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ARTICLE INFO ABSTRACT

Keywords: Hemichannels formed by connexins mediate the exchange of ions and signaling molecules between the cyto-
Carbonylation plasm and the extracellular milieu. Under physiological conditions hemichannels have a low open probability,
Cataract but in certain pathologies their open probability increases, which can result in cell damage. Pathological con-
Connexin

ditions are characterized by the production of a number of proinflammatory molecules, including 4-hydro-
xynonenal (4-HNE), one of the most common lipid peroxides produced in response to inflammation and oxi-
dative stress. The aim of this work was to evaluate whether 4-HNE modulates the activity of Cx46 hemichannels.
We found that 4-HNE (100 uM) reduced the rate of 4/,6-diamino-2-fenilindol (DAPI) uptake through hemi-
channels formed by recombinant human Cx46 fused to green fluorescent protein, an inhibition that was reversed
partially by 10 mM dithiothreitol. Inmunoblot analysis showed that the recombinant Cx46 expressed in HeLa
cells becomes carbonylated after exposure to 4-HNE, and that 10 mM dithiothreitol reduced its carbonylation.
We also found that Cx46 was carbonylated by 4-HNE in the lens of a selenite-induced cataract animal model. The
exposure to 100 uM 4-HNE decreased hemichannel currents formed by recombinant rat Cx46 in Xenopus laevis
oocytes. This inhibition also occurred in a mutant expressing only the extracellular loop cysteines, suggesting
that other Cys are not responsible for the hemichannel inhibition by carbonylation. This work demonstrates for
the first time that Cx46 is post-translationally modified by a lipid peroxide and that this modification reduces
Cx46 hemichannel activity.

Lipid peroxide
Post-translational modification

1. Introduction mediate passive flow of ions and molecules such as second messengers

between the cytoplasm of adjacent cells [1,2]. Chemical and electrical

Intercellular communication is fundamental for normal cell func-
tion, tissue coordination, and organ function. This important task is
accomplished by the release of signaling molecules, and direct cell-cell
contacts. Connexins (Cx) are membrane proteins that participate in
both types of communication through the formation of hemichannels
and gap-junction channels (GJCs). Hemichannels are formed by six Cx
subunits [1] and GJCs are assembled by docking of two hemichannels,
each one from a different cell [2]. Free, undocked hemichannels at the
plasma membrane allow for the exchange of signaling molecules be-
tween the cytoplasm and the extracellular milieu [1], whereas GJCs

coupling through GJCs can convert neighboring cells into a coordinated
functional syncytium, which is essential for the function of tissues and
organs [2,3]. In vitro under near-physiological conditions hemichannels
show a low open probability [1,4], which is nevertheless sufficient to
allow the release of molecules such as gliotransmitters in astrocytes
[5-7]. Accordingly, studies in vivo suggested relevant roles for hemi-
channels in brain function, including a critical role in fear memory
formation [8]. Under pathological conditions where levels of in-
flammatory and oxidative mediators are high, there is increased
hemichannel activity that can result in cell malfunctioning or even cell
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death [1,9-11]. Thus, it is critical to understand the molecular me-
chanisms associated to hemichannel gating under physiological and
pathological conditions.

Lipid peroxides are among the molecules produced by tissues under
inflammatory conditions [12,13]. These lipids are produced by enzy-
matic or non-enzymatic oxidation of polyunsaturated fatty acids
(PUFAs) [14], and 4-hydroxynonenal (4-HNE) is one of the most
common lipid peroxides produced in response to inflammation and
oxidative stress [14-18]. Under physiological conditions the con-
centration of free 4-HNE in plasma is in the 0.3-0.7 pM range, but it can
reach values 10-fold higher under oxidative conditions inside the cells
[15,17]. The 4-HNE exerts many different effects through protein car-
bonylation, a post-translational modification [15,19,20]. As many other
oxidized lipid products, it reacts with nucleophilic amino acids such as
Cys, Lys and His [21], with a Cys > His > Lys preference [15]. The
reversal of Cys lipid peroxidation by reducing agents such as dithio-
threitol (DTT) [21-24] suggests that the modification is a dynamic
process that can be modulated by the cellular redox status [17,25].

Hemichannels are affected by several molecules produced under
inflammatory conditions [26-29]. Recently, the PUFAs linoleic acid
and arachidonic acid have been proposed as hemichannel regulators
because they reduce Cx46 hemichannel currents [30,31]. The me-
chanism is not well understood, but it is possible that lipid peroxides
derived from oxidation of PUFAs, rather than PUFAs themselves, are
the responsible molecules for their effect. Previous studies have shown
that Cx26- and Cx43-GJCs are modulated by lipid peroxide-mediated
pathways [32,33], but no information is available regarding the effect
of lipid peroxides on hemichannels, which can display regulation and
inhibition distinct from that of GJCs [31,34]. There is, however, limited
evidence suggesting that lipid peroxides could modulate Cx46 hemi-
channel activity [35]. Here, we found that 4-HNE inhibits recombinant
hemichannels formed by Cx46 in HeLa cells and in Xenopus laevis 0o-
cytes, and that the hemichannel inhibition seems to be associated to the
carbonylation of Cx46 Cys residues. This work demonstrates for the first
time that Cx46 is post-translationally modified by a lipid peroxide and
supports the hypothesis that Cx46 hemichannels are sensitive to mo-
lecules associated to changes in redox potential.

2. Materials and methods
2.1. Plasmids

The plasmid with the coding sequence for rat Cx46 was obtained
from Dr. Lisa Ebihara (University of Chicago) (pSP64T-Cx46) [36] and
was used for the expression of Cx46 in Xenopus oocytes. The mutant
Cx46-C3A, which conserves only the extracellular loop Cys residues,
was generated via site-directed mutagenesis as described elsewhere
[37]. In Cx46-C3A, transmembrane Cys 218 and C-terminal domain Cys
283 and 321 were replaced with Ala. The human Cx43, Cx46 and Cx50
cDNAs in the expression plasmid pCMV6-AC-GFP were purchased from
OriGene Technologies (Rockville, MD, USA) and used for transfection of
HeLa cells. Cx43, Cx46 or Cx50 were fused to TurboGFP, a green
fluorescent protein (GFP) variant with improved properties.

2.2. Transfection of HeLa cells for Cx43GFP, Cx46GFP and Cx50GFP
expression

Parental HeLa cells grown in 35-mm plastic dishes (NunClone) to
~60% confluence were transfected with 1 ug of plasmid (pCMV6-AC-
Cx43GFP, pCMV6-AC-Cx46GFP or pCMV6-AC-Cx50GFP) mixed with
4 ug of Lipofectamine 2000 (ThermoFisher, USA). After transfection,
the medium was replaced every 2-3 days with DMEM plus 10% SFB
supplemented with G418 (Gibco, USA) at 100 pg/ml. G418 was
maintained for at least a month to ensure positive selection, and
Cx46GFP expression was confirmed by Western blotting and fluores-
cence microscopy.
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2.3. c¢RNA preparation and injection into Xenopus laevis oocytes

SP6-directed capped cRNA synthesis was performed with the
mMessage Machine kit (Ambion, Austin, TX) using template plasmids
linearized with Sal I. Oocytes were injected with 12.5 ng of antisense
Cx38 oligonucleotide to reduce Cx38 endogenous expression, in com-
bination with 25 ng of cRNA coding for Cx46 or Cx46-C3A. After cRNA
injection, the oocytes were maintained in Barth's solution (in mM: 88
NaCl, 1 KCl, 5 CaCl,, 0.8 MgCl,, and 10 HEPES/NaOH, pH 7.4) sup-
plemented with 0.1 mg/ml gentamycin and 20 units/ml of penicillin
and streptomycin for 24-48 h before experimental measurements.

2.4. Dye uptake in HeLa cells

The uptake of 4/,6-diamino-2-fenilindol (DAPI; charge —2; MW
277.3) was measured in HeLa cells grown on glass coverslips that were
placed in a chamber with 3 ml of recording media (in mM: 140 NaCl, 4
KCl, 5 glucose, and 10 HEPES/NaOH, pH 7.4) plus 10 uM DAPI.
Changes in nuclei fluorescence intensity were evaluated from images
acquired every 20 s, during a 20-min period, on an inverted microscope
(Eclipse Ti-U, Nikon). NIS Elements software (version 4.0, Nikon) was
used for data acquisition and off-line image analysis. For the analysis,
the fluorescence intensity of at least 16 cells per experiment was aver-
aged, and the slope of the increase in fluorescence, which represents the
rate of DAPI uptake, was calculated by fitting a linear equation to the
data using the GraphPad Prism software version 5. For each measure-
ment, recording solution with 4-HNE was freshly prepared from a 6.5-M
stock solution stored at —80 °C.

2.5. Xenopus laevis oocytes electrophysiological recordings

Cx46 hemichannel currents were measured in oocytes bathed with
ND96 solution (in mM: 96 NaCl, 2 KCl, 1.8 CaCl,, and 5 HEPES/NaOH,
pH 7.4) at room temperature. Data acquisition and analysis were per-
formed with pClamp 10/Digidata 1440A A/D Board (Molecular
Devices, Foster City, CA). Currents were elicited by 15-s square pulses,
ranging from —60 mV to +60 mV in 20 mV steps, from a holding
voltage of —60 mV, with 10-s intervals between pulses. Current-voltage
(I-V) relationships were calculated from the current values at the end of
the pulses.

2.6. Cx46 immunoprecipitation

Primary antibodies were attached to magnetic beads following the
manufacturer's instructions (Dynabeads antibody coupling Kkit,
ThemoFisher #14311D). Briefly, 1 mg of magnetic beads were mixed
with 10 pg of primary antibody and incubated overnight in a roller at
37 °C. Next day the mixture was washed three times with the kit's
washing buffer, separating the beads with a small magnet between
washes. Then, the anti-Cx46 antibody attached to magnetics beads was
resuspended in 100 pl of kit's buffer SB and stored at 4 °C. For the
immunoprecipitation studies HeLa Cx46GFP cells were grown in 90-
mm plastic dishes (NunClone) to 90% confluence. Cells without treat-
ment or exposed to 100 uM 4-HNE for 20 min at 37 °C were harvested
and sonicated in 1 ml PBS with protease inhibitors (cOmplete mini,
Roche). Then, 50 pl of mouse anti-Cx46 (Santa Cruz Biotechnology)
attached to magnetic beads were added, and the lysate was incubated at
4 °C overnight under constant agitation to avoid agglomeration of the
beads. After the incubation, the lysate was placed over a magnet, the
supernatant was discarded, and the magnetic beads were washed with
1 ml of PBS. This procedure was repeated three times, and after the
final wash the magnetic beads were pelleted with an small magnet, the
supernatant was discarded, and 50 pl of PBS plus 100 mM glycine
pH 2.0 was added to elute Cx46 from the antibody beads. The mixture
was agitated for 1 min, the tube was then placed over the magnet, and
the supernatant was placed in a new tube containing 50 ul of 1 M
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HEPES/NaOH at pH 7.0 for analysis.
2.7. Expression and purification of Cx46

We expressed and purified wild-type human Cx46 followed by a
poly-His tag (six His) preceded by a TEV protease cleavage sequence in
E. coli. XL10-Gold cells (Agilent Technologies, Santa Clara, CA) trans-
formed with Cx46 DNA subcloned into the Ncol/HindIII sites of pQE60
(Qiagen, Germantown, MD) were grown at 37 °C in modified M9
minimal medium (180 mM Na,HPO,, 75 mM KH,PO,, 30 mM NaCl and
65 mM NH,4Cl) supplemented with 10 mM MgSO,4, 1% glucose and
0.4 mg/ml ampicillin. The overnight cultures were diluted 25-fold,
grown at 37 °C to an ODgoo ~2, and induced with 0.5 mM isopropyl-f3-
thiogalactopyranoside for 2 h. Harvesting of the cells and all sub-
sequent procedures were performed at 4 °C unless specified otherwise.
The cell pellets were resuspended in buffer A (300 mM NaCl and 50 mM
Tris/HCl, pH 8) with 0.5 mM 4-benzenesulfonyl fluoride hydrochloride
(Pefabloc), 10 mM MgCl, and 25 pug/ml DNAse I (Sigma-Aldrich), and
lysed on a microfluidizer. Crude membranes were prepared by cen-
trifugation at 100,000 x g for 1 h, followed by solubilization for 4 h
with 1% Anzergent 3-12 in 1 M NaCl, 50 mM Tris/HCl, 10% glycerol
and 1 mM PMSF, pH 8, at a total protein concentration < 2 mg/ml. The
solubilized material, collected after ultracentrifugation at 100,000 x g
for 30 min, was loaded onto a Talon Co®>* column (Talon Superflow,
Clontech) pre-equilibrated with 1 M NaCl, 10% glycerol, 50 mM Tris/
NaOH, pH 8, for immobilized metal-affinity chromatography. The resin
was washed with 10 column volumes of a solution containing 1 M NaCl,
10% glycerol, 0.05% n-dodecyl-B-D-maltoside, and 50 mM Tris/NaOH,
pH 8. After washing with 150 mM NacCl, 10% glycerol, 5 mM imidazole,
0.05% n-dodecyl-p-D-maltoside, and 50 mM Tris/NaOH, pH 8, Cx46
was eluted with a buffer of the same composition, except that imidazole
was increased to 300 mM. Fractions containing Cx46 were pooled and
the His tag was removed by incubation with TEV protease (1:10 w/w)
for 12 h. After removal of the tag, purified Cx46 was isolated by gel
filtration chromatography on a Superdex 200 HR column (GE
Healthcare) run on an APLC system (LabAlliance, State College, PA).

2.8. Western blots analysis

Samples were re-suspended in Laemli's sample buffer, separated on
a 10% SDS-PAGE, and electro-transferred to a nitrocellulose membrane
using a Dry iBlot Gel Transfer System (Life Technologies). Nonspecific
protein binding sites were blocked by incubation of the membrane with
5% nonfat milk/1% Tween-20 TBS buffer (TBS-T) for ~60 min.
Membranes were then incubated in blocking buffer containing primary
goat anti-HNE (1:100; Cell Biolabs) or mouse anti-Cx46 (1:500; Santa
Cruz Biotechnology) antibody. The samples were incubated overnight
at 4 °C, followed by five 20-min washes with TBS-T. Then, the mem-
branes were incubated with a secondary antibody conjugated to
horseradish peroxidase (1:2000 in 5% nonfat milk/0.1% Tween-20 TBS
buffer) and immunoreactivity was detected in a Blot-scanner (CDigit,
Licor) for enhanced chemiluminescence using the SuperSignal kit
(Pierce, Rockford, IL) according to the manufacturer's instructions.

For Western blot immunoreactive band colocalization, proteins
were separated in a 10% SDS-PAGE and then electro-transferred to a
PVDF membrane (Immobilion-FL, Merck Millipore) because this
membrane has very low autofluorescence in the Odyssey Li-Cor fluor-
escence image scanner. After the transference, the membrane was
blocked as described above, and was then incubated in blocking buffer
containing primary goat anti-HNE (1:100; Cell Biolabs) and mouse anti-
Cx46 (1:500; Santa Cruz Biotechnology) antibody. The samples were
incubated for 48 h at 4 °C, followed by five 20-min washes with
blocking buffer. Then, the membranes were incubated for 1 h at room
temperature with donkey anti-goat IRDye 680RD and a goat anti-mouse
IRDye 800 CW secondary antibodies (Li-Cor) at a dilution of 1:2000 in
5% nonfat milk/0.1% Tween-20 TBS buffer. Fluorescence was detected
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on a near-infrared scanner (Odyssey, Li-Cor) and colocalized using the
scanner's software.

2.9. Selenite-induced cataract

Five 10-days-old Sprague-Dawley rats were housed individually in a
12-h light-dark cycle with their mothers and kept in their home cages
throughout the study. Sodium selenite (Sigma-Aldrich) was dissolved in
sterile saline solution (0.9% NaCl) and administered at 3 mg/kg sub-
cutaneously. Animals from the control group received a single injection
of physiological saline solution. After 10 days the rats were anesthe-
tized with 61 mg/kg ketamine, 0.6 mg/kg xylazine and 6.7 mg/kg
acepromazine followed by cervical dislocation. Their lenses were ex-
tracted and stored in RIPA lysis buffer (Abcam # 156034) with protease
inhibitor (cOmplete Mini, # 11836153001. Roche) for Western blot
analysis.

2.10. Ethical approval

All procedures involving animals were approved by Universidad del
Desarrollo and Universidad Andres Bello Bioethical Committees (Acta
030-2015). All procedures were conducted by personal trained to work
with animals following local rules for animal care and in accordance to
NHI and CONICYT guidelines.

2.11. Statistical analysis

Results are expressed as means = SEM and “n” refers to the
number of independent experiments. For statistical analyses and de-
termination of significant differences we used a one-way NOVA or
paired Student's t-test, as appropriate. Differences were considered
significant at p < 0.05.

3. Results

3.1. Functional expression of Cx46 hemichannels in HeLa cells expressing
Cx46GFP

HeLa cells were transfected with Cx46GFP and stable clones were
selected using G418. Two types of cells were observed after a month of
selection: cells with (Fig. 1A, green arrow) and without green fluores-
cence (Fig. 1A, white arrow). As expected for cells expressing Cx46
hemichannels, the rate of DAPI uptake was higher in the fluorescent
cells in divalent cation-free solution (DCFS), a condition that favors
hemichannel opening [38] (Fig. 1B). Under control conditions (in
presence of extracellular divalent cations), the rate of DAPI uptake was
higher in the cells expressing Cx46GFP compared to parental cells
(0.30 = 0.07 AU/svs 0.18 = 0.05, respectively; Fig. 1C, filled bars),
and exposure to DCFS increased the rate in the cells expressing
Cx46GFP (to 1.50 = 0.21 AU/s; Fig. 1C), but had no effect in parental
cells (to 0.19 = 0.02 AU/s; Fig. 1C). Moreover, the rate of DAPI uptake
in DCFS was abolished by 200 uM La®* (Fig. 1C; La®>*), a non-specific
hemichannel blocker [34,39]. The results strongly suggest that
Cx46GFP forms functional hemichannels in the transfected HeLa cells.

3.2. The lipid peroxide 4-HNE reduces Cx46GFP hemichannel activity in
HeLa cells

As shown in Fig. 1B-C, there is significant dye uptake in HeLa cells
expressing Cx46GFP exposed to DCFS. Fig. 2A (upper panels) shows
that after 20-min exposure to 10 uM DAPI in DCFS the nuclei of HeLa
cells expressing Cx46GFP acquired blue fluorescence, but in the pre-
sence of 100 uM 4-HNE DAPI nuclear fluorescence was drastically re-
duced (Fig. 2A, lower panels). The inhibition of the DAPI uptake by 4-
HNE was concentration dependent, with a 50% inhibition at ~1 pM 4-
HNE (52 = 2%) and 89 * 4% inhibition at 100 uM 4-HNE (Fig. 2B).



M.A. Retamal, et al.

o DCFS
=} o Cx46GFP
< ° Parental
£
s
El
g
o}
0 QR U] 3434
0 5 10 15 20
Time (min)
2.0
o .Control ok Aok
X
© I_II_I
a 15 [Jocrs T
- —~~
o v
T8 .,
O<
Y =
o 0.54
Q
©
% o.o--il.”,'i [ 1]
La3+ La3+
Parental Cx46GFP

Fig. 1. Recombinant hemichannels formed by Cx46GFP in HeLa cells. (A) HeLa
cells were stably transfected with a plasmid coding for human Cx46 fused to
green fluorescent protein (Cx46GFP). Fluorescent (green arrow) and non-
fluorescent cells (white arrow) were identified after selection with G418.
Bar = 10 um. (B) Time course of DAPI uptake (10 uM) in cells exposed to
divalent cation-free solution (DCFS). Data are means + SEM (n = 3, 16 cells
per measurement). (C) Rate of DAPI uptake (AU/s: arbitrary units/s) in non-
fluorescent (parental) cells and cells expressing Cx46GFP. Rates were measured
in the presence of divalent cations (control) and in DFCS, with or without
200 uM La®* (La®*). See Materials and methods for details. Data are
means *= SEM; **denotes p < 0.01.

To test for the role of Cys oxidation in the effect of 4-HNE, HeLa cells
expressing Cx46GFP were first exposed to 100 uM 4-HNE for 10 min,
and then to the reducing agent DTT for additional 10 min. The results in
Fig. 2C show a partial reversion of the inhibition of DAPI uptake by
10 mM DTT, supporting the notion that oxidation of Cys residues plays
a role in the inhibition of Cx46 hemichannels by 4-HNE.

3.3. The lipid peroxide 4-HNE induces carbonylation of Cx46GFP

Cx46GFP from cells HeLa cells without and with exposure to
100 uM 4-HNE (maximal inhibition, Fig. 2B) was immunoprecipitated
as described in Materials and Methods, and carbonylation was analyzed
by Western blots using an antibody that recognizes protein carbonyla-
tion adducts induced by 4-HNE. The anti-4-HNE antibody recognized
three major bands immunoprecipitated from cells expressing Cx46GFP
that were exposed to 4-HNE. These bands of apparent molecular masses
of ~46, 53 and 70 kDa were not present in the absence of exposure to 4-
HNE (Fig. 3A). The ~70-kDa band is likely to correspond to Cx46GFP
(molecular mass of ~72 kDa), and it is possible that Cx46GFP carbo-
nylation produced the two faster running bands, but we cannot rule out
alternative explanations. To confirm Cx46 carbonylation, we performed
a similar experiment using Cx46 purified from E. coli. While no anti-4-
HNE immunoreactive bands were detected in the absence of 4-HNE,
exposure to 100 uM 4-HNE yielded a major band at ~46 kDa (Fig. 3B).
These results suggest that Cx46 is directly carbonylated upon exposure
to 4-HNE. To confirm carbonylation of Cx46 and test for the effect of
DTT, we performed experiments in the Odyssey blot scanner, which
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Fig. 2. Inhibition of Cx46 hemichannels in HeLa cells by 4-HNE. (A) Images of
HeLa cells expressing Cx46GFP exposed to DCFS in the absence (DCFS; top
panels) or presence of 100 uM 4-HNE (DCFS + 4-HNE; bottom panels). Left:
representative GFP fluorescence images; 0 and 20 min: DAPI fluorescence
images acquired at time zero and after 20-min exposure to 10 uM DAPL
Bar = 30 pm. (B) Summary of the rates of DAPI uptake in cells exposed to DCFS
in the absence (filled bar) and presence of different concentrations of 4-HNE
(open bars). Data are means = SEM (n = 3, 16 cells per measurement); **
denotes p < 0.01 and *** p < 0.001. (C) Effect of DTT on the inhibition of
DAPI uptake by 4-HNE. Data from HeLa cells expressing Cx46GFP studied in
DCEFS after exposure to 100 uM 4-HNE for 15-min, without DTT or followed by
exposure to 10 mM DTT. Data were normalized to the rate in DCFS in the
absence of drugs (100%) and are presented as means *+ SEM (n = 4, 16 cells
per measurement). The asterisks denote p < 0.05 vs DCFS + 100 uM 4-HNE.

allowed us to co-localize signals from Cx46 and 4-HNE adducts. The
intensity of the bands that reacted with the anti-Cx46 antibody was
similar under all conditions (Fig. 3C, Anti-Cx46, and Fig. 3D). In con-
trast, the intensity of the anti-4-HNE immunoreactive band was weak
under control conditions, but increased in presence of 100 pM 4-HNE
(Fig. 3C, Anti-4-HNE and Fig. 3E). The merged signals show a co-lo-
calization of Cx46 with 4-HNE abducts (Fig. 3C, Merge, fuchsia signal),
suggesting that Cx46 is carbonylated by 4-HNE, thus confirming our
immunoprecipitation results. In the presence of 10 mM DTT the in-
tensity of the anti-4-HNE immunoreactive bands returned to control
values (Fig. 3C and E). From the results presented in this and the pre-
ceding section, we propose that Cx46 is carbonylated by 4-HNE and
that at least some of the Cx46 Cys residues are the targets.
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Fig. 3. Carbonylation of Cx46 by 4-HNE. (A) Lysates of HeLa cells expressing
Cx46GFP under control conditions (—) or exposed to 100 uM 4-HNE for 20 min
(+) were immunoprecipitated with an antibody against the C-terminus of
Cx46. The immunoprecipitation was then probed for the presence of 4-HNE
adducts using an anti-4-HNE antibody. The apparent molecular mass of major
immunoreactive bands is indicated by the arrows. The blot is representative of
3 identical experiments. (B) Purified Cx46 under control conditions (—) or
treated with 100 pM 4-HNE for 20 min (+ ) was analyzed for the presence of 4-
HNE adducts by Western blotting using the anti-4-HNE antibody described
above. The apparent molecular mass of the major immunoreactive band is in-
dicated by the arrow. The blot is representative of 3 identical experiments. (C)
Lysates of HeLa cells expressing Cx46GFP under control conditions (left), ex-
posed to 100 uM 4-HNE (middle), or exposed to 100 uM 4-HNE and 10 mM DTT
(right). PVDF membranes were incubated with antibodies against Cx46 (red
bands) and against 4-HNE (blue bands). Images from fluorescent secondary
antibodies were taken in the Odyssey Li-Cor fluorescence image scanner to co-
localize both signals (Merge). Plots showing (D) Cx46 and (E) 4-HNE fluor-
escent intensity quantification under the three experimental conditions. Protein
content was normalized by the signal obtained using an antibody against tu-
bulin. Data are means + SEM (n = 3); * denotesp < 0.05and **p < 0.01.

3.4. Intracellular cysteines do not contribute to 4-HNE sensing

The results in Figs. 2C and 3C suggest a role of Cys modification in
the effect of 4-HNE. To further test the role of Cx46 Cys, we study the
effects of 4-HNE in Cx46 hemichannels expressed in Xenopus laevis
oocytes using the whole cell voltage clamp technique. Exposure to
100 uM 4-HNE reduced the amplitude of the Cx46 hemichannel cur-
rents measured at +60 mV to 57 *= 7% of the initial value (Fig. 4A,
upper recordings). Then, we evaluated the inhibition by 4-HNE of
hemichannels formed by a Cx46 mutant that retains only the native Cys
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Fig. 4. Cx43 hemichannels lacking intracellular Cys are inhibited by 4-HNE. (A)
Representative hemichannel currents from Xenopus oocytes injected only with
an oligo anti-Cx38 (Cx38 —/—) or expressing wild-type Cx46 (Cx46WT) or a
Cx46 mutant that retains only the six extracellular Cys (Cx46-C3A). Recordings
were obtained in DCFS (n = 7) and DCFS with 4-HNE (100 uM for 5 min;
n = 7). (B) Summary of the effects of 4-HNE on the hemichannel currents
measured at +60 mV. The currents were normalized to the DCFS value in the
absence of 4-HNE (control). Data are means + SEM and the asterisk denote
p < 0.05 vs control.

Control

residues in the extracellular loops (Cx46-C3A). The control Cx46-C3A
hemichannel current was similar to that of hemichannels formed by
wild-type Cx46 (Cx46WT; Fig. 4A). Interestingly, after exposure to
100 uM 4-HNE, the decrease in Cx46-C3A hemichannel current was
indistinguishable from that of Cx46WT hemichannels (Fig. 4B). These
results demonstrate that the intracellular (Cys283 and Cys321) and the
TM4 Cys (Cys218) are not involved in the inhibition of Cx46 hemi-
channels by 4-HNE, and point to one or more of the six extracellular Cys
as the 4-HNE sensor(s). Unfortunately, mutants in which extracellular
Cys were replaced with Ala did not form functional hemichannels (data
not shown) and we were not able to further test directly the role of
these Cys in the inhibition by 4-HNE.

3.5. Cx46 is carbonylated in an animal model of cataract

Cx46 is mostly expressed in fiber cells of the lens [40] and in hu-
mans and animal models mutations in its gene (GJA3) are associated
with cataract formation [40]. In a previous studies, we found that Cx46
was S-nitrosylated in an animal model of selenite-induced cataract [26].
Suggesting that post-translational modifications of Cx46 are associated
to ROS/RNS production. To test the hypothesis that Cx46 could be af-
fected by 4-HNE in vivo, we evaluated whether Cx46 is carbonylated in
a selenite-induced cataract model [42,43]. Consistent with our previous
work [41], under control conditions the lenses were transparent
(Fig. 5A, left panel), whereas in rats injected with selenite the lenses
presented extensive cataracts (Fig. 5A, right panel). Western blot ana-
lysis showed a red band of ~46-kDa in lenses from control rats (Fig. 5B,
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Fig. 5. Cx46 carbonylation is associated with cataracts in an animal model.
Lenses from Sprague-Dawley rats were extracted 10 days after receiving a single
subcutaneous injection of sodium selenite (3 mg/kg) or vehicle (saline solution
0.9% NacCl). (A) Representative images of lenses from rats under control con-
ditions (left) or injected with sodium selenite (right) (n = 5 animals per con-
dition). (B) Samples from animals shown above were analyzed by Western
blotting to assess colocalization of signals from specific antibodies against Cx46
(red) and 4-HNE abducts (blue).

Anti-Cx46), whereas in lenses from selenite-treated animals there was
an evident increase in Cx46, and especially carbonylated Cx46 (Fig. 5B,
Merge). These results demonstrate that Cx46 is post-translationally
modified by 4-HNE in lenses with cataracts induced by selenite.

3.6. Hemichannels formed by Cx43, but not those formed by Cx50, are
inhibited by 4-HNE

Equatorial cells of the human lens express Cx43 and Cx50, whereas
mature fiber cells located at the lens nucleus express Cx46 and Cx50
[44]. The results above showed that treatment with 4-HNE inhibited
Cx46 hemichannels. Here, we tested whether 4-HNE also affects
hemichannels formed the other lens connexins. The rate of DAPI uptake
of HeLa cells expressing Cx43GFP (Fig. 6A) increased from
0.38 = 0.02 (AU/s) (Fig. 6C) under control conditions to 1.07 *= 0.07
(AU/s) in DCFS, an effect that was reduced to 0.62 + 0.05 (AU/s) by
exposure to 100 uM of 4-HNE (Fig. 6C). The effect of 4-HNE on Cx43
hemichannels (65% inhibition) was smaller than that observed in Cx46
hemichannels (89%). Contrary to Cx43 and Cx46 hemichannels, Cx50
hemichannels expressed in HeLa cells (Fig. 6B) were not affected by 4-
HNE (Fig. 6D). The rate of dye uptake in DCFS was not affected by
100 mM 4-HNE, with values of 0.58 + 0.06 and 0.63 = 0.07 (AU/s)
before and after 4-HNE treatment, respectively. These data suggest that
4-HNE affects Cx46 > Cx43, and does not affect Cx50 hemichannels.

4. Discussion

In this work we demonstrate that the lipid peroxide 4-HNE inhibits
recombinant Cx46 hemichannels expressed in HeLa cells and Xenopus
laevis oocytes. This effect was associated with Cx46 carbonylation,
suggesting a direct regulatory role of the lipid peroxide on Cx46
hemichannels. The anti-4-HNE antibody that we used to assess Cx46
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Fig. 6. 4-HNE inhibits of hemichannels formed by Cx43, but not those formed
by Cx50. (A) Images of HeLa cells expressing Cx43GFP or (B) Cx50GFP.
Summary of the rates of DAPI uptake in (C) HeLa Cx43GFP and (D) Hela
Cx50GFP cells under control conditions (filled bar), exposed to DCFS (light
grey) or exposed to DCFS plus 100 pM 4-HNE (darker grey). Data are
means *= SEM (n = 4, at least 12 cells per measurement); ** denotes p < 0.01
and *** p < 0.001.

carbonylation does not distinguish between carbonylated amino acids.
However, carbonylation by 4-HNE shows a strong preference for
Cys > His > Lys [15], and the inhibition of Cx46 hemichannels by 4-
HNE and their carbonylation was partially reversed by the Cys-reducing
agent DTT. These observations point to a critical role of Cys carbony-
lation in the response of Cx46 hemichannels to 4-HNE. Furthermore,
the inhibition by 4-HNE was intact in hemichannels formed by a Cx46
mutant in which only the native extracellular Cys were present. From
these results, we conclude that 4-HNE is a novel Cx46 hemichannel
regulator, and that its effect is due, at least in part, to carbonylation of
one or more of the Cys in the extracellular loops. Considering that these
Cys are not accessible for modification in GJCs, the role of extracellular
loop Cys is consistent with the selective effect of linoleic acid, which
affects hemichannels, but not GJCs [31].

In a previous work, we demonstrated that some PUFAs inhibit Cx46
hemichannels, and that the effects of linoleic acid appear to be direct on
Cx46 [31]. Since linoleic acid is a precursor of the lipid peroxide 4-
HNE, it is possible that this PUFA inhibits Cx46 hemichannels through
its oxidized form. Here, we demonstrate that 4-HNE is a potent Cx46
hemichannel blocker, so the effects of linoleic acid or any other PUFAs
on hemichannel activity should be revised to consider the possibility
that they result from the effects of lipid peroxides in general, and 4-HNE
in particular.

Protein carbonylation is known as a marker of oxidative stress and is
linked to various human diseases [45], Protein carbonylation is an
oxidative posttranslational modification that can principally be induced
by lipid peroxides, such as 4-HNE, metal-induced oxidation and redu-
cing sugars or dicarbonyl compounds derived from the sugars (such as
glyoxal, methylglyoxal and 3-deoxyglucosone) [45,46]. The source of
protein carbonylation that mediates Cx46 oxidation in the lens is a
matter for future studies, but as suggested by Fedorova and co-workers
[45], it could depend on specific oxidative conditions and could be
correlated with specific diseases [45]. Additionally, it could depend on
the sequence of particular proteins because it is known that the S-ni-
trosylation of a specific Cys depends on the amino acids close to it [47]
and not all Cys are affected by nitric oxide in a protein [48].

Lens cells can release and take-up GSH as a scavenger of toxic
molecules such as oxygen reactive molecules [49,50]. They also release
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Fig. 7. Model explaining a potential mechanism of cataract formation in response to hemichannel inhibition. (A) Under control conditions in which 4-HNE levels are
low and hemichannels have a “normal” open probability that is sufficient to allow uptake and/or release of Na*, GSH and ATP. These mediators participate in
important cellular processes in the lens. (B) When inflammatory conditions are set (e.g. diabetes, aging) an increase of 4-HNE levels is expected and hemichannel
activity will be lower, resulting in reduced fluxes of Na*, GSH and ATP. This will alter lens micronutrient circulation, antioxidant protection, osmotic response and

Na®/K* ATPase activity, which could participate in cataract formation.

ATP, which through the activation of purinergic receptors can activate
Src kinase and increase Na*-K*-ATPase activity [51]. Moreover, Na™*
fluxes are fundamental for the microcirculation of nutrients and
therefore lens transparency [50]. Hemichannels formed by Cx43 or
Cx46 are permeable to GSH [52], Na™ [53], and ATP [54,55]. Based on
our results, 4-HNE in lens cells could carbonylate Cx46 (and probably
Cx43) hemichannels and decrease their activity (Fig. 7). As a con-
sequence of hemichannel inhibition, less Na*, GSH and ATP will be
released, which in turn will decrease nutrient microcirculation, anti-
oxidant protection and osmotic response (Fig. 7). In support of this
notion, high levels of 4-HNE in lens and blood serum are well correlated
with cataract formation [56-58].

5. Conclusion

In this work we present data supporting the hypothesis that car-
bonylation of Cx46 extracellular Cys by the lipid peroxide 4-HNE in-
hibits Cx46 hemichannels, an effect that may promote cataract forma-
tion in the eye lens.
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