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mechanism of gating
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Abstract

Pannexin 1 (PANX1) is an ATP-permeable channel crucially involved in a variety of physiological
functions such as blood pressure regulation!, apoptotic cell clearance?, and human oocyte
development3. We present several human PANX1 structures in a heptameric assembly at
resolutions up to 2.8 A, including an apo state, a caspase 7-cleaved state, a CBX-bound state. We
elaborate a novel gating mechanism that involves the use of two ion-conducting pathways. Under
normal cellular conditions, the intracellular entry of the wide main pore is physically plugged by
the C-terminal tail. Small anions are conducted through narrow tunnels in the intracellular domain.
These tunnels connect to the main pore and are gated by a long linker between the N-terminal
helix and the first transmembrane helix. During apoptosis, the C-terminal tail is cleaved by
caspase, allowing the release of ATP through the main pore. We identified a carbenoxolone (CBX)
binding site embraced by W74 in the extracellular entrance and also a role for CBX as a channel
blocker. We captured a gap junction-like structure using a glycosylation-deficient mutant, N255A.
Our studies provided a solid foundation for understanding the molecular mechanisms underlying
the channel gating and inhibition of PANX1 and related large-pore channels.

Introduction

Purinergic signaling is crucially involved in activities of the nervous system as diverse as
neuroprotection, synaptic transmission, nociception, and inflammation*~7. This signaling is
initiated by releasing ATP across the membrane through exocytosis®8, or through ATP-
permeable channels®-11. The pannexin family is one of the ATP-permeable channels and
consists of three members in human2, PANX1, 2 and 3. Widely expressed throughout the
body, PANX1 plays crucial roles in physiological processes such as blood pressure
regulation, glucose uptake, inflammation, and cell deathl:13-17, Gain-of-function mutations
in PANX1 are implicated in defects of oocyte development. Thus, PANX1 has been
considered a promising therapeutic target for a diverse array of diseases. Compounds such as
CBX and trovafloxacin have been reported to inhibit the activity of PANX118.19. However,
little is known about where they bind or the inhibition mechanisms.
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PANXs are nonselective large-pore channels that share a 4-transmembrane domain
arrangement with connexins, innexins, volume-regulated anion channels (VRACs), and
calcium homeostasis modulators (CALHMSs)29-28, Unlike connexins and innexins, PANXs
have been thought to not form gap junctions due to N-glycosylation29-31, although one study
suggested that PANX1 may form gap junction in a cell type specific manner32.

PANX1 has been found to be activated under various physiological/pathological conditions.
Under normal cellular conditions, PANX1 is autoinhibited by its C-terminal tail (CTT)33:34,
However, the channel can still be activated by membrane depolarization, extracellular
potassium, intracellular calcium, tyrosine phosphorylation, and mechanical stretching
through unknown mechanisms3>-40, Cleavage of the CTT either during apoptosis or
experimentally by caspase 3 or 7 results in channel activation and ATP release?:33,

To gain insight into the channel assembly, gating mechanism, ion conducting pathway and
inhibitor binding site, we studied #SPANX1 using a combination of single-particle cryo-
electron microscopy (cryo-EM) and patch-clamp electrophysiology.

Overall structure

We determined structures of the wild type AsPANX1 (wt-AsPANX1) in the presence of
EDTA, Ca2* or K*. These structures are indistinguishable, suggesting that likely neither
Ca?* nor K* directly activates #sPANX1. To study the location and role of the CTT and the
N-terminal helix (NTH), we cleaved the CTT from the wt-/AsPANX1 and from an NTH
truncation mutant using caspase 7, and determined their structures (ACTT-AsPANX1,
ANTH/ACTT-hsPANX1). We also determined structures of #sPANX1 bound to CBX (CBX-
ACTT-hAsPANX1, CBX-ANTH/ACTT-hsPANX1). To understand the role of N-glycosylation
of PANX1, we studied the structure of a glycosylation-deficient mutant N255A, which
yielded both gap junction (N255A-AsPANX152P) and hemichannel (N255A-AsPANX1Hemi),
The procedure of structural determination is detailed in the Methods, and the results are
summarized in Extended Data Tables 1-3. The structure of ACTT-AsPANX1 has the highest
overall quality, and is thus used for the discussion throughout the text unless otherwise
noted.

The ASPANX1 channel forms a heptamer that has, from top to bottom, a narrow extracellular
domain (ECD), a cone-shaped transmembrane domain (TMD), and an intracellular domain
(ICD), with the unstructured CTT blocking the ICD entrance to the ion pathway along the
symmetry axis (referred to as the main pore) (Fig. 1a, b). Caspase 7 treatment released the
blockage by cleaving the CTT, opening the main pore (Fig. 1¢c). Removal of the CTT
resulted in larger currents compared to the wild type (Fig. 1d, Extended Data Fig. 7a—c). The
main pore narrows along the pore axis toward the extracellular side, with a small opening at
the ECD entrance restricted by seven W74 residues.

In the TMD, four transmembrane helices (S1-S4) frame the exterior wall, while the NTH
lines the interior wall in a domain-swapped manner—the NTH of one subunit interacts with
the TMD of the adjacent subunit (Fig. 1b). Truncating the NTH yielded a TMD in a
truncated elliptic cone shape (Extended Data Fig. 2b, 6a, b), yet generated CBX-sensitive,

Nature. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruan et al.

Page 3

voltage-dependent currents similar to that of the wild type (Fig. 1d, Extended Data Fig. 7a—
c). We thus suggest a role for the NTH in maintaining a rigid TMD while keeping a large
pore.

While the ECD and the lower part of the ICD form close contacts between neighboring
subunits, there are gaps in the TMD and upper part of the ICD (Fig. 1a). The gap in the
TMD is filled with lipid-like densities, similar to LRRC8A25:26, However, the gap in the
upper ICD is solvent-exposed and connects to the main pore, implying a novel ion pathway.
We also observed several strong lipid-like densities surrounding the upper part of the TMD,
forming a lipid belt (Fig. 1a).

The gap junction N255A- AsPANX1G is formed by two hemichannels docked in a head-to-
head manner solely through the extracellular linker 2 (EL2) in the ECD (Fig. 1le; Extended
Data Fig. 4c, d). This results in a substantially smaller contact area (122 A2 per paired
subunit) than that of connexin-46 (942 AZ2) or innexin-6 (1550 A2), in which both the EL1
and EL2 linkers participate in the docking. The N255A mutant also forms a hemichannel
and produces CBX-sensitive current (Fig. 1d; Extended Data Fig. 7a—c). Our data provide
direct evidence that glycosylation is a key determinant for PANX1 gap junction formation,
though it is worthwhile noting that the N255A gap junction structure may not represent a
normal physiological conformation of the channel*L.

CBX blocks the extracellular entrance

In the CBX-bound structures, there was a strong density at the extracellular entrance, which
is surrounded by seven W74 residues (Fig. 2a—c). We assigned this density to CBX based on
several pieces of evidence. First, this density does not exist in the structures without CBX
(Fig. 2c; Extended Data Fig. 2, 6). Second, the extracellular entrance provides an ideal
chemical environment for the binding of CBX: the aromatic side chain of W74 interacts with
the steroid-like core of CBX; the N-terminus of helix EH1 and the side-chain of R75 provide
favorable electrostatic potential to accommaodate the two terminal carboxyl groups of CBX;
and the molecular size of CBX fits well in the extracellular entrance. Third, the W74A and
R75E mutations abolished and reduced CBX-dependent PANX1 inhibition1842, respectively
(Fig. 2d, Extended Data Fig. 7a, c). A recent study also showed that the CBX inhibition is
much reduced for the R75A mutant of frog PANX143, Finally, this binding site is supported
by the loss of symmetry of the structure—the asymmetric CBX overlaps with the symmetry
axis, which breaks the C7 symmetry (Fig. 2a, Extended Data Fig. 2b). Taken together, our
data support CBX being a pore blocker for PANX1.

Single subunit

Each AsPANX1 protomer consists of a TMD connecting the ECD and ICD (Fig. 3a). The
ECD is formed by two extracellular linkers, EL1 and EL2, mainly through two types of
interaction. The B1 strand in EL1 forms an intact sheet with the 32 and 3 in EL2, and this
interaction is strengthened by two disulfide bonds, one connecting p1 and B3 and the other
connecting helix EH1 and B2 (Fig. 3b). The EH1 helix has an angle of approximately 45°
relative to the membrane and is the major component that forms the extracellular entrance
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through its W74 residue. At the top of the ECD in helix EH3, N255A is glycosylated, which
prevents two hemichannels from docking into a gap junction (Fig. 3a, b, Extended Data Fig.
1g). The N255A mutation caused a subtle change of the EH3, and a conformational
rearrangement in the ICD characterized by an outward shift in the intracellular helix 1H1,
which results in an expansion of the ICD (Fig. 3c).

The TMD consists of a short NTH helix and a tight helix bundle formed by S1-4 (Fig. 3a).
The NTH of AsPANX1 is unique among the large-pore channels because of its location. It
spans the extracellular half of the TMD and, as a result, connects to S1 through a long and
flexible linker (NTH-S1 linker); both the NTH and the linker line the main pore. In contrast,
the NTH in connexins and innexins spans the intracellular half and is connected to S1 by a
short linker. The NTH in VRAC is only partially visible in the structure and runs along the
intracellular face of the membrane23-26. Notably, in the recently published frog PANX1
structures, the NTH and NTH-S1 linker are positioned in the intracellular side but not within
the TMD#243, The helices S1-4 of PANX1 are arranged in a counterclockwise manner as
viewed from intracellular side, with S1 tightly clamped between S2 and S4. Such an
arrangement is the same as in connexins, innexins, and VRAC, but it is distinct from that of
CALHMZ2, in which the S1 to S4 are arranged clockwise and S1 is loosely attached to S3
(Extended Data Fig. 8).

The ICD is a helix-rich structure formed by the linker connecting S2 and S3, and the
residues after S4 (Fig. 3a). The IH1 helix is long, extending deeply into the intracellular
space as an extension of S2; it constitutes the main body of the ICD and is surrounded by six
short helices. Such a long IH1 is reminiscent of the long cytoplasmic helix CH1 of
CALHM2, yet they have different structural roles. The IH1 in AsPANX1 has an angle of
approximately 60° relative to the membrane and is not involved in intersubunit interactions,
whereas the CH1 in CALHM?2 is nearly parallel to the membrane and participates
extensively in intersubunit interactions?’:28, The CTT is located downstream of the last
intracellular helix, IH7, right after the caspase cleavage site. Although we were unable to
model the CTT due to its intrinsically disordered nature, we have defined its key role in
caspase-dependent channel gating (see lon pathways and channel gating).

Channel assembly

hsPANX1 is assembled through extensive interactions between the adjacent ECDs and
between the adjacent lower ICDs, whereas the TMDs and upper ICD barely form contacts,
creating a shallow crevice (Fig. 4a). While the crevice in the TMD is occupied by lipids, the
one in the ICD is solvent-exposed, resulting in a tunnel toward the main pore.

The ECD of AsPANX1 has a contact area of 1069 A2 between adjacent subunits, which is
larger than that of VRAC (936 A2), innexin (889 A2), connexin (342 A?), and CALHM2 (57
A2). The most remarkable feature are seven W74 residues ringing the pore center and
forming an extracellular entrance (Fig. 4b), with the Trp pyrrole ring’s Nel atom pointing to
the benzene ring in the adjacent residue. This entrance is encircled by a second layer of
interaction where R75 is sandwiched between W74 and D81 of the adjacent helix EH1,
forming a cation-r interaction and a salt bridge, respectively (Fig. 4c). These two layers of
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interaction form a rigid extracellular entrance containing positive charges. Interestingly,
W74R or R75D/E mutations decreased the stability of /sPANX1 (Extended Data Fig. 1h—j),
suggesting an important role of the cation-r interaction and salt bridge in channel assembly.
The radius of the extracellular entrance is 4.4 A, which is about the size of an ATP molecule.
In addition to EH1, a B sheet tightly organizes the close contact between adjacent ECDs
(Fig. 4c). Specifically, in the center of the ECD, F67 is inserted into a hydrophobic pocket
formed by helices EH1 and EH3 of the neighboring subunit. On the peripheral side of the
ECD, strands p2 and g3 form multiple hydrophilic interactions with the EH3 of the adjacent
subunit.

The TMD of AsPANX1 has a two-layer architecture—the helix bundle S1-4 forms the
exterior, while the NTH lines the ion-conducting pore (Fig. 4d). The NTH is clamped
between the adjacent S1 and S2 in a domain-swapped manner, creating the only interactions
between neighboring TMDs (Fig. 4e). Such a domain-swapped interaction in the TMD is not
present in connexin, innexin, or VRAC (Extended Data Fig. 8).

The interface in the ICD is restricted to its lower part, where helices IH1 and IH2 interact
with helices IH6 and IH7 from the adjacent subunit through hydrophobic and hydrophilic
interactions (Fig. 4f). In contrast, the upper part of the ICD lacks interfaces and has several
positively charged residues, resulting in a tunnel between adjacent ICDs that is favorable for
anions such as chloride but is not large enough for small molecules such as ATP.

lon pathways and channel gating

To understand how AsPANX1 gates under different physiological conditions, we investigated
potential ion-conducting pathways in the structures other than the main pore along the
symmetry axis. We have strong evidence that the seven side tunnels in the upper ICD (Fig.
5a, ¢) serve as an alternative pathway for conducting ions, and we have thus established a
gating mechanism involving the two pathways by combining data from cryo-EM, patch-
clamp electrophysiology, and molecular dynamics simulation.

The main pore is in the shape of a truncated cone. Both the extracellular and intracellular
entrances are positively charged (Fig. 5b, d), making it favorable for negatively charged
cargos such as chloride and ATP. Its extracellular entrance is constricted by seven W74/R75
residue pairs in a rigid conformation. We investigated the functional importance of these
residues by performing electrophysiological experiments. While the W74A mutant remained
voltage-dependent similar to the wild type, its anion selectivity was altered so that iodide
and chloride showed equal permeability, contrasting to wild type which prefers iodide over
chloride** (Extended Data Fig. 7a, b d—f). Moreover, a charge reversing mutant, R75E,
showed not only a loss of voltage-dependence and anion selectivity, but also a striking
increase in permeability of sodium over chloride (Extended Data Fig. 7a, b, d—f). We thus
suggest that the extracellular constriction site plays a role in discriminating cargo based on
the charge and size, but it is unlikely to act as a gate that alters its conformation during
channel opening and closing. This is in agreement with a recent study where mutants of the
extracellular entrance in frog PANX1 also affect ion selectivity*2.
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Although the NTH lines the main pore within the TMD, it likely does not act as a gate
either, because it is clamped by the adjacent S1 and S2 thus lacks the flexibility to close the
pore. Indeed, an NTH-deletion construct produced CBX-sensitive conductance similar to
that of the wild type (Fig. 1d, Extended Data Fig. 7a—c). Instead, we observed that the
intracellular entry is blocked by the unstructured CTT (Fig. 1c). Although it has been
proposed that the autoinhibitory CTT is cleaved by caspase 3 or 7 to open the channel during
apoptosis233:34 our study provided a first visualization of such a gating mechanism,
supporting the concept that the main pore is gated by CTT in a caspase-dependent manner.

This leads to the question of how AsPANX1 is gated under normal (nonapoptotic)
conditions, given that it produces a small but measurable ionic conductance without caspase
treatment33:35 (Fig. 5f; Extended Data Fig. 7a, b, c). We believe the seven tunnels at the ICD
inter-subunit interface play a role. These tunnels contain several positively charged residues
along with other polar residues, which make them accessible to solvent and anions (Fig. 5a—
d). The peripheral part of the tunnel, surrounded by the S1 and IH5 and the S2 and IH1 of
adjacent subunits, is wide enough to accommodate fully hydrated chloride ions (Fig. 5d).
The tunnel gradually narrows toward the interior part, which is formed by the adjacent NTH-
S1 linkers. Notably, deletions (A21-23 disease mutant® and A21-27) on this linker result in a
gain-of-function phenotype (Fig. 5a, f; Extended Data Fig. 7a—c). We thus propose that the
NTH-S1 linker may act as a gate, and its shortening may result in less blockage of the
tunnel. Within the tunnel, we identified two constriction sites formed by R29 and A33 on the
NTH-S1 linker, having a radius of 2.9 and 2.0 A, respectively, suggesting that partial
dehydration is likely required for chloride ions to pass through the tunnel.

To provide evidence for our hypothesis that the side tunnel is an alternative ion-conducting
pathway and that the flexible NTH-S1 linker functions as a gate, we performed molecular
dynamics simulations and electrophysiology experiments. The simulation showed that this
tunnel was hydrated and that the NTH-S1 linker had high flexibility (Fig. 5e). Next, we
generated mutants on the two constriction residues, R29A and A33W, aiming to respectively
enlarge or shrink the tunnel. As expected, the R29A mutant yielded ~30-fold larger CBX-
sensitive current relative to the wild type, but the A33W mutant completely abolished CBX-
sensitive current (Fig 5f; Extended Data Fig. 7a—c). In contrast, truncating the CTT from the
A33W mutant generated large currents comparable to the ACTT-AsPANXL, indicating that
the side tunnel and the main pore are gated independently (Fig. 5f). As a control, mutating
A33 to a residue of similar size, i.e., Cys, did not alter the channel function (Fig. 5f).
Together, our structural and functional data strongly support the idea that the tunnels
constitute an alternative ion pathway that is gated by the NTH-S1 linker and operates
independently from the CTT. We found that such a side tunnel also exists in innexin and
VRAC; thus, such tunnels might be common feature of these large-pore channels.

Discussion

Our studies on ASPANX1 addressed long-sought questions regarding its channel architecture,
gap junction formation, ligand-binding site, ion pathways, and mechanisms of channel
gating and inhibition. Our structures support a previous study that suggests the TM1-p1
linker lines the channel pore, and the NTH is involved in channel assembly#°. We have
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identified two ion-conducting pathways—the main pore along the symmetry axis, and seven
side tunnels in the ICD (Fig. 5g). Under normal physiological conditions, the intracellular
entrance of the main pore is blocked by the unstructured CTT, so anions—but not ATP—can
move solely through the side tunnels, which explains why PANX1 currents can be evoked
with voltage clamp during which no ATP release was observed!46. During apoptosis, the
CTT is cleaved by caspase, which opens the main pore for the release of ATP, triggering
signals that attract phagocytes to engulf the dying cells. Both pathways can be blocked by
CBX because it occupies the entryway at the extracellular side.

Notably, PANX1 has been reported to release ATP or open into large conductance state
through tyrosine phosphorylation3839, In our structures, these tyrosine residues are located
in the lower portion of the ICD and their phosphorylation might regulate the conformation of
the CTT nearby. Further studies are required to fully understand the phosphorylation-
dependent activation mechanism.

Constructs and cloning

Full-length AsPANX1 (UniprotID: Q96RD7) was synthesized from GenScript and subcloned
into a pEG Bacmam vector between Xbal and Notl restriction sites*’. The C-terminus of the
hsPANX1 gene contains a thrombin digestion site (Leu-Val-Pro-Arg-11-Gly-Ser), an
enhanced green fluorescent protein (eGFP), and Strepll and 8xHis tags. Caspase 3 and 7
plasmids were obtained from addgene (plasmid 11821 and 11825)48. Primers for site-
directed mutagenesis were designed using NEBaseChanger (https://nebasechanger.neb.com/)
and synthesized from Eurofins Genomics LLC. Q5 site-directed mutagenesis protocol was
used to generate all the mutants (ANTH, W74A, N255A, A21-23, R29A, A33W, A33W/
ACTT, ACTT, and A33C). The ANTH represents a AsPANX1 mutant in which residues 2-20
were deleted. The ACTT corresponds to a G380* (stop codon) mutation to mimic the
caspase cleaved AsPANX1. Positive clones were confirmed via Sanger sequencing through
Eurofins Genomics LLC.

Transfection and solubilization test

Adherent tsA201 cells were grown at 37°C in DMEM media with 10% FBS. Cells were
transfected using lipofectamine-2000 by following the manufacturer’s protocol. The next
day, sodium butyrate was added to 10 mM and the cells were incubated at 30°C. After 24
hours, cells were harvested and stored at —80°C. For fluorescence size-exclusion
chromatography (FSEC) experiment, cells were solubilized using 500 ul of 150 mM NacCl,
20 mM Tris-HCI pH 8.0 (TBS) buffer with 1% GDN or SMA30010 for 1 hour at 4°C. The
solubilized sample was clarified by ultracentrifugation at 87,000 g and analyzed by high-
performance liquid chromatography (HPLC). The supernatant (20ul) was injected onto a
Superose 6 Increase 5/150 GL column (GE Health) at a flow rate of 0.3 ml/min. GFP (480
nm) and tryptophan (280 nm) absorbance were monitored to determine protein solubility
and retention volume.
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Deglycosylation test

Adherent tsA201 cells infected with eGFP tagged wt-AsPANX1 or N255A-/AsPANX1 were
solubilized using 100 uL TBS buffer with 1% GDN at 4°C for 1h. The samples were then
centrifuged at 20,000 g for 30 minutes. The supernatant (16 pL) was mixed with 2 uL of
GlycoBuffer 2 and 2 pL PNGase F enzyme. The control reaction was made by adding 2 pL
of water instead of PNGase F enzyme. After overnight incubation at room temperature, the
sample was mixed with 10 pL 2x SDS loading buffer (with 5% BME) and resolved by SDS-
PAGE. GFP signal (UV488) of the gel was detected using the ChemiDoc imaging system.

Protein expression and purification

Caspase 3 and 7 protein was expressed in BL21 E. coli. strain (NEB) and purified using a
protocol established previously#®. For AsPANX1 protein, a mammalian cell expression
system optimized for membrane ion channel protein was used>C. Specifically, bacmid was
produced by transforming pEG-/AsPANX1 plasmid into DH10a cells. Positive colonies were
selected from a LB plate with 50 pg/mL kanamycin, 10 pg/mL tetracycline, 7 pg/mL
gentamicin, 40 pg/mL IPTG, and 100 ug/mL Bluo-gal. Bacmid from positive clones was
extracted and transfected into adherent Sf9 cells using Cellfectin 1l reagent using the
manufacturer’s protocol. Five days after transfection, P1 virus was filtered and harvested. P2
virus was produced by infecting suspension Sf9 cells at 0.9x1076 cells/ml in a 5000:1 v/v
ratio. Five days after infection, P2 virus was harvested and supplemented with 2% FBS. P2
virus was stored at 4°C and light protected.

Suspension tsA201 cells were grown at 37°C in FreeStyle 293 media supplemented with 1%
FBS. The cells were infected with 5% v/v P2 virus at a density of 3.5x10"5 cells/ml and
grown at 37°C. Twelve hours after infection, sodium butyrate was added to a final
concentration of 5 mM and cells were grown at 30°C. Cells were harvested 56 hours post-
infection and stored at —80°C until further use.

Infected tsA201 cells expressing AsPANX1(200 mL culture) were thawed on ice and
suspended with TBS buffer. Cells were then solubilized with 1% GDN and a protease
inhibitor cocktail (1 mM PMSF, 0.8 uM aprotinin, 2 ug/ml leupeptin, and 2 mM pepstatin A)
for 1 hour at 4°C. The sample was clarified by centrifugation at 5000 g for 15 minutes and
ultracentrifugation at 186,000 g for 1 hour. The supernatant was mixed with 2.5 mL TALON
resin using a batch protocol. Imidazole (10mM) was added to the sample to prevent
nonspecific binding. After 1 hour, the resin was washed using 2x10mL TBS buffer with
0.01% GDN with 20 mM imidazole. Protein was eluted with 4x TBS buffer with 0.01%
GDN with 250 mM imidazole. The eluent was concentrated to 500 pL using a 100 kDa
concentrator (Millipore). The C-terminal GFP was cleaved by thrombin (0.005 mg/ml) or
caspase 7 (0.02 mg/mL). GFP-cleaved protein was further purified by size-exclusion
chromatography (SEC) using a Superose 6 Increase 10/300 GL column (GE Healthcare)
with TBS buffer containing 0.01% GDN as the mobile phase. Peak fractions were
concentrated to 4-8 mg/mL for grid freezing.

For AsPANX1 protein purification using styrene-maleic acid (SMA) copolymer, 200 mL of
thawed tsA201 cells were initially solubilized in 20 mL TBS buffer with 1% SMA30010 at
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4°C. After 2 hours, the sample was diluted to 50 mL using TBS buffer, followed by 2 rounds
of ultracentrifugation at 186,000 g for 1 hour each. The supernatant was then diluted to 150
mL final using TBS buffer and applied to 7.5 mL talon resin to allow batch binding at 4°C
overnight. The resin was washed with 60 mL TBS buffer containing 10 mM imidazole.
Protein was eluted with 22.5 mL TBS buffer containing 250 mM imidazole and concentrated
to 500 pL using a 100 kDa concentrator. The GFP tag was cleaved with thrombin (0.05
mg/mL) at room temperature for 4 hours. GFP-free protein was further purified by SEC
using TBS buffer. Peak fractions were concentrated to 7 mg/mL for grid freezing.

Cryo-EM sample preparation and data collection

Purified full-length AsPANX1 showed well-behaved biochemical properties in detergent or
styrene maleic acid polymers (SMAS) (Extended Data Fig. 1a—f). The ASPANX1 protein
sample was first mixed with designated additives/ligand to the desired concentration prior to
the grid freezing. Quantifoil 300 mesh 2/1 Au or Cu grids were glow discharged for 30 s.
The protein (3 pL) was added to the grid in Vitrobot Mark 111 at 100% humidity. Grids were
then blotted for 2 s, flash-frozen in liquid ethane, and transferred/stored in liquid nitrogen.

Preliminary grid screening was conducted using a 200 kV Talos Arctica microscope
equipped with a Falcon 111 direct electron detection detector (FEI). High-resolution data
collection was conducted using a 300 kV Talos Krios microscope equipped with a K2
Summit or K3 direct electron detector (Gatan). SerialEM was used to automate the data
collection using a super-resolution counting mode®2. The calibrated pixel size for the K2 and
K3 cameras are 1.026 A and 0.812 A, respectively. For the K2 camera, the total exposure
time is 8 s for 40 frames with a dose rate of 6.2 e/A?%/s for each micrograph. For the K3
camera, the exposure time is 1.5 s for 75 frames with a dose rate of 31.5 e"/A%/s for each
micrograph. The nominal defocus range was specified from —1.2 ym to -1.9 pm with a 0.1
um step. The raw movies were saved in LZW compressed tif format for further processing.

Cryo-EM single particle analysis

The data processing workflow and statistics is summarized in Extended Data Fig. 2 and 5,
and Extended Data Tables 1-3. Specifically, raw movies were first motion-corrected using
motioncor2 version 1.2.1 (ref 52). The contrast transfer function (CTF) of each micrograph
was estimated using gctf version 1.06 or ctffind version 4.1.10 (ref %354). For K2 data,
particle picking was conducted using gautomatch (http://www.mrc-Imb.cam.ac.uk/kzhang/).
For K3 data, relion 3.0 was used for particle picking®®. Junk particles were removed by 2
rounds of reference-free 2D classifications in relion 3.0. The initial 3D model was generated
using Cryosparc®®. Particles were further cleaned by 3D classification. High-resolution
classes with clear secondary structure features were used for 3D refinement. The initial
refinement was conducted using C1 symmetry without a solvent mask. A solvent mask was
then generated and used for subsequent 3D refinement jobs. The map is then checked
manually to identify if the structure adheres to C7 symmetry. CTF refinement and Bayesian
polishing were also performed in relion3.1b to further improve the refinement result®’:58,

For the N255A-/AsPANX1 dataset, side and tilted views of the hemichannel particles and gap
junction particles were separated during 2D classification. The top/down views of
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hemichannel and gap junction were difficult to separate from 2D class averages. We
combined all top/down views with the hemichannel and gap junction dataset, and classified
the particles using 3D classification (Extended Data Fig. 5). After a homogeneous particle
set for hemichannel or gap junction was obtained, the map was refined using the same
procedure as the other non-gap junction datasets.

Structural determination

We focused on #sPANX1 in detergent because it yielded cryo-EM maps at substantially
higher resolutions than AsPANX1 in SMA (Extended Data Tables 1-3). We first determined
the ASPANX1 structures (Extended Data Fig. 2a, 3b—d) in the presence of 1 mM EDTA, 5
mM Ca2*, or 150 mM KCI, aiming to capture the apo, Ca2*-, and K*-activated states,
respectively. We also wanted to address the question of whether Ca2* or K* directly activates
hsPANX1 given the contradictory evidence in the literaturel6:34.36.59-61 A three structures
formed only hemichannels having 7-fold symmetry. The heptameric stoichiometry was
confirmed by the structure of SMA-extracted #AsSPANX1 (Extended Data Fig. 3a). Because
no noticeable difference was observed among these three structures, we combined the data,
which yielded a structure with improved quality at 2.8 A (wt-AsPANX1; Fig. 1a, b; Extended
Data Fig. 3e; Extended Data Fig. 4a, b; Extended Data Table 1). Our structures suggest that
likely neither Ca2* nor K* directly activates #sPANX1.

The CTT after the caspase cleavage site is predicted to be disordered®?; it is invisible in the
cryo-EM maps refined with C7 symmetry (Fig. 1a). However, we observed densities
covering the intracellular entrance in the 3D class obtained without imposing symmetry
(Fig. 1c). Because the location matches where the CTT was predicted to be by functional
studies34, we determined the structure of AsPANX1 after cleaving the CTT by using caspase
7 (ACTT-AsPANX1; Extended Data Table 2). Although the C7 refined structure of ACTT-
hsPANX1 is identical to the full-length ASPANXL1 structure, the densities blocking the
intracellular entrance disappeared in the 3D class without imposing symmetry (Fig. 1c). We
thus concluded that these densities are indeed derived from the flexible CTT.

We observed extra density associated with the side chain of N255, indicating that this
asparagine is glycosylated, which was confirmed by a deglycosylation assay (Extended Data
Fig. 1g). PANX1 was thought to not form gap junction due to the N-glycosylation in its
extracellular loop30-31.63, To provide a structural basis for this idea, we studied the structure
of a glycosylation-deficient mutant N255A (Extended Data Fig. 5), which yielded both gap
junctions (N255A-AsPANX162P) and hemichannels (N255A-AsPANX1HeM) at an
approximate ratio of 1:5 (grid concentration, about 23 puM) at resolutions of 2.83 and 2.86 A,
respectively (Extended Data Fig. 3j, 4c, 4d; Extended Data Table 3).

To study PANX1 inhibition, we determined the structure of the complex with CBX (CBX-
ACTT-hsPANX1). Because the structure showed obvious asymmetry and the CBX site
overlapped with the symmetry axis, we refined the structure without imposing any symmetry
to avoid symmetry axis—associated noise or artifacts; the final resolution was 4.4 A
(Extended Data Fig. 3g; Extended Data Table 2). In addition to the change in overall
structure, we noticed two differences between the CBX-ACTT-AsPANX1 and the ACTT-
hsPANX1 map. First, the center of the extracellular restriction site (W74) is filled with
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strong density in the CBX-ACTT-AsPANX1 map, but not in the ACTT-AsPANX1 map.
Second, the NTH density is weaker and seems to have been shifted in the CBX-ACTT-
hsPANX1 map when compared to the ACTT-AsPANX1 map. We were initially not confident
to assign NTH to this density in the cryo-EM map of CBX-ACTT-AsPANX1. To resolve this
uncertainty, we studied the structure of a /sPANX1 mutant in which residues 2-20 were
deleted (ANTH mutant). Both ANTH/ACTT-/AsPANX1 and CBX-ANTH/ACTT-AsPANX1
structures are non-symmetric and adopt an elliptical shape similar to CBX-ACTT-AsPANX1
(Extended Data Fig. 6a, b; Extended Data Table 2). In addition, the “shifted” NTH density is
not observed in both ANTH/ACTT-AsPANX1 and CBX-ANTH/ACTT-AsPANX1 structure,
suggesting that the “shifted” density in CBX-ACTT-AsPANX1 is indeed NTH. Additionally,
we observed strong density located in the center of the extracellular restriction site for CBX-
ANTH/ACTT-hsPANX1, but not for the ANTH/ACTT-AsPANX1 dataset (Extended Data Fig.
6¢), strongly suggesting that CBX binds to the location. Therefore, our structural analysis
has ruled out the possibility that CBX can compete with NTH for AsPANX1 binding, but
instead supports the idea that CBX functions as a pore blocker and binds to the extracellular
restriction site (W74). We were unable to unambiguously define the exact positioning of
CBX for two reasons. First, the two carboxyl groups of CBX lack direct interaction with the
protein and are thus flexible. Second, the density is an average of the many different poses
which CBX may adopt within the extracellular entrance.

Model building, validation, and structural analysis

The cryo-EM map of wt-/#sPANX1 and ACTT-/AsPANX1 are of excellent quality, allowing
us to model almost the entire protein. De novo model building was initially conducted using
Coot®, Registers were guided by secondary structure prediction (Extended Data Fig. 9)
using JPred® webserver and the bulky residues of AsPANX1. We were able to model most
of the wt-/sPANX1 except for the linker connecting the intracellular helices IH1 and 1H2
(residues 163-190), and the CTT (residues 374-426). For regions of the map with limited
side-chain information (residue 19-26, 302-305, 316-327, and 356-373), we only modeled
the residue backbone. Extra density in N255 is modeled as N-acetyl-p-glucosamine (NAG)
based on biochemical analysis on WT and N255A mutant. Putative lipid density in the map
is modeled as cholesterol (CLR), diacylglycerol (DGA), phosphatidylethanolamine (PTY),
distearoyl-3-sn-phosphatidylethanolamine (PEH) based on the shape of the lipid density.
However, we don’t have experimental evidence to claim the exact identity of these lipid
molecules. The atomic model was refined using phenix.real_space_refine and evaluated
using phenix.mtriage®®.

CBX-ACTT-hAsPANX1, ANTH/ACTT-AsPANX1, and CBX-ANTH/ACTT-AsPANX1 mutant
models were generated using molecular dynamics based flexible fitting (MDFF) with the wt-
hsPAXN1 model as the input”. The resulting model was manually adjusted and refined
using phenix real-space refinement®. CBX molecules were manually fitted into the center
of the extracellular entrance. We provided strong structural and functional evidence to
support the proposed CBX binding site. However, the two terminal carboxyl groups of CBX
do not make specific interactions with the protein, and are therefore not well defined in the
map. Models were validated using phenix.molprobity©8.
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The N255A- AsPANX1G2P and N255A-AsPANX1Hemi channel models were built by docking
the wt-A#sPANX1 model into the gap junction and hemichannel map. We manually adjusted
the position of IH1 and IH7 helices and mutate N255 to alanine in Coot64. The resulting
model was subjected to phenix real-space refinement and validation®6.68,

Solvent accessible contact interface is measured using the get_area function in PyMOL5°.
Electrostatic potential was calculated using the APBS Plugin embedded in PyMOL70,
Tunnel and size analysis were done using Caver 3.071. Figures were generated using
PyMOL and UCSF Chimera/ChimeraX’2:73,

Electrophysiology

Using patch-clamp analysis, whole-cell currents were measured in tsA201 cells plated on
poly-I-lysine-coated (Sigma) coverslips following 1-2 days of over-expression. C-terminal
GFP tagged hsPANX1 constructs were used for visual identification. The only untagged
mutants were ACTT and A33C/ACTT which were co-expressed with a plasmid encoding
GFP. The ACTT-hsPANX1 used in Fig. 1f and Extended Data 7 is a G380 stop codon
mutation to mimic the CTT-cleaved hsPANX1. Both viral infection (cells infected at 5% v/v
of P2 virus, incubated at 37°C for 10-12 hours and then at 30°C with media containing 5
mM sodium butyrate) and Lipofectamine 2000 transfection were used for overexpression.
Since no differences in current amplitudes were observed between methods for wt-hsPANX1
and various mutants, the data were pooled. Patch pipettes contained (in mM) 145 NaCl, 10
Hepes, 10 EGTA, pH 7.3 and the bath solution contained 160 NaCl, 10 Hepes, 3 KCl, 2
CaCl2, and 1 MgClI2, pH 7.4. \loltage steps of 0.25 s were imposed from —100 mV to +80
mV and membrane currents were recorded (digitized at 10 kHz and filtered at 2 kHz) using a
Multiclamp 700B microamplifier (Axon Instruments) and Clampex software (11.0.3). CBX
(Sigma) was added to the bath solution at a final concentration of 0.1 mM. Currents were
analyzed off-line using ClampFit (11.0.3). Current amplitudes were measured 5 ms at a
clamp of —-80mV. CBX-sensitive currents were calculated from the difference in current
amplitude in a cell measured with and without CBX. For measuring ion selectivity, whole
cell currents were measured from patch-clamped cells imposed with 2 s voltage ramps (=100
mV to +100 mV) using a AgCl reference electrode and a 3M KCl-agar bridge. Cells were
first measured in symmetrical NaCl concentrations where patch pipettes contained (in mM):
145 NaCl, 10 HEPES, 10 EGTA (pH 7.35) and the bath solution contained: 145 NaCl, 10
HEPES, 2 Ca-gluconate, 1 Mg-gluconate, pH 7.4. Sucrose was added to all bath solutions
for a final osmolarity of about 325 mOsm / L. Sequential measurements were performed
following superfusion with various bath solutions where NaCl was replaced with equimolar
amounts of Nal, Na-gluconate, and NMDG-CI. Anion permeability ratios were calculated
using shifts (relative to NaCl) in the zero-current reversal potential using a modified
Goldman-Hodgkin-Katz (GHK) equation’. Liquid junction potentials were minimal (< 2
mV) and uncorrected. For Na/Cl permeability ratios, zero-current reversal potentials were
measured using a reduced salt bath solution containing (in mM): 14.5 NaCl, 10 Hepes, 2 Ca-
gluconate, 1 Mg-gluconate, 245 sucrose and calculated using the GHK equation. Recordings
were performed at room temperature. Statistical analysis of carbenoxolone-sensitive currents
was performed with Mann-Whitney test (GraphPad Prism). P-values of <0.05 were deemed
significant.
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Molecular dynamics (MD) simulation

Lipid bilayer MD system with wt-AsPANX1 was prepared using CHARMM-GUI75,
Specifically, the wt-AsPANX1 model was first oriented with respect to the membrane normal
using the OPM server’6. CHARMM-GUI was then used to build the lipid bilayer system
with POPC on both sides of the membrane. The wt-AsPANX1 is protonated at neutral pH.
The system was then solvated with 603 TIP3P water, and neutralized with approximately
150 mM NaCl (144 NA, and 165 CL ions). The final system has a dimension of
130Ax130Ax154A.

CHARMM36m force field parameters are used for the simulation’’. Initial energy
minimization was performed using the steepest-descent algorithm with a Fay tolerance of
500 kJ mol~1 nm-1, Position restraint was enabled for non-hydrogen atoms of the protein and
phosphorus atom of POPC. The system then underwent 6 rounds of equilibration with the
strength of the position restraint gradually decreased (from 4000 kJ mol=1 nm=2 to 200 kJ
mol~1 nm~2 for backbone atoms, and 2000 kJ mol~1 nm=2 to 200 kJ mol~1 nm=2 for side-
chain atoms). The temperature of the system was brought to 310 K using a Berendsen
thermostat by coupling protein, POPC membrane, and solvent in NVT ensemble for the first
3 rounds of equilibration. Subsequently, NPT ensemble was launched using a Berendsen
semiisotropic pressure coupling at 1bar. The linear constraint solver (LINCS) algorithm was
used to constrain the hydrogen atoms’8. NVT and NPT equilibration simulations were
carried out using 1 fs and 2 fs timestep, respectively. The un-restraint production simulation
continued from the NPT ensemble using Nose-Hoover thermostat and Parrinello-Rahman
barostat. The trajectory was accumulated for 100 ns using a timestep of 2 fs. The Verlet
cutoff scheme was used to generate the neighbor list (12 A) for short-range electrostatic and
van der Waals interactions. Gromacs version 2019.2 was used as the MD engine’®.
Trajectory data was analyzed using the utilities of gromacs and visualized using PyMOLS.
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Extended Data Figure 1: Purification and biochemical analysis of hsPANX1.
a, Size-exclusion chromatography (SEC) profile of wt-AsPANX1 purification using glyco-

diosgenin (GDN). b, SDS gel of purified wt-/2sPANX1-GFP (For gel source data, see
Supplementary Figure 1a for gel source data). c, Fluorescence size-exclusion
chromatography (FSEC) experiment on caspase 3/7 cleavage of wt- AsPANX1-GFP. GFP
absorbance (480 nm) is shown in y-axis. d, Caspase 7 cleavage of purified wt-AsPANX1-

Nature. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruan et al.

Page 15

GFP. The cleavage of CTT results in a peak shift. Tryptophan absorbance (280 nm) is shown
in y-axis. e, Styrene maleic acid (SMA) solubilization screening of wt-AsPANX1 using
FSEC. Three SMA polymers (SMA25010, SMA30010, and SMA40001) were tested. GFP
absorbance (480 nm) is shown in y-axis. f, SEC profile of AsPANX1 purification using
SMA30010. Tryptophan absorbance (280 nm) is shown in y-axis. g, Deglycosylation test of
wt-AsPANX1-GFP and N255A-AsPANX1-GFP using PNGase F. Bands correspond to the
glycosylated and non-glycosylated #sPANX1 are marked. See Supplementary Figure 1b for
gel source data. h, FSEC analysis on the #sPANX1 mutations with electrophysiology data.
Cells expressing AsPANX1 WT or mutants are solubilized using GDN. Gain-of-function
mutations with less expression level are labeled. R75E mutant contains a peak position
shifted to the right. i and j, FSEC analysis on extracellular gate mutations of ASPANX1
solubilized using GDN (i) or SMA30010 (j). Peak positions of correctly assembled
hsPANX1 and incorrectly assembled AsPANX1 are indicated by arrows and vertical bars.
The W74R, R75D, and R75E showed decreased stability relative to wild-type because, when
extracted using detergent, they mostly ran at positions representing incorrect assemblies (i).
Nevertheless, the SMA-extracted W74R, R75D, and R75E all showed peaks at positions
representing correct assemblies (j), indicating that they are able to form correctly assembled
channel complex in a native lipid environment.
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Extended Data Figure 2: The workflow of cryo-EM data processing of hsPANX1 constructs that
do not form gap junctions.

a, The data analysis pipeline for /1sPANX1 cryo-EM analysis with no gap junction. Special
attention was paid to determine whether the dataset indeed adheres to C7 symmetry. Two
examples of AsPANX1 adopting a symmetric conformation (ACTT-AsPANX1) or a non-
symmetric conformation (CBX-ACTT-AsPANX1) are shown. A detailed description of the
data analysis procedure can be found in the Method section. b, The overlay of the C1 refined
maps of ACTT-AsPANX1, CBX-ACTT-AsPANX1, ANTH/ACTT-AsPANX1 and CBX-
ANTH/ACTT-hsPANX1 with the symmetric model of wt-/AsPANX1. The CBX-ACTT-
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hsPANX1, ANTH/ACTT-hAsPANX1 and CBX-ANTH/ACTT-AsPANX1 maps adopt a non-

symmetric shape.
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Extended Data Figure 3: Representative micrographs, 2D class averages, and Fourier shell
correlation (FSC) curves for all datasets in this study.

For each dataset, a representative micrograph, four 2D class averages and FSC curve plot are
shown, except for N255A-/AsPANX1 dataset, in which two structures are shown. The map
resolution is determined based on the “gold-standard” 0.143 criterion. If an atomic model is
available for the dataset, a model vs map FSC curve is also provided. The model vs map
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resolution is determined based on the 0.5 FSC criterion. Panel (a) contains a slice view of
the SMA-wt-AsPANX1 map showing the organization of TMD.

Extended Data Figure 4: Local resolution estimation and representative densities.
a, b, wt-1sPANX1 map. ¢, d, The N255A-/AsPANX158 map. To provide better visualization

on the exterior and interior map quality, a non-sliced and a sliced view of the maps are
shown. The unit for the color bar is in A. The representative densities were shown for a few
selected secondary structure elements of AsPANX1.
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Extended Data Figure 5: The workflow of cryo-EM data processing of N255A-hsPANX1.
To separate gap junction particles from hemichannel particles, we relied on 2D classification

to distinguish tilted and side views. The top/down views were separated during 3D
classification. A more detailed description of the data analysis pipeline can be found in the
Methods section.
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Extended Data Figure 6: The structures of ANTH/ACTT-hsPANX1.
a, The apo state. b, In complex with CBX. The CBX is shown in orange. For both panels,

odd- or even-numbered subunits are in blue or white, respectively; the 71 subunit is in green.
The left and middle panels are cryo-EM maps viewed parallel to the membrane and from the
extracellular side, respectively; the unsharpened map is shown as a transparent envelope.
The right panels are structural models viewed from the intracellular side. ¢, The slice view of
the extracellular entrance of ANTH/ACTT-hsPANX1 (left) and CBX-ANTH/ACTT-
hsPANX1 (right) maps. The CBX molecule and the side chain of W74 are shown as stick.
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Extended Data Figure 7: Patch-clamp analysis of the wild type hsPANX1 and its mutants.
a, Representative traces of whole-cell current density from patch-clamped tsA201 control

cells (N=6) and tsA201 cells overexpressing: wt-AsPANX1 (n=12), ANTH (n=5), W74A
(n=8), R75E (n=5), N255A (n=5), A21-23 (n=6), A21-27 (n=7), R29A (n=9), A33W
(n=10), A33W/ACTT (n=4), ACTT (n=4), and A33C (n=5). Voltage steps (0.25 s) of 20 mV
were imposed from =100 mV to +80 mV from a holding potential of =10 mV. Cells were
first measured in standard bath solution and then re-measured following the superfusion of a
bath solution containing 0.1 mM carbenoxolone. b, Mean current measured at 5 ms of
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experiments in (a) plotted as a function of clamp voltage. ¢, Current amplitudes of
experiments in (a) with and without carbenoxolone. Each paired point represents an
individual cell and the bar represents the mean. d, Plot of zero-current reversal potentials
using a 2 s voltage ramp for various bath solutions containing either (in mM): 145 NaCl, 145
Na-lodide, 145 Na-Gluconate, 14.5 NaCl, or 145 NMDG-CI (see Methods for complete
solutions). The number of cells patched (indicated in parenthesis) for the various bath
solutions were as follows, 145 mM NaCl: WT (5), R29A (7), W74A (5), R75E (7); 145 mM
Nal: WT (5), R29A (7), W74A (5), R75E (7); 145 mM Na-gluconate: WT (5), R29A (7),
W74A (5), R75E (7); 14.5 NaCl mM WT (4), R29A (4), W74A (5), R75E (5); 145 mM
NMDG-CI WT (3), R29A (2), W74A (5), R75E (3). e, and f, Plots of the calculated (see
methods) permeability of iodide relative to chloride, P|/P¢), the permeability of Gluconate
relative to chloride, Pgjuconate/Pcl, and permeability of sodium relative to chloride, Pna/Pcy
for WT and mutant channels. For statistical comparisons to WT, one-way ANOVA with
Bonferroni correction was performed. The p values for the Py/P; ratios are 0.99, 3.7x107°,
5.9x107° for R29A, W74A, and R75E, respectively. The p values for the Pguconate/Pcl
ratios are 0.046, 0.99, 6.8x1079 for R29A, W74A, and R75E, respectively. The p values for
the Pna/Pcy ratios are 0.99, 0.99, 2.2x1076 for R29A, W74A, and R75E, respectively. Each
point represents an individual cell and the bar represents the mean value. All error bars are
SEM.
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Extended Data Figure 8: Comparison of large-pore channels.
a, The structures of large-pore channels, viewed parallel (upper) or perpendicular (lower) to

the membrane. One subunit (or one pair of subunits) is in green. The diameter of VRAC is
calculated without the cytoplasmic leucine-rich repeat domain. b, Organization of the
transmembrane domain, viewed from the intracellular side. The NTH and transmembrane
helices S1, S2, S3, and S4 are labeled for two subunits. Only CALHM2 has its
transmembrane helices arranged in a clockwise manner. The contact between adjacent
TMDs in PANX1 is made by the NTH with the Sland S2 helices in the neighboring subunit;
the same contact in CALHM2 is made by the S2 and S4 of adjacent subunits, and in
connexin by the S1 and S2 of adjacent subunits. There is no major contact in innexin and
VRAC.

Nature. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ruan et al.

Page 24
NTH A21-23 mutant S1 B1
N —

20

PANX1_HUMAN ------ YVFSDFL KEPTEPKFKG- LELAVDKM TCIA AQEISIGTQ S FS
PANX1_FROG YVFSDFL AVDKLVSCIA L) IS AFAQEITLGSQIS
PANXI_MDUSE RLEL TCIA LLLISLAFAQEISIGTQIS FS
PANX1_RAT L AV KMVTCIA L IS A AQEISIGTQIS FS
PANX2_HUMAN = L RVVTIGT L TKNFA-EEPT
PANX3_HUMAN ---------- HT A LPDRRGPRLKG------- IL PL RIVKFVAVGS L AFEAQEFSSGSP,
* L]
C66-C265
W74 EH1 EH2 S2 IH1
70 X( 80 920 100 120 130 140 150

PANX1_HUMAN PSSESW
PANX1_FROG PTSESW
PANX1_MOUSE PSSESW
PANX1_RAT SSESW

-AAVQQKNSLQSESGNLPEWLHK
-AAVQQKHLSQSDSGNVPLWLI

LLFAILLYLPPLFWRFANAPHICSDEKFIMEELD
LVAVLLYLBNLFWRFT APHLSED KEVMEELDKCYN

I LF ILLYLPALFWRFSAAPHLCSDLKFIMEELDKVYN
-AAVQQKNSLQSESGNLPLWLHKFF ILLYLE AéFRFA APHLC. KEIME LKV N

PANX2_HUMAN PHNETR LYARGYCW-TELRDALPGVDASLWPSLFE L A AF AIM V. GWEFLASTRLTSE. N ELLQET
PANX3_HUMAN PSNESIRQAAYVDSSCWDSLLHHKQDGPGQDKMKSLWPHKALPYSLEALALLM QYAIVPALSD EIISEL KS N
° *
C84-C246
IH1 IH2 S3
000000000
160 170 180 190 200 210 220 230

PANX1_HUMAN AIKAAKSARDL---DMRDGACSVBGVTENLGQSLW--EVSESHFKYPIVEQ KTKKN!NNiIKlISCRLLTLIIILLACI
PANX1_FROG DIKDIKAANNLNSSDKRDGL-NSE VVSENLQQSLW——EIPLSHYKYPIV QYLKTKNNSYGLIIKYLICRVVTLIIVFTACIYL
PANX1_MOUSE AIKAAKSARDL---DLRDGP-GPP GVTENVGQSLW——EISESHFKYPIV q KTKKNSSHLIMKYISCRLVTFVVILLAC

S
PANX1_RAT AIKAAKSARDL---DLRDGP-GP, GVTENVGQSLW-—EISESHFKYPIV KTKKNSSHLIMKYISCRLVTFAVVLLACIYLS
PANX2_HUMAN AAEGRAPKI----- EKQIQS-KG GITEREKREIIENAEKEKSPEQNLF ERRGRSNFLAKLYLARHVLILLLSAVPI C
PANX3_HUMAN SIRLVQHML----- KIRQKS-SDRYVFWNELEK----ARKERYFEFPLLE ACKQRSHSLVATYLLRNSLLLIFTSATY G
Gap junction
interface
S3 B2 EH3 N255 B3 S4 IH3 IH4
—_ 000/ —_ L0000000000000000000000 . . QOOO 00000
240 250 ° 260 270 280 290 300 310

PANX1_HUMAN YYFSLSSLS

VBDQ-FQCKEIAVGIFQLLSVINLVVYVLLAPVVVYTLFVP--FRQKTDVLKVYEIEPT
PANX1_FROG YYISLFSLTDI AL K

PL-VQ IAVGVFRLLSYINLIIYVLIMPFIIYAMLVP--FRKTANVLKVYEVLPT

PANX1_MOUSE YYFSLSSLSDE IPDR-FQCKLIAVGIFQLLSLINLIVYALLIPVVVYTFFIP--FRQKTDILKVYEILPT

PANX1_RAT  YYFSLSSLSDI IPDS- FQI EIAVGIFQLLSLINLLVYALLVPVVIYTLFVP—-FQKTDVLKVYEI 12y

PANX2_HUMAN TYYA-TQKQN T ALGASPDGAAGAG AVRVS KLPSVQLQRIIAGVDIVLLCVMNLIILVNLIHLFIFRKSNFI---FDKLHK

PANX3_HUMAN HFHLDVFFQE SIKTGLLSDETHYV -IT]| TSLSIFQIVSLSSVAIYTILVPVIIYNLTRL--CRWDKRLLSVYEMLPA
° °

C246-C84 C265-C66

IH5 IH6 IH7  Caspase cleavage site
000000 —
320 350 360 370 380

PANX1_HUMAN FDVLHFK---SEGYNDLSL 3 NIS KCEKVLENIKSSGQG------- IDPMLL TN'GMIKMVVDKTPMSAEMR
PANX1_FROG FSVQQAP---SKTYDD B N > -FDTIQYLTSLGTVKTDTVDGKLAFKCTSE
PANX1_MOUSE FDVLHFK---SEGYND E YKCLKVLENIKSNGQG-- -IDPMLL TN GMIKMDIIDGKIPTSLQTK
PANX1_RAT FDVLHFK---SEGYNDLSLYNLFLEENISEL KCLKVLENIKSNGQG-- -IDPMLL DVIDGKVPMSLQTK
PANX2_HUMAN VGIKTRRQWRRSQFCD
PANX3_HUMAN FDLLSRKML-GCPINDLNVILLELRANISELISFSWLSVLCVLKDTTTQKHNIDTVVDFMTLEAGL-------------------

390 400 410 420
PANX1_HUMAN -EEQGNQTAELQGMNIDSE= === === === === — oo oo TKANNGEKNARQR----------
PANX1_FROG -VPNNTEQNEVELTVQPSS=-=-=========== === DNAKTEEKKVRQR---------~
PANX1_MOUSE GEDQGSQRVEFKDLDLSSE--—=—=== === === mmm oo oo AAANNGEKNSRQR----------
PANX1_RAT  GEDQGSQRMDFKDLDLSSE=--===== === === = — oo oo TAANNGEKNSRQR----------
PANX2_HUMAN -VRDSGVQ----- TVDPSANPAEPDGAAEPPVVKRPRKKMKWIPTSNPLPQPFKEPLAIMRVENSKAEKPKPARRKTATDTLIAP
PANX3 HUMAN == = == = = = = = m m o oo o o o EPSKPKH----------
PANX1_HUMAN ELDSSC---- 426
PANX1_FROG LLDSSC---- 428
PANX1_MOUSE LLNPSC---- 426
PANX1_RAT  LLNSSC---- 426

PANX2_HUMAN LLDRSA**x* 677
PANX3_HUMAN ETNSAC**x* 392

Extended Data Figure 9: Secondary structure arrangement and sequence alignment.
Secondary structures based on the AsPANX1 structure model are labeled. The W74 forming

the extracellular entry is marked with an arrow. Key residues forming the side tunnel are
labeled with a red asterisk. The cysteine residues forming the extracellular disulfide bonds
are highlighted by an orange dot. The N255 glycosylation site is marked with a green dot.
The gap junction interface and caspase 3/7 cleavage site are indicated with a red frame. A
gain-of-function disease mutation (A21-23) of AsPANX1 is also marked.
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Extended Data Table 1:

Cryo-EM data collection, refinement and validation statistics

PANX1(WT) apo PANX1 Ca?*-PANX1 K*-PANX1
(EMDB-21588) (EMDB-21595) (EMDB-21596) (EMDB-21597)
(PDB 6WBF)
Data collection and processing
Magnification 130,000 130,000 130,000 130,000
Voltage (kV) 300 300 300 300
Electron exposure (e/A2) 49.6 49.6 49.6 49.6
Defocus range (um) -12--19 -1.2--19 -12--19 -12--19
Pixel size (A) 1.026 1.026 1.026 1.026
Symmetry imposed c7 Cc7 c7 Cc7
Initial particle images (no.) 1,741,195 687,650 724,686 328,859
Final particle images (no.) 179,855 87,000 74,625 45,156
Map resolution (A) 2.83 3.01 3.04 3.15
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 2.83-246.2 3.01-246.2 3.04 -246.2 3.15-246.2
Refinement
Initial model used (PDB code) De novo
Model resolution ()i) 2.98
FSC threshold 0.5
Model resolution range (7\) -103.879
Map sharpening B factor (,&2)
Model composition
Non-hydrogen atoms 19712
Protein residues 2408
Ligands 35
R.m.s. deviations
Bond lengths ()i) 0.005
Bond angles (°) 0.608
Validation
MolProbity score 1.98
Clashscore 13.27
Poor rotamers (%) 0.05
Ramachandran plot
Favored (%) 95.65
Allowed (%) 4.35
Disallowed (%) 0.00
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Extended Data Table 2:

Page 26

Cryo-EM data collection, refinement and validation statistics for ACTT-AsPANX1,
CBX-ACTT-AsPANX1, ANTH/ACTT-AsPANX1, CBX-ANTH/ACTT-AsPANX1.

PANX1(ACTT) CBX- PANX1(ANTH/ CBX-
(EMDB-21589)  PANX1(ACTT) ACTT) PANXI1(ANTH/
(PDB 6WBG)  (EMDB-21590) (EMDB-21591) ACTT)
(PDB 6WBI) (PDB 6WBK) (EMDB-21592)
(PDB 6WBL)
Data collection and
processing
Magnification 130,000 130,000 130,000 130,000
oltage (kV) 300 300 300 300
Electron exposure (¢7/A2) 49.6 49.6 49.6 49.6
Defocus range (um) -1.2--19 -1.2--19 -1.2--19 -1.2--19
Pixel size (A) 1.026 1.026 1.026 1.026
Symmetry imposed c7 C1l C1 C1
Initial particle images (no.) 745,206 712,835 573,968 779,920
Final particle images (no.) 88,601 59,332 85,884 92,116
Map resolution ()i) 2.97 4.39 6.01 513
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 2.97-246.2 4.39-246.2 6.01—246.2 5.13 -246.2
Refinement
Initial model used (PDB De novo MDFF MDFF MDFF
code)
Model resolution (fi) 3.12 7.04 7.17 7.17
FSC threshold 0.5 0.5 0.5 0.5
Model resolution range (A)
Map sharpening B factor -97.296
(A9
Model composition
Non-hydrogen atoms 19712 13018 11135 11170
Protein residues 2408 2051 1948 1948
Ligands 35 1 0 1
R.m.s. deviations
Bond lengths ()i) 0.006 0.01 0.02 0.02
Bond angles (°) 0.74 1.25 1.28 1.30
Validation
MolProbity score 1.98 2.07 1.74 1.75
Clashscore 13.29 11.46 8.23 8.61
Poor rotamers (%) 0.38 1.2 0.00 0.00
Ramachandran plot
Favored (%) 95.00 94.64 95.82 95.82
Allowed (%) 5.00 5.32 413 4.14
Disallowed (%) 0.00 0.13 0.05 0.05
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Extended Data Table 3:

PANX1(N255A)Hemi PANX1 (N255A)C2P  SMA-PANX1
(EMDB-21593) (EMDB-21594) (EMDB-21598)
(PDB 6WBM) (PDB 6WBN)
Data collection and processing
Magnification 105,000 105,000 105,000
oltage (kV) 300 300 300
Electron exposure (¢7/A2) 47.25 47.25 47.25
Defocus range (um) -12--18 -12--18 -1.2--18
Pixel size (A) 0.812 0.812 0.812
Symmetry imposed c7 c7 Cc7
Initial particle images (no.) 3,945,051 3,945,051 1,098,021
Final particle images (no.) 407,341 78,983 125,025
Map resolution (A) 2.86 2.83 6.04
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 2.86 — 246.2 2.83-246.2 6.04 —246.2
Refinement
Initial model used (PDB code) De novo De novo
Model resolution (A) 3.10 3.12
FSC threshold 0.5 0.5
Model resolution range (1&)
Map sharpening B factor (A2) -119.822 -70.501
Model composition
Non-hydrogen atoms 19201 38402
Protein residues 2387 4774
Ligands 42 84
R.m.s. deviations
Bond lengths (A) 0.006 0.01
Bond angles (°) 0.71 1.15
Validation
MolProbity score 2.03 1.88
Clashscore 13.68 11.23
Poor rotamers (%) 0.8 0.8
Ramachandran plot
Favored (%) 94.40 95.51
Allowed (%) 5.60 4.49
Disallowed (%) 0.00 0.00
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: PANX1 overall architecture.
Odd- and even-numbered subunits are in blue and white, respectively; the 7" subunit is in

green. a, The cryo-EM map of wt-/AsPANX1 viewed parallel to the membrane. The
unsharpened map is shown as a transparent envelope. Lipid-like densities and N-
acetylglucosamine (NAG) densities are in yellow and red, respectively. The position of the
disordered CTT is outlined by a dashed ellipse. b, The structure of wt-AsPANX1, side (left)
and bottom (right) views. ¢, The 2D class averages in side view, and the 3D classes obtained
without imposing symmetry in both side and bottom views for ACTT-/AsPANX1 and apo-wt-
hsPANX. The CTT density in the 2D averages and 3D maps are labeled. d, Whole-cell
CBX-sensitive current density (+80 mV, 5 ms) from patch-clamped tsA201 cells (n=6 cells),
and tsA201 cells overexpressing wt-2sPANX1(n=12) and mutants (A2-20, n=5; N255A,
n=5; ACTT, n=4). Each point represents one cell and the bar represents the mean. For
statistical comparisons to WT, a two-tailed unpaired Mann-Whitney test with Bonferroni
correction was applied (The p values are 0.748, 0.011, and 0.013, respectively, for A2-20,
N255A, and ACTT). Asterisk indicates p<0.05. e, The structure and 2D class average (side
view) of N255A-AsPANX1 gap junction shown in surface representation. The docking of
two hemichannels is mediated through the EL2 linker, where D256, S257, and T258 in the
paired subunits form hydrophilic and hydrophobic interactions.
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Figure 2: CBX binding site of hsPANX1.
a, The structure of CBX-ACTT-AsPANX1 viewed from the intracellular side. b, The CBX

binding site in the extracellular entrance. Subunits are shown alternately in blue and white.
The three subunits in the front are hidden for clarity. ¢, The slice view of the extracellular
entrance of ACTT-AsPANX1 and CBX-ACTT-AsPANX1 maps, respectively. The CBX and
the side chain of W74 are shown as stick. d, Whole-cell current density (+80 mV, 5 ms)
from patch-clamped tsA201 cells overexpressing wt-hsPANX1 (n=12 cells), W74A (n=8),
and R75E (n=5) before and after superfusion of extracellular solution containing 0.1 mM
CBX. Each paired point represents an individual cell and the bar represents the mean. CBX
inhibition for each construct was evaluated using a two-tailed paired Wilcoxon test with
Bonferroni correction. The p values are 0.0015, 1.00, and 0.18, respectively for WT, W74A,
and R75E.
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Figure 3: A single hsPANX1 subunit.
a, The disordered IH1-1H2 linker (residues 163-190) and the CTT (residues after 373) are

indicated by dashed lines. b, The ECD of single subunit viewed from the extracellular side.
SS stands for disulfide bond. ¢, Superimposition of the subunits of wt-/AsPANX1 (red) and
N255A-AsPANX1 (cyan) aligned by ECD.
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Extracellular
entrance

Figure 4: Channel assembly of hsPANX1.
a, An overview of the intersubunit interfaces at the ECD, TMD and ICD using wt-/AsPANX1

model. b, The intersubunit interface at the ECD, viewed from the intracellular side. The
extracellular entrance is formed by W74 on the EH1 helix. ¢, The ECD intersubunit interface
viewed parallel to the membrane. R75 forms a cation-rt interaction and a salt bridge with
adjacent W74 and D81, respectively; F67 is inserted in a hydrophobic pocket in the adjacent
subunit. Part of the EH1 in is transparent. d, The intersubunit interface of the TMD between
NTH and the adjacent S1 and S2, viewed from the intracellular side. Only the TMD helices
are shown. The gap between adjacent TMDs is filled with lipids. e, The TMD interface
viewed parallel to the membrane. f, The intersubunit interface at the lower part of the ICD
between the IH1 and IH2 helices and the adjacent IH6 and IH7 helices. A crevice in the
upper part of the ICD forms a tunnel that connects to the main pore.
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Figure 5: lon conducting pathways and channel gating.
a, An overview of the main pore (gray body) and the side tunnels (green) in wt- AsPANX1.

The pore lining structural elements of are shown as cartoons. The position of the disease-
causing, gain-of-function mutation in the NTH-S1 linker (A21-23) is highlighted by a red
box. b, The interior surface of wt-AsPANX1 colored according to the electrostatic surface
potential from -3 to 3 kT/e (red to blue). c, The key elements that constitute the side tunnel.
IH5 is shown as a transparent tube for clarity. d, The size and electrostatic potential (EP)
profiles of the main pore and side tunnel. In the upper panel, the y-axis is numbered
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according to PDB coordinates along z dimension; the location of the side tunnel and W74 is
marked. e, MD simulation of #ASPANX1. Left, density of water molecules projected using a
range of 127.6-145.6 A along the z dimension (PDB coordinates) covering the side tunnel.
Right, average root mean square fluctuation (RMSF) of single AsPANX1 subunit C, atoms
from 100-ns MD trajectory. The NTH-S1 linker (red), IH1 and IH2 (blue), and IH6 and IH7
(green) showed the highest flexibility; the NTH-S1 linker gates the tunnel, whereas the IH1,
IH2, IH6, and IH7 constitute the periphery of the tunnel. f, Whole-cell CBX-sensitive
current density (+80 mV, 5 ms) from patch-clamped tsA201 cells overexpressing wt-
hsPANX1 (n=12) and mutants A33W (n=10), A33C (n=5), A21-27 (n=7), A21-23 (n=6),
R29A (n=9), ACTT (n=4), A33W/ACTT (n=4). For statistical comparisons to WT, a two-
tailed Mann-Whitney test with Bonferroni correction was applied. The p values are 0.0006,
1.00, 0.011, 0.006, 0.003, 0.031, and 0.031, respectively, for A33W, A33C, A21-27, A21-
23, R29A, ACTT, and A33W/ACTT. Asterisk indicates p<0.05. g, A cartoon showing the
two ion pathways, and the mechanism of CBX blocking.
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