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ABSTRACT The three connexins expressed in the ocular lens each contain PDZ domain-
binding motifs directing a physical association with the scaffolding protein ZO-1, but the
significance of the interaction is unknown. We found that Cx50 with PDZ-binding motif muta-
tions did not form gap junction plaques or induce cell-cell communication in Hela cells,
whereas the addition of a seven-amino acid PDZ-binding motif restored normal function to
Cx50 lacking its entire C-terminal cytoplasmic domain. C-Terminal deletion had a similar al-
though weaker effect on Cx46 but little if any effect on targeting and function of Cx43. Fur-
thermore, small interfering RNA knockdown of ZO-1 completely inhibited the formation of
gap junctions by wild-type Cx50 in Hela cells. Thus both a PDZ-binding motif and ZO-1 are
necessary for Cx50 intercellular channel formation in Hela cells. Knock-in mice expressing
Cx50 with a PDZ-binding motif mutation phenocopied Cx50 knockouts. Furthermore, differ-
entiating lens fibers in the knock-in displayed extensive intracellular Cx50, whereas plaques
in mature fibers contained only Cx46. Thus normal Cx50 function in vivo also requires an in-
tact PDZ domain-binding motif. This is the first demonstration of a connexin-specific require-
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ment for a connexin-interacting protein in gap junction assembly.

INTRODUCTION

Gap junctions are clusters of intercellular channels that provide
direct pathways for exchange of ions and small molecules be-
tween the cytoplasm of adjacent cells (Goodenough and Paul,
2009). Intercellular channels are composed of connexins, a
21-member family in humans. Gap junction assembly involves a
number of steps that must be coordinated. Most connexins enter
the classic secretory pathway involving transport from endoplas-
mic reticulum to Golgi complex, although some may also traffic in
a Golgi-independent manner (Zhang et al., 1996; Martin et al.,
2001; Qu et al., 2009). During this process, connexin monomers
oligomerize into hexamers, called connexons or hemichannels,
generally required for delivery to the plasma membrane (Segretain
and Falk, 2004; Koval, 2006; VanSlyke et al., 2009). At the cell
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surface, apposing hemichannels interact to form intercellular chan-
nels and accrete into plaque-like or macular structures. The pre-
cise molecular mechanisms that underlie these sequential pro-
cesses are not well understood.

One protein implicated in gap junction assembly is the membrane
scaffolding protein ZO-1 (Stevenson et al., 1986), which binds to a
canonical motif at the C-termini of several connexins. Cx43 interacts
with the second PDZ domain of ZO-1 (Giepmans and Moolenaar,
1998; Toyofuku et al., 1998; Singh et al., 2005), whereas Cx36 inter-
acts with the first PDZ domains of ZO-1, ZO-2, and ZO-3 (Li et al.,
2004b, 2009; Flores et al., 2008). In addition, it has been shown that
Cx31.9 (Nielsen et al., 2002), Cx45 (Kausalya et al., 2001; Laing et al.,
2001), Cx47 (Li et al., 2004a), and the lens fiber connexins Cx46 and
Cx50 (Nielsen et al., 2003) all bind directly to ZO-1.

Several studies suggest that ZO-1 binding may regulate gap
junction assembly in a connexin- and cell type-specific manner.
Truncation of Cx43 at residue 257 eliminated ZO-1 binding and
caused myocardial gap junctions to become smaller and less orga-
nized in a knock-in mouse (Maass et al., 2004). In contrast, blockade
of the PDZ-binding motif in Cx43 by addition of a C-terminal green
fluorescent protein (GFP) tag or administration of Cx43 C-terminal
mimetic peptides led to a striking increase in gap junction area in
Hela cells and cultured wild-type (WT) myocardiocytes (Hunter
et al., 2005; Hunter and Gourdie, 2008). C-Terminal interactions also
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influence the assembly of gap junctions containing Cx36, as trans-
genic expression of enhanced GFP-tagged Cx36 in Cx36-deficient
mice failed to restore electrical coupling between interneurons
(Helbig et al., 2010). However, neither Cx43 nor Cx36 required a
functional C-terminal PDZ-binding motif to efficiently form intercel-
lular channels when expressed in paired Xenopus oocytes (Morley
et al., 1996; Helbig et al., 2010). Cx50 also shows dependence on
C-terminal sequences for normal function. Cx50 undergoes a natu-
ral cleavage in vivo at residue 290 (Lin et al., 1997), which would be
expected to eliminate ZO-1 binding. Although this truncation mu-
tant induced junctional conductance in pairs of Xenopus oocytes
(Lin et al., 1998; Stergiopoulos et al., 1999; Eckert, 2002; Derosa
et al., 2006) and in N2A cells (Xu et al., 2002; Derosa et al., 2006), it
was less efficient than WT Cx50, consistent with the idea that ZO-1
binding could influence the assembly of Cx50 gap junctions. None
of the truncations discussed materially affect single-channel conduc-
tances or voltage-gating properties, suggesting that the changes in
connexin function reflect changes in some aspect of junction assem-
bly. However, although these studies implicate ZO-1 in junction as-
sembly, they do not demonstrate a requirement for ZO-1 or any
other connexin-interacting protein.

In this study, we examined the relative importance of ZO-1 bind-
ing to Cx50, which, along with Cx46 and Cx43, constitutes a net-
work of communication critical for maintaining optical transparency
and regulating lenticular growth (White et al., 1994, 1998). For Cx50,
we found that deletion of the ultimate C-terminal residue eliminated
the formation of junctional plaques and the induction of cell—cell
communication in Hela cells. C-terminal deletion had a similar al-
though weaker effect on Cx46 but little if any effect on targeting and
functioning of Cx43. Normal function was restored to Cx50 lacking
most of its C-terminal cytoplasmic domain by the addition of seven
C-terminal amino acids containing its PDZ-binding motif. In addi-
tion, knockdown of endogenous ZO-1 in Hela cells by anti-human
ZO-1 small interfering RNA (siRNA) treatment completely inhibited
normal trafficking of WT Cx50 and development of cell-cell com-
munication. Normal behavior was restored to WT Cx50 in ZO-1-de-
pleted Hela cells by transfection with mouse ZO-1, which was not
affected by the anti-human ZO-1 siRNAs. Thus both a PDZ-binding
motif and ZO-1 are necessary for Cx50 to form junctional plaques
and active intercellular channels in Hela cells. To explore the signifi-
cance of the Cx50 PDZ-binding motif in vivo, we created knock-in
mice expressing Cx50 lacking its ultimate C-terminal amino acid
residue. Differentiating lens fibers in the knock-in displayed exten-
sive intracellular Cx50, whereas plaques in mature fibers contained
only Cx46. In addition, the anatomical phenotypes were very similar
to Cx50-null mice. Thus normal Cx50 function in vivo also requires
an intact PDZ domain—binding motif. This study provides the first
demonstration of a connexin-specific requirement for a connexin-
interacting protein in gap junction assembly. In addition, the differ-
ence in the requirement for ZO-1 by Cx43 and Cx50 implies multiple
mechanisms for gap junction assembly.

RESULTS

Transfection of WT Cx50 into connexin-deficient, communication-
incompetent Hela cells (Magnotti et al., 2011) produced strong
punctate or macular immunofluorescence staining (Figure 1A), a
pattern commonly observed with other connexins and indicative of
gap junction formation. Some intracellular fluorescence signal, likely
from Golgi and other intracellular membranes, was also evident,
similar to that reported for Cx43 in NRK and S180L cells (Musil
et al., 1990). In contrast, deletion of the ultimate C-terminal isoleu-
cine (Cx50A440) resulted in complete loss of macular localization
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(Figure 1B). This result was robust and repeatable over several inde-
pendent transfections (see Materials and Methods). Intracellular
signal was increased compared with WT Cx50, and occasional dif-
fuse staining at or near the plasma membrane (arrow) was observed.
Western blotting revealed no obvious change in steady-state pro-
tein levels (unpublished data).

We assessed intercellular communication by microinjection of
neurobiotin, a low—-molecular mass (287 Da) tracer known to perme-
ate gap junction channels comprised of most if not all connexins
(Elfgang et al., 1995; Manthey et al., 2001; Orthmann-Murphy et al.,
2007). Because we used transient transfection, not all of the cells in
each experiment were expected to express the connexin being
tested. Therefore a fluorescent marker (Cerulean or Venus) was in-
corporated into the expression vector so that injections could be
targeted to clusters of transfected cells. Marker expression was de-
tected in a significant fraction of the cells (compare Figure 1, C and
D, and Figure 1, F and G). After injection, cells were aldehyde fixed,
and neurobiotin was detected with fluorescently labeled avidin. For
WT Cx50 (Figure 1, C-E), the tracer was evident in a large number
of cells surrounding the injected cell (Figure 1E, arrow) indicating a
robust coupling by gap junctions. In contrast, Cx50A440 (Figure 1,
F-H) induced no detectable dye coupling (Figure 1H), indicating
that functional intercellular channels did not form. Similarly, expres-
sion of Cx50 with a C-terminal truncation at residue 420, 410, or 380
did not induce either the formation of junctional plaques or dye
transfer (Figure 1, I-M), and expression of truncations at 350, 320,
300, or 290 did not induce dye transfer (Figure 1, N-Q). The subcel-
lular distribution of deletions below 320 was not determined be-
cause the epitope recognized by our antibody was lost. Surprisingly,
modest (~10% of WT) but highly reproducible dye coupling was in-
duced by Cx50 truncated at residue 245, where the entire C-termi-
nal cytoplasmic domain was eliminated (Figure 1R).

Wild-type Cx46, like Cx50, produced strong macular staining in
Hela cells (Figure 2A) and robust neurobiotin transfer (Figure 2B).
Deletion of its ultimate C-terminal residue (Cx46A417) resulted in a
major reduction but not complete loss of macular localization (Figure
2C) and a complementary reduction of dye transfer (Figure 2D).
Truncation of Cx46 at residue 290 completely eliminated its ability
to induce dye coupling in Hela cells (Figure 2F), but, like Cx50, its
subcellular distribution could not be directly assessed because the
epitope recognized by our anti-Cx46 antibody was lost. To allow
visualization of the mutants with deeper truncations, FLAG epitopes
(Brizzard et al., 1994) were added. Some intracellular and possible
plasma membrane immunofluorescence signal was present, but
plaque-like staining was never observed (Figure 2E). Wild-type Cx43
produced robust dye coupling (Figure 2G), which, as expected
(Hunter et al., 2005), was not affected by removal of either the ulti-
mate C-terminal isoleucine (unpublished data) or of most of the C-
terminal domain by truncation at residue 257 (Figure 2H).

The loss or reduction of function caused by single—amino acid
deletions at the ultimate C-termini of Cx50 and Cx46 indicated that
a critical determinant of normal trafficking lay close to the C-termi-
nus. If it were the sole or major determinant, then its addition to an
extensively truncated protein should restore functionality. Therefore
we fused different lengths of C-terminal residues to Cx50 truncated
at residue 290, expressed them in Hela cells, and assessed dye cou-
pling. Fusion constructs containing seven or more of the ultimate C-
terminal residues induced coupling similar to WT Cx50, whereas
constructs containing fewer than seven residues were completely
nonfunctional (Figure 3, E-M). For some constructs, subcellular distri-
bution was assessed by including FLAG epitopes, as we had for
Cx46. Whereas Cx50A290-440+FLAG exhibited neither macular
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The ultimate C-terminal residue of Cx50 is required for efficient assembly of gap
junctions and formation of active intercellular channels. (A) Transfection of wild-type Cx50 into
connexin-deficient, communication-incompetent Hela cells produced strong punctate
immunofluorescence staining at cell-cell interfaces, a pattern commonly observed with other
connexins and indicative of gap junction formation. Some intracellular signal, likely from Golgi
and other intracellular membranes, was also evident. (B) In contrast, Cx50A440, which lacked
only the ultimate C-terminal isoleucine, displayed no macular localization, increased intracellular
staining, and occasional diffusely distributed signal at or near the plasma membrane (arrow).
(C—H) Microinjection of neurobiotin was used to assess junctional coupling. A fluorescent
marker (Cerulean or Venus) was incorporated into the expression vector so that injections could
be targeted to clusters of transfected cells. For WT Cx50 (C-E), neurobiotin is evident in a large
number of cells surrounding the injected cell (arrow), indicating robust coupling by gap
junctions (E). In contrast, Cx50A440 (F-H) induced no detectable tracer coupling (H), indicating
that functional intercellular channels did not form. More extensive truncations were similarly
nonfunctional (I-Q), but a modest level of coupling was retained after nearly complete removal
of the C-terminal cytoplasmic domain (R). E, extracellular domain; IM, intracellular membranes;
M, membrane domain; ND, not determined; PM, plasma membrane.

localization nor conferred dye coupling (Figure 3, A, B, and N), the
addition of the ultimate seven amino acids (Cx50A290-
440+FLAG+RSDDLTI) was sufficient to restore normal behavior

Volume 22 December 1, 2011

(Figure 3, C, D, and O). Addition of RSDDLTI
also restored WT levels of plaque formation
and dye coupling to Cx50 truncated at resi-
due 245 (Figure 3, P and Q). Identical results
were obtained for Cx46A290-417+FLAG
(Figure 2, E and F) and Cx46A290-
417+FLAG+RPGDLAI  (unpublished data).
Together, these data show that the seven ulti-
mate C-terminal amino acid residues are nec-
essary and sufficient to direct the efficient as-
sembly of Cx46 and Cx50 into gap junctions.

The ultimate C-terminal amino acids of
Cx50, Cx46, and Cx43 constitute canonical
PDZ-binding domains (Songyang et al.,
1997), which have been shown to direct
connexin binding to ZO-1 in vitro (Nielsen
etal., 2003; Giepmans and Moolenaar, 1998;
Toyofuku et al., 1998). Furthermore, Hela
cells express ZO-1 abundantly (Li et al.,
2004b). If direct interactions with ZO-1 influ-
ence connexin assembly, trafficking, or gat-
ing, there should be significant overlap
in their distribution. Indeed, double-label
immunofluorescence in Cx50-transfected
Hela cells revealed substantial association
between ZO-1 and Cx50 (Figure 4, A-C).
Plaque-associated Cx50 often labeled for
Z0O-1, whereas intracellular Cx50 was gener-
ally not associated with ZO-1. Some of the
ZO-1 signal at cell-cell interfaces, likely cor-
responding to adherens junctions (Itoh et al.,
1993), did not colocalize with Cx50.

If ZO-1 interaction was required for the as-
sembly of junctional plaques by Cx50 and
Cx46 in Hela cells, then experimental reduc-
tion of ZO-1 expression should prevent plaque
formation. To accomplish this, we treated
Hela cultures with siRNA oligonucleotides
corresponding to different nonoverlapping
sequences in human ZO-1 or with a scram-
bled control siRNA and used Western blot-
ting to assess ZO-1 protein levels (Figure 4D).
As a control for lane loading, actin levels were
also assessed. Although the control siRNA did
not affect the levels of ZO-1 (Figure 4D, lane
1), each of the three experimental anti-human
ZO-1 siRNAs effectively reduced its expres-
sion (Figure 4D, lanes 2-4). Similarly, ZO-1
was generally undetectable by immunofluo-
rescence localization (Figure 4E). The micro-
graph in Figure 4E was chosen because it
contained a cluster of cells that escaped
siRNA knockdown (Figure 4E, boxed area)
that provided a useful positive control for
junctional plaque assembly. Cx50 was unable
to form junctional maculae when expressed in
Z0O-1-depleted cultures (Figure 4F) except in
those rare areas where ZO-1 expression was
retained (Figure 4, E-G). As expected, junc-
tional transfer of neurobiotin in ZO-1-de-

pleted, Cx50-transfected cells was not observed (Figure 4H).
Even though the effects of three different anti<human ZO-1
siRNAs were similar, it was still possible that off-target effects of
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Assembly and function of Cx46 but not Cx43 is
dependent on a C-terminal domain. (A, B) Wild-type Cx46, like Cx50,
produced strong macular staining in Hela cells and robust neurobiotin
transfer. (C, D) Deletion of its ultimate C-terminal residue (Cx46A417)
resulted in a major reduction but not complete loss of macular
localization and a complementary reduction of dye transfer.

(E, F) FLAG-tagged Cx46 truncated at residue 290 neither formed
immunofluorescent puncta nor induced coupling in Hela cells.

(G, H) Wild-type Cx43 expression induced robust dye coupling, which
was not affected by severe C-terminal truncation at residue 258.

the siRNAs could account for the changes in connexin behavior.
To eliminate this possibility, we restored ZO-1 expression to de-
pleted cells by transfection with mouse ZO-1, which was not af-
fected by the siRNAs designed against human ZO-1 (Figure 4l).
Mouse ZO-1 transfection fully restored both plaque formation and
dye transfer to siRNA-treated Hela cells expressing Cx50 (Figure 4,
J and K).
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Because lens fibers bear little resemblance to Hela cells, it re-
mained possible that Cx50 might not exhibit a dependence on its
PDZ domain-binding motif for normal function in vivo. Therefore
we generated a mouse line in which the Cx50-coding region was
replaced with Cx50A440, using homologous recombination. The
strategy is illustrated in Figure 5 and entails relatively little alteration
of the native locus. After cre transfection to remove the neo selec-
tion cassette, recombinants retain only ~70 exogenous bases, con-
stituting a loxP site and linker sequences, within the intron upstream
of the sole coding exon. To control for possible effects of this exog-
enous sequence, we also isolated partial recombinants with homol-
ogous integration of the neo cassette but not the mutated coding
sequences. Animals were produced from both full and partial re-
combinant embryonic stem (ES) cell lines, and for each, interbreed-
ing of heterozygous parents resulted in offspring with a Mendelian
ratio of genotypes.

The overall size of homozygous knock-in, WT littermate control
and partially recombinant control animals were similar. However,
Cx50A440 knock-in lenses were significantly smaller than either type
of control lens (Figure 6A). Dissected P28 knock-in lenses weighed
48% less than controls (N = 12; p < 10723, Student’s unpaired t test),
and a difference in size was evident from at least P6, the earliest time
point examined. Knock-in lenses also developed nuclear cataracts
consisting of a fine particulate precipitate, which were not observed
in controls. Thus the Cx50A440 knock-in and the Cx50 knockout
(White et al., 1998; Rong et al., 2002) display similar if not identical
gross phenotypes, indicating that the Cx50 PDZ-binding motif pro-
vides a critical function in vivo.

The distribution of Cx50A440 in P12 knock-in lenses and WT
Cx50 in littermate control lenses was compared using double-label
immunofluorescence (Figure 6, B-J). Cx50A440 in the knock-in was
evident only in the most superficial cortical fibers (Figure 6, B and
D), whereas WT Cx50 in the control was detected in all cortical and
some nuclear fibers (Figure 6, G and H). In addition, whereas the
signal from WT Cx50 consisted of small puncta evenly distributed
along the length of the fibers, Cx50A440 accumulated into large,
unevenly distributed linear or irregularly shaped patches. Further-
more, higher-than-normal intracellular accumulations of Cx50A440
were evident in the anterior epithelium (Figure 6B, arrow) and in
newly differentiating fibers (Figure 6l) of the knock-in bow region
(compare to control in Figure 6, G and J), consistent with impaired
assembly of gap junctions. Cx46 was also abnormally distributed in
superficial cortical fibers and anterior epithelium of the knock-in,
where it extensively colocalized with Cx50A440 (compare Figure 6,
C and D, to Figure 6, F and H). However, in more mature fibers,
where Cx50A440 signal was not detected, Cx46 was arranged in
typical plaques.

DISCUSSION

We showed that Cx50 requires ZO-1 in order to assemble junc-
tional plaques and form active intercellular channels in Hela cells.
In addition, a seven—amino acid region containing a PDZ domain-
binding motif was necessary for normal trafficking and intercel-
lular channel formation and was sufficient to confer normal be-
havior on highly truncated versions of Cx50. Our data do not
demonstrate that direct binding of ZO-1 to Cx50 occurs, only
that ZO-1 is a required partner in the process of forming an active
intercellular channel. However, it has been conclusively estab-
lished that ZO-1 is colocalized and physically associated with
Cx50 in vivo and can directly bind Cx50 in vitro (Nielsen et al.,
2003; Puller et al., 2009). Thus it is likely that the assembly of
Cx50 into junctional plaques involves direct binding between the

Molecular Biology of the Cell



Cx50 ~*
A290-440+FL

Neurobiotin

Cx50 Y
A29O—44O+FL+ADDLTI

M1 E1 M2 M3E2 ma Cx50 c-terminus

Cells coupled Distribution

1999; Xu et al., 2002; Derosa et al., 2006).
However, where measured, the truncation
induced only ~10-15% as much conduc-
tance as WT. Thus our results are qualita-
tively similar, in that truncation severely
compromised the ability of Cx50 to form
gap junctions. The quantitative difference
could reflect differences in the expression
system, which in our case used a Hela line
specifically selected for the absence of en-
dogenous connexin expression and com-
munication (Magnotti et al., 2011). Consis-
tent with this notion, expression of ovine
Cx50A290-440 in Hela cells did not pro-
duce significant conductance (Eckert,
2002). It is conceivable that Xenopus oo-
cytes and N2A cells provide alternative as-
sembly mechanisms that partially mask the
effect of ZO-1 binding.

Our data are in apparent contradiction
with an earlier study in which Cx50 lacking
the C-terminal isoleucine was reported to
assemble plaque-like structures at HEK293
cell—cell interfaces (Nielsen et al., 2003). In

our hands, expression of this Cx50 mutant in

Em o s e s 290+40  46.218.5 ND o
o —— S SO YR T T ND Hela cells resulted in immunofluorescence
GE B s e ms m290+12 44.646.8 ND signal at intracellular locations and occa-
He o e e m——————. 290+9 47.3+9.5 ND sionally at or near the cell surface (Figure 1B,
| B - —_———————————8290+8 42.417.8 ND arrow). The surface staining included cell-
J EET ——————————8290+7  43.618.1 ND cell interfaces and thus might correspond to
Em—'gggig gggigg “g the structures reported in HEK cells. How-
Mo s e wess———————————————8290+4 0.09+0.3 ND ever, the mutant was never observed in
small, well-defined macula at cell-cell inter-
NE T e e e eEmeEmsEm—— 290+FL  0.09+0.4 IM faces as was WT Cx50, and it did not induce
ON o - tEaEmeEs——— 290+FL+7 42.4+7.8 Plaques cell-cell communication in Hela cells. Thus
P B ——— e ——  245+FL 2.742.3  Sparse Plaques  one possibility is that the structures reported

QE e s e ——EeEmEm—— 245+FL+7 48.9+9.1

Seven C-terminal amino acids constituting a PDZ-binding motif are sufficient to
confer normal assembly and function on severely truncated Cx50. (A-D) Although FLAG-tagged
Cx50 truncated at residue 290 (Cx50A290-440+FL) exhibited neither macular localization (A, N)
nor conferred dye coupling (B, N), the addition of the ultimate seven amino acids (Cx50A290-
440+FL+RSDDLTI) was sufficient to restore normal behavior (C, D, O). (E-M) More than seven
residues did not increase the level of coupling above WT, while fewer than seven residues did not
restore coupling at all. (P, Q) Fusion of RSDDTLI to Cx50 truncated at residue 245 restored WT
levels of plaques and dye coupling. (R) Coexpression of Cx50A290-440 with a full-length, soluble
C-terminal fragment did not restore function. Thus, unlike Cx43, the efficient assembly of Cx50
into gap junctions requires a PDZ-binding motif at its ultimate C-terminus. E, extracellular
domain; FL, FLAG tag; IM, intracellular membranes; M, membrane domain; ND, not determined.

connexin and ZO-1. In contrast, whereas Cx43 exhibits a similar
PDZ-binding motif, ZO-1 was not required for its assembly into a
gap junction. Finally, we showed that knock-in mice expressing
Cx50 lacking its ultimate C-terminal residue display a phenotype
similar to Cx50-null mice and that this mutant connexin fails to
assemble typical junctional plaques in vivo. This study provides
the first example of a connexin type-specific requirement for a
connexin-interacting protein in gap junction assembly. Together
with other studies, our data suggest the existence of multiple
mechanisms for targeting connexins to junctional plaques.
Although we found no evidence that Cx50 truncated at residue
290 formed intercellular channels, earlier studies reported that
this truncation induced junctional communication in Xenopus
oocyte pairs and N2A cells (Lin et al., 1998; Stergiopoulos et al.,
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Plaques by Nielsen et al. (2003) are not actually gap

junctional plaques. Alternatively, because
HEK cells express endogenous Cx43 abun-
dantly, the staining reported by Nielsen
et al. (2003) might represent Cx43-contain-
ing gap junctions that were able to incorpo-
rate mutant Cx50.

Because it is unlikely that neither Hela
cells nor any other in vitro system accurately
models lens fibers, we tested the generality
of our findings by constructing a knock-in
mouse line expressing Cx50 with a PDZ-
binding motif mutation. The knock-in phenocopied a Cx50 null line
we characterized previously (White et al., 1998) and displayed highly
abnormal connexin distribution, consistent with our hypothesis of
grossly impaired gap junction assembly. Cx46 distribution is also
abnormal in the cortical fibers of the knock-in, which likely reflects
the well-documented heteromeric interaction between these con-
nexins (Jiang and Goodenough, 1996; Ebihara et al, 1999,
Hopperstad et al., 2000). Overlap between Cx46 and Cx50A440 in
the knock-in is extensive but not complete, and Cx46 in the deeper
fibers, possibly that which escapes oligomerization with Cx50, forms
plaques that are normal in appearance. The presence of large ag-
gregations of connexin in what may be cortical fiber plasma mem-
brane leaves open the possibility that some Cx50 gap junction as-
sembly might occur. However, the simplest interpretation of in vitro
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The PDZ-domain scaffolding protein ZO-1 is required for normal assembly and function of Cx50.
(A-C) Double-label immunofluorescence for Cx50 (red) and ZO-1 (green) in Cx50-transfected Hela cells. Nuclear signal
is a nonspecific background staining. Cx50 and ZO-1 were often closely associated. (D) Western blot for ZO-1 and actin
in Hela cells treated with different siRNAs. Three nonoverlapping anti-ZO-1 siRNAs were equally effective at reducing
steady-state protein levels (lanes 2-4), whereas a scrambled control (lane 1) had little effect. Actin served as a loading
control. (E-G) Double immunofluorescence labeling for Cx50 and ZO-1 in siRNA-treated cells. ZO-1 staining was greatly
reduced (compare E and A), and Cx50 puncta were generally not observed, although intracellular Cx50 signal was
abundant (compare F and B). The boxed area in E and F (shown at higher magnification in G) shows an area where ZO-1
expression was retained. Note that Cx50 puncta are observed only in this region. (H) Neurobiotin transfer (red) was not
observed in ZO-1-depleted, Cx50-transfected cells. (I-K) Mouse ZO-1 transfection fully restored both plaque formation
(J) and dye transfer (K) to siRNA-treated Hela cells expressing Cx50. Arrow indicates the injected cell.

and in vivo data taken together is that gap junctions containing
Cx50 do not form.

The difference in ZO-1 dependence for intercellular trafficking
of Cx50 and Cx43 is surprising, given the high degree of identity
in their C-terminal amino acids, which exhibit canonical class I
PDZ domain-binding motifs (Lee and Zheng, 2010), and the fact
that all three have been shown to directly bind ZO-1 (Giepmans
and Moolenaar, 1998; Toyofuku et al., 1998; Nielsen et al., 2003).
One explanation consistent with the literature would be the pres-
ence of alternative, potentially connexin-specific, mechanisms for
trafficking and/or assembly. For example, both Cx43 and Cx32 are
expressed in thyroid epithelia, but Cx43 is targeted to the area of
the tight junctions, whereas Cx32 (which does not bind ZO-1) tar-
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gets independently to the lateral cell surfaces (Guerrier et al.,
1995). Furthermore, it has been shown, using transfected mam-
malian cell cultures, that Cx43 and Cx32 trafficking is highly sensi-
tive to brefeldin A treatment but that of Cx26 is not (Martin et al.,
2001).

More is known about the trafficking and assembly of Cx43 than
about any other connexin. Cx43-based gap junction formation de-
pends on the assembly of adherens junctions (Keane et al., 1988;
Meyer et al., 1992; Frenzel and Johnson, 1996) and requires the
expression of the adherens junction protein N-cadherin both in vitro
and in vivo (Wei et al., 2005). More recently, it has been shown that
Cx43 hemichannels can be targeted directly from the trans-Golgi
network to adherens junctions through a microtubule-dependent
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other site.
In summary, we showed that the PDZ
Partial Nde1 domain-binding motif of Cx50 is required
recombinant > ';: Qllf for assembly into gap junctions in communi-
cation-incompetent Hela cells, as well as for
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Full recombinant : | | normal function in vivo. Furthermore, unlike
TN { Neo | Cx43, ZO-1 is critical for junctional assembly
of Cx50 in Hela cells. It remains to be dem-
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Alleles after Cre transfectionh> . < E £ ZO-1 are required for junction assembly of
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FIGURE 5: Construction of the Cx50A440 knock-in mouse. The Cx50 coding sequence is
contained in a single exon following a 5.5-kb intron. The targeting vector added a floxed
PGK-neomycin resistance cassette inside the intron and a PGK-diphtheria toxin A chain cassette
outside the 5" homology and contained a three-base deletion in the coding sequence deleting
the ultimate C-terminal residue. Initial screening for homologous recombinants used PCR
amplification with primers outside the 5" homology arm (1) and in the neo cassette (2).

A secondary screen verified 3’ structure using primers in the neo cassette (3) and outside the 3’
homology arm (4). Because the Cx50A440 mutation eliminated an Nde1 site, the presence of
the mutation was confirmed by restriction digestion. In addition to fully recombined clones,
several were identified with partial recombination, resulting in homologous integration of the
neo cassette but leaving the native coding sequence, providing an ideal negative control.
Recombinant ES clones were then transfected with cre recombinase and screened for neo

excision using primers P7 and P8.

pathway involving the microtubule plus end-tracking protein EB1,
its interacting protein p150, and the adherens junction protein
B-catenin (Shaw et al., 2007). At the adherens junction, Cx43 be-
comes complexed with N-cadherin, a- and B-catenins, and p120
(Wei et al., 2005), after which interactions between Cx43 and ZO-1
that limit the size of growing gap junctions may occur (Hunter et al.,
2005). A microtubule-based mechanism may also be used by Cx26
(Shaw et al., 2007), although Cx26 is less dependent on it than is
Cx43 (Thomas et al., 2001). The influence of microtubule-based
mechanisms on the trafficking of other connexins has not been de-
termined, but our results indicate that Cx50 and Cx4é trafficking
involves a novel pathway not used by Cx43.

A significant difference in the interactions of Cx43 and Cx50 with
caveolin and lipid microdomains suggests a possible explanation for
their difference in ZO-1 dependence. Cx43 binds caveolin-1, -2, and
-3 (Schubert et al., 2002; Langlois et al., 2008; Liu et al., 2010) and
becomes associated with lipid rafts, whereas Cx50 does not copre-
cipitate with caveolin-1 and is excluded from rafts. Furthermore,
truncation of Cx43 at residue 257 does not affect caveolin binding
or targeting to rafts (Schubert et al., 2002), indicating that those
behaviors are independent of ZO-1. Truncation at residue 244 elim-
inates both caveolin binding and raft association (Langlois et al.,
2008). Together, these data are consistent with a model in which
caveolin binding near the start of the connexin C-terminal cytosolic
domain could be part of a separate trafficking pathway available to
Cx43 but not Cx50. In contrast to Cx50, Cx46 might use both ZO-1
and caveolin-dependent pathways for intercellular trafficking since
removal of its terminal isoleucine reduced but did not eliminate its
ability to form functional channels. Finally, it is noteworthy that al-
though Cx50A290-440 neither formed detectable plaques nor in-
duced detectable cell-cell coupling, a deeper truncation
(Cx50A245-440) induced a modest level of coupling. One interpre-
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molecular mechanisms underlying Cx43
trafficking are used by Cx50.

MATERIALS AND METHODS
Connexin expression constructs and
Hela cell transfections

PCR amplification was used to produce
DNAs encoding full-length and truncated
versions of mouse Cx50 (White et al., 1992),
rat Cx46 (Paul et al., 1991), and mouse
Cx43 (Beyer et al., 1987). Where fusions to
FLAG tags and/or domains from distal por-
tions of connexin C-termini were desired,
sequences encoding those features were
incorporated into the 3’ oligonucleotides priming the amplifica-
tions. PCR products were then subcloned into the EcoRI site of
pIRES2-Venus or Cerulean (Clontech, Mountain View, CA) and fully
sequenced to verify the mutations. The Hela cell subclone de-
scribed in Magnotti et al. (2011) was used for transient expression
in this study because it was completely communication negative
under the conditions of our assay. Cells were cultured in high-glu-
cose DMEM (Invitrogen, Carlsbad, CA) with sodium pyruvate con-
taining 10% fetal bovine serum (FBS; HyClone, Logan, UT) and 1%
penicillin/streptomycin (Invitrogen). Hela cells were transfected
with DNA plasmids using Lipofectamine (Invitrogen) according to
the manufacturer’s directions. For knockdown of endogenous ZO-
1, 25-mer RNA duplexes were synthesized (Stealth RNAI; Invitro-
gen) corresponding to bases 940-965, 2458-2483. and 3211-3236
in accession sequence NM_175610. These sequences were cho-
sen to suppress expression of human but not mouse ZO-1. A
scrambled control for 940-965 (5-GCCGGAGAUAGGAGUAC-
GAUAGAGA) was also prepared. Hela cells were transfected with
RNAI duplexes using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s directions and incubated for 40 h to allow turn-
over and elimination of preexisting ZO-1 protein.

Dye injection

Three days prior to the dye transfer assay, cells were plated on
35-mm glass-bottom Fluorodishes (World Precision Instruments,
Sarasota, FL) and incubated in culture media as described earlier
supplemented with 400 ng/pl unlabeled avidin (Sigma-Aldrich,
St. Louis, MO) to eliminate the background signal from endog-
enous biotin-containing compounds (Magnotti et al., 2011).
Cells were grown to confluence and transferred to a 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered
solution containing 150 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM
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Cx50A440 homozygote lenses are small, with nuclear cataracts, and display
abnormal connexin distribution. (A) A comparison of Cx50A440 knock-in lenses (middle, right)
and littermate controls (left) at P28. Knock-in lenses were smaller and developed nuclear
cataracts, similar to Cx50-null mouse lines (White et al., 1998; Rong et al., 2002). (B-J) An
immunofluorescence comparison of connexin distribution in P12 knock-in and littermate
control lenses. (B) Cx50A440 was only evident in superficial cortical fibers and accumulated in
large linear or irregular patches. Intracellular signal in epithelium (arrow) is higher than in
control. (C) Cx46 distribution in the knock-in was abnormal in anterior epithelium and
superficial fibers, but deeper fibers displayed typical plaques. (G, F, H) Cx50 and Cx46 were
evenly distributed in small puncta in all fibers of the control. (I) High levels of intracellular
Cx50A440 were evident in bow region fibers of the knock-in. (J) Intracellular connexin is not

obvious in control bow region.

MgCly, and 10 mM p-glucose, pH 7.4, immediately prior to dye
transfer assay. The nonfluorescent tracer neurobiotin (molecular
weight [MW], 287; +1 charge; Vector Laboratories, Burlingame,
CA) was dissolved at 10% along with 3% dextran-Cascade Blue
(MW = 10,000; Invitrogen) in a HEPES-buffered solution of
140 mM KCI, 2 mM MgCl,, 6 mM ethylene glycol tetraacetic
acid, and 5 mM CsCl. Pipettes were backfilled with tracer solu-
tion, and iontophoretic injection was carried out by applying
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Cx50A440

alternating currents of =1 and +1 nA at
200 ms each for a total of 1 min. Ten injec-
tions were performed per dish, and the
total time of the experiment never ex-
ceeded 15 min. A minimum of three
dishes was used for each cell type, for a
total of 30 injections. For neurobiotin de-
tection, cells were fixed in 4% paraformal-
dehyde for 15 min, blocked with 1% fish
skin gelatin in phosphate-buffered saline
(PBS) containing 0.1% Tween-20 for
30 min, and incubated in tetramethylrho-
damine-conjugated NeutrAvidin (1:1000;
Invitrogen) for 1 h at room temperature.

Immunostaining

Cells were grown on coverslips, fixed with
4% paraformaldehyde for 15 min at room
temperature, blocked with 10% fetal bo-
vine serum in PBS containing 0.2%
Tween-20, and incubated for 1 h at room
temperature in appropriate combinations
of the following primary antibodies: goat
anti-Cx50 (1:500; SC-20876; Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit
anti-Cx46 (1:500; 70-0384; Invitrogen),
rabbit anti-Cx43 (1:10,000; C-6219;
Sigma-Aldrich), rabbit anti-human ZO-1
(1:500; 40-2300; Invitrogen), mouse anti—
human ZO-1 (1:100; 33-9100; Invitrogen),
or mouse anti-FLAG M2 (1:1000; F1804;
Sigma-Aldrich). After incubation with
primary antibodies, cells were washed
and incubated with appropriate Alexa
488- or 568-labeled secondary antibod-
ies (1:500; Invitrogen) in blocking solution
for 1 h at room temperature, washed, and
mounted using VectaShield (Vector Labo-
ratories). Micrographs were acquired us-
ing a Nikon E800 microscope (Nikon,
Melville, NY) equipped with epifluores-
cence optics and Spot RT3 digital camera
(Diagnostic Instruments, Sterling Heights,
MI). Distribution of transfected connexin
was assessed in at least 30 randomly
chosen fields photographed at 60x mag-
nification, obtained from at least three
independent transfections. Junction-like
structures were never observed for
any Cx50 mutant. In contrast, junction-
like structures were readily observed in
every field when WT connexins were
transfected.

Construction of the knock-in mouse line

WT Cx50 was replaced by Cx50A440, using the same general strat-
egy previously used (White, 2002); a floxed phosphoglycerate kinase
1 (PGK)-neomycin resistance cassette was placed within an intron
upstream of the Cx50-coding region to provide positive selection,
and a PGK-diphtheria toxin A chain cassette was placed outside the
5" homology region to provide negative selection. The 3" homology
arm, which contained ~500 base pairs of intronic sequence, the
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complete coding region, and 5.5 kb of 3 flanking genomic se-
quence, was amplified from J1 ES cell genomic DNA using primers
containing Sal1 (ATA TAT GTC GAC AAC AGG ACT AAG ATA AAC
GAA ATG) and Sma1 sites (TTT TTT CCC GGG ACC GGG AAC TCC
AAA AGA ATA A), subcloned into the targeting vector pDTA (gift of
Frank Gertler), and completely sequenced. A 1.5-kb fragment en-
compassing the site for the desired mutation, as well as unique flank-
ing SnaB1 and BsaB1 restriction sites, was amplified from the 3" ho-
mology arm using primers containing Xho1 (TTT TTT CTC GAG GAT
GAC AAT CGG CCCTTG AGC) and Sma1l (TTT TTT CCC GGG TAC
GTA TAC TTG ATA TTT TTT TC) sites and subcloned into pIRES2
(Clontech) for mutagenesis. The Cx50A440 mutation was created us-
ing the QuikChange Il Site-Directed Mutagenesis Kit (Stratagene,
Santa Clara, CA), sequenced, and released by SnaB1/BsaB1 diges-
tion for transfer back into pDTA containing the WT 3" arm. The 5’
homology arm, containing 1.9 kb of intron sequence, was amplified
from ES cell DNA with primers containing Sacll (ATA TAT CCG CGG
CCA GTT GGG CTC ATC TTA CCT) and Not1 (TTT TTT GCG GCC
GCG CAT AGC CAATTC CCG CAC AQ) sites, subcloned into pDTA
+ 3" arm, and sequenced, completing the targeting construct.

J1 ES cells were electroporated as previously described, and
276 neomycin-resistant clones were selected. Homologous re-
combinants were initially identified using PCR amplification with
primers outside the 5" homology arm (P1) and in the neo cassette
(P2). A secondary screen to verify 3" structure was conducted us-
ing primers in the neo cassette (P3) and outside the 3z homology
arm (P4). Because the Cx50A440 mutation eliminated an Ndel
site, the presence of the mutation was confirmed by restriction
digestion. A primer within the neo cassette (P5) and a primer 270
base pairs downstream of the Cx50 stop codon (P6) were used to
amplify a 3.2-kb segment of genomic DNA, which was subjected
to Ndeldigestion, releasing a 271-base pair fragment from the
WT but not the mutant allele. Seven fully recombined clones were
identified, as well as two with a partial recombination resulting in
homologous integration of the neo cassette but leaving the na-
tive coding sequence, providing an ideal negative control.

To remove the selection cassette, ES cell clones with good karyo-
types were transfected with cre recombinase. A total of 132 fully
recombined and 112 partially recombined clones were screened by
PCR for neo excision using primers P7 and P8, which produced a
2.2-kb band before neo excision, 477 base pairs after excision, and
a 401-base pair band from the WT allele. Fifteen correctly recom-
bined and five partially recombined clones were identified. Lines
with good karyotypes were injected into C57/BL6é blastocysts, and
highly chimeric pups were crossed with WT C57/BLé to obtain
Cx50A440 heterozygotes:

P1: CCCTGG GCC ATG ACT GTG TAT C

P2: CCA AGC GGC CGG AGA ACCTG

P3: GGC GGC GAATGG GCT GACC

P4: ATG GGG GAG GGG CTG AGT AAG TGG
P5: GGG CGC CCG GTTCTT TTT GTC

P6: AGC CCC CAT CCC CAC CTT CCT AAC
P7: GAC CAT CTG TTT AGC CTC AA

P8: GAATTT AAATCA AGA CCATACG
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