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Abstract

Mutations in GJB2 (Cx26) cause either deafness, or deafness associated with skin diseases. That 

different disorders can be caused by distinct mutations within the same gene suggests that unique 

channel activities are influenced by each class of mutation. We have examined the functional 

characteristics of two human mutations, Cx26-H73R and Cx26-S183F, causing palmoplantar 

keratoderma (PPK) and deafness. Both failed to form gap junction channels or hemichannels when 

expressed alone. Co-expression of the mutants with wild-type Cx43 showed a trans-dominant 

inhibition of Cx43 gap junction channels, without reductions in Cx43 protein synthesis. In 

addition, the presence of mutant Cx26 shifted Cx43 channel gating and kinetics towards a more 

Cx26-like behavior. Co-immunoprecipitation showed Cx43 being pulled down more efficiently 

with mutant Cx26, than wild-type, confirming the enhanced formation of heteromeric connexons. 

Finally, the formation of heteromeric connexons resulted in significantly increased Cx43 

hemichannel activity in the presence of Cx26 mutants. These findings suggest a common 

mechanism whereby Cx26 mutations causing PPK and deafness trans-dominantly influence 

multiple functions of wild-type Cx43. They also implicate a role for aberrant hemichannel activity 

in the pathogenesis of PPK, and further highlight an emerging role for Cx43 in genetic skin 

diseases.

Introduction

Gap junctions form intercellular channels between adjacent cells (Goodenough and Paul, 

2003). The oligomerization of six connexins results in half of a gap junction channel 

referred to as a hemichannel. Connexins allow small metabolites to flow between cells 
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(Bevans et al., 1998; Kanno and Loewenstein, 1964; Lawrence et al., 1978; Veenstra, 1996), 

and their disruption results in deleterious phenotypes in tissues like the cochlea and 

epidermis (Brissette et al., 1994; Caputo and Peluchetti, 1977; Zhao et al., 2006).

The basal layer of the epidermis contains proliferating keratinocytes, whose differentiation 

produces an outward migration of cells into the spinous and granular layers (Blanpain and 

Fuchs, 2006, 2009). Keratinocytes have many intercellular connections, including gap 

junctions (Kam et al., 1986). Connexins are expressed in the epidermis and the most 

prominent is Cx43, which is found throughout the basal, spinous and granular layers 

(Butterweck et al., 1994; Di et al., 2001; Goliger et al., 1996; Guo et al., 1992; Risek et al., 

1992; Salomon et al., 1994; Wiszniewski et al., 2000).

Mutations in GJB2, encoding Cx26, result in syndromic skin diseases including 

palmoplantar keratoderma (PPK) with deafness, Vohwinkel syndrome (VS), and keratitis 

ichthyosis deafness syndrome (KID) (Bakirtzis et al., 2003; de Zwart-Storm et al., 2011a; de 

Zwart-Storm et al., 2011b; Richard et al., 2004; van Steensel, 2004; Zelante et al., 1997). 

KID syndrome comprises vascularizing keratitis, deafness, hair follicle deficiencies, and 

erythrokeratoderma. Patients have repeated cutaneous infections that can produce lethal 

septicemia (Griffith et al., 2006; Janecke et al.; Jonard et al., 2008) and an increased risk of 

squamous cell carcinoma (Mazereeuw-Hautier et al., 2007). In contrast, the skin phenotype 

of PPK associated with deafness is largely limited to hyperkeratosis of the palms and soles 

(Richard et al., 1998; Rouan et al., 2001). VS is similar to PPK, but includes constriction 

bands on the digits (pseudoainhum) leading to auto-amputation (Maestrini et al., 1999). The 

mechanism whereby Cx26 mutations result in KID syndrome has been studied extensively 

(Lee and White, 2009); however, a conclusive determination has yet to be reached for 

mutations associated with PPK.

We examined functional attributes of two Cx26 mutations associated with PPK, Cx26-H73R 

and Cx26-S183F (de Zwart-Storm et al., 2008a; de Zwart-Storm et al., 2008b). We observed 

a lack of gap junction channel or hemichannel formation by these mutations when expressed 

alone, yet revealed an ability of these mutations to modify the functional activity of, and 

associate with Cx43. Furthermore, we observed changes in hemichannel activity and voltage 

gating due to interactions of Cx34 with mutant proteins. These observations suggest that 

some syndromic deafness mutations in Cx26 exert their pathological effects through 

dominant gains of function, and suggest that in the case of PPK, result from a unique 

association of mutant Cx26 with Cx43.

Results

PPK mutations are non-functional and inhibit wild-type connexins

Cx26-H73R and Cx26-S183F were expressed in Xenopus oocytes with other epidermal 

connexins and gap junctional conductance, Gj, was measured. Control oocytes injected with 

water showed negligible conductance (Gj = 0.12 µS), while cells with wild-type Cx26 

channels had an average Gj of 9.3 µS. Cells expressing Cx26-H73R RNA had conductance 

levels similar to water injected controls. Cx26-H73R did not display a dominant inhibitory 

effect on wild-type Cx26, as co-injected cells had a Gj of 9.9 µS (Student’s t-test p>0.05, 
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compared to Cx26 alone, Figure 1a). Thus, Cx26-H73R failed to form functional gap 

junction channels when expressed alone.

We then examined interaction with Cx30 and Cx43. Oocyte pairs expressing wild-type Cx30 

channels had high conductance (Gj = 20 µS, p<0.05). Cell pairs expressing a mixture of 

Cx26 and Cx30 also produced a mean conductance of 20 µS. Co-expression of wild-type 

Cx30 and Cx26-H73R resulted in conductance similar to the wild-type controls (Student’s t-

test, p>0.05, Figure 1b), suggesting that Cx26-H73R failed to functionally suppress Cx30 

channels. In contrast, Cx26-H73R had a strong inhibitory effect on Cx43. Oocytes 

expressing Cx43 alone had a mean conductance of 4.6 µS, and cells with both wild-type 

Cx26 and Cx43 were also well coupled (Gj = 6.8 µS). Co-expression of Cx26-H73R and 

Cx43 yielded significantly lower conductance than cell pairs expressing Cx43 alone (Gj = 

1.1 µS, p<0.05 Student’s t-test, Figure 1c), demonstrating a trans-dominant inhibition of 

Cx43 by Cx26-H73R.

Unlike Cx26-H73R, Cx26-S183F inhibited Cx26. Conductance (Gj = 0.03 µS) measured in 

oocytes injected with Cx26-S183F alone was the same as control cells, demonstrating loss 

of functionality. When Cx26-S183F and Cx26 were co-injected, a mean conductance of 3.2 

µS resulted, significantly less than Cx26 alone (8.6 µS, Student’s t-test, p<0.05, Figure 1d). 

Like Cx26-H73R, Cx26-S183F failed to inhibit Cx30 (Figure 1e). Cx26-S183F also 

displayed trans-dominant inhibition of Cx43. Cx26-S183F significantly inhibited Cx43 

when both were present in oocytes (Gj = 0.62 µS, p<0.05 Student’s t-test, Figure 1f). Cx26-

S183F displayed a potent inhibition of both wild-type Cx26 and Cx43. Finally, neither 

mutant was able to form functional heterotypic channels with either wild-type Cx26 

(Supplemental Figure S1) or Cx43 (Supplemental Figure S2). These data suggested that 

Cx26-H73R and Cx26-S183F may result in PPK through an interaction between the mutant 

and Cx43.

PPK mutants alter Cx43 voltage gating

Physical interaction between Cx43 and Cx26-H73R or Cx26-S183F could modify voltage 

gating. To examine this, gating of Cx43 channels in the presence and absence of mutant 

Cx26 was analyzed by subjecting oocyte pairs to hyperpolarizing and depolarizing 

transjunctional potentials (Vj) while recording junctional currents (Ij). Ijs of Cx26 channels 

displayed asymmetric gating at higher voltages as described previously (Barrio et al., 1991; 

Bruzzone et al., 2003) (Figure 2a), while the Ijs of Cx43 channels decreased more 

symmetrically in a voltage-dependent manner (Bukauskas et al., 2001; Valiunas et al., 2001; 

White et al., 1994) (Figure 2b). Channels in cell pairs expressing both Cx43 and Cx26-

H73R (Figure 2c) or Cx26-S183F (Figure 2d) behaved differently. Despite the inability of 

the mutants to form functional channels by themselves, or heterotypic channels with Cx43, 

they shifted the behavior of Cx43 to a more asymmetrical voltage response, reminiscent of 

Cx26.

Steady-state gating was quantified by plotting Vj against Gj and fitting a Boltzmann 

equation. Analysis of the fits of Cx26 and Cx43 showed an asymmetric and symmetric 

response, respectively (Figure 2e and 2f). Channels containing Cx43 and Cx26-H73R 

(Figure 2g) or Cx26-S183F (Figure 2h) displayed gating that resembled Cx43 alone, with 

Shuja et al. Page 3

J Invest Dermatol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



additional asymmetric decay at higher potentials. The Boltzmann parameters (Table 1) 

showed that mixed channels had adopted properties of Cx26, while retaining elements of 

Cx43 gating. Like Cx43, channels containing both Cx43 and mutant Cx26 had a change in 

minimum conductance [Gmin] values between negative and positive Vjs. The potential for 

Cx43 at which Gj was halfway to Gmin [Vo] were similar at positive and negative Vjs. In 

contrast, mixed channels had asymmetrical Vos. The gain of asymmetry suggests interaction 

between mutant and wild-type proteins.

Gating kinetics of channels containing Cx43 and mutant Cx26 were also modified. Time 

constants (τ) were determined by plotting current decay and fitting to a mono-exponential 

function. Representative current decays at +120mV showed Cx43 channels closed slower 

(Figure 3a) than channels containing both Cx43 and the mutants (Figure 3b and 3c). Mixed 

channels containing Cx43 and Cx26-H73R closed 73% faster than Cx43, with mean closure 

times of 0.24 seconds versus 0.90 seconds. Channels containing Cx43 and Cx26-S183F 

closed 53% faster, with a mean closure time of 0.42 seconds (p<0.05, one way ANOVA, 

Figure 3d). At potentials of −120 mV, mixed channels had slower channel closure times 

than wild-type Cx43 (Figure 3e). The acquisition of Cx26-like properties was seen in the 

kinetics of mixed mutant and Cx43 channels when compared to Cx43 alone. The mutants 

exhibited a lack of gap junction channel activity when expressed alone, in a homotypic or 

heterotypic configurations, however, when co-expressed with Cx43 in the same cell, were 

able to alter the current decay and shift the equilibrium properties of the channel towards a 

Cx26-like behavior.

Reduced conductance is not due to lack of mutant protein expression

Syntheses of wild-type and mutant connexins were examined by Western blotting. 

Immunoblotting for Cx26 revealed ~26kDa bands in lanes corresponding to oocytes injected 

with either Cx26 or Cx26-H73R (Figure 4a, arrowhead). A non-specific band was also 

detected in all lanes by the Cx26 antibody used (asterisk). The Cx43 antibody showed 

~43kDa bands in oocytes injected with Cx43 cRNA, whether alone or in combination with 

Cx26 or Cx26-H73R (Figure 4b). When the Cx43 blot was re-probed for β-actin, it was 

detected at similar intensity in all samples, confirming equal protein loading (Figure 4c). 

Band densitometry on replicate blots (n=4) revealed no significant differences between the 

expression of Cx26 alone, Cx26-H73R alone, and the wild-type and mutant in combination 

with wild-type Cx43 (p<0.05, Figure 4d). The plot for the normalized intensity of Cx43 

protein also failed to show significant differences between the samples (p<0.05, one way 

ANOVA, Figure 4e).

In contrast, Cx26-S183F showed reduced expression compared to Cx26 (Figure 4f). 

Immunoblotting for Cx43 revealed equivalent protein levels (Figure 4g), thereby attributing 

the loss of functional activity in the presence of Cx26-S183F to a mechanism not related to 

the translational efficiency of Cx43. The blot was re-probed for β-actin to ensure equal 

loading of samples (Figure 4h). Quantification showed that Cx26-S183F was reduced by 

~75% compared to Cx26 (p<0.05, one way ANOVA, Figure 4i). The reduction in mutant 

protein indicated either reduced translational efficiency, or protein stability. Examination of 

Cx43 band intensity showed equivalent expression in all corresponding lanes (Figure 4j). 
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Although Cx26-S183F expression was lower than Cx26 or Cx26-H73R, the potency with 

which the mutant was able to affect Cx43 remained high.

Cx26 PPK mutants associate with Cx43

PPK mutants affected the behavior of Cx43, suggesting the possible formation of 

heteromeric channels. To investigate this, co-immunoprecipitation was performed on cells 

co-expressing Cx43 and mutant Cx26. Cell lysates showed Cx26 protein present in all lanes 

containing wild-type or mutant (Figures 5a and 5e). Re-probing for Cx43 revealed similar 

expression of protein in lanes containing Cx43 alone, or co-expressed with wild-type or 

mutant Cx26 (Figures 5b and 5f). Immunoblotting the immunoprecipitate revealed Cx26 

protein in samples injected with either wild-type or mutant (Figures 5c and 5g). As 

described above, Cx26-S183F expression was lower than wild-type Cx26 or Cx26-H73R. 

Immunoprecipitates were reprobed to determine if the Cx26 mutants interacted with Cx43. 

As previously described (Gemel et al., 2004; Yum et al., 2010), Cx26 inefficiently co-

immunoprecipitated Cx43. Levels of Cx43 protein in the samples co-expressing Cx43 and 

either Cx26 mutant were much higher, suggesting the mutant proteins were able to more 

efficiently co-immunoprecipitate with Cx43 (Figures 5d and 5h). These findings show 

association of mutant Cx26 and Cx43 in heteromeric connexons, providing a potential 

mechanism whereby mutant Cx26 was able to modify Cx43 activity.

Cx26 PPK mutants do not form functional hemichannels

KID syndrome mutations routinely form active hemichannels (Gerido et al., 2007; Mhaske 

et al., 2013; Sanchez et al., 2010; Stong et al., 2006), however, it is not known if PPK 

mutations behave similarly. Thus, hemichannel activity was analyzed by expression of 

Cx26, Cx26-H73R and Cx26-S183F in single oocytes. Water injected control oocytes 

showed limited current flow at all voltage steps (Figure 6a). As previously characterized 

(Gerido et al., 2007; Gonzalez et al., 2006; Lee et al., 2009; Mhaske et al., 2013; Ripps et 

al., 2004; Sanchez et al., 2010; Sanchez et al., 2013), Cx26 hemichannel activity resulted in 

outward currents upon depolarization (Figure 6b). Cx26-H73R and Cx26-S183F showed 

greatly reduced membrane current compared to Cx26 injected cells (Figures 6c and 6d). 

Mean membrane currents were plotted against membrane voltage to quantify differences in 

activity. Cx26 expressing cells showed large outward currents that increased with greater 

depolarization (Figure 6e). At +60mV, Cx26 produced currents that were an order of 

magnitude larger than controls, as well as both Cx26-H73R and Cx26-S183F mutants 

(p<0.05). The mutant injected cells were indistinguishable from water injected negative 

control cells, suggesting loss of native hemichannel activity. Co-expression of Cx26-H73R 

and Cx26-S183F with wild-type Cx26 produced a reduction in hemichannel activity 

(Supplemental Figure S3).

Cx26 PPK mutants enhance Cx43 hemichannels

Cx26 PPK mutants altered the activity of Cx43 gap junctions through an association of 

Cx43 with mutant Cx26 in heteromeric hemichannels. Thus, we examined if Cx26 mutants 

associated with PPK could also alter Cx43 hemichannel activity. Oocytes expressing Cx43 

exhibited no hemichannel activity (Figure 6f), as previously reported (White et al., 1999). 
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Although Cx43, Cx26-H73R and Cx26-S183F were all unable to form hemichannels alone, 

heteromeric hemichannels composed of Cx43 with either Cx26-H73R, or Cx26-S183F, 

showed significantly higher current flow (Figures 6g and 6h). Quantification of the data 

indicated a marked increase in hemichannel activity in cells co-expressing Cx26-H73R and 

Cx43 at increasing voltages, demonstrating acquired hemichannel function (Figure 6i). We 

observed a similar, albeit less consistent, trend in cells co-expressing Cx26-S183F and 

Cx43. Of 55 oocytes recorded, 33% (n=18) showed a clear difference in hemichannel 

activity from Cx43 expressing cells, whereas, the remaining cells failed to produce 

membrane currents greater than controls. Differences between hemichannel currrents 

produced by Cx43 alone and Cx43 co-expressed with Cx26-H73R, or Cx26-S183F were 

statistically significant (p<0.05, one way ANOVA). Thus, Cx43 and the mutants Cx26-

H73R and Cx26-S183F were able to form functional hemichannels when co-expressed as 

heteromeric connexons.

Discussion

We studied two Cx26 mutations associated with PPK and deafness. Cx26-H73R and Cx26-

S183F were unable to form functional homomeric hemichannels or gap junctions when 

expressed alone. However, upon introduction to cells expressing Cx43, they reduced Cx43 

gap junctional activity, altered channel gating and increased hemichannel activity. Co-

immunoprecipitation of Cx43 and mutant Cx26 showed the formation of heteromeric 

connexons. This acquired gain of function distinguishes Cx26 mutations associated with 

PPK from other Cx26 syndromic disorders such as KID syndrome. The ability of both 

mutants to modify Cx43 hemichannels and gap junctions brings into focus an emerging role 

of Cx43 in the causation of epidermal disorders, and highlights common attributes of Cx26 

mutations linked to PPK.

We previously analyzed the functional properties to three Cx26 mutants causing PPK and 

deafness, Cx26-R75W, Cx26-8E42 and Cx26-D66H. All of the mutants lacked intrinsic gap 

junction channel activity, and inhibited co-expressed wild-type Cx26 (Richard et al., 1998; 

Rouan et al., 2001). When co-expressed with Cx43, the mutants all produced a strong 

inhibition of Cx43 coupling (Rouan et al., 2001). This model of trans-dominant inhibition of 

Cx43 was supported by study of the Cx26-G59A mutation associated with PPK and 

deafness showing that Cx26-G59A failed to form channels by itself, and also inhibited 

intercellular dye transfer when co-expressed with Cx43 (Thomas et al., 2004). Thus, trans-

dominant interactions between Cx26 mutations and Cx43 could reduce overall coupling 

between epidermal keratinocytes, contributing to skin diseases like PPK.

Accumulating data suggests that syndromic Cx26 mutations causing skin disease acquire 

new functional activities. To date, all tested PPK mutations were devoid of any intrinsic 

homomeric channel activity. In contrast, KID mutations form constitutively active 

homomeric hemichannels, and many can form functional homomeric gap junction channels 

(Gerido et al., 2007; Lee et al., 2009; Sanchez et al., 2010). Thus, two mechanisms have 

emerged for skin disease linked Cx26 mutations: i) inhibition of other keratinocyte 

connexins and ii) formation of aberrant hemichannels. Trans-dominant inhibition would 

decrease the number of connexin types contributing to intercellular communication in the 
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epidermis. Active hemichannels would produce extracellular release of metabolites, 

potentially adversely influencing neighboring cells, or initiating apoptosis. Additional 

characterization of disease causing mutations will further our understanding of the 

pathophysiology of skin diseases where connexin activity has been compromised.

Cx43 is expressed across the epidermis (Butterweck et al., 1994; Kamibayashi et al., 1993), 

and mutant Cx26 expression is upregulated in patients with PPK and co-localizes with Cx43 

(Rouan et al., 2001). Mutations in GJA1, encoding Cx43, result in oculodentodigital 

dysplasia (ODDD) (Paznekas et al., 2003), erythrokeratodermia variabilis et progressiva 

(EKVP) (Boyden et al., 2015), and keratoderma-hypotrichosis-leukonychia totalis syndrome 

(KHLS) (Wang et al., 2015). These disorders share some clinical features with syndromic 

Cx26 diseases. ODDD manifests with neuropathies, facial and digit abnormalities and 

occasionally skin disease (Kogame et al., 2014). EKVP results in hyperkeratosis and 

transient figurate patches of erythema. KHLS encompasses severe hyperkeratosis, 

congenital alopecia and leukonychia.

There are similarities between clinical features observed in patients with Cx26 and Cx43 

mutations. The presence of hyperkeratotic lesions on frictional surfaces (palms and soles) 

points to possible mechanistic similarities through which PPK arises. Additionally, KHLS 

shares clinical correlations Bart-Pumphrey syndrome, caused by Cx26 mutations, including 

hyperkeratosis and leukonychia (Bart and Pumphrey, 1967). Despite phenotypic similarities, 

functional studies of Cx43 mutations need to be completed to establish definitive 

mechanistic correlations. Expression of the Cx43-G8V mutation resulting in KHLS resulted 

in the formation of hemichannels, allowing an influx of Ca2+ into cells (Wang et al., 2015). 

Aberrant hemichannel formation was frequently observed in KID syndrome, and in 

heteromeric connexons containing Cx43 and Cx26 PPK mutants (Figure 6). Another recent 

study demonstrated increased Cx43 hemichannel activity in the presence of the only non-

hemichannel forming KID mutation, Cx26-S17F (Garcia et al., 2015). Consistent with our 

data, Cx26-S17F, was unable to form hemichannels or gap junctions alone, but increased 

Cx43 hemichannel activity when co-expressed. These findings highlight a growing 

importance of Cx43 in epidermal disorders, resulting not only from mutations in GJA1, but 

also from the GJB2 gene.

Materials and Methods

In vitro transcription, oocyte microinjection, and pairing

Cx26, Cx30 and Cx43 were cloned into pCS2+ expression vector for functional studies in 

Xenopus oocytes (DeRosa et al., 2009; Turner and Weintraub, 1994). Cx26-H73R and 

Cx26-S183F constructs were prepared by site directed mutagenesis (Horton et al., 1990). 

DNA constructs were cloned into pBlueScript II (Agilent Technologies, Santa Clara, CA) 

and sequenced prior to subcloning into pCS2+. Constructs were linearized and transcribed 

using SP6 mMessage mMachine (Ambion, Austin, TX). Oocytes were collected from 

Xenopus laevis females and cultured in in modified Barth’s (MB) medium (Mhaske et al., 

2013). Oocytes were injected with 10ng of antisense Xenopus Cx38 oligonucleotide (Barrio 

et al., 1991; Bruzzone et al., 1993), followed by connexin transcripts (5ng/cell) alone or in 

combination. Water injected oocytes served as a negative control. Cx43 RNA was injected 
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at a concentration that would yield average electrical conductance of ~5–10 µS. Other cRNA 

was injected at comparable levels.

Recording of hemichannel currents

Hemichannel currents were recorded 24 hours after cRNA injection using a GeneClamp 500 

amplifier controlled by a PC-compatible computer through a Digidata 1440A interface using 

pClamp 8.0 software (Axon Instruments, Foster City, CA). Electrodes (1.5mm diameter 

glass, World Precision Instruments, Sarasota, FL) were pulled to a resistance of 1–2 MΩ 

(Narishige, Tokyo, Japan) and filled with 3M KCl, 10mM EGTA, and 10mM HEPES, pH 

7.4. Oocytes were recorded in MB medium without added calcium (Gerido et al., 2007). 

Hemichannel current-voltage (I–V) curves were obtained by clamping cells at −40 mV and 

subjecting them to 5 second depolarizing voltage steps ranging from −30 to +60 mV in 10 

mV increments.

Recording of junctional conductance

Junctional conductance (Gj) was measured by initially clamping both cells in a pair at −40 

mV (a transjunctional potential (Vj) of zero). One cell was subjected to alternating pulses of 

±20 mV and the current produced by the change in voltage was recorded in the second cell, 

which was equal in magnitude to the junctional current (Ij). Conductance was calculated by 

dividing Ij by the voltage difference, Gj = Ij/(V1-V2) (Spray et al., 1981). Gating properties 

were determined by recording the junctional current in response to hyperpolarizing or 

depolarizing Vjs in 20-mV steps. Steady-state currents (Ijss) were measured at the end of the 

voltage pulse. Steady-state conductance (Gjss) was calculated by dividing Ijss by Vj, 

normalized to ±20 mV, and plotted against Vj. Data were fit to a Boltzmann relation: Gjss= 

(Gjmax–Gjmin)/(1+ exp [A (Vj–V0)]) + Gjmin, where Gjmax is the maximum conductance, 

Gjmin is the residual conductance, and V0 is the transjunctional voltage at which Gjss= 

(Gjmax–Gjmin)/2. A (=nq/kT) represents the number (n) of electron charges (q) moving 

through the membrane where k is the Boltzmann constant, and T is the absolute temperature.

Western blotting

Oocytes extracts were prepared as previously described (White et al., 1992), separated on 

12% SDS gels and transferred to nitrocellulose membranes. Blots were blocked with 5% 

milk 0.1% Tween20 in TBS, probed with polyclonal antibodies against Cx26 or Cx43 (Life 

Technologies, Carlsbad CA), followed by horseradish peroxidase conjugated secondary 

antibodies (Jackson Laboratories and GE Healthcare). A monoclonal β-actin antibody 

(Abcam, Cambridge, MA) was used as a loading control. Band intensities were quantified 

using ImageJ software. The phosphorylated and non-phosphorylated forms of Cx43 (two 

bands) were quantified and expressed as a single value.

Co-immunoprecipitation

For cell lysate analysis, the membrane fraction was resuspended in SDS sample buffer. For 

co-immunoprecipitation, the membrane fraction was resuspended in RIPA buffer (Yum et 

al., 2007). Samples were pre-cleared with protein G agarose beads (Roche, Mannheim, 

Germany) that had been blocked overnight in 5% BSA-PBS and incubated with a 
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monoclonal Cx26 antibody (Life Technologies). Protein G agarose beads were added to the 

samples and incubated. Beads were then washed, boiled in SDS sample buffer and eluted 

proteins were run on gels. Proteins were detected using polyclonal antibodies against Cx26 

or Cx43.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PPK mutations inhibit wild-type Cx43
(a) Water injected cells displayed negligible conductance. Cells expressing Cx26 formed 

functional channels. Oocytes expressing Cx26-H73R had negligible conductance. Co-

expression of Cx26-H73R with Cx26 did not reduce conductance from Cx26 alone. (b) 

Cx30 formed channels when expressed alone, or in combination with Cx26-H73R. (c) Cx43 

formed functional gap junctional channels expressed alone, or with Cx26. The combination 

of Cx43 and Cx26-H73R produced trans-dominant inhibition of Cx43. (d) Oocytes 

expressing Cx26-S183F had negligible conductance. Co-expression of Cx26-S183F and 

Cx26 resulted in a significant decrease in conductance (p<0.05) from Cx26 alone. (e) Cx30 

formed functional channels when expressed alone or in combination with Cx26-S183F. (f) 

Co-expression of Cx43 and Cx26-S183F cRNA resulted in a trans-dominant inhibition. Data 

are the mean ± SE.
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Figure 2. PPK mutants alter voltage gating of Cx43
Recordings of junctional currents in response to transjunctional potentials of opposite 

polarity revealed that Cx26 (a) showed an asymmetry in current decay at higher voltages, 

while Cx43 (b) showed a more symmetrical decrease in currents in a voltage-dependent 

manner. In the presence of Cx26-H73R (c), or Cx26-S183F (d), gating of Cx43 was 

modified towards a more asymmetrical response to voltage. Quantification of gating by 

fitting steady state conductance to a Boltzmann equation revealed pronounced asymmetry 

for Cx26 (e) at negative and positive potentials (n=7). Cx43 (f) showed a more symmetrical 
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decay (n=6). Mixed channels containing Cx26-H73R (g, n=4) or Cx26-S183F (h, n=7) 

shifted Cx43 gating properties towards an asymmetrical behavior, reminiscent of Cx26.
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Figure 3. PPK mutants modify Cx43 channel closure kinetics
Junctional currents were fit to a single exponential decay to determine tau (τ). 

Representative decays at Vj=+120mV showed slower closure kinetics in Cx43 channels (a), 

while the presence of mutant Cx26-H73R (b), or Cx26-S183F (c), resulted in decreased τ 

values. (d) At +120mV, mean τ values were 0.90 ± 0.26 for Cx43 alone (n=4), 0.24 ± 0.05 

for Cx43+Cx26-H73R (n=4) and 0.42 ± 0.31 (n=5) for Cx43+Cx26-S183F. (e) At −120mV, 

where Cx43 alone closed faster than it did in the presence of mutant Cx26. Mean τ values 

were 0.33 ± 0.07 for Cx43 alone (n=4), 0.86 ± 0.36 for Cx43+Cx26-H73R (n=4) and 0.64 ± 

0.34 (n=5) for Cx43+Cx26-S183F. Data are the mean ± SE.
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Figure 4. Expression of connexin proteins in Xenopus oocytes
(a) Immunoblot analysis of oocytes expressing Cx26 and Cx26-H73R showed equal 

expression of protein in all lanes. (b, g) Cx43 levels were the same in each condition. (c, h) 

Re-probing the Cx43 blots for β-actin confirmed equal loading. (f) Analysis of oocytes 

expressing Cx26 and Cx26-S183F revealed qualitatively lower expression of the mutant 

protein as compared to wild-type. (d) Band densitometry (n=4) quantitatively confirmed that 

mean Cx26 and Cx26-H73R protein expression was equivalent in all conditions tested. (e, j) 

Cx43 levels (n=4) were also equal across experiments. (i) Cx26-S183F protein expression 

showed a ~75% reduction compared to Cx26 (n=4). Data are the mean ± SE.
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Figure 5. PPK mutants biochemically interact with Cx43
(a, e) Western blot (WB) analysis of cell lysates showed qualitatively similar expression of 

Cx26 and Cx26-H73R, and reduced protein expression of Cx26-S183F. (b, f) Detection of 

Cx43 in the cell lysates revealed equal protein expression in corresponding lanes. (c, g) 

Immunoprecipitation (IP) of Cx26 and subsequent detection of Cx26 protein showed the 

presence of the protein in all samples containing either wild-type or mutant. (d, h) Co-

immunoprecipitation and Western blot analysis of Cx43 revealed enhanced formation of 

heteromeric channels containing Cx43 and mutant Cx26.

Shuja et al. Page 18

J Invest Dermatol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. PPK mutants lack hemichannel activity, but stimulate Cx43 hemichannels when co-
expressed
(a) Oocytes injected with water exhibited minimal currents. (b) Cx26 cells displayed current 

that increased at each voltage step. Cx26-H73R (c) and Cx26-S183F (d) lacked hemichannel 

currents. (e) Steady-state currents for water injected cells were negligible at all voltages 

(n=12). Cx26 currents increased with depolarization (n=8). Cx26-H73R (n=9) and Cx26-

S183F (n=9) currents were negligible. (f) Cx43 cells lacked hemichannel activity. When co-

expressed with Cx26-H73R (g), or Cx26-S183F (h), Cx43 showed increased hemichannel 

activity. (i) Steady-state currents for H2O (n=21) or Cx43 (n=21) cells were negligible. Co-
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expressing Cx43 and Cx26-H73R (n=10) or Cx26-S183F (n=18/55) enhanced Cx43 

hemichannel activity. Data are the mean ± SE.
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Table 1

Boltzmann parameters of gap junction channels

Oocyte injection Vj Gmin V0 [mV] A

Cx26 + 0.35 ± 0.01 98 ± 0.4 0.13

Cx26 − 0.31 ± 0.14 −118 ± 7.2 0.05

Cx43 + 0.24 ± 0.05 85 ± 2.7 0.05

Cx43 − 0.33 ± 0.03 −87 ± 1.8 0.05

Cx26-
H73R+Cx43

+ 0.21 ± 0.04 63 ± 3.1 0.08

Cx26-
H73R+Cx43

− 0.36 ± 0.09 −90 ± 7.4 0.04

Cx26-
S183F+Cx43

+ 0.25 ± 0.03 59 ± 2.3 0.07

Cx26-
S183F+Cx43

− 0.36 ± 0.04 −82 ± 2.8 0.05

Gmin represents the minimum conductance value, V0 indicates the voltage measured midway through the Gj decline, and A denotes the 

cooperativity constant, reflecting the number of charges moving through the transjunctional field. Signs + and − for Vj indicate transjunctional 

membrane potential polarity.
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