J. Membrane Biol. 186, 101-112 (2002)
DOI: 10.1007/s00232-001-0139-5

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 2002

Functional Role of the Carboxyl Terminal Domain of Human Connexin 50

in Gap Junctional Channels

X. Xu, V.M. Berthoud”, E.C. Beyer', L. Ebihara

Department of Physiology and Biophysics, Finch University of Health Science/The Chicago Medical School, 3333 Green Bay Rd,

North Chicago, IL 60064, USA

*Department of Pediatrics, University of Chicago, Chicago, IL 60637, USA

Received: 28 August 2001/ Revised: 30 November 2001

Abstract. Gap junction channels formed by connexin
50 (Cx50) are critical for maintenance of lens trans-
parency. Because the C-terminus of Cx50 can be
cleaved post-translationally, we hypothesized that
channels formed by the truncated Cx50 exhibit al-
tered properties or regulation. We used the dual
whole-cell patch-clamp technique to investigate the
macroscopic and single-channel properties of gap
junctional channels formed by wild-type human Cx50
and a truncation mutant (Cx50A294stop) after
transfection of N2A cells. Our results show that wild-
type Cx50 formed functional gap junctional channels.
The macroscopic Gijs-V; relationship was well de-
scribed by a Boltzmann equation with 4 of 0.10, V
of 43.8 mV and Gjmin of 0.23. The single-channel
conductance was 212 £ 5 pS. Multiple long-lasting
substates were observed with conductances ranging
between 31 and 80 pS. Wild-type Cx50 gap junctional
channels were reversibly blocked when pH; was re-
duced to 6.3. Truncating the C-terminus at amino
acid 294 caused a loss of pH; sensitivity, but there
were no significant changes in single-channel current
amplitude or Gjs-V;j relationship. These results sug-
gest that the C-terminus of human Cx50 is involved
in pH; sensitivity, but has little influence over single-
channel conductance, voltage dependence, or gating
kinetics.
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Introduction

Gap junctional channels are low-resistance intercel-
lular pathways between adjacent cells for the ex-
change of ions, metabolites, second messengers and
other molecules with molecular weight up to 1 kDa
(Bruzzone, White & Paul, 1996). They are made of
two connexons, or hemichannels, each contributed by
two adjoining cells. Connexons are composed of six
subunits called connexins (Cx). The connexins belong
to a multigene family composed of at least 15 human
members (Beyer & Willecke, 2000).

The lens is an avascular organ that is highly de-
pendent on intercellular communication for volume
regulation and metabolic homeostasis. Three con-
nexins have been identified in the mammalian lens:
Cx43, Cx46 and Cx50 (Beyer, Paul & Goodenough,
1987; Paul et al., 1991; White et al., 1992). Cx43 is
expressed primarily in epithelial cells; Cx46 and Cx50
are expressed in fiber cells. Previous studies have
shown that disruption of either Cx46 or Cx50 leads to
cataract formation (Gong et al., 1997, White
et al., 1998). Furthermore, certain types of congenital
cataracts in humans and mice are associated with
mutations in the genes for these connexins (Mackay
et al., 1999; Berry et al., 1999; Shiels et al., 1998;
Steele et al., 1998). However, the specific roles of
these two connexins in the lens are still not com-
pletely understood.

Two different size forms of Cx50 have been de-
tected in gap junction-enriched membrane prepara-
tions from ovine lens (Kistler & Bullivant, 1987). A
70-kDa isoform corresponds to the full-length pro-
tein and has been detected in fiber cell membranes
from the cortex of the lens. A lower-M, form (38
kDa) has been detected in isolated membranes from
the lens core region. This Cx50 isoform lacks much of
the carboxyl tail and is thought to be generated from
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the long form by posttranslational proteolytic cleav-
age by a calpain (Lin et al., 1997).

The carboxyl tail of Cx50 may play an important
role in the regulation of gap junctional channel
function in the vertebrate lens. It has been previously
shown that removal of most of the carboxyl tail of
ovine Cx50 causes loss of pH sensitivity when studied
in Xenopus oocyte pairs (Lin et al., 1998). Several
studies have implicated the carboxyl tail of connexins
in the regulation of gap junctional function. Expres-
sion studies of a number of connexins in paired
Xenopus oocytes have suggested a role of their carb-
oxyl tails in channel gating in response to cytoplasmic
acidification (Ek-Vitorin et al., 1996; Morley, Taffet
& Delmar, 1996). Analysis of SKHep-1 cells stably
transfected with truncated Cx43 constructs has sug-
gested that single-channel conductance is influenced
by the carboxyl tail (Fishman et al., 1991).

In the present study, we used a dual whole-cell
patch-clamp technique to examine the macroscopic
and single-channel properties of gap junctional chan-
nels formed by wild-type human Cx50 or truncated
variants in transfected N2A neuroblastoma cells.

Materials and Methods

PrREPARATION OF WILD-TYPE Cx50 AND C-TERMINUS-
TRUNCATED CxX50 VARIANTS

Wild-type human Cx50 (Shiels et al., 1998; Pal et al., 1999) was
subcloned into the EcoRI site of the eukaryotic expression vector
pSFFV-neo (Fuhlbrigge et al., 1988). Carboxyl terminal deletion
mutants of Cx50 were obtained by PCR using a sense primer, 5’-
ggaattcaccatgggegactgg-3’, and two antisense primers, 5'-
ceggaattetcacteggtcaagggg-3” and 5'-ccggaattctcaaggeagtgggetgg-3’
to generate Cx50 polypeptides that ended at valine-284
(Cx50V284stop) and alanine-294 (Cx50A294stop), respectively
(Fig. 14). An EcoRI site was introduced at the 5’-end of both sense
and antisense primers. The PCR products were purified, digested
with EcoRI and subcloned into pSP64TII or pSFFV-neo. The
constructs were sequenced (DNA sequencing facility, lowa State
University, Ames, IA) to confirm that the designed truncation sites
had been incorporated and to ensure that no random mutations
were introduced in the sequence.

IN VITRO TRANSLATION IN RABBIT RETICULOCYTE
LYSATE

RNAs for human Cx50 wild type, Cx50V284stop and Cx50A294-
stop were prepared from pSP64TII templates as previously de-
scribed (Ebihara et al., 1999). In vitro transcribed cRNAs were in
vitro translated in a cell-free rabbit reticulocyte lysate system (Life
Technologies, Rockville, MD) containing **S-methionine, accord-
ing to the manufacturer’s protocol. Translated proteins were re-
solved by SDS-PAGE. The gel was dried, and the translated
proteins were detected by autoradiography.

CEeLL CULTURE

N2A mouse neuroblastoma cells were grown in DMEM (Life
Technologies) containing 10% fetal bovine serum, 2 mm L-Gluta-
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mine, 100 units/ml penicillin G and 100 pg/ml streptomycin sulfate
in a humidified atmosphere of 5% CO, at 37°C.

For stable transfections, 2 pg of linearized pSFFV-neo pla-
smid DNA containing wild-type Cx50 was transfected into com-
munication-deficient N2A cells using Lipofectin (Life Technolo-
gies, Rockville, MD) (Veenstra et al., 1992). Connexin-transfected
clones were selected for their resistance to 0.25 mg/ml active
G418.

For transient transfections, N2A cultures (50-90% confluent)
grown in 35-mm dishes were cotransfected with 1-3 pg of cDNA
for green fluorescent protein (GFP) and 4.5-6 pg of pSFFV-neo
DNA containing wild-type Cx50, Cx50V284stop, or Cx50A294stop
using Lipofectamine (Life Technologies). N2A cells were incubated
for the subsequent 10-11 hr in OptiMEM (Life Technologies);
then, the medium was replaced with regular growth medium con-
taining 10% fetal bovine serum. Cells were incubated for an addi-
tional 12-18 h, and then split onto polylysine-treated coverslips for
electrophysiological experiments (which were performed after 12—
48 h). Cell pairs expressing introduced connexins were identified by
expression of GFP and emission of green light when viewed under
UV illumination.

IMMUNOCHEMICAL ANALYSIS

A bacterial fusion protein containing amino acids 231-433 of hu-
man Cx50 linked to glutathione-S-transferase (GST-Cx50) was
constructed in pGEX-3X (Amersham Pharmacia Biotech, Piscat-
away, NJ) as described previously (Berthoud et al., 1997). The
fusion protein was purified by affinity chromatography on gluta-
thione-agarose and used to immunize rabbits. Sera were depleted of
anti-GST antibodies by passing through a GST column, and then
affinity-purified by chromatography using GST-Cx50 coupled to a
Sulfo-Link column (Pierce, Rockford, IL) as done previously
(Berthoud, Cook & Beyer, 1994).

Immunoblots were performed using homogenates of human
lenses or of cultured cells. Frozen human lenses were obtained from
the Lions Eye Bank of Oregon. Lens homogenates were prepared
in PBS containing 4 mm EDTA and 2 mm PMSF using a glass-glass
Dounce homogenizer, sonicated, aliquoted, and frozen. Cell cul-
tures were rinsed with PBS, harvested by scraping in Laemmli
sample buffer (Laemmli, 1970), and stored at 4°C. Electrophoresis
and immunoblotting were performed as previously described
(Berthoud et al., 1994).

For immunofluorescence studies, N2A cells seeded on multi-
well slides (LAB TEK, Nalge Nunc International, Naperville, IL)
were fixed with 50% methanol-50% acetone for 2 min at room
temperature, and incubated sequentially in primary (rabbit poly-
clonal anti-Cx50) and secondary (Cy3-conjugated goat anti-rabbit
IgG) antibodies according to Berthoud et al. (2000). The prepa-
rations were observed using a Zeiss Axioplan 2 microscope
equipped for epifluorescence.

ELECTROPHYSIOLOGICAL MEASUREMENTS
AND ANALYSIS

The dual whole-cell patch-clamp technique was applied on N2A
cell pairs using an Axopatch 200A amplifier (Axon Instruments,
Foster City, CA) and an L/M-EPC7 amplifier (List-electronic,
Germany). All experiments were performed at room temperature
(22-24°C). Patch pipettes were pulled from glass capillaries with 1.5
OD/1.0 ID (World Precision Instruments, Sarasota, FL), using a
Brown-Flaming micropipette puller (Sutter Instruments, San
Francisco, CA). The tips of micropipettes were fire-polished. The
resistance of the micropipettes was 2-6 MQ when the pipettes were
filled with a pipette solution containing (in mm): 130 CsCl, 10
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Fig. 1. (A4) Schematic drawing of the membrane topology of wild-
type human Cx50 and two truncation mutants (fop) and the aligned
sequences of the regions of ovine and human Cx50 flanking the
truncation sites (bottom) (based on Yang & Louis, 1996; Lin et al.,
1997; Shiels et al., 1998). C, carboxyl terminus; CL, cytoplasmic
loop; EI, E2, extracellular domains; N, amino terminus; 7M -

EGTA, 0.5 CaCl,, 3 MgATP, 2 Na,ATP, 10 HEPES, pH 7.2. The
extracellular solution contained (in mm): 140 NaCl, 2 CsCl, 2
CaCl,, 1 MgCl,, 5 HEPES, 4 KCl, 5 dextrose, 2 pyruvate, 1 BaCl,,
pH 7.2 (Srinivas et al., 1999). Measurements of gap junctional
current on N2A transfectants were carried out using these solutions
unless otherwise specified.

For measurement of gap junctional conductance, both cells
of a pair were initially voltage-clamped at 0 mV and a 5-10-mV
pulse was applied to one cell. Under these conditions, current
changes recorded in the second cell would be equal in magnitude
and opposite in polarity to the current flowing through the gap
junction and could be divided by AV to calculate junctional
conductance, gj.

For evaluation of transjunctional voltage dependence of gap
junctional channels, both cells were initially held at 0 mV holding
potential, and 4-sec or 8-sec voltage-clamp steps between =110
mV in 10-mV increments were applied to one cell, while the gap
junctional current was recorded from the other cell. Normalized
steady-state conductance (Gj,) was calculated by dividing the
steady-state current by the instantaneous current at each voltage,
and normalized to the interpolated Gijs value at 0 mV. The re-
lationship between Gjs and the transjunctional voltage (V) was
fit to a two-state Boltzmann equation of the form (Spray, Harris
& Bennett, 1981): Gj,= +  (Gimax—Gjmin)/{l + ex-
plA(Vi=Vo)]}, where Gjmin is the minimal conductance, Gjmax iS
the maximal conductance, 4 (4 = zq/kT) is a constant that ex-
presses the voltage sensitivity in terms of gating charge as the
equivalent number (z) of electron charges (¢) moving through the
entire membrane field, £ is the gas constant, 7 is the absolute
temperature, and ¥, is the voltage at which the decrease in Gjs is
midway between Gjmax and Gjmin. Analysis of voltage dependence

Gjmin
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TM4, transmembrane domains. (B) In vitro synthesis of wild-type
and truncated human Cx50 protein. cRNAs for Cx50 wild-type,
Cx50V284stop and Cx50A294stop were in vitro translated in a
rabbit reticulocyte lysate system supplemented with *>S-methio-
nine, and analyzed by SDS-polyacrylamide gel electrophoresis and
autoradiography.

was performed on gap junctional current recordings from cell
pairs with g; of 2-5 nS. For single-channel recording, maintained
voltage clamps were applied to one cell, and the gap junctional
current was recorded from the other cell. Currents passing
through gap junctional channels could be distinguished from
nonjunctional currents because the former was of equal ampli-
tude but opposite polarity. The number of active gap junctional
channels in the cell pair was determined by counting the number
of overlapping channel openings at the beginning of the pulse.
Data were acquired using a Pentium computer equipped with
either a TL-1 labmaster board and Pclamp6 software (Axon In-
struments), or a Digidata 1320A and Pclamp8 software (Axon
Instruments). The current signals were digitized at 5 kHz and
filtered at 1 kHz. In single-channel analysis, the current ampli-
tude of a gap junctional channel for an open state was calculated
as the current difference between the open and closed state, which
was measured either directly from current traces, in the case of a
series of voltage clamp steps, or from all-points amplitude his-
tograms, in the case of maintained transjunctional voltage gra-
dients. Single-channel data are presented in the text as
mean + SE. The single-channel open probability of the main
open state at different Vjs was determined from the all-points
amplitude histograms.

CYTOPLASMIC ACIDIFICATION

The intracellular pH of N2A cells was manipulated using the
“NH;/NH, "> exchange method by changing the external con-
centration of (NH,4),SO, while maintaining the intracellular
concentration of (NH4),SO4 constant. The intracellular pH could
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Table 1. Gap junctional conductance (gj) of N2A cell pairs expressing wild-type human Cx50, Cx50V284stop, or Cx50A294stop

Cell pairs g Number of
Mean + SE (nS) cell pairs tested
Untransfected N2A 0.045 £+ 0.002 56
Stably transfected N2A-Cx50 #8 2.81*% £ (.38 95
N2A-Cx50 #18 1.78*% £ 0.47 48
Transiently transfected N2A-Cx50V284stop 0.08 + 0.02 21
N2A-Cx50A294stop 3.8*% £ 1.1 48
N2A-Cx50 22.2% £ 7.3 9

*P < 0.05 in Student’s #-test compared to untransfected N2A cell pairs.

be predicted using the formula: pH; = pH, — log(INH ]/
[NHj ]o) (Grinstein, Romanek & Rotstein, 1994; Hermans et al.,
1995). The pipette solution contained (in mm): 100 Kgluconate, 8
KOH, 25 (NH,4),S0,, 1 MgCl,, 0.5 EGTA, 5 PIPES, 5 Na,ATP,
pH 7.0. The external solution contained (in mm): 100 HEPES, 1
CaCl,, 1 MgCl, 52.5-74.25 Kgluconate, 7.5 to 0.5 (NH4),SOy,
pH 7.5. Measurements of gap junctional conductance between
cell pairs were initially performed in the presence of 7.5 mm ex-
tracellular (NH4),SO4, which gave a predicted cytoplasmic pH of
7.0. Only those cell pairs that had junctional conductance higher
than 1 nS were used in this study. The cytoplasmic pH was
successively changed by perfusing the cells with extracellular so-
lutions containing various concentrations of (NH,4),SO4. Com-
plete solution change (~10 bath volumes) was achieved within ~5
minutes. Gap junctional conductance was monitored by applying
repetitive, short 5-mV transjunctional steps. The gap junctional
conductance was observed to rapidly stabilize at a new steady-
state value following each solution change.

Results

ExPRESSION OF WILD-TYPE AND
TrRUNCATED HuMAN Cx50 IN N2A CELLS

Two stably transfected N2A cell clones expressing
wild-type Cx50 (N2A-Cx50#8 and #18) were char-
acterized. Both clones showed significant levels of gap
junctional coupling (Table 1). Expression of Cx50
was verified by RNA blotting (data not shown), im-
munoblotting, and immunofluorescence (Fig. 2). A
band with an M, of 60 kDa was recognized by anti-
Cx50 antibodies. This band co-migrated with Cx50 in
a human lens homogenate. No immunoreactive
bands were detected in untransfected N2A cells (Fig.
2 A). By immunofluorescence, immunoreactive Cx50
was observed at the appositional plasma membrane
as well as intracellularly, suggesting that some Cx50
protein reached the cell surface and formed gap
junctional plaques (Fig. 2B).

Two C-terminal truncated variants of human
Cx50, Cx50V284stop and Cx50A294stop, were con-
structed at positions homologous to the calpain
cleavage sites described for ovine Cx50 (Lin et al.,
1997) (Fig. 1). To test that the full-length and trun-
cated forms of Cx50 encoded proteins of the appro-
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Fig. 2. (4) Immunoblot analysis of two clones of N2A cells stably
transfected with wild-type human Cx50. N2A-Cx50#8 and #18
showed a strong band that reacted specifically with anti-Cx50 an-
tibodies. A band of similar size was detected in a human lens ho-
mogenate. No immunoreactive bands were detected in
untransfected N2A cells. (B) Immunolocalization of human Cx50
in N2A-Cx50#18 cells. Substantial anti-Cx50 immunoreactivity
was observed at appositional membranes (arrows) as well as in-
tracellularly.

priate size, their RNAs were translated in vitro, and
the translation products were analyzed by SDS-
PAGE. In vitro translated Cx50 wild type,
Cx50V284stop, and Cx50A294stop had M, of 60, 31,
and 37 kDa, respectively (Fig. 1B), consistent with
the termination codons introduced.

The electrophysiological properties of gap junc-
tional channels made of the truncated variants
Cx50V284stop and Cx50A294stop were studied in
transiently transfected N2A cells. As a positive con-
trol, N2A cells were transiently transfected with a
similar amount of cDNA for wild-type Cx50. Pairs of
N2A cells transiently transfected with wild-type Cx50
exhibited high levels of junctional conductance
(Table 1). N2A cell pairs transiently expressing
Cx50A294stop were also coupled, but the average
conductance between these cells was significantly
lower. In contrast, cell pairs expressing
Cx50V284stop showed no significant coupling as
compared to untransfected cells. Therefore, no fur-
ther analysis was performed on Cx50V284stop
transfectants.
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Fig. 3. Voltage dependence of human Cx50 gap
junctional channels. (4, D) Representative family
of gap junctional current traces recorded from an
N2A cell pair expressing Cx50 wild-type (4) or
Cx50A294stop (D) obtained using a dual whole-
cell patch-clamp technique. Junctional currents
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experimental data (filled circles) to a Boltzmann
equation with Gimin = 0.23, Gjmax = 0.99,
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MacRroscopriC PROPERTIES
oF WILD-TYPE AND MuTANT HUuMAN Cx50 Gapr
JuNncTiONAL CHANNELS

Typical transjunctional currents, instantaneous and
steady-state junctional current-transjunctional volt-
age (I-V;) relationships and steady-state junctional
conductance-transjunctional voltage (Gj_-V;) rela-
tionships for wild-type Cx50 and Cx50A294stop are
presented in Fig. 3. Junctional currents of wild-type
Cx50 inactivated to a new steady-state level in a time-
and voltage-dependent manner when the absolute
value of the transjunctional voltage exceeded 30 mV.
The gating properties of the currents were nearly
symmetrical for positive and negative potentials. Fig.
3B shows the I-V relationship of the instantaneous
and steady-state gap junctional current recorded in
Fig. 34. The instantaneous current (filled circles) was
a linear function of Vj, while the steady-state current
(open circles) rectified at | V3| = 40 mV. Fig. 3C shows
the mean normalized steady-state conductance (Giss)
as a function of Vj. Gj, was maximal between —30
mV and 30 mV and decreased dramatically at higher

) stop (F).

40 80 120

voltages to a residual conductance, Gjmin. The solid
line represents the best nonlinear fit of the experi-

mental data to the Boltzmann equation with
Gjmin = 023, Gjmax = 099, A= +/—010
(z = 26),and Vo = +/-43.8 mV (n = 10). A sim-

ilar paradigm was applied to cell pairs expressing
Cx50A294stop. A family of junctional currents ob-
tained when transjunctional voltages of =10 to £110
mV were applied is shown in Fig. 3D. The voltage
dependence of instantaneous and steady-state junc-
tional currents was similar to that of wild-type Cx50
(Fig. 3E and F). The Boltzmann parameters of the
macroscopic Gjs-V; relationship for Cx50A294stop
gap junctional channels were not significantly differ-
ent from those of wild-type Cx50 (Gjmin = 0.25,
Gimax = 098, 4 = +/-0.10 (z = 2.6), and
Vo = +/-39.3mV (n = 5)).

The inactivation kinetics of gap junction currents
in N2A cell pairs expressing wild-type Cx50 or
Cx50A294stop were analyzed. The time course of
decay of wild-type Cx50 gap junctional currents fol-
lowed a single exponential and was symmetrical for
positive and negative Vs (Fig. 44). The time constant
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Fig. 4. Time course of human Cx50 gap junctional current in-
activation. (4) Gap junctional current traces and monoexpo-
nential fits of wild-type Cx50 at V; = £50, £70, +£90, £110
mV. (B) Relationship of time constant of inactivation (t;) versus
transjunctional voltage (Vj). 7, was calculated from monoexpo-
nential fits to the data The solid lines represent the best fit of
experimental data for Cx50 wild-type (filled circles) to the equa-
tion 7, = 1, exp(-Vj/Vy). 1o = 30 sec, ¥, = 20 mV for positive
polarity; 7, = 35 sec, ¥, = 21 mV for negative polarity. The
open circles represent 7; of Cx50A294stop gap junctional currents
shown in Fig. 3 D.

of inactivation (t;) decreased with increasing trans-
junctional voltage of either polarity (Fig. 4B, filled
circles). At | V] < 40 mV, the decay of the junctional
current was too slow to be accurately measured using
this pulse protocol. The voltage dependence of the
inactivation time constants for Cx50A294stop gap

X. Xu et al.: Role of the C-terminus of human Cx50

junction channels was similar to that of wild-type
Cx50, becoming faster for larger transjunctional
voltages (Fig. 4B, open circles).

SINGLE-CHANNEL PROPERTIES

The potential effect of the carboxyl tail on single
channel conductance was studied in N2A cells ex-
pressing wild-type Cx50 or Cx50A294stop. Fig. 54
shows representative single-channel recordings dur-
ing maintained transjunctional voltage steps from an
N2A-cell pair expressing wild-type human Cx50; this
pair contained one active channel. All-points ampli-
tude histograms were used to determine the current
amplitude of the main open state at different voltages.
The resulting single-channel I-V relationship is shown
in Fig. 5B. The I-V relationship was linear with a y; of
207 pS (r = 0.99). The mean y; determined from 10
cell pairs containing one or two active channels was
212 £ 5 pS with the individual conductance value
ranging between 185 and 236 pS.

Single-channel recordings were also obtained
from N2A cells transfected with Cx50A294stop. Gap
junctional currents recorded from a cell pair con-
taining one functional Cx50A294stop channel in re-
sponse to a series of transjunctional voltage steps are
shown in Fig. 5C. The single-channel I-V relationship
for the main open state (Fig. 5D) was linear with a
slope conductance, y;, of 205 pS (r = 0.99). Analysis
of 16 cell pairs containing one or two gap junctional
channels yielded a mean single-channel conductance
of 185 + 10 pS with individual conductance values
ranging between 132 and 254 pS. This value was not
significantly different from that of wild-type Cx50
(»p = 0.07 by Student’s t-test).

SUBSTATES AND TRANSITIONS
OoF WILD-TYPE Cx50 AND oF Cx50A294STOP

Human Cx50 wild-type gap junctional channels were
frequently observed to gate between the main open
state and one or more long lasting substates. Fig. 64
shows an example of a gap junctional channel of
wild-type Cx50 that had two stable substates. The
single-channel -V relationships for these two sub-
states are shown in Fig. 6B. The single-channel con-
ductances of these two substates were 31 and 60 pS.
In 5 cell pairs containing a single active channel,
multiple substates were observed with conductances
ranging from 31 to 80 pS. The most commonly ob-
served substate had a conductance of ~31 pS (Figure
6B).

As in the case of wild-type Cx50 channels,
Cx50A294stop gap junctional channels exhibited
multiple prolonged subconductance states; the sub-
states had single-channel conductance values ranging
between 19 and 85 pS (Fig. 6 C, D). Substates of both
wild-type Cx50 and Cx50A294stop persisted during
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v | closed type Cx50 gap junctional channel in response to
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wild-type Cx50 gap junctional channel recorded
in A. The solid line represents the best fit of the
B D experimental data (filled circles) to a line with a
slope of 207 pS (r = 0.99). (C) Single-channel
304 Ij (A = 205 pS f:urre'nts of CX’50A294StOp elicited by trans-
junctional voltage-clamp steps to =100 mV (up-
201 20 Ij (PA) per panel) and =70 mV (lower panel). (D)I-V
y= 207 pS relationship of the main open state of the
10 10 Cx50A294stop channel recorded in C. The solid
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-20 The arrows indicate the beginning of trans-
-30 junctional voltage-clamp steps.

large, maintained transjunctional voltage steps and
could account for the nonzero value of Gjmin
observed macroscopically.

Transitions between the main open state and
substates for wild-type Cx50 gap junction channels
were usually fast (<2 msec). In contrast, gating
between the main open state and the closed state
involved both fast and slow transitions (Fig. 74). In
the experiment shown, transjunctional voltage was
clamped at +100 mV. At the beginning of the
current trace, the channel resided in a substate.
After closing briefly, the channel fluctuated several
times between the main open state and the closed
state before undergoing a fast transition from the
main open state to a long-lasting subconductive
state. The duration of the transitions between the
main open state and the closed state ranged between
2 and 10.2 msec.

Cx50A294stop gap junctional channels also gat-
ed from the main open state to substates and to fully
closed states, but the frequency of transitions to the
fully closed state was greater. These channel closings
often preceded a transition to the main open state.
Both fast (<2 msec) and slow transitions were ob-
served (Fig. 7B).

DEPENDENCE OF OPEN-PROBABILITY
ON TRANSJUNCTIONAL VOLTAGE

The amount of time that wild-type human Cx50 or
Cx50A294stop gap junctional channels spent in the
main open state was strongly dependent on trans-
junctional voltage. Fig. 84 shows representative
steady-state current traces of a wild-type Cx50 gap
junctional channel and the corresponding all-points
amplitude histograms at three different transjunc-
tional voltages. The Cx50 wild-type gap junctional
channel was open nearly all of the time at V; = =20
mV, and the probability that the channel resided in
the main open state (P,) was close to 1. P, decreased
dramatically with increasing |V;j|. For |Vj| = 80 mV,
P, =0.In Fig. 8B, P, was plotted as a function of V;.
The P,-V; relationship of Cx50 wild-type could be
described by a Boltzmann distribution with
Py(e0) = 0.04, P,(0 mV) = 1.00, 4 = —-0.15, and
Vo = =452 mV (n = 4), shown as the solid line. The
values for 4 and V were similar to those determined
for the macroscopic Gis-V;j relationship. The Py-V;
relationship of Cx50A294stop gap junctional chan-
nels (Fig. 8 B, open circles) was nearly identical to that
of wild-type Cx50 channels.
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Fig. 6. Substates of human Cx50 wild-type
and Cx50A294stop gap junctional channels.
(A) Current traces of a wild-type Cx50 gap
junctional channel at 5 different Vis. (B) I-V/
plot of the substates of the channel recorded in
A. The I-V relationships for the substates (fil-
led circles) were linear with slopes of 31 and 60
pS (solid lines). (C) Gap junctional current
traces recorded from a cell pair containing one
functional Cx50A294stop gap junctional
channel at transjunctional voltage of =110 mV
(top), =90 mV (middle) or —60 mV (bottom).
(D) I-V plot of substate current recorded in C.

V(mV) .
120

41 ¥=31pS 41

EFFECT OF CYTOPLASMIC ACIDIFICATION ON WILD-
TYPE Cx50 AND Cx50A294STOP CHANNELS

The possible role of the carboxyl tail on gating of gap
junction channels by intracellular acidification was
examined using the “NHs/NH, " pH-clamp method
(Grinstein et al., 1994; Hermans et al., 1995). Cell pairs
transfected with wild-type Cx50 exhibited a dramatic
reduction in gap junctional coupling when the cyto-
plasmic pH was reduced below 6.7 (Fig. 9). At pH; 6.3,
all the gap junctional channels were blocked. The re-
duction in gap junctional coupling was fully reversible
when the cytoplasmic pH was returned to 7.0. In
contrast, the mean gap junctional conductance in cell
pairs transfected with Cx50A294stop was reduced by a
factor of only 0.3 when pH; was reduced to 6.3 (Fig. 9).
A further reduction in pH; to 5.8 failed to block the
majority of the channels.

120 -40 | 40

V(mV) ;
—— In the current traces (4 and C), the main open
120 state (dashed lines) and closed state (solid lines)
are labeled as “open” and “‘closed” respec-
tively, and the substates (dotted lines) as “‘s”.
The arrows indicate the beginning of trans-

junctional voltage steps.

Discussion

The data presented in this manuscript show that wild-
type human Cx50 protein is produced in transfected
N2A cells. The expressed protein had an electroph-
oretic mobility indistinguishable from that of Cx50
protein present in a human lens homogenate. This
finding suggests that modification of the Cx50
protein, if any, may be similar in the transfected cells
to that occurring in the lens. The immunofluores-
cence data showed that expressed Cx50 targeted
appropriately (but not exclusively) to appositional
membranes. Furthermore, the electrophysiology
experiments demonstrated the ability of expressed
Cx50 to form functional gap junctional channels.
Similar to other connexins, wild-type human
Cx50 gap junction channels exhibited Vj-dependent
gating. The V,, determined for human Cx50 in N2A
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cells (£43.8 mV) was somewhat greater than that
determined previously from oocyte expression (—32
mV for negative polarities and 34.8 mV for positive
polarities) (Pal et al., 1999). This difference is likely
related to the differences in expression systems used.
However, different Vj-dependent gating properties
also appear to originate from differences in the ami-
no-acid sequences of Cx50 between species. For ex-
ample, mouse Cx50 (which contains 87% identical
amino acids to human Cx50) has a ¥, of =37 mV for
negative polarities and 38 mV for positive polarities
when expressed in N2A cells (Srinivas et al., 1999),
suggesting that human Cx50 channels are less Vj-de-
pendent than mouse Cx50 channels.

The single-channel conductance determined here
for human Cx50 (212 = 5 pS) was not different from
the value previously reported for mouse Cx50
(220 £ 13.1 pS) (Srinivas et al., 1999). Interestingly,
this value is very similar to the 210-pS channel de-
tected in mouse lens fiber cells by Donaldson et al.
(1995). The open-probability for human Cx50 chan-
nels was near 1 at low Vjs and was greatly decreased

10 ms

Fig. 7. Transitions between different states of
human Cx50 wild-type (4) and Cx50A294stop
(B) gap junctional channels. A single gap junc-
tional channel recorded from a cell pair ex-
pressing wild-type Cx50 at V; of +100 mV is
shown in A4 and the circled region is shown be-
low on an expanded time scale. Gap junctional
current recorded from a cell pair containing only
one functional Cx50A294stop channel at a Vj, of
—90 mV is shown in B, and the circled region is
displayed on expanded time scale below. The
main open and closed states are marked as
“open” (dashed lines) and “‘closed” (solid lines),
respectively, and substates as “s” (dotted lines).
The arrows mark the beginning of V; step.

J10pA

with increasing ¥, similar to the results reported for
mouse Cx50 channels (Srinivas et al., 1999). In both
cases, the voltage-dependence of P, could be fitted by
a Boltzmann equation with parameters similar to
those determined for the macroscopic currents. At
high Vs the human Cx50 channel resided predomi-
nantly in long-lasting substates.

While investigating the single-gap junctional
channel properties of de novo or preformed cell pairs
of insect cells, Weingart and Bukauskas (1993)
observed that the channel never fully closed. Instead
it gated between the fully open state and a single,
long-lasting, partially open conductance state, which
these authors named the “residual” state (Weingart &
Bukauskas, 1993; Bukauskas & Weingart, 1994). The
residual state could be distinguished from conven-
tional substates, because transitions from the residual
state to the fully closed state were rare or absent.
Furthermore, when such transitions did occur, their
duration was long (>2 msec). Mouse Cx30, Cx40
and Cx43 gap junctional channels have also been
reported to exhibit a residual conductance state
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Fig. 8. Single-channel open-probability (P,) of human Cx50 wild-
type and Cx50A294stop. (A4) Steady-state current traces of a wild-
type Cx50 gap junctional channel at Vj of =20 mV, —40 mV and
—80 mV and their corresponding all-points amplitude histograms.
The main open state and closed state are marked as “open” (dotted
lines) and “closed” (solid lines), respectively. (B) Relationship be-
tween single-channel open-probability (P,) and V; for wild-type
Cx50 (filled circles; n = 4) and Cx50A294stop (open circles;
n = 6). The experimental data for wild-type Cx50 were fit to a
Boltzmann equation (solid line) with Py(e) = 0.04, P,(0
mV) = 1.00, 4 = -0.15, an V) = -452 mV (n = 4).

(Bukauskas et al., 1995; Valiunas et al., 1999; Banach
& Weingart, 2000). The behavior of human Cx50 gap
junctional channels differs from that described by
Weingart et al. (1993) in several respects. First,
multiple, long-lasting subconductance states were
often observed in cell pairs containing only one active
channel. Second, full channel closures from either the
main open state or from long-lasting substates, while
less frequent than transitions between the main open
state and substates, were observed in most of the
single-channel records. Third, transitions between
open states and closed states could be either fast or
slow. Our data may also differ from the character-
ization of mouse Cx50 single channels, because
Srinivas et al. (1999) observed only one major sub-
state (43 pS).

Several studies have shown that lens-fiber con-
nexins in lens homogenates or isolated lens mem-
branes can be cleaved to smaller products by a
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Fig. 9. Effect of cytoplasmic acidification on human Cx50 wild-
type and Cx50A294stop gap junctional coupling. Gap junctional
coupling of cell pairs expressing wild-type (filled circles) or
Cx50A294stop (open circles) was measured while intracellular pH
was decreased successively from 7.0 to 6.7, 6.3, 5.8, and then re-
turned to 7.0. Gap junctional conductance was normalized to the
initial conductance value at pH 7.0 (» = 8 for wild-type Cx50 and
n = 7 for Cx50A294stop).

calcium-dependent protease (Kistler & Bullivant,
1987; Berthoud et al., 1994). Proteolysis of Cx50
(from MP70 to MP38) has been observed in these
preparations and is believed to occur within the lens
(Voorter & Kistler, 1989). Lin et al. (1997) used
protein sequencing to identify two calpain cleavage
sites within ovine Cx50. The variants of human Cx50
that we constructed represent truncations at the
corresponding positions. The shorter construct that
we made (Cx50V284stop) did not form functional
channels. The other variant, Cx50A294stop, did form
functional channels, but the macroscopic junctional
conductance was less than that produced in parallel
transfections using full-length Cx50. The explanation
for this result is unclear, since Stergiopoulos et al.
(1999) observed similar junctional conductances be-
tween paired Xenopus oocytes expressing mouse
constructs of similar lengths.

There are conflicting data regarding the contri-
bution of the carboxy-terminal tail to the Vj-depen-
dent gating of gap junction channels. “Tailless”
mutants of human Cx32 and rat Cx43 show loss of
fast V; gating (Revilla, Castro & Barrio, 1999). Fast
Vi-dependent gating of Cx43 channels is also lost
when enhanced green fluorescent protein (EGFP)
(Bukauskas et al., 2000) or acquorin (Martin et al.,
1998) is fused to the carboxyl tail of Cx43. However,
a similar modification of Cx47 does not affect V-
dependent gating (Teubner et al., 2001). In the case of
human Cx50, the “tailless” mutant (Cx50A294stop)
showed Vj-dependent gating and relaxation kinetics
that were indistinguishable from those of wild-type
Cx50. Our results are consistent with those of Lin
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et al. (1998), who reported that the steady-state
voltage-dependent properties of the ovine homologue
of Cx50 were not affected by truncation of the C-
terminus when expressed in Xenopus oocyte pairs.

Moreover, the similarity of single-channel con-
ductances obtained from N2A cells expressing wild-
type Cx50 or Cx50A294stop suggests that the carb-
oxyl tail of human Cx50 is not involved in determining
single-channel conductance of the main open state.
These results contrast with studies of Cx43, in which
truncation of the carboxyl terminus (Fishman et al.,
1991) or site-directed mutagenesis (S364A) (Lampe et
al., 2000) were associated with changes in single-
channel conductance. Thus, the role of the carboxyl
tail in determining Vj-dependent gating or single-
channel conductance appears connexin-specific.

The carboxyl tail of human Cx50 appears to be
involved in regulating pH gating, as Cx50A29%4stop
channels did not close upon acidification to pH val-
ues of 6.3 and 5.8. These results are in agreement with
those published for a truncated variant of ovine Cx50
(Lin et al., 1998), but differ from those reported for
mouse wild-type Cx50 or its truncated variants
(Stergiopoulos et al., 1999). These differences might
be a consequence of the different amino-acid com-
position of Cx50 in the different species.

Previous studies have demonstrated a pH gradi-
ent from the cortex to the nucleus in the frog lens
with the center of the lens being more acidic. The pH
values in the cortex are 7.02-7.2 and 6.3-6.8 in the
nucleus (Mathias, Riquelme & Rae, 1991). This pH
gradient may result from metabolic accumulation of
increasing amounts of lactate as the depth from the
cortex increases. The pH values in the human lens
have not been measured. A loss of pH-dependent
gating in the center of the lens by truncation of hu-
man Cx50 would be favorable if pH values in that
region decrease to a value of 6.3 according to our
data. Changes in pH to a value of 6.8 would not have
a major impact upon gap junctional intercellular
communication between fiber cells, since wild-type
human Cx50 channels remain open at that pH. Thus,
our data suggest that changes in intracellular pH
within the lens can have enormous effects for the
survival of fiber cells and lens homeostasis and
transparency, since alterations in gap junctional in-
tercellular communication can lead to the formation
of cataracts (White et al., 1998; Gong et al., 1997,
Mathias, Rae & Baldo, 1997; Shiels et al., 1998; Pal
et al., 1999). Moreover, because lens fiber cells also
contain Cx46, consequences for lens survival would
be influenced by the pH dependence of Cx46 channels
and heteromeric Cx50-Cx46 channels.

We thank Mr. Jun Guo for his assistance with the stable trans-
fections and immunochemical characterization of the connexin-
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