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Dear Editor,
Pannexin 1 (PANX1) channel mediates adenosine-5′-tripho-

sphate (ATP) release for purinergic signaling,1 playing important
roles in multiple physiological and pathological processes includ-
ing apoptotic clearance,2 inflammatory response,3 cancer progres-
sion, and metastasis.4 Diverse stimuli have been reported to
activate PANX1 channel, such as voltage, membrane stretch,
hypotonicity, elevated extracellular K+ or intracellular Ca2+

concentration, C-terminal cleavage and phosphorylation.1,5 It is
perplexing that PANX1 has been demonstrated to exhibit different
unitary channel properties depending on the mode of
activation.1,5 Particularly, PANX1 undergoes a stepwise, quantized
activation progress upon sequentially cleaving the C-terminal of
each subunit.6

We tested PANX1 channel activation by C-terminal cleavage,
hypotonicity, and elevation in extracellular K+ concentration in
human embryonic kidney (HEK)-293T cells through an ATP
releasing assay. The detailed procedure is described in Supple-
mentary information, Data S1. ATP concentration only significantly
rises in supernatants from cells transfected with a truncated form
of human PANX1 (designated as PANX1ΔC, with D376–S426
truncated to mimic a caspase-cleaved form of PANX17,8). This
signal is remarkably eliminated upon pre-incubation of the cells
with carbenoxolone (CBX), a well-known PANX1 inhibitor9

(Supplementary information, Fig. S1a). This observation is in
accordance with previous demonstration of PANX1 channel
activation by apoptosis-induced C-terminal cleavage by caspase.7

By contrast, no significant differences of ATP concentration were
found upon exposure to buffers of either high K+ concentration or
low ionic strength, consistent with previously observation that
high extracellular K+-induced PANX1 current or dye uptake were
not verified,5 indicating that the two activation mechanisms are
not applicable in HEK293T cells (Supplementary information,
Fig. S1b and c). We then mainly focused on the C-terminal
cleavage-based activation mechanism in this study.
To structurally explicate the activation mechanism, we designed,

expressed and purified three different hPANX1s, a full-length wild-
type hPANX1 (designated as PANX1WT), PANX1ΔC, and a double
mutated hPANX1 (designated as PANX1EE, with D376E/D379E
double mutation to eliminate the caspase-cleavage site) (Supple-
mentary information, Fig. S3a–d). However, we were unable to purify
enough PANX1ΔC for structural study since cells expressing PANX1ΔC
became sick and stopped growing. The purified PANX1WT exhibits
two bands near a relative molecular mass of 45,000 (Mr 45 kD) and a
higher band on SDS-polyacrylamide gel electrophoresis (PAGE),
corresponding to the three glycosylation states of full-length PANX1
as mentioned in previous study10 (Supplementary information,
Fig. S2b). However, we unexpectedly observed an additional band
near a relative molecular mass of 38,000 (Mr 38 kD) (Supplementary
information, Figs. S2b and S3b). Mass spectrometry shows that the
roughly 38 kD band contains a truncated form with Lys374 being
the last detectable amino acid. The following motif 376DVVD379 was
reported to be recognized and cleaved by caspase,7 indicating a
partial C-terminal caspase cleavage of PANX1WT (Supplementary

information, Fig. S2a). Mutation of the caspase-cleavage site
eliminated the 38 kD product (Supplementary information, Fig. S3d).
In addition, we also purified PANX1EE in the presence of CBX
(designated as PANX1CBX) to study the CBX inhibition mechanism
(Supplementary information, Fig. S3e and f).
We determined the cryo-EM structures of PANX1WT, PANX1EE, and

PANX1CBX to an overall resolution of 4.1 Å, 3.6 Å, and 4.6 Å,
respectively (Fig. 1a; Supplementary information, Table S1). The
three EM datasets were processed following the same procedure
(Supplementary information, Figs. S4–S6). The EM density of
PANX1EE showed well-resolved extracellular domain (ECD) and
transmembrane domain (TMD) with clearly visible α-helical features
and densities for bulky amino-acid side chains, and was sufficient for
de novo model building (Fig. 1b; Supplementary information,
Fig. S8a). The model of PANX1EE was further docked in and refined
against the maps of PANX1WT and PANX1CBX (Supplementary
information, Figs. S8b and S9). Despite a hexameric assembly of
PANX1 was reported by several studies,6,10,11 All the three structures
reveal a heptameric assembly (Fig. 1c; Supplementary information,
Fig. S9b and d). To confirm the oligomeric statement of PANX1 in a
more native condition, we determined the structure of PANX1WT

reconstituted into lipid nanodiscs (designated as PANX1ND)
(Supplementary information, Table S1, Figs. S3g, h and S7). Albeit
with low resolution, it clearly displays a heptameric assembly
(Supplementary information, Fig. S7e).
The overall structure of PANX1 adopts a conical shape in the view

parallel to membrane. The heptameric channel is ~105 Å long and
~100 Å wide, with flat ECD protruding ~35 Å above cell membrane
and intracellular domain (ICD) extending ~35 Å to cytoplasm (Fig. 1b).
Each subunit resembles that of a typical large pore-forming channels
despite the lack of sequence identity (Fig. 1d, e; Supplementary
information, Figs. S10 and S11a, b). A PANX1 protomer contains four
transmembrane helices (TM1–TM4) connected by two extracellular
linkers (EL1 and EL2) and an intracellular linker (IL). EL1 contains an
alpha-helix (E1H) and a short beta-strand (E1β) in parallel facing
towards center pore; EL2 contains two antiparallel beta-strands (E2β1
and E2β2) connected by a glycosylated loop embracing EL1. The two
ELs are stabilized by two conserved inter-chain disulfate bonds
formed by Cys66-Cys265 and Cys84-Cys246 (Supplementary informa-
tion, Fig. S11c–e). The seven EL1s pack consecutively and tightly with
several inter-subunit polar interactions observed, including Tyr83-
Lys266, Gln90-Lys266, Gln90-Glu243, and Arg254-Gln264 (Fig. 1f). IL
contains two alpha-helices (IH1 and IH2) and a disordered region of
38 residues (Lys157–Pro194). Both termini of the protein are at
intracellular side facing the channel center, in which N-terminal
region (M1–V34) is short and completely invisible in the structure
while C-terminal (CT) domain contains two alpha-helices (CH1 and
CH2) assigned and a long missing tail consisting of 90 residues
(E337–C426).
The substrate conduction path of PANX1 is along the central axis

constituted mainly by E1H, TM1 and IH1 (Fig. 1g). The channel pore
exhibits two apparent constrictions both harbored at extracellular
side (Fig. 1h). Trp74 on E1H forms the narrowest part of the channel
with a diameter of 9.4 Å, which is wide enough for the passage of
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largemolecules including ATP (Supplementary information, Fig. S12b
and e); Ile58, the ending residue of TM1, forms the second
constriction with a diameter of 19.2 Å (Supplementary information,
Fig. S12c and f). In the membrane encapsulated segment, the
channel pore is gradually broadened to the intracellular side due to
the tilted TM1 and the widened pore is maintained at ICD
(Supplementary information, Fig. S12d and g). Several investigations
manifested that the C-terminus of PANX1 serves as an auto-
inhibitory domain participating channel pore.8 Also, N-terminus of
PANX1 is likely situated in the pore according to structural
comparisons (Supplementary information, Fig. S11a). As a

consequence, the dimensions of ICD of substrate permeable
pathway are not accurately defined and we will not discuss at
present work (Fig. 1h). Most residues exposed to the substrate
pathway are uncharged, with an exception of Arg75 which locates
nearby Trp74 pointing towards center pore and may contribute to
the anion-selectivity of positive membrane potential activated
PANX1 channel12 (Supplementary information, Fig. S12a–c).
Comparing to the map of PANX1EE, the map of PANX1CBX

reveals an additional density plugging at the top of the center
pore within the Trp74 ring (Fig. 1i, j). Two lines of evidence
support that the barrel-shaped density is corresponding to CBX.

Fig. 1 Cryo-EM structure of human Pannexin 1 (PANX1) channel. a The Cryo-EM density map of PANX1EE viewed parallel to the plasma
membrane. b, c Ribbon representations of the heptameric structure of PANX1EE viewed parallel to the plasma membrane (b) or from the
extracellular side down the sevenfold symmetry axis (c). d Ribbon representation of the protomer structure of PANX1EE. e Schematic
representation of the PANX1 topology. Gray lines indicate the estimated lipid bilayer borders. f A zoom in view of the subunits interface with
interactions labeled. g Ribbon representation of the channel pore with the substrate conduction pathway displayed in gray mesh. Key
domains and residues are labeled. h The pore radius along the substrate conduction pathway calculated by HOLE program.14 Residues
forming the constrictions are labeled. i, j The Cryo-EM density maps of the extracellular gate in PANX1EE (i) or PANX1CBX (j). The density
corresponding to CBX is highlighted in red box. k Representation of single subunit of a superimposed overall structure of PANX1EE (yellow)
and PANX1CBX (cyan). l Representation of single subunit of a superimposed overall structure of PANX1EE (yellow) and PANX1WT (green).
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First, comparing to PANX1EE, the only additional chemical
component in PANX1CBX is CBX. Second, Trp74 has been observed
to be directly involved in CBX-mediated PANX1 inhibition.
Mutation of Trp74 to any other residues except phenylalanine
eliminates the activity of CBX.9 Due to the sevenfold averaging,
the information of the exact location and orientation of CBX is
missing. However, based on the chemical structures of CBX and
surrounded residues, it is suggested that hydrophobic interactions
between naphthyl group and indole rings mainly contribute to
the CBX binding. No detectable conformational change has
been observed between PANX1 structures with or without CBX
(Fig. 1k), suggesting a simple inhibition mechanism whereby
CBX rigidly plugs in the extracellular gate of PANX1 and thus
blocks the substrate conduction. Such a ‘cork-in-bottle’ pattern
has also been reported in the inhibition mechanism of VRAC by
DCPIB.13

By comparing the structures of PANX1EE and PANX1WT that
corresponding to the conformations of PANX1 with intact C-termini
and with partial C-termini cleaved, a slightly expanded pore radius at
the interface of TMD and ICD is observed due to the rearrangement
of ICD while the overall architecture is virtually identical (Fig. 1l;
Supplementary information, Fig. S13), indicating that the activation
by C-terminal cleavage do not induce a whole conformational
change of the pore forming domains and supporting the hypothesis
that C-terminal serves as a cytoplasmic blocker.8 However, we are
not able to provide the description of the individual movements of a
subunit upon C-terminal cleavage due to the following two reasons.
First, on account of the C7 symmetry imposed during the structure
determination, PANX1WT represents an averaged architecture of full
length subunits and C-terminal truncated subunits. Second, the local
resolution of the cytoplasmic domain is relatively low because of its
mobility. To achieve a better understanding of structural activation
mechanism, PANX1WT model without symmetry imposition at near
atomic resolution and structure of PANX1ΔC are required.
In summary, we determined the structures of human PANX1

channel with intact C-termini, with partial C-terminal cleavage, or
in the CBX-bound inhibited state. The general structure shows a
heptameric assembly with each protomer featuring a topology
similar to large-pore forming channels. The comparisons of PANX1
in different states reveal that CBX rigidly plugs in the extracellular
pore, thus sterically blocking substrate passage while C-terminal
cleavage removes the auto-inhibitory without inducing an overall
conformational change. These findings provide significant insights
into the understanding of the mechanistic mechanism of PANX1
activation and inhibition.
Structure coordinates and cryo-EM density maps of PANX1WT,

PANX1EE, PANX1CBX have been deposited in the protein data bank
under accession number 6M66, 6M67, 6M68 and EMD-30114,
EMD-30115, EMD-30116, respectively.
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