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Pannexins are a family of ATP release channels important for physiological and pathological processes like blood pressure 
regulation, epilepsy, and neuropathic pain. To study these important channels in vitro, voltage stimulation is the most 
common and convenient tool, particularly for pannexin 1 (Panx1). However, whether Panx1 is a voltage-gated channel 
remains controversial. Here, we carefully examine the effect of N-terminal modification on voltage-dependent Panx1 
channel activity. Using a whole-cell patch-clamp recording technique, we demonstrate that both human and mouse Panx1, 
with their nativeN termini, give rise to voltage-dependent currents, but only at membrane potentials larger than +100 
mV. This weak voltage-dependent channel activity profoundly increases when a glycine–serine (GS) motif is inserted 
immediately after the first methionine. Single-channel recordings reveal that the addition of GS increases the channel 
open probability as well as the number of unitary conductance classes. We also find that insertions of other amino acid(s) 
at the same position mimics the effect of GS. On the other hand, tagging the N terminus with GFP abolishes voltage-
dependent channel activity. Our results suggest that Panx1 is a channel with weak voltage dependence whose activity can 
be tuned by N-terminal modifications.
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Introduction
Pannexins are membrane channels important for regulated ATP 
release in vertebrates (Bao et al., 2004; Dahl and Keane, 2012; 
Dahl, 2015). Attributed to their broad distribution, pannexins 
are implicated in many physiological processes (Penuela et al., 
2014a). For example, pannexin 1 (Panx1) in vascular smooth 
muscle cells regulates systemic blood pressure via α1-adrener-
gic receptors (Billaud et al., 2015). Also, Panx1 mutants enhance 
ATP release and promote metastatic progression of breast cancer 
(Furlow et al., 2015). More recently, Panx1 was demonstrated to 
mediate hyperalgesia in neuropathic pain (Weaver et al., 2017). 
These examples, and more, highlight pannexins as promising 
targets for treating diseases like hypertension, ischemia, cancer, 
and chronic pain (Velasquez and Eugenin, 2014; Thompson, 2015; 
Jiang and Penuela, 2016).

Panx1 activates through diverse mechanisms (Sandilos and 
Bayliss, 2012; Dahl, 2015; Chiu et al., 2018). Opening of ATP-gated 
P2X7 channels, for example, triggers Panx1 activation (Pelegrin 
and Surprenant, 2006; Qiu and Dahl, 2009; Silverman et al., 2009; 
Gulbransen et al., 2012). Stimulating the N-methyl-d-aspartate 
receptors also triggers Panx1 activation in hippocampal neurons 
(Thompson et al., 2008; Weilinger et al., 2012, 2016; Isakson and 
Thompson, 2014). In addition, activation of the α1-adrenergic 
receptor or the type-1 tumor necrosis factor receptor has been 

suggested to enhance Panx1 activity through tyrosine phosphor-
ylation at the intracellular loop (Billaud et al., 2015; Lohman et 
al., 2015). In apoptotic cells, caspases cleave the Panx1 C terminus 
to unplug its pore, through which phagocyte-recruiting signals 
are released (Chekeni et al., 2010; Sandilos et al., 2012; Chiu et 
al., 2017). Besides these mechanisms, studies suggest that Panx1 
senses intracellular Ca2+, extracellular K+, membrane stretch, 
and positive membrane potentials (Bao et al., 2004; Bruzzone et 
al., 2005; Locovei et al., 2006; Jackson et al., 2014; Wang et al., 
2014). Panx1 therefore likely possesses the intriguing ability to 
sense, respond to, and coordinate channel opening through var-
ious mechanisms.

While the collection of activation stimuli continues to ex-
pand, voltage has been most commonly used to study Panx1. Volt-
age-stimulated Panx1 typically gives rise to outwardly rectifying 
currents, which are readily attenuated by several small molecules 
such as carbenoxolone (CBX; Bruzzone et al., 2005) and probene-
cid (Silverman et al., 2008). We and many others took advantage 
of this property to study mechanisms of Panx1 channel function 
(Michalski and Kawate, 2016; Chiu et al., 2018; Dahl, 2018). Sev-
eral studies, however, questioned such voltage-dependent chan-
nel activity. Endogenous human Panx1 (hPanx1) in immune cells 
or ectopically expressed hPanx1 in human embryonic kidney 
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(HEK) 293T cells failed to respond to voltages even at +80–90 
mV (Chekeni et al., 2010; Sandilos et al., 2012). Another study 
reported that mouse Panx1 (mPanx1) expressed in HEK293T cells 
only infrequently (∼15% of cells) gave rise to voltage-dependent 
currents (Dourado et al., 2014). Where do these discrepancies 
come from? Do species or experimental conditions matter? More 
detailed studies are needed to reconcile these discrepancies.

In this study, we characterize voltage-dependent activity of 
Panx1 over an extended range of membrane potentials. We also 
reexamined our hPanx1 expression constructs and carefully in-
vestigated the effects of N-terminal modifications on the volt-
age-dependent channel activity. Using two mammalian expression 
systems, we report that both WT hPanx1 and WT mPanx1 poorly 
respond to voltage stimuli and that a subtle modification of the N 
terminus substantially enhances the voltage-dependent currents.

Materials and methods
Chemicals and reagents
All chemicals were purchased from Sigma-Aldrich unless 
otherwise noted.

Cell culture
HEK293 (CRL-1573) and Chinese hamster ovary (CHO; CCL-61) 
cell lines were purchased from the American Type Culture Col-
lection and therefore were not further authenticated. The myco-
plasma contamination test was confirmed to be negative at the 
American Type Culture Collection. HEK293 cells were maintained 
in Dulbecco's modified Eagle medium (Gibco) supplemented with 
10% FBS (Atlanta Biologicals) and 10 µg/ml gentamicin (Gibco). 
CHO cells were maintained in F-12K media (Gibco) supplemented 
with 10% FBS and 10 µg/ml gentamicin. Cells were incubated at 
37°C with 5% CO2 in a humidified incubator.

Molecular biology
DNA corresponding to hPanx1 (available from GenBank under 
accession no. NP_056183.2) and mPanx1 (available from Gen-
Bank under accession no. NM_019482) were synthesized 
based on protein sequence (GenScript). Panx1 constructs were 
cloned into the BamHI and XhoI sites of the pIE2 (Michalski 
and Kawate, 2016), pNGFP-EU2, or pNCG FP-EU2 vectors. This 
cloning strategy resulted in insertions of two amino acids (gly-
cine–serine, GS) right after the first methionine and three amino 
acids (Ala–Ser–Ser, ASS) before the stop codon. To restore the 
native N terminus, these linkers were removed by QuikChange 
mutagenesis (Agilent Technologies). Insertions, deletions, and 
point mutations were performed using overlapping PCR and 
QuikChange mutagenesis. To generate GFP-tagged versions of 
constructs lacking the BamHI and XhoI sites, the respective 
constructs were digested with NdeI and PstI, gel purified, and 
ligated to a similarly digested pCGFP-EU2[Panx1] vector. All 
constructs were generated on the full-length Panx1 genes and 
verified by DNA sequencing.

Whole-cell recording
Two days before recording, HEK293 cells (passage no. 10–40) 
were plated at low density onto 12-mm glass coverslips (VWR) 

in wells of a six-well plate (Greiner). Cells were transfected 
after 24  h with 300–800 ng plasmid DNA using FuGENE6 
(Promega) according to the manufacturer’s instructions, and 
used for whole-cell electrophysiological recordings 16–24  h 
later. For CHO cell recordings, cells (passage no. 10–40) were 
plated to high density into wells of a six-well plate and trans-
fected the next day with 2 µg plasmid DNA using FuGENE6 
according to the manufacturer’s instructions. After 24  h, cells 
were washed once with PBS, trypsinized, and plated onto glass 
coverslips at low density. Recordings were obtained within 2 h 
of plating. Borosilicate glass pipettes (Harvard Apparatus) were 
pulled and heat polished to a final resistance of 1–6 MΩ and 
backfilled with (in mM) 147 NaCl, 10 EGTA, and 10 HEP ES (ad-
justed to pH 7.0 with NaOH). Patches were obtained in an exter-
nal buffer containing (in mM) 147 NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, 
13 glucose, and 10 HEP ES (adjusted to pH 7.3 with NaOH). A 
rapid solution exchange system (RSC-200; Bio-Logic) was used 
for recordings in which patches were perfused with drugs. 
Currents were recorded using an Axopatch 200B patch-clamp 
amplifier (Axon Instruments), filtered at 2 kHz (Frequency De-
vices), digitized with a Digidata 1440A (Axon Instruments) with 
a sampling frequency of 10 kHz, and analyzed using the pCLA 
MP 10.5 software (Axon Instruments). Recordings of Panx1 
were obtained by performing voltage steps, in which cells were 
held at −60 mV and stepped between various voltages in 20-mV 
increments for 1 s.

Single-channel recording
CHO cells were plated onto glass coverslips and cotransfected 
with 100 ng pIE2 hPanx1 construct and 500 ng empty pIE2 vector 
(to help visualize transfected cells). Recordings were performed 
24–48 h after transfection. Pipette tips were coated with Sylguard 
184 (Dow Corning) and heat polished to a final resistance of 4–8 
MΩ. The bath solution was the same as the whole-cell recordings, 
and the pipette solution contained (in mM) 110 CsCl, 37 tetraeth-
ylammonium chloride, 10 EGTA, and 10 HEP ES adjusted to pH 
7.0 with CsOH. After the outside-out configuration was obtained, 
the holding potential was increased to +60 or +120 mV. For sin-
gle-channel recordings of WT hPanx1 at +60 mV, the presence 
of a channel was confirmed by stepping the holding potential 
to +120 mV. To confirm the channel identity, 100 µM CBX was 
perfused for 10 s using the rapid solution exchange system. Total 
recording lengths ranged from 30 s to 6 min. Recordings were 
sampled at 10 kHz and filtered at 1 kHz.

Single-channel data analysis
For WT hPanx1, raw traces were analyzed to obtain open prob-
ability (Po) and unitary G using the idealization function of the 
QuB software suite (https:// milesculabs .biology .missouri .edu/ 
QuB .html). In patches that contained more than one-step cur-
rents, Po was calculated under the assumption that each step 
correlated with gating of an independent channel. Patches with 
more than three steps were not used to calculate Po. For hPanx1 
with the N-terminal GS insertion (hPanx1+GS), numerous sub-
transitions between closed and open states or various open states 
made it difficult to resolve distinct conductance classes at +60 
mV and +120 mV.
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Cell surface biotinylation
Constructs used in this assay were cloned into the pIE2 vec-
tor modified with a C-terminal FLAG tag or the N- or C-GFP 
EU2 vector. HEK293 cells were plated onto six-well plates and 
transfected at 100% confluency with 2 µg DNA using JetPrime 
(Polyplus) following the manufacturer’s instructions. After 24 h, 
cells were suspended, transferred to a 2-ml centrifuge tube, and 
washed twice with 1 ml PBS (Thermo Fisher Scientific). Surface 
membrane proteins were biotin labeled by resuspending cells 
in 2  ml PBS supplemented with 0.5 mg/ml sulfo-NHS-SS-bi-
otin (Thermo Fisher Scientific) and rotated for 40 min at 4°C. 
The reaction was quenched by washing cells twice with 2 ml PBS 
supplemented with 50 mM NH4Cl, followed by a final wash with 
1 ml PBS. Cells were lysed in 200 µl radioimmunoprecipitation 

assay (RIPA) buffer (150 mM NaCl, 3 mM MgCl2, 1% NP-40, 0.5% 
deoxycholate; Anatrace), 0.1% SDS, and 20 mM HEP ES, pH ad-
justed to 7.4 with NaOH) supplemented with 1x protease inhibitor 
cocktail (Thermo Fisher Scientific) and rotated for 30 min. The 
lysate was clarified by centrifugation at 21,000 g for 15 min, and 
the supernatant was recovered. The “Input” samples were gen-
erated by mixing 30 µl of lysate with 15 µl 3x SDS sample buffer 
supplemented with 60 mM dithiothreitol (Thermo Fisher Scien-
tific). Streptactin sepharose high-performance resin (GE Health-
care) was equilibrated in RIPA buffer, and 35 µl of 50% slurry 
was added to the remaining lysates and rotated for 2 h 30 min. 
Samples were washed six times by pelleting resin at 21,000 g 
for 2 min and resuspending in 700 µl RIPA buffer. Biotinylated 
proteins were eluted by incubating resin with 50 µl of 1.5x SDS 

Figure 1. Adding a few amino acids at the Panx1 termini augments voltage-dependent channel activity. (A) Whole-cell current recordings of volt-
age-clamped HEK cells (top) or CHO cells (bottom) expressing hPanx1. Shown are representative recordings of at least 10 different cells untransfected (left), 
transfected with WT hPanx1 (middle), or transfected with hPanx1+GS/+ASS (right). Cells were held at −60 mV and stepped between −100 mV and +160 mV 
for 1.0 s in 20-mV increments. CBX (50 µM) was applied using a rapid solution exchanger. Cartoons represent Panx1 topology and construct modifications. (B) 
Current density–voltage plots of hPanx1 constructs expressed in HEK cells (top) or CHO cells (bottom). (C) Whole-cell current recordings of HEK cells (top) or 
CHO cells (bottom) expressing mPanx1. Cells were either untransfected (left), transfected with WT mPanx1 (middle), or transfected with mPanx1+GS/+ASS 
(right). Shown are representative recordings from at least five different cells. (D) Current density–voltage plots of mPanx1 constructs expressed in HEK cells 
(top) or CHO cells (bottom). Each point represents the mean current density at each voltage, and bars represent SEM.
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sample buffer supplemented with 75 mM dithiothreitol for 30 
min at 55°C with intermittent vortexing. The supernatants were 
recovered after a final spin at 21,000 g for 2 min and used as the 
“pull-down” samples. Samples were resolved on 9% SDS-PAGE 
gels and blotted onto nitrocellulose (Bio-Rad). Membranes were 
blocked with Tris-buffered saline/0.1% Tween (Anatrace) sup-
plemented with 5% milk (Bio-Rad) and 1% BSA overnight; probed 
first with anti-GFP (1:2,000; Clontech), anti-FLAG (1:2,000; clone 
M2), or anti-actin monoclonal antibodies (1:2,000; line AC-40), 
then with goat anti–mouse alkaline phosphatase conjugate sec-
ondary antibody (1:2,000; Bio-Rad); and developed with colori-
metric alkaline phosphatase substrate (Bio-Rad).

Fluorescence detection size exclusion chromatography (FSEC)
All constructs used for this experiment were cloned into the pNG-
FP-EU2 or pCGFP-EU2 vectors. FSEC experiments were performed 
as described previously (Kawate and Gouaux, 2006). Briefly, 
HEK293 cells were plated onto six-well plates and transfected at 
100% confluency (usually next day) using 2 µg DNA and JetPrime 
according to the instructions. After 24 h, cells were suspended and 
transferred to a 2-ml centrifuge tube and centrifuged at 5,000 g for 
5 min. Cells were washed with 1 ml PBS and centrifuged again at 
5,000 g for 5 min. Cells were suspended in 150 µl solubilization buf-
fer (1x PBS supplemented with 1% C12E8 and 1x protease inhibitor 
cocktail) and rocked for 30 min at 4°C. Samples were centrifuged 
at 21,000 g for 5 min at 4°C. The supernatants were transferred to 

1.5-ml ultracentrifuge tubes and centrifuged again at ∼200,000 g 
for 20 min. 50 µl of each supernatant was injected into a Superose 
6 Increase 10/300 GL column preequilibrated with running buf-
fer (1x PBS supplemented with 0.5 mM C12E8) using a flow rate of 
0.5 ml/min. The eluate was monitored using a fluorescence detec-
tor (Shimadzu RF-20Axs; excitation: 480, emission: 508).

Results
Panx1 gives rise to voltage-dependent currents at 
extremely high voltages
We and others previously demonstrated that the full-length hPanx1 
presents robust CBX-sensitive channel activity at membrane po-
tentials >+20 mV (Pelegrin and Surprenant, 2006; Michalski and 
Kawate, 2016). Other studies, however, report that hPanx1 does 
not respond to voltage stimuli at all or inconsistently give rise to 
voltage-dependent currents (Ma et al., 2009; Chekeni et al., 2010; 
Sandilos et al., 2012). To investigate a potential reason for these dis-
crepancies, we reexamined our hPanx1 expression constructs we 
used in our previous studies. Due to our cloning strategy, our hPanx1 
constructs contained insertions of GS right after the first methi-
onine and ASS before the stop codon. We had overlooked these ar-
tificial insertions, as we assumed the addition of a few small amino 
acids at either terminus would not disrupt the structure and func-
tion of hPanx1. To assess whether these seemingly innocuous in-
sertions affect the voltage-dependent channel activity, we restored 

Figure 2. N-terminal insertion alters voltage-dependent Panx1 channel activity. (A) Whole-cell recordings of HEK cells expressing hPanx1+ASS (left) 
or hPanx1+GS (right). Cells were held at −60 mV and stepped between −100 and +160 mV for 1.0 s in 20-mV increments. CBX (50 µM) was applied using a 
rapid solution exchange system. Shown are representative recordings from at least three different cells. Each point represents the mean current density at 
each voltage, and bars represent SEM. (B) Whole-cell recordings of hPanx1 constructs featuring variable amino acid insertions immediately following the start 
methionine. Recordings were obtained from transfected HEK cells held at −60 mV and stepped between −100 and +160 mV for 1.0 s. Each point represents 
the mean current density at each voltage, and bars represent SEM.
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the native termini of the hPanx1 and performed whole-cell patch-
clamp experiments using HEK cells. To our surprise, hPanx1 with 
its native N and C termini (“WT hPanx1”) only weakly responded 
to voltage stimuli such that we did not observe detectable currents 
at voltages below +120 mV (Fig. 1, A and B). This was in contrast to 
the GS/ASS-inserted hPanx1 (hPanx1+GS/+ASS), which gave rise 
to strong currents at membrane potentials as low as +20 mV (Fig. 1, 
A and B). Importantly, we obtained consistent results using more 
than 30 cells with different passage numbers and from different 
transfections. We confirmed that these currents were mediated by 
hPanx1, as untransfected cells did not present detectable currents 
even at +160 mV, and the currents recorded from hPanx1-trans-
fected HEK cells were CBX-sensitive (Fig. 1, A and B). We also con-
firmed that the weak voltage-dependent currents by WT hPanx1 
and the stronger currents by hPanx1+GS/+ASS were not specific to 
HEK cells, as we obtained essentially the same results from these 
constructs expressed in CHO cells (Fig. 1, A and B). These results 
indicate that WT hPanx1 give rises to voltage-dependent currents, 
but only at extremely high voltages (>+100 mV). The large hPanx1 
currents at lower voltages we reported previously (Michalski and 
Kawate, 2016) were due to the addition of a few amino acids in the 
expression constructs.

mPanx1 has also been widely used in the pannexin field. For 
example, it has been used to study single-channel conductance 
(Ma et al., 2012; Romanov et al., 2012; Poon et al., 2014; Wang et al., 

2014), ion selectivity (Ma et al., 2012; Romanov et al., 2012), and 
voltage-gated channel opening (Romanov et al., 2012; Nomura et 
al., 2017). Like hPanx1, however, voltage-dependent activation of 
mPanx1 has been questioned; several studies suggest that mPanx1 
is constitutively active (Sandilos et al., 2012; Chiu et al., 2018), 
but others failed to observe consistent currents (Ma et al., 2009; 
Dourado et al., 2014). To assess whether mPanx1 behaves simi-
larly to hPanx1, we performed whole-cell patch-clamp recordings 
using HEK cells transfected with either WT mPanx1 or mPanx-
1+GS/+ASS. We found that WT mPanx1 also weakly responded to 
voltage stimuli and showed currents only above +100 mV (Fig. 1, 
C and D). Likewise, mPanx1+GS/+ASS gave rise to strong currents 
at voltages as low as +20 mV. We also found the same trend using 
mPanx1 expressed in CHO cells (Fig. 1, C and D). These data in-
dicate that both hPanx1 and mPanx1 channels hardly open at a 
voltage range typically used in pannexin studies and respond to 
only extreme membrane potentials (>+100 mV). Because addition 
of only a few amino acids could significantly alter Panx1 channel 
activity, it is possible that small construct differences may con-
tribute to discrepancies between laboratories in the field.

N-terminal insertion of a single amino acid could augment 
Panx1 channel activity
Strong voltage-dependent currents from the +GS/ASS construct 
suggest that even subtle modifications at the beginning and/or 

Figure 3. N-terminal GFP abolishes Panx1 channel activity. (A) Whole-cell recordings of WT hPanx1 or GFP-tagged Panx1 expressed in HEK cells. Cells 
were held at a resting membrane potential of −60 mV and stepped between −100 and +160 mV in 20-mV increments for 1.0 s. Shown are representative 
recordings from 8–10 cells. Cartoons represent positions of the tagged GFPs. (B) Current density–voltage plots. Each point in the current density–voltage 
plots represents the mean conductance at each voltage, and error bars represent SEM. (C) Surface biotinylation assay of hPanx1, GFP-tagged Panx1, or N-GFP 
C-FLAG–tagged Panx1. Panx1 constructs were transfected into HEK cells and treated with sulfo-NHS-SS-biotin. Biotin-labeled proteins were analyzed by 
SDS-PAGE and Western blotting. Membranes were probed with GFP, FLAG, or actin antibodies. Representative blots from three independent experiments are 
shown. (D) FSEC elution profiles of N- and C-terminally GFP-tagged hPanx1. Constructs were transfected into HEK cells, solubilized in detergent, and analyzed 
by FSEC. A.U., arbitrary unit.
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the end of Panx1 could profoundly enhance channel activity. To 
determine which insertion causes this unexpected channel activ-
ity enhancement, we tested hPanx1 constructs that have either 
N-terminal GS or C-terminal ASS. As shown in Fig. 2 A, addition 
or removal of the C-terminal ASS had no effect on voltage-de-
pendent channel activity. In contrast, hPanx1 with N-terminal 
GS alone (“hPanx1+GS”) responded to voltages as low as +20 mV. 
These data indicate that the enhancement of hPanx1 channel ac-
tivity is solely due to the N-terminal modification.

Is the enhancement of Panx1 channel activity specific to the 
GS motif? To assess whether different insertions mimic the 
GS-mediated gain-of-function effect, we varied the inserted res-
idues at the N terminus and examined voltage-dependent chan-
nel activity using a whole-cell patch-clamp method. We found 
that insertion of glycine (G) or serine (S) alone did not affect 
hPanx1 channel activity and showed slowly activating currents 
only above +100 mV (Fig.  2  B). Likewise, insertion of alanine 
(A) at this position had little effect on hPanx1 channel activity. 
Interestingly, insertion of the SG motif also failed to enhance 
hPanx1 channel activity. Insertion of tryptophan (W) or AA, on 
the other hand, enhanced the channel activity like insertion of 
the GS motif (Fig. 2 B). These results suggest some specificity 
in the motifs that can augment Panx1 channel activity. We also 
noticed that channel activation and inactivation kinetics varied 
substantially depending on the amino acids inserted at this posi-
tion. Altogether, these data suggest that the hPanx1 N terminus is 
sensitive to modifications, and even a single amino acid insertion 
can substantially enhance channel activity.

N-terminal GFP fusion abolishes Panx1 channel activity
Fluorescent proteins such as GFP are commonly attached to Panx1 
for studying subcellular localization and trafficking (Bhalla-Gehi 
et al., 2010; Gehi et al., 2011; Bao et al., 2012). Because N-terminal 
modification could enhance Panx1 channel activity, we wondered 
whether a GFP tag might affect its activity. To facilitate whole-
cell recordings, we used hPanx1+GS constructs for these exper-
iments. When GFP was attached to the C terminus, hPanx1 gave 
rise to outwardly rectifying voltage-dependent currents, just like 
the untagged parent construct (Fig. 3, A and B). In contrast, when 
GFP was attached to the N terminus, we did not detect voltage-de-
pendent currents even at +160 mV (Fig. 3, A and B). These imply 
that that an N-terminal GFP tag abolishes hPanx1 channel activ-
ity, whereas the C-terminal GFP has little effect.

An alternative explanation for this result could simply be that 
the N-terminal GFP tag interferes with trafficking of the channel 

to the cell membrane. We performed cell-surface biotinylation to 
test this possibility (Fig. 3 C). Using a membrane-impermeable, 
amine-reactive, biotin-conjugated molecule, we labeled and en-
riched for membrane proteins located on the surface of trans-
fected HEK cells and used Western blotting to identify Panx1. 
Both N-GFP and C-GFP Panx1 proteins could be identified in the 
pull-down samples, suggesting both fusion proteins traffic to the 
cell surface. Actin could be identified in the protein lysates but not 
in the pull-down samples, suggesting this assay specifically pulls 
down membrane proteins. We noticed, however, that the N-GFP 
Panx1 construct migrates faster than the C-GFP counterpart when 
resolved by SDS-PAGE, and additionally, that N-GFP Panx1 appears 
as a doublet compared with the single band observed for C-GFP 
Panx1. One possibility for this difference could be that the C ter-
minus of N-GFP Panx1 gets cleaved by proteases before or during 
sample preparation. To test this possibility, we added a C-terminal 
FLAG tag to the N-GFP Panx1 construct (N-GFP C-FLAG Panx1). We 
were able to pull down this doubly tagged Panx1 and identify both 
the N-terminal GFP tag and the C-terminal FLAG tag at similar 
molecular weights. This suggests that N-terminally tagged Panx1 
is not susceptible to proteases and has intact termini.

To analyze whether modifications of the N terminus affect 
hPanx1 channel assembly, we took advantage of the FSEC. This 
protocol enables one to characterize assembly, stability, and mon-
odispersity of a detergent-solubilized GFP-fusion protein based 
on the size exclusion chromatography elution profiles (Kawate 
and Gouaux, 2006). The FSEC traces of both C-GFP and N-GFP 
hPanx1 presented a major peak at a molecular weight corre-
sponding to the size of a mature oligomer (6–7 mers), indicating 
that these proteins remained properly folded and assembled after 
solubilization in a detergent-containing buffer (Fig. 3 D). There 
was little aggregation (i.e., void peak) or dissociation (i.e., mo-
nomeric peak), suggesting that the majority of WT hPanx1 was 
properly folded in HEK cells. The effect of N-terminal GS on the 
assembly was minimal, as removal of these two residues did not 
affect the FSEC profile (Fig. 3 D, right panel). Therefore, we con-
clude that N-terminally attached GFP renders hPanx1 insensitive 
to voltage stimuli, and this is not caused by poor membrane local-
ization or unwanted proteolysis of the channel.

N-terminal GS increases Panx1 Po
Our data imply that Panx1 is sensitive to N-terminal modifications. 
To further explore how such a minor manipulation—like insertion 
of the GS motif—enhances Panx1 channel activity, we performed 
single-channel recordings. Because single-channel properties of 

Figure 4. CBX inhibits Panx1 only from the extracellular 
side. (A) Representative recordings from WT hPanx1–trans-
fected HEK cells with normal internal solution (top) or internal 
solution containing 50  µM CBX (bottom). Cells were held at 
−60 mV and equilibrated for ∼3 min before stepping between 
−100 and +160 mV for 1.0 s in 20-mV increments. External CBX 
(50 µM) was applied using a rapid solution exchanger. Shown 
are representative recordings for four different cells. (B) Current 
density of recordings shown in A. Bars represent the mean cur-
rent density of patches obtained with either internal solution 
with and without external CBX application, and error bars rep-
resent SEM. Student’s t test revealed no statistically significant 
difference with and without internal CBX.
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Panx1 are not fully established (Chiu et al., 2018), we used both 
untransfected cells and CBX to verify the recorded currents were 
actually mediated by Panx1. From our whole-cell recordings, it 
was clear that externally applied CBX effectively inhibits hPanx1 
(Fig. 1). To assess whether CBX can also inhibit hPanx1 from inside, 
we included CBX in the pipette solution and measured voltage-de-
pendent channel activity. Under these conditions, WT hPanx1 
expressed in HEK cells gave rise to voltage-dependent currents in-
distinguishable from those recorded in the absence of CBX (Fig. 4, 
A and B). Importantly, extracellularly applied CBX attenuated WT 
hPanx1–mediated currents with internal CBX, excluding potential 

contamination of unknown channel activity (Fig. 4 A). These re-
sults indicate that CBX needs to be externally applied for inhib-
iting voltage-dependent Panx1 currents. We therefore used the 
outside-out patch configuration for our single-channel recordings.

Consistent with the macroscopic observations (Fig. 1, A and 
B), WT hPanx1 presented no channel activity at +60 mV (Fig. 5, 
A and C). We confirmed the presence of a WT hPanx1 channel 
by measuring channel activity at +120 mV from the same patch 
(Fig. 5 E). We also confirmed that untransfected cells do not give 
rise to apparent channel activity at either +60 or +120 mV (Fig. 6, 
A and B). On the other hand, hPanx1+GS presented conspicuous 

Figure 5. Single-channel recordings of hPanx1 at +60 mV. (A and B) Representative single-channel traces of WT hPanx1 (A; n = 15) and hPanx1+GS (B; n = 
8). Outside-out patches were held at +60 mV. Highlighted gray box indicates the location of the inset underneath each respective recording. (C and D) Pooled 
all-amplitudes histogram generated from WT hPanx1 (C) and hPanx1+GS (D) at +60 mV. Histograms were generated from four separate recordings for each 
channel. Black lines represent the closed population estimated by fitting a Gaussian function. (E) Representative trace of WT hPanx1 recording confirming the 
existence of the channel. The patch was held at +60 mV for ∼2 min, then stepped to +120 mV. Curved lines indicate separate recording segments. (F) Rep-
resentative trace of hPanx1+GS showing reversible channel activity at +60 mV. CBX (100 µM) was applied using a rapid solution exchanger for the indicated 
period (red box).
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channel activity at +60 mV, which was reversibly suppressed by 
externally applied CBX (Fig. 5, B, D, and F). While we were able to 
observe some clear steps representing discrete unitary currents 
between 1 and 3 pA, it was difficult to assign specific unitary con-
ductance to those steps, as many transient currents also existed 
and obscured the overall current histogram (Fig. 5 D). These re-
sults suggest that the N-terminal insertion of GS increases the Po 
of hPanx1 at this membrane potential. At +120 mV, WT hPanx1 
showed a discrete unitary current at 3.3 ± 0.4 pA with the Po of 
7.3 ± 2.7% (Fig. 7, A and C). These currents were CBX-sensitive, 
though we observed clear residual channel activity (Fig. 7 E). CBX 
did not seem to induce these residual currents, as patches from 
untransfected cells did not show any channel activity in the pres-
ence of CBX (Fig. 6, C and D). In contrast, hPanx1+GS presented 
nondiscrete unitary currents ranging from 1 to 6 pA at +120 mV 
that were strongly attenuated by CBX (Fig. 7, B, D, and F). Like 
at +60 mV, it was difficult to assign particular unitary conduc-
tance to these currents. Nevertheless, overall Po of hPanx1+GS 
was much higher than that of WT hPanx1. Altogether, these sin-
gle-channel recordings suggest that the insertion of the GS motif 
at the N terminus generates extra channel conductance classes 
and substantially increases hPanx1 channel Po.

Discussion
In this study, we demonstrate that Panx1 is a weak voltage-gated 
channel, and a modification of the N terminus can alter its volt-

age-dependent channel activity. By carefully reevaluating our 
full-length construct, we find that WT Panx1 with its native 
N terminus only activates at voltages above +100 mV. We also 
demonstrate that addition of one or two specific amino acid(s), 
GS in particular, immediately after the first methionine, substan-
tially enhances Panx1 channel activity. In contrast, attachment 
of a large protein like GFP abolishes Panx1 activity. Importantly, 
such N-terminal manipulations do not seem to affect Panx1 
channel folding or assembly. These results are consistent with 
the idea that the Panx1 N terminus is not merely hanging in the 
cytoplasm, but rather forms a structured domain and plays a role 
in regulating channel gating or ion permeation.

We previously reported that hPanx1 channels give rise to con-
spicuous voltage-dependent currents (Michalski and Kawate, 
2016). We found in this study, however, that such strong volt-
age-dependent currents were facilitated by the GS motif at the N 
terminus. Indeed, WT hPanx1 with its native N terminus actually 
responds to voltages only beyond +100 mV. This unusually weak 
voltage-dependent activity might be a reason why some groups 
failed to record voltage-activated hPanx1 currents (Chiu et al., 
2018). Notably, we found that mPanx1 also responds to voltage 
very weakly, and its activity is remarkably enhanced by the ad-
dition of GS. This is not limited to the channel expressed in HEK 
cells, as we also observed similar activities from CHO cells. These 
results are inconsistent with previous studies, which showed 
robust and perhaps constitutive channel activity from mPanx1 
(Romanov et al., 2012; Chiu et al., 2018). Though the actual reason 

Figure 6. Single-channel recordings of untransfected CHO cells. (A and B) Outside-out patches pulled from untransfected CHO cells held at +60 mV (A; 
n = 10) and +120 mV (B; n = 7). (C and D) Outside-out patches held at +60 mV (C) +120 mV (D) were treated with 100 µM CBX using a rapid solution exchange 
system during the indicated period (red box).
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for this discrepancy is unclear, it is possible that mPanx1 with 
an unintentionally altered N terminus might be used in those 
studies. Alternatively, different degrees of posttranslational 
modifications, which could be due to various passage numbers or 
different culture conditions, may result in inconsistent mPanx1 
channel activity. Indeed, phosphorylation and S-nitrosylation 
have been shown to modulate Panx1 channel activity (Lohman 
et al., 2012; Weilinger et al., 2012; Penuela et al., 2014b).

GS insertion is an excellent tool for studying Panx1, as voltage 
stimulation is convenient and easily controlled. But how does it 
enhance Panx1 channel activity? Our single-channel recordings 
revealed that +GS elevates the apparent Po of the hPanx1 channel, 
which normally opens only at an extremely high membrane po-
tential (i.e., >+120 mV). This N-terminal manipulation also gave 

rise to a wide range of unitary currents, which do not seem to 
exist in WT hPanx1. One potential mechanism is that the natural 
N terminus contributes to keep the channel closed under normal 
conditions, rendering it insensitive to voltages up to +120 mV. 
Addition of GS may dislocate the N terminus, which could lead 
to a wobbly pore that opens more frequently and less uniformly 
at positive membrane potentials. Because a glycine residue at 
the second position could get cotranslationally myristoylated 
(Boutin, 1997), the N terminus of hPanx1+GS may be rearranged 
due to lipidation. This idea could explain why insertion of SG had 
no effect on hPanx1 and insertions of a hydrophobic residue such 
as tryptophan mimicked the effect of GS.

How does hPanx1+GS respond to positive membrane poten-
tials? One possibility is that the N-terminal domain acts as a volt-

Figure 7. Single-channel recordings of hPanx1 at +120 mV. (A and B) Representative single-channel traces of WT hPanx1 (A; n = 10) and hPanx1+GS (B; 
n = 6). Outside-out patches were held at +120 mV. Highlighted gray box indicates the location of the inset underneath each respective recording. (C and D) 
Pooled all-amplitudes histogram generated from WT hPanx1 (C) and hPanx1+GS (D) at +120mV. Histograms were generated from four separate recordings 
for each channel. Black lines represent the closed population estimated by fitting a Gaussian function. (E and F) Representative traces of WT hPanx1 (E) and 
hPanx1+GS (F) showing reversible channel activity at +120 mV. CBX (100 µM) was applied using a rapid solution exchanger for the indicated period (red box).



Journal of General Physiology
https://doi.org/10.1085/jgp.201711804

Michalski et al. 
N-terminal modification tunes Panx1 activity

1767

age sensor. Given that (a) Panx1 does not possess charged residues 
in the transmembrane helices and (b) the connexin N terminus 
harbors a voltage sensor (Harris and Contreras, 2014), this idea 
sounds reasonable. If the Panx1 N terminus forms a helix within 
the membrane pore, this helix dipole likely repositions when an 
unusually high voltage is applied. Another possibility is that the 
N terminus is not directly involved in voltage sensing but governs 
other channel properties such as ion selectivity or conductance. If 
this is the case, voltage is somehow sensed by the transmembrane 
or other unfound domains in the voltage field. Movement of the 
voltage sensor then triggers rearrangement of the N terminus, 
which could alter the electrostatic surface potential or physical 
diameter of the permeation pore, allowing more ions to flow. No-
tably, manipulation of a connexin N terminus, which lies within 
the pore lumen, also alters ion permeation properties (Maeda et 
al., 2009; Harris and Contreras, 2014). It is possible that the N ter-
minus of Panx1 may also fold up into the channel cavity and forms 
part of the permeation pathway. This can explain why an N-ter-
minal manipulation leads to loss of channel activity, as the perme-
ation pathway could easily be disrupted by these modifications.

Our single-channel recordings revealed that hPanx1 opens a 
channel at +120 mV with an estimated unitary conductance of 
∼20–40 pS. This is less than half of the channel activated by C-ter-
minal cleavage or by α1-adrenoceptor (Chiu et al., 2017). We sus-
pect that perhaps only a subset of the C termini move out from the 
hPanx1 pore at +120 mV. Unfortunately, we could not test whether 
unitary conductance becomes larger at higher voltages, as sin-
gle-channel patches did not survive at those membrane potentials. 
An alternative explanation is that the mode of channel opening at 
such a high voltage substantially differs from other modes, which 
are normally tested at membrane potentials up to +80 mV.

In conclusion, we demonstrate that Panx1 hardly opens at a 
positive membrane potential, but its activity redoubles when a 
couple of specific amino acids (GS in particular) are inserted at 
the N terminus. While this is an artificial way to promote Panx1 
activity, a natural facilitation mechanism may exist. For example, 
posttranslational modification or interaction with the other cy-
toplasmic domains at the N terminus may enhance the channel 
activity. Involvement of the N terminus in Panx1 channel gating/
ion permeation supports that pannexins may be structural ana-
logues of connexins and innexins. Therefore, care must be taken 
when manipulating the N terminus, which could be a powerful 
tool for studying Panx1 function.
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