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Molecular Dissection of Transjunctional Voltage Dependence in the
Connexin-32 and Connexin-43 Junctions

Ana Revilla, Carmen Castro, and Luis C. Barrio
Unidad Neurologia Experimental-C.S.1.C., Departamento de Investigacion, Hospital “Ramén y Cajal,” 28034 Madrid, Spain

ABSTRACT Most gap junction channels are sensitive to the voltage difference between the two cellular interiors, termed the
transjunctional voltage (V). In several junctions, the conductance transitions induced by V; show more than one kinetic
component. To elucidate the structural basis of the fast and slow components that characterize the V; 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
V, 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 V; gating.

INTRODUCTION

Gap junctions are clusters of intercellular channels that forng; is at maximum atv; = 0 and decreases more or less
strongly adherent regions that direct the passage of ions argymmetrically at increasing positive and negative polarities
other small molecules between neighboring cells. The juncef V; to lower nonzero conductance values (termesidual
tional conductancey) is subject to regulation by a number conductance However, junctions comprising different
of physiological agents, such as voltage, intracellular pHconnexin isoforms and different species have divergént
and calcium, second messengers, or phosphorylation (rmting properties, varying in their voltage sensitivity, resid-
viewed in Bruzzone et al., 1996). To date, up to 15 differenty5 conductance, and kinetic properties. Some junctions
isotypes of connexins have been cloned so far in rodentgpow symmetrical bell-shaped steady-sgaté, curves with
and several homologs have also been identified in othe@j transitions of first-order kinetics, as was initially observed
vertebrate species. Each gap junctional channel is a dodeg e junctions of amphibian blastomeres (Harris et al.,

amer of connexins that is formed by the tight docking of tW01981), and which can be well described at each polarity of

hemichannels that span the plasma membranes of neighbqy— by a single Boltzmann relation (Spray et al., 1981). Such

ing cells (Makows!d et'al., 1977). Given this peculiar ar- aj model assumes the existence of one gate in each
phltecture of gap junction channelg, they come und.er th‘:ﬁemichannel that closes at one polaritybaind interacts in

influence of two types of electrical field, the voltage differ- series with the gate of the counterpart hemichannel. The
ence between the two interiors or transjunctional voltage ppropriateness of this model has been confirmed b.y the

(V;), and that between the intra- and extracellular spaces ! i t heterotvpic ch Is in which h hemich
membrane potentiaM,,). In vertebrates, there are junctions ormation of heterotypic channels in which each hemichan-

exclusively sensitive t¥,, whereas others show a combined nel largely retained the properties attributable to its homo-
V, andV,, dependence (reviewed in Barrio et al., 1999). TheMerc combinations (e.g., Hennemann et al., 1992; Bruz-
dependence of junctional conductance\grhas been ex- ZOne et al., 1993; Moreno et al., 1995; B_amo etal, 1997).
tensively analyzed, and studies have revealed that the cofXPerimental _efforts have focused o_n_deflnl_ng those regions
ductance of all junctions tested so far\s sensitive (re- of the connexin molecgles that participate in the regulat_lon
viewed in Bennett and Verselis, 1992; Nicholson et al.,by V. In accordance with the general topology of connexins
1993; White et al., 1995; Bruzzone et al., 1996). At thepredicted by hydropathy plots (Bennett et al., 1991), there
macroscopic level, th¥, dependence of most of the differ- are nine principal domains: four membrane-spanning re-
ent types of homomeric junctions share some features. Thgions (M1-M4), two extracellular loops (E1 and E2), a
cytoplasmic loop (CL) connecting M2 and M3, and the

: — o amino-terminus (NT) and carboxy-terminus (CT) domains
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between the two regions forms a charged complex that is amg/oocyte; Barrio et al., 1991), and with the in vitro transcribed cRNA of
integral part of the/j sensor. wild-type and mutants (0.1-0,59/ul; 50 nl/oocyte). After 24 h, vitelline

However, several lines of evidence suggest that morgembranes were remoyed manually with forceps in hypertonic solution
. . . . efore oocytes were paired.
than one uniqu&/; gating component might exist. In many
junctions, more than a single exponential was necessary to
fit the current decay, indicating that multiple voltage-gatedMeasurement of junctional conductance
transitions occur in these channels. Moreover, there arrSairs injected with cRNAs were recorded after 24—72 h in ND96 (in mM,

junctions tha_t.c.lgarly exhibit more than a single range Olgg nacl, 2 KCI, 1 MgC}, 1.8 CaCl, 5 HEPES, pH 7.45), using micro-
voltage sensitivities, as seen in tkenopusCx38 (Ebihara  electrodes of 0.5-1 K1 filled with 2 M KCI, 10 mM EGTA, and 10 mM

etal., 1989), mouse Cx37 (Willecke et al., 1991), or chickerHEPES (pH 7.20). The dual voltage clamp technique, in which each cell of
Cx42 (Barrio et al., 1995) junctions. At the single-channelthe pair is impaled with two microelectrodes connected to an independent

level, the existence of multiple conductance states of Cx43MPifier (TEV-200; Dagan, Minneapolis, MN), was used to measure the
! macroscopic junctional conductanag)( The procedure to measuggwas

and Cx32 channels with variable voltage Sensitivity oq follows, whereV,, I,, V,, andl, are voltages and currents with the
(Moreno et al., 1994; Valiunas et al., 1997; Oh et al., 1997 holding current subtracted in oocytes 1 and 2, respectively. First, the two
strictly precludes the application of a two-state Boltzmannoocytes were clamped at the same holding potentigl €.9.,—40 mV),
equilibrium. In the present study, we have carried out thevherebyV; = 0, becaus&; =V, — V. To explore the influence A on

molecular dissection of the two kinetic components thatgj’ voltage steps of positive and negative polarities were applied in oocyte
. 1, defining a positive/; as a greater relative positivity in oocyte 1. In this
characterize thyj dEpendence of Cx32 and Cx43 conduc- procedure the currents injected into oocytelg) o hold its potential

tance at the macroscopic level. We found that the truncatioBonstant were equal in magnitude and opposite in sign to the currents
of the CT domain in both connexins eliminated the rapidflowing through the junctional channelg & —15), and theg; was calcu-
component OUJ- transitions. Furthermore, the results reveallated asd;/V;. The stability of the junctional conductance was controlled by

that Cx32 and Cx43 conductance dependence involves tHfPYing & small and brief prepulse just before exgfstep during the
recording period. Stimulation and data collection were performed using a

action of tYVO separatvj gates located in different molec- PC-AT computer, a Digidata 1200-A interface, and pCLAMP software
ular domains. (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 ofg; transitions was fitted to exponential relations wRh< 0.999,
MATERIALS AND METHODS using Clampfit (0CLAMP).

Construction of CT truncated Cx32 and Cx43
Junctional conductance modeling

Truncated human Cx32 at position 220 (HCx32-R220stop) and the rat
Cx43 at position 257 (RCx43-S257stop) were obtained by the introductionro evaluate the transjunctional voltage dependence of gap junctions, the
of a premature stop codon into the wild-type cDNAs, using site-directedmacroscopic steady-state junctional conductance/voltage relationship was
mutagenesis by inverse polymerase chain reaction with XLgdlymer- fit to a Boltzmann relation of the form (Spray et al., 1984}, = {( Gjmax —
ase (Perkin-Elmer, Langen, Germany). A cDNA of human Cx32 (kindly Gmin)/(1 + explA(Y, — Vo)} + Gjmin Which applies to a two-state
provided by N. M. Kumar) containing the complete coding region (Kumar system, with the energy difference between states linearly dependent on
and Gilula, 1986) was cloned into a pBlueScript vector containingmdl  voltage. Although not all channels may meet these assumptions (see
3’ flanking regions of noncodingenopusp-globin sequence to boost Results), this analysis still provides useful parameters for comparing their
expression (Gupta et al., 1994). To generate the HCx32-R220stop mutarfehavior. TheGj,,,, is the maximum conductanc&;,,, is the residual
the following primers were used: sens¢ 5GATGCCACATCCAG-  conductance at larg¥, or the voltage-insensitive component of the con-
GCAACCTG 3 and antisense '5GCGGGCACAGGCCCGGATGAT- ductance,V, is the transjunctional voltage at Whi(ﬁjSS = (Gjmax —
GAG 3. The mutant RCx43-S257stop was obtained by amplification oijmm)/zy andA (A = ng/kT) is a constant that expresses the voltage
the rat Cx43 cDNA (Beyer et al., 1987), inserted into Bl site of the  sensitivity in terms of gating charge as the equivalent numhgrof
bluntedEcaRI-Hincll fragment ofg-globin of a pSp64T plasmid, using the  electron chargesyf moving through the entire membrane voltage, &fid
primers sense’STGATATCACGACCTCCAGCAGAGC 3, and antisense  has its usual significance. Steady-stgievalues (. obtained by using
5" TGGGCTCAGTGGGCCAGTGGTGGC 3The polymerase chain re-  pulses of sufficient duration were normalized relative to ghealue for
action products were digested Hypnl endonuclease to eliminate the brief V; prepulses (10 mV) and plotted versus voltage. The avergggl,
template and with Pfu DNA polymerase to remove the bases extended ontelationships were well described by a single Boltzmann relation for each
the 3 ends before ligation. Mutants were screened by size or restrictiomolarity of V,, based on the assumption that each polarityciffected a
enzyme analysis and confirmed by DNA sequencing of the entire codingingle gap junction hemichannel. Fits were made by treaBipg,. Gimin:
region on both strands. A, andV, 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-
Expression in paired Xenopus oocytes tific, Chicago, IL).

Capped cRNAs of wild-type and HCx32-R220stop mutant were tran-

scribed by T3 RNA polymerase from 1@y of Sal linearized plasmid, and RESULTS

the wild-type and truncated RCx43-S257stop by SP6 polymerase after a

BanHI digestion of plasmid. The cRNA synthesis and purification were Two CT deleted connexins were examined in the present
performed as previously described (Barrio et al., 1997). Oocytes werestudy’ the human Cx32 truncated at position 220 and the rat

removed from the ovaries ofenopus laevigNasco, Fort Atkinson, WI) "
under anesthesia and prepared as described by Barrio et al. (1997). Oocytg§(43 truncated at position 257. The HCx32-R220stop mu-

(stage V and VI) were coinjected with an antisense oligonucleotide di-tant has been identiﬁ?d in Sever".il families V_Vith the X-linked
rected againskenopusCx38 mRNA, to block endogenous expression (10 form of Charcot-Marie-Tooth disease (Fairweather et al.,
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1994; Bone et al., 1995; lonasescu et al., 1996), a hereditanyected by Cx43 channels (Moreno et al., 1992; Wang et al.,
peripheral neuropathy. The RCx43-S257stop mutant ha$992; Lal and Arnsdorf, 1992) and by Cx32 channels
been previously used by Delmar’s group in studies of chan¢Verselis et al., 1994). Interestingly, the application ofhe
nel formation (Dunham et al., 1992), pH gating (Liu et al., protocol between pairs coupled by junctions composed of
1993), and insulin-induced regulation (Homma et al., 1998)CT truncated Cx32 or Cx43 induced changegyofvith a
After 24 h of pairing, the electrical coupling between pairsunique component of decay and recovery that followed a
of oocytes expressing CT-truncated and wild-type Cx43 didslow time course (Fig. B). Thus the truncation of the CT
not differ significantly (Cx43: 14.67+ 5.23 uS versus tail in both types of junction abolished the rapid component
Cx43-257: 11.35F 4.82uS; mean values SEM;n =27  of their g, transitions, revealing the existence of two sepa-
pairs from three experiments), whereas coupling was aprateV, gatings underlying each of the two kinetic processes,
proximately twofold smaller in the case of truncated Cx32where the CT domain is likely to be an integral part of the
relative to its corresponding wild-type pairs (Cx32: 1283 fast gate.

3.86 uS versus Cx32—-220: 5.48 2.27 uS; n = 26). This
apparent ldecrease_ in the !nducuon of coupling !s_conS|ster‘}_ gating properties of the tailless Cx32 and

with previous studies, which have shown a striking corre-_} 43 iunctions

lation between the shortening of the carboxyl tail length andcx junction

the level of coupling (Dunham et al., 1992; Rabadan-DiehIThe V; dependence of the truncated Cx32 and Cx43 junc-
et al.,, 1994; Castro et al., 1999). It has previously beerions was studied in detail (Figs. 2 and 3). Differences
demonstrated that the lower coupling induced by truncatetbetween the wild-type and truncated junctions were quan-
Cx32-R220stop is a result of the limited ability of tified in terms of their kinetic properties and of the steady-
hemichannels to assemble into complete gap junction charstate G;/V; relationships. The junctional conductance of
nels (Castro et al., 1999). The decrease in the efficiency olvild-type HCx32 channels was at maximum at z¥j@nd
forming complete channels was partially rescued by wild-decreased symmetrically in response to positive and nega-
type Cx32 hemichannels, because the heterotypic tailledsve V; = +20 mV, with progressively larger and faster
wild-type pairs developed higher levels of coupling relativereductions at largey;'s. The g; reductions showed a char-

to the combinations of mutant alone (8.433.63 uS; n = acteristic biphasic time course with an initial closing of
21). These levels of coupling are intermediate between themall amplitude and fast kinetics observable with high-
homotypic tailless and wild-type junctions, indicating that resolution records, and a second component with a slower
the hemichannel-hemichannel assembly is a cooperativime course, which mediated the major part of there-
process, the efficiency of which results from the combinedsponse to the long-lasting pulses (FigA2top). The con-
action of the two contributing hemichannels. To avoid dif- ductance of the truncated HCx32-R220stop junctions also
ferences between wild-type and mutated junctions attributdecreased with larger and faster reductions for increasing
able to the different levels of conductance and access resi¥;’s; however, the time course of the current decay had a
tance limitations (Wilders and Jongsma, 1992), only thosainique kinetic component because the fast component was
pairs with similar levels of coupling and junctional conduc- not present (Fig. 2, botton). Thus theg; decays of the
tance< 5 uS were included in the present study. wild-type and tailless junctions were well fitted by biexpo-
nential and monoexponential functions, respectively (Fig. 2
B, inset9. The time constants of high to low conductance
transitions were roughly symmetrical for positive and neg-
ative pulses and briefer for increasing's (Fig. 2 B).
Representative examples of the time constant¥/faulses
The conductance of human Cx32 and rat Cx43 junctions i®f —100 mV werer; = 109 = 24 ms andr, = 4.75 =
regulated by the transjunctional voltage or the voltage dif-0.55 s, with a ratio of amplitudes between major and minor
ference between the membrane potential of two cells. At theomponents of 5. For the sarvepulse, the mean value of
macroscopic level, the junctional conductance of both typeshe time constant for the unique component of the truncated
of junctions decayed to lower values whénwas increased junctions wasr = 1.83 = 0.58 s, which is approximately
from 0 to +100 mV and increased again to high valuesthreefold briefer than the corresponding value of the slow
whenV, was reduced from-100 to+20 mV, a voltage too  component in the wild-type junction. There were also dif-
small to affect coupling (Fig. B). The time course for the ferences between wild-type and truncated steady-&a®
decay of junctional currents and their recovery had tworelationships (Fig. Z). The curve of the truncated junctions
components with fast and slow time constants. The Cx32vas shifted toward smallev;'s and had lower values of
and Cx43 transitions diverged in the fractional amplitude ofresidual conductance. Thg;/V; relationship for eachV;

the two components, because the rapid process was donpelarity was well described by a single Boltzmann relation,
nant in the case of the Cx4§, whereas the slow process whose parameters of fitting showed little if any difference in
was the major component of the Cx32 conductance changegoltage sensitivityA, a reduction of half-voltage activation,
These data are consistent with previous kinetic analyses d&f,, of ~10 mV, and a decrease in the residual conductance,
the relaxation of junctional currents between cells con-Gjy,,, of 5-10% (Table 1).

Deletion of the CT domain abolished the fast
mechanism of V; gating
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FIGURE 1 Truncation of the carboxyl terminal domain abolished theMiasensitive component of the Cx32 and Cx43 junctional conductance. Changes
in wild-type and CT truncated human Cx32-220stop and rat Cx43-257stop junctional curjentsd induced by transjunctional voltagé)(steps of

5 s duration varying from 0 te-100 mV and returning te-20 mV. (A) The time courses of the macroscojyis decay and recovery of both wild-type
junctions (HCx32-wt; RCx43-wt) were fitted to biexponential relationsgnd r,). The rapid component is the minor component in the Cx32 junctions,
whereas this is the dominant component in the case of Cx43 conductBh¢orfductance transitions of the Cx32 and Cx43 tailless junctions required

a monoexponential fitting with slow time constant3. (Data revealed the existence of two separate gatings located in different domains of the connexin
molecule.

The deletion of the CT tail of RCx43 induced qualita- The asymmetry of th&;/V; curve for positive and negative
tively similar novelV, gating properties. The wild-type and V;'s that distinguishes the wild-type Cx43 junctions (Ba-
truncated Cx43 junctions responded to the application ohach and Weingart, 1996) disappeared upon CT truncation,
positive and negativeV; steps of increasing magnitude and the Boltzmann parameters showed a marked reduction
(£100 mV) with progressively larger and fastgrreduc-  (10-20%) of the characteristic large residual conductance
tions (Fig. 3A, top andbotton). However, while the wild- of Cx43 junctions as well as minor differences in voltage
type current decay followed a biexponential time course, theensitivity (Table 1).
transitions of truncated junctions were monoexponential, In summary, the deletion of the CT domain in the two
with slow time constants of several seconds (FigB,3 different connexin isoforms, Cx43 and Cx32, had similar
insety. Time constants of wild-type junctions became effects on theirV; dependencies. Both types of tailless
shorter at largeN;'s and were slightly briefer at negative junctions lost the fas¥; gating, and in the absence of this
rather than positiv®; polarity. At theV, pulse of-100 mV,  fast mechanism, the voltage-sensitive component of junc-
illustrative examples were g = 417 = 175 ms andr, = tional conductance increased.

7.06 = 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 fasf]E
ion with briefer time constants than those of the slow
component in the wild-type junctions (FigB3. Differences
between wild-type and truncated Cx43 channels were alstVhen oocytes expressing the wild-type and tailless connex-
quantified in terms of the steady-sta®/V; relationships. ins were paired, coupling developed between them. \he

ast and slow processes of gating are intrinsic
properties of hemichannels



1378 Biophysical Journal Volume 77 September 1999

A HCx32-wt B - ] 220stopf
V.~ N 30 . £
j oy, Zas Y T NE 252
M mv o« L : E ~
(2] C
8157 =15 g
T ot S
b g g
N 0,5 ‘: E— 5 hee
;::xm S s e
100 ms 5s -100 -80 -60 -40 40 B0 80 100
v C Vj(mV)
HCx32-220stop y
V... N ’
J 100 05
L mv '
m p -
jss 1
I 0,4
| r I
0,2
- X 50 -
nA 00 LI I N B T T L
MS 5s -100-80-60 -40-20 0 20 40 60 80 100
v V. mv)

J

FIGURE 2 Comparison of th¥, gating properties between wild-type and tailless HCx32 junctios S@mple records of junctional currents) (of
wild-type (top) and truncatedbotton) junctions evoked by pulses of+100 mV in 20-mV increments, of 500 ms and 30 s duratilft @nd righ).
Deletion of Cx32 CT abolished the rapid compondeft( arrowhead} and induced faster and larggrdecays (ight, arrows). (B) V; dependence of the
time constants. The time course of wild-type currents required biexponential fits, whereas the tailless junctions followed monoexpornensighsssy.
Time constants# andr,) decreased symmetrically for larger positive and negafjis the slowr of deleted junctions was briefer than the wild-type

(C) Graph of the steady-sta@/V; relationships. The curve of truncated junctiongdles) was shifted toward smaller voltages and had a smaller residual
conductance relative to wild typériangles. The G4V, relationships were well fitted to a Boltzmann function for eagtpolarity with the parameters

of Table 1. Each point ilB and C represents the mean value SEM) of six pairs.

effects ong; of the hybrid HCx32wt/HCx32-R220stop and ~ The relation between the time constant and the steady-
RCx43wt/RCx43-S257stop junctions are illustrated in Fig.stateG; versus voltage of the hybrid channels was plotted
4. In agreement with the heterotypic hemichannel compowith the curves of the respective homomeric junctions. The
sition of the junctions, currents in response to positive andwo curves overlapped almost perfectly in the case of the
negativeV; pulses were asymmetrical (Fig.A). V, pulses = RCx43wt/RCx43-257stop channels and with minor devia-
negative in the oocyte expressing the wild-type hemichantions for the HCx32wt/HCx32-R220stop junctions (Fig. 4,
nels induced junctional currents that resembled those elid andC). The voltage dependence of the time constants in
ited byV; in the respective homotypic wild-type HCx32 or the HCx32-R220stop side was shifted toward a somewhat
RCx43 junctions, shown in Figs. 2 and 3, respectively.smaller voltage, and these changes in kinetics were consis-
Responses to positivé, which are seen as relative nega- tent with a small shift in theG/V, relationship to less
tivities from the cytoplasmic side of the truncated negativeV; values. In the HCx32 hemichannel side, the
hemichannels, were also similar to those of the homotypi@amplitude of the fast component increased somewhat and its
truncated, HCx32-R220stop and RCx43-S257stop, junckinetics accelerated slightly, while time constants of the
tions (Figs. 2 and 3). Accordingly, the time courses ofslow gating changed in the opposite way. In summary, the
current decay in response to negatifis in the side of the data indicate that 1) the characteristics\gfgating pro-
wild-type hemichannels required a biexponential fit for bothcesses are little affected by the association of wild-type
types of hybrid junctions, whereas for negatiVgs, trun-  hemichannels with the truncated hemichannels; 2) there are
cated hemichannels were well fitted by a monoexponentiaindependenV; gates in each hemichannel: one fast and one
function (Fig. 4B, insetg, as was previously described for slow gate in the wild-type HCx32 or RCx43 hemichannels,
the respective parent junctions. whereas only the slow gate is present in the CT truncated
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FIGURE 3 Comparison of the; gating properties of wild-type and tailless RCx43 junctiory.$ample records of junctional currentg of wild-type

(top) and truncatedltton) junctions evoked by the samég protocols as in Fig. 2. The CT truncation of Cx43 eliminated the fast compotedtt (
arrowhead$ and induced largel; reductions iight, arrows). (B) V, dependence of the time constants. The wild-type currents followed biexponential time
courses, whereas the tailless current decay was monoexponerg&( Time constantst and,) of wild-type junctions decreased asymmetrically for
largerV; s of both polarities, whereas the changes in the unique time constant of the deleted junctions were symmetrical and briefer thamw{ld)type
Graph of the steady-statg,/V, relationships. Wild-typeGJV, relations friangleg were asymmetrical, with lower conductances for positive than for
negative voltages, whereas the curve of the tailless junctrdgs) was symmetrical and had lower values of residual conductance. Curves were well
fitted to a Boltzmann function for eaci polarity with the parameters of Table 1. Each poinBimndC represents mean values SEM) of six pairs.

HCx32 or RCx43 hemichannels; and 3) the two gates seeDISCUSSION

to close at negativ¥; on the cytoplasmic side. A negative

polarity of closure was previously identified for the slow Two mechanisms of gating mediate the V,

Cx32V, gating by point mutation analyses (Verselis et al.,dependence of Cx32 and Cx43 junctions

1994) and inferred for Cx43 hemichannels from various

heterotypic combinations (Moreno et al., 1995; Banach efhe main conclusion arising from the present work is that
al., 1998; Martin et al., 1998). the V;-dependent conductance of rat Cx43 and human Cx32

TABLE 1 Boltzmann parameters of V; dependence for wild-type and CT truncated Cx32 and Cx43 junctions
Vi (+) Vv, (+)
A n VO Gjmax Gjmln A n VO Gjmax Gjmln

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 eaehpolarity was described by a single Boltzmann relation, based on the assumption that each polaeffected a single
gap junction hemichanneh, voltage sensitivity (mV?); n, calculated gating charge at 20°;, voltage value of half-inactivation ig; (MV); Gimax

theoretical maximum conductance extrapolated from the experimental@gta; extrapolated values of residual conductance. In the case of the hybrid,
negativeV, are defined as relative negativity in the cytoplasmic side of the cell expressing the wild-type hemichannels.
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FIGURE 4 V, gating properties of the hybrid wild-type/tailless junctions) ample records of junctional currentg {nduced byV; pulses in 20-mV
increments up ta=100 mV, of 10 s duration for hybrid HCx32-wt/HCx32—220stop junctiotm@)(and 30 s duration for RCx43-wt/RCx43-257stop
junctions potton). Positive and negativ¥; polarities are defined as relative depolarization and hyperpolarization of the cell expressing the wild-type
hemichannels, which induced upward and downwgsdrespectively. B) V; dependence of the time constants. Junctional currents in response to negative
pulses followed biexponential time courses, whereas at posifjwehich are seen as negativities from the tailless hemichannel side, were monoexponential
(inset9. Time constants of wild-typer{ and r,) and of truncated hemichannelg) {vere plotted with those of the corresponding homomeric junctions
(dotted curvg (C) Graph of the steady-sta@/V; relationships. Mea;s 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 junctiefs Gating properties attributable to wild-type and
truncated hemichannels for negatiés were largely conserved in the corresponding heterotypic junctions. Each p&@rtridC represents a mean value

(= SEM) of six pairs.

junctions involves the combined action of two separableet al., 1989), mouse Cx37 (Willecke et al., 1991), or chicken
gates. The wild-type RCx43 and HCx32 junctions re-Cx42 junctions (Barrio et al., 1995).

sponded toV; with a fast and slow kinetic component, Information about the three-dimensional structure of gap
whereas those composed of the truncated CT connexins waanction channels shows two connexons or hemichannels,
exclusively regulated by a slow gating process. Thus the each with six connexin molecules and an open pore in the
two kinetic components of the Cx43 and Cx32 junctionsconnexon center (Makowski et al., 1977, Unwin and
may represent two different mechanisms of gating, the CTZzampighi, 1980; Hoh et al., 1991; Unger et al., 1997). Two
domain being wholly responsible for the fagtgating. The  different gating mechanisms have been proposed, the con-
remote possibility that tailless junctions actually lose thestriction of the channel pore by tilting and twisting of the six
slow component and slow down the fast one cannot beubunits (Unwin and Ennis, 1984), and the closing of the
entirely excluded, but this alternative interpretation seemsnouth of the pore by a six-segmented barrier at the cyto-
less probable because the kinetic properties of truncateplasmic surface (Makowski et al., 1984). The general to-
junctions are closer to those of the slow component in theology of connexins has already been confirmed in the case
wild-type junctions. Additional experimentation will be re- of Cx32 and Cx43 by proteolysis and antibody binding
quired to test whether th¢ dependence of other junctions experiments (Zimmer et al., 1987; Hertzberg et al., 1988,;
is also mediated by two gating processes, especially in thogdilks et al., 1988; Goodenough et al., 1988; Yancy et al.,
junctions in which conductance clearly exhibits a double1989; Yeager and Gilula, 1992). The abolition of the st
range ofV, sensitivities, such as théenopusCx38 (Ebihara  gating mechanism by deletion of the CT suggests that this
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gate may operate in a way similar to that of the “ball-and-though the structure-function determinants may not be the
chain” model of gating that mediates the fast inactivation insame, and they have a different time course. Further inves-
other unrelated families of ionic channels (reviewed bytigation is needed to determine the regions of the CT that are
Amstrong and Hille, 1998). However, there are at least twanecessary for the fasy; gating, and of the inner pore-
main differences between this type of gating and the ballforming region that would be its specific receptor.
and-chain inactivation hypothesis initially proposed for the A wide body of evidence suggests that the sivgating
ShakerB potassium channels (Hoshi et al., 1990). First, thmechanism involves a “global” conformational change of
K* channels open and then quickly inactivate during athe channel. Thev; sensor has been associated with the
depolarization, whereas gap junction channels can remaicharged residues in the NT and the border of first trans-
open in the absence of\4 gradient without any spontane- membrane domain and the first extracellular loop of rat
ous inactivation. Thus we prefer to consider the closingCx32 and Cx26 (Verselis et al., 1994). Based on the dra-
process of gap junction channels as deactivation rather thanatic effects of the substitution of a conserved proline in
inactivation. Second, the N-inactivation rate is voltage in-M2, which even induced reversion of the polarity of channel
dependent, whereas the fagt gating is subject to the closure, it has been proposed that this proline plays a central
electric field and channels close in responseis of  role in the transduction of the signal leading to channel
negative polarity, as seen on the cytoplasmic side. The fasfiosure (Suckyna et al., 1993). Moreover, the voltage prop-
gating reaction may consist of the displacement of the CTerties associated with slow gating can be modified to a
a structure rich in charged residues, toward the inner moutkiariable degree by the docking interactions between
of the channel, which behaves like a partial open-channghemichannels, an effect that depends critically on the type
blocker. Several lines of evidence imply that the CT ofof connexin in the apposed hemichannel (e.g., see Fig. 4;
connexins is a movable structure. Based on structural anaHennemann et al., 1992; Barrio et al., 1997). Taken to-
ysis of the cytoplasmic surface, it has been proposed that thgether, the data indicate that the properties of the slow
structure at the carboxyl tail be disordered, apparently begating derive from the complex interactions among various
cause of peptide flexibility in this region (reviewed by portions of the molecule, and that specificity does not reside
Sosinsky, 1992, 1996). In this context, it is also interestingexclusively at the level of primary sequence.
to note that thev, gating properties of the tailless RCx43
junctions reported here are identical to those of the junctions
composed of chimeric Cx43-aequorin proteins (see figure
in Martin et al., 1998). In those experiments, aequorin,
calcium indicator of high molecular mass (22 kDa), wa
fused in frame to the CT of a full-length RCx43. In accor- The existence of two separable mechanisms of gating con-
dance with a “ball-and-chain” model, the loss of the fasttrolled by V; leads to a novel model underlying the tran-
mechanism of gating might be caused by the limited mosjunctional voltage dependence of gap junction channels.
bility of the CT domain fused to a large molecule. An Because the two gating elements are believed to reside in
alternative explanation may be that the aequorin fusiordifferent connexin domains, one would expect no change of
would alter the conformational determinants required as &low V; gating properties between wild-type and tailless
“particle” in a “particle-receptor” model of gating. channels. However, the deletion of the CT domain in both
It has previously been demonstrated that the CT tail ofconnexin isoforms, Cx32 and Cx43, produced, in addition
Cx43 plays an important role in pH gating. The RCx43-to the loss of the fast mechanism of gating, an increase in
257stop junctions lose their higher sensitivity pH gatingthe V;-sensitive component of the junctional conductance.
(Liu et al., 1993), and pH sensitivity was partly restoredSuch changes in properties attributable to the slow gating
when the portion of the CT deleted was expressed sepanechanism may indicate that the fast and slow gates do not
rately from the rest of the protein (Morley et al., 1996). operate independently. Several possible types of interac-
Based on these data, a “particle-receptor” model has bedions could take place between the two gates, depending on
proposed for Cx43 pH gating. Upon intracellular acidifica- where they are located with respect to each other and the
tion, the CT would bind noncovalently to a separate specifichannel’'s bore geometry. Assuming that the fast gate is
domain, acting like a receptor site in the mouth of the porelocated in the cytoplasmic CT domain farther away from the
Protonation of histidine residues located at the cytoplasmichannel bore than the slow gate, a simple interpretation of
loop may be part of the receptor (Ek et al., 1994). Morethe novel properties of slow gating is that the two mecha-
recent results suggest that the “particle-receptor” model isisms of gating interact electrically in series (Fig. 5). The
also applicable to other types of chemical regulation, suclsequence of reactions would be as follows. First, a negative
as the closure of Cx43 junctions induced by insulin orV; would induce the closure of the rapid gate, which might
insulin-like growth factor-1 (Homma et al., 1998) and be caused by the displacement of the CT domain toward the
pp60-" oncogene (Nicholson et al., 1998). Thus it seemsdnner mouth of the channel, producing the partial occlusion
that these are independent modes of coupling regulation bgf the pore. Then the closure of the slow gate would follow,
voltage or chemical agents, such as pH and phosphorylavhich might involve a global conformational change of the
tion. They may share a common gating mechanism, alehannel, and induce an additional decrease in conductance.

A}\ novel V; gating model of Cx43 and
SaCx32 junctions
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FIGURE 5 V, gating model of the RCx43 and HCx32 Inside Cell 2
junctions. The novel model proposed contains two mech- ﬂﬂﬂ
anisms ofV; gating, one fast gate and one slow gate in uuu
each hemichannel, interacting electrically in seris. (  Qutside

WhenV; = 0, both gates are operB)(In response to a ﬂﬂﬂ ,
negativeV, gradient, defined as relative negativity in the WV
cytoplasmic side, the CT domain, proposed to be afjnside Cell 1
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integral part of the rapid gate, might displace toward the £

inner mouth of the channel and cause a partial physical (‘ " e a "’ FAST
occlusion of the pore. @) Then an additional decrease in T GAT'NG
conductance may occur because of the closure of the slow D C ¢

gate as a result of a global conformational motion of the

channel structure.) ReturningV, to zero, the CT gate
opens first, and the slow gating later leads to a fully open

channel (inA). According to the assumption that the Mﬁ
sensor associated with the slow gating is sensingyhe Uuu
throughout the pore, the closure of the fast gate would

cause an increase in the voltage drop, reducinyflseen ﬂﬁ
by the sensor of the slow gating. W

As V, returns to zero, the fast gate opens first and then th@anach, K., S. V. Ramanan, and P. R. Brink. 1998. Homotypic hCx37 and

; ; rCx43 and their heterotypic fornin Gap Junctions. R. Werner, editor.
slow gate. According to the current assumption that the I0S Press, Amsterdam. 76-80.

voltage sensor associated with the SlOW_ gating responds tIé)anach, K., and R. Weingart. 1996. Connexin43 gap junctions exhibit
the V; throughout the pore lumen (Harris et al., 1981), @ asymmetrical gating propertie®fliger Arch Eur. J. Physiol 432:
partial occlusion of the channel mouth would increase ac- 775-785. _ _
cess resistance and so cause a larger voltage drop. Con&8trio, L. C., J. Capel, J. A. Jarillo, C. Castro, and A. Revilla. 1997.
V. th iaht b . Al h th Species-specific voltage-gating properties of connexin-45 junctions ex-
quently, Né sensor might be seeing sma £s W en the pressed inXenopusoocytes.Biophys. J.73:757—769.
fast gate is present than when it is abolished. If this is Sogarrio, L. C., 3. A. Jarillo, J. C. &, and E. C. Beyer. 1995. Comparison
larger and faster conductance reductions would be expectedof voltage dependence of chick connexin 45 and 42 channels expressed
; ; in pairs of Xenopusoocytes.In Progress in Cell Research: Gap Junc-
at smaller voltages, as occurred_ exp_enmentally in the CaSe ;i< Vol 4. Y. Kanno, K. Kataoka, Y. Shiba, Y. Shibata. and T.
of truncated Cx43 and Cx32 junctions. At present, the shimazu, editors. Elvesier, Amsterdam. 391-394.
possibility that the CT truncation by itself may induce a Barrio, L. C., A. Revilla, J. M. Gmez-Hernadez, M. DeMiguel, and D.
conformational change that alters the properties of the slow Gonzg'ez- 1999(-: Membrane potential de%e”denceGOf gap junctions in
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; ; in i ; _Bennett, and B. J. Nicholson. 1991. Gap junctions formed by connexins
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minant of _the slowv; gating properties. _ voltage.Proc. Natl. Acad. Sci. US/88:8410—-8414.
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