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Conductance of Connexin Hemichannels Segregates with the First
Transmembrane Segment

Xinge Hu, Meiyun Ma, and Gerhard Dahl
Department of Physiology and Biophysics, University of Miami, School of Medicine, Miami, Florida 33101

ABSTRACT Gap junction channels are intercellular channels that mediate the gated transfer of molecules between adjacent
cells. To identify the domain determining channel conductance, the first transmembrane segment (M1) was reciprocally
exchanged between Cx46 and Cx32E43. The resulting chimeras exhibited conductances similar to that of the respective M1
donor. Furthermore, a chimera with the carboxy-terminal half of M1 in Cx46 replaced by that of Cx32 exhibited a conductance
similar to that of Cx32E,43, whereas the chimera with only the amino-terminal half of M1 replaced retained the unitary
conductance of wild-type Cx46. Extending the M1 domain swapping to other connexins by replacing the carboxy-terminal half of
M1 in Cx46 with that of Cx37 yielded a chimera channel with increased unitary conductance close to that of Cx37. Furthermore,
a point mutant of Cx46, with leucine substituted by glycine in position 35, displayed a conductance much larger than that of the
wild type. Thus, the M1 segment, especially the second half, contains important determinants of conductance of the connexin

channel.

INTRODUCTION

Gap junctions contain intercellular channels that are found
in almost all multicellular organisms. In vertebrates they are
found in all tissues except mature blood cells and mature
skeletal muscles (1,2). They provide a hydrophilic path that
allows the passage of molecules up to 0.8—1.4 nm in size and
1000 Da in molecular mass. Gap junction channels are formed
by two hemichannels docking to each other. Each hemi-
channel is composed of six subunits, connexins in vertebrates
and innexins in invertebrates. Recently a new family of gap
junction proteins with sequence homology to innexins was
identified in vertebrates. They are named pannexins (3,4). At
least 21 connexins and three pannexins have been identified in
the human genome (5,6). The distribution of connexins is tissue
specific and the pattern of distribution is conserved among dif-
ferent species. Gap junction channels formed by different con-
nexins display distinct conductance, permeability, and gating
properties (7,8). Different connexins cannot be functionally
substituted for one another as demonstrated by diverse disease
causing connexin mutations as well as knock-out/knock-in mu-
tations in mice (9), underscoring the unique property of each
connexin with respect to distribution, conductance, and perme-
ability, etc. that are at the root of their tissue-specific functions.

Typically gap junction hemichannels (connexons) are
closed under physiological conditions. Exceptions are the
lens connexins, Cx46 and Cx50, and the mutant Cx32E ;43
when these are expressed in Xenopus oocytes (10-12).
Cx32E 43, is a chimera in which the first extracellular loop
of Cx32 is replaced by the corresponding Cx43 sequence.
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Connexons that function as open hemichannels are also
observed in cultured retinal horizontal cells, astrocytes, and
ventricular myocytes, etc. under special experimental con-
ditions (13—15). The conductance of the hemichannels is
twice the conductance of complete gap junction channels, as
if gap junctions form by pairing of two hemichannels in
series without apparent pore structure changes following the
docking process. Like complete gap junction channels, open
hemichannels are gated by voltage, as well as intracellular
acidification and elevated Ca>* concentration (16-19). Open
hemichannels, thus, are a valuable tool that allows address-
ing the fundamental properties of the connexin channel, for
example the permeation pore, in a more direct way.

The membrane topology of connexin channels is well char-
acterized. The connexins have four membrane-spanning seg-
ments (M1-M4), one cytoplasmic loop, and two extracellular
loops (E1 and E2). However, the functional domains deter-
mining channel permeability are poorly identified. Applica-
tion of substituted cysteine accessibility method (SCAM) (20)
on open hemichannels indicated that both M1 and perhaps M3
contain potential pore lining residues because of the existence
of reactive cysteine sites in these two segments (21-23). Re-
activity was found to extend into positions in the first extra-
cellular loop, which is logical, as the gap junction channel
spans the extracellular space (22). Recent crystallographic
data appear to confirm the contributions of M1 and M3 to the
pore lining (24). However, SCAM on Cx32 gap junctions in
paired oocytes with the cut-open method yielded a multitude
of reactive sites with every transmembrane segment repre-
sented (25). Several reasons could account for this discrep-
ancy.

In a previous study we used an independent approach, the
exchange of domains between connexins, to test the in-
volvement of M1 in pore formation (26). Domain swapping
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mutagenesis has been successfully applied to a number
of channels to identify pore domains (27-30). The large
conductance of Cx46 indeed was conferred to Cx32E 43
by inserting the Cx46 M1 sequence into Cx32E43. How-
ever, the transfer of conductance could have been fortuitous.
Furthermore, the presence of a foreign M1 sequence in a
connexin does not necessarily result in transfer of conduc-
tance as observed in a different context of domain exchange
(28). In addition, channel conductance can be affected by
mutations in various parts of the molecule including the
carboxy-terminus (28,31,32). In this article we refine the
domain exchange approach by studying reciprocal ex-
changes and extend the exchanges to a connexin with higher
conductance, Cx37.

MATERIALS AND METHODS
Construction of mutants

Construction of Cx32M,;46 E ;43 was described previously (26). Cx46
was obtained from Dr. D. Paul (10). Other mutants were constructed by
the following procedure (Fig. 1). For Cx46M,32I, the replacement cassette
was prepared by polymerase chain reaction (PCR) with the primers: I),
ggccacgatgegtecggegtagagg, 1), gtgtggctgagegtcatcttcatctteeg, I1I), cggaa-
gatgaagatgacgctcagecacac, and IV), cctecegetetttcttettctectee, and with
Cx46 as templates. This yielded the insertion cassette with a new restriction
site by Bipl. Primer I and IV for Cx46M,32II, Cx46L35G, and Cx46M,37
were the same as for Cx46M321. Primer II and III for Cx46M,32II were
cgcattatggtgctggtget ggctgcagaggag and ctcctctgecagecaccaccageaccataat-
geg, respectively. Primer I and III for Cx46L.35G were catcttccgcattggcgtc-
ctaggggcg and cgcecctaggacgecaatgeggaagatg, respectively. For Cx46M,37,
primer II and primer III were gcattctgattctggggctggcaggegaggaggteteg and
ccacacctectcgectgecageeccagaatcagaatge, respectively. The newly intro-
duced restriction site was Pstl for Cx46M,32I1, AvrIl for Cx46L.35G, and
Hinfl for Cx46M,37. Cx46M,32 were prepared by using Cx46M;32II as
templates and primers for Cx46M ;321 as primers. After digestion with Nhel
and Pml1 the cassette was inserted into Cx46 containing vector cut with the
same enzymes. All mutants were selected by screening test using specific
restriction enzyme and confirmed by DNA sequencing.
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FIGURE 1 Construction of the Cx46 mutants: Cx46M;32, Cx46M,37,

and Cx46L35G. A replacement cassette flanked by two restriction enzyme
sites, Nhel and Pmll, was generated by PCR.
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Expression of mRNA in oocytes

Synthetic mRNA was prepared using the mMESSAGEmMACHINE
transcription kit (Ambion, Austin, TX). Oocytes were prepared as described
earlier (33) and stored in OR; solution (82.5 mM NaCl, 2.5 mM KCl, 1.0
mM MgCl,, 1.0 mM CaCl,, 1.0 mM Na,HPO,, and 5.0 mM HEPES, pH
7.5) at 18°C; 20 nl mRNA (50 ng/ul) was injected into oocytes. The injected
oocytes were then stored in high Ca®>" (5 mM) OR, solution to keep the
hemichannel closed. Oocytes injected with various connexins were tested
by whole-cell voltage clamp to determine expression levels. The oocytes
were transferred back to regular OR, solution before electrophysiological
recordings.

Patch-clamp recording

The vitelline membrane of the oocytes was removed. If not specified, both
bath and pipette solutions were potassium gluconate solution (140 mM Kglu,
10 mM KCl, and 5.0 mM TES, pH 7.5). Electrode pipettes (OD, 1.5 mm, ID,
0.86 mm; Warner Instruments, Hamden, CT) were pulled by Flaming-Brown
micropipette puller (Sutter Instrument, Novato, CA) and polished by micro-
forge (Narishige Scientific Instrument, Tokyo, Japan) to 0.5-1 wm with
a resistance of 10-20 MQ in Kglu solution. Single connexin hemichannels
were studied by patch-clamp technique (23,34) using an Axopatch-1B am-
plifier (Axon Instruments, Inverurie, Scotland, UK). Excised inside-out and
outside-out patches were used. All recordings were filtered at 5 kHz, digitized
using a VR-10B digital data recorder, and stored on videotape. The recordings
were transferred to a Power Macintosh (Apple, Cupertino, CA) and data were
analyzed by TAC software (Bruxton, Seattle, WA).

RESULTS

Transfer of single-channel conductance by
exchange of the first transmembrane segment
(M1) between Cx46 and Cx32E,43

A few connexins form open hemichannels without docking
under physiological conditions. These open hemichannels
share most of the properties of complete gap junction channels.
The resistance of a hemichannel is about half of the junctional
channel, which can be explained by pairing two hemichannels
in series without apparent structural change of the permeation
pathway by the docking process. In this article we make use of
two connexins that can form functional hemichannels when
expressed in oocytes. One is Cx46. The other is Cx32E,43,
a chimera with El in Cx32 replaced by the corresponding
sequence of Cx43.

Sequence alignment of M1 identifies five amino acids
differing between Cx46 and Cx32E 43, three of which are
located toward the extracellular end of M1 (Fig. 2). Cx46 and
Cx32E;43 can be easily distinguished from each other due to
a large difference in single-channel conductance and gating
kinetics (26). The single-channel conductance of Cx46 was
270 pS at —30 mV (Fig. 3 @) and 120 pS at +30 mV (Fig.
4 a). The opening and closing of Cx46 channels were relative
slow and in a stepwise manner. At positive potential Cx46
channels preferred to stay in a subconductance state, which
was approximately one-third of the maximal conductance
(Fig. 4 a). In contrast, the single channel conductance of
Cx32E 43 was 50 pS at —30 mV (Fig. 3 ) and 30 pS at +30
mV (Fig. 4 b). The opening and closing of Cx32E43
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FIGURE 2 (a) Membrane topology of connex-

ins and sequence alignment of the M1 segment
between Cx46, Cx32, and Cx37. Sequence align-
ment identifies five-amino-acids  difference
between Cx46 and Cx32 (red), and three-amino-
acids difference between Cx46 and Cx37 (green).
(b) Summary of chimeras.
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channel was fast and the open times brief. At positive
potential no obvious subconductance state was observed in
the Cx32E;43 channel (Fig. 4 b). Thus, Cx46 and Cx32E 43
differ in not only single-channel conductance but also chan-
nel kinetics as well as gating properties.

One chimera, Cx32M,46E 43 with M1 derived from Cx46,
exhibited single-channel activities similar to Cx46. The
unitary conductance of Cx32M,46E 43 was 260 pS at —30
mV (Fig. 3 ¢) and 225 pS at +40 mV (Fig. 4 ¢). The opening
and closing transitions of Cx32M,46E43 were slow. At
positive potentials Cx32M;46E43 channels dwelled mainly
in a subconductance state, which was about one-third of the
maximal conductance (Fig. 4 ¢).

The chimera Cx46M,32, with M1 derived from Cx32
exhibited single-channel properties similar to Cx32E43. The
single-channel conductance of Cx46M,32 was 50 pS at —30
mV (Fig. 3 d) and 46 pS at +30 mV (Fig. 4 d). The tran-
sitions between closed and open state were fast. At positive
potential, the channel mainly flickered between fully closed
and open states (Fig. 4 d). Thus, the above two chimeras
acquired properties of single-channel conductance, channel
kinetics, and preference to dwelling in a subconductance
state from the M1 donor in response to M1 exchange. Cx46
and Cx32E;43 channel rectified at positive potentials. Rec-
tification of channel current was not as pronounced in the
chimeras (supplement Fig. 1).

To further localize the determinants of channel conductance,
we divided the M1 segment of Cx32 into two halves. Each
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half was used to substitute the correspondent part on Cx46.
This yielded the chimeras Cx46M;32I and Cx46M,32IL
Cx46M,32l, with only the cytoplasmic half of M1 in Cx46
replaced by that of Cx32, exhibited channel properties similar to
Cx46 (Figs. 3 e and 4 e). The single-channel conductance was
~270 pS at —30 mV. The channel dwelled in a subconductance
state at positive potentials. In contrast, Cx46M;32Il, with re-
placement of the extracellular half of M1, exhibited channel
conductance similar to Cx32E43 (Figs. 3 fand 4 f), ~50 pS at
—30mV. There was no obvious subconductance state observed
at positive potentials. Thus, the swapping of the intracellular
half of M1 alone did not change channel conductance and
gating properties, whereas replacing the extracellular half of M1
changed channel properties to the same extent as if the whole
M1 segment is replaced.

These results are consistent with previous findings by
SCAM assay in which two cysteine reactive sites on equiv-
alent positions on Cx46 and (I34 and L35) Cx32E ;43 (I33
and M34) yielded the strongest inhibition when thiol reagent
was applied. These two positions were on the extracellular
half of M1 segment.

Transfer of single-channel conductance in
response to domain swapping between
Cx46 and Cx37

To test whether conductance exchange is a phenomenon
specific for Cx46 and Cx32E;43, we extended domain
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FIGURE 3 Single-channel currents recorded form inside-out patches that were excised from oocytes expressing Cx46, Cx32E 43, Cx32M,46 E43,
Cx46M,32, Cx46M,32I, and Cx46M,32I1. Channels were held at negative potentials. Corresponding all-point amplitude histograms are shown under each

current trace. Open (o) and close (c) states are indicated by dotted lines.

exchange to another connexin channel, Cx37. Sequence
alignment of M1 identifies a three-amino-acids difference
between Cx46 and Cx37 (Fig. 2), all of which are located at
the extracellular half of M1. Cx37 forms gap junction
channels with the largest known conductance of 300 pS (35).
We generated another chimera, where the M1 in Cx46 was
replaced with that of Cx37. The chimera Cx46M,37 opened
as hemichannel in whole-cell experiments. Oocytes injected
with the chimera mRNA showed increased membrane
conductance that was voltage dependent. It has been shown

that the channel conductance of complete Cx46 gap junction
channels is half the conductance of the Cx46 hemichannels,
as if the complete gap junction channel are composed of two
hemichannels in series without docking affecting channel
conductance (36). If the same rule applies to Cx37, one
would expect the single-channel conductance of chimera
Cx46M;37 to be ~600 pS.

Single-channel conductance of Cx46M;37 was 520 pS at
—30mV and 300 pS at +24 mV (Fig. 5), which was close to
the predicted Cx37 conductance and much larger than that

Biophysical Journal 90(1) 140-150
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FIGURE 4 Single-channel currents recorded form inside-out patches that were excised from oocytes expressing Cx46, Cx32E 43, Cx32M,46 E43,
Cx46M,32, Cx46M,32I, and Cx46M,32I1. Channels were held at positive potentials. Corresponding all-point amplitude histograms are shown under each
current trace. Open (o), close (c¢), and subconductance (s) states are indicated by dotted lines.

of Cx46. Cx46M,37 also exhibited a subconductance state at
positive potentials as shown in Fig. 5 ¢, but this phenomenon
appeared not as prominent as in Cx46.

The presented results show that M1, specifically the ex-
tracellular half of M1, determines the unitary conductances
of Cx32, Cx37, and Cx46 channels. These conductances are
summarized in Table 1.

Single amino acid mutation of leucine at
35 position in Cx46

In an effort to further narrowing down critical pore lining
structure we constructed the Cx46L35G mutant in which
leucine at position 35 was replaced by glycine, the amino
acid with the smallest side chain. The reason we chose this
residue was based on observations from SCAM assay. It was
shown that the cysteine mutation at position 35 in Cx46 as
well as 34 position in Cx32E 43, which were at equivalent

Biophysical Journal 90(1) 140-150

position on M1, caused the largest inhibition effect on single-
channel conductance when thiol reagent was applied (21).

The unitary conductance was significantly increased in the
Cx46L35G mutant as compared to wild-type (wt) Cx46. In
symmetrical 140 mM potassium gluconate solution it was
377 pS for Cx46L35G and 312 pS for Cx46 (Fig. 6, g and 4;
Table 2). In KCl solution, the single-channel conductance
was 489 pS for Cx46L35G and 359 pS for Cx46 wild type
(Table 2).

Channel permeability to potassium*, chloride ™, and glu-
conate” ion based on reversal potentials revealed insignif-
icant differences between Cx46 and Cx46L35G (Fig. 6;
Table 2). The reversal potentials for KGlu were +27 mV for
Cx46 and +32 mV for Cx46L35G. The reversal poten-
tials for KCl were +50 mV for Cx46 and +51 mV for
Cx46L35G. Based on the Goldman-Hodgkin-Katz equation,
the calculated permeability ratio of K*/Cl~ was 21:1 in Cx46
and 25:1 in Cx46L35G. The permeability ratio of K*/Glu™
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was 4:1 in Cx46 and 5:1 in Cx46L35G. The calculated
permeation ratio of Glu™/Cl™ was 5:1 in both Cx46 and
Cx46L35G.

These data would suggest that gluconate was more per-
meable than chloride. However, the chord conductance in the
presence of the two anions shows otherwise. The channel
conductance in KCI solution was significantly higher than in
KGlu solution (Fig. 6, g and h; Table 2).

Spermine permeates 46L35G and Cx46M137
channels, but not wild-type Cx46 channels

As shown above, the single-channel conductance of two
Cx46 mutants, Cx46M 37 and Cx46L.35G, was much larger
than the wild-type Cx46. As a preliminary attempt to test
whether the pore of these two mutants was also enlarged, the
large positively charged spermine ion was used in single-
channel recording. Endogenous spermine was found to cause
block and modulation of several types of ion channels by
plugging the pore of the channel. For example, intracellular
spermine was found responsible for rectification of inward
rectifier K™ channel and some subtypes of Ca®" permeable
glutamate receptors (37).

As shown in Fig. 7, permeation differences between
Cx46 wild type and mutants were observed when spermine

tetrahydrochloride chloride was used. With 15 mM spermine
tetrahydrochloride chloride inside the pipette, 150 mM
spermine tetrahydrochloride chloride solution was perfused
to the inside-out patches containing the designated connexin
channel. The reversal potential of Cx46 was near —60 mV
(Fig. 7 a), which was close to the reversal potential of the
chloride ion. Thus, Cx46 was impermeable to spermine. The
reversal potential for Cx46L.35G was ~—10 mV (Fig. 7 b),
which meant spermine was permeable to the Cx46L35G
channel though less permeant than the chloride ion. The
reversal potential for Cx46M;37 in spermine tetrahydro-
chloride chloride solution was ~30 mV (Fig. 7 ¢), which
meant spermine was also permeant in the Cx46M;37
channel.

DISCUSSION

These data show that the first transmembrane segment, spe-
cifically its extracellular half, is a determinant of channel
conductance. Reciprocal exchange of this segment between
two connexins led to a transfer of the single-channel con-
ductance from the M1 donor to the recipient connexin. In
addition, replacement by the corresponding Cx37 sequence
resulted in the large single-hemichannel conductance typical
for Cx37. Finally, point mutation of L35 to the short

Biophysical Journal 90(1) 140-150
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TABLE 1 Comparison of unit conductance of wild-type
connexins and the chimeras at negative potentials

v (pS) v (pS)
Cx46 258 + 37 (13) Cx32E,43 54 =5 (11)
Cx32M,46 E 43 236 + 29 (9) Cx46M,32 51 =3 (8)
Cx46M,321 270 * 18 (5) Cx46M,3211 40 =5 (5)
Cx46M,37 440 *+ 84 (9)* - -

Conductance is expressed as mean = SD (number of channels analyzed).

side-chain amino acid glycine created a channel with
enhanced conductance.

Conductance of a channel is governed by steric constraints
as well as by electrostatic factors. The steric constraints include
length and width of the conduction pathway as in any con-
ductor. The electrostatic factors include not only interactions of
the permeant ions with the channel wall, but also the avail-
ability of permeant ions. For the large conductance potassium
(BK) channel it has been shown, that a ring of negative charges
at the channel mouth affect both conductance and rectification
of the channel (38). A similar mechanism appears to apply to
Cx46 hemichannels, where fixed charges in the first extra-
cellular loop affect selectivity, conductance, and rectification
of the channel (22). These charges are thought to increase the
local concentration of cations at the channel entry and thus
their availability for passage through the channel. In this con-
text the effect of extracellular loop charges should be hemi-
channel specific, as these sites become located in the center of
the complete gap junction channel after docking and thus could
not concentrate cations as they do at the mouth of the hemi-
channel. For complete gap junction channels cytoplasmic sur-
face charges instead have been proposed to exert a similar role
(39).

Because the amino acids exchanged in this study do not
contain charged amino acids, steric rather than electrostatic
factors have to be considered for the observed changes in
conductance. Whether the M1 domain represents a pore con-
striction or whether this sequence imposes structural con-
straints on adjacent or contacting domains cannot be derived
from this data with certainty. The latter possibility has to be
considered because the transfer of conductance appears to be
context dependent. For example, if M1 is exchanged together
with the amino terminus no functional channel is formed for
Cx32E 43 as recipient (26,28). With Cx46 as recipient for
the equivalent Cx32 sequence no change of conductance was
observed (28).

Conductance and channel rectification were found to be
affected by mutational alteration of negatively charged
amino acids in the first extracellular loop as well as by
charged methanethiosulfonate (MTS) reagents reacting with
engineered cysteines in E1 (22,28). It thus appears that in the
Cx46 hemichannel the E1 segment determines conductance
based on electrostatic principles whereas the M1 segment
imparts a steric hindrance for the transit of ions through the
channel. The SCAM data already yielded some clues about
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the molecular dimensions of the two domains. Reaction of
engineered cysteines in E1 with MTS resulted in a stepwise
reduction of single-channel conductance. Because six steps
could be resolved this was interpreted as a successive reaction
of MTS with all six subunits of the channel (22). Reaction of
maleimidobutyryl-biocytin (MBB) at position 35 in M1 on the
other hand resulted in a one step, ~80% reduction of the
single-channel conductance (23,40). Apparently the channel
can accommodate only one MBB molecule at that position.
Although MBB with a molecular mass of 537 Da is larger
than the MTS molecules (233-278 Da), six MTS molecules
occupy a considerably larger volume than a single MBB
molecule. Based on these considerations the pore lining
contributing M1 segment has a smaller pore dimension than
the segment contributed by E1.

In the SCAM assays of Cx46 connexons (21,22,24)
reactive cysteines were found only in the extracellular half of
M1. The same segment also was found in this study to be
sufficient for the transfer of channel conductance between
connexins whereas the exchange of the amino-terminal half
of M1 remained inconsequential. M1 thus is unlikely to pro-
vide all of the pore lining moieties in the transmembrane part
of the channel. Based on the weak inhibition of Cx32E;43-
induced membrane conductance by MBB, it was proposed
(21) that M3 furnishes the remainder of the transmembrane
portion of the pore in the form of a wider vestibulum. A
combination M1/M3 pore has also been proposed based on
crystallographic and phylogenetic data (24). However, single-
channel SCAM on Cx46 showed only minimal inhibition of
channel conductance in the M3 segment. Because the latter
experiments were performed with the small MTS molecules,
a significant reduction may not need to be expected in a wide
part of the channel.

If the M1 segment were to represent the narrow part of the
pore one would expect that the permeability and selectivity
of the channel be affected by mutations in this segment.
Although a detailed analysis of this aspect is presented in the
accompanying article, reversal potential measurements in-
dicate that at least the L35 position in Cx46 is critical in this
respect. A cysteine in this position reacts with extracellularly
and intracellularly applied thiol reagents (21-23). A change
to glycine renders the channel permeable to spermine. Ap-
plication of a spermine tetrahydrochloride chloride concen-
tration gradient to a Cx46L35G channel in an excised patch
resulted in a reversal potential considerably less negative
than the chloride equilibrium potential. In wild-type chan-
nels the reversal potential instead was close to the chloride
equilibrium potential under the same experimental condi-
tions. Similarly, replacement of M1 with the corresponding
Cx37 sequence resulted in spermine permeability.

It has been suggested that in some connexins, spermine
induces a voltage-dependent channel block (41,42) akin to
the rectification mechanism in inward rectifying potassium
channels (37,41-45). Amino-terminal glutamate residues have
been suggested to contribute to the spermine binding sites in
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FIGURE 6 Voltage ramps of Cx46 (a, b, ) and Cx46L35G (c, d, f) channels contained in inside-out patches in 150 mM KGlu (pipette)/15 mM KGlu (bath)
(a, ¢), 150 mM KCl (pipette)/15 mM KCl (bath) (b, d) salt gradients, and 140 mM KGlu (pipette)/140 KCI (bath) bionic conditions (e, f). Single-channel
currents at —30 mV holding potential of Cx46L35G channels in symmetric KGlu (g) and KCl (%), 150 mM each. In addition to the specified ions, all solutions

also contained 5 mM TES, pH 7.5. No adjustment for osmolarity or ionic strength was performed.

Cx40 (42). Cx46 also has identically spaced glutamates in the
amino-terminus. However, because neither the L to G change
nor the M1 swap with the Cx37 sequence involve changes of
charged amino acids, a direct electrostatic effect on putative
binding sites can be ruled out.

Another indication that L35 imparts steric constraints on
the channel comes from the observation that the L35G
mutant has a higher exclusion limit for fluorescent tracers as
compared to wild-type Cx46. Stachyose fluorescein (1146
mol wt) is excluded from oocytes expressing wt Cx46 but
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TABLE 2 Comparison of ion permeability between wild-type
Cx46 and CxL35G

v (pS) Wild-type cx46 Cx46L35G
yKGlu 312 = 10 (8) 377 £ 5(7)
vKCl 359 = 6 (8) 489 = 11 (5)
pK/pGlu 414 5103
pK/pCl 21 £2 4 25 (2)
pGlu/pCl 5 5

Single-channel conductance (pS) in 140 mM symmetric KGlu and KCl
are listed in the first and second row, respectively. Permeability (p) ratio of
K*/Glu~, K*/Cl™, and Glu /Cl™ are listed in the subsequent rows. Data
are shown as mean = SD (number of channels analyzed).

appears in the cytoplasm of oocytes expressing Cx46L35G
upon extracellular application of the fluorescent tracer (46).

The moderate cation selectivity of wild-type Cx46 channels
(36) is present to a similar extend in the Cx46L35G mutant.
Unexpectedly, in both wild-type and mutant channels the
relative permeabilities of Cl and gluconate are reversed when

Hu et al.

determined by chord conductance measurements as compared
to determination by reversal potential measurement and
calculation with the Goldman-Hodgkin-Katz equation (Table
1; Fig. 6). It is counterintuitive that the larger gluconate
molecule should be more permeant than the smaller chloride.
Both carry the same charge, excluding electrostatic factors.
An apparently higher permeability for the larger glutamate
over chloride was also noted before for Cx40 gap junction
channels (47). However, in contrast to discrepancy between
chord conductance and reversal potential measurements
observed in this study no such incongruity was found for
the Cx40 channel. Whatever the mechanism, it appears that
the L35G mutation affects conductance of the channel without
changing selectivity.

Besides modifying conductance, the M1 exchange also
resulted in a transfer of some voltage gating properties from
the donor connexin to the recipient. The exchange did not
involve charged residues that per se could have carried
voltage-dependent behaviors. It appears that the M1 instead

FIGURE 7 Voltage ramps of wide-type Cx46 (a),

Cx46L35G (b), and Cx46M,37 (c) channel contained
in an inside-out patch in the presence of the 150-mM
(pipette)/10-mM (bath) spermine tetrahydrochloride
gradient.

a I (pA) 150 Spermine Chloride, ; 15 Spermine Chloride;
Cx46 WT
+20
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10 I 1 1 I 1 I 1 I 1 I I ] J
70 -60 -50 -40 -30 -20 -10 0 +10 +20 +30 +40 +50 +60 +70
V (mV)
b 1{pA)
Cx46 L35G
+15 A
+10
*57 WWWMMW
0_ O ki
'5WMMWWW
-10
-15 4
I I 1 I I 1 I 1 I 1 1 I ]
70 -60 -50 -40 -30 -20 -10 0 +10 +20 +30 +40 +50 +60 +70
V (mV)
C 1 (pA)
Cx46M,37
+15
+10
+ 5 i
O_
54
-10 4
-15 4
I 1 I I 1 I I I L 1 I 1 J
70 -60 -50 -40 30 -20 -10 0 +10 +20 +30 +40 +50 +60 +70

Vv (mV)

Biophysical Journal 90(1) 140-150



Conductance Segregates with M1 Segment

is capable of translating voltage-dependent events originat-
ing in other parts of the channel into M 1-specific variations
of conductance.

As relating to the discrepancy between the different
SCAM studies on hemichannels and complete gap junction
channels this could be caused by a number of reasons. There
could be a difference between the pore linings of channels
formed by different connexins, there may be differences be-
tween hemichannels and complete gap junction channels, or
the different methods employed in the three studies may give
different results. The data on Cx32 gap junction channels
were exclusively based on macroscopic current effects where
the thiol reagent was applied to the cytoplasmic side with the
necessity to penetrate a thick layer of yolk and all the re-
ductive capacity of the cytoplasm. Nicholson and co-workers
(25) found that certain sites could be reacted with the thiol
reagent applied extracellularly, a constellation where the
reagent should have no access to the pore of the complete
gap junction channel. This was interpreted as evidence for
large crevices in the channel wall accessible from the extra-
cellular space. An alternative interpretation, however, has to
be considered. Gap junctions in oocytes as in other cells are
very dynamic. They turn over rapidly with a half-life of 1-2
h. In oocytes the formation rate exceeds degradation to an
extent that even within the typical exposure time to the thiol
reagent junctional conductance in an oocyte pair increases
appreciably (25). Thus, the thiol reagent could get access to
the pore during the docking process without the need of
crevices contiguous with the extracellular space.
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