compared to RF-Dead. One-
way ANOVA followed by Sidak’s multiple comparisons test: P values are 0.5676 for
Sac1, <0.0001 for INPP5E, <0.0001 for PJ, and 0.4044 for INPP5E vs. PJ. Source data
are provided as Source Data file.
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that PI(4,5)P2 in the inner leaflet of the plasma membrane is essential
for the acid-induced activation of PAC channels. Mutagenesis and
structural modeling suggest that the putative interacting site for
PI(4,5)P2 is located near the cytosolic TM2 interface in the PAC chan-
nel. However, the PI(4,5)P2 interacting site initially resides within the
cytosolic area in a resting state and is translocated to the plasma
membrane’s inner surface in an activated state. This observation
indicates that PAC channel PI(4,5)P2 interaction only occurs when the

channels are activated by proton binding. Our data also show that
PI(4,5)P2 coupling of the PAC channel is required for proton-induced
channel opening, as channel activity diminished by nearly 90%without
intracellular PI(4,5)P2. Finally, we confirmed that endogenous GPCRs
modulate PAC channels; thus, muscarinic receptor activation sub-
stantially suppresses PACchannel activity throughPI(4,5)P2 hydrolysis.

Our studyhas revealed activation-dependent PI(4,5)P2 coupling as
a modulatory mechanism of PAC channels (Fig. 4d): (1) Resting state,
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PAC channel is PI(4,5)P2-free due to the cytosolic positioning of fun-
damental amino acids in the TM2 domain; (2) When extracellular H+

binds to the PACchannel, TM2 shifts towards the extracellular side and
facilitates hPAC2 channel to PI(4,5)P2 binding at themembrane-cytosol
interface; (3) Desensitized conformation, TM1 undergoes a 45° shift to
the left, while TM2 tilts at an angle of 22.8°8,10. Despite these structural
alterations, PI(4,5)P2 continuously interacts with the hPAC2 channel’s
binding site. In inside-out patch clamp recordings, PAC currents were
dramatically increased to and sustained at a macroscopic current level
during the application of diC8-PI(4,5)P2. These results demonstrate
that the charge–charge coupling ofTM2C-terminal basic residueswith
the inner leaflet PI(4,5)P2 phosphate groups is integral for converting
inactive PACchannel to anactivated structure throughprotonbinding.

It was recently reported that PI(4,5)P2 in the plasma membrane’s
outer leaflet inhibits PAC channel gating12. They observed that the
application of soluble PI(4,5)P2 from extracellular side inhibits PAC
channel activity and the degree of PI(4,5)P2-mediated PAC inhibition
correlates with channel desensitization. Thus, the prevalence of
desensitized PAC state facilitates the inhibitory effect of PI(4,5)P2 on
PAC. Structural analysis further revealed that the PIP2 binding site in
desensitized PAC is located on the extracellular side of the TMD12. In
contrast, our results unveil that PI(4,5)P2 in the inner leaf is more
important in the activation of PAC from the resting state through the
interaction with the cytosolic side of TM2. Therefore, depending on its
location, PI(4,5)P2 may have dual effects on PAC channel: Inner leaflet
PI(4,5)P2 favors increasing the open probability by stabilizing the open
state of PAC, while outer leaflet PI(4,5)P2 achieves inhibitory control by
altering the free energy landscape to favor the desensitized state from
open state of the PAC channel.

Our simulation study indicated that alanine mutations of K394,
R396, or K397 residues along themembrane–cytoplasm interface of the
hPAC1 channel TM2 domain selectively decreased current amplitude
and PI(4,5)P2 regulation. This observation suggests that basic PAC
channel residues interact with PI(4,5)P2 in the inner leaflet and that
GPCR-mediated PI(4,5)P2 dynamics canmodulate PACchannel gating. In
addition, the putative PI(4,5)P2-interacting residues were conserved in
hPAC2. The transient decrease in the outer leaflet PI(4,5)P2 level induced
by flipping to the inner bilayer after depletion in the inner membrane
PI(4,5)P2 may be not the cause of PAC channel suppression because the
decrease in the outer leaflet PI(4,5)P2 level should result in the elevation
of PAC current amplitudes12. Therefore, consistent with other channels,
hPAC1 and hPAC2 are regulated by inner leaflet PI(4,5)P2 levels via basic
residue coupling at the plasma membrane–cytoplasm interface17,26,35–37.

According to the NCBI reference sequences (RefSeq) database38,
there are four isoforms in the PAC channel via alternative splicing.
hPAC1 is the longest isoform with an internal exon segment 1 in the
N-terminus (Supplementary Fig. 1). In contrast, hPAC2 lacks exon
segment 1 but has an intact endosome-targeting signal sequence in the
N-terminus (Supplementary Fig. 3). Herein, we verified that hPAC1
channels are highly distributed through the plasma membrane
because exon segment 1 is inserted into the endosome-targeting signal
sequence, while many hPAC2 channels are recruited to endomem-
branes. However, our results suggest that many hPAC2 channel pro-
teins are expressed at the plasma membrane and generate PAC2

currents. Thus far, PAC channel studies were primarily accomplished
with PAC210,12,39. Furthermore, we found that HEK293T and SH-SY5Y
cells only express PAC2 channels. Nevertheless, our results display
potent current generation in cells expressing hPAC1 channels. These
results demonstrate that, though PAC1 channel is a less common splice
variant in the tissues, it may detect acid stimuli and trigger down-
stream cell death signaling like PAC2.

The recent identification of the PAC channel’s cryo-EM structure
has provided valuable insights into conformational changes under
different pH conditions. These structures include a resting con-
formation at pH 7.4 and activated and desensitized conformations at
pH 4.510. The PAC2 structure at pH 4.0 indicates a desensitized state8.
In our study, experiments at pH 5.5, where the channel exhibited less
desensitization, enabled us to compare the PI(4,5)P2 docking simula-
tion on the PAC channel between resting and activated conformations
(Fig. 4). The activated PAC channel conformation is characterized by
the striking TM1 and TM2 structural rearrangement creating the
channel pore. TM2 shifts approximately 10 Å toward the extracellular
side relative to the TM1 of the same subunit. This TM2 rearrangement
relocated the three basic amino acids into the membrane–cytoplasm
interface, resulting in a new interaction with PI(4,5)P2 in the plasma
membrane’s inner leaflet. The activated PAC channels slowly shift into
the inactive desensitized form39. Based on our simulation, two basic
residues, R335 and K336, in the hPAC2 TM2 were coupled with the
phosphate groups of PI(4,5)P2 in the activated state. During the
mutagenesis experiments, the mutation of K333 to alanine also atte-
nuated the current amplitude (Supplementary Fig. 7). This may be
caused by the structural change of the adjacent putative PI(4,5)P2
binding sites R335 and K336 in the K333A mutant form.

Among the five muscarinic receptor subtypes (M1R to M5R), M1R,
M3R, and M5R are predominantly coupled with Gq/11 proteins, activat-
ing PLCβ to hydrolyze PI(4,5)P2 into DAG and IP3

40. IP3 increases
intracellular Ca2+ by releasing Ca2+ from the endoplasmic reticulum
(ER) and elevated DAG and Ca2+ activate protein kinase C (PKC)
enzymes. However, the Capurro group reported that neither intracel-
lular Ca2+ nor phosphorylation by protein kinases significantly mod-
ulate PAC channels11. This observation implies that PAC current
suppression by muscarinic receptors is independent of intracellular
Ca2+ and PKC phosphorylation. We confirmed that M1R and M3R
muscarinic PAC channel modulation is due to PI(4,5)P2 hydrolysis by
activating PLCβ in the signaling pathway. Several diseases, including
brain nervous injury, ischemic stroke, seizure, and hyperglycemia, can
cause acidosis as low as an extracellular pH 6.041–43. Cell death was
significantly reduced when PAC channel activity was blocked by the Cl-

channel blocker 4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS)
or PAC channel KO2,44. In conclusion, our study highlights PI(4,5)P2 as a
crucial regulator of PAC channel activity and provides a mechanistic
understanding of the pathophysiological implications in phosphoi-
nositide PAC channel regulation.

Methods
Cell culture and transfection
HEK293T (large T antigen transformed tsA201 cells) and SH-SY5Y cells
were obtained from Bertil Hille (University of Washington School of

Fig. 3 | Single channel activities of human PAC channels and PI(4,5)P2-depen-
dent potentiation of hPAC1 currents in excised inside-out membrane patches.
a Single-channel currents and all-pointhistogramsof hPAC1 (left) and hPAC2 (right)
channels at the indicated voltage stimulations and pH (external or pipette solution)
recorded in inside-out patch clamp configurations. The dashed red lines indicate
current levels of closed or open states, and ‘C’ and ‘O’ represent closed and open
states, respectively. The number next to ‘O’ indicates the number of open channels.
The scales represent 10 pA and 1 s. All-point histograms of single-channel record-
ings were obtained from 1-minute recordings at the indicated voltage and pH. The
voltage-channel open probability (NPo) relationships (b) and unitary current-

voltage plot (c) for hPAC1 (open circle, n = 5) and hPAC2 (filled circle, n = 4) chan-
nels at pH 5.5. Data are represented as mean ± SEM. d Time-dependent plot of
hPAC1 currents in inside-out configuration (left) at pH 5.5. The internal or bath
application of 10μM diC8-PI(4,5)P2 induced a potentiation of PAC1 currents, but
the potentiation was inhibited by a PAC channel inhibitor, 4,4’-diisothiocyano-2,2’-
stilbenedisulfonic acid (DIDS). hPAC1 currents were elicited by a + 100mV step
pulse for 10 s fromholding potential of 0mV, and themean currentswere obtained
from the average values of the last 10 s. The currents were recorded every 0.5 s.
Right, representative current traces (numbers in parentheses, right) show hPAC1
currents at arrow-pointing spots. Source data are provided as Source Data file.
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Medicine, Seattle, Washington) and the Korean Cell Line Bank (Seoul
National University, Seoul), respectively. Cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (HyClone, ThermoFisher
Scientific) with 10% fetal bovine serum (HyClone, ThermoFisher Scien-
tific) and 0.2% penicillin/streptomycin (HyClone, ThermoFisher Scien-
tific) at 37°C with 5% CO2. PAC knockout (KO) and SH-SY5Y cells were
transiently transfected using Lipofectamine 2000 (Invitrogen) with

various cDNAs. For expression, cells were transiently transfected with
plasmids (e.g., 200ng human PAC1-GFP and human PAC2-GFP, 50ng
Lyn-mCh, 1000ng Dr-VSP, 800ng PIPKIγ, 300ng of RF-Dead, Sac1,
INPP5E or PJ, and 300ng LDR, 1000ng M1R) per 35-mm plate when
reaching 50–60% confluency. Transfected cells were plated onto poly-L-
lysine (0.1mg/ml, Sigma)-coated chips and used for voltage-clamp
recordings and imaging experiments 24 to 36h after transfection.
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Knockout cell line generation
To disrupt PAC gene expression in HEK293T cells, we adhered to the
CRISPR/Cas9-mediated gene deletion methods of Yang’s study2.
sgRNAs were cloned into the pSpCas9(BB)-2A-GFP vector (PX458,
obtained from Addgene plasmid #48138). The Cas9 vector-sgRNA all-
in-one vector was transfected into HEK293T cells. Cells expressing
green fluorescence were sorted by FACSAria III and seeded onto 96-
well plates. After culturing cells until sphere formation for 2–3 weeks,
cells were scaled sequentially in 6-well plates and 100-mm cell culture
dishes. Genomic DNA was isolated from cells, and frameshift muta-
tions were confirmed through sequencing (Macrogen).

Plasmids and chemicals
Dr-VSP was obtained from Yasushi Okamura (Osaka University, Osaka,
Japan). The rapamycin-inducible dimerization system RF-Dead, RF-
Sac1, RF-INPP5E, RF-PJ, and Lyn11-FRB (LDR) were provided by Takanari
Inoue (Johns Hopkins University, Baltimore, Maryland) and Gerald R.
Hammond (University of Pittsburgh School of Medicine, Pittsburgh,
PA). PHPLCδ1-GFP was supplied by Ken Mackie (University of Washing-
ton, Seattle, WA). PIPKIγ was provided by Yoshikatsu Aikawa and
Thomas F. Martin (University of Wisconsin, Madison, WI). Full-length
PTEN conjugated with the VSD of Ci-VSP (Ci-VSPTEN) was provided by
Christian Halaszovich (University ofMarburg,Marburg, Germany). PH-
Btk originated from Tamas Balla (NIH, Bethesda) was subcloned into
pECFP-C1 and pEYFP-C1 vectors by Dongil Keum (DGIST, Daegu,
Korea). The following compounds were similarly obtained: Oxo-
tremorine M, Na2ATP, CaCl2, and other chemicals (Sigma-Aldrich).

Constructs and molecular cloning
The cDNA of human PAC2 was acquired from HEK293T cells. Forward
primer and reverse primer targeted the sequences encoding human
PAC: forward primer: 5’-CTC GAG ATG ATC CGG CAG GAG CGC TC-3’
and reverse primer: 5’-GAA TTCCGC TTA TGTGGCTCGTTGCCTGAC-
3’. Human PAC2was subcloned into the pEGFP-N1 vector using XhoI and
EcoRI restriction sites, and the sequence was identical to NCBI
NP_060722.2. Human PAC1was generated by inserting 61 amino acids in
theN-terminal domain (NP_001185791.1). All single aminoacidmutations
were constructed from WT hPAC1 or hPAC2 through the inverse PAC
method using Pfu Turbo DNA polymerase (Agilent Technologies). Plas-
midDNAwas digestedbyDpn I (Agilent Technologies), the PCRproduct
was 5’-phosphorylated by T4 polynucleotide kinase (Enzynomics), and
the PCR product was ligated by the T4 DNA ligase (NEB). All mutations
were verified through DNA sequencing (Macrogen).

Solutions
The extracellular solution for PAC channel current recording and
confocal imaging contained 150mM NaCl, 1mM CaCl2, 1mM MgCl2,
10mM glucose, and 10mM HEPES, adjusted to pH 7.4 with NaOH. pH
4.6, 5.0, 5.3, 5.5, and 6.3 solutions were adjusted with 10mMMES. The

pipette (intracellular) solution contained 130mM CsCl, 1mM MgCl2,
10mM EGTA, and 3mMNa2ATP or no added ATP, adjusted to pH 7.35
with CsOH.

Current recording
Patch-clamp recording using the whole-cell configuration was per-
formed at room temperature (22–25°C) using the HEKA EPC-10
amplifier with Pulse software (HEKA Elektronik)45. Electrodes pulled
from borosilicate glass micropipette capillaries (Sutter Instrument)
by a Flaming/Brown micropipette puller (P-97, Sutter Instrument
Co.) had 2–5 MΩ resistances, and series-resistance errors were
compensated by >60%. Fast and slow capacitances were compen-
sated for before the test pulse. During recording, the external
solutions were delivered to a Quick Change Chamber Narrow Slot-
ted Bath (RC-46SNLP, Warner Instruments) using a Six-channel
Pinch Valve Controller System (VC-6, Warner Instruments). Com-
plete solution exchangewas achieved within 1 s. Dr-VSP experiments
used step depolarizations to 120mV for 1 s to activate Dr-VSP and
deplete PI(4,5)P2 in cells. We used Pulse/Pulse Fit software with an
EPC-10 patch clamp amplifier (HEKA Elektronik) and Igor Pro
(WaveMetrics, Inc.) to acquire and analyze data.

Inside-out patch-clamp recordings
Inside-out patch-clamp recordings were conducted on PAC knockout
HEK293T cells that were transiently transfected with 1.0μg of hPAC1-
GFP/pEGFP-N1 or hPAC2-GFP/pEGFP-N1 plasmid DNA using poly-
ethylenimine (PEI) transfection reagent following the manufacturer’s
instructions (Polysciences, Warrington, PA). After 8 h post-transfec-
tion, the cells were transferred to the poly-L-lysine (PLL)-coated glass
chips. Electrophysiological recordings were conducted 24 to 30 h
post-transfection. Patch pipettes were made from borosilicate glass
(World Precision Instruments) using a P-1000 micropipette puller
(Sutter Instruments) and then fire-polished with an MF-900 micro-
forge (Narishige) to achieve pipette resistances ranging from 3 to 5
MΩ. Inside-out patch clamp experiments were carried out on cells
showing green fluorescence utilizing aMultiClamp 700B amplifier and
an AxonTM Digidata® 1550B digitizer (Molecular Devices, San Jose,
CA). The currents were sampled at 10 kHz and low-pass-filtered at
4 kHz with a four-pole Bessel filter.

The bath (internal) solution consisted of 130mM CsCl, 1 mM
MgCl2, and 10mMHEPES, adjusted to pH 7.4 with CsOH. The pipette
(external) solution contained 150mM NaCl, 1 mM CaCl2, 1 mM
MgCl2, and 10mM HEPES, adjusted to pH 7.4 with NaOH, or 150mM
NaCl, 1 mM CaCl2, 1 mM MgCl2, and 10mM MES, pH 5.5 with NaOH.
For cation replacement experiment, the NMDG-internal solution
contained 130mM NMDG-Cl, 10mM EGTA, and 10mM HEPES,
adjusted to pH 7.4 with NMDG. To evaluate voltage-dependent sin-
gle-channel activities of PAC1 and PAC2 channels, 1-minute voltage
steps ranging from −100 mV to +100mV in 25mV increments were

Fig. 4 | Identificationof residues critical for hPAC1PI(4,5)P2 regulation through
alanine scanning. a Sequence of positively charged residues clustering in hPAC1.
Purple lines indicate N- and C-terminal sections. Green lines indicate transmem-
brane domain (TM) 1 and 2 sections. Positively charged residues indicated in blue
are selectively mutated to alanine (A). b Representative confocal images of KO3
cells expressing wild-type (WT) or alanine-substituted hPAC1 mutants with the
plasma membrane marker Lyn-mCh. Scale bar: 10μm. Scatter plots in right panels
display a 2D intensity histogram between hPAC1-GFP and Lyn-mCh pixels in the
confocal image. Each experiment was repeated 3 times independently.
cRepresentative current traces ofWTormutant channels elicited at +100mV in the
control (left) and cells expressing Dr-VSP (right). d Pearson’s correlation coeffi-
cients (R) for the colocalization between hPAC1-GFP and Lyn-mChconfocal images.
n = 6 for WT; n = 10 for K120A, K390A, K397A, R398A, K401A; n = 9 for K124A,
K394A, R396A, K394/R396A/K397A, K402A, K403A. Dots indicate the individual
data points for each cell. Data are mean± SEM. e hPAC1 current densities at

+100mV for control and cells expressing Dr-VSP in pH 5.5. The dashed gray line
indicates the standardWT level. n = 6 for WT, K394A, K402A; n = 7 for K120A; n = 4
for K124A; n = 5 for K390A, R396A, K397A, K394/R396A/K397A, R398A, K403A;
n = 3 for K401A. Data aremean ± SEM. ns, not significant compared toWT.One-way
ANOVA followed by Dunnett’s multiple comparisons test. P values: 0.9993, K120A;
0.1938, K124A; 0.9994, K390A; 0.0009, K394A (***P < 0.001); <0.0001, K396A
(****P < 0.0001); 0.0103, K397A (*P < 0.05); <0.0001, K394/R396/K397A
(****P < 0.0001); 0.8065, K398A; 0.9938, K401A; 0.9999, R402A; 0.9249, R403A.
f Families of hPAC1 current of WT (left) and K394A/R396A/K397A mutant (right)
elicited by the voltage steps shown at the top under different extracellular pH
condition. g pH-dependent hPAC1 currentmeasured at +100mV in cells expressing
hPAC1WT (n = 6 for pH 7.4, 5.8, 5.5; n = 5 for pH 6.3; n = 7 for pH 5.3, 5.0) or K394A/
R396A/K397A (n = 5 for pH 7.4, 6.3, 5.8, 5.5, 5.3, 5.0). Data are mean ± SEM. Source
data are provided as Source Data file.

Article https://doi.org/10.1038/s41467-024-51400-y

Nature Communications |         (2024) 15:7008 10



applied from the holding potential at 0mV for 0.5 seconds. To study
the effect of PI(4,5)P2 to the excised inside-out patches of PAC-
expressed cells, the bath solution with or without 10 μMdiC8-PI(4,5)
P2 (Echelon Biosciences, Salt Lake City, UT) was perfused to the
internal side of membrane patches through a multi-barrel manifold
tip (World Precision Instruments, Sarasota, FL). To record the hPAC1

activities in response to the diC8-PI(4,5)P2 application, a holding
potential of 0mV was applied for 0.5 s, followed by stimulation at
+100mV for 10 s. Single-channel events were analyzed by using
Clampfit 11.2 software (Molecular Devices, San Jose, CA) and Origin
9.1 software (OriginLab Corporation, Northampton, MA). For
visualizing purposes, the single-channel current traces were digitally

Fig. 5 | Identification of PI(4,5)P2 coordination in the hPAC2 channel through
structural modeling. a Cryo-EM structure models of resting, activated, and
desensitized PAC2 channel conformations (Protein Data Bank ID: resting, 7SQG;
activated, 7SQF; desensitized, 7SQH). Two black lines indicate the outer and inner
plasma membrane surfaces. Blue, red, and green boxes indicate the location of
putative PI(4,5)P2-binding residues K333, R335, and K336, respectively.bMolecular
docking between K333, R335, and K336 of the activated chain A conformation and
PI(4,5)P2 (top) or PI(4)P (bottom). (left) Autodock Vina and UCSF Chimera were

used for GIRK PI(4,5)P2 or PI(4)P to the cryo-EM structure of activated PAC2. (right)
Nine conformation superpositions of PI(4,5)P2 or PI(4)P. c Docking between K333,
R335, and K335 of the desensitized chain A conformation and PI(4,5)P2. (top)
Autodock Vina and UCSF Chimera were used for GIRK PI(4,5)P2 to the cryo-EM
structure. (bottom) Nine conformation superpositions of PI(4,5)P2. d Hypothetical
model of a cytosolic PI(4,5)P2 binding site depending on resting, activated, or
desensitized PAC channel conformation.
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filtered at 0.5 (for PAC1 channel) or 0.1 kHz (for PAC2 channel) in
Clampfit 11.2 software.

Forster resonance energy transfer (FRET)
FRET data were simultaneously performed with current recordings on
the PAC channel’s Dr-VSP or Ci-VSPTEN effects in a single cell. FRET
signals were acquired and calculated in real-time by a homemade
program as previously described46. The FRET calculated ratio (cFactor
= CFP/YFP =0.45) was used to adjust the raw YFP emission signal.

FRETr was calculated as follows:

FRETr = ðYFPc�cFactor ×CFPcÞ=CFPc ð1Þ

Confocal imaging
HEK293T and SH-SY5Y cells were imaged 1–2 days following trans-
fection on poly-L-lysine coated chips with a Carl Zeiss LSM 700 or LSM
800 confocal microscope (Carl Zeiss) at room temperature. Using

Fig. 6 | Muscarinic modulation of PAC channels in HEK293T or SH-SY5Y cells.
a Live confocal images of PHPLCδ1-GFP inHEK293T cells transfectedwithM1Rbefore
(control) and during ( +Oxo-M) application of 50 μMOxo-M at pH 7.4 (black) or 5.0
(red). Scale bars are 10μm. b Time-dependent changes in cytosolic fluorescence
intensity by PHPLCδ1–GFP translocation upon M1R activation (n = 10, pH 7.4; n = 12,
pH 5.5). Data are mean ± SEM. c (left) PAC current modulation by M1R activation
with a 15-s Oxo-M application (50μM) in cells expressing hPAC1 (top) or hPAC2
(bottom). Current amplitudes were measured at +100mV every 5 s. (right) Repre-
sentative current traces at different time points in time course recording.d Percent
inhibition of pH 5.5-induced PAC currents by 50μM Oxo-M (n = 6 for hPAC1; n = 5
for hPAC2). Data are mean ± SEM. e Time constants (τ) of current inhibition by
muscarinic simulation in hPAC1 (n = 6) and hPAC2 (n = 5). Dots indicate the indi-
vidual data points for each cell. Data aremean± SEM. Student’s two-tailed unpaired

t-test: P value, 0.5674. f Identifying PAC gene expression via RT-PCR analysis with
RNA extracted from wild-type HEK293T or SH-SY5Y cell lines. The experiment was
repeated 4 times independently with similar results. g Representative voltage-
dependent whole-cell currents of endogenous PAC channels in SH-SY5Y cells under
pH 7.4, pH 5.5, and pH 5.0 solutions. h Current density-voltage relationship of
endogenous PAC in SH-SY5Y cells at the indicated pHvalues (n = 5, pH 7.4;n = 5, pH
5.5; n = 4, pH 5.0). Data are mean ± SEM. i, Endogenous PAC current modulation by
muscarinic stimulationwith a 15-sOxo-M application (30μM) in SH-SY5Ycells at pH
5.5 (blue) or 5.0 (red). PAC current amplitude was measured at +100mV every 5 s.
j Percent (%) inhibition of pH 5.5- or 5.0-induced endogenous PAC currents by
30μM Oxo-M (n = 8 for pH 5.5; n = 6 for pH 5.0). Dots indicate the individual data
points for each cell. Data are mean ± SEM. Student’s two-tailed unpaired t-test: P
value, 0.0013 (**P <0.01). Source data are provided as Source Data file.
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digital zoom, cell images were scanned using a 40× (water) objective
lens at 1024 × 1024 pixels. 512 × 512 pixels were used for time-course
experiments, and imageprocessingwas carried out using Zeiss ZEN2.3
SP1 software. Cytosolic fluorescence intensity during the time-course
experiments was assessed by forming relative values from regions of
interest drawn in the cytoplasmic region. PHPLCδ1 was normalized to
minimum and maximum intensities. To analyze colocalization, we
performed quantitative colocalization analysis using Fiji software47

with the Just Another Colocalization plugin (JACoP) to determine
Pearson’s correlation coefficient48. Coefficient R values “1” and “0”
correspond to perfect colocalization and random (no) colocalization,
respectively. Pixel intensities were presented as 2D intensity histo-
grams with a linear regression line and bar graphs with mean R values.
All images were transferred from LSM4 to a JPEG format. Raw data
were processed with Excel 2019 (Microsoft) and Igor Pro
(WaveMetrics, Inc.).

PAC structures predicted with I-TASSER
Molecularmodeling was executed using PAC2’s cryo-EM structure as
template10 from Protein Data Bank (PDB; http://www.rcsb.org/pdb)
to predict PAC2’s three-dimensional (3D) structure in a resting
conformation. We submitted the entire sequence of human PAC2
(NP_001185791.1) and the predicted PAC2 as models to the I-TASSER
online server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/)49,50.
Cryo-EM and simulated PAC2 were superimposed byMatchMaker of
the University of California, San Francisco (UCSF) Chimera. Struc-
ture visualization and modifications were made using the UCSF
Chimera.

Molecular docking in UCSF Chimera
Autodock Vina51 was used for the docking simulation of PI(4,5)P2 to
PAC2’s activated and desensitized conformations based on the PDB ID
7SQF and 7SQH crystal structure of PAC2. We used a simulated
PAC2 structural model using I-TASSER for the resting conformation.
We extracted the PI(4,5)P2molecule from the crystalizedGIRK channel
structure (PDB ID 3SYA)52. For docking simulation, water molecules
were removed, hydrogens were added to the PAC2 structure, and
PI(4,5)P2 was extracted during the “Dock prep” step in Chimera. Then,
files were generated in a mol2 format (i.e., PAC2 activated.mol2) to
initiateAutodockVina.Docking simulation couldbegin after settingup
the grid box’s size and position on putative PI(4,5)P2-binding residues.
When Autodock Vina was completed, docking results were derived
with a root-mean-square deviation (RMSD). Based on docking out-
comes, we verified and visualized the hydrogen bonding between the
PAC2 channel and PI(4,5)P2 using the FindHBond program in UCSF
Chimera.

RNA extraction and RT-PCR
Total RNA was extracted from HEK293T or SH-SY5Y cell lines. Cells
collected in Dulbecco’s phosphate-buffered saline (DPBS) were lysed
by RNAgents denaturing solution (Promega) after centrifuging and
removing the supernatant. Then, the aqueous phase separated by
centrifuging was obtained after adding a 2M sodium acetate and
phenol:chloroform:isoamyl alcohol mixture (Sigma-Aldrich). RNA was
precipitated through isopropanol of the same volume as the aqueous
phase. Total RNA pellets were dried and suspended in RNAse-free
water. The total RNA concentration purity was quantified with a
NanoDrop 2000 spectrophotometer (Thermo Scientific) using the
A260/280 absorbance ratio. RNA was reverse-transcribed to cDNA
using the TOPscript cDNA synthesis kit (Enzynomics) for 1 h at 50°C
and 5min at 92°C. β-actin as the control, PAC1, and PAC2 were
amplified using forward and reverse primers (Supplementary Table 1).
The PCR products were separated through 1% agarose gel electro-
phoresis. Gel photographs were taken via ChemiDoc XRS+ (Bio-Rad)
and documented using Image lab software 6.1 (Bio-Rad).

Statistical analysis
All data were analyzed using Microsoft Office Excel 2019 (Microsoft),
IGOR Pro 6.37 (WaveMetrics, Inc.), or GraphPad Prism 7.02 (GraphPad
Software). Statistics in text or figures representmean ± SEM. Statistical
comparisons betweengroupswereanalyzedusing Student’s t-test. The
significance of observations among more than two groups was asses-
sed through One-way ANOVA followed by Sidak’s and Dunnett’s post-
hoc test. Differences were considered significant at the *p <0.05,
**p <0.01, and ***p <0.001 levels.

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

Data availability
The source data underlying Fig. 1c, d, f, i; 2c, e, f; 3b, c; 4d, e, g; 6b, d-e,
h, j; Supplementary Figs. 3c, e; 4b; 5b, d; 6b, d; 7c; 9d are provided as a
Source Data file. Structure factors for cryo-EM TMEM16A (PDB ID:
5oyb), GIRK channel (PDB ID: 3SYA), and Kir2.2 channel (PDB ID: 3SPI)
were deposited in the Protein Data Bank. All data supporting the
findings of this study are also available from the corresponding author
upon request. Source data are provided with this paper.
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