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Abstract

Over the last two decades, the view of gap junction (GJ) channel gating has changed from one with GJs having a single transjunctional
voltage-sensitive (Vj-sensitive) gating mechanism to one with each hemichannel of a formed GJ channel, as well as unapposed hemichannels,
containing two, molecularly distinct gating mechanisms. These mechanisms are termed fast gating and slow or ‘loop’ gating. It appears that the
fast gating mechanism is solely sensitive to /; and induces fast gating transitions between the open state and a particular substate, termed the
residual conductance state. The slow gating mechanism is also sensitive to Vj, but there is evidence that this gate may mediate gating by
transmembrane voltage (V,), intracellular Ca®>* and pH, chemical uncouplers and GJ channel opening during de novo channel formation. A
distinguishing feature of the slow gate is that the gating transitions appear to be slow, consisting of a series of transient substates en route to
opening and closing. Published reports suggest that both sensorial and gating elements of the fast gating mechanism are formed by
transmembrane and cytoplamic components of connexins among which the N terminus is most essential and which determines gating polarity.
We propose that the gating element of the slow gating mechanism is located closer to the central region of the channel pore and serves as a
‘common’ gate linked to several sensing elements that are responsive to different factors and located in different regions of the channel.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Connexins (Cxs), a large family of homologous mem-
brane proteins in vertebrates, form gap junction (GJ) chan-
nels that provide a direct pathway for electrical and
metabolic signaling between cells [1-4]. Each GJ channel
is composed of two hemichannels (connexons), which in
turn are composed of six Cx subunits. Cxs are predicted to
have four alpha helical transmembrane domains (TMI to
TM4), intracellular N- and C-termini, two extracellular
loops, and a cytoplasmic loop (CL) [5—7]. Thus far, at least
20 distinct Cx isoforms have been cloned [8]. The existence
of multiple Cxs raises the questions of how they differ and
how they interact. Unitary conductances of GJs formed of
Cx isoforms range from ~ 15 pS (e.g., Cx36) to ~ 300 pS
(e.g., Cx37) and channels vary in permselectivity from
being nonselective, or being preferentially selective for
cations or anions [9].

In invertebrates, GJ channels are formed of innexins,
another large family of integral membrane proteins. Despite
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a lack of primary sequence homology with connexins,
innexins form GJ channels with surprisingly similar func-
tional properties [10—13]. Innexin homologues termed Pan-
nexins (Pxs) are also expressed in vertebrates [14]. Three
human pannexin genes (Px1, Px2 and Px3) were cloned and
it was shown that Px1 and Px2 are expressed in different
tissues, while Px3 expression was almost undetectable [15].
In addition, intracellular injection of mRNA encoding the
molluscan Px1 substantially increased cell-cell coupling
between neurons [16].

Connexin oligomerization into hemichannels occurs in
the ER—Golgi and vesicles typically 100-150 nm in
diameter transport hemichannels to the plasma membrane
[17-24]. Hemichannels themselves can function in the
plasma membrane when unapposed or undocked [25,26]
and freeze fracture studies performed in Xenopus oocytes
injected with Cx50 cRNA show hemichannel aggregation
into clusters [21] that are similar to those described as
‘formation plaques’, presumed precursors of junctional
plaques, JPs [27]. JP formation has been shown to be
regulated by different intracellular regulatory pathways that
involve cAMP, G proteins, etc. [28,29].

During the last five years, progress has been made in
understanding Cx trafficking, JP formation and internaliza-
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tion using cells transfected with Cxs fused with green
fluorescent protein, GFP [30,31]. By combining fluores-
cence imaging of Cx-GFPs with dual whole-cell patch
recording, it was shown that only channels assembled into
JPs are functional, i.e. hemichannels in isolation either do
not dock, or if they dock, do not form functional GJ
channels [32]. Interestingly, only a fraction ( ~ 15%) of
Cx43-GFP channels in a JP are functional. Our unpublished
data show that all other connexins that we have examined
(Cx30.2, Cx31, Cx32, Cx36, Cx45, Cx46 and Cx47) show
coupling only when JPs are present.

Here, we summarize data related to different forms of
GJ channel gating, some of which was elucidated by using
GJs assembled of Cxs fused with GFP. GJ channels
demonstrate opening and closing transitions in response
to voltage, cytoplasmic acidification, changes in intracellu-
lar Ca®" concentration, and different chemical compounds
known as chemical uncouplers. We describe the evolution
of GJ channel gating mechanisms that initiated from
voltage gating studies performed ~ 20 years ago in
amphibian blastomeres [33,34]. At that time Cxs were
not yet cloned and the expanse and sequence diversity of
this gene family was unknown. To date, the Cx family
contains 20 members, in humans, and cells of different
organ-systems frequently co-express several Cxs. Cell—cell
communication can be organized through homotypic, het-
erotypic or/and heteromeric channels that vary highly in
conductance, perm-selectivity and gating properties. We
postulate that hemichannels, whether unapposed or incor-
porated into GJ channels, contain two distinct gating
mechanisms, called the fast gating and slow or ‘loop’
gating.

2. Voltage gating

Gap junction channels exhibit a property common among
ion channels whereby conductance is sensitive to voltage,
i.e., voltage gating. Voltage-sensitive gating can be differ-
entiated into two types, Vj- and V,,-dependent, which
represent sensitivities to transjunctional and transmembrane
voltages, respectively. These types of voltage dependence
can be understood by considering the configuration of the
GJ channel, which, by connecting the cytoplasms of adja-
cent cells, spans both cells’ membranes and the intervening
extracellular gap between them. The presumed isopotential
lines that would result in the GJ channel pore and the
channel wall in response to voltages applied to one or both
cells are depicted in Fig. 1A—C. When transmembrane
voltage, V., is equal in both cells (e.g., —50 mV in the
example provided, Fig. 1A), then the electric field (E),
defined as normal to the isopotential lines, would be
oriented across the channel wall and is likely strongest in
the region of the intercellular gap. Along the axis of the
pore, i.e., in the transjunctional direction, £=0. GJ channels
that show sensitivity to V;, presumably contain voltage-
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Fig. 1. Schematic representation of a GJ channel with presumed isopotential
lines when both cells are held at the /;=0 mV (A), and at ;=100 mV (B &
C) but at different values of V;, in each cell. In (A) the channel lumen is
isopotential with cytoplasms of both cells; Vp,;=V=—150 mV. This
condition establishes a strong electric field (£) or a high density of
isopotential lines across the channel wall in its central region. No V; is
established and £=0 along the channel pore. GJ channels that respond to
this voltage profile are termed Vy,-sensitive. In (B), V,,; differs from V;,»
establishing a Vj and a constant £ along the pore; V,, changes along the
channel pore from — 100 to 0 mV. In (C), the same ¥; and profile of £
along the channel pore are established as in (B), but with different values
of Viup (—50 mV) and ¥V, (50 mV). GJ channels that respond the same
way to voltage profiles in (B) and (C) are termed Vj-sensitive but not Vi,-
sensitive.

sensing elements in the channel wall either in the gap or in
the transmembrane regions.

When the membrane voltages are not equal in both cells,
a Vj is established. Shown in Fig. 1B and C are examples of
the same V; (100 mV) generated by: (1) hyperpolarizing one
cell to —100 mV (Fig. 1B), or (2) hyperpolarizing one cell
to — 50 mV and depolarizing the other cell to +50 mV (Fig.
1C). In both cases, E along the channel pore is the same
even though the profiles of E across the channel wall are
different. GJ channels sensitive only to V; show the same
change in gj upon hyperpolarizing one cell or depolarizing
the other cell to the same degree. Sensitivity to Vj and V,
would lead to different values of gj for the same Vj,
depending on the values of the applied Vs in both cells.

2.1. V;-sensitive gating

All GJ channels formed of connexins or innexins show
some degree of sensitivity to V; (for review see Refs.
[1,9,35]). Channels formed by connexins generally show
the same change in junctional conductance, gj, by hyper-
polarizing one cell or depolarizing the other cell, consistent
with sensitivity to V; and little or no sensitivity to Vp,.
Although steady-state and kinetic properties of Vj-sensitive
gating vary widely among Cxs, a common feature is that
steady-state g; does not decline to zero with increasing Vj,
but reaches a plateau or residual conductance that varies
from ~ 5% to 40% of the maximum gj, depending on the
Cx isoform [36-43]. An example of gj—V; dependence
measured in cells expressing Cx43 is illustrated in Fig.
2A. A symmetric reduction in gj about ;=0 was originally
described for GJs between pairs of amphibian blastomeres
by Spray et al. [34] and was explained by having identical
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Fig. 2. Voltage gating in HeLaCx43 and Novikoff cell pairs. (A) Pooled data
of normalized gj vs. V; measured in Novikoff (open circles) and HeLaCx43
(filled circles) cell pairs. The solid line is a fit of all the points to a Boltzmann
relation with the following parameters: Vo=51 mV, 4=0.08 mV ' and
Gmin=0.2 for negative ¥js and V=50 mV, 4=0.09 mV~ "and Guin=0.18
for positive ¥js. Squares filled with lines of different orientations indicate
areas in which Jj gating is mediated predominantly through the slow gate
(rising lines), the fast gate (declining lines) and both gates (crossing lines).
(B) Schematic drawings of gj evaluated over time in response to ¥ steps
varying in amplitude from ~ 30 to 150 mV that exemplify our findings in
cells expressing Cx43 (see Fig. 1 in Ref. [51]). When V] steps are <50 mV
(see gj and V] traces in 0—60-s interval), g; declines and recovers slowly.
When Vs are in the range of ~ 50—100 mV (see gjand V] traces in 50— 150-s
time interval), g; declines fast reaching steady state in few seconds. Recovery
of g;j is also fast. At ;>100 mV, the decline in g;j is very fast initially and
continues to decline more slowly without reaching steady state in the time
interval shown (see gj and V] traces in 150—220-s interval).

Vi-sensitive gates in each hemichannel such that for each
polarity of Vj, closure can be ascribed to one or the other
hemichannel [33]. The macroscopic residual conductance,
also referred to as G,;,, was explained by suggesting that
there was either a parallel voltage-insensitive conductance
or that rate constants governing opening and closing reached
a plateau with ¥j leaving a non-zero open channel proba-

bility (po).

2.1.1. Evidence for two V;-sensitive gating mechanisms in
GJ channels

Single GJ channel recordings in insect cells not only
provided an explanation for the macroscopically observed
Gmin characteristic of Vj-dependence, but also raised the
possibility that GJs possess more than one voltage gating
mechanism [44—46]. When two insect cells, obtained from
a cell line derived from the mosquito, Aedes albopictus,
were patch-clamped and placed into contact to observe the
formation of electrical coupling, the appearance of the first

channel was characterized by an apparent slow rise in
junctional current (/) from a non-conducting state to an
open state or the main state. Occasionally, the slow rise in
I; could be seen to consist of multiple step changes en
route to full opening, sometimes taking tens of milli-
seconds for a channel to open fully. Once opened, the
channel responded to ¥ with gating transitions between
the open state, Yopen, and a long-duration substate, i.e., the
channel did not close completely. In contrast to the slow or
stepwise initial opening, the transitions to and from the
substate were fast and more typical to ion channel gating.
For these insect GJs, the substate amplitude was ~ 20—
25% of the fully open state and suggested that the macro-
scopic residual conductance or G,,;, could be explained by
incomplete closure of GJ channels [44—46]. On occasion,
gating transitions to the fully closed state and back were
observed and were characterized by slow transition times
( ~ 10 ms). Such slow gating transitions were similar to
the opening transitions observed during de novo channel
formation and were observed more frequently during
depolarization of both cells, or exposing cells to chemical
uncouplers (see Sections 2.2 and 3).

Cloning of connexins and their expression in exogenous
systems allowed examination of individual GJ channels
and showed that, indeed, GJ channels formed of connexins
similarly failed to close completely with Vj, i.e., the
channels gated to a subconductance state [36,47-51].
The incompletely closed state is now generally referred
to as the residual conductance state, 7., and the macro-
scopic parameter G,,;, can be attributed to the summed
conductances of all the GJ channels residing in 7y, In
addition, GJ channels formed from connexins as well as
innexins occasionally gated to a completely closed (non-
conducting) state, referred to as ycoseq- Lhe full closures
consisted of slow or multi-stepped transitions similar to
those observed during de novo channel formation and V-
sensitive gating. Interestingly, similar full closure of the
channel with slow or multi-stepped transitions could be
induced by application of a number of chemical agents,
including long-chain alkanols, anesthetics, arachidonic ac-
id, CO,, etc [50,52,53], suggesting that stimuli which
induce slow gating transitions to and from 7goseq mMay
operate through a common gate (see Section 4), acted
upon by various effectors. The two putative gates, V;-
sensitive and the common gate, were called fast and slow
gates, referring to the fast and slow gating transitions that
characterize them [46,50]. Initially it was thought that V-
sensitive gating occurs exclusively by the fast gate. How-
ever, it was subsequently shown that V; can also initiate
slow gating transitions to Y¢joseq [51,54]. This finding led
to the conclusion that fast and slow gates are both sensitive
to V.

Studies of unapposed Cx hemichannels similarly suggest
that there are two distinct voltage gating mechanisms [26].
Cx46 hemichannels exhibit slow gating transitions between
open and fully closed states at inside negative voltages,
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while at inside positive voltages gating transitions are fast
and between the open state and a substate. Based on the
similarity of the slow gating transitions at inside negative
voltages to those observed during de novo channel forma-
tion [46], it was suggested that the extracellular loops may
be involved and the slow gating mechanism was provision-
ally called ‘loop’ gating. For inside positive voltages, gating
to the substate was ascribed to the fast gate. In the case of
unapposed Cx46 hemichannels, the two gating mechanisms
have different gating polarities, the slow or ‘loop’ gate
closing at inside negative voltages and the fast gate at inside
positive voltages.

2.1.2. Properties of V;-sensitive gating

V; dependence examined in Cx43 GJ channels shows that
gj declines substantially at ;s between + 30 and + 80 mV
to a level close to the residual conductance, but then
continues to decline, albeit less steeply, towards zero at
larger Vjs (Fig. 2A). In examining the kinetics of the
changes in g at various Vjs, slow kinetics (reduction and
recovery) is observed at small Vjs, <50 mV (left g; trace in
Fig. 2B; note that during the ~ 25-s V] step applied, g; did
not reach steady state). At Vjs between ~ 50 and ~ 100
mV (middle g; trace in Fig. 2B), kinetics of decay and
recovery is rapid and gj reaches a steady-state value that
approximates the ratio, yres/Yopen =25 pS/110 pS=0.23 con-
sistent with channels closing to the residual conductance
state. At large Vs, typically >100 mV (right g; trace in Fig.
2B), a fast decline in gj occurs and is followed by a slow
decline; note that gj does not reach steady-state during the
duration of the V; step. Recovery also consists of two
phases, a rapid increase in gj followed by a considerably
slower increase towards pre-step values. Correlative single
channel studies (Fig. 3) show that slow Fj gating is largely
responsible for the changes in gj at small Vjs (<50 mV). In
the example shown (V;=37 mV), most gating transitions
were 110 pS in amplitude, representing transitions between
Yopen ANd Yelosed; transitions to s (~ 85 pS) were ob-
served, but were infrequent (Fig. 3B; see Ref [51] for more
details). At intermediate Vjs between ~ 60 and ~ 80 mV, ;
declines rapidly, predominantly through ~ 85-pS transi-
tions, representing gating from yopen t0 yres (Fig. 2C and D).
In contrast to that which occurs at small Vjs, closures to
Yelosed are infrequent. For the 75-mV F; step shown (Fig.
3D), I; declined exclusively through ~ 85-pS transitions to
reach a current corresponding to that expected if all Cx43
channels resided in y,s. At large Vjs (107 mV in Fig. 3E), J;
exhibited a very fast decline (not resolved with the time
scale shown) to a level corresponding to that expected if all
channels resided in ., indicating gating from Jgpen 10 Pres.
However, unlike at 75 mV where /; remained at the residual
conductance level, /; continued to decline, via ~ 25-pS
gating transitions (see inset). Thus, at large Vs, the fast
recovery reflects the fraction of channels closed by the fast
gate and the slow component those closed by the slow gate.
The kinetics of gj recovery can be informative in determin-
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Fig. 3. gi—Vj dependence of Cx43 at the single channel level. (A) ¥; steps
applied to individual cell pairs. (B—E) /; responses to Vj steps of 37 mV (B),
69 mV (C), 75 mV (D) and 105 mV (E). With a V; step of 37 mV (B), four
channels open at the beginning of the step and two closing transitions occur
between open and closed states of ~ 110 pS (arrows) during the duration
of the step. Also evident are several brief transitions, ~ 85 pS in magnitude
(asterisks) representing transitions to the residual conductance state (}res)-
An expanded time scale (inset; sampling interval 1 ms) shows that the
~ 110-pS transitions are slow, taking several milliseconds to fully close the
channel. At ;=69 mV (C), /; declines rapidly through stepwise transitions
of 85 pS indicating that the decline in gj is via gating to y.s. One channel
undergoes a full 110-pS closing transition (first arrow). Also evident is a
small 30-pS slow transition ascribable to a full closure of a channel from
Vres (second arrow; also see inset, sampling interval, 5 ms). At V;=75 mV
(D), all the channels rapidly close to the residual state with transitions of 85
pS. At ;=107 mV (E), [; declines very rapidly to a level that corresponds
to all channels residing in }., and is followed by a slow decline in J;
through stepwise 30-pS transitions corresponding to full channel closures
from 7y.s. The expanded time scale (inset; sampling interval, 2 ms) shows
the 30-pS transitions to be slow, taking several milliseconds to complete.
Adapted from Ref. [51].

ing the fractions of channel closed by fast and slow gating
mechanisms.

These studies have led to a revised picture of V; gating
in GJ channels as follows. Each hemichannel in a GJ
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channel has two gate/sensor complexes arranged serially in
the pore. Because Vj acts on both gates, closure of one
gate largely collapses Vj across it, thereby changing V;
across the other gate. Thus, the open probability of one
gate is dependent on the state of the other through changes
in the local field, interdependence between the gates
termed contingent gating by [33]. In Cx43, the slow V;
gate is less steeply sensitive to Vj than the fast V; gate, but
shifted such that it closes at smaller Vjs. Thus, small Vjs
induce modest changes in g; mediated by closure of the
slow gate. Larger V; steps tend to first close the fast
gates because they have faster gating (closing) kinetics.
Consequently, a major fraction of V; drops across the fast
Vi gate, leaving only a small fraction across the voltage
sensor of the slow F; gate. This essentially ‘eliminates’ the
slow gate from operation, giving the appearance that slow
V; gating is absent at intermediate Vjs. At larger Vs, the
small V; fraction is sufficient to close the slow V; gate even
with the fast V; gate closed giving rise to a continued
decline in g towards zero. Squares filled with lines of
different orientation shown in Fig. 2A summarize our view
of the different degrees to which fast and slow gating
mechanisms are involved in Vj-sensitive gating depending
on V; amplitude. In different connexins, differences in V;
sensitivity and relative shifts along the V; axis of fast vs.
slow Vj-sensitive gating can produce a variety of g—V;
relations as a result of contingent interactions.

Because a major difference between the two gating
mechanisms is the appearance of the respective gating
transitions [50], it was important to characterize them
quantitatively. Fig. 4A shows that a frequency histogram
of fast Jj gating transitions measured between open and
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Fig. 4. Frequency histograms of /; transition time between open and residual
states (A) and between open and closed states (B). Data were collected from
fibroblasts and HeLa-43 cells at Vs ranging from 25 to 75 mV during
transient uncoupling by bath application of CO,. Solid lines are Gaussian
curves that fit to the data with mean values of 11 0.8 ms (2=264) and
2.0 £ 0.2 ms (n=105) for upper and bottom plots, respectively. Adapted
from Ref. [50].

residual states is in the range of ~ 1—4 ms. Presumably
many of those measuring 1 ms are actually shorter, but their
measurement was limited by the recording system. For slow
V; gating between fully open and closed states, transitions
are in the range of ~ 2-25 ms (Fig. 4B). Although there is
some overlap, the mean values of the transitions ascribed to
the two gating mechanisms differ substantially, 2.0 + 0.2 vs.
11.5+ 0.6 ms. These relatively slow gating transitions
appear to consist of a series of transient sub-transitions that
may represent conformational changes in individual sub-
units that are stable enough to have measurable lifetimes.
Open and closed states may represent all six subunits in
open or closed conformations, respectively. Conversely, fast
Vi gating may involve conformational changes in subunits
that are too fast to resolve individually or conformational
changes initiated in a single connexin molecule that lead to
rapid closure [55]. A “cork” model has also been proposed
for fast Vj gating in which one calmodulin molecule inter-
acting with single connexin molecule transfers a channel to
the residual state [56].

We should point out that the residual conductance state is
only one substate among a number that have been observed
both in insect and mammalian GJ channels. However, the
residual conductance state is distinguished by its frequent
occurrence and its long dwell times, both of which increase
with V;.

Studies using EGFP attached to the carboxy terminus of
Cx43 provided additional evidence for two gating mecha-
nisms and a molecular distinction between them. In Cx43-
EGFP channels, there is a selective disruption of fast V;
gating leaving slow Vj-gating intact [32]. Whereas a single
Cx43 channel exhibits gating between open and residual
states (Fig. 5A), a single Cx43-EGFP channel gates only
between open and closed states (Fig. 5B). In heterotypic
Cx43/Cx43-EGFP channels, V; gating is asymmetric with
only slow V; gating observed for ;s relatively negative on
the Cx43-EGFP side and both fast (see dashed lines) and
slow (they were rare and not present in this example) V;
gating for Vjs relatively negative on the wtCx43 side (Fig.
5C). Thus, both forms of V; gating segregate with the
corresponding hemichannels consistent with their being
hemichannel properties. The ¥ polarity that closes both fast
and slow F; gates in Cx43 hemichannels is that which is
relatively negative on the cytoplasmic side.

2.1.3. Permselectivity of the residual state

Oh et al. [57] demonstrated that although the open
channel current of Cx32 is linear with Fj, the residual state
rectifies such that current increases when the closed hemi-
channel is made relatively more negative. They concluded
that this observation is consistent with an increase in the
electrostatic effect of a positive charge positioned at the
cytoplasmic vestibule of the gated hemichannel. We exam-
ined whether the residual state of the Cx43 channel also
exhibits rectification. Furthermore, we extended these stud-
ies to examine whether the Cx43 channel in the residual
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Fig. 5. Voltage gating of wild-type Cx43 differs from that of Cx43-EGFP. (A—B) Single GJ channel gating transitions at /;=50 mV for Cx43 (left) and at
V;=80 mV for Cx43-EGFP (right) expressed in HeLa cells. For Cx43, gating transitions are between open (solid line) and residual (dashed line) conductance
states; full closures (not shown) occurred but were infrequent. For Cx43-EGFP, gating transitions are only between open and fully closed states. (C)
Asymmetric ¥ gating in heterotypic Cx43/Cx43-EGFP junctions. Shown are currents recorded from a cell pair containing two functional channels in response
toa £ 100-mV ramp and + 80-mV V] steps applied to the HeLaCx43-EGFP cell. For the — 80-mV V; step, only gating transitions of ~ 110 pS between open
and closed states are observed, whereas for the +80-mV 7 step, gating transitions of ~ 85 pS occur between open and residual states (dashed lines). Adapted

from Ref. [51].

state represents a narrowed pore and whether there is a
change in the charge selectivity compared to the open state.
It is well established that open Cx43 channels are poorly
charge selective, exhibiting permeability to both mono- and
divalent negatively and positively charged dyes [2,58—61].
We found that Cx43-EGFP channels are also permeable to
all these dyes, indicating that attachment of EGFP to the C-
terminus does not alter Cx43 selectivity. In addition, we
demonstrated that Cx43-EGFP channels are permeable to
APTS (8-aminopyrene-1,3,6-trisulfonic acid, trisodium salt;
MW 523 Da), which has three negative charges (Fig. 6).
However, not all GJ channels show poor charge selectivity
like Cx43. Cx32 channels are preferentially permeable to
negatively charged dyes, whereas Cx46 channels are pref-
erentially permeable to positively charged dyes [61].

To explore the permeability of the residual state of Cx43
GJs to dyes, we used the V; ‘window’ between 60 and 90
mV at which most channels close to the residual state via the
fast gate (see Figs. 2 and 3). Also, we modified the
traditional dual whole cell voltage clamp protocol in cell
pairs by adding a third pipette to load one cell with dye
when GJ channels were in the residual state. Fig. 7A shows
a phase-contrast image of a cell pair with three pipettes
outlined by dashed lines. After gigohm seals were formed
with all three pipettes, whole-cell recordings were estab-
lished with pipettes 1 and 2. Both pipettes were held at a
common voltage to maintain ;=0 mV. A g; of 43 nS,
corresponding to ~ 390 open channels, was measured by
applying repeated small, brief V; steps. A long-duration 90-
mV V; step was then applied to cell 2 (Fig. 7D). Given the

polarity of closure of the fast V; gate in Cx43 hemichannels,
this V; step would tend to close the Cx43 hemichannels in
cell 1. Upon reaching the steady-state residual current, the
patch in the third patch pipette (attached to cell 1) filled with
Alexa Fluor was ruptured to initiate dye loading (solid
arrow). Fluorescent image taken 15 s after the start of dye
loading is shown in Fig. 7B. The time courses of the
fluorescence changes in both cells are plotted in Fig. 7C.
Fluorescence intensity rapidly rose in cell 1 after opening
the dye-filled patch pipette, but almost no fluorescence was
detected in cell 2. V; was such that cell 2 was relatively
positive which would assist transfer of the negatively
charged Alexa Fluor. Upon removal of V; (dashed arrow),
conductance rapidly recovered as channels fully opened and
fluorescence immediately started to rise in cell 2 concom-
itant with a decrease in cell 1. These results are indicative of
rapid flux of dye from cell 1 into cell 2 in the absence of V;.
A second depolarization of cell 2 by 90 mV again halted dye
flux into cell 2; the decrease in fluorescence in cell 2 is
likely due to dye loss into the patch pipette.

These data show that the high permeability of open Cx43
channels to Alexa Fluor is virtually abolished (or reduced
below detection) in the residual state. Intercellular flux of
Alexa Fluor was affected much more than predicted by the
change in conductance. We obtained similar results by
examining cell—cell transfer of the positively charged dye,
ethidium bromide. No transfer of ethidium bromide was
detected in well-coupled cell pairs with channels in the
residual state, whereas dye transfer was evident in the
absence of V; (for details see Fig. 8 in Ref. [62]).
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Fig. 6. Cx43-EGFP channels are permeable to negatively (Alexa fluor" =, Lucifer yellow®> =), APTS® =) and positively (Ethidium bromide'™, DAPI®" and
propidium iodide®") charged dyes. In all examples shown, the HelaCx43-EGFP cell pairs demonstrated at least one junctional plaque in the region of cell—cell
contact. In all cases, the cell designated as cell 1 was patched with pipette containing dye. Images were recorded ~ 10 min after establishing a whole cell
recording in cell 1. After allowing ~ 10 min for dye transfer, electrical cell—cell coupling was evaluated by establishing a whole-cell recording in cell 2 with
the second pipette. All the cell pairs shown responded to heptanol (2 mM) treatment with uncoupling, which indicates that GJs and not cytoplasmic bridges

were responsible for the dye transfer.

We also demonstrated that the /—J relation of an open
Cx43 channel is linear while that of the residual state
shows rectification with 7y, decreasing as F;j is made
increasingly positive on the side of gated hemichannel.
Based on modeling studies performed with Poisson—
Nernst—Plank (PNP) theory [63], we suggested that the
rectification of the residual state can be explained by
introduction of positive charge in the pore. Fitting exper-
imental data to the model suggested that the positive
charge is most likely located close to the cytoplasmic
vestibule of the gated hemichannel as proposed for Cx32
in Ref. [57]. To assess selectivity, we substituted either
K" with TEA" or Cl~ with Aspartate” in patch pipettes.
These substitutions resulted in a substantial reduction
Yopen and can be explained if both K" and Cl™ contribute
substantially to the current flowing through the open
channel, consistent with our previous studies using meas-
urements of FE., in KCl gradients that showed no
appreciable selectivity between monovalent inorganic ions
on the basis of charge [64]. The same substitutions had
substantially different effects on 7y, and we found that
closure to the residual state converts Cx43 from being
nonselective to being preferentially selective for anions
[62].

Although the introduction of charge can explain the
appearance of rectification and change in charge selectiv-
ity, it cannot obviously explain the small conductance of
the gated channel, which is ~ 5 times smaller than that of
the open state, or the apparent impermeability to fluores-
cent dyes. Thus, the conformational change associated
with fast V; gating to the residual state must also lead to
a significant narrowing of the channel pore, which sub-
stantially decreases conductance and reduces the cutoff
size for permeant molecules. Our data indicate that mol-
ecules similar in size to fluorescent dyes ( ~ 400 Da)
would be excluded. A similar conclusion was made based
on dye and cAMP transfer studies performed in Xenopus
oocytes expressing Cx43 or Cx46 [65]. Consequently, the
fast V; gating mechanism can serve as a ‘selectivity filter
that preserves electrical cell—cell communication but limits
the communication of metabolic or biological signaling
molecules’.

2.1.4. What is known about molecular mechanisms of fast V;
gating?

Mutational studies of Cx26 and Cx32 demonstrated that
the gating polarity of the fast gating mechanism is gov-
erned by charged residues in the N-terminal domain
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Fig. 7. Intercellular transfer of Alexa Fluor, a negatively charged dye, is restricted when channels are in the residual state. (A and B) Phase-contrast (A) and
fluorescence (B) images showing a Novikoff cell pair in which dye transfer and electrical coupling were examined in open and residual states. Locations of
pipettes 1 and 2 used for dual whole-cell recording and pipette 3 used for loading cell 1 with dye are indicated. RI-1, RI-2, and RI-3 are regions of interest from
which fluorescence intensities were measured over time. Fluorescence intensities in the cells (RI-1 and RI-2) were calculated by subtracting the background
fluorescence (RI-3). (C) Plot of normalized fluorescence intensity (FI) in cell 1 and cell 2 over time. A ¥ of +90 mV was imposed causing a decline in /; to the
residual conductance. Opening the patch in pipette 3 at steady state of gj (see solid arrow) causes FI in cell 1 to rise. FI in cell 2 shows no change during the
time when channels mainly reside in the residual state. Upon reopening channels by removal of V; (see dashed arrow), FI begins to rise immediately in cell 2
and reaches ~ 14% of the maximum within 60 s. Imposition of ¥; a second time caused an immediate decline in FI in cell 2 due to loss of transfer from cell 1
and dialysis with patch pipette 2. (D) Records of /; and ¥, over time corresponding to fluorescence plot in (C). The ¥ of +90 mV imposed by stepping the
voltage in cell 2 caused gj to decline from 43 nS to a steady-state value of ~ 10 nS. Between the +90-mV F; steps, small repeated + 10-mV V; steps were
applied to cell 2 to measure gj. /; recovered rapidly upon removal of the Vj step, indicating that mainly the fast gate was operating. Adapted from Ref. [62].

[66,67] and that this polarity could be reversed indepen-
dent of the slow gating mechanism [55]. In cell—cell
channels, modifications of Cx43, including deletion of
the CT domain [43] or attachment of aequorin or EGFP
to CT [32,68], selectively abolishes fast V; gating, leaving
the slow gating mechanism intact. In addition, it was
proposed that the fast V; gate initiates a kink of the second
transmembrane domain that narrows the pore at the cyto-
plasmic end [66]. Studies show that positive charges
positioned near the cytoplasmic ends of Cx32 and Cx43
channels can explain current rectification in the residual
state and selectivity properties [55,62]. These data are
consistent with a mechanism proposed for fast V; gating
which suggest that the Vj sensor is composed of a charge
complex located in the N-terminus whose net charge can

be of either sign, and whose movement towards the
channel pore is associated with hemichannel closure to
the residual state [55]. To date, the data support the view
that the sensor/gate complex of the fast V; gate is located
at the cytoplasmic end of each hemichannel.

2.1.5. V; gating of heterotypic GJ channels

Heterotypic channels are composed of docked hemi-
channels that differ in connexin composition. The compo-
nent hemichannels can have substantially different open
and residual state conductances. Although single open
channel I —V relations of homotypic channels are usually
linear, asymmetry in structure of heterotypic channels
frequently is accompanied by a rectifying /—V relation
[48,67,69].
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Fig. 8. Cx32-CFP and Cx43-EGFP form heterotypic junctions visible as
large junctional plaques. (A) A phase-contrast image of HeLa cells
expressing Cx43-EGFP (on top of white line) and Cx32-CFP (below white
line). (B) A color overlay of fluorescence images of HeLaCx32-CFP shown
in green and HeLaCx43-EGFP cells shown in red. The arrows indicate
heterotypic junctional plaques (yellow regions).

Only some combinations of connexins appear to be
capable of forming functional heterotypic channels. Com-
patibility among different connexins was intensively studied
in oocytes [37,40,70] as well as in mammalian [48,71-73]
and insect cell lines [74]. There are 190 possible types of
heterotypic channels that can be formed from the 20 Cx
isoforms and only a fraction of them has been examined for
compatibility. Several Cx isoforms do not appear to function
as homotypic channels, e.g., Cx31.1 and Cx29, but it is not
clear whether they function as heterotypic channels when
paired with other Cxs. For example, Cx29 when co-
expressed with Cx32 has been reported to form functional
heteromeric channels [75].

Functionally incompatible connexins may actually be
structurally compatible in their ability to dock and cluster
into junctional plaques, but unable to open. For example,
it was reported that Cx32 and Cx43 do not form
functional heterotypic channels when expressed in
oocytes [40]. However, when examining co-cultures of
HeLaCx32-CFP and HeLaCx43-EGFP expressing cells,
we found large Cx32-CFP/Cx43-EGFP junctional plaques
(Fig. 8); functional coupling of these cell pairs has not
yet been examined. Asymmetry in gating in heterotypic
junctions allows examination of gating polarity, a prop-
erty obscured by the symmetric nature of gating in
homotypic channels. The polarity of slow V; gating
appears to be negative in all connexins examined thus

far, which includes Cx32, Cx43, Cx45, Cx46 and Cx50
[55,61,76], and may be a conserved property among
connexins. We believe that the slow Vj gating mechanism
is largely responsible for maintaining undocked or unap-
posed hemichannels closed at physiological resting poten-
tials. The gating polarity of the fast V; gate is Cx type-
dependent. For example, the gating polarity of the fast
gate of Cx37, Cx40, Cx46 and Cx50 is positive, while
in Cx32, Cx43 and Cx45 is negative (for review see
Refs. [9,35]).

To study gating mechanisms of heterotypic channels,
we used the Cx45/Cx43-EGFP channel because an ab-
sence of the fast V; gate in the Cx43-EGFP hemichannel
significantly simplifies data interpretation. Homotypic
Cx45 junctions show a steep decline in gj about V;=0
that reaches a minimum at =50 mV and then a slight
increase at increasingly larger Vjs (see inset in Fig. 9A).
Our studies show that in Cx45/Cx43-EGFP heterotypic
junctions, steady-state gj—7¥; dependence is highly asym-
metric (see Fig. 9B). There is a steep decline in gj at Vjs
positive to the Cx43-EGFP side up to ~ 50 mV, and then
a slight increase at larger Vjs (see inset), as seen for either
polarity of V; in homotypic Cx45 junctions. For Vjs
negative on the Cx43-EGFP side, gj increases to reach a
peak at ~ —30 mV, and then decreases. Single channel
studies show that the Cx45 hemichannel is largely respon-
sible for the changes in g; between the maximum at
Vi=—30 mV and the minimum at };=+50 mV, and gating
is predominantly via the slow V; gating mechanism (Fig.
9C and D). Over this Vj range, the fast V; gate in the Cx45
hemichannel stays open. At larger Vjs positive to the
Cx43-EGFP side, fast Vj gating to the residual state in
the Cx45 hemichannel can be seen to occur (Fig. 9D).
Closure of the fast V; gate at these larger Vjs reduces V;j at
the slow gate, which tends to keep it open and gives rise
to the secondary increase in gj (see insert in Fig. 9B). At
small negative Vjs on the Cx43-EGFP side, channels open
with slow opening transitions (an example is shown in
Fig. 9C), which underlies the increase in gj towards the
peak observed macroscopically. These data indicate that at
Vi=0 mV, a substantial fraction ( ~ 1/3 in this case) of
Cx45/Cx43-EGFP channels are closed by the slow V; gate
in the Cx45 hemichannel; both the fast V; gate in the
Cx45 hemichannel and the slow F; gate in the Cx43-
EGFP hemichannel are open. The slow gate of Cx43-
EGFP hemichannel begins to close only at larger Vs,
negative to the Cx43-EGFP side, resulting into a decrease
in macroscopic gj. The low V; gating sensitivity of Cx43-
EGFP hemichannel is explained by the small fraction of V;
that it sees; the Cx43-EGFP hemichannel has a ~ 3.5-fold
higher conductance compared to the Cx45 hemichannel.
This factor would virtually reduce V; sensitivity of Cx43
hemichannel and increase V; sensitivity of Cx45 hemi-
channel, and explains a higher V; sensitivity of Cx45 when
incorporated into a Cx43/Cx43-EGFP channel (see right
shoulder of g;—V; plot in Fig. 9B) when compared with
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Fig. 9. Asymmetric ; gating in heterotypic Cx45/Cx43-EGFP junctions.
(A) Pooled data of normalized steady-state gj ( Gj) vs. Vj measured in 15
homotypic HeLaCx45 cell pairs. The solid line is a fit of all of the data
points to a contingent gating model containing one gate per hemichannel
with parameters 4=0.3 mV~ ' and ¥,=8.9 mV for negative Vi, and
A=0.17mV~ ' and ¥,=7.5 mV [76]. The value of gj reaches a minimum at
+ 60 mV and then increases at higher Vs (inset; the solid line is a regression
line of the first order). (B) Normalized gj—/; relation of a Cx45/Cx43-
EGFP heterotypic junction. Data were pooled from 14 cell pairs. The thin
black line is a fit of all data points to a four-state contingent gating model
with one gate in each hemichannel (open and dotted circles). The
parameters are 4=0.18 mV~ ' and ¥,=1 mV for the Cx45 hemichannel
and A=0.03 mV~ ! and ¥,=26 mV for the Cx43-EGFP hemichannel. The
thick gray line is a fit of the data points indicated by dotted circles to a four-
state contingent gating model of the channel containing fast and slow gates
only in the Cx45 hemichannel. The parameters are 4=0.27 mV~ ' and
Vo=3 mV for the slow gate and A=0.46 mV "~ Vand ¥,=10 mV for the fast
gate. An expanded view (inset) demonstrates that the contingent model can
explain the secondary increase in gj at large Vjs [76]. (C) Example of
opening of Cx45/Cx43-EGFP channels during a Vj step of —60 mV
applied to the Cx43-EGFP cell. Gating transitions are slow and between
open and closed states. During a subsequent ¥ step of +60 mV, channels
close completely with a short latency. (D) During V; steps of 90 mV
negative on Cx43-EGFP side, Cx45/Cx43-EGFP channels gate between the
open state with a conductance of ~ 55 pS and the fully closed state. During
positive Vj steps, the channel gates to the residual state (see arrow and
dashed line) or to the closed state (second and third positive steps). (E) An
example of asymmetric V;j gating in a Schwann/Fibroblast cell pair in
response to Vj steps of & 50 mV. Adapted from Ref. [76].

gi—V; dependence of a homotypic Cx45 channel (see Fig.
9A). The asymmetry described here resembles that found
in junctions formed between fibroblasts and Schwann cells
isolated from sciatic nerve of 1-day-old neonatal rats (Fig.
9E), suggesting that Cx45/Cx43 junctions may form in
vivo [77].

Modeling studies, based on the contingent gating
model of the channel containing fast and slow V; gates
in series, showed that the slow gate in the Cx45 hemi-
channel would be largely responsible for closure of Cx45/
Cx45 or Cx45/Cx43-EGFP channels at V;=0 [76]. As-
suming that both hemichannels operate independently,
~ 50% of Cx45/Cx45 channels and ~ 30% of Cx45/
Cx43-EGFP channels should be closed at V;=0 mV.
Modeling studies also show that pairing hemichannels
differing in unitary conductance should reduce the V;
sensitivity of the hemichannel with higher conductance
and vice versa, and this can shift g;—V; dependence so
substantially to give the appearance that pairing induces
novel gating properties [43,78].

2.1.6. Signal transfer asymmetry in heterotypic junctions
We examined electrical cell—cell coupling in HeLaCx45/
HeLaCx43-EGFP cell pairs by voltage clamping one cell
and current clamping the other. Fig. 10A and B illustrates
an experiment in which the voltage in the HeLaCx43-EGFP
cell was clamped to a holding potential (7},;) of 0 mV and to
which repeated (3 Hz) positive or negative voltage steps (30
ms in duration and 100 mV in amplitude) were applied.
Prior to the record, the holding current in the HeLaCx45
cell was set to keep the holding potential, V5, at ~ +5 mV.
During application of — 100-mV pulses to the Cx43-EGFP
cell, the response in the Cx45 cell reached ~ — 60 mV,
giving a coupling coefficient for the pulses, k1, _=V>/V;
of ~ 0.6. When positive pulses were applied the Cx43-
EGFP cell, the initial response in the Cx45 cell was about
20 mV, but diminished over several seconds to reach a
steady-state value of ~ 10 mV resulting in &y , =~ 0.1.
The ratio of coupling coefficients for positive and negative
Vi, ki_2, +/ky_», _, which we defined as the electrical cou-
pling asymmetry coefficient, Kysym= ~ 0.17. When the
holding current in the Cx45 cell was made more negative
( ~ 19th s on time scale in Fig. 10A), the initial response in
the Cx45 cell for — 100-mV steps applied to the Cx43-
EGFP cell increased from an initial value ~ 20 mV to
reach of ~ 60 mV superimposed on the steady voltage.
When positive pulses were applied to the Cx43-EGFP cell,
the responses in the Cx45 cell rapidly decreased to about
~ 3 mV, so that K,sym, =0.05. These data demonstrate that a
small difference between holding potentials of two cells,
AVih="Vh1 — Vi, can strongly influence the asymmetry of
electrical coupling. Fig. 10C shows a summary of the data
illustrating K,m dependence on AVj, measured in seven
HeLaCx45/HeLaCx43-EGFP cell pairs when either the
Cx43-EGFP cell (solid circles) or the Cx45 cell (open
circles) was pulsed. AVj, strongly affected electrical cou-
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Fig. 10. Asymmetry of electrical coupling mediated by heterotypic Cx45/Cx43-EGFP junctions. (A) The HeLaCx43-EGFP cell (V) was voltage-clamped to
positive or negative 100-mV, 30-ms rectangular pulses at 3 Hz from a holding potential of 0 mV. The HeLaCx45 cell (V3) was current-clamped, and the steady-
state holding potential was varied from ~ 5 mV (0-20 s) to ~ —8 mV (20-62 s). Electrical coupling was much greater for negative pulses and coupling
asymmetry increased by making the Cx45 side more negative. (B) Schematic of a cell pair; voltage steps were applied to HelaCx43-EGFP cell. (C) Pooled data
of the electrical coupling asymmetry coefficient, Kysym, vs. AVj, measured in seven Cx45/Cx43-EGFP cell pairs. Filled and open circles correspond to
experiments in which the Cx43-EGFP or Cx45 cell was voltage-clamped and stepped, respectively. Solid line shows data fit to sigmoid function,
Kasym=A/(1 +exp(b(AVjy, — AViyo))), with parameters 4=0.9338, h=0.24 mV~ ! AVjpo=—6.4 mV. Adapted from Ref. [76].

pling asymmetry. K,sm varied from near 1 (almost no
asymmetry) when the Cx45 cell was more positive and
close to 0 (maximal asymmetry) when the Cx45 cell was
more negative.

In summary, these data in conjunction with gating
properties of Cx45/Cx43-EGFP junctions shown in Fig. 9
demonstrate that asymmetry of electrical coupling largely is
due to the slow gating mechanism of Cx45 (for more details
see Ref. [76]). Moreover, in response to voltage steps
comparable in amplitude to action potentials, the slow gate
can operate relatively quickly. It is important to point out
that small variations in AVj, of &= 10 mV around zero very
effectively modulate the degree of asymmetry and at
AVijp=~ 10—15 mV positive on the Cx43-EGFP side,
electrical coupling is almost unidirectional. Thus, a synapse
with Cx45 on the presynaptic side and Cx43 on the
postsynaptic side could be highly rectifying. We also
observed markedly asymmetric electrical signaling in
Cx45/Cx47 and Cx45/Cx31 heterotypic junctions (our un-
published data). Electrical transmission at synapses using
this mechanism would differ from known electrical synap-
ses that are involved in escape systems, where the rectifi-
cation is very rapid ( ~ 0.1 ms, [79—81]), and presumably is

due to single channel rectification as seen in Cx26/Cx32
junctions [48,57]. It is interesting that all rectifying electrical
synapses examined thus far demonstrate that the presynaptic
side is more hyperpolarized by ~ 10—15 mV compared to
the postsynaptic side [82—84]. Fast rectification can further
increase asymmetry of electrical signaling. Data from sev-
eral laboratories have shown that heterotypic junctions
possess fast and slow forms of rectification. Fast rectifica-
tion is a property of open channel conductance and is
virtually instantaneous [43,48,57,70,85,86]. Slow rectifica-
tion is a property of Vj gating and is determined by differ-
ences in V; gating sensitivities and polarities of component
hemichannels [37,40,67,87,88]. Both forms of rectification
determine asymmetry of transjunctional signaling that, in
extreme cases, can be unidirectional [76].

Rectifying heterotypic junctions similar to Cx45/Cx43 is
possible between oligodendrocytes and astrocytes [89],
Schwann cells and fibroblasts [77], and cells of the con-
ductive system of the heart and atrial and ventricular
myocytes [90]. Cardiac action potentials are long enough
to alter coupling at the asymmetric junctions, and may play
a role in coupling asymmetry between cells of conductive
and working myocardium.
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Fig. 11. V}, and chemical gating in C6/9 cell pairs. (A) Shown is an example of V;, gating. Both cells were clamped to the same V7, (— 35 mV) and a test pulse
of 15 mV was applied repeatedly (1 Hz) to cell 2 to assay /; (upward deflections in current record of cell 1, /;). A hyperpolarizing step of — 50 mV has no effect
on /;, while the depolarizing step of +80 mV produces a reversible decrease in gy down to ~ 0. (B) Summarized gj— V; plot (normalized) measured in eight cell
pairs. The continuous curve is a fit of the data to the Boltzmann equation. (C) Example of V., dependence of gj at the single channel level. Shown are /; records
obtained by using the double whole cell patch clamp method. V;,, was imposed by applying equal and simultaneous polarizations to both cells. V; was held
constant throughout at — 15 mV. At Vs in cell 1 of — 60, — 35 and — 10 mV, the channel gates between 7oy, indicated by level O, and )y (dashed line, R).
Depolarization from — 60 to — 10 mV decreases the relative time spent in yopeq. Further depolarization to +15 mV causes the channel to close, indicated by
level C. At +60 mV the channel resides only in closed state. The transition to closed state has an apparently slow time course and is ascribed to ¥, gating.
Transitions between )qpen and Yy are rapid and are ascribed to V; gating. (D—E) Effect of heptanol on the gj— V4, relationship. (D) Exposure to 1 mM heptanol
leads to a gradual decline in /;. A conditioning pulse from — 35 to — 85 mV increases /, while a conditioning pulse to — 10 mV led to complete uncoupling.
(E) Time course of gj— V;,, dependencies measured at different time intervals of C6/36 cell pair treatment with heptanol. /;, gating was measured under control
perfusion (open circles) and 23 (filled circles), 3—4 (filled squares) and 4—5 min (filled triangles) under heptanol perfusion. Washout from heptanol returns
the gj— ¥y, curve close to that obtained under control conditions. Adapted from [46,52].
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2.2. V,-sensitive gating

Sensitivity to V; is widespread among GJs in vertebrates
and invertebrates, whereas sensitivity to V,, is less frequent
in vertebrates. V;,, dependence was first described in Chiro-
nomus salivary glands [10]. Equal and simultaneous hyper-
polarization of both cells caused gj to increase to a
maximum, whereas depolarization caused g; to decrease
virtually to zero. Subsequently it was shown that junctions
in salivary glands of the fruit fly Drosophila melanogaster
[11] and insect cell lines of 4. albopictus (clone C6/36) [12]
and Spodaptera frugiperda (clone Sf9) [74] showed a
sigmoidal gj—V, relation that exhibited a strong decrease
in g; with depolarization of both cells of a cell pair (see Fig.
11A and B). Unlike reported in Chironomus, Gls in D.
melanogaster, A. albopictus and S. frugiperda also exhibit
V; dependence.

Evidence suggesting that V,, dependence differs mecha-
nistically from ¥; dependence comes from single channel
studies in Aedes cells [46]. Shown in Fig. 11C are records
from an Aedes cell pair in which there appeared to be only
one active channel. With an imposed Vj, the channel gates
mainly between the yopen and 7r.. However, if the same V is
maintained and both cells depolarized equally, then transi-
tions to a fully closed state increase in frequency. Residence
times in the closed state are prolonged with further depo-
larization of both cells, indicating that the transitions asso-
ciated with closed state are due to V. The transitions
between yopen OF Jres and the closed state are slow and
unlike the fast transitions associated with the fast V; gating
mechanism. This behavior is very similar to that observed
during chemical gating [52] and in Cx46 hemichannels at
inside negative voltages [26]. The resemblance of these
‘slow’ or multistep current transitions to the ‘formation’
currents observed during de novo channel opening [46]
suggests that these gating mechanisms may be related and
may represent conformational changes associated with the
extracellular loops of the connexins. The differences in the
steady-state and kinetic properties of gating by V,, and V;
suggest that they induce activation of different gating
mechanisms. However, there appears to be an interaction
between these two voltage gating mechanisms, because the
dwell times in Ypen and 7y, at the same Vj, change with V;,
[11]. Even more evident is an interaction between V,, and
chemical gating. In cells demonstrating strong V,,, depen-
dence, uncoupling by the potent chemical uncouplers, such
as long-chain alkanols, arachidonic acid, low pH;, and high
[Ca®"];, can be enhanced or rescued by depolarizing or
hyperpolarizing Vs, respectively (Fig. 11D and E; see also
Refs. [10,52]). These data suggest that chemical- and
voltage-sensitive slow gating mechanisms interact and
may share common structural elements.

Vm dependence is also a property of GJs formed of some
connexins. GJ channels formed of Cx57 [91] and Cx45 [92]
demonstrate gj—V;,, dependence but to a less extent than GJs
of invertebrates. We examined V,,, gating in Cx47 and Cx47-

EGFP as well as Cx43 and Cx43-EGFP GJs expressed in
HelLa cells and none of them exhibited measurable V,
dependence. Presumably, the extent of V,, gating varies
among different Cxs as well as expression systems, i.c.,
Cx43 expressed in Xenopus oocytes shows quite well
expressed V, sensitivity [93].

3. Chemical gating

Chemical agents that reduce coupling usually do not
leave a residual conductance and their effect is readily
reversible. Chemical gating can also include indirect action
of a chemical agent via an intermediary that modifies the
channel leading to gating. Evolutionary aspects of chemical
gating mechanisms are presented in detail in Dr. Peracchia’s
article of this issue. There are a number of chemical agents
that uncouple cells completely, such as long-chain alkanols,
local anesthetics, acidifiers and, more recently, glycerrhe-
tinic acid derivatives and quinine (for reviews see Ref. [9]).
Low pH closes most GJ channels and may serve as a
mechanism to limit the spread of injury from damaged to
normal tissue. It was shown that low pH produces full
uncoupling of Cx43 and Cx45 GJ channels by inducing
slow gating transitions between open and closed states
[50,94]. All GJ channels display chemical gating, which
shares several features in common with slow Vj- or Vp,-
sensitive gating, i.e., gj is reduced to zero and channels close
fully with slow, stepwise transitions. The slow kinetics of
the chemical gate may reflect complex conformational
changes that require the participation of all six connexins
of a hemichannel (connexon) or all 12 connexins of the full
cell—cell channel. The gating activity of individual connex-
ins is probably fast, but may not always be synchronous and
this may result in the appearance that transitions between
open and closed states are slow or consist of a series of
resolvable transient sub-transitions.

Do we know anything about the molecular mechanisms
of any of the chemical uncouplers? The most studied
mechanism of chemical uncoupling is the one that occurs
by cytoplasmic acidification. In Trexler et al. [95], we used
fast solution switching ( ~ 1 ms) to demonstrate that pH
acts directly on hemichannels rather than indirectly through
soluble intermediates. Studies of channels and unapposed
hemichannels exhibited two effects of low cytoplasmic pH.
Short exposures to a low cytoplasmic pH produce rapid and
completely reversible reductions in conductance. Longer
acidifications lead to reduced gj and to complete recovery
[95]. Hemichannel studies with a rapid application of low
pH showed that the onset of the decrease in current with
acidification has no detectable latency consistent with direct
action of protons on the connexin (Fig. 12A), most likely by
direct titration of His or Cys residues. Longer low pH
exposures produced increasingly incomplete recoveries
[95]. These data support direct action of H" on the connexin
itself. It may be that initial titration of a residue leads to a
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Fig. 12. Rapid effect of pH-induced closure in hemichannels indicates direct action of H' on connexins. (A) An inside-out patch containing a single Cx46
hemichannel was subjected to repeated applications of pH 6.0 (region within the rectangle). Membrane potential was held at — 30 mV; hemichannel openings
are downward deflections in current. Summation of similar currents from >100 traces obtained from a total of five separate patches shows no measurable delay
between pH 6.0 application and the decrease in current. (B) Ensemble currents show a second effect of pH that is sensitive to the duration of acidification.
Ensemble currents from multiple patches were normalized to the average prior to acidification. Recovery from 1- and 2-s applications was nearly 100%,
whereas recovery from 5-s applications was only ~ 80%. Longer exposures further reduced degree of recovery. The same phenomenon was observed in cell—

cell channels. Adapted from Ref. [95].

closed conformation, i.e., gating, that exposes secondary
sites, which by acting with slow kinetics lead to a “closed”
conformation that is locked. The H" binding that initiates
the gating effect of pH was deduced to be on the cytoplas-
mic side of the hemichannel, presumably near the entrance
to the pore [95]. Several studies of cell—cell channels
performed in Xenopus oocytes have proposed involvement
of residues in the CL and carboxy terminus in the pH gating
[96-99]. The carboxy terminus has been proposed to

behave like a gating particle that, when titrated, binds to a
receptor domain that leads to channel closure [100]. Wang et
al. [101] demonstrated that replacing CL of Cx32 with CL
of Cx38 increased pH-gating sensitivity to that of Cx38
channels, suggesting that CL is important in pH-sensitive
gating. Although it was shown that much of the CT of Cx32
is irrelevant for pH gating because deletion of ~ 85% of
CT does not affect kinetics of an uncoupling, the initial
segment of CT significantly modulated pH gating sensitivity
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of Cx32 channels [102,103]. Replacing five positively
charged arginines (R215, R219, R220, R223 and R224)
either with polar residues (N or T), histidine (H) or glutamic
acid (E) greatly increased the sensitivity of Cx32 channels
to intracellular acidification induced by application of CO,.
Interestingly, the initial segment of CT has been identified
as a CaM binding domain [104] and its basic residues would
be expected to be relevant for interaction with CaM, which
can plug the channel mouth [56].

Since the longer-term mechanisms of closure of gap
channels by chemical agents may involve perturbation of
inter-channel and/or lipid—connexin interactions [105], use
of GFP-tagged connexins has been useful in examining
whether prolonged exposure to uncoupling agents causes
measurable changes in fluorescence intensity or in the size
and shape of junctional plaques. Thus far, exposure to
acidification, alkanols or anesthetics under conditions that
cause uncoupling has not shown disruption of plaques or
any gross changes in fluorescence distribution visible by
fluorescence microscopy [51]. These results indicate that
chemical uncoupling, even when long-term and not readily
reversible, does not act by dispersing channels within a
plaque or by gross disruption of packing.

4. Summary

A schematic presentation of our current view of gating
mechanisms of GJ channels is illustrated in Fig. 13. GJ

A V; gating

s s

V., chemical &
"formation" gating

- —

Fig. 13. Schematics of a Cx43 gap junction channel containing fast (arrow
with circle) and slow (arrow with square) gates. (A) Vj initiates gating
mediated by both fast and slow gating mechanisms. (B) ¥, and chemical
uncouplers initiate gating mediated by the slow gating mechanism in both
hemichannels. Gating transitions measured during the first channel opening
during de novo channel formation are also slow and stepwise resembling
gating transitions induced by V;, and chemical uncouplers.

channels contain fast and slow gates, both of which are
sensitive to Vj [51]. The fast V; gate (arrows with circle)
exhibits fast gating transitions ( ~ 1 ms) to the residual
state, and the slow V; gate (arrows with square) exhibits
slow gating transitions ( ~ 10 ms) to the fully closed state.
The finding that single amino acid mutations in N-terminus
can reverse gating polarity of the fast Jj gating mechanism
without affecting the behavior of the slow V; gating mech-
anism [55], as well as a loss of the fast V; gating in Cx43-
Aequorin and Cx43-GFP fusion proteins [32,68] or after
deletion of CT [42,106], provides evidence that fast and
slow V; gating mechanisms are molecularly distinct. These
data suggest that the fast Vj gate is located at the cytoplasmic
entrance of hemichannels. In addition, current flowing
through open Cx32 and Cx43 channels is linear with Vj,
but rectifies when these channels are in the residual state
[57,62]. Rectification could be explained by narrowing of
the cytoplasmic entrance that effectively increases the elec-
trostatic influence of positive charges located there [57].
Mutations of a proline in TM2 conserved among all con-
nexins were shown to strongly affect V; gating [107], and in
Cx32 this proline was shown to behave in a manner
consistent with a proline kink motif [66]. The conforma-
tional changes in TM2 may, in turn, cause narrowing at the
cytoplasmic ends of the channel. Fast V; gating to the
residual state in Cx43 channel makes the pore more an-
ion-selective and appears to cause significant narrowing as
evidenced by a substantial decrease in unitary conductance
and a reduction in the cutoff size for permeant dye mole-
cules [62,65].

The slow Fj or ‘loop’ gate as well as the gate(s) operated
by chemical uncoupling agents all exhibit slow gating
transitions and may represent one in the same gate. Such
a putative ‘common gate’ may be located towards the center
of a cell—cell channel, or towards the extracellular end of an
unapposed hemichannel. Pfahnl and Dahl [108], based on
cysteine scanning studies, suggested that in Cx46 hemi-
channels the ‘loop’ gate is located extracellular to position
L35, which is in TM2. We suggest that this common slow
gating element can be triggered by different sensorial
elements located in different regions of the connexin. This
hypothesis is supported by data showing that uncoupling
induced by long-chain alkanols, arachidonic acid, high
[Ca®"];, or [H']; can be reversed by hyperpolarization in
cells that demonstrate V},-sensitive gating [10,52].

During the last several years, the two gating mechanism
hypothesis has received support from studies of a number of
different Cxs performed in different laboratories [42,43,54,
55,109,110]. It is now evident that not only cell—cell
channels but also unapposed hemichannels contain two
gating mechanisms [26,55]. The two gating mechanisms
interact in a manner consistent with contingent gating of
two series gates in each hemichannel. Although experimen-
tal data can be explained having two distinct gates interact-
ing through their effect on the electric field inside the
channel, it cannot rule out interactions that may occur
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through an allosteric mechanism or through sharing of
molecular components.

GJ channels formed from different Cx isoforms vary
considerably in single channel conductance, selectivity,
sensitivity to ¥j and chemical gating. Theoretically, hundreds
of heterotypic and thousands of heteromeric GJ channel
types can be formed in organ-systems within a Cx family
that contains over 20 isoforms [8]. In practice, it is impos-
sible to examine functional properties all of them. However,
knowing the basic functional properties of homotypic junc-
tions and how they interact in assembled heterotypic or
heteromeric channels are important in elucidating their
potential functional roles. Studies of the Cx43/Cx45 hetero-
typic junction provide a good example. This junction can
explain signal transfer asymmetry, rectification, unidirec-
tional signal transmission in electrical synapses and, even
retrospectively, a functional significance for the long-known
fact that there are differences in resting potentials between
pre- and postsynaptic structures at rectifying electrical syn-
apses [82—84]. To make future progress in our understanding
of how heterotypic—heteromeric junctions function, it is
important to determine the gating polarities of both fast
and slow gates as well as the rectification of /- relations
of open and residual states. Very little is known about
metabolic communication or chemical signaling through
heterotypic channels and even less through heteromeric
channels. It would be important to determine whether
metabolic communication and chemical signaling through
heterotypic channels also can be modulated by AVj,. This
would provide a role for V; gating in inexcitable cells, which
presumably do not utilize electrical signaling.
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