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Structural basis of PANX1 permeation and
positive modulation by mefloquine

Yangyang Li1,7, Zheng Ruan 2,5,7, Junuk Lee1, Ian J. Orozco2,6, Edward Zhou1,
Juan Du 1,2,3,4 & Wei Lü 1,2,3,4

Purinergic signaling relies on ATP release through exocytosis and large-pore
channels. Large-pore channels permeate both small anions like chloride and
large signaling molecules like ATP, but how this broad cargo selectivity is
structurally controlled remains elusive. Here we investigate PANX1, a proto-
typical large-pore channel, and uncover structural plasticity at the extra-
cellular entrance formed by seven tryptophan (W74) residues. The W74
sidechains are flexible, sampling conformations that range from a constricted
state permissive only to chloride to a dilated state compatible with ATP. These
states are coupled to variable cation–π interactions betweenW74 and arginine
75 (R75), suggesting amechanism for dynamic tuning of pore architecture and
selective cargo permeation. We also identify mefloquine as a positive mod-
ulator of PANX1 that binds near the side tunnel to control ion flow through this
pathway. Together, these findings define the structural principles underlying
PANX1 permeation and modulation.

Purinergic signaling is a critical and versatile cell communication sys-
tem in the body that involves the release, detection, and response to
signaling molecules such as adenosine triphosphate (ATP) or its
derivates1. It has a wide range of physiological and pathological
implications including taste perception, neuronal inflammation,
synaptic plasticity, and muscle development2–5. ATP release into the
extracellular environment marks the initial step of this pathway, pre-
dominantly facilitated by exocytosis6 or ATP-release channels such as
connexin, pannexin, volume-regulated anion channels, and calcium
homeostasismodulators4. These channels, characterized by their large
pore sizes compared to the conventional ion channels, allow the pas-
sage of both small ions like chloride and large cellular metabolites like
ATP7. However, the fundamental question of how these channels
accommodate entirely different cargo molecules for permeation
remains elusive, as obtaining structural information on large-pore
channel with clearly defined functional states proved difficult. Fur-
thermore, targeting large-pore channels presents a major challenge
due to the scarcity of known druggable sites, primarily confined to the

extracellular restriction site, at which inhibitors are known to block
channel activity7. These channel blockers, however, lack selectivity
across different large-pore channel families. The exploration of new
drug binding sites, including those for positive allosteric modulators
that enhance channel function, remains an ongoing endeavor.

Pannexin 1 (PANX1) has garnered substantial attention as a rela-
tively well-studied large-pore channel, owing to its important role in
various physiological processes, including immune response, cardiac
development, apoptosis, and synapse function8–11. Inhibiting PANX1
has shown promise in mitigating oocyte degeneration during in vitro
fertilization12. Extensive structural and functional studies reveal PANX1
as a heptameric complexwith amain pore in the center responsible for
cargo transport (Fig. 1a)13–20. The intracellular opening of themain pore
is physically blocked by the C-terminal tail (CTT) domain. Caspase 3/7
cleavage of the CTT domain irreversibly activates the channel to
release ATP, which, in turn, triggers phagocytosis to clear dying
cells21,22. The extracellular restriction site of the main pore is notably
open in the published PANX1 structures, with a diameter of ~8 Å.
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Whether this pore size represents an active/open or inactive/closed
state forATP release remains debated, as it is smaller than thehydrated
diameter of ATP ( ~ 12 Å)23,24. However, the possibility for ATP to
undergo dehydration before permeation should not be dismissed—the
size of a dehydrated ATP seems compatible with the extracellular
restriction site—particularly considering thehydrophobicnatureof the
W74 residue that constitutes the extracellular restriction site. More-
over, the suggestion that the extracellular domain (ECD) of PANX1may
undergo substantial conformational changes to facilitate ATP per-
meation appears to contrast with the seemingly rigid structure of the
ECD13,24.

In addition to the main pore, we previously identified seven side
tunnels between neighboring subunits in PANX113. These side tunnels
run roughly parallel to the cell membrane along the surface of the
cytoplasmic leaflet, bypassing the CTT blockage and ultimately con-
necting to themain pore, with which they share the extracellular exit13.
The side tunnels contribute to ionic conductance of PANX1, particu-
larly under nonapoptotic conditions. Mutations that expand or shrink
the side tunnels correspondingly enhance or attenuate the side tunnel
conductance13. Intriguingly, gain-of-function variants in PANX1 that
potentiate the side tunnel conductance have been directly linked to
oocyte death and female infertility12. Considering the conserved
arrangement of the transmembrane structural domain (TMD) among
large-pore channels, side tunnels are theoretically present across these
channels, albeit with distinct amino acid compositions. This unique
property makes the modulation of side tunnels, in contrast to mod-
ulationof the extracellular restriction site, a promising avenue, holding
great potential for the development of selective drugs targeting large-
pore channels.

Given the physiological importance of ATP permeation and the
pathological importance of manipulating PANX1 activity for the
treatment of various diseases, here we investigate human PANX1 by
combining single-particle cryo-EM, patch-clamp electrophysiology,
and computational simulation, aiming to elucidate the mechanism
underlying the permeation of both small anions and large cellular
metabolites, as well as the pharmacological modulation of PANX1.

Results
ATP-dependent density at the extracellular pore entrance
The release of ATP via large-pore channels initiates purinergic sig-
naling; however, the underlying molecular mechanism has remained
elusive. This is largely due to the challenge of capturing structural
snapshots of large-pore channels in complex with their cargo, ATP,
and these snapshots are necessary to determine the permeation
pathway as well as to define conformational changes that gate the
channel. Interestingly, apart from being a cargo molecule for the
PANX1 channel, excessive extracellular ATP also exhibits a blocking
effect on PANX1 channel activity. However, the blocking effect is
modest, as evidenced by an IC₅₀ in the submillimolar range, and the
observation that even saturating extracellular ATP inhibited PANX1
by only ~75% (Fig. 1a)25. The dual roles of ATP provide an opportunity
to capture the ATP-bound complex structure at millimolar ATP
concentrations. However, amajor challenge in assessing ATP binding
lies in the presence of endogenous metabolites—ATP included—that
may remain associated with the protein even after purification, par-
ticularly given that PANX1 is permeable to a range of cellular meta-
bolites and ions of comparable size. This is a known complication in
structural studies ofmembrane proteins, as endogenous ligandsmay
dissociate very slowly once removed from the native lipid
environment26, making it difficult to determine whether any
observed ligand density originates from the added ligand or from
residual endogenous sources.

Tomitigate this, we implemented an extensive dialysis step of the
membrane fraction prior to detergent solubilization (see Methods),
aimed at reducing residual binding of endogenous ligands. We then
purified PANX1 and prepared cryo-EM grids either without added ATP
(0mM ATP) or under defined saturating ATP concentrations (10, 20,
and 30mM), ensuring all samples were derived from the same pre-
paration. This strategy enabled a controlled comparison of ligand-
binding states. With these preparations, high-quality structures with
similar resolutions were obtained under each condition, with resolu-
tions ranging from 2.6 to 2.7 Å (Supplementary Table 1; and Supple-
mentary Figs. 1, 2). The uniform quality and resolution of these data
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Fig. 1 | Putative ATP density at the extracellular restriction site of PANX1.
a Dose-response curve showing ATP partially inhibits PANX1, with n indicating the
number of independent cells recorded in whole-cell patch clamp experiments.
b Slice view of the PANX1 atomic model, oriented parallel to the membrane, with
the main ion-conducting pore shown as a semitransparent tube. The extracellular

restriction site is formed by sevenW74 residues (shown in green). c Close-up views
of the extracellular restriction site in the putative ATP-bound (combined) cryo-EM
map (top row) and the apo (combined) map, contoured at the indicated sigma
levels. Putative ATP densities are shown in orange. ATP and the side chains of W74
from two subunits are shown in stick representation.
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provide a solid foundation for assessing both ATP occupancy and the
conformational dynamics of the protein.

Although an extra density within the extracellular restriction site
was observed in all four datasets without and with ATP, it appeared
weak without added ATP but became more pronounced under ATP-
supplemented conditions (Supplementary Fig. 3a). This suggests that
the density is related to the added ATP, possibly representing bound
ATP.We did not observe any evidence of ATP binding elsewhere in the
protein, despite the high quality of the maps. However, even under
saturating ATP concentrations, the density remained featureless
cylindrical and shorter than anATPmolecule (Supplementary Fig. 3a)—
possibly reflecting partial occupancy or a dynamic ensemble of ATP
poses averaged during reconstruction.

Pore-blocked and apo states of PANX1 resolved fromATP-added
samples
To better understand the pore-blocking density, we developed a
reproducibility-guided focused classification framework to resolve
conformational heterogeneity at the extracellular restriction site and
distinguish putative ATP-bound state from ATP-free apo state (see
Methods, Supplementary Fig. 3b and Supplementary Table 2). This
approach proved effective, as it revealed distinct 3D classes—some
displaying a strong pore-blocking density, others entirely devoid of
density at the extracellular entrance—and uncovered the conforma-
tional plasticity of this site, which will be further discussed in the next
section.

Our analysis showed that under ATP-free condition, ~39% of par-
ticles exhibited an empty pore, 9% showed a strong pore-blocking
density, and the remainder displayed weak residual density (Supple-
mentary Fig. 3b)—likely representing partially occupied endogenous
metabolites and/or solvent—which could not be confidently further
classified as either strong-blocking or empty, aswas also the case in the
other datasets. In contrast, uponATP supplementation, the proportion
of particles with an empty pore markedly decreased to 12–18%,
accompanied by a corresponding increase in particles with strong
pore-blocking density to 28–31% (Supplementary Fig. 3b). Importantly,
this trend was consistently reproduced across three independently
collected and processed datasets at 10, 20, and 30mM ATP. The per-
centage of particleswith strongpore-blocking densitywas comparable
across these datasets, serving not only as a reflection of the saturating
effect of ATP—consistent with functional data showing maximal inhi-
bition near 1mM—but also as independent, replicative assessments
that underscore the robustness and reproducibility of our classifica-
tion framework (Supplementary Fig. 3b). While a smaller fraction of
strong-blocking particleswas also present in the absence of addedATP
—likely reflecting residual endogenous metabolites engaging PANX1—
the ATP-dependent increase in occupancy supports the interpretation
that the pore-blocking density likely represents ATP binding. Because
no major structural differences were observed among cryo-EM maps
with strong pore-blocking density and those without across the four
datasets—as expected, we combined the particles with strong pore-
blocking density from the three ATP-supplemented datasets and the
particles without such density from all datasets to increase particle
numbers and improve map resolution (Supplementary Fig. 4). Both
combined sets were refined to yield the final reconstructions: putative
ATP-bound (combined) and apo (combined) (Supplementary Fig. 3b).

The putative ATP density is more pronounced than the signal
observed for most parts of the protein (Fig. 1b, c), consistent with
ATP’s inherently stronger electron density due to its phosphorus
atoms, which scatter electrons more effectively than the lighter atoms
in amino acid residues, thereby providing evidence consistent with
ATP binding27. The inverted cone-shaped density was compatible with
that of anATPmolecule. Nonetheless, the exact ATP pose could not be
resolved unambiguously, likely due to rotational and translational
flexibility along the symmetric pore axis, resulting in a blurred, spindle-

shaped density. Accordingly, while the precise chemical nature of this
density cannot be established unambiguously, the evidence indicates
it is most consistent with ATP. We hypothesize that this density may
represent ATP either transiently trapped during permeation or acting
as a pore blocker—two functionally distinct but structurally indis-
tinguishable states. Notably, the ATP-free structure represents a bona
fide apo state of PANX1without any density blocking the entry (Fig. 1c),
which, to our knowledge, has not been captured in any of the pre-
viously reported PANX1 structures. In those structures, residual signal
was always present at the extracellular entrance, likely due to co-
purified endogenous ligands.

To validate this assignment, we replaced the key interacting
residueW74with alanine anddetermined its structurewith 10mMATP
(Supplementary Fig. 5). This structure is nearly identical to that of the
wild type, with a backbone root-mean-square deviation (RMSD) of
0.3 Å, except for the absenceofboth theW74A sidechain and the pore-
blocking density at the extracellular restriction site (Supplementary
Fig. 3a). This supports the role of W74 in accommodating the hydro-
phobic adenine moiety of ATP. Additionally, the triphosphate group
could establish favorable electrostatic interactions with R75 (Supple-
mentary Fig. 3c), implicating positive charges at the extracellular
entrance as critical for ATP binding and permeation. This interpreta-
tion is consistent with reduced ATP inhibition observed in the R75A/C/
E mutants but not in the conservative R75K mutant28.

W74 plasticity adjusts extracellular pore entrance
The putative ATP density near W74 in the extracellular restriction site
provides structural basis for understanding ATP permeation and
inhibition, while also establishing this site as a central gating and
selectivity element in PANX1. Interestingly, the W74 density in the
consensus cryo-EM map appears to adopt at least two distinct con-
formations (marked by two arrows in Supplementary Fig. 6a), sug-
gesting inherent structural heterogeneity. To explore whether and
how this structural variability contributes to permeation and gating,
we next focused on the plasticity of the extracellular entrance. To
improve classification, we pooled all datasets (0, 10, 20, and 30mM
ATP), which increased particle numbers and yielded an improved
overall resolution of 2.5 Å (Supplementary Fig. 2). This approach was
feasible because the datasets differ only in the fraction of particles
displaying putative ATP density at the pore entrance; combining them
enhanced the chances of resolving distinct conformations without
introducing additional structural heterogeneity. We then performed
focused classification on particles that lacked strong pore-blocking
density, as the prominent density, when present, could bias the clas-
sification by dominating adjacent structural features. This strategy
revealed a spectrum of conformational states at the extracellular
entrance (Supplementary Fig. 6b). These changes appear to span a
continuum, with each state characterized by a distinct pose of the
W74 sidechain and its interaction with R75, resulting in variable
cation–π interaction geometries and pore architectures. These con-
formations likely modulate cargo permeation by altering the size of
the extracellular entrance.

For the ease of discussion, we focus on two extreme conforma-
tional states captured in our merged dataset, corresponding to the
smallest and largest pore openings: constricted (merged) and dilated
(merged). These states show distinct W74 sidechain orientation,
resulting in a constricted or dilated extracellular pore entrance
(Fig. 2a,b; Supplementary Table 2). In the constricted conformation,
the long axis of the W74 indole ring lies roughly parallel to the mem-
brane plane, with adjacent W74 residues arranged at ~50° angles
(Fig. 2c). This configuration forms a constricted ring of seven indole
side chains. Notably, in this conformation, the W74 side chains are
relatively distant ( ~ 6 Å) from the guanidinium group of R75, sug-
gesting minimal cation–π interaction (Fig. 2c). Thus, the stability of
this state appears to be driven primarily by W74–W74 interactions.
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In contrast, the dilated conformation involves a near 180° rotation
of the W74 side chain around the Cα–Cβ bond relative to the con-
stricted conformation, orienting the indole ring perpendicular to the
membrane plane (Fig. 2d). This reorientation increases the spacing
between neighboring W74 residues while bringing the indole ring into
closer proximity ( ~ 4 Å) to the R75 guanidinium group, consistent with
a stronger cation–π interaction (Fig. 2d). Therefore, unlike the con-
stricted conformation, the dilated conformation appears to be stabi-
lized primarily by the cation–π interaction between W74 and R75.

Importantly, while the extracellular domain—including the back-
bone of the restriction site (W74 and R75)—remained unchanged, the
side chain movement of W74 markedly adjusted the diameter of the
extracellular entrance, from 6.2 Å to 8.6 Å (Fig. 2c,d). The pore size of
the constricted state approximates that of a hydrated chloride ion,
suggesting that this state represents a previously unrecognized ion-
conducting conformation for only small anions. In contrast, although
the dilated state remains narrower than a fully hydrated ATPmolecule

( ~ 12 Å)24, our structures suggest that the extracellular entrance is
sufficient to accommodate ATP, likely involving partial dehydration.
The dehydrated ATP may form favorable interactions with W74 and
R75, either during permeation as a cargomolecule or when acting as a
pore blocker, thereby compensating for the energy cost of
dehydration.

Consistent with this structural heterogeneity, our whole-cell
patch-clamp measurements revealed that ATP-mediated inhibition is
incomplete, with maximal inhibition reaching only ~75% even at
saturating ATP concentrations (Fig. 1a). This partial inhibition suggests
that PANX1 exists in at least two conformational states: one that is
sensitive to ATP blockage and another that remains resistant—a dis-
tinction directly supported by our structural analysis.

Together, these findings support a model in which the extra-
cellular entrance of PANX1 exhibits structural plasticity, enabling
dynamic regulation of cargo permeation and binding of pore blockers
through local conformational rearrangements (Supplementary
Video 1), where the cation–π interaction betweenW74 and R75 plays a
role in shaping the extracellular pore geometry. Our findings also align
with previous functional studies showing that PANX1 can adopt dis-
tinct open states with different pore sizes, where a low-conductance
conformation permits small anions, while a high-conductance con-
formation allows ATP permeation29.

Mefloquine potentiates PANX1 activity
The antimalaria drug mefloquine has been reported to inhibit various
large-pore channels, including PANX1, connexins, and volume regu-
lated anion channels30–32. However, its impact on PANX1 remains
controversial due to conflicting reports on its inhibitory effect33–36. In
light of these debates, we conducted electrophysiology experiments
usingmefloquine from two independent vendors, as the discrepancies
in the literature have been attributed to different mefloquine sources/
stereoisomers (Supplementary Fig. 7)30. Our result showed that
application of the Bioblocks (R*,S*)-mefloquine and the SelleckChem
(R,S)-mefloquine, but not the Bioblocks (R*,R*)-mefloquine, markedly
increased the human PANX1 currents that were sensitive to CBX inhi-
bition (Fig. 3a; Supplementary Figs. 8a–h), although we are unable to
explain the disparity between our experiment and previous studies
that both involved the Bioblocks (R*,S*)-mefloquine. The potentiating
effect was reversible, with the currents returning to baseline levels
after washout of the compound (Supplementary Fig. 8i). Furthermore,
the effect of mefloquine on PANX1 conductance was notably more
pronounced at more positive potentials, indicating a potential syner-
gistic interplay between mefloquine and membrane depolarization
(Fig. 3b; Supplementary Fig. 8j). Given that the ionic conductance of
full-length PANX1 upon membrane depolarization is primarily medi-
ated through the side tunnel pathway13, our findings suggest a
potential connection betweenmefloquine modulation and side tunnel
gating.

Mefloquine binds near the side tunnel
Our electrophysiological studies have unveiled mefloquine as a posi-
tive modulator of PANX1. To identify its binding site on PANX1 and
investigate the molecular mechanism of potentiation, we determined
the structure of PANX1 in complex with mefloquine at a resolution of
2.7 Å (Supplementary Fig. 9; Supplementary Table 3). The high-quality
map allowed us to observe a strong density within the crevice between
the TMDs of adjacent subunits, proximal to the side tunnel (Fig. 3c).
The shapeof this density corresponds to that of amefloquinemolecule
(Fig. 4a, left panel), in which the fluoromethyl-quinoline moiety
engages hydrophobic residues from helices NTH, S1 and S2, while the
piperidin group orients towards the side tunnel, making direct contact
with the NTH–S1 linker.When superimposing a single subunit from the
mefloquine-bound and apo PANX1 structures, the TMD of the neigh-
boring subunit underwent a rotational movement, which in turn,
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altered the structural elements lining the side tunnel (Fig. 4b). Inter-
estingly, despite obvious rearrangement of the intersubunit interface,
mefloquine binding induced only subtle yet discernible conforma-
tional changes in the surrounding residues (Fig. 4a, left panel). This
may be due to the fact that the cleft was occupied by a lipid density in
the apo structure (Fig. 4a, right panel)13, which allowsmefloquine, also
with a lipophilic nature, to fit into it without causing major con-
formational shifts in the binding site.

Since the “mefloquine site” is the first regulatory site identified in
pannexin channels that allosterically potentiates channel function, we
validated the binding site through systematic site-directed mutagen-
esis and electrophysiological experiments (Fig. 4c; and Supplementary
Fig. 10). To perturb mefloquine binding, we introduced mutations by
replacing key interacting residues with alanine or phenylalanine.
Additionally, we generated a truncation construct (Δ2–20) by remov-
ing the NTH which formed multiple interactions with the putative
mefloquine density. Notably, five out of the nine mutants (I41A, L125A,
I41F, L125F, and Δ2–20) displayed a loss of potentiation effect by
mefloquine (Fig. 4c). Conversely, the V11F variant (but not the V11A),
located on NTH, became hypersensitive to mefloquine potentiation
(Fig. 4c). Moreover, the alanine and phenylalanine mutations of C40,
situated on the S1 helix and representing the only polar residue con-
stituting the mefloquine binding site, showed contrasting phenotypes
—while C40A was inhibited by mefloquine, C40F became hypersensi-
tive to mefloquine potentiation (Fig. 4c). Collectively, our electro-
physiological data support the density bound within the intersubunit
interface of the TMD near the side tunnel represents mefloquine.

Interestingly, we found that even subtle alterations within the
mefloquine binding site exerted a remarkable influence on PANX1
activity, with single-residue substitutions, such as L125A/F, C40A, and

I41A/F) resulting in an 8- to 18-fold increase in basal channel activity
that was sensitive to CBX inhibition (Fig. 4c; and Supplementary
Figs. 10,11). Although the precise mechanisms of these phenotypes
remain elusive, these observations indicate that changes near the side
tunnel may influence channel activity. Supporting this notion, tunnel
blocking mutant (A33W) and tunnel opening mutant (R29A) both
became non-sensitive to mefloquine treatment (Fig. 4c; and Supple-
mentary Fig. 10j,k)13. This insight highlights the “mefloquine site” as a
previously unrecognized druggable target for developing compounds
that allosterically modulate the functions of large-pore channels.

Mefloquine remodels side tunnel dynamics
We hypothesized that mefloquine potentiates PANX1 by modulating
the conductance of the side tunnel, given the close proximity of the
mefloquine binding site to the side tunnel and the remarkable effects
of binding site mutants on ionic conductance through the side tunnel.
Since the side tunnel is primarily governed by the NTH–S1 linker, a
region of high flexibility, we combined molecular dynamics (MD)
simulations and electrophysiology to investigate whether mefloquine
affects the conformational dynamics of the side tunnel, thereby
establishing the mechanism underlying mefloquine modulation.

We performed 600 ns unbiased MD simulations of PANX1 with
andwithoutmefloquine. Exploiting PANX1’s heptameric structurewith
7 side tunnels, our analysis of side tunnel dynamics extended the
effective simulation time by 7-fold to 4.2 μs, substantially enhancing
the sampling efficiency. Tunnel analysis at the inter-subunit interface
revealed two pathways, Tunnel 1, and Tunnel 2, separated by the
NTH–S1 linker, that share an intracellular entry but diverge in their
access to the main pore (Fig. 4d). These pathways displayed variable
length and bottleneck radius throughout the simulation, influenced by
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the flexible NTH–S1 linker and the inter-subunit interface (Fig. 4d; and
Supplementary Videos 2 and 3). Notably, mefloquine binding led to an
expansion of the bottleneck in both pathways (Fig. 4e; and Supple-
mentary Fig. 12a), supporting our hypothesis that mefloquine
potentiates PANX1 channel activity bymodulating the dynamics of the
side tunnel.

To investigate how mefloquine remodels side tunnel dynamics,
we assessed residue flexibility within the TMD by comparing the
averaged root-mean-square-fluctuation (RMSF) in the absence and
presence of mefloquine. Remarkably, while mefloquine binding
decreased the overall TMD flexibility—an expected outcome due to its
binding in the intersubunit interface, thereby stabilizing the TMD—the
NTH–S1 linker showed an unexpected increase in flexibility (Supple-
mentary Fig. 12b, c). This can be attributed to the direct contact of
mefloquine with the first few residues of NTH–S1 linker, including D14,
F15 andL16, causing alterations in their backbone torsion angles (φ,ψ).
Consequently, these residues can sample additional regions in the
Ramachandran space, thus adopting more conformations that were
inaccessible in the absence of mefloquine (Supplementary Fig. 12d).
Given that these residues constitute one of the two anchor points of
the NTH–S1 linker, mefloquine-induced conformational changes may
propagate to the NTH–S1 linker, and ultimately modulating the side
tunnel conductance. This proposed mechanism aligns with our elec-
trophysiological result demonstrating that mefloquine had limited

effect inmodulatingA33WandR29A, twovariants previously shown to
block or increase side tunnel conductance, respectively (Fig. 4c)13.
Importantly, both the A33W and R29A mutations are unlikely to
directly affect the mefloquine binding pocket, as the sidechain of A33/
R29 is more than 10Å away from the mefloquine.

Discussion
Recent advances in high-resolution cryo-EM structure determination
of large pore channels have revealed relatively constrained ( < 10 Å in
diameter) ion-conducting pores in pannexins and VRACs. This has
prompted speculation about the compatibility of these available
PANX1 and VRAC structures with the permeability of larger cargos like
ATP, which has a hydrated radius of ~12 Å24,37. It has been suggested
that other conformational states of PANX1 and VRAC, particularly a
substantially enlarged pore within the ECD, remain to be
discovered24,37. This raises a broader question: how do these channels
transition between distinct transport modes—one that supports the
permeation of small anions, and another that enables the regulated
release of larger signaling molecules like ATP? These modes are not
structurally or energetically equivalent, implying that large-pore
channels must be tightly and dynamically regulated to switch
between them according to physiological demand.

In this study, under ATP-supplemented conditions, we obtained
clear cryo-EM maps showing either strong pore-blocking density, or
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Fig. 4 | Mefloquine binding site and potentiationmechanism. a A close-up view
of the mefloquine binding site, with mefloquine (green) and adjacent residues
(magenta, PDBID: 9OQP) shown in stick representation. The corresponding resi-
dues in the apo state (yellow, PDBID: 6WBF) are superimposed. The cryo-EM den-
sity for mefloquine is shown in transparent green surface (EMD-70769). The lipid
density observed in the apo state of PANX1 is shown as a yellow surface on the left
(EMD-21589). b Superimposition of a single subunit (with residues 114-126,
including binding site residues on this subunit) of the apo (yellow, PDBID: 6WBF)
and mefloquine-bound (magenta, PDBID: 9OQP) PANX1 structures, showing the
relative rotational movement of the neighboring subunit as indicated by the
arrows. c Whole-cell currents at a holding potential of +140mV from cells over-
expressing wild-type PANX1 and mutants measured pre- and post-perfusion with

150 µM mefloquine. Bars and circles represent mean current and individual cells.
The number of cellsmeasured: non-transfected tsA201, n = 6; hPANX1(WT) noGFP,
n = 6; PANX1(WT), n = 7; V11A, n = 10; I41A, n = 8; L125A, n = 7; C40A, n = 5; V11F,
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by the NTH–S1 linker, located at the interface between two adjacent subunits. One
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representation. e The bottleneck radius profiles of the T1 and T2 pathways during
the MD simulations in the absence (right) and presence (left) of mefloquine.
Snapshots are sampled every 1.5 ns.
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complete absence of such density at the extracellular entrance,
representing putative ATP-bound and bona fide apo states of PANX1,
respectively. If our interpretation of ATP binding is correct, the evi-
dence would indicate that ATP occupies the extracellular restriction
site of PANX1 without substantial expansion of the ECD. Instead, we
hypothesize that ATP binding, and perhaps its permeation, is facili-
tated by the intrinsic sidechain plasticity of W74. Consistent with this
hypothesis, we also resolved two distinct conformational states of the
extracellular entrance, a constricted and a dilated state, defined by the
orientation of theW74 sidechain. The constricted state, whichnarrows
the pore to ~6 Å, is particularly striking and, to our knowledge, repre-
sents the first structural demonstration of an ion-conducting con-
formation for small anions within the pannexin family. In contrast, the
dilated state expands the extracellular pore to accommodate partially
dehydrated ATP. Together, these states offer a plausible mechanism
for how PANX1 dynamically adjusts its pore size to accommodate
diverse cargos. The dynamics of W74, therefore, play a central role in
regulating cargo flux through the extracellular entrance (Fig. 5; and
Supplementary Video 1). Given the hydrophobic nature of W74,
dehydration likely precedes ATP binding. However, the favorable
interaction between W74 and the hydrophobic adenine group of ATP
may offset the unfavorable dehydration of ATP.

The dual roles of ATP as both substrate and blocker suggest a
feedback mechanism that modulates the permeability of PANX1 and
controls the cellular release of ATP, thereby influencing various phy-
siological and pathological processes. It would be intriguing to explore
whether VRAC, a related family with a heteromeric extracellular
restriction site controlled by arginine (LRRC8A/B), leucine (LRRC8C/
E), and phenylalanine (LRRC8D) residues38,39, also employs sidechain
dynamics to regulate pore size and cargo passage.

The PANX1 channel features two ion-conducting pathways, the
main pore along the symmetry axis and seven side tunnels, which have
different cytoplasmic entrance, but both converge at the common
extracellular restriction site. Our studies of small-molecule com-
pounds on PANX1 revealed two distinct modulation sites that control
ion conductance through themain pore and side tunnels, respectively.
The first one is the extracellular restriction site, common for PANX1
channel blockers includingCBXandATP. This is analogous to thepore-
blocking mechanism found in VRAC with DCPIB40. However, due to its
intrinsic biophysical properties—large diameter and homogeneous
amino acid composition—the extracellular restriction site is unlikely to
exhibit strict selectivity for small molecule compounds.

The secondmodulation site, referred to as the “mefloquine site” in
this study, is located between adjacent subunits near the side tunnel.
We identified mefloquine as a potentiator for PANX1 and elucidated
themodulationmechanismbywhichmefloquine altered the dynamics
of theNTH–S1 linker, a keygatekeeper of the side tunnel, leading to the
expansion of the side tunnel for ionic conduction (Fig. 5; and Sup-
plementary Video 4). Moreover, we showed that the mefloquine
binding site is sensitive to alterations, as mutations profoundly
impacted the basal channel activation, likely achieved by altering the
conductanceof the side tunnels.While our structural data suggest that
the side tunnels primarily accommodate small ions, such as chloride,
recent results from steered molecular dynamics simulations have
demonstrated that these tunnelsmight also allow the passage of ATP41.
Supporting this notion, mutations in the NTH–S1 linker, which gates
these tunnels, lead to human oocyte death by increasing the PANX1-
mediated ATP release12. Therefore, themefloquine site holds immense
potential for rational design of small-molecule compounds to control
channel activity and treat PANX1 channelopathy. In addition, a recent
metabolomics screening study identified lysophospholipids (LPC) as a
potential positive regulator of PANX142. While structural evidence of
the LPC binding site is still lacking, molecular docking analysis showed
that LPC occupies a location similar to the “mefloquine site”, implying
that endogenous lipids might exploit this site as well42. This is con-
sistent with our structural data revealing a putative lipid density at the
“mefloquine site” in the apo structure of PANX113. More importantly,
the conserved TMD organization among large-pore channel families
suggests that the “mefloquine site” is, in principle, present across all
large-pore channels7,13. For example, in the recently resolved high-
resolution structures of PANX2, PANX3 as well as the related connexin
50 and LRRC8A, the “mefloquine site” is occupied by lipid densities
(Supplementary Fig. 13a), resembling the “mefloquine site” in the apo
state structure of PANX1 (Fig. 2b)43–45. Given the reported mefloquine
sensitivity of connexin and VRAC channels31,32, we speculate that
mefloquine may also modulate these channels through similar sites.

In contrast to the relatively homogeneous composition of the
extracellular restriction site, whichmakes it unlikely to be selective for
drug binding, the distinct amino acid compositions of the “mefloquine
site” in various large-pore channels offer a unique advantage (Sup-
plementary Fig. 13b), potentially enabling the development of long-
sought specific modulators capable of discerning between different
large-pore channel types. The discovery of the “mefloquine site” thus
opens avenues for innovative drug development targeting both PANX1

Pore blockers

TMD
NTHNTHNTH

CTT

Tunnel

NTH-S1
linker

Main pore

MefloquineMefloquineMefloquineMefloquine

Caspase 3/7

W74

90°

W74W74W74

a b

Fig. 5 | Proposed working model of PANX1. a Illustration of the permeation
pathways of PANX1, highlighting allosteric modulation and channel blocking
mechanisms. b Dynamics of the extracellular restriction site. Both the main pore
and the side tunnel conduct ions like chloride. Removal of the C-terminal tail (CTT)
via caspase 3/7 opens the cytoplasmic entrance of the main pore, enabling ATP

release. Disease-associated mutations in the NTH–S1 linker leads to increased ATP
release11, suggesting that the side tunnel may also allow ATP passage, a hypothesis
that is supported by MD simulation studies but remains to be confirmed
experimentally43.
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and other related large-pore channels. This prospect is further rein-
forced by recent studies published during the review of this article,
which revealed that mefloquine binds to connexin 32 and connexin 36
channel at similar sites as reported in our study46–48.

Methods
DNA constructs and Reagents
Full-length human PANX1 gene in pEG BacMam vector from our pre-
vious study is used for protein expression13. Specifically, the expres-
sion cassette contains thePANX1gene followedby a thrombincleavage
site, an enhanced green fluorescence protein (eGFP), and an 8xHis tag.
The PCR primers for site-directed mutagenesis were designed using
QuikChange Primer Design (https://www.agilent.com/store/
primerDesignProgram.jsp) or NEBaseChanger (https://
nebasechanger.neb.com/) webserver. The QuikChange or Q5 site-
directed mutagenesis protocol from the manufacturer was used to
introduce point mutations. The primer sequences used in this study
are provided (Supplementary Table 4). All mutated constructs were
confirmed by Sanger sequencing from Eurofins Genomics.

The adenosine 5’-triphosphate disodium salt hydrate (ATP) (Cat-
alog A2383) is obtained from Sigma-Aldrich. The mefloquine hydro-
chloride is obtained from BioBlocks (Catalog QU024-1 and QU025-1)
and SelleckChem (Catalog S4420). TheGibco Sf9 cells (Catalog 12-659-
017) are obtained from Fisher Scientific. The tsA201 cells (Catalog CRL-
3216) are obtained from ATCC.

Human PANX1 protein expression and purification
To produce baculovirus, pEG Bacman vector with human PANX1with a
GFP tag at the C-terminus is transformed into DH10Bac cells for bac-
mid generation. Purified bacmid was transfected into Sf9 cells in
adherent culture using CellFectin II reagent (Gibco). After 5 days, the
media containing P1 virus was harvested and used to infect Sf9 cells in
suspension culture at a ratio of 1:5000 (v/v). P2 viruses (8%) were
harvested after 4 days and used to infect tsA201 cells grown in sus-
pension culture at 3 − 4 ×106 cells/mL density. The cells were main-
tained at 37 °C for 8–16 h. Subsequently, 5mM sodium butyrate was
added to the culture to boost protein expression. The culturewas then
maintained at 30 °C in a shaking incubator. At about 60 h post-infec-
tion, the cells were harvested by centrifugation at 2880 × g, 4 °C for
15min. Cell pellets were washed with TBS buffer (150mM NaCl and
20mM Tris pH 8.0) and stored at −80 °C.

For structural studies of human PANX1 with ATP, 1 L cell pellets
expressing PANX1 were thawed on ice and resuspended in TBS buffer
supplemented with protease inhibitors (1mM PMSF, 0.8μMaprotinin,
2μg/mL leupeptin, and 2mM pepstatin A). Cells were lysed by soni-
cation and cell debris was removed by centrifugation at 3234 × g for
10min. Membranes were isolated by ultracentrifugation at
200,000× g for 1 h, washed twice with pre-chilled TBS buffer, and
homogenized using a Dounce homogenizer. Then a 30mL membrane
fraction was dialyzed in 5 L of TBS buffer under continuous stirring,
with dialysis buffer exchanged twice a day. After 7 days, membranes
were solubilized in 1% glyco-diosgenin (GDN) supplemented with
protease inhibitors for 1.5 h with gentle agitation. The solubilized
material was clarified by centrifugation at 3234 × g for 10min and
ultracentrifugation at 200,000× g for 1 h. The supernatant was incu-
bated with 6.5mL TALON resin (Takara Bio) pre-equilibrated with TBS
buffer containing 0.01% GDN. Imidazole (10mM) was added to reduce
non-specific binding. After 1 h of batch binding, the resin was washed
with twenty column volumes of TBS buffer containing 0.01% GDN and
20mM imidazole. PANX1 was eluted with TBS buffer containing 0.01%
GDN and 250mM imidazole. The eluent was concentrated to 500μL
using a 100 kDa cutoff concentrator (Millipore). The C-terminal GFP
tag was cleaved by overnight incubation with thrombin, using a
protein-to-enzyme mass ratio of 200:1. GFP-cleaved protein was

further purified by size-exclusion chromatography on a Superose 6
Increase 10/300 GL column (GE Healthcare) in TBS buffer containing
0.01% GDN. Peak fractions were pooled and concentrated to 5mg/mL
for cryo-EM grid preparation. All the membrane preparation, dialysis
and purification were performed at 4 °C. For structural studies of
human PANX1 in the presence of mefloquine or theW74Amutant with
10mMATP, protein was extracted bywhole cell solubilization using 1%
GDN and purified following similar procedure described above, but
without the membrane fraction dialysis.

Electron microscopy sample preparation and data acquisition
Freshly purified wild-type human PANX1 or the W74A mutant in GDN
detergent was incubated with ATP or mefloquine at specified final
concentrations prior to grid preparation. For ATP-containing grids, the
final ATP concentrations were 0, 10, 20, or 30mM. For mefloquine-
containing grids, the final concentration of (R*,S*)-mefloquine (Bio-
blocks; CAS# 51773-92-3 and 51688-68-7) was 1mM. A 2.5-μL aliquot of
the sample was applied to a glow-discharged Quantifoil holey carbon
Au grid (2/1-μm size/hole space, 300-mesh), blotted for 2 s at 100%
humidity in a Vitrobot Mark III chamber, and then plunge-frozen in
liquid ethane cooled by liquid nitrogen. The grids were initially
screened using an FEI Titan Talos Arctica transmission electron
microscope operating at 200 kV with a Gatan K2 Summit direct elec-
tron detector.

For human PANX1 with 0/10/20/30mM ATP dataset, high-
resolution data was collected using a Glacios transmission electron
microscope (Thermo Fisher Scientific) operating at 200 kV, equipped
with a 10 eV slit-width energy filter and operated at a nominal magni-
fication of ×130,000. Images were recorded using a Falcon 4i direct
electron detector, yielding a physical pixel size of 0.91 Å. Each movie
stack was acquired with a total electron dose of 40 e − /Å2. Automated
data acquisition was carried out using EPU 3.9.1 software, with a
nominal defocus range of −0.6 to −1.2μm or −1.3 to −1.8μm.

For human PANX1 with 1mM mefloquine and PANX1 W74A with
10mMATPdatasets, high-resolution data collectionwasperformedon
a Titan Krios transmission electron microscope (Thermo Fisher Sci-
entific) operating at 300 kV, equipped with a 20 eV slit-width energy
filter and operated at a nominal magnification of ×130,000. Images
were recorded using a K3 direct electron detector in super-resolution
mode, yielding a physical pixel size of 0.406Å (binned to 0.812 Å for
data processing). Each movie stack was acquired with a total electron
dose of 49.6 e − /Å2. Automated data acquisition was carried out using
SerialEM 4.15 software49, with a nominal defocus range of −1.2
to −1.9μm.

Cryo-EM data analysis procedure
The data processing workflow are summarized in Supplementary
Figs. 1, 9a and Supplementary Fig. 5a. The final map statistics, local
resolution overview and angular distribution can be found in Supple-
mentary Tables 1–3, Supplementary Fig. 9c–d, and Supplementary
Fig. 5c. Specifically, raw Videos were first motion-corrected using
motioncor2 1.6.4 or relion 5.050,51. The contrast transfer function (CTF)
of each micrograph was estimated using ctffind v.4.1.10 or v.4.1.1452.
We used relion 5.0 or gautomatch 0.56 (https://github.com/
JackZhang-Lab/Gautmatch) for template-based particle picking and
topaz v0.2.5 for convolutional neural network-based particle picking53.
Low quality particles were removed by reference-free 2D classifica-
tions and heterogeneous refinement using relion 5.0 or cryosparc
4.6.051,54. Particle sets from different auto-picking runs were merged
after cleanup. Duplicated particles were removed using a distance
cutoff of 30Å. The consensus map was generated by refining the
merged particle set by imposing either C7 symmetry. Subsequently,
the reconstruction was improved by supplying a soft solvent mask,
followed by iterative CTF refinement and Bayesian polishing steps55.
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Classification strategy to resolve ATP-bound and ATP-free apo
states at the extracellular restriction site
To distinguish ATP-bound and ATP-free (apo) states, we performed
focused classification without image alignment after subtracting the
extracellulardomain (ECD). This classification is inherently challenging
because small molecules of different sizes—such as endogenous
metabolites, solvent, or detergent—may also bind to the extracellular
restriction site and produce cryo-EM density, thereby complicating
interpretation. Indeed, the classification yielded a continuum of clas-
seswith varying degrees ofpore-blocking density,making it difficult to
define clear ATP-bound and apo states. In addition, we note that the
putative ATP-binding site lies along the C7 symmetry axis, where
densities are prone to symmetry-related artifacts. To address this, we
generated dataset of very comparable quantity and quantity and
processed them using identical workflows, reasoning that any
symmetry-related artifact (if present) would impact all datasets simi-
larly (however, refinement without imposing symmetry revealed no
obvious evidence of such artifacts; see Supplementary Fig. 4).

To address this, we established a stringent selection criterion
based on the distinct signal characteristics of ATP in cryo-EM maps.
Because ATP has a higher local electron density than surrounding
amino acids, a true ATP-bound class is expected to exhibit strong, well-
defined density at the restriction site. In contrast, a bona fide apo class
should display a complete absence of density at this site. Accordingly,
we selected only those classes with very strong pore-blocking density
as putative ATP-bound, and those with no detectable density as apo.

Despite this effort, two complications remained. First, the struc-
tural difference between putative ATP-bound and apo states is small,
leading to imperfect classification in which not all ATP-bound particles
are grouped into the putative ATP-bound class, and some ATP-free
particles aremisclassified into the putative ATP-bound class. The same
issue applies to the apo class.

To mitigate these challenges, we developed a reproducibility-
driven classification framework. We repeatedly ran the focused clas-
sification and selected putative ATP-bound and apo classes using the
criteria described above. From each classification run, particles
assigned to the putative ATP-bound class were pooled, and duplicates
were removed; the same procedure was applied to the apo class. This
iterative approach assumes that ATP-bound and apo particles, if pre-
sent, will have the opportunity to be correctly classified over multiple
runs. By aggregating particles across repeated classifications, this
strategy helps ensure that as many true ATP-bound and apo particles
as possible are recovered, thereby improving the completeness of
each class.

Following this pooling step, we applied a filtering procedure to
eliminate particles that may have been misclassified into both sets. By
comparing the two pooled groups, we retained only particles unique
to each, ensuring that the final putative ATP-bound and apo classes
were as distinct as possible.

To monitor convergence, we tracked the number of unique par-
ticles across classification jobs and proceeded to the next stage of
processing only when these numbers stabilized. Once convergence
was achieved, we reverted to the original, non-subtracted particle
images and performed 3D refinement of both the putative ATP-bound
and apo states. This entire classification framework was applied inde-
pendently to each of the four datasets (0, 10, 20, and 30mM ATP).

This approach proved effective for several reasons. First, the
putative ATP-bound reconstructions consistently showed very strong
pore-blocking density, consistent with the chemical nature of ATP,
while the apo structures exhibited clean, unoccupied restriction sites—
indicating reasonably successful separation of the two states. Second,
comparison across datasets revealed a clear increase in putative ATP-
bound particles and a corresponding decrease in apo particles upon
ATP addition, strongly supporting that ATP binds to the extracellular
restriction site. Third, the proportion of putative ATP-bound particles

was comparable across the 10, 20, and 30mM ATP datasets, which
were collected and processed independently. This is consistent with
electrophysiological data showing that all three concentrations exceed
the saturation point for ATP inhibition and would therefore be
expected to exhibit similar ATP occupancy. Together, these results
support the robustness and reproducibility of our classification
strategy.

Finally, because we expected—and indeed observed—no struc-
tural differences among putative ATP-bound or apo states across the
four datasets, we combined the putative ATP-bound particles from the
three ATP-supplemented datasets and apo particles from all four
datasets to increase particle numbers and improve map resolution.
Both combined sets were refined to yield the final reconstructions.

Model building
The atomic models were generated by fitting PDB 6WBG into the final
cryo-EM map13. Small molecules were fitting into the density through
real-space refinement via coot 0.9.8.9556. The cif library of small
molecule was generated from Grade Web Server (https://grade.
globalphasing.org/cgi-bin/grade2_server.cgi) using their SMILLE
string. In particular, we used (R,S)-mefloquine (CAS# 51773-92-3) ste-
reoisomer in the PDB 8UWK, PANX1(1mM mefloquine). The models
were then manually adjusted to ensure the fitting of residue sidechain
and subjected to phenix real space refinement to improve the model
metrics57. The final models were validated using phenix.molprobity.
Surface electrostatic potential was calculated using the ChimeraX 1.8
using the gasteiger method58. Tunnel and pore size analysis were done
using Caver 3.0 and Hole 2.059,60. Figures were generated using PyMOL
3.0.4 (Schrödinger LLC) and UCSF ChimeraX 1.859.

Molecular dynamics (MD) simulation
The MD system of pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) lipid bilayer with PANX1 was constructed using
CHARMM-GUIwebserver61. Specifically, the PANX1modelwasoriented
with respect to the membrane normal utilizing the OPM server62,63.
Titratable residues of PANX1proteinwereprotonatedbasedonneutral
environment pH, and the system was solvated with TIP3P water
molecules. To ensure overall charge neutrality, the system was neu-
tralized with ~150mM NaCl. More detailed simulation system infor-
mation can be found in Supplementary Table 5. The CHARMM36m
force field were employed to parameterize the MD system64. Para-
meters for mefloquine was generated using the ligand preparation
function of CHARMM-GUI65.

Energy minimization step was performed using the steepest-
descent algorithm with a Fmax tolerance of 1000 kJmol−1 nm−1. Posi-
tion restraints were applied to non-hydrogen atoms of the protein and
the phosphorus atom of POPC. The system then underwent 6 rounds
of equilibration, gradually reducing the strength of the position
restraints. During the equilibration, the temperature of the systemwas
increased to 310K using a Berendsen thermostat in the NVT ensemble.
Subsequently, the NPT ensemble was employed using a Berendsen
semiisotropic pressure coupling at 1 bar. Hydrogen atom constraints
were applied using the LINCS algorithm66. The production simulation,
without restraints, was conducted in theNPTensembleusing theNose-
Hoover thermostat and Parrinello–Rahman barostat. Three indepen-
dent production simulations were conducted, each for 200 ns with a
timestep of 2 fs. The Verlet cut-off scheme was utilized for the neigh-
bor list (12 Å) to account for short-range electrostatic and van der
Waals interactions. The Gromacs v.2019.2 software was employed as
the molecular dynamics engine67. Analysis of the trajectory data was
performed using Gromacs utilities. The trajectories were confirmed to
have reached equilibrium by monitoring the root mean square devia-
tion (RMSD) of protein Cα atoms (Supplementary Fig. 14). Tunnel
identification over the MD snapshots were analyzed by Caver 3.059.
Tunnels in the structure were visualized using PyMOL 3.0.459.
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Electrophysiology
Using patch-clamp analysis whole-cell currents were measured in
tsA201 cells following 1–2 days of transient over-expression with
Lipofectamine 2000. C-terminal GFP tagged human PANX1 constructs
were used for visual identification. Untagged human PANX1 measure-
ments relied on co-expression of a plasmid encoding GFP for identi-
fication. Patch pipettes contained a pH 7.3 solution composed of (in
mM) 145 NaCl, 10 Hepes, 10 EGTA and the external bath was a pH
7.4 solution of 160 NaCl, 10 Hepes, 3 KCl, 2 CaCl2, and 1MgCl2. Voltage
stepsof0.25 swere imposed from−100mV to+140mVandmembrane
currents were recorded (digitized at 10 kHz and filtered at 2 kHz) using
a Multiclamp 700B 2.2.2.2 (Axon Instruments) and Clampex software
(11.3). Currents were first measured in the control bath solution and
then after perfusion with bath solution containing either ATP at the
indicated concentrations or 150 µM mefloquine (BioBlocks, Sell-
eckchem). Current amplitudes weremeasured at 5ms of the indicated
clamp voltages and normalized to cell capacitance. Expression level of
PANX1 mutants (V11A, A33W, and Δ2–20) with small current are found
to be comparable to wild type PANX1 (Supplementary Fig. 15). All
subsequent analyses and figure generation were performed in Python
3.11 using the following packages and versions: pyabf 2.3.7, NumPy
1.26.4, SciPy 1.11.4, andMatplotlib 3.8.4. Graphical visualizations of the
processed data were performed using GraphPad Prism version 10.6.1
(GraphPad Software). All custom Python scripts used for ABF data
processing, filtering, and visualization are available at https://github.
com/junuk861/panx1-ephys-analysis.

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

Data availability
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-70760 (PANX1 (0mM
ATP) consensus); EMD-70761 (PANX1 (10mM ATP) consensus); EMD-
70762 (PANX1 (20mM ATP) consensus); EMD-70763 (PANX1 (30mM
ATP) consensus); EMD-70764 (PANX1 (merged 0, 10, 20, 30mM ATP
datasets) consensus); EMD-70765 (PANX1 (putative ATP-bound));
EMD-70766 (PANX1 (Apo)); EMD-70767 (PANX1 (Constricted pore));
EMD-70768 (PANX1 (Dilated pore)); EMD-70769 (PANX1 (1mM
mefloquine)); and EMD-70770 (PANX1–W74A (10mM ATP)). The
atomic coordinates have been deposited in the Protein Data Bank
(PDB) under accession codes 9OQG (PANX1 (0mM ATP) consensus);
9OQH (PANX1 (10mM ATP) consensus); 9OQI (PANX1 (20mM ATP)
consensus); 9OQJ (PANX1 (30mM ATP) consensus); 9OQK (PANX1
(merged 0, 10, 20, 30mM ATP datasets) consensus); 9OQL (PANX1
(putative ATP-bound)); 9OQM (PANX1 (Apo)); 9OQN (PANX1 (Con-
stricted pore)); 9OQO (PANX1 (Dilated pore)); 9OQP (PANX1 (1mM
mefloquine)); and 9OQQ (PANX1–W74A (10mM ATP)). Previously
published PDB codes used in this study: 6WBF (PANX1); 6WBG
(PANX1–ΔCTT). Previously published EMDB codes used in this study:
EMD-21589 (PANX1–ΔCTT); EMD-22358 (Connexin 50); EMD-33276
(PANX2); EMD-33273 (PANX3); EMD-33527 (LRRC8A). The source data
underlying Figs. 1a, 3a,b, 4c and Supplementary Figs. 3b, 8a, 8e, 8h–j,
10, and 11 are provided as a Source Data file. Files relating to the MD
simulations have been deposited in Zenodo [https://doi.org/10.5281/
zenodo.17436693]. Source data are provided with this paper.
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