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Dear Editor

 
We are submitting the manuscript “Cx46 hemichannel modulation by nitric oxide: 
Role of the fourth transmembrane helix cysteine and its possible involvement in 
cataract formation” for your consideration for publication in Nitric Oxide. It is well 
known that mutations in the Cx46 gene induce cataract formation in humans. 
However, it is unknown whether Cx46 posttranslational modification(s) also can be 
involved in non-genetic cataract formation. Here we showed for the first time that NO 
induced an increase in hemichannel opening in HLE cells, which was correlated with 
Cx46 S-nitrosylation and cataract formation in vivo. Also, for the first time we 
demonstrated that the cysteine at TM4 is the NO sensor in this protein. We think that 
many scientists, especially those working on lens and cataracts, connexins and 
pannexins, as well as channels in general, will have a great interest in the 
manuscript. 

Sincerely yours,

Dr Mauricio A. Retamal
Associate professor
Department of Physiology
Universidad del Desarrollo



Dear Editor:

The present letter is to comment on the Reviewer´s recommendations. We have 
followed all the Reviewers´corrections based on our understanding of their 
concerns. We hope that the following corrections can satisfy the Reviewer´s 
comments and the Manuscript will be deemed suitable for publication. We 
sincerely appreciate the time of the Editor and Reviewers and believe that their 
comments have helped improve the Manuscript substantially.  

-Comments from Reviewer 1:

Reviewer: This is a paper about the effects of NO in eye tissue and builds on 
previous studies. It is well written and described, and reports some interesting 
data. I have the following comments:

Chemically, it is not S-nitrosylation but S-nitrosation, so can this be corrected 
throughout please?

Response: We appreciate this comment. We had followed previous 
literature referring to S-nitrosylation (Antioxid Redox Signal. 2012 Oct 1; 
17(7): 934–936). However, as suggested, the new version of the manuscript 
uses only the term “S-nitrosation”. 

- I am a little concerned about the lack of controls. SNP also releases cyanide, 
and there are no "depleted" controls for the other NO donors. Do the authors 
have this data or can discuss any issues this might raise? For example, should 
a glutathione control be included?

Response: Thank you for noting this. As suggested, we performed 
experiments using SNP with NO depleted as a control. Results from these 
experiments were included in figure 3C and the following text was added to 
the Manuscript “SNP releases both NO and cyanide [51]. Given that NO is 
a gas, the SNP solution over time will be depleted of NO, because its fast 
degradation rate in saline solution (t50=~60 min) [52], but will still include 
cyanide and other metabolites. Cyanide is known to inhibit the cellular 
metabolism [53], a condition that could induce Cx43 hemichannel opening 
[54]. Hence, to ensure that hemichannel opening does not take place when 
NO is depleted (negative control), a stock solution of SNP (500 mM) was left 
at 37ºC for 48 h and non-protected from light in order to remove all the NO 
but leave all the other metabolites in solution including cyanide. Then HLE 
cells were exposed to a 500 µM SNP solution obtained from the NO-depleted 
stock solution. There was a large reduction of the rate of dye uptake in the 
HLE cells exposed to NO-depleted SNP, to a level of uptake below control 
conditions (0.78 ± 0.16 times). This suggests that cyanide does not induce 
hemichannel opening in HLE cells and/or that other metabolites released 
by SNP, can induce a massive hemichannel closing.”  

We also tried to use DTT in order to reverse the NO-induced HC activation. 
However, the addition of DTT to the media containing SNP changed its 
color, modifying the measurements of Dapi fluorescence. Therefore, we 



were not able to include those results in the Manuscript. We did not try to 
use reduced glutathione, because GSH does not cross the plasma 
membrane, so it will not be able to reduce the Cx46 C212 located inside the 
plasma membrane. 

- references 3 and 41 are in caps, so need to be edited.

Response: Thank you for bringing this to our attention. In the current 
version of our paper the references are revised and fixed.

-Reviewer 2

 -The manuscript entitled “Cx46 hemichannel modulation by nitric oxide: Role of 
the fourth transmembrane helix cysteine and its possible involvement in cataract 
formation” by Retamal et al. showed a positive correlation between cataract 
formation and Cx46 hemichannel modulation by NO donor. The manuscript is 
well written scientifically, results are well correlated. Some queries are as follows.
 
- In this study, albino rats (100-150 g) were selected for sodium selenite-induced 
cataract model, but various research articles showed that pups were mainly used 
for this model. Then, why adult rats were selected. For this model, article of Li et 
al. was referred and they also taken 15 days old rats instead of adult albino rats.

Response: The reviewer is right, as most experiments are performed in 10 
to 15 days old rats. As noticed by the reviewer, our experiments were 
performed in 30 days old rats. We tried to use a more “adult” model of 
cataracts, so we compared selenite injection on rats of different ages. In 
older rats the results were not consistent. Thus, we concluded that the 
oldest and most consistent model that we could use was 30 days old rats. 
We have changed the text of the Manuscript to note this change with 
respect to the original Li et al protocol, which now reads: “We used male 
Sprague-Dawley rats, following the protocol described by Li and colleagues 
[37], but using rats weighting 100-150 g.”
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Under normal conditions, connexin (Cx) hemichannels have a low open probability, 

which can increase under pathological conditions. Since hemichannels are permeable to 

relatively large molecules, their exacerbated activity has been linked to cell damage. Cx46 

is highly expressed in the lens and its mutations have been associated to cataract formation, 

but it is unknown whether Cx46 has a role in non-genetic cataract formation (i.e. aging and 

diabetes). Nitric oxide (NO) is a key element in non-genetic cataract formation and Cx46 

hemichannels have been shown to be sensitive to NO. The molecular mechanisms of the 

effects of NO on Cx46 are unknown, but are likely to result from Cx46 S-nitrosation (also 

known as S-nitrosylation). In this work, we found that lens opacity was correlated with 

Cx46 S-nitrosation in an animal model of cataract. Accordingly, with this result, a NO 

donor increased Cx46 S-nitrosation and hemichannel opening in HLE-B3 cells (cell line 

derived from human lens epithelial cells). Mutagenesis studies point to the cysteine located 

in the fourth transmembrane helix (TM4; human C212, rat C218) as the NO sensor. Thus, 

electrophysiological studies performed in Xenopus oocytes, revealed that rat Cx46 

hemichannels are sensitive to different NO donors, and that the presence of C218 is 

necessary to observe the NO donors’ effects. Unexpectedly, gap junctions formed by Cx46 

were insensitive to NO or the reducing agent dithiothreitol. We propose that increased 

hemichannel opening and/or changes in their electrophysiological properties due to S-

nitrosation of the human Cx46 cysteine in TM4 could be an important factor in cataract 

formation.

1. Introduction



Connexins (Cxs) have four transmembrane helices (TMs), two extracellular loops, 

one intracellular loop, and both N- and C-termini regions on the cytoplasmic side (Fig. 1). 

Twenty genes have been associated to the expression of different Cx isoforms in 

mammalian cells [1]. Cxs oligomerize as hexamers to form hemichannels or connexons, 

which under physiological conditions have a low open probability [2]. However, under 

such conditions, they still allow fluxes of signaling molecules (e.g. ATP and glutamate) 

between the intra- and extracellular spaces [3–6]. Due to their importance in cellular 

communication [7,8], hemichannel opening/closing is controlled by diverse mechanisms 

including phosphorylation [9,10], changes of redox potential [11–13], plasma membrane 

depolarization [14–16], extracellular Ca2+ concentration [17–19] and unsaturated fatty 

acids [20,21], among others [22,23]. 

The eye lens is a transparent structure critical for normal vision. Its main function is 

to refract light, focusing images onto the retina. Cx43, Cx46 and Cx50 are the only Cxs 

expressed in the lens [24]. It has been reported that cataracts (lens clouding) occur when 

Cx46 is absent (e.g. knockout mice) or its function is impaired by mutations [24–27]. Nitric 

oxide (NO) has an important role in non-genetic cataract development in humans and 

animal models [28–30]; it is known that increased NO levels in the aqueous humor and/or 

in the lens due to aging, traumatic events [31,32], diabetes [33] and hypertension [34] are 

closely correlated to cataract formation. The mechanism by which NO participate in the 

cataract formation is not completely understood, but a role of Cx46 hemichannels is 

possible since the NO donor S-nitrosoglutathione (GSNO) modulates Cx46 hemichannel´s 

electrophysiological properties and permeability to large molecules, likely through S-

nitrosation of at least one of its transmembrane/intracellular cysteine(s) [11].

It is unknown whether or not S-nitrosation of Cx46 occurs in vivo and whether this 

modification is associated with cataract formation. Here, we: 1) determined whether Cx46 

is S-nitrosylated in response to oxidative stress in an animal model of cataract, 2) 

determined whether NO affects hemichannel activity in human epithelial lens cells (HLE-

B3 cells), and 3) identified the functional target of S-nitrosation in Cx46. We found that 

lens opacity was correlated with Cx46 S-nitrosation in a rat model of selenite-induced 

cataracts. Consistent with this observation, NO donors increased hemichannel opening and 



Cx46 S-nitrosation of a cysteine at position 212 (C212) in HLE-B3 cells. In 

electrophysiological studies performed in Xenopus laevis oocytes, NO donors caused rat 

Cx46 hemichannel current inactivation and gain in amplitude of the tail current, effects that 

were absent in hemichannels formed by a mutant where cysteine at position 218 (C218) (rat 

equivalent of human C212) was replaced with alanine. We propose S-nitrosation of the 

cysteine at the TM4 of Cx46 as an important factor for the development of cataracts 

because of increased hemichannel opening, and/or changes in hemichannel 

electrophysiological properties.

2. Methods

2.1 Ethical approval: All procedures involving animals were approved by Universidad 

Andres Bello Bioethical Committees. All procedures were conducted by personal trained 

to work with animals following local rules for animal care and in accordance to NHI 

guidelines.

2.2 Chemicals: Fluoromount-G was purchased from Electron Microscopy Science (Ft. 

Washington, PA, USA). Dithiothreitol (DTT) and sodium selenite were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). SNAP (S-nitroso-N-acetylpenicillamine) and SIN-1 

(3-morpholinosydnonimine) were obtained from Cayman Chemical (Ann Arbor, MI, 

USA), and SNP (sodium nitroprusside) and GSNO (S-nitrosoglutathione) were obtained 

from Merck (Darmstadt, Germany). The mouse monoclonal anti-S-nitrosocysteine antibody 

was obtained from Abcam (San Francisco, CA, USA), and the rabbit polyclonal anti-Cx46 

antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For 

immunoprecipitation (IP) the Dynabeads Antibody Coupling kit (Life Technologies, 

Norway) was used.

2.3 Plasmid engineering: cDNA of rat Cx46 was obtained from Dr. Lisa Ebihara (Finch 

University of Health Sciences, Chicago, IL, USA) as plasmid pSP64T-Cx46 [35]. Fig. 1 

shows the relative position of each cysteine in wild type Cx46 and the Cx46 cysteine 

mutants employed in these studies. C218A was generated by replacing the TGT codon with 

GCT using site-directed mutagenesis (Quick Change Multisite Site-Directed Mutagenesis 



kit, Stratagene, La Jolla, CA, USA). The truncation of the C-terminal domain (Cx46CT, 

truncated after Gly 239) was described previously [36].

2.4 Selenite-induced cataract: We used male Sprague-Dawley rats, following the protocol 

described by Li and colleagues [37], but using rats weighting 100-150 g. Animals from the 

selenite-induced cataract group received a single subcutaneous injection of sodium selenite 

(1 mg/Kg) dissolved in physiological saline solution (0.9% NaCl). Animals from the 

control group received a single injection of physiological saline solution. Ten days post-

injection the rats were anesthetized by a subcutaneous injection of a 60.6 mg/kg ketamine, 

0.6 mg/kg xilazine and 6.67 mg/kg acepromacine. Lenses were then extracted from the eye 

and the animals were euthanized with an overdose of anesthetics.

2.5 Confocal microscopy analysis: Immediately after extraction, the rat lenses were 

photographed using a stereomicroscope. The lenses were then embedded in OCT, frozen in 

liquid nitrogen and stored at -80°C. Sagittal cryostat sections (10-μm thick) were prepared 

and then fixed by incubation with 4% paraformaldehyde for 20 min at room temperature, 

washed three times with PBS and stored at 4°C. A blocking solution containing 1% IgG-

free BSA, 50 mM NH4Cl and 0.05% Triton X-100 in PBS was used for permeabilization 

and for blocking non-specific reactive sites. Cx46 and S-nitrosylated proteins were detected 

with a rabbit polyclonal anti-Cx46 and mouse monoclonal anti-S-nitrosocyteine antibodies, 

respectively. These primary antibodies were diluted in blocking solution and used for 

incubation with the samples overnight. After washing with PBS, the samples were 

incubated with Cy2-conjugated goat anti-rabbit (1:300) IgGF(ab´) fragments and Cy3-

conjugated anti-mouse IgGF(ab´) fragments for 45 min at room temperature. Images were 

examined on a confocal laser-scanning microscope (Zeiss Spectral Confocal Microscope, 

LSM780, Toronto, Ontario, CA). Images of 0.2-μm optical thickness were acquired for 

analysis with the Zen 2011 Carl Zeiss image analysis software. 

2.6 Cell culture: The human lens epithelial cell line HLE-B3 was obtained from ATCC 

(Rockville, MD, USA) and cultured in 60-mm-diameter dishes at 37°C and 5% CO2 in 

DMEM supplemented with 20% fetal bovine serum (FBS, GIBCO, Invitrogen) with 100 



U/ml penicillin and 100 μg/ml streptomycin sulfate (Nunc, Roskilde, Denmark). For 

dissociation of attached cells for sub-culturing we used 0.05% trypsin-EDTA. 

2.7 Dye uptake. Hemichannel activity was evaluated through the uptake of ethidium (Etd) 

(charge = +2, MW = 394) at a final concentration of 10 M. HLE-B3 were grown in glass 

coverslips and the day of experiments a single coverslip was transferred to a 30-mm plastic 

dish and washed twice with recording solution of the following composition (in mM): 140 

NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 glucose, and 10 HEPES, pH = 7.4. Changes in Etd 

fluorescence intensity were evaluated in images taken every 20 s during a 20 min period, 

using an inverted microscope (Eclipse Ti-U, Nikon). To induce hemichannel opening, cells 

were incubated in nominally divalent cation-free solution (DCFS; recording solution above, 

but without CaCl2 and MgCl2). NIS elements advanced research software (version 4.0, 

Nikon) was used for data acquisition and image analysis. The fluorescence intensity of 16 

cells per experiment was averaged and plotted against time, and the slope of the linear rate 

of fluorescence increase, calculated with GraphPad Prism software version 5, was used as 

an indicator of the rate of Etd uptake.

2.8 Cx46 Immunoprecipitation (IP): Primary antibodies were attached to magnetic beads 

following the instruction of the manufacturer (Dynabeads kit, ThemoFisher #14311D). 

Briefly, 1 mg of magnetic beads were mixed with 10 g of primary antibody and incubated 

in a roller mixer at 37ºC for 24 h. Next day, the mixture was washed three times with the 

kit’s washing buffer. The anti-Cx46 attached to magnetics beads was resuspended in 100 l 

of kit’s buffer SB, and stored at 4ºC. Between each washing procedure, the magnetics 

beads were precipitated with a small magnet.

HLE-B3 cells were grown in 90 mm plastic dishes (NunClone) to 90% confluence. 

Then, the cells were exposed to 500 M sodium nitroprusside (SNP) for 20 min at 37ºC, 

followed by harvesting and sonication in 1 ml PBS with protease inhibitors (cOmplete 

mini, Roche). Then, 50 l of anti-Cx46 or anti-S-NO attached to magnetic beads was added 

to the cells´ suspension and placed at 4ºC overnight under constant agitation, to avoid beads 

agglomeration. After that, the suspension was placed over a magnet and the collected 

magnetics beads were washed with 1 ml of PBS three times. After the final wash the 



magnetic beads were pelleted with the magnet, the supernatant was discharged, and 50 l 

of PBS plus 100 mM glycine pH 2.0 was added to release the Cx46 bound to the antibody. 

The sample was mixed for 1 min, the tube was placed over the magnet, and the supernatant 

was collected in a tube containing 50 l of 1 M HEPES, pH 7.0. The presence of Cx46 and 

S-nitrosylated proteins was examined by Western blot analysis.

2.9 Western blots: IP samples were resuspended in Laemli’s sample buffer, separated on 

12% 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 for ~60 min with TBS containing 5% nonfat milk and 0.05% Tween-20 

buffer. Membranes were then incubated with primary polyclonal anti-Cx46 (1:1000) or 

anti-S-NO (1:100) antibodies overnight at 4°C. Prmary antibodies were diluted in TBS with 

5% nonfat milk and 1% Tween-20 buffer. Next day, the membranes were washed five 

times with TBS containing 1% Tween-20. The membranes were then incubated with 

secondary antibody conjugated to horseradish peroxidase (1:2000 in TBS containing 5% 

nonfat milk and 0.1% Tween-20), and finally, immunoreactivity was detected on a Blot-

scanner (C-Digit, Licor) for ECL using the SuperSignal kit (Pierce, Rockford, IL) 

according to the manufacturer´s instructions.

2.10 cRNA preparation and injection into Xenopus laevis oocytes: Xenopus oocytes 

were obtained from female frogs (n=6) anesthetized in a solution of tricaine 

methanesulfonate as described [38]. Eggs were placed in a 15-ml tube containing OR2 

solution (82 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES/NaOH, 

pH 7.4) plus 1% collagenase for 1-2 h at room temperature, followed by three washes with 

OR2 solution and two washes with Bart´s solution (88 mM NaCl, 1 mM KCl, 5 mM CaCl2, 

0.8 mM MgCl2, and 10 mM HEPES/NaOH, pH 7.4). Eggs were finally placed in a 90-mm 

plastic dish in Bart´s solution. The rat´s cDNAs from Cx46, Cx46CT and C218A used as 

templates were linearized with Sal I (New England Biolabs, Ipswich, MA, USA), and the 

cRNA was prepared using the SP6-mMessage Machine kit (Ambion, Austin, TX, USA) 

and stored at -20°C. Oocytes were injected with 12.5 ng of antisense Cx38 oligonucleotide 

alone or in combination with 25 ng of cRNA coding for Cx46 or Cx46 mutants. After 



cRNA injection, the oocytes were maintained in Barth´s solution supplemented with 0.1 

mg/ml gentamycin and 20 units/ml of penicillin-streptomycin each for 24-48 h to allow for 

a good level of Cx expression.

2.11 Electrophysiological recordings: Whole-cell hemichannel currents were measured as 

described elsewhere [36]. Briefly, oocytes were placed in a 1-ml recording chamber and 

superfused with ND96 solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, and 5 mM 

HEPES/NaOH, pH 7.4) at room temperature. We used the pClamp 10/Digidata 1440A A/D 

Board (Molecular Devices, Foster City, CA, USA) for data acquisition and analysis. 

Currents were measured following 15-s rectangular voltage pulses ranging from -50 mV to 

+60 mV, in 10-mV steps, with a holding potential of -60 mV and 10-s intervals between 

pulses. Oocytes were incubated with NO donors (GSNO, SIN-1, SNAP and SNP), then 

washed twice with 2 ml of ND96 and placed in the recording chamber. Oocytes incubated 

in 10 mM DTT were washed with 2 ml of ND96 before recordings. All recordings and 

incubations were performed at room temperature.

Currents through GJCs were measured in paired oocytes. Both cells were clamped 

at -40 mV, and gap junctional currents were measured after changing the cell-membrane 

voltage of one cell to values between -140 and +60 mV (20 mV steps, 15-s intervals 

between pulses), while holding constant the voltage of the other cell (used as reference). To 

evaluate the effects of NO donor, 500 l of NO donor was prepared in ND96 to a final 

concentration of 1 mM and carefully added to the 4.5-ml recording chamber. Recordings 

were performed after 20 min of incubation with the NO donor. 

2.12 Cx46 molecular modeling: A Cx46 homology model was built using ICM [39] based 

on the structure of Cx26 (PDB ID: 2ZW3) [40]. The homology model of Cx46 was 

validated using RAMACHANDRAN plot [41], RMSD values [42] and HOLE calculation 

[43]. The homology model was embedded into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) bilayer in a periodic boundary condition box (124 × 123 

× 129 Å) with pre-equilibrated TIP3P water molecules [44]. The system was ionized with 

30 mM CaCl2. The initial configuration of the system was first optimized using energy 

minimization followed by a molecular dynamics (MD) simulation at 310 K for 10 ns. The 



MD simulations were done in an isobaric-isothermal ensemble using harmonic restraints of 

1 kcal/mol applied to the protein backbone atoms. During the first 3.8 ns the harmonic 

restraints were decreased trough cycles from 1 to 0.5 kcal/mol. For the rest of the MD 

simulations the restraints of 0.5 kcal/mol to Cx46 backbone atoms were maintained. All 

MD simulations were performed using the NAMD program [45] and CHARMM force 

field. 

2.13 Statistics: Results are expressed as means ± SEM, and “n” refers to the number of 

independent experiments. For statistical analysis, each treatment was compared to its 

respective control, and significance was determined using a one-way ANOVA or paired 

Student’s t tests, as appropriate. Differences were considered significant at P < 0.05.

3. Results

3.1 Cx46 is S-nitrosylated in an animal model of cataract. 

Cx46 is mainly expressed in the lens [46] and mutations in the Cx46 gene that 

induce changes in the properties of both hemichannels and gap junction channels have 

been correlated with cataract formation [46]. On the other hand, Cx46 hemichannel 

oxidation by NO leads to changes in hemichannel properties in vitro [36]. However, it is 

unknown if S-nitrosation of Cx46 occurs in vivo and whether it is associated with cataract 

formation. To address this issue, we evaluated whether Cx46 is S-nitrosylated in a selenite-

induced cataract model [47,48]. Adult rats were exposed to sodium selenite for 10 days and 

their lens transparency was studied. Under control conditions (rats injected with saline 

solution), the lenses were transparent (Fig. 2A, left panel), whereas in rats injected with 

selenite, the lenses presented extensive opaque zones (Fig. 2A, right panel). To determine 

Cx46 S-nitrosation we used antibodies that detect S-nitrosylated proteins and rat Cx46. 

Under control conditions, a green immunofluorescence corresponding to Cx46 was 

detected, with no signal from S-nitrosylated proteins (Fig. 2B, Control). No evident 

changes in intensity and distribution of the Cx46 signal were observed after 10 days of 

exposure to selenite, but a clear signal indicating the presence of S-nitrosylated proteins 

was detected (Fig. 2B, Selenite). Co-localization of Cx46 and S-nitrosation was observed 

(Fig. 2B, Selenite), suggesting that in this cataract model Cx46 is S-nitrosylated. 



3.2 NO increases hemichannel opening and Cx46 S-nitrosation in HLE-B3 cells. 

Since Cx46 hemichannel properties are affected by NO [12,36] and the protein may 

be  S-nitrosylated in a rat model of cataracts (see above), we determined whether NO 

donors alter permeation through hemichannels in a cell line derived from human lens 

epithelial cells (HLE-B3 cells). Under control conditions (recording solution containing 

Ca2+ and Mg2+) the basal rate of Etd uptake was very slow (dotted line), but it increased 1.6 

± 0.1 times in extracellular media nominally-free of Ca2+ and Mg2+ (DCFS) (Fig, 3A). This 

result suggests that HLE-B3 cells do have functional hemichannels at their plasma 

membrane, as it is well known that removal of divalent cations from the extracellular 

solution increases Cx hemichannel open probability [18,49]. Next, we evaluated the effects 

of the NO donors SNAP, SNP and GSNO on the rate of Etd uptake in the presence of Ca2+ 

and Mg2+. SNP (1.44 ± 0.12 times) and GSNO (1.29 ± 0.17 times) increased the rate of Etd 

uptake, whereas SNAP had no significant effect (1.07 ± 0.18 times) (Fig, 3A). Since SNP 

elicited the largest increase, we performed a dose-response analysis (0-500 M) of its 

effect. The increase at 50 M SNP (1.38 ± 0.09 times) was not different from that measured 

at 500 M SNP (1.44 ± 0.04 times) (Fig, 3B). When HLE-B3 cells were co-exposed to 500 

M SNP and hemichannel inhibitors (200 M La3+, 10 M CORM-2 [50] or 200 M 

Gap27) the rate of dye uptake was reduced significantly when compared to the effect of 

SNP alone. In the presence of La3+, CORM-2 or Gap27 the rates of dye uptake were 1.11 ± 

0.05, 1.24 ± 0.07 and 1.22 ± 0.07 times compared to control, respectively (Fig 3C). SNP 

releases both NO and cyanide [51]. Given that NO is a gas, the SNP solution over time will 

be depleted of NO, because its fast degradation rate in saline solution (t50=~60 min) [52], 

but will still include cyanide and other metabolites. Cyanide is known to inhibit the cellular 

metabolism [53], a condition that could induce Cx43 hemichannel opening [54]. Hence, to 

ensure that hemichannel opening does not take place when NO is depleted (negative 

control), a stock solution of SNP (500 mM) was left at 37ºC for 48 h and non-protected 

from light in order to remove all the NO but leave all the other metabolites in solution 

including cyanide. Then HLE cells were exposed to a 500 µM SNP solution obtained from 

the NO-depleted stock solution. There was a large reduction of the rate of dye uptake in the 

HLE cells exposed to NO-depleted SNP, to a level of uptake below control conditions (0.78 



± 0.16 times). This suggests that cyanide does not induce hemichannel opening in HLE 

cells and/or that other metabolites released by SNP, can induce a massive hemichannel 

closing.   All these results suggest that a major fraction of the increase in Etd uptake elicited 

by SNP occurs through Cx hemichannels.

Then, we studied whether SNP induces Cx46 S-nitrosation in HLE-B3 cells. Cells 

with or without exposure to SNP were lysed and analyzed by IP using an anti-Cx46 

antibody attached to magnetic beads, with detection by Western blots using anti-SNO 

antibody. An anti-SNO immunoreactive band at ~50 kDa was very faint under control 

conditions but was clearly apparent in the sample from SNP-treated cells (Fig 3D, upper 

blots, right panel). Detection of Cx46 in the same samples indicated that the increase in “S-

nitrosation” signal was not due to changes in the amount of Cx46 in the IP sample (Fig 3D, 

upper blots, input). These observations were confirmed by comparing IP data from beads 

without and with primary antibody attached on lysates of cells treated with SNP. When 

magnetic beads without anti-Cx46 were used for IP, no bands were observed in the Western 

blot probed with anti-SNO. In contrast, two evident bands of ~28 and 50 kDa were detected 

when magnetic beads coupled to anti-Cx46 antibody were used (Fig 3D, lower panels, left 

blot). When the IP was performed using anti-SNO antibody coupled to magnetic beads, 

Western blots probed with anti-Cx46 antibody also revealed two immunoreactive bands of 

~28 and 50 kDa (Fig 3D, lower panels, right blot). The ~50-kDa band corresponds to full-

length Cx46. Considering that the anti-Cx46 antibody is directed to the C-terminal region, 

the ~28-kDa band could be a proteolytic product that contains the C-terminal region and 

TM4, or result from alternative translation from an internal starting codon. In this context, 

an alternative use of a starting codon can produce a ~20-kDa version of Cx43 [55]. We 

were able to identify the equivalent AUG codon in rat and human Cx46, and translation 

from that site will result in a peptide of ~24 kDa, very similar to the ~28-kDa band in the IP 

experiments of Fig. 3D. These results show that exposure to NO in human lens cells 

produces S-nitrosation of Cx46 and increases hemichannel activity.

3.3 Cx46 C-terminus is not necessary for the effect of NO. 

We have shown that Cx46 hemichannels properties are affected by GSNO [36] and 

that Cx46 is S-nitrosylated both in vitro and in vivo (see above). However, the domains and 



residues that are S-nitrosylated and account for the NO donor effects have not been 

identified. To address that gap in knowledge we determined whether NO donors change the 

electrophysiological properties of recombinant Cx46 hemichannels expressed in frog 

oocytes by means of two-electrode voltage clamp recordings. Under normal conditions, 

Cx46 hemichannels show a small tail current and no current inactivation at high positive 

voltages (Fig. 4A). After 30-min exposure to 1 mM GSNO, Cx46 hemichannels currents 

displayed increased tail current and current inactivation at voltages ranging from +50 to 

+60 mV (Fig. 4B). These results are very similar to those observed previously by our group 

[36], and to those elicited by 30-min exposure to 1 mM SNAP (Fig. 4C) or 1 mM SNP 

(Fig. 4D). Since NO affects Cx46 in human lens cells and Xenopus laevis oocytes, it seems 

that the effect of NO on Cx46 hemichannels is independent on the model used, and likely 

the result of a direct effect on Cx46.

In our previous work we observed that the replacement of cysteine residues 218, 

283 and 321 with Ala (Cx46C3A) prevented the effects of GSNO on Cx46 hemichannels 

[36]. These data strongly suggest that one or more of these cysteines is/are responsible for 

sensing the changes in redox potential produced by NO. It is interesting to note that under 

control conditions hemichannel currents formed by Cx46 truncated in its C-terminus 

(Cx46CT; C218 present, C283 and C321 absent) resemble those of Cx46 hemichannels 

after exposure to NO (Fig 5A, upper left recording), and are not affected by GSNO [36]. 

One possibility to explain the “S-nitrosylated-like” currents and absence of response to 

GSNO is that the NO target cysteine in Cx46CT is(are) already oxidized. To test this 

hypothesis, we exposed the oocytes expressing Cx46CT to the reducing agent DTT. 

Exposure to 10 mM DTT for at least 30 min eliminated the current inactivation at high 

voltages and reduced the tail current amplitude (Fig 5A, upper middle recording). The 

current inactivation and larger amplitude of the tail current were recovered when these 

“reduced” Cx46CT hemichannels were exposed to 10 mM SNP for 30 min (Fig 5A, upper 

right recording). Under control conditions about 10% of the oocytes expressing Cx46 

present basal “oxidized-like” currents (Fig 5A, lower left recording; compare to typical 

currents in Fig. 4A). These “oxidized” Cx46 hemichannels presenting current inactivation 

and larger tail currents can be transformed to a “reduced” form displaying currents without 

inactivation and with small tail currents by treatment with DTT as described above (Fig. 



5A, lower middle). Subsequent exposure to 10 mM SNP for 30 min elicited current 

inactivation and large tail currents (Fig 5A, lower right recording). Since the response to 

reducing and oxidizing agents was observed in Cx46 and Cx46CT hemichannels, it seems 

that C283 and C321 are not the NO targets, and therefore the results point to C218.

3.4 Transmembrane C218 is a NO target in Cx46 hemichannels. 

C218 is highly-conserved in amphibians, fish, rodents and humans (Fig 5B). 

Molecular modeling of Cx46 suggests that C218 faces the membrane lipids (Fig 5C, white 

arrow), and therefore, it is possible that the hydrophobic NO solubilized in the membrane 

lipids is responsible for S-nitrosation of C218. S-nitrosation of cysteine residues in 

transmembrane domains has been observed in other systems [56]. Predictions of the most 

likely S-nitrosylated cysteines in Cx46 using the GPS-SNO software 

(http://sno.biocuckoo.org/down.php) [57] also pointed to C218. 

To confirm that C218 is the functionally important target of NO, we studied 

hemichannels formed by the Cx46-C218A mutant. As previously described [36], and also 

shown in Fig. 4A, exposure of oocytes expressing Cx46 to 1 mM GSNO yielded currents 

that displayed current inactivation at +60 mV and a small increase of tail currents (Fig 6A, 

left panels). Neither of these changes were observed when C218A hemichannels were 

exposed to 1 mM GSNO (Fig 6A, right panels). Moreover, fit of the data to a Boltzmann 

equation did not show differences in I/V relationship parameters between control and 

GSNO in C218A hemichannels (Fig 6B), as it did for the Cx46 HCs I/V relationship (Fig 

6B).

3.5 Cx46 GJC-currents are not affected by a NO donor. 

We decided to test whether the NO also affects Cx46 GJCs. Unexpectedly, when 

oocyte pairs where exposed to 10 mM SNP for 10 min we did not observe changes in GJC 

electrophysiological properties. A simple explanation would be that GJC were already 

oxidized. However, exposure of the oocyte pairs to 10 mM DTT for 10 min did not affect 

the Cx46 GJC I/V relationship (Fig. 7). These results suggest that, contrary to Cx46 

hemichannels, GJCs formed by Cx46 are not affected by the redox potential.



4 Discussion

In this work we found that lens opacity was correlated in vivo with Cx46 S-

nitrosation. In agreement with this result, lens HLE-B3 lens cells exposed to NO donors 

displayed increased hemichannel opening which was also correlated with Cx46 S-

nitrosation. Electrophysiological studies performed in Xenopus laevis oocytes, revealed that 

rat Cx46 hemichannels are sensitive to NO donors, and that a cysteine located in TM4 

(C218 in rat Cx46; equivalent to human Cx46 C212) is essential for the NO donor effects. 

The S-nitrosation effect was selective for hemichannels, since NO donors had no effect on 

Cx46 GJCs.

Cx46 is expressed mainly in the lens where its forms gap junction channels and 

hemichannels [58,59]. In lens fiber cells Cx46 hemichannels show a very low open 

probability at resting potential (-60 mV) [59,60], that is, nevertheless, sufficient to yield a 

sustained inward current that is completely blocked by 1 mM La3+ [60]. Consistent with 

this, lens fiber cells can uptake molecules such as reduced glutathione, DAPI and 

propidium through Cx46 hemichannels [59,61]. Although there are no reports on Cx 

expression and hemichannel function in HLE-B3 cells, it seems that Cx43 and Cx46 are 

present. This conclusion is based on the partial block of Etd uptake induced by DCFS by 

Gap27, a blocking peptide selective for Cx43 [62], and that Cx46 was detected in Western 

blots. Unfortunately, there are no specific pharmacological tools selective for Cx46 

hemichannels that would allow us to confirm Cx46 hemichannel function in the lens cell 

line. Overall, the available information suggests that Cx46 hemichannels are an important 

pathway for the flow of small inorganic ions and metabolites across lens fibers, and 

therefore, an increase in Cx46 hemichannel activity is expected to produce many 

alterations, including depolarization of the cell membrane, collapse of ionic gradients, 

increase in Ca2+ uptake, loss of organic metabolites, and if the increase in activity persists 

over time, eventually cell lyses. In support of this notion, Cx46 hemichannels with high 

activity induce cell apoptosis and cataracts development (reviewed by [24]). In this work, 

we showed that in a rat selenite model of cataract formation, Cx46 is likely S-nitrosylated, 

and this posttranslational modification was correlated with an increase in hemichannel 

activity and Cx46 S-nitrosation in HLE-B3 cells. At this time, we cannot distinguish 



whether Cx46 S-nitrosation causes cataract formation or is a secondary effect. However, it 

seems possible that a more oxidative redox potential (e.g. diabetes, UV exposure, 

inflammations) with elevation in NO increases Cx46 S-nitrosation and hemichannel 

activity, damaging the lens fibers, and resulting in lens opacity.

We found that chemically different NO donors induce similar changes in the 

properties of rat Cx46 hemichannels expressed in Xenopus laevis oocytes, suggesting Cx46 

S-nitrosation as a common mechanism, We previously reported that rat Cx46 has two 

cysteines in its C-terminus (C283 and C321) and one in TM4, all of which could function 

as NO sensors [36]. In this work we showed that rat Cx46 and Cx46CT are sensitive to 

NO and DTT, suggesting that the cysteines of the C-terminus are not important as NO 

sensors. In contrast, mutation of the TM4 cysteine to alanine (C218A) prevented the 

response to NO, clearly pointing to C218 as the relevant sensor of NO. This conclusion is 

consistent with the observation that human Cx46 was S-nitrosylated in response to a NO 

donor, even though it does not have cysteines in its C-terminal region. The TM4 cysteine is 

conserved, suggesting that C218 in rat Cx46 (probably C212 in the human orthologue) is 

the NO sensor.

As described under Results, ~90% of the oocytes expressing rat Cx46 show the 

typical “reduced” phenotype of hemichannel currents characterized by the absence of 

outward current inactivation at high voltages, smaller tail currents and response to the NO 

donors. The remaining ~10% of the oocytes show an “oxidized or partially-oxidized” 

phenotype with outward current inactivation, larger tail currents, slight or lack of response 

to NO donors and consistent response to DTT. Therefore, when Cx46 hemichannels (and 

possibly hemichannels formed by other Cx isoforms) are studied, care should be exercised 

in the evaluation of the redox status as a potentially-important modulatory factor. 

Interestingly, the phenotype of the Cx46CT hemichannel currents resembles that of 

oxidized Cx46 hemichannels. One possibility to explain this observation is that removal of 

the C-terminal domain induces structural changes in TM4 that promote C218 oxidation. 

Most inhibitors and physiologic modulators are not selective, but a few display 

selectivity between GJCs and hemichannels. Among the latter there are some peptide 

analogs and aminoglycosides [61,62], which seem to affect only or mostly hemichannels. 



Although we do not know the molecular bases for the difference, our data show that NO 

does not affect GJCs formed by rat Cx46 in Xenopus oocytes.

Considering previous observations and the results presented here, we propose that 

Cx46 S-nitrosation could be an important factor in cataracts development due to increased 

hemichannel opening and/or changes in electrophysiological properties induced by the S-

nitrosation of a cysteine located at the TM4.
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Figure 1. Schematic representation of Cx46 and Cx46 mutants. The diagram shows the 

approximate location of Cx46 cysteine residues (filled circles). Cx46: wild-type rat Cx46; 

Cx46CT: Cx46 with truncation of the C-terminal region at position 239; Cx46-C218A: 

mutant in which cysteine at position 218 (C218) was changed to Ala. All Cxs displayed 

have 6 cysteines in the extracellular loops. 

Figure 2. Cx46 S-nitrosation may be associated with cataracts in an animal model. 

Male Sprague-Dawley rats received a single subcutaneous injection of sodium selenite (1 

mg/Kg) or vehicle (saline solution 0.9% NaCl). Ten days post-injection lenses were 

extracted and their transparency was analyzed. (A) Representative images of lenses from 

rats under control condition (left) or injected with sodium selenite (right) (n=6 animals per 

condition) (B) Immunofluorescence analysis of Cx46 (green) and S-nitrosylated proteins 

(red) in the lenses showed in A. The merged images are also shown.

Figure 3. NO donors increase hemichannel activity and Cx46 S-nitrosation in HLE-B3 

cells. (A) Effects of exposure to 500 M SNP (n=5), 500 M GSNO (n=5) or 500 M 

SNAP (n=3) on Etd uptake in HLE-B3 cells. Cells were grown in glass coverslips to 70-

80% confluence and the rate of Etd (10 M) uptake was measured in time lapse 

experiments for 20 min. Data were normalized to the rate of Etd uptake under control 

conditions (dotted line; presence of Ca2+ and Mg2+ and absence of drugs). For comparison, 

the maximal rate of Etd uptake through hemichannels was determined in divalent cation-

free solution (DCFS). (B) Concentration dependence of the effect of exposure to SNP for 

20 min (n=10 per condition). (C) Inhibition of the effect of SNP by three Cx hemichannel 

blockers, La3+ (200 M), CORM-2 (10 M) and Gap27 (200 M) (n=3 per inhibitor). As 

negative control a stock solution of SNP (500 mM) was placed at 37ºC overnight, in the 

next day was tested the effect of this NO depleted SNP (gray bar, n=5). (D) S-nitrosation of 

Cx46. Representative immunoprecipitations (IPs) were analyzed by Western blotting for 

the presence of Cx46 (WB Cx46) or S-nitrosation (WB S-NO). Top membranes: IP from 

experiments using beads coupled to anti-Cx46 antibody (IP Cx46) probed for the presence 

of Cx46 (left, IP Cx46/WB Cx46) and S-nitrosation (right, IP Cx46/WB S-NO). Bottom 

membranes: IP from experiments on lysates from cells treated with SNP using beads 



without (-) or with conjugated antibody (+). The membrane on the left was probed for the 

presence of S-nitrosation (IP Cx46/WB S-NO) and that on the right for the presence of 

Cx46 (IP S-NO/WB Cx46). Data in panels A-C correspond to means ± SEM, *, ** and *** 

indicate p<0.05, p<0.01 and p<0.001, respectively.

Figure 4. Nitric oxide donors change the electrophysiological properties of Cx46 

hemichannels. Typical examples of whole cell current records from Xenopus laevis 

oocytes expressing Cx46. Hemichannel currents were obtained under control conditions 

(ND96 solution in the absence of drugs) (A), and after 30 min exposure to 1 mM SNAP 

(B), SIN-1 (C) or SNP (D). Oocytes were clamped to -60 mV, and for 15 s from -60 mV to 

+60 mV, in 10-mV steps. At the end of each pulse, the membrane potential was returned to 

-60 mV for 10 s.

Figure 5. Cx46CT is sensitive to changes of redox potential. (A) Representative whole 

cell hemichannel current records from oocytes expressing Cx46CT or Cx46 under control 

conditions (ND96 in the absence of drugs), after exposure to 10 mM DTT for 30 min, and 

after subsequent exposure to 1 mM SNP for 30 min. (B) Comparison of Cx46 C-Terminal 

sequences from different species. Note that only the cysteine equivalent to rat C218 is 

present in all of them. (C) Molecular simulation of Cx46 suggests that C218 (arrows) faces 

the membrane lipids.

Figure 6. C218 confers NO sensitivity to rat Cx46 hemichannels. (A) Representative 

hemichannel currents from Xenopus oocytes expressing Cx46 or a mutant lacking C218 

(C218A). Records obtained under control conditions (n=23) or in presence of the NO donor 

GSNO (1 mM for 20 min, n=27). (B) I/V relationship for Cx46 and the C218A mutant 

under control conditions and after exposure to GSNO. Data were normalized to the 

maximum current measured at +60 mV and then fitted using a Boltzmann equation. Each 

point represents the mean ± SEM, and *** indicates p<0.001 vs. control.

Figure 7. NO does not affect Cx46 GJCs. Two Xenopus oocytes expressing Cx46 were 

pared overnight and then the cell-to-cell currents were measured under control conditions 



(filled circles), and after exposure to 10 mM DTT (grey circles) or 10 mM SNAP (open 

circles) for 10 min (n=17 for each condition). The data were fitted with a Boltzmann 

equation.
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Under normal conditions, connexin (Cx) hemichannels have a low open probability, 

which can increase under pathological conditions. Since hemichannels are permeable to 

relatively large molecules, their exacerbated activity has been linked to cell damage. Cx46 

is highly expressed in the lens and its mutations have been associated to cataract formation, 

but it is unknown whether Cx46 has a role in non-genetic cataract formation (i.e. aging and 

diabetes). Nitric oxide (NO) is a key element in non-genetic cataract formation and Cx46 

hemichannels have been shown to be sensitive to NO. The molecular mechanisms of the 

effects of NO on Cx46 are unknown, but are likely to result from Cx46 S-nitrosation (also 

known as S-nitrosylation). In this work, we found that lens opacity was correlated with 

Cx46 S-nitrosation in an animal model of cataract. Accordingly, with this result, a NO 

donor increased Cx46 S-nitrosation and hemichannel opening in HLE-B3 cells (cell line 

derived from human lens epithelial cells). Mutagenesis studies point to the cysteine located 

in the fourth transmembrane helix (TM4; human C212, rat C218) as the NO sensor. Thus, 

electrophysiological studies performed in Xenopus oocytes, revealed that rat Cx46 

hemichannels are sensitive to different NO donors, and that the presence of C218 is 

necessary to observe the NO donors’ effects. Unexpectedly, gap junctions formed by Cx46 

were insensitive to NO or the reducing agent dithiothreitol. We propose that increased 

hemichannel opening and/or changes in their electrophysiological properties due to S-

nitrosation of the human Cx46 cysteine in TM4 could be an important factor in cataract 

formation.

1. Introduction



Connexins (Cxs) have four transmembrane helices (TMs), two extracellular loops, 

one intracellular loop, and both N- and C-termini regions on the cytoplasmic side (Fig. 1). 

Twenty genes have been associated to the expression of different Cx isoforms in 

mammalian cells [1]. Cxs oligomerize as hexamers to form hemichannels or connexons, 

which under physiological conditions have a low open probability [2]. However, under 

such conditions, they still allow fluxes of signaling molecules (e.g. ATP and glutamate) 

between the intra- and extracellular spaces [3–6]. Due to their importance in cellular 

communication [7,8], hemichannel opening/closing is controlled by diverse mechanisms 

including phosphorylation [9,10], changes of redox potential [11–13], plasma membrane 

depolarization [14–16], extracellular Ca2+ concentration [17–19] and unsaturated fatty 

acids [20,21], among others [22,23]. 

The eye lens is a transparent structure critical for normal vision. Its main function is 

to refract light, focusing images onto the retina. Cx43, Cx46 and Cx50 are the only Cxs 

expressed in the lens [24]. It has been reported that cataracts (lens clouding) occur when 

Cx46 is absent (e.g. knockout mice) or its function is impaired by mutations [24–27]. Nitric 

oxide (NO) has an important role in non-genetic cataract development in humans and 

animal models [28–30]; it is known that increased NO levels in the aqueous humor and/or 

in the lens due to aging, traumatic events [31,32], diabetes [33] and hypertension [34] are 

closely correlated to cataract formation. The mechanism by which NO participate in the 

cataract formation is not completely understood, but a role of Cx46 hemichannels is 

possible since the NO donor S-nitrosoglutathione (GSNO) modulates Cx46 hemichannel´s 

electrophysiological properties and permeability to large molecules, likely through S-

nitrosation of at least one of its transmembrane/intracellular cysteine(s) [11].

It is unknown whether or not S-nitrosation of Cx46 occurs in vivo and whether this 

modification is associated with cataract formation. Here, we: 1) determined whether Cx46 

is S-nitrosylated in response to oxidative stress in an animal model of cataract, 2) 

determined whether NO affects hemichannel activity in human epithelial lens cells (HLE-

B3 cells), and 3) identified the functional target of S-nitrosation in Cx46. We found that 

lens opacity was correlated with Cx46 S-nitrosation in a rat model of selenite-induced 

cataracts. Consistent with this observation, NO donors increased hemichannel opening and 



Cx46 S-nitrosation of a cysteine at position 212 (C212) in HLE-B3 cells. In 

electrophysiological studies performed in Xenopus laevis oocytes, NO donors caused rat 

Cx46 hemichannel current inactivation and gain in amplitude of the tail current, effects that 

were absent in hemichannels formed by a mutant where cysteine at position 218 (C218) (rat 

equivalent of human C212) was replaced with alanine. We propose S-nitrosation of the 

cysteine at the TM4 of Cx46 as an important factor for the development of cataracts 

because of increased hemichannel opening, and/or changes in hemichannel 

electrophysiological properties.

2. Methods

2.1 Ethical approval: All procedures involving animals were approved by Universidad 

Andres Bello Bioethical Committees. All procedures were conducted by personal trained 

to work with animals following local rules for animal care and in accordance to NHI 

guidelines.

2.2 Chemicals: Fluoromount-G was purchased from Electron Microscopy Science (Ft. 

Washington, PA, USA). Dithiothreitol (DTT) and sodium selenite were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). SNAP (S-nitroso-N-acetylpenicillamine) and SIN-1 

(3-morpholinosydnonimine) were obtained from Cayman Chemical (Ann Arbor, MI, 

USA), and SNP (sodium nitroprusside) and GSNO (S-nitrosoglutathione) were obtained 

from Merck (Darmstadt, Germany). The mouse monoclonal anti-S-nitrosocysteine antibody 

was obtained from Abcam (San Francisco, CA, USA), and the rabbit polyclonal anti-Cx46 

antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For 

immunoprecipitation (IP) the Dynabeads Antibody Coupling kit (Life Technologies, 

Norway) was used.

2.3 Plasmid engineering: cDNA of rat Cx46 was obtained from Dr. Lisa Ebihara (Finch 

University of Health Sciences, Chicago, IL, USA) as plasmid pSP64T-Cx46 [35]. Fig. 1 

shows the relative position of each cysteine in wild type Cx46 and the Cx46 cysteine 

mutants employed in these studies. C218A was generated by replacing the TGT codon with 

GCT using site-directed mutagenesis (Quick Change Multisite Site-Directed Mutagenesis 



kit, Stratagene, La Jolla, CA, USA). The truncation of the C-terminal domain (Cx46CT, 

truncated after Gly 239) was described previously [36].

2.4 Selenite-induced cataract: We used male Sprague-Dawley rats, following the protocol 

described by Li and colleagues [37], but using rats weighting 100-150 g. Animals from the 

selenite-induced cataract group received a single subcutaneous injection of sodium selenite 

(1 mg/Kg) dissolved in physiological saline solution (0.9% NaCl). Animals from the 

control group received a single injection of physiological saline solution. Ten days post-

injection the rats were anesthetized by a subcutaneous injection of a 60.6 mg/kg ketamine, 

0.6 mg/kg xilazine and 6.67 mg/kg acepromacine. Lenses were then extracted from the eye 

and the animals were euthanized with an overdose of anesthetics.

2.5 Confocal microscopy analysis: Immediately after extraction, the rat lenses were 

photographed using a stereomicroscope. The lenses were then embedded in OCT, frozen in 

liquid nitrogen and stored at -80°C. Sagittal cryostat sections (10-μm thick) were prepared 

and then fixed by incubation with 4% paraformaldehyde for 20 min at room temperature, 

washed three times with PBS and stored at 4°C. A blocking solution containing 1% IgG-

free BSA, 50 mM NH4Cl and 0.05% Triton X-100 in PBS was used for permeabilization 

and for blocking non-specific reactive sites. Cx46 and S-nitrosylated proteins were detected 

with a rabbit polyclonal anti-Cx46 and mouse monoclonal anti-S-nitrosocyteine antibodies, 

respectively. These primary antibodies were diluted in blocking solution and used for 

incubation with the samples overnight. After washing with PBS, the samples were 

incubated with Cy2-conjugated goat anti-rabbit (1:300) IgGF(ab´) fragments and Cy3-

conjugated anti-mouse IgGF(ab´) fragments for 45 min at room temperature. Images were 

examined on a confocal laser-scanning microscope (Zeiss Spectral Confocal Microscope, 

LSM780, Toronto, Ontario, CA). Images of 0.2-μm optical thickness were acquired for 

analysis with the Zen 2011 Carl Zeiss image analysis software. 

2.6 Cell culture: The human lens epithelial cell line HLE-B3 was obtained from ATCC 

(Rockville, MD, USA) and cultured in 60-mm-diameter dishes at 37°C and 5% CO2 in 

DMEM supplemented with 20% fetal bovine serum (FBS, GIBCO, Invitrogen) with 100 



U/ml penicillin and 100 μg/ml streptomycin sulfate (Nunc, Roskilde, Denmark). For 

dissociation of attached cells for sub-culturing we used 0.05% trypsin-EDTA. 

2.7 Dye uptake. Hemichannel activity was evaluated through the uptake of ethidium (Etd) 

(charge = +2, MW = 394) at a final concentration of 10 M. HLE-B3 were grown in glass 

coverslips and the day of experiments a single coverslip was transferred to a 30-mm plastic 

dish and washed twice with recording solution of the following composition (in mM): 140 

NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 glucose, and 10 HEPES, pH = 7.4. Changes in Etd 

fluorescence intensity were evaluated in images taken every 20 s during a 20 min period, 

using an inverted microscope (Eclipse Ti-U, Nikon). To induce hemichannel opening, cells 

were incubated in nominally divalent cation-free solution (DCFS; recording solution above, 

but without CaCl2 and MgCl2). NIS elements advanced research software (version 4.0, 

Nikon) was used for data acquisition and image analysis. The fluorescence intensity of 16 

cells per experiment was averaged and plotted against time, and the slope of the linear rate 

of fluorescence increase, calculated with GraphPad Prism software version 5, was used as 

an indicator of the rate of Etd uptake.

2.8 Cx46 Immunoprecipitation (IP): Primary antibodies were attached to magnetic beads 

following the instruction of the manufacturer (Dynabeads kit, ThemoFisher #14311D). 

Briefly, 1 mg of magnetic beads were mixed with 10 g of primary antibody and incubated 

in a roller mixer at 37ºC for 24 h. Next day, the mixture was washed three times with the 

kit’s washing buffer. The anti-Cx46 attached to magnetics beads was resuspended in 100 l 

of kit’s buffer SB, and stored at 4ºC. Between each washing procedure, the magnetics 

beads were precipitated with a small magnet.

HLE-B3 cells were grown in 90 mm plastic dishes (NunClone) to 90% confluence. 

Then, the cells were exposed to 500 M sodium nitroprusside (SNP) for 20 min at 37ºC, 

followed by harvesting and sonication in 1 ml PBS with protease inhibitors (cOmplete 

mini, Roche). Then, 50 l of anti-Cx46 or anti-S-NO attached to magnetic beads was added 

to the cells´ suspension and placed at 4ºC overnight under constant agitation, to avoid beads 

agglomeration. After that, the suspension was placed over a magnet and the collected 

magnetics beads were washed with 1 ml of PBS three times. After the final wash the 



magnetic beads were pelleted with the magnet, the supernatant was discharged, and 50 l 

of PBS plus 100 mM glycine pH 2.0 was added to release the Cx46 bound to the antibody. 

The sample was mixed for 1 min, the tube was placed over the magnet, and the supernatant 

was collected in a tube containing 50 l of 1 M HEPES, pH 7.0. The presence of Cx46 and 

S-nitrosylated proteins was examined by Western blot analysis.

2.9 Western blots: IP samples were resuspended in Laemli’s sample buffer, separated on 

12% 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 for ~60 min with TBS containing 5% nonfat milk and 0.05% Tween-20 

buffer. Membranes were then incubated with primary polyclonal anti-Cx46 (1:1000) or 

anti-S-NO (1:100) antibodies overnight at 4°C. Prmary antibodies were diluted in TBS with 

5% nonfat milk and 1% Tween-20 buffer. Next day, the membranes were washed five 

times with TBS containing 1% Tween-20. The membranes were then incubated with 

secondary antibody conjugated to horseradish peroxidase (1:2000 in TBS containing 5% 

nonfat milk and 0.1% Tween-20), and finally, immunoreactivity was detected on a Blot-

scanner (C-Digit, Licor) for ECL using the SuperSignal kit (Pierce, Rockford, IL) 

according to the manufacturer´s instructions.

2.10 cRNA preparation and injection into Xenopus laevis oocytes: Xenopus oocytes 

were obtained from female frogs (n=6) anesthetized in a solution of tricaine 

methanesulfonate as described [38]. Eggs were placed in a 15-ml tube containing OR2 

solution (82 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES/NaOH, 

pH 7.4) plus 1% collagenase for 1-2 h at room temperature, followed by three washes with 

OR2 solution and two washes with Bart´s solution (88 mM NaCl, 1 mM KCl, 5 mM CaCl2, 

0.8 mM MgCl2, and 10 mM HEPES/NaOH, pH 7.4). Eggs were finally placed in a 90-mm 

plastic dish in Bart´s solution. The rat´s cDNAs from Cx46, Cx46CT and C218A used as 

templates were linearized with Sal I (New England Biolabs, Ipswich, MA, USA), and the 

cRNA was prepared using the SP6-mMessage Machine kit (Ambion, Austin, TX, USA) 

and stored at -20°C. Oocytes were injected with 12.5 ng of antisense Cx38 oligonucleotide 

alone or in combination with 25 ng of cRNA coding for Cx46 or Cx46 mutants. After 



cRNA injection, the oocytes were maintained in Barth´s solution supplemented with 0.1 

mg/ml gentamycin and 20 units/ml of penicillin-streptomycin each for 24-48 h to allow for 

a good level of Cx expression.

2.11 Electrophysiological recordings: Whole-cell hemichannel currents were measured as 

described elsewhere [36]. Briefly, oocytes were placed in a 1-ml recording chamber and 

superfused with ND96 solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, and 5 mM 

HEPES/NaOH, pH 7.4) at room temperature. We used the pClamp 10/Digidata 1440A A/D 

Board (Molecular Devices, Foster City, CA, USA) for data acquisition and analysis. 

Currents were measured following 15-s rectangular voltage pulses ranging from -50 mV to 

+60 mV, in 10-mV steps, with a holding potential of -60 mV and 10-s intervals between 

pulses. Oocytes were incubated with NO donors (GSNO, SIN-1, SNAP and SNP), then 

washed twice with 2 ml of ND96 and placed in the recording chamber. Oocytes incubated 

in 10 mM DTT were washed with 2 ml of ND96 before recordings. All recordings and 

incubations were performed at room temperature.

Currents through GJCs were measured in paired oocytes. Both cells were clamped 

at -40 mV, and gap junctional currents were measured after changing the cell-membrane 

voltage of one cell to values between -140 and +60 mV (20 mV steps, 15-s intervals 

between pulses), while holding constant the voltage of the other cell (used as reference). To 

evaluate the effects of NO donor, 500 l of NO donor was prepared in ND96 to a final 

concentration of 1 mM and carefully added to the 4.5-ml recording chamber. Recordings 

were performed after 20 min of incubation with the NO donor. 

2.12 Cx46 molecular modeling: A Cx46 homology model was built using ICM [39] based 

on the structure of Cx26 (PDB ID: 2ZW3) [40]. The homology model of Cx46 was 

validated using RAMACHANDRAN plot [41], RMSD values [42] and HOLE calculation 

[43]. The homology model was embedded into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) bilayer in a periodic boundary condition box (124 × 123 

× 129 Å) with pre-equilibrated TIP3P water molecules [44]. The system was ionized with 

30 mM CaCl2. The initial configuration of the system was first optimized using energy 

minimization followed by a molecular dynamics (MD) simulation at 310 K for 10 ns. The 



MD simulations were done in an isobaric-isothermal ensemble using harmonic restraints of 

1 kcal/mol applied to the protein backbone atoms. During the first 3.8 ns the harmonic 

restraints were decreased trough cycles from 1 to 0.5 kcal/mol. For the rest of the MD 

simulations the restraints of 0.5 kcal/mol to Cx46 backbone atoms were maintained. All 

MD simulations were performed using the NAMD program [45] and CHARMM force 

field. 

2.13 Statistics: Results are expressed as means ± SEM, and “n” refers to the number of 

independent experiments. For statistical analysis, each treatment was compared to its 

respective control, and significance was determined using a one-way ANOVA or paired 

Student’s t tests, as appropriate. Differences were considered significant at P < 0.05.

3. Results

3.1 Cx46 is S-nitrosylated in an animal model of cataract. 

Cx46 is mainly expressed in the lens [46] and mutations in the Cx46 gene that 

induce changes in the properties of both hemichannels and gap junction channels have 

been correlated with cataract formation [46]. On the other hand, Cx46 hemichannel 

oxidation by NO leads to changes in hemichannel properties in vitro [36]. However, it is 

unknown if S-nitrosation of Cx46 occurs in vivo and whether it is associated with cataract 

formation. To address this issue, we evaluated whether Cx46 is S-nitrosylated in a selenite-

induced cataract model [47,48]. Adult rats were exposed to sodium selenite for 10 days and 

their lens transparency was studied. Under control conditions (rats injected with saline 

solution), the lenses were transparent (Fig. 2A, left panel), whereas in rats injected with 

selenite, the lenses presented extensive opaque zones (Fig. 2A, right panel). To determine 

Cx46 S-nitrosation we used antibodies that detect S-nitrosylated proteins and rat Cx46. 

Under control conditions, a green immunofluorescence corresponding to Cx46 was 

detected, with no signal from S-nitrosylated proteins (Fig. 2B, Control). No evident 

changes in intensity and distribution of the Cx46 signal were observed after 10 days of 

exposure to selenite, but a clear signal indicating the presence of S-nitrosylated proteins 

was detected (Fig. 2B, Selenite). Co-localization of Cx46 and S-nitrosation was observed 

(Fig. 2B, Selenite), suggesting that in this cataract model Cx46 is S-nitrosylated. 



3.2 NO increases hemichannel opening and Cx46 S-nitrosation in HLE-B3 cells. 

Since Cx46 hemichannel properties are affected by NO [12,36] and the protein may 

be  S-nitrosylated in a rat model of cataracts (see above), we determined whether NO 

donors alter permeation through hemichannels in a cell line derived from human lens 

epithelial cells (HLE-B3 cells). Under control conditions (recording solution containing 

Ca2+ and Mg2+) the basal rate of Etd uptake was very slow (dotted line), but it increased 1.6 

± 0.1 times in extracellular media nominally-free of Ca2+ and Mg2+ (DCFS) (Fig, 3A). This 

result suggests that HLE-B3 cells do have functional hemichannels at their plasma 

membrane, as it is well known that removal of divalent cations from the extracellular 

solution increases Cx hemichannel open probability [18,49]. Next, we evaluated the effects 

of the NO donors SNAP, SNP and GSNO on the rate of Etd uptake in the presence of Ca2+ 

and Mg2+. SNP (1.44 ± 0.12 times) and GSNO (1.29 ± 0.17 times) increased the rate of Etd 

uptake, whereas SNAP had no significant effect (1.07 ± 0.18 times) (Fig, 3A). Since SNP 

elicited the largest increase, we performed a dose-response analysis (0-500 M) of its 

effect. The increase at 50 M SNP (1.38 ± 0.09 times) was not different from that measured 

at 500 M SNP (1.44 ± 0.04 times) (Fig, 3B). When HLE-B3 cells were co-exposed to 500 

M SNP and hemichannel inhibitors (200 M La3+, 10 M CORM-2 [50] or 200 M 

Gap27) the rate of dye uptake was reduced significantly when compared to the effect of 

SNP alone. In the presence of La3+, CORM-2 or Gap27 the rates of dye uptake were 1.11 ± 

0.05, 1.24 ± 0.07 and 1.22 ± 0.07 times compared to control, respectively (Fig 3C). SNP 

releases both NO and cyanide [51]. Given that NO is a gas, the SNP solution over time will 

be depleted of NO, because its fast degradation rate in saline solution (t50=~60 min) [52], 

but will still include cyanide and other metabolites. Cyanide is known to inhibit the cellular 

metabolism [53], a condition that could induce Cx43 hemichannel opening [54]. Hence, to 

ensure that hemichannel opening does not take place when NO is depleted (negative 

control), a stock solution of SNP (500 mM) was left at 37ºC for 48 h and non-protected 

from light in order to remove all the NO but leave all the other metabolites in solution 

including cyanide. Then HLE cells were exposed to a 500 µM SNP solution obtained from 

the NO-depleted stock solution. There was a large reduction of the rate of dye uptake in the 

HLE cells exposed to NO-depleted SNP, to a level of uptake below control conditions (0.78 



± 0.16 times). This suggests that cyanide does not induce hemichannel opening in HLE 

cells and/or that other metabolites released by SNP, can induce a massive hemichannel 

closing.   All these results suggest that a major fraction of the increase in Etd uptake elicited 

by SNP occurs through Cx hemichannels.

Then, we studied whether SNP induces Cx46 S-nitrosation in HLE-B3 cells. Cells 

with or without exposure to SNP were lysed and analyzed by IP using an anti-Cx46 

antibody attached to magnetic beads, with detection by Western blots using anti-SNO 

antibody. An anti-SNO immunoreactive band at ~50 kDa was very faint under control 

conditions but was clearly apparent in the sample from SNP-treated cells (Fig 3D, upper 

blots, right panel). Detection of Cx46 in the same samples indicated that the increase in “S-

nitrosation” signal was not due to changes in the amount of Cx46 in the IP sample (Fig 3D, 

upper blots, input). These observations were confirmed by comparing IP data from beads 

without and with primary antibody attached on lysates of cells treated with SNP. When 

magnetic beads without anti-Cx46 were used for IP, no bands were observed in the Western 

blot probed with anti-SNO. In contrast, two evident bands of ~28 and 50 kDa were detected 

when magnetic beads coupled to anti-Cx46 antibody were used (Fig 3D, lower panels, left 

blot). When the IP was performed using anti-SNO antibody coupled to magnetic beads, 

Western blots probed with anti-Cx46 antibody also revealed two immunoreactive bands of 

~28 and 50 kDa (Fig 3D, lower panels, right blot). The ~50-kDa band corresponds to full-

length Cx46. Considering that the anti-Cx46 antibody is directed to the C-terminal region, 

the ~28-kDa band could be a proteolytic product that contains the C-terminal region and 

TM4, or result from alternative translation from an internal starting codon. In this context, 

an alternative use of a starting codon can produce a ~20-kDa version of Cx43 [55]. We 

were able to identify the equivalent AUG codon in rat and human Cx46, and translation 

from that site will result in a peptide of ~24 kDa, very similar to the ~28-kDa band in the IP 

experiments of Fig. 3D. These results show that exposure to NO in human lens cells 

produces S-nitrosation of Cx46 and increases hemichannel activity.

3.3 Cx46 C-terminus is not necessary for the effect of NO. 

We have shown that Cx46 hemichannels properties are affected by GSNO [36] and 

that Cx46 is S-nitrosylated both in vitro and in vivo (see above). However, the domains and 



residues that are S-nitrosylated and account for the NO donor effects have not been 

identified. To address that gap in knowledge we determined whether NO donors change the 

electrophysiological properties of recombinant Cx46 hemichannels expressed in frog 

oocytes by means of two-electrode voltage clamp recordings. Under normal conditions, 

Cx46 hemichannels show a small tail current and no current inactivation at high positive 

voltages (Fig. 4A). After 30-min exposure to 1 mM GSNO, Cx46 hemichannels currents 

displayed increased tail current and current inactivation at voltages ranging from +50 to 

+60 mV (Fig. 4B). These results are very similar to those observed previously by our group 

[36], and to those elicited by 30-min exposure to 1 mM SNAP (Fig. 4C) or 1 mM SNP 

(Fig. 4D). Since NO affects Cx46 in human lens cells and Xenopus laevis oocytes, it seems 

that the effect of NO on Cx46 hemichannels is independent on the model used, and likely 

the result of a direct effect on Cx46.

In our previous work we observed that the replacement of cysteine residues 218, 

283 and 321 with Ala (Cx46C3A) prevented the effects of GSNO on Cx46 hemichannels 

[36]. These data strongly suggest that one or more of these cysteines is/are responsible for 

sensing the changes in redox potential produced by NO. It is interesting to note that under 

control conditions hemichannel currents formed by Cx46 truncated in its C-terminus 

(Cx46CT; C218 present, C283 and C321 absent) resemble those of Cx46 hemichannels 

after exposure to NO (Fig 5A, upper left recording), and are not affected by GSNO [36]. 

One possibility to explain the “S-nitrosylated-like” currents and absence of response to 

GSNO is that the NO target cysteine in Cx46CT is(are) already oxidized. To test this 

hypothesis, we exposed the oocytes expressing Cx46CT to the reducing agent DTT. 

Exposure to 10 mM DTT for at least 30 min eliminated the current inactivation at high 

voltages and reduced the tail current amplitude (Fig 5A, upper middle recording). The 

current inactivation and larger amplitude of the tail current were recovered when these 

“reduced” Cx46CT hemichannels were exposed to 10 mM SNP for 30 min (Fig 5A, upper 

right recording). Under control conditions about 10% of the oocytes expressing Cx46 

present basal “oxidized-like” currents (Fig 5A, lower left recording; compare to typical 

currents in Fig. 4A). These “oxidized” Cx46 hemichannels presenting current inactivation 

and larger tail currents can be transformed to a “reduced” form displaying currents without 

inactivation and with small tail currents by treatment with DTT as described above (Fig. 



5A, lower middle). Subsequent exposure to 10 mM SNP for 30 min elicited current 

inactivation and large tail currents (Fig 5A, lower right recording). Since the response to 

reducing and oxidizing agents was observed in Cx46 and Cx46CT hemichannels, it seems 

that C283 and C321 are not the NO targets, and therefore the results point to C218.

3.4 Transmembrane C218 is a NO target in Cx46 hemichannels. 

C218 is highly-conserved in amphibians, fish, rodents and humans (Fig 5B). 

Molecular modeling of Cx46 suggests that C218 faces the membrane lipids (Fig 5C, white 

arrow), and therefore, it is possible that the hydrophobic NO solubilized in the membrane 

lipids is responsible for S-nitrosation of C218. S-nitrosation of cysteine residues in 

transmembrane domains has been observed in other systems [56]. Predictions of the most 

likely S-nitrosylated cysteines in Cx46 using the GPS-SNO software 

(http://sno.biocuckoo.org/down.php) [57] also pointed to C218. 

To confirm that C218 is the functionally important target of NO, we studied 

hemichannels formed by the Cx46-C218A mutant. As previously described [36], and also 

shown in Fig. 4A, exposure of oocytes expressing Cx46 to 1 mM GSNO yielded currents 

that displayed current inactivation at +60 mV and a small increase of tail currents (Fig 6A, 

left panels). Neither of these changes were observed when C218A hemichannels were 

exposed to 1 mM GSNO (Fig 6A, right panels). Moreover, fit of the data to a Boltzmann 

equation did not show differences in I/V relationship parameters between control and 

GSNO in C218A hemichannels (Fig 6B), as it did for the Cx46 HCs I/V relationship (Fig 

6B).

3.5 Cx46 GJC-currents are not affected by a NO donor. 

We decided to test whether the NO also affects Cx46 GJCs. Unexpectedly, when 

oocyte pairs where exposed to 10 mM SNP for 10 min we did not observe changes in GJC 

electrophysiological properties. A simple explanation would be that GJC were already 

oxidized. However, exposure of the oocyte pairs to 10 mM DTT for 10 min did not affect 

the Cx46 GJC I/V relationship (Fig. 7). These results suggest that, contrary to Cx46 

hemichannels, GJCs formed by Cx46 are not affected by the redox potential.



4 Discussion

In this work we found that lens opacity was correlated in vivo with Cx46 S-

nitrosation. In agreement with this result, lens HLE-B3 lens cells exposed to NO donors 

displayed increased hemichannel opening which was also correlated with Cx46 S-

nitrosation. Electrophysiological studies performed in Xenopus laevis oocytes, revealed that 

rat Cx46 hemichannels are sensitive to NO donors, and that a cysteine located in TM4 

(C218 in rat Cx46; equivalent to human Cx46 C212) is essential for the NO donor effects. 

The S-nitrosation effect was selective for hemichannels, since NO donors had no effect on 

Cx46 GJCs.

Cx46 is expressed mainly in the lens where its forms gap junction channels and 

hemichannels [58,59]. In lens fiber cells Cx46 hemichannels show a very low open 

probability at resting potential (-60 mV) [59,60], that is, nevertheless, sufficient to yield a 

sustained inward current that is completely blocked by 1 mM La3+ [60]. Consistent with 

this, lens fiber cells can uptake molecules such as reduced glutathione, DAPI and 

propidium through Cx46 hemichannels [59,61]. Although there are no reports on Cx 

expression and hemichannel function in HLE-B3 cells, it seems that Cx43 and Cx46 are 

present. This conclusion is based on the partial block of Etd uptake induced by DCFS by 

Gap27, a blocking peptide selective for Cx43 [62], and that Cx46 was detected in Western 

blots. Unfortunately, there are no specific pharmacological tools selective for Cx46 

hemichannels that would allow us to confirm Cx46 hemichannel function in the lens cell 

line. Overall, the available information suggests that Cx46 hemichannels are an important 

pathway for the flow of small inorganic ions and metabolites across lens fibers, and 

therefore, an increase in Cx46 hemichannel activity is expected to produce many 

alterations, including depolarization of the cell membrane, collapse of ionic gradients, 

increase in Ca2+ uptake, loss of organic metabolites, and if the increase in activity persists 

over time, eventually cell lyses. In support of this notion, Cx46 hemichannels with high 

activity induce cell apoptosis and cataracts development (reviewed by [24]). In this work, 

we showed that in a rat selenite model of cataract formation, Cx46 is likely S-nitrosylated, 

and this posttranslational modification was correlated with an increase in hemichannel 

activity and Cx46 S-nitrosation in HLE-B3 cells. At this time, we cannot distinguish 



whether Cx46 S-nitrosation causes cataract formation or is a secondary effect. However, it 

seems possible that a more oxidative redox potential (e.g. diabetes, UV exposure, 

inflammations) with elevation in NO increases Cx46 S-nitrosation and hemichannel 

activity, damaging the lens fibers, and resulting in lens opacity.

We found that chemically different NO donors induce similar changes in the 

properties of rat Cx46 hemichannels expressed in Xenopus laevis oocytes, suggesting Cx46 

S-nitrosation as a common mechanism, We previously reported that rat Cx46 has two 

cysteines in its C-terminus (C283 and C321) and one in TM4, all of which could function 

as NO sensors [36]. In this work we showed that rat Cx46 and Cx46CT are sensitive to 

NO and DTT, suggesting that the cysteines of the C-terminus are not important as NO 

sensors. In contrast, mutation of the TM4 cysteine to alanine (C218A) prevented the 

response to NO, clearly pointing to C218 as the relevant sensor of NO. This conclusion is 

consistent with the observation that human Cx46 was S-nitrosylated in response to a NO 

donor, even though it does not have cysteines in its C-terminal region. The TM4 cysteine is 

conserved, suggesting that C218 in rat Cx46 (probably C212 in the human orthologue) is 

the NO sensor.

As described under Results, ~90% of the oocytes expressing rat Cx46 show the 

typical “reduced” phenotype of hemichannel currents characterized by the absence of 

outward current inactivation at high voltages, smaller tail currents and response to the NO 

donors. The remaining ~10% of the oocytes show an “oxidized or partially-oxidized” 

phenotype with outward current inactivation, larger tail currents, slight or lack of response 

to NO donors and consistent response to DTT. Therefore, when Cx46 hemichannels (and 

possibly hemichannels formed by other Cx isoforms) are studied, care should be exercised 

in the evaluation of the redox status as a potentially-important modulatory factor. 

Interestingly, the phenotype of the Cx46CT hemichannel currents resembles that of 

oxidized Cx46 hemichannels. One possibility to explain this observation is that removal of 

the C-terminal domain induces structural changes in TM4 that promote C218 oxidation. 

Most inhibitors and physiologic modulators are not selective, but a few display 

selectivity between GJCs and hemichannels. Among the latter there are some peptide 

analogs and aminoglycosides [61,62], which seem to affect only or mostly hemichannels. 



Although we do not know the molecular bases for the difference, our data show that NO 

does not affect GJCs formed by rat Cx46 in Xenopus oocytes.

Considering previous observations and the results presented here, we propose that 

Cx46 S-nitrosation could be an important factor in cataracts development due to increased 

hemichannel opening and/or changes in electrophysiological properties induced by the S-

nitrosation of a cysteine located at the TM4.
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7 Figure Legends.



Figure 1. Schematic representation of Cx46 and Cx46 mutants. The diagram shows the 

approximate location of Cx46 cysteine residues (filled circles). Cx46: wild-type rat Cx46; 

Cx46CT: Cx46 with truncation of the C-terminal region at position 239; Cx46-C218A: 

mutant in which cysteine at position 218 (C218) was changed to Ala. All Cxs displayed 

have 6 cysteines in the extracellular loops. 

Figure 2. Cx46 S-nitrosation may be associated with cataracts in an animal model. 

Male Sprague-Dawley rats received a single subcutaneous injection of sodium selenite (1 

mg/Kg) or vehicle (saline solution 0.9% NaCl). Ten days post-injection lenses were 

extracted and their transparency was analyzed. (A) Representative images of lenses from 

rats under control condition (left) or injected with sodium selenite (right) (n=6 animals per 

condition) (B) Immunofluorescence analysis of Cx46 (green) and S-nitrosylated proteins 

(red) in the lenses showed in A. The merged images are also shown.

Figure 3. NO donors increase hemichannel activity and Cx46 S-nitrosation in HLE-B3 

cells. (A) Effects of exposure to 500 M SNP (n=5), 500 M GSNO (n=5) or 500 M 

SNAP (n=3) on Etd uptake in HLE-B3 cells. Cells were grown in glass coverslips to 70-

80% confluence and the rate of Etd (10 M) uptake was measured in time lapse 

experiments for 20 min. Data were normalized to the rate of Etd uptake under control 

conditions (dotted line; presence of Ca2+ and Mg2+ and absence of drugs). For comparison, 

the maximal rate of Etd uptake through hemichannels was determined in divalent cation-

free solution (DCFS). (B) Concentration dependence of the effect of exposure to SNP for 

20 min (n=10 per condition). (C) Inhibition of the effect of SNP by three Cx hemichannel 

blockers, La3+ (200 M), CORM-2 (10 M) and Gap27 (200 M) (n=3 per inhibitor). As 

negative control a stock solution of SNP (500 mM) was placed at 37ºC overnight, in the 

next day was tested the effect of this NO depleted SNP (gray bar, n=5). (D) S-nitrosation of 

Cx46. Representative immunoprecipitations (IPs) were analyzed by Western blotting for 

the presence of Cx46 (WB Cx46) or S-nitrosation (WB S-NO). Top membranes: IP from 

experiments using beads coupled to anti-Cx46 antibody (IP Cx46) probed for the presence 

of Cx46 (left, IP Cx46/WB Cx46) and S-nitrosation (right, IP Cx46/WB S-NO). Bottom 

membranes: IP from experiments on lysates from cells treated with SNP using beads 



without (-) or with conjugated antibody (+). The membrane on the left was probed for the 

presence of S-nitrosation (IP Cx46/WB S-NO) and that on the right for the presence of 

Cx46 (IP S-NO/WB Cx46). Data in panels A-C correspond to means ± SEM, *, ** and *** 

indicate p<0.05, p<0.01 and p<0.001, respectively.

Figure 4. Nitric oxide donors change the electrophysiological properties of Cx46 

hemichannels. Typical examples of whole cell current records from Xenopus laevis 

oocytes expressing Cx46. Hemichannel currents were obtained under control conditions 

(ND96 solution in the absence of drugs) (A), and after 30 min exposure to 1 mM SNAP 

(B), SIN-1 (C) or SNP (D). Oocytes were clamped to -60 mV, and for 15 s from -60 mV to 

+60 mV, in 10-mV steps. At the end of each pulse, the membrane potential was returned to 

-60 mV for 10 s.

Figure 5. Cx46CT is sensitive to changes of redox potential. (A) Representative whole 

cell hemichannel current records from oocytes expressing Cx46CT or Cx46 under control 

conditions (ND96 in the absence of drugs), after exposure to 10 mM DTT for 30 min, and 

after subsequent exposure to 1 mM SNP for 30 min. (B) Comparison of Cx46 C-Terminal 

sequences from different species. Note that only the cysteine equivalent to rat C218 is 

present in all of them. (C) Molecular simulation of Cx46 suggests that C218 (arrows) faces 

the membrane lipids.

Figure 6. C218 confers NO sensitivity to rat Cx46 hemichannels. (A) Representative 

hemichannel currents from Xenopus oocytes expressing Cx46 or a mutant lacking C218 

(C218A). Records obtained under control conditions (n=23) or in presence of the NO donor 

GSNO (1 mM for 20 min, n=27). (B) I/V relationship for Cx46 and the C218A mutant 

under control conditions and after exposure to GSNO. Data were normalized to the 

maximum current measured at +60 mV and then fitted using a Boltzmann equation. Each 

point represents the mean ± SEM, and *** indicates p<0.001 vs. control.

Figure 7. NO does not affect Cx46 GJCs. Two Xenopus oocytes expressing Cx46 were 

pared overnight and then the cell-to-cell currents were measured under control conditions 



(filled circles), and after exposure to 10 mM DTT (grey circles) or 10 mM SNAP (open 

circles) for 10 min (n=17 for each condition). The data were fitted with a Boltzmann 

equation.
















