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CONNEXIN 43 PHOSPHORYLATION - STRUCTURAL CHANGES
AND BIOLOGICAL EFFECTS
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SYNOPSIS

Vertebrate gap junctions, composed of proteins from the connexin gene family, play critical roles in
embryonic development, coordinated contraction of excitable cells, tissue homeostasis, normal cell
growth and differentiation. Phosphorylation of connexin43, the most abundant and ubiquitously
expressed connexin, has been implicated in the regulation of gap junctional communication at several
stages of the connexin “life cycle” including hemichannel oligomerization, export of the protein to
the plasma membrane, hemichannel activity, gap junction assembly, gap junction channel gating and
connexin degradation. Consistent with a short (15 h) protein half-life, connexin43 phosphorylation
is dynamic and changes in response to activation of many different kinases. This review assesses our
current understanding of the effects of phosphorylation on connexin43 structure and function that in
turn regulate gap junction biology with an emphasis on events occurring in heart and skin.
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INTRODUCTION

Vertebrate gap junctions are composed of integral membrane proteins from the connexin gene
family (abbreviated as Cx followed by the mass of the protein in kilodaltons, e.g., Cx43). Gap
junction-mediated intercellular communication facilitates direct communication among
adjacent cells by allowing passage of ions and small metabolites [1-4]. Embryonic
development, coordinated contraction of excitable cells, tissue homeostasis, controlled cell
growth and differentiation are all regulated by connexins [2,3,5]. Connexin gene mutations
have been linked to several diseases [5-8] including oculodentodigital dysplasia, a disease due
to connexin43 (Cx43) mutations that can result in small eyes, underdeveloped teeth,
syndactyly, atrioseptal defects and arrhythmias [9]. Extensive evidence also indicates that gap
junctions play important roles in the control of cell growth and inhibit tumor formation [10].

Connexins are highly regulated integral membrane proteins that contain 4 transmembrane
domains, two extracellular loops containing 6 conserved cysteine residues, a cytoplasmic loop
and cytoplasmic N- and C-termini [2,3,5]. The C-terminal domain varies widely in length and
is thought to play key regulatory roles and provide for sites of protein-protein interaction.
Connexin export to the plasma membrane, assembly into gap junctions, gating and degradation
all appear to be regulated via post-translational modification and interaction with other cellular
proteins. Many connexins (i.e., Cx31, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx46, Cx50,
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and Cx56) are phosphoproteins as shown by either a phosphatase-sensitive shift in their
electrophoretic mobility, direct incorporation of [32P]-phosphate or mass spectrometry
[11-13]. Cx43 is the most widely expressed connexin being present in at least 34 tissues and
46 cell types [5], and it is the predominant connexin expressed in most cell lines, so more is
known about phosphorylation of Cx43 than for the other connexins. In Cx43, the C-terminal
domain appears to be the primary region that becomes phosphorylated, but Cx36 and Cx56
can also be phosphorylated within the cytoplasmic loop [14]. Cx43 does not contain serine
residues in its cytoplasmic loop, and we are not aware of any reports of phosphorylation of the
N-terminal domain of any connexin. Activation of several kinases can lead to increased Cx43
phosphorylation including protein kinase A (PKA) [15-18], protein kinase C (PKC) [19-23],
p34°d°2/cyclin B kinase (p34cdc2) [24-26], casein kinase 1 (CK1) [27], mitogen-activated
protein kinase (MAPK) [28-33] and pp605® kinase (src) [34-37].

CONNEXIN BIOCHEMISTRY

Formation and degradation of gap junctions are dynamic processes with reports of connexin
half-lives being less than 5 hours in cultured cells and in tissues [22,37-40]. Therefore,
regulation of gap junction assembly and turnover is likely to be critical in the control of
intercellular communication [5]. Musil and Goodenough, Lau and collaborators, and several
other investigators have shown that Cx43 is differentially phosphorylated [19,21,37,38,
40-43]. Cx43 has multiple electrophoretic isoforms when analyzed by SDS-PAGE, including
a faster migrating form that includes non-phosphorylated (PO or NP) Cx43, and at least two
slower migrating forms, commonly termed P1 and P2 (Figure 1A, CON lane). In different cell
types, the profile of band migration can vary, in some cases due to differences in gap junction
assembly [42]. Both P1 and P2 co-migrate with PO following alkaline phosphatase treatment,
suggesting that phosphorylation is the primary covalent modification reflected in their
differences in electrophoretic mobility in SDS-PAGE analysis [42]. Similarly, HeLa cells
expressing Cx45 show a 46kDa and 48kDa band by Western blot, that like Cx43, comigrate
at46kDa after alkaline phosphatase treatment [44]. Pulse chase experiments indicate that newly
synthesized Cx43 migrates at PO and then matures to P1 followed by P2 [42]. No directevidence
indicates that P2 is more phosphorylated than P1 [42], and though this has known for many
years, only recently have specific phosphorylation sites been linked to specific migration
changes, in addition to the finding that some phosphorylated species migrate with the PO band
in SDS-PAGE [45].

It is evident that these apparent 2—4 kDa or more shifts in connexin migration in SDS-PAGE
are not simply due to the addition of the mass of phosphate (80 Da). Instead, there are specific
phosphorylation events that induce conformational changes that are being detected. Indeed,
recent reports utilizing phosphospecific antibodies have shown that phosphorylation at S365
is necessary for the shift to the P1 isoform [46]. This P1 isoform was found primarily in the
plasma membrane and in a subset of gap junction plaques. Similarly, phosphorylation at
S325/328/330 is involved in the shift to P2 and this isoform was found exclusively in gap
junctions [47]. Additional phosphorylation events could be involved in these and other
migration shifts, some of which will be discussed below.

KINASES IN THE CONNEXIN LIFECYCLE

Like most integral membrane proteins, connexins are synthesized in association with the
endoplasmic reticulum and traffic through the Golgi apparatus. However, Cx43 atypically
delays oligomerization into a hexameric hemi-channel or “connexon’ until reaching the trans-
Golgi network [48]. Activation of PKA can increase Cx43 movement to the plasma membrane
in a process termed enhanced assembly [15,17,22,49-51]. Although directed delivery of
connexons to the plasma membrane at sites of cell-cell contact has been reported [52], most
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evidence indicates assembly from the bulk plasma membrane (Figure 1B). CK1 activity has
been shown to be involved in the assembly of Cx43 hemichannnels into the gap junction plaque
[27]. Inhibition of CK1 led to an increase in non-junctional Cx43 and a decrease in Triton
X-100-insoluble gap junctions, and CK1 has been shown to phosphorylate Cx43 at some
combination of S325, S328 and/or S330. Expression of site directed mutants, where these
serines are converted to alanines, results in cells that have little to no ability to form gap
junctions [27], indicating that the conformational change which occurs upon phosphorylation
of these residues may be important in gap junction formation.

Treatment of cells with growth factors and phorbol esters such as 12-O-
Tetradecanoylphorbol-13-acetate (TPA) have overlapping consequences leading to
downregulation of gap junctions [19-23,53-57] and shifts in Cx43 SDS-PAGE mobility to
slower migrating forms (Figure 1A, TPA lane). Treatment with these effectors is accompanied
by increased Cx43 phosphorylation on serines in a wide variety of cell types [19-23,56,57].
The kinetics of TPA action can be complex as it can have pleiotropic effects on gap junction
assembly, channel gating, and connexin half-life [22,58,59]. TPA leads to a dramatic decrease
in gap junction assembly [22,60]. Time course, pulse chase and cell surface biotinylation
experiments indicate that TPA acts primarily by destabilizing newly forming gap junctions
[22]. However, these effects on assembly have not as yet been clearly linked to phosphorylation
at a specific site in Cx43 [61].

Classically, TPA is used to activate PKC [62] and it has been shown that phosphorylation of
Cx43 on S262 and S368 occurs directly or indirectly upon PKC activation, and PKC can
phosphorylate Cx43 directly in vitro [63,64]. Phosphorylation at S368 does not apparently
affect Cx43 migration [45], whereas Cx43 phosphorylated at S262 always shows reduced
migration mostly at the P2 position (Figure 1A). Phosphorylation on S262 appears to be an
event that can induce a conformational change resulting in a migration shift seen in many cell
types [65]. Both of these sites have been shown to have functional relevance. In cardiac
myocytes, overexpression of wild-type Cx43 or a S262A mutant resulted in decreased DNA
synthesis, whereas a S262D mutant did not, indicating that this PKC-sensitive site may play a
role in cell cycle progression [66]. Phosphorylation at S368 results in a reduction in unitary
channel conductance with 50pS channels favored over 100pS channels [58,64].

TPA can also lead to increased phosphorylation at S255 and S279/282 — sites known to be
MAP kinase family substrates [29,30,33]. In fact, TPA can activate MAPK pathways in many
cell types [67]. Phosphorylation on S279/282 is important in downregulation of gap junction
communication as these events are able to decrease gap junction channel “open time” [68]
(shown by red or closed channel in Figure 1A). Phosphorylation by MAPK also appears to be
targeted to a specific subpopulation of connexins as these phosphorylation events are
apparently never found in the PO form of Cx43, even though evidence indicates that these
phosphorylation events themselves do not lead to a migration shift [65].

To add to this complexity, kinase activators can modulate Cx43 cellular localization. As
addressed above, activation of PKA leads to increased Cx43 in gap junction plaques. TPA can
affect Cx43 half-life [22] and cause internalization of Cx43 [69,70], and epidermal growth
factor has been reported to lead to accumulation into gap junctions followed by internalization
[71,72]. Gap junctional channels are likely internalized by multiple methods including
endocytosis and formation of double membrane “annular junctions” [73-76] or
“connexosomes” [5,77] (Figure 1B). The regulation of these processes or why one method
might predominate over the other is not known, but it appears to be at least partially cell type
specific. Ubiquitination of Cx43 has been invoked to be involved in Cx43 internalization and
degradation, and a poly-ubiquitin ladder has been shown in some cell types [70,72]. Mono-
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ubiquitinylation has been proposed based on ubiquitin antibody specificity [70], but distinct
sites of ubiquitination have not been demonstrated.

All these data indicate that coordinated regulation of gap junctions is occurring through
multiple signaling pathways leading to phosphorylation on multiple sites. This complex
interplay has made it difficult to assign specific aspects of gap junction regulation to specific
kinases or phosphorylation events. It seems clear that future dissection of the roles that different
kinases play in the regulation of Cx43 will require many phosphospecific antibodies to identify
the sites involved, complemented by Cx43 mutagenized at these different sites and techniques/
compounds that can specifically modify kinase activity.

SITE SPECIFIC PHOSPHORYLATION OF Cx43

Several phosphospecific antibodies to Cx43 have been developed recently and are beginning
to reveal some specific roles of Cx43 phosphorylation in gap junction function. For example,
src-mediated downregulation of gap junctions has been well described, and Cx43 has been
shown to be directly phosphorylated by src at Y247 and Y265 [36,65,78-80]. However, data
generated in different model systems, using inhibitors of various kinase pathways have led to
some controversy as to how src activation actually downregulates gap junction communication.
In a study utilizing several phosphospecific antibodies it was shown that activation of v-src
leads not only to phosphorylation on Y247 and Y265, but also S262, S279/282, and S368 and
leads to a decrease in phosphorylation at S364/365 [65]. This implies activation of at least the
src, MAPK and PKC pathways and their recruitment to Cx43 upon src activation. Knowing
the complexity involved is necessary for the design of future experiments studying the
mechanisms behind src—mediated downregulation of gap junctions.

In addition to antibodies recognizing specific phosphorylation events, antibodies specific for
non-phosphorylated residues have generated important information. For example, a
monoclonal antibody has been reported to bind primarily to non-phosphorylated Cx43 (Zymed/
Invitrogen, 13—8300) and in unstimulated cells recognizes only the PO form of Cx43 [76]. The
epitope of this antibody is not clearly defined but the immunizing peptide was residues 360
—376. Since Cx43 is known to be phosphorylated at many sites upstream of these residues and
this antibody can recognize other minor bands in homeostatic cells and unmistakably
recognizes multiple bands upon TPA treatment [81], it is clear that it could not represent fully
dephosphorylated Cx43. Another “non-phosphospecific’” monoclonal antibody, termed CT1,
which has both overlapping and distinct properties, was epitope mapped to non-phosphorylated
S364/S365 (Figure 2A, light green) [82]. Various lines of evidence indicate that the epitopes
of these antibodies are key regulators of gap junctions and their life cycle [83-87]. Substitution
of $365 in Cx43 with aspartic acid had dramatic effects on the 1SN-HSQC solution structure
of the C-terminal region of Cx43 [46], consistent with the CT1 antibodies ability to detect a
conformational change visible in SDS-PAGE. Functionally, both S364 and S365 have been
reported to be phosphorylated in response to increased cAMP levels leading to increased
trafficking of Cx43 to gap junction plaques [18,51,88]. Thus, it seems likely that
phosphorylation of S364 and/or S365 is the modification that eliminates the CT1 epitope
[46]. Immunofluorescence analysis with this antibody indicates that this event is correlated
with gap junction formation as CT1 recognizes predominantly Golgi apparatus-associated
cytoplasmic Cx43 with little to no recognition of Cx43 in the plasma membrane or gap junction
plaque [82]. Regulation of this epitope appears to occur after or upon Golgi exit as treatment
of cells with Brefeldin A, which results in the loss of Pland P2 and the appearance of a
phosphatase-sensitive band migrating just above the PO form [89], showed that both PO and
Py, were CT1 reactive, indicating that the CT1 epitope is present prior to Golgi entry [82].
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In addition to the data from these “de-phosphospecific” antibodies indicating a role for
S364/365 in the conformation of Cx43 upon gap junction assembly, a phosphospecific antibody
for phosphorylation at S365 has shown an important role for this site at the gap junction plaque,
in that S365 phosphorylation at this residue prevents phosphorylation at S368 [46]. Since
phosphorylation at S368 increases during ischemia/hypoxia, wound healing and phorbol ester
treatment [45,58,90,91] phosphorylation at S365 was proposed to serve a “gatekeeper”
function that may represent a mechanism to protect cells from ischemia and phorbol ester-
induced downregulation of channel conductance [46].

CONNEXIN STRUCTURE

The C-terminal regions of the connexins are thought to contain most of the regulatory and
protein-protein interaction domains. Mice that are engineered to lack the C-terminus of Cx43
die shortly after birth [92] and removal of the C-terminal domain leads to prevention of PDGF-
induced cell growth [93]. According to models, the 4! transmembrane domain of Cx43 ends
at approximately residue 230 leaving a C-terminal domain of about 150 residues. Structure
prediction modeling and >N-heteronuclear single-quantum correlation (HSQC) Nuclear
Magnetic Resonance (NMR) experiments on a fusion protein containing residues 252—382
have indicated that the C-terminal region is not highly ordered but does show one alpha helix
at A311-S325 and possibly another at D339-K345 or slightly shifted C-terminal [94,95]. One
possible arrangement for the C-terminal domain is shown in Figure 2A. Several known
functional domains and phosphorylation sites exist in the Cx43 C-terminal region and these
are depicted as colored lines in Figure 2A, where red lines indicate phosphorylation events
associated with downregulation of gap junction communication and green lines show sites
associated with gap junction assembly. Moving from N- to C-terminus, the juxtamembrane
region contains a tubulin-binding domain (region not present in NMR structural model) [96].
Residues 253—256 of Cx43 constitute a SH3 binding domain that promotes binding of
connexin43 interacting protein 85 (CIP85), a protein involved in connexin turnover [97]
(Figure 2A and B, depicted in light pink). This domain also contains S255, a site associated
with downregulated communication, which becomes phosphorylated during mitosis in a
manner dependent on p34cdc2 kinase [25] and can also be directly phosphorylated by Big
Mitogen-activated Protein Kinase 1/ERKS [33]. Phosphorylation on S262 has been implicated
in controlling cell cycle progression in cardiomyocytes [66]. Y265 and Y247 are
phosphorylated by src [79]. Phosphorylation by src occurs through binding of its SH3 domain
to proline-rich residues P274-P280 (Figure 2A, blue) with subsequent phosphorylation on
Y265 creating a potential SH2 binding site that can lead to phosphorylation on Y247,
culminating in channel closure [79]. Residues S279 and S282 are phosphorylated by MAPK
and are implicated in channel gating [30,68]. S282 also overlaps with a proline-rich PY-motif
protein interaction domain (xPPxY) (Figure 2A, yellow) and a tyrosine-based sorting signal
(Yxx¢, where ¢ is hydrophobic) (Figure 2A, orange). Elimination of the tyrosine-based signal
tripled the Cx43 half-life [98], whereas the PY-motif was shown to bind WW domains of the
ubiquitin ligase Nedd4 in a process that may be modulated by phosphorylation at S279 and
S282 [99]. WW domains are protein modules that mediate protein-protein interactions through
recognition of proline-rich motifs and phosphorylated serine/threonine-proline sites.
Phosphorylation sites implicated in gap junction assembly are found between the putative alpha
helices at S325/328/330 [27](Figure 2A, green). Epitope mapping using monoclonal antibodies
which distinguish Cx43 in specific subcellular locales have shown that phosphorylation on
S364/S365 is important for gap junction assembly, as discussed above, (Figure 2A and B, CT1,
light green line) and that prolines 375 and 377 are critical for ZO-1 binding and important in
generating a conformation of Cx43 found in gap junction plaques (Figure 2A, IF1, light blue)
[82]. Finally, the C-terminal LEI residues allow for PDZ domain containing proteins to bind
to Cx43, including ZO-1 (Figure 2A, dark pink).
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A striking aspect in this structure is that there seem to be 2 regions that contain many of the
known regulatory sites; amino acids between 260—290 and the last 20 residues. Possible space
filling/surface models of these sequences derived from the NMR structure are shown in Figure
2B and C (color coding from Figure 2A is maintained). In Figure 2B it is clear that several
binding domains and phosphorylation sites are clustered, making it easy to imagine a complex
interplay between proteins in this region. Notably, in this model the pocket between the src-
binding SH3 domain (blue) and SH2 domain (dark red) is quite striking. SH3 recruitment of
src could bring it into the pocket where it can phosphorylate Y265 or perhaps SH3 binding
opens up the structure around Y265 making it accessible. In Figure 2C, S368 is found towards
the interior of the structure (red) and is on the opposite side of S365 (light green). This potential
arrangement may be part of the mechanism by which S365 can regulate S368 phosphorylation.

Interestingly, NMR analyses have shown that changes in either of these regions result in
conformational effects on the other region [46,100]. Examples of these are depicted in Figure
2B and C by circles. The circles surround residues that have been reported to shift by NMR in
response to either binding by src (blue circles), ZO-1 (pink circle) [100] or by an S to D amino
acid substitution at S365 (green circles) [46]. In Figure 2C, though mutagenesis studies show
that src binding requires the SH3 (blue) and SH2 (dark red) domains, its binding effects are
transduced to the downstream interaction domains as well (blue circle). In addition, this binding
affects residues around S368 which can be phosphorylated by PKC in response to src activation
[65]. The terminal 20 amino acids of Cx43 appear to have some sort of coordinated behavior
as both ZO-1 binding [100] and a S365D mutation [46] altered nearly all of these residues (pink
dashed line shows D360 the single residue shown that does not shift in response to ZO-1 binding
and yellow dashed line shows S369, the single residue not shifted by S365D). In addition,
binding of the cytoplasmic loop of Cx43 could affect a subset of these residues [101]. Thus, it
seems possible that S365 may play an important role in regulating interactions at the C-terminus
consistent with the distinct epitopes found with the Zymed 13—8300 and CT1 antibodies
discussed above. Like src binding, the S365D mutation led to long-range changes by affecting
residues in the SH3 domain (Figure 2B green circle, blue domain) and at the overlapping
residues of the proline-rich PY and tyrosine-based sorting domains (Figure 2B, green circle,
orange domain).

It has been shown that these types of changes have biological consequences as binding of the
src SH3 domain could displace ZO-1 [100,102]. These structural studies have shed some light
on studies in cells showing src-mediated regulation of ZO-1 binding to Cx43. In cardiac
myocytes, expression of constitutively active c-src inhibited the interaction between ZO-1 and
wild type Cx43 but not the Cx43 mutant, Y265F [103]. Additionally, Cx43 from cultured
astrocytes exposed to chemical ischemia had an increased association with c-src, extracellular
signal-regulated kinase 1/2 (ERK1/2) and MAPK phosphatase-1 [104] and a decreased
association with ZO-1 [102].

CONNEXIN LOCALIZATION AND CELL GROWTH

Connexin expression has been shown to affect the growth of cells under numerous conditions
[10,105-108]. While some of these effects may be linked to changes in gap junction
communication, there is increasing evidence that at least some of these changes may be
independent of molecular conduction through gap junctions and, rather, a consequence of the
impact of connexin expression on the expression and localization of other scaffold and
signaling molecules [109-114]. Though few cases have looked specifically at the role of
phosphorylation in these interactions, it seems likely to be a means of regulating these
interactions. Some examples of this type are discussed below.
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In the communication deficient Jeg3 trophoblast cell line, exogenous expression of Cx43 but
not Cx40 nor a C-terminal truncation mutant of Cx43, led to decreased cell growth in culture
and tumor growth in nude mice [115]. Expression of Cx43 was also accompanied by an increase
in expression and interaction with NOV/CCN3, a protein which appears regulate growth and
can be found in the nucleus and cytoplasm [114,115]. Cx43 expression led to a shift in NOV/
CCN3 from diffuse staining to the plasma membrane, where it co-localized with apparent gap
junctions [114,115].

p27 and Skp2

Cx43 expression has been shown to suppress the G1-S phase transition in U20S cells by
increasing p27 expression [116]. This increase in p27 resulted from decreased degradation via
ubiquitin-dependent proteolysis by the SCFkP2 complex. Specifically, Cx43 expression led
to increased degradation of Skp2, a component of the ubiquitinating complex [116]. This effect
on Skp2 appeared to be gap junction independent as expression of the C-terminus alone could
decrease Skp2 levels [117].

Neuronal Tissue and PDZ-domain containing scaffold proteins

Neuronal tissues contain a high density of gap junctions that allow different types of cells to
engage in both homotypic and heterotypic gap junctional communication. These junctions are
composed of various connexins which can exhibit both redundant and specific functions in
these tissues [118-121]. Several PDZ domain containing scaffold proteins have been shown to
localize to these gap junctions including ZO-1 and ZONAB, a transcription factor that can
regulate cell proliferation [122]. A role for connexins in maintaining these gap junction
complexes has been shown by a loss of gap junctions or their associated scaffold proteins in
various connexin knockout animals [123,124].

Myoblast differentiation and the cytoskeleton

In a cell culture model, myoblast differentiation induced by sphingosine 1-phosphate was
shown to depend on both gap junctional communication and a MAPK dependent interaction
between Cx43, F-actin and cortactin [125]. Interestingly, in this case, it was the cytoplasmic
loop of Cx43 that was required for this interaction and effect.

While none of these studies looked at connexin phosphorylation, per se, evidence indicates
that post-translational modifications, such as phosphorylation, are a result of and lead to
changes in binding partners and can lead to changes in subcellular localization (e.g., 27, 72,
114, 126). It has become increasingly clear that signaling is highly dependent on subcellular
localization and, in particular, that signaling through integral membrane proteins is not
confined merely to the plasma membrane but that effects can be transduced throughout the
endosomal-lysosomal system [127].

Intriguingly, Cx43 dramatically changes phosphorylation and subcellular localization
throughout its life cycle both in homeostatic cells and in response to both acute and chronic
stimuli [11,13,128,129]. While changes in gap junction communication have been well
documented under these conditions, the impact on signaling is less well understood. One
biologically interesting and potentially tractable model to study these types of changes is during
the cell cycle, where there are dramatic changes in Cx43 phosphorylation and localization in
addition to gap junction function.
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CX43 DURING THE CELL CYCLE

Connexin expression and gap junction communication are both regulated during the cell cycle
and can impact each other. Cx43 expression can lead to increased duration of G1 and S phase
and can affect expression levels of cell cycle regulatory proteins [116,117,130]. Cx37
expression has also been shown to profoundly slow all phases of the cell cycle [131] and
uncoupling of gap junctions in the mouse neocortex can delay S phase entry [132]. Typically,
asynchronous cells exhibit multiple phospho-isoforms of Cx43, readily engage in gap junction
communication, as measured by dye transfer, and express Cx43 both in plaques and in the
cytoplasm to varying degrees depending on the type of cell. Studies of cells in specific stages
of the cell cycle indicate that the level of phosphorylation of Cx43 increases as cells progress
from Gg,G through S phase and into mitosis [24]. During Gy/G{, Cx43 endogenously
expressed in Normal Rat Kidney cells, is found predominantly at the plasma membrane where
it is efficiently assembled into “typical” gap junction plaques at the plasma membrane which
are Triton X-100 insoluble and made up largely of the P2 isoform of Cx43 [13]. At this stage
of the cell cycle Cx43 has been shown to interact with scaffold proteins, ZO-1 and ZO-2, at
the plasma membrane [126] (Figure 3).

As cells progress into and through the cell cycle the assembly of Cx43 into plaques becomes
less efficient, with only about 50% of S phase cell:cell interfaces showing newly assembled
gap junctions as compared to Go/G; [45]. This decreased assembly accompanies a shift in
subcellular localization where Cx43 is found both in the plasma membrane and in the cytoplasm
and an increase in phosphorylation on S368, a known PKC site (Figure 3) [64]. It is not
presently clear if the cytoplasmic Cx43 is accumulated through inhibition of gap junction
assembly or results from gap junction breakdown. In either case, there appears to be negative
regulation of gap junction assembly during S phase and it is likely that PKC is playing a role
in these effects, as PKC activation is clearly correlated with decreases in gap junctional
communication (described in previous sections). Interestingly, though there is an accumulation
of Cx43 in the cytoplasm, many plaques still remain in the plasma membrane and in fact these
cells show increased dye transfer as compared to cells in Go/G. These plaques are also distinct
from those in Gy/G; as they show decreased co-localization with ZO-1 while the ZO-2
interaction is maintained [126] (Figure 3). This is consistent with the observation that gap
junction communication is highest during S and G, phase in the mouse neocortex [133].
Though the exact functional consequences of this enhanced gap junctional communication are
not clear, it illustrates that protein:protein interactions and gap junction functions are distinctly
regulated during the cell cycle. Other PKC-mediated effects during cell cycle progression have
been reported including a study in clone 9 cells which showed a PKC-mediated increase in
phosphorylation as cells progressed from G to S phase [134]. However, in this case there was
an accompanying downregulation of gap junctional communication. Another study, utilizing
cardiomyocytes and Cx43 containing a serine to alanine mutation at S262 showed that
overexpression of the S262A mutant resulted in decreased progression into S phase compared
to wild type Cx43 [66]. A S262D mutant, which mimics the phosphorylated charge, showed
no effect on cell cycle progression. Notably, this effect appeared to be independent of gap
junctional communication. Taken together, these data indicate that Cx43 interactions are
differentially regulated during S phase and may in turn, influence S phase progression.

Finally, one of the most striking examples of gap junction reorganization occurs during mitosis,
where total phosphorylation reaches its highest levels [24] including specific phosphorylation
at S255 [25] and a conformational change evident as the slow migrating Pm isoform by SDS-
PAGE, whose formation is dependent on p34cdc2 kinase [24,25]. At this time gap junction

communication ceases [26,135] and Cx43 is found predominantly in the cytoplasm in what

appear to be large clusters of vesicles [25,26]. Asin S phase, itis not clear whether these clusters
are comprised of Cx43 trafficking towards the plasma membrane or internalized material. As
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cells exit mitosis, these structures disperse and gap junctional communication quickly resumes
upon cytokinesis, even in the absence of new connexin synthesis or anterograde trafficking
[26,135].

SKIN AND WOUNDING

Expression of connexin genes is tissue specific and Cx26, Cx31, and Cx31.1 and Cx43 are
present in skin epidermis. Although Cx43 is the predominant connexin in human epidermis
and in cultures of human keratinocytes [136], mutations in the other connexins can lead to
keratitis-ichthyosis-deafness syndrome, hystrix-like ichthyosis with deafness, Vohwinkel's
syndrome and erythrokeratodermia variabilis [137-141]. Human epidermis is a stratified tissue
with a proliferative basal cell layer and multiple layers of terminally differentiating suprabasal
and granular cells. Connexin proteins are differentially expressed in human skin with lower
expression in the proliferative regions and more expression upon differentiation [25,
142-145].

Epidermal wounding activates cell migration across the wound bed, increases proliferation,
and promotes changes in cell-to-cell communication [146-149]. Connexin proteins are
temporally and spatially regulated during wounding and distinct communication compartments
are formed that likely regulate processes such as proliferation, migration and adhesion. Gap
junctional intercellular communication may regulate certain aspects of the wound healing
process including synchronization of cell migration [25,150]. In unwounded human skin, basal
keratinocytes show low expression of total Cx43, whereas suprabasal cells show high levels
with low phosphorylation at S368 [90]. Upon wounding, Cx43 expression is decreased at the
wound edge (Figure 4) but expression is enhanced in basal cells at unwounded adjacent areas
[25,150,151]. Remarkably, 24 hours after wounding, phosphorylation at S368 was dramatically
increased but strictly limited to the basal cells [90]. Since S368 phosphorylation changes the
communication properties of Cx43 channels by affecting their conductance levels [58,64], a
distinct communication compartment is formed that regulates exchange within and between
this compartment (orange basal cells in Figure 4). The levels and distribution of phosphorylated
S368 returned to normal levels at 72 hours [64]. Modulation of Cx43 expression directly affects
wound repair. Cx43 antisense application to wounds accelerated migration and the rate of
wound repair resulting in less scarring [152]. Also wound closure is delayed in diabetic skin
when Cx43 expression remains high [153] or upon Cx43 overexpression [154]. Mice with
reduced levels of epidermal Cx43 show more rapid healing [155]. These results clearly indicate
that Cx43 regulation plays an important role in wound repair.

Other connexins also show differential regulation as the normally low levels of Cx26 and Cx30
are increased near the wound bed [150,151,156-158]. Skin diseases in humans with mutations
in these connexins point to their importance in epidermal biology but their assignment of a
specific role in human wound healing is less clear as their expression level is low until 24—48
hours after wounding [157]. Furthermore, some real differences exist between rodent and
human skin making it difficult to clearly correlate the human and mouse models. For example,
in rodent the epidermis is only a few cell layers thick, and Cx43 expression is high in the basal
cells, while human epidermis is much more thick and stratified with Cx43 expression low in
basal cells and higher in the more differentiated layers. Therefore, a clear understanding of the
contribution of connexins to the wound healing response and the differences in these processes
between human and mouse models remain to be elucidated.

CARDIAC GAP JUNCTIONS AND ISCHEMIA

Coordinated contraction of the heart requires myocytes to be mechanically and electrically
coupled. This coupling is maintained at a specialized structure at the ends of myocytes referred
to as the intercalated disc [159,160], which contains a high concentration of intercellular
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junctional proteins. Desmosomes and adherens junctions provide mechanical stability [161,
162] and are closely juxtaposed with large gap junction plaques that provide electrical and
chemical coupling. This is schematized in Figure 5 where green represents the permeable gap
junctions in the intercalated disc. In the ventricle, Cx43 is the main gap junction component
[163,164] and is the best studied; thus it will be the focus of this discussion.

Immunoblot analysis of lysates from normal heart show that essentially none of the Cx43
protein migrates in SDS-PAGE as the PO form and all adopts a conformation that exhibits
slower migration that is sensitive to alkaline phosphatase [84,165-167]. Consistent with this
observation, analysis with phosphospecific antibodies show that Cx43 is heavily
phosphorylated on S365 and S325/328/330, sites which are known to affect Cx43 SDS-PAGE
migration [46,58]. Other phosphorylation sites have been identified via mass spectrometry
[168], however, the abundance and intracellular location of these events these sites have not
been addressed.

There is increasing evidence and interest in the idea that regulation of Cx43 containing gap
junctions can play an important role in cardioprotection. This is evident from studies aimed at
understanding the phenomenon of ischemic preconditioning, where periods of brief ischemia
in intact hearts can minimize damage from subsequent longer bouts of ischemia [169]. It is
clear that Cx43 plays an important and necessary role in this process as mice that are
heterozygous for a null mutation in Cx43 are not protected by preconditioning [170-172]. This
involvement of gap junctions in cardiac protection could prove to be medically important as
rotigaptide, a compound that has been developed to inhibit cardiac re-entry arrhythmias and is
being tested in humans [173], is hypothesized to work through effects on gap junctions and
connexin phosphorylation. Cx43 dephosphorylation in response to low-flow ischemia was
significantly prevented by rotigaptide [174], and during conditions of acute cardiac ischemia,
rotigaptide effectively prevented induction of both ventricular and atrial tachyarrhythmia
[173]. Additionally, a peptide termed RXP-E has been developed which has been shown to
bind to the C-terminus of Cx43 and can inhibit downregulation of gap junction mediated action
potentials in cultured myocytes [175].

Data from several animal models show that during ischemia a majority of the Cx43 moves out
of the intercalated disc and is found throughout the plasma membrane of the cardiomyocyte,
a redistribution often referred to as lateralization (Fig B, red) (e.g., 165). Connexin found in
these lateral membranes of the cardiomyocyte is likely to be in the form of closed hemichannels
[171,176]. A functional consequence of this loss of gap junctions is decreased electrical
coupling in the ischemic and presumably damaged cells, though dye transfer of Lucifer Yellow
between the cells was not apparently downregulated [166,177]. These changes are concomitant
with changes in Cx43 phosphorylation detectable as a shift to the fast migrating PO isoform of
Cx43. Work with phosphospecific antibodies has shown that this shift in migration results from
a loss of phosphorylation at S365 [46] and S325/328/330 [47], sites which are typically seen
in gap junction plaques. Dephosphorylation at S364/S365, at least, is quite rapid and can be
seen after 5 minutes of hypoxia when examined with the monoclonal antibody, CT1, which
specifically recognizes Cx43 where S364/S365 are not phosphorylated [82]. This antibody also
very clearly recognizes Cx43 that has translocated to the lateral membranes of cardiomyocytes
(unpublished data). The rapid appearance and visibility of CT1-positive Cx43 in the lateral
membrane of the myocytes indicates that a phosphatase may be acting on S365 and likely on
S325/328/330. Consistent with this idea, a report has shown that an inhibitor of PP1-like
phosphatases could inhibit ischemia-induced dephosphorylation of Cx43 [178]. In contrast to
these decreases in S365 and S325/328/330 phosphorylation, S368 phosphorylation increases
during ischemia including the fraction of Cx43 that remains in the intercalated disc [58]. As
noted in previous sections, phosphorylation on S365 inhibits S368 phosphorylation, indicating
that dephosphorylation of S365 is occurring on Cx43 both in the lateral membranes and at the
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intercalated disc. This S368 phosphorylation at the intercalated disc likely indicates a change
in the permselectivity of the channels remaining under ischemic conditions [58]. In addition a
S364P mutation, which had been reported in viseral atrial heterotaxia [179] though not
subsequently confirmed [180], can cause alteration of gating or expression in experimental
model systems [181,182]. It seems plausible that this mutation could perturb proper regulation
between S365 and S368.

Preconditioning likely maintains phosphorylation at S325/328/330 as the slow migrating
phosphoforms are preserved. Interestingly, phosphorylation on S368 is increased to an equal
[91] or greater degree [177] under ischemic preconditioning, when analyzed by
immunoblotting, and has been invoked to be the event leading to inhibition of dye transfer
[177]. However, it is not clear how much of the phosphorylation on S368 is occurring at the
plaque as immunohistochemistry on preconditioned hearts showed decreased pS368 at the
intercalated disc [91]. Although the kinases and phosphatases affecting S365 and S325/328/330
are not known, S368 is a known PKC site [63,64]. Indeed, there is a clear role for PKC in
ischemia as inhibition of PKC activity can block the ability of preconditioning to delay
uncoupling and inhibit lateralization of Cx43 [84]. PKCe has been shown to translocate from
the cytosol to the membrane during ischemia regardless of preconditioning [91] (Fig B and C)
and has been shown to interact with Cx43 in heart [183].

Very clear evidence that PKCe, in particular, plays a critical role in ischemic preconditioning
comes from the PKCe knock-out mice which do not respond to preconditioning [184]. Studies
of Cx43 in these mice showed that PKCe was necessary for maintenance of gap junctions at
the intercalated disc during ischemic preconditioning as there was a loss of gap junctions from
the intercalated disc during ischemia regardless of preconditioning. Interestingly, PKCe
seemed to play a role in plaque maintenance under normal conditions, as evidenced by an
increase in gap junctions in the knockout animal. Somewhat surprisingly, S368
phosphorylation was maintained in the PKCe knock-out animal, indicating that other PKCs
can phosphorylate Cx43 under these conditions [184]. In fact, the complex interplay between
PKC isoforms and Cx43 was illustrated in this system through the observation that PKC3
translocated to the plasma membrane specifically in the preconditioned KO mouse and not in
the wild type and hence, may have been the kinase responsible for phosphorylation on S368
[184] under these conditions.

Clearly, preconditioning has dramatic effects on the organization of gap junction plaques
during ischemia which will have important consequences on impulse propagation. However,
there is some evidence that Cx43 at the intercalated disc may not be the only mediator of
protection during ischemia. It has been reported that a small fraction of Cx43 can be found in
the mitochondria and that this amount rapidly increases over 2.5 times during ischemic
preconditioning [86], though it is not at all clear how Cx43 could be imported into the
mitochondria. During ischemia at least some of the damage incurred by cells is due to reactive
oxygen species generation in the mitochondria that in combination with other events culminates
in damaged mitochondria and eventually cell necrosis and rupture. Preconditioning can
dramatically decrease reactive oxygen species production and this is likely one of the endpoint
mechanisms resulting in cardioprotection [185]. Mitochondrial Cx43 could somehow decrease
reactive oxygen species production and protect the mitochondria from damage [176]. There
has been some data utilizing cardiomyocytes from mice which are heterozygous for Cx43
indicating that this decrease in Cx43 results in cells which do not attenuate reactive oxygen
species in response to preconditioning stimuli [186]. It will be interesting to see whether this
hypothesis will, indeed, yield new functions for Cx43.
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CONCLUDING REMARKS

The multiple essential roles that gap junctions play in tissue homeostasis are evident from the
diseases that result from connexin mutations including deafness, skin diseases, demyelination,
arrhythmia and a variety of developmental defects. Acute function in response to wounding
and hypoxia also requires connexin function for proper response. Connexin phosphorylation
appears to be the primary mechanism for these acute responses. Phosphorylation affects both
the structure and function of Cx43 and leads to changes in localization, interacting protein
partners and channel selectivity. Further studies with other connexins will likely show similar
roles for phosphorylation in their regulation in a manner specific for the tissue in which they
are expressed.
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Figure 1. Phosphorylation and assembly of Cx43 containing gap junctions

(A) Association of the SDS-PAGE migration of Cx43 in homeostatic (CON) and TPA treated
cells with the sites of phosphorylation and a schematic diagram representing channel activity.
The cylindrical channels are green to represent promoting communication and red to represent
inhibition or closure. The green cross hatch represents an assembling channel and the red a
channel with reduced conductance. (B) Gap junction assembly is denoted by cross hatch green
channels assembling into solid green communicating channels and red channels represent those
that will be internalized and degraded.
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Figure 2. Model of the Cx43 C-terminus based on NMR structural studies

(A) Cartoon of a possible structure for the Cx43 C-terminus (amino acids 252—382) with known
regulatory sites/binding sequences marked in different colors produced using the PyMOL
Molecular Graphics System (http://www.pymol.org). (B and C) Space filled models of amino
acids 260—292 and 360—382, respectively. Circles mark residues which show resonance peak
shifts in NMR spectra in response to SH3 binding (B) or S365D substitution (C). Blue circles
mark residues that shift in response binding of the src SH3 domain (B and C). Green circles
mark residues that are shifted in a S365D mutant as compared to wild type (B). In (C) dashed
lines represent the only residues shown that do not shift due to ZO-1 binding (pink) or the
S365D mutation (yellow).

Biochem J. Author manuscript; available in PMC 2010 April 15.


http://www.pymol.org

1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuey Joyiny Vd-HIN

Solan and Lampe

Page 25

Figure 3. Connexin localization and phosphorylation change dramatically during the cell cycle
Confluent cells in Gy/G; are very efficient at trafficking and assembling (green arrow) most
of the Cx43 into Triton X-100 insoluble gap junctions, shown in green. ZO-1 and ZO-2 are
colocalized at these plaques. As cells progress into S phase assembly of gap junctions becomes
less efficient and Cx43 is found both in gap junction plaques and in cytoplasmic vesicles
(green). Association with ZO-1 is decreased while ZO-2 interaction is maintained. PKC-
mediated phosphorylation of Cx43 on S368 and S262 (transient?) begins occurring as cells
approach S phase. As cells enter mitosis, gap junction communication ceases (red) and Cx43
is found predominantly in clusters of vesicles in the cytoplasm (green). Cx43 becomes
increasingly phosphorylated on S368 and S255 and exhibits a migration shift by SDS-PAGE.
Cells are able to quickly resume communication upon cytokinesis, likely due to plasma
membrane connexon pools.
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Figure 4. Schematic diagram of connexin expression in normal and wounded human skin

Cx43 expression (denoted in green) in unwounded skin is mainly in the upper more
differentiated layers. Upon wounding Cx43 expression drops very near the wound and
redistributes to lower layers in the cells several cells distant from the wound. The basal cells
near the wound express Cx43 that is highly phosphorylated at S368 (indicated by orange)
forming a distinct communication compartment.
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Figure 5. Schematic diagram of changes in connexin expression in heart under ischemic conditions
alone or with preconditioning

Normally cardiac myocytes express high levels of Cx43 at the intercalated disc (ID) and gap
junctions are in their open state, shown in green. Under ischemic conditions there is a loss of
gap junctions at the intercalated disc as Cx43 moves to the lateral edges of the myocyte, shown
in red. Some Cx43 is retained at the intercalated disc, but it becomes phosphorylated on S368
(indicated by orange). In addition, PKCeg translocates from the cytoplasm to the plasma
membrane and may be involved in Cx43 phosphorylation on S368. With ischemic
preconditioning, gap junctions are retained at the intercalated disc with no subsequent S368
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phosphorylation. PKCe is necessary for this retention and is found at the plasma membrane.
In addition, increased Cx43 may be found in the mitochondria.
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