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Structure versus function: Are new conformations of
pannexin 1 yet to be resolved?

Carsten Mim?, Guy Perkins’®, and Gerhard Dah’®

Pannexin 1 (Panx1) plays a decisive role in multiple physiological and pathological settings, including oxygen delivery to
tissues, mucociliary clearance in airways, sepsis, neuropathic pain, and epilepsy. It is widely accepted that Panx1 exerts its role
in the context of purinergic signaling by providing a transmembrane pathway for ATP. However, under certain conditions,
Panx1 can also act as a highly selective membrane channel for chloride ions without ATP permeability. A recent flurry of
publications has provided structural information about the Panx1 channel. However, while these structures are consistent with
a chloride selective channel, none show a conformation with strong support for the ATP release function of Panxl. In this
Viewpoint, we critically assess the existing evidence for the function and structure of the Panx1 channel and conclude that the
structure corresponding to the ATP permeation pathway is yet to be determined. We also list a set of additional topics needing
attention and propose ways to attain the large-pore, ATP-permeable conformation of the Panx1 channel.

Introduction

Initially, the pannexin field got off to an inauspicious start. Be-
cause the three proteins of the pannexin family (Panxl, Panx2,
and Panx3) were discovered on the basis of their limited se-
quence homology to the invertebrate innexin gap junction
proteins, it was assumed that they, too, would form gap junc-
tions (Panchin et al., 2000; Bruzzone et al., 2003). However,
notwithstanding some disputed science, it soon became clear
that the gap junction function of pannexins is not realized (Dahl
and Locovei, 2006; Huang et al., 2007; Sosinsky et al., 2011). Gap
junction formation by pannexins is moreover prevented by
glycosylation of the Panxl protein (Boassa et al., 2007; Penuela
et al., 2007; Boassa et al., 2008). It is conceivable, however, that
the nonglycosylated form of Panxl could allow the docking of
oligomers in apposing membranes to each other. Indeed, such
docking was observed in cryo-EM preparations of a mutant
Panxl, N255A (Ruan et al., 2020). However, because glycosyla-
tion of the protein is required for membrane trafficking (Boassa
et al., 2007; Penuela et al., 2007), it is unlikely that this process
occurs in vivo. This notion is supported by the observation that a
glycosylation mutant of Panxl failed to lead to junctional con-
ductance between paired oocytes, while expression of wtPanx1
followed by glycosidase F treatment before pairing of the cells
resulted in gap junction formation, albeit at a much reduced rate
as compared with the rate observed with connexins (Boassa
et al, 2008). Furthermore, the gap junction function also is

unlikely because of theoretical reasons and experimental find-
ings, including expression in single cells, such as erythrocytes
(Locovei et al., 2006a), and exclusive expression in the apical
membrane of polarized epithelial cells (Ransford et al., 2009;
Hanner et al., 2012; Shum et al., 2019). Of the three pannexins,
only Panxl has been studied in detail, and a clear channel
function is well established for it. Therefore, this Viewpoint will
exclusively deal with Panxl.

It is generally assumed that an important function of Panx1 is
to form ATP release channels. For example, as of this writing, a
PubMed search with “pannexin” and “ATP release” as search
terms yielded 287 publications. However, the biophysical evi-
dence for this function is sparse, and the supporting evidence is
largely correlative and/or based on pharmacological or genetic
interference with ATP release. The ATP release function of
Panxl channels has been contested based on evidence that the
channels are highly selective for Cl~ and the lack of detectable
ATP release under the experimental conditions, i.e., activation
by voltage, used in these studies (Ma et al., 2012; Romanov et al.,
2012).

It was long held that the oligomeric state of the Panx1 channel
is that of a hexamer (Penuela et al., 2013; Dahl, 2015; Chiu et al.,
2018). Recently, in a <6-mo period, six research groups inde-
pendently published similar cryo-EM structures of the Panxl
membrane channel (Deng et al., 2020; Jin et al., 2020; Michalski
et al., 2020; Mou et al., 2020; Qu et al., 2020; Ruan et al., 2020).
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All these papers challenge the view of the oligomeric state of the
channel. Instead of the hexameric arrangement of identical
Panxl subunits, the channel appears to be formed by a homo-
meric heptamer.

It is uncontested that the Panxl channel can operate in a
conformation in which the channel exhibits a unitary conduc-
tance of <100 pS. However, it has also been reported that, under
certain experimental conditions, the channel can exhibit several
subconductances with very rare sojourns to a maximal con-
ductance of ~500 pS (Dahl 2015).

Activation of the Panx1 channel can be obtained by various
stimuli, some physiological or pathological, others in the form of
experimental tools. The majority of the physiological stimuli
involve ligands, including ATP, glutamate, a adrenergic ago-
nists, and bradykinin, binding to their cognitive receptors and
leading to opening of Panx1 channels and “secondary” ATP re-
lease (Dahl 2015, 2018). A nonreversible activation of the
channel is induced by cleavage with caspase 3 or 8 (Chekeni
et al, 2010), leading to cell death. Experimental stimulation
can be obtained in some cells but not in others by increasing the
extracellular K* concentration (Silverman et al., 2009; Wang and
Dahl 2018; Chiu et al., 2018).

Here, we present a point of view on these contested issues in
the Panx1 field and attempt to reconcile apparently contradic-
tory data or their interpretations. In addition, we ask to what
extent the new structural data support the functional data.

The structure of Panx1 channels as revealed by cryo-EM

The excitement for the long-awaited Panxl structure was re-
warded with not one but six publications, all appearing within
the first half of 2020 and using cryo-EM to image the channel
(Deng et al., 2020; Jin et al., 2020; Michalski et al., 2020; Mou
et al., 2020; Qu et al., 2020; Ruan et al., 2020). Five of the six
Panx! publications showed human Panxl structures (Deng et al.,
2020; Jin et al., 2020; Michalski et al., 2020; Mou et al., 2020; Qu
et al., 2020; Ruan et al., 2020), and two showed frog Panxl
structures (Deng et al., 2020; Michalski et al., 2020). To stabilize
the frog Panx1 structure, thus improving the resolution for cryo-
EM, Michalski et al. (2020) truncated the C terminus by 71
amino acids and removed 24 amino acids from the intracellular
loop between transmembrane (TM) helices 2 and 3; this trun-
cation was the version reported. The other publications reported
full-length Panxl structures, although one used a truncated
Panxl variant (Ruan et al., 2020) and another used a mutation
(Jin et al., 2020) as their principal references. Because the C
terminus-truncated structure and the (combined) WT structure
had the highest overall quality of the several Panxl structures
presented by Ruan et al. (2020), it was used for de novo model
building, as the reference structure for analyses, and for dis-
cussion. For the same reason, Jin et al. (2020) used the double
mutation D376E/D379E, which eliminated the caspase-cleavage
site, for their de novo model building. The overall architecture
and dimensions of the human and frog Panx1 structures were
similar, and the extracellular domains (ECDs) and transmem-
brane domains (TMDs) were nearly identical, except that the
N-terminal helix (NTH) of the frog Panxl is positioned on the
intracellular side and not within the TMD as reported in human
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Panxl. These structures are becoming an important and critical
tool to guide functional experiments and open a new venue to
perform molecular dynamics simulations.

The most novel finding shared by all the Panx1 structures is
that instead of the hexamer hitherto believed to represent the
native state of the Panxl channel, the cryo-EM data show un-
equivocally a homo-heptamer arranged around a central sym-
metry axis that constitutes the principal permeation pathway.
Panxl’s structural envelope adopts an inverted pail shape in the
view parallel to the membrane. The heptameric channel is ~110
Along and ~100 A wide, with a flat ECD protruding ~35 A above
the cell membrane and an intracellular domain (ICD) extending
~35 A into the cytoplasm with the TMD in between (Fig. 1). Both
the N and C termini reside on the cytoplasmic side of the
channel. Each TMD has four membrane-spanning helices per
protomer. The TMD pore is predominantly lined by hydrophobic
amino acids. The NTH is short and lines the TMD pore (human
Panx1) with the NTH of one subunit interacting with the TMD of
the adjacent subunit. Thus, it has been proposed that the NTH
helps to maintain a rigid TMD pore (Ruan et al., 2020). Both the
extracellular and intracellular pore entrances are lined with
positively charged amino acids, making them favorable for
negatively charged cargos such as CI~ and ATP to enter and leave
the pore.

A cap structure is formed on the extracellular side from seven
ECDs, one from each subunit. The ECDs are organized into the
pore’s most constricted site, thus defining the maximum size of
permeable molecules and establishing the extracellular entrance
to the TMD. Each ECD contains one helix cross-linked through a
disulfide bond to a three-stranded antiparallel B-sheet. The
N-terminal end of each subunit helix protrudes inward toward
the central pore axis contributing to the constriction site. The
key residues involved in the gating of Panx1 are part of the W74-
R75-D81 inter-subunit triplet (Fig. 1) from the N-terminal ends
of the ECD helices and are proposed to provide rigidity to the
extracellular entrance containing positive charges (Deng et al.,
2020). This ring lining the wall of the constriction defines a
hydrated pore diameter of ~9 A (Fig. 1) and is the crux of the
argument that the extracellular constriction site is the effective
selectivity filter discriminating cargoes on the basis of their
charge and size. By contrast, the narrowest point of the pore in
the TMD has a hydrated diameter of ~13 A.

Other inter-subunit interactions that stabilize the pore ar-
rangement in the TMD are (1) the F67-Y79 aromatic-aromatic
and Q266-T252 hydrogen bonding in the ECD, (2) the TM helix
TM1-TM1 and TM2-TM4 interfaces between adjacent subunits,
(3) the N-terminal loop from the neighboring subunit extending
into the TMD pore lining, and (4) the resolvable residues of
C-terminal helix 3 association with the cytoplasmic linker heli-
ces 1 and 2 from the adjacent subunit (Fig. 1; Deng et al., 2020;
Michalski et al., 2020). In addition, membrane lipids occupy the
crevice between TM3 and an adjacent TM4 at the edge of the
channel. Lipid head groups associate with positively charged
residues from the N-terminal end of TM3 (K214) and the
C-terminal domain of TM4 (R302 and K303; Deng et al., 2020). It
may be that the lipid environment influences the assembly and
possibly the activation of the Panx1 channel.
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Figure 1. Structural model of Panxl. (A) Cartoon representation of Panx1 WT (PDB accession no. 6wbk) stabilized with detergent. The approximate position
of the membrane is indicated by the bars. One protomer of the heptameric assembly is indicated in orange. The lipids resolved in the structure are colored in
magenta. It is notable that many of the resolved lipids are found at the interface between subunits. CTH, C-terminal helix; CLH, cytoplasmic linker helix.
(B) Overlay of different Panx1 cryo-EM-based structures from different groups (PDB accession no. 6lto = gold, WT hPanx1; PDB accession no. 6wbk = blue,
hPanx1 AC terminus, AN terminus; PDB accession no. 6v6d = lilac, WT hPanxl). The structures diverge very little in the ECD and the membrane domain.
However, the variation is larger in the ICD. The approximate positions of F54 and 158 are indicated. (C) Comparison of the extracellular pore. Key residues are
annotated using their one-letter abbreviation. All structures are shown as backbone traces except W74, which is part of the constriction ring of the pore. The

narrowest constriction is indicated by the arrow.

The pore substantially widens toward the intracellular side.
The ICDs extend away from the pore axis, producing a volumi-
nous intracellular vestibule. Two helices in the ICD connect to
two TMD helices to form a compact assembly that provides ri-
gidity to the vestibule. The vestibule is slightly larger in the frog
Panxl structure, but the pore architecture is essentially the same
as in the human version. The C-terminal segment consisting
of ~70 amino acids, including the caspase cleavage site located
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immediately before the C terminus, was not visualized in any of
the published cryo-EM structures, suggesting that it is intrin-
sically flexible. C-terminal cleavage removes its autoinhibitory
effect without inducing an overall conformational change to the
pore (Jin et al., 2020).

A novel feature presented by Ruan et al. (2020) is seven
narrow side tunnels in the upper ICD running perpendicular
to and ending at the pore, like a T-intersection. This tunnel
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network was proposed to allow passage of small anions because
each tunnel contains several positively charged and other polar
residues along its length. The flexible NTH-TM1 linker would
function as a gate. They hypothesized that these side tunnels
facilitate Cl~ flux when the pore is blocked by the C terminus
residing in the ICD vestibule. Movement or cleavage of the C
terminus then would induce the ATP-permeable large-pore
conformation. Further structural work is needed to determine
whether the C terminus actually resides in the ICD vestibule.
One complication with this tunnel hypothesis is that each tunnel
has two constriction sites formed by R29 and A33, with diame-
ters of 5.8 and 4.0 A, respectively, meaning that partial dehy-
dration of a Cl~ ion is likely required for it to pass through the
tunnel. The possibility of anion tunnels in the Panxl structure
raises the question: could there be multiple open (active) con-
formations, and does “open” mean open to ATP and Cl- ion or Cl-
ion only? Three of the six papers (Michalski et al., 2020; Qu
et al., 2020) assume that the Panxl structure is in the closed
or inactive conformation, whereas the other three report an
open or active conformation. These discrepancies should be
resolved with further work. Interestingly, the overlay of three of
these structures, one presumably open and two closed, shows
nearly identical conformations of the extracellular constriction
of the pore (Fig. 1 C).

The structures of Panxl truncation and mutant variants, as
well as its docked inhibitor, carbenoxolone (CBX), illuminate the
roles of distinct structural elements. For example, cryo-EM re-
vealed that CBX sits atop the ECD and plugs the W74-R75-D81
ring (Jin et al, 2020; Ruan et al., 2020), supporting pore
blocking as its mechanism of Panx1 inhibition. Second, removal
of the NTH did not much change the shape of the TMD. This
truncation still generated a CBX-sensitive, voltage-dependent
current similar to the full-length Panxl current (Ruan et al.,
2020), suggesting that the NTH may play a role in the assem-
bly of the heptamer from the Panxl protomers rather than being
an essential element in the pore conduction pathway. Third, the
Panxl structures obtained in the presence of Ca?* and K* were
indistinguishable from the untreated Panxl structure, suggest-
ing that neither Ca?* nor K* is likely to directly activate the
Panxl channel (Ruan et al., 2020). Fourth, the glycosylation-
deficient mutant (N255A) generated gap junction structures as
well as hemichannels as determined by cryo-EM (Ruan et al.,
2020). The N255A gap junction is formed by two hemichannels
docked by the interaction of the extracellular linker 2 on ap-
posing ECDs. Ruan et al. (2020) noted that this Panxl gap
junction likely is not a normal physiological conformation.

Comparing the Panxl structure with other ATP-permeant
pore structures offers a blueprint for dissecting pore proper-
ties of Panx1. The oligomeric configuration of the ATP-permeant
channels does not appear to correlate with pore diameter, in
particular when comparing the narrowest extent of the pore
(Table 1). Like Panx1l, CALHM]1 was originally thought to adopt a
hexameric configuration (Siebert et al., 2013) until the cryo-EM
structure revealed an octameric configuration (Syrjanen et al.,
2020). It should be noted that not all connexin channels trans-
port ATP. For example, Cx26, Cx30, Cx43, and Cx46 transport
ATP, but Cx32 does not (Harris, 2001; Hansen et al., 2014). An
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interesting comparison can be made between Panxl and human
Cx31.3. Cx31.3 has a pore with a constriction site diameter of ~8
A, similar to Panxl’s constriction of ~9 A, and also selectively
transports Cl- and ATP (Lee et al., 2020). One difference be-
tween the two structures is that the constriction is in the ICD’s
NTH for Cx31.3 and in the ECD for Panxl. Lee et al. (2020)
pointed out that because Cx31.3’s pore constriction at the cyto-
plasmic entrance is smaller than the effective hydrated diameter
of ATP (~12 A; Sabirov and Okada, 2004), the reported confor-
mation would not allow ATP to pass through the pore without
substantial conformational changes of the NTH. The same
argument could be applied to Panx1’s ECD.

In a comparison of structural motifs, Panx1’s protomer shares
a motif of four TMD helices with connexins, innexins, CALHM1
and 2, and volume-regulated anion channel (VRAC) protomers.
They also share ECD topological similarities, but differences are
manifested as well. For example, Panx] and innexiné have their
ECD2 nestled between the inner and outer lobes of ECDL.
CALHM1 and 2 and VRAC do not, and the outer lobe of ECDI is
absent in Cx46 (Myers et al., 2018; Deng et al., 2020; Flores et al.,
2020; Qu et al., 2020). In Panx1 and VRAG, residues in the ECD1
helix form the pore constriction site, whereas in Cx46 and in-
nexiné, the NTH forms the constriction in the middle of the
TMD. Also, Panxl, innexin6é, and CALHM?2 have two ECD di-
sulfide bonds, whereas Cx46 has three. The NTH of Panxl is
unique among ATP-permeant channels because it resides in the
TMD pore close to the ECD, whereas the NTH in connexins and
innexins is in the TMD closer to the ICD (Maeda et al., 2009;
Myers et al., 2018; Flores et al., 2020), and the NTH in VRAC is in
the ICD near the membrane face (Deneka et al., 2018; Kasuya
et al., 2018; Kefauver et al., 2018). In Panxl, connexins, innexins,
and VRAC, TM1-TM4 are arranged anticlockwise as viewed
from intracellular side, with TM1 nestled between TM2 and
TM4, but the CALHM?2 arrangement is clockwise and TMI is
attached to TM3. Finally, even though the ICD helix 1islong, it is
not involved in inter-subunit interactions, whereas in CALHM?2,
the equivalent cytoplasmic helix 1 is nearly parallel to the
membrane and forms extensive inter-subunit interactions (Choi
et al., 2019; Syrjanen et al., 2020).

Biophysical properties and function of Panx1 channels

While the Panxl structures obtained in six different laboratories
are remarkably congruent, including the structures from dif-
ferent species, this is not the case for several functional aspects.
It is now generally accepted that, contrary to original beliefs,
pannexins do not form gap junctions despite their classification
as “gap junction proteins” (Sosinsky et al., 2011). Instead, Panxl
is well documented to form a plasma membrane channel, which
allows the exchange of solutes between the cytoplasm and the
extracellular space.

The first demonstration of Panxl channel function involved
the activation of the channel by positive membrane potentials in
excess of +20 mV (Bruzzone et al, 2003). Robust Panxi-
mediated membrane currents induced by positive membrane
voltage were subsequently reported by various laboratories
(Pelegrin and Surprenant, 2006; Iglesias et al., 2008; Iglesias
et al, 2009b; Qiu and Dahl, 2009; Bunse et al., 2009;
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Table 1. Comparison of oligomeric configuration with pore constriction diameter

ATP-permeant Oligomeric Pore constriction diameter  Reference

channel configuration (A)

VDAC Monomer (B barrel) 25 Colombini, 2012

Cx26 Hexamer 14 (open), 6 (closed) Maeda et al., 2009; Nielsen et al., 2012

Cx313 Hexamer 8 (closed?) Lee et al,, 2020

Cx43 Hexamer 25 (open), 18 (closed) Nielsen et al, 2012

Cx46 Hexamer 14 Myers et al., 2018; Flores et al., 2020

VRAC Hexamer 12-14 (open), 2-5 (closed) Deneka et al., 2018; Kasuya et al,, 2018; Kefauver et al., 2018; Osei-Owusu
etal, 2018

Panx1 Heptamer 9 Deng et al., 2020; Jin et al., 2020; Michalski et al., 2020; Mou et al., 2020; Qu
et al., 2020; Ruan et al,, 2020

Innexin6 Octamer 18 Oshima et al,, 2016

CALHM1 Octamer 19.5 Syrjanen et al., 2020

CALHM2 Undecamer 50 (open), 23 (inhibited) Choi et al,, 2019

CALHM4 Decamer, undecamer 20 (without current), 30 Drozdzyk et al., 2020

(without current)

Prochnow et al., 2009; Silverman et al., 2009; Bunse et al., 2011;
Griindken et al., 2011; Ma et al., 2012; Romanov et al., 2012; Zhan
et al,, 2012; Nomura et al., 2017). In oocytes expressing rodent Panxl,
the currents are in the microampere range, and in these as in
mammalian cells, the currents exhibit strong outward rectification.

Weak Panxl channel activation by positive membrane volt-
age was described, which could be boosted substantially by the
insertion of a glycine-serine motif immediately after the first
methionine (Michalski et al., 2018). Human and mouse Panxl
behaved similarly in these experiments, while mammalian cell
lines (HEK and CHO) yielded different current densities for both
pannexins. Frog Panx] was subsequently found to exhibit sim-
ilar voltage-sensitive properties (Michalski et al., 2020). In
contrast, complete absence of voltage activation has been re-
ported for human and frog Panx1, while mouse Panx1 was found
to be weakly voltage sensitive (Chekeni et al., 2010; Chiu et al.,
2018; Narahari et al., 2021).

The first physiological role ascribed to Panxl was that of a
permeation pathway for ATP, allowing the efflux of ATP to act as
an external signal to cells via activation of purinergic receptors
(Bao et al., 2004). Subsequently, hundreds of publications af-
firmed the ATP release functions of Panx1 in multiple cell types
based mainly on pharmacological and/or genetic interference.
However, the role of Panxl as an ATP-release channel has been
challenged by data obtained with biophysical measurements. It
has been shown that the voltage-activated Panx1 channel was
highly selective for chloride ions and did not exhibit detectable
ATP release (Ma et al., 2012; Romanov et al., 2012; Wang et al.,
2014). On the other hand, several groups reported ATP release
and/or activation of Panxl currents after exposure of cells to
high extracellular potassium ion (K*) concentrations (Silverman
et al., 2009; Santiago et al., 2011; Heinrich et al., 2012; Suadicani
et al., 2012; Michalski and Kawate, 2016; Qu et al., 2020).
However, a lack of K*-mediated activation of Panx1 has also been
reported (Chiu et al., 2018; Nielsen et al., 2020).
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Neither high positive membrane potentials nor high ex-
tracellular K* concentrations can be considered physiolog-
ical stimuli. A third stimulus for Panx1 activity, cleavage of
C-terminal amino acids by caspase, occurs exclusively in
apoptotic cells (Chekeni et al., 2010). A correlation of cas-
pase cleavage with ATP release has been established (Chekeni
et al., 2010; Boyd-Tressler et al., 2014; Imamura et al., 2020).
However, whether caspase cleavage of Panxl per se causes
ATP release remains to be determined. The similarity of the
electrophysiological profiles of the voltage-activated and the
caspase-cleaved Panxl channels (Chiu et al., 2017; Wang and
Dahl, 2018) raises the question whether caspase by itself is
sufficient for initiating ATP release.

However, if we accept that physiological ATP release medi-
ated by Panx1 occurs in a reversible fashion, as proposed in >200
publications, there must be an as-yet-unidentified gating
mechanisms, since the activation mechanisms presently docu-
mented are either irreversible or unphysiological. Erythrocytes,
for example, release ATP reversibly in a low oxygen environ-
ment but also in response to shear stress (Locovei et al., 20063;
Sridharan et al., 2010; Forsyth et al., 2011; Cinar et al., 2015;
Zhang et al., 2018), two unrelated stimuli converging on the
same ATP release channel Panxl.

While it appears that the Panx1 field is riddled with contro-
versies, the following paragraphs show that this is not neces-
sarily so. It can safely be assumed that most, if not all, published
data are correct. It may take only a little tuning of the inter-
pretations to get a more coherent picture of the Panx1 field.

Evidence for ATP release mediated by Panx1 channels

Based on the biophysical properties of the channel formed by
Panx], its function as an ATP release channel was proposed soon
after its discovery (Bao et al., 2004; Dahl and Locovei, 2006;
Locovei et al., 2006a). Ever since, supporting evidence has been
accumulated by a large number of researchers, as documented in
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several reviews (Dahl and Locovei, 2006; Scemes et al., 2007,
MacVicar and Thompson, 2010; Sosinsky et al., 2011; Penuela
et al., 2013; Dahl, 2015). Key evidence includes the localization
of Panx1 expression matching the site of ATP release at the ap-
ical membrane of polarized epithelial cells such as in the airways
or renal tubules (Ransford et al., 2009; Hanner et al., 2012).
Interestingly, in polarized cells releasing ATP at the basolateral
membrane, this function is exerted by another release channel,
CALHM (Taruno et al., 2013; Kashio et al., 2019). Additional
evidence for the involvement of Panxl in ATP release is that
knockout of Panxl expression attenuates ATP release (Iglesias
et al., 2009a; Qiu et al., 2011; Qu et al., 2011; Suadicani et al.,
2012). Furthermore, mutations of Panxl and chemical modifi-
cation of the protein affect ATP release (Wang and Dahl, 2010;
Qiu et al., 2012).

Evidence that Panx1 channels can be Cl~ selective and lack
ATP permeability

The ATP release function has been challenged, however, also
based surprisingly on sound biophysical evidence (Ma et al., 2012;
Romanov et al.,, 2012; Wang et al., 2014; Wang and Dahl, 2018). No
ATP release was observed in voltage-clamped, Panxl-expressing
HEK cells over the voltage range of -50 to +80 mV, despite robust
CBX-sensitive currents at positive potentials (Romanov et al.,
2012). Similarly, oocytes expressing Panxl did not release ATP
when the membrane potential was clamped at -60, 0, or +40 mV.
However, CBX-sensitive ATP release was observed at the same
holding potentials in the presence of high extracellular K* con-
centrations (Fig. 2 A; Wang et al., 2014). Instead, the exclusively
voltage-activated Panxl channel was found to be highly selective
for Cl~. Substitution of extracellular Cl~ by larger anions resulted
in attenuation of the membrane currents and a large shift of the
reversal potential from negative to positive membrane potentials
in both HEK cells and Xenopus laevis oocytes (Fig. 3, A, B, and D; Ma
et al., 2012; Romanov et al., 2012; Chiu et al., 2014; Nomura et al.,
2017; Li et al, 2018; Wang and Dahl, 2018). Thus, the Panxl
channel is highly selective for Cl- and lacks ATP permeability
under the experimental conditions used in the referenced studies.
Furthermore, in measuring the permeability of the Panx1 channel,
it was found that substitution of extracellular Na* by larger cations
changed neither the reversal potential nor the amplitude of the
currents in response to voltage steps or voltage ramps, indicating
lack of cation permeability (Ma et al., 2012; Wang et al., 2018;
Michalski et al., 2020).

Lack of cation permeability, however, appears to be re-
stricted to the voltage-activated Panx1 channel. The only direct
measure of ATP permeability presently available indicates that
the ATP-permeable conformation of the Panxl channel also is
permeable to cations (Bao et al., 2004; Locovei et al., 2006a). In
an isolated membrane patch subjected to a K*-ATP gradient, the
channel currents reversed neither at the K* nor the ATP?" re-
versal potential, but in between the two (closer to the K* equi-
librium potential). Furthermore, uptake of positively charged
dyes is considered to be an acceptable surrogate for channel-
mediated ATP release (Dahl, 2015; Johnson et al., 2016; Chiu
et al., 2018). Thus, under conditions of ATP release, the chan-
nel does not discriminate on the basis of charge. However, since
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Figure 2. ATP release by oocytes expressing Panxl. (A) Oocytes ex-
pressing WT Panx1. All colored bars represent data obtained under voltage-
clamp conditions; white bars are data from unclamped cells. ATP in the
medium was measured as luciferase luminescence. ATP release from Panx1-
expressing oocytes induced by potassium gluconate (KGlu) without and with
holding the membrane potential under voltage-clamp conditions at -60, 0, or
+40 mV, was determined 20 min after initiating the stimulus. Voltage-clamp
conditions are indicated with teal lines below the graph and teal bars in the
graph. The presence of 150 mM KGlu (K* label) is indicated, and the data are
displayed as hatched bars. Data are shown as means + SD; n = 5 for each
measurement. Adapted from Wang et al, 2014. (B) Oocytes expressing the
truncation mutant Panx1A378. Oocytes were not voltage clamped (white bar)
or were clamped at -60 or O mV (red bars). The cells were exposed to oocyte
Ringer solution or to a solution containing 85 mM KGlu (K* label, hatched
bars) as indicated, for 10 min. An aliquot of the supernatant was analyzed for
the presence of ATP with the luciferase/luciferin assay. Means + SE; n as
indicated above each bar. Adapted from Wang and Dahl, 2018. Because oo-
cytes expressing Panx1A378 have a shortened life span (Jackson et al., 2014),
measurements had to be taken in a short time window after injection of
mRNA at 80x lower concentration than wtPanxl. Thus, ATP release data
cannot be compared between wtPanx1- and Panx1A378-expressing cells.

dye uptake can be mediated by various other mechanisms, in-
cluding other membrane channels such as gasdermin D (de
Vasconcelos et al., 2019) or CALHM (Siebert et al., 2013), dye
uptake per se cannot be used as evidence for the involvement of
Panxl.

Can Panx1 be both a Cl"-selective and a nonselective channel?
The Panxl channel was activated by voltage when it was shown
to have high selectivity for Cl- and to lack both cation and ATP
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Figure 3. Current-voltage relations of mouse WT Panx1 and Panx1A378. (A) Replacing extracellular Cl- by gluconate™ in a voltage step protocol applied to
HEK cells expressing Panx1 exogenously attenuated the membrane currents and shifted the reversal potential to a positive potential. Adapted with permission
from Journal of Cell Science (Romanov et al., 2012). (B) Similarly, in oocytes expressing Panx1 exogenously, replacement of Cl- by gluconate™ (NaGluc) resulted in
a shift of the reversal potential to positive values and an attenuation of the currents induced by a voltage ramp from -100 to +100 mV. (C) Voltage
ramp-induced currents of wtPanx1l-expressing oocytes in KCl solution (black trace) were substantially larger than the currents in uninjected control cells under
identical conditions (gray trace). Replacing Cl- by gluconate™ in the bath solution of the same oocyte resulted in attenuation of the currents and a shift of the
reversal potential to more negative potential (green trace). (D) Quantitative analysis of reversal potentials after anion replacement shows a shift from positive
to negative potentials with K* as the extracellular cation. Means + SE; n = 5 (wtPanxl). (E) Voltage ramp-induced membrane currents of WT Panx1 channels
(green trace) and of channels formed by the truncation mutant Panx14378, where C-terminal amino acids after aspartate 378 are deleted. Uninjected oocytes
served as control (magenta trace). Because Panx1A378-expressing cells had a short life span, MRNA was injected 80x diluted as compared with WT, and
measurements were performed in a 24-h window. Thus, the current amplitudes of WT Panx1 and Panx1A378 cannot be compared. In contrast to WT Panx1
channels, those formed by Panx1A378 were active over a wide voltage range, yet currents through both types of channels reversed at the same membrane
potential. (F) Similar to WT Panxl, currents through Panx1A378 channels reversed at negative membrane potential with extracellular chloride (blue trace) and
at positive potential with gluconate solution (red trace). (G) Similar to WT Panx1 channels, replacement of chloride by gluconate ions resulted in the currents
reversing at negative potentials when Panx1A378-expressing cells were exposed to high extracellular K*. (H) Quantitative analysis of reversal potentials of
membrane currents carried by Panx1A378 after anion replacement shows a shift from positive to negative potentials with K* as the extracellular cation. Means
+ SE; n = 4. (B-H) Data from Wang and Dahl (2018).

permeability (Romanov et al., 2012; Ma et al., 2012; Wang et al.,
2014; Wang and Dahl 2018). This activation was unphysiological,
however, for the membrane potential had to be at high positive
potentials for Panxl-mediated currents to be detectable. In
contrast, all the evidence supporting the ATP release function
involved alternative activation mechanisms. Several stimuli,
including oxygen deprivation and mechanical stress, trigger
channel-mediated ATP release through Panx1 channels (Locovei
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etal.,, 2006a; Thompson et al., 2006) This “primary” ATP release
is complemented by a “secondary” ATP release (Dahl, 2018), in
which a ligand binding to its cognizant receptor opens Panx1 and
releases ATP. This process initially explained ATP-induced ATP
release (Locovei et al., 2006b) and has now been demonstrated
to apply to many other ligands and receptors, including NMDA,
angiotensin II, and o adrenergic receptors (Thompson et al.,
2008; Billaud et al., 2011; Murali et al., 2014). The function of
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secondary ATP release is to boost the cytoplasmic signal, which
in all known cases is [Ca®*];. This amplification is achieved by
ATP binding to P2Y receptors, triggering further Ca?* release
from intracellular stores.

We propose that the Panx1 channel has at least two distinct
open conformations with different permeabilities. When acti-
vated by high positive voltage or when truncated at the caspase
cleavage site, the channel is highly selective for Cl~ and has no
cation or ATP permeability. In contrast, it has been inferred that
when opened in physiological settings by various stimuli, the
channel is permeant to ATP and allows the TM flux of cationic
and anionic dyes. The latter permeability properties can ex-
perimentally be induced by high extracellular K* concentrations,
as verified by changes in the reversal potential and high rate of
ATP release. However, since activation by extreme voltage or by
K* is unphysiological, it seems prudent to reexamine with bio-
physical measurements the permeability properties of the Panx1
channel when activated physiologically, i.e., by ligand binding to
receptors known to activate Panxl.

Activation of Panx1 by extracellular K*
ATP release in a variety of cell types can be stimulated by raising
the extracellular K* concentration; based on pharmacological
interference, the release has been attributed to Panxl channels
(Bao et al., 2004; Qiu and Dahl, 2009; Silverman et al., 2009;
Santiago et al., 2011; Heinrich et al., 2012; Suadicani et al., 2012;
Wang et al., 2013). The ATP release shown in one of the pub-
lished cryo-EM studies also used K* to stimulate ATP release (Qu
etal., 2020). Since an increase in extracellular K* depolarizes the
plasma membrane, it is logical to assume that depolarization is
the trigger for the release (Heinrich et al., 2012). However, the
shift in membrane potential induced by K* should not be suffi-
cient to bring the Panx1 channel into the voltage range where it
is fully active. Indeed K*-induced Panxl-mediated currents were
observed under voltage-clamp conditions over a wide voltage
range (Silverman et al., 2009). The slow time course of the K*-
induced Panxl activation also speaks against depolarization as
the critical step. Substitution of several amino acids in the ex-
tracellular loops of Panxl by alanine modulated the response
(Wang et al., 2018). Among the substitutions attenuating the K*
effect were amino acids W74 and R75, which are part of the
external constriction observed in all published cryo-EM struc-
tures. Alanine substitution of amino acid D241 in the second
extracellular loop resulted in amplification of the K* response.
Although the alanine substitution effects are suggestive for a
direct action of K* on Panx1 through binding and/or gating, the
very slow activation of Panxl-mediated currents indicates that
the mechanism responsible could be more complex. Additional
evidence for K*-activation of Panxl channels comes from the
observation that currents carried by Panxl were inhibited in a
cysteine replacement mutant (Panx1762C: ¢4265) by the thiol re-
agent 2-(trimethylammonium)ethyl methanethiosulfonate re-
gardless of whether voltage or K* served as stimulus (Wang
et al., 2014).

It has been shown that unpaired connexons also exhibit
sensitivity to extracellular K*. For example, replacement of ex-
tracellular Na* with K* resulted in a reversible >10-fold
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potentiation of Cx50 hemichannel currents (Srinivas et al.,
2006). As observed for Panxl channels, the effect of K* on
Cx50 channels was observed under voltage-clamp conditions,
excluding depolarization as a mechanism.

It appears that the K*-induced activation of Panxl may not
work in all cell types. For example, Panxl1 currents were induced
in CHO cells by K* (Michalski and Kawate, 2016), while HEK
cells expressing Panx1 exogenously did not respond to increased
extracellular K* with an induction of CBX-sensitive currents
(Chiu et al., 2018). The discrepancy in cell responses to K* could
be due to the involvement of additional factors, which could
be facilitating in some cell types or inhibitory in others. The
observation of a lack of K* effect on the cryo-EM structure
is consistent with such a scenario (Ruan et al., 2020). However,
the solution of this problem could be much more trivial. In the
experiments where K* failed to activate Panxl in cells, the ex-
tracellular solution contained millimole concentrations of Ca2*
(Chiu et al., 2018; Nielsen et al., 2020). Because divalent cations,
including Ca?*, interfere with the K* effect on Panxl (Wang
et al., 2018), a response would not be expected under these
conditions.

Whatever the detailed mechanism of the Panxl channel
activation by K* may be, the ClI- selectivity of the channel is
not evident in high extracellular K* (Fig. 3, C and D). Replacement
of extracellular Cl- by gluconate resulted in Panxl-mediated
currents, which reversed at negative potentials instead of the
reversal at positive potentials observed in the absence of the
K* stimulus. In high extracellular K*, the Panx1 channels were
active over the whole voltage range from -100 to +100 mV,
yielding membrane currents with amplitudes exceeding the
endogenous oocyte currents by far (see also Fig. 3 C; Silverman
et al., 2009; Wang et al., 2018).

ATP release studies under voltage clamp conditions have
shown that Panxl channel activity induced by membrane de-
polarization does not result in ATP release (Romanov et al., 2012;
Wang et al., 2014). However, ATP release was detected when the
extracellular solution contained high K* concentrations at neg-
ative, zero, or positive membrane potentials (Fig. 2 A).

The extracellular [K*] required to activate Panxl channels
exceeds by far the physiological concentration of the ion.
However, like the activation by voltage, the K* stimulus is an
experimentally convenient tool. More importantly, under
pathological conditions, such as epilepsy, stroke, or central
nervous system trauma, the extracellular [K*] can exceed
50 mM (Somjen, 1979; Gids et al., 1997; Sick et al., 1998), thereby
activating Panxl. Moreover, at these concentrations, K* inter-
feres with the negative feedback of ATP on Panxl channel
function (Qiu and Dahl, 2009; Qiu et al., 2012; Jackson et al.,
2014). Alanine scanning mutagenesis suggests partially over-
lapping amino acids in the extracellular loops being involved in
both activation of Panxl channels by K* and inhibition of the
channel by ATP (Qiu et al., 2012; Wang et al., 2018).

Activation of Panx1 by caspase cleavage

A completely different activation for Panxl channels has been
discovered in apoptotic cells and involves the cleavage of 48
(mouse) or 47 (human) C-terminal amino acids by caspase

Journal of General Physiology
https://doi.org/10.1085/jgp.202012754

920z Aeniged 0| uo 3senb Aq ypd 45210202 dbl/L¥S081/vS 221 02028/5/ES L 4Pd-ajone/dBl/Bio sseidny//:dpy woy papeojumoq

8 of 17


https://doi.org/10.1085/jgp.202012754

(Chekeni et al., 2010). Certainly, this is an irreversible process
associated with cell death. Nevertheless, this mechanism has
found general acceptance as a physiological function of Panxl,
despite the fact that in normal cells ATP release is reversible and
consequently cannot involve cleavage of the C terminus. Because
a deletion mutant mimicking the caspase cleaved Panx1 has no
cytoplasmic plug of the sort observed in the WT Panxl structure,
this has been said to provide a structural basis for the cleaved
Panxl’s ATP permeability (Ruan et al., 2020).

With caspase cleavage, the channel becomes constitutively
active, with a high open probability not only at positive poten-
tials, but also at potentials as low as 100 mV (Chekeni et al.,
2010; Jackson et al., 2014; Chiu et al., 2017; Chiu et al., 2018;
Wang and Dahl, 2018). Fig. 3 E shows the current-voltage rela-
tionship of WT Panx1 channels and that of Panx1A378, a trun-
cation mutant mimicking the caspase-cleaved Panxl (Wang and
Dahl, 2018). Panx1A378 was active over the whole voltage range
of -100 to + 100 mV. Thus, caspase cleavage has a profound
effect on channel gating by increasing the open probability at
negative membrane potentials. In their original report, Chekeni
et al. (2010) reported that apoptosis, ATP release, and caspase
cleavage of Panxl were correlated. However, it was not clear
whether the anti-Fas stimulus for apoptosis itself caused the
large pore conformation, before or while the channel was ren-
dered constitutively active by the cleavage, which sealed the
apoptotic fate of the cells.

Subsequent data on the caspase-cleaved Panx1 channel pub-
lished by the same group raised doubts about the ATP permea-
bility of the truncated channel in the absence of another
stimulus. They reported that the cleaved channel has the same
selectivity for Cl~ as the exclusively voltage-activated channel
(Chiu et al., 2014). The voltage-activated channel, however, has
been reported not to be ATP or cation permeable (Ma et al., 2012;
Romanov et al, 2012; Wang et al, 2014). Because neither
cleavage nor truncation at the caspase site affected the reversal
potential (Chiu etal., 2017), it can be expected that the selectivity
of the caspase-cleaved channel did not change either compared
with the voltage-activated WT Panx1 channel.

The lack of effect on the reversal potential is particularly
puzzling in the experiments involving concatemers of the Panx1
protein. The concatemers were designed to allow sequential
removal of C-terminal tails in a hexameric channel. As expected,
this resulted in a “quantal” activation of the channel, with each
cleavage of a protomer leading to an incremental increase in
single-channel conductance (Chiu et al., 2017). The data also
show a continuous increase in current density in whole-cell
recordings as more caspase sites within the concatemer were
used. Yet, the ATP release was discontinuous, requiring removal
of more than two C termini. Thus, there was selective (Cl-?)
current in the absence of ATP release. However, this change in
selectivity was not reflected in the voltage ramps applied to the
channels with variable numbers of cleaved C termini; all cur-
rents reversed at exactly the same potential. In these experi-
ments, collecting periods of 4 to 8 h were used to determine ATP
released into the supernatant, which are orders of magnitude
longer than typically used in ATP release studies, attenuating
the confidence level for interpretation of the measured values.
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During this time period, many events of cell division and apo-
ptosis could have been the source of extracellular ATP. In con-
trast, ATP release by airway epithelial cells was detectable
within seconds after a sudden osmotic stimulus, was reversible,
and was attenuated by the Panxl inhibitors CBX or probenecid
(Ransford et al., 2009). Similarly, ATP release by Schwann cells
induced by hypotonicity was detectable within 2 min after the
stimulus, occurred in the absence of the cytoplasmic marker
lactate dehydrogenase, and was blocked by the same Panx1 in-
hibitors (Wei et al., 2021). Furthermore, ATP release by oocytes
expressing WT Panxl or Panx1A378 was detectable in the un-
stirred supernatant as early as 5 min after a K* stimulus (Wang
and Dahl, 2018). Even in apoptotic cells, ATP release and that of
metabolites was observed in a shorter time scale when a com-
plex signaling chain was initiated by anti-Fas or UV treatment
(Chekeni et al., 2010; Medina et al., 2020). Intriguingly, different
sets of metabolites were released depending on the apoptosis
stimulus. UV radiation and anti-Fas stimulation had only a small
subset of metabolites, including ATP, in common, while the
majority of metabolites released in response to the two stimuli
did not overlap (Medina et al., 2020). This observation suggests
that different signaling modalities modify the selectivity of the
Panxl channel or that other release mechanisms were involved
concurrently.

Both voltage- and caspase-activated channels have different
unitary conductances at negative potentials (~15 pS) as com-
pared with positive potentials (~90 pS; Ma et al., 2012; Romanov
et al., 2012; Chiu et al., 2017). Since physiological ATP release
occurs at the normal or slightly depolarized membrane poten-
tial, i.e., at negative potentials, the ~15-pS conformation rather
than the ~90-pS channel would need to be responsible for ATP
release. Permeability measurements with Panx1 truncated at the
caspase cleavage site (Panx1A378) and involving extracellular
ion replacement confirmed the Cl- selectivity and lack of cation
permeability like the WT Panxl channel (Fig. 3, F and H; Wang
and Dahl, 2018). However, in the presence of extracellular K*,
Cl- selectivity was attenuated (Fig. 3, G and H), while cation
permeability and ATP permeability became apparent just as in
WT Panxl channels (Wang and Dahl, 2018).

As observed for WT Panx1 channels, Panx1A378 channels did
not release ATP under voltage-clamp conditions despite robust
membrane currents (Wang and Dahl, 2018). Extracellular K* not
only boosted the membrane currents of Panx1A378 channels but
also induced ATP release with the membrane potential clamped
at -60 or 0 mV (Fig. 2 B; Wang and Dahl, 2018).

Recently, data obtained with purified Panx1 protein in lipid
bilayers and liposomes were interpreted in support of the view
that caspase cleavage is sufficient to induce the ATP-permeable
conformation of the Panxl channel (Narahari et al., 2021). In-
deed, the data show properties expected from Panx1 channels in
the ATP-permeable conformation, including cation permeability
and flux of ATP and of dyes with a preference of anionic over
cationic dyes. However, the data also show that the caspase-
activated Panxl channel in lipid bilayers is distinct from the
caspase-activated Panxl channel in mammalian cells. In bi-
layers, three populations of channels were observed. One group
of channels exhibited a single channel conductance of 100 pS,
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which is similar to the one observed in mammalian cells. The
second group has been shown to dwell mainly in a 189-pS state.
The third group did not require caspase cleavage and was ob-
served only transiently after insertion of the protein into the
lipid bilayer. The channels in this group exhibited variable
conductance states with a maximal conductance of ~400 pS.

Another distinction of the Panx1 channel in lipid bilayers from
the channel in mammalian cells is the lack of rectification. In
mammalian cells, the caspase-cleaved Panx1 channel exhibits a 12-
pS conductance at negative membrane potentials and a conductance
of 96 pS at positive potentials (Chiu et al., 2017). In contrast, in lipid
bilayers the voltage-current relationship was linear over a voltage
range of -200 to +200 mV (Narahari et al., 2021). Thus, the dis-
position of the purified and caspase-cleaved Panx1 channel to allow
the flux of ATP and other molecules is much more favorable
in lipids than in mammalian cells. A channel with a conductance
of ~200 pS at the resting membrane potential or a depolarized
potential consistent with physiological events is not the same as the
12-pS channel in mammalian cells. In the lipid bilayer, the channel
is not only exposed to a different lipid environment, but it is also
missing the protein environment prevailing in intact cells. It will be
intriguing to see whether lipids or proteins prevent the transition
from the 12-pS to the ~200-pS channel conformation and how this
is regulated in cells. Overall, the data obtained with purified Panx1
in an exclusive lipid environment support the hypothesis of more
than one open conformation of the Panx1 channel.

Thus, although caspase cleavage of Panxl may not be suffi-
cient for ATP release, this process does not interfere with other
stimuli for the release. For example, in oocytes expressing Panxl
truncated at the caspase cleavage site, the channel was consti-
tutively active, yielding membrane currents, which were boos-
ted further by extracellular K*. Furthermore, ATP release via
the truncated Panxl was observed only with the additional
K* stimulus (Wang and Dahl, 2018). The ATP release observed
in apoptotic/pyroptotic cells, therefore, may be the consequence
of other stimuli. This release, however, plays a key role in the
attraction of macrophages or microglia to injured or sick cells,
a process working in vertebrate and invertebrate organisms
(Chekeni et al., 2010; Samuels et al., 2010; Samuels et al., 2013).
In the invertebrate nervous system, the ATP signal, rather than
being a “find me” signal (Chekeni et al., 2010), appears to serve
as a mobilization signal for microglial cells (Duan et al., 2009;
Dahl and Muller, 2014).

What is the oligomeric state of the Panx1 channel?

Until recently, it was held that Panxl oligomerizes to form a
homomeric hexameric channel (Penuela et al., 2013; Chiu et al.,
2018). This conclusion was based on cross-linking studies
(Boassa et al., 2007; Chiu et al., 2017; Epp et al., 2019) and EM
with negative staining of the isolated protein (Wang et al., 2014;
Chiu et al., 2017). Acceptance of these findings was facilitated
because a hexameric oligomeric state of Panxl matched that of
connexin “hemichannels” (the half of gap junction channels in
one of the two opposing plasma membranes). Cross-linking
studies in general suffer from both under- and overestimation
of protein interactions. If the cross-linking agent is applied in
very low concentrations and/or for an insufficiently long period,
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native interactions may not be captured fully, and using high
concentrations for excessive periods of time can result in fortu-
itous linkages, resulting in overestimation of the oligomeric state.
Interestingly, in one of the cross-linking studies on Panxl (Epp
et al.,, 2019), monomeric Panxl predominated, followed by inter-
mediate oligomers (dimers and trimers), while the apparent
hexameric form was barely detectable. In this setting, heptamers,
even if present, would have escaped detection because of an in-
sufficient amount of protein in that oligomeric state. These ob-
servations, although consistent with incomplete cross-linking,
also could indicate that the majority of Panxl molecules are not
assembled to a functional channel. Instead, the intermediate
oligomers may only acutely form a functional channel upon a still-
mysterious stimulus. Given the existence of dimers and trimers,
the functional channel may be a hexamer (2 + 2 + 2 or 3 + 3), but
also could be a heptamer (2 + 2 + 3) or higher oligomer.

While the visualization of single-particle Panx1 channels by
negative stain appears to support the hexameric state of the
channel, the imposed sixfold symmetry used in both studies
(Wang et al., 2014; Chiu et al., 2017) could have biased the out-
come. However, the support for the hexameric arrangement of
the Panx1 channel culminated in the use of concatemers of Panx1
forcing the formation of hexamers. Not only were these con-
catemers shown to form functional channels, but these channels
exhibited biophysical properties essentially identical to those of
WT Panxl channels (Chiu et al., 2017). Thus, the channel formed
by WT Panxl1 ought to have the same oligomeric state as the one
formed by the concatemer. It is conceivable that instead of
forming the expected hexamer, one protomer of a concatemer
would incorporate into the channel to form a heptamer with
other concatemers. However, Chiu et al. (2017) emphasized the
hexameric state with Western blots and the exact number of
quantal steps predicted for a hexamer. However, like Panxl,
CALHMI was originally thought to adopt a hexameric configu-
ration based on concatemers (Siebert et al., 2013) until the cryo-
EM structure revealed an octameric configuration (Syrjanen
et al,, 2020).

The oligomeric state of the Panxl channel has been chal-
lenged in six publications, all appearing within the first half of
2020 and using cryo-EM to image the channel (Deng et al., 2020;
Jin et al., 2020; Michalski et al., 2020; Mou et al., 2020; Qu et al.,
2020; Ruan et al., 2020). Instead of the hexamer hitherto be-
lieved to represent the native state of the Panxl channel, the
cryo-EM data show unequivocally a homo-heptamer forming
the Panxl channel. However, it would be desirable to have the
heptameric arrangement be supported by independent methods.
So far, the heptameric assembly supports the closed and the
small, Cl--selective conformations of the Panx1 channel, but not
the large-pore conformation. It needs to be seen whether the
ATP-permeable Panxl channel has the same heptameric
arrangement or whether higher-order oligomers need to form
to render the channel ATP permeable.

Do cryo-EM structures support an ATP release function

of Panx1?

In the Panxl structure publications (Deng et al., 2020; Jin et al.,
2020; Michalski et al., 2020; Mou et al., 2020; Qu et al., 2020;

Journal of General Physiology
https://doi.org/10.1085/jgp.202012754

920z Aeniged 0| uo 3senb Aq ypd 45210202 dbl/L¥S081/vS 221 02028/5/ES L 4Pd-ajone/dBl/Bio sseidny//:dpy woy papeojumoq

10 of 17


https://doi.org/10.1085/jgp.202012754

Ruan et al., 2020), the reported narrowest width of the pore, or
narrowest exclusion width of the closed conformation for the
Panxl structures, is remarkably uniform—=8-9.4 A. It is worth
noting that the extracellular constriction has the same di-
mensions for all the reported structures, irrespective of whether
the C or N terminus is cleaved off (Fig. 1 C shows three overlaid
structures). For Panx1 to function as an ATP release channel, the
pore must be at least the size of an ATP molecule with an ef-
fective hydrated diameter of ATP of ~12 A (Sabirov and Okada,
2004) and a hydrodynamic diameter of ATP of 154 A
(Rostovtseva and Bezrukov, 1998). Indeed, a surface model of
ATP is a poor fit in the cryo-EM map (Fig. 4 A). As seen in a side
view of the pore, the ATP molecule resides below the external
constriction. The diameter of ATP (mol wt 507) exceeds that of
the constriction, making a passage unlikely. As shown in Table 1,
other ATP release channels exhibit a considerably wider pore.
The situation for the tracer molecule Yo-Pro (mol wt 375) ap-
pears to be somewhat more favorable (Fig. 4 B). It is conceivable
that, despite the tight fit, thermal fluctuations of the pore and
the tracer molecule could enable the Yo-Pro molecule to squeeze
through the pore at a low rate.

For reference, the minimal pore diameter of other ATP re-
lease channels is >14 A (Table 1). The CALHM 1 channel, for
example, is an octamer with a pore diameter of 19.5 A at its
narrowest part. Interestingly, CALHM 1 originally also was
considered to be a hexamer (Ma et al., 2016), but cryo-EM data
show that the channels formed by various CALHM isoforms are
all higher-order oligomers, including octamers, decamers, and
undecamers (Choi et al., 2019; Drozdzyk et al., 2020; Syrjanen
et al., 2020). CALHM 4 even has been shown to exhibit two
oligomeric states with different pore diameters of 20 and 30 A
(Drozdzyk et al., 2020).

The heptameric Panx1 channel with an 8-9.4-A constriction
is a poor candidate to represent a channel conformation with
high ATP permeability. It does, however, provide a sound
structural basis for a Cl -selective channel, as it is observed
when the channel is activated by voltage or caspase cleavage (Ma
et al., 2012; Romanov et al., 2012; Chiu et al., 2014; Wang and
Dahl, 2018; Michalski et al., 2020). The external restriction has a
width to accommodate CI- to pass through the channel when it is
unobstructed by other channel components. Furthermore, the
presence of positively charged amino acids could be the basis for
anion selectivity. Indeed, mutations of R75 support this notion.
The anion selectivity was preserved if R75 was changed to K,
while a change to A not only diminished the Cl- selectivity but
also promoted cation permeability (Michalski et al., 2020). Be-
cause overlay of the structures of WT Panx1 and the truncated
version mimicking the caspase-cleaved Panxl did not reveal
changes in the external constriction (Mou et al., 2020), it can be
expected that both exhibit the same exclusion limits and CI-
selectivity (Fig. 1).

Taken at face value, the presently available Panx1 channel
structures do not support an ATP-release function of Panxl.
Abundant functional data, on the other hand, are consistent with
such a function. Therefore, one may consider that Panx1 exhibits
an additional conformation not captured in the cryo-EM studies
so far. How could a structure of the ATP-permeable Panxl
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conformation be obtained? To boost the chance to observe the
large-pore conformation of the Panxl channel, it may be ad-
vantageous to activate Panxl through ligand binding to G
protein-coupled receptors, known to activate Panx1 in the pro-
cess of secondary ATP release (Locovei et al.,, 2006b; Billaud
et al,, 2012; Murali et al., 2014; Dahl, 2018). For example, there
is ample evidence that activation of Panxl through P2X; and
NMDA receptors involves the action of the Src gene product on
Panx], likely by tyrosine phosphorylation of the Panxl protein
itself (Weilinger et al., 2012; DeLalio et al., 2019; Lohman et al.,
2019).

To test whether Panx1 phosphorylation per se is sufficient to
drive the Panxl channel to the open conformation, a Panxl
channel in an excised patch could be exposed to the active form
of Src in the presence of ATP. If successful, the cryo-EM sample
could be treated likewise to enhance the chance to capture the
ATP-permeable conformation.

Other soluble potential activators of Panxl include K* and
Ca?*. Although micromolar concentrations of Ca®** were ob-
served to activate large channels in inside-out membrane
patches excised from oocytes expressing Panxl (Locovei et al.,
2006b), activation of Panxl by Ca®* was not observed in HEK
cells (Ma et al., 2009). In contrast, secondary ATP release in
carotid body type II cells was found to be attenuated by the Ca**
chelator BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid; Murali et al., 2014), indicating Ca®* involvement
in Panx1 activation. Furthermore, it has been proposed that the
activation of Panxl by the mechanosensitive Piezo channels in-
volves cytoplasmic [Ca2*] (Cinar et al., 2015; Wang et al., 2016;
Diem et al., 2020). Although K* and Ca?* failed to alter the cryo-
EM structure (Ruan et al., 2020), it is not clear whether all
possible iterations of the experimental approach have been
exhausted.

Alternatively, the Panx1-P2X, complex is particularly inter-
esting because these proteins interact physically and function-
ally (Pelegrin and Surprenant, 2006; Locovei et al., 2007; Iglesias
et al.,, 2008; Silverman et al., 2009). Cryo-EM of the complex of
Panx1 and P2X7 with and without ATP not only may allow the
capture of the large pore conformation but may also yield clues
about the gating mechanism. In both approaches, the ATP con-
centration has to be carefully chosen, since high concentrations
of ATP were found to inhibit Panxl-mediated currents (Qiu and
Dahl, 2009; Qiu et al., 2012).

Contribution of the C terminus to the pore structure

None of the cryo-EM structures published so far has resolved the
C terminus. Only one paper shows an amorphous mass at the
cytoplasmic entry to the channel (Ruan et al., 2020). It is note-
worthy that all cryo-EM structures presently available were
obtained with C terminus-tagged Panxl. It is conceivable that
the C terminus was misfolded because of the tags and conse-
quently escaped resolution. Resolution of the C terminus is
important, since functional data strongly indicate a decisive role
of the C terminus in channel function, in terms of both gating
and permeability (Chekeni et al., 2010; Chiu et al., 2014; Jackson
et al,, 2014). In the voltage-activated and Cl--selective channel,
the terminal cysteine moiety is reactive to externally applied
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Figure 4. Space-filling model of Panx1 without the C terminus. Related to PDB accession no. 6wbg. (A) Top: Top view of the extracellular pore. The space-
filling model of ATP (PubChem accession no. 5957, mol wt 507.2) is shown in cyan. Bottom: Side view of the extracellular pore showing the W 74 ring above the
ATP. (B) Top: The same model as in A, top view of the extracellular pore. In magenta is the space-filling model of Yo-Pro-1 (PubChem accession no. 6913121,
mol wt 375.5). Bottom: Side views of the extracellular pore with a model for Yo-Pro (magenta) placed at the level of the external constriction.

thiol reagents, as indicated by attenuation of Panxl-mediated
membrane currents (Wang and Dahl, 2010). Furthermore, an
analysis of pore-lining moieties by the substituted cysteine ac-
cessibility method showed that cysteine replacements of several
amino acids in the C terminus exhibited reactivity to thiol re-
agents (Wang and Dahl, 2010), indicating that this terminus
protrudes from the cytoplasmic site far into the channel per-
meation pathway. Further support for this conclusion comes
from the observation that the endogenous C-terminal cysteine
C426 interacted with Panx1F54C via a disulfide bond (Sandilos
et al.,, 2012). The F54C position was identified as a pore lining
moiety together with other positions in the first TM segment
and the first extracellular loop of Panxl in the substituted cys-
teine accessibility method analysis (Wang and Dahl, 2010). F54 is
located in the proximity of I58 (Fig. 1 B), which is part of a
second constriction (13 A in diameter) of the permeation path-
way (Deng et al., 2020). This observation suggests that the WT
Panxl cysteine C426 would be located a few angstroms from the
extracellular surface in the voltage-activated channel.

Mim et al.
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Given that a large stretch of C-terminal amino acids fills the
pore from the intracellular vestibule up to close to the extra-
cellular restriction, one would expect that removal of the C
terminus by caspase cleavage should affect the unitary con-
ductance of the Panx1 channel to some extent. However, the WT
Panxl and truncated or caspase-cleaved Panx1 channels exhibit
similar unitary conductances (Ma et al., 2012; Romanov et al.,
2012; Chiu et al., 2014; Wang et al., 2014; Chiu et al., 2017)

Removal of the C terminus by caspase cleavage in apoptotic
cells or genetically by placing a stop codon at the cleavage site
renders the channel constitutively active, with sojourns to open
and closed states (Chekeni et al., 2010; Chiu et al., 2014; Chiu
et al., 2017). However, since nonapoptotic ATP release is re-
versible in most cells, cleavage cannot be an obligate step to
transform the Cl--selective and cation-impermeant conformation
to the large-pore conformation, which allows the flux of ATP and
is also cation permeant. Thus, for nonapoptotic ATP release, in-
stead of being cleaved, the C terminus has to undergo a major
rearrangement to move out of the permeation pathway for
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adopting the ATP-permeable large-pore conformation. Indeed, in
the large-pore conformation, the terminal cysteine was not fur-
ther reactive to externally applied thiol reagents, while engineered
cysteines at the external pore entry remained reactive (Wang
et al., 2014). Energetically, the most favorable scenario would be
a swinging out of the intact C terminus into a gap between TM
helices created by a gating mechanism for the physiological,
i.e., reversible activation of the large pore conformation.

An overlay of truncated and WT Panx1 cryo-EM structures
did not reveal differences in the extracellular pore structure
(Fig. 1; Mou et al., 2020). Thus, cleavage of the C terminus of
Panxl may not be sufficient to alter the pore conformation,
which is consistent with identical selectivities of channels
formed by WT and truncated Panxl. Consequently, the structure
of the truncated Panx1 channel cannot account for ATP perme-
ability of the full-length channel.

Ruan et al. (2020) suggested an intriguing hypothesis for the
existence of different selectivities of the Panx1 channel. According
to this hypothesis, the pathway for selective Cl~ flux involves a
side tunnel, while the main pore is blocked by the C terminus
residing in the intracellular vestibule. Movement or cleavage of
the C terminus then would provide the ATP-permeable large-pore
conformation. However, the functional data listed above, includ-
ing thiol reaction of the terminal cysteine (Wang and Dahl, 2010)
and cross-linking of it with an engineered cysteine in a position
close to the external constriction (Sandilos et al., 2012), indicate
that the C terminus extends deep into the channel pore and thus
are not consistent with a role of a side tunnel. Furthermore, the
reported restriction at the extracellular end of the pore still would
exclude ATP molecules.

At present, the available information about the C terminus is
restricted to functional data, since none of the published cryo-
EM structures has this part of the protein resolved. The func-
tional observations listed above suggest that the C terminus
reaches from the intracellular site deep into the channel pore,
probably occluding it in the closed state (Fig. 5 A). It can be
hypothesized that at positive potential, the C terminus is re-
arranged (Fig. 5 B) so that the C-terminal cysteine moiety can
react with extracellularly applied thiol reagents. The rear-
rangement of the C terminus allows mainly CI- to pass through
the external restriction depicted in the cryo-EM structures,
which imposes Cl- selectivity. Alternatively, the C terminus is
cleaved by caspase with the same consequences, plus the
channel becoming constitutively active at negative and positive
potentials (Fig. 5 C). Physiological stimuli, such as mechanical
stress, directly or via Piezo (Cinar et al., 2015; Diem et al., 2020),
initiate a gating mechanism, which widens the external con-
striction to accommodate the passage of ATP and render the
channel nonselective for ions. In addition, the C terminus un-
dergoes a conformational change, so that the terminal cysteine
becomes inaccessible to thiol reagents (or a reaction does not af-
fect membrane currents in this conformation). Extracellular K*
can mimic the effect of the physiological stimuli (Fig. 5 D).
Cleavage of the C terminus then solidifies the apoptotic fate of the
cell (Fig. 5 E). Alternatively, the caspase-cleaved Panx1 channel
can be “hyperactivated” to render the Cl~-selective conformation
to the nonselective large-pore conformation (Fig. 5, C-E).
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Figure 5. Activation mechanisms of Panx1 channels. (A) Based on the
presently available structural and functional data, we hypothesize that the closed
channel exhibits the external restriction of ~9 A and that the C termini reach deep
into the pore, occluding it. (B) Depolarization dislocates the C termini, so that the
channel pore diameter equals or exceeds that of the external restriction and ex-
poses the terminal cysteine (yellow C) to thiol reagents. The yellow dot indicates the
position of Panx1F54 which, when mutated to a cysteine, can be disulfide bonded
with the terminal cysteine (Sandilos et al, 2012). In this configuration, the external
restriction limits entry by size and selects for chloride (orange dot) over other ions.
(C) Cleavage of Panxl at position 378 removes the “pore gate,” rendering the
channel constitutively active. However, as indicated by the published cryo-EM data,
caspase cleavage does not affect the external constriction, leaving a chloride-
selective channel. (D) Various physiological stimuli initiate a gating mechanism at
the external restriction, widening it to accept ATP (green dot) and other molecules
in this size range. (E) This mechanism also may move charged amino acids within
the external constriction, with the consequence that charge selectivity is attenu-
ated. In the case of K* stimulation, the terminal cysteine is no further reactive to
thiol reagents, while engineered cysteines at the external end of the pore still are.
Whether this terminal cysteine concealment also applies to the physiological stimuli
remains to be determined. Cleavage of the C terminus by caspase “super stim-
ulates” the channel and irreversibly seals the apoptotic fate of the cell

caspase

In theory, an alternative mechanism to switch the Cl™-selective
channel to an ATP-permeable conformation would be a change of
the oligomeric state of the channel. Such a mechanism may op-
erate in CALHM 4 channels, for which cryo-EM data suggest the
coexistence of decameric and undecameric channels, which ex-
hibit different pore diameters (Drozdzyk et al., 2020). Further-
more, other large-pore channels such as gasdermin appear to have
variable oligomeric states (Mulvihill et al., 2018). No experimental
evidence for such a mechanism operating for Panxl channels is
presently in existence, though.

Problems to be solved
The cryo-EM structures of the Panx1 channel published in rapid
succession have raised a number of crucial questions. While they
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are consistent with the chloride-selective conformation of Panxl,
they do not support an ATP-release function of this channel de-
spite the abundance of evidence for such a role from functional
data. The following points need to be addressed in future studies.

Although not likely, it is possible that the heptameric orga-
nization of the Panxl channel could be a consequence of the
procedures involved in cryo-EM. It would be desirable to have
this oligomeric state verified by independent methods.

The published cryo-EM structures exhibit a restriction with a
diameter of ~9 A, which would allow the passage of Cl~ but would
be too small for the permeation of ATP. Considering, that innexin
channels (innexons) are octamers and CALHM channels can be
octamers, decamers, or undecamers (Choi et al., 2019; Drozdzyk
et al., 2020; Syrjanen et al., 2020), one should not a priori rule out
that the large-pore conformation is a higher-order oligomer.

For structural support of the ATP-release function of Panxl, a
large-pore conformation is required with a pore dimension fitting
the effective hydrated diameter of ATP of ~12 A (Sabirov and Okada,
2004) or a hydrodynamic diameter of ~15.4 A (Rostovtseva and
Bezrukov, 1998). The structures published so far fall short of that.

Further support for the ATP-release function of Panx1 could
come from cryo-EM structures of Panxl in the presence of ATP.
ATP molecules located in a properly sized pore would represent
the strongest evidence for the ATP-release function of this
protein. Furthermore, extracellular ATP triggers a negative
feedback mechanism inhibiting the channel (Qiu and Dahl,
2009; Qiu et al., 2012). This process involves the critical extra-
cellular loop amino acids R75 and W74. Thus, ATP may be found
docked to the pore entry.

Because functional data strongly suggest that the C terminus
of Panx1 can protrude deep into the channel pore, any functional
conclusions from cryo-EM structures may be premature until
the detailed C-terminal structure is resolved.

Because several receptors associate (at least functionally)
with Panxl to induce secondary ATP release, a cryo-EM struc-
ture of receptor-Panx] complexes may not only reveal the type
of physical interaction but may also enhance the chance of
capturing the large-pore conformation by including the re-
spective receptor ligands.

The puzzling observation that the forced hexameric channel
has the same biophysical properties as the presumably hepta-
meric WT channel needs a plausible explanation.

The channels formed by WT Panx1 and by caspase-cleaved or
truncated Panxl have been reported to have the same unitary
conductances. Why does removal of a “pore plug” (the C ter-
minus) not affect unitary conductance of the channel?

It is accepted that the voltage-activated Panx1 channel has a
unitary conductance of 50-90 pS at positive potentials (Ma et al.,
2012; Romanov et al., 2012; Wang et al., 2014; Chiu et al., 2018).
However, what is the “unitary” conductance of the Panxl
channel in its large-pore conformation? Several laboratories
have reported a ~500-pS conductance for this channel confor-
mation (Bao et al., 2004; Thompson et al., 2006; Kienitz et al.,
2011; Orellana et al., 2011; Kurtenbach et al., 2013; Wang et al.,
2014). Typically, in most recordings this large unitary conduc-
tance is a rare occurrence since the channel mainly dwells in one
of the several subconductance states for extended periods of

Mim et al.
Structure of Panxl

JGP

time. Thus, the term unitary can be misleading, and “maximal”
conductance describes the situation better. However, a con-
ductance of <100 pS at high positive membrane potentials and
~15 pS at negative potentials has been proposed to be correlated
with ATP release (Chiu et al., 2017). It is unclear, however,
whether this lower conductance is actually a stable subcon-
ductance state or a record of the chloride-selective conforma-
tion. The latter is suggested by the similarity to the exclusively
voltage-activated channel (Ma et al., 2012; Romanov et al., 2012;
Wang et al., 2014). Reconstitution of the Panx1 protein into lipid
bilayers yielded channel conductances of ~1,000 pS (Mou et al.,
2020). Whether this value is truly a single-channel conductance
or whether the bilayer contained at least two active 500-pS
channels remains to be determined.

In summary, the structural models from cryo-EM are consis-
tent with each other and with electrophysiological recordings that
describe a Panxl channel that is selectively permeable to Cl.
However, the models’ small predicted pore sizes are insufficient to
explain the considerable body of data showing that Panxl is per-
meable to ATP and cations both physiologically and in apoptotic
cells. Our previous experiments have suggested that Panxl may
work in more than one conformation, and this Viewpoint pro-
poses ways to find a structural evidence for this hypothesis.
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