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Abstract. Zonula occludens-1 (ZO-1), the most
abundant known connexin-interacting protein in
osteoblastic cells, associates with the carboxyl termini
of both Cx43 and Cx45. To learn more about the role
of the cormexin-ZO-1 interaction, we analyzed
connexin trafficking and function in ROS 17/2.8 cells
that were stably transfected either with full length
Cx45 or with Cx45 lacking 34 or 37 amino acids on
the carboxyl terminus (Cx45t34 or Cx45t37). All
three proteins were transported to appositional
membranes in the transfected cells: Cx45 and
Cx45t34 displayed a punctate appositional mem-
brane-staining pattern, while Cx45t37 staining at
appositional membranes was more linear. Expression
of Cx45 decreased gap junction communication as
assayed by dye transfer, while expression of Cx45t34
or Cx45t37 increased the amount of dye transfer seen
in these cells. We found that Cx43, Cx45 and Cx45t34
co-precipitated with ZO-1 in these cells, while
Cx45t37 did not. We also found that Cx45t37 was
much more soluble in 1% Triton X-100 than the other
connexins examined. In addition, Cx45t37 migrated
to a fraction of lighter buoyant density on sucrose
flotation gradients than Cx43, Cx45, ZO-1 and
Cx45t34. As ZO-1 is an actin-binding protein, this
suggested that the differences in Cx45t37 solubility
might be due to a difference between the interaction
of gap junctions and the actin cytoskeleton in the
ROS/Cx45t37 and in the other transfected ROS cells.
To examine this possibility, the transfected ROS cells
were stained with fluorescently labeled phalloidin and
demonstrated that there was a notable loss of actin
stress fibers in the ROS/Cx45t37 cells. These findings
suggest that association with ZO-1 alters the plasma
membrane localization of Cx45 by removing it from a
lipid raft compartment and rendering it Triton-
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insoluble, presumably by promoting an interaction
with the actin cytoskeleton; they also suggest that
Cx45 has a complex binding interaction with ZO-1
that involves either an extended carboxyl terminal
domain or two distinct binding sites.
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Introduction

Gap junctions allow the passage of low molecular
weight molecules and ions between the cytoplasm of
neighboring cells, and are formed by proteins called
connexins. There are 21 different connexins in the
mouse genome, each of which forms gap junctions with
distinct physiological characteristics (Willecke et al.,
2002). Osteoblasts express both Cx43 and Cx45 and
changes in the relative abundance of these gap junction
proteins modulate the permeability of gap junctions in
bone cells and alter the expression of osteogenic pro-
teins in osteoblastic cells (Koval et al., 1995; Lecanda et
al., 1998). Deletion of the Cx43 gene in mice leads to
delayed ossification and a generalized osteoblast dys-
function (Lecanda et al., 2000). Additionally, muta-
tions in human Cx43 result in the developmental
disorder oculodentodigital dysplasia, which is char-
acterized by skeletal defects (Paznekas et al., 2003).
Gap junctional communication in osteoblasts is mod-
ulated by mechanical stress and soluble factors such as
parathyroid hormone, which are important regulators
of bone remodeling (Ziambaras et al., 1998; Civitelli et
al., 1998). These changes may involve altering the
amount of Cx43 in gap junctional plaques.

Z0-1 interacts with several different gap junction
proteins, including Cx43 (Giepmans and Moolenar,
1998; Toyofuku et al., 1998), Cx31.9 (Nielsen et al.,
2002a), Cx36 (Liet al., 2004a), Cx47 (Li et al., 2004b),
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Cx46, and Cx50 (Nielsen et al., 2002b), as well as Cx45
(Kausalya, Reichert & Hunziker, 2001; Laing et al.,
2001). ZO-1 binds to a number of different proteins
that are associated with tight junctions and adherens
junctions. ZO-1 has at least five different domains that
mediate protein-protein interactions including three
PDZ domains, an SH3 domain, and a catalytically
inactive guanylate kinase domain. Cx43 binds to the
second PDZ domain in ZO-1; while the Cx45-Z0O-1
binding site has not been as thoroughly studied. We
recently demonstrated that a fusion protein containing
the first 2 PDZ domains in ZO-1 binds to the Cx45
carboxyl terminal polypeptide in a peptide-binding
assay (Laing, Chou & Steinberg, 2005). Expression of
this fusion protein in ROS cells disrupted the interac-
tion between Cx43 and ZO-1, diminished gap junction
formation and function, and altered the plasma
membrane localization of Cx43. In contrast, over-
expression of ZO-1in ROS cells increased gap junction
formation and gap junctional communication. These
studies suggested that ZO-1 plays a critical role in gap
junction formation in osteoblastic cells (Laing et al.,
2005).

A number of studies have shown that expression
of connexin constructs that have blocked or trun-
cated carboxyl termini, which may not interact with
ZO-1, form identifiable gap junction plaques in a
variety of different cell lines (Bukauskas et al., 2000;
Falk, 2000; Windoffer et al., 2000; Hunter et al.,
2003). It should be noted that these gap junction
plaques are unusually large and studies have indi-
cated most of the channels in these plaques may be
inactive (Bukauskas et al., 2000; Hunter, Jourdan &
Gourdie, 2003). In this study, we expressed full-
length Cx45 and two different carboxyl terminal
truncation mutants of Cx45 (that lack the canonical
Z0-1 binding peptide site) in ROS cells and examined
the trafficking of these mutant proteins and the
behavior of the gap junctions formed in these
transfected cells.

Materials and Methods
REAGENTS AND PLASMID

Cx43 (Laing et al., 1997) and Cx45 antiserum (Laing et al., 2001)
were previously characterized. Polyclonal and monoclonal anti-
bodies directed against ZO-1 were obtained from Zymed (South
San Francisco, CA). The monoclonal antibody directed against
Cx43 was purchased from Chemicon (Temecula, CA). The cDNA
for Cx45 lacking the carboxyl terminal 34 amino acids (Cx45t34)
was amplified from chick Cx45 cDNA by PCR and inserted into
the pSFFVneo plasmid. Cx45t37-pSFFVneo plasmid was de-
scribed previously (Koval et al., 1995).

CELL CULTURE AND TRANSFECTION

ROS 17/2.8 is an osteosarcoma cell line that expresses Cx43 but not
Cx45 (Steinberg et al., 1994). ROS cells were cultured in minimum

Eagle’s medium containing 10% heat-inactivated bovine calf ser-
um, 2 mM glutamine, 1 mm sodium pyruvate, 1% nonessential
amino acids, 5 units/ml penicillin, and 5 pg/ml streptomycin. The
Cx45-transfected ROS cells and Cx45t37-transfected ROS cells
were characterized previously (Steinberg et al., 1994; Koval et al.,
1995). Stably transfected ROS cells were selected and cultured in
the same culture media containing 400 pg/ml G418. Clones were
screened by immunofluorescence microscopy for cell surface
expression of Cx45. We used 4 different ROS/Cx45 clones, 3 dif-
ferent ROS/Cx45t34 clones and 4 different ROS/Cx45t37 clones in
the experiments reported in this manuscript.

IMMUNOFLUORESCENCE MICROSCOPY

Transfected ROS cells were processed for immunofluorescence
microscopy as described previously (Laing et al., 2001). The cells
were fixed, permeabilized and stained either with a monoclonal
antibody against ZO-1 and a polyclonal antiserum directed
against Cx45, a monoclonal antibody against Cx43 and a poly-
clonal antiserum directed against Cx45 or a polyclonal antiserum
directed against Cx45 and the appropriate secondary antibodies.
In order to monitor F-actin localization in the transfected cells,
the cells were fixed in 1.6% paraformaldehyde in PBS, permeabi-
lized with 0.1% Triton X-100 in PBS, and stained with Oregon488
phalloidin diluted 1:200 (Molecular Probes, Eugene, OR). These
cells were viewed by epifluorescence on a Nikon Eclipse E600FN
microscope using a 63 x (numerical aperture 1.4) objective, and
the images were processed using Tillvision software (Martinsried,
Germany). Confocal images were collected on a Bio-Rad MRC10-
24 microscope with LaserShop software, and the images were
analyzed using Adobe Photoshop software.

DYE TRANSFER

Chemical coupling via gap junctions was assessed by a dye injection
assay among cells grown in monolayers. Microinjections of Lucifer
Yellow (10 mm) were performed using a previously published
technique (Steinberg et al., 1994; Koval et al., 1995). Cells were
seeded on a 25 mm diameter No. 1 thickness glass cover slip and
mounted in a PDMI-2 incubation chamber on a Zeiss Axiovert 35.
Lucifer Yellow was injected into single cells with an Eppendorf
microinjector and micromanipulator and the number of cells that
received dye after 3 minutes was assessed. The data was analyzed
by Student’s t-test.

IMMUNOPRECIPITATION

The co-immunoprecipitation protocol was adapted from a proce-
dure used to precipitate ZO-1-associated proteins and used previ-
ously to show that Cx45 interacts with ZO-1 (Laing et al., 2001).
Proteins immunoprecipitated by anti-Cx45 antibodies were trans-
ferred to Immobilon-P membranes. The membranes were probed
with 1:1000 dilution of monoclonal antibody directed against Cx43
(Chemicon International, Temecula, CA) or ZO-1 (Zymed Labo-
ratories Inc. South San Francisco, CA). All blots were then probed
with the appropriate peroxidase-conjugated secondary antibody
(Roche Molecular Biochemicals or Jackson Immunoresearch, West
Grove, PA) and developed with the SuperSignal West Pico
chemiluminescence system (Pierce, Rockford, IL).

TriTON X-100 SOLUBILIZATION

This procedure was adopted from a method published previously
(Schubert et al., 2002). Transfected ROS cells were washed three
times in ice-cold PBS. Three hundred microliters of cold MBS (25
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mM MES, pH 6.5, 150 mm NaCl pH 6.5) containing 1% Triton X-
100 and protease inhibitors were added to the cells. Following 30-
minute incubation without agitation at 4°C the soluble fraction was
collected. Three hundred microliters of 1% SDS were added to the
plate to dissolve the remaining Triton X-100 insoluble material,
which was passed through a 26 gauge needle 10 times in order to
lower its viscosity. Equal volumes of the Triton X-100 soluble
material and insoluble material were analyzed by immunoblotting
with Cx45 or Cx43 antiserum.

SucROSE FLOTATION GRADIENTS

Briefly, two 100 mm diameter plates were washed three times in
cold PBS, scraped into 750 pl of MBS containing 1% Triton X-100,
and passed through a tight-fitting Dounce homogenizer five times.
The sample was mixed with an equal volume of 80% sucrose
(prepared in MBS lacking Triton X-100), transferred to a 5 ml
ultracentrifuge tube, and overlaid with a discontinuous sucrose
gradient of 1.5 ml of 30% sucrose and 1.5 ml of 5% sucrose (pre-
pared with MBS lacking Triton X-100), respectively. The samples
were centrifuged for 18 h at 200,000 x g (44,000 rpm in a Sorvall
rotor, TH-660). Eight 550 pl fractions were collected, and aliquots
of each fraction were subjected to SDS-PAGE and immunoblotting
(Schubert et al., 2002).

Results

Cx45t34 aAND Cx45t37 HAVE DIFFERENT PATTERNS OF
PLAasMA MEMBRANE LOCALIZATION

Expression of Cx45, Cx45t34 and Cx45t37 was as-
sessed by immunoblots of solubilized proteins from
transfected ROS cells. All three transfected cell lines
expressed similar amounts of a Cx45 immunoreactive
protein (Fig. 14). Cx45 ran at 46 kDa in these gels,
while Cx45t34 and Cx45t37 ran at 41 kDa. The Cx45
antibody also detected a less abundant 46 kDa
polypeptide in the ROS/Cx45t34 and ROS/Cx45t37
cells. Immunoblots of parallel samples with a ZO-1
monoclonal antibody detected a 220 kDa and a
210 kDa polypeptide in the ROS cells. They also
demonstrated that ROS and ROS/Cx45t34 cells ex-
pressed similar amounts of ZO-1, while more ZO-1
was found in the ROS/Cx45 and ROS/Cx45t37 cells
(Fig. 1B).

In ROS/Cx45 cells, Cx45 staining appeared both
in a perinuclear compartment and in a linear punctate
pattern at the plasma membranes (Fig. 1C).
There was a similar staining pattern for Cx45 in the
ROS/Cx45t34 cells and in the ROS/Cx45t37 cells.
These micrographs showed that there was more Cx45
staining in a perinuclear locale in the ROS/Cx45t34
and ROS/Cx45t37 cells than in the ROS/Cx45cells.
Similar results were seen with the other transfected
ROS cell clones used in this study.

We next examined the association Cx45 and ZO-1
using double-label immunofluorescence labeling and
confocal microscopy (Fig. 24). In ROS/Cx45, as we
previously demonstrated, Cx45 colocalized with ZO-1
at appositional membranes, but many regions that

B
A ROS /45 /t34 /t37 ROS /45 ft34 h37

83-

220 — i - —
-—
 — —_—

bl 133-

83-

Fig. 1. Cx45 expression in transfected ROS cells. (A) and (B):
Immunoblotting analysis of transfected ROS cells. Transfected
ROS cells were harvested and equal aliquots of protein were ana-
lyzed by SDS-PAGE and transferred to Immobilon-P. The mem-
branes were probed with rabbit Cx45 (A), or ZO-1 antibody (B).
(C). ROS (a), ROS/Cx45 (b), ROS/Cx45t34 (¢) and ROS/Cx45t37
(d) cells were fixed, permeabilized and stained with a Cx45 antise-
rum and CY-3-coupled goat anti-rabbit IgG and examined by
immunofluorescence microscopy. Bar = 50 pm.

had ZO-1 staining did not exhibit Cx45 staining
(Laing et al., 2001). Similar results were seen in the
ROS/Cx45t34 cells where Cx45t34 colocalized with
Z0-1 at appositional membranes. Cx45 staining also
colocalized with ZO-1 staining at appositional mem-
branes in the ROS/Cx45t37 cells. These studies also
showed that the appositional membrane staining for
Cx45 was more punctate in the ROS/Cx45 and ROS/
Cx45t34 cells than it was in the ROS/Cx45t37 cells.

We also examined the association of Cx43 and the
truncated Cx45 constructs by confocal immunofluo-
rescence microscopy (Fig. 2B). In these experiments
cells were fixed, permeabilized and stained with Cx43
monoclonal antibody and a Cx45 polyclonal antise-
rum. Cx45 and Cx43 colocalized in cytoplasmic vesi-
cles and at appositional membranes in the ROS/Cx45
cells, in the ROS/Cx45t34 cells and in the Cx45t37
cells. The appositional membrane staining for Cx45
and Cx43 was more punctate in the ROS/Cx45 and
ROS/Cx45t34 cells than it was in the ROS/Cx45t37
cells. These micrographs also demonstrate that there
was not as much co-localization of Cx43 and Cx45t37
as there was of Cx43 and Cx45t34 or of Cx43 and
Cx45 in these different transfected cells.
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Fig. 2. Truncated Cx45 proteins colocalize with ZO-1 (4) and Cx43 (B) in transfected ROS cells. Transfected ROS cells were fixed,
permeabilized and stained with a polyclonal Cx45 antiserum and a monoclonal ZO-1 antibody. The cells were then stained with an
ALEXA 488 goat anti-Rabbit IgG and CY3 goat anti-mouse IgG. (4) Cells were stained with a polyclonal Cx45 antiserum and a
monoclonal Cx43 antibody. The cells were then stained with CY3 goat anti-Rabbit IgG and ALEXA488 goat anti-mouse 1gG (B).

ALTERED DYE COUPLING IN TRANSFECTED Ros CELLS

We next examined how the expression of the different
Cx45 truncation mutants affected the molecular per-
meability of gap junctions in ROS cells. Single cells
were injected with Lucifer Yellow, and the number of
dye-filled cells was counted after 3 minutes. In this
experiment Lucifer Yellow passed to 5.5 + 3.7 cells
(n = 29). As can be seen in Fig. 34, expression of
Cx45 in ROS reduced the transfer of Lucifer Yellow-
filled cells (3.2 + 2.7 cells (n = 27)). This change in
permeability was shown to be statistically significant
by Student’s t-test (P < 0.05). These data are con-
sistent with our previously published studies showing
that ROS/Cx45 cells pass Lucifer Yellow about half
as efficiently as ROS cells (Koval et al., 1995). In
contrast, Cx45t34 and Cx45t37 increased the transfer
of Lucifer Yellow (11.8 £5 (n = 27) and
10.4 £ 45.5 cells (n = 29)). These changes in per-
meability were shown to be statistically significant by
Student’s z-test (P < 0.01). Representative micro-
graphs of a dye injection experiment in each cell line
are shown in Fig. 3B.

Cx43, Cx45 aAND Cx45t34, But Not Cx45t37,
CO-PRECIPITATE WITH ZO-1

We then looked at the interaction between the con-
nexins and ZO-1 in our transfected cells using a co-

immunoprecipitation assay. Cx45-associated proteins
were analyzed by immunoblotting with an anti-ZO-1
monoclonal antibody. Cx45 immunoprecipitates de-
rived from ROS/Cx45 and ROS/Cx45t34 cell lysates
contained ZO-1, but Cx45 immunoprecipitates
derived from ROS/Cx45t37 did not (Fig. 44). Similar
results were seen in all ROS/Cx45, ROS/Cx45t34 and
ROS/Cx45t37 clones in which Cx45 was transported
to appositional membranes. In contrast, Cx43
immunoprecipitates derived from ROS, ROS/Cx45,
ROS/Cx45t34 and ROS/Cx45t37 cell lysates all con-
tained ZO-1 (Fig. 4B). Intriguingly, these blots
showed that the 220 and 210 kDa isoforms of ZO-1
were found with the Cx43-associated proteins, while
only the 220 kDa polypeptide was detected in the
Cx45 immunoprecipitates.

Cx45t37 ExHIBITS INCREASED TRITON X-100 SOLUBILITY
AND ALTERED MIGRATION IN SUCROSE FLOTATION
GRADIENTS

Connexins present in gap junctions at the plasma
membrane are considered to be insoluble in 1% Triton
X-100. We assessed the Triton X-100 solubility of Cx43
and Cx45 in the ROS cell lines (Fig. 5). Approximately
one third of cellular Cx43 was Triton-soluble in ROS
cells and the transfected ROS cell lines. Similar pro-
portions of Cx45 and Cx45t34 were insoluble in 1%
Triton X-100, 45% and 56% respectively; but a greater
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Fig. 3. Lucifer Yellow dye passage is altered in transfected ROS
cells. Transfected ROS cells were injected with Lucifer Yellow, and
the dye-filled cells were counted. The data are presented as histo-
grams corresponding to the average number of dye-filled cells
found after injection in this assay (mean = standard deviation).

proportion of the Cx45t37 was Triton-soluble than the
other connexins examined in this study. Similar results
were seen in all of the other stably transfected ROS cell
clones examined in this study.

Because the above experiments suggested that
Cx45t37 might be in a different plasma membrane
compartment than other connexins we next assessed
migration of connexins in sucrose flotation gradients.
Lysates derived from ROS and transfected ROS cells
were fractionated on a 5-30% sucrose flotation gradi-
ent. In ROS, ROS/Cx45 and ROS/Cx45t34 cell lines,
immunoreactive Cx43, Cx45 and ZO-1 were found in
fractions 7 and 8 of these gradients, indicating all three
proteins did not enter the sucrose gradients (Fig. 6).
However, when lysates derived from ROS/Cx45t37
cells were fractionated on sucrose gradients, most of
the Cx45t37 was found in fraction 4 of the sucrose
gradients, and most of the ZO-1 was found in fraction 5
of the same sucrose gradients. In contrast, Cx43 was
found in fractions 5, 7 and 8 of these gradients.

LAck oF AcTIN STRESS FIBERS IN Ros/Cx4s5t37 CELLS

As ZO-1 is an actin-binding protein, the difference
between ROS/Cx45t34 cells and ROS/Cx45t37 cells
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Fig. 4. Truncated Cx45 proteins co-precipitate with ZO-1 and
Cx43 in lysates derived from Cx45-transfected ROS cells. Cells
were harvested and proteins co-precipitated as outlined in Mate-
rials and Methods with a Cx45 antibody (A4) or a Cx43 antibody
(B). The immunoprecipitated proteins were analyzed by SDS-
PAGE and immunoblotting with a monoclonal ZO-1 antibody.

suggests that there may be a difference between the
interaction between actin and the Cx45t37 and the
interaction between actin and Cx45t34 in the different
transfected ROS cell clones. To determine whether
this is due to changes in the actin cytoskeleton in the
transfected ROS cells, the cells were stained with
fluorescently labelled phalloidin. As can be seen in
the resulting micrographs (Fig. 7), phalloidin staining
was found both at the cell surface and in stress fibers
in the ROS, ROS/Cx45 and ROS/Cx45t34 cells. In
contrast, there were significantly fewer actin stress
fibers in the ROS/Cx45t37 cells than in the other cell
lines studied.

Discussion

These studies demonstrate that truncated Cx45 pro-
teins that differed by three amino acid residues in
length differed in their ability to coprecipitate with
endogenous ZO-1: Cx45t34 bound ZO-1 in a copre-
cipitation assay while Cx45t37 did not. The ability to
bind ZO-1 correlated with differences in distribution
of Cx45 within the plasma membrane. Thus Cx45t34
appeared in a punctate staining pattern similar to
that of full-length Cx45, but Cx45t37 displayed a
more diffuse appositional membrane-staining pat-
tern. In addition, Cx45t34, like full-length Cx45, was
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Fig. 5. Solubility of connexins derived from transfected ROS cells
in 1% Triton X-100. (A) Transfected ROS cells were extracted at
4°C in MBS buffer containing 1 % Triton X-100. The Triton X-100
solution was removed and the extracted cells were scraped in MBS
buffer containing 1% SDS. Equal aliquots of the Triton X-100-
solubilized material and SDS-solubilized material were subjected to
immunoblotting with Cx45 or Cx43 antiserum. (B) Results from 3
separate experiments, in which the solubility of Cx43, Cx45,
Cx45t34 and Cx45t37 polypeptides in cold 1% Triton X-100 was
determined, were analyzed by densitometry and this data is rep-
resented as a histogram (mean + standard deviation).

Triton-insoluble and remained at the bottom of a
sucrose flotation gradient, while Cx45t37 was much
more Triton-soluble and partitioned into a lipid raft
environment on sucrose gradients.

The current data suggest that association with
ZO-1 alters the plasma membrane compartment with
which connexins are associated (and is consistent
with our previous data in which the plasma mem-
brane localization of Cx43 was similarly altered when
the interaction between Cx43 and ZO-1 was dis-
rupted by expression of a fusion protein containing
the Cx43 binding domain of ZO-1 in ROS cells),
diminished the formation of new gap junction pla-
ques and reduced gap junctional communication in
the transfected cells. Furthermore, expression of the
Z0O-1-derived fusion protein causes the redistribution
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Fig. 6. Expression of the gap junction-associated proteins on su-
crose flotation gradients. Transfected ROS cells were harvested in
1% Triton X-100, overlaid with a discontinuous 5-30% sucrose
gradient, and centrifuged. Gradient fractions were collected, sep-
arated by SDS-PAGE and Cx45, Cx43, and ZO-1 were identified
by immunoblotting. Fraction 1 was the top of the gradient, while
fraction 8 was the bottom of the gradient.

of Cx43 from a non-raft-associated pool of proteins
into a lipid raft-associated pool of protein. In con-
trast, overexpression of ZO-1 in ROS cells increases
gap junction permeability and gap junction forma-
tion (Laing et al., 2005). Toyofuku and colleagues
had previously used this approach to disrupt gap
junction formation in cardiac myocytes and in HEK
cells (Toyofuku et al., 1998).

ZO-1 bound to a truncated Cx45 protein that
lacked the canonical PDZ binding domain-binding
present at the carboxyl terminus (Cx45t34). We have
previously demonstrated that ZO-1 could specifically
bind to peptides consisting of the last 10 amino acids
in Cx45 (Laing et al., 2001); the current result sug-
gests that Cx45 may have a large and complex
binding site for ZO-1, one that incorporates the resi-
dues between amino acid 357 (the carboxyl terminal
of Cx45t37) and the Cx45 carboxyl terminus. In
support of this notion, a recent study demonstrated
that the second PDZ domain of ZO-1 binds to the
last 21 amino acids in the carboxyl terminal of Cx43
(Sorgen et al., 2004). An alternative possibility is that
there are two distinct binding sites for ZO-1 in Cx45,
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Fig. 7. Lack of actin stress fibers in ROS/Cx45t37 cells. Trans-
fected ROS cells were fixed, permeabilized, and stained with Ore-
gon 488 Phalloidin.

one that involves the carboxyl terminus and one that
involves the amino acids proximal to amino acid 360.
Mapping studies indicated that the interaction be-
tween the tight junction protein, AF-6, and ZO-1
involves 2 distinct domains within AF-6 (Yamamoto
et al., 1997). We cannot presently exclude the possi-
bility that we have created an artifactual ZO-1
binding site at the carboxyl terminus of Cx45t34. It is
also possible that this interaction between Cx45t34
and ZO-1 could be indirect, as Cx45t34 associates
with Cx43, which also binds to ZO-1. This notion is
supported by the observation that Cx45 and Cx45t34
co-purify with Cx43 and ZO-1 on a sucrose flotation
gradient, while Cx45t37 does not. Nonetheless, these
two truncated proteins, Cx45t34 and Cx45t37, differ
by three amino acids and in their ability to interact
with ZO-1, which allows us to gain insights into the
connexin-ZO-1 interaction in these cells.

As recent work has shown that many connexins
may be targeted to lipid raft domains by binding to
caveolin-1, it was rather surprising that both Cx43
and Cx45 were not associated with lipid rafts in the
transfected ROS cells (Guan & Ruch, 1996; Schubert
et al., 2002; Lin et al., 2003). The association of a
membrane protein with a lipid raft was defined
experimentally as a protein that is insoluble in cold
1% Triton X-100, and floats in a 5-30% sucrose flo-
tation gradient (Chamberlain, 2004). Our data
showed that Cx45t37 was solubilized by cold 1%
Triton X-100 but was associated with a lipid raft as
judged by flotation in a 5-30% sucrose flotation
gradient (Chamberlain, 2004). This suggests that
Cx45t37 may be associated with a lipid domain that is
more soluble in non-ionic detergents than a classi-
cally defined lipid raft. Recent work has indicated
that there may be a great deal of heterogeneity in
lipid rafts found in cells, thus the detergent solubility

of all the lipid raft-associated proteins may not be
equivalent (Chamberlain, 2004). Indeed, the insulin
receptor, a caveolae-associated protein, is soluble in
0.1% Triton X-100 but can float in sucrose gradients
(Gustavsson et al., 1999). The data presented in this
study further indicate that the solubility of the lipid
rafts that connexins associate with may be further
altered by an interaction with ZO-1.

Our studies showed that there was a striking lack
of actin stress fibers in the ROS/Cx45t37 cells as
compared to the ROS, ROS/Cx45 or ROS/Cx45t34
cells. A loss of stress fibers was seen in epithelial cells
that were transfected with an amino terminal fusion
protein derived from ZO-3, as well as a loss of tight
junction complexes. These changes correlated with a
loss of Rho activity in these cells. (Wittchen, Haskins
& Stevenson, 2000, 2003). Recent studies have dem-
onstrated that actin stress fibers are regulated by
changes in Rho and Rho kinase activity and that
changes in Rho kinase activity alter junctional sta-
bility (Sahai & Marshall, 2002). This suggests that
there may be less activated Rho kinase activity in the
ROS/Cx45t37cells, a possibility that should be
determined by further experimentation. It is also
possible that expression of Cx45t37 alters the dispo-
sition of actin stress fibers in these cells by other,
more indirect means.

Taken together, our studies suggest that although
ZO-1 is not required for connexin trafficking to the
plasma membrane, it may play an important role in
the compartmentalization of connexins within the
plasma membrane. An interaction between ZO-1 and
F-actin could cross-link lipid rafts into larger and
heavier membrane domains, which do not enter our
sucrose gradient. This effect may also be dependent
on the presence of actin stress fibers in the ROS cells,
as demonstrated by the altered mobility of Cx43 and
Z0-1 on the ROS/Cx45t37 sucrose flotation gradi-
ents. This indicates that there may be two distinct
molecular mechanisms involved in defining the
physicochemical properties of the membrane do-
mains with which osteoblastic connexins are associ-
ated, association with lipid rafts and association with
the actin cytoskeleton. Recent studies have shown
that the compartmentalization of a number of
membrane proteins, including N-cadherin and olIB3
integrin, can be regulated by interaction of both lipid
rafts and the actin cytoskeleton (Holowka, Sheets &
Baird, 2004; Bodin et al., 2005; Causeret et al., 2005).

This study showed that expression of Cx45 de-
creased gap junctional coupling in ROS cells, while
expression of Cx45t34 and Cx45t37 increased gap
junctional communication in ROS cells. This sug-
gests that all three proteins alter gap junction
communication in the transfected ROS cells, and
that elimination of both the last 34 to 37 amino
acids in Cx45 make gap junction channels that are
more permeable to Lucifer Yellow. We have previ-
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ously demonstrated that Cx45 and Cx45t37 interact
with Cx43 in transfected ROS cells, in a manner
that indicates that these proteins may interact with
Cx43 gap junction channels (Koval et al., 1995). It is
still not clear why expression of a truncated Cx45
construct increases the permeability of ROS gap
junction channels.

Cx43 and Cx45t37 polypeptides are biochemi-
cally separable, suggesting that these channels are
physically distinct. The similarity in Lucifer Yellow
transfer in the ROS/Cx45t34 and the ROS/Cx45t37
cells suggested both truncated proteins may alter dye
coupling through a similar mechanism and that this
effect was not dependent upon an interaction of Cx45
with ZO-1. We do not know if the gap junctions
formed by either Cx45t34 or Cx45t37 would be per-
meable to Lucifer Yellow.

In summary, these studies demonstrate that
altering the Cx—Z0-1 interaction by removing the
Z0O-1 binding site of Cx45 alters the distribution of
Cx45 within the plasma membrane. They also suggest
that in the absence of ZO-1, connexins reside within a
Triton-soluble lipid raft environment at the plasma
membrane, and that ZO-1 serves to recruit connexins
to or stabilize connexins within a more discrete gap
junction environment, possibly by interacting with
the actin cytoskeleton. Thus, the connexin—ZOl
interaction may be an important regulator of gap
junction formation and maintenance.

This work was supported by the American Heart Association
Scientist Development Grant 990013N (to J.G.L, and National
Institutes of Health Grants DK-46686 and GM-54660 (to T.H.S.).

References

Bodin, S., Soulet, C., Tronchere, H., Sie, P., Gachet, C.,
Plantavid, M., Payrastre, B. 2005. Integrin-dependent inter-
action of lipid rafts with the actin cytoskeleton in activated
human platelets. J. Cell Sci. 118:759-769

Bukauskas, F.F., Jordan, K., Buskauskiene, A., Bennett, M.V.,
Lampe, P.D., Laird, D.W., Verselis, V.K. 2000. Clustering of
connexin 43-enhanced green fluorescent protein gap junction
channels and functional coupling in living cells. Proc. Natl.
Acad. Sci. USA 97:2556-2561

Causeret, M., Taulet, N., Communale, F., Favard, C., Gauthier-
Rouviere, C. 2005. N-Cadherin association with lipid rafts
regulates its dynamic assembly at cell-cell junctions in C2C12
myoblasts. Mol. Bio. Cell. 16:2168-2180

Chamberlain, L.H. 2004. Detergents as tools for the purification
and classification of lipid rafts. FEBS Lett. 559:1-5

Civitelli, R., Ziambaras, K., Warlow, P.M., Lecanda, F., Nelson, T.,
Harley, J.E., Atal, N., Beyer, E.C., Steinberg, T.H. 1998. Regu-
lation of connexin43 expression and function by prostaglandin
E2 (PGE2) and parathyroid hormone (PTH) in osteoblastic cells.
J. Cell Biochem. 68:8-21

Falk, M.M. 2000. Connexin-specific distribution within gap junc-
tions revealed in living cells. J. Cell Sci. 113:4109-4120

Giepmans, B.N., Moolenar, W.H. 1998. The gap junction protein
connexin43 interacts with the second PDZ domain of the zona
occludens-1 protein. Curr. Biol. 8:931-934

Guan, X.J., Ruch, R.J. 1996. Gap junction endocytosis and
lysosomal degradation of connexin43P2 in WBF344 rat liver
epithelial cells treated with DDT and lindane. Carc. 17:1791—
1798

Gustavsson, J., Parpal, S., Karlsson, M., Ramsing, C., Thorn, M.,
Borg, M., Lindroth, M., Peterson, K.H., Magnusson, K.E.,
Stralfors, P. 1999. Localization of the insulin receptor in caveolae
of adipocyte plasma membrane . FASEB J. 13:1961-1971

Holowka, D., Sheets, E.D., Baird, B. 2004. Interactions between
Fc(epsilon)RI and lipid raft components are regulated by the
actin cytoskeleton. J. Cell Sci. 113:1009-1019

Hunter, A.W., Jourdan, J., Gourdie R. 2003. Fusion of GFP to the
carboxyl terminus of Connexin43 increases gap junction size in
HeLa cells. Cell Commun. Adhes. 10:211-214

Kausalya, P.J., Reichert, M., Hunziker, W. 2001. Connexin45 di-
rectly binds to ZO-1 and localizes to the tight junction region in
epithelial MDCK cells. FEBS Lett. 505:92-96

Koval, M., Geist, S.T., Kemendy, A.E., Westphale, E.M., Civitelli,
R., Beyer, E.C., Steinberg, T.H. 1995. Transfected connexin45
alters gap junction permeability in cells expressing endogenous
connexin43. J. Cell Biol. 130:987-995

Laing, J.G., Chou, B.C., Steinberg, T.H. 2005. ZO-1 alters the
plasma membrane localization and function of Cx43 in osteo-
blastic cells. J. Cell Sci. 118:2167-2176

Laing, J.G., Manley-Markowski, R.N., Koval, M., Civitelli, R.,
Steinberg, T.H. 2001. Connexin45 interacts with zonula
occludens-1 and connexin43 in osteoblastic cells. J. Biol. Chem.
276:23051-23055

Laing, J.G., Tadros, P.N., Westphale, E.M., Beyer, E.C. 1997.
Degradation of connexin43 gap junctions involves both the
proteasome and the lysosome. Exp. Cell Res. 236:482-492

Lecanda, F., Towler, D.A., Ziambaras, K., Cheng, S.L., Koval,
M., Steinberg, T.H., Civitelli, R. 1998. Gap junctional com-
munication modulates gene expression in osteoblastic cells.
Mol. Biol. Cell 9:2249-2258

Lecanda, F., Warlow, P.M., Sheikh, S., Furlan, F., Steinberg,

T.H., Civitelli, R. 2000. Connexin43 deficiency causes delayed

ossification, craniofacial abnormalities, and osteoblast dys-

function. J. Cell Biol. 151:931-943

X., Ionescu, A.V., Lynn, B.D., Lu, S., Kmasawa, N., Morita,

M., Davidson, K.G., Yasumura, T., Rash, J.E., Nagy, J.L.

2004b. Connexin47, connexin29 and connexin32 co-expression

in oligodendrocytes and cx47 association with zonula occlu-

dens-1 (zo-1) in mouse brain. Neuroscience 126:611-630

X., Olson, C., Lu, S., Kamasawa, N., Yasumura, T., Rash,

J.E., Nagy, J.I. 2004a. Neuronal connexin36 association with

zonula occludens-1 protein (ZO-1) in mouse brain and

interaction with the first PDZ domain of ZO-1. Eur. J.

Neurosci. 19:2132-2146

Lin, D., Zhou, J., Zelenka, P.S., Takemoto, D.J. 2003. Protein
kinase Cgamma regulation of gap junction activity through
caveolin-1-containing lipid rafts. Inv. Ophth. & Vis. Sci.
44:5259-5268

Nielsen, P.A., Baruch, A., Giepmans, B.-N., Kumar, N.M. 2002b.
Characterization of the association of connexins and ZO-1 in
the lens. Cell Adh. & Comm. 8:213-217

Nielsen, P.A., Beahm, D.L., Giepmans, B.N., Baruch, A., Hall, J.LE.,
Kumar, N.M. 2002a. Molecular cloning, functional expression,
and tissue distribution of a novel human gap junction-forming
protein, connexin-31.9. Interaction with zona occludens protein-
1. J. Biol. Chem. 277:38272-38283

Paznekas, W.A., Boyadjiev, S.A., Shapiro, R.E., Daniels, O.,
Wollnik, B., Keegan, C.E., Innis, J.W., Dinulos, M.B., Chris-
tian, C., Hannibal, M.C., Jabs, E.-W. 2003. Connexin43 (GJA1)
mutations cause the pleiotropic phenotype of oculodentodigital
dysplasia. Am. J. Hum. Genet. 72:408-418

Li

—

Li

._.



J.G. Laing et al.: Altered Solubility of Connexin45 Truncation Mutants 53

Sahai E. Marshall, C.J. 2002. ROCK and Dia have opposing effects
on adherens junctions downstream of Rho. Nat. Cell Biol.
4:408-415

Schubert, A.L., Schubert, W., Spray, D.C., Lisanti, M.P. 2002.
Connexin family members target to lipid raft domains and
interact with caveolin-1. Biochem. 41:5754-5764

Sorgen, P.L., Duffy, H.S., Sahoo, P., Coombs, W., Delmar, M.,
Spray, D.C. 2004. Structural changes in the carboxyl terminus
of the gap junction protein connexin43 indicates signaling be-
tween binding domains for c-Src and zonula occludens-1.
J. Biol. Chem. 279:54695-54701

Steinberg, T.H., Civitelli, R., Geist, S.T., Robertson, A.J., Hick, E.,
Veenstra, R.D., Wang, H.Z., Warlow, P.M., Westphale, E.M.,
Laing, J.G., Beyer, E.C. 1994. Connexin43 and Connexin45
form gap junctions with different molecular permeabilities in
osteoblastic cells. EMBO J. 13:744-750

Toyofuku, T., Yabuki, M., Oysu, K., Kusuya, T., Hori, M.,
Tada, M. 1998. Direct association of the gap junction
protein connexin43 with ZO-1 in cardiac myocytes. J. Biol.
Chem. 273:12725-12731

Willecke, K., Eiberger, J., Degen, J., Eckardt, D., Romualdi, A.,
Guldenagel, M., Deutsch, U., Sohl, G. 2002. Structural and

functional diversity of connexin genesin the mouse and human
genome. Biol. Chem. 383:725-737

Windoffer, R., Beile, B., Leibold, A., Thomas, S., Wilhelm, U.,
Leube, R.E. 2000. Visualization of gap junction mobility in
living cells. Cell Tissue Res. 299:347-362

Wittchen, E.S., Haskins, J., Stevenson, B.R. 2000. Exogenous
expression of the amino-terminal half of the tight junction
protein ZO-3 perturbs junctional complex assembly. J. Cell.
Biol. 151:825-836

Wittchen, E.S., Haskins, J., Stevenson, B.R. 2003. NZO-3
Expression Causes Global Changes to Actin Cytoskeleton
in Madin-Darby Canine Kidney Cells: Linking a Tight
Junction Protein to Rho GTPases. Mol. Biol. Cell. 14:1757—
1768

Yamamoto, T., Harada, M., Kano, K., Taya, S., Canaani, E.,
Matsuura, Y., Mizoguchi, A., Ide, C., Kaibuchi, K. 1997. The
Ras target AF-6 interacts with ZO-1 and serves as a peripheral
component of tight junctions in epithelial cells. J. Cell Biol.
139:785-795

Ziambaras, K., Lecanda, F., Steinberg, T.H., Civitelli, R. 1998.
Cyclic stretch enhances gap junctional communication between
osteoblastic cells. J. Bone Min. Res. 13:218-228



