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Abstract

Several Cx40 mutants have been identified in patients with atrial fibrillation (AF). We have been
working to identify physiological or cell biological abnormalities of several these human mutants
that might explain how they contribute to disease pathogenesis. Wild type (wt) Cx40 or four
different mutants (P88S, G38D, V85I, and L229M) were expressed by transfection of
communication-deficient HeLa cells or HL-1 cardiomyocytes. Biophysical channel properties and
the sub-cellular localization and protein levels of Cx40 were characterized. Wild type Cx40 and all
mutants except P88S formed gap junction plaques and induced significant gap junctional
conductances. The functional mutants showed only modest alterations of single channel
conductances or gating by trans-junctional voltage as compared to wtCx40. However,
immunoblotting indicated that the steady state levels of G38D, V85I, and L229M were reduced
relative to wtCx40; most strikingly, G38D was only 20 — 31% of wild type levels. After inhibition
of protein synthesis with cycloheximide, G38D (and to a lesser extent the other mutants)
disappeared much faster than wtCx40. Treatment with the proteasomal inhibitor, epoxomicin,
greatly increased levels of G38D and restored the abundance of gap junctions and the extent of
intercellular dye transfer. Thus, G38D, V85I, and L229M are functional mutants of Cx40 with
small alterations of physiological properties, but accelerated degradation by the proteasome. These
findings suggest a novel mechanism (protein instability) for the pathogenesis of AF due to a
connexin mutation and a novel approach to therapy (protease inhibition).
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1. Introduction

Gap junctions contain intercellular channels (formed of connexins) that allow exchange of
ions (and small molecules) between adjacent cells. In the heart, these channels are critical
for normal electrical conduction. Abnormalities of connexins have been implicated in both
atrial and ventricular arrhythmias.

Atrial fibrillation (AF) is the most common cardiac arrhythmia. It is characterized by a rapid
and irregular electrical activation and the loss of atrial muscle contractility. The
pathogenesis of AF involves initiating triggers (often rapidly firing ectopic foci located
inside the pulmonary veins) and an abnormal atrial tissue substrate that maintains the
arrhythmia [1, 2]. It is likely that the abundance and distribution of atrial connexins
contribute to that tissue substrate [3].

Two different connexins, Cx40 and Cx43, are abundantly expressed by atrial myocytes and
determine the properties of conduction within this tissue [4, 5]. Various alterations of both
Cx40 and Cx43 have been observed in patients with AF (reviewed in [6]). The confounding
results of these studies may have resulted from the different etiologies and durations of AF
in these patients and the extent of failure and structural heart disease. About 15% of AF
patients have “lone AF” which develops in apparently normal hearts in the absence of
structural abnormalities.

Connexin abnormalities identified in patients with lone AF may help to elucidate the
contribution of connexins (and gap junctions) to this disease. Several Cx40 mutants have
been identified in patients with lone AF [7, 8]. We have been working to identify any
physiological or cell biological abnormalities of these mutants that might help to explain
how they contribute to disease pathogenesis. Our general strategy is to express the wild type
or mutant Cx40 by transfection of communication-deficient cells and characterize their
protein levels, sub-cellular localization, and biophysical channel properties.

In recent studies [9], we concentrated on studying two Cx40 mutants (G38D and M163V).
Our electrophysiological experiments showed that these two mutants produced channels
with only mildly altered conductance and gating properties when studied individually in
transfected N2a cells. However, we found more dramatic alterations when the two mutants
were co-expressed, suggesting that they interact with each other. Our new data contrasted
with the initial report of G38D [7] which suggested that when expressed, this mutant did not
produce a significant level of gap junctional conductance and that cells expressing this
mutant showed only very low levels of immunoreactive Cx40 as detected by
immunolabeling and microscopy.

In the current study, we have continued cellular/biochemical and physiological
characterization of G38D and of several other reported Cx40 mutant proteins associated
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with lone AF, including P88S, V85I, and L229M. Our new data confirm that many AF-
associated Cx40 mutants make gap junction plaques and functional gap junction channels.
The channels may or may not have significant abnormalities. But, most strikingly, our new
studies presented here suggest that G38D (and likely some of the other mutants) is unstable
as compared to the wild type, and it supports reduced intercellular coupling due to
accelerated degradation.

2. Material and methods

2.1. Connexin-expressing cells

HelLa and N2a cells were cultured as previously described [10, 10, 11]. The mouse HL-1
atrial cardiomyocyte cell line was generated and kindly provided by Dr. W.C. Claycomb
(Louisiana State University Medical Center, New Orleans, LA). HL-1 cells were grown in
Claycomb medium, supplemented with 10% FBS, 2 mM L-glutamine, 0.1 mM
norepinephrine and penicillin/streptomycin 100 U/mL, 100 pg/mL (Sigma, St. Louis, MO)
[12]. Human Cx40 DNA was subcloned into the pSFFV-neo or pTracer- CMV2 as
described earlier [9]. Mutants of Cx40 containing substitutions: G38D [9], G38E, G38V,
G38N, V85I, P88S, and L229M, were generated with the Quick Change Site-Directed
Mutagenesis Kit (Agilent Technologies UK, Ltd., Cheshire, UK). The plasmid constructs
were purified using the Plasmid Maxiprep Kit (OriGene, Rockville, MD) and the DNA
sequences were confirmed to contain only the wanted mutations.

Cells were transiently or stably transfected with connexin DNA using Lipofectamine 2000
for HeL a cells or Lipofectamine 3000 for HL-1 cells (Life Technologies, Grand Island, NY)
according to manufacturer’s instructions. For immunofluorescence and immunoblot analysis
of connexin expression, HeLa cells were transiently transfected with constructs in pSFFV-
neo. For the initial assessment of the stability of mutant proteins in comparison to a wild
type Cx40, HelL a cells were transiently transfected with connexin DNAs in pTracer-CMV?2.
For the electrophysiological experiments, N2a cells were transiently transfected with
connexin DNAs in pTracer-CMV?2.

For the cycloheximide experiments and experiments with inhibitors of protein degradation
HeL a cells stably transfected with pSFFV-neo constructs were used. Stable clones were
selected by culturing in medium containing G418 (1000 pg/mL) (Life Technologies). Clones
were screened for Cx40 expression by immunofluorescence with anti-connexin antibodies.

2.2. Cell treatments

Hela cells expressing wild type or mutant Cx40 were treated with 40 pg/mL cycloheximide
(EMD Millipore, Billerica, MA) for 0, 1, 3, 6 or 24 hours or with 0.5uM epoxomicin
(Calbiochem-Novabiochem Corp.) [13], 0.1mM chloroquine (Sigma, St. Louis, MO) [14], 5
mM3-methyl adenine (3-MA, EMD Millipore, Billerica, MA) or DMSO (used as a solvent
for stock solutions of epoxomicin or cycloheximide) for 18 hours.

At the end of treatments cells were harvested for immunoblot analysis which was performed
as described below.
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2.3 Analysis of protein ubiquitination

Hela cells expressing wild type Cx40 or G38D were treated with 0.5uM epoxomicin or
DMSO alone for 18 h, harvested in PBS containing protease inhibitors [5], and centrifuged
at 150g for 7 min. Pelleted cells were resuspended in the same buffer, then disrupted by
repeated passage through 20 and 27 gauge needles. Ubiquitinated proteins were isolated
from the lysate using the UbiQaptureTM-Q Kit (Enzo Life Sciences, Farmingdale, NY)
according to manufacturer instructions with binding of proteins to the UbiQaptureTM-Q
matrix beads over 4 h. Following washing, bound material was analyzed by immunoblotting.

2.4. Antibodies

Cx40 was detected using rabbit polyclonal antibodies directed against the carboxy-terminal
domain of Cx40 (cat. no 36—4900 Life Technologies) at 1:250 dilution for all
immunofluorescence and at 1:1000 dilution for most immunoblotting experiments. For blots
of HL-1 cells and of ubiquitinated proteins, Cx40 was detected using goat polyclonal
antibodies directed against the carboxy-terminal domain of Cx40 (cat. no sc-20499, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Mouse monoclonal anti-GFP antibodies were
obtained from Life Technologies (cat. no 33-2600) and used at a 1:250 dilution for
immunoblotting. Mouse monoclonal anti-p-tubulin antibodies were obtained from Sigma
(cat. no T5283) and were used at 1:2000 dilution for immunoblotting. Mouse monoclonal
anti-p-actin antibodies were obtained from Sigma (cat. no A2228) and were used at 1:2000
dilution for immunoblotting. Cy3-conjugated goat anti-rabbit IgG and HRP-conjugated goat
anti-rabbit or anti-mouse 1gG antibodies were obtained from Jackson ImmunoResearch
(West Grove, PA). HRP-conjugated donkey anti-goat IgG antibodies were obtained Santa
Cruz Biotechnology, Inc. The ubiquitin-conjugate specific HRP-linked antibody from the
UbiQaptureTM-Q Kit was used at a 1:1000 dilution.

2.5. Immunoblot Analysis

Cell homogenates were prepared 48 h after transfection with connexin DNA as described by
Gong et al. [15]. Immunoblots were performed as described earlier [5]. The protein
concentrations of homogenates were determined using the method of Bradford (1976) (Bio-
Rad, Richmond, CA)[16]. Aliquots containing 20 ug of protein were separated by SDS-
PAGE on 10% polyacrylamide gels and blotted onto Immobilon-P membranes (Millipore,
Bedford, MA). ProSieve QuadColor Protein Markers (Lonza Walkersville, Inc.,
Walkersville, MD) were used to calibrate the gels. Depending on the desired sensitivity,
immunoblots were developed with ECL, ECL Prime (GE Healthcare Biosciences) or
SuperSignal WestFemto Chemiluminescence reagents (Thermo Fisher Scientific Inc.,
Rockford, IL) and exposure to X-ray film. Final figures for publication were assembled by
cutting and cropping to include representative examples and to juxtapose panels to facilitate
comparisons.

2.6. Immunofluorescence analysis of connexin expression

For microscopy, cells were cultured on multi-well slides. Cells were fixed in methanol/
acetone (1:1) for 2 minutes. 27 hours after transfection with connexin DNASs and stained as
previously described [11]. Cells were studied using the 40X Plan Apochromat objective in
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an Axioplan 2 microscope (Carl Zeiss Meditec, Munich, Germany). Images were captured
with a Zeiss Axiocam digital camera using Zeiss AxioVision software.

2.7. Intercellular transfer of propidium iodide

For intercellular transfer of microinjected propidium iodide (P1) HeLa cells were cultured on
glass coverslips and transiently transfected with Cx40 (or mutant) DNA in pTracer-CMV2.
24 hours after transfections cells were treated for 4 hours with 0.5uM epoxomicin
(Calbiochem-Novabiochem) or DMSO (used as a solvent for stock solutions of
epoxomicin). For injections, cover slips were transferred to F-12 media (Life Technologies)
buffered with 15 mM HEPES. An individual cell in the middle of a cluster of ~5 cells
expressing green fluorescent protein (GFP) was injected with 2 mg/mL propidium iodide
(Life Technologies). Cell-to-cell coupling was quantified by counting the number of cells
that showed red fluorescent staining 5 min after injection. The statistical significance of
differences between treated and untreated cells was calculated using Student’s t-test.

2.8. Gap junction conductance measurements

Dual whole cell patch clamp experiments were performed using conventional 140 mM NaCl
or KCI bath saline or patch electrode solutions and junctional conductance-voltage curves
were corrected for series resistance errors as previously published [9, 17]. Steady-state gj -
Vj relationships were normalized by dividing gj by the linear slope gj (gmax) value for each
experiment (Gj = gj/gj max) and fitting each voltage polarity of the G; -V curve with the
typical two state Boltzmann equation as previously described [17, 18]. Fitted curves were
calculated using Clampfit software (Molecular Devices) using the sum of squared errors
minimization procedure, and graphs were prepared using Origin7.5 or 8.6. Gap junction
channel conductances (vj) were determined from the linear regression fit of a channel current
amplitude — voltage relationship ranging from £10 to 50 mV. Channel current amplitudes
were measured from Gaussian fits of all points histograms derived from low pass filtered
gap junction channel recordings for each 30 sec Vj pulse as previously described [9, 19].

3. Results

3.1. Many AF-associated Cx40 mutants make gap junction plaques and functional gap
junction channels

To examine the cellular trafficking of Cx40 mutants, we transiently transfected
communication-deficient HeLa cells with wt Cx40 or several of the AF-associated mutants
and determined the localization of immunoreactive Cx40 by immunofluorescence
microscopy (Fig. 1). As expected, wtCx40 was localized in a punctuate distribution along
appositional membranes within the cytoplasm (in reticular and/or peri-nuclear distributions).
This localization likely represents connexins within gap junction plaques and within the
biosynthetic pathway. Most of the Cx40 mutants, including G38D, V85I, and L229M,
exhibited similar distributions to wtCx40 suggesting that these proteins also followed
reasonably normal trafficking pathways and made gap junctions. There were mild variations
in the size and abundance of gap junctions, with a suggestion of reductions for G38D. Only
P88S differed dramatically from the others; all immunoreactive Cx40 was found
intracellularly in HeLa cells transfected with this mutant. To determine the site of retention
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of the P88S mutant, we reacted transiently transfected cells with antibodies directed against
PDI, a marker of the endoplasmic reticulum or against Golgi-58K protein, a marker of the
Golgi apparatus (not shown). There was little overlap between Cx40 and PDI
immunoreactivities. However, there was significant colocalization of the P88S mutant and
the 58K protein. These observations suggest that P88S was retained intracellularly in the
Golgi apparatus and did not form gap junctions.

We also transiently transfected N2a cells with the mutants and studied the properties of the
induced gap junctions using the double whole cell patch clamp technique. Both wtCx40 and
G38D induced significant gap junctional conductances (as previously reported) [9]. P88S
did not induce conductances that were significantly greater than those of untransfected cells
(data not shown). Therefore, since P88S appears to be a loss-of-function mutant with
impaired trafficking, it was not studied further. Our data regarding P88S are similar to the
observations made in the original characterization of this mutant [7] and in studies of
mutations of other connexins at this position [13, 20].

The two other Cx40 mutants (V85I and L229M) both produced significant gap junctional
conductances in N2a cell pairs (7.4+3.7 and 3.2+0.5 nS, respectively as compared to 4.8+1.3
nS for wtCx40; mean + SEM, n=6 pairs for all constructs). The properties of gating by
transjunctional voltage (V;) were also assessed for each of these mutants. Fig. 2A shows
graphs of normalized junctional conductance, Gj, vs. Vj, and the parameters of the fits of
these data to a Boltzmann equation are shown in supplementary Table 1 V85I produced gap
junctions that exhibited a minimally different Vj.dependence from those of wtCx40. L229M
gap junctions were somewhat more sensitive to V; than wild type Cx40 (with V1, =37 and
+38 mV) and showed reduced minimal (residual) conductances (Gj min 0.10 and 0.11 for
negative and positive polarities) as compared to wtCx40 (Gj min 0.16, 0.20).

When we were able to obtain and study poorly coupled cell pairs, we determined the
conductances of single channels (yj) composed of the different Cx40 mutants (Fig. 2B-E).
Wild type Cx40 channels had a vj of 149 + 2 pS (which compares well to the previous
determinations of (rodent and human) Cx40 channels [19, 21]. As previously reported,
G38D channels had an increased y;j of 178 + 2 pS [9]. The vyj of L229M (148 + 2 pS) was not
different from wtCx40 and that of V851 was increased to 159 + 2 pS.

3.2. A Cx40 mutant has reduced abundance and stability

We sought to identify an alternative explanation for abnormalities conferred by Cx40
mutations that caused rather modest alterations of function. One clue was the difficulty of
the original authors in detecting gap junctions formed of G38D [7] and our own data
suggesting that this mutant made somewhat smaller or less frequent gap junctions than the
wild type protein (Fig. 1). We considered that at least some of the mutants might have
reduced levels or stabilities.

In order to compare steady state levels of wtCx40 and the mutants by immunoblotting, we
analyzed replicate transient transfections of constructs that only differed according to the
point mutations using the vector pTracer-CMV?2 (which also drives expression of GFP
allowing us to correct for any differences in the efficiency of transfection by loading
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identical amounts of cell lysates and blotting for GFP as well as Cx40). We initially
performed this study in HeLa cells (Fig. 3A,B). Blotting of all homogenates with an
antibody to B-tubulin showed that loading was relatively uniform. In transfected cells,
wtCx40 protein was abundant and was easily detected. Each of the AF-associated mutants
was also detected, but their levels were less than those of wtCx40. L229M was present at
~75% of the levels of wtCx40; V85I was reduced to ~33%; and G38D was reduced to
~20%. These data suggested the possibility that these Cx40 mutants were less stable than
the wtCx40.

To test whether similar differences also occurred in cardiac myocytes, we preformed similar
experiments using mouse atrial derived HL-1 cardiomyocytes which have been extensively
used for in vitro studies of cardiac biology [22]. Although these cells express low
endogenous levels of Cx40 (not shown), transfection produced such substantial levels of
Cx40 that it was not visible in a comparable exposure of an immunoblot of untransfected
cells (Fig. 3C). In transfected HL-1 cells, wtCx40 protein was abundant and was present at
much greater levels than any of the AF-associated mutants (Fig. 3 C,D). G38D was reduced
to 31% of wild type levels, V85I was reduced to 33%, and L229M was reduced to 51%.
Thus, the mutants showed similar effects regardless of the cell line in which they were
expressed .

We investigated the stability of wtCx40 and these mutants by incubating stably transfected
HeLa cells with cycloheximide in order to inhibit de novo protein synthesis followed by
immunodetection after 1-24 hours of treatment (Fig. 3 E,F). Similar to the half-lives
determined for other wild type connexins [23, 24], wtCx40 gradually disappeared over the
course of the experiment such that about half was gone after several hours, and the protein
was very dramatically reduced (although still detectable) after 24 h. G38D was most
dramatically different: its levels were reduced by ~90% within 3 h. V85I showed a
disappearance that was intermediate between G38D and wtCx40. L229M was degraded only
a little faster than wtCx40.

degraded by the proteasome, and proteasomal inhibition restores function

Previous studies by our group and others have established roles for several cellular systems
in the degradation of connexins, including the proteasome, the lysosome and the
autophagosome [14, 25-29]. Therefore, to identify proteolytic pathways that were important
for the accelerated degradation of G38D, we transiently transfected HeL a cells with wtCx40
or G38D, treated them with inhibitors of these different activities (for 18 h), and determined
the levels of immunoreactive Cx40 by immunoblotting (Fig. 4). As anticipated (based on the
involvement of all three systems in the degradation of wild type connexins), treatment with
epoxomicin, chloroquine, or 3-methyladenine all led to moderate increases (2-3 fold) in the
levels of wtCx40. The increases of G38D in cells treated with chloroquine or 3-MA were of
similar magnitude, suggesting that lysosomal and autophagosomal degradation had rather
similar impacts on both wt and mutant connexin. In contrast, epoxomicin lead to a huge
increase in G38D (Fig.4). In multiple independent experiments (n=4), the increase was 8.0 £
1.0 fold. This suggested that the proteasome was responsible for the accelerated degradation
of this mutant. We also tested the panel of inhibitors on cells transfected with V85I or
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L229M; consistent with their longer half-lives, each drug led to moderate increases in
immunoreactive connexin (data not shown), but the enhancement with proteasomal
inhibition was less dramatic than for G38D (<2.5-fold) similar to the results obtained with
wtCx40.

Based on its ability to slow the degradation of G38D, we also tested the effects of
epoxomicin on the abundance of gap junction plaques and on intercellular communication in
cells expressing this mutant. Epoxomicin treatment for 4 h had little detectable effect on the
distribution of immunoreactive Cx40 or on the extent of transfer of micro-injected
propidium iodide in cells expressing wtCx40 (Fig. 5). Epoxomicin appeared to increase the
size and frequency of gap junctions between cells expressing G38D (Fig. 5 A). But, most
importantly, epoxomicin dramatically increased the extent of transfer of a microinjected
tracer in cells expressing this mutant. In control cultures of cells transiently transfected with
G38D, propidium transfer was only observed in ~50% of injections (n=29) and it only
transferred to 1.7+0.3 neighboring cells; in contrast, following treatment with epoxomicin
for 4 h, dye transfer was observed in 100% of injections (n=12) and was detected in 4.3+ 0.3
neighboring cells (Fig. 5 B). Epoxomicin treatment of the G38D-expressing cells restored
transfer of this tracer to a level similar to that in untreated or treated cells expressing
wtCx40.

3.4. Cx40 and G38D are ubiquitinated

Proteasomal degradation of many proteins follows covalent attachment of ubiquitin.
Therefore, we examined whether wtCx40 and G38D were ubiquitinated and whether this
modification was enhanced by proteasomal inhibition. We prepared lysates from stably
transfected HelL a cells, isolated ubiquitinated proteins, and analyzed them by
immunoblotting (Fig. 6). Blotting with anti-ubiquitin antibodies showed that untreated cell
lines expressing either wtCx40 or G38D contained few ubiquitinated proteins (visible only
with a long blot exposure), but many more were detected following epoxomicin treatment
(Fig. 6A,C). Following epoxomicin treatment the abundance and diversity of ubiquitinated
proteins was hugely increased similarly in cells expressing either wtCx40 or G38D (Fig. 6
A,C). The identical blot was stripped and probed with anti-Cx40 antibodies (Fig. 6 C, D). A
short exposure of the blot shows that immunoreactive bands of ~40 kDa were present were
isolated with the ubiquitinated proteins from cells expressing both wtCx40 and G38D. A
longer exposure of the blot (Fig. 6B) reveals high molecular weight immunoreactive bands,
likely representing polyubiquitinated form of both wtCx40 and G8D. Moreover, the
abundance of these slower migrating forms was increased following proteasomal inhibition
with epoxomicin.

3.5. AF Cx40 mutants also affect co-expressed wild type Cx40

We hypothesized that the mutants might exert “dominant-negative” effects on wtCx40, since
the affected patients are not homozygous for these mutants. They carry either somatic or
heterozygous germline mutations. Therefore, we examined the possible interactions of each
mutant with co-expressed wtCx40 by determining the levels of total immunoreactive Cx40
in cells co-transfected with wtCx40 and an equal amount of plasmid encoding wtCx40 or a
mutant (G38D, V85I, or L229M) (Fig. 7). In each case, the total Cx40 levels were lower in
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cells co-transfected with a mutant than for cells transfected with a “double dose” of wtCx40,
suggesting that the mutants also accelerated the degradation of the wild type protein. The
reductions of total Cx40 levels paralleled the reductions of levels of each mutant when
expressed alone.

3.6. Amino acid substitutions show different requirements at position 38

To further clarify the importance of the residue at position 38, we generated several site-
directed mutants in which the glycine was replaced with different residues. We chose to
substitute glutamate (G38E), because it would make the same negative charge substitution
as aspartate; valine (G38V), because it would be a similar sized, but non-polar substitution,
or asparagine (G38N), because it would be a similarly shaped amino acid substitution but
without the negative charge. Following transient transfection of HeLa cells with each of
these constructs, immunofluorescence was performed and showed that each of these three
mutants localized to appositional membranes implying that they formed gap junction
plaques (Fig.8A). Immunoblotting was also performed, and it showed that each of these
mutants had similar levels to wtCx40 (Fig. 8B).Only G38D was reduced, suggesting that the
aspartate substitution uniquely reduced Cx40 stability.

We also studied the electrophysiological properties of these three substitution mutants using
the double whole cell patch clamp technique. All of the N2a cell pairs transiently expressing
the G38E or G38N mutant proteins were robustly coupled while none of the G38V
expressing cells exhibited functional coupling (Fig. 8C). We did observe one poorly coupled
(0.1 nS) G38N cell pair with channels of reduced size (112 £ 16 pS, Fig. 8D,E).

4. Discussion

In the current study, we continued our investigations of the Cx40 mutant, G38D, and studied
other Cx40 mutants linked to AF (including V85I and L229M). The electrophysiological
data presented in our previous study [9] and in the current one show that these three mutants
all efficiently form gap junction channels and that their unitary conductances and
Vj.dependent gating properties are only mildly different from those of wtCx40. It is
uncertain that any of these electrophysiological abnormalities would significantly affect
conduction within the atrium.

However, we did observe that levels of all three of these mutants were reduced when
expressed in transfected cells and that they disappeared more rapidly than wtCx40 when
ongoing protein synthesis was blocked. These observations suggested that each of these
proteins was relatively unstable. Indeed, a co-expression experiment (Fig. 6) suggested that
these mutants could also accelerate the degradation of accompanying wtCx40. Altered levels
of Cx40 (and possibly an altered Cx40:Cx43 ratio) can certainly alter the conduction among
atrial myocytes [30]. Because of various experimental advantages, many of our experiments
were performed using a transformed cancer cell line (HeLa) in which connexins are not
subjected to continuous electrical activity or mechanical stresses as they would be in the
heart. However, the similar results that we obtained using HL-1 cardiac myocytes give
confidence that our findings should also apply in hearts of individuals expressing these
mutations.
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Because G38D showed the most dramatic differences from the wild type protein, it was
investigated most thoroughly. We observed that treatment of G38D—expressing cells with a
proteasomal inhibitor (epoxomicin) restored levels of the protein, its abundance at
appositional membranes (gap junctional plaques), and the level of intercellular coupling.
This represents a rather novel observation that connexin mutants may lead to disease
through “loss of function” due to increased proteasomal degradation of the mutant protein.
We suspect that the Cx40 protein is partially mis-folded or is slow to assume its proper
folding, therefore it is susceptible to “quality control”. Our findings regarding these Cx40
mutants parallel the conclusions drawn from our recent studies of a Cx50 frame-shift mutant
containing an abnormal carboxyl-terminus that increases its susceptibility to the proteasome
[31].

Some, but not all, of the structural bases of our observed abnormalities are interpretable. The
three Cx40 mutants studied here all alter amino acids within transmembrane domains;
perhaps they alter packing of the helices. It is not surprising that substitution of a negatively
charged residue (aspartate) for glycine-38 (in the middle of the first transmembrane domain)
might alter the structure of Cx40 and its formation of connexons and channels, leading to
instability. However, our site directed-mutagenesis studies have shown that the accelerated
proteasomal degradation is specifically impaired by the aspartate substitution (even the
negatively charged residue, glutamate, did not have this effect). Moreover, the identity of the
residue at position 38 is important in determining other properties, as shown by the loss of
function caused by the valine substitution and the change in unitary conductance caused by
the asparagine. Valine-85 is located in the middle of transmembrane domain 2; it might have
been predicted that a substitution of isoleucine (similar size and also hydrophobic) would
not have been consequential. Leucine-229 is located at the end of the fourth transmembrane
domain; methionine would have some differences in shape and interactions with adjacent
residues due to the sulfur-containing side chain and less hydrophobicity.

The ubiquitin-proteasome system has previously been implicated in the ER-associated
degradation of wild type and mutant connexins [25, 31-33]. The simplest explanation for the
faster degradation of G38D is that most of the protein undergoes proteasomal degradation
before it can reach the plasma membrane and form gap junction plaques (probably in early
compartments of the secretory pathway). Some Cx32 mutants associated with X-linked
Charcot-Marie-Tooth disease undergo retro-translocation to the ER prior to proteasomal
degradation [32]. Many proteins are targeted for proteasomal degradation by enzymatic
modification with ubiquitin chains. Our blots suggest that both wt Cx40 and G38D are
susceptible to polyubiquitination and that this modification is more prominent for the mutant
(Fig. 6). However, much of the wtCx40 and G38D isolated using an anti-ubiquitin matrix
appears unmodified (Fig. 6D). It may be that many unmodified subunits are associated with
the ubiquitinated Cx40 or that some of the modification was lost in our sample processing.

Our findings suggest a potential therapeutic approach to treating some cases of AF (and
other diseases) caused by connexin mutants: prevention of degradation. Previous studies
have suggested that disruptions of proteostasis (the homeostasis of protein production,
function, and degradation) is involved in the electrical remodeling that provides the substrate
for atrial fibrillation [34]. A component of these derangements is proteolysis [35, 36].
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Proteasomal inhibitors (like bortezomib) are currently being used to treat patients with
multiple myeloma and other hematologic malignancies [37, 38]. Proteasomal inhibitors may
have utility in some acute cardiac events (like ischemia- reperfusion injury) where over-
activity of the ubiquitin-proteasome system contributes to the injury [39]. However, case
reports show that these agents sometimes cause cardiac toxicities [40]. This is not surprising,
since proteasomal dysfunction has been implicated in various chronic cardiac pathologies
(such as cardiomyopathies and heart failure), leading to accumulation of polyubiquitinated
proteins and proteotoxicity [41, 42]. Thus, it is likely that global proteasomal inhibition
might produce much more harm than good [41].

However, there may be appropriate strategies for more selective intervention. Ubiquitination
of proteins targeted for degradation is accomplished by a series of enzymes (E1, E2, and
E3); the E3 ligases (alone or in combination with the E2 enzymes) provide substrate
specificity. While the enzymes that specifically lead to the modification (and degradation) of
Cx40 are not yet known, they are being identified for other connexins [43, 44]. Thus, it may
eventually be possible to improve Cx40 function by specifically reducing its proteasomal
degradation. Interventions that improved folding of mutant connexins and consequently
decreased their proteolysis might be an alternative therapy. Chaperones that associate with
connexins are being identified [45], and trafficking of some mutant connexins is improved
by chemical or temperature treatments that facilitate folding [13, 46]. Electrical, contractile,
and structural remodeling of cardiac myocytes is prevented by increased expression of heat
shock proteins attenuating the substrate for atrial fibrillation [34]. Since a brief heat stress
can prevent connexin degradation in cultured myocytes [47], it seems possible that heat
shock proteins could act as molecular chaperones for cardiac connexins.
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Figure 1. Many, but not all, AF-associated Cx40 mutants make gap junctions when expressed in
communication-deficient cells
Wild type Cx40 or AF-associated mutants (G38D, V85I, P88S, and L229M) were detected

by immunofluorescent localization in transiently transfected HeLa cells. Wild type Cx40
and most of the mutants, including G38D, V85I, and L229M, were localized in a punctuate
distribution along appositional membranes within the cytoplasm. P88S was retained
intracellularly. Bar, 10 pm.
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Figure 2. Gap junction channels formed by V85I or L229M had normal or mildly altered Vj-
dependent gating and single channel conductances

(A) Plots show the relationships between normalized junctional conductance (G;j) and
transjunctional voltage (Vj) for homomericwtCx40 (black), V85I (light gray) and L229M
(dark gray) gap junctions. The Boltzmann parameters for the fitted curves are listed in
Supplemental Table 1 (B) Whole cell currents (11 and I5) were recorded simultaneously for
15 sec. from a pair of N2a cells expressing V85I during a 40 mV V; step applied to cell 1.
Current amplitudes are indicated by dashed lines in the I, trace (Ij = -Aly). (C) Junctional
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current-voltage (1;-Vj) relationship for V85I channels was generated from channel current
amplitudes determined by Gaussian fits of the all points current histogram (not shown) for
each 30 s Vj pulse. The mean slope conductance (yj) was 159 + 2 pS. (D) Whole cell
currents are shown for a 30 sec. recording of a L229M channel during a +40 mV V; pulse.
(E) The Ij=V;j relationship for L229M is shown. The mean slope vy j was 148 + 2 pS.
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Figure 3. Several mutants show reduced Cx40 levels and faster degradation than wild type Cx40
(A) Immunoblot of wtCx40 and Cx40 mutants expressed in HeLa cells. Lysates were

prepared from (untransfected) HeLa cells and HelLa cells transiently transfected with Cx40
or AF mutants (in pTracer-CMV2) and subjected to immunoblotting using antibodies
directed Cx40, GFP (to establish the efficiency of transfection) and p-tubulin (as a loading
control). The identical blots were used for probing with each of the different antibodies after
stripping. Representative lanes were cropped from a larger blot. (B) Graph shows levels of
wtCx40 and mutants. The Cx40 and GFP bands were analyzed by densitometry for each
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construct. The ratio of Cx40:GFP was calculated for each construct (to correct for any
differing efficiencies of transfection). Levels of expression were compared to the wtCx40.
Values represent the mean +SEM, n=3. Levels of G38D, V85I, and L229M were all
statistically different from wild type (Student’s t-test, p<0.05). (C) Immunoblot of wtCx40
and Cx40 mutants expressed in HL-1 cells. Lysates were prepared from (untransfected)
HL-1 cells and HL-1 cells transiently transfected with Cx40 or AF mutants (in pTracer-
CMV?2) and subjected to immunoblotting using antibodies directed against Cx40, GFP (to
establish the efficiency of transfection) and p-actin (as a loading control). The identical blots
were used for probing with each of the different antibodies after stripping. (D) Graph shows
levels of wtCx40 and mutants expressed in HL-1 cells. Densitometry was performed as
described for panel B. Values represent the mean +SEM, n=3. Levels of G38D, V85I, and
L229M were all statistically different from wild type (Student’s t-test, p<0.05). (E)
Immunoblot analysis of HeLa cells transfected with wild type or mutant Cx40 and then
treated with cycloheximide for 0, 1, 3, 6 or 24 h. (F) Graphs shows the levels of
immunoreactiveCx40 (wild type or mutants) at different intervals of treatment with
cycloheximide (based on quantification of the immunaoblots). Values derive from analysis of
the Cx40 bands by densitometry and normalization of the abundance at each time point to
the abundance at time 0.
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Figure 4. The proteasomal inhibitor, epoxomicin, blocks the accelerated degradation of G38D
HelLa cells were transiently transfected with wtCx40 or G38D, and 48 h later were treated

for 18 hours with chloroquine (to inhibit the lysosome), 3-methyl adenine (3-MA,; to inhibit
autophagy) or epoxomicin (to block the proteasome). The cells were harvested and analyzed
by immunoblotting to determine levels of immunoreactive Cx40. Although each of the drugs
produced an increase in both wtCx40 and G38D, the relative increase for G38D was much
greater following epoxomicin, implicating the proteasome in the accelerated degradation of
this mutant.
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Pl containing neighbors
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wtCx40 G38

Figure 5. The proteasomal inhibitor, epoxomicin also increases gap junction size/abundance and
intercellular communication in HeLa cells expressing G38D

(A) Photomicrographs show immunofluorescent detection of the distributions of Cx40 in
HelLa cells transiently transfected with wtCx40 or G38D. Cells were untreated (=) or
exposed to 0.5uM epoxomicin (+) for 4 hours. Bar, 10 um. (B) Photomicrographs show
examples of the intercellular transfer of microinjected Pl between HeL a cells transiently
transfected with G38D. Cells were untreated () or exposed to 0.5uM epoxomicin (+) for 4
hours. GFP fluorescence (also expressed from the pTracer plasmid) allowed identification of
the transfected cells. Arrows show injected cells. The bar graph shows the extent of dye
transfer (P containing neighbors) after injection of that tracer in cells transfected with
wtCx40 or G38D. Cultures were untreated (-, white bars) or treated with 0.5 M epoxomicin
(+, black bars).The extent of transfer was not statistically different between control wtCx40-
expressing cells and those treated with epoxomicin. In HeLa cells transfected with G38D,
transfer of Pl was dramatically increased after epoxomicin treatment as compared to vehicle
—treated control cultures (p<0.001). Epoxomicin treatment increased dye transfer in G38D-
expresssing cells to levels comparable to those in cells expressing wtCx40. Values represent
the mean + SEM, n=9-29.

J Mol Céell Cardiol. Author manuscript; available in PMC 2015 September 01.

+
D



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gemel et al.

Page 23

wtCx40
G38D
wtCx40
G38D
wtCx40
G38D
wtCx40
G38D

kDa DMSO epoxomicin DMSO epoxomicin

' ”
R

315 —
250 —
180 —
140 —

95 —

72 —

55 —

42 —

26
17

316 —
250 —

180 —
140 —

95 —

72 — =

-

56 —

42 — » II - '

2 T ——
ubiquitin Cx40

Figure 6. Wild type Cx40 and G38D are ubiquitinated
HelLa cells stably transfected with wtCx40 or G38D were treated with DMSO (control) or

with 0.5uM epoxomicin for 18h. Ubiquitinated proteins were isolated from cell lysates and
analyzed by immunoblotting with antibodies directed against ubiquitin (A,C) or Cx40
(B,D). The same blot was probed sequentially with both antibodies with intervening
stripping . Eluates equivalent to 10ug of total protein in the starting lysate were loaded in
each lane. Top panels (A, B) show long exposures and bottom panels (C,D) show shorter
exposures of the same blots. Epoxomicin increased the abundance of ubiquitinated proteins
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(A,C) in cells expressing either wtCx40 or G38D. Immunoreactive Cx40 was isolated with
the ubiquitinated proteins from both cell lines (B,D), and the abundance of slower migrating
forms (likely polyubiquitinated Cx40) was increased following epoxomicin treatment (B).
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Figure 7. AF Cx40 mutants reduce total Cx40 levels when co-expressed with wild type Cx40
HeLa cells were transiently co-transfected with a plasmid encoding wild type Cx40 and an

equal amount of plasmid encoding wild type or mutant Cx40. (A) Levels of total
immunoreactive Cx40 were detected by immunoblotting. Blots were also probed with
antibodies directed against GFP (transfection efficiency control) and p-tubulin (loading
control). Although this experiment was performed in duplicate, some lanes were eliminated
to include only representative examples. (B). Graph shows the total amounts of
immunoreactive Cx40 (includes wild type and mutant) for cells transfected with wtCx40
plus wild type or mutant Cx40. Values were normalized according to the densities of the
GFP bands and averaged from duplicates. Cx40 levels are lower in cells transfected with
each of the mutants (and most severely reduced for G38D) suggesting that they also
accelerate the degradation of the wild type protein.
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Figure 8. While all site directed mutants at position G38 form gap junction plaques and differ in
channel properties, only G38D has reduced protein levels as compared to wild type Cx40

(A) Immunofluorescent detection of the distributions of immunoreactiveCx40 in HeLa cells
transiently transfected with G38E, G38V, or G38N. Each of these mutants localizes to
appositional plasma membranes. Bar, 10 um. (B) Immunoblot detection of Cx40 in
untransfected HeLa cells or cells that were transiently transfected wtCx40, G38D, G38E,
G38V, or G38N. Although this experiment was performed in triplicate, some lanes were
eliminated to illustrate only representative examples. Blots were also probed with antibodies
directed against GFP (transfection efficiency control) and B-tubulin (loading control). Only
G38D shows reduced levels as compared to wtCx40. (C) Graph shows total junctional
conductance in pairs of cells transiently transfected with G38E, G38V, or G38N. While both
G38E and G38N formed large conductances in all cell pairs studied, gap junctional coupling
was not detected in cell pairs expressing G38V. (D) Tracings show single channel events
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recorded from an N2a cell pair expressing G38N. Whole cell currents (11 and 1,) were
recorded simultaneously for 10 sec. during a 30 mV V;j step applied to cell 1. (E) Junctional
current-voltage (1 -Vj) relationship for G38N channels was generated from channel current
amplitudes determined by Gaussian fits of the all points current histogram. The mean slope
conductance (yj) was 112 + 6pS.
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