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Abstract

The main proteins required for functional gap junction channels are known as connexins and most of their isoforms indicate that they can
become phosphorylated. Connexin phosphorylation has been reported to participate in modifying junctional communication and the
mechanisms involved apparently depend on which kinase becomes involved. Although multiple reports have suggested a strong influence of
phosphorylation on channel gating, not enough physiological studies have been performed to determine precisely the gating mechanisms
implicated. Moreover, gap junction channels follow other various gating mechanisms, including voltage gating and chemical gating, where
phosphorylation could act as a modulator. The quest for this chapter has been to discriminate those instances where phosphorylation acts
directly as a gating trigger and where it acts indirectly or only as a modulator. Despite recent efforts, the mechanisms involved in all these
cases are barely understood.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Among the multiple membrane channels, only gap
junction channels are known to allow intercellular commu-
nication between the cytoplasms of contiguous cells in tissue,
and in some configurations, these channels allow direct
communication between the cytoplasm and the extracellular
media. Gap junction channels can be formed of one or various
protein isoforms named connexins, that constitute a family of
highly homologous proteins. A new family of proteins
termed pannexins is emerging, and it would become
necessary to determine their abundance and physiological
relevance in mammalian tissues [1].

Some of these gap junction channels are highly selective
for small ions or molecules, and their gating mechanisms
involve intracellular messengers; this indicates that their
presence is required to maintain essential functions in many
organs. Natural or induced mutations in these proteins cause
the development of severe diseases to appear [2].

The permeability properties of cardiac gap junction
channels have been studied for more than 35 years [3], and
from those day until now, it has been a great challenge, mainly
because the proteins (connexins) that form these channels dis-
play intrinsic isoform diversity, and because of their capacity to
form heteromeric connexons in vivo [4]. Since each connexin
has unique gating as well as permeability and selectivity
properties, some combinations of connexins produce inter-
mediate or new biophysical properties, which would defini-
tively change the interconnecting properties between cells.

2. Regulation of gap junctional communication by
phosphorylation

The activation of protein kinases [5-8] and protein
phosphatases [9,10] have been correlated with a reduction
or increase of junctional communication, therefore, since
those first reports [11-13] it has been reasonable to speculate
that phosphorylation induces channel gating. Nonetheless, to
understand and control properly junctional communication
through changes in phosphorylation, it has become necessary
to determine the exact mechanisms of action, especially
because the activation of distinct phosphorylation pathways
have been shown to participate in many different mechanisms
involved in the rapid turn over of channels, which in turn
alters cell-to-cell communication [ 14]. In short, it is necessary
to differentiate if a change in junctional communication is
related to a pathway that induces bona fide channel gating or a
pathway that targets the channels to be removed or
incorporated into the cellular membrane.

3. Gating

It has been amply demonstrated that connexins form
membrane channels that, in their connexon or full channel

configuration, can open or close. If compared to channels
from excitable channels, gap junction channels are often
sensitive to molecules or transmembrane voltage and as for
other membrane channels, under a stimulus, a sensor and a
gate are involved in the process of channel opening or closing.

The word gating is often used quite loosely to refer to
any and all channel molecular transitions on its way to
opening or closing, broadly meaning by this, that during
gating, a conductive pathway becomes either physically
available or un-available. Gating has also been defined as
the mechanism by which the movement of ionic or non-
ionic species becomes physically restricted due to the
alteration of the molecular structure of the channel itself
[15]. Therefore, we can intuitively consider gating for
membrane channels, as the mechanism that closes or opens
a membrane channel and this should not be different from
what occurs in a gap junction channel.

For the purpose of this chapter and following Bertil Hille’s
definition [15], gating of membrane channels will be defined
as the induced conformational change of a protein that
involves a fast and reversible change in conductive proper-
ties. This should include a reversible process where a
complete or relative closure or opening of a channel occurs.
This way, at any sub-cellular level in which gap junction
channels, connexons or hemichannels suffer a conforma-
tional change that alters reversibly their conductance can be
considered a gating event. Note here that those events that
occur when the connexons are at the cytoplasmic membrane
are relatively easy to determine, and in turn, those are the ones
that have been described in most of recent studies [16—19].
This is because most voltage gating techniques have been
developed to determine the conductive properties of mem-
brane channels, as the ones formed by connexons [10,20,21]
but we should not forget those changes that occur at sub-
cellular levels where the access to conductance measure-
ments is difficult, as in Golgi or transport vesicles.

In contrast to changes in junctional conductance through
channel gating, it is also easy to envision changes in
intercellular communication without channel gating. Here,
a group of gap junction channels in a plaque can be removed
in an annular ring [22,23]. In this case, the reduction in the
number of channels will bring an instantaneous large
reduction in total conductance between the cells. Hence, to
understand if phosphorylation intervenes in the mechanism
that drives channels to gate, it would be necessary to consider
the following ideas about gap junction channels’ gating:

1) Gating is intrinsically linked to the molecular structure of
the channel, and there are several different ways to modify
the structure of the channel and induce gating [24].

2) There are activating and inactivating gating mechanisms
that drive the channels to allow larger or smaller
conduction, including the non-conductive state or closed
state, for example, chemical gating by CO, [25].

3) Since most of the membrane channels are known to have
more than one conductive state, gating also includes those
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processed that drive each channel to a different conductive
state, for example, phosphorylation of Cx43 by PKC [26].

4. Parameters involved in modulating GJC through
phosphorylation

In order to change the electrical communication between
cells, the total conductance yj will be directly related to
product of the number of channels (V) times the unitary j
of each one of the channels in the junction times the open
probability of each one of the channels. These three
parameters are all correlated and only two of them will
indicate if gating is involved:

N, or the number of channels present in the membrane, can
be affected by inserting or removing connexons at different
rates from the junctional membrane. This in turn will be
directly affecting junctional communication, but certainly it
is not per se a gating phenomenon. An example worth to
mention to this regard corresponds to the rundown of
channels that leads to a reduction in coupling, in particular
where double whole cell voltage clamp experiments are
performed and that could be partially prevented by prevent-
ing protein de-phosphorylation, although this change in
phosphorylation is not associated with connexins directly,
but probably to other regulatory molecules associated with
connexins [27].

The unitary conductance yj of each channel can also be
affected by changing the phosphorylation level of proteins
in the cell. This has been the first evidence that there is a
molecular modification of the gap junction channel (Cx43)
that leads to a change in the conductance of a channel [28].
Apparently, the channel formed by Cx43 can gate between
three different conductive states, and the phosphorylation of
connexins favours or stabilizes the transitions into the
intermediate state [26,29].

The open probability (Po) is the third parameter that can
be altered to change junctional conductance, and this has
been determined to change in some instances, including that
of connexin45 expressed in HelLa cells after the activation
of cAMP-dependent kinases [30].

A change in permeability to large molecules would be
intuitively associated with a change in the pore dimensions
of the channels. After gating due to phosphorylation,
smaller or larger channel pores will lead to a reduction or
increase in the permeability to large molecules [31,32]. It is
also reasonable to think that a change in surface charge at
the pore region, due to negatively-charged phosphorylated
residues, could also determine changes in the permeability
and selectivity of the channels [33,34], although this
phenomenon could not be directly related to pure gating.
In this case, the unitary conductance of the channel is not
the only property changing but also the permeability and
selectivity of the pore. Here, N and open probability (Po)
will still be part of the equation that determines changes in
junctional conductance, but the term permeability becomes

an important issue, especially when unidirectional fluxes are
considered [35].

5. Sub-cellular regions where phosphorylation can affect
channel gating

As mentioned above, to regulate junctional communi-
cation by phosphorylation, the cells may follow three
known mechanisms: changing the total number of channels
in a junction, the permeability of these channels and/or the
time they remain open. Moreover, any cellular mechanisms
that affect these three parameters will affect directly not
only the communication between cells but also the
communication between the cytoplasm and those intra-
cellular compartments where functional connexons become
part of their membranes.

Protein phosphorylation is a broadly distributed phenom-
enon that could affect at many proteins and enzymes at
different levels but just a few will be related to the process
known as gating. For example, to maintain the intracellular
milieu, it is expected that most connexons need to be in the
closed state as they are inserted in the membrane. Therefore,
it is feasible that those phosphorylation events that occur in
cellular organelles [36] may correspond to a pre-gating
process necessary to keep the connexons closed. This needs
to be demonstrated, although some evidences indicate that
these connexons are closed since vesicles that carry these
connexons need to have a particular intra-vesicular pH and
internal media regulated [37], therefore it is expected that
while these channels become inserted in the membrane they
are in the closed state.

Channels conductive states and transitions related to
phosphorylation

Built

Removed
Cytoplasm

Fig. 1. Schematic representation of the distinct connexon/channel con-
ductive states and the transitions to/or from one state to another. B and R
correspond to the building and removed states. Note that all gating
processes (except for a) occur at the cytoplasm membrane. Although the
direction and preference may or may not be influenced by phosphorylation,
they are included to try to represent all possibilities. The transition from the
circle to R indicates that channels or hemichannels at any state may be
removed from the cell membrane.
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Channel states Transitions

(C indicates a closed

state, and O, an open state)
B. Building of the

hexameric connexon
C,. Vesicle-related

closed connexons

a. Gating: closing of
connexons in vesicles
b. Incorporation into the
membrane
c. Docking activation of
full channels and activation
of hemichannels and complete
closure of channels
C,. Connexon incorporated into d. Gating between O and Os
the membrane (hemichannels)
O. Full open channel
(or hemichannel)
Or. Channel’s residual conductance
Os. Channel’s conductive sub-state
R. Removed channel

e. Gating between O and Or

f. Gating between Or and Os
g. Gating between Os and C,
h. Gating between Or and C,
i. Removal from the membrane

Another possibility is that this pre-closing is due to the way
connexins are assembled, indicated that connexons stable
structure as hemichannels is closed, and when they dock with
other connexons they open. So probably some of the
phosphorylation events that occur during channel trafficking
are related to keep the channels closed. De-phosphorylation at
the surface may allow them to reopen. Or maybe docking
takes place and no de-phosphorylation is needed.

One interesting point is related to Cx26. Since this
connexin has been shown not to be a phosphorylatable
protein, it has been postulated that those connexins become
inserted in the membrane before being oligomerized [38].
What about heteromeric connexons that are assembled
through other pathways [39]? Are these connexons also
closed in its natural state and become open when forming a
complete channel? These differences need to be elucidated,
especially for Cx26, since it is not a phosphorylatable protein
and it seems to co-oligomerize with other connexins [40].

6. Pathways’ analysis to determine whether
phosphorylation may induce gating

6.1. Transition a. Connexon building (B to C;)

The first gating process that a connexon may suffer is
expected to occur after it has been built. Either the connexon
has been built in a closed configuration, or it becomes
necessary to keep it in the closed state since its conductance
and low selectivity can prevent the membrane to become
leaky as soon as the new connexons are inserted into the
plasma membrane. Phosphorylation is a process that occurs
even before this stage, when the channels are being
assembled [67]. One of the functions of phosphorylation at
this stage would be to increase the probability of closing of
the channels, although apparently their COOH tail is not
facing Golgi’s intracellular media. As Golgi’s vesicles require
to control their internal milieu [37], connexons inserted in the
membrane should remain closed. Then, the phosphorylation

of connexins at this stage may represent a mechanism
involved in keeping the connexons closed or with very low
permeability or high selectivity. This has yet to be proven
although it has been demonstrated that a non-phosphorylat-
able connexin (Cx26) has a separate traffic path to reach the
membrane [41], suggesting the relevance on the phosphor-
ylation sites for connexins’ transport through Golgi.

6.2. Transition b. Membrane incorporation (C; to C,)

This could hardly be considered itself as a gating
process, unless there are demonstrated changes that show
that the connectivity of the tissue becomes altered with
this. Nonetheless, phosphorylation as well as de-phosphor-
ylation have been shown to be involved in the mechanisms
that modify the rate of incorporation of vesicles into
plasma membranes [42], therefore the balance between
incorporation and removal should alter the communication
level between cells. Nonetheless, some studies strongly
suggest that the phosphorylation of the COOH terminal
may not be necessary for the incorporation of the channels
into the membrane [16,43,44].

6.3. Transition c. Activation of channels during docking
(C5 to O)

For full channels, this is definitively a gating process,
where connexons dock and become a full conductive
channel [45]. Little has been investigated on how phosphor-
ylation can be involved (but see Ref. [46]) in this process
although it may result extremely important to the generation
of quick transitions that improve junctional communication
through the addition of connexons to the membrane.

Although the interaction between connexin docking
seems to be favoured by phosphorylation processes [46],
this mechanism has not been clearly determined. This
process of opening may be accelerated through the
intervention of kinases.

6.3.1. Chemical/Vm gating (from O to C5)

Through this same pathway, open channels may close
completely through triggers that include low pHi, membrane
anaesthetics, increase in cytosolic Ca and others [47,48]. In a
gating process like this, phosphorylation can participate
actively since the tagging by PO, residues may change the
properties of the cytoplasmic terminals and favour the closure
of the channels.

Here resides the bulk of the discussion for this chapter,
since it has been proposed that v-Src reduces the open time
of the channels to reduce conductance between cells; this
has recently been strongly examined [5]. Inside the circle of
Fig. 1, gating can occur between the different channel states,
including the closing of any open state to the closed C2
state. If v-Src reduces the conductance only through channel
gating, then the total number of channels should remain
identical. According to the studies by Lin et al. [49], the
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junctional area is not modified, indicating that if the number
of channels does not change, then +yj or Po changes could be
responsible. In studies followed by Cottrell et al. [5], v-Src
and MAPK expressing cells communicated through Cx43
channels show no change in the distribution of conductan-
ces, suggesting that the open probability is the parameter
that becomes reduced to decrease junctional communication
between the cells.

For Cx45, there are differential effects with regard to the
type of kinase activated [50,51]. For mCx45 expressed in
HeLa cells, PMA (an adenylate cyclase activator) increases
the total conductance between the cells, and cAMP and
pervanadate (activator of MAPK) reduce it. All these effects
occur without a shift in the unitary conductance of the
channels (under halothane) indicating that either the number
of channels or their open probability is changing. According
to van Veen’s data, the effect of PMA on protein
phosphorylation (as seen through Western blotting) is
negligible; therefore, the gating of Cx45 could be due to
un-specific pathways or changes in phosphorylation of other
regulatory proteins associated to these channels. In the case
of pervanadate, its effect appears to be mediated by tyrosine
phosphatase inhibition, indicating that the possible decrease
in conductance is consistent with v-Src inhibition found in
Cx43 [5]. Phosphorylation by cAMP is the one consistent
with a gating mechanism induced by phosphorylation that
does not go to an intermediate conductive state and
apparently does not affect the number of channels. cAMP,
but not ¢cGMP increases connexin phosphorylation and
decreases the total conductance, indicating that the open
probability of the channels is substantially reduced.

Cx45 is a connexin that forms channels strongly influ-
enced by voltage gating, in particular to transmembrane
voltage gating (Vm). Although the authors have not
presented data that indicates the contrary, it appears as if
phosphorylation is modulating Vm. This is reinforced by the
fact that for this connexin channels, the gates for Vm, and
chemical gating appear to be the same or located in the same
channels regions [24]. cAMP is known to increase assembly,
so in this case, it seems that this tow processes are going in
opposite directions, so maybe the gating effect by phosphor-
ylation is larger but the authors could not detect it.

Finally, gating at the cytoplasmic membrane will con-
stitute one of the physiological ways to maintain coupling
between cells during specific functions, like in the retina,
where closing and opening can work as a real gating
modulator for visual modulation [52].

Recent work has established that phosphorylation at
Tyrosine Y265 resulted from a cascade of events in which
ERK was a major participant [53]. This work clarified that
the whole CT is required for the inhibition of conductance.
Hence, ERK appears to gate Cx43 channels rapidly. The
mechanism associated with this gate requires the presence of
CT [43] where the presence of CT independently co-
expressed with tailless channels recovered inhibition during
phosphorylation [54]. This strongly suggest that CT is an

integral part of the gating mechanism, although it has not
been clarified yet how the closing of the channel occurs,
hence reminds to determine if CT participates as a gate or as
an effector that triggers other gating mechanisms in the
channel. As it will been presented later, gating by
phosphorylation not only performs closure of the channels,
but also changes in its permeability to large molecules.

6.4. Transition d. Gating to a sub-state (O to Os)

This gating process was the first one related to the
activation of kinases in mammalian cells [28,55]. In this case,
Cx43 can be phosphorylated at the COOH terminus through
PKC and this induces a change in the residence of the open
state at a 60 pS sub-level. This process is clearly depending on
the phosphorylation of residue 368 as was demonstrated by
the use of Cx43 mutants [56]. Not all connexins do respond in
the same way and it can be species dependent as murine and
human Cx43 respond differently [57].

In the case of Cx46 hemichannels, the gating after acti-
vating PKC (PMA) or blocking phosphatases reduces their
total currents to 40-30% of their original value. Single
cha- nnel recording on these channels will clarify some
the closing mechanism, but for now, and due to the fact
that the reduction of the currents was not complete, it
strongly suggests transitions to residual or sub-states (see
transition e below).

Studies of the changes in biophysical properties due to
the phosphorylation of Cx40 have been scarce. The
activation of PKA reduces the time that Cx40 channels
spend in sub-states, indicating that the total conductance of
the junction probably increases [58]. In a similar fashion,
the phosphorylation of Cx32 by cAMP is correlated with
an increase in conductance, although no single channel
data is available to corroborate if there is a change in
unitary conductance or open probability. In contrast, this
type of gating is not observed in Cx45 channels by
different treatments including cGMP, cAMP, PMA and
pervanadate. In all these cases, there is no shift in the
distribution of unitary conductances but it appears to be
more like a change in open probability of the channels (see
O to Cy).

For lens Cx46 and Cx56 channels, the activation of PKC
enhances protein phosphorylation and a reduction in junc-
tional communication. Cx49 can become phosphorylated by
casein kinase 1 [59] and its inhibition increases intercellular
communication. At this point, there are no single channel
data that can help to determine the mechanism of gating for
channels formed by these connexins.

The mechanism by which phosphorylation modifies the
unitary conductance of the channels remains unknown, but
phosphorylation of CT is required, and probably the
alteration of charge changes the affinity of the main channel,
which, in turn, maintains the channel in a partially open
state. A rapid reduction in junctional communication is also
observed during the activation of ERK. This kinase
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phosphorylates serine residues 255, 279 and 282. Although
there are no single channel recordings, the rapid change in
electrical communication indicates a gating mechanism and
possibly a direct interaction [54]. Further studies would be
required to determine the nature of these changes.

6.5. Transitions e, f. Gating to a residual or in between
residual and sub-state (from O to Or or Os)

This gating is a known process that requires transjunc-
tional voltage across a full channel, or transmembrane
potential for hemichannels. In this case, and for transitions g
and h, few experiments have been related to the partic-
ipation of phosphorylation to regulate their kinetics.

6.6. Transition i. Removal from the membrane

Gap junction channel turn over is an active phenomenon
that requires a few hours in some tissues to renew gap
junction plaques. It has been recently confirmed [22,42,60]
that the removal of gap junction channels from plaques
requires the formation of annular junctions which can be
considered as internalized vesicles, with a double membrane
that contains several gap junction channels. During this
process of vesicle internalization, channels may or may not
stay at the open state. Although not demonstrated yet, these
channels may remain open during the formation of vesicles
and then gate as they are internalized and become digested
by lysosomes or proteosomes [61]. Electrophysiologically,
this could be represented as large, non-reversible conduc-
tance transitions that represent the closure of a vesicle that
engulfs multiple channels. Although electrophysiologically
this resembles the closing of multiple channels, this can
hardly be considered a gating phenomenon dependent on
protein phosphorylation.

7. Impact of phosphorylation on channel
perm-selectivity

This issue is quite important, since many authors use
fluorescent dye permeability to determine changes in
junctional conductance. In most of the cases, there is a
clear correspondence between the gating of connexin
channels and their reduction in permeability to the most
common fluorescent dyes, like Lucifer yellow and 6-
Carboxyfluorescein [32].

As most of these cases, some data presented may not be
related directly to channel gating but change in channel
selectivity of permeability [32,34,62]. This should be
considered seriously in future experiments to determine
the mechanisms behind gating by distinct kinases and
intermediaries. For instance, the conductance of the
junctions formed by chicken Cx45 is substantially reduced
when phosphorylated by TPA reducing also its permeability
to LY, but not to Neurobiotin [33].

8. Voltage activated and inactivated channels have a
sensor and then a gate that reduces their conductance

Gating by transjunctional voltage appears to be a
phenomena not related to a single region of the connexins
channel. In Cx43, the carboxyl terminus has been
correlated with transjunctional and pH gating, meaning
that this part of the molecule can move and occlude the
pore of the channel, restricting the passage of ions or other
solutes [16,44,63]. The amino terminus has been also
related to voltage gating in Cx32 and Cx26 [64,65].
Amazingly enough, the phosphorylatable residues in the
COOH terminus has been correlated with the modulation
of channel assembly, indicating that what occurs in one
side of the connexin molecule could be reflected in the
opposite side. Besides, other structures like the e-loops
appear to participate in loop gating of hemichannels and
also to be responsible for chemical gating of full channels
[24].

9. Heteromultimeric channels and phosphorylation

There are not abundant experiments focused on changes
in junctional communication by phosphorylation in heter-
omultimeric channels. This should become one of the most
exciting and difficult areas to explore, as it appears that
the norm is the cellular expression of multiple connexins
[2].

The co-expression of connexind5 and Cx43 produces bi-
heteromeric channels with reduced sensitivity to activation
by TPA [33]. Homotypic cCx45 and rCx43 have both been
inhibited by as much as 70% after activation with TPA.
When bi-heteromeric channels become phosphorylated
during TPA activation, this reduction is less than 50%.
Since not all channels are expected to be identical, the
average lesser reduction seems to indicate that some channel
combinations respond less to activation by PKC. The
mechanism involved in this de-sensitization is unknown
and needs to be thoroughly analyzed to determine the
interaction between connexins, although it has been
determined that hyperphosphorylated Cx43 is found in cells
expressing both Cx43 and Cx45 and this appears to induce
the reduction of the unitary conductance of the mono-
heteromeric channels [66]. The effects of phosphorylation
on other cardiac connexin combinations have not yet been
studied.

10. Summary

Until now, our knowledge of the mechanism of gating of
gap junctional channels during kinase activation has been
mainly restricted to homomeric channels, a few hemi-
channels, and even less to heteromeric combinations,
although the temporal and regional co-expression of distinct



170 A.P. Moreno / Biochimica et Biophysica Acta 1711 (2005) 164—171

connexins in mammalian tissue strongly suggests the
formation of heteromultimeric channels.

The demonstration that connexins can be phosphorylated
and that their conductive and perm-selectivity properties are
quite distinct indicates the necessity to learn and describe
their gating mechanism. Besides, apparently a limited
number of gates are present in these gap junction channels
which strongly suggest that most of the voltage-dependent
and chemical gating kinetics would be affected by phos-
phorylation levels.

Despite all data suggesting that a direct phosphorylation
affects gap junction channels, it is important to recall that
these channels interact with other proteins close to the
membrane and form part of conglomerates where protein—
protein interactions may be affected by phosphorylation,
which in turn may also induce changes in the permeability
of channel gating.

Unless we understand how these distinct phosphorylating
pathways affect either homotypic or heterotypic channels, or
those proteins associated with gap junction channels, we
will not be able to determine and control the influence of the
most important metabolic pathways in the regulation of
cellular intercommunication.

References

[1] R. Bruzzone, S.G. Hormuzdi, M.T. Barbe, A. Herb, H. Monyer,
Pannexins, a family of gap junction proteins expressed in brain, Proc.
Natl. Acad. Sci. 100 (2003) 13644—13649.

[2] A.L. Harris, Emerging issues of connexin channels: biophysics fills
the gap, Q. Rev. Biophys. 34 (2001) 325-472.

[3] S. Weidmann, The diffusion of radiopotassium across intercalated discs
of mammalian cardiac muscle, J. Physiol. (Lond.) 187 (1966) 323 —342.

[4] S. Elenes, M. Rubart, A.P. Moreno, Junctional communication
between isolated pairs of canine atrial cells is mediated by
homogeneous and heterogeneous gap junction channels, J. Cardio-
vasc. Electrophysiol. 10 (1999) 990—1004.

[5] G.T. Cottrell, R. Lin, B.J. Warn-Cramer, A.F. Lau, J.M. Burt,
Mechanism of v-Src- and mitogen-activated protein kinase-induced
reduction of gap junction communication, Am. J. Physiol., Cell
Physiol. 284 (2003) C511-C520.

[6] J.C. Duncan, W.H. Fletcher, Alpha 1 connexin (connexin43) gap
junctions and activities of cAMP-dependent protein kinase and protein
kinase C in developing mouse heart, Dev. Dyn. 223 (2002) 96—107.

[7] X. Shi, B. Potvin, T. Huang, et al., A novel casein kinase 2 alpha-
subunit regulates membrane protein traffic in the human hepatoma cell
line HuH-7, J. Biol. Chem. 276 (2001) 2075-2082.

[8] E.M. TenBroek, P.D. Lampe, J.L. Solan, J.K. Reynhout, R.G.
Johnson, Ser364 of connexin43 and the upregulation of gap junction
assembly by cAMP, J. Cell Biol. 155 (2001) 1307-1318.

[9] B.J. Warn-Cramer, G.T. Cottrell, J.M. Burt, A.F. Lau, Regulation of
connexin-43 gap junctional intercellular communication by mitogen-
activated protein kinase, J. Biol. Chem. 273 (1998) 9188—9196.

[10] S. John, D. Cesario, J.N. Weiss, Gap junctional hemichannels in the
heart, Acta Physiol. Scand. 179 (2003) 23-31.

[11] Y. Kanno, T. Enamoto, Y. Shiba, H. Yamasaki, Protective effect of
cyclic AMP on tumor promoter-mediated inhibition of cell—cell
communication (electrical coupling), Exp. Cell Res. 152 (1984) 31-37.

[12] J.C. Saez, D.C. Spray, A.C. Nairn, et al., cCAMP increases junctional
conductance and stimulates phosphorylation of the 27-kDa principal

gap junction polypeptide, Proc. Natl. Acad. Sci. U. S. A. 83 (1986)
2473-24717.

[13] R. Azarnia, S. Reddy, T.E. Kmiecik, D. Shalloway, W.R. Loewen-
stein, The cellular src gene product regulates junctional cell-to-cell
communication, Science 239 (1988) 398—401.

[14] M.A. Beardslee, J.G. Laing, E.C. Beyer, J.E. Saffitz, Rapid turnover
of connexin43 in the adult rat heart, Circ. Res. 83 (1998) 629—-635.

[15] B. Hille, Ionic Channels of Excitable Membranes, Sinauer Associates,
Sunderland, MA, 2003.

[16] A.P. Moreno, M. Chanson, J. Anumonwo, et al., Role of the carboxyl
terminal of connexin43 in transjunctional fast voltage gating, Circ.
Res. 90 (2002) 450—-457.

[17] V. Valiunas, Biophysical properties of connexin-45 gap junction
hemichannels studied in vertebrate cells, J. Gen. Physiol. 119 (2002)
147-164.

[18] V.K. Verselis, F.F. Bukauskas, Connexin-GFPs shed light on
regulation of cell-cell communication by gap junctions, Curr. Drug
Targets 3 (2002) 483 -499.

[19] X. Lin, M. Crye, R.D. Veenstra, Regulation of connexin43 gap
junctional conductance by ventricular action potentials, Circ. Res. 93
(2003) e63—¢73.

[20] J.E. Contreras, J.C. Saez, F.F. Bukauskas, M.V. Bennett, Gating and
regulation of connexin 43 (Cx43) hemichannels, Proc. Natl. Acad.
Sci. U. S. A. 100 (2003) 11388—11393.

[21] E.B. Trexler, M.V. Bennett, T.A. Bargiello, V.K. Verselis, Voltage
gating and permeation in a gap junction hemichannel, Proc. Natl.
Acad. Sci. U. S. A. 93 (1996) 5836—-5841.

[22] K.H. Marquart, So-called annular gap junctions in bone cells of
normal mice, Experientia 33 (1977) 270—272.

[23] D.W. Laird, The life cycle of a connexin: gap junction formation,
removal, and degradation, J. Bioenerg. Biomembranes 28 (1996)
311-318.

[24] E.F. Bukauskas, V.K. Verselis, Gap junction channel gating, Biochim.
Biophys. Acta 1662 (2004) 42—60.

[25] F.F. Bukauskas, A. Bukauskiene, M.V. Bennett, V.K. Verselis, Gating
properties of gap junction channels assembled from connexin43 and
connexin43 fused with green fluorescent protein, Biophys. J. 81
(2001) 137—-152.

[26] A.P. Moreno, J.C. Saez, G.I. Fishman, D.C. Spray, Human con-
nexin43 gap junction channels. Regulation of unitary conductances by
phosphorylation, Circ. Res. 74 (1994) 1050—1057.

[27] F. Duthe, E. Dupont, F. Verrecchia, et al., Dephosphorylation agents
depress gap junctional communication between rat cardiac cells
without modifying the connexin43 phosphorylation degree, Gen.
Physiol. Biophys. 19 (2000) 441—449.

[28] A.P. Moreno, G.I. Fishman, D.C. Spray, Phosphorylation shifts
unitary conductance and modifies voltage dependent kinetics of
human connexin43 gap junction channels, Biophys. J. 62 (1992)
51-53.

[29] B.R. Takens Kwak, H.J. Jongsma, Cardiac gap junctions: three
distinct single channel conductances and their modulation by
phosphorylating treatments, Pflugers Arch. 422 (1992) 198-200.

[30] T.A.B. vanVeen, H.VM. vanRijen, H.J. Jongsma, Electrical con-
ductance of mouse connexin45 gap junction channels is modulated by
phosphorylation, Cardiovasc. Res. 46 (2000) 496—510.

[31] B.R. Kwak, H.J. Jongsma, Regulation of cardiac gap junction channel
permeability and conductance by several phosphorylating conditions,
Mol. Cell. Biochem. 157 (1996) 93—99.

[32] B.R. Kwak, T.A. van Veen, L.J. Analbers, H.J. Jongsma, TPA
increases conductance but decreases permeability in neonatal rat
cardiomyocyte gap junction channels, Exp. Cell Res. 220 (1995)
456—-463.

[33] A.D. Martinez, V. Hayrapetyan, A.P. Moreno, E.C. Beyer, Con-
nexin43 and connexin45 form heteromeric gap junction channels in
which individual components determine permeability and regulation,
Circ. Res. 90 (2002) 1100-1107.

[34] R.D. Veenstra, H.Z. Wang, D.A. Beblo, et al., Selectivity of connexin-



A.P. Moreno / Biochimica et Biophysica Acta 1711 (2005) 164—171 171

specific gap junctions does not correlate with channel conductance,
Circ. Res. 77 (1995) 1156—1165.

[35] T.M. Suchyna, J.M. Nitsche, M. Chilton, et al., Different ionic
selectivities for connexins 26 and 32 produce rectifying gap junction
channels, Biophys. J. 77 (1999) 2968—-2987.

[36] K.L. Puranam, D.W. Laird, J.P. Revel, Trapping an intermediate form
of connexin43 in the Golgi, Exp. Cell Res. 206 (1993) 85-92.

[37] K. Holappa, M.T. Munoz, G. Egea, S. Kellokumpu, The AE2 anion
exchanger is necessary for the structural integrity of the Golgi
apparatus in mammalian cells, FEBS Lett. 564 (2004)  97-103.

[38] S. Ahmad, W.H. Evans, Post-translational integration and oligomeri-
zation of connexin 26 in plasma membranes and evidence of
formation of membrane pores: implications for the assembly of gap
junctions, Biochem. J. 365 (2002) 693—699.

[39] P.E. Martin, G. Blundell, S. Ahmad, R.J. Errington, W.H. Evans,
Multiple pathways in the trafficking and assembly of connexin 26, 32
and 43 into gap junction intercellular communication channels, J. Cell.
Sci. 114 (2001) 3845-3855.

[40] J.A. Diez, S. Ahmad, W.H. Evans, Assembly of heteromeric
connexons in guinea-pig liver en route to the Golgi apparatus, plasma
membrane and gap junctions, Eur. J. Biochem. (1999) 142—148.

[41] C.H. George, J.M. Kendall, W. Evans, Intracellular trafficking
pathways in the assembly of connexins into gap junctions, J. Biol.
Chem. 274 (1999) 8678 —8685.

[42] K. Jordan, J.L. Solan, M. Dominquez, et al., Trafficking, assembly,
and function of a connexin43-green fluorescent protein chimera in live
mammalian cells, Mol. Biol. Cell 10 (1999) 2033-2050.

[43] N. Homma, J.L. Alvarado, W. Coombs, et al., A particle-receptor
model for the insulin-induced closure of connexin43 channels, Circ.
Res. 83 (1998) 27-32.

[44] A. Revilla, M.V. Bennett, L.C. Barrio, Molecular determinants of
membrane potential dependence in vertebrate gap junction channels,
Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 14760—14765.

[45] F.F. Bukauskas, C. Elfgang, K. Willecke, R. Weingart, Biophysical
properties of gap junction channels formed by mouse connexin40 in
induced pairs of transfected human HeLa cells, Biophys. J. 68 (1995)
2289-2298.

[46] A. Paulson, P. Lampe, R. Meyer, E. TenBroek, M. Atkinson, T.
Walseth, R. Johnson, Cyclic AMP and LDL trigger a rapid enhance-
ment in gap junction assembly through a stimulation of connexin
trafficking, J. Cell. Sci. 113 (2001) 3037-3049.

[47] J.C. Saez, V.M. Berthoud, M.C. Branes, A.D. Martinez, E.C. Beyer,
Plasma membrane channels formed by connexins: their regulation and
functions, Physiol. Rev. 83 (2003) 1359—1400.

[48] A.L. Harris, Emerging issues of connexin channels: biophysics fills
the gap [erratum appears in Q Rev Biophys 2002 Feb;35(1):109] Q.
Rev. Biophys. 34 (2001) 325-472.

[49] R. Lin, B.J. Warn-Cramer, W.E. Kurata, A.F. Lau, v-Src-mediated

phosphorylation of connexin43 on tyrosine disrupts gap junctional

communication in mammalian cells, Cell Adhes. Commun. 8 (2001)

265-269.

B.R. Kwak, M.M. Hermans, H.R. De Jonge, et al., Differential

regulation of distinct types of gap junction channels by similar

phosphorylating conditions, Mol. Biol. Cell 6 (1995) 1707—-1719.

[50

=

[51] T.A. van Veen, H.V. van Rijen, H.J. Jongsma, Electrical conductance
of mouse connexin45 gap junction channels is modulated by
phosphorylation, Cardiovasc. Res. 46 (2000) 496—510.

[52] R.P. Malchow, H. Qian, H. Ripps, A novel action of quinine and
quinidine on the membrane conductance of neurons from the
vertebrate retina, J. Gen. Physiol. 104 (1994) 1039—-1055.

[53] L. Zhou, E. Kasperek, B. Nicholson, Dissection of the molecular basis
of pp60v-src induced gating of Connexin 43 gap junction channels,
J. Cell Biol. 144 (1999) 1033-1042.

[54] P.D. Lampe, A.F. Lau, Regulation of gap junctions by phos-
phorylation of connexins, Arch. Biochem. Biophys. 384 (2000)
205-215.

[55] B.R. Takens-Kwak, H.J. Jongsma, Cardiac gap junctions: three
distinct single channel conductances and their modulation by
phosphorylating treatments, Pflugers Arch. 422 (1992) 198-200.

[56] P.D. Lampe, E.M. TenBroek, J.M. Burt, W.E. Kurata, R.G. Johnson,
Phosphorylation of connexin43 on Serine368 by protein kinase C
regulates gap junctional communication, J. Cell Biol. 149 (2000)
1503-1512.

[57] B.R. Takens Kwak, J.C. Saez, R. Wilders, G.I. Fishman, E.L.
Hertzberg, D.C. Spray, H.J. Jongsma, Effects of ¢cGMP-dependent
phosphorylation on rat and human connexin43 gap junction channels,
Pflugers Arch. 430 (1995) 770—-778.

[58] H.V. van Rijen, T.A. van Veen, M.M. Hermans, H.J. Jongsma, Human
connexin40 gap junction channels are modulated by cAMP, Cardio-
vasc. Res. 45 (2000) 941-951.

[59] H.L. Cheng, C.F. Louis, Functional effects of casein kinase I-
catalyzed phosphorylation on lens cell-to-cell coupling, J. Membr.
Biol. 181 (2001) 21-30.

[60] G. Zampighi, E. Bosch, F. Ramon, Some observations about the
cellular mechanisms involved in gap junction regulation, in: E.L.
Hertzberg, R.G. Johnson (Eds.), Gap Junctions, Alan R. Liss, Inc.,
New York, 1988, pp. 151-162.

[61] E.C. Beyer, V.M. Berthoud, Gap junction synthesis and degradation as
therapeutic targets, Curr. Drug Targets 3 (2002) 409—416.

[62] R.D. Veenstra, lon Permeation through Connexin Gap Junction
Channels: Effects on Conductance and Selectivity, Curr. Topics
Memb., Academic Press, 2000, pp. 95—-128.

[63] JM. Anumonwo, S. Taffet, H. Gu, et al., The carboxyl terminal
domain regulates the unitary conductance and voltage dependence of
connexin40 gap junction channels, Circ. Res. 88 (2001) 666—673.

[64] PE. Purnick, S. Oh, C.K. Abrams, V.K. Verselis, T.A. Bargiello,
Reversal of the gating polarity of gap junctions by negative charge
substitutions in the N-terminus of connexin 32, Biophys. J. 79 (2000)
2403-2415.

[65] PE. Purnick, D.C. Benjamin, V.K. Verselis, T.A. Bargiello, T.L.
Dowd, Structure of the amino terminus of a gap junction protein,
Arch. Biochem. Biophys. 381 (2000) 181—190.

[66] G. Zhong, V. Hayrapetyan, A.P. Moreno, The formation of mono-
heteromeric Cx43-Cx45/Cx45 gap junction channels uncovers
gating and selectivity properties of their channels, Biophys. J. 82
(1) (2003) 633a.

[67] K.L. Puranam, D.W. Laird, J.P. Revel, Exp. Cell Res. 206 (1) (1993)
85-92.



	Connexin phosphorylation as a regulatory event linked to channel gating
	Introduction
	Regulation of gap junctional communication by phosphorylation
	Gating
	Parameters involved in modulating GJC through phosphorylation
	Sub-cellular regions where phosphorylation can affect channel gating
	Pathways' analysis to determine whether phosphorylation may induce gating
	Transition a. Connexon building (B to C1)
	Transition b. Membrane incorporation (C1 to C2)
	Transition c. Activation of channels during docking (C2 to O)
	Chemical/Vm gating (from O to C2)

	Transition d. Gating to a sub-state (O to Os)
	Transitions e, f. Gating to a residual or in between residual and sub-state (from O to Or or Os)
	Transition i. Removal from the membrane

	Impact of phosphorylation on channel perm-selectivity
	Voltage activated and inactivated channels have a sensor and then a gate that reduces their conductance
	Heteromultimeric channels and phosphorylation
	Summary
	References


