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Abstract

Connexin26 (Cx26) is a member of the connexin family, the building blocks for gap junction
intercellular channels. These dodecameric assemblies are involved in gap junction-mediated cell-
cell communication allowing the passage of ions and small molecules between two neighboring cells.
Mutations in Cx26 lead to the disruption of gap junction-mediated intercellular communication with
consequences such as hearing loss and skin disorders. We show here that a mutant of Cx26, M34A,
forms an active hemichannel in lipid bilayer experiments. A comparison with the Cx26 wild-type is
presented. Two different techniques using micro/nano-structured substrates for the formation of pore-
suspending lipid membranes are used. We reconstituted the Cx26 wild-type and Cx26M34A into
artificial lipid bilayers and observed single channel activity for each technique, with conductance
levels of around 35, 70 and 165 pS for the wildtype. The conductance levels of Cx26M34A were
found at around 45 and 70 pS.
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1. Introduction

Connexins (Cx) are members of a multigene family of membrane-spanning proteins that form
intercellular channels, which are composed of two hexameric hemichannels, called connexons.
These intercellular channels organize into gap junctional plaques and span the extracellular
space/matrix of adjacent cells, thus allowing a passive exchange of small molecules up to about
1 kDa (Harris, 2001).

© 2009 Elsevier Inc. All rights reserved.
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Cx26 and Cx30 are two major isoforms highly expressed in the cochlear supporting cells and
fibrocytes (Ahmad et al., 2003; Forge et al., 2003; Kikuchi et al., 1995; Lautermann et al.,
1999). The supporting cells in the organ of Corti are massively coupled by gap junctions. They
are believed to remove potassium ions from the hair cells during auditory transduction (Gerido
and White, 2004; Jentsch, 2000) and recycle them back to the endolymph (Kikuchi et al.,
2000). Mutations in this system can cause deafness by disrupting this intercellular ionic
movement and disrupting homeostasis. Eventually, this breakdown in homeostasis leads to cell
death in the supporting cells upon repeated tonic stimulation. In this context, some Cx26
mutants have been reported to decrease or even nullify the gap junction conductance between
supporting cells (Zhang et al., 2005).

M34T is a deafness-related Cx26 mutant that can cause prelingual nonsyndromic hereditary
deafness (Kelsell et al., 1997). An analogous mutant, M34A, has been used for electron
crystallographic analysis. Structure determination of Cx26M34A 2D-crystals revealed a plug-
like density at the cytoplasmic mouth of the pore (Oshima et al., 2007), which is drastically
reduced in case of an N-terminal deletion mutant Cx26M34Adel2-7 (Oshima et al., 2008). In
addition, various N-terminal deletion constructs still allow for oligomerization, cell surface
expression and docking of two hemichannels, but electrical coupling is eliminated (Kyle et al.,
2008). Taken together with the site specific mutagenesis performed by Verselis and colleagues
(Purnick et al., 2000; Oh et al., 2000), this suggests that the N-terminus of connexins play an
essential role in the gating of gap junction channels. Other studies propose the importance of
methionine at position 34 for channel functionality and regulation. Experiments with
transiently transfected HeLa cells (Bicego et al., 2006) and Sf9 cells (Oshima et al., 2003)
demonstrate that, despite being correctly synthesized, targeted to the plasma membrane and
the formation of normal gap junction plaques (Oshima et al., 2003), Cx26M34T gap junctions
are functionally defective. Bicego et al. (2006) demonstrated that these gap junctions expressed
in HeLacells display an abnormal electrical behavior and a reduced unitary conductance (11%).
Moreover, intercellular transfer of Lucifer yellow is prevented, and Cx26M34T channels fail
to sustain the propagation of intercellular Ca2* waves (Bicego et al., 2006). In the paired
Xenopus oocyte system, homotypic Cx26M34T channels did not produce detectable currents,
but when paired in a heterotypic combination with Cx26 wild-type, they showed altered gating
with an inverted response to transjunctional voltage (Skerrett et al., 2004). In contrast, Oshima
et al. (2003) showed, however that sulforhodamine dye transfer by GFP-tagged Cx26M34T is
somewhat reduced, while the Cx26M34A mutant dye transfer is reduced by a factor of three
to four.

To elucidate the pore-forming properties of Cx26 oligomers and gather information about the
conductance states of Cx26 wild-type compared to Cx26M34A in a cell-free system, we made
use of artificial planar membrane systems, which allow inserting Cx26 oligomers and
monitoring their activity on a single channel level. Here, we used two different chip-based
approaches for the electrophysiological characterization of the Cx26 isotypes. One is based on
the application of giant unilamellar vesicles (GUVs) on an automated planar patch-clamp
system. A single aperture produced in a borosilicate glass chip is employed, which has already
greatly facilitated cell-based ion channel screening (Farre et al., 2007), single channel
recordings in cell attached mode (Fertig et al., 2002a; Fertig et al., 2002b) and whole cell
recordings (Fertig et al., 2002a, 2002b; Klemic et al., 2005; Sordel et al., 2006; lonescu-Zanetti
etal., 2005) by the possibility for automation and parallelization of the patch-clamp technique.
The system has also been shown to be well suited for analyzing channel proteins reconstituted
inartificial lipid membranes produced from fusion of GUVs (Schmidt et al., 2000; Sondermann
etal., 2006). The second system is based on artificial planar lipid membranes formed on highly
ordered mesoporous substrates, so-called hano-BLMs, which has been demonstrated to exhibit
avery high long-term stability and allows monitoring channel activity of peptides and proteins
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on a single channel level (Romer and Steinem, 2004; Rémer et al., 2004; Pilz and Steinem,
2008). Schematics of the two membrane systems are displayed in Fig. 1.

2. Materials and methods

2.1. Materials

Aluminum substrates (thickness 0.5 mm, purity 99.999%) were purchased from Goodfellow
(Huntington, UK). Tetradecanethiol (TDT), n-decane, n-octane, cholesterol, taurine,
lanthanum, and sorbitol were obtained from Sigma-Aldrich (Taufkirchen, Germany). 1,2-
Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA) and octyl-polyoxyethylene (0-POE) from Bachem (Bubendorf,
Germany). Bio-Beads were obtained from Bio-Rad (Bio-Rad Laboratories GmbH, Munich,
Germany).

2.2. Protein purification

Proteins were isolated from baculovirus-infected Sf9 cells according to published methods
(Beahm et al., 2006; Oshima et al., 2003, 2007). In general, if hemichannels are stably
expressed, protein preparations contain predominantly hexamers, but native gels also show a
dodecameric band (Oshima and Fujiyoshi, unpublished observations). The human Cx26M34A
Bac-N-Blue baculovirus construct (Invitrogen, Carlsbad, CA, USA) encoded a hexahistidine
(Hisg) tag with a thrombin cleavage site appended to the Cx26 C-terminus, while the pBlueBac
(Invitrogen) rat Cx26 wild-type, which had a C-terminal thrombin cleavage site (LVPRGS),
V5 epitope (GKPIPNPLLGLDST) and Hisg provided a significantly more efficient protein
expression than a prior BacNBlue wild-type Cx26 construct (Oshima et al., 2003). Solubilized
connexons were prepared from isolated Sf9 membranes by incubation in 2% dodecyl maltoside
in HEPES buffer (10 mM HEPES, 1 M NaCl, 0.05% NaNs;, pH 7.5), and the proteins were
purified using nickelnitrilotriacetic acid (Ni-NTA)-agarose beads. Samples were checked for
purity by negatively staining with 2% uranyl acetate for electron microscopic observation and
by Western blot and silver stain after electrophoresis on denaturing 4-20% gradient
polyacrylamide gels (Invitrogen, Carlsbad, CA, USA).

2.3. Preparation of GUVs

Giant unilamellar vesicles (GUVs) composed of DPhPC/cholesterol (10:1) were prepared by
the electroformation technique (Angelova and Dimitrov, 1986; Angelova and Dimitrov,
1988; Angelova, 2000) using two indium tin oxide (ITO) coated glass slides electrically
connected to the Nanion Vesicle Prep Pro setup (Nanion Technologies GmbH, Munich,
Germany). A DPhPC/cholesterol (10:1, 5 or 10 mM) mixture dissolved in chloroform was
deposited on the ITO coated glass surface. After solvent evaporation, an O-ring was placed on
the dried lipid film and 300 pl of a sorbitol solution (200 mM or 1 M) was carefully added to
the lipid film. Then, the second ITO slide was placed on top of the O-ring with the ITO layer
facing downwards. By application of an alternating electrical voltage of 3 V peak to peak for
2 h with a frequency of 5 Hz GUVs were formed, while keeping the temperature constant at
36 °C. Successful GUV formation was followed by analysis via an upright microscope.

2.4. Reconstitution of Cx26 in GUVs

Two approaches were followed to reconstitute Cx26 wild-type and its mutant Cx26M34A in
GUVs:

i.  For the procedure developed by Rigaud and colleagues (Rigaud and Levy, 2003;
Girard etal., 2004), first proteoliposomes are formed, which are then transformed into
GUVs. Briefly, DPhPC/cholesterol (10:1) dissolved in chloroform were dried at the
bottom of glass tubes and resuspended in 2 mM TRIS/HCI, pH 7.0 followed by 2 h
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of sonication to obtain a liposome suspension with a lipid concentration of 4 mg/ml.
The liposomes were solubilized to form mixed micelles by addition of the detergent
0-POE. Purified Cx26 (1 mg/ml) was added to the solution at a ratio of 1:500 and
incubated for 30 min. Then, the detergent was removed by using Bio-beads twice for
2 h. After discarding the Bio-beads by centrifugation, the proteoliposomes (20 pl)
were deposited on an ITO slide, partially dehydrated overnight and then subjected to
the GUV formation procedure using 200 mM sorbitol.

ii. For the second procedure, first GUVs composed of DPhPC/cholesterol (10:1) were
formed. Reconstitution of Cx26 was then achieved by incubating purified Cx26
dissolved in 0-POE (lipid- to-protein ratio, 1:500) with preformed GUVs as described
by Kreir et al. (2008). The detergent was removed at 4 °C by using Bio-beads
overnight.

2.5. Formation of planar lipid bilayers on microstructured glass supports

Solvent-free planar lipid bilayers were formed in an automatic manner by bursting of GUVs
after gentle suction through a micron-sized aperture (diameter of about 1-2 pm) in a
borosilicate glass substrate using a Port-a-Patch setup (Nanion Technologies GmbH, Munich,
Germany). To form planar lipid bilayers containing Cx26, 1-3 ul of protein-containing GUVs
were pipetted onto the glass chip. GUVs are positioned onto the micron-sized aperture by
applying a slightly negative pressure of —10 to —40 mbars. When a GUV touches the glass
surface of the chip, it bursts and forms a planar bilayer (Sondermann et al., 2006) with a seal
resistance of 10-100 GQ.

2.6. Preparation and functionalization of porous alumina substrates

A detailed procedure of the preparation of porous alumina substrates is described elsewhere
(ROmer and Steinem, 2004). Briefly, aluminum foils were cleaned with ethanol,
electropolished, and anodized in aqueous 0.3 M oxalic acid solutionatV=40Vand T=15°
C for 5 days. To remove the underlying aluminum layer the porous alumina substrates were
incubated with a saturated HgCl,-solution. Pore bottoms were removed by chemical etching
at T = 30 °C with 10 wt% phosphoric acid solution. The bottom surface was coated with 2.5
nm titanium and a 25 nm gold layer (Cressington sputter coater 108auto, Cressington MTM-20,
Elektronen-Optik-Service, Dortmund, Germany), which was functionalized with
tetradecanethiol (1 mM ethanolic solution, t> 12 h). After rinsing with ethanol, the hydrophobic
substrate was vertically clamped in a Teflon cell, which was used for impedance analysis and
single channel recordings.

2.7. Formation of nano-BLMs and reconstitution of Cx26

The cis and trans compartments of the Teflon cell were each filled with 1.5 ml electrolyte
solution (10 mM HEPES, 200 mM KCl, 0.02 mM EDTA, pH 7.4). To prepare pore-suspending
membranes (nano-BLMs), 2.5 ul of a solution of 20 mM DPhPC in n-decane/n-octane (1:1)
was applied to the surface of the functionalized porous substrate. After impedance analysis of
the formed nano-BLM, 0.5-2 ul of a 2 ug/ml Cx26 solution (1% v/v 0-POE) was added to the
cis side of the cell, leading to a final concentration of 0.7-2.7 ng/ml.

2.8. Impedance spectroscopy

The formation of nano-BLMs as well as their electrical characteristics were investigated by
impedance analysis using the gain/phase analyzer SI 1260 and the 1296 Dielectric Interface
(Solartron Instruments, Farnborough, UK) as described previously (Schmitt et al., 2008).
Platinized platinum wires served as working and counter electrodes.

J Struct Biol. Author manuscript; available in PMC 2009 November 30.
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2.9. Single channel current recordings
Two different setups were used for single channel recordings:

i. Recordings on bilayers spanning a single micron-sized hole in a glass substrate were
performed with an automated patchclamp system, the Port-a-Patch (Nanion
Technologies GmbH, Munich, Germany). Electrical recordings were performed with
an EPC-10 patch-clamp amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany)
using the Patchmaster software (HEKA Electronics). Data were filtered at 3 kHz
(Bessel filter) and digitized at a sampling rate of 50 kHz. Single channel data for
analysis were filtered digitally at 1 kHz (Clampfit software, Axon Instruments,
Sunnyvale, CA, USA).

ii. Current recordings on nano-BLMs with membrane resistances of >10° Q were
obtained using an Axopatch 200B patchclamp amplifier (Axon Instruments) digitized
at 10 kHz sampling rate. To avoid mechanical vibrations and interference from electric
fields during the measurement, a Teflon cell equipped with two Ag/AgCl electrodes
in the cis and trans compartment was placed in a Faraday cage on a mechanically
isolated support. The electrode of the trans compartment was grounded and all
potential differences are given relative to ground. The analog output signals were
filtered with a low-pass four-pole Bessel filter at 1 kHz and digitized by an A/D
converter (Digidata 1322, Axon Instruments). To control data recording and for
analysis, the software package pClamp9.2 (Axon Instruments) was used. Prior to
analysis, data were filtered with a 100 Hz low-pass Gaussian filter.

3. Results and discussion

3.1. Connexon preparation and analysis

By using the baculovirus-Sf9 system we were able to over-express rat Cx26WT-V5-Hisg and
mutant human Cx26M34A-Hisg. Rat and human Cx26WT-GFP-tetracysteine both express
well in HeLa cells, however, rat Cx26WT tends to form larger gap junctions than human
Cx26WT (data not shown) and therefore, we typically use rat Cx26WT. After purification by
a nickel-NTA resin, samples were analyzed for concentration and purity. Assessments for
purity were based on silver stained denaturating gels, in which the bands were identified as
Cx26 species using Western blotting. In Fig. 2, the Cx26 band maps above the 22 kDa of the
marker band, but it is visible also the dimer (~52 kDa), the trimer (~78 kDa) and the tetramer
(~104 kDa). Extra bands can be explained by aggregation of Cx26 with proteolytic fragments
of itself (for example the band above the 36 kDa should be 26 kDa + 13 kDa). These aggregates
are commonly seen in SDS-PAGE. However, our electron microscopy and a native gel analysis
of the same samples confirm a uniform channel appearance with only hexameric or
dodecameric bands in Blue Native gels, indicating no oligomer heterogeneity in the
preparations used in this particular set of experiments. It should also be noted that Western
blotting accentuates minor bands seen in the silver stain protein gels because Western blotting
is not a quantitative enzymatic technique.

3.2. Planar bilayers on microstructured glass chips

To carry out electrophysiological analysis of connexons, proteins were first reconstituted into
GUVs. Subsequently, these proteoliposomes were pipetted onto a microstructured glass chip
containing a single aperture with a size of a few micrometers. By suction application they were
positioned and then fused onto the aperture in the glass chip resulting in a planar highly
insulating lipid bilayer containing connexons with a membrane resistance in the GQ regime
(Fig. 1A).
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3.3. Activity of Cx26 oligomers in planar bilayers on microstructured glass chips

Two different methods were used to reconstitute Cx26 into GUVs (see Section 2). Independent
of the chosen method, the same protein activity was observed. Directly after the GQ seal has
been formed, activity of Cx26 wild-type oligomers can be monitored (Fig. 3). We were able
to distinguish between three different conductance levels while varying the holding potential
between —150 mV and +150 mV; G1 = (38 + 10) pS (n = 13, where n is the number of planar
membrane preparations), G, = (101 £ 20) pS (n = 23) and Gz = (156 * 20) pS (n = 8). The
conductance levels G, and G, both appear very frequently during the recordings, with G4 being
even more prominent at higher voltages of £100 mV to 150 mV. The conductance level G3
was, however, less frequently observed. Fig. 3A/B depicts two characteristic current traces of
Cx26 wild-type activity with conductance levels G, (Fig. 3A) and G, (Fig. 3B). The current-
voltage relationship demonstrates the Ohmic behavior of the Cx26 oligomer (Fig. 3C and D).
We determined the average conductance of the activity of Cx26 wild-type from several
membrane preparations to (95 + 2) pS (Fig. 3C) and (43 £ 2) pS (Fig. 3D). As Cx26 wild-type
shows a broad distribution of conductances as reported in the literature (Falk et al.,
1997;Buehleretal., 1995;Gonzalez et al., 2006), the mean conductance values were determined
from single channel activity exhibiting one open level. Associated with the current generally
observed for the hemichannel Cx26 wild-type, we also observed intermediate current signals
suggesting subconductance states of the connexon (data not shown). Subconductance states
were already described for other gap junctions, e.g., Cx30 and Cx46 (Vogel et al., 2006; Trexler
etal., 1996).

To elucidate the specificity of the observed connexon hemichannel activity, we investigated
the influence of compounds known to inhibit the ion transport through Cx26 hemichannels.
Several studies report on the effect of acidification-based closure of Cx26 hemichannels by
protonated aminosulfonates (Tao and Harris, 2004; Yu et al., 2007; Bevans and Harris,
1999). In Fig. 4A/B, the effect of the addition of 50 mM taurine (pKg (amine) = 8.74) at pH
7.0 on the activity of Cx26 wild-type is shown. Around 1 min after the addition of taurine, the
conductance level is reduced from 89 pS to 16 pS. Fig. 4C/D shows the modulation of the
activity of Cx26 wild-type upon addition of protonated HEPES (pKg (amine) = 7.55). While
characteristic hemichannel activity of Cx26 wild-type was monitored at pH 5.8 (10 mM TRIS/
HCI, 200 mM KCI, 2 mM EDTA, pH 5.8) with a conductance of 82 pS, perfusion of HEPES
buffer at pH 5.8 results in an immediate reduction of Cx26 activity (Bevans and Harris,
1999; Yuetal., 2007). Concentration dependent experiments reveal a complete loss of activity
at 50 mM HEPES (50 mM HEPES, 200 mM KCI, 2 mM EDTA, pH 5.8).

Since it is known that the crystal structure of Cx26M34A shows a plug-like density at the
cytoplasmic mouth of the pore (Oshima et al., 2007), we asked the question whether and how
the mutation influences the single channel activity of the oligomer. Thus, we elucidated the
electrical characteristics of the mutant Cx26M34A under the same conditions as Cx26 wild-
type. Fig. 5A depicts a representative current trace obtained from a planar lipid bilayer
containing Cx26 M34A at +80 mV. The point-amplitude histogram reveals a conductance of
(75 + 6) pS. The current-voltage relationship obtained from different membrane preparations
(Fig. 5B) allowed us to determine the mean conductance of Cx26M34A to be (70.00 £ 0.01)
pS (n = 23) from the slope of the linear I-V-plot. Less frequently, we observed smaller
conductance values around 30 pS. Hemichannel activity of Cx43 has been shown to be blocked
by lanthanum (Contreras et al., 2002; Ye et al., 2003; Kondo et al., 2000). In our studies, the
addition of 0.2 mM La3" results in the complete loss of activity almost immediately after its
addition (Fig. 5C/D).
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3.4. Nano-BLMs on ordered porous alumina

To investigate the influence of the membrane system on hemichannel activity, we compared
and evaluated the results obtained for Cx26 wild-type and Cx26M34A in planar bilayers on
micronsized apertures in glass with those obtained from nano-BLMs. In contrast to the planar
bilayers on microstructured glass substrates, nano-BLMs are prepared from a lipid solution
dissolved in an organic solvent and the protein is inserted after the bilayer preparation from a
detergent solution. The formation of nano-BLMs was achieved by spreading DPhPC dissolved
in n-decane/n-octane on functionalized highly ordered porous alumina substrates with a mean
diameter of 60 nm. Details about the formation process and the electrical properties of nano-
BLM are described elsewhere (Schmitt et al., 2006). Briefly, the thinning process was followed
time resolved by impedance analysis at a constant frequency of 10% Hz. Upon thinning of the
lipid-solvent droplet to form a bilayer, a continuous shift of the phase angle at 108 Hz from
—85° to almost 0° is observed. Subsequently, an impedance spectra within a frequency range
of 1073-10% Hz was taken and an equivalent circuit composed of a parallel RC-element (R, =
membrane resistance, C,,, = membrane capacitance) representing the electrical behavior of a
lipid bilayer in series to an Ohmic resistance Rg rep-resenting the electrolyte solution was fit
to the data. Nano-BLMs with membrane resistances Ry, >10° Q and a specific membrane
capacitance Cp, in the range of 0.2-0.5 pF/cm? were well suited for long-term, low noise single
channel recordings.

3.5. Activity of Cx26 oligomers in nano-BLMs

Reconstitution of Cx26 oligomers into membranes was achieved by adding the protein in
detergent solution to the cis compartment of the Teflon cell (see Fig. 1B). Since the insertion
of a Cx26 oligomer was a random process, activity was observed sometimes already after
several minutes but sometimes only after hours. If a hemichannel was inserted, current traces
were recorded and different holding potentials ranging between +150 mV and —150 mV were
applied. Fig. 6A shows a characteristic current trace of Cx26 wild-type after its insertion in a
nano-BLM at a holding potential of +100 mV. Varying the holding potential between +150
mV and —150 mV and monitoring the current (Fig. 6B) demonstrates the Ohmic behavior of
the hemichannel with a mean conductance of (33 + 3) pS in agreement to our results obtained
for Cx26 wild-type hemichannels inserted into planar bilayers on the microstructured glass
support. Owing to the Ohmic behavior, we used all single channel events detected at different
holding potentials for an event-histogram analysis. A statistical analysis of about 3000 events
(Fig. 6C) reveals one prominent conductance state with a mean conductance of G = (34 + 8)
pS. Less frequently, larger conductance states can be observed with two accumulations at G,
= (70 £ 8) pS and G3 = (165 * 19) pS. The observed conductance distributions are in good
accordance with those found for hemichannel activity in planar bilayers on the microstructured
glass support. Other groups report on single channel conductance of reconstituted
hemichannels in the range of 35-316 pS (Falk et al., 1997;Buehler et al., 1995;Gonzalez et al.,
2006), while the single channel conductance of gap junctions of Cx26 wild-type is found to be
in between 70 and 150 pS (Beltramello et al., 2005;Bicego et al., 2006;Gong and Nicholson,
2001;Suchyna et al., 1999;Kwak et al, 1995;Kojima et al., 1999).

We next investigated the activity of Cx26M34A reconstituted in nano-BLMs. We also found
single channel activity after its reconstitution (Fig. 7A) with an Ohmic behavior in the voltage
regime of —150 mV to +150 mV (Fig. 7B). The slope and hence the conductance of Cx26 M34A
hemichannels was calculated to be (53 + 2) pS. The event-histogram of Cx26M34A
hemichannel activity (about 4000 events) reveals only two, however rather defined main
conductance states (Fig. 7C) with G, = (44 + 6) pS being the most prominent one and G, =
(69 £ 10) pS, which is more frequently observed than the second conductance state of the wild-
type hemichannel. The fact that the mutant hemichannel is more frequently found in the
conductance state G, compared to the wild-type is also reflected in the larger average
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conductance determined from the slope of the I-V-characteristic (Fig. 7C). Larger conductances
above 100 pS as observed for the wild-type were not found for the mutant in accordance with
the current recordings obtained from hemichannels reconstituted in planar bilayers on a micro-
sized glass support.

3.6. Comparison and overall discussion

In summary, we conclude that both systems presented in this study, solvent-free membranes
on microstructured glass chips with already reconstituted Cx26 hemichannels and solvent-
containing nano-BLMs, in which hemichannels were reconstituted afterwards, deliver the same
results with respect to the main conductance levels of Cx26 wild-type and its mutant M34A.
Of note, the mutant Cx26M34A also forms conductive hemichannels in these artificial
membranes with two main conductance levels at around 40 and 70 pS. The specificity of the
observed signals was proven in the planar membrane system on microstructured glass by the
known acidification-based closure of Cx26 hemichannels by protonated aminosulfonates (Tao
and Harris, 2004; Yu et al., 2007; Bevans and Harris, 1999). For the mutant Cx26 M34A
hemichannels, lanthanum was used as a blocking agent showing that 0.2 mM Las3" is sufficient
to fully suppress the observed activity.

To date, channel recordings on Cx26 wild-type gap junctions were mainly performed by dual-
whole-cell (paired cell system) experiments. The results reveal conductances in the range of
100-150 pS (Beltramello et al., 2005; Bicego et al., 2006; Gong et al., 2001; Suchyna et al.,
1999; Kwak et al., 1995; Kojima et al., 1999; Oh et al., 1999; Mese et al., 2008). As the
conductance of a hemichannel is twice the conductance of a gap junctional channel (Saez et
al., 2005), the hemichannel conductance of Cx26 wild-type is expected to be in the range of
200-300 pS. In fact, channel recordings on single Xenopus oocytes in a cell attached
configuration revealed a main open state conductance of (317 £ 12) pS (Gonzalez et al.,
2006). In contrast to these findings, hemichannel conductance of purified or cell-free
synthesized and subsequently reconstituted hemichannels in artificial bilayers exhibit
conductance states in the range of 40-100 pS (Buehler et al., 1995; Falk et al., 1997) with the
majority of events between 20 and 60 pS. These results are consistent with our statistical
analysis of conductance events of Cx26 wild-type oligomers providing evidence for the
reconstitution of functional hemichannels, independent of the membrane system. However,
our results and those of others (Buehler et al., 1995; Falk et al., 1997) also suggest that the
lateral interactions between neighboring channels in gap junction plaques or other cellular
conditions (e.g., connexin interacting proteins) play an important role for the channel
conductance of connexons.

For Cx26M34A, two of the three conductance states have been found with a slightly altered
frequency of the first and second conductance state. Interestingly, the overall range of
conductance states is narrower for the mutant (0-100 pS) compared to the wild-type (0-200
pS). Electron crystallographic analysis revealed a plug-like density at the cytoplasmatic mouth
of the pore of Cx26M34A (Oshima et al., 2007), which is drastically reduced in case of an N-
terminal deletion mutant Cx26M34Adel2-7 (Oshima et al., 2008). Macroscopic measurements
like dye-transfer experiments on Cx26 gap junctions showed a reduced transfer of dye in case
of Cx26M34A compared to the wild-type and Cx26M34T (Oshima et al., 2003). Even though
the dye transfer through Cx26M34T gap junctions is similar to that through wild-type gap
junctions, Skerrett et al. (2004) found that homotypic Cx26M34T gap junctions do not induce
intercellular coupling, while heterotypic paring with Cx26 wild-type reveals functional
channels with gating properties significantly different from those of the wildtype. Recently,
Heyman and Burt (2008) also demonstrated that dye transfer and electrical activity are
independent processes for Cx43 channels in mammalian gap junctions. Moreover, in paired
cell systems, the properties of gap junctions and not hemichannels are monitored and the overall
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conductance is averaged over the entire gap junction plaque. Hence, on a molecular level, a
reduced overall gap junctional conductance can be a result of a lower conductance level induced
by partially closed Cx26M34A gap junctions, and by their reduced open probability,
respectively. In cellular systems, also a decreased expression rate and a decreased hemichannel-
hemichannel docking needs to be taken into account. In conclusion, on the hemichannel level
our results suggest that the mutant Cx26M34A is active in itself allowing the passage of ions
through the pore.
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Fig. 1.

Schematic illustration (not drawn to scale) of the two setups used in this study. (A) Formation
of planar lipid bilayers on microstructured glass supports by gentle suction of Cx26 containing
giant unilamellar vesicles (GUVs). (B) Detergent-based reconstitution of Cx26 into nano-
BLMs. The nanostructured porous alumina is coated with a thin layer of titanium and gold.
After functionalizing the gold surface with tetradecanethiol (TDT) the pore-suspending bilayer
is generated by applying 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) dissolved in
n-decane/n-octane (1:1) to the surface.
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Fig. 2.

Protein purification. Cx26WT and Cx26M34A mutant analysis by silver staining (left) and
Western blot (right). The WT shows clearly two bands, corresponding to the monomer, dimer
and possibly the tetramer mapping around 104 kDa of the marker band. The extra band above
36 kDa may be explained with oligomerization of Cx26 with a truncated form of itself. The
Western blot detects the same bands, plus other oligomers, suggesting that the preparation
consists almost entirely of Cx26. The Cx26M34A shows also a trimeric form above the 64
kDa band. Oligomeric bands are typically an aggregation product that occurs during the sample
preparation for SDS-PAGE.
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Fig. 3.

Single channel recordings on Cx26 wild-type oligomers inserted in a planar lipid bilayer on a
micron-sized aperture in glass. (A/B) Characteristic current traces of Cx26 wild-type obtained
at +100 mV in 10 mM HEPES, 200 mM KCI, 2 mM EDTA, pH 7.0. The point-amplitude
histogram reveals a conductance of (101 + 11) pS (A) and (42 = 7) pS (B). (C/D) Cx26 wild-
type current-voltage relationships. The main conductance was calculated from the slope of the
linear regression and was determined to be (95 £ 2) pS (C) and (43 £ 2) pS (D).
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Modulation of Cx26 wild-type activity inserted in a planar lipid bilayer on a micron-sized
aperture in glass by protonated taurine and HEPES. (A) Current trace of Cx26 wild-type
oligomers obtained at +50 mV in 10 mM HEPES, 200 mM KCI, 2 mM EDTA, pH 7.0. The
point-amplitude histogram reveals a conductance of (89 * 2) pS. (B) Current trace around 1
min after the addition of 50 mM taurine. (C) Current trace of Cx26 wild-type obtained at +60
mV in 10 mM TRIS/HCI, 200 mM KCI, 2 mM EDTA, pH 5.8 The point-amplitude histogram
reveals a conductance of (82 + 11) pS. (D) Single channel recordings about 1 min after the
addition of 50 mM HEPES.
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Single channel recordings of Cx26M34A inserted in a planar lipid bilayer on a micron-sized
aperture in glass. (A) Representative current trace obtained from a planar bilayer containing
Cx26M34A at +80 mV in 10 mM HEPES, 200 mM KCI, 2 mM EDTA, pH 7.0. The point-
amplitude histogram reveals a conductance of (75 £ 6) pS. (B) Cx26M34A current-voltage
relationship obtained by averaging the current amplitudes from several membrane
preparations. The main conductance was obtained as the slope of the linear regression and was
determined to be (70.00 + 0.01) pS. (C) Current trace of Cx26M34A obtained at +50 mV in
10 mM HEPES, 200 mM KCI, 2 mM EDTA, pH 7.0. The point-amplitude histogram shows a
cor;ductance of (39 + 5) pS. (D) Current trace monitored 1 min after the addition of 0.2 mM
Las*.
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Fig. 6.

Single channel recordings of Cx26 wild-type in nano-BLMs. (A) Characteristic current trace
of Cx26 wild-type obtained at +100 mV in 10 mM HEPES, 200 mM KCI, 0.02 mM EDTA,
pH 7.4. The point-amplitude histogram reveals a conductance of (40 + 1) pS. (B) Cx26 wild-
type current-voltage relationship of averaged current steps ranging between 0 and 63 pS [2169
events]. The hemichannel shows a linear 1-V-dependence with a main conductance of (33 £ 3)
pS. (C) Event-histogram of the observed conductance states of Cx26 wild-type in nano-BLMs
[2691 events, bin width: 2 pS]. The solid lines are the results of fitting three Gaussian
distributions to the histogram. Three main conductance states are assighed with G; = (34 + 8)
pS, G, = (70 = 8) pS and Gz = (165 + 19) pS.
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Fig. 7.

Single channel recordings of Cx26M34A oligomers in nano-BLMs. (A) Characteristic current
trace of Cx26M34A obtained at +110 mV in 10 mM HEPES, 200 mM KClI, 0.02 mM EDTA,
pH 7.4. The point-amplitude histogram reveals a conductance of (75 = 1) pS. (B) Cx26 M34A
current-voltage relationship of averaged current steps ranging between 0 and 70 pS [3476
events]. The hemichannel shows a linear I-V-dependence with a main conductance of (53 £ 2)
pS. (C) Event-histogram analysis of the observed conductance states of Cx26 M34A in nano-
BLMs [4137 events, bin width: 2 pS]. The solid lines are the results of fitting two Gaussian
distributions to the histogram. Two main conductance states are assigned with G; = (44 £ 6)
pS and G, = (69 £ 10) pS.
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