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Regulation of apoptotic potassium currents by coordinated
zinc-dependent signalling

Patrick T. Redman!, Karen A. Hartnett!, Mandar A. Aras!, Edwin S. Levitan® and Elias Aizenman'

Departments of ' Neurobiology and ? Pharmacology and Chemical Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA 15261, USA

Oxidant-liberated intracellular Zn>* regulates neuronal apoptosis via an exocytotic membrane
insertion of Kv2.1-encoded ion channels, resulting in an enhancement of voltage-gated K*
currents and a loss of intracellular K* that is necessary for caspase-mediated proteolysis. In
the present study we show that an N-terminal tyrosine of Kv2.1 (Y124), which is a known
target of Src kinase, is critical for the apoptotic current surge. Moreover, we demonstrate that
Y124 works in concert with a C-terminal serine (S800) target of p38 mitogen-activated protein
kinase (MAPK) to regulate Kv2.1-mediated current enhancement. While Zn?* was previously
shown to activate p38, we show here that this metal inhibits cytoplasmic protein tyrosine
phosphatase & (Cyt-PTPe), which specifically targets Y124. Importantly, a point mutation of
Y124 to a non-phosphorylatable residue or over-expression of Cyt-PTPe protects cells from
injury. Kv2.1-encoded channels thus regulate neuronal survival by providing a converging input
for two Zn**-dependent signal transduction cascades.
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Abbreviations CHO, Chinese hamster ovary; Cyt-PTPe, cytoplasmic protein tyrosine phosphatase &;
DTDP, 2,2-dithiodipyridine; MAPK, mitogen activated protein kinase; PP2, 4-amino-5-(4-chlorophenyl)-7-
(t-butyl)pyrazolo[3,4-d]pyrimidine; PP3, 4-amino-7-phenylpyrazol[3,4-d]pyrimidine; SNARE, N-ethylmaleimide-
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sensitive factor attachment protein receptor; TPEN, N,N,N,N -tetrakis (2-pyridalmethyl) ethylenediamine.

K* efflux mediated by a surge of voltage-gated
K" channel activity is a necessary component of
neuronal apoptosis (Yu, 2003) upstream of caspase
activation (McLaughlin ef al. 2001). This current
enhancement leads to reduced cytoplasmic K*
concentrations, producing a permissive pro-apoptotic
environment as the catalytic activity of both caspases
and apoptotic nucleases increases at low ionic strength
(Hughes & Cidlowski, 1999). This effect is significant
because inhibiting Kt efflux effectively attenuates
apoptotic neuronal cell death (Yu et al. 1997; Aizenman
et al. 2000b; McLaughlin ef al. 2001; Bossy-Wetzel et al.
2004).

Kv2.1, a delayed rectifying potassium channel
(Murakoshi & Trimmer, 1999; Malin & Nerbonne, 2002),
is responsible for the apoptotic Kt current surge in rat
cortical neurons (Pal ef al. 2003). Indeed, we previously
showed that dominant negative constructs of Kv2.1 block
the K™ current enhancement in addition to providing
neuroprotection against apoptotic insults (Pal et al. 2003).
Furthermore, Kv2.1 expression in cells that express no
endogenous voltage-gated K™ channels, such as CHO cells
(Yu & Kerchner, 1998), is sufficient for the induction of
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apoptosis following what would normally be a sub-lethal
exposure to apoptogens (Pal ef al. 2003). Following an
oxidative insult, the liberation of intracellular Zn** from
metal binding proteins (Aizenman et al. 2000a) facilitates
the generation of signalling reactive oxygen species (Sensi
&Jeng, 2004; Zhang et al. 2004) leading to the activation of
P38 MAPK via the upstream apoptosis signalling kinase
1 (ASK-1) (McLaughlin et al. 2001; Aras & Aizenman,
2005). The subsequent enhancement of K currents
following Zn*"-dependent p38 activation is mediated by
the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE)-dependent exocytotic plasma
membrane insertion of new Kv2.l-encoded channels,
rather than an alteration in the properties of existing
membrane resident channels (Pal et al. 2003, 2006;
Redman et al. 2007). Our group recently demonstrated
that the Kv2.1-mediated current enhancement necessary
to complete the apoptotic program in cortical neurons
requires the direct phosphorylation of intracellular
C-terminal residue serine 800 (S800) by p38 MAPK
(Redman et al. 2007).

Kv2.1-mediated K* currents are also enhanced during
non-injurious conditions through direct phosphorylation
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of intracellular N-terminal residue tyrosine 124 (Y124) by
Src kinase (Tiran et al. 2003, 2006). Since an elevation
of cytoplasmic Zn*", a process directly linked to cell
injury (Weiss et al. 2000), can also activate Src (Wu
et al. 2002; Huang et al. 2008) in addition to p38 MAPK
(McLaughlin et al. 2001), we sought to investigate the
requirement of converging Src and p38 (Redman et al.
2007) signalling on the apoptotic Kv2.1 current surge and
neuronal viability. We hypothesized that Zn**-dependent
modulation of both intracellular termini may contribute
to the apoptotic Kt current surge, as an interaction
between these domains is required for normal channel
surface delivery (Mohapatra et al. 2008). In addition,
exocytotic SNARE proteins physically associate with both
N- and C-terminals (MacDonald et al. 2002; Leung et al.
2003; Tsuk et al. 2005; Lvov et al. 2008), and SNARE
cleavage effectively abolishes channel surface delivery
during apoptosis (Pal et al. 2006). Results presented here
demonstrate that Y124 on Kv2.1 is a critical residue for
the apoptotic surge of K* currents. In addition, both Y124
and S800 work in concert to influence cell viability via K™
current enhancement in a Zn**-dependent fashion.

Methods
Plasmids and site-directed mutagenesis

Kv2.1 was the gift of . Trimmer (UC Davis); Kv2.1(Y124F),
Cyt-PTPe and Cyt-PTPe(D245A) were obtained from A.
Elson (Weizmann Institute, Rehovot, Israel). Mutagenesis
was performed using QuickChange XL (Stratagene, La
Jolla, CA, USA) and confirmed by sequencing. Primers
containing the desired mutations were from Integrated
DNA Technologies (Coralville, IA, USA). Enhanced green
fluorescent protein (pCMVIE-eGFP; Clontech, Palo Alto,
CA, USA) was used for the visual identification of
positively transfected cells. Of note, we found that
the Y124D mutation of Kv2.1 did not mimic the
phosphorylated state at this site (results not shown).

Tissue culture and transfection

Chinese hamster ovary (CHO) cells were plated at
5.6 x 10* cells per well on coverslips in 24-well plates
24 h prior to transfection. Cells were treated for 4h
in serum-free medium (F12 nutrient medium with
10 mMm Hepes) with a total of 1.2 ul Lipofectamine
(Invitrogen, Carlsbad, CA, USA) and 0.28 ug DNA per
well. Following transfection, cells were maintained in F12
medium containing fetal bovine serum (FBS) for 24 h
prior to recordings. Cortical neurons were prepared from
embryonic day 16 rat embryos and grown in 6-well plates
according to McLaughlin et al. (2001). To generate these
cultures, one animal was generally killed per week by CO,
inhalation in accordance with The University of Pittsburgh
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Institutional Animal Care and Use Committee and the
policies and regulations outlined in ‘Reporting ethical
matters in The Journal of Physiology: standards and advice’
(Drummond, 2009). Neurons (18-22 days in vitro) were
transfected using Lipofectamine 2000 (Invitrogen; Ohki
et al. 2001). Cells were then maintained at 37°C, 5% CO,
for 24-48 h before drug treatment procedures and toxicity
assays.

Drug treatments

The apoptotic stimulus for the -electrophysiological
experiments in CHO cells consisted of a 5min
treatment with 30 uM of the thiol oxidant apoptogen
2,2’-dithiodipyridine (DTDP) at 37°C, 5% CO,.
DTDP induces cell death by promoting the liberation
of intracellular Zn?>* (Aizenman et al. 2000b). The
DTDP-containing solution was then removed and
replaced with fresh F12 medium containing 10 um
1-3-boc-aspartyl (Ome)-fluoromethyl-ketone (BAF),
a broad-spectrum cysteine protease inhibitor. BAF
was necessary to maintain cells viable for electro-
physiological recordings since Kv2.1-expressing cells
are highly susceptible to DTDP-induced apoptosis
(Pal et al. 2003). Electrophysiological recordings were
performed approximately 3 h following oxidative injury,
a time point where the current surge is well-established
(McLaughlin et al. 2001). The apoptotic stimulus for
the electrophysiological experiments in cortical neurons
consisted of a 10 min treatment with either 30 or
60 um DTDP at 37°C, 5% CO,. The DTDP-containing
solution was then removed and replaced with conditioned
growth medium containing 10 um BAE For the Src
inhibition experiments, either 10uM 4-amino-5-
(4-chlorophenyl)-7-(¢-butyl)pyrazolo[3,4-d]pyrimidine
(PP2) or 10 uM of the inactive structural analogue
4-amino-7-phenylpyrazol[3,4-d]pyrimidine (PP3) were
included in the treatment solution and post-treatment
medium.

Electrophysiological measurements

Current recordings were performed on GFP-positive
CHO cells and cortical neurons using the whole-cell
patch-clamp configuration technique (McLaughlin et al.
2001). Ninety seven per cent of GFP-positive CHO cells
co-transfected with Kv2.1 had measurable K™ currents
(data not shown), while 90% of GFP-positive neurons
are known to express co-transfected plasmids (Santos
& Aizenman, 2002). The intracellular electrode solution
contained (in mm): 100 potassium gluconate, 10 KCI,
1 MgCl,, 1 CaCl,-2H,0, 10 Hepes; pH adjusted to 7.2
with concentrated KOH; 0.22 mM ATP was added and the
osmolarity was adjusted to 280 mosmol 1! with sucrose.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



J Physiol 587.18

The extracellular solution contained (in mm): 115 NaCl,
2.5 KCl, 2.0 MgCl,, 10 Hepes, 0.1 BAPTA, 10 p-glucose,
0.1 tetrodotoxin; pH was adjusted to 7.2. Measurements
were obtained under voltage-clamp conditions with an
Axopatch 1-D amplifier (Axon Instruments, Foster City,
CA, USA) and pCLAMP software (Axon instruments)
using 2-3 M electrodes. Series resistance was partially
compensated (80%) in all cases. Currents were filtered
at 2 kHz and digitized at 10 kHz. Potassium currents
were evoked with incremental 10 mV voltage steps to
+80 mV from a holding potential of —80 mV. Steady-state
current amplitudes were measured at 180 ms after the
initiation of the —80 mV to +10 mV step and normalized
to cell capacitance. CHO cells ranged in capacitance from
approximately 4 to 12 pF, while neurons had capacitance
values ranging from approximately 8 to 30 pF. Differences
in neuronal basal current densities may be attributable to
changes in culture conditions over time. For example, the
measurements shown in Figs 2 and 6 were obtained nearly
ayear apart. It is possible that cells that have elevated basal
currents have adapted to some other condition within
the culture, such as increased activity (Aizenman et al.
2003; Pratt & Aizenman, 2007). Regardless, all cells show
a relative increase in amplitude following an apoptotic
stimulus. All data are expressed as mean % s.E.M. and
statistical analyses were performed using InStat software
(GraphPad, San Diego, CA, USA).

Neuronal zinc imaging

Wide-field Zn?*t fluorescent measurements were
performed on neurons loaded with the Zn?* indicator
FluoZin-3 AM (30 min; 5uM prepared in buffered
solution containing 144 mMm NaCl, 3mm KCI, 10 mm
Hepes, 5.5 mM glucose, 5 mg ml~! bovine serum albumin;
pH 7.3). The culture-containing glass coverslips were
transferred to a recording chamber (Warner, Hamden,
CT, USA) mounted on an inverted epifluorescence
microscope superfused with phenol red-free MEM,
supplemented with 25 mM Hepes and 0.01% BSA. Images
were acquired by exciting the fluorescent dye with 490 nm
light every 10s for 10 min using a computer-controlled
monochromator (Polychrome II, TILL photonics,
Martinsried, Germany) and CCD camera (Imago, TILL
photonics). Following acquisition of baseline metal
levels (for approximately 100s), neurons were exposed
to DTDP (30 or 60 uM, 500s). DTDP-induced Zn>*
fluorescence was then quenched by exposing cells to the
membrane-permeant Zn?* chelator N,N,N’,N’-tetrakis
(2-pyridalmethyl) ethylenediamine (TPEN, 20 um,
200's). The magnitude of the Zn** signal for all neuronal
cell bodies in a single field (n=10-25 neurons) was
determined by subtracting the fluorescence signal after
TPEN perfusion from the maximal DTDP-induced
signal (A Frppn). With this method, larger A Fypgy values
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correspond to higher amounts of free intracellular Zn**
liberated by DTDP (Knoch et al. 2008).

Cell-free phosphatase assay

FLAG-Cyt-PTPe transfected CHO cells were lysed
in buffer A (50mm Tris-HCI pH 7.5, 100 mm
NaCl, 1% NP-40) (Tiran et al. 2006) containing
protease inhibitors (Complete Mini protease inhibitor
cocktail, Roche Applied Science, Indianapolis, IN,
USA). FLAG-Cyt-PTPe-expressed protein was immuno-
precipitated by incubating cell lysates with an anti-FLAG
rabbit polyclonal antibody (Sigma-Aldrich Inc., St Louis,
MO, USA) followed by protein A/G PLUS-agarose
immunoprecipitation beads (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA). The immunoprecipitated
complex was then washed 3 times with buffer A, 2 times in
buffer B (100 mm KCl, 0.5 mm EDTA pH 8.2, 20 mM Hepes
pH 7.6, 0.4% NP-40, 20% glycerol) and 2 times in buffer
54 K (150 NaCl, 50 mM Tris pH 7.9, 0.5% Triton X-100).
FLAG-Cyt-PTPe was eluted by incubating the beads in two
equal volumes of an elution buffer containing 50 mM MES
pH7,0.5mMDTT, 0.5 mg ml~' BSA,and 1 mg ml~! FLAG
peptide. (Sigma-Aldrich Inc.) at 32°C for 3 min. Total
protein was determined by a colourimetric protein assay
(Bio-Rad, Hercules, CA, USA). Equal amounts of protein
were added to the reaction mixtures. Phosphatase activity
was then measured using a colourimetric malachite
green-based assay (Promega Corp., Madison, WI, USA)
using two chemically synthesized phospho-tyrosine
peptides (Promega Corp.) END(pY)INASL (Daum et al.
1993) and DADE(pY)LIPQQG (Zhang et al. 1993) at
32°C for 18 h. The reaction was terminated by adding
50 ul of the molybdate—additive mixture, incubated at
room temp for 15min and then optical density of
each sample was measured at 600 nm (1420 Victor> V
Multilabel Counter, Perkin Elmer Life Sciences, Boston,
MA, USA). Activity was expressed as picomoles phosphate
released normalized to total Cyt-PTPe protein added to the
reaction. A standard activity calibration curve was always
performed with known amounts of free phosphate.

Viability assays

CHO cells were transfected with GFP and pRBG4
vector plus Kv2.1 or Kv2.1(Y124F). Twenty-four
hours after transfection, cells were exposed to either
30um DTDP or vehicle for 15 min. Twenty-four
hr following treatment, counts of GFP-positive cells
were obtained from five random fields with a 20x
objective per coverslip; three coverslips were counted
per condition in three independent experiments.
Cortical neurons were transfected after 3 weeks in
vitro with equal amounts of pUHC13-3 Luciferase and
either pCDNA3 vector or Cyt-PTPe plasmids (Boeckman
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Figure 1. Y124 is essential for the apoptotic K* current surge
A (left), representative whole-cell K+ currents from wild-type Kv2.1-
and Kv2.1(Y124F)-expressing CHO cells. Currents were obtained 24 h
post-transfection and evoked by sequential 10 mV voltage steps to
+80 mV from a holding potential of —80 mV. Calibration: 5 nA,

25 ms. Right, mean = s.e.m. current densities from wild-type
Kv2.1-expressing (n = 15) and Kv2.1(Y124F)-expressing CHO cells

(n = 10). B (left), representative whole-cell K* currents from wild-type
Kv2.1- and Kv2.1(Y124F)-expressing CHO cells treated with DTDP.
Calibration: 5 nA, 25 ms. Right, mean = s.e.m. current densities from
wild-type Kv2.1- (n = 12) and Kv2.1(Y124F)-expressing (n = 9) CHO
cells (*P < 0.05; 2-tailed t test). C (left), representative currents from
Kv2.1(S800D)- and Kv2.1(Y124F, S800D)-expressing CHO cells.
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& Aizenman, 1996; Pal et al. 2003). Untransfected
rat microglial cells (Cheepsunthorn et al. 2001) were
plated directly onto cortical neurons at a density of
50 000 cells per well 24 h following neuronal transfection.
Microglia were then stimulated with 10U ml™!
interferon-y (IFN-y, Chemicon, Temecula, CA, USA) and
1 ng ml~! lipopolysaccharide (Knoch et al. 2008). Neuro-
nal viability was measured 48 h later using a luminescence
reporter assay (Perkin-Elmer) (Aras et al. 2008).

Results

Src kinase target Y124 in Kv2.1 is critical
for the apoptotic surge of K* currents

CHO cells express no endogenous voltage-gated
K* channels (Yu & Kerchner, 1998), and undergo
apoptosis following Kv2.1 expression after a normally
sub-lethal oxidative injury (Pal et al 2003). As with
neurons, Kv2.1-expressing CHO cells display enhanced
voltage-gated K* currents during the cell death
program (Pal et al. 2006). Recordings were obtained
from CHO cells transiently expressing either wild-type
Kv2.1 or phenylalanine-substituted, Kv2.1(Y124F) mutant
channels. Phenylalanine substitution was used to preclude
phosphorylation at this site. Under control conditions,
cells expressing Kv2.1(Y124F) channels exhibited K"
current densities similar to CHO cells expressing wild-type
Kv2.1 channels (Fig. 1A). However, following exposure
to DTDP, the characteristic Kt current surge observed
in wild-type Kv2.1-expressing cells was completely
abrogated in cells expressing Kv2.1(Y124F) (Fig. 1B). The
voltage-dependent activation profiles for both wild-type
and mutant channels were nearly identical (online
Supplemental Fig. 1), suggesting the single amino acid
substitution did not alter gating kinetics. Indeed, the
voltage for half-maximal activation remained unchanged
for both channels (28.9 £2.75mV for Kv2.1 (n=11);
33.85 +2.82 mV for Kv2.1(Y124F) (n=8).

We previously reported that phospho-mimicking
serine-to-aspartate-substituted Kv2.1(S800D) mutant
channels mimic the apoptotic K current surge in
CHO cells (Fig. 1C) (Redman et al. 2007). To further
examine the requirement of Y124 in K' current

Calibration: 5 nA, 25 ms. Right, mean =+ s.e.m. current densities from
Kv2.1(S800D)-expressing (n = 11) and Kv2.1(Y124F,S800D)-expressing
(h=13) CHO cells (*P < 0.05; 2-tailed t test). D, Y124F mutation
disrupts Kv2.1-mediated apoptosis. CHO cells were cotransfected with
eGFP plus empty vector and either Kv2.1 or Kv2.1(Y124F) and 24 h
later exposed to 30 um DTDP (15 min). Viability was assayed 24 h
post-treatment by counting GFP-positive cells. Values represent the
mean = s.e.M. (n = 3) and are representative of 3 separate, independent
experiments (*P < 0.05; ANOVA/Bonferroni).
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Figure 2. Src inhibition blocks the
apoptotic K* current surge B
A, representative whole-cell currents from
cortical neurons recorded under control, DTDP
(30 M), PP2 (10 M), DTDP + PP2, PP3

(10 um), and DTDP + PP3 treatment conditions.
Currents were obtained 3 h post-injury and
evoked by sequential 10 mV voltage steps to
+80 mV from a holding potential of —80 mV.
Calibration: 5 nA, 25 ms B, mean =+ s.e.m.
current densities from cortical neurons recorded
under control (n = 13), DTDP (n = 14), DTDP +
PP2 (n =10), PP2 (n = 10), PP3 (n = 10), and
DTDP + PP3 (n = 10) treatment conditions. K*
currents were evoked by a single voltage step
to +10 mV from a holding potential of

—80 mV and normalized to cell capacitance.
(***P < 0.001, *P < 0.05; ANOVA/Bonferroni).

enhancement, we obtained recordings from CHO cells
expressing Kv2.1(Y124ES800D) double mutant channels.
Here we observed that cells expressing double mutant
Kv2.1(Y124ES800D) channels displayed significantly
reduced current densities compared to cells expressing
Kv2.1(S800D) (Fig. 1C), suggesting that an intact Y124
is necessary for apoptotic Kv2.1-mediated current
enhancement, and reinforcing the notion that both Y124
and S800 were critical for Kv2.1 modulation during
the cell death process. In fact, since a mutation at
Y124 was sufficient to block the enhancement of Kt
currents, we examined whether an intact tyrosine was
also required to support apoptosis in Kv2.1-expressing
CHO cells. DTDP treatment resulted in the death of
approximately 50% of wild-type Kv2.1-expressing cells
(Fig. 1D). This agent, however, produced substantially
less toxicity in Kv2.1(Y124F)-expressing cells (Fig. 1D).
Indeed, a significant, greater than 2-fold increase in
viability was observed in Kv2.1(Y124F)-expressing cells
when compared to wild-type Kv2.1-expressing cells.
Because residue Y124 in Kv2.1 is a known target
of Src (Tiran et al. 2003, 2006), we next examined
whether inhibition of Src kinase itself limited Kt current
enhancement in two different experimental protocols.
First, whole-cell recordings were obtained from cortical
neurons, which natively express Kv2.1. As expected,
neurons treated with DTDP displayed significantly
enhanced K% currents compared to vehicle-treated
controls (Fig.2A, B). Recordings were also obtained
following treatment of cortical neurons with DTDP
and either the selective Src family kinase inhibitor
PP2 (10 uMm) or its inactive structural analogue PP3

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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Top, representative whole-cell K* currents from
Kv2.1(S800D)-expressing CHO cells recorded following treatment with
either the Src family kinase inhibitor PP2 or the inactive structural
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baseline current densities (Fig.2A and B). Next, we
exposed CHO cells to either PP2 or PP3 immediately
following transfection with the mutant construct
Kv2.1(S800D) to further evaluate Src regulation of

J Physiol 587.18

apoptotic neurons. Furthermore, these data suggest that
a certain degree of basal Src kinase activity exists in CHO
cells, which is necessary to observe the enhanced currents
mediated by Kv2.1(S800D).

Kv2.1-mediated K currents. Strikingly, whole-cell
recordings performed 24 h following transfection revealed
that PP2, but not PP3, limited the enhanced current
densities expected for this phospho-mimicking mutant

+DTDP

Role of Cyt-PTPs and Zn?* on the apoptotic
K* current surge

channel (Fig. 3). Taken together, these results establish the =~ Cyt-PTPe  dephosphorylates Y124, which can
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holding potential of —80 mV normalized to cell capacitance.
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Src-mediated phosphorylation during non-injurious
conditions (Tiran et al. 2003, 2006). Accordingly, we
evaluated whether Cyt-PTPe over-expression would
be sufficient to inhibit apoptotic Kt current surges.
Whole-cell recordings were performed in CHO cells
co-expressing Kv2.1 and Cyt-PTPe¢ following vehicle and
DTDP treatment. We observed that Cyt-PTPe expression
strongly inhibited the DTDP-induced K* current
surge in Kv2.1-expressing cells (Fig.4A and B), while
co-expression of a catalytically inactive mutant isoform
of this phosphatase (Cyt-PTPe-D245A) (Flint et al. 1997;
Peretz et al. 2000) did not (Fig.4C). Thus, enzymatic
activity of this Kv2.1-targeting phosphatase is required for
inhibition of the Kt current surge. Moreover, Cyt-PTPg
over-expression was also sufficient to prevent the elevated
currents observed in Kv2.1(S800D)-expressing CHO cells
(Fig. 5). Importantly, manipulation of Y124-targeting
enzymes, first via Src inhibition and now by Cyt-PTPe
over-expression, blocks the apoptotic K* current surge.
These results show not only that Y124 is required, but
it is likely to be phosphorylated to permit the apoptotic
Kv2.1-mediated current enhancement.

Next, we performed recordings in vehicle- and
DTDP-treated cortical neurons transfected with either
empty vector or Cyt-PTPe to confirm that the
phosphatase can influence the K current surge in
cells expressing Kv2.1-encoded channels endogenously.
While vector-transfected neurons exhibited a robust,
characteristic K* current surge following treatment with
30 um DTDP (Fig.6A), Cyt-PTPe-transfected neurons
exhibited no K* current increase (Fig. 6B), similar to the
previously noted observation in CHO cells. We noted,
however, that higher concentrations of DTDP (i.e. 60 M)
were sufficient to overcome the effects of Cyt-PTPe
over-expression (Fig. 6A and B). We hypothesized that the
higher concentrations of DTDP led to increased liberation
of intracellular Zn?*, which, in turn could somehow
antagonize the activity of the phosphatase. As such, we first
confirmed that, indeed, neurons treated with 60 um DTDP
exhibited a significant increase in TPEN-sensitive Zn*"
fluorescence (A Frpgy) when compared to neurons treated
with 30 um DTDP (Fig. 6C). Secondly, to test whether
Cyt-PTPe enzymatic activity is inhibited by Zn’*, we
performed an in vitro phosphatase assay (Promega) using
Cyt-PTPe immunopurified from CHO cells expressing
the phosphatase. As shown in Fig. 7, we observed a
50% inhibition in Cyt-PTPe activity in cells previously
treated with 100 uM Zn?" and 1 uMm of the Zn*"-selective
ionophore pyrithione (ZnPyr). It is noteworthy that
this stimulus was utilized for these experiments instead
of DTDP, as we found it difficult to recover sufficient
amounts of protein from oxidant-treated cells to perform
the assay. Importantly, the inhibitory actions of Zn** on
Cyt-PTPe were prevented in enzyme preparations that had
been isolated from cells treated with ZnPyr in the presence
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of 10 um TPEN (Fig. 7). Moreover, a consistent increase
in phosphatase activity was observed in Cyt-PTPe isolated
from cells treated with TPEN alone (Fig. 7). This suggests
that basal levels of endogenous Zn** can inhibit Cyt-PTPs
enzymatic activity, which could partly account for the large
current densities observed in Kv2.1(S800D)-expressing
CHO cells. More importantly, these results indicate that
Zn*"-mediated inhibition of Cyt-PTPe may operate in
parallel to Zn>*-induced p38 activation following DTDP
treatment to trigger the apoptotic surge of Kv2.1-mediated
K" currents.

Over-expression of Cyt-PTP¢ attenuates neuronal
cell death

In the final set of studies, we investigated whether
Cyt-PTPe over-expression would be sufficient to protect
cortical neurons from injury. We chose to use exposure
of neurons to activated microglia, as we have recently
observed that this pathophysiologically relevant injurious

500 4
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300 1

200 1

Current Density (pA/pF)

100 A

Kv2 1(WT)

Kv2.1(S800D) Kv2.1(S800D)/

PTPe

Figure 5. Cyt-PTPe inhibits elevated basal K* currents mediated
by Kv2.1(S800D) mutant channels

Top, representative whole-cell Kt currents from wild-type Kv2.1-,
Kv2.1(S800D)- and Cyt-PTPe-expressing CHO cells. Currents were
obtained 24 h post-transfection, 3 h post-oxidative injury, and evoked
by sequential 10 mV voltage steps to +80 mV from a holding
potential of —80 mV. Calibration: 5 nA, 25 ms. Bottom, mean = s.E.M.
current densities from wt Kv2.1- (n = 14), Kv2.1(S800D)- (n = 11), or
Kv2.1(S800D) and Cyt-PTPe-expressing CHO cells (n = 15)

(**P < 0.01; ANOVA/Dunnett).
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Figure 6. Cyt-PTPe inhibition of apoptotic K* current
enhancement is Zn?+ dependent

A, K* currents are enhanced in vector-expressing cortical neurons
following oxidative injury. Top, representative whole-cell K* currents
from cortical neurons co-transfected with empty pRBG4-vector eGFP
recorded following vehicle and DTDP treatment conditions (30 um or
60 uM for 10 min). Calibration: 5 nA, 25 ms. Bottom, mean = s.E.m.
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Figure 7. Cyt-PTPe catalytic activity is inhibited by Zn?+
Cyt-PTPe was purified by immunoprecipitation from whole CHO cell
lysates treated with either vehicle, Zn?* (100 um) + pyrithione (1 um),
Zn?* 4 pyrithione + TPEN (10 um), or TPEN, and added to a
phosphatase assay containing 2 synthetic phosphotyrosine peptide
substrates. Activity was normalized to Cyt-PTPe recovered following
immunoprecipitation and elution and is expressed as pmoles
phosphate generated per ug protein (mean +s.e.mM., n =6,
significantly different from control, *P < 0.05, **P < 0.01,
ANOVA/Dunnett).

stimulus induced neuronal death that was characterized
by elevated intracellular Zn>* levels and a pronounced
apoptotic KT current surge (Knoch et al. 2008). Indeed,
vector-transfected neurons exhibited the expected robust,
characteristic K current surge following exposure to
activated microglia (Fig.8A). In contrast, Kt currents

current densities from empty pRBG4-vector- and eGFP-expressing
cortical neurons recorded under control (n = 12) and DTDP (30 um,
n=17; 60 um, n = 10) treatment conditions (*P < 0.05, **P < 0.01;
ANOVA/Tukey). Current density was calculated as the steady-state K+
current evoked by a single voltage step to +10 mV from a holding
potential of —80 mV normalized to cell capacitance. B, inhibition of
apoptotic K* current enhancement by Cyt-PTPs is Zn?* dependent
in cortical neurons. Top, representative whole-cell K* currents from
Cyt-PTPe- and eGFP-expressing cortical neurons recorded under control
and DTDP treatment conditions. Calibration: 5nA, 25 ms. Bottom,
mean =+ s.E.M. current densities from Cyt-PTPe- and eGFP-expressing
cortical neurons recorded under control (n = 12) and DTDP (30 um,
n=6;60 uM, n = 10) treatment conditions (*P < 0.01; ANOVA/Tukey).
C, increasing DTDP concentration increases intracellular-free Zn?+.
Neurons loaded with the Zn?*-specific indicator, FluoZin-3, were
exposed to 30 um or 60 um DTDP. The DTDP-induced Zn?* signal
was quenched with superfusion of TPEN (20 uMm). Inset, representative
fluorescence traces of several neurons in a single coverslip. Each trace
reflects the level of intracellular Zn?* in a single neuron. Calibration:
100 arbitrary fluorescence units, 100s. Plot shows TPEN-sensitive
Zn?* fluorescence, expressed as AFtpen, Which was determined by
subtracting the fluorescence signal after TPEN superfusion from the
maximal DTDP-induced signal. Data represent the mean (& s.E.M.)
AFtpen measurements from 5-6 coverslips, each containing 10-25
neurons (**P < 0.01; two-tailed t test).
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were not enhanced in neurons transfected with Cyt-PTPe
(Fig. 8B). Importantly, over-expression of the phosphatase
was sufficient to significantly reduce microglial-mediated
toxicity in neurons (Fig.8C). Cyt-PTPe-expressing
neurons displayed an approximate 2-fold increase in
viability compared to vector-expressing neurons exposed
to activated microglia (Fig. 8C), resembling the neuro-
protection observed in previous studies using Kv2.1
dominant negative isoforms (Pal e al. 2003; Knoch et al.
2008). Taken together, these data suggest that Cyt-PTPe
over-expression confers neuroprotection by its inhibitory
influence on the K* current surge following an apoptotic
insult.
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Discussion

Several phosphorylation targets in Kv2.1 have been shown
to influence the voltage-dependent gating properties of
this potassium channel (Park et al. 2006). In those
instances, the Ca?'-activated phosphatase calcineurin
mediates the dephosphorylation of numerous intracellular
sites that cooperate in the graded regulation of the
channel (Park et al. 2006). However, the phosphorylation
sites described in our studies, Y124 and S800, are not
calcineurin targets (Park er al. 2006), nor do they
participate in Kv2.1 modulation during non-apoptotic
conditions. Our present results show that a functional,
intact Y124 is necessary, regardless of the phosphorylation
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+10 mV from a holding potential of —80 mV
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of Cyt-PTPe blocks apoptotic K current
densities in cortical neurons. Left, representative *
whole-cell K* currents from Cyt-PTPe- and 60000 Hl vEC
eGFP-expressing cortical neurons recorded under _ 1 PTPe
control and microglial treatment conditions. 0
Calibration: 10 nA, 25 ms. Right, mean + s.e.m. 5 60000 4
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control (n = 6) and microglial (n = 7) treatment =
conditions. C, Cyt-PTPe over-expression blocks % 40000
neuronal cell death following exposure to T,
activated microglia. Viability was assayed 24 h =
post-treatment by luciferase activity and = 20000 -
expressed as luciferase units. Values represent >
the mean = s.e.M. viability from each condition
performed in quadruplicate and are
representative of 5 separate, independent . :
experiments. (*P < 0.05, ANOVA/Tukey). CON AMG CON AMG
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status of S800 (Redman et al. 2007), for Kv2.1-mediated
current enhancement to proceed during apoptosis.
Therefore, Y124 and S800 act as coordinated molecular
checkpoints mediating the apoptotic K™ current surge
and are critical determinants for neuronal viability.
Remarkably, the cation ultimately controlling Kv2.1
channel modulation at Y124 and S800 is Zn**, not Ca**.

Elson and colleagues identified Y124 as a novel
substrate for direct phosphorylation and dephosphory-
lation reactions by Src kinase and Cyt-PTPe, respectively
(Tiran et al. 2003). However, the role of Y124 on apoptosis
had not been previously evaluated. Our results indicate
that Y124 is, in fact, a critical residue in the support of
the obligatory K* current enhancement in dying cortical
neurons. Nonetheless, this N-terminal residue must work
in concert with S800, as a serine-to-alanine point mutation
at this C-terminal location is sufficient to abolish the
current surge and prevent cell death (Redman et al
2007). The molecular mechanism leading to Kv2.1 plasma
membrane insertion (Pal ef al. 2006) following channel
modulation remains to be addressed.

Although Src can be activated by intracellular Zn**
(Wu et al. 2002), Zn*>*-activated Src cannot account for
enhanced KT currents observed under all conditions,
since CHO cells expressing Kv2.1(S800D) mutant
channels still exhibit elevated currents without DTDP
treatment (Figs 1C and 5). This suggests that basal
levels of Src activity are present in these cells, which
can also account for the decreased current densities
observed in Kv2.1(S800D)-expressing cells co-transfected
with Cyt-PTPe (Fig. 7). However, as pharmacological
inhibition of Src is sufficient to block injury-dependent
K" current surge in neurons (Fig. 2), some level of
Zn**-mediated Src activity is likely to be an important

P. T. Redman and others
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component in the apoptotic surge of K™ currents in the
brain.

The present study has also established that the
overall balance between Y124 phosphorylation and
dephosphorylation is strongly modulated by Zn?*, as
our data show that Zn** can inhibit Cyt-PTPe¢. Indeed,
other types of protein phosphatases have been previously
shown to be inhibited by this metal (Brautigan et al. 1981;
Gil-Henn et al. 2001; Meng et al. 2002; Haase & Maret,
2003, 2005; Toledano-Katchalski et al. 2003; Tal et al.
2006), including the MAPK phosphatase PP2A (Ho ef al.
2008). The fact that Zn®* can directly act on the highly
conserved active site of protein tyrosine phosphatases
at nanomolar concentrations (Haase & Maret, 2003)
is highly suggestive that Zn’" may not only inhibit
Cyt-PTPe directly, but may also exert powerful inhibitory
effects on many PTPs, including others enzymes that
may target Y124. We recognize, however, that Zn’** may
inhibit Cyt-PTPe by other mechanisms. Indeed, Cyt-PTPe
forms inactive monomeric and dimeric species under
basal conditions, which tend to stabilize during oxidative
stress (Toledano-Katchalski et al. 2003). Whether Zn?*
participates in this process has yet to be determined.

The convergence of multiple enzymatic signalling
pathways upon ion channels has been previously observed,
albeit in non-injurious conditions. Moult ef al. (2008)
showed that p38 and an unspecified protein tyrosine
phosphatase co-modify mGLuR2 subunits of AMPARs
to mediate receptor internalization and long-term
depression in the CAl region of the rat hippocampus
(Moult et al. 2008). Our work suggests a disruption in
tyrosine phosphatase activity together with coordinated
action of Src kinase and p38 MAPK activity by Zn** during
apoptosis (Fig. 9). Thus, the liberation of intracellular

Figure 9. Schematic of Kv2.1 illustrating the
proposed effect of intracellular Zn?* on the
checkpoint-modifying enzymes src, Cyt-PTPe

and p38

The apoptotic Kt current surge observed in neuronal
apoptosis is mediated by surface delivery of
Kv2.1-encoded ion channels when intracellular residues
Y124 and S800 are phosphorylated. This state is
achieved following intracellular ZnZ+ liberation, which
increases kinase activity while inhibiting phosphatase
activity.
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Zn®t serves as a common upstream signal favouring
the phosphorylation of Kv2.1 residues Y124 and S800.
As such, we define here an essential regulatory event in
the apoptotic program, where distinct Zn*"-dependent
signalling cascades converge upon Kv2.1 to mediate
the apoptotic Kt current surge during neuronal cell
death.
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