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Abstract Oculodentodigital dysplasia (ODDD) is a
dominantly inherited human disorder associated with dif-
ferent symptoms like craniofacial anomalies, syndactyly
and heart dysfunction. ODDD is caused by mutations in the
GJAI gene encoding the gap junction protein connexin43
(Cx43). Here, we have characterized four Cx43 mutations
(I31M, G138R, G143S and H194P) after stable expression
in HeLa cells. In patients, the I31M and G138R mutations
showed all phenotypic characteristics of ODDD, whereas
G143S did not result in facial abnormalities and H194P
mutated patients exhibited no syndactylies. In transfected
HeLa cells, these mutations led to lack of the P2 phos-
phorylation state of the Cx43 protein, complete inhibition
of gap junctional coupling measured by neurobiotin
transfer and increased hemichannel activity. In addition,
altered trafficking and delayed degradation were found in
these mutants by immunofluorescence and pulse-chase
analyses. In G138R and G143S mutants, the increased
hemichannel activity correlated with an increased half-time
of the Cx43 protein. However, the 131M mutated protein
showed no extended half-time. Thus, the increased hemi-
channel activity may be directly caused by an altered
conformation of the mutated channel forming protein. We
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hypothesize that increased hemichannel activity may
aggravate the phenotypic abnormalities in ODDD patients
who are deficient in Cx43 gap junction channels.
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Introduction

Connexins are transmembrane proteins characterized by a
cytoplasmic amino terminus, four transmembrane domains,
two extracellular and one cytoplasmic loop and a regula-
tory carboxy terminal region. Connexins oligomerize to
connexons, also called “hemichannels,” which can dock to
each other in contacting plasma membranes and form
intercellular conduits. These gap junction channels allow
mutual intercellular diffusion of ions, second messengers
or metabolites and are assumed to be necessary for normal
embryogenesis and maintenance of organ functions in the
adult (Bennett & Verselis, 1992).

Open hemichannels have been reported to function
physiologically by release of second messengers like
adenosine triphosphate (ATP), oxidized nicotinamide
adenine dinucleoteide (NAD"), glutamate or prostaglandin
E,, thus triggering paracrine signaling (Bruzzone et al.,
2001; Stout et al., 2002; Evans, De Vuyst & Leybaert,
2006). Certain connexin mutations that enhance the open-
ing of hemichannels can lead to cell death (Lin Liang et al.,
2005) and are more or less unspecific, leaky membrane
pores. However, the physiological function of hemichan-
nels remains unclear (Spray, Ye & Ransom, 2006).

Today, at least 10 human disorders are linked to mutations
in different connexin genes. Most of them lead to loss of gap
junctional function. For example, mutations in human
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connexin 32 (Cx32) or Cx26 result in Charcot-Marie-Tooth
X-linked disease (Hanemann et al., 2003) or inherited non-
syndromic deafness (Yotsumoto et al., 2003). However,
recently described aberrant hemichannel properties in a
Cx26 mutant causing skin disease and deafness (Gerido
et al., 2007) underline the importance of hemichannel
function for the maintenance of cellular homeostasis.

Oculodentodigital dysplasia (ODDD), a rare dominant
human disorder characterized by ophthalmological, dental,
limb and cardiac malformations, is caused by mutations in
the Cx43 gene (Paznekas et al., 2003), one of the best-
known members of the connexin gene family (Soehl &
Willecke, 2003). More than 35 mutations in human Cx43
are known to lead to ODDD. All mutations characterized
so far negatively influence gap junctional function, but only
six Cx43 mutations were tested for their ability to alter the
function of hemichannels (Lai et al., 2006). Three of these
mutations were associated with neurological abnormalities,
but all six (Y17S, G21R, A40V, F52dup, L90V and 1130T),
when expressed as eYFP-tagged proteins, were not able to
form functional hemichannels (Lai et al., 2006).

In this study, we investigated four ODDD-causing Cx43
mutations (I31M, G138R, G143S and H194P) for their
ability to form functional gap junction channels and
hemichannels in stably transfected HeLa cells. Since stably
transfected HeLa cell clones can express the transgene to
different extents, we quantified the expression level of
mutated and wild-type Cx43 protein. In this way, we found
out that all of the four Cx43 mutants characterized could
form open hemichannels. Three of them even exhibited >2-
fold increased hemichannel activity (I31M, G138R and
G1439).

Materials and Methods
Cloning of Cx43 Mutant Vectors

All ODDD mutations generated were inserted into the
mouse Cx43 gene using the overlap extension polymerase
chain reaction (PCR) technique. In the first PCR, the
EcoRImCx43_for (CGG AAT TCA TCT TCG GCA AGT
TGG GCT CG) primer carrying an EcoRI recognition site
in its overhang together with a mutation-specific reverse
primer were used. In the second PCR, the mCx43_rev
(CAG GTG CAC GTT CTG CAA GCA CCC) primer and
a mutation-specific forward primer were added. Mutation-
specific primers were used as follows: I31M_for (GGT
GCT CTT CAT GTT CAG AAT CC), I31M_rev (GGA
TTC TGA ACA TGA AGA GCA CC), GI38R_for (GAA
GTT CAA GTA TCG GAT TGA AGA ACA CQG),
G138R_rev (CGT GTT CTT CAA TCC GAT ACT TGA
ACT TC), G143S_for (GGA TTG AAG AAC ACA GCA
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AGG TGA AG), G143_rev (CTT CAC CTT GCT GTG
TTC TTC AAT CC), H194P_for (CCC TGC CCC CCC
CAG GTG GAC TGC) and H194P_rev (GCA GTC CAC
CTG GGG GGG GCA GGG). The resulting amplicons
from the fusion PCR were double-digested with Clal and
EcoRI, blunted and cloned into the IRES-eGFP-Zeo vector,
a modified pcDNA3.1Zeo(+) vector (Invitrogen, Karlsruhe,
Germany). The resulting vectors contain the Cx43 mutated
genes under control of cytomegalovirus (CMV) promoter
elements, followed by an internal ribosomal entry site
(IRES) and DNA coding for the enhanced green fluorescent
protein (eGFP). The distances between the mutated genes
and IRES as well as IRES and eGFP correspond to those
suggested by Attal, Theron & Houdebine (1999). Zeomy-
cin resistance was expressed by an SV40 promoter.

Expression and Sorting of Cx43 HeLa Cell Mutants

The vectors generated were linearized and transfected into
connexin-deficient HeLa cells using the lipofectamine
reagent (Invitrogen). After 48 h of incubation, cells were
diluted (1:10) and subjected to selection using zeocin
(1 pg/ml) (Invitrogen). The resulting clones were picked,
expanded and characterized for the expression of cyto-
plasmic GFP by in vivo imaging using a laser scanning
microscope (LSM, Axioplan 2; Zeiss, Oberkochen, Ger-
many). All heterogeneous cell populations including cells
with and without GFP expression were subcloned or pro-
cessed using the fluorescence-activated cell sorter (FACS;
BD Biosciences, Germany) in order to obtain homozygous
cells for the following analyses.

Immunofluorescence Analyses and LSM of Cx43
Mutants

All Cx43 mutated and wild-type HeLa cells were cultured
to confluence, fixed with ice-cold absolute ethanol for 7
min, blocked with 5% bovine serum albumin (Sigma-
Aldrich, Steinheim, Germany) and incubated with primary
anti-rabbit anti-Cx43 antibody (1:1,000) for 1 h at room
temperature. After washing with PBS™ (phosphate-buffered
saline without Ca®* or Mg”* ions), the secondary anti-
bodies (goat-anti-rabbit, Alexa 594 conjugated, 1:2,000,
MoBiTec, Goettingen, Germany) were added for 1 h. Then,
specimens were washed with PBS™ and mounted with
Permaflour (Immunotech, Marseille, France). All micro-
graphs were taken using the LSM Axioplan 2.

Microinjection Analyses and Quantitative Evaluation

Gap junctional function was tested by microinjection
analyses (iontophoreses). Transfected HeLa cells, grown to
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confluence, were injected with neurobiotin, fixed with 1%
glutaraldehyde in PBS™ for 5 min, washed with PBS™ and
permeabilized with 2% Triton X-100 for 2 h at room
temperature. The intercellular spreading of neurobiotin was
indirectly determined using horseradish peroxidase-conju-
gated avidin D (Vector Laboratories, Burlingame, CA) for
90 min and detected with the HistoGreen POD substrate kit
(Linaris, Wertheim-Bettingen, Germany) after washing
with PBS™ following the instructions of the manufacturer.
The neurobiotin-positive cells of each HeLa cell clone
tested were manually counted. At least 35 injections were
carried out and statistically evaluated using Microsoft
(Redmond, WA) Excel.

Immunoblot Analyses of Cx43 Mutants and Wild-Type
Cells

Confluent cells were lysed in Complete Triton X-100 solu-
tion (Roche, Mannheim, Germany) sonicated for 30 s and,
after determination of the protein amount, separated on
discontinuous sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels and blotted onto a Hybond
enhanced chemiluminescence (ECL) membrane (Amersham
Bioscience, Aylesbury, UK). Then, the membrane was
blocked with 5% milk powder for 1 h, incubated with pri-
mary antibodies (rabbit anti-Cx43, 1:2,000) (Wilgenbus
et al.,, 1992), washed and incubated with secondary anti-
bodies (goat anti-rabbit, horseradish peroxidase-conjugated,
1:25,000; MoBiTec, Goettingen, Germany). After a final
wash step, the membranes were incubated with an ECL
reagent (Perbio, Bonn, Germany) and exposed/to X-ray film
(Kodak, Rochester, NY).

Quantification of Mutated and Wild-Type Cx43
Proteins

Since transfected HeLa cells usually express different
levels of the protein of interest, it was important to deter-
mine the expression level of Cx43 protein in each HelLa
cell clone tested. Thus, we quantified the intensities of the
immunoblot bands using “quantity one” software (Bio-
Rad, Munich, Germany). The expression level of the HeLa
cell clone with the highest amount of Cx43 (Cx43 wild-
type transfected cells) was set to 1, and the other clones
were normalized to this value. The expression level was
used for quantification of ATP release.

Determination of Hemichannel Activities by ATP
Release

HelLa cells were cultured to a confluence of 40-50% on
six-well plates (Falcon, Becton Dickinson, Lincoln Park,

NIJ), stimulated with 500 pl modified Hank’s balanced salt
solution (Sigma-Aldrich) without Ca** and Mg** but with
1 mm ethyleneglycoltetraacetic acid (EGTA). After incu-
bation for 20 min at 37°C, 100 pl of the supernatants were
collected and added to 100 pl of the nucleotide releasing
reagent (ViaLight HS kit; Cambrex, Rockland, ME) for 20
min. Luciferase activities were determined using a Bert-
hold (Berthold, Wildbad, Germany) Microplate LB96V
luminometer, which automatically added 20 pl of the ATP
monitoring reagent and measured the release for 10 s. The
results were normalized to the whole amount of protein and
the expression levels of the transfected Cx43 wild-type and
mutant proteins.

Determination of the Half-Life of Mutated and Wild-
Type Cx43 Proteins in HeLa Cells by Pulse-Chase
Analyses

All proteins expressed by HeLa cells were radioactively
labeled using *°S-methionine as described by Hertlein et al.,
(1998). After 4 h of incubation, the medium was replaced by
one containing nonradioactively labeled methionine. The
cells were harvested in radioimmunoprecipitation assay
buffer (Hertlein et al., 1998) directly or 2, 4, 6 or 8 h after
labeling. The expressed connexin proteins were immuno-
precipitated using anti-Cx43 antibodies coupled to protein
A-Sepharose beads (Amersham Bioscience) overnight. In
order to avoid purification of proteins unspecifically binding
to the Sepharose, the protein lysates were prehybridized
with pure Sepharose beads before immunoprecipitation.
The next day, the protein Sepharose complexes were
denatured at 60°C for 5 min and separated by SDS-PAGE.
The gels were fixed in a solution containing 50% methanol,
10% acetic acid and 40% water; incubated for 20 min in
Amplify (Amersham Bioscience); dried; and exposed for 1—
14 days. The resulting bands were quantified using Herolab
software (Herolab, Wiesloch, Germany). For dosimetric
evaluation, the band intensities obtained after the O h chase
were defined as 100%. The half-life of each mutated Cx43
protein was determined as the mean of at least three inde-
pendent measurements using GraphPad (San Diego, CA)
Prism software, version 4.02.

Results

Cloning and Stable Expression of Cx43 Mutants in
HeLa Cells

In order to characterize the Cx43 mutations I31M, G138R,

G143S and H194P, we mutated the mouse Cx43 coding
DNA by overlap extension PCR and cloned the DNA
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Fig. 1 Establishment of homogenous HeLa cell cultures by FACS.
Representative GFP fluorescence before (a) and after (b) successful
sorting of transfected HeLa cell clones is shown. After sorting, all
cells showed eGFP expression. (¢) Granulation as indicated by the
sideward scatter (SSC) and cell size as indicated by the forward

amplicons into the IRES-eGFP-Zeo vector. The resulting
constructs allowed the CMV promoter-driven overexpres-
sion of the Cx43 mutated genes and discrete cytoplasmic
expression of eGFP reporter molecules in transfected
connexin-deficient HeLa cells. In this way, cells that
express the mutated Cx43 isoform could be easily detected
by eGFP fluorescence.

FACS of Cells Expressing Cx43 Mutations

For the purpose of analyzing the Cx43 mutants, it was
necessary to enrich cell populations that homogeneously
expressed the mutated proteins. Use of eGFP as the reporter
molecule allowed in vivo identification of transfected cells
expressing the Cx43 mutated proteins and establishment of
highly homogeneous cultures after subcloning or FACS of
the transfectants. Thus, after a successful FACS, all cells of
each sorted clone showed GFP expression (Fig. 1).

Cellular Localization and Tracer Transfer of Mutated
and Wild-Type Cx43 Protein

In order to investigate the trafficking of the mutated Cx43
proteins, immunofluorescence analyses with fixed HeLa
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scatter (FSC) were used to remove dead cells. (d) Overview of cell
fractioning: blue, eGFP-positive cells selected for sorting; green, cells
without eGFP (approximately 70%). Sorting efficiency was deter-
mined by comparing the number of eGFP-positive cells before (e) and
after (f) sorting. Scale bars = 20 pm

cell transfectants were performed in comparison to cells
expressing wild-type Cx43 (Fig. 2). Thus, Cx43 I31M,
G138R and G143S mutants yielded immunosignals in
membranes but also showed Cx43-positive staining in the
cytoplasm. The 131M mutant showed less immunosignal in
plasma membranes and increased expression in the endo-
plasmic reticulum region adjacent to the nucleus. In G138R
and G143S mutants, only little Cx43-positive staining was
expressed in the cytoplasm but on the contact membrane
staining was observed to same extent as in Cx43 wild-type
expressing cells. However, no punctate Cx43 staining in
the membranes of Cx43 H194P mutants could be observed,
indicating absence of gap junction plaques and a possible
trafficking defect in this mutant. Here, Cx43-positive sig-
nals were detected only in the cytoplasm. Furthermore, the
ability of the mutants to generate functional gap junctions
was tested by neurobiotin transfer (Fig. 3). All Cx43
mutants analyzed showed no spreading of the injected dye,
suggesting complete lack of intercellular communication.

ODDD Mutations Lead to Decreased Cx43
Phosphorylation

Wild-type Cx43 protein is characterized after electropho-
retic separation by three phosphorylated isoforms, the PO,
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Fig. 2 Immunofluorescence analyses of HeLa cells expressing
Cx43WT, Cx43I31M, Cx43G138R, Cx43G143S and Cx43G194P
mutant proteins reveal the localization of the mutant proteins within
the transfected cells. The occurrence of gap junction plaques is

Fig. 3 Microinjection of
neurobiotin. The connexin-
deficient HeLa wild-type cells
(a) as well as all Cx43 mutants
(c-f) show no neurobiotin
transfer, in contrast to Cx43
wild-type expressing cells (b).
Neurobiotin transfer in Cx43
wild-type expressing cells was
detected in about 130 cells
(standard error of the

mean = 12.1). Injected cells are
marked by an arrow. Scale
bars = 20 pm

suggested by punctate Cx43 immunosignals in the plasma membrane
(white arrows). Furthermore, Cx43-positive staining was also
detected in the cytoplasm of some cells (blue arrows). Scale
bars = 20 pm
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Fig. 4 Immunoblot analysis of all Cx43 transfectants. Cx43-positive E
signals were detected in all clones. Wild-type Cx43-expressing cells &’ 4000
showed all known phospho-isoforms (PO, P1 and P2). In contrast, the
131M-, G143S- and H194P-expressing cells revealed a lack of the P1
and P2 bands, whereas the G138R transfectants did not express the P2 ]
isoform but the P1 band was detected
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electrophoretic separation (Fig. 4). All tested mutants G\-b‘ ©

showed changes in their phosphorylation pattern (Fig. 4).
Loss of the P2 phosphorylation band, which has been
suggested to be necessary for gap junctional function (Oh
et al., 1993), was found in the G138R mutant, whereas the
mutations I131M, G143S and H194P expressed neither the
P2 nor the P1 band. Some Cx43 mutations express func-
tional hemichannels. It was previously reported that Cx43
hemichannels and gap junction channels are differentially
regulated (De Vuyst et al., 2007) and that some Cx43
mutations lead to decreased hemichannel activity (Lai
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Fig. 5 Quantification of Cx43 expression in transfected cells. The
band intensities seen on anti-Cx43 immunoblot (Fig. 4) were
quantitatively compared to each other relative to the most intensive
band (Cx43 wild-type expressing cell clone). The relative Cx43
expression allows comparison of each clone with any other clone and
was used for the determination of relative ATP release
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Fig. 6 ATP release from Cx43 mutants. The I31M, G138R and
G143S mutants release significantly more ATP into the extracellular
solution than Cx43 wild-type cells, but the H194P mutant shows
similar ATP release to Cx43 wild-type transfectants

et al., 2006). Thus, we analyzed the hemichannel activity in
Cx43 transfected HeLa cells under Ca®*-free conditions by
determination of the extracellular ATP concentration nor-
malized to the whole amount of protein and the amount of
the Cx43 protein. In order to compare hemichannel activ-
ities of the stable HeLa cell transfectants, the expression
level of Cx43 in each clone was determined by quantitative
immunoblot analyses (Fig. 5). The ATP release studies
revealed that Cx43 I31M, GI138R and G143S mutants
released more ATP into the extracellular space relative to
Cx43 wild type (Fig. 6), suggesting enhanced activity of
open hemichannels (Table 1). The hemichannel activity

Table 1 Significantly increased ATP release ratio in three of four
Cx43 mutants

Ratio of ATP release
(mutated Cx43/WT Cx43)

Cx43 mutation p (t-test of release)

131M 2.3 <0.001
G138R 2.3 <0.001
G143S 2.5 <0.001
H194P 1.2 0.07 (not significant)

The ratio of ATP release between Cx43 mutants and Cx43 wild type
shows more than twice as much ATP in the extracellular solution of
cells expressing the mutated proteins than in wild-type Cx43 trans-
fectants. The differences between 131M, G138R and G143S cells in
comparison to Cx43 wild-type cells are highly significant in unpaired
t-test, whereas H194P cells did not reveal significant changes relative
to Cx43 wild-type cells
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<« Fig. 7 Pulse-chase analyses indicate degradation defects in some

ODDD mutants. The G138R as well as G143S mutants showed a half-
life increase from 2.7 h in Cx43WT (a) to 4.8 h in G138R (c) and 3.7
h in G143S (d) mutants, suggesting a degradation problem of these
proteins. The I31M (b) and H194P (e) mutated proteins showed no
obvious turnover alterations, as indicated by the similar half-lives (2.8
and 2.2 h, respectively)

measured in the Cx43 H194P mutant was similar to that in
cells expressing wild-type Cx43 protein.

Some Cx43 Mutated Proteins Exhibit Extended Half-
Life

A possible explanation for the observed increased hemi-
channel activity of some mutants could be a disturbed
turnover of the proteins. Thus, pulse-chase experiments
followed by Cx43 immunoprecipitations with lysates from
mutant and wild-type Cx43-expressing cells were per-
formed. The Cx43 G138R and G143S mutations showed an
increased half-time ([1/2’ G138R = 4.8 h, t1/2, G143S = 3.7 h)
(Fig. 7). However, the I31M mutation, which also exhib-
ited increased hemichannel activity, did not show an
obvious turnover defect (f;5, 131 = 2.8 h), similar to the
H194P mutation without altered hemichannel activity, the
Cx43 H194P mutation (¢;/2, gio4p = 2.2 h). The half-life of
Cx43 wild-type protein was confirmed in our study to be
2.7 h.

Discussion

In this study, we characterized four ODDD-associated
Cx43 mutations (I31M, G138R, G143S and H194P) in
stable and homogeneous HeLa cell cultures. All these
mutations inhibited gap junctional coupling, as indicated
by neurobiotin transfer, but interestingly did not disturb
and, in some cases, even showed enhanced hemichannel
activity. These results could be due to a change in phos-
phorylation, trafficking and degradation of the mutated
Cx43 protein analyzed by immunoblot, immunofluores-
cence and half-life determination.

To avoid the influence of a tagged reporter protein on
mutant proteins, we used a construct coding for an eGFP
reporter protein 5 downstream of IRES and the mutated
Cx43 gene. Thus, we were able to enrich by FACS eGFP-
positive cells which express the mutant protein detected by
its immunofluorescence. Here, the Cx43 I31M mutation
showed decreased immunosignal and increased Cx43-
positive staining in regions of endoplasmic reticulum and
Golgi apparatus, indicating disturbed, but not abolished,
trafficking. Thus, it is possible that in this mutant only the
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Golgi apparatus-dependent transport of Cx43 is impaired
and the alternative, Golgi-independent, transport is still
functioning, as already described for the I28L mutation
(Martin et al., 2001). The G138R and G143S mutations
yielded gap junction plaques and a slight deposition in the
cytoplasm, most probably due to overexpression of the
mutant proteins. An obvious difference between the two
mutants and the wild-type protein could not be observed. A
clear deficit in trafficking was seen in cells expressing the
Cx43 H194P mutant, where no immunosignal in the
plasma membrane could be seen. In this case Cx43-positive
staining could only be detected in the cytoplasm. The
H194P mutation is localized in the second extracellular
loop of Cx43, a domain important for docking to a hemi-
channel in the adjacent cell and thus for generation of a gap
junctional channel (Foote et al., 1998; Dahl et al., 1992).
The mutation altered the histidine residue at position 194 to
proline, which strongly inhibits B-sheet conformation in
proteins. This could impair correct folding of the Cx43
protein and abolish the generation of disulfide bonds
between adjacent cysteine residues at positions 192 and
198 with those in the first extracellular loop.

Gap junction-mediated transfer of neurobiotin was
inhibited by the Cx43 mutations. Cx43 I31M is localized
in the first transmembrane domain, which is assumed to be
a part of the gap junctional pore (Fleishmann et al., 2004)
and an important determinant of conductance of gap
junction channels (Hu, Ma & Dahl, 2006). An altered
secondary structure of Cx43 could also be a reason for the
disrupted gap junctional coupling in G138R- and G143S-
expressing cells. Both mutations flank the o-helix
observed between amino acid residues at positions 138
and 144 at pH 5.8 and 7°C (Duffy et al., 2002) and change
the o-helix braking glycine residues to amino acids
without direct influence on the structure. Thus, it is pos-
sible that the o-helical region is extended by these two
mutations, favoring binding to the carboxy-terminal tail
and thus causing the closure of the mutated channel.
However, enhanced binding of the cytoplasmic loop to the
carboxy terminus needs to be demonstrated. The disturbed
neurobiotin transfer seen in the H194P mutant is most
probably due to the mislocalization of the mutant protein
and a lack of gap junction plaques observed in the
immunofluorescence studies.

In order to compare the influence of the mutated pro-
teins on hemichannel function, expression was quantified
by immunoblot analyses and used to normalize the results
obtained by ATP release studies. Thus, all mutants showed
functional hemichannels, the I31M, G138R and G143S
mutants even revealing enhanced ATP release. Our results
regarding the H194P mutant are similar to those reported
for the Cx43 cysteine-less mutant (Bao et al., 2004), which
also revealed a lack of gap junction plaques but still
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indicated functional hemichannels. The expression of
increased hemichannel function by Cx43 mutants as seen
in I31M, G138R and G143S cells has not been yet reported
but is similar to that found with other connexin isoforms,
such as F235C (Lin Liang et al., 2005) and G45E (Stong
et al.,, 2006) mutants, resulting in “leaky” hemichannels.
There is only one study describing an influence of ODDD-
associated Cx43 mutations on hemichannel function
(Y17S, G21R, A40V, F52dup, L90V and I1130T; Lai et al.,
2006). Here, eGFP fusion proteins were analyzed by pro-
pidium iodide uptake, which revealed loss of hemichannel
activity in these mutants. In our study, the enhanced
hemichannel activity of some mutants (G138R and G143S)
can be explained by the obvious degradation defect seen in
pulse-chase analyses. The increased hemichannel function
observed in the I31M mutant showing a normal half-time
cannot be explained by an increased amount of Cx43
hemichannels in the membrane. Thus, it is possible that the
I31M mutation localized in the first transmembrane
domain, which is an important determinant of conductance
(Hu et al., 2006), changes the properties of Cx43 hemi-
channels. However, it has recently been controversially
discussed whether dye uptake or ATP release results are
due to hemichannel activity (Spray et al., 2006). We cannot
exclude that other mechanisms influenced by Cx43 muta-
tions could be responsible for the effects linked to connexin
hemichannels.

The obvious change in trafficking, coupling and
hemichannel function of the mutated proteins could be
due to their disturbed phosphorylation. In our immunoblot
analyses, absence of the P2 phosphorylation band and loss
of the Pl band in all mutants except G138R were
observed, indicating severe dysregulation of the mutant
proteins. It had been reported that phosphorylation of
Cx43 induces closure, changes the permeant size selec-
tivity of its hemichannels (Saez et al., 2005; Bao et al.,
2007) and influences the regulation of gap junction
channel selectivity (Lampe et al., 2006). The dephos-
phorylation of the G138R and G143S mutated proteins
can be explained by enhanced binding of the carboxy-
terminal region to the mutated cytoplasmic loop, making
the carboxy terminus partially accessible to kinases.
Otherwise, the lack of the P1 and P2 phosphorylation
bands in I31M and H194P mutants can be explained by
their disturbed trafficking. Phosphorylation of connexin
proteins in the endoplasmic reticulum and Golgi apparatus
is necessary for correct trafficking to the membrane and
the generation of functional gap junction plaques (Laird,
Castillo & Kasprzak, 1995). Our data suggest that some
ODDD-associated Cx43 mutations can exhibit enhanced
hemichannel activity. This may aggravate the phenotypi-
cal consequences due to strongly decreased Cx43 gap
junctional channels in ODDD mutants.
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