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ABSTRACT Most gap junction channels are sensitive to the voltage difference between the two cellular interiors, termed the
transjunctional voltage (Vj). In several junctions, the conductance transitions induced by Vj show more than one kinetic
component. To elucidate the structural basis of the fast and slow components that characterize the Vj dependence of
connexin-32 (Cx32) and connexin-43 (Cx43) junctions, we created deletions of both connexins, where most of the carboxy-
terminal (CT) domain was removed. The wild-type and “tailless” mutants were expressed in paired Xenopus oocytes, and the
macroscopic gating properties were analyzed using the dual voltage clamp technique. Truncation of the CT domain of Cx32
and Cx43 abolished the fast mechanism of conductance transitions and induced novel gating properties largely attributable
to the slow mechanism of gating. The formation of hybrid junctions comprising wild-type and truncated hemichannels allowed
us to infer that the fast and slow components of gating reside in each hemichannel and that both gates close at a negative
Vj on the cytoplasmic side. Thus we conclude that the two kinetic components of Vj-sensitive conductance are a result of the
action of two different gating mechanisms. They constitute separate structures in the Cx32 and Cx43 molecules, the CT
domain being an integral part of fast Vj gating.

INTRODUCTION

Gap junctions are clusters of intercellular channels that form
strongly adherent regions that direct the passage of ions and
other small molecules between neighboring cells. The junc-
tional conductance (gj) is subject to regulation by a number
of physiological agents, such as voltage, intracellular pH
and calcium, second messengers, or phosphorylation (re-
viewed in Bruzzone et al., 1996). To date, up to 15 different
isotypes of connexins have been cloned so far in rodents,
and several homologs have also been identified in other
vertebrate species. Each gap junctional channel is a dodec-
amer of connexins that is formed by the tight docking of two
hemichannels that span the plasma membranes of neighbor-
ing cells (Makowski et al., 1977). Given this peculiar ar-
chitecture of gap junction channels, they come under the
influence of two types of electrical field, the voltage differ-
ence between the two interiors or transjunctional voltage
(Vj), and that between the intra- and extracellular spaces or
membrane potential (Vm). In vertebrates, there are junctions
exclusively sensitive toVj, whereas others show a combined
Vj andVm dependence (reviewed in Barrio et al., 1999). The
dependence of junctional conductance onVj has been ex-
tensively analyzed, and studies have revealed that the con-
ductance of all junctions tested so far isVj sensitive (re-
viewed in Bennett and Verselis, 1992; Nicholson et al.,
1993; White et al., 1995; Bruzzone et al., 1996). At the
macroscopic level, theVj dependence of most of the differ-
ent types of homomeric junctions share some features. The

gj is at maximum atVj 5 0 and decreases more or less
symmetrically at increasing positive and negative polarities
of Vj to lower nonzero conductance values (termedresidual
conductance). However, junctions comprising different
connexin isoforms and different species have divergentVj

gating properties, varying in their voltage sensitivity, resid-
ual conductance, and kinetic properties. Some junctions
show symmetrical bell-shaped steady-stategj/Vj curves with
gj transitions of first-order kinetics, as was initially observed
in the junctions of amphibian blastomeres (Harris et al.,
1981), and which can be well described at each polarity of
Vj by a single Boltzmann relation (Spray et al., 1981). Such
a model assumes the existence of one gate in each
hemichannel that closes at one polarity ofVj and interacts in
series with the gate of the counterpart hemichannel. The
appropriateness of this model has been confirmed by the
formation of heterotypic channels in which each hemichan-
nel largely retained the properties attributable to its homo-
meric combinations (e.g., Hennemann et al., 1992; Bruz-
zone et al., 1993; Moreno et al., 1995; Barrio et al., 1997).
Experimental efforts have focused on defining those regions
of the connexin molecules that participate in the regulation
by Vj. In accordance with the general topology of connexins
predicted by hydropathy plots (Bennett et al., 1991), there
are nine principal domains: four membrane-spanning re-
gions (M1-M4), two extracellular loops (E1 and E2), a
cytoplasmic loop (CL) connecting M2 and M3, and the
amino-terminus (NT) and carboxy-terminus (CT) domains
in the cytoplasmic side. A point mutation analysis that
altered the charged residues of Cx32 and Cx26 at the second
amino acid of the NT domain and at the M1/E1 boundary
could reverse the gating polarity, and the changes observed
can account for the calculated gating charges (Verselis et
al., 1994). These data support the idea that an interaction

Received for publication 11 February 1999 and in final form 24 May 1999.

Address reprint requests to Dr. Luis C. Barrio, Departamento de Investi-
gación, Neurologı´a Experimental-C.S.I.C., Hospital “Ramo´n y Cajal,”
Carretera de Colmenar km 9, 28034 Madrid, Spain. Tel.:134-91-336-
8320; Fax:134-91-336-9816; E-mail: luis.c.barrio@hrc.es.

© 1999 by the Biophysical Society

0006-3495/99/09/1374/10 $2.00

1374 Biophysical Journal Volume 77 September 1999 1374–1383



between the two regions forms a charged complex that is an
integral part of theVj sensor.

However, several lines of evidence suggest that more
than one uniqueVj gating component might exist. In many
junctions, more than a single exponential was necessary to
fit the current decay, indicating that multiple voltage-gated
transitions occur in these channels. Moreover, there are
junctions that clearly exhibit more than a single range of
voltage sensitivities, as seen in theXenopusCx38 (Ebihara
et al., 1989), mouse Cx37 (Willecke et al., 1991), or chicken
Cx42 (Barrio et al., 1995) junctions. At the single-channel
level, the existence of multiple conductance states of Cx43
and Cx32 channels with variable voltage sensitivity
(Moreno et al., 1994; Valiunas et al., 1997; Oh et al., 1997)
strictly precludes the application of a two-state Boltzmann
equilibrium. In the present study, we have carried out the
molecular dissection of the two kinetic components that
characterize theVj dependence of Cx32 and Cx43 conduc-
tance at the macroscopic level. We found that the truncation
of the CT domain in both connexins eliminated the rapid
component ofgj transitions. Furthermore, the results reveal
that Cx32 and Cx43 conductance dependence involves the
action of two separateVj gates located in different molec-
ular domains.

MATERIALS AND METHODS

Construction of CT truncated Cx32 and Cx43

Truncated human Cx32 at position 220 (HCx32-R220stop) and the rat
Cx43 at position 257 (RCx43-S257stop) were obtained by the introduction
of a premature stop codon into the wild-type cDNAs, using site-directed
mutagenesis by inverse polymerase chain reaction with XLRTth polymer-
ase (Perkin-Elmer, Langen, Germany). A cDNA of human Cx32 (kindly
provided by N. M. Kumar) containing the complete coding region (Kumar
and Gilula, 1986) was cloned into a pBlueScript vector containing 59 and
39 flanking regions of noncodingXenopusb-globin sequence to boost
expression (Gupta et al., 1994). To generate the HCx32-R220stop mutant,
the following primers were used: sense 59 TGATGCCACATCCAG-
GCAACCTG 39 and antisense 59 GCGGGCACAGGCCCGGATGAT-
GAG 39. The mutant RCx43-S257stop was obtained by amplification of
the rat Cx43 cDNA (Beyer et al., 1987), inserted into theBglII site of the
bluntedEcoRI-HincII fragment ofb-globin of a pSp64T plasmid, using the
primers sense 59 TGATATCACGACCTCCAGCAGAGC 39, and antisense
59 TGGGCTCAGTGGGCCAGTGGTGGC 39. The polymerase chain re-
action products were digested byDpnI endonuclease to eliminate the
template and with Pfu DNA polymerase to remove the bases extended onto
the 39 ends before ligation. Mutants were screened by size or restriction
enzyme analysis and confirmed by DNA sequencing of the entire coding
region on both strands.

Expression in paired Xenopus oocytes

Capped cRNAs of wild-type and HCx32-R220stop mutant were tran-
scribed by T3 RNA polymerase from 10mg of SalI linearized plasmid, and
the wild-type and truncated RCx43-S257stop by SP6 polymerase after a
BamHI digestion of plasmid. The cRNA synthesis and purification were
performed as previously described (Barrio et al., 1997). Oocytes were
removed from the ovaries ofXenopus laevis(Nasco, Fort Atkinson, WI)
under anesthesia and prepared as described by Barrio et al. (1997). Oocytes
(stage V and VI) were coinjected with an antisense oligonucleotide di-
rected againstXenopusCx38 mRNA, to block endogenous expression (10

ng/oocyte; Barrio et al., 1991), and with the in vitro transcribed cRNA of
wild-type and mutants (0.1–0.5mg/ml; 50 nl/oocyte). After 24 h, vitelline
membranes were removed manually with forceps in hypertonic solution
before oocytes were paired.

Measurement of junctional conductance

Pairs injected with cRNAs were recorded after 24–72 h in ND96 (in mM,
96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, pH 7.45), using micro-
electrodes of 0.5–1 MV filled with 2 M KCl, 10 mM EGTA, and 10 mM
HEPES (pH 7.20). The dual voltage clamp technique, in which each cell of
the pair is impaled with two microelectrodes connected to an independent
amplifier (TEV-200; Dagan, Minneapolis, MN), was used to measure the
macroscopic junctional conductance (gj). The procedure to measuregj was
as follows, whereV1, I1, V2, and I2 are voltages and currents with the
holding current subtracted in oocytes 1 and 2, respectively. First, the two
oocytes were clamped at the same holding potential (Vh, e.g.,240 mV),
wherebyVj 5 0, becauseVj 5 V1 2 V2. To explore the influence ofVj on
gj, voltage steps of positive and negative polarities were applied in oocyte
1, defining a positiveVj as a greater relative positivity in oocyte 1. In this
procedure the currents injected into oocyte 2 (I2) to hold its potential
constant were equal in magnitude and opposite in sign to the currents
flowing through the junctional channels (I j 5 2I2), and thegj was calcu-
lated asI j/Vj. The stability of the junctional conductance was controlled by
applying a small and brief prepulse just before eachVj step during the
recording period. Stimulation and data collection were performed using a
PC-AT computer, a Digidata 1200-A interface, and pCLAMP software
(Axon, Foster City, CA), and junctional currents low pass filtered at 1 kHz.
Full clamping voltage was reached 1–5 ms after the voltage onset. The time
course ofgj transitions was fitted to exponential relations withR , 0.999,
using Clampfit (pCLAMP).

Junctional conductance modeling

To evaluate the transjunctional voltage dependence of gap junctions, the
macroscopic steady-state junctional conductance/voltage relationship was
fit to a Boltzmann relation of the form (Spray et al., 1981)Gjss5 {( Gjmax 2
Gjmin)/(1 1 exp[A(Vj 2 V0)])} 1 Gjmin, which applies to a two-state
system, with the energy difference between states linearly dependent on
voltage. Although not all channels may meet these assumptions (see
Results), this analysis still provides useful parameters for comparing their
behavior. TheGjmax is the maximum conductance,Gjmin is the residual
conductance at largeVj or the voltage-insensitive component of the con-
ductance,V0 is the transjunctional voltage at whichGjss 5 (Gjmax 2
Gjmin)/2, and A (A 5 nq/kT) is a constant that expresses the voltage
sensitivity in terms of gating charge as the equivalent number (n) of
electron charges (q) moving through the entire membrane voltage, andkT
has its usual significance. Steady-stategj values (gjss) obtained by using
pulses of sufficient duration were normalized relative to thegj value for
brief Vj prepulses (10 mV) and plotted versus voltage. The averagedGjss/Vj

relationships were well described by a single Boltzmann relation for each
polarity of Vj, based on the assumption that each polarity ofVj affected a
single gap junction hemichannel. Fits were made by treatingGjmax, Gjmin,
A, andV0 as free parameters, and the best values of constants were obtained
by applying an iterative procedure of fitting to minimize the least-squares
error between data and the calculated fit point (SigmaPlot; Jandel Scien-
tific, Chicago, IL).

RESULTS

Two CT deleted connexins were examined in the present
study, the human Cx32 truncated at position 220 and the rat
Cx43 truncated at position 257. The HCx32-R220stop mu-
tant has been identified in several families with the X-linked
form of Charcot-Marie-Tooth disease (Fairweather et al.,
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1994; Bone et al., 1995; Ionasescu et al., 1996), a hereditary
peripheral neuropathy. The RCx43-S257stop mutant has
been previously used by Delmar’s group in studies of chan-
nel formation (Dunham et al., 1992), pH gating (Liu et al.,
1993), and insulin-induced regulation (Homma et al., 1998).
After 24 h of pairing, the electrical coupling between pairs
of oocytes expressing CT-truncated and wild-type Cx43 did
not differ significantly (Cx43: 14.676 5.23 mS versus
Cx43–257: 11.356 4.82mS; mean values6 SEM; n 5 27
pairs from three experiments), whereas coupling was ap-
proximately twofold smaller in the case of truncated Cx32
relative to its corresponding wild-type pairs (Cx32: 12.336
3.86mS versus Cx32–220: 5.486 2.27mS; n 5 26). This
apparent decrease in the induction of coupling is consistent
with previous studies, which have shown a striking corre-
lation between the shortening of the carboxyl tail length and
the level of coupling (Dunham et al., 1992; Rabadan-Diehl
et al., 1994; Castro et al., 1999). It has previously been
demonstrated that the lower coupling induced by truncated
Cx32-R220stop is a result of the limited ability of
hemichannels to assemble into complete gap junction chan-
nels (Castro et al., 1999). The decrease in the efficiency of
forming complete channels was partially rescued by wild-
type Cx32 hemichannels, because the heterotypic tailless
wild-type pairs developed higher levels of coupling relative
to the combinations of mutant alone (8.436 3.63mS; n 5
21). These levels of coupling are intermediate between the
homotypic tailless and wild-type junctions, indicating that
the hemichannel-hemichannel assembly is a cooperative
process, the efficiency of which results from the combined
action of the two contributing hemichannels. To avoid dif-
ferences between wild-type and mutated junctions attribut-
able to the different levels of conductance and access resis-
tance limitations (Wilders and Jongsma, 1992), only those
pairs with similar levels of coupling and junctional conduc-
tance, 5 mS were included in the present study.

Deletion of the CT domain abolished the fast
mechanism of Vj gating

The conductance of human Cx32 and rat Cx43 junctions is
regulated by the transjunctional voltage or the voltage dif-
ference between the membrane potential of two cells. At the
macroscopic level, the junctional conductance of both types
of junctions decayed to lower values whenVj was increased
from 0 to 1100 mV and increased again to high values
whenVj was reduced from1100 to120 mV, a voltage too
small to affect coupling (Fig. 1A). The time course for the
decay of junctional currents and their recovery had two
components with fast and slow time constants. The Cx32
and Cx43 transitions diverged in the fractional amplitude of
the two components, because the rapid process was domi-
nant in the case of the Cx43gj, whereas the slow process
was the major component of the Cx32 conductance changes.
These data are consistent with previous kinetic analyses of
the relaxation of junctional currents between cells con-

nected by Cx43 channels (Moreno et al., 1992; Wang et al.,
1992; Lal and Arnsdorf, 1992) and by Cx32 channels
(Verselis et al., 1994). Interestingly, the application of theVj

protocol between pairs coupled by junctions composed of
CT truncated Cx32 or Cx43 induced changes ofgj with a
unique component of decay and recovery that followed a
slow time course (Fig. 1B). Thus the truncation of the CT
tail in both types of junction abolished the rapid component
of their gj transitions, revealing the existence of two sepa-
rateVj gatings underlying each of the two kinetic processes,
where the CT domain is likely to be an integral part of the
fast gate.

Vj gating properties of the tailless Cx32 and
Cx43 junctions

The Vj dependence of the truncated Cx32 and Cx43 junc-
tions was studied in detail (Figs. 2 and 3). Differences
between the wild-type and truncated junctions were quan-
tified in terms of their kinetic properties and of the steady-
state Gj/Vj relationships. The junctional conductance of
wild-type HCx32 channels was at maximum at zeroVj and
decreased symmetrically in response to positive and nega-
tive Vj $ 120 mV, with progressively larger and faster
reductions at largerVj’s. Thegj reductions showed a char-
acteristic biphasic time course with an initial closing of
small amplitude and fast kinetics observable with high-
resolution records, and a second component with a slower
time course, which mediated the major part of thegj re-
sponse to the long-lasting pulses (Fig. 2A, top). The con-
ductance of the truncated HCx32-R220stop junctions also
decreased with larger and faster reductions for increasing
Vj’s; however, the time course of the current decay had a
unique kinetic component because the fast component was
not present (Fig. 2A, bottom). Thus thegj decays of the
wild-type and tailless junctions were well fitted by biexpo-
nential and monoexponential functions, respectively (Fig. 2
B, insets). The time constants of high to low conductance
transitions were roughly symmetrical for positive and neg-
ative pulses and briefer for increasingVj’s (Fig. 2 B).
Representative examples of the time constants forVj pulses
of 2100 mV weret1 5 109 6 24 ms andt2 5 4.75 6
0.55 s, with a ratio of amplitudes between major and minor
components of 5. For the sameVj pulse, the mean value of
the time constant for the unique component of the truncated
junctions wast 5 1.83 6 0.58 s, which is approximately
threefold briefer than the corresponding value of the slow
component in the wild-type junction. There were also dif-
ferences between wild-type and truncated steady-stateGj/Vj

relationships (Fig. 2C). The curve of the truncated junctions
was shifted toward smallerVj’s and had lower values of
residual conductance. TheGj/Vj relationship for eachVj

polarity was well described by a single Boltzmann relation,
whose parameters of fitting showed little if any difference in
voltage sensitivity,A, a reduction of half-voltage activation,
V0, of ;10 mV, and a decrease in the residual conductance,
Gjmin, of 5–10% (Table 1).
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The deletion of the CT tail of RCx43 induced qualita-
tively similar novelVj gating properties. The wild-type and
truncated Cx43 junctions responded to the application of
positive and negativeVj steps of increasing magnitude
(6100 mV) with progressively larger and fastergj reduc-
tions (Fig. 3A, top andbottom). However, while the wild-
type current decay followed a biexponential time course, the
transitions of truncated junctions were monoexponential,
with slow time constants of several seconds (Fig. 3B,
insets). Time constants of wild-type junctions became
shorter at largerVj’s and were slightly briefer at negative
rather than positiveVj polarity. At theVj pulse of2100 mV,
illustrative examples were at1 5 417 6 175 ms andt2 5
7.06 6 1.28 s, with a ratio of amplitudes between the fast
and slow components of 3. In the case of the tailless
junctions, the currents decayed in a monoexponential fash-
ion with briefer time constants than those of the slow
component in the wild-type junctions (Fig. 3B). Differences
between wild-type and truncated Cx43 channels were also
quantified in terms of the steady-stateGj/Vj relationships.

The asymmetry of theGj/Vj curve for positive and negative
Vj’s that distinguishes the wild-type Cx43 junctions (Ba-
nach and Weingart, 1996) disappeared upon CT truncation,
and the Boltzmann parameters showed a marked reduction
(10–20%) of the characteristic large residual conductance
of Cx43 junctions as well as minor differences in voltage
sensitivity (Table 1).

In summary, the deletion of the CT domain in the two
different connexin isoforms, Cx43 and Cx32, had similar
effects on theirVj dependencies. Both types of tailless
junctions lost the fastVj gating, and in the absence of this
fast mechanism, the voltage-sensitive component of junc-
tional conductance increased.

Fast and slow processes of gating are intrinsic
properties of hemichannels

When oocytes expressing the wild-type and tailless connex-
ins were paired, coupling developed between them. TheVj

FIGURE 1 Truncation of the carboxyl terminal domain abolished the fastVj-sensitive component of the Cx32 and Cx43 junctional conductance. Changes
in wild-type and CT truncated human Cx32–220stop and rat Cx43–257stop junctional currents (I j) were induced by transjunctional voltage (Vj) steps of
5 s duration varying from 0 to1100 mV and returning to120 mV. (A) The time courses of the macroscopicI j’s decay and recovery of both wild-type
junctions (HCx32-wt; RCx43-wt) were fitted to biexponential relations (t1 andt2). The rapid component is the minor component in the Cx32 junctions,
whereas this is the dominant component in the case of Cx43 conductance. (B) Conductance transitions of the Cx32 and Cx43 tailless junctions required
a monoexponential fitting with slow time constants (t). Data revealed the existence of two separate gatings located in different domains of the connexin
molecule.
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effects ongj of the hybrid HCx32wt/HCx32-R220stop and
RCx43wt/RCx43-S257stop junctions are illustrated in Fig.
4. In agreement with the heterotypic hemichannel compo-
sition of the junctions, currents in response to positive and
negativeVj pulses were asymmetrical (Fig. 4A). Vj pulses
negative in the oocyte expressing the wild-type hemichan-
nels induced junctional currents that resembled those elic-
ited by Vj in the respective homotypic wild-type HCx32 or
RCx43 junctions, shown in Figs. 2 and 3, respectively.
Responses to positiveVj, which are seen as relative nega-
tivities from the cytoplasmic side of the truncated
hemichannels, were also similar to those of the homotypic
truncated, HCx32-R220stop and RCx43-S257stop, junc-
tions (Figs. 2 and 3). Accordingly, the time courses of
current decay in response to negativeVj’s in the side of the
wild-type hemichannels required a biexponential fit for both
types of hybrid junctions, whereas for negativeVj’s, trun-
cated hemichannels were well fitted by a monoexponential
function (Fig. 4B, insets), as was previously described for
the respective parent junctions.

The relation between the time constant and the steady-
stateGj versus voltage of the hybrid channels was plotted
with the curves of the respective homomeric junctions. The
two curves overlapped almost perfectly in the case of the
RCx43wt/RCx43–257stop channels and with minor devia-
tions for the HCx32wt/HCx32-R220stop junctions (Fig. 4,
B andC). The voltage dependence of the time constants in
the HCx32-R220stop side was shifted toward a somewhat
smaller voltage, and these changes in kinetics were consis-
tent with a small shift in theGj/Vj relationship to less
negativeVj values. In the HCx32 hemichannel side, the
amplitude of the fast component increased somewhat and its
kinetics accelerated slightly, while time constants of the
slow gating changed in the opposite way. In summary, the
data indicate that 1) the characteristics ofVj gating pro-
cesses are little affected by the association of wild-type
hemichannels with the truncated hemichannels; 2) there are
independentVj gates in each hemichannel: one fast and one
slow gate in the wild-type HCx32 or RCx43 hemichannels,
whereas only the slow gate is present in the CT truncated

FIGURE 2 Comparison of theVj gating properties between wild-type and tailless HCx32 junctions. (A) Sample records of junctional currents (I j) of
wild-type (top) and truncated (bottom) junctions evoked byVj pulses of6100 mV in 20-mV increments, of 500 ms and 30 s duration (left and right).
Deletion of Cx32 CT abolished the rapid component (left, arrowheads) and induced faster and largerI j decays (right, arrows). (B) Vj dependence of the
time constants. The time course of wild-type currents required biexponential fits, whereas the tailless junctions followed monoexponential relations (insets).
Time constants (t1 andt2) decreased symmetrically for larger positive and negativeVj’s; the slowt of deleted junctions was briefer than the wild-typet2.
(C) Graph of the steady-stateGj/Vj relationships. The curve of truncated junctions (circles) was shifted toward smaller voltages and had a smaller residual
conductance relative to wild type (triangles). TheGjss/Vj relationships were well fitted to a Boltzmann function for eachVj polarity with the parameters
of Table 1. Each point inB andC represents the mean value (6 SEM) of six pairs.
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HCx32 or RCx43 hemichannels; and 3) the two gates seem
to close at negativeVj on the cytoplasmic side. A negative
polarity of closure was previously identified for the slow
Cx32 Vj gating by point mutation analyses (Verselis et al.,
1994) and inferred for Cx43 hemichannels from various
heterotypic combinations (Moreno et al., 1995; Banach et
al., 1998; Martin et al., 1998).

DISCUSSION

Two mechanisms of gating mediate the Vj

dependence of Cx32 and Cx43 junctions

The main conclusion arising from the present work is that
theVj-dependent conductance of rat Cx43 and human Cx32

TABLE 1 Boltzmann parameters of Vj dependence for wild-type and CT truncated Cx32 and Cx43 junctions

Vj (2) Vj (1)

A n V0 Gjmax Gjmin A n V0 Gjmax Gjmin

HCx32-HCx32 0.07 1.77 60.0 1.02 0.25 0.07 1.77 63.2 1.01 0.27
220stop-220stop 0.09 2.27 51.8 1.02 0.19 0.08 2.02 56.4 1.02 0.20
HCx32-220stop 0.13 3.28 58.2 1.01 0.27 0.11 2.78 47.8 1.03 0.19

RCx43-RCx43 0.10 2.56 65.7 1.02 0.36 0.07 1.77 58.5 1.02 0.24
257stop-257stop 0.09 2.27 63.5 1.00 0.16 0.08 2.02 66.2 1.01 0.13
RCx43-257stop 0.09 2.27 62.9 1.02 0.37 0.07 1.77 60.7 1.01 0.19

Junctional conductance for eachVj polarity was described by a single Boltzmann relation, based on the assumption that each polarity ofVj affected a single
gap junction hemichannel.A, voltage sensitivity (mV21); n, calculated gating charge at 20°C;V0, voltage value of half-inactivation ingj (mV); Gjmax,
theoretical maximum conductance extrapolated from the experimental data;Gjmin, extrapolated values of residual conductance. In the case of the hybrid,
negativeVj are defined as relative negativity in the cytoplasmic side of the cell expressing the wild-type hemichannels.

FIGURE 3 Comparison of theVj gating properties of wild-type and tailless RCx43 junctions. (A) Sample records of junctional currents (I j) of wild-type
(top) and truncated (bottom) junctions evoked by the sameVj protocols as in Fig. 2. The CT truncation of Cx43 eliminated the fast component (left,
arrowheads) and induced largerI j reductions (right, arrows). (B) Vj dependence of the time constants. The wild-type currents followed biexponential time
courses, whereas the tailless current decay was monoexponential (insets). Time constants (t1 andt2) of wild-type junctions decreased asymmetrically for
largerVj ’s of both polarities, whereas the changes in the unique time constant of the deleted junctions were symmetrical and briefer than wild-typet2. (C)
Graph of the steady-stateGj/Vj relationships. Wild-typeGjss/Vj relations (triangles) were asymmetrical, with lower conductances for positive than for
negative voltages, whereas the curve of the tailless junctions (circles) was symmetrical and had lower values of residual conductance. Curves were well
fitted to a Boltzmann function for eachVj polarity with the parameters of Table 1. Each point inB andC represents mean values (6 SEM) of six pairs.
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junctions involves the combined action of two separable
gates. The wild-type RCx43 and HCx32 junctions re-
sponded toVj with a fast and slow kinetic component,
whereas those composed of the truncated CT connexins was
exclusively regulated by a slowVj gating process. Thus the
two kinetic components of the Cx43 and Cx32 junctions
may represent two different mechanisms of gating, the CT
domain being wholly responsible for the fastVj gating. The
remote possibility that tailless junctions actually lose the
slow component and slow down the fast one cannot be
entirely excluded, but this alternative interpretation seems
less probable because the kinetic properties of truncated
junctions are closer to those of the slow component in the
wild-type junctions. Additional experimentation will be re-
quired to test whether theVj dependence of other junctions
is also mediated by two gating processes, especially in those
junctions in which conductance clearly exhibits a double
range ofVj sensitivities, such as theXenopusCx38 (Ebihara

et al., 1989), mouse Cx37 (Willecke et al., 1991), or chicken
Cx42 junctions (Barrio et al., 1995).

Information about the three-dimensional structure of gap
junction channels shows two connexons or hemichannels,
each with six connexin molecules and an open pore in the
connexon center (Makowski et al., 1977, Unwin and
Zampighi, 1980; Hoh et al., 1991; Unger et al., 1997). Two
different gating mechanisms have been proposed, the con-
striction of the channel pore by tilting and twisting of the six
subunits (Unwin and Ennis, 1984), and the closing of the
mouth of the pore by a six-segmented barrier at the cyto-
plasmic surface (Makowski et al., 1984). The general to-
pology of connexins has already been confirmed in the case
of Cx32 and Cx43 by proteolysis and antibody binding
experiments (Zimmer et al., 1987; Hertzberg et al., 1988;
Milks et al., 1988; Goodenough et al., 1988; Yancy et al.,
1989; Yeager and Gilula, 1992). The abolition of the fastVj

gating mechanism by deletion of the CT suggests that this

FIGURE 4 Vj gating properties of the hybrid wild-type/tailless junctions. (A) Sample records of junctional currents (I j) induced byVj pulses in 20-mV
increments up to6100 mV, of 10 s duration for hybrid HCx32-wt/HCx32–220stop junctions (top) and 30 s duration for RCx43-wt/RCx43–257stop
junctions (bottom). Positive and negativeVj polarities are defined as relative depolarization and hyperpolarization of the cell expressing the wild-type
hemichannels, which induced upward and downwardI j’s, respectively. (B) Vj dependence of the time constants. Junctional currents in response to negative
pulses followed biexponential time courses, whereas at positiveVj, which are seen as negativities from the tailless hemichannel side, were monoexponential
(insets). Time constants of wild-type (t1 and t2) and of truncated hemichannels (t) were plotted with those of the corresponding homomeric junctions
(dotted curve). (C) Graph of the steady-stateGj/Vj relationships. MeanGjss values of the hybrid junctions were well fitted to a Boltzmann function for each
polarity (——) with the parameters of Table 1 and plotted with their parent homotypic junctions (zzzzz). Gating properties attributable to wild-type and
truncated hemichannels for negativeVj’s were largely conserved in the corresponding heterotypic junctions. Each point inB andC represents a mean value
(6 SEM) of six pairs.
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gate may operate in a way similar to that of the “ball-and-
chain” model of gating that mediates the fast inactivation in
other unrelated families of ionic channels (reviewed by
Amstrong and Hille, 1998). However, there are at least two
main differences between this type of gating and the ball-
and-chain inactivation hypothesis initially proposed for the
ShakerB potassium channels (Hoshi et al., 1990). First, the
K1 channels open and then quickly inactivate during a
depolarization, whereas gap junction channels can remain
open in the absence of aVj gradient without any spontane-
ous inactivation. Thus we prefer to consider the closing
process of gap junction channels as deactivation rather than
inactivation. Second, the N-inactivation rate is voltage in-
dependent, whereas the fastVj gating is subject to the
electric field and channels close in response toVj’s of
negative polarity, as seen on the cytoplasmic side. The fast
gating reaction may consist of the displacement of the CT,
a structure rich in charged residues, toward the inner mouth
of the channel, which behaves like a partial open-channel
blocker. Several lines of evidence imply that the CT of
connexins is a movable structure. Based on structural anal-
ysis of the cytoplasmic surface, it has been proposed that the
structure at the carboxyl tail be disordered, apparently be-
cause of peptide flexibility in this region (reviewed by
Sosinsky, 1992, 1996). In this context, it is also interesting
to note that theVj gating properties of the tailless RCx43
junctions reported here are identical to those of the junctions
composed of chimeric Cx43-aequorin proteins (see figure 4
in Martin et al., 1998). In those experiments, aequorin, a
calcium indicator of high molecular mass (22 kDa), was
fused in frame to the CT of a full-length RCx43. In accor-
dance with a “ball-and-chain” model, the loss of the fast
mechanism of gating might be caused by the limited mo-
bility of the CT domain fused to a large molecule. An
alternative explanation may be that the aequorin fusion
would alter the conformational determinants required as a
“particle” in a “particle-receptor” model of gating.

It has previously been demonstrated that the CT tail of
Cx43 plays an important role in pH gating. The RCx43–
257stop junctions lose their higher sensitivity pH gating
(Liu et al., 1993), and pH sensitivity was partly restored
when the portion of the CT deleted was expressed sepa-
rately from the rest of the protein (Morley et al., 1996).
Based on these data, a “particle-receptor” model has been
proposed for Cx43 pH gating. Upon intracellular acidifica-
tion, the CT would bind noncovalently to a separate specific
domain, acting like a receptor site in the mouth of the pore.
Protonation of histidine residues located at the cytoplasmic
loop may be part of the receptor (Ek et al., 1994). More
recent results suggest that the “particle-receptor” model is
also applicable to other types of chemical regulation, such
as the closure of Cx43 junctions induced by insulin or
insulin-like growth factor-1 (Homma et al., 1998) and
pp60v-src oncogene (Nicholson et al., 1998). Thus it seems
that these are independent modes of coupling regulation by
voltage or chemical agents, such as pH and phosphoryla-
tion. They may share a common gating mechanism, al-

though the structure-function determinants may not be the
same, and they have a different time course. Further inves-
tigation is needed to determine the regions of the CT that are
necessary for the fastVj gating, and of the inner pore-
forming region that would be its specific receptor.

A wide body of evidence suggests that the slowVj gating
mechanism involves a “global” conformational change of
the channel. TheVj sensor has been associated with the
charged residues in the NT and the border of first trans-
membrane domain and the first extracellular loop of rat
Cx32 and Cx26 (Verselis et al., 1994). Based on the dra-
matic effects of the substitution of a conserved proline in
M2, which even induced reversion of the polarity of channel
closure, it has been proposed that this proline plays a central
role in the transduction of the signal leading to channel
closure (Suckyna et al., 1993). Moreover, the voltage prop-
erties associated with slow gating can be modified to a
variable degree by the docking interactions between
hemichannels, an effect that depends critically on the type
of connexin in the apposed hemichannel (e.g., see Fig. 4;
Hennemann et al., 1992; Barrio et al., 1997). Taken to-
gether, the data indicate that the properties of the slow
gating derive from the complex interactions among various
portions of the molecule, and that specificity does not reside
exclusively at the level of primary sequence.

A novel Vj gating model of Cx43 and
Cx32 junctions

The existence of two separable mechanisms of gating con-
trolled by Vj leads to a novel model underlying the tran-
sjunctional voltage dependence of gap junction channels.
Because the two gating elements are believed to reside in
different connexin domains, one would expect no change of
slow Vj gating properties between wild-type and tailless
channels. However, the deletion of the CT domain in both
connexin isoforms, Cx32 and Cx43, produced, in addition
to the loss of the fast mechanism of gating, an increase in
the Vj-sensitive component of the junctional conductance.
Such changes in properties attributable to the slow gating
mechanism may indicate that the fast and slow gates do not
operate independently. Several possible types of interac-
tions could take place between the two gates, depending on
where they are located with respect to each other and the
channel’s bore geometry. Assuming that the fast gate is
located in the cytoplasmic CT domain farther away from the
channel bore than the slow gate, a simple interpretation of
the novel properties of slow gating is that the two mecha-
nisms of gating interact electrically in series (Fig. 5). The
sequence of reactions would be as follows. First, a negative
Vj would induce the closure of the rapid gate, which might
be caused by the displacement of the CT domain toward the
inner mouth of the channel, producing the partial occlusion
of the pore. Then the closure of the slow gate would follow,
which might involve a global conformational change of the
channel, and induce an additional decrease in conductance.
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As Vj returns to zero, the fast gate opens first and then the
slow gate. According to the current assumption that the
voltage sensor associated with the slow gating responds to
the Vj throughout the pore lumen (Harris et al., 1981), a
partial occlusion of the channel mouth would increase ac-
cess resistance and so cause a larger voltage drop. Conse-
quently, the sensor might be seeing smallerVj’s when the
fast gate is present than when it is abolished. If this is so,
larger and faster conductance reductions would be expected
at smaller voltages, as occurred experimentally in the case
of truncated Cx43 and Cx32 junctions. At present, the
possibility that the CT truncation by itself may induce a
conformational change that alters the properties of the slow
gating cannot be completely ruled out. In this context, the
larger changes in slow gating than expected in the case of
Cx32–220stop junctions may be an indication that the most
proximal region of CT domain is also an important deter-
minant of the slowVj gating properties.

At the single-channel level, the reduction of conductance
after largeVj pulses has been associated with transitions
between the fully open state or substates to a residual open
substate, and, less frequently, with the fully closed state
(Moreno et al., 1994; Valiunas et al., 1997; Oh et al., 1997).
Thus the existence of a residual open state of low conduc-
tance has been proposed as an explanation for the incom-
plete macroscopicgj closing,Gjmin, observed even at larger
Vj’s. Now a more detail analysis is required to identify the
transitions between different conductance states specifically
mediated by the fast and slowVj gatings.
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