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Connexin 43 connexon to gap junction transition

is regulated by zonula occludens-1

J. Matthew Rhett, Jane Jourdan, and Robert G. Gourdie

Department of Regenerative Medicine and Cell Biology, Medical University of South Carolina, Charleston, SC 29425

ABSTRACT Connexin 43 (Cx43) is a gap junction (GJ) protein widely expressed in mammali-
an tissues that mediates cell-to-cell coupling. Intercellular channels comprising GJ aggregates
form from docking of paired connexons, with one each contributed by apposing cells. Zonu-
la occludens-1 (ZO-1) binds the carboxy terminus of Cx43, and we have previously shown that
inhibition of the Cx43/Z0O-1 interaction increases GJ size by 48 h. Here we demonstrated that
increases in GJ aggregation occur within 2 h (~Cx43 half-life) following disruption of Cx43/
ZO-1. Immunoprecipitation and Duolink protein-protein interaction assays indicated that in-
hibition targets ZO-1 binding with Cx43 in GJs as well as connexons in an adjacent domain
that we term the “perinexus.” Consistent with GJ size increases being matched by decreases
in connexons, inhibition of Cx43/Z0-1 reduced the extent of perinexal interaction, increased
the proportion of connexons docked in GJs relative to undocked connexons in the plasma
membrane, and increased GJ intercellular communication while concomitantly decreasing
hemichannel-mediated membrane permeance in contacting, but not noncontacting, cells.
ZO-1 small interfering RNA and overexpression experiments verified that loss and gain of
ZO-1 function govern the transition of connexons into GJs. It is concluded that ZO-1 regu-
lates the rate of undocked connexon aggregation into GJs, enabling dynamic partitioning of
Cx43 channel function between junctional and proximal nonjunctional domains of plas-
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ma membrane.

INTRODUCTION

Gap junctions (GJs) consist of a lattice of intercellular channels en-
abling the diffusion of small molecules (<1000 Da) between cells.
Intercellular channels are composed of two hexameric oligomers
called connexons or hemichannels, with one each contributed by
contacting cells (Koval, 2006; Laird, 2006). The GJ protein connexin
43 (Cx43) is the most ubiquitous connexin, with expression in at
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least 46 different cell types (Solan and Lampe, 2009), most notably
in the heart (van Veen et al., 2001; Desplantez et al., 2007; Severs
et al., 2008; Noorman et al., 2009) and skin (Guo et al., 1992;
Goliger and Paul, 1995; Coutinho et al., 2003; Kretz et al., 2004). In
the mammalian heart Cx43 is the primary connexin expressed in the
working ventricular myocardium, where it preferentially localizes to
the intercalated disk (ID), and is thought to be responsible for prop-
agation of the action potential (Miquerol et al., 2003; Severs et al.,
2008).

Regulation of GJ coupling is a necessary component of cellular
function and response to physiological and pathological stimuli. Un-
der pathological conditions in the heart, Cx43 expression and sub-
cellular localization are dysregulated in a process called GJ remod-
eling (Desplantez et al., 2007). Decreases in Cx43 expression are
documented for nearly every type of cardiac pathology, and during
the acute phase of ischemia in a myocardial infarction Cx43 is redis-
tributed to the sides of cardiomyocytes in a process called lateraliza-
tion, with potentially arrhythmogenic consequences (Smith et al.,
1991; Matsushita et al., 1999; Severs et al., 2008).

Cells modify the expression, phosphorylation state, and protein
interactions of Cx43 throughout the cell cycle (Solan et al., 2003;
Doble et al., 2004; Singh et al., 2005). Because of the short half-life of
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Cx43, which is as little as 1-2 h (Laird et al., 1991), regulation appears
to exist on both short and long time scales through phosphorylation
and protein interaction, and gene expression, respectively. Currently,
there is a great deal of data on phospho- and transcriptional regula-
tion of Cx43 (Lampe and Lau, 2004; Oyamada et al., 2005; Solan and
Lampe, 2009), but less is known about the mechanistic basis and
function of Cx43 protein—protein interactions (Giepmans, 2004).

The addition and removal of intercellular channels to and from
GJs provide a direct means of controlling the level of GJ intercellular
communication (GJIC) between cells. It has been shown that new
connexons are added to GJs at the periphery of the aggregate
(Gaietta et al., 2002). The scaffold protein zonula occludens-1 (ZO-1)
has been shown to interact with the carboxy terminus (CT) of Cx43
(Giepmans and Moolenaar, 1998; Toyofuku et al., 1998), and work
performed in our laboratory and others has shown that the Cx43/
ZO-1 interaction is involved in GJ size regulation (Hunter et al.,
2003, 2005; Maass et al., 2007). Specifically, it was demonstrated
that reduction (Hunter et al., 2005) or prohibition (Hunter et al.,
2003, 2005; Maass et al., 2007) of the Cx43/Z0-1 interaction re-
sulted in increased GJ size and a decrease or loss of colocalization
between Cx43 and ZO-1 at plaque edges, respectively. Interest-
ingly, it has been recently found that the interaction of Cx43 and
Z0O-1 isincreased in the IDs of ventricular cardiomyocytes from heart
failure patients (Bruce et al., 2008).

On the basis of these studies, we hypothesized that ZO-1 dy-
namically regulates the accretion of Cx43 GJ intercellular channels
from cell-surface pools of unaggregated connexons. It has been es-
tablished that undocked connexons in the plasma membrane can
and do open in response to various treatments and (patho)physio-
logical stimuli (Saez et al., 2003). In particular, cardiomyocyte Cx43
hemichannels have been shown to open in response to metabolic
inhibition and ischemia resulting in cell death and ATP release, pos-
sibly exerting a proarrhythmogenic response (John et al., 1999;
Shintani-Ishida et al., 2007; Clarke et al., 2009).

Herein we provide evidence that ZO-1 regulates the transition of
undocked connexons into GJs from novel domains of proximal
membrane. In addition, we show that changes in the Cx43/Z0O-1
interaction affecting this transition have complementary effects on
GJIC and connexon function. Our results indicate that the level of
Z0O-1/Cx43 interaction inversely determines a balance between the
dual role of the connexon in GJIC and hemichannel function in a
localized manner at GJs.

RESULTS

Z0O-1 regulates connexon recruitment from a novel region
proximal to the GJ

GJ size, as measured by confocal immunofluorescence, is a well-
established metric for GJ aggregation (Gourdie et al., 1991; Green
et al.,, 1993; Kaprielian et al., 1998; Hunter et al., 2005). We have
previously shown that the Cx43 CT mimetic peptide, aCT-1, effi-
ciently enters the cytoplasm, binds to the second postsynaptic den-
sity 95/disc-large/zona occludens (PDZ2) domain of ZO-1, and com-
petitively inhibits the interaction of endogenous Cx43 with ZO-1
(Hunter et al., 2005). Furthermore, this disruption of the Cx43/Z0O-1
interaction results in larger GJ plaques (Hunter et al., 2005).

Here we have attempted to further define the interaction mech-
anistically and in terms of spatial and temporal resolution. Specifi-
cally, temporal resolution was addressed by studying the interac-
tion on a 2 h time scale, in line with the half-life of Cx43 (Laird
et al., 1991; Laird, 1996; Darrow et al., 1995; Saffitz et al., 2000;
Hunter et al., 2005), and we gained further insight into the mecha-
nism by examining how actin, a known binding partner of ZO-1
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(Gonzalez-Mariscal et al., 2000), codistributed with GJs and immu-
noprecipitated with ZO-1. Finally, spatial resolution was achieved
using the novel Duolink assay, which allowed an in situ examination
of the protein—protein interaction between Cx43 and ZO-1.

It was found that cells treated with aCT-1 for 2 h displayed larger
cell border-localized GJs than either vehicle or reverse control pep-
tide—treated control groups (Figure 1A). Quantification of GJ size
confirmed that the observed changes were significantly different
(Figure 1C) and at a similar level to our previously published results
conducted on a longer, 48 h time scale (Hunter et al., 2005).

Cx43-expressing Hela (Cx43-Hela) cells were transfected with a
plasmid expressing ZO-1 in order to increase Cx43/Z0-1 interac-
tion, as confirmed by colocalization analysis (Figure 1E). Transfection
efficiency by the DsRed-tagged full-length ZO-1 construct was low,
but conveniently this facilitated a direct comparison of GJ size be-
tween nearby untransfected and transfected cells within the mono-
layer. Visual inspection of immunolabeled optical sections indicated
that ZO-1-overexpressing cells generated smaller GJs, with higher
levels of colocalized ZO-1, than adjacent control sister cells (Figure
1, B and E). GJ size was quantified and found to be smaller in ZO-
1-overexpressing cells (Figure 1D). It was concluded that loss or
gain of ZO-1 association was consistent with increased and reduced
connexon aggregation into GJs, respectively.

To gain insight into the mechanism of ZO-1-regulated GJ accre-
tion, immunoprecipitation of ZO-1 from fractionated Cx43-Hela cell
lysates was performed. Cx43-Hela cell lysates were fractionated
based on Triton X-100 solubility to separate GJ Cx43 from nonjunc-
tional Cx43 (Musil and Goodenough, 1991; Hunter et al., 2005).
ZO-1 was then immunoprecipitated from these fractions followed
by Western blot against Cx43 and actin, another known binding
partner of ZO-1 (Gonzalez-Mariscal et al., 2000). It was found that
Cx43 coimmunoprecipitated with ZO-1 in both nonjunctional
(Triton-soluble) and junctional (Triton-insoluble) fractions (Figure 1F),
indicating that ZO-1 interacts with both connexons and GJ intercel-
lular channels. Interestingly, actin coimmunoprecipitated with ZO-1
only in the Triton-insoluble fraction (Figure 1F). This suggested that
ZO-1, actin, and Cx43 were present in the same multiprotein com-
plex only when connexons were aggregated in detergent-resistant
GJs.

Subcellular localization of the Cx43/ZO-1 interaction was visual-
ized using a Duolink assay for Cx43/ZO-1 interaction in situ. This
assay works similarly to standard immunofluorescence detection,
except that the secondary antibodies are conjugated to oligonucle-
otides that comprise one-half of a closed circle that can be ligated
together only when the antibodies are in close proximity (<40 nm;
Gullberg, 2010). This complex can then be detected by rolling circle
amplification of the closed circle and addition of a complementary,
fluorescently tagged oligonucleotide. For our purposes primary an-
tibodies against Cx43 and ZO-1 were used for Duolink detection of
the Cx43/Z0O-1 interaction, while a separate primary antibody was
used to detect Cx43. This was applied to the same cultures already
described in Figure 1A. In this way, the site of the Cx43/ZO-1 inter-
action relative to Cx43 GJs and the actin cytoskeleton could be vi-
sualized. Under control conditions, it was found that the Cx43/ZO-1
interaction occurred throughout cells, and primarily at cell-cell bor-
ders (Figure 2A). Moreover, Duolink fluorescence was observed to
cluster at GJs. Expanded views of regions containing GJs revealed
that some of the clustered Duolink fluorescence overlapped with
GJs, with the bulk of the signal typically located in the region proxi-
mally adjacent to GJs (Figure 2A).

Interestingly, while the Cx43/ZO-1 interaction that took place
within GJs frequently overlapped with actin staining (arrowheads,
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FIGURE 1: ZO-1 regulates GJ accretion. (A) Representative confocal images of Cx43-Hela cells
treated with either vehicle (Veh), aCT-1, or reverse control peptide (Rev) for 2 h followed by
fixation and labeling for the nucleus (blue), cytoskeleton (red), and Cx43 (green). These
representative images are maximum projections of Z stacks from three separate experiments in
which 15 optical fields were imaged. Cell borders are indicated by dashed lines. (B) Confocal
immunofluorescent images of ZO-1-overexpressing (ZO-10E) Hela cells stained for the nucleus
(blue), ZO-1 (red), and Cx43 (green). ZO-10E cells are clearly distinguishable from sister cells by
bright red staining. Arrows indicate examples of Cx43 GJ staining, and arrowheads highlight
visible GJs in ZO-10E cells. This representative image is from 10 optical fields taken from a
single experiment. The rightmost panels in (A) and (B) are expanded views of the boxed regions
in the adjacent panels to the left. (C) Quantification of GJ area from confocal images of vehicle
(Veh)-, oCT-1-, and reverse control peptide (Rev)-treated cells shows that disruption of the
Cx43/Z0O-1 interaction acutely and significantly increases GJ size. *P < 0.05 vs. all other groups;
N = 3. (D) Quantification of GJ area from confocal images of ZO-10E cells shows that ZO-10E
decreases GJ size in comparison to “control” sister cells. GJ size was determined in control and
ZO-10E cells within the same image. (E) Quantification of Cx43 colocalized with ZO-1 showed
increased superposition of Cx43 and ZO-1 signal in ZO-10E cells. (F) Representative blots of
Z0O-1 (top), Cx43 (middle), and actin (bottom) immunoprecipitated with ZO-1 or control IgG.
Scale bars = 10 pm.

oCT-1, which correlates to an increase in
GJ size.

Similar results demonstrating a region
enriched for Cx43/Z0O-1 interaction adjacent
to GJs were obtained with rat epicardial
cells (RECs). RECs displayed a pattern of
staining similar to that found in Cx43-Hela
cells (compare controls in Figure 2, A and B),
with the exception that, overall, more
Duolink fluorescence was observed. From
these images it was clear that the extent of
GJ-associated Duolink fluorescence (white
dashed line, Figure 2B) well exceeded the
perimeter of the GJ (black dotted line, Fig-
ure 2B). The space around GJs containing
Cx43 connexons interacting with ZO-1 rep-
resents a heretofore unrecognized region of
specialization in the membrane that we have
termed the perinexus.

Connexon accretion to GJs is
controlled by ZO-1 binding of the
Cx43 CT

The above results in combination with the
canonical GJ-perimeter pathway for addi-
tion of new connexons to the plaque
(Gaietta et al., 2002) suggested that ZO-1
regulated the rate of GJ accretion from
plasma membrane connexons. This hypoth-
esis was tested by a pulse-chase, cell-surface
protein biotinylation assay. Here an ap-
proach modified from the method of Musil
and Goodenough was used (Musil and
Goodenough, 1991; VanSlyke and Musil,
2005). Briefly, biotin was pulsed on cells for
15 min followed by a 2 h chase period, dur-
ing which time the cells were exposed to
oCT-1 or controls. The purpose here was to
determine whether inhibiting Cx43/ZO-1
increased the shift of cell-surface Cx43
from nonjunctional to junctional pools
(Figure 3A).

Control cells that were returned to culture
conditions during the chase period dis-
played an increase in the relative amount
of biotin-tagged, Triton X-100-insoluble
Cx43 (Figure 3). This indicates accretion of
undocked connexons in the membrane into
GJs that is ongoing over the 2 h time
course—a pattern consistent with previous

Figure 2A), Duolink fluorescence adjacent to GJs typically did not
overlap with the actin cytoskeleton (arrows, Figure 2A). Con-
versely, aCT-1-treated cultures displayed far less Duolink fluores-
cence at and around GJs (Figure 2, A and C). In accordance with
these observations, low-intensity Cx43 staining was observed en-
circling junctions when the gain was increased, indicating a higher
concentration of Cx43 channels in this region as compared with
other areas in the plasma membrane not associated with GJs. In
combination with the immunoprecipitation data, these results in-
dicate that the Cx43/ZO-1 interaction localizes to both intercel-
lular channels within GJs and connexons proximal to GJ plaques.
Furthermore, this pattern of interaction can be disrupted by
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reports (Musil and Goodenough, 1991). However, in a novel result, if
cells were returned to incubation for 2 h in the presence of aCT-1, the
ratio of detergent-insoluble to detergent-soluble Cx43 increased sig-
nificantly above that found in control conditions after 2 h (Figure 3B).

These data are consistent with a mechanism in which Cx43 GJs
accrete from a cell-surface connexon pool of Cx43 and that pres-
ence of high levels of the Cx43 PDZ-binding ligand (aCT-1) in the
cell cytoplasm enhances the rate of recruitment from that same pool
of connexons. This may be attributed to increased binding of the
Z0-1 PDZ2 domain by aCT-1, resulting in a shift within the cell-sur-
face pool of Cx43 in which the proportion of connexons docked
within GJs increased relative to undocked connexons free in the
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ZO-1 interacts with Cx43 in the perinexus. (A) Representative confocal images of
the same fields in Figure 1A, omitting nuclear fluorescence and adding Duolink fluorescence
(Cx43/Z0-1 interaction; red). Actin is labeled in blue, and Cx43 is labeled in green. Vehicle
(Veh), aCT-1, and reverse control peptide (Rev) are shown on the left, center, and right,
respectively. For each treatment an expanded view of the boxed region in the top left panel is
given in the other three panels, which show Cx43 plus actin staining (top right), Duolink alone
(bottom left), and merged images (bottom right). Arrows indicate Duolink fluorescence that is
adjacent to GJs but does not appear to overlap with actin. Arrowheads indicate Duolink spots
that overlap with Cx43 and, frequently, actin fluorescence. (B) Representative confocal image
of RECs expressing Cx43-EGFP (green) and labeled for plasma membrane (WGA,; blue) and
Duolink fluorescence (Cx43/Z0O-1 interaction; red). The boxed region of the leftmost image is
expanded in the other three panels, showing (from left to right) Cx43 plus plasma membrane
fluorescence, Duolink fluorescence, and a merged image. In the rightmost panel, the dashed
white line indicates the extent of Duolink stain, and the dotted black line indicates the
perimeter of the GJ. We have termed the intervening perijunctional space the perinexus.
(C) An analysis of the staining pattern of Duolink fluorescence colocalized with Cx43
fluorescence in the experiment represented in (A). The ratio of Duolink fluorescence
overlapping with Cx43 fluorescence to total Duolink fluorescence was significantly reduced in
oCT-1 as compared with vehicle. *P < 0.05 vs. Veh; N = 3. The scale bars = 10 pm except for
the enlarged images in (B), which equal 5 pM. Error bars represent the standard error of the

Rev

the distance of dye spread confirmed that
Cx43-Hela cells transferred dye to a signifi-
cantly greater distance than wild-type Hela
cells and that aCT-1-treated Cx43-Hela
cells displayed significantly greater commu-
nication than control Cx43-Hela cells (Fig-
ure 4B). On the basis of these data, we con-
cluded that Cx43 GJs mediated dye spread
in this assay and that disruption of the Cx43/
Z0-1 interaction increased GJIC.

Cell injury (e.g., as occurs during scrape
loading) may affect channel gating (Richards
et al., 2004). Therefore gap fluorescence re-
covery after photobleaching (gap-FRAP)
was used as an alternative approach for
evaluation of GJIC. Consistent with the lit-
erature, we found that individual bleached
Cx43-expressing cells recovered fluores-
cence following cessation of a brief pulse of
high-intensity laser illumination, while those
treated with heptanol or not expressing
connexin did not recover (Figure 5, A and B)
(Bastide et al., 1995; Abbaci et al., 2007,
2008).

Reverse control peptide—treated cells re-
covered similarly to vehicle, while aCT-1-
treated cells recovered much more rapidly
than either of the two control groups (Figure
5, A and B). To test the possibility that the
effects of aCT-1 were due to affects on chan-
nel gating, aCT-1 cultures were also treated
with heptanol. Cells treated with heptanol +
oCT-1 did not recover faster than either
Cx43-Hela cells treated with heptanol alone
or wild-type Hela cells (Figure 5, A and B).

A quantitative assessment of GJIC, as-
sayed by FRAP, was carried out by linear re-

mean (SEM) for all panels.

plasma membrane. The reduction in perinexal Cx43/ZO-1 interac-
tion associated with oCT-1 treatment indicated in Figure 2A sug-
gests that the majority of connexons in the biotinylation assay were
recruited from pools proximal to the GJ—that is, from the
perinexus.

Disruption of the Cx43/Z0O-1 interaction increases GJIC

We hypothesized that a consequence of the increased GJ aggrega-
tion observed by confocal microscopy and biotin tagging of con-
nexons following targeting of the ZO-1/Cx43 interaction would be
increased levels of GJIC. To determine whether this was the case,
experiments investigating GJIC were carried out using a simple
neurobiotin scrape-loading assay.

In these GJIC experiments, it was found that wild-type Hela
cells, not expressing Cx43, displayed neurobiotin uptake only in
injured cells at the edge of a scraped monolayer and did not trans-
fer neurobiotin to uninjured, adjacent cells (Figure 4A). Therefore
these cells appeared not to communicate via GJs at detectable
levels.

By contrast, vehicle and reverse control-treated injured Cx43-
Hela cells showed dye diffusion to adjacent cells several layers from
the edge of the scratch, and cells treated with aCT-1 displayed an
even greater distance of dye spread (Figure 4A). Quantification of
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gression of fluorescence recovery values to

an exponential decay function commonly
used for analysis of gap-FRAP experiments (Salmon et al., 1984;
Abbaci et al.,, 2007, 2008). oCT-1-treated Cx43-Hela cells had a
slightly greater, but not statistically different, value for maximal re-
covery, F., than controls (Figure 5C). This indicated that recovery
was predicted to occur to a similar level in vehicle, aCT-1, and re-
verse control peptide-treated groups. Importantly, however, aCT-
1-treated cells recovered fluorescence significantly faster than the
controls, as assessed from the rate constant, k (Figure 5D). These
data corroborate the scrape-loading results, showing that oCT-1 ex-
pedited the rate of recovery by increasing GJIC.

Taken together, our results indicate that disruption of the Cx43/
ZO-1 interaction by targeting the ZO-1 PDZ2 domain increased
GJIC over short time scales. We posit that the increased recruitment
of connexons from free perinexal membrane pools into GJs ob-
served by immunofluorescence, Duolink, and biotin-tagging assays
was concomitant with an increase in GJIC.

As a further approach to reducing the Cx43/ZO-1 interaction,
small interfering RNA (siRNA) was used to knock down ZO-1 levels.
Western blotting demonstrated that transient transfection of ZO-1
siRNA reduced ZO-1 levels to <60% of untransfected controls, while
Cx43 levels were unaffected (Figure 6, A-C). Although higher levels
of ZO-1 knockdown could be achieved (Supplemental Figure 2), this
midrange knockdown was used intentionally to avoid pleiotropic
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FIGURE 3: The proportion of Cx43 hemichannels contributing to
GJ accretion is increased by Cx43/Z0O-1 disengagement.
(A) Representative blot of Triton X-100-insoluble (junctional, top) and
-soluble (nonjunctional, bottom), cell-surface, biotin-tagged Cx43
collected immediately after tagging (0 h) or following 2 h of treatment
with Veh, oCT-1, or Rev posttagging. (B) The ratio of Triton X-100-
insoluble to Triton X-100-soluble Cx43 is significantly increased by
oCT-1 treatment. *P = 0.002 vs. O h; P = 0.011 vs. Rev; N =3
experiments, which represent densitometry from one blot per
experiment. Error bars represent SEM.

effects on other junction types that might confound the results
(Ryeom et al., 2000). Similar to aCT-1-treated cells, when ZO-1
siRNA-transfected cells were subjected to gap-FRAP, fluorescence
recovery occurred much faster than scrambled (Sc) siRNA-trans-
fected controls (Figure 6D). Also as with aCT-1-treated cells, nonlin-
ear regression indicated a modest elevation in F., value compared
with Sc siRNA control (Figure 6E). The rate of recovery (k) was also
greater for ZO-1 siRNA-treated cells, and the increase was statisti-
cally significant (Figure 6F).

We conclude that reduction of ZO-1 levels increases GJIC in a
manner that is not attributable to changes in Cx43 expression. The
Z0O-1 loss-of-function effects on GJIC were moreover consistent
with those mediated by the PDZ2-binding peptide, indicating that
increased GJ aggregation over the 2 h time course resulted in in-
creased levels of cell-to-cell communication.

Connexon activity is reduced by inhibition
of the Cx43/Z0-1 interaction
On the basis of our biotin-tagging experiment (Figure 3), an ex-
pected functional correlate of increased communication over the
2 h time course is a complementary decrease in connexon activity.
Cell-surface connexon-mediated permeance was measured by
ethidium bromide (EtdBr) uptake assay. In this assay, EtdBr in the
media was taken up by cells, and EtdBr fluorescence was measured
either during live imaging (Figure 7) or in cells fixed after a 15 min
incubation (Figure 8).

The assay of single membrane connexon (hemichannel) activity
was performed in both confluent monolayer cultures (Figure 7, A, B,
and D) and low-density cultures, which allowed for the evaluation of
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FIGURE 4: aCT-1 increases GJIC as assayed by scrape loading.

(A) Representative images of neurobiotin (NB; green) in scrape-loaded
wild-type Hela cells (i.e., not expressing Cx43) and Veh-, aCT-1-, and
Rev-treated Cx43-Hela cells (correspondingly labeled WT, Veh, oCT-1,
and Rev in the images). The nuclear labeling has been changed to red
for clarity; scale bars = 25 pm. (B) Cx43-Hela cells from all treatment
groups transfer dye further than WT Hela cells: *P < 0.03. N = 8 for
WT, Veh, and oCT-1; N = 3 for Rev. Additionally, aCT-1-treated cells
display significantly greater communication than control Cx43-Hela
cells: #P = 0.016 vs. Veh; TP = 0.032 vs. Rev. N numbers indicate the
number of experiments performed in which the distance of dye
spread was calculated from measurements taken from two replicates
per treatment. Four images were examined from each replicate, and
two measurements were taken from each image (one from each side
of the scratch). Error bars represent SEM.

isolated, noncontacting cells (Figure 7, A, C, and E). The rationale of
the experiment was that while contacting Cx43-Hela cells compe-
tently form GJs, isolated noncontacting cells are by definition un-
able to form cell—cell contacts. In noncontacting cells the total pool
of membrane Cx43 should occur as undocked connexons that are
unable to transition into GJs, and therefore their function should be
unaffected by blocking the Cx43/ZO-1 interaction if ZO-1 inhibits
connexon recruitment.
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FIGURE 5: Inhibition of Cx43/ZO-1 increases the rate of recovery in a gap-FRAP model of GJIC.
WT) and Cx43-Hela cell
monolayers before bleaching (Prebleach), just after bleaching (t = 0 s), and halfway through and
at the end of the recovery period (t = 150 and 300 s, respectively). The Cx43-Hela cells are
treated with either vehicle (Veh), aCT-1, reverse control peptide (Rev), heptanol (Hep), or
heptanol with oCT-1 (Hep + oCT). Arrows indicate the location of the bleached cell. Scale bar =
15 pm. (B) Gap-FRAP plot of bleached cell fluorescence during 300 s postbleaching. (C and D)
Nonlinear regression of fluorescence data to an exponential decay function yielded values for
(C) F.. (maximal predicted fluorescence recovery) and (D) k (rate of recovery). *P < 0.02 vs. all
other groups; N = 4 experiments, which are determined from three bleach fields for each

(A) Fluorescent images of calcein green fluorescence in wild-type (

treatment in each experiment. Error bars represent SEM for all panels.

Confluent monolayers of vehicle and reverse control peptide—
treated Cx43-Hela cells took up EtdBr at a significantly greater
rate than wild-type Hela monolayers (Figure 7, B and D). How-
ever, 0CT-1-treated Cx43-Hela cell monolayers of contacting
cells displayed a significantly lower rate of uptake compared with
Cx43-expressing controls, and only slightly greater than wild-
type Hela cells (Figure 7, B and D). Importantly, noncontacting
Cx43-Hela cells did not display markedly different uptake from
one another, although Cx43-Hela cells took up EtdBr signifi-
cantly faster than wild-type Hela cells regardless of treatment
(Figure 7, C and E). These results indicate that disruption of the
Cx43/Z0O-1 interaction reduces connexon activity in a manner
that is dependent on the presence of GJs for connexons to tran-
sition into, or at least the ability to form GJs as would be present
when cells are in close contact. Thus disruption of the Cx43/Z0O-1
interaction in the absence of GJ formation had no effect on con-
nexon function.

Based on the live-imaging data, the 15 min time point was stud-
ied for connexon activity in greater detail. Cx43-Hela cell cultures
treated with oCT-1 showed a significant drop in connexon activity
compared with both vehicle and reverse controls (Figure 8A). To
confirm that Cx43-Hela cell EtdBr uptake beyond that displayed by
wild-type Hela cells is Cx43 connexon specific, Cx43-Hela and
wild-type Hela cells were tested for response to EGTA, a connexon
activator (Li et al., 1996; Saez et al., 2005); 18-B-glycyrrhetinic acid
(BGA), a connexon blocker (Contreras et al., 2003); and mefloquine
(MFQ), another connexon blocker as outlined by others in the Cx43
hemichannel literature (Tong et al., 2007).
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BGA and MFQ reduced Cx43-Hela cell
connexon activity, while wild-type Hela cell
EtdBr uptake was unaffected by either in-
hibitory MFQ or BGA treatments (Figure 8B).
Conversely, EGTA significantly increased
cell-surface connexon function in Cx43-Hela
cells but not wild-type Hela cells (Figure
8C). Furthermore, wild-type Hela cells
treated with vehicle, oCT-1, and reverse con-
trol peptide did not show significant differ-
ences in uptake, indicating that the effects of
oCT-1 were dependant on expression of
Cx43 (Figure 8A). These results corroborate
the live-imaging assay of connexon activity,

t=150s t = 300s

0.009 and we conclude that EtdBr uptake by Cx43-
0.007 Hela cells was 1) Cx43 dependent and
2) connexon mediated and 3) that the

0.005 effects of aCT-1 were Cx43 connexon spe-
cific. Most importantly, as predicted from

0.002 Figure 3, aCT-1 treatment reduced mem-
ol brane permeance consistent with a reduc-

Veh aCT Rev

tion in the surface density of connexons.

EtdBr uptake was also measured in the
context of ZO-1 knockdown by siRNA as an
alternative means of reducing Cx43/Z0O-1
interaction. Uptake assays were performed
in parallel with gap-FRAP experiments de-
scribed previously. Consequently, the
Western blot analysis of Cx43 and ZO-1
levels shown in Figure 6 applies to this part
of the study. Similar to disruption of the
Cx43/Z0-1 interaction by oCT-1, ZO-1
siRNA treatment significantly decreased
EtdBr uptake compared with Sc siRNA con-
trol (Figure 8D). These results support the aCT-1 data and show
that ZO-1 expression has a direct effect on the level of hemichan-
nel activity mediated by undocked connexons in the plasma
membrane.

DISCUSSION

A physiological role for ZO-1 interaction with Cx43 is resolved in
regulating the transition of undocked connexons into GJ aggre-
gates of intercellular channels. This finding extends our previous
work in which we concluded that ZO-1 governed trafficking be-
tween nonjunctional and junctional pools of Cx43 (Hunter et al.,
2003, 2005). What is new here is that we 1) identify a previously
unknown region around GJ plaques where Cx43/Z0-1 interaction
concentrates—the perinexus; 2) show that the changes in the non-
junctional fraction of Cx43 induced by disruption of the Cx43/ZO-1
interaction correspond to shifts in cell-surface connexons and not
cytoplasmic pools of nonjunctional Cx43; and 3) determine that
ZO-1 regulation of the connexon to GJ transition occurs at a rate
comparable to that at which connexons are incorporated in and re-
moved from the plasma membrane, as deduced from Cx43 half-life
(Laird et al., 1991; Laird, 1996; Darrow et al., 1995; Saffitz et al.,
2000; Hunter et al., 2005).

These findings provide a framework for understanding how Cx43
may switch, in a dynamically regulated manner, between distinct
roles in the plasma membrane. Our results suggest that Cx43/Z0-1
interaction proximal to the GJ governs partitioning of the connexon
function between hemichannels within the perinexus and intercel-
lular channels mediating GJIC. Figure 9 provides a model of how

ZO-1 regulates Cx43 connexon-GJ switch | 1521



B c
160 { 100
5 120 ! l 5 75 e
2 = I
8 80 8 50
R N
40 25
0 0
S v ¥
£ £ £ £
¢ o ¢ o
v v
D . E F
OSc siRNA
=0 : ~09 | ~0011 *
) 0 Z0-1 siRNA i =) i ‘-‘w I
<053 ittt < o7 ' 0.008 1
8 it g [ g
$ 0.35 R Y * 0.006{ 1
@ o (et * ? g
o °°o°°
S 0.18] a0 5 0.2 3 0.003
z z &
% 50 100 150 200 ° ¥ ¥ 0 F ¥
£ £ £ £
o ~ o ’
19 19

FIGURE 6: ZO-1 siRNA knockdown mimics the effects of aCT-1. (A) Representative blots of
Z0-1, Cx43, and glyceraldehyde-3-phosphate dehydrogenase from Cx43-Hela cells under
control conditions or transfected with either Sc siRNA or ZO-1 siRNA. (B and C) Densitometric
analysis of (B) Cx43 protein levels shows no statistical difference between Sc and ZO-1 siRNA-
transfected cells, whereas (C) ZO-1 levels are significantly reduced by ZO-1 siRNA, *P = 0.002;
N = 4 separate cultures transfected with ZO-1 siRNA. (D) Gap-FRAP plot of bleached cell
fluorescence during 175 s postbleaching from Sc siRNA- or ZO-1 siRNA-transfected Cx43-Hela
monolayers. (E and F) Nonlinear regression to fluorescence data yielded values for (E) maximal
predicted recovery, F.., and (F) the rate constant, k. *P = 0.05; N = 3 experiments performed on
three cultures transfected in parallel with those analyzed in A-C. Measurements were
determined from three separate bleach fields in each experiment from each treatment

to oCT-1. In concert with GJs becoming
larger over 2 h, the ratio of biotin-tagged
Cx43 in GJs to nonjunctional cell-surface
Cx43 increased. The confocal and biochem-
ical data strongly supported the concept
that binding of the Cx43 CT to ZO-1 limits
the rate at which undocked connexons in
the plasma membrane incorporate into GJ
plaques. Moreover, these results place ZO-1
at the GJ periphery as part of a dynamic
mechanism for apportioning connexons be-
tween hemichannel and intercellular chan-
nel functions.

Studies undertaken in transgenic mice
(Maass et al., 2007) and with tissues from hu-
man patients with heart disease (Bruce
et al., 2008) have provided further evidence
that ZO-1 has a role in regulating the extent
of GJ aggregates in vivo. Maass, Delmar,
and coworkers demonstrated that mice ex-
pressing a CT-truncated Cx43, incompetent
to interact with ZO-1, formed GJs at cardiac
IDs that were larger than those observed in
wild-type litter mates (Maass et al., 2007).
Bruce et al. (2008) reported that ZO-1 levels
were significantly increased at ventricular
IDs in heart failure patients. As would be an-
ticipated from the effects of loss of the
Cx43/Z0-1 interaction in the current study,
these workers found that a gain in Cx43/
Z0-1 association in congestive heart failure
patients was correlated with increased re-
modeling and decreased size of Cx43 GJs.
The results of Bruce et al. are also in line with
our demonstration that ZO-1 overexpres-
sion and increased Cx43/ZO-1 interaction
result in decreased Cx43 GJ size—a remod-
eling event associated with generation of an

condition. Error bars represent SEM for all panels.

Z0O-1 may act to variably inhibit connexon recruitment via its interac-
tion with the Cx43 CT.

Previous work from our laboratory demonstrated that disruption
of the Cx43/Z0-1 interaction increases GJ size (Hunter et al., 2003,
2005). One approach used in these earlier studies involved expres-
sion of a Cx43-green fluorescent protein (GFP) fusion protein in-
competent to interact with ZO-1. While providing useful insight,
constitutive expression of Cx43-GFP precluded temporal resolution
of the effect of the interaction on GJ biogenesis (Hunter et al., 2003).
Similarly, a second approach involved a prolonged inhibition of the
Cx43/Z0-1 interaction by exposure of Cx43-expressing Hela cells
or cardiomyocytes to the PDZ2-binding peptide aCT-1 over a 48 h
period (Hunter et al., 2005).

Given the rapid turnover rate of Cx43, it was reasoned that if the
canonical pathway of GJ accretion from hemichannels diffusing lat-
erally in the membrane is correct (Martin and Evans, 2004; Thomas
etal., 2005; Laird, 2006), then ZO-1 regulation of GJ size likely oper-
ates over periods of <48 h. This premise was tested by examining
the effect of disrupting Cx43/Z0-1 binding over 2 h—an interval on
the same order as the Cx43 half-life (Laird et al., 1991; Laird, 1996;
Darrow et al., 1995; Saffitz et al., 2000; Hunter et al., 2005). It was
found that GJ aggregate size indeed increased over 2 h in response
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arrhythmic substrate in patients with heart
failure (Severs et al., 2008).

The immunoprecipitation and Duolink assay data provide further
new insight into the mechanistic function of the Cx43/Z0O-1 interac-
tion. The results suggest that ZO-1 interacts with both connexons
and GJ-associated intercellular channels but that only junctional
Cx43 interacts with cytoskeletal actin (Fox et al., 1993). The Cx43/
ZO-1 interaction within the perinexus, as visualized by Duolink, did
not coincide with actin or Cx43 immunofluorescence. Therefore we
infer that Cx43 molecules within this region are in the form of con-
nexons. Furthermore, oCT-1 treatment of cultures extensively re-
duced GJ-associated Cx43/Z0-1 interaction and decreased the
relative proportion of plasma membrane connexons, indicating that
ZO-1 binding of Cx43 in the perinexus acts as a barrier (albeit po-
rous) to connexon incorporation into GJs at the plaque edge.

The edge of the GJ has come into focus in recent years as a site
for interactions between connexins and their partnering proteins
(Hunter et al., 2005; Hunter and Gourdie, 2008; Zhu et al., 2005;
Akoyev and Takemoto, 2007; Baker et al., 2008; Gilleron et al.,
2008; Kieken et al., 2009). In this article we provide evidence that
Cx43, ZO-1, and actin interact within the GJ multiprotein complex.
It is also shown that a domain of the Cx43/ZO-1 interaction—not
including bound actin—extends from the GJ into the connexon-
containing perinexal region. The perinexus represents a previously

Molecular Biology of the Cell
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The model described in Figure 9 appears
to contrast to that provided in the elegant
report of Shaw, Jan, and coworkers (Shaw
et al., 2007). They proposed a cytoplasmic
mechanism for direct delivery of connexons
to GJs. In this model, microtubules traffick-
ing connexons are linked by plus ends to
N-cadherin at GJs. Supporting this, the
group demonstrated that fluorescence re-
covery of Cx43-YFP-tagged GJs following
photobleaching (i.e., FRAP of yellow fluo-
rescent protein) in Hela cells recovered uni-
formly across GJs and not preferentially at
plaque edges. This suggested that Cx43
was targeting directly into GJs, rather than
being recruited from the surrounding mem-
brane to the GJ edge by lateral diffusion of
connexons. The FRAP results also indicated
that approximately one-third of the plaque
recovered in <5 min.
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§ < § < by the Jan group (Gaietta et al., 2002; Lauf
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< < or Cx43 recruitment found in these studies
appear to be consistent with what might be
00 5 10 15 20 00 5 10 15 20 anticipated from the 1-3 h half-life of Cx43
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FIGURE 7: Disruption of the Cx43/ZO-1 interaction reduces the rate of EtdBr uptake in
Cx43-Hela cell monolayers but not individual, noncontacting cells. (A) Representative images
from a live-cell EtdBr uptake experiment performed on vehicle (Veh)-treated Cx43-Hela cell
monolayers or single cells during 20 min. Scale bar = 15 pm. (B and C) Plots of measured EtdBr
fluorescence change over a 20 min period from (B) monolayers or (C) individual wild-type Hela
(WT) cells and Cx43-Hela cells treated with Veh, aCT-1, or reverse control peptide (Rev). (D and
E) Statistical analysis of rate data from B and C, respectively. (D) *P < 0.002 vs. WT; *P = 0.001
vs. Veh; TP = 0.009 vs. Rev; N = 3. (E) *P < 0.02 vs. WT; N = 3. Error bars represent SEM for all
panels. N numbers for both monolayer and noncontacting cultures indicate the number of
separate experiments performed in which six different fields were monitored and EtdBr uptake

was quantified.

unrecognized nidus proximal to GJs for functionally significant in-
teractions between membrane, junctional, and signal transduction
molecules. For example, the GJ represents one of the closest ap-
proximations between the plasma membranes of two cells.
Anchorage of hemichannels in the perinexus may thus provide a
novel, ephapse-like locus for cell-to-cell signaling. New ave-
nues for future work on cellular regulation and signaling may be
opened up by the identification of this novel feature of membrane
ultrastructure.
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There is evidence that rapid assembly of
connexons into GJs occurs under certain
circumstances (Hendrix et al., 1992; Paulson
et al., 2000; Martin and Evans, 2004). It is
also noteworthy that similar to Cx43-GFP,
the Cx43-YFP fusion protein used by Shaw
and colleagues would be expected to be
incompetent to bind ZO-1 (Hunter et al.,
2003). It follows from this that a trafficking
pathway dependent on the Cx43/ZO-1 in-
teraction would have not been resolved.

It may also be pertinent that ZO-1 local-
izes at both N-cadherin-containing adherens junctions and Cx43
GJs (Gonzalez-Mariscal et al., 2000). This raises the prospect of a
role for ZO-1 as an intermediary colocalizing the two junction types.
Thus, while our results are difficult to reconcile with rapid, uniform
targeting of Cx43 across the GJ, the data may be consistent with a
variant of the Shaw model embodied in the mechanism outlined in
Figure 9. In this model, it could be envisaged that adherens junc-
tions nearby to GJs act as sites of preferential delivery of connexons
to nonjunctional plasma membrane proximal to GJs (i.e., the

ZO-1 regulates Cx43 connexon-GJ switch | 1523
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FIGURE 8: ZO-1 knockdown and aCT-1 both inhibit EtdBr uptake in a
hemichannel-specific manner. (A) EtdBr taken up after 15 min in
monolayers of Cx43- and wild-type HelLa (WT) cells treated with
vehicle (Veh), aCT-1, or reverse control peptide (Rev). *P < 0.004 vs.
any treatment of WT Hela cells; #P = 0.0002 vs. Veh; TP = 0.011 vs.
Rev; N = 4. (B) EtdBr taken up after 15 min in monolayers of Cx43-
and WT Hela cells treated with Veh, BGA, or MFQ. *P = 0.037 vs.
Veh; #P < 0.0004 vs. Veh; N = 3. (C) EtdBr taken up after 15 min in
monolayers of Cx43- and WT Hela cells treated with Veh or EGTA.

*P < 0.0001 vs. any treatment of WT Hela cells; P = 0.02 vs. Veh;

N =15, 11, and 4 for Cx43-Hela Veh, Cx43-HelLa EGTA, and both WT
Hela treatments, respectively. (D) EtdBr taken up after 15 min in
monolayers of Cx43-Hela cells treated with either Sc siRNA or ZO-1
siRNA. *P = 0.02; N = 3. N numbers indicate the number of
experiments performed in which measurements were taken on five
images per experiment for each treatment type. Error bars represent
SEM for all panels.

perinexus). Undocked connexons reaching the plasma membrane
via microtubule/N-cadherin complexes would then accrete to GJs
subject to the frequency with which Cx43 CTs encountered ZO-1
near the GJ edge. A notable unknown in this model would be when
and how the actin cytoskeleton engaged connexons linked to ZO-1
during their transition into GJs.
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Our data indicate that levels of GJIC and hemichannel permea-
bility vary in inverse and direct proportion to levels of ZO-1/Cx43
interaction, respectively. Loss of the Cx43/ZO-1 interaction via oCT-1
or ZO-1 antisense resulted in decreased membrane permeability by
hemichannels and increased GJIC. An important observation is that
oCT-1 did not alter EtdBr uptake in noncontacting cells unable to
form GJs. This experiment indicates that affects on hemichannel
function by the PDZ2-binding peptide were likely not due to changes
in channel gating. This is because plasma membrane connexon
density and hemichannel permeance remained unchanged in the
absence of the opportunity for connexons to aggregate into GJs.
Preliminary electrophysiological studies also support the concept
that oCT-1 is not likely to have direct effects on hemichannel gating
(Rhett, Gourdie, and Morad, unpublished data). Further support of
this is evidenced in our finding that aCT-1 did not affect phosphory-
lation of Cx43 on Ser-368 (Supplemental Figure 3), a known modula-
tor of channel gating (Ek-Vitorin et al., 2006). A novel inference from
our work is that the connexon-containing perinexus is a membrane
domain, specialized for hemichannel function. Future high-resolu-
tion studies of channel function will be needed to confirm this
hypothesis.

Overall, the findings provided herein on Cx43 hemichannel func-
tion compare well with the studies of Saez, Bennet, and colleagues
(Contreras et al., 2003; Retamal et al., 2007). Similar to what we re-
port here, these workers have shown that the rate of hemichannel-
mediated EtdBr uptake is linearly related to the level of Cx43 ex-
pression. Our data also confirm their finding that blockers of GJIC
inhibit connexon activity and that low Ca?* increases hemichannel
function.

The changes in membrane permeability brought about by modu-
lation of the Cx43/ZO-1 interaction may have important physiological
consequences. As discussed by Bukauskas and coworkers (Kreuzberg
et al., 2006), hemichannels may serve to depolarize the excitable
membranes of myocytes by reducing the space constant. In addition
to reduction in the space constant, increases in hemichannel density
may alter membrane voltage potential and promote cell death and
ATP release, all of which are arrhythmogenic (Kreuzberg et al., 2006;
Shintani-Ishida et al., 2007; Clarke et al., 2009). Therefore, in addition
to providing mechanistic insight into the contribution of hemichannel
dysfunction to injury and disease, the data presented herein supply a
basis for the creation of new molecular medicines. Indeed, work by
O’Quinn et al. (2011) from our laboratory has shown that application
of aCT-1 to infarcted myocardium results in a reduction in the severity
of arrhythmias induced by ex vivo-stimulated pacing protocols. Fur-
ther work is required to determine whether this decreased propensity
for induced arrhythmia is associated with reductions in hemichannel
activity similar to those that we describe here in vitro in response to
the Cx43 PDZ2-binding domain.

In conclusion, it was found that ZO-1 interaction with the Cx43
CT dynamically governs the rate of GJ accretion from connexons in
the perinexus, with attendant affects on hemichannel function. Our
work suggests a novel cellular mechanism by which membrane per-
meability and intercellular communication are coordinately regu-
lated—a mechanism that may become dysregulated in cardiac dis-
ease, with potential implications for the genesis of electrical
conduction disturbance (Bruce et al., 2008; Severs et al., 2008). In-
terestingly, other PDZ proteins function in dynamically regulating
channel transitions between disaggregated and aggregated assem-
blies, for example, PSD95 and AMPA receptors at synapses (Bats
et al., 2007). Of further note is that connexins have been shown to
have roles in intercellular adhesion (Lin et al., 2002; Elias et al., 2007;
Cotrina et al., 2008). In ongoing studies it will therefore be of
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FIGURE 9: The connexon switch. When ZO-1 is bound to Cx43 at the periphery of GJ plaques
and hemichannels in the perinexus—"connexon switch inhibited”—hemichannel addition to the
plaque perimeter is restricted. When Cx43/ZO-1 interaction is inhibited (as with aCT-1)—
“connexon switch uninhibited”—GJ accretion from hemichannels is unchecked, resulting in
larger GJs and fewer hemichannels. The predicted functional consequences of disengaging
Cx43 and ZO-1 are greater GJIC (red arrows) and reduced hemichannel activity (blue arrows).

interest to determine whether ZO-1 modulation of the transition of
undocked connexons into GJs provides a means for dynamically
regulating levels of both coupling and adhesion between cells.

MATERIALS AND METHODS

Antennapedia peptides and cell culture

Peptides were generated as previously described (Hunter et al.,
2005): oCT-1 and a reverse sequence control peptide (Rev). Both
contain an N-terminal biotin tag followed by the 16-amino acid an-
tennapedia internalization vector (RQPKIWFPNRRKPWKK). Linked
to the CT lysine of the antennapedia sequence is either the CT 9
amino acids of Cx43 (RPRPDDLEI; oCT-1) or the Cx43 CT 9 amino
acids in reverse (IELDDPRPR; Rev). Peptides were used at a concen-
tration of 180 pM. Parental wild-type Hela cells (ATCC, Manassas,
VA), Hela cells stably expressing Cx43 (Cx43-Hela; a generous gift
from Klaus Willecke), and Hela cells stably expressing Cx43-en-
hanced green fluorescent protein (EGFP) (Cx43-EGFP-Hela; Jordan
et al., 1999) were cultured as previously described (Hunter et al.,
2005). RECs were kindly provided by Hoda Eid and induced to stably
express Cx43-EGFP by electroporation with a Cx43-EGFP expres-
sion vector (Jordan et al., 1999), followed by selection with G418.

Transient transfection

For ZO-1 overexpression, cells were transfected with a DsRedC1-
huZO-1 (human ZO-1 N-terminally tagged with DsRed) construct
using Lipofectamine Plus (Invitrogen, Carlsbad, CA; Cat. no.
15338100) according to the manufacturer’s instructions. For ZO-1
knockdown, cells were transfected with either control Sc siRNA or
ZO-1 siRNA (a mixture of three different oligonucleotides targeting
ZO-1 mRNA) according to the manufacturer’s instructions (Santa
Cruz Biotechnology, Santa Cruz, CA; Cat. no. sc-29829).

Immunocytochemistry, image acquisition, and analysis

Cx43 was stained using an anti-Cx43 antibody (Santa Cruz Biotech-
nology, Cat no. SC-6560). Actin was labeled by Alexa Fluor 647
phalloidin (Invitrogen; Cat. no. A22287). The Cx43/ZO-1 interaction
was detected in situ using the Duolink Il secondary antibodies and
detection kit (Olink Bioscience, Uppsala, Sweden; Cat. nos. 92001,
92005, and 92007) according to manufacturer instructions. Briefly,
primary antibodies against Cx43 (Millipore, Danvers, MA; Cat no.
MAB3067) and ZO-1 (Invitrogen; Cat. no. 617-300) were applied
under standard conditions. Duolink secondary antibodies against
the primary antibodies were then added. These secondary antibod-
ies were provided as conjugates to oligonucleotides that were |i-
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fluorescently labeled oligonucleotides. The
specificity of this assay was assessed by
staining of Cx43-EGFP-Hela cells (i.e., these
cells express only Cx43 incapable of inter-
acting with ZO-1 [Hunter et al., 2003]; Sup-
plemental Figure 1). Confocal images were
acquired on a TCS SP5 laser scanning con-
focal microscope (LSCM) equipped with a
63x/1.4 numerical aperture (NA) oil objec-
tive (Leica, Buffalo Grove, IL). GJ size was
analyzed, as previously described (Hunter et
al., 2005), by creating a mask of cell borders
based on actin (aCT-1 experiments) or ZO-1 (ZO-1 overexpression
experiments) staining followed by measurement of Cx43 staining
within the mask using ImageJ software (version 1.42q; National Insti-
tutes of Health [NIH], Bethesda, MD). The mask was generated using
the pencil tool with 20 pixel line width by tracing over cell borders
highlighted by cortical actin staining. Positive Cx43 staining was de-
fined as pixels with 128-255 gray value, and positive Duolink stain
was defined as pixels with 137-255 gray value (8-bit images). Duolink
stain was also measured by counting the total number of positive
pixels and the number of positive pixels under the membrane mask.
Colocalization analysis was performed using the Colocalization Anal-
ysis plug-in in the McMaster Biophotonics Facility version of NIH
ImageJ found at www.macbiophotonics.ca/downloads.htm. Colo-
calization was calculated as the percentage of total Cx43 pixels that
were colocalized with ZO-1.

GJICis Enhanced

Hemichannel Activity
is Reduced

Immunoprecipitation

Cx43-Hela cell lysates were separated into junctional and nonjunc-
tional Cx43 fractions based on detergent solubility per the method
of Musil and Goodenough (1991). Cells were lysed in the presence
of 1% Triton X-100 (Fisher Scientific, Pittsburgh, PA; Cat. no. BP151)
and clarified by centrifugation at 100,000 x g for 50 min at 4°C. Im-
munoprecipitation was then performed on the two fractions using
ZO-1 antibody (Santa Cruz Biotechnology; Cat. no. SC-10804) or
control rabbit immunoglobulin (Ig) G (Jackson ImmunoResearch
Laboratories, West Grove, PA; Cat. no. 011-000-003) coupled to
nProtein A Sepharose Fast Flow beads (Amersham, Uppsala,
Sweden; Cat. no. 17-5280-01). Proteins from whole lysates, frac-
tions, and immunoprecipitation reactions were resolved by 10%
SDS-PAGE (Bio-Rad, Hercules, CA; Cat. no. 345-0111) followed by
immunoblotting with Cx43 antibody (Sigma, St. Louis, MO; Cat. no.
C-6219). Immunoblotted proteins were detected using a horserad-
ish peroxidase-conjugated secondary antibody against rabbit IgG
light chain (Jackson ImmunoResearch; Cat. no. 211-052-171) to min-
imize detection of the antibody used for immunoprecipitation. Sig-
nal was detected by bioluminescence as previously described
(Hunter et al, 2005). These blots were then stripped with
B-mercaptoethanol and reprobed using an actin antibody (Millipore;
Cat. no. MAB1501) or ZO-1 antibody (Invitrogen; Cat. no. 617300).

Cell-surface biotin tagging, pull-down, Triton X-100
fractionation, and Western blotting

Cell-surface proteins were tagged with biotin using the general meth-
odologies described by Musil and Goodenough (1991) and VanSlyke
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and Musil (2005): Confluent Cx43-Hela cells were incubated with
0.5 mg/ml sulfo-NHS-LG-biotin (Thermo Scientific, Rockford, IL; Cat.
no. 21338) in Dulbecco’s phosphate-buffered saline (DPBS; Invitro-
gen; Cat. no. 14080-055), pH 8.0, for 15 min at 4°C, rotating slowly.
Unreacted biotin was quenched with 15 mM glycine (Fisher Scientific;
Cat. no. BP381-1) in DPBS, pH 8.0. Cells were either lysed immedi-
ately or treated with vehicle (Veh; Opti-MEM; Invitrogen; Cat. no.
11058-021), aCT-1, or reverse control peptide and returned to incu-
bation for 2 h followed by lysis. Junctional and nonjunctional Cx43
were separated as described above. Fractions were then run on 10-
kDa molecular weight cutoff columns (Millipore; Cat. no. UFC801024)
followed by purification of biotin-tagged protein on NeutrAvidin
beads (Fisher Scientific; Cat. no. PI29201). Biotin-tagged protein was
eluted with 8 M guanidine (Sigma; Cat. no. G4505), and guanidine
was removed by centrifugation on Zeba Desalt columns (Thermo Sci-
entific; Cat. no. 89894). Proteins were resolved by 10% SDS-PAGE
(Bio-Rad; Cat. no. 345-0111) followed by immunoblotting with Cx43
antibody (Sigma; Cat. no. C-6219). For ZO-1 knockdown experiments,
cells were lysed and proteins from lysates were resolved by either
10% SDS-PAGE (Bio-Rad; Cat. no. 345-0111; Cx43 and pS368) or 7%
SDS-PAGE (Bio-Rad; Cat. no. 345-0135; ZO-1) followed by immuno-
blotting with Cx43 antibody (Sigma; Cat. no. C-6219), phospho-Cx43-
S368 antibody (Cell Signaling, Danvers, MA; Cat. no. 3511s), or ZO-1
antibody (Invitrogen; Cat. no. 617300). Immunoblotted proteins were
detected using a horseradish peroxidase—conjugated secondary anti-
body as previously described (Hunter et al., 2005).

Assays of GJIC

For scrape-loading GJIC, the method used was based on that of
Yum et al. (2007): Confluent wild-type and Cx43-Hela cells were
exposed to either vehicle (Veh; Opti-MEM), aCT-1, or reverse con-
trol peptide for 2 h in culture conditions. Cells were then washed
with Hank's balanced salt solution without Ca?* or Mg?* (HBSS~; In-
vitrogen; Cat. no. 14175-095), and then 2% neurobiotin (Vector
Laboratories, Burlingame, CA; Cat. no. SP-1120) in HBSS™ was
added to the cells. Each well was scraped twice with a no. 11 scalpel,
and cells were incubated for 5 min at 37°C, 5% CO,. Cells were
washed with HBSS™, fixed for 10 min in 2% paraformaldehyde (Fisher
Scientific; Cat. no. 04042-500) at room temperature, and blocked
with 1% bovine serum albumin (EMD Chemicals, Gibbstown, NJ;
Cat. no. 2930) and 0.1% Triton X-100 (Fisher Scientific; Cat. no.
BP151) in PBS (Sigma; Cat. no. P4417). Cells were stained with
streptavidin Alex Fluor 488 conjugate (Invitrogen; Cat. no. S32354;
neurobiotin labeling) and Hoechst 33258 (Sigma; Cat. no. B2883;
nuclear labeling). Cells were imaged on a Leica DM LB fluorescence
microscope equipped with a 20x/0.50 NA water immersion objec-
tive. The distance of neurobiotin spread was determined using Im-
ageJ by measuring the distance from the scrape edge to the point
at which fluorescence intensity, averaged along a line parallel to the
scrape edge, dropped below 150% that of the background.

The second assay of GJIC utilized, gap-FRAP, was based on that
of Yum et al. (2007), with modification as follows: Confluent wild-
type and Cx43-Hela cells were incubated in Opti-MEM alone (wild-
type and vehicle) or Opti-MEM plus aCT-1 or reverse control pep-
tide for 2 h at 37°C, ambient CO,. Cells were then loaded with 1 uM
calcein green, AM (Invitrogen; Cat. no. C34852), by addition to the
media for the final 30 min of the 2 h incubation. Cells were washed
with PBS (Sigma; Cat. no. P4417), and Opti-MEM was added back
to the cells, including 60 pM oCT-1 or reverse control peptide for
appropriate cultures, and 3 mM heptanol (Alfa Aesar, Ward Hill, MA;
Cat. no. A12973) for a subset of vehicle and aCT-1 treatments. Cul-
tures were imaged on a TCS SP5 LSCM equipped with a 40x/0.80
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NA water immersion objective using the Leica FRAP LAS-AF appli-
cation wizard (Leica). Images were acquired once every 10 s for
5 min postbleaching (aCT-1 experiments) or once every 5 s for 3 min
postbleaching (ZO-1 siRNA experiments). Fluorescence recovery of
the bleached cell was measured using NIH ImageJ. The maximal
recovery (F..) and rate constant (k) were determined using nonlinear
regression performed on PASW Statistics, version 17.0.2 (IBM,
Armonk, NY), using the following equation:

F(t) = Fo +(F.—Fo)(1— &%),

where t is the time after photobleaching, F(t) is the normalized fluo-
rescence intensity, Fg is the theoretical fluorescence intensity imme-
diately after bleaching (estimated from the first postbleach image),
F.. is the asymptotic theoretical maximal recovery value to which
postbleach fluorescence intensity tends, and k is the rate constant.
This exponential decay function is a commonly used model of GJ-
mediated fluorescence recovery (Salmon et al., 1984; Abbaci et al.,
2007, 2008).

Connexon function

Continuous live-cell imaging of EtdBr uptake. The procedure
used to assay single membrane connexon-mediated permeance
was based on the methods of Retamal et al. (2007). Confluent wild-
type and Cx43-Hela cells were incubated in Opti-MEM alone (wild-
type and vehicle) or Opti-MEM plus aCT-1 or reverse control peptide
for 2 h at 37°C, ambient CO,. Immediately before imaging, 50 nM
EtdBr (Sigma; Cat. no. E8751) was added to cultures. Cells were
imaged on an Axiovert 200M microscope equipped with a 63x/1.4
NA oil objective (Carl Zeiss Microimaging, Thornwood, NY). Digital
images of EtdBr fluorescence and bright field were captured of
monolayers and isolated cells every 5 min over a 20 min period by an
Orca ER CCD camera (Hamamatsu, Bridgewater, NJ) using Openlab
5.0.1 software (PerkinElmer, Waltham, MA). Images were analyzed
by measuring the mean gray values of fluorescent images (entire
field for monolayers and a region of interest of cell outline traced
from bright-field images for noncontacting cells) using NIH ImageJ
and normalizing to the number of cells in the field for monolayers.

Fixed time point assay of EtdBr uptake. The method of Shintani-
Ishida et al. (2007) was adapted for this assay with modifications as
described: Wild-type and Cx43-Hela cell monolayers were
scrutinized at a single 15 min time point by incubating as described
previously for 2 h with either vehicle, aCT-1, or reverse control, then
incubating with 500 nM EtdBr for 15 min, followed by fixation. For
transfected cells, only the vehicle incubation was used. Controls
included 4 mM EGTA (Sigma; Cat. no. E4378), 25 uM BGA (Sigma;
Cat. no. G10105), and 25 uM MFQ (Sigma; Cat. no. M2319) in the
solutions during the 15 min EtdBr incubation. Cells were fixed by
washing with PBS with Ca?* and Mg?* (to ensure hemichannel
closure) followed by a 10 min incubation with 2% paraformaldehyde
(Fisher Scientific; Cat. no. 04042-500) at room temperature. Fixed
monolayers were nuclear labeled with Hoechst 33258 (Sigma; Cat.
no. B2883), mounted, and imaged within 24 h on a TCS SP5 LSCM
equipped with a 63x/1.4 NA oil objective. EtdBr uptake was
determined in these images by measuring the mean gray values of
fluorescentimages using NIH ImageJ and normalizing to the number
of cells in the field.

Statistics

For GJ size analysis with oCT-1 treatment, measurements were taken
from five images for each experiment. Three separate experiments
were performed for aCT-1 GJ size/Duolink analysis and cell-surface
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biotinylation assay. For the scrape-loading assay, each experiment
was performed in duplicate, and four images each were taken along
the scratch and outside the scratch in each replicate. Replicated
scrape-loading experiments were performed a minimum of three
times for each treatment group. Gap-FRAP statistics represent an
average of three experiments. In each experiment, three separate
fields were subjected to gap-FRAP over an ~20-min period. For the
live-imaging assay, averages were determined from three experi-
ments for each treatment group. Each experiment, in turn, was aver-
aged from measurements of six distinct fields for each treatment
group. Averages from the fixed-cell assay represent an average of at
least three experiments. In each experiment, five separate fields
were imaged. For multiple comparisons analysis of variance with
post hoc analysis was performed. All statistics were prepared in
PASW Statistics, version 17.0.2. N numbers are reported in the cor-
responding figure legends for all experiments.
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