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Connexin (Cx) gap junction channels comprise two hemi-
channels in neighboring cells, and their permeability is well-
described, but permeabilities of the single Cx hemichannel
remain largely unresolved. Moreover, determination of iso-
form-specific Cx hemichannel permeability is challenging
because of concurrent expression of other channels with similar
permeability profiles and inhibitor sensitivities. The mamma-
lian Cx hemichannels Cx30 and Cx43 are gated by extracellular
divalent cations, removal of which promotes fluorescent dye
uptake in both channels but atomic ion conductance only
through Cx30. To determine the molecular determinants of this
difference, here we employed chimeras and mutagenesis of pre-
dicted pore-lining residues in Cx43. We expressed the mutated
channels in Xenopus laevis oocytes to avoid background activity
of alternative channels. Oocytes expressing a Cx43 hemichannel
chimera containing the N terminus or the first extracellular loop
from Cx30 displayed ethidium uptake and, unlike WT Cx43, ion
conduction, an observation further supported by molecular
dynamics simulations. Additional C-terminal truncation of the
chimeric Cx43 hemichannel elicited an even greater ion con-
ductance with a magnitude closer to that of Cx30. The inhibitory
profile for the connexin hemichannels depended on the per-
meant, with conventional connexin hemichannel inhibitors
having a higher potency toward the ion conductance pathway
than toward fluorescent dye uptake. Our results demonstrate a
permeant-dependent, isoform-specific inhibition of connexin
hemichannels. They further reveal that the outer segments of
the pore-lining region, including the N terminus and the first
extracellular loop, together with the C terminus preclude ion
conductance of the open Cx43 hemichannel.

Direct intercellular communication can be maintained by
gap junction channels, which allow exchange of atomic ions as
well as a variety of biological molecules, such as second messen-
gers and metabolites, between the cell interiors (1). A gap junc-
tion is formed when two connexons/hemichannels assemble
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between two neighboring cells, and each of these pore-forming
hemichannels consists of six connexins (Cx)? (2). 21 different
human connexin isoforms are identified and numbered accord-
ing to their molecular weight (3). The connexin isoform com-
position is decisive for the permeability profile of gap junction
channels, which exhibit great variations in their cation versus
anion selectivity, single-channel conductance, and permeabil-
ity to different fluorescent dyes and biological molecules (1, 4,
5). In recent years, it has become evident that connexins not
only have the ability to form functional channels coupling two
neighboring cells, but also may be active as unopposed hemi-
channels that, if open, act as transport routes between the intra-
and extracellular space (6). The (patho)physiological roles of
connexin hemichannels are under investigation, but assign-
ment of exact implications of each channel isoform in various
physiological processes is complicated by the overlapping per-
meability and inhibitory profiles between the various isoforms
of connexin hemichannels and other large-pore membrane
channels in complex cell systems (7—11). It therefore, to a large
extent, remains unresolved which classes of molecules perme-
ate a given open hemichannel. Do these transmembrane chan-
nels, when open, act essentially as half a gap junction with a
permeation profile identical to its gap junctional counterpart?
Or do they display pore selectivity distinct for their hemichan-
nel configuration?

The pore-lining region of a connexon originates from the N
terminus (folding into the pore area (12)), the transmembrane
segment 1 (TM1), and the first extracellular loop (E1) (12-16)
(see Fig. 1). Molecular studies have indicated that upon docking
with a hemichannel counterpart on a neighboring cell to form a
gap junction, the channel alters its conformation, and distinct
sets of amino acid side chains face the interior of the pore-lining
region of the channel in the hemichannel versus the gap junc-
tion configuration (17, 18). With all three segments of the pre-
dicted pore-lining region potentially being involved in pore
selectivity, this structural rearrangement may alter the channel
permeability between a given connexin-based gap junction and
its hemichannel and thus provide these two channel configura-
tions with distinct permeability profiles.

2 The abbreviations used are: Cx, connexin(s); Px, pannexin; TM1, transmem-
brane region 1; NT, N terminus; E1, extracellular loop 1; DCFS, divalent
cation-free solution; FFA, flufenamic acid; CBX, carbenoxelone; ddH20,
double-distilled H,O; ANOVA, analysis of variance.
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Molecular determinants of Cx43 permeation
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Figure 1. Homology model of Cx43 and alignment of the predicted pore-lining region of Cx43, Cx30 and Cx26. A, image depicting a homology model
of a Cx43 gap junctional channel (amino acids 1-244), based on the Cx26 gap junction structure. The predicted pore-lining region is highlighted and colored in
the typology drawing as well as in the structure of the Cx43 monomer. B, alignment of the predicted pore-lining region of Cx43, Cx30, and Cx26. The residues
of Cx43 selected for mutagenesis are underscored and highlighted in boldface type.

Fluorescent dyes are routinely used to quantify gap junction
and hemichannel activity (19 —24). The rationale behind the use
of this technique is that the dye permeability may mirror the
permeability of biological molecules of the same size or smaller
than that of the fluorescent dye used (20, 25-27) and could as
such be employed as a readout of general channel activity. Gap
junctions are permeable to fluorescent dyes, biological mole-
cules, and atomic ions, although each isoform displays subtle
preferences for some types of molecules over others (1, 4, 5, 28).
It has, however, in recent years become evident that this non-
selective gap junction permeability may not translate to its
hemichannel activity: Hemichannels appear to be able to dis-
tinguish between different permeants in a manner indicating
that fluorescent dye uptake is not proportional to the permea-
bility of smaller biological molecules and atomic ions (11, 29,
30). Hemichannels composed of Cx26, Cx30, or Cx43 readily
open upon removal of divalent cations, whether expressed in
Xenopus oocytes or mammalian cells (6, 11, 20-22, 29 -40).
Once open, these channels display distinct selectivity to fluo-
rescent dye versus atomic ions (current) with Cx26 promoting
membrane currents and little, if any, ethidium uptake, Cx30
promoting membrane current and ethidium uptake, and Cx43
promoting ethidium uptake but no membrane current (at phys-
iological membrane potentials) (11, 29, 30). To resolve the

16790 J Biol. Chem. (2019) 294(45) 16789-16803

molecular determinants underlying the ability of Cx43 hemi-
channels to discriminate between atomic ions and a fluorescent
dye in its permeation pathway, we expressed different connexin
isoforms, as well as chimeras and point mutants thereof, in
isolation in Xenopus oocytes. The biophysical characterization,
aided by molecular dynamics simulations, of these constructs
pointed to the outer sections of the predicted pore-lining region
of the hemichannel configuration, namely the N terminus and
the extracellularloop 1, as the molecular determinants prevent-
ing Cx43 hemichannel-mediated membrane conductance.

Results

Single amino acid substitutions in the pore region of the Cx43
hemichannel do not confer ion conductance to Cx43

To determine the molecular determinants underlying the
ability of Cx43 to discriminate between atomic ions and
ethidium, we created a homology model of Cx43 based on the
high-resolution structure of Cx26, presumably in its gap junc-
tional configuration (12) (Fig. 14). With this model, Cx43 pore-
lining residues could be identified and aligned with the equiva-
lent region in Cx26 and Cx30 (see Fig. 1B). Those amino acids
that differed between Cx43 and the ion-conducting Cx26 and
Cx30 isoforms were subsequently replaced by site-directed
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Figure 2. Mutagenesis of select pore-lining residues does not alter Cx43 hemichannel ion conductance. A, illustrates the predicted pore-lining region of
a Cx43 monomer with the select predicted pore-lining residues that were mutated individually to the aligned amino acid in Cx30, marked in pink. B, I/V curves
from uninjected and Cx30-, Cx43-, and Cx43 mutant-expressing oocytes (n = 17,n = 9,n = 11, and n = 7 for the mutations, respectively). C, summarized
membrane currents obtained at —60 mV. D, ethidium uptake in uninjected and Cx30-, Cx43-, and Cx43 mutant-expressing oocytes (all n = 4). E, Western
blotting showing oocyte surface expression of Cx43 or the 11 Cx43-mutated constructs. Data in I/V curves and in the bar graphs are presented as mean + S.D.
(error bars). Statistical significance of DCFS-induced hemichannel activity within each group was tested using repeated-measures two-way ANOVA (current,
interaction: F ¢ 505 = 46.9,p < 0.001; construct: F ;5 104y = 68.3,p < 0.001; test solution: F, ,0g) = 55.0, p < 0.001; and Eth, interaction: F 55 g4 = 13.2,p < 0.007;
construct: F;3 45 = 4.2, p < 0.001; test solution: F(, g4) = 184.7, p < 0.001) with Dunnett’s post hoc test (against control). **, p < 0.01; ***, p < 0.001.

mutagenesis with the amino acid found at the equivalent site in
Cx30 (illustrated in Fig. 2A4). To reveal if single amino acid
chains could be decisive for hemichannel-mediated conduct-

ance, the membrane current and ethidium uptake of uninjected
and Cx-expressing Xenopus oocytes were determined in con-
trol solution (frog Ringer’s solution, containing 1 mm Ca>" and

J. Biol. Chem. (2019) 294(45) 16789-16803 16791
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1 mm Mg>"), in divalent cation-free solution (DCFS), and in
DCES containing the connexin hemichannel inhibitor gadolin-
ium (Gd®*). Cx30 hemichannel-mediated membrane current
has a low Ca>" sensitivity, and the 1 mm Ca®" in the standard
frog Ringer does not suffice to fully block the hemichannel
activity, hence the elevated control current in oocytes express-
ing this isoform (30, 35). Of the 11 mutated Cx43 constructs
individually expressed in oocytes, none displayed the DCFS-
induced membrane conductance observed in Cx30-expressing
oocytes (Fig. 2, B and C) and thus behaved similarly to unin-
jected and WT Cx43—expressing oocytes. A subset of the
mutant Cx43 hemichannels (A6T, K13G, L35M, G38V, and
R53V) displayed DCFS-mediated ethidium uptake comparable
with the Cx30- and Cx43-expressing oocytes, whereas the
remainder of the mutant constructs (and the uninjected
oocytes) displayed no DCFS-induced ethidium uptake (Fig.
2D). Verification of plasma membrane expression of the
mutated Cx43 hemichannels was conducted with surface bioti-
nylation of oocytes expressing these constructs followed by
Western blotting (Fig. 2E). Our results indicate that no single
amino acid in the Cx43 hemichannel pore acts as a determinant
of hemichannel conductance.

Incorporation of the outer pore-lining regions from Cx30 into
Cx43 promotes hemichannel ion conductance

Because single amino acid substitutions in the pore-lining
region of Cx43 failed to confer ion conductivity to Cx43 hemi-
channels, we created a chimeric Cx43, in which the entire pre-
dicted pore-lining region (consisting of the N terminus, the first
transmembrane segment, and the first extracellular loop (12))
of Cx43 was exchanged with that of the ion-conducting Cx30
(Cx43%% illustrated in Fig. 34). Surface biotinylation of oocytes
expressing the chimeric Cx43%° showed proper expression and
translocation of the protein to the plasma membrane (Fig. 34,
bottom right corner). Despite abundant Cx43*° membrane
expression, Cx43%°-expressing oocytes displayed no DCFS-in-
duced membrane conductance or ethidium uptake (Fig. 3,
B-D). These data illustrate that incorporation of the entire pre-
dicted pore-lining region of Cx30 into Cx43 produced a non-
functional hemichannel. We therefore, instead, exchanged sin-
gle sections of the predicted pore-lining region in Cx43 with
that of Cx30: the N terminus (Cx433°NT), the transmembrane
domain 1 (Cx433°™M), or the extracellular loop 1 (Cx433°%),
illustrated in Fig. 4A. Expression and translocation of these chi-
meras to the oocyte plasma membrane were verified by surface
biotinylation and Western blotting (Fig. 44, bottom right cor-
ner). Replacement of the N terminus (Cx43%*™T) or the extra-
cellular loop (Cx43?°F') with that of Cx30 yielded small, but
detectable, DCFS-activated conductance in oocytes expressing
these constructs (Fig. 4, B and C). The membrane conductance
was paralleled by DCFS-induced ethidium uptake similar to
that of the Cx30- and Cx43-expressing oocytes (Fig. 4D).
Oocytes expressing the chimeric version of Cx43 with the first
transmembrane domain replaced with that from Cx30
(Cx433°T™M) did not demonstrate DCFS-induced membrane
conductance or ethidium uptake (Fig. 4, B—D). These results
suggest that the outer sections of the predicted pore-lining
region of Cx43, the N terminus and the extracellular loop 1, are

16792 J Biol. Chem. (2019) 294(45) 16789-16803

crucial structures for the ability of Cx43 to selectively discrim-
inate between atomic ions and ethidium in its permeation
pathway.

The extracellular loop 1 and both termini contribute to the
atomic ion impermeability of the Cx43 hemichannel

The C terminus of Cx43 has previously been implicated in
the gating of atomic ion permeation in Cx43 hemichannels
(30). To determine the C-terminal involvement in the ability of
Cx43 to discriminate between ethidium and atomic ions, we
created a chimeric Cx43 combining all permissive regions:
C-terminal truncation (Met-237) combined with a replacement
of the N terminus and the first extracellular loop with that of
Cx30 (Cx43M2573°NT-EL) " jllustrated in Fig. 5A. Oocytes
expressing this chimeric Cx43 hemichannel displayed robust
DCFS-activated membrane conductance (Fig. 5, B and C) and
parallel ethidium uptake (Fig. 5D). These data indicate that it is
not the TM1 section of the predicted pore-lining region of
Cx43, but rather the part of the pore consisting of the N termi-
nus and the extracellular loop 1, that, together with the C ter-
minus, provide Cx43 with its isoform-specific permeability
filter.

Molecular dynamics simulations support ion permeability in
WT Cx30 and in the Cx433°NE" chimeric hemichannel

To elucidate the differences between the two hemichannels
at the molecular level, we performed molecular dynamics sim-
ulations of Cx30 and Cx43 hemichannels in a realistic environ-
ment including membrane, water, and ions mimicking the
physiological ionic strength (Fig. 6, A and B). For these simula-
tions, we created homology models of Cx30 (based on the avail-
able structure of Cx26 (12), which is similar to Cx30) and of
Cx43 (based on the available structure of Cx46/Cx50 (41),
which is similar to Cx43). In addition, the Cx43 chimera with
the N terminus and the first extracellular loop replaced with
that of Cx30 (Cx43**NT-E!) was also modeled, as well as two
selected point mutations in the E1 part of the pore-lining region
(Cx43.S43E and Cx43.S50E). As the C terminus of these pro-
teins is very flexible, it cannot be modeled with any degree of
fidelity and is therefore left out in all of the mentioned models.
Ionic permeation pathways can be compared by analyzing the
density profile of ions inside the hemichannel during the
molecular dynamics trajectory (42). The K* density profile was
remarkably higher in the part of the pore-lining region consist-
ing of the E1 region bordering TM1 in Cx30 than in Cx43 (Fig.
6, C and D). These findings indicate that the Cx30 hemichan-
nels appear to be more prone to recruit potassium ions near its
extracellular vestibule, and thus facilitate potassium perme-
ation, compared with Cx43 hemichannels. Moreover, in agree-
ment with the experimental results, the substitution of the
Cx30 E1 region and N terminus into the Cx43 hemichannel in
our model (Cx43*°*N""F1) produces a K* density profile similar
to that of Cx30 (Fig. 6D). One possible interpretation of these
results is that the E1 loop in Cx30 is important to help in passing
the major bottleneck that is located at the E1 region bordering
TM1 (43) and favors the translocation of K* ions from the
extracellular region to the cytoplasmic, or vice versa, depending
on the applied external potential. The aspartic and glutamic
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Figure 3. Cx43 chimera with the predicted pore-lining region of Cx30 display no ion conductance or ethidium uptake. A, alignment of the NT, TM1, and
E1 of Cx30 and Cx43 with the predicted pore-lining residues underlined in the amino acid sequence as well as an illustration of the Cx43 chimera containing the
predicted pore-lining region of Cx30. Western blotting of oocyte surface expression of Cx43 and Cx433° is shown in the bottom right corner. B, I/V curves from
uninjected and Cx30-, Cx43-, and Cx433-expressing oocytes (n = 10,n = 8,n = 8,and n = 8, respectively). C, summarized membrane currents obtained at —60
mV. D, ethidium uptake from uninjected and Cx30-, Cx43-, and Cx43*°-expressing oocytes (all n = 4). Data in I/V curves and in the bar graphs are presented as
mean = S.D. (error bars). Statistical significance of DCFS-induced hemichannel activity within every group was tested using repeated-measures two-way

ANOVA (current, interaction: F(8 74y = 214.8, p < 0.001; construct: F, 37)

=54.1,p < 0.007; test solution: F, ;4

= 254.4,p < 0.001 and Eth, interaction: F ,,, =

7.2,p < 0.001; construct: F 5 ;, = 30.0, p < 0.001; test solution: F, ,,) = 38.5 p < 0.001) with Dunnett’s post hoc test (against control). ***, p < 0.001.

acids in this region appear critical to create a favorable environ-
ment for cations. Cx30 is richer in acidic side chains and thus
favors the passage of such ions: in Cx30, Asp-50, Glu-49, and
Glu-42 are exposed to the solvent, whereas Asp-46 is buried
and forms a hydrogen bond with GIn-48 of the adjacent con-
nexin (Fig. 6E). In Cx43, Glu-42 (which is homologous with

SASBMB

Gln-41 of Cx30) is the only acidic residue in the pore-lining
region, with Asp-47 and GIn-49 serving the same functions as
the homologous Asp-46 and Gln-48 of Cx30 (Fig. 6, E and F).
Nevertheless, single amino acid substitution of Ser-43 and
Ser-50 alone is not sufficient to significantly modify the prop-
erties of Cx43 hemichannels, as shown in our experimental

J. Biol. Chem. (2019) 294(45) 16789-16803 16793
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Figure 4. Cx43 chimeras containing the N terminus or the extracellular loop 1 of the Cx30 display DCFS-activated membrane currents. A, alignment of
the NT, TM1, and ET of Cx30 and Cx43 with the predicted pore-lining residues underlined in the amino acid sequence as well as an illustration of Cx43 chimeras
containing the NT, TM1, or the E1 from Cx30. Western blotting of oocyte surface expression of Cx43, Cx433°NT, Cx433°™" and Cx43°°" in the bottom right
corner. B, summarized I/V curves from uninjected and Cx30-, Cx43-, Cx433°NT-, (x433°™'- and Cx433%'-expressing oocytes (n = 11,n=7,n=9,n=13,n =
11,and n = 15, respectively): summarized membrane currents obtained at —60 mV. D, ethidium uptake in uninjected and Cx30-, Cx43-, Cx433°NT-, (x433°™",
and Cx433°F'-expressing oocytes (all n = 5). Data in I/V curves and in the bar graphs are presented as mean *+ S.D. (error bars). Statistical significance of
DCFS-induced hemichannel activity within each group was tested using repeated-measures two-way ANOVA (current, interaction: F ;4 1,0y = 137.5,p < 0.001;
construct: Fi5 50, = 92.8, p < 0.001; test solution: F, ; 50, = 315.5,p < 0.001 and Eth, interaction: F; 4 46) = 20.3, p < 0.001; construct: F5 ,,) = 6.2, p < 0.001; test
solution: F(, 4) = 182.8 p < 0.001) with Dunnett’s post hoc test (against control). ***, p < 0.001.
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Figure 5. Combination of C-terminal truncation of Cx43 (Met-257) with the incorporation of both the N terminus and the first extracellular loop of
Cx30 enhances the DCFS-activated membrane currents. A, alignment of the NT, TM1, and E1 of Cx30 and Cx43 with the predicted pore-lining residues
underlined in the amino acid sequence as well as an illustration of the Cx43M257 chimera containing the NT and the E1 from Cx30. B, summarized //V curves
from uninjected and Cx30-, Cx43-, and Cx43M2573°NTF-expressing oocytes (n = 9,n = 9,n = 9,n = 10,and n = 11, respectively). C, summarized membrane
currents obtained at —60 mV. D, ethidium uptake in uninjected and Cx30-, Cx43-, and Cx43M257°°NTF'-expressing oocytes (all n = 5). Data in I/V curves and
in the bar graphs are presented as mean = S.D. (error bars). Statistical significance of DCFS-induced hemichannel activity within every group was tested using
repeated measures two-way ANOVA (current, interaction: Fig ¢4, = 20.9, p < 0.001; construct: F (5 3,y = 16.5,p < 0.001; test solution: F, ¢4y = 51.5,p < 0.001; and
Eth, interaction: F4 55, = 64.5,p < 0.001; construct: F 5 ;) = 43.3, p < 0.001; test solution: F, 5,, = 194.6, p < 0.001) with Dunnett’s post hoc test (against control)
when significant. ***, p < 0.001.

results. In agreement with this observation, ion density along Connexin hemichannels display permeant-dependent

the channel axis is not significantly different in the Cx43.S43E  isoform-specific inhibition profiles

mutant when compared with its WT counterpart. On the The specificity of the compounds used to block connexin
other hand, we observe a peak in K density in the proximity —hemichannels remains to be resolved, as does the ability of the
of Glu-50 in the Cx43.S50E mutant. These ions, however, commonly used inhibitors to target the different permeants,
remain localized around the position of the Glu-50 side here in the form of ethidium uptake and membrane currents. A
chain and cannot penetrate deeper in the channel. The range of commonly used inhibitors in the Cx/Px field were
atomistic models, instead, appear insufficient to discrimi- tested for their ability to inhibit Cx26-, Cx30-, and Cx43-medi-
nate between the two hemichannels and the chimera at the ated hemichannel activity. The inhibitor profile of Cx30- and
level of the N terminus. It is possible that the N terminus is  Cx43-expressing oocytes was tested for ethidium uptake (as we
involved in gating mechanisms that are elicited in response  detect negligible ethidium uptake in Cx26-expressing oocytes
to the external membrane potential. Such transition likely (29)), and the inhibitor profile of Cx26- and Cx30-expressing
appears on a timescale much longer that those achievable oocytes was determined for ion conductance (as we are unable
with atomistic simulations (44). to detect ion conductance in Cx43-expressing oocytes (this
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— Cx30

— (x43

— CX4330NT-E1

-~~~ Cx43S43E
-~ Cx43S50E

Figure 6. Molecular dynamics of Cx30, Cx43, and Cx433°NTE! hemichannels. A and B, side (A) and extracellular (B) view of the Cx30 model. The hemichannel
was inserted in a phospholipid bilayer, and simulations were performed in an explicit solvent environment. Each of the six connexins composing the hemi-
channel is represented with a different color. K* is blue, and Cl ™~ is red. In A, which represents a single snapshot of the simulation, it is possible to notice the
accumulation of K" in the extracellular part of the channel. C, Cx30 hemichannel embedded in the phospholipid bilayer. The proteins are represented
according to their predicted solvent-accessible surfaces. Two connexins are removed to show the internal part of the channel. D, the graphs show the K™
density along the zaxis of the different hemichannels during the molecular dynamics simulations. The z positions are centered on the midpoint of mass of each
hemichannel, and the graphs are reported in register with the Cx30 hemichannel represented in C. The two orange dotted lines show the position of residues
42 and 49 in Cx30, which correspond to 43 and 50 for Cx43 and Cx433°NT#1 |t is evident how K* accumulates in the extracellular vestibule of Cx30 and
Cx433°NTE compared with Cx43. E and F, the position of acidic residues facing the pore in the E1 region for Cx30 (E) and Cx43 (F). For clarity, we report the
position in one or two connexin polypeptides only.

study and 30). The inhibitor response of the uninjected oocytes
was negligible, but it was deducted from the data to obtain the
connexin-specific response. Flufenamic acid (FFA) conferred
isoform-specific inhibition of the connexin hemichannel-me-
diated conductance (IC;, = 5.9 = 0.9 um (1 = 9) for Cx26 and
27.4 * 8.0 uM (1 = 7) for Cx30) with no effect on the Cx30- and

16796 J. Biol. Chem. (2019) 294(45) 16789-16803

Cx43-mediated ethidium uptake (n = 5) (Fig. 7A). Lanthanum
(La®*") inhibited both conductance and dye permeability in the
tested connexin hemichannels (Eth IC,, = 0.7 £ 0.2 uM (1 = 4)
for Cx30 and 0.8 = 0.2 uM (n = 5) for Cx43; current IC,, =
2.2 + 0.2 uM (n = 8) for Cx26 and 2.8 = 0.2 uMm (n = 10) for
Cx30) with around 4 times higher potency toward ethidium
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Figure 7. Permeant-dependent isoform-specific inhibition. A-£, left pan-
els, Cx26- and Cx30-mediated currents were obtained in DCFS with the indi-
cated inhibitor concentrations (n = 6-11). Membrane currents were
recorded in DCFS from +60 to —140 mV in steps of 20 mV from a holding
potential of —30 mV, and the currents recorded at —120 mV were used for the
inhibitor sensitivity curves upon normalization to the current obtained in the
absence of inhibitor or peptide. A-E (right panels), ethidium uptake was deter-
mined in Cx30-and Cx43-expressing oocytes after a 40-min exposure to DCFS
with the drug concentrations indicated (n = 3-6). For gap27, an additional
exposure time of 1 h (preincubated) was performed with 100 and 500 um (n =
3). Uninjected oocyte background uptake was subtracted, and the hemichan-
nel-mediated ethidium uptake was normalized to the control uptake in the
absence of inhibitor. Data are presented as mean = S.D. (error bars).

uptake than membrane conductance (Fig. 7B). The well-estab-
lished pannexin 1 inhibitor probenecid had little, if any, effect
on the Cx30- and Cx43-mediated ethidium uptake (n = 6),
while exerting a slight inhibitory effect on connexin hemichan-
nel-mediated conductance at high concentrations (n = 9) (Fig.
7C). Isoform-specific inhibitory potency was observed for car-
benoxelone (CBX) on both ethidium uptake and ion conduct-
ance; Cx30-mediated ethidium uptake was more sensitive to
CBX than that of Cx43 at the highest concentration tested
(n = 3 of each), whereas the ion conductance mediated by
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Cx26 was more sensitive to CBX (IC;, = 8.2 = 1.4 um, n =
11) than the Cx30-mediated ion conductance (IC5, > 100
uM, n = 9) (Fig. 7D). Under the present conditions, the
Cx43-specific mimetic peptide gap27 displayed no effect on
the Cx30/43 hemichannel-mediated ethidium uptake (n = 4)
or the Cx26/30-mediated hemichannel-mediated conduct-
ance (1 = 6), not even with prolonged exposure to high con-
centrations (n = 3) (Fig. 7E). These results suggest that the
inhibitory profiles of the tested connexin hemichannels
depend on the nature of the permeant and that select block-
ers display isoform-specific inhibition.

Discussion

The present study identifies the outer sections of the pre-
dicted pore-lining region (the N terminus and the first extra-
cellular loop) in conjunction with the C terminus of Cx43 as the
protein regions of Cx43 that enable discrimination between
atomic ions and ethidium in its hemichannel configuration.

It has generally been inferred that a connexin in its hemi-
channel configuration acts as a “half gap junction” and thus
displays a permeability profile akin to that. Nonbiological fluo-
rescent dyes are routinely used as a permeability proxy for ions
or biological molecules based on dye size and charge in both gap
junction and hemichannel research (20, 25-27). As an emerg-
ing indicator for the selectivity of Cx43 in its hemichannel con-
figuration, a growing number of research groups have detected
Cx43-mediated dye uptake at negative membrane potentials, at
which DCFS-induced Cx43 hemichannel conductance is unde-
tectable in mammalian cells (cell lines and primary cultures) as
well as in Xenopus oocytes (11, 29, 30, 45—48). To reveal the
structural determinants underlying the ability of Cx43 to pre-
clude ion conductance in its open (ethidium-permeable) hemi-
channel configuration, we took advantage of a select set of con-
nexin hemichannels with distinct permeation profiles (29, 30).
These connexins, and mutant versions thereof, were individu-
ally expressed in Xenopus laevis oocytes, which allow biophys-
ical channel characterization in an isolated setting devoid of the
large background catalogue of similar candidate channels pres-
ent in complex cell systems. As a potential pitfall to this strat-
egy, connexin expression in any heterologous expression sys-
tem may be affected by factors absent or present in cell types
with native connexin expression, including phosphorylation
state, interaction partners, membrane lipids, etc. However,
the overlapping inhibitor profile, manners of activation, and
permeation profiles of a range of large-pore channels
expressed in complex cells simply prevent detailed biophys-
ical characterization in these native settings. Whereas there
has been some concern about the X. laevis expression system
due its endogenous Cx38 expression (49, 50), predominantly
based on a study of overexpression of Cx38 in oocytes (50),
we have observed no functional difference between unin-
jected control oocytes and oocytes co-injected with siRNA
targeting Cx38 (30), nor between our uninjected control
oocytes and Cx38 siRNA-injected oocytes from other
research groups (51, 52). We are therefore convinced that
the reported functional readout represents hemichannel
activity via the heterologously overexpressed connexin.
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To delineate the Cx43 molecular determinants that specifi-
cally allow it to discriminate against atomic ions in its hemi-
channel permeation pathway, we took advantage of Cx30,
which displays robust DCFS-induced hemichannel conduct-
ance in addition to its ethidium permeability, whether ex-
pressed in mammalian cells or oocytes (29, 30, 32, 35, 40).
While awaiting a high-resolution crystal structure of Cx30 or
Cx43, we employed the 3.5 A X-ray crystal structure of Cx26
(12) as an atomic model to predict the structure of Cx43.
Whereas homology modeling is currently our most promising
approach, one must bear in mind that a model of Cx43 hemi-
channels based on a Cx26 gap junction structure may well pro-
vide incomplete insight into the exact location of the pore-
lining residues due to differences in protein arrangement and
conformational organization. Nevertheless, due to the high
sequence similarity in the transmembrane and extracellular
region within the connexin family, it is believed that the overall
structure and topology of the connexin protein are largely con-
served within the protein family. Our SWISS-MODEL homo-
logy model of Cx43 together with sequence alignment of Cx30
and Cx43 revealed 11 pore-lining amino acid differences of par-
ticular interest (predominantly involving charged amino acids)
between Cx30 and Cx43. None of the resulting 11 single muta-
tions introduced in Cx43, to mimic the Cx30 hemichannel, dis-
played DCEFS-induced hemichannel-mediated ion conduc-
tance, suggesting that no single pore-lining amino acid provides
Cx43 with the ability to discriminate between atomic ions and
ethidium. Of the 11 mutations, those six located in or near the
extracellular loop abolished hemichannel-mediated ethidium
uptake despite proper membrane localization. The lack of
mutant hemichannel function suggests that this part of Cx43 is
strictly organized and that mutations in this area may interrupt
cysteine residue disulfide linkages important for structural
integrity, and thus likely function, of the connexin hemichan-
nels (53, 54). The predicted pore-lining part of the connexin
hemichannels originates from three different segments of the
channel: the N terminus, the TM1, and the E1 (Fig. 1) (12).
Individual replacement of each of these three sections of the
pore-lining region in Cx43 with those from Cx30 yielded two
Cx43 hemichannel chimeras (one with the Cx30 N terminus
(Cx43%°NT) and one with the Cx30 extracellular loop 1
(Cx433°F1)) with the ability to mediate both ethidium uptake
and membrane current. These observations thus demonstrate
that the part of the pore residing in the membrane, the TM1, is
not the predictor of Cx43 hemichannel-mediated membrane
conductance. The modulatory role of these outer pore-lining
Cx43 segments aligns well with their established role in gap
junctional gating: The altered ion conductance property of the
N-terminal chimera (Cx43%°~T) might be explained by the iso-
form-specific amino acid composition of the N-terminal a-heli-
ces, each of which bend into and constrict the funnel structure
of the pore (12, 55). This proposition is in line with several gap
junction mutagenesis studies demonstrating that the amino
acid side chain charges in the N terminus are crucial for charge
selectivity and thus ion conductance (56 —62). In addition to the
N-terminal pore-lining residues, the amino acids bordering
TMI1/E1 and in E1 are thought to be important for selective
permeability and general gap junction and hemichannel pro-
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perties (15, 39, 63-66), which coincides well with the observed
DCEFS-activated membrane current from oocytes expressing
the E1 chimera (Cx43%°F"). The Cx43 C terminus is notably
longer than that of Cx30, and truncation of the C terminus
(Met-257) promotes Cx43 hemichannel-mediated conduct-
ance (30). Combination of C-terminal truncation with ex-
change of the N terminus and first extracellular loop with that
of Cx30 generated a fully functional mutant Cx43 hemichannel
capable of supporting Gd>* -sensitive, DCFS-induced currents
of a magnitude comparable with that of the Cx30 hemichannel.
The ability of the Cx43 hemichannel to discriminate between
atomic ions and ethidium in its open conformation appears to
be determined by the N and C termini in combination with the
first extracellular loop and thus not the actual membrane-span-
ning transmembrane domain 1. The ability to discriminate
could in principle be explained by two gates in series (involving
El and the N terminus/C terminus, respectively), where any
voltage drop across a gate would close one gate but not the
other (and vice versa). This type of contingent gating was dem-
onstrated for gap junctional channels (67), and if gates were to
flicker (as suggested by the temperature dependence of dye
transfer through Cx43 hemichannels (30)), they would pre-
clude an open conductive state while still allowing a concentra-
tion-driven shuttling of dye through the channel. Cx43 hemi-
channels have been proposed to be permeable to a variety of
other molecules (i.e. prostaglandin E2, NAD™, cAMP, ATP,
and glutamate) (45-47, 68 -70). Although it would be of inter-
est to include ATP, and possibly other molecules, in a biophys-
ical characterization such as the one employed in the present
study, we have in our experimental system been unable to
detect connexin-mediated DCFS-induced ATP release with the
standard luciferase assay (35).

Itis possible to at least partially rationalize these results using
atomistic models of the connexin hemichannels, based on the
known structures of Cx26 (see Ref. 12 for Cx30) and Cx46/Cx50
(see Ref. 41 for Cx43). This division was chosen to obtain the
highest degree of similarity to each connexin. Notably, similar
results were obtained with Cx26 as a base for the Cx43 atomis-
tic model (data not shown). Charged residues lining the pore
are responsible for important changes in the permeation path-
ways of ions, and this is especially true in the E1 region border-
ing TM1, where the channel is narrower and stiff (42). Cx30 and
Cx43 display crucial differences in the number and position of
acidic residues facing the pore in this region. In Cx26, which
shares a high sequence similarity with Cx30, the amino acid
residues Asp-50, Glu-47, Asp-46, and Glu-42 have been associ-
ated with the ability of the channel to coordinate calcium ions
(42, 71). Moreover, a single amino acid substitution at position
50 (D50N, D50A, or D50C) impairs the ability of Cx26 (and
Cx30 (35)) hemichannels to close correctly in response of high
extracellular calcium concentration, while reducing the hemi-
channel conductance in the open state (39). The permeation
pathways of the two hemichannels indeed reveal important dif-
ferences in the region around the first extracellular loop: The
Cx30 hemichannel can accumulate potassium ions with more
ease, whereas the same region in Cx43 appears to be imperme-
able to monovalent atomic cations. In agreement with the
experimental data, substitution of Cx43 extracellular loop 1
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with that of Cx30 in the atomistic model produces a density
profile in this very region that is comparable with Cx30 and
suggests ion permeation in this chimeric model. Single point
substitution of residues in the E1 part of the pore-lining region
bordering the TM1 has no effect. Whereas the different energy
barriers that regulate permeation within the channel act inde-
pendently, the ability of ions or other molecules to pass through
the channel is dictated by the possibility of passing each of such
barriers. Therefore, single amino acid changes to the sequences
of Cx43 are not sufficient to reproduce the higher conductance
state of Cx30. Our simulations, on the other hand, did not show
important differences in the potassium density at the level of
the N-terminal helix. It is possible that another gating mecha-
nism regulates the ion passage in this region of the channel,
possibly involving conformational changes that are not detect-
able in the absence of C-terminal modeling (due to its flexibility
and unstructured organization) or by the current state-of-the-
art atomistic simulations (44, 72, 73).

The pharmacological tools within the connexin field are
challenged by cross-reactivity between isoforms and other large
pore channels and the lack of proven channel specificity (9-11,
75). As a further complication, connexin hemichannel inhibi-
tion depends on the permeant under investigation (this study
and 29). The well-established gap junction and hemichannel
blocker FFA (11, 75) displayed a connexin isoform-specific
inhibitory potency with regard to ion conductance, whereas no
inhibitory effect was observed on the hemichannel-mediated
ethidium uptake. No such FFA permeant-dependent isoform-
specific inhibition has been described previously, whereas flu-
orescent dye, ion conductance, ATP, and glutamate inhibition
in astrocytes or C6 cells expressing Cx43 have been reported
(22, 76, 77). La®" displayed no isoform-specific inhibition but
exhibited a permeant-dependent potency with a ~4 times
lower ethidium IC,, compared with the IC,, for the atomic
ions. This La®>" potency difference between ethidium and
atomic ions is comparable with previously observed IC,, differ-
ences (ethidium versus atomic ions) in Cx30 exposed to either
Ca?* (~4.5-fold) or Mg?* (~3.5-fold) (35). Surprisingly, the
higher La®" sensitivity observed for Cx30-mediated ethidium
uptake versus ion conductance is the opposite of what we
previously observed for gadolinium, which displayed higher
potency toward the conductance pathways in Cx30 hemichan-
nels than toward the ethidium uptake (29). The conventional
Px1 inhibitors probenecid and CBX displayed different actions
on the connexin hemichannels: Probenecid had no effect on the
connexin hemichannel-mediated ethidium uptake, whereas it
inhibited the ion conductance of both isoforms by ~25% when
used at the concentrations normally employed in the pannexin
research field (78, 79). In contrast, CBX displayed isoform-spe-
cific potency toward both permeants, as reported previously for
dye uptake by different connexin isoforms exposed to CBX (29),
with complete block of Cx26-mediated current at 100 um. The
fact that connexins and pannexins are expressed in many of the
same cell types and share some activation mechanisms and per-
meants (1, 7, 9, 11) compromises the use of probenecid and,
especially, CBX as tools to delineate pannexin function and
thus calls for novel inhibitors that offer higher specificity. The
mimetic peptide gap27, which is identical to part of the second

SASBMB

Molecular determinants of Cx43 permeation

extracellular loop of Cx43, had, as expected, no appreciable
effect on Cx26/30 hemichannel-mediated ion conductance.
However, we observed no inhibition of DCFS-induced ethidium
uptake through either Cx30 or Cx43. Similarly, a recent report
showed no Gap27 inhibitory effect on the Cx32-E143 hemi-
channel, whereas, on the other hand, attenuating Px1-mediated
ion conductance (80). In contrast, other research groups have
reported that gap27 blocks Cx43-mediated dye uptake (and
ATP release) in cultured astrocytes and GP8 endothelial and
HelLa cells (76, 81, 82). The action of the peptide may therefore
rely on the experimental design, such as employed solutions
and cell types, incubation time, manner of hemichannel activa-
tion, solvent, and other factors that may influence the mimetic
peptide. According to the present data, FFA and CBX could be
employed to experimentally distinguish between membrane
currents arising from atomic ion permeation through Cx26 and
Cx30 hemichannels while keeping in mind other “off target”
channels present in native cells (11). Our results demonstrate
that inhibition of fluorescent dye uptake does not necessarily
reflect equal inhibition of current and that inhibition of fluores-
cent dye uptake therefore may not serve as an appropriate
proxy for (patho)physiological connexin hemichannel activity.

In conclusion, our experimental data together with the com-
putational data suggest that Cx43 in its hemichannel configu-
ration does not act exactly as a half-gap junction in the sense
that its gap junctional atomic ion conductance (83) is not repro-
duced in its hemichannel configuration. The structural deter-
minants dictating the ability to allow hemichannel-mediated
dye uptake while precluding atomic ion permeation reside in
the outer parts of the pore-lining region: the N terminus and the
first extracellular loop, in conjunction with the C terminus.
These regions are similarly involved in channel selectivity and
gating in the gap junction configuration of the connexins and
appear to contribute the isoform-specific and selective con-
nexin hemichannel permeability. Our results emphasize the
notion that connexins do not form freely diffusible channels
with simple size-based discrimination of their permeant(s) and
that fluorescent dye transfer (or inhibition thereof) may not be
an appropriate tool to determine biological connexin hemi-
channel activity in a given experimental setting.

Materials and methods
Mutagenesis and in vitro transcription

c¢DNA encoding mCx30 (from Klaus Willecke, Bonn Univer-
sity) or rCx43 (from Zealand Pharma, Denmark) was subcloned
into the oocyte expression—optimized pXOOM expression
vector (84) and verified by DNA sequencing (Eurofins Genom-
ics). The QuikChange site-directed mutagenesis kit (Stra-
tagene) was used to introduce point mutations into Cx43, ver-
ified by DNA sequencing. Cx30 and Cx43 chimeras were
purchased through Genscript (Nanjing, China). All constructs
were enzymatically linearized downstream from the poly(A)
segment and in vitro transcribed into cRNA using the T7
mMessage Machine protocol (Ambion, Austin, TX). MEGA-
clear (Ambion) was used to extract the cRNA, which was stored
at —80 °C prior to use.
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Oocyte preparation

The surgical removal and preparation of the oocytes was
done as described previously (85) under a license issued by the
experimental animal inspectorate, the Danish Ministry of Jus-
tice, and in a accordance with the European Community guide-
lines for the use of experimental animals. Prior to cRNA injec-
tion, the oocytes were kept in Kulori medium: 90 mm NaCl, 1
mm KCl, 1 mm MgCl,, 1 mm CaCl,, 5 mm HEPES, adjusted to
pH 7.4 with 2 M Tris-base (HOCH,),CNH,)) for 24 h at 18 °C.
After microinjection (10 ng of cRNA/oocyte), the oocytes were
kept for 3—4 days at 18 °C in Kulori medium before used for
experiments. No siRNA against the previously reported endog-
enous XeCx38 (50) was used, because uninjected control
oocytes do not display any Ca®>*- or Gd**-sensitive conduct-
ance or dye uptake under our experimental conditions (11, 30).

Electrophysiology

Connexin-mediated conductance was measured by two-
electrode voltage clamp at room temperature with borosilicate
glass capillary electrodes pulled to a resistance of 1-4 megao-
hms when filled with 1 M KCI. A Dagan Clampator connected to
a computer with a Digidata 1440 A/D converter and pClamp
9.2-10.4 (Axon Instruments, Molecular Devices, San Jose, CA)
were used to obtain the measurements, and the current was low
pass—filtered at 500 Hz and sampled at 2 kHz. I/V curves were
derived from a 200-ms 11-step voltage clamp protocol (—140 to
+60 mV) from a holding potential of —30 mV. The control
solution contained 100 mm NaCl, 2 mm KCl, 1 mm CaCl,, 1 mm
MgCl,, 10 mm HEPES, adjusted to pH 7.4 with 2 m Tris-base
((HOCH,);CNH,). The equiosmolar DCFS contained 103 mm
NaCl, 2 mm KCl, 10 mm HEPES, adjusted to pH 7.4 with 2 m
Tris-base (HOCH,),CNH,).

Ethidium uptake

Oocytes (six per condition) were washed in the relevant test
solution (see solution content above) before incubating and
mildly aggregating them in a 24-well plate, each well containing
500 wl of the same test solution with 50 uMm ethidium bromide
for 40 min (ethidium uptake was linear within this time frame
(87)). The oocytes were subsequently washed three times in
control solution, individually transferred to a well in a 96-well
plate, and lysed by repeated pipetting in 50 ul of ddH,O. A
Synergy HT plate reader (BioTek, Winooski, VT) with 360/40-
and 590/35-nm filters and Gen5 software (BioTek) was used to
measure the fluorescence intensity. For the inhibitor experi-
ments, subtraction of background ethidium uptake in unin-
jected oocytes exposed to the same concentrations of inhibitor
was performed to exclude nonspecific effects of the inhibitors
and to obtain the connexin-specific response.

Surface biotinylation and Western blotting

Oocytes (10 of each expressing either WT Cx30, WT Cx43,
chimeras of Cx30 and Cx43, or one of the Cx43 point muta-
tions) were transferred to a 24-well plate, washed once in
PBS-CM (PBS containing 1 mMm CaCl, and 0.1 mm MgCl,, pH
7.5) and once in biotinylation buffer (10 mm triethanolamine, 2
mM CaCl,, and 125 mm NaCl, pH 8.9), prior to incubation for 45
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min at 4 °C in ice-cold biotinylation buffer containing sulfo-
NHS-SS-biotin (1.5 mg/ml final concentration; Thermo Scien-
tific, Rockford, IL). Prior to cell lysis, sonication, and centrifu-
gation, the oocytes were washed twice in ice-cold quenching
buffer (50 mMm Tris-HCl in PBS-CM, pH 8.0) and once in PBS-
CM. The cleared lysates were transferred to spin columns con-
taining Immobilized NeutrAvidin gel slurry (Thermo Scien-
tific) and incubated for 1 h at room temperature in a tube
rotator. After repeated washing, sample buffer (containing 7.5
mg/ml DTT) was added to the spin columns prior to an addi-
tional 1-h rotation at room temperature. The samples were
centrifuged and analyzed by SDS-PAGE and Western blotting
using anti-Cx43 (1:8000; C6219, Sigma/Merck KGaA, Darm-
stadt, Germany) followed by anti-rabbit secondary antibody
(1:15,000; P/N 926-32211, LI-COR, Lincoln, NE).

Homology modeling and molecular dynamics simulation

The input sequence for the Cx43 homology models was
amino acids 1-244 (UniprotKB-P17302). The Cx43 homology
model employed for the sequence alignment and predicted
pore-lining amino acids (Figs. 1 and 2) was generated using the
Cx26 3.5 A X-ray crystal (12). For the homology models used
for molecular dynamics simulations in Fig. 6, the different levels
of sequence similarity were taken into account. The chosen
template structures were the Cx26 3.5 A X-ray crystal (12) for
the Cx30 model and the Cx46/Cx50 cryo-EM gap junction
channel (41) for all of the other models. The molecular dynam-
ics simulation followed the same protocol used for the Cx26
and Cx30 hemichannels (42). For the sake of internal consis-
tency of the results presented in this paper, we did not use old
results, but repeated the simulations also for Cx30. Starting
configurations of Cx30, Cx43, and the chimera proteins were
obtained by homology modeling using the Swiss-PDB web-
server (88, 89). All of the models were truncated at the position
homologous to amino acid 226 in Cx26. Each hemichannel
model was then inserted in a phospholipid bilayer membrane,
after performing an energy minimization protocol in vacuo
aimed at eliminating bad contacts in the newly formed con-
nexon. The systems were subsequently solvated with full atom
TIP3P water, containing C1~ and K™ ions at a concentration of
~0.15 M to mimic a physiological ionic strength. With such
inclusion of water and ions, each of the five atomistic models
contained around 210,000 atoms. The systems underwent a
second round of energy minimization, followed by a short (10-
ns) molecular dynamics equilibration at constant volume and
periodic boundary conditions. We then performed an equilib-
rium molecular dynamics simulation under periodic boundary
conditions at constant pressure for an additional 250 ns. Simu-
lations were performed using the Gromacs 2016 software pack-
age (90) and the Amber14ffSB force field for protein and mem-
branes (91). Temperature (7) was kept fixed at 300 K in all
simulations, and, where stated, the pressure (P) was fixed at 1
atm using a Berendsen thermostat and barostat (86). Fast
smooth particle-mesh Ewald summation (74) was used for
long-range electrostatic interactions, with a cutoff of 1.0 nm for
the direct interactions. The K™ and Cl~ densities were calcu-
lated using a script that tracked the amount of ions inside the
channel along the molecular dynamics trajectory.
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Chemicals

Ethidium bromide (50 um) was from Sigma/Merck KGaA
and was diluted from a liquid stock of 25 mm. GdCl, (Gd**, 100
mwm stock in ddH,O), FFA (100 mm stock in DMSO), La®** (100
mwMm stock in ddH,0O), probenecid (100 mm stock in 100 mm
NaOH), and CBX (100 mwm stock in ddH,O) were all from Sig-
ma/Merck KGaA. The mimetic peptide gap27 (dissolved
directly into the test solution) was kindly provided by Zealand
Pharma (Glostrup, Denmark). In all cases, the relevant solvent
vehicle was included in the experiment to ensure constant sol-
vent concentrations.

Statistics and data analysis

All oocyte experiments were from at least three different frog
donors. For the electrophysiological experiments, # equals the
number of oocytes, and for ethidium uptake, # equals the num-
ber of experiments (each conducted with at least six oocytes).
The equation, Y =100/(1 + 10 ((logIC,, — X) X Hill slope)), in
GraphPad Prism 6 -7 (GraphPad Software, Inc., La Jolla, CA)
was used to fit the IC;, curves. The statistical analyses were
performed with GraphPad Prism 6 -7 and the tests indicated in
the figure legends. Data represent the mean * S.D., and p <
0.05 was considered statistically significant.

Author contributions—B. S.N., M. S. N., and N. M. conceptualiza-
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administration; B.S.N., F. Z,, T. F,, T. L., M. S. N,, and N. M. writ-
ing-review and editing; M. S. N. and N. M. supervision; N. M. data
curation; N. M. funding acquisition.
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