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Structural Determinants for the Differences in Voltage Gating of Chicken
Cx56 and Cx45.6 Gap-Junctional Hemichannels

Jun-Jdie Tong and Lisa Ebihara
Department of Physiology and Biophysics, Rosalind Franklin University of Medicine and Science, North Chicago, lllinois 60064

ABSTRACT The voltage- and calcium-dependent gating properties of two lens gap-junctional hemichannels were compared
at the macroscopic and single channel level. In solutions containing zero added calcium and 1 mM Mg, chicken Cx56 hemi-
channels were mostly closed at negative potentials and application of depolarizing voltage clamp steps elicited a slowly acti-
vating outward current. In contrast, chicken Cx45.6 hemichannels were predominantly open at negative potentials and rapidly
closed in response to application of large depolarizing potentials. Another difference was that macroscopic Cx45.6 currents
were much smaller in size than the hemichannel currents induced by oocytes with similar amounts of cRNA for Cx56. The aim
of this study was to identify which regions of the connexins were responsible for the differences in voltage-dependent gating and
macroscopic current amplitude by constructing a series of chimeric Cx45.6-Cx56 channels. Our results show that two charged
amino acids that are specific for the a3-group connexins (R9 in the N-terminus and E43 in the first extracellular loop) are
important determinants for the difference in voltage-dependent gating between Cx45.6 and Cx56 hemichannels; the first
transmembrane-spanning domain, M1, is an important determinant of macroscopic current magnitude; R9 and E43 are also
determinants of single channel conductance and rectification.

INTRODUCTION

Connexons or gap junctional hemichannels are large, rela-
tively nonselective ion channels that reside in the nonjunc-
tional plasma membrane at least transiently before their
assembly into gap junctional channels. It was originally thought
that unpaired hemichannels must remain closed for a cell to
maintain a normal resting potential and proper transmem-
brane ionic gradients. However, there have been a number of
recent studies that suggest that these channels can open
under certain conditions such as ischemia (1,2) or mechan-
ical strain (3) and may participate in a number of cellular
processes including the release of small metabolites, such as
ATP, which are involved in paracrine signaling (4—7). Con-
nexons are composed of six subunits called connexins. The
connexins belong to a multigene family composed of at
least 20 human members (8). All of the connexins have four
membrane-spanning domains, and both the NH,- and COOH-
termini reside on the cytoplasmic side of the membrane.

A common feature of most connexons is that they are
blocked by external divalent cations and hyperpolarized trans-
membrane potentials (9-13). These two effects act syner-
gistically to prevent the opening of unpaired hemichannels
under normal physiological conditions. However, within the
connexin family, there are significant differences in voltage
gating properties and divalent cation sensitivity. In addition,
these channels exhibit differences in single channel conduc-
tance and rectification.
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In this study, we focus on the voltage gating properties of two
prototypic connexins. These are chicken Cx56 and chicken
Cx45.6, both of which are coexpressed in lens fiber cells.

MATERIALS AND METHODS
Construction of chimeric and mutant subunits

We constructed eight chimeric constructs in which one or more domains
and/or amino acids of Cx45.6 were replaced by the corresponding domains
and/or amino acids of Cx56 using polymerase chain reaction (PCR)
amplification. In addition, we constructed one chimeric construct in which
two amino acids of Cx56 were replaced by the corresponding amino acids of
Cx45.6. The domains of the two connexins are delimited as follows. Cx56 is
divided into N (Metl-Lys-23), M1 (Val-24-Ala-41), E1 (Glu-42-Arg-76).
Cx45.6 is divided into N (Met-1-Arg-23), M1 (Val-24-Ala-41), E1 (Glu-42-
Arg-76). Generation of Cx45.6-56N and Cx45.6-56M1 constructs are
described in Tong et al. (18). Cx45.6-56NMI, Cx45.6L43E-56M1,
Cx45.6N9R-56M1, Cx45.6N9RL43E-56M1, Cx45.6RON-56NMI1, and
Cx56RINEA43L  were constructed using the QuikChange Site-Directed
Mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s
protocol. All of the constructs were sequenced (DNA Sequencing and
Synthesis Facility, ITowa State University, Ames, IA) to ensure that PCR
amplification did not introduce random mutations.

Expression of connexins in Xenopus oocytes

Adult female Xenopus laevis frogs were anesthetized on ice and a partial
ovarectomy performed. The oocytes were defolliculated by treating them
with collagenase IA (Sigma Chemical, St. Louis, MO). Stage V and VI
oocytes were selected and pressure injected using a Nanoject variable
microinjection apparatus (model No. 3-000-203, Drummond Scientific,
Broomal, PA) with 0.23 ng of oligonucleotides antisense to mRNA for
Xenopus Cx38 as previously described (14). The oocytes were incubated
overnight at 18°C in Modified Barth’s Solution (MBS) containing (in mM)
88 NaCl, 1 KCl, 2.4 NaHCO;, 15 Hepes, .3 CaNO;*4H,0, 0.41
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CaCl,*6H,0, 0.82 MgSO,*H,0, 550 mg/L pyruvate, and 50 wug/ml
gentamycin, pH 7.4. Connexin cRNAs were synthesized using the
mMessage mMachine in vitro transcription kit (Ambion, Austin, TX)
according to the manufacture’s instructions. The amount of cRNA was
quantitated by measuring the absorbance at 260 nm. The purity and amount
of cRNA was further assessed by agarose gel electrophoresis. Cx38
antisense-pretreated oocytes were injected with 36 nl of 0.04-4 ng/nl
connexin cRNA and incubated for an additional 16-24 h at 18°C in MBS
containing 5 mM CaCl,.

Electrophysiological measurement and analysis
of hemi-gap-junctional channels expressed in
Xenopus oocytes

Voltage clamp recordings of macroscopic hemichannel currents from single
oocytes were obtained with a two-microelectrode-voltage-clamp (Gene
clamp 500, Axon Instruments, Foster City, CA). The microelectrodes were
filled with 3 M KCl and had resistances between 0.1 and 1.0 M{). To prevent
electrode leakage, the tips of the electrodes were backfilled with 1% agar in
3 M KCL. The standard external bath solution contained (in mM) 88 choline
chloride, 1.0 KCl, 2.4 NaHCO3, 1.0 MgCl,, and 15 Hepes, pH 7.6. Choline
was used instead of sodium in the bath solution to prevent the inward flow of
current through endogenous sodium channels at potentials = +40 mV.

For the dose-response curves for calcium blockade, connexin cRNA-
injected oocytes were thoroughly washed in the choline chloride solutions
containing different calcium concentrations. No calcium buffer was used for
solutions containing =10> M free Ca’". A total of 1 mM EGTA and 0.5
mM Ca®>* was added to the solution intended to contain 0.026 uM [Ca“]o.
The amplitude of the current at the end of a 2.5-s pulse to —50 mV from a
holding potential —10 mV was measured, and the concentration-response
curve showing inhibition of hemichannel current at as a function of [Ca*!]
was determined. Block was assumed to be absent in solutions containing
0.026 uM [Ca®"],. The data were corrected for leakage by subtracting the
average leakage current measured in control oocytes (oocytes injected only
with AS). All experimental data presented are averages from five to nine
oocytes from the same donor. The experiments were repeated with a
different donor to verify the reproducibility of the basic findings. The
concentration-response relationships were fit with Langmuir isotherms of
the form %Block = A/(1 + 1000850 — IMDPy " where A is maximum
response (normalized to 1 for Ca*"), ICso is the half-maximal inhibitory
concentration, [M] is the concentration of the metal ion, and p is the Hill
coefficient.

The conductance-voltage curves were determined from isochronal tail
currents. The membrane potential was stepped from —10 mV to the test
potential for 20 s and then hyperpolarized to —80 mV. Tail current amplitudes
were determined at 10-12 ms after repolarization. The amplitudes were
corrected by subtracting the leakage current estimated from control oocytes
(oocytes injected only with AS). The tail currents were then normalized to the
tail current amplitude after a 20 mV or 40 mV test pulse and plotted as a
function of test potential. The voltage dependence of activation was quantified
by fitting the curves to a Boltzmann function (/ = a/(1+exp((V — Vo5)/b)))
using SigmaPlot 8.0 software (SPSS, Chicago, IL). For this analysis, the
relative probability of opening was assumed to approach zero at large negative
potentials. The time course of deactivation was obtained by fitting decaying
tail currents to a biexponential function.

All experiments were performed at room temperature (20-24°C). Pulse
generation and data acquisition were performed using a PC computer
equipped with PCLAMP 6 software and a TL-1 acquisition system (Axon
Instruments). Currents were filtered at 50-100 Hz and digitized using
PCLAMP6 software and a Digidata 1200 interface (Axon Instruments).
Leak correction, when applied, was performed by extrapolating from linear
regression to data at negative potentials or by subtracting the average
leakage current in control oocytes (oocytes injected only with AS); and
~8-10 ms at the beginning of each step was blanked.
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For single channel measurements, the oocyte vitelline membrane was
removed (15) and the channels were studied with the patch-clamp technique.
All measurements were performed at room temperature. Pipettes were pulled
using a Flamming/Brown micropipette puller (model P-87; Sutter Instru-
ments, Novato, CA). The patch pipettes had resistances of 2-5 M) when
filled with standard internal solution containing (in mM) 140 KCl, 1 EGTA,
.5 CaCl,, 1 MgCl,, 5 Hepes, pH 7.6. The bath chamber contained the same
solution as the pipettes. Single channel currents were recorded in the cell-
attached patch configuration using an Axopatch 200B amplifier (Axon
Instruments). Signals were filtered at 1 kHz and digitized with a Digidata
1322A analog/digital converter (Axon Instruments) at 10 kHz, unless
otherwise noted, using pClamp 9.2 (Axon Instruments). Single channel I-V
curves were determined using 200-ms voltage clamp ramps between —100
mV and 100 mV. The I-V curves of the main open state were constructed by
subtracting a segmented average trace of the baseline current from a single
current trace or a segmented average trace of the current when the channel
was in the main open state.

Data analysis was performed using PCLAMP 9.2 software (Axon Instru-
ments), Microcal Origin Version 7 (OriginLab, Northhampton, MA), and
SigmaPlot Version 8.0 (SPSS). Group statistics were reported as mean = SE.

All chemicals were obtained from Sigma-Aldrich.

RESULTS

Fig. 1 compares representative families of calcium-sensitive
currents and [-V curves recorded from single oocytes in-
jected with Xenopus Cx38 antisense oligonucleotides alone
or antisense + cRNA for Cx56 or Cx45.6. Although both
Cx56 and Cx45.6 cRNA-injected oocytes develop calcium-
sensitive currents, their voltage gating properties (in choline
chloride solution containing zero added calcium and 1 mM
Mg *?) show marked differences.

Cx45.6 channels resided primarily in the open state at a
holding potential of —10 mV and tended to close at large
positive and negative potentials (Fig. 1 A). The rate and
extent of channel closure was much greater at large positive
potentials (inactivation) compared to negative potentials
(deactivation). Repolarization to —80 mV after a depolariz-
ing test pulse to +60 or +80 mV induced a hooked tail
current (Fig. 1 A, insef). The hook in the tail current most
likely represents rapid recovery from channel inactivation
that occurred during the preceding test pulse.

In contrast, Cx56 channels had a substantial probability of
being in the closed state at a holding potential of —10 mV.
Application of depolarizing voltage clamp steps elicited an
instantaneous jump in current followed by a slowly activat-
ing outward current (Fig. 1 B). Repolarization to —80 mV
after a depolarizing test pulse induced a tail current that
decayed monotonically to zero. The rates of current deac-
tivation were much faster than those of Cx45.6. Another
difference was that the Cx56 hemichannel currents were
considerably larger in size than macroscopic hemichannel
currents induced by injecting oocytes with similar amounts
of cRNA for Cx45.6. These results are very similar to those
reported earlier for rat Cx46 (the rat ortholog of Cx56) and
mouse Cx50 (the mouse ortholog of Cx45.6) (16,17).
However, unlike mouse Cx50, the amplitude of the
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Cx45.6-induced currents was insensitive to changes in
external pH between 6.6 and 8.6 (data not shown).

The properties of Cx45.6 and Cx56 were also examined at
the single channel level. Fig. 2 shows representative single
channel current traces, ensemble averages, and single channel
I-V curves recorded from Cx45.6 or Cx56 cRNA-injected
oocytes using the cell attached patch clamp technique with
~107? [Ca®*], and 1 mM [Mg**], in the pipette solution.
The gating properties of Cx45.6 hemichannels were very
different from those of Cx56. Cx45.6 hemichannels closed on
depolarization to +40 mV and opened on hyperpolarization to
—40 mV. In contrast, Cx56 hemichannels opened on depo-
larization and closed on hyperpolarization. Ensemble averages
of single Cx45.6 and Cx56 hemichannels resembled records
of the corresponding macroscopic currents from whole oo-
cytes. The two types of hemichannels also showed differences
in single channel conductance (see Table 2). The single
channel I-V curve of Cx45.6 was linear and had a slope con-
ductance of 536.5 = 37.3 pS (n = 4). In contrast, the single
channel I-V curve of Cx56 rectified inwardly and had a slope
conductance of 355.8 = 15.02 pS (n = 6) at 0 mV. These
values are similar to those reported for Cx50 and Cx46 (17).
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zero Ca** choline chloride solution.
Inset in panel A shows tail current on an
expanded timescale; test potential =
+80 mV. The oocytes were held at —10
mV between pulse sequences to mini-
mize holding currents. A 20-s test
pulse was applied to voltages between
+80 mV and —100 mV in decrements
of 20 mV followed by a shorter pulse to
—80 mV. No leakage current correction.
Dashed line represents zero current. (D)
Quasi-steady-state I-V relationships for
Cx56 (solid triangles, n = 4), Cx45.6
(open squares, n = 4), and AS alone
(solid circles, n = 5) were determined
by measuring the current at the end of
the test pulse and plotting it as a func-
tion of pulse potential.

40 0 40 80
Potential mV)

Role of the first transmembrane-spanning
domain, M1

To identify the Cx56 sequences responsible for these
differences, several chimeras and reciprocal point mutations
between Cx45.6 and Cx56 were examined (Fig. 3). We
initially focused on the first transmembrane-spanning do-
main (M1) because our previous work had shown that
expression of a Cx45.6 chimera containing the first trans-
membrane domain of Cx56 (Cx45.6-56M1) caused the
oocytes to develop a large membrane conductance that could
not be prevented by incubation in 2 mM [Ca”]o (18).
Expression of Cx45.6-56M1 in oocytes produced hemi-
channel currents that were much larger than wild-type
Cx45.6 (when studied under identical conditions in oocytes
injected with similar amounts of cRNA). The current was so
large that in many cells, we were unable to accurately
measure it, especially in the presence of reduced [Ca**],. To
reduce the size of the current, oocytes were injected with 50—
200-fold less cRNA than that used to express wild-type
Cx45.6. Fig. 4 A shows a representative family of current
traces recorded during voltage clamp steps from a holding
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FIGURE 2 Single channel current traces of
Cx45.6 and Cx56 in the cell-attached mode. The
pipette solution contained (in mM) 140 KCl, .5
Ca**, 1 Mg®", 1 EGTA. (A) Upper panel shows
a record of a single Cx45.6 channel for voltage
clamp steps of =40 from a holding potential of

0 mV. Lower panel shows the average of 14 such

records. The channels were predominantly in the
open state at 0 mV and then closed to a long-

lasting substate after application of a voltage
clamp step to +40 mV. When the potential was

e changed to —40 mV, the channel reopened and

J 20 pA 0pA 'J/—f"“"'v remained in the fully open state for duration of

1s J 20 pA the pulse. (B) Upper panel shows a record of two

1s Cx56 channels for voltage clamp steps of *60

from a holding potential of 0 mV. Lower panel

C D shows ensemble average of 21 such records.

80 - 80 - When the potential was held at 0 mV, the channel

was rarely open, but at +60 mV, the channels

60 601 opened. When the potential was suddenly

. 401 . 401 stepped from +60 to —60 mV, the channel was
<§,_ 20 4 E_ 20 initially open and then closed to the fully closed
:g 0 E 0 state. Data corrected for leakage by subtracting a
“t’ g segmented average trace of the baseline current.
8 20 v,= 607 pA 3 201 ¥o= 366 pA (C and D) Current-voltage relationships for
-40 1 -40 Cx45.6 (C) and Cx56 (D) obtained by application

60 - 60 1 of a 200-ms voltage ramp between =100 mV to

80 L, ‘ . . . gL, . ' ‘ . cell-attached patches containing only one active
-100 50 0 50 100 -100 50 0 50 100 channel. The Cx45.6 channel shown in panel C

Potential (mV)

potential of —10 mV in zero calcium solution. The voltage
gating properties of Cx45.6-56M1 were similar to those of
wild-type Cx45.6 except that the Cx45.6-56M1 current exhi-
bited a more prominent decline at large negative potentials
(Fig. 4 B).

One explanation for the enhanced size of Cx45.6-56M1
compared to wild-type Cx45.6 was that Cx45.6-56M1 was
less sensitive to block by external calcium. To test this hy-
pothesis in a quantitative manner, the inhibition of the cur-
rents at a holding potential of —10 mV was plotted as a function
of [Ca2+]0 and fitted to the equation:

%Block = 100/(1 + 10(10g(IC50)—[c32+])p)7

where ICs is the half-maximal inhibitory concentration and
p is the Hill coefficient (Fig. 4 C). The ICs for Cx45.6-56M1
was .68 mM with a Hill coefficient of 1.53. The ICs, for
Cx45.6 was .012 mM with a Hill coefficient of 0.81. The
effects of removal of external calcium on the magnitude of
the current were completely reversible upon addition of
calcium to the bathing solution (data not shown).

Cx45.6-56NM1 channels close at
negative potentials

Another domain that plays a critical role in hemichannel
gating is the N-terminus (N). Expression of a Cx45.6
chimera containing both the N-terminus and the first

Potential (mV)

closed from the main open state to a long-lasting
substate at positive potentials. Corrected for leak-
age current as described in Materials and Methods.

transmembrane domain of Cx56 (Cx45.6-56NM1) resulted
in the development of large hemichannel currents whose
magnitude was comparable to Cx45.6-56M1. However, in
contrast to Cx45.6-56M1, Cx45.6-56NM1 channels were
mostly open at positive potentials and rapidly closed when
the membrane potential was changed to negative potentials
as illustrated in Fig. 5 A. The steady-state current magnitude
of Cx45.6-56NM1 was markedly reduced at potentials
negative to —10 mV compared to Cx45.6-56M1 (Fig. 5 B).
Fig. 5 C compares the time course of deactivation of Cx45.6-
56M1 and Cx45.6-56NM1 at —100 mV to demonstrate
the striking difference in deactivation kinetics of these two
chimeras. Fig. 5 D compares the isochronal conductance-
voltage curves for Cx45.6-56NM1 and Cx45.6-56M1 deter-
mined by plotting the relative amplitude of the tail current at
—80 mV as a function of test potential. The currents were
normalized to the tail current measured after a pulse to +20
mV. The voltage dependence of activation was quantified by
fitting the curves to a Boltzmann function (Table 1). The V5
was —50.2 mV and the slope factor was 12.52 mV for
Cx45.6-56NM1 compared with a V55 of —78.9 mV and a
slope factor of 30 mV for Cx45.6-56M1.

Cx45.6-56NM1 and Cx45.6-56M1 also showed differ-
ences in inactivation kinetics at large positive potentials. The
time course of inactivation of Cx45.6-56NM1 was consis-
tently slower than that of Cx45.6-56M1 at +80 mV.
Unfortunately, the inactivation properties of the different

Biophysical Journal 91(6) 2142-2154
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FIGURE 3 (A) Schematic representation of chimeric
connexins made by swapping domains between Cx45.6
(open) and Cx56 (solid). (B) Amino acid sequence

alignment of the N-terminal, M1, and E1 domains of the
a8- and a3-group connexins.

Cx56RINE43L 1 Y
Chick Cx56 . m
B
NT

g [Chicken Cx45.6 | MGDWSFLGNTLEQVNEQSTVIGR|VWITVLFIFRILTLGTAA
& | Mouse Cx50 MGDWSFLGNILEEVNEHSTVIGR|VWLTVLFIFRIL ILGTAA
% |Human Cx50 | MGDWSFLGNILEEVNEHSTVIGR| VWLTVLFIFRILILGTAA

Zebrafish Cx44.1 | MGDWSFLGN I LEEVNE HSTVIGR| VWLTVLFIFRIL I LGTAA
S ChickenCxs6 | MGDWSFLGRLLENAQEHSTVIGK| VWLTVLFIFRILVLGAAA
& |Rar cxa6 MGDWSFLGRLLENAQEHSTVIGK| VWLTVLFIFRILVLGAAA
2 Bovine Cxa4 MGDWSFLGRLLENAQEHSTVIGK| VWLTVLFIFRILVLGAAA
3 |Zebrafish Cxas. s | MGDWSFLGRLLENAQEHSTVIGK| VWLTVLFIFRILVLGAAA

El

Chicken Cx45.6
Mouse Cx50
Human Cx50

Chicken Cx56
Rat Cx46
Bovine Cx44

a3-group a8-group

ELVWGDEQSDFVCNTQQPGCENVCYDEAFPISHIR
EFVWGDEQSDFVCNTQQPGCENVCYDEAFPISHIR
: EFVWGDEQSDFVCNTQQPGCENVCYDEAFPISHIR
Zebrafish Cx44.1 | EFyWGDEQSDYVCNTQQPGCENVCYDEAFPISHIR
EEVWGDEQSDFTCNTQQPGCENVCYDKAFPISHIR
EEVWGDEQSDFTCNTQQPGCENVCYDRAFPISHIR
EEVWGDEQSDFTCNTQQPGCENVCYDRAFPISHIR
Zebrafish Cx48.5 | EFVWGDEQSDYVCNTQQPGCENVCYDEAFPISHIR

constructs were frequently partially masked by current acti-
vation and by contamination of the exogenous currents by
endogenous outward sodium currents at potentials greater than
40 mV. Therefore no attempt was made to quantify these
differences in inactivation properties.

It was previously shown that a uniquely occurring arginine
at residue 9 in the N-terminus of the a3-group connexins
is the main determinant for the differences in voltage-
dependent gating properties between Cx46 (the rat ortholog
of Cx56) and Cx45.6 gap junctional channels (18). Thus we
were interested in examining the role of this amino acid
in hemichannel gating. Our results show that when N9 of
Cx45.6-56M1 was mutated to arginine (the positively
charged a3-specific amino acid in the N-terminus) or lysine
(data not shown), the effect on channel function was the
same as that of swapping the N-terminus: the channel rapidly
closed at negative potentials and opened upon depolarization
(Fig. 6 A). Comparison of the isochronal conductance-
voltage curves of Cx45.6N9R-56M1 and Cx45.6-56NM1
showed that the two curves were very similar (Fig. 6 B;
Table 1). These results suggest that the positive charge at
residue 9 in the N-terminus of Cx56 plays an essential role in
determining this behavior.

To further confirm the importance of a positive charged
residue at position 9, we substituted an uncharged asparagine
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(the Cx45.6-specific amino acid) at this position in Cx45.6-
56NM1 and demonstrated that this converted the biophysical
properties of the resulting mutant channel back to those of
Cx45.6-56M1 (Fig. 6, C and D).

Role of E43 in Ca®* modulation of
hemichannel gating

The position corresponding to E43 in the first extracellular
loop of Cx56 is conserved among most of the a3-group
connexins. Leucine is found in the analogous position in
Cx45.6. To determine the contribution of E43 to hemi-
channel gating, three chimeric constructs were generated:
Cx45.6LA3E-Cx56M1, Cx45.6N9RLA3E-Cx56M1, and Cx45.
6NI9RLA43E. Fig. 7 shows representative families of macro-
scopic current traces and I-V curves for each of these
constructs in the presence of zero added calcium. The
biophysical properties of Cx45.6L43E-56M1 (Fig. 7 A)
were most similar to Cx45.6-56M1. However, the isochronal
conductance-voltage curve of Cx45.6L43E-56M1 was shifted
to more depolarized potentials compared to Cx45.6-56M1
(Fig. 7 D; Table 1).

In contrast, Cx45.6N9RIL43E-56M1 channels showed a re-
markable resemblance to wild-type chicken Cx56 (Fig. 7 B).
Both Cx45.6N9RLA3E-56M1 and Cx56 were characterized
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by large outward currents that slowly activated in response to
depolarizing pulses and relatively small inward currents that
rapidly deactivated in response to hyperpolarization. The
isochronal conductance-voltage curve of Cx45.6N9RL43E-
56M1 was indistinguishable from that of chicken Cx56
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FIGURE 4 Properties of Cx45.6-56M1 hemichannel
currents. (A) Representative current traces recorded in
zero added calcium solution. Cx45.6-56M1 hemi-
channel currents were recorded in response to a series
of 20-s voltage clamp steps from +80 mV to —100 mV
in decrements of 20 mV followed by a short pulse to
—80 mV. Holding potential = —10 mV. No leakage
current correction. Dashed line represents zero current.
The oocyte was injected with 50-200-fold less cRNA
than that used to express wild-type Cx45.6 to reduce
the size of the current. (B) Quasi-steady-state current-
voltage curves recorded for Cx45.6 (solid squares,
n = 3) and Cx45.6-56M1 (open circles, n = 3). (C)
Concentration-response curves showing inhibition of
Cx45.6 (solid squares) and Cx45.6-56M1 (open
circles) as a function of [Ca’*],. The ICs, for
Cx45.6 was 0.012 mM with a Hill coefficient of
0.81. The ICs, for Cx45.6-56M1 was .68 mM with a
Hill coefficient of 1.53.

The effect of 56M1 on gating of Cx45.6N9RLA43E-56M1

in Fig. 7 C, which shows the corres-

ponding construct without 56M1. No obvious changes in
voltage-dependent gating properties were observed. The
isochronal conductance-voltage curve of Cx45.6N9RL43E

to that of Cx45.6N9RLA3E-56M1 (Fig. 7 E).

FIGURE 5 Cx45.6-56NM1 hemichannel currents rap-
idly close in response to hyperpolarizing voltage clamp
steps. (A) Representative current traces recorded in zero
added calcium solution. Cx45.6-56NM1 hemichannel cur-
rents were recorded in response to a series of 20-s voltage
clamp steps from +80 mV to —100 mV in decrements of
20 mV followed by a short pulse to —80 mV. Holding
potential —10 mV. No leakage current correction.
Dashed line represents zero current. (B) Quasi-steady-state
current-voltage curves recorded for Cx45.6-56NM1 (solid
squares, n = 3) and Cx45.6-56M1 (open circles, n = 3).
The amplitude of the steady-state current was normalized
with respect to the amplitude of the current at 40 mV. (C)
Comparison of the time course of deactivation of Cx45.6-
56NM1 and Cx45.6-56M1 currents on repolarization to
—100 mV. Fits to a biexponential function (solid lines) are
shown superimposed on the ionic current traces (dashed
lines). For Cx45.6-56NM1, 7¢,c = 11.9 ms and 7o, =
187.2 ms. For Cx45.6-56M1, 74, = 37.6 ms and 70y, =
402.9 ms. The tail currents have been normalized
with respect to the peak tail current. (D) Isochronal
conductance-voltage relationships for Cx45.6-56NM1
(solid squares, n = 3) and Cx45.6-56M1 (open circles,
n = 4). Amplitude of tail currents were measured at —80
mV after 20-s pulses to different test potentials and then
normalized to the amplitude of the tail current after a
test pulse to +20 mV. Solid lines are the best fit
of the G-V curves to a Boltzmann function whose
parameters are given in Table 1.
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TABLE 1 Voltage dependence of activation of wild-type and
mutant connexins

Cx* Threshold (mV) Vy5 (mV) Slope factor (mV)

Cx45.6 N.D. N.D. N.D.
Cx56 -20 N.D. N.D.
Cx45.6-56M1 N.D. —79 30

Cx45.6-56NM 1 —80 —50.2 12.5
Cx45.6N9R-56M 1 —80 —48.3 10.3
Cx45.6-56NMIRON N.D. —79.1 21.7
Cx45.6L43E-56M1 N.D. —16.7 36.8
Cx45.6N9RLA3E-56M1 -20 N.D. N.D.
Cx56RINEA43L N.D. —71.25 24.6

N.D. unable to accurately determine activation parameters.
*Bath solution contained 0 added [Ca®*], and 1 mM [Mg”]n.

These results are consistent with the hypothesis that M1 has
little or no effect on voltage gating.

To compare the activation and deactivation kinetics of
Cx45.6N9R-56M1, Cx45.6L43E-56M1, Cx45.6N9RLA43E-
56M1, and wild-type Cx56, the membrane was held at —80
mV to close the channels and a series of depolarizing voltage
clamp steps ranging between —70 and 30 mV was applied
(Fig. 8 A). The time course of activation of Cx45.6N9R-56M 1
was faster than that of Cx45.6L.43E-56M1, Cx45.6N9RLA43E-
56M1, or Cx56. This effect was quantified by measuring the
time required to reach half peak current amplitude at +30 mV.
The time to half peak current amplitude of Cx45.6N9R-56M1
was significantly smaller than that of Cx45.6L43E-56M1,
Cx45.6N9RLA3E-56M1, or Cx56 (Fig. 8 B). In contrast, the
time to half peak current amplitude of Cx45.6L43E-56M1,

Tong and Ebihara

Cx45.6N9RLA3E-56M1, and Cx56 were not significantly
different. Deactivating currents were best fit with a biexpo-
nential function. These results suggest that the rate of channel
closure could be ranked in the following order: Cx45.6L43E-
56M1 < Cx45.6N9R-56M1 < Cx45.6N9RLA3E-56M1 =
Cx56 (Fig. 8, C and D).

We also examined the effect of the reciprocal mutations
(RON and E43L) on the voltage gating properties of chicken
Cx56 hemichannel currents as illustrated in Fig. 9.
Cx56RI9NEA43L channels were most similar to Cx45.6-56M1.
Both Cx56R9NE43L and Cx45.6-56M1 exhibited a sub-
stantial open probability at hyperpolarized potentials and
slow deactivation kinetics (Fig. 9 A). The isochronal
conductance-voltage curve of Cx56R9NE43L resembled
that of Cx45.6-56M1 (Fig. 9 C). Fig. 9 B compares the time
course of deactivation of Cx56RINE43L and Cx45.6-56M1
in response to a hyperpolarizing step to —100 mV to more
clearly demonstrate the similarity in deactivation kinetics.

To further investigate the role of the negatively charged
glutamic acid at position 43 in mediating the hyperpolar-
ization-induced closing of Cx45.6L43E-56M1 and
Cx45.6N9RL43E-56M1 channels, we examined the effects
of removing external magnesium on gating (Fig. 10). In the
absence of external Mg”>*, Cx45.6L43E-56M1 channels
did not close at a holding potential of —80 mV and the
quasi-steady-state I-V relationship exhibited mild outward
rectification. The slow relaxation in response to voltage
clamp steps that was observed in this record resembled that
for the septal membranes of the median giant axon of the

A B 12
Qx45.6N9R-56M1 = || ™ NoRoEWI
—T
§ FIGURE 6 Cx45.6N9R-56M1 channels have voltage
= gating properties that resemble Cx45.6-56NM1. (A) Rep-
i ; resentative families of current traces recorded from oocytes
OpA o f 2 expressing Cx45.6N9R-56M1 in response to voltage clamp
ﬁ”A? % steps from a holding potential of —10 mV to potentials
0.5 uA o ranging from +80 to —100 mV in —20-mV decrements
followed by a short hyperpolarizing pulse to —80 mV in the
5s . . r . , presence of zero added calcium. No leakage current cor-
-150  -100 -50 0 50  rection. Dashed line represents zero current. (B) Isochronal
Potential (mV) conductance-voltage curve for Cx45.6N9R-56M1 (solid
squares, n = 4). The solid line is the best fit of the G-V
C D curve to a Boltzmann function whose parameters are given
in Table 1. For comparison, the fit of the data for Cx45.6-
Cx45.6-56NM1RIN = 1.0 4 . 56NM1 (dashed li.ne) is shown. (C) .Cx45.6-5§NM1R9N
[ currents recorded in zero added calcium-containing solu-
E § 081 tion. No leakage current correction. Dashed line repre-
= 061 sents zero current. Pulse protocol same as in panel A. (D)
0 pA i E Isochronal conductance-voltage curve for Cx45.6-
J— 2 041 RON56M1 S6NMIRON (solid squares, n = 5). The solid line is the
% ——————— 56M1 best fit of the G-V curves to a Boltzmann function whose
ﬁ- 1.0 pA o 924 parameters are given in Table 1. For comparison, the fit of
s 00 4 the data for Cx45.6-56M1 (dashed line) is shown.
-150  -100 -50 0 50

Potential (mV)
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FIGURE 7 The voltage gating properties of Cx45.
6NIRLA43E-56M1 hemichannel currents strongly resemble
those of wild-type chicken Cx56. (A—C) Representative
families of current traces recorded from oocytes expressing
Cx45.6L43E-56M1 (A), Cx45.6N9RL43E-56M1 (B), or
Cx45.6N9RLA3E (C) in the presence of zero added
calcium. A series of voltage clamp steps were applied
from +80 mV to —100 mV in 20-mV decrements from a
holding potential of —10 mV. No leakage current correc-
tion. Dashed line represents zero current. (D) Normalized
isochronal conductance-voltage curve for Cx45.6L43E-
56M1 (solid squares, n = 3). Solid black line is the best
fit of the data to a Boltzmann function whose parameters
are given in Table 1. For comparison, the fits to the data
for Cx45.6-56M1 (long dash) and Cx45.6N9R-56M1 (short
dash-dot) line are shown. (E) Isochronal conductance-
voltage curves for Cx56 (solid squares, n = 3),
Cx45.6N9RL43E-56M1 (open circles, n = 3), and
Cx45.6N9RLA3E (open triangles, n = 3).
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earthworm and was most likely due at least in part to
accumulation and depletion of ions rather than a change in
membrane conductance (19). Reintroduction of Mg2+ to the
bathing solution caused a significant decrease in the magni-
tude of the current and restored voltage-dependent gating. A
similar loss of voltage-dependent gating was observed for
Cx45.6N9RLA3E-56M1 and Cx56 channels after removal of
external Mg®". In contrast, Cx45.6-56M1 channels which
contain leucine instead of glutamic acid at position 43 were
insensitive to external Mg>*. The Cx45.6-56M1 channels
remained open at large negative potentials and showed no
pronounced voltage sensitivity even in the presence of 1 mM
Mg>". These findings suggest that that E43 contributes to a
binding site that mediates the effects of Mg®" on gating.

Single channel conductance and rectification is
altered by R9 and E43

To determine if the same amino acids that were responsible
for the differences in gating were also responsible for the

differences in single channel conductance, the single channel
conductances of the various chimeras were measured in cell-
attached patches (Table 2). Fig. 11 shows representative
single channel I-V curves for Cx45.6-56M1, Cx45.6N9R-
56M1, Cx45.6N9RL43E-56M1, and Cx56R9NE43L. The
single channel I-V curve for Cx45.6-56M1 was linear with a
slope conductance of 568 = 19.8 pA (n = 4) at 0 mV, which
is similar to the value of vy, of wild-type Cx45.6. Introduc-
tion of R9 into Cx45.6-56M1 caused the single channel I-V
curve to become inwardly rectifying and reduced the slope
conductance at 0 mV to 433 = 9.01 pS. When both N9R and
L43E were introduced into the chimera, there was a small
further reduction in 7y,. However, this reduction was not
statistically significant.

The single channel conductance of the reciprocal muta-
tion, Cx56R9NE43L was also examined. Our data showed
that when R9IN and E43L were introduced into Cx56, vy,
increased to 527 * 25.9 pS, which is similar to the value of
vo of wild-type Cx45.6 and the single channel I-V curve
remained inwardly rectifying.

Biophysical Journal 91(6) 2142-2154
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FIGURE 8 Activation and deactivation proper-
ties of Cx45.6N9R-56M1, Cx45.6L43E-56M1,
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DISCUSSION

The main results of this project are that 1), chicken Cx56 and
chicken Cx45.6 hemichannels show marked differences in
current magnitude, voltage gating properties, and single
channel conductance; 2), the first transmembrane-spanning
domain, M1, is an important determinant of macroscopic
current magnitude; 3), two charged amino acids that are
specific for the a3-group connexins (R9Y in the N-terminus
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58 Cx56 hemichannel currents. (A) Representative

families of current traces recorded from oocytes

expressing chimeric and wild-type connexins. A

series of voltage clamp steps were applied between

0.6 - —70 and +30 mV in increments of 10 mV from a
holding potential of —80 mV in the presence of
zero added calcium. Corrected for leakage current.
Dashed line indicates zero current. (B) Time to
half-peak activation at +30 mV (n = 2-5). (C) Fast
and slow time constants of deactivation at —80 mV
(n = 2-5). (D) Relative contribution of the fast
component to the overall time course of deactiva-
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Cx45.6 and Cx56 hemichannels; and 4), R9 and E43 are also
determinants of single hemichannel conductance and recti-
fication. Below we discuss the effects of exchanging
different regions of the connexins on the voltage gating
properties and single channel conductance of the hemi-
channels in greater detail.

Role of the first transmembrane-spanning domain

and E43 in the first extracellular loop) are major determi- The magnitude of the hemi-gap-junctional currents in oo-
nants for the difference in voltage-dependent gating between cytes expressing the Cx45.6-56M1 chimera was significantly

A

Cx56RONE43L

O O ——

w

024
0.0
02 1
-0.4 4
-0.6 4
-0.8 1

Relative current

-1.0 1
-1.2

—— Cx56RINE43L
——————— Cxd5.6-56M1

C

Relative tail current

T T T

5 10 15
Time (s)

20

Biophysical Journal 91(6) 2142-2154

1.2 q
1.0 1
0.8 1
0.6
04 4
0.2 4

0.0

RONE43LCx56

FIGURE 9 The reciprocal Cx56RONE43L mutant
exhibits a loss of rapid voltage-dependent gating at
negative potentials. (A) Representative current traces
recorded in response to a series of 20-s voltage clamp
pulses from +80 mV to —100 mV in 20 mV
decrements from a holding potential —10 mV in the
presence of zero added calcium. Corrected by sub-
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. T . : tracting the average leakage current in control oocytes
-100 -50 0 50 (oocytes injected only with AS). (B) Comparison of the
Potential (mV) time course of deactivation of Cx56R9NE43L and
Cx45.6-56M1 currents on repolarization to —100 mV.
The tail currents have been normalized with respect to
the peak tail current. (C) Isochronal conductance-
voltage curve for CxS6RINE43L (solid squares, n =3).
Solid black line is the best fit of the data to a Boltzmann
function whose parameters are given in Table 1. For
comparison, the fit to the data for Cx45.6-56M1 (long
dash) is shown.
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FIGURE 10 Effect of removal of Mg>* on voltage-dependent gating of chimeric and wild-type channels. (A4) Representative families of current traces
recorded from oocytes expressing Cx45.6-56M1, Cx45.6L43E-56M1, Cx45.6N9RLA3E-56M1, and Cx56 in the absence of Mg>" (upper panel) and after
wash-in of 1 mM Mg>* (lower panel). A series of voltage clamp steps were applied between —70 and +30 mV in increments of 10 mV from a holding
potential of —80 mV. Corrected for leakage. Dashed line indicates zero current. (B and C) Quasi-steady-state I-V relationships determined in the absence of

external Mngr (B) and after wash-in of 1 mM Mg2+ ).

larger than that recorded in oocytes injected with similar
amounts of wild-type Cx45.6 cRNA. This increase in mag-
nitude appeared to be due at least in part to a decrease in the
blocking effect of external divalent cations on the hemi-
channel current. Swapping M1 had only minor effects on
voltage-dependent gating of Cx45.6 hemichannels. More-
over, M1 did not appear to play an important role in deter-
mining single channel conductance and rectification. These
results differ from those of Hu et al. (20,21), who found that
important determinants for the differences in single channel
conductance and gating of Cx46 and Cx32E(1)43 hemi-

TABLE 2 Single channel conductances of wild-type
and chimeric connexins

No.
Cx Yo Mean *= SE of patches

Cx45.6 536.5 37.27488 4
Cx56 355.8 15.02091 6
Cx45.6-56M1 568.5% 19.84313 4
Cx45.6N9R-56M1 433 9.00925 4
Cx45.6N9RLA3E-56M1 359.8F 28.40845 5
Cx56RINE43L 527* 25.8908 3

*p > 0 .4 where p is the probability that the mean of the slope conductance
is identical to Cx45.6.

er = 0.9 where p is the probability that the mean of the slope conductance
is identical to Cx56.

channels were localized to the first transmembrane-spanning
domain (M1) (20,21). These differences are most likely due
to differences in the connexins used in these studies.

Comparison of the amino acid sequences of chicken
Cx45.6’s M1 with homologous sequences of other a8- and
a3-group connexins reveals differences at two locations: 136
and T39 are present in all of the a8-group connexins. In
contrast, a3-group connexins contain V36 and A39 in these
respective positions. It is not clear how these residues alter
the Ca*>" sensitivity. One possibility is that the hydroxyl
group of the threonine residue at position 39 which previous
studies suggest is pore lining (22) provides a dipole moment
for stabilizing calcium in the outer mouth of the channel. A
more complex structural alteration of the outer mouth of the
pore cannot be ruled out.

The calcium dose-response curve for Cx45.6 hemi-
channels in choline chloride solutions resembled that
reported for Cx50 in sodium-containing solutions (16,23)
except that the ICsq for Cx45.6 was lower than that for Cx50.
In contrast, the calcium dose-response curve for Cx45.6-
56M1 closely resembled that of Cx46 measured in response
to application of progressively increasing calcium concen-
trations (16). These results suggest that the decreased
sensitivity to calcium block of Cx46 may be partially
accounted for by differences in M1.

Biophysical Journal 91(6) 2142-2154
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Materials and Methods.
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Role of the N-terminal

There is good evidence that the first 11-12 amino acids of the
N-terminus of connexin Cx32 and other B-group connexins
reside within the channel pore when the channel is open and
acts as the voltage sensor for Vj-gating (24-27). Several
recent studies suggest that the N-terminus may play a similar
role for the a-group connexins (17,18,28).

In this study, we show that replacement of the N-terminal
region of Cx45.6 with the corresponding domain of Cx56
resulted in fast channel closure when the membrane potential
was changed to negative potentials. Further experiments
showed that the positive charge at residue 9 was the main
determinant for this effect. This amino acid is completely
conserved in all of the a3-group connexins and is absent in
all of the a8-group connexins supporting its central role in
determining the voltage gating properties of the a3-group
hemichannels.

How addition of a positive charge at residue 9 produces
rapid voltage gating at negative potentials is unknown. One
possibility is that R9 resides within the pore when the channel
is open. Application of a negative transmembrane potential
displaces RO by electrostatic attraction to negative intracellular
voltage. This in turn causes the channel to close. Alternatively,
external divalent cations could enter the channel and bind to a
nearby site, thus displacing R9 by electrostatic repulsion.
Evidence for the second hypothesis comes from the observa-
tion that removal of all external divalent cations causes a
marked slowing of deactivation (data not shown).

In addition to its role in voltage gating, our results show
that R9 is an important determinant of single channel
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conductance and rectification. When R9 was introduced into
Cx45.6-56M1, the single channel I-V curve became in-
wardly rectifying and the slope conductance at 0 mV
decreased to a value that more closely resembled that of
wild-type Cx56. These findings are consistent with the
results of a previous study which identified R9 as the
main determinant for the differences in single channel con-
ductance observed between Cx45.6 and Cx56 gap junctional
channels (18) and provide further evidence for the hypoth-
esis that R9 contributes to the pore lining.

Role of E43

The other critical amino acid is E43. This residue is located
near the beginning of the first extracellular domain, E1. It is
present in most of the a3-group connexins, including Cx56,
and is absent in all of the a8-group connexins. Cysteine
scanning mutagenesis experiments suggest that this amino
acid contributes to the pore lining region of a3-group
hemichannels (22). Previous studies on other connexins such
as Cx32 and Cx26 have implicated this amino acid in the
voltage gating of gap junctional channels (24,25,29).

In this study, we show that the introduction of E43 into
Cx45.6-56M1 caused the channel to close at large negative
potentials in a time- and voltage-dependent manner and
slowly reopen upon depolarization. In the absence of mag-
nesium, however, the channel remained predominantly in the
open state even at large, negative potentials and showed no
pronounced voltage sensitivity. The simplest explanation for
these findings is that the L43E mutation is contributing to a
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divalent cation binding site within the membrane field that
binds Mg*" and thereby causes voltage-dependent closure at
large negative potentials. Upon depolarization, magnesium
slowly unbinds, resulting in channel opening. A similar
model has been proposed to account for the voltage gating
properties of Cx37 hemichannels (12).

When E43 was combined with R9, it shifted the thres-
hold of activation by ~+40 mV compared to Cx45.6NIR-
56M1, slowed the time course of activation, and accelerated
the time course of deactivation. The voltage gating proper-
ties of the Cx45.6N9RL43E-56M1 chimera displayed a
remarkable resemblance to those of wild-type Cx56. The
importance of R9 and E43 in determining the voltage-
dependent gating properties of Cx56 hemichannels was
further supported by the finding that introduction of
the reciprocal point mutations (RON and E43L) into wild-
type Cx56 converted many biophysical properties of
the resulting mutant channel back to those of Cx45.6-
56M1. Similar to Cx45.6L43E-56M1, the gating of
Cx45.6N9RLA43E-56M1 and Cx56 channels required the
presence of external divalent cations. One possible expla-
nation for the increased stability of the double point mutant
(Cx45.6N9RL43E-56M1) in the closed state at negative
potentials is that the binding of one or more magnesium
ions to the divalent cation binding site contributed by E43
causes a conformational change in the channel that dis-
places R9 from the channel pore, resulting in channel
closure. Alternatively, the presence of E43 might influence
gating by acting as an accessory divalent cation binding site
that increases the concentration of divalent cations near or
within the pore as has been previously proposed by
Puljung et al. (12) to account for the discrepancy in time
course of closure of Cx37 hemichannels under different
experimental conditions. Further experimentation and struc-
tural information will be needed to better elucidate these
interactions.

SUMMARY

The gating mechanism that closes Cx56 hemichannels at
negative potentials in a divalent cation- and voltage-depen-
dent manner corresponds to the so-called ‘‘loop gating’’
mechanism identified by Trexler et al. (30). This gate is
largely absent in Cx45.6 and other a8-group connexins
(16,17). Our results demonstrate that R9 in the N-terminus,
which has been previously shown to play an important role
in the transjunctional voltage gating of a3 gap junctional
channels, also plays an important role in the voltage- and
divalent cation-dependent gating of Cx56 hemichannels at
negative potentials. In addition, the results indicate that E43
in the first extracellular loop plays a crucial role in this
process.

The voltage- and divalent cation-dependent gating mech-
anism of Cx56 is designed to keep Cx56 hemichannels
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closed at negative potentials but allow them to open on
depolarization in the presence of physiological external
divalent cation concentrations. In contrast, Cx45.6 hemi-
channels always remain in the closed state. These differences
in gating properties might be of physiological relevance. It
has been suggested in the literature that hemichannels may
play a role in visual accommodation or in the generation of
circulating ionic fluxes in the lens (3,16).

This study was supported by National Institutes of Health grant EY10589.
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