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Abstract
Failure to control oxidative stress is closely related to aging and to a diverse range of human diseases.
We have reported that protein kinase C γ (PKCγ) acts as a primary oxidative stress sensor in the lens.
PKCγ has a Zn-finger C1B stress switch domain, residues 101-150. Mutation, H101Y, in the C1B
domain of PKCγ proteins causes a failure of the PKCγ oxidative stress response (Lin and Takemoto
(2005) J. Biol. Chem. 280:13682-13693). Some human neurodegenerative spinocerebellar ataxia
type 14 are caused by mutations in the PKCγ C1B domain. In the current study we have investigated
the effects of these mutations on lens epithelial cell responses to oxidative stress. Results demonstrate
that PKCγ C1B mutants had lower basal enzyme activities and were not activated by H2O2.
Furthermore, the PKCγ mutations caused a failure of endogenous wild type PKCγ to be activated by
H2O2. These PKCγ mutations abolished the effect of H2O2 on phosphorylation of Cx43 and Cx50
by H2O2—activation of PKCγ. The cells with PKCγ C1B mutations had more Cx43 and/or Cx50
gap junction plaques which were not decreased by H2O2. Since open gap junctions could have a
bystander effect this could cause apoptosis to occur. H2O2 (100 μM, 3 h) activated a caspase-3
apoptotic pathway in the lens epithelial cells but was more severe in cells expressing PKCγ mutations.
The presence of 18α-glycyrrhetinic acid (AGA), an inhibitor of gap junctions, decreased Cx43 and
Cx50 protein levels and gap junction plaque number. This reduction in gap junctions by AGA resulted
in inhibition of H2O2-induced apoptosis. Our results demonstrate that there is a dominant negative
effect of PKCγ C1B mutations on endogenous PKCγ which results in loss of control of gap junctions.
Modeled structures suggest that the severity of C1B mutation effects may be related to extent of loss
of C1B structure. Mutations in the C1B domain of PKCγ result in increased apoptosis in lens epithelial
cells. This can be prevented by a gap junction inhibitor. Thus, propagation of apoptosis from cell-
to-cell in lens epithelial cells may be through open gap junctions. The control of gap junctions requires
PKCγ.
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Introduction
Gap junctions are hydrophilic channels and/or hemichannels that allow the passage of small
molecules including necessary metabolites, second messengers, ions, and cell death signals
from cell to cell (Thompson et al., 2006). Propagation or amplification of cell death signals
through open gap junctions results in cell apoptosis (Cusato et al., 2003; Lin et al., 1998;
Neijssen et al., 2005). Lens epithelial cells express gap junction proteins, Cx43 and Cx50, while
lens fiber cells express Cx50 and Cx46. Fiber cell gap junctions provide a pathway to maintain
lens homeostasis through circulating fluxes, and disruption of this gap junctional cell-to-cell
communication pathway causes cataractogenesis (Goodenough et al., 1996). We have
previously determined that gap junctions, Cx43 and Cx50, are the major targets of activated
PKCγ in the lens epithelial cells in culture and in the whole lens (Lin and Takemoto, 2005;
Lin et al., 2003a & b, 2004; Zampighi et al., 2005). Loss of control of gap junctions by
PKCγ, ie., no PKCγ phosphorylation of Cx50 in PKCγ knockout lenses, causes PKCγ knockout
lenses to be more susceptible to oxidative stress-induced cataracts in the mouse (Lin et al.,
2006). Inhibition of gap junctions prevents cell death (Farahani et al., 2005; de Pina-Benabou
et al., 2005; Krysko et al., 2005). It is apparent that control of gap junctions is essential for lens
cell survival.

PKCγ is primarily found in the central and peripheral nervous systems (Shutoh et al., 2003).
It is also found in the eye tissues including retina and lens epithelium and cortex (Correia et
al., 2003; Saleh et al., 2001). PKCγ consists of C1 and C2 regulatory domains and C3 and C4
catalytic domains. The C1 domain contains two tandem repeat, Cys-rich subdomains, C1A and
C1B. The C1 domain is a diacylglycerol (DAG) binding domain, while calcium binds to the
C2 domain. Unlike other conventional PKC's, the C1B subdomain of the PKCγ protein is
always exposed and calcium is not required for activation of this enzyme (Ananthanarayanan
et al., 2003; Lin et al., 2003a). We have demonstrated that the PKCγ C1B subdomain is oxidized
when cells are treated with H2O2 which results in formation of disulfide bonds and activation
of the enzyme. This occurs without an elevation in cellular DAG levels. The activated PKCγ
phosphorylates Cx43 on Ser368 and this causes disassembly of gap junction plaques and
inhibition of gap junction dye transfer activity (Lin and Takemoto, 2005). PKCγ acts as an
oxidative stress sensor to prevent the lens from oxidative damage through proper control of
gap junctions. It has been reported recently that missense mutations in PKCγ cause the
dominant spinocerebellar ataxia type 14 (SCA14), a neurodegenerative disorder with onset age
as early as three years (Chen et al., 2003, 005; van de Warrenburg et al., 2003; Stevanin et al.,
2004; Yabe et al., 2003, Verbeek et al., 2005; Seki et al., 2005; Alonso et al., 2005; Klebe et
al., 2005; Vlak et al., 2006; Fahey et al., 2005). Most of the PKCγ SCA14 mutations occur in
the C1B subdomain. Since this is a newly identified neuronal disorder, long term follow-up
study is necessary to uncover what PKCγ SCA14 mutations do to cataractogenesis. We
previously observed that the PKCγ H101Y mutant is not activated by oxidative stress, e.g.
H2O2 (Lin and Takemoto, 2005). But its effect on gap junctions and cell survival remains
unclear.

In this paper we study the structure/function effects of three PKCγ C1B mutations on PKCγ
enzyme activity, lens gap junction control, and on the induction of apoptosis in N/N1003A
lens epithelial cells. This cell line expresses Cx43, Cx50, and PKCγ. These all mutants are
expressed against a background of endogenous wild type PKCγ. This is because humans with
SCA14 are heterozygous. Thus, this more correctly models the human disease. We demonstrate
that cells with PKCγ C1B mutants lacked control of Cx43 and Cx50 gap junctions when
exposed to H2O2 and this caused cells to be more susceptible to H2O2 -induced, caspase-3-
dependent cell apoptosis.
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Materials and Methods
Materials

Antibodies against active caspase-3, PKCγ, connexin 43 (Cx43), and GFP were purchased
from BD Biosciences (Palo Alto, CA). Rabbit polyclonal PKCγ phospho T514 antibody was
purchased from Abcam (Cambridge, MA). Caspase-3 colorimetric assay kit, polyclonal rabbit
anti-phosphoserine, and anti-phospho-S368-Cx43 were purchased from Chemicon (Temicula,
CA). Protein A/G PLUS-agarose beads were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-mouse or anti-rabbit IgG conjugated with HRP, EcoRI, KpnI, and PepTag
non-radioactive protein kinase C assay system were purchased from Promega (Madison, WI).
Mouse anti-α-tubulin and anti-connexin 50 were purchased from Zymed Laboratories (South
San Francisco, CA). Geneticin (G418), Dulbecco's Modified Eagle Medium (DMEM) (low
glucose, or high glucose), trypsin-EDTA, gentamicin, penicillin/streptomycin, and
lipofectamine 2000 were purchased from Invitrogen Life Technologies (Carlsbad, CA).
Dimethyl sulfoxide (DMSO), dithiothreitol (DTT), H2O2, sodium fluoride (NaF), calcium
chloride (CaCl2) and Takara Ex Taq DNA polymerase, Delta T dishes were purchased from
Fisher Scientific (Pittsburgh, PA). Fetal bovine serum was purchased from Atlanta Biologicals
(Norcross, GA). Phenylmethanesulfonyl fluoride (PMSF), 18α-glycyrrhetinic acid (AGA), and
protease inhibitor cocktail were from Sigma (St Louis, MO). Protein molecular weight marker
was purchased from Bio-Rad Laboratories (Hercules, CA). QuikChange site-directed
mutagenesis kits were purchased from Stratagene (La Jolla, CA). Alexa fluor 568 goat anti-
mouse IgM, Alexa fluor 568 goat anti-mouse IgG (H+L), Alexa fluor 568 goat anti-rabbit IgG
(H+L) and SlowFade antifade were purchased from Molecular Probes (Eugene, OR). Plasmid
DNA purification kits were purchased from Qiagen (Valencia, CA).

Cell cultures
The rabbit lens epithelial cells N/N1003A were cultured in low glucose DMEM supplemented
with 10 % fetal bovine serum and 50 μg/ml gentamicin, 0.05 unit/ml penicillin, 50 μg/ml
streptomycin, pH 7.4 at 37°C in an atmosphere of 95 % air and 5 % CO2.

PKCγ C1B mutation plasmid construction, transfection, and fluorescent confocal
microscopy

Rat PKCγ:EGFP plasmid DNA (in pEGFP-N3 vector) was used as a template. SCA14
mutations have been constructed by PCR using a site-directed, QuikChange mutagenesis kit.
Briefly, the two oligonucleotide primer pairs containing the desired mutations (see below for
detailed sequences), each complementary to opposite strands of the PKCγ:EGFP vector, were
extended during PCR cycling. Incorporation of the oligonucleotide primers generated a
mutated plasmid containing staggered nicks. The products were digested with Dpn I to remove
the parental DNA templates, and mutation-containing synthesized plasmid DNA was
transformed into XL1-Blue competent cells which were further selected on LB+kanamycin
plates. In all cases construct sequences were verified by sequencing. Forward primer sequences
are shown below with highlighted mutation nucleotides.

H101Y: 5' -C GAC CCT CGC AAC AAG TAC AAG TTC CGT CTG CAC AGC- 3'

S119P: 5'-C TTC TGC GAC CAC TGT GGT CCC CTC CTC TAC GGG CGC A-3'

G128D: 5'-C TAC GGG CTG GTG CAC CAG GAC ATG AAA TGT TCC TGT TGC
GAA-3'

Plasmid DNA transient transfection into N/N1003A cells was performed by Lipofectamine
2000 transfection reagent according to manufacturer's protocol. Briefly, 60-80 % confluent N/
N1003A cells seeded in 6-well plates were incubated with plasmid DNA-Lipofectamine™

2000 complexes (1μg DNA to 2.5 μL Lipofectamine™ 2000 in 125 μL serum-free DMEM) in
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a regular CO2 incubator for 24 hours. Expression of plasmid DNA was confirmed by Western
blotting and by confocal microscopy to monitor the GFP fluorescence and plasma membrane
translocation of GFP fusion proteins. The efficiency of the transient transfection as measured
by GFP-confocal microscopy was between 25-35 %. Transiently-transfected N/N1003A cells
were selected in DMEM (low glucose) supplemented with 500 μg/mL geneticin (G418) for at
least 6 weeks to establish the stable transfection lines with greater than 95 % transfection
efficiency.

Western blot and immunoprecipitation
Cells were collected and lysed on ice with cell lysis buffer followed by homogenization and
sonication. The cell lysis buffer contained 20 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.5 mM
EGTA, 0.5 % Triton X-100, 0.1 % protease inhibitor cocktail, 5 mM NaF, and 2 mM PMSF.
After centrifugation at 12,000 × g for 20 min, the supernatants were collected and used as
whole cell extracts. Western blotting, immunoprecipitation, and Western blot band
digitalization were carried out as described previously (Lin and Takemoto, 2005).

PKCγenzyme activity assay
Specific PKCγ activity was analyzed by use of the PepTag assay kit as described (Lin and
Takemoto, 2005). Equal protein amounts of whole cell extracts were immunoprecipitated with
PKCγ antisera at 4 °C for 4 h. Immunoprecipitated PKCγ/agarose bead complexes were
recovered and incubated with PKC reaction mixture (25 μL) according to the manufacturer's
instructions. The reactions were stopped by heating at 95 °C for 10 min and fluorescent
phospho-PepTag peptides (phosphorylated by PKCγ) were resolved by 0.8 % agarose gel
electrophoresis and visualized under UV light. The phosphorylated peptide bands were excised
and their fluorescence intensities were quantified by spectrophotometry at 570 nm. The enzyme
activity was normalized by calibration of the relative level of phosphorylated substrates to the
relative amount of PKCγ:EGFP or wild type PKCγ + PKCγ:EGFP in the immunoprecipitation
as determined by Western blotting, and was expressed as % of nontreated specific PKCγ
activity. Exogenous rat PKCγ proteins fused with EGFP tag have similar enzymatic activity
compared to endogenous rabbit PKCγ enzymes in N/N1003A cells as shown previously (Lin
et al., 2003b).

Measurement of cell surface Cx43 or Cx50 gap junction plaques
Stably transfected N/N1003A cells, with or without 18α-glycyrrhetinic acid (AGA, 200 μM,
3 h) (28), were treated with 100 μM H2O2 for 20 min. Determination of endogenous Cx43 or
Cx50 gap junctions was performed as described previously (Lin and Takemoto, 2005). Briefly,
the cells were fixed with 2.5 % paraformaldehyde for 5 min and labeled with anti-Cx43 or
Cx50 for 2 h at room temperature. After washing, the fixed cells were incubated with the
secondary antisera which were attached to a fluorochrome and had specific excitation and
emission wavelength. The cells were then mounted on slides and examined using a Nikon
scanning confocal microscope. We photographed ten points per slide, three slides for each
treatment, and examples are shown. For quantitation, the cell surface Cx43 or Cx50 gap
junctions from single cells in single sections in each image were counted. The number of gap
junction plaques (larger than 1 μm in length) was expressed as mean ± SEM. Values of p ≤
0.05 were considered to be statistically significant (*).

Caspase-3 colorimetric assay
H2O2-activation of caspase-3 in stably transfected N/N1003A cells was determined by
caspase-3 colorimetric assay. Cells with or without 100 μM H2O2 treatments were lysed and
the whole cell extracts were used for caspase-3 assay following the protocol provided by the
manufacturer. Caspase-3 activity is expressed as the percentages of that in the untreated wild
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type PKCγ stably transfected cells shown as mean ± SEM. Values of p ≤ 0.05 were considered
to be statistically significant (*).

To examine the effect of gap junction inhibition on H2O2-activation of caspase-3, cells were
pre-incubated with 200 μM AGA for 30 min, then additionally with 100 μM H2O2 for 3 h co-
incubation. Cellular caspase-3 activity was measured. AGA is a gap junction inhibitor which
can also prevents the synthesis of Cx43 (El-Sabban et al., 2003). Cellular Cx43 and/or Cx50
protein levels were determined by Western blotting.

C1B domain modeling
Structural models of three PKCγ C1B mutants were generated via homology modeling. The
target structures were predicted via alignment to a set of the C1B domain of PKCγ for which
experimental structural characterization was available. Using the computational informatics
software SYBYL 7.0, three single amino acid mutate monomer processes were performed on
the PDB file (1TBN) of the C1B domain of PKCγ attained from RCSB Protein Data Bank.
After the mutation, a standard side chain torsion scan was administered for all rotateable side
chains to minimize Van der Waals contacts. A dynamic simulation was ran to allow the chain
to overcome low kinetic barriers and to cover a wider section of conformational space followed
by an energy minimization (Tripos force field ) on the modified sequence using SYBYL
biopolymer modeling program from Tripos Inc. (St. Louis, MO, USA and
http://www.tripos.com). Lastly, a subset energy minimization was performed to adjust the
geometry of the protein and to find the lowest total energy. Analysis of the peptide secondary
structure and surface characteristics was carried out on the resulting structures via SYBYL 7.0.
The figures were created using MolMol 2K.2- a molecular graphics program (Institute for
Molecular Biology and Biophysics, ETH, Zurich, Switzerland)

Statistical analysis
All analyses represent at least triplicate experiments. The statistical analysis employed in this
paper is the Student's t-test. The level of significance (*) was considered at p ≤ 0.05. All data
are mean ± SEM.

Results
Modeled structures of the C1B mutants

We chose three mutations in the PKCγ C1B domain (Fig. 1A) to test the structure/function
relationship of the PKCγ C1B domain. The predicted three-dimensional structure of PKCγ
mutants (H101Y, S119P, and G128D) were modeled based on the secondary structure of
PKCγ C1 domain for which NMR experimental structural characterization was available (Xu
et. al., 1997). WT displays a short helix (V142-V146) and five β-strands (H101-S107, T112-
C114, S119-L121, G128-C131, and M136-H139). The three-dimensional structure models of
H101Y and G128D reveal conformational changes in the zinc-finger region (H101, C131,
C134, and C150 for site 1 and H139, C114, C117, and C142 for site 2). These findings are in
agreement with our previous report showing altered DAG/phorbol ester activation character
in the PKCγ H101Y mutant (Lin and Takemoto, 2005). However, the modeled structure of the
S119P mutant shows loosening of the global fold and overall conformational changes in the
C1B domain structure, indicating disruption of the C1B Zn-finger stress switch and a collapse
in the DAG/Phorbol ester binding loop (S110, T112, F113, L121, Y122, and G123). This is in
contrast to previous models which did not confirm C1B folding changes for this mutant (Chen
et al. 2003)
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PKCγ C1B mutants are not activated by H2O2 and prevent activation of endogenous wild type
PKCγ by H2O2

C1B mutants and endogenous wild type PKCγ (WT) were analyzed by PKCγ enzyme activity
assays and autophosphorylation of PKCγ on Thr514. The results demonstrated that PKCγ
H101Y enzyme had a similar basal enzyme activity level and was much less activated by
H2O2 as that of wild type PKCγ, but PKCγ S119P and G128D had lower basal enzyme activities
and were not activated by H2O2, compared to the wild type PKCγ (Fig. 2A). We also measured
total PKCγ enzyme activities using anti-PKCγ antibodies to immunoprecipitate both
endogenous wild type PKCγ and exogenous wild type PKCγ or C1B mutants with EGFP tags.
Western blotting results demonstrated the wild type PKCγ and mutant protein levels (Fig. 2B,
insert right), one lower band corresponding to the endogenous PKCγ and one upper band
corresponding to the PKCγ with EGFP tag at higher migration. Expression of wild type
PKCγ did not affect total PKCγ enzyme activation by H2O2 (Fig. 2B, graph, WT+WT).
However, expression of C1B mutants caused lowered basal level of PKCγ enzyme activities
and failure to be activated by H2O2 even while endogenous PKCγ levels were not changed as
shown by immunoprecipitation and Western blot (Fig. 2B, insert right), indicating that the
presence of the exogenous C1B PKCγ mutant, but not the wild type PKCγ, prevented normal
function and activation of endogenous wild type PKCγ.

Autophosphorylation of PKCγ on Thr514 is necessary for the full activation of PKCγ. We
determined the phosphorylation profiles of Thr514 in the PKCγ C1B mutants by
immunoblotting with anti-phospho-Thr514 PKCγ specific antibodies. As shown in Figure 2C,
Thr514 phosphorylation in the C1B mutants was not observed with or without H2O2. In
separate experiments, endogenous PKCγ phosphorylation on Thr514 was also determined (Fig.
2D). Transfection of EGFP only or wild type PKCγ did not alter endogenous PKCγ
autophosphorylation on Thr514 after H2O2. Expression of PKCγ H101Y mutant significantly
reduced endogenous PKCγ autophosphorylation after H2O2 (H101Y column). Expression of
PKCγ S119P or G128D mutant completely abolished the effect of H2O2 on endogenous
PKCγ autophosphorylation (S119P and G128D columns). Taken together, this suggests that
PKCγ C1B mutants, especially S119P and G128D, lack the responses to H2O2-induced
oxidative stress. Furthermore, expression of C1B mutants abolished endogenous PKCγ
responses to H2O2.

AGA decreases Cx50 levels in lens epithelial cells
To determine if AGA decreased Cx43 or Cx50 levels, Western blotting was done using α-
tubulin levels as equal loading controls. Figure 3 demonstrates that, although AGA is reported
to alter Cx43 levels (el-Sabban et al., 2003), in lens epithelial cells Cx50 protein levels were
much more decreased than that of Cx43. When N/N1003A cells were stably transfected with
PKCγ C1B mutants, no significant differences in AGA effects, among each of the mutants,
were observed (Fig. 3). This is consistent with the previous report (El-Sabban et al., 2003).

PKCγ C1B mutants do not phosphorylate Cx43 or Cx50
PKCγ catalyzed phosphorylation of Cx43 or Cx50 is shown in Fig. 4. H2O2 stimulated
PKCγ activation and subsequent phosphorylation of both Cx43 on Ser368 and Cx50 on serines
(unidentified at present) in the cells with expressed wild type PKCγ (WT). However,
phosphorylation of Cx43 or Cx50 did not occur in cells expressing C1B mutations before or
after H2O2 treatment (Fig. 4), even though endogenous wild type PKCγ is also present in these
cells. Data suggest the loss of function of endogenous wild type PKCγ and loss of control of
gap junctions in the cells expressing exogenous PKCγ C1B mutations. This suggests that
humans with SCA14 which are heterozygous for C1B mutations may also shown such a
dominant negative effect even as carriers.
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Expression of PKCγ C1B mutants cause increased Cx43 and Cx50 plaques: Disassembly
does not occur after H2O2

To test if the altered Cx phosphorylation levels altered Cx43 or Cx50 plaque formation, we
used anti-Cx43 or anti-Cx50 antibodies to immunolabel cell surface Cx43 or Cx50 gap junction
plaques in the stably transfected cells with greater than 95 % transfection efficiency. The gap
junction plaque number was graphed and sample images of Cx43 plaques are shown (Fig. 5A-
C). The experimental results showed that expression of exogenous PKCγ C1B mutations
caused significant increases in cell surface gap junction plaques (Fig. 5A and B, respectively).
H2O2 treatment significantly decreased both Cx43 and Cx50 gap junction plaque numbers in
the cells with overexpressed wild type PKCγ (WT), but not with C1B mutant PKCγ's. As a
control, pre-incubation with 200 μM AGA for 3h followed by 100 μM H2O2 for 20 min (AGA
treatment, totally 3 h 20 min) caused significant decreases in the number of Cx43 and Cx50
gap junction plaques (Fig. 5A and B, AGA+H2O2). We conclude that PKCγ C1B mutants have
a dominant negative effect on endogenous PKCγ which results in increases in cell surface gap
junction plaques, and in failure to respond to H2O2 by stress-induced decreases in gap junction
plaques. Although cell surface plaques decreased with AGA, results from Fig. 3 suggest that
Cx50 protein levels were much more decreased. Thus, Cx43 plaque reduction does not appear
to reflect a decrease in total Cx43 protein levels.

Expression of PKCγC1B mutations increased N/N1003A cell susceptibility to oxidative stress
and cell death, even when endogenous wild type PKCγ was present

To determine if PKCγ C1B mutations caused increased response to oxidative stress we
measured the activation of caspase-3 in stably transfected cells (Fig. 6). Initially caspase-3
enzyme activity was low in both untreated and stably transfected cells expressing either the
wild type PKCγ or C1B mutants. However, H2O2 induced activation of caspase-3 in a time-
dependent manner. After 3 h of H2O2 greater increases in caspase-3 enzyme activity were
observed in cells expressing C1B mutants when compared to that of the WT cells. Data indicate
that overexpression of exogenous PKCγ C1B mutants caused N/N1003A lens epithelial cells
to be more sensitive to H2O2 via a caspase-3 activation pathway.

Finally, we used AGA to confirm that the increased gap junction plaques (Fig. 5) could account
for increased cell susceptibility to H2O2-induced apoptosis. Cells were pre-incubated with 200
μM AGA for 30 min followed by addition of 100 μM H2O2 for additional 3 h (AGA treatment,
totally 3 h 30 min) and caspase-3 activation was measured. The results demonstrated that gap
junction inhibition (or decreased protein levels) by AGA prevented activation of caspase-3 in
cells with wild type PKCγ or C1B mutants (Fig. 6, far right four columns, AGA+H2O2). Thus,
AGA can lower Cx50 levels (Fig. 3) and both Cx43 and Cx50 plaque number (Fig. 5) and this
is correlated with protection from apoptosis caused by H2O2.

Discussion
We have previously demonstrated that PKCγ serves as an oxidative stress sensor through
proper control of gap junctions in the lens (Lin et al., 2003a & b, 2004; Lin and Takemoto,
2005; Zampighi et al., 2005; Lin et al., 2006). We have also observed that the PKCγ H101Y
C1B mutant is not activated by oxidative stress, e.g. H2O2 (Lin and Takemoto, 2005). In this
current study we have tested three SCA14 PKCγ mutants which have modeled structures
indicating disruption of the C1B Zn-finger stress switch. We have further provided an
additional link between PKCγ C1B domain stress switch → gap junction control → caspase
activation. Our data conclusively demonstrate that defective PKCγ C1B domains can cause 1)
dysfunction of endogenous PKCγ (i.e., a dominant effect), 2) loss of gap junction control in
lens epithelial cells, and 3) increased susceptibility to caspase-3-linked apoptosis.
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PKCγ is a unique isoform of classical PKC which has an exposed C1B domain which binds
diacylglycerol (DAG) and is oxidized to form disulfide bonds when the cells are exposed to
hydrogen peroxide or other oxidative stress (Lin and Takemoto 2005; Lin et al., 2003a;
Ananthanarayanan et al., 2003). Inactive PKCγ is always associated with 14-3-3 protein in the
cytosol by binding to the PKCγ C1B domain where most SCA14 mutations occur (Nguyen et
al., 2004). Release of 14-3-3 and oxidation within the C1B domain of the PKCγ lead to
membrane translocation and activation of PKCγ (Nguyen et al., 2004; Lin and Takemoto
2005). Structural modeling results predict that H101Y and G128D SCA14 mutations caused
Zinc-finger conformational changes (Chen et al., 2003; Xu et al., 1997, and Fig. 1). Our
predicted model of the S119P mutation also suggests a dramatically altered C1B domain
structure (Fig. 1B). We previously demonstrated the expression of exogenous wild type rat
PKCγ with full enzyme activity (Lin et al., 2003b). In this report we demonstrate that PKCγ
S119P and G128D mutations have lower basal enzyme activities when compared to the wild
type PKCγ. We further demonstrate that all three of the PKCγ C1B mutants lacked responses
to H2O2 (Fig. 2). Expression of the PKCγ C1B mutants caused a lack of oxidative stress
responses of the remaining endogenous wild type PKCγ (Fig. 2B and D). The data suggest that
C1B mutations might disrupt the association of endogenous PKCγ with other associated
proteins, such as 14-3-3 proteins, which, in turn, causes inactivation of wild type endogenous
PKCγ. This dysfunction of the endogenous PKCγ could lead to alteration of cell signaling
pathways, such as responses of gap junctions to stress.

The passage of apoptotic signals through open gap junctions is linked to oxidative stress-
induced cell death (Naus et al., 2001; Frantseva, 2002). Inhibition of gap junctions prevents
cell death (Farahani et al., 2005; de Pina-Benabou et al., 2005; Krysko et al., 2005). We, for
the first time, show that PKCγ C1B mutations have a negative effect on endogenous wild type
PKCγ. The consequence of these mutations are: 1) altered control of gap junctions as
determined by Cx43 and Cx50 phosphorylation and gap junction plaques (Fig. 4 and 5), and
2) increased caspase-3 linked apoptosis (Fig. 6). Gap junction inhibition experiments with
AGA further confirmed that PKCγ C1B domain mutations induced increased cell susceptibility
to H2O2-linked caspase-3 apoptosis through improper control of gap junctions.

Gap junction plaque formation is a dynamic process caused by multiple factors (Gaietta et al.,
2002). Gap junction plaques assemble and disassemble at a rate of about every 2-5hr (Lauf et
al., 2002; Berthoud et al., 2004; Musil et al., 2000), but little is known about what forces
disassembly during this dynamic process. We have previously shown that activation of
endogenous PKCγ results in disassembly of Cx43 and Cx50 gap junction plaques (Lin and
Takemoto 2005). We show here that overexpression of PKCγ C1B mutants results in failure
of endogenous PKCγ to respond to oxidative stress (e.g. H2O2) (Fig. 2). The dysfunction of
endogenous PKCγ caused by the mutant PKCγ prevents the dynamic process of gap junction
plaque disassembly before or after oxidative stress. This would result in increases in functional
cell surface gap junction plaques in the cells with the PKCγ C1B mutants.

Apoptotic caspase-3 activation is a common event in cell death. During ischemia or stroke,
cell death signals may pass through gap junction channels to adjacent cells (Velaquez et al.,
2003; Contreras et al., 2004; Thompson et al., 2006). This gap junction “Bystander effect”
accounts for cell death (Farahani et al., 2005). In our study, overexpression of PKCγ C1B
mutations induced cells to be more susceptible to apoptosis by H2O2 as determined by
caspase-3 activation. This effect was abolished by AGA inhibition of gap junctions. Since AGA
caused a greater decrease in Cx50 (Fig. 3), we suggest that altered Cx50 gap junctions in N/
N1003A cells contribute to passage of apoptotic cell signals to adjacent cells which, in turn,
stimulates activation of caspase-3 and causes cells to be more susceptible to oxidative stress.
Gap junction inhibition results suggest that protection of cells from oxidative stress may be
restored by lowering Cx50 gap junction levels in lens epithelial cells.
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In summary, PKCγ C1B mutants lack PKCγ stress sensing activity. Overexpression of these
mutants results in dysfunction of endogenous PKCγ, which, in turn, leads to altered control of
gap junctions by PKCγ during oxidative stress. Altered gap junctions subsequently result in
failure to be protected from further exposure to damaged signals which, in turn, causes cellular
caspase-3 activation and subsequent cell apoptosis.
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Figure 1. Domain structure of PKCγ showing C1B mutations
A. The amino acid sequence of the C1B domain is shown in the insert below. PKCγ SCA-14
missense mutations used in the current study are indicated. One of the autophosphorylation
sites Thr514 is revealed above the diagram. B. Molecular computation models of the wild type
C1B domain and the three mutations showing disruption of the C1B Zn-finger stress switch
and a collapse in the DAG/Phorbol ester binding loop (DAG) in the C1B mutants, H101Y,
S119P, and G128D.
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Figure 2. PKCγ C1B mutations alter endogenous PKCγ activity
Stably-transfected N/N1003A lens epithelial cells were treated with 100 μM H2O2 for 20 min.
After that cells were harvested. The whole cell extracts were used to immunoprecipitate either
the EGFP-tagged wild type PKCγ or C1B mutants by anti-GFP antibodies (A), or both
endogenous PKCγ and EGFP tagged PKCγ or mutants by anti-PKCγ antibodies (B). The
precipitates were used for the enzyme sources to determine enzyme activity as described. As
a loading control, total immunoprecipitated wild type PKCγ (endogenous and/or EGFP-tagged)
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or C1B mutant proteins were shown by Western blot (inserted panels). PKCγ enzyme activity
was expressed as % of the activity of untreated wild type PKCγ with GFP tags. The enzyme
activity was normalized by calibration of the relative level of phosphorylated substrates to the
relative amount of PKCγ:EGFP or wild type PKCγ + PKCγ:EGFP in the immunoprecipitation
as determined by Western blotting. * indicates significant increases in PKCγ enzyme activities
compared to levels in control cells with overexpression of wild type PKCγ only (A) or with
both endogenous and exogenous wild type PKCγ (B). Same whole cell extracts were used to
detect the phosphorylation of PKCγ on Thr514 by Western blot using anti-phospho-Thr514
PKCγ as a probe. Phospho-Thr514 PKCγ:EGFP or mutants are shown (C). Total PKCγ:EGFP
protein levels were revealed as loading controls (C, lower panel). H2O2-induced
autophosphorylation of endogenous PKCγ on Thr514 in cells overexpressing EGFP tag, wild
type PKCγ, or PKCγ C1B mutants are shown (D). Endogenous wild type PKCγ protein levels
were revealed as loading controls (D, lower panel).
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Figure 3. Decreased Cx protein levels after AGA treatment
Cells were pre-incubated with or without 200 μM AGA for 30 min followed by addition of
100 μM H2O2 for additional 3 h (total AGA treatment for 3 h 30 min). Whole cell extracts
were isolated from PKCγ or C1B mutants (EGFP-tagged). Total protein levels of Cx43 and
Cx50 are determined by Western blotting. α-tubulin is used as a loading control. The Western
blot bands were digitized and relative Cx protein levels compared to α-tubulin were graphed.
* indicates significant changes compared to levels in control cells with overexpression of wild
type PKCγ.
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Figure 4. Lack of phosphorylation of Cx43 on Ser368 or Cx50 on serines by PKCγ C1B mutants
A. Stably-transfected cells were treated with 100 μM H2O2 for 20 min. Phosphorylation of
Cx43 on Ser368 was determined by Western blot using anti-phosphoSer368 Cx43 antibodies.
α-tubulin levels were shown as controls. B. Cx50 was immunoprecipitated by anti-Cx50
antibodies. The immunoprecipitates were resolved by SDS-PAGE and immunoblotted with
anti-phospho-serines antibodies (i.e., site of phosphorylation not presently identified). Cx50
levels were shown as controls.

Lin et al. Page 16

Exp Eye Res. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lin et al. Page 17

Exp Eye Res. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. PKCγ C1B mutations cause increased Cx43 and Cx50 gap junction plaques
A. Stably-transfected cells, with or without AGA (200 μM, 3 h), were treated with 100 μM
H2O2 for 20 min. Cell surface Cx43 gap junction plaques were visualized by anti-Cx43
immunolabeling and counted and graphed (in red, ≥ 1 μm in length, white arrows indicate
representative plaques) and expressed as Cx43 plaques per cell per section. Green label
revealed the EGFP fusion proteins of the wild type PKCγ or C1B mutants. The example images
are shown in C. B. Cell surface Cx50 gap junction plaques were revealed using anti-Cx50
immunolabeling. Cx50 gap junction plaques were counted and graphed and expressed as Cx50
plaques per cell per section.
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Figure 6. PKCγ C1B mutations cause N/N1003A cells to be more susceptible to H2O2-induced
apoptosis (caspase-3 activity assay): prevention using a gap junction inhibitor
Cells were treated with 100 μM H2O2 for different time periods. Cell apoptosis was determined
by caspase-3 activity assay. In addition, cells were pre-incubated with 200 μM AGA for 30
min followed by addition of 100 μM H2O2 for additional 3 h and caspase-3 activation was
analyzed (AGA+H2O2 (3h) columns) . * indicates significant changes compared to levels in
control cells with overexpression of wild type PKCγ.
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