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Abstract

Oligodendrocytes express two gap junction forming connexins, connexin 32 (Cx32)

and Cx47; therefore, formation of heteromeric channels containing both Cx47 and

Cx32 monomers might occur. Mutations in Cx47 cause both Pelizaeus–Merzbacher-

like disease Type 1 (PMLD1) and hereditary spastic paraparesis Type 44 (SPG44) and

heteromer formation between these mutants and Cx32 may contribute to the patho-

genesis of these disorders. Here, we utilized electrophysiological and antibody-based

techniques to examine this possibility. When cells expressing both Cx32 and Cx47

were paired with cells expressing either Cx32 or Cx47, properties were indistinguish-

able from those produced by cells expressing homotypic Cx32 or Cx47 channels.

Similarly, pairing cells expressing both Cx32 and Cx47 with cells expressing Cx30 or

Cx43 produced channels indistinguishable from heterotypic Cx32/Cx30 or Cx47/

Cx43 channels, respectively. The same assessments were performed on cells

expressing Cx32 and four mutant forms of Cx47 (p.I33M associated with SPG44 or

p.P87S, p.Y269D or p.M283T associated with PMLD1). None of these mutants

showed a functional effect on Cx32. Immunostained cells co-expressing Cx32WT

(wild type) and Cx47WT showed a Pearson correlation coefficient close to zero,

suggesting that any overlap was due to chance. p.Y269D showed a statistically signif-

icant negative correlation with Cx32, suggesting that Cx32 and this mutant overlap

less than expected by chance. Co-immunoprecipitation of Cx32 with Cx47WT and

mutants show only very low levels of co-immunoprecipitated protein. Overall, our

data suggest that interactions between PMLD1 or SPG44 mutants and Cx32 gap

junctions do not contribute to the pathogenesis of these disorders.
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1 | INTRODUCTION

The connexins are a family of homologous integral membrane pro-

teins, almost all of which form gap junctions. Connexin hemichannels

(sometimes referred to as connexons), are hexameric structures with

six connexin subunits oriented in a radially symmetric configuration

around a central aqueous pore (Harris, 2001). Hemichannels are ter-

med homomeric if all six connexin subunits are identical and
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heteromeric if at least one connexin differs from the others. Two

apposed hemichannels form a gap junction channel. Homotypic cell–

cell channels are composed of two identical hemichannels, while in

heterotypic channels the two hemichannels differ.

Oligodendrocytes (Os), the myelinating glia of the central nervous

system, express Connexin 29 (Cx29), Cx32, and Cx47 (Altevogt &

Paul, 2004; Kamasawa et al., 2005; Kleopa, Orthmann, Enriquez,

Paul, & Scherer, 2004; Menichella, Goodenough, Sirkowski, Scherer, &

Paul, 2003; Odermatt et al., 2003). Cx29 is localized to the adaxonal

membrane (opposing the axonal membrane) of CNS myelin sheaths

and does not form GJs (Altevogt, Kleopa, Postma, Scherer, &

Paul, 2002; Kleopa et al., 2004; Li et al., 2004; Nagy, Ionescu, Lynn, &

Rash, 2003a). Both Cx32 and Cx47 do form functional gap junctions

(Barrio et al., 1991; Magnotti, Goodenough, & Paul, 2011; Orthmann-

Murphy, Freidin, Fischer, Scherer, & Abrams, 2007; Teubner

et al., 2001). Although anatomic studies suggested that oligodendro-

cytes were not coupled to each other (Rash, 2010; Rash, Yasumura,

Dudek, & Nagy, 2001), recent functional studies in brain slice have

shown O/O coupling (Maglione et al., 2010; Wasseff & Scherer, 2011)

via either Cx32/Cx32 or Cx47/Cx47 homotypic channels. Wasseff

and Scherer (2011) also showed evidence of morphologic gap junc-

tions between oligodendrocytes by transmission EM. Although het-

erotypic O/O coupling between Cx32 and Cx47 homomeric

hemichannels is unlikely given the lack of coupling between trans-

fected cells where one is expressing Cx32 and the other Cx47

(Magnotti et al., 2011; Orthmann-Murphy, Freidin, et al., 2007), sub-

stantial overlap between the oligodendroglial expression patterns of

these two connexins (Altevogt & Paul, 2004; Kleopa et al., 2004;

Menichella et al., 2003), suggests that functional interactions between

these two connexins might occur.

Astrocytes (As) express both Cx30 and Cx43 (Kamasawa

et al., 2005; Li et al., 2004; Nagy et al., 2003a; Nagy, Ionescu, Lynn, &

Rash, 2003b; Nagy, Patel, Ochalski, & Stelmack, 1999; Rash

et al., 2001) and data support Cx26 expression in at least some astro-

cytes (Altevogt & Paul, 2004; Ernst et al., 2011; Nagy et al., 2001;

Nagy et al., 2003a, 2003b). Work from our laboratory using trans-

fected cells suggests that electrical coupling between astrocyte and

oligodendrocyte (A/O coupling) is likely composed of Cx30/Cx32 and

Cx43/Cx47 heterotypic channels (Orthmann-Murphy, Freidin,

et al., 2007). Using different techniques, Magnotti et al. (2011) dem-

onstrated dye coupling between cells exogenously expressing Cx30

and those expressing Cx47. However, data suggest that Cx47 and

Cx30 do not interact in vivo since loss of Cx30 had no effect on locali-

zation of Cx47 in mouse brain (Lynn, Tress, May, Willecke, &

Nagy, 2011).

Mutations in the genes coding for human Cx47 (GJC2) and Cx32

(GJB1) lead to neurologic diseases (Abrams, 2019). Mutations in

GJC2 lead to a number of different phenotypes including a severe

early onset central nervous system dysmyelinating disorder,

Pelizaeus–Merzbacher-like disease type 1 (PMLD1 or HLD2)

(Uhlenberg et al., 2004), a milder, later onset disorder, hereditary

spastic paraplegia (SPG44) (Orthmann-Murphy et al., 2009), and a

recently described subclinical leukodystrophy (Abrams et al., 2014).

In these disorders, interactions between mutant forms of Cx47 and

wild-type Cx32 may contribute to the disease phenotypes. For

example, the greater severity of mutations causing the more severe

PMLD phenotype might be due to abnormal interactions with Cx32,

not seen with Cx47WT (wild type) or mutations causing the milder

HSP phenotype. This hypothesis is supported by the observation

that mice lacking either Cx32 (Scherer et al., 1999; Sutor, Schmolke,

Teubner, Schirmer, & Willecke, 2000) or Cx47 (Menichella

et al., 2003) show minimal CNS abnormalities while mice lacking

both connexins show a florid and severe CNS phenotype

(Menichella et al., 2003; Odermatt et al., 2003). These data suggest

that simple loss of function in patients with mutations in Cx47 may

be insufficient to explain severe CNS phenotypes; however, loss of

both Cx47 function due to the direct effects of mutation on the

Cx47-mediated cell–cell channel (Orthmann-Murphy, Enriquez,

Abrams, & Scherer, 2007) and loss of function of Cx32 due to trans-

dominant interactions with Cx47 mutants is a possible mechanism

for the pathogenesis of PMLD1. The work described here utilizes

dual whole cell recordings, immunofluorescence colocalization and

co-immunoprecipitation to test for evidence for heteromeric interac-

tions between Cx32WT and Cx47WT. The same techniques were

also used to evaluate whether mutant forms of Cx47 associated with

PMLD1 and SPG44 show interactions with Cx32 which differ from

those between Cx47WT and Cx32WT.

2 | METHODS

2.1 | Analysis of transfected cells-dual whole cell
recordings

Cx47WT, Cx32WT, Cx30WT, Cx43WT (henceforth often referred to

as Cx47, Cx32, Cx30, and Cx43), and Cx47 mutants were cloned

into pIRES2-EGFP (Takara Bio USA, Mountain View, CA) or

pIRES2-dsRedmonomer (Orthmann-Murphy et al., 2009; Orthmann-

Murphy, Freidin, et al., 2007) as described. The coding sequences of

the Cx32IRES2-EGFP and Cx47 genes were then subcloned into the

pBudCE4.1 vector (ThermoFisher, Waltham, MA) which allows for

the dual expression of two genes from a single construct, one under

the CMV promotor and the other under the EF1α promotor. We have

noted (data not shown) that for pBud constructs in Neuro2a cells, the

level of expression of a given connexin is higher when placed under

the EF1a promotor than when placed under the CMV promotor. Thus,

since we are testing the effect of a wild-type or mutant form of Cx47

on coupling induced by expression of Cx32, Cx47 was always

expressed under the higher expressing EF1α promotor, while Cx32

was under the CMV promotor.

For recording, constructs were transiently transfected into con-

fluent Neuro2a cells as described (Abrams et al., 2013). Neuro 2a cells

were obtained directly from ATCC (Manassas, VA, CLS Cat# 400394/

p451_Neuro-2A, RRID:CVCL_0470). To produce heterotypic cell pairs

we used the method in Orthmann-Murphy, Freidin, et al. (2007).

Transfected cells were washed and cells expressing an IRES2-EGFP
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construct were mixed with cells expressing a pIRES2-DsRed construct

in a 1:1 ratio. Coupling was assessed by dual whole-cell patch

clamping of cell pairs 24–48 hr after replating as previously described

(Abrams et al., 2014). The following recording solutions were used

(in mM): pipette solution, 145 CsCl, 5 EGTA, 1.4 CaCl2, and 5.0

HEPES, pH 7.2; bath solution, 150 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2,

5 dextrose, 2 pyruvate, and 10 HEPES, pH 7.4. Heterotypic pairings

between cells are shown as “connexin expressed in Cell 2/connexin

expressed in Cell 1”; a plus sign between two connexins indicates that

they are being expressed in the same cell where the gene for first

listed connexin is expressed under the CMV promotor and the second

is under the EF1α promotor. Junctional conductances were deter-

mined by measuring instantaneous Ij responses to ±40 mV Vj pulses.

Normalized junctional conductance (Gj)–junctional voltage (Vj) rela-

tions were determined from isolated pairs by measuring junctional

current (Ij) responses in Cell 2 during 12.5 s junctional voltage pulses

applied to Cell 1 (from −100 to 100 mV in 20 mV increments) as

described (Abrams et al., 2014). Cytoplasmic bridges were excluded

by demonstrating sensitivity of junctional conductance to application

of octanol containing bath solution. For Gj–Vj plots, data were impo-

rted into Origin (Originlab, Northampton, CA, RRID:SCR_002815),

and fit to a “double Boltzmann” equation of the form:

Gss Vð Þ= Gmin1 + Gmax1−Gmin1ð Þ= 1+e K1 V−Vo1ð Þ½ �
� �h i

� Gmin2 + Gmax2−Gmin2ð Þ= 1+e K2 V−Vo2ð Þ½ �
� �h i

where Gss is the steady-state junctional conductance normalized to

Vj = 0, Gmax1 and Gmax2 are the maximal and Gmin1 and Gmin2 the mini-

mal normalized conductances for the negative or positive limbs, and

V01 and V02 are the voltages at which the conductance for the nega-

tive or positive limb is 1/2 of the difference between Gmin and Gmax

for that limb. A1 and A2 are parameters that reflect the slope of the

negative or positive limb of the Gj–Vj plot and are a measure of volt-

age sensitivity.

2.2 | Immunofluorescent staining of transfected
cells

For the combined Cx47 and Cx32 expression studies, Neuro2a (N2a)

cells were transiently transfected with 500 ng of pBud constructs as

described above, using LTX and Plus Reagent (Life Technologies,

Grand Island, NY), as per manufacturer's instructions. For the Cx32

and Cx30 studies (positive control), a mixture of 250 μg Cx32WT and

250 μg Cx30WT in the pIRES2-EGFP vector was used. The cultures

were incubated for 24 hr before being processed for immunofluores-

cence staining, and sequentially immunostained for Cx32 using mouse

anti Cx32 (gift of E. Hertzberg, Albert Einstein College of Medicine

Cat# 7C6.7C, RRID:AB_2818937, 1:1,500) in conjunction with Alexa

488 goat anti-mouse secondary antibodies, followed by either a rabbit

anti-Cx47 antibody (gift of Steven Scherer, University of Pennsylva-

nia, Cat# Rb/Cx47 935, RRID:AB_2819034, 1:1,500) in conjunction

with Alexa 594 (1:400) chicken anti-rabbit secondary or a rabbit anti-

Cx30 antibody (1:750) (Santa Cruz Biotechnology, Dallas, TX, Cat# sc-

84,801, RRID:AB_2247645) in conjunction with Alexa 594 anti-rabbit,

and counterstained with DAPI as previously described (Orthmann-

Murphy, Freidin, et al., 2007). Controls included: (a) empty vector

transfected N2a cells stained with both primary and secondary anti-

bodies; (b) control cells expressing only Cx47WT or Cx32WT and sta-

ined with anti-Cx47 and anti-Cx32 primary and relevant secondary

antibodies; and (c) cells expressing Cx32WT and Cx30WT stained

with both anti Cx30 and anti Cx32 primary and relevant secondary

antibodies. Under the conditions used for imaging, no notable non-

specific labeling of N2a cells was seen and no overlap was noted

between the channels imaging the 488 and 594 fluorophores.

2.3 | Image analysis of colocalization

Z stacks were acquired using an Olympus FV1000 confocal micro-

scope with ×60 oil immersion lens (PlanApo, NA 1.4) with a zoom of

×2.2 and a z step of 0.4 μm with identical laser power and pinhole set-

tings. Image stacks for each experiment were imported into

MetaMorph 7.8.11.0 (Molecular Devices, LLC, San Jose, CA, RRID:

SCR_002368) and processed for background subtraction. A cell-free

region was drawn for each color-separated image stack, representing

Cx32 (green channel) and Cx47 or Cx30 (red channel) and background

corrected using the statistical correction tool in the Background &

Shading Correction app in MetaMorph. Mean thresholds for each

color-separated stack were then determined using the Otsu

thresholding algorithm in ImageJ (Fiji, RRID:SCR_002285) using the

Image J Image threshold tool (Huang & Wang, 2009; Otsu, 1979). We

performed plane-by-plane colocalization using the Correlation Plot

App in MetaMorph, evaluating all pixels where at least one channel

was above the calculated threshold. The resulting Pearson correlation

coefficients for each plane were averaged for a mean colocalization

score for each image stack, discarding the top and bottom two planes.

Values for each stack were then averaged to obtain a correlation coef-

ficient for each pair of connexins studied.

2.4 | Co-immunoprecipitation of transfected cells

Neuro2a cells were transiently transfected with 1.5 μg of the same

pBud constructs as previously described with the addition of an eight

amino acid FLAG sequence (Cx47-FLAG) directly at the C terminal

end of each Cx47WT and Cx47 mutant coding regions. This FLAG tag

addition was necessary to circumvent the lack of useful Cx47 anti-

bodies for Western Blot analysis. Transfected cells were incubated for

24 hr, lysed and isolated using 2% n-dodecyl β-D-maltoside lysis buffer

(DDM/LB) and quantified. Totally, 250 μg of total protein was taken

from each sample and brought up to a total volume of 500 μl with

DDM/LB, incubated overnight with 1 μl/375 μg protein of anti-Cx47-

935 capture antibody (gift of Steven Scherer, University of Pennsylva-

nia, Cat# Rb/Cx47 935, RRID:AB_2819034) while rotating at 4�C. As
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a control for the specificity of the FLAG and anti-Cx47 antibodies,

cells transfected with each Cx47-FLAG construct were double labeled

for both Cx47 and FLAG; our results showed virtual 100% overlap of

the staining using the two antibodies (not shown).

PureProteome Protein A/G Beads (Millipore, Temecula, CA) were

washed twice with 750 μl TBS, incubated with preclearing buffer

(100 μl of 1.5 mg/ml Neuro2a total protein lysate and 400 μl of

DDM/LB) for 30 min rotating at room temperature (RT), washed once

with 750 μl TBS and resuspended in their original volume with

DDM/LB. Co-IP samples were mixed with 30 μl of precleared bead

slurry, rotated for 90 min at RT, and washed four times for 5 min each

in TBS 0.1% Tween 20 followed by one final wash with 300 mM NaCl

TBS 0.1% Tween 20. Beads were eluted with 0.1 M glycine for

10 min at RT and consecutively neutralized with 1/20 volume of 1 M

Tris (pH 7.5), split in half and stored at −20�C.

2.5 | Western blot analysis

Half of each Co-IP eluate was denatured using LDS sample buffer

(Expedeon, San Diego, CA) and Bond-Breaker TCEP solution

(Thermo Scientific, Waltham, MA) for 30 min at RT before being

loaded onto 4–20% ExpressPlus PAGE Gels (GenScript, Piscataway,

NJ) with MOPS buffer. Proteins were transferred for 90 min at

336 mA, 11 V onto a PVDF membrane (Millipore) which was pres-

oaked in transfer buffer (GenScript). Blots were blocked in

AdvanBlock – Chemi (Advansta, San Jose, CA) for 30 min and incu-

bated overnight in mouse anti-FLAG 1:1,500 (Sigma, St Louis, MO,

Cat# F1804, RRID:AB_262044), shaking at �150 rpm at 4�C,

washed three times with TBS 0.05% Tween20 for 5 min each, incu-

bated in AdvanBlock with goat anti-mouse IgG HRP 15 ng/ml

(Thermo Scientific) for 30 min at RT, washed four additional times

with TBS 0.05% Tween20 for 5 min each and HRP developed with

Western Bright Quantum (Advansta) solution for 2 min. Blots were

visualized under chemiluminescent conditions using an Alpha

Innotech imager. Band intensity was quantified using GelQuant.NET

software (biochemlabsolutions.com, San Francisco, CA). Blots were

stripped and reprobed with rabbit anti-connexin 32 1:5,000 (EL1,

gift of Dr. E. Hertzberg, Albert Einstein College of Medicine Cat#

EH_Cx32, RRID:AB_2818936) and goat anti-rabbit IgG HRP 15 ng/

ml (Invitrogen, Waltham, MA) and imaged and quantified as above.

We normalized the signal intensity of each Cx32 band relative to

that of each Cx47 mutant band by taking the ratio of the respective

band intensities, Cx32/Cx47. Co-IP ratios were then averaged

across all experimental sets.

2.6 | Statistics

Statistical tests were performed in GraphPad Prism (San Diego, CA

RRID:SCR_002798). For dual whole-cell patch clamp assays, junc-

tional conductance values were compared using the Kruskal–Wallis

test with Dunn's post-test. For co-IP, data are presented as mean

+ SEM and compared with analysis of variance with Holm–Sidak post-

test. For colocalization, statistical testing was performed using the

one sample t test with a theoretical mean of 0.0 and with a Bonferroni

correction for multiple comparisons.

3 | RESULTS

3.1 | Evidence for lack of functional heteromeric
interactions between wild-type Cx32 and wild-
type Cx47

Electrophysiological assays are often more sensitive than those based

on other methods. Furthermore, we are not primarily interested in

whether Cx32 and Cx47 can physically interact; rather, we would like

to know whether there are functional consequences of co-expression

of Cx32 and Cx47. For these reasons, we examined whether hetero-

meric interactions between Cx47 and Cx32 can be demonstrated in

functional assays of exogenously expressed connexins. Heterotypic

channels between Cx32 and Cx47 do not form (Orthmann-Murphy,

Freidin, et al., 2007), thus insuring that Cx32/Cx47 heterotypic chan-

nels do not contribute to measured conductances between cells

expressing these two connexins. Therefore, differences in junctional

coupling strength between cell pairs in the Cx32 + Cx47/Cx32 versus

Cx32/Cx32 configuration or the Cx32 + Cx47/Cx47 versus Cx47/

Cx47 configuration would suggest a heteromeric interaction between

Cx32 and Cx47. Significant heteromeric interactions would be

predicted to either reduce coupling if the heteromer expressed in the

first cell was not heterotypically compatible with the connexin

expressed in the second cell, or to increase coupling if the opposite

were true.

We first compared the magnitude of coupling between cell pairs

where one cell was co-expressing both Cx32 and Cx47 and the other

cell was expressing Cx32 (Cx32 + Cx47/Cx32) with coupling pro-

duced by homotypically paired cells expressing Cx32 alone (Cx32/

Cx32). As shown in Supplementary Table S1, no statistically significant

effects on magnitude of coupling are noted when comparing these

two pairing configurations. Similarly, as shown in Supplementary

Table S1, the magnitude of coupling between cell pairs where one cell

was co-expressing both Cx32 and Cx47 and the other cell was

expressing Cx47 alone (Cx32 + Cx47/Cx47) did not differ significantly

from the coupling produced by homotypically paired cells expressing

Cx47 alone (Cx47/Cx47). Thus, our initial measurements of magnitude

of coupling do not support the presence of functional heteromers in

cells expressing Cx32 and Cx47, but the typically high variances seen

in our data make it impossible to conclude that there are no relevant

differences.

A hallmark of homotypic channels is that because they are com-

posed of two identical apposed channels, the time dependent and

steady-state conductance characteristics are symmetric about Vj = 0.

(For the purposes of this discussion, we are neglecting the possible

contribution of Vm [also called Vin-out] dependence to the current pro-

files (Verselis, Bennett, & Bargiello, 1991), since the channels being
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discussed here show little or no Vm dependence.) On the other hand,

heterotypic channels, being composed of two dissimilar hemichannels,

typically produce current transients and Gj–Vj relations that are asym-

metric. Our general experimental approach, illustrated in Figure 1, uti-

lizes the asymmetry of heterotypic gap junctions to examine for

heteromeric interactions between Cx32 and Cx47. We examined pairs

of transfected cells in which Cell 1 expressed both Cx47 and Cx32

and Cell 2 expressed only a single connexin. As noted above,

homomeric Cx32 and Cx47 hemichannels do not dock to form func-

tional heterotypic channels. Thus, for cases where Cell 2 expresses

only Cx47 (Figure 1a), any asymmetry in current transients and/or

steady-state Gj–Vj relations would be attributable to heteromeric

hemichannels participating in Cx32 + Cx47/Cx47 cell–cell channels,

while in the case where Cell 2 expresses only Cx32 (Figure 1b), any

asymmetry would be attributable to heteromeric interactions leading

to Cx32 + Cx47/Cx32 cell–cell channels. It also follows that if

heteromers do not form functional channels, the properties of Cx32

+ Cx47/Cx47 and Cx32 + Cx47/Cx32 channels should be identical

to those of Cx47 or Cx32 homotypic channels, respectively. As

shown in Figure 2a,b, when cells expressing Cx47 and Cx32 are

paired with cells expressing Cx47 alone, the currents (Figure 2a) and

Gj–Vj relations (Figure 2b) are symmetric and highly similar to those

produced by homotypic pairing of cells expressing Cx47 alone. This

is also reflected in the similarity of the Boltzmann parameters for the

two pairing configurations shown in Table 1. As shown in Figure 2c,

d, when cells expressing Cx47 and Cx32 are paired with cells

expressing Cx32 alone, the currents (Figure 2c) and Gj–Vj relations

(Figure 2d) are symmetric and very similar to those produced by

homotypic pairing of cells expressing Cx32 alone. The high degree

of similarity between the currents and Gj–Vj plots for these two con-

figurations is again reflected in the Boltzmann parameters shown in

Table 1.

To examine whether Cx32 and Cx47 monomers can interact to

form a heteromeric connexin hemichannel with the potential to par-

ticipate in A/O coupling, we paired transfected Neuro2a cells

expressing these two connexins with cells expressing either Cx43 or

Cx30, the two major astrocyte connexins. Cx32 does not form hetero-

typic junctions with Cx43 (Orthmann-Murphy, Freidin, et al., 2007).

Therefore, pairing cells expressing Cx32 + Cx47 with cells expressing

Cx43 should produce current transients and Gj–Vj relations identical

to those of the Cx47/Cx43 heterotypic pairing. Any deviation from

this pattern would be ascribable to participation of heteromeric Cx32

+ Cx47 hemichannels. As shown in Figure 2e,f, the current transients

and Gj–Vj relations produced by pairing Cx32 + Cx47 with Cx43 are

highly similar to those seen when Cx47 alone is paired with Cx43.

Figure 2g shows current transients for the Cx32 + Cx47/Cx30

pairing configuration. The instantaneous current transients (Figure 2g)

show a high degree of instantaneous rectification and asymmetry of

voltage-dependent gating virtually identical to that for Cx32/Cx30

pairing (Orthmann-Murphy, Freidin, et al., 2007). Likewise, the steady-

state Gj–Vj relations (Figure 2h) resemble those for Cx32/Cx30 het-

erotypic channels. In Supplementary Figure S1, each steady-state Gj

value is then further normalized to the initial conductance (Go) to

allow for fitting of the data to a Boltzmann distribution. As shown

(see Table 1), the Boltzmann fits of the Cx32/Cx30 and Cx32 + Cx47/

Cx30 data are nearly identical. Data from our laboratory utilizing dual

two-electrode voltage clamp (Orthmann-Murphy, Freidin, et al., 2007)

showed no evidence of heterotypic coupling between Cx30 and

Cx47. However, another group utilized a dye coupling assay to show

that these two connexins may form heterotypic channels (Magnotti

et al., 2011). Such channels, if present, could have confounded the

interpretation of studies of Cx32 + Cx47/Cx30 cell pairs, since a devi-

ation from the results for Cx32/Cx30 channels could have reflected

either heteromeric interactions between Cx32 and Cx47 or hetero-

typic interactions between Cx30 and Cx47. However, our finding that

the Cx32 + Cx47/Cx30 pairs are indistinguishable from those of

Cx32/Cx30 pairs, argues against a contribution from either

interaction.

We also examined poorly coupled cell pairs in the Cx32 + Cx47/

Cx32 and Cx32 + Cx47/Cx30 configurations in order to determine

whether the unitary conductances between these cells differed from

those for the Cx32/Cx32 homotypic and Cx32/Cx30 heterotypic con-

figurations. As shown in Figure 3a, the total conductance between the

two cells in the Cx32/Cx32 + Cx47 configuration is about 155 pS.

Since there appear to be two active channels, we estimate that the

single channel conductance for each channel is about 78 pS

(74 ± 9 pS, mean ± SD, n = 7) with partial closures of 50–60 pS. As

shown in Figure 2b, the Cx32/Cx32 homotypic single channels are

estimated to have very similar single channel conductances (77 ± 7,

n = 5). We also examined single channels between cell pairs in the

Cx32 + Cx47/Cx30 and Cx32/Cx30 configurations. As shown in

Figure 3c,d, unitary currents through channels between cells paired in

both the Cx32 + Cx47/Cx30 and the Cx32/Cx30 configurations

showed strong, approximately fivefold rectification between plus and

F IGURE 1 Graphic description of our method for evaluating
functional heteromeric interactions. Both Cx32 and Cx47 are
expressed in Cell 1. Cell 2 expresses a single connexin. In these
examples, Cx47 (a) and Cx32 (b) are shown. Because heterotypic
coupling between Cx32 and Cx47 does not occur in Neuro2a cells,
any asymmetry in the currents or steady-state Gj–Vj relations would
be referable to interactions between heteromeric hemichannels in
Cell 1 and homomeric hemichannels in Cell 2. As described in the text,
we also examined pairings with Cx47, Cx30, or Cx43 expressed in Cell
2. See Section 3 and Figures 2 and 3 for further detail
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minus 100 mV. Both channels showed similar measured conduc-

tances. At Vj = −100 mV with respect to the cell expressing Cx30, the

average conductance for the Cx32/Cx30 channels was 142 ± 18 pS

(mean ± SD, n = 14) and for the Cx32 + Cx47/Cx30 channels, it was

146 ± 19 pS (mean ± SD, n = 7). Thus, our unitary conductance mea-

surements show no evidence for functional interactions between

Cx32WT and Cx47WT.

3.2 | Cx47 mutants do not interfere with
functional expression of Cx32 and do not produce
alterations in Cx32-mediated channel function

Having shown that expression of Cx47WT in tandem with Cx32WT

has no demonstrable effect on Cx32-mediated coupling, we

proceeded to examine whether co-expression of mutant forms of
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F IGURE 2 Properties of junctions between cells expressing Cx32 and Cx47 paired with cells expressing Cx47, Cx32, Cx43 or Cx30 alone. (a, c,
e, g) Representative macroscopic current traces for channels recorded from Cx32 + Cx47/Cx47, Cx32 + Cx47/Cx32, Cx32 + Cx47/Cx43, or Cx32
+ Cx47/Cx30 pairings respectively. Both cells of a pair were voltage clamped at the same voltage, then Cell 1 (expressing Cx32 or Cx47) was
stepped in 20 mV increments from Vj = −100 to Vj = +100 mV, and junctional currents (Ij) were recorded from Cell 2 (expressing Cx32 + Cx47). Note
that the polarity of Ij is opposite that of Vj. Junctional currents between cells expressing both Cx32 and Cx47 and cells expressing Cx47 or Cx32
alone are symmetric and indistinguishable from those seen in homotypic Cx47/Cx47 or Cx32/Cx32 pairings. Similarly, pairing of cells expressing
both Cx32 and Cx47 with cells expressing Cx43 or Cx30 produced junctional currents indistinguishable from those for heterotypic Cx47/Cx43 and
heterotypic Cx32/Cx30 pairings, respectively. (b, d, f, h) Average normalized steady-state Gj–Vj relations for Cx32 + Cx47/Cx47, Cx32 + Cx47/Cx32,
Cx32 + Cx47/Cx43, and Cx32 + Cx47/Cx30 pairings. The average normalized steady-state (filled squares) junctional conductance (Gj) at each Vj was
calculated from the current traces such as those shown in a, c, e, and g as described in Section 2. For b, d, and f, the solid line is a best fit of the data
to a double Boltzmann distribution as described in Section 2, and dotted line is the best fit of data for Cx47/Cx47, Cx32/Cx32, or Cx47/43
heterotypic junctions. In (h), the average normalized instantaneous (open triangles) and steady-state (filled squares) junctional conductances are
shown; lines connect the displayed points. Steady-state Gj values at each voltage are then normalized to the corresponding initial Gj (see
Supplementary Figure S1) to allow for fit of the data to a Boltzmann distribution (Boltzmann parameters are given in Table 1). Steady-state Gj–Vj

relations for Cx32 + Cx47/Cx47, Cx32 + Cx47/Cx32, Cx32 + Cx47/Cx43, and Cx32 + Cx47/Cx30 pairings are indistinguishable from those for
Cx47/Cx47, Cx32/Cx32, Cx47/Cx43, and Cx32/Cx30 junctions, respectively. (a,c) Filtered at 250 Hz, (e) and (g) filtered at 200 Hz; the error bars
represent SEM. N = 11 (Cx32 + Cx47/Cx47), 7 (Cx32 + Cx47/Cx32), 8 (Cx32 + Cx47/Cx43), and 6 (Cx32 + Cx47/Cx30)
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Cx47 associated with hereditary spastic paraplegia or Pelizaeus–

Merzbacher-like disease have any effect on Cx32-mediated coupling.

As shown in Supplementary Table S2, the magnitude of

Cx32-mediated coupling was not significantly affected by the pres-

ence or absence of Cx47 WT or any of the four mutant forms of Cx47

tested. Furthermore, as shown in Figure 4, the steady-state Gj–Vj rela-

tions for each of the four Cx32WT + Cx47mutant/Cx32WT configu-

rations are symmetric and nearly superimposable on that for

Cx32WT/Cx32WT homotypic channels. As shown in Table 2, these

findings are also reflected in the similarities of the Boltzmann parame-

ters for the best fits of the data for the various pairing configurations.

To further investigate the possibility of heteromeric interactions

between Cx32 and the p.I33M, p.P87S, p.Y269D and p.M283T mutants

of Cx47, we paired cells expressing Cx32 and one of these mutants with

cells expressing Cx30. As shown in Figure 5, there is a high degree of sim-

ilarity of the instantaneous and steady-state Gj–Vj relations for Cx32/

Cx30 with those for the Cx32WT + Cx47I33M/Cx30WT, Cx32WT

+ Cx47P87S/Cx30WT, Cx32WT + Cx47Y269D/Cx30WT, and Cx32WT

+ Cx47M283T/Cx30WT pairing configurations. Because of the dramatic

open channel rectification seen in these pairings, we normalized the

steady-state conductance (Gss) for each trace to the corresponding instan-

taneous conductance (Gin) and plotted the results (shown in Supplemen-

tary Figure S1) prior to determining the Boltzmann parameters for the

best fits of these normalized plots. As shown in Supplementary

Figure S1b–e, the steady-state Gj–Vj relations for these configurations are

also very similar to that for Cx32/Cx30 (Supplementary Figure S1f). To

TABLE 1 Boltzmann parameters for the heteromeric–heterotypic pairings noted

Pairing

Cx32

+ Cx47/Cx47

Cx47/

Cx47

Cx32

+ Cx47/Cx32

Cx32/

Cx32

Cx32

+ Cx47/Cx43

Cx47/

Cx43

Cx32 + Cx47/

Cx30a
Cx32/

Cx30a

(+)Vj

Gmax 1.01 1.00 1.00 1.01 1.00 1.01 1.02 1.02

Gmin 0.13 0.13 0.25 0.22 0.11 0.09 0.13 0.12

V0 45.63 46.67 53.42 51.83 42.76 46.00 60.10 56.91

K 6.22 5.89 9.82 9.78 3.02 5.03 8.47 11.11

(−)Vj

Gmax 1.01 0.99 1.02 1.03 1.00 1.00

Gmin 0.13 0.14 0.21 0.23 0.26 0.29

V0 −47.46 −44.45 −54.52 −51.06 −51.44 −52.20

K −6.30 −5.08 −9.52 −8.39 −8.00 −8.17

aFits to normalized steady-state Gj–Vj plots (Gss/Ginitial) as shown in Figure 2. Parameters are defined in Section 2.
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F IGURE 3 Single channel recordings of cells
expressing both Cx32 and Cx47 paired with cells
expressing either Cx32 or Cx30. The unitary
conductance transitions of Cx32/Cx32 + Cx47 (a),
Cx32/Cx32 (b), Cx32 + Cx47/CxCx30 (c), and
Cx32/Cx30 (d) channels were determined by
applying voltage ramps from +100 to −100 mV to
Cell 1 in (a–c) or −100 to +100 in (d), and
measuring the junctional currents (Ij) in Cell 2. In
(a) and (b), there appear to be two active channels
making the average conductances for each
approximately 75 pS. In (c) and (d), the channels
show strong, roughly fivefold rectification and a
conductance of approximately 145 pS at +100 mV
with respect to Cx30. Current traces are filtered at
200 Hz (a) and (b), or 150 Hz (c) and (d)
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further investigate the potential effects of co-expression of mutant forms

of Cx47 on wild-type Cx32, we examined poorly coupled cell pairs

expressing Cx32 in one cell and Cx32 along with a mutant form of Cx47

in the other. As shown in Figure 6, the unitary conductance changes

appear very similar to those for Cx32WT (see Figure 3) and the total con-

ductances between these cell pairs are integral multiples of 75–80 pS

suggesting that the single channel conductances are very similar to those

seen for homotypic Cx32 channels and for channels between pairs in the

Cx32 + Cx47/Cx32 configuration.

Having shown that co-expression of Cx32 and PMLD and HSP

associated mutant forms of Cx47 has no demonstrable effect on the

function of Cx32 in cells expressing these connexin isoforms, we

Cx32WT+Cx47Y269D/32WT

Cx32WT+Cx47I33M/32WT

Cx32WT+Cx47M283T/32WT

Cx32WT+Cx47P87S/32WT(a) (b)

(c) (d)
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F IGURE 4 Gj–Vj plots for pairings of cells expressing Cx32 and mutant forms of Cx47 with cells expressing Cx32 alone. The average
normalized steady-state (filled squares) junctional conductance (Gj) at each Vj were calculated from the current traces such as those shown in
Figure 2a and as described in Section 2. The solid line is a best fit of the displayed data to a double Boltzmann distribution as described in
Section 2 and for which parameters are given in Table 2. The dotted line is the best fit of data for Cx32/Cx32 homotypic junctions. Steady–state
Gj–Vj relations for Cx32WT + Cx47I33M/Cx32WT (a), Cx32WT + Cx47P87S/Cx32WT (b), Cx32WT + Cx47Y269D/Cx32WT (c), and Cx32WT
+ Cx47M283T/Cx32WT (d) are symmetric and similar to those for Cx32 homotypic junctions. The error bars represent SEM. N = 9 (Cx32WT
+ Cx47I33M/Cx32WT); 13 (Cx32WT + Cx47P87S/Cx32WT); 5 (Cx32WT + Cx47Y269D/Cx32WT); 7 (Cx32WT + Cx47M283T/Cx32WT)

TABLE 2 Boltzmann parameters for the Cx47 mutant heteromeric–heterotypic pairings noted

Pairing

Cx32/
Cx30
WTa

Cx32
+ I33M/
Cx30 WTa

Cx32
+ P87S/
Cx30 WTa

Cx32
+ Y269D/
Cx30 WTa

Cx32
+ M283T/
Cx30 WTa

Cx32/
Cx32

Cx32
+ I33M/
Cx32WT

Cx32
+ P87S/
Cx32WT

Cx32
+ Y269D/
Cx32WT

Cx32
+ M283T/
Cx32WT

(+)Vj

Gmax 1.02 1.02 1.01 0.99 1.00 1.01 1.00 1.03 0.93 1.00

Gmin 0.12 0.13 0.12 0.18 0.12 0.22 0.27 0.25 0.26 0.24

V0 56.91 60.10 58.98 59.58 58.70 51.83 53.67 49.30 56.10 49.52

K 11.11 10.85 10.92 6.99 11.15 9.78 7.82 11.89 8.85 9.60

(−)Vj

Gmax 1.03 1.01 1.03 1.09 1.04

Gmin 0.23 0.24 0.18 0.26 0.21

V0 −51.06 −55.18 −54.17 −51.65 −52.38

K −8.39 −7.75 −13.84 −8.90 −9.90

aFits to normalized steady-state Gj–Vj plots (Gss/Ginitial) as shown in Figure 5. Parameters are defined in Section 2.
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wanted to further examine whether localization of these two con-

nexins was correlated. To do this, we expressed both Cx32 and Cx47

in the same cells using the same pBud expression vector utilized for

the functional studies and double labeled the Cx32 and Cx47 using

two easily distinguishable fluorophores. As shown in Figure 7, when

we performed this experiment using Cx32 and Cx30, two closely

related connexins predicted to show heteromeric interactions (Koval,

Molina, & Burt, 2014), a relatively high degree of overlap in pattern of

staining is seen, as evidenced by a Pearson correlation coefficient of

almost 0.5. On the other hand, when Cx32WT was co-expressed with

Cx47WT the average correlation coefficient was very close to 0.0.

For the mutant forms of Cx47, three of the mutants showed a slight

nonsignificant negative correlation with Cx32; however, the p.Y269D

mutant showed a significant negative correlation with Cx32,

suggesting that the overlap of this connexin with Cx32 is less than

would be predicted by chance. Examples of planar confocal images

representative of those used for these studies are shown in Figure 8.

To further evaluate for possible physical interactions between

Cx32 and Cx47 we performed co-immunoprecipitation studies on

protein extracts from cells expressing Cx32 and each of the Cx47 vari-

ants. As shown in Figure 9a,b, probing for the FLAG tag attached to

the C-terminus of Cx47 demonstrated that Cx47 was efficiently pre-

cipitated by our anti-Cx47 antibody. On the other hand, only very

small amounts of Cx32 were detected in the bound fraction, despite

high levels of Cx32 in the flow through (not shown). Interestingly the

mutants showed a trend toward higher levels of binding to Cx32, with

the p.M283T mutant showing a statistically significantly increased

binding compared to Cx47WT. We speculate that because these

mutants accumulate in the ER (Orthmann-Murphy, Enriquez,

et al., 2007), they may demonstrate low levels of nonspecific binding

to other proteins being actively translated, including Cx32.

4 | DISCUSSION

The work described in this communication investigated whether the

two wild-type gap junction forming proteins found in oligodendro-

cytes, Cx32 and Cx47, could interact heteromerically. For our investi-

gations, we utilized the dual expression vector pBudCE4.1 which

contains a cloning site under the CMV promotor as well as one under

the EF1α promotor. This allowed us to look for novel effects of het-

eromeric interactions, detectable as deviations from the predicted

voltage dependence of current transients, instantaneous or steady-

state Gj–Vj relations, or unitary currents expected for homomeric

hemichannels. We saw no evidence either at the macroscopic or sin-

gle channel level for alterations in properties attributable to Cx47WT

+ Cx32WT heteromers. While data of this type cannot, in and of itself,

rule out physical interactions between Cx47 and Cx32, it does

strongly suggest that any such interactions do not contribute to func-

tional gap junctions, since our data would require that any functional

heteromeric connexon function in a manner nearly identically to

either homomeric Cx32 or homomeric Cx47, depending on the con-

nexon expressed in the apposed cell. Furthermore, our examinations

of cells expressing both Cx32WT and Cx47WT using

Gj

-100 -50 0 50 100
0

1

2

Cx32+Cx47I33M/Cx30 Cx32+Cx47P87S/Cx30

-100 -50 0 50 100
0

1

2

-100 -50 0 50 100
0

1

2

Cx32+Cx47M283T/Cx30

Vj

(a) (b)

Gj

-100 -50 0 50 100
0

1

2

Cx32+Cx47Y269D/Cx30

Vj

(c) (d)

F IGURE 5 Gj–Vj plots for pairings of cells
expressing Cx32 and mutant forms of Cx47
with cells expressing Cx30 alone. The average
normalized instantaneous (open triangles) and
steady-state (filled squares) junctional
conductance (Gj) at each Vj were calculated from
the current traces such as those shown in
Figure 2g and as described in Section 2. The
solid lines simply connect the plotted data

points. The dotted line is the single exponential
best fit of the instantaneous data for Cx32/
Cx30 heterotypic junctions. Steady–state Gj–Vj

relations for Cx32WT + Cx47I33M/Cx30WT (a),
Cx32WT + Cx47P87S/Cx30WT (b), Cx32WT
+ Cx47Y269D/Cx30WT (c), and Cx32WT
+ Cx47M283T/Cx30WT (d) are extremely
similar to those for Cx32/30 heterotypic
junctions. Boltzmann parameters given in
Table 2 were determined by first normalizing
the steady-state conductances to those
determined instantaneously and fitting the
resulting data sets to a single Boltzmann
distribution and shown in Supplementary
Figure S1. The error bars represent SEM. N = 12
(Cx32WT + Cx47I33M/Cx30WT), 12 (Cx32WT
+ Cx47P87S/Cx30WT), 8 (Cx32WT
+ Cx47Y269D/Cx30WT), and 13 (Cx32WT
+ Cx47M283T/Cx30WT)
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immunofluorescence staining for these two connexins shows a

correlation close to zero, suggesting that most of the overlap

between the two connexins is likely due to chance. Interestingly,

in some cells, a few areas in showed overlap between staining for

Cx32 and Cx47. These areas were especially noted in both the

Cx32 + Cx47WT and Cx32 + Cx47I33M expressing cells. In these

cases, both connexins are competent to form plaques. It has previ-

ously been shown that non interacting connexins can participate in

the same junction; however, they are regionally distinct within that

junction (M. M. Falk, 2000). The areas of overlap may represent

internalized (annular) gap junctions (Jordan, Chodock, Hand, &

Laird, 2001) which often tend to be engulfed en mass, or the sub-

sequent connexin containing organelles that are part of the degra-

dation pathway (Carette et al., 2015). While a recent review

(Matthias M. Falk, Bell, Kells Andrews, & Murray, 2016) indicates

that this process has been studied primarily in model systems

expressing solely Cx43, it is reasonable to speculate that adjacent

plaques expressing different connexins may also be processed in

the same manner. These structures would tend to bring Cx32 and

Cx47 immunoreactive material into close proximity. We also

examined the co-immunoprecipitation of Cx32 with Cx47. Our

results here suggest that there is likely only a minimal degree of

physical association between Cx32 and Cx47 and that this is sta-

tistically greater for at least one of the Cx47 mutants (p.M283T).

Mutations in Cx47 cause an inherited dysmyelinating disorder

(PMLD1, also called HLD2) (Uhlenberg et al., 2004), a milder heredi-

tary spastic paraparesis phenotype (SPGP44) (Orthmann-Murphy

et al., 2009), or a subclinical leukodystrophy (Abrams et al., 2014). We

hypothesized that the severe PMLD1 phenotype described with the

p.P87S, p.Y269D and p.M283T mutations, might arise (at least in part)

because of trans-dominant effects on Cx32 not present with the

SPG44 causing p.I33M mutation. Therefore, we investigated whether

expression of mutant forms of Cx47 with Cx32WT would have

effects on the coupling of these dually expressing cells. In summary,

our findings show no evidence of functional interaction between

Cx32 and any of the mutant forms of Cx47.

As noted in the introduction, Cx30 and Cx43 are expressed in

astrocytes while Cx32 and Cx47 are expressed in oligodendrocytes. In

a previous study, also utilizing Neuro2a cells, we found no evidence

for heterotypic coupling between cells expressing Cx47 and cells

(a) (b)

(c) (d)

F IGURE 6 Single channel recordings from cells expressing Cx32 + Cx47I33M, Cx32 + Cx47P87S, Cx32 + Cx47Y269D, and Cx32
+ Cx47M283T paired with Cx32. The unitary conductance transitions recorded from Cx32 + Cx47133M/Cx32 (a), Cx32 + Cx47P87S/Cx32 (b),
Cx32 + Cx47Y269D/Cx32 (c), and Cx32 + Cx47M283T/Cx32 (d) pairing configurations were determined by applying voltage ramps from −100
to +100 mV (a and c) or +100 to −100 mV (b and d) to Cell 1 and measuring the junctional currents (Ij) in Cell 2. In (b), there appear to be three
active channels in (c) one active channel and in (a and d) two active channels, making the average conductances for each approximately 75–80 pS.
Current traces are filtered at 200 Hz (b,d) or 300 Hz (a,c)
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expressing Cx30 (Orthmann-Murphy, Freidin, et al., 2007). On the

other hand, another group (Magnotti et al., 2011) using somewhat dif-

ferent methodologies in different cell types, did find dye coupling

between cells expressing Cx30 and those expressing Cx47. The rea-

sons for the discrepant findings are still unclear; however, our finding

here that there are no demonstrable differences between Cx32

+ Cx47/Cx30 and Cx32/Cx30 heterotypic pairings is concordant with

our prior findings, providing no physiologic evidence for either hetero-

meric or heterotypic interactions between Cx30 and Cx47.

Having established that neither Cx47WT nor any of the four mutants

tested showed significant functional interactions with Cx32, we turned to

the question of colocalization. Our studies suggest that there is no overall

correlation between the staining of Cx32 and that of Cx47WT, and that

whatever overlap is seen is likely accounted for by overlap in the traffick-

ing and recycling pathways for the two connexins. The overlap of three of

the four evaluated Cx47 mutants, while showing a trend toward a nega-

tive correlation, is not statistically different than chance. For the p.Y269D

mutant, there is a significant albeit small negative correlation. This analysis

is consistent with what has previously been shown for subcellular localiza-

tion for this mutant when expressed alone (Orthmann-Murphy

et al., 2009; Orthmann-Murphy, Enriquez, et al., 2007). Whereas a large

portion of Cx47WT (Orthmann-Murphy, Enriquez, et al., 2007) or Cx32

(Abrams et al., 2003), immunoreactive material is localized to the plasma

membrane and gap junction plaques, the p.Y269D mutant does not form

plaques and has a subcellular distribution overlapping with that of an ER

marker. Thus, it is not surprising that there is a negative correlation

between the staining patterns p.Y269D, andCx32.

We undertook these studies both because of their possible rele-

vance to the pathogenesis of PMLD1 and hereditary spastic

paraparesis (SPGP44) as well as to the pathogenesis of CNS manifes-

tations of CMT1X caused by mutations in Cx32. While the recessive

inheritance patterns of PMLD and SPG44 suggest that these diseases

may be caused by loss of function, we hypothesized that novel het-

eromeric interactions between PMLD1 mutations and Cx32 could

provide an explanation for the greater severity of that phenotype.

However, the evidence presented in this communication suggests that

this is not the case and that there are no significant interactions

between Cx32 and Cx47WT affecting gap junction function. We also

attempted to address the question of whether Cx47WT or Cx47

mutants had an effect on formation of functional Cx32 hemichannels.

As shown in Supplementary Figure S2, in our expression system, we

did not see significant increases in membrane permeability with

expression of Cx32, Cx47WT or mutant forms of Cx47. Thus, our data

cannot directly address the question of whether mutant forms of

Cx47 may act through either altered hemichannel activity or via het-

eromeric interactions affecting Cx32 hemichannel activity; experi-

ments to address these possibilities are planned.

4.1 | General principles of heteromeric
interactions

The family of connexin genes can be divided into a number of differ-

ent subfamilies (groups) based on homology (Abascal &

Zardoya, 2013; Sohl & Willecke, 2004). To a great extent, data sup-

port higher likelihood of heteromeric compatibility among groups

rather than between groups (Koval et al., 2014). It has further been

suggested that discrimination between the two largest groups, alpha

and beta, resides in the presence of two adjacent tryptophan residues

(WW) at the interface between the cytoplasmic loop and the third

transmembrane domain (CL/TM3); these are highly conserved in beta

connexins but absent in alpha connexins (The position occupied by

the downstream Trp in beta connexins is often occupied by an Arg or

a Lys in alpha connexins, but is always a nonaromatic amino acid

(Lagree et al., 2003).). Experimental data from wild-type connexins

support this paradigm. WW motif containing connexins Cx30.3 and

Cx31 (Plantard, Huber, Macari, Meda, & Hohl, 2003), Cx32 and Cx26

(Bevans, Kordel, Rhee, & Harris, 1998; Lee & Rhee, 1998;

Stauffer, 1995), and Cx26 and Cx30 (Forge et al., 2003; Yum

et al., 2007) all show heteromeric interactions; those lacking a WW

motif, including Cx43 and Cx37 (Brink et al., 1997), Cx43 and Cx40

(Gemel, Lin, Veenstra, & Beyer, 2006; He, Jiang, Taffet, & Burt, 1999;

Valiunas, Gemel, Brink, & Beyer, 2001), Cx43 and Cx45 (Martinez,

Hayrapetyan, Moreno, & Beyer, 2002), Cx43 and Cx46 (Das Sarma

et al., 2001; Hoang, Qian, & Ripps, 2010), Cx43 and Cx56 (Berthoud

et al., 2001), and Cx46 and Cx50 (Forge et al., 2003; Hopperstad,

Srinivas, & Spray, 2000; Jiang & Goodenough, 1996) also interact

heteromerically. On the other hand, no (Beyer et al., 2001; M. M.

Falk, 2000; Gemel, Valiunas, Brink, & Beyer, 2004) (or possibly limited

(Shuja, Li, Gupta, Mese, & White, 2016)) interactions were seen

between WW motif containing connexin Cx26 and non-WW motif

containing Cx43. In this article, we provide data suggesting that there

F IGURE 7 Graphic representation of results of experiments to
determine colocalization of Cx32WT with Cx47WT and mutants. As
shown, cells expressing Cx30WT and Cx32WT show significantly
more correlation in the overlap of staining then do any of the other
pairs of co-expressed connexins. Cells expressing Cx32WT and
Cx47WT showed essentially no correlation of staining for the two

connexins and cells expressing Cx32WT with either Cx47I33M,
Cx47P87S, or Cx47M283T showed only a slight and nonsignificant
negative correlation of staining. Cells expressing Cx47Y269D and
Cx32 did show a statistically significant negative correlation of
staining. ****p < .0001; ***p = .0056. N = 12 (Cx47WT); 13
(Cx47I33M); 12 (Cx47P87S); 12 (Cx47Y269D); 11 (Cx47M283T);
12 (Cx30)
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is no functionally significant interaction between Cx47WT and

Cx32WT. Although Cx47 is classified as a gamma connexin, making

the role of the WW motif less well established, our data conform to

the general paradigm in that Cx32 contains a WW motif and Cx47

does not.

The WW motif may be less relevant with regard to interactions

between mutant forms of one connexin and the WT form of another.

Thus, it is necessary to examine each individual mutant-WT pairing

for possible interactions. Interactions between Cx26 mutants and

Cx30WT (Marziano, Casalotti, Portelli, Becker, & Forge, 2003), Cx30.3

mutants and Cx31WT (Plantard et al., 2003), (all WW motif containing

connexins) and Cx50 with Cx46WT (Rubinos, Villone, Mhaske,

White, & Srinivas, 2014) (non-WW motif containing connexins) all

conform to the paradigm of the WW motif. However, in a recent

report, Shuja et al. (2016) show that mutant forms of Cx26 (a WW

containing connexin) causing palmoplantar keratodermia and deafness

interact with the non-WW connexin Cx43 and alter the cell–cell chan-

nel and hemichannel properties. Thus, the WW motif may be less pre-

dictive of heteromeric compatibility when one of the connexins is

mutated.

Our study has several limitations. First, these studies were done

in an exogenous expression system. While the behavior of the con-

nexin proteins could be different in different cell types, we are exam-

ining fundamental biophysical properties of these proteins and it is

F IGURE 8 Examples of images used
for determination of colocalization as
summarized in Figure 7. Arrows show
selected plaques for Cx30WT, Cx32WT,
Cx47WT, and Cx47I33M. Scale bar
20 μm [Color figure can be viewed at
wileyonlinelibrary.com]
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likely that our results would be generalizable to other systems. Sec-

ond, our work does not address the possibility that heteromeric inter-

actions between Cx32 and Cx47 WT or mutants may have effects on

functional hemichannels; further studies will be needed to evaluate

this possibility. Third, our functional studies were done only in the

heteromeric/homomeric configuration, a situation in which one of the

cells was expressing two connexins and the other expressing only

one. Thus, the electrophysiological studies here do not formally rule

out the possibility that connexons in the heteromeric/heteromeric

configuration could potentially form functional cell–cell channels.

However, our data on colocalization suggest that this is unlikely to be

the case.
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