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Abstract 

A truncated form of the ATP release channel pannexin 1 (Panx1), Panx11–89, is enriched in 

metastatic breast cancer cells and has been proposed to mediate metastatic cell survival by 

increasing ATP release through mechanosensitive Panx1 channels. However, whether Panx11-89 

on its own (without the presence of wtPanx1) mediates ATP release has not been tested. Here, 

we show that Panx11-89 by itself can form a constitutively active membrane channel, capable of 

releasing ATP even in the absence of wild type Panx1. Our biophysical characterization reveals 

that most basic structure-function features of the channel pore are conserved in the truncated 

Panx11-89 peptide. Thus, augmenting extracellular potassium ion concentrations enhances Panx11-

89-mediated conductance. Moreover, despite the severe truncation, Panx11-89 retains the 

sensitivity to most of wtPanx1 channel inhibitors and can thus be targeted. Therefore, Panx1 

blockers have the potential to be of therapeutic value to combat metastatic cell survival. Our 

study not only elucidates a mechanism for ATP release from cancer cells, but it also supports 

that the Panx11-89 mutant should facilitate structure-function analysis of Panx1 channels. 
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Introduction 

 

Extracellular ATP and its catabolites generated by ecto-ATPases are critical players in cancer 

biology 1 2 3 4 5. Thus, as an ATP release channel, Pannexin1 (Panx1) has thus gained 

considerable attention as a mediator of metastasis 6-13. Based on the direct correlation of 

expression of a truncated form of Panx1 channel (Panx11-89) with metastatic potential of breast 

cancer cells, a mechanism for metastatic cell survival in the microvasculature has been 

proposed14. A key aspect of this mechanism is that the release of ATP augmented by the 

expression of the Panx11-89 peptide. Indeed, experimental evidence indicates that released ATP 

facilitates the transit of the metastatic cells through the vessel wall and protects them from 

mechanical stress endured during transit 14. However, given that the mutant Panx1 truncates the 

protein from 426 to the amino terminal 89 amino acids, it is still unclear how the mutant Panx1 

(alone or in combination with wild type Panx1) mediates ATP release.  

 

While it is generally accepted that wtPanx1 forms an ATP release channel, presently available 

structural data do not support this function 15, 16. In all published structures of wt Panx1 or its 

caspase cleavage product, a constriction with a radius of 4-4.5 Å, is prominent at the 

extracellular entry to the channel pore 17-23. Since ATP has an Einstein-Stokes radius of 7 Å, it 

should therefore be excluded from passage through the Pannexin 1 channel. Instead, the 4-4.5 Å 

radius is consistent with the chloride selective conformation of the Panx1 channel.  This apparent 

contradiction can be explained by the two-channel hypothesis 24. Depending on the stimulus 

modality, the Panx1 channel can adopt two distinct conformations 25: while the voltage activated 

or caspase activated channel is highly selective for chloride ions, a series of physiological and 
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pathological stimuli induce the ATP permeable, large pore channel conformation 24-29. However, 

the structure of the latter conformation remains to be resolved.  

 

In this study, we show that Panx11-89 by itself can form a constitutively active membrane channel, 

capable of releasing ATP even in the absence of wtPanx1. Since Panx11-89 forms a constitutively 

open channel with a pore dimension that allows ATP conduction, structural studies on Panx11-89 

will enhance the chance of capturing the large pore conformation of the Panx1 channel, which to 

date has remained elusive in all 8 published cryo-EM structures of wtPanx1. Furthermore, our 

biophysical characterization shows that most basic structure-function features of the channel 

pore are conserved in the Panx11-89 peptide. Despite the severe truncation, Panx11-89 retains most 

pharmacological properties of the wtPanx1 channel and can thus be targeted. Panx1 blockers 

have thus the potential to be of therapeutic value to combat metastatic cell survival. 

 

RESULTS 

Exclusive expression of Panx11-89 results in cell death 

The Panx1 mutant Panx11-89 is co-expressed in metastatic cells with wtPanx1. It has been 

suggested that the two proteins interact, probably by assembling into hetero-oligomers, which 

mediate constitutive ATP release 14. To assess the biophysical properties of such hetero-

oligomers, Xenopus oocytes were co-injected with mRNA for mutant and wtPanx1 proteins at a 

1:1 mRNA ratio. As controls, oocytes were injected with either mutant or wtPanx1 alone. 

Oocytes expressing wtPanx1 alone or co-expressing mutant and wt Panx1 survived the 24-48 

hour incubation period after mRNA injection required to observe robust Panx1 channel currents. 

In contrast, oocytes expressing Panx11-89 alone typically did not survive longer than 12 hours 
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after mRNA injection (Figure 1a, Figure S1). These oocytes could not be voltage clamped and 

their appearance was distinctly abnormal. Their pigmentation at the animal pole was spotted and 

the cell surface exhibited indentations.  

This indicated that the expression of the Panx11-89 peptide alone was toxic to the cells. This 

toxicity could have occurred at different cellular sites, such as the synthetic pathway for proteins 

or at the cell membrane. In the latter case, the peptide might have created by itself a nonspecific 

membrane leak or could have associated with endogenous membrane proteins (channel or 

transporter) to confer cell toxicity. Alternatively, the peptide may have assembled in the 

membrane to form a channel with some resemblance to the wtPanx1 channel. The Panx11-89 

peptide contains only one of the four transmembrane helices of wt Panx1. Although assembly of 

ion channels by proteins/peptides with only one transmembrane segment is unusual, there is 

precedence for it. Several viroporins are oligomerized single-pass membrane peptides of a 

similar size range as Panx11-89. Various viroporin peptides oligomerize to tetramers, pentamers or 

hexamers to form patent channels 30-33. It should be noted, however, that not all viroporins may 

exert a membrane channel function. For example, the SARS-Covid protein Orf3a has been 

shown to be involved in membrane trafficking rather than forming a channel as previously 

thought 34.  

Studies using electrophysiology in combination with site-directed mutagenesis and cysteine or 

alanine scans have shown that the first 89 amino acid residues within the wtPanx1 channel 

contains key elements of the channel, including pore lining amino acids and binding sites for 

several modulators of channel activity (Figure S2). For example, structural and functional studies 

showed that amino acids W74 and R75 are involved in channel inhibition by ATP and 

carbenoxolone, as well as for channel activation by extracellular potassium ions ([K+]o) 17, 35-38. 
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Many of these findings were subsequently verified by determination of the Panx1 structure by 

cryo-EM 17-23. Considering the precedence given by some viroporins forming channels with a 

single trans-membrane segment and the presence of key features of the wtPanx1 channel in the 

Panx11-89 sequence, it was imperative to characterize the biophysical properties of cells 

expressing the Panx11-89 peptide heterologously.  

 

Expression of Panx11-89 induces constitutively active membrane channels  

We used two-electrode voltage clamp to measure current from Panx11-89 expressing oocytes 

(Figure 1b, c). Compared to uninjected oocytes or oocytes expressing the chloride channel 

CFTR, Panx11-89 expressing cells produced a robust current as early as 3 hours after mRNA 

injection . This is in contrast to wtPanx1, which required >12 hour incubation for currents to 

become detectable. Consistent with their outward rectifying properties, wtPanx1 expressing 

oocytes exhibited moderately increased currents when clamped at -60 mV over uninjected 

oocytes. Application of a voltage ramp to oocytes expressing wtPanx1 (green line in Figure 1d) 

showed the typical pronounced outward rectification of wtPanx1. In contrast, as shown by the 

large inward current at negative potentials, the channels induced by Panx11-89 rectified less (red 

line in Figure 1d). In this respect, the Panx11-89 channels are similar to the wtPanx1 channels 

activated by caspase cleavage at position 378 39. However, while the currents mediated by 

wtPanx1 cleaved by caspase or truncated at position 378 reverse at the same potential as voltage 

activated wtPanx1 does 16, 25, 40, the Panx11-89 induced channels exhibited a reversal potential 

shifted to a more positive potential (inset Figure 1d). Figure 1e shows that this shift was 

significant and indicates a different permeability for Panx11-89-induced channels than the Cl- 

selective property of wt and caspase cleaved Panx1 channels.  
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The Panx11-89-mediated current is sensitive to wtPanx1 channel blockers 

Panx11-89 contains amino acids within the binding sites for various Panx1 blockers 17, 35-38. To test 

whether these elements were sufficient to affect the currents mediated by Panx11-89 expression, 

we applied several wtPanx1 blockers. Figure 2 shows that 1 mM probenecid greatly attenuated 

the currents although it did not completely inhibit the currents as it does in wtPanx1 channels 41. 

Other inhibitors of wtPanx1 currents, when applied in excess of their IC50, also attenuated the 

currents in oocytes expressing Panx11-89, indicating a similar pharmacology for both wtPanx1 and 

Panx11-89. Figures 2b and S3 show the effect of carbenoxolone (100µM), the food dye BB FCF 

(10 µM) and BzATP (100 µM). As in the case of probenecid, these Panx1 inhibitors affected 

Panx11-89 to a lesser extent than wtPanx1. 

 

Panx11-89 responds stronger to increased extracellular potassium ion concentration than 

wtPanx1 

The Panx11-89 peptide not only contains binding sites for Panx1 blockers but also amino acids 

involved in the activation of the Panx1 channel at negative potentials by extracellular K+ 37. To 

test whether K+-activation was still retained by the truncated protein, oocytes clamped at -60 mV 

were perfused with a solution containing 85 mM KCl. Because Ca2+ attenuates the K+-activation 

of wtPanx1 37, no calcium was added. Figure 3 shows the responses of uninjected oocytes and 

wtPanx1 or Panx11-89 expressing oocytes. As reported previously, uninjected oocytes respond to 

extracellular high [K+] with a small inward current, which is significantly increased in wtPanx1 

expressing cells. In contrast, the response to increased [K+] by Panx11-89 expressing cells was on 

average >5 times larger. For both wtPanx1 and Panx11-89, a linear relationship was observed 
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between K+- induced currents and voltage induced currents. The latter was a result of voltage 

steps from -60 to + 60 mV and served as a measure of the expression level of the channel 

proteins. The slope was about 5 times steeper for Panx11-89 than for wtPanx1. The linear 

correlation for both the wtPanx1 or Panx11-89 channels argues for that K+-induced currents are 

generated by wtPanx1 and Panx11-89 channels rather than an endogenous channel. 

 

Panx11-89 expression yields a permeation pathway with large pore properties 

The observation that the channels appearing in response to injection of mRNA for Panx11-89 had 

a different reversal potential than the channels formed by wtPanx1 (Figure 1d, e) suggested that 

the two channels differed in their ion permeabilities. Since wtPanx1 can assume different 

conformations, one with chloride selectivity or one with ATP permeability 24, 25, 28, an ATP 

release function of Panx11-89 in the absence of wtPanx1 was tested. As shown in Figure 4, after 

an incubation period of 30 min, the ATP content of the supernatant of Panx11-89 expressing cells 

was significantly higher than that of uninjected cells. This ATP release was boosted by a factor 

of ~20, when the cells were incubated in high [K+] during the collection period. The Panx1 

blocker carbenoxolone inhibited the ATP release.  

Cells release ATP via exocytosis, via channels or in response to cell lysis. Since Panx11-89 

expressing cells have a limited life span, a contribution of lytic release of ATP cannot be ruled 

out. Therefore, as an independent method, we tested whether the Panx1-89 induced channel was 

able to pass other molecules in the size range of ATP such as cAMP.  

To test cAMP permeability, we used the cystic fibrosis transmembrane conductance regulator 

(CFTR) channel, which is activated by high levels of intracellular cAMP. We reasoned that if the 

pore formed by Panx1-89 expression is large enough to pass cAMP, then it would provide a path 
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for the influx of extracellular cAMP such that the levels of intracellular cAMP increase and in 

turn activate CFTR-mediated Cl- flux out of cells co-expressing both Panx11-89 and CFTR 

channels (Fig. 5a). Indeed, we found that application of extracellular cAMP activated a large 

inward current and a corresponding increase in membrane conductance in cells co-expressing 

CFTR and Panx11-89 (Figure 5b). As a control, oocytes expressing either CFTR alone or Panx1-89 

alone did not respond to 1 mM extracellular cAMP, despite a strong Forskolin-mediated inward 

current indicating robust membrane expression of CFTR (Fig. 5c, d). Figures 5 e and f show a 

quantitative analysis of the cAMP effects on currents and conductances. In summary, these data 

indicate that the large pore mediated by Panx11-89 expression allows sufficient entry of 

extracellular cAMP into the cell to activate CFTR. 

 

Panx11-89 provides the pore lining of the induced channel 

While the similarities in channel properties between wtPanx1 channels and the Panx11-89 variant 

induced channels, i.e. inhibition of membrane currents by several Panx1 channel blockers, 

sensitivity to extracellular K+ and ATP permeability, suggest that Panx11-89 by itself is sufficient 

to form the ion conducting pore of the channel, it cannot be excluded that the Panx11-89 peptide 

associated with an endogenous protein and imposed Panx1 properties on it. To test whether 

Panx11-89 provided the pore lining of the induced channel by itself, a cysteine substitution at 

position T62 (T62C) in Panx11-89 was generated. It has previously been shown that the amino 

acid 62 is pore lining in the wtPanx1 channel 42, a conclusion confirmed by the cro-EM structure 

17-23. Figure 6 shows the effect of the thiol reagent MTSET on currents in oocytes expressing the 

cysteine replacement mutant Panx11-89,T62C. As observed for the equivalent mutation in wtPanx1, 

MTSET attenuated the currents carried by Panx11-89,T62C but not currents carried by Panx11-89. 
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Curiously, the effect of MTSET reversed after washout (Figure S4), as had also been observed 

for Panx1T62C,C426S 24. In most other ion channels the effect of thiol reagents such as MTSET does 

not reverse unless reducing agents are employed. However, it has been shown for large pore 

channels, such as channels formed by connexins, the effect of thiol reagents reverses 

spontaneously upon withdrawal of the thiol reagent 24, 43-45. This reversibility has been explained 

by the ability of cytoplasmic reducing agents, in particular glutathione, to enter the large pore 

and getting access to the modified cysteine in the channel pore. Thus, the reversibility of the 

MTSET effect on Panx11-89,T62C is a further indication that the channel formed by this peptide is in 

a large pore conformation similar to the one observed in wtPanx1 in response to select stimuli.   

Wild type Panx1 contains four conserved extracellular cysteines, two in each of the two 

extracellular loops. Mutation of any of these cysteines leads to loss of channel function, 

suggesting a key structural/functional role of these moieties 46. In the Panx11-89 peptide two of 

these four cysteines are retained. To test whether these cysteines are disulfide bonded, the 

reducing agent TCEP was applied. As shown in Figure 7a and b, 10 mM of TCEP attenuated the 

Panx11-89 currents by 45.7 ± 5.6 %. Subsequent addition of the thiol reagents MPB or MTSET 

(Figure 7b) did not further affect the currents, indicating that the cysteines do not contribute to 

the pore lining. The spontaneous ATP release by Panx11-89 expressing oocytes was nearly 

abolished by the addition of TCEP (Figure 7c). The large effect on ATP release with a more than 

50% residual conductance after TCEP application suggests a change in permeability, so that the 

flux of larger molecules is more affected than that of smaller ions (Figure S5). The published 

cryo-EM structures of wild type hPANX1 show the cysteines disulfide bonded between the two 

extracellular loops (C66 to C265 and C84 to C246) 21, 22. Such bonding is not possible in Panx11-
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89. However, the two cysteines in the first extracellular loop are in close proximity. Thus, in the 

Panx11-89, peptide the two cysteines appear to be well positioned for disulfide bonding.  

The reducing effect of TCEP not only attenuated Panx11-89 currents and ATP release, but also 

abolished the response of Panx11-89 to increased extracellular [K+]. Figure 8 shows that in the 

presence of TCEP, application of 80 mM [K+] did not increase the holding current or the 

membrane conductance. Changes in both parameters were typically observed in the non-reduced 

Panx11-89 channel (compare to Figure 3). These data indicate that reduction of the disulfide bonds 

in Panx11-89 results in a major conformational change of the extracellular channel entry (Figure 

S5), which affects conductance, permeability and activation by K+. 

 

DISCUSSION 

Based on the correlation between the expression of a severely truncated Panx1 mutant, Panx11-89, 

with the metastatic potential of breast cancer cells and the well established role of extracellular 

ATP in metastasis of several types of cancers, Furlow et al. 14 formulated an intriguing 

hypothesis for a Panx1 role in metastatic cell survival in the microvasculature. It has been 

suggested that the Panx11-89 peptide, amplifies the release of ATP by the membrane channel 

formed by wtPanx1. Since measurements of ATP release were the sole basis for this conclusion, 

we set out to perform a more detailed characterization of biophysical properties of these 

presumably heteromeric channels in the Xenopus oocyte expression system. However, control 

oocytes expressing exclusively Panx11-89 exhibited a membrane conductance as soon as three 

hours after injection of the mRNA. This conductance was inhibited by a series of inhibitors of 

the wtPanx1 channel, including probenecid, carbenoxolone, BB FCF and BzATP. Thus, it 

appears that Panx11-89 may not require the presence of wtPanx1 to render a membrane 
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conductance. To do this, the Panx11-89 peptide could have associated with an endogenous 

membrane channel or it may have formed a channel by itself, probably by entering an oligomeric 

state. 

 

It is unlikely, if not impossible, that a peptide with a single transmembrane segment forms a 

membrane pore in a monomeric form. Instead, viroporins with a single transmembrane segment 

form pores by oligomerizing 4,5 or 6 subunits 30-33. The wtPanx1 channel is known to assemble 

as a heptamer 17-23. Presently, it is not known whether the channel formed by Panx11-89 is a 

tetramer, a pentamer, a hexamer, a heptamer like wtPanx1 or even assumes a higher oligomeric 

state. It is also possible that Panx11-89 assembles into various oligomeric states, since elements 

controlling the oligomerization of the wt channel possibly are missing in the peptide. Thus, 

different oligomeric states may co-exist. 

 

When co-expressed with wtPanx1, as in cancer cells, it has to be assumed that in the absence of 

specific controlling factors a spectrum of heteromeric and homomeric assemblies are to be 

encountered. In metastatic cancer cells the ratio of wt over mutant mRNA was about 3:1. The 

observation that in oocytes mutant channels appeared much earlier than wt channels, on the other 

hand, suggests a higher translation rate of the shorter peptide. Consequently, the distribution of 

the various heteromers and homomers cannot be assessed at this time. Nevertheless, it can be 

safely assumed that a certain (albeit small) percentage of co-expressing cells will contain 

homomeric Panx11-89 channels.  
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Although the truncation deletes 80 % of the Panx1 protein, it is not totally surprising that Panx11-

89 could form a functional membrane channel. The 1-89 sequence contains most, if not all, of the 

pore-lining amino acids of the wt channel 17-22, 42. In addition, the “binding sites” for channel 

regulators or part of them located in the first extracellular loop of the wt channel are still 

contained in Panx11-89 17, 35-38, 47 . While it is conceivable that Panx11-89 may associate with a 

channel endogenous to oocytes, the finding that the conductance mediated by Panx11-89 is 

inhibited by thiol reagents in a cysteine mutant, Panx11-89, T62C, similar to the inhibition of 

Panx1T62C,C426S by the same thiol reagent, suggests that Panx11-89 by itself forms the channel pore. 

There is precedence for single membrane spanning peptides to form functional membrane 

channels, as shown for viroporins or alamethicin 30-33, 48, 49.  

 

Since oocytes did not survive longer than 12 hours after injection of mRNA for Panx11-89, there 

may be a simple explanation for the failure to observe ATP release by Panx11-89 alone expressed 

in HEK cells in the initial paper on the truncation mutant found in metastatic cells. HEK cells 

cells that did express Panx11-89 at high levels might not have survived and the HEK cells 

surviving transfection may not have expressed Panx11-89 or at reduced rate. The observation that 

oocytes co-injected with Panx11-89 and wtPanx1 mRNA survived several days suggests that 

wtPanx1 is protective against the effects of Panx11-89 and that Panx11-89 and wtPanx1 proteins 

interact with each other. For example, the channels formed by these proteins could be 

heteromeric and exhibit a lower open probability and /or a smaller pore size.  

 

Alternatively, the Panx11-89 peptide may not shuttle to the cell membrane in HEK cells. For 

example, proper folding may be temperature sensitive. Consequently, the peptide may fold 
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properly in Xenopus oocytes at room temperature but not in HEK cells at 37° C. wtPanx1 in that 

scenario may act as a chaperone and allow Panx11-89 to shuttle properly folded to the plasma 

membrane. A prime example for such a scenario is the CFTR ΔF508 mutation, which expresses 

functionally in Xenopus oocytes but is retained in the ER in tissue culture cells at 37° C because 

of misfolding 50-52.  

 

It is well documented that truncation of the carboxyterminal 47 amino acids by caspase cleavage 

of Panx1 renders the channel constitutively active 39. In this respect the truncation by caspase by 

48 (mouse) or 47 (human) amino acids and the severe truncation of Panx11-89, which deletes 337 

amino acids have similar consequences. However, while the caspase-cleaved wtPanx1 channel in 

the absence of an additional stimulus is a highly selective Cl- channel without ATP permeability 

16, 25, 40, the channel formed by Panx11-89 was found to exhibit a different permeability as indicated 

by the shift of the reversal potential versus wtPanx1, the release of ATP and the uptake of cAMP 

without an additional stimulus. Thus, the Panx11-89 in the absence of a stimulus is not only 

constitutively active but also adopts a conformation akin to the large pore formed by wtPanx1 in 

response to a variety of physiological or pathological stimuli. 

 

Another similarity between wtPanx1 and Panx11-89 channels is their response to increased 

extracellular potassium ion concentration. Several amino acids involved in the activation of 

wtPanx1 are still contained in the truncated Panx11-89. However, the response of Panx11-89 was 

considerably stronger than that of wtPanx1, indicating that constraints to the K+ activation are 

absent in the truncated protein. A boost to the K+ response has been previously shown for two 

alanine replacement mutants of the intact Panx1 protein (D241A and L266A), consistent with 
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such a loss of constraints. Although the concentration of K+ required to activate wtPanx1 is well 

beyond the physiological range, it is conceivable that under pathological conditions, such as the 

penumbra of a stroke lesion 53, sufficiently high [K+] is reached. In the case of Panx11-89, even 

slight elevations of [K+] may result in large amounts of ATP being released.  

 

The present findings do not rule out that in metastatic cells, wtPanx1 and Panx11-89 form 

heteromeric channels that are constitutively active and permeant to ATP as proposed 14. Instead, 

the present results show that Panx11-89 can form functional membrane channels and mediate ATP 

release even in the absence of wtPanx1. Most importantly, the homomeric Panx11-89 are 

susceptible to inhibition by the same drugs that inhibit wtPanx1 channels. Thus, compounds such 

as probenecid should be considered for complementary use to standard treatments of metastatic 

cancers if the Panx11-89 mutants are present. 

 

Another aspect of the present findings is that the Panx11-89 mutant may simplify the structure-

function analysis of Panx1 channels. Since most basic aspects of the channel are conserved in the 

heavily truncated peptide, the pore structure analysis should be facilitated. Furthermore, the 

observation that the Panx11-89 channel appears to be constitutively active in the so far elusive 

“large pore” conformation may enhance the chance to capture this conformation by cryo-EM. 

 

 

MATERIAL AND METHODS 

Materials: Mouse pannexin1 was kindly provided by Dr. Rolf Dermietzel (University of 

Bochum). Human CFTR was kindly provided by Dr. Seth Alper (Harvard Medical School). 
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ATP, BzATP, Brilliant Blue FCF (BB FCF), cAMP, carbenoxolone, forskoline and tris(2-

carboxyethyl)phosphine (TCEP) were purchased from Sigma Aldrich. Probenecid was obtained 

from Alfa Aesar. The thiol reagents MTSET and MPB were purchased from Toronto Research 

Chemicals and Sigma Aldrich, respectively. 

 

Mutagenesis: The Panx1 mutants were engineered with QuickChange II site-directed 

mutagenesis kit (Stratagene) according to the manufacturer’s specifications. The purified mutant 

plasmids were sequenced by Genewiz.  

The following primers were used: 

Stop codon following Q89:  

5’-GCTGCTGTACAGTAGAAGAGCTCCCTGC-3’ 

5’-GCAGGGAGCTCTTCTACTGTACAGCAGC-3’ 

 

Cysteine replacement T62C: 

5’-GGAGATCTCCATCGGTTGTCAGATAAGCTGC-3’ 

5’-GCAGCTTATCTGACAACCGATGGAGATCTCC-3’ 

 

Preparation of oocytes: All procedures were approved by the University of Miami Institutional 

Animal Care and Use Committee and conducted in accordance with the Guiding Principles for 

Research Involving Animals and Human Beings of the American Physiological Society. Ovaries 

were harvested from adult female Xenopus laevis. Ovaries were cut into small pieces and 

incubated in collagenase (2.5 mg/ml; Worthington) in calcium-free oocyte Ringer (OR) solution, 

stirring at one turn per second at room temperature. Typically, the incubation period was 3 h for 
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oocytes to be separated from the follicle cells. After thorough washing with regular OR (82.5 

mM NaCl, 2.5 mM KCl, 1 mM Na2HPO4, 1 mM MgCl2, 1 mM CaCl2, and 5 mM HEPES), 

oocytes devoid of follicle cells and having a uniform pigmentation were selected and stored in 

OR at 18°C for 18 h to 3 days before electrophysiological analysis at room temperature.  

 

Preparation of mRNA and electrophysiology: The plasmid containing mouse pannxin1 or its 

mutants in pCS2 was linearized with Not I. The CFTR cDNA was linearized with XhoI, In vitro 

transcription was performed with SP6 (Panx1) or T7 (CFTR)  polymerase, using the Message 

Machine kit (Ambion, Austin, TX).  mRNAs were quantified by absorbance (260 nm), and the 

proportion of full-length transcripts was checked by agarose gel electrophoresis. In vitro-

transcribed mRNAs (60 nl for wt and 32 nl for Panx11-89 at ~1µg/µl) were injected into Xenopus 

oocytes. Cells were kept in regular Ringer solution with the antibiotic streptomycin (10 mg/ml). 

Whole cell membrane currents of oocytes were measured using a two-electrode voltage clamp 

(Gene Clamp 500B, Axon Instruments/Molecular Devices) under constant perfusion according 

to the protocols described in the figures. Glass pipettes were pulled using a P-97 Flaming/Brown 

puller (Sutter). Two electrophysiological protocols were used: to determine membrane 

conductance, the membrane potential was held at -60 mV and small test pulses lasting 6 s to -48 

mV were applied at a rate of 0.1 Hz; alternatively, voltage ramps lasting 35 s were applied, 

typically from -100 mV to +100 mV.  

Because of the abbreviated life time of oocytes expressing the mutant Panx11-89, only a short time 

window of 4 to 8 hours after mRNA injection was available for electrical recording and 

determination of ATP release. In contrast, adequate expression of of CFTR required ~48 hours 

after injection of mRNA. For co-expression of CFTR and Panx11-89, CFTR mRNA was injected 
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first, followed by injection of Panx11-89 48 hours later. After 5-7 hours, co-expressing cells were 

subjected to voltage clamp analysis. 

 

ATP release assay: ATP flux was determined by luminometry. Oocytes, 4 hours after injection 

of Panx11-89 mRNA or two days after injection of wtPannexin1 were analyzed. Ninety microliters 

of the oocyte supernatant were added to 40 µl of luciferase-luciferin solution (Promega, 

Madison, WI) for assaying luciferase activity. Data from oocytes with visible damage were 

excluded from analysis. 

 

 

SUPPLEMENTARY MATERIALS:  

Supplementary Material contains 5 Supplementary Figures. 

Supplementary Figure 1. Photographs of Xenopus oocytes 3 days after harvesting from the 
ovaries. 
 
Supplementary Figure 2. Membrane topology of wtPanx1 and Panx11-89 channels. 
 
Supplementary Figure 3. Current traces of oocytes injected with mRNA for Panx11-89 3 to 5 
hours prior to the recording. 
 
Supplementary Figure 4. Reversibility of the effect of MTSET on membrane channels in 
oocytes expressing Panx11-89,T62C. 
 
Supplementary Figure 5. Schematic illustrating the effect of the reducing agent TCEP on the 
pore conformation of Panx11-89. 
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FIGURE LEGENDS 

Figure 1. Expression of the Panx11-89 mutant in Xenopus oocytes induces constitutive membrane 

currents. a) Control oocytes (uninjected) exhibited even pigmentation at the animal pole, no sign 

of swelling or shrinkage and no leakage of cytoplasmic content, indicating a healthy condition 

(top image). Oocytes injected with Panx11-89 mRNA 24 hours prior (bottom image) exhibited 

uneven pigmentation, dents at the cell surface and white speckles. Such cells could not be 

voltage clamped, indicating total membrane breakdown. b) Representative current traces from 

uninjected (control), wtPanx1, Panx11-89 and CFTR expressing oocytes, which were held at -60 

mV with depolarizing 12 mV pulses. c) Quantitative analysis of the membrane conductance 

induced by the voltage steps. d) Voltage ramp induced current traces in oocytes expressing wt 

Panx1 (green) or Panx11-89 (red). While the currents carried by wtPanx1 exhibited the typical 

outward rectification, the currents mediated by Panx11-89 were prominent throughout the voltage 

range from -100 to +100 mV. The inset shows the area where the currents reversed from inward 

to outward currents. The Panx11-89 mediated currents reversed at a more positive potential than 

the wtPanx1 currents. e) Quantitative analysis of the reversal potentials, which were determined 

on 7 (wtPanx1) and 9 (Panx11-89) oocytes. Current records were obtained from oocytes 3-5 hours 

after injection of Panx11-89 mRNA and 24-48 hours after injection of wtPanx1 mRNA. Data are 

presented as mean ± SEM. b) n=12 (contr.), 11 (wt P), 13 (P1-89), and 6 CFTR).  
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Figure 2. Effect of various inhibitors of Panx1 channels on the membrane currents in oocytes 

injected with mRNA for Panx11-89. a) Current traces induced by repetitive voltage steps at 0.1 Hz 

from -60 to +60 mV. 1 mM probenecid, applied for the time indicated reversibly attenuated the 

currents. b) Quantitative analysis of % inhibition of Panx11-89 -induced currents by 

carbenoxolone (CBX, 100 µM), BzATP (10 µM), probenecid (1mM) and brilliant blue for 

coloring food (BB FCF, 10 µM). Data are presented as mean ± SEM. n is indicated above the 

bars. 
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Figure 3. Effect of increased extracellular potassium ion concentration (85 mM, with K+ 

replacing Na+) on membrane currents in oocytes. a). Oocytes were voltage clamped at -60 mV 

and 12 mV depolarizing test pulses 5 seconds in duration were applied at 0.1 Hz. Traces for 

uninjected oocytes (top), oocytes expressing wtPanx1 (middle) or Panx11-89 (bottom) are shown. 

K+ was applied as indicated by the horizontal bars. b) average calculated conductances for 

uninjected (grey), wtPanx1 (green) and Panx11-89 (red) expressing oocytes are shown. Data are 

presented as mean ± SEM. n=10 (uninj.), 11 (wtPanx1) and 10 (P1-89). Only oocytes expressing 

wtPanx1 or Panx11-89 beyond the threshold of 1 µA for voltage induced currents were analyzed. 

c) Relationship between K+-induced currents and currents induced by voltage steps from -60 to 

+60 mV as a measure of expression levels. The lines are based on regression analysis with the 

formula y=a+b*x yielding slopes of 0.62±0.09 (red) and 0.07±0.01 (green) and R-squares of 0.92 

and 0.86, respectively.  
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Figure 4. Release of ATP by uninjected oocytes (grey) 

and oocytes expressing Panx11-89 (7 hours after injection 

of mRNA, red). Oocytes were incubated in Ringer 

solution (OR) or 85 mM K+ solution with and without 

CBX, as indicated. All data were normalized to the ATP 

content of the supernatant of unstimulated control 

oocytes. Data are presented as mean ± SEM. n is 

indicated above the bars. Data from 3 oocytes (2 from the 

Panx11-89 OR and 1 from the K++CBX data set) were 

excluded from analysis for visible damage to the cells. 
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Figure 5. Uptake of extracellular cAMP. a) The schematic shows the voltage clamp arrangement 

and the deduced uptake of cAMP through Panx11-89 mediated channels and subsequent activation 

of CFTR mediated chloride currents. Current traces are shown for oocytes co-expressing Panx11-

89 with CFTR (b), expressing CFTR alone (c) and expressing Panx11-89 alone (d). 1 mM cAMP 

was applied extracellularly as indicated. To test for expression of CFTR, forskolin was applied as 

indicated in (c). Panel (e) shows how inward currents (orange arrow) and membrane conductance 

(red arrow) were determined. A quantitative analysis of cAMP-induced inward membrane 

currents and calculated conductances are shown in (f). The oocytes were voltage clamped at -60 

mV and 12 mV depolarizing voltage steps were applied at a rate of 0.1 Hz. 

mRNAs for CFTR and for Panx11-89 were injected 48 hours and 5 hours prior to the records, 

respectively. Data are presented as mean ± SEM. n=5. 
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Figure 6. Effect of (2-(trimethylammonium)ethyl)MethaneThioSulfonate (MTSET) on 

membrane currents of the cysteine replacement mutant Panx11-89,T62C. a) Oocytes were held at -60 

mV and stepped to + 60 mV. 1mM MTSET was applied as indicated; this was followed by 

application of CBX to verify that the currents were mediated by Panx11-89. b) As control, MTSET 

was applied to oocytes expressing Panx11-89. c) Quantitative analysis of inhibition of membrane 

currents by MTSET in oocytes expressing Panx11-89,T62C (green) or Panx11-89 (purple). Data are 

presented as mean ± SEM. n= 6 (green), 4 (purple). 
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Figure 7. Effect of the reducing agent TCEP on Panx11-89-mediated membrane currents and ATP 

release. a) Traces of membrane currents induced by voltage steps from -60 to +60 mV in an 

oocyte expressing Panx11-89. TCEP was applied as indicated and was followed by the thiol 

reagent MTSET. b) Membrane currents recorded from 9 oocytes expressing Panx11-89 before and 

after application of TCEP black, blue and green symbols and lines. In 3 oocytes TCEP was 

followed by the thiol reagents MPB (blue) or MTSET (green). c) Spontaneous ATP release of 

oocytes expressing Panx11-89 incubated in oocyte Ringer solution (OR) or in OR supplemented 

with TCEP. Since TCEP attenuates the luciferase reaction used for ATP determination, the 

supernatant from the oocytes in OR were spiked with an equimolar amount of TCEP. Uninjected 

oocytes served as control and the mean values were subtracted from the values of the Panx11-89 

expressing oocytes. Data are presented as mean ± SEM, n=8. 
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Figure 8. Loss of activation of Panx11-89 by extracellular K+ in response to reduction by TCEP. 

a) Current traces of an oocyte expressing Panx11-89. The membrane potential was clamped at – 60 

mV and voltage steps to +60 mV were applied at a rate of 0.1 Hz. 10 mM TCEP was applied as 

indicated by the bar. At the time point indicated by the arrow, the pulse protocol was changed to 

12 mV pulses from a -60 mV holding potential to test the effect of K+ on membrane 

conductance. 85 mM K+ was applied in the presence of TCEP as indicated by the bar. Scale: 1 

µA for 120 mV pulses and 0.5 µA for 12 mV pulses. b) Quantitative analysis of the effect of 

TCEP on 120 mV voltage step induced membrane currents (left) and membrane conductance 

during the 12 mV voltage step period (right). In contrast to non-reducing conditions (compare 

Figure 3), K+ did not activate Panx11-89. The attenuation in membrane conductance during the 

application of K+, could be due to a continued reduction of Panx11-89 activity by TCEP or a 

negative effect of K+ on membrane conductance under reducing conditions. Data for 

conductance are presented as mean ± SEM, n=5. 
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SUPPLEMENTARY FIGURES 

S1. Photographs of Xenopus oocytes 3 days 

after harvesting from the ovaries. a) uninjected 

control oocytes exhibited even pigmentation at 

the animal pole and were well rounded. b) 

Oocytes injected 12 hours prior with mRNA 

encoding Panx11-89 exhibited uneven 

pigmentation, indentations of the membrane 

and signs of shrinkage. c) Oocytes co-injected 

with wtPanx1 and Panx11-89 mRNA (75 ng 

each in a volume of 60 nl) 24 hours prior were 

indistinguishable from control oocytes, except 

one cell showing an injection scar 

(arrowhead). 
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S2. Membrane topology 

of wtPanx1 and Panx11-

89 channels. (a) 

Schematic of membrane 

topology of wtPanx1 

(green) and Panx11-89 

(purple) with amino 

acids engaged in pore 

lining (including 

external constriction i.e. 

W74 and R75) and 

binding of channel 

modulators marked by 

white dots. Yellow dots 

indicate the two 

conserved cysteines in 

the extracellular loops. 

Structure of the peptide 

within the wtPanx1 

model based on the 

cryo-EM structure (pdb 

ID 7F8J) 54. For better 

visibility, one protomer 

is highlighted. The color 

scheme from (a) is used 

to identify Panx11-89 (b) 

top view and (c) side 

view of wtPanx1. (d) 

side view of the protomer and (e) side view of the amino acids within the protomer with 

important (W74, R75 and T62) residues as stick-and-ball representation. The figure was prepared  

Chimera. 55    
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S3. Current traces of oocytes injected with mRNA for Panx11-89 3 to 5 hours prior to the 

recording. a) The food dye BB FCF applied at 10 µM attenuated the currents induced by voltage 

steps from -60 to +60 mV. b) BzATP at 100 µM also partially attenuated the currents, which 

were further inhibited by 100 µM carbenoxolone (CBX). 
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S4. Reversibility of the effect of MTSET on membrane channels in oocytes expressing Panx11-

89,T62C. Since the reversal of MTSET in other ion selective channels with substituted cysteines 

typically requires reducing agents, this observation suggests that endogenous cytoplasmic 

reducing agents such as glutathione reached the 62 position in the channel induced by Panx11-

89,T62C.  
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S5. Schematic illustrating the effect of the reducing agent TCEP on the pore conformation of 

Panx11-89. All presently available Panx1 cryo-EM structures show W74 and R75 as a constriction 

of the external aspect of the channel pore thereby governing permeability of the channel. In 

Panx11-89 two of the four conserved extracellular cysteines are retained. These cysteines are likely 

to be disulfide bonded as the reducing agent TCEP significantly reduced membrane currents and 

ATP release. It appears that ATP release was more affected than membrane currents by TCEP, 

suggesting a change in permeability. This change in conformation also rendered the channel 

insensitive to extracellular K+. 
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