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Intramolecular signaling in a cardiac connexin: Role of 
cytoplasmic domain dimerization

Andrew J. Trease1, Juan M.V. Capuccino2, Jorge E. Contreras2, Andrew L. Harris2, and Paul 
L. Sorgen1,*

1From the Department of Biochemistry and Molecular Biology, University of Nebraska Medical 
Center, Omaha, NE 68198, USA

2Department of Pharmacology, Physiology and Neuroscience, New Jersey Medical School, 
Rutgers University, Newark, NJ 07103, USA

Abstract

Gap junctions, composed of connexins, mediate electrical coupling and impulse propagation in the 

working myocardium. In the human heart, the spatio-temporal regulation and distinct functional 

properties of the three dominant connexins (Cx43, Cx45, and Cx40) suggests non-redundant 

physiological roles for each isoform. There are substantial differences in gating properties, 

expression, and trafficking among these isoforms, however, little is known about the determinants 

of these different phenotypes. To gain insight regarding these determinants, we focused on the 

carboxyl-terminal (CT) domain because of its importance in channel regulation and large degree 

of sequence divergence among connexin family members. Using in vitro biophysical experiments, 

we identified a structural feature unique to Cx45: high affinity (KD ~100 nM) dimerization 

between CT domains. In this study, we sought to determine if this dimerization occurs in cells and 

to identify the biological significance of the dimerization. Using a bimolecular fluorescence 

complementation assay, we demonstrate that the CT domains dimerize at the plasma membrane. 

By inhibiting CT dimerization with a mutant construct, we show that CT dimerization is necessary 

for proper Cx45 membrane localization, turnover, phosphorylation status, and binding to protein 

partners. Furthermore, CT dimerization is needed for normal intercellular communication and 

hemichannel activity. Altogether, our results demonstrate that CT dimerization is a structural 

feature important for correct Cx45 function. This study is significant because discovery of how 
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interactions mediated by the CT domains can be modulated would open the door to strategies to 

ameliorate the pathological effects of altered connexin regulation in the failing heart.

Keywords

Gap junctions; intercellular communication; Connexin45; carboxyl terminal domain; dimerization; 
protein-protein interactions

1. Introduction

Gap junctions are specialized membrane channels that connect the cytoplasms of adjacent 

cells. The direct cell-to-cell communication provided by gap junction channels is necessary 

for a number of physiological processes including signal propagation, organ tissue 

synchronization, and development [1]. Formation of intercellular channels occurs through 

the docking of connexons (hemichannels) from adjacent cells. Each connexon is comprised 

of six connexin proteins. Connexins, named for their molecular weights (e.g., 45 kDa 

isoform is connexin45; Cx45), are a family of 21 human isoforms that share a common 

topology: four transmembrane domains, two extracellular loops (EL), a cytoplasmic loop 

(CL), and cytoplasmic N- and C-terminal domains (NT and CT respectively). A high degree 

of sequence similarity exists within the transmembrane domains and the extracellular loops; 

the later contains six conserved cysteine residues vital to proper channel formation. The 

most divergent connexin domains are the CL and CT, with the CT playing a role in the 

trafficking, localization, and turnover of gap junction channels, as well as the level of 

intercellular communication via numerous post-translational modifications and protein-

protein interactions [1, 2]. The CT is also important for regulating junctional conductance 

and voltage sensitivity [3–5]. This makes the CT a desirable target for isoform-specific 

pharmacological modulation of channel function [6–8].

Connexins are expressed in nearly all cell types and organ systems, and the distribution of 

family members is regulated spatio-temporally [9]. For example, connexin expression in the 

heart is dominated by Cx43, Cx40, and Cx45. Cx43 expression is ubiquitous, while normal 

Cx45 expression is primarily limited to cells of the specialized pacemaking and conductance 

system. Here, Cx45 voltage sensitivity plays a key role in the propagation of unidirectional 

current from the atria to the ventricles [10, 11]. Gap junctions in the ventricles are primarily 

composed of Cx43. However, Cx45 is upregulated in failing human hearts and is thought to 

be responsible for cell-to-cell coupling in Cx43-null ventricular myocytes [12–14]. Of note, 

recent evidence suggest ephaptic mechanisms might also account for residual conduction in 

Cx43 knockout mice [15, 16]. The resulting altered coupling and slowed conductance 

enhances susceptibility to ventricular tachy-arrhythmias [17]. Thus, while the contribution of 

Cx45 to intercellular current flow in the ventricular myocardium is thought to be minimal in 

healthy hearts, Cx45-mediated electrical coupling becomes dominant because of its 

pathophysiological overexpression in the failing heart. It is likely that even modest 

upregulation of Cx45 has a profound effect due to its ability to form heteromeric channels 

with the remaining Cx43 and have a dominant effect on the resulting gap junctions, thereby 

disrupt cardiac function in ways that even reduced levels (as much as 60%) of Cx43 could 
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otherwise maintain [17–23]). Unfortunately, little is known about the mechanisms that make 

each cardiac gap junction channel different, including the properties of Cx45 that make its 

up-regulation a potential arrhythmogenic substrate in the myocardium. Based upon these 

observations, we explored the possibility that intermolecular interactions involving the 

divergent CT of connexins affect gap junction regulation.

Previous work from our laboratory identified high affinity dimerization (KD ~100 nM) of 

soluble Cx45CT domains mediated by 6 hydrophobic residues aligned on one face of an α-

helical region (A333-N361) [24, 25]. When each hydrophobic residue was replaced by 

glutamic acid (L335E, L338E, I324E, L349E, I353E, Y356E; construct named Cx45CT-6E; 

Fig. 1) dimerization was disrupted while the α-helical conformation was retained [24]. 

Based upon dimerization of cytosolic domains as a key regulatory mechanism of ion 

channels (e.g., IP3 receptor, [26]) and the role of connexin CT domains as important for 

proper channel function, mediated in part through protein partner interactions, here we set 

forth to determine the biological significance of Cx45CT dimerization in the function of 

Cx45.

2. Materials and Methods

2.1. Antibodies and detection reagents

α-Cx45-CT(MAB3101), α-mouse-HRP (H+L; 12-439), α-pS (05-1000), and α-Nedd4 

(07-049) were purchased from EMD Millipore; α-Cx43 (C6219), α-β-catenin (C2206), and 

α-β-tubulin (T5201) were purchased from Sigma-Aldrich; α-E-cadherin-Alexa488 (#3195), 

α-HA-647 (#3444), α-Myc-555 (#3756), α-rabbit-Alexa555 (#4413), α-mouse-Alexa647 

(#4410), Normal Rabbit IgG (#2729), and α-pY-1000 Multi-Mab (#8954) were purchased 

from Cell Signaling; α-mouse-Alexa488 (A-11001), Texas Red Dextran (10,000 Da; 

D1863), Lucifer yellow CH (L453), and Streptavidin-Alexa647 (S21374) were purchased 

from Life Technologies; α-rabbit-HRP (H+L; #20320) was purchased from Alpha 

Diagnostics; Neurobiotin (SP-1120) was purchased from Vector Labs; α-rabbit-HRP (Light 

chain; #211-032-171) was purchased from Jackson Immuno Research; α-Cx45-CL 

(ACC-207) was purchased from Alomone; Veriblot-HRP (ab131366) was purchased from 

Abcam; and DAPI (#02157574) was purchased from MP Biomedicals.

2.2. Alignments of the Cx45 dimerization domain

Clustal Omega [27] was used with default settings to align the region corresponding to 

A333-N361 of mCx45 with other available RefSeq orthologs. Species and respective 

accession numbers utilized were Mus musculus (gi|117712), Homo sapiens (gi|226693517), 

Rattus norviegus (gi|229485323), Gallus gallus (gi|117711), Canis lupis familiaris (gi|

117710), Cricetulus griseus (gi|81864086), Mesocricetus auratus (gi|81863959), and Sus 

scrofa (gi|166220134).

2.3. In cyto dimerization assay

Madin-Darby canine kidney (MDCK) cells seeded on coverslips were transiently co-

transfected with Lyn-HA-Cx45/6E-CT-mVenusN and Lyn-Myc-Cx45/6E-CT-mVenusC. 

Approximately 20 hrs after transfection the cells were rinsed 2x with 1x PBS and ice-cold 
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methanol fixed and immunostained as described below, and imaged. Plasma membrane 

measurements were made using the Zeiss profile measurement tool of at least 90 double-

transfected cells for each condition at 630X and signal calculated as area under the curve. 

For ER/Golgi measurements images were exported to NIH ImageJ and ROIs were used to 

isolate the ER/Golgi and signal was measured as mean fluorescent intensity. Quantification 

of mVenus signal was normalized to Myc signal.

2.4. Molecular biology

Constructs for the in cyto dimerization assay were ordered as G-Block gene fragments (IDT) 

and were cloned into the pcDNA3.1+/Zeo vector (Invitrogen) by restriction digest and 

ligation. Cx45 WT was PCR amplified from a pGEM-HE (Clontech) plasmid containing the 

mouse sequence using primers to add overlap corresponding to the pD2529 vector 

(DNA2.0). Cx45 6E was obtained by PCR from a G-Block gene fragment using the same 

primers at Cx45 WT. The primer sequences were 5′-TCT AGA GCC GCC ACC ATG 
AGT TGG AGC TTC CTG-3′ and 5′-TTT TAG AGA CCT CAA CCT TAA ATC CAG 
ACG GAG GTC-3′. Purified PCR products were assembled into the pD2529 vector using 

NEBuilder HIFI DNA Assembly Master Mix (NEB) per manufacturer protocol. Humanized 

Cx45 WT and 6E were obtained as G-block gene fragments and assembled into the pD2529 

vector using NEBuilder per manufacturer protocol. To generate C-terminal eGFP fusions the 

eGFP cassette from p-eGFPN1 was PCR amplified and assembled into the pD2529 vector 

using the NEBuilder according to manufacturer protocol. The primers used in the PCR 

reactions were 5′- AGC TGT CTA GAG CCG CCA CCT GAA GAG CAG TGT CAG 
TCG ATC GCT GGC TCT TCA ATG GTG AGC AAG GGC GAG-3′ and 5′- CGC 
TTT TAG AGA CCT CAA CCT TAC TTG TAC AGC TCG TCC ATG-3′. Mouse Cx45 

WT and 6E were PCR amplified from the pD25529 vector and then assembled into the 

pD2529-eGFP vector by NEBuilder according to manufacturer protocol. The primers used 

for amplification of the mCx45 WT and 6E fragments were 5′- AGC TGT CTA GAG 
CCG CCA CCA TGA GTT GGA GCT TCC TG-3′ and 5′- TCC TCG CCC TTG 
CTC ACC ATA ATC CAG ACG GAG GTC TTC-3′. All PCR amplifications were 

carried out using the Q5 High-fidelity master mix (NEB). Cloned plasmids were 

transformed into DH5α per standard protocol, cultured ON at 37°C on respective selective 

LB plates and mini-prepped with the GeneJet miniprep kit (Thermo) per manufacturer 

protocol. All constructs were sequenced by ACGT to ensure sequence accuracy.

2.5. Cell culture

MDCK cells (gift from Dr. Paul Lampe, Fred Hutchinson Cancer Center), HeLa cells (gift 

from Dr. Steve Caplan, University of Nebrasksa Medical Center) and Hek-293T cells (gift 

from Dr. Myron Toews, University of Nebraska Medical Center) were cultured in 

Dulbecco’s modified Eagle medium (Corning) at 37°C in a humidified 5% CO2 atmosphere. 

Medium was supplemented with 10% fetal bovine serum (Seradigm), 2 mM L-glutamine 

(HyClone), 1% pen-strep (Corning), and 0.2% Normocin (Invivogen). The selective agent 

puromycin (Tocris) was used, when appropriate, at empirically determined concentrations.
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2.6. Transfections

Transient: MDCK at ~70% confluence were lipofected using the MDCK Avalanche (EZ 

Biosystems) reagent at 2.5:3.5 (plasmid:reagent) diluted in OptiMem under antibiotic free 

conditions. MDCK cells were analyzed ~20 hrs post-transfection. siRNA: MDCK clones 

stably expressing Cx45 WT or 6E at approximately 60% confluent were lipofected with 

stealth siRNA designed against endogenous canine Cx43 using Lipofectamine RNAiMAX 

according to manufacturer protocol under antibiotic free conditions, cells were cultured 48 

hrs prior to any analysis. Complexes were generated in OptiMem. siRNA was designed 

using the Invitrogen design tool against the coding region (CDS) of accession number 

NM_001002951.3. siRNA duplex sequence: 5′-UAA CAC UCA ACA GCC UGG UUG 
UGA A-3′ and 5′-UUC ACA ACC AGG CUG UUG AGU GUU A-3.′

2.7. Stable clone generation

Approximately 70% confluent MDCK and Hek-293T cells were lipofected with SalI 

linearized mCx45 WT, mCx45 6E, hCx45 WT (MDCK only), hCx45 6E (MDCK only) 

using either MDCK Avalanche (MDCK; 2.5:3.5) or Lipofectamine 2000 (Hek-293T; 1:1) in 

OptiMem. Transfections were carried out under antibiotic free conditions, and cells were 

cultured 48–72 hrs prior to addition of selection media. MDCK and Hek-293T were selected 

with 5 μg/mL and 2 μg/mL puromycin respectively. hCx45 WT, hCx45 6E, and Hek-293T 

cells were bulk selected while mCx45 WT and 6E as well as mCx45 WT-eGFP and 6E-

eGFP expressing cells were clonally selected using Whatman paper cloning disks. Western 

blots and immunofluorescence were used to screen clones, the final clone for each mCx45 

WT and 6E was selected based on greatest transgene and lowest endogenous Cx43 

expression. Endogenous Cx43 expression was not assessed in eGFP fusion expressing 

clones.

2.8. Immunofluorescence

Cells seeded on glass coverslips were rinsed 2x with 1x PBS and then fixed and 

permeabilized with either ice cold methanol at −20°C for 15 min or buffered formalin (1x 

PBS, 3.7% formaldehyde, 0.3% Triton X-100) at 37°C for 30 min. Coverslips were washed 

3× 5 min in 1x PBS with gentle agitation and then blocked for 60–90 min at 37°C (1x PBS 

containing 1% bovine serum albumin and .3% Triton X-100). Coverslips were then 

incubated with the indicated primary antibodies diluted in blocking buffer for either 1 hr at 

RT or overnight at 4°C. Coverslips were washed 3x with 1x PBS and then incubated with 

secondary antibody (if necessary) 1 hr at RT and then washed 1x for 5 min with 1x PBS 

containing 100 ng/mL DAPI and then 2x 5 minutes with 1x PBS. Coverslips were mounted 

on a drop of SlowFade anti-fade (Life Tech), sealed with clear nail polish, and imaged.

2.9. Confocal imaging

All still images acquired on a Zeiss 710 LSM Confocal system using appropriate excitation 

and appropriate filter sets.
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2.10. Live imaging

Live imaging dishes (In Vitro Scientific) were coated with bovine plasma fibronectin 

(Sigma) at 10 μg/mL. MDCK clones expressing Cx45 WT-eGFP or 6E-eGFP were seeded 

and imaged at confluence. Images were acquired over a 1 hr period at 1 min intervals on a 

Zeiss 710 LSM confocal microscope with definite focus module.

2.11. Western blot

Cultured cells were rinsed 2x with 1x PBS and then incubated with protease inhibitor buffer 

(PIB; 1x PBS containing 1x Roche Complete + EDTA, 2 mM PMSF, 2 mM Pepstatin A) on 

ice for 20 min and then harvested with a cell scraper. Cell suspensions were pelleted at 1500 

RPM for 5 min at 4°C. PIB was removed and cell pellet resuspended in an appropriate 

volume of lysis buffer (PIB + 1% Triton X-100, unless otherwise specified), mechanically 

lysed and incubated on ice for 30 min. Lysates were quantified by bicinchoninic acid assay 

(BCA; Pierce) and normalized with lysis buffer. 30 μg of total protein lysate (unless 

otherwise indicated) was resolved by SDS-PAGE, transferred to PVDF (EMD Millipore), 

blocked either 2 hr at RT or ON at 4°C with either 5% non-fat milk/PBST or 5% BSA/TBST 

and incubated with indicated primary antibody in blocking buffer either 1 hr at RT or ON at 

4°C. Blots were washed 3x for 10 min with either PBST or TBST, and then incubated for 1 

hr at RT with secondary antibody. Membranes were then washed 4x 10 min each with either 

PBST or TBST and detected using Signal West Femto kit (Thermo) per manufacturer 

protocol and exposed to autoradiography film. Quantifications were done using NIH ImageJ 

software using a minimum of three independent replicates.

2.12. RT-PCR

MDCK clones expressing mCx45 WT and 6E were seeded and cultured to confluence. Cells 

were rinsed 2x with 1x PBS and lysed for RNA content using the GeneJet RNA Isolation kit 

(Thermo) per manufacturer protocol. Equivalent masses of RNA were reverse transcribed 

using the MuMV-RT kit (NEB) per manufacturer protocol with OligoDT priming. Equal 

volumes of each RT reaction were used as template for standard PCR reactions with primers 

to mCx45-WT/6E (5′- ACAGTAAAAGGAGGGAACTTGAT-3′ and 5′- 
TGGCTTTGTTTTGCTTGTAGG-3′) and GAPDH (5′- 
GTAGTGAAGCAGGCATCGGA-3′ and 5′- GTCGAAGGTGGAAGAGTGGG-3′) 

using Taq Green Master Mix (Thermo). Cycling was carried out as follows: Initial 

denaturation 95°C for 2 min, followed by 30 cycles of 95°C denaturation for 30 sec, 54.5°C 

annealing for 30 sec, and 72°C extension for 30 sec, followed by final extension of 5 min at 

72°C. Equal samples volumes were analyzed by 2% Agarose/TAE electrophoresis spiked 

with ethidium bromide. No reverse transcriptase reactions were used to subtract genomic 

background. Quantification was done using NIH ImageJ software, normalizing samples to 

GAPDH loading control. Quantification was done using 3 independent replicates.

2.13. Co-immunoprecipitation

MDCK cells stable expressing either Cx45 WT or 6E were seeded in either 10 or 15 cm 

plates and grown to confluence. Cells were rinsed 2x with 1x TBS + 1mM EDTA and then 

scraped up an either 0.5 or 1.0 mL of IP lysis buffer (25mM Tris, 150mM NaCl, 0.25% 
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sodium deoxycholate, 0.05% SDS, 1% TX-100 plus protease and phosphatase inhibitors). 

Cells were mechanically lysed and then incubated for 30 min at 4°C with rotation. Lysates 

were precleared with normal rabbit IgG (2 μg) bound protein G agarose for 1 hr at 4°C and 

then clarified by centrifugation. Clarified lysates were quantified by BCA (Pierce) and 

normalized. Input samples were reserved and either 2 or 5 mg of lysate was 

immunoprecipitated with either 2 or 3 μg of rabbit α-Cx45 (Alomone) ON at 4°C. Immune-

protein complexes were captured by 2 hr 4°C incubation with protein G agarose (Pierce), 

washed 5x with IP wash buffer (IP lysis buffer excluding sodium deoxycholate). 

Immunoprecipitated proteins were eluted using 35–50 μL 3x SDS sample buffer. Equal 

volumes of each sample were analyzed by western blot and to avoid cross reactivity with the 

IP antibody a light chain specific secondary antibody (Jackson) or Veriblot (Abcam) were 

utilized for detection. Quantification was done using NIH ImageJ software from 3 

independent replicates.

2.14. Detergent solubility assay

The Triton X-100 solubility assay was modified from a method described previously [28]. 

Briefly, MDCK cells grown in 10-cm Petri dishes were washed with PBS and incubated in 1 

mL PIB for 20 min at 4°C, harvested in the same buffer and gently pelleted. Supernatant was 

aspirated and cell pellet resuspended in 1 mL of fresh PIB supplemented with 50 units of 

Benzonase and mechanically lysed. Lysates were quantified by BCA and normalized. A total 

of 450 μL of cell lysate was brought to 1% SDS with 10% SDS, and reserved as total lysate. 

Another 450 μL was brought to 1% Triton X-100 with 10% Triton X-100 in 1x PBS and 

incubated at 4°C for 30 min with agitation. The Triton X-100 lysate was then separated into 

non-junctional (supernatant; soluble) and junctional (pellet; insoluble) fractions by 

ultracentrifugation at 100,000 x g for 1 hr at 4°C. The supernatant was carefully removed 

and retained as the soluble fraction. The pellet was solubilized in 500 μL of solubilization 

buffer (1x PBS, 8 M urea, 2.5% SDS, 0.1 M DTT, 1x Roche complete + EDTA, 2 mM 

PMSF, and 2 μM Pepstatin A). Volume normalized samples of total lysate (T), Triton X-100 

soluble (S) and Triton X-100 insoluble (I) portions were analyzed by western blot. Soluble 

and insoluble fractions were quantified as a function of total lysate. Quantification was done 

using NIH ImageJ software from 3 independent replicates.

2.15. In situ detergent extraction

The in situ detergent extraction was previously described by [29]. Briefly, MDCK cells were 

seeded on glass coverslips (Neuvitro) and cultured to ~90% confluence. Coverslips were 

rinsed 2x with 1x PBS and then incubated for 30 min at 4°C with gentle agitation with either 

mock extraction buffer (1x PBS containing 1x Roche complete + EDTA, 2 mM PMSF, and 2 

μM Pepstatin A) or extraction buffer (mock buffer + 1% Triton X-100). Following 

extraction, the cells were fixed and immunostained and images acquired. Extractions were 

performed on 3 independent replicates to ensure reproducibility. Quantification of remaining 

immunostain was done by taking the DAPI normalized MFI of the Cx signal in extracted 

images as a percent of signal in the mock images using ImageJ.
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2.16. Hemichannel function assay

To assess hemichannel activity we modified the protocol described by [30]. Briefly, all 

buffers were pre-warmed to 37°C prior to beginning the experiment. MDCK clones 

expressing either Cx45 WT or 6E were seeded on glass coverslips were cultured to 

approximately ~90% confluent. Some wells were pretreated with either 100 μM La3+ 

(Sigma) or freshly prepared 100μM pervanadate or both for 15 min prior to Ca2+ washout 

and dye uptake. The presence of La3+ was maintained during dye uptake. Cells were rinsed 

1x with HBSS +Ca2+/Mg2+ (Life Tech) and then 2x with HBSS –Ca2+/Mg2+ (Life Tech). 

Cells were then incubated at 37°C with HBSS – Ca2+/Mg2+ containing Neurobiotin (0.1 

mg/mL; Vector labs) for 10 minutes. Cells were then washed 2x with HBSS +Ca2+/Mg2+ to 

close hemichannels and gap junctions. Cells were formalin fixed and stained with 

streptavidin 647 conjugate (Life Tech) and imaged. Control cells were treated identically 

except all incubations were done in HBSS +Ca2+/Mg2+. 3 independent replicates were used 

for quantification calculated by DAPI normalized mean fluorescent intensity in Zen Blue 

(2012) where 15 fields of view were acquired per replicate. Results presented as mean + 

s.e.m. of all replicates.

2.17. Dye-transfer assay

Cells were scrape loaded as previously described [31]. Briefly, all buffers were pre-warmed 

to 37°C prior to beginning the experiment. Stable expressing MDCK clones were seeded on 

bovine plasma fibronectin (Sigma; 10 μg/mL) coated 35 mm live imaging dishes (CellStar). 

MDCK cells were transfected with Cx43 siRNA with Lipofectamine RNAiMAX (Life Tech) 

according to manufacturer protocol and then cultured for 48 hrs prior to scrape loading. 

After transection cells were washed 1x with 1x PBS and then overlaid with dye tracer mix 

(1x PBS containing Lucifer yellow, Neurobiotin, and Texas Red Dextran). Scrapes were 

introduced using a fine edged micro-scalpel and incubated at RT for 1 min. Tracer dye was 

gently washed away with 1x PBS and media was added and the cells returned to the 

incubator to culture for 5 min to allow dye to transfer. Following the dye transfer period the 

cells were washed with 1x PBS containing 1 mM CaCl2 and 1 mM MgCl2 to stop dye 

spread. Coverslips were then formalin fixed and stained as described above and imaged. 15 

consecutive fields of view were acquired per replicate.

2.18. Cycloheximide chase

MDCK clones expressing mCx45 WT or 6E were cultured to approximately 90% confluent. 

Cells were rinsed 2x with 1x PBS and the incubated with fresh medium containing 80 

μg/mL cycloheximide (Cell Signaling) for the indicated time points. Following the desired 

incubation time, the cells media was spiked with 10x Roche Complete + EDTA and the cells 

were harvested and pelleted at 1500 RPM for 5 min at 4°C. The supernatant was removed 

and the cells were lysed directly in 1x sample buffer supplemented to 1x PBS, with protease 

inhibitors and 50 units Benzonase. Equal volumes of sample were resolved by SDS-PAGE 

and analyzed by Western blot. Each time point was normalized to loading control and then 

to the starting time point.

Trease et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.19. Channel expression and molecular biology

cDNAs for Cx45WT and 6E mutant were subcloned into the pGEM-HA vector (Promega) 

for expression in Xenopus oocytes. Vectors were linearized with Nhe1 and transcribed in 

vitro to cRNAs using the T7 or SP6 Message Machine kit (Ambion).

2.20. Electrophysiology

Electrophysiological data were collected using the two-electrode voltage clamp technique 

(TEVC). Recordings were made at room temperature (20–22°C). The recording solutions 

contained (in mM) 118 NaCl, 2 KCl, 1.8 mM Ca+2, 5 HEPES (pH=7.4). Currents from 

oocytes were recorded 1–3 days after cRNA injection using an OC-725C oocyte clamp 

(Warner Instruments). Currents were sampled at 2 kHz and low pass filtered at 0.2 kHz. 

Microelectrode resistances were between 0.1 and 1.2 MΩ when filled with 3 M KCl. 

Recordings were performed using agar bridges connecting bath and ground chambers. 

Endogenous Cx38 expression was reduced by antisense oligonucleotide against Cx38 

injected 4 hr after harvesting the oocytes. After 1 day, the same oocytes were coinjected with 

18–50 nL of cRNA (0.5–1 mg/mL) for Cx45 WT or 6E, plus the Cx38 (1 mg/mL) antisense. 

Hemichannel currents were elicited by a set of depolarizing pulses from a holding potential 

of −80 mV to a range of potentials from −50 to +80 mV in 10mV steps.

3. Statistical Analysis

All data were analyzed by using GraphPad Prism 5.0 and were presented as the mean + 

s.e.m. Statistical analysis performed in GraphPad Prism 5.0 was either one-way ANOVA 

with a Neuman-Keuls post-hoc analysis or Student’s T-Test where appropriate. P-values <.

05 were considered statistically significant.

4. Results

4.1. Cx45CT dimerization at the plasma membrane

Cx45CT dimerization was initially identified through the use of a recombinantly expressed 

soluble peptide in vitro [24]. We posited that regulatory and structural features of the 

isolated CT peptides would be recapitulated in cells. The first step was to determine whether 

the CT domains expressed at the plasma membrane would dimerize. To do so, we applied a 

bimolecular fluorescence complementation (BiFC) assay to the Cx45CT WT and 6E 

constructs. Design of the BiFC constructs is diagramed in Fig. 2A. A N-terminal Lyn kinase 

domain was chosen as the membrane anchor mediated by myristoylation and palmitoylation. 

HA or MYC tags were used to differentiate the N- or C-terminal mVenus fragments upon 

staining, respectively, as well as to quantify the level of protein expression. When the 

MDCK cells are transfected with both the N- and C-terminal mVenus fragments, the 

fluorescence signal should be detected only if two Cx45CT domains interact, thereby 

enabling the mVenus fragments to be close enough to properly refold. For both the Cx45CT 

WT and 6E constructs, mVenus signal was detected only in those MDCK cells expressing 

both the HA and MYC tagged constructs (Fig. 2B). The fluorescence signal at the plasma 

membrane was quantified from 90 WT and 92 6E cells (collected from three independent 

experiments). To control for potential differences in expression and trafficking to the plasma 
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membrane for the WT and 6E proteins, the mVenus signal was normalized to the Myc tag 

signal for each construct (Fig. 2B). The signal for the Cx45CT WT at the plasma membrane 

was approximately 2.5-fold greater than that for Cx45CT 6E. This suggests the CT domain 

of Cx45 dimerizes when tethered to the plasma membrane and that the dimerization can be 

substantially inhibited by 6E. mVenus signal for both the Cx45CT WT and 6E constructs 

was also observed in the endoplasmic reticulum/Golgi apparatus at similar levels (Fig. 2B). 

We suspect the reason why there is any mVenus signal at all in the plasma membrane and 

Golgi/ER in the 6E images is because of localized concentration, as the tendency for the 

mVenus to refold is a condition of proximity. Thus, proximity leads to “background” 

mVenus signals that does not necessarily arise from dimerization. Importantly, any reduction 

in the mVenus signal of 6E relative to WT, normalized to myc, is significant, indicating less 

dimerization. On a technical note, this assay was attempted with full length Cx45 WT and 

6E, and we did not observe a significant difference in the mVenus signal at the plasma 

membrane. We speculate that formation of a connexon (i.e., six connexins) placed the CT 

domains in close enough proximity (like what was observed in the endoplasmic reticulum/

Golgi apparatus) for the mVenus fragments to properly refold, regardless of the CT 

dimerization state or potential CT interaction with other cytoplasmic domains (data not 

shown).

4.2. Cx45CT dimerization affects Cx45 degradation

To characterize the functional significance of Cx45CT dimerization, stably expressing Cx45 

WT and 6E clones in Cx43 deficient MDCK cells (generous gift from Dr. Paul Lampe) were 

generated. Western blots showed an increase of approximately 2.5 fold Cx45 6E expression 

relative to Cx45 WT (Fig. 3A; three replicate samples are presented). Interestingly, we see a 

shift in the apparent molecular mass of Cx45 6E compared to the WT; a result consistent 

with a study that examined the effects of proteins containing disproportionate numbers of 

acidic amino acids [32]. We also screened for Cx43 expression as its residual expression 

could confound results in subsequent studies due to presence of Cx43 homomeric or Cx43/

Cx45 heteromeric channels. Surprisingly, Western blot showed that all clones expressing 

Cx45 WT, but not 6E, expressed a small amount of Cx43 (Fig. 3A). Therefore, experiments 

were performed with and without knockdown of Cx43 (siRNA against Cx43; Supplemental 

Figure 1A); no difference in the results (e.g., gap junction formation or localization) was 

observed between the groups.

RT-PCR was used to determine if the increased Cx45 6E protein was the result of increased 

synthesis at the transcript level. Interestingly, the mRNA expression for both Cx45 WT and 

6E was identical (Fig. 3B). This suggests that the increase in 6E protein was not the result of 

increased synthesis but could be the result of decreased degradation. To test this possibility, 

we used a cycloheximide (CHX) chase assay, where CHX is used to inhibit protein 

synthesis. Each of the clones were cultured in the presence of 80 μM CHX for a period of 12 

hrs. Over time Cx45 WT was degraded, resulting in an approximate reduction of total 

protein by >80%. Conversely, the Cx45 6E protein level remained largely unchanged over 

the same 12 hr period, suggesting that the 6E form can escape normal mechanism(s) of 

degradation (Fig. 3C).
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4.3. Cx45CT dimerization affects Cx45 plasma membrane localization

Based upon the difference in expression level between Cx45 WT and 6E, 

immunofluorescence was used to determine the influence of CT dimerization on cellular 

localization. Similar to a published study, Cx45 WT in MDCK cells was found in a punctate 

pattern at the plasma membrane (Fig. 4A, left panels, red) [33]. On the other hand, more 

Cx45 6E protein was localized at the plasma membrane and in a linear pattern (Fig. 4A, 

right panels, red). Quantification of the length confirmed this difference between Cx45 WT 

and 6E at the plasma membrane (mWT, 602 ±141 nm, 113 plaques; m6E, 1330 ±343 nm, 

208 plaques; significance, <0.0001). Importantly, knockdown of endogenous Cx43 did not 

alter Cx45 WT protein localization (Supplemental Fig. 1B). To ensure these phenotypes 

were not species or cell line specific, we also immunostained using an antibody to the 

human Cx45 sequence expressed in MDCK cells (Fig. 4B; WT, left panel, red; 6E, right 

panel, red; length, hWT 640 ±236 nm, 311 plaques; h6E 1756 ±340 nm, 131 plaques; 

significance, <0.0001) as well as the mouse Cx45 sequence expressed in Hek-293T cells 

(Fig. 4C; WT, left, red; 6E, right, red; length, mWT HEK 749 ±365 nm, 141 plaques; m6E 

1325 ±776 nm, 137 plaques; significance, <0.0001). In both cases, a similar plasma 

membrane distribution was observed for both Cx45 WT and 6E as in Fig. 4A. Additionally, 

to ensure this phenotype was not the result of either antibody affinity or fixation artifacts, a 

C-terminal eGFP fusion of either Cx45 WT or 6E stably cloned into MDCK cells was used 

for live imaging. Consistent with all the other data, the eGFP fusion proteins mirrored the 

stained phenotype exactly, with comparable levels of Cx45 WT (Fig. 4D, left panel) and a 

disproportionally larger amount of Cx45 6E (Fig. 4D, right panel) diffuse across the 

majority of the plasma membrane (Fig. 4D, left panel). A cursory measurement of the length 

of the WT gap junctions in the eGFP fusion yields an average gap junction length of 667 

±240 nm for a total of 12 plaques, suggesting that eGFP fusions are not altering the length of 

WT junctions and therefore unlikely to result in the diffuse membrane signal observed for 

the 6E-eGFP.

4.4. CT dimerization is necessary for proper junctional plaque formation

The immunofluorescence and live imaging experiments demonstrated that inhibiting 

Cx45CT dimerization results in an increased amount of the protein at the plasma membrane. 

To test if Cx45 6E are in junctional plaques, we performed a Triton X-100 solubility assay to 

quantify the junctional (insoluble) and non-junctional pools (soluble). When compared to 

Cx45 WT, 6E had a statistically significant ~1.6 fold increase in the non-junctional pool, and 

a corresponding decrease in the junctional pool (Fig. 5A; knockdown of Cx43 did not alter 

Cx45 plaque formation, Supplemental Fig. 1C). In situ Triton X-100 extractions produced 

comparable results and quantification of the Cx45 immunofluorescence revealed 

approximately 40% of signal remains for WT yet the residual signal for 6E is approximately 

18%, which correlates with the biochemical analysis (Fig. 5B). The data reveals that CT 

dimerization contributes to the stability of Cx45 at the junctional plaque.

4.5. CT dimerization is necessary for proper channel function

To determine whether inhibition of CT dimerization affects cell-to-cell communication 

(level and selectivity), junctional transfer of the tracer’s neurobiotin (cationic) and Lucifer 
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Yellow(anionic) was measured in a scrape-loading assay using the stably transfected Cx45 

WT and 6E MDCK cells. Texas Red Dextran (10,000 Da; junction impermeable) marks the 

loaded cells. Similar to previously published studies, Cx45 WT expressing cells were 

extensively coupled with respect to neurobiotin demonstrating greater than a fifth order dye 

transfer (i.e., cell layers past scrape) (Fig. 5C, top panels). In addition, Cx45 WT cells were 

impermeable to Lucifer Yellow [34]. Cx45 6E expressing cells were similar to WT with 

respect to being impermeable to Lucifer Yellow, however, coupling to neurobiotin was 

significantly reduced (second order dye transfer) (Fig. 5C, bottom panels). These results 

indicate that CT dimerization is important for proper Cx45 gap junction intercellular 

communication. The reduced junctional dye transfer could be explained by fewer junctional 

channels, reduced channel open time, or by reduced permeability to neurobiotin.

We next tested for altered hemichannel activity. Here we used Ca2+ washout, a method 

known to activate connexin hemichannels, and measure the uptake of neurobiotin. In the 

control (+Ca2+), both Cx45 WT and 6E expressing MDCK cells minimally took up the 

tracer (Fig. 6). However, after Ca2+ washout, Cx45 6E expressing cells took up 

approximately 2 fold (DAPI normalized) more neurobiotin than the Cx45 WT cells. 

Importantly, WT expressing cells treated with 100 μM pervanadate (general inhibitor of 

protein tyrosine phosphatases) for 15 min to increase tyrosine phosphorylation did not alter 

dye uptake compared to untreated cells (Fig. 6 and Supplemental Fig. 2). Furthermore, 

pervanadate did not bypass the requirement for Ca2+ depletion to activate Cx45 

hemichannels. To confirm that dye uptake was the result of Cx45 hemichannels rather than 

other membrane channels, cells were pretreated with La3+, an inhibitor of connexin 

hemichannel activity. When pretreated with La3+, both Cx45 WT and 6E cells had 

significantly reduced dye uptake when compared to the Ca2+ washout condition. The dye 

transfer experiments, together, indicate Cx45 6E hemichannels and channels are permeable 

to neurobiotin. The differences in neurobiotin transfer (hemichannels-higher, channels-

lower) are consistent with the location of Cx45 (hemichannels vs. channels) observed in the 

Triton X-100 solubility and live imaging data (albeit a change in channel permeability could 

also contribute).

4.6. Cx45CT dimerization affects tyrosine phosphorylation, protein partner interactions, 
and hemichannel currents

To determine what regulatory mechanisms are influenced by CT dimerization, we examined 

for Cx45 WT and 6E three known characteristics of the CT domain: sites of 

phosphorylation, binding of protein partners, and modulation of channel properties. A 

consistent observation of cardiac connexins is altered gap junction intercellular 

communication caused by phosphorylation [29, 34–36]. Therefore, Cx45 WT and 6E were 

immunoprecipitated from the MDCK cells and Western blotted with a general anti-pY 

antibody (Fig. 7A) and anti-pS antibody (Supplemental. Fig. 3A). The data indicates a 

significant ~2-fold increase in tyrosine phosphorylation and no difference in serine 

phosphorylation of Cx45 6E compared with WT.

The decreased number of junctional channels, altered membrane localization, and increased 

amount of protein at the plasma membrane for the Cx45 6E suggests altered trafficking to, 
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at, and from the plasma membrane. Tyrosine phosphorylation affects connexin trafficking; 

our previous studies and those of others revealed that Src can inhibit Cx43 interactions with 

the cytoskeleton proteins β-tubulin, developmentally regulated brain protein (Drebrin), and 

Zonula Occludens 1 (ZO-1), leading to decreased gap junction intercellular communication 

[37–39]. To test if the increased tyrosine phosphorylation of Cx45 6E is affected in a similar 

manner, Cx45 WT and 6E were immunoprecipitated from MDCK cells and Western blotted 

for β-tubulin (Fig. 7B), Drebrin (Fig. 7C), and ZO-1 (Supplemental Fig. 3B). Comparing the 

amount immunoprecipitated between Cx45 6E and WT, observed were a significant ~3-fold 

decrease in β-tubulin, a significant ~2-fold increase in Drebrin, and no difference in ZO-1. 

These results suggest that one possible cause of the phenotype difference between WT and 

6E is altered interactions the cytoskeleton.

Another possible cause of decreased 6E turnover is altered interactions with proteins 

involved in degradation. Studies have demonstrated that the neural precursor cell expressed 

developmentally down-regulated protein 4 (Nedd4), an E3 ubiquitin ligase, is a critical 

mediator of Cx43 gap junction turnover [40–42]. Additionally, the protein tumor 

susceptibility gene 101 (TSG101) mediates Cx43 trafficking to lysosomes [43]. Therefore, 

Cx45 WT and 6E were immunoprecipitated from MDCK cells and Western blotted for 

Nedd4 (Fig. 7D) and TSG101 (Supplemental Fig. 3C). The data indicates that relative to 

WT, the 6E shows a significant ~2-fold decrease in co-immunoprecipitated Nedd4 and no 

difference with TSG101.

Finally, the hemichannel currents of Cx45 WT and the 6E channels were assessed by 

electrophysiology. Xenopus oocytes were injected with the same amount of Cx45 WT or 6E 

cRNA, together with DNA antisense to the endogenous XenCx38. The oocytes were 

voltage-clamped and macroscopic currents of the hemichannels recorded during steps to 

depolarizing voltages to activate the channels [44, 45] (Fig. 8). The macroscopic currents 

elicited by depolarization were much greater for the 6E mutant than for the WT channels. 

The results illustrated are representative of data from multiple injected oocytes (WT, n=8; 

6E, n=4). These records demonstrate that the 6E mutant is functional, and more important, 

that it mediates much greater hemichannel currents than WT under the same conditions. The 

increased currents due to 6E could be explained by any of several factors or a combination 

of them: greater plasma membrane expression of 6E hemichannels than for WT, 

dramatically shifted Po-V relations, or greater unitary conductance of the channels. The key 

point, however, is that the disruption of CT dimerization effected by the 6E mutation causes 

a dramatic increase in the magnitude of currents mediated by the channel compared to WT.

5. Discussion

Previously, we identified in vitro a structural feature unique to the Cx45 isoform, high 

affinity CT dimerization (KD ~100 nM). The Cx45CT dimerization domain (A333-N361) is 

highly conserved (72.4%) across species; five of the six-targeted hydrophobic residues are 

identical in all orthologs and the other highly conserved (Fig. 1). A BLAST search of 

Cx45CT residues A333-N361 within the human genome resulted in no significant homology 

to any other protein, indicating the uniqueness of this structure to Cx45. Based on the known 

effects of protein binding interactions of other connexin CTs (especially the Cx43CT), it 
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stands to reason that inhibiting this protein-protein interaction would influence the properties 

of Cx45. The specific inferred effects we observed from the absence of dimerization include: 

increased protein at the plasma membrane due to inhibited degradation, decreased plaque 

formation, increased hemichannel activity, retained regulation by Ca+2, increased tyrosine 

phosphorylation, decreased interaction with β-tubulin and Nedd4, increased interaction with 

Drebrin, maintained interaction with ZO-1, and increased macroscopic currents.

Only a limited number of studies have characterized the functional role of the Cx45CT 

domain, largely in the context of co-expression with Cx43. For example, Cx45 WT 

(chicken) and CT truncated constructs (deletion of the last 34 and 37 residues) were 

transfected into a rat osteosarcoma cell line (ROS) that expresses endogenous Cx43 [46]. All 

proteins were transported to the plasma membrane with Cx45 WT and Δ34 displaying a 

punctate staining pattern, while the Cx45 Δ37 protein staining was more linear [47]. Neither 

of these truncations would have removed any of the key hydrophobic residues involved in 

CT dimerization. The difference lies in that the Cx45 Δ37 protein was more soluble in 1% 

Triton X-100 and did not co-precipitate with the actin-binding protein ZO-1 [47]. These 

observations are similar with the Cx45 6E in that alteration with the cytoskeleton (decreased 

binding of β-tubulin and increase binding of Drebrin) and proteins involved in connexin 

degradation (decreased binding of Nedd4) affects membrane localization and gap junction 

intercellular communication. Additional truncation studies suggest potential regulatory roles 

mediated by the Cx45 CT domain, however the relevance to dimerization cannot be clearly 

established at this time, these include regulating gap junctional conductance, channel 

permeability, and the ability of Cx45 to interact with Cx43 [46, 48–50]. Interestingly, 

expression of the Cx45CT domain, unlike the Cx40CT, failed to restore pH sensitivity to 

Cx43CT truncated channels [51]; when the Cx45CT was directly tethered to Cx43 or Cx40 

(i.e., Cx43-Cx45CT or Cx40-Cx45CT), they did not form functional channels [50].

Many of the mechanisms involved in connexin regulation involve phosphorylation [52–55]. 

The negative charge of the phosphate could affect the permeability of ions to the pore, alter 

the structure of the transmembrane α-helices to influence pore size, or modify the binding 

affinities of protein partners involved in regulating connexins. Notably, if phosphorylation 

alters the kinetics of channel assembly or degradation (e.g., Nedd4; [40–42]), cell-to-cell 

communication will be altered. Only a few studies have addressed the role of 

phosphorylation in the regulation of Cx45. Phosphoamino acid analysis revealed 

phosphorylation of Cx45 serine, threonine, and tyrosine residues and deletion of the last 26 

residues (contains 9 Ser) reduced phosphorylation [48]. In the case of regulation by Ser 

phosphorylation, little correlation exists between Cx43 and Cx45. Clear examples are 

activation of PKA by 8-Br-cAMP decreases Cx45 and increases Cx43 junctional 

conductance [35, 56], and activation of PKG by 8-Br-cGMP has no effect on Cx45, yet 

decreases Cx43 junctional conductance [35, 56]. In the case of the PKC activating phorbol 

ester PMA, Cx43 junctional conductance is decreased [34], however two studies show 

conflicting junctional conductance data for Cx45 (increase in [35] and decreased in [34]). 

Additionally, in the Martinez et al. [34] study, while Cx45 and Cx43 junctional conductance 

decreased, PMA only reduced transfer of the tracer neurobiotin in Cx43 expressing cells. In 

one further contrast to Cx43, Cx45 phosphorylation does not alter the single channel 
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conductance (22 and 42 pS), suggesting modification affects the open probability of Cx45 

gap junction channels [35].

One example of commonality between Cx43 and Cx45 does occur in the regulation of 

junctional conductance by pervanadate. Promoting tyrosine phosphorylation of the CT 

domain reduces both Cx43 and Cx45 gap junction intercellular communication [35, 57, 58]; 

however, the mechanism(s) that achieve this may be different. For example, the majority of 

Cx43 in cells exposed to pervanadate are localized in the cytoplasm [59], while we observed 

that Cx45 is still localized at the plasma membrane. One explanation is that the only soluble 

tyrosine kinases identified to phosphorylate Cx43 (Src and Tyk2; residues Y247 and Y265) 

inhibit binding of β-tubulin and Drebrin, as well as Src also directly interacts with ZO-1 to 

inhibit Cx43/ZO-1 [37, 38]. Thus, affecting the interaction of Cx43 with microtubules and 

actin would explain the cytoplasmic localization of Cx43. However, although the tyrosine 

kinases were not identified, increased tyrosine phosphorylation of the Cx45 6E did not affect 

the Cx45 interaction with ZO-1 (actin), enhanced the interaction with Drebrin (actin), and a 

decreased interaction with β-tubulin (microtubules) and Nedd4. With ZO-1 regulating gap 

junction plaque size and assembly [60, 61], our data supports that β-tubulin is critical for 

plaque formation [62–64] and that Drebrin stabilizes connexins at the plasma membrane [38, 

65]. These data would explain why pervanadate had no effect on Cx45 hemichannel activity 

in the presence or absence of Ca+2.

Gap junctions in the ventricle are primarily composed of Cx43. In the failing heart, Cx43 

remodeling contributes to the arrhythmic substrate. However, the failing heart also 

aberrantly upregulates Cx45 expression, normally expressed at very low levels, whose 

channel properties (low conductance, high voltage-sensitivity) greatly enhance propensity 

for serious arrhythmias [12–14]. The effect of Cx45 is disproportionate to the degree of 

upregulation, since it forms heteromeric channels with Cx43, and exerts a dominant-negative 

effect on the resulting gap junctions [20, 34, 49, 66]. Unfortunately, little is known about the 

determinants of the properties of Cx45 that make its expression in the myocardium so 

dangerous. Based upon the results provided herein, Cx45CT dimerization is a necessary 

structural feature for correct Cx45 function. Future studies need to pinpoint the regulatory 

role(s) mediated by Cx45CT dimerization, including if dimerization contributes to the 

dominant-negative phenotype in Cx43-Cx45 heteromeric channels, as well as define how 

kinases and protein partners that interact with the CT domain differentially regulate Cx43 

and Cx45 function.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Identified high affinity dimerization (KD ~100 nM) of Cx45CT domains

• CT dimerization is required for proper Cx45 localization and phosphorylation 

status

• Cx45CT dimerization mediates normal cell-cell coupling and hemichannel 

activity

• CT dimerization is a structural feature important for correct Cx45 function
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Figure 1. Sequence alignment of the Cx45CT dimerization domain (A333-N361) from different 
species
Sequence alignment of the A333-N361 region using Clustal Omega to all available Cx45 

RefSeq sequences revealed a high degree of conservation within this region, with 72.4% 

identical, 20.6% conserved, and 6.9% non-conserved residues. For clarity, the sites of point 

mutations in the Cx45 6E construct are indicated by the single letter code above the 

alignments. Degree of site conservation (excluding Cx45 6E mutations) is indicated at the 

bottom, * = identical, : and . = high conservation and intermediate conservation, 

respectively.
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Figure 2. Cx45CT dimerization at the plasma membrane
MDCK cells transiently transfected with the Cx45CT WT or 6E versions of Lyn-HA-CxCT-

mVenN and Lyn-Myc-CxCT-mVenC were assessed for complemented mVenus signal. A) 

Schematic of the protein constructs with post-translational modifications resulting in the 

addition of the myristoyl and palmitoyl groups. B) Representative immunofluorescence 

images of double transfected MDCK cells. Calculated area under the curve and mean 

fluorescent intensity of mVenus signal normalized to Myc tag fluorescence at the plasma 

membrane (top) and Golgi/ER (bottom), respectively. Statistics are one tailed unpaired 

student’s T-test between the Cx45CT WT and 6E groups; ***P>0.0001. Scale bar = 10 μm.
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Figure 3. Inhibiting Cx45CT dimerization decreases protein degradation
Three different MDCK cells expressing either Cx45 WT or 6E were assessed for expression 

at the protein and transcript levels. A) Western blots and quantification of Cx45 WT, Cx45 

6E, and Cx43 expression. B) RT-PCR gel images and quantification of Cx45 WT and 6E 

transcripts. C) Western blots and quantification of Cx45 WT or 6E subjected to a 12 hr 

cycloheximide chase. Results presented as the mean + s.e.m. (n=3). Statistics are used to 

analyze the data were two-tailed unpaired Student’s T-test (A, n=3, *P<0.05; and C, n=3, 

n.s., *P<0.9056) and one-way ANOVA with a Neuman-Keuls post hoc test (B, n=3; 

*P<0.05, **P<0.001 comparing Cx45 WT and 6E, and ##P<0.001 compared to time = 0).
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Figure 4. Inhibiting Cx45CT dimerization alters Cx45 cellular localization
Representative immunofluorescence images (red) of methanol fixed cells stably expressing 

Cx45 WT (left) or 6E (right). Co-immunostaining (green) for either E-Cadherin (MDCK) or 

β-catenin (Hek-293T) was used to mark the plasma membranes of the fixed cells (blue = 

DAPI). A) Clonally selected MDCK cells stably expressing mouse Cx45 WT or 6E. B) Bulk 

selected MDCK cells stably expressing human Cx45 WT or 6E. C) Bulk selected Hek-293T 

cells stably expressing mouse Cx45 WT and 6E. D) Isolated time-lapse frames of clonally 

selected MDCK cells expressing C-terminal eGFP fusions of mouse Cx45 WT or 6E 

(green). White arrows in the insets indicate gap junction plaques. Scale bar A–C = 20 μm 

and D = 10 μm.
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Figure 5. Inhibiting Cx45CT dimerization impairs gap junction intercellular communication
Triton X-100 solubility was used to compare MDCK cells expressing Cx45 WT or 6E. A) 

Western blot image of Triton X-100 extracted protein; total lysate (T), soluble (S), and 

insoluble (I) fractions. Below is the quantification of protein in the T, S, and I fractions. 

Statistics represent one-way ANOVA with a Neuman-Keuls post-hoc correction (n=3, 

**P<0.001,***P<0.0001). B) Representative fluorescent images (left) and quantification 

(right) of in situ Triton X-100 and mock (1x PBS) extracted Cx45 WT or 6E in MDCK cells 

(red, Cx45; blue, DAPI). C) MDCK cells expressing Cx45 WT (top) or 6E (bottom) were 

scrape loaded with tracer dyes to assess the degree of intercellular communication. Red, 

Texas red dextran (MW 10,000 Da); yellow, Lucifer yellow CH (MW 443 Da; −2 charge), 

green, neurobiotin (MW 287 Da; +1 charge); and blue, DAPI. Images are representative of 

greater than six independent experiments. Scale bar in B = 20 μm and C = 100 μm.
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Figure 6. Inhibiting Cx45CT dimerization affects hemichannel dye uptake
MDCK cells stably expressing Cx45 WT or 6E were subjected to conditions that activate 

hemichannels activity (Ca2+ deprivation) and the level of neurobiotin uptake was measured. 

Representative fluorescent micrographs of cells loaded with neurobiotin and probed with 

streptavidin-647 conjugate (red). Quantification of DAPI (blue) normalized mean 

fluorescent intensity (MFI) from 3 replicates, 15 random 100X FOVs were acquired per 

replicate. Statistics are one-way ANOVA with a Neuman-Keuls multiple comparison test 

(***P<0.0001 relative to +Ca2+ within same group, ^ and ^^^P <0.05 and <0.0001 

respectively, relative to −Ca2+ within same group; ###P<0.0001 between −Ca2+ treatment 

groups; •••P<0.0001 compared to WT + pervanadate). Scale bar = 50 μm.
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Figure 7. Inhibiting Cx45CT dimerization alters phosphorylation and protein partner 
interactions
MDCK cells stably expressing Cx45 WT or 6E were cultured, lysed, and 

immunoprecipitated to assess total phosphorylation levels and interactions with β-tubulin, 

Drebrin, and Nedd4. A) Representative Western blots of immunoprecipitated Cx45 WT or 

6E blotting with a general anti-pY antibody. (n=3, ** P<0.01) Representative Western blot 

of B) β-tubulin (n=7, ***P<0.001), C) Drebrin (n=3, **P<0.01), and D) Nedd4 (n=3, 

**P<0.01) co-immunoprecipitated with either Cx45 WT or 6E. Data presented as mean fold 

change + s.e.m. relative to the first WT replicate. Statistics are two-tailed unpaired Student’s 

T-test.
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Figure 8. Inhibiting Cx45CT dimerization affects hemichannel currents
Oocytes injected with equal amounts of cRNA coding for Cx45 WT or the 6E mutant were 

voltage clamped and hemichannel currents elicited by large depolarizing voltage steps from 

−50 to +80 mV in 10 mV incrememts from a holding potential of −80 mV. A) 

Representation of voltage protocol. Under the same voltage protocols, the WT channels 

mediated substantially less current than the 6E channels. Representative current plots from 

(B) WT and (C) 6E expressing oocytes.
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