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Abstract

As the predominant mediator of the delayed rectifier current, Ky/2.1 is an important regulator of
neuronal excitability. Ky/2.1, however, also plays a well-established role in apoptotic cell death.
Apoptogenic stimuli induce syntaxin-dependent trafficking of Ky,2.1, resulting in an augmented
delayed rectifier current that acts as a conduit for K* efflux required for pro-apoptotic protease/
nuclease activation. Recent evidence suggests that Ky,2.1 somato-dendritic clusters regulate the
formation of endoplasmic reticulum—plasma membrane junctions that function as scaffolding sites
for plasma membrane trafficking of ion channels, including Ky/2.1. However, it is unknown
whether Ky,2.1 somato-dendritic clusters are required for apoptogenic trafficking of Ky,2.1. By
overexpression of a protein derived from the C-terminus of the cognate channel Ky,2.2 (Ky2.2CT),
we induced calcineurin-independent disruption of Ky,2.1 somato-dendritic clusters in rat cortical
neurons, without altering the electrophysiological properties of the channel. We observed that
Ky2.2CT-expressing neurons are less susceptible to oxidative stress-induced cell death. Critically,
expression of Ky,2.2CT effectively blocked the increased current density of the delayed rectifier
current associated with oxidative injury, supporting a vital role of Ky,2.1-somato-dendritic clusters
in apoptogenic increases in Ky/2.1-mediated currents.
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Introduction

Numerous acute and chronic neurodegenerative processes involve progressive apoptotic
neuronal cell death (Danial & Korsmeyer, 2004). Since the central nervous system has very
limited regenerative capability, therapeutic approaches aimed at limiting apoptotic neuronal
loss are essential. Importantly, apoptosis is regulated by numerous checkpoints that may
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provide effective pharmacotherapeutic targets. Critical in the formation of the apoptosome,
as well as in the activation of pro-apoptotic proteases and nucleases, K* efflux is a
prerequisite for the completion of various apoptotic programs in many cell types, including
neurons (Bortner et al., 1997; Hughes et al., 1997; Yu et al., 1997; Hughes & Cidlowski,
1999; Montague et al., 1999; Huang et al., 2001; Wei et al., 2004; Bortner & Cidlowski,
2007). The delayed rectifier current, predominantly mediated by Ky,2.1 channels (Murakoshi
& Trimmer, 1999; Malin & Nerbonne, 2002), has been demonstrated to perform a critical
role in apoptogenic K* efflux in cortical, nigral, and hippocampal neurons (Pal et a/., 2003;
Redman et al., 2006; Shen ef al., 2009; Shepherd et al., 2012). Suppressing delayed rectifier
current-mediated K* efflux decreases cellular susceptibility to apoptotic stimuli, including
oxidative stress (Yu et al., 1997; Aizenman et al., 2000; McLaughlin et al., 2001; Wei et al.,
2004; Pal et al., 2006; Redman et al., 2007; Redman et al., 2009; Norris et al., 2012;
Shepherd et al., 2012).

Ky2.1 is unique among voltage-gated potassium channels in its widespread expression,
subcellular localization and physiological functions. At least two distinct populations with
different localization patterns exist in neurons, each serving distinct physiological roles
(O’Connell et al., 2006; O’Connell et al., 2010; Fox et al., 2013). One population is freely
dispersed on the plasma membrane of neurons and is the primary mediator of the delayed
rectifier current, playing an important role in regulating intrinsic neuronal excitability
(Murakoshi & Trimmer, 1999; Du et a/., 2000; Malin & Nerbonne, 2002; O’Connell et al.,
2010; Fox et al., 2013; Guan et al., 2013). A separate neuronal population of seemingly non-
conducting Ky2.1 channels are constrained within micron-sized clusters in the soma and
proximal dendrites, regulate the formation of endoplasmic reticulum—plasma membrane
junctions and serve as scaffolding sites for endo- and exocytosis of ion channels, including
Ky2.1 (O’Connell et al., 2010; Fox et al., 2013). Ky,2.1 activation and localization are
highly dynamic and both are modulated by a number of stimuli, including hypoxia and
ischemia (Mulholland et a/., 2008; Cobb et al., 2015). Hypoxia/ischemia induces
dephosphorylation of the channel and dispersal of somato-dendritic clusters /in vivo as well
as a hyperpolarized shift in the steady state activation, Vy, /n vitro (Misonou et al., 2005b).
This shift in V1> decreases neuronal excitability and is thought to provide neuroprotection
by limiting excitotoxicity (Aras et al., 2009a; Aras et al., 2009b; Mohapatra et al., 2009;
Shepherd et al., 2013). Although normally associated with the hyperpolarized shift in V5,
the dispersal of Ky/2.1 somato-dendritic clusters has no known protective function.

Since apoptogenic K* efflux is known to involve newly inserted Ky,2.1 channels (Pal et al.,
2003), we hypothesized that a lack of Kys2.1-containing clusters would preclude pro-
apoptotic channel trafficking and rescue neurons from apoptotic stimuli. Overexpression of
Ky/2.2CT, a protein derived from the C-terminus of K\,2.2, induces dispersal of Ky,2.1
somato-dendritic clusters without affecting the channel’s electrophysiological properties
(Baver & O’Connell, 2012). By utilizing this effect of Ky,2.2CT on Ky,2.1 channel
localization, we were able to explore potential neuroprotective effects mediated by Ky/2.1
localization, separate from the dampening of neuronal excitability induced by
hyperpolarized shifts in V1. We report that Ky/2.2CT-expressing neurons are less
susceptible to oxidative stress-induced cell death. Critically, expression of Ky,2.2CT
effectively blocked the increased current density of the delayed rectifier current associated
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with oxidative stress-induced neuronal death, supporting a vital role of Ky,2.1 somato-
dendritic clusters in apoptogenic trafficking of Ky/2.1.

Experimental Procedures

Cell culture and transfection procedures

Pregnant Sprague-Dawley dams were housed in a University of Pittsburgh animal care
facility prior to using day 16—17 rat embryos to generate cortical cultures, as described
previously (Hartnett et al., 1997). At 3—4 weeks /n vitro, cultures were transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in Opti-Mem | medium with a total of 1.5
ug cDNA (Ohki et al., 2001). Cells were maintained for 24-48 hours at 37°C, 5% CO»
before electrophysiological recordings and toxicity assays were performed.

Immortalized microglial cells were generously supplied by J. Connor (Pennsylvania St.
University, Hershey, PA, USA). For detailed information on cell culture procedures used for
microglial cells see Knoch et al. 2008. Briefly, immortalized rat brain microglial cells
(Cheepsunthorn et al., 2001) were maintained in Dulbeco’s modified MEM supplemented
with 10% heat-inactivated fetal bovine serum, and plated at a density of 50,000 cells/well for
24 hours prior to activation (Li et al. 2005). Microglia were then added directly to cortical
cultures and activated with 10 U/mL interferon-y (Chemicon, Temecula, CA, USA) and 1
pg/mL lipopolysaccharide for 60 minutes. Co-cultures were then immediately incubated and
maintained in the dark at 37° C and 5% CO, for 24 hours prior to luciferase viability assay
experiments.

Chinese Hamster ovary (CHO) cells were maintained in F12 Nutrient medium with 10%
heat-inactivated FBS and penicillin streptomycin. CHO cells were plated onto six-well
plates, at 280,000 cells/well, 24 hours prior to transfection. Cells were transfected using
Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA) in serum-free medium with a total
of 1.4 ug of cDNA per well. Cells were maintained for 24 hours at 37° C, 5% CO», before
use in co-immunoprecipitation and western blot experiments.

Electrophysiological measurements

Whole-cell voltage-clamp currents from rat cortical neurons were obtained with Axopatch
200B amplifier and pClamp software (Molecular Devices, Sunnyvale, CA, USA) using 3-5
MQ electrodes. Electrodes were pulled from 1.5 mm borosilicate glass (Warner Instruments,
Hamden, CT, USA) with a model P-97 mechanical pipette puller (Sutter Instruments,
Novato, CA, USA). The extracellular solution contained the following (in mM): 2.0 MgCl,,
2.5 KCl, 115 NaCl, 10 HEPES, 10 D-glucose, 1.0 CaCl,,and 0.25 uM tetrodotoxin, pH 7.2.
The electrode solution contained the following (in mM): 100 K-gluconate, 1 MgCl,, 10 KClI,
1 CaCly, 2.2 MgCl,. ATP, 0.33 GTP, 11 EGTA, and 10 HEPES, pH 7.2. In all cases, series
resistance was partially compensated (80%). Currents were digitized at 10 kHz and filtered
at 2 kHz. K* currents were evoked with a series of 200 ms voltage steps from a holding
potential of —80 to +80 mV in 10 mV increments. A single 30 ms prepulse to +10 mV was
used before depolarization in order to inactivate A-type K* currents. Delayed rectifier
currents were measured relative to baseline at 180 milliseconds after the initiation of each
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voltage step. Currents were then normalized to cell capacitance or maximal conductance.
Peak conductance (G) was calculated from peak steady-state current amplitudes (1) using the
equation G = I/(V - EK) (EK = Nernst K* equilibrium potential) and plotted against the
potential (V), then fitted to a single Boltzmann function, G = Gpax /(1 + exp [- (V — V10)/
K]), where G,y is the maximum conductance, V1, is the potential at half-maximal
conductance, and K is the slope of the activation curve. All data are expressed as mean *
s.e.m. and statistical analyses were performed using GraphPad Prism software (GraphPad,
San Diego, CA, USA).

The apoptotic stimulus for electrophysiological experiments was a 10 min exposure to 30
UM 2,2-dithiodipyridine (DTDP) at 37 °C, 5% CO, (Aizenman ef a/., 2000). The solution
was aspirated and rat cortical cell cultures were thoroughly rinsed using 2 mL MHB (37° C)
two times. Prior to electrophysiological experiments, rat cortical cell cultures were incubated
for 3 hours in fresh medium containing 10 uM butoxy-carbonyl-aspartate-fluoromethyl
ketone (BAF), a broad-spectrum protease inhibitor, limiting apoptosis subsequent to Ky/2.1-
mediated K* efflux (McLaughlin et a/., 2001).

Toxicity assays

Neuronal toxicity assays were conducted at 24 hours post transfection in luciferase co-
transfected cells. Cells were thoroughly rinsed immediately before treatment with Minimal
Essential Medium with Earle’s salts (without phenol red) containing 0.01% bovine serum
albumin and 25 mM HEPES. For one set of experiments, microglial cells (Cheepsunthorn et
al., 2001) were plated directly onto cortical neurons and then activated by exposure to 10
U/mL interferon-y and 1 ug/mL lipopolysaccharide for 60 min. Toxicity was assayed 24
hours later as described earlier (Knoch et al., 2008). In a separate set of experiments, cells
were exposed to either DMSO vehicle (0.03%) or 30 uM 2,2’ -dithiodipyridine (DTDP) for
10 min at 37°C, 5% CO,. Toxicity was assayed 24 hours later. As an index of cell viability
in transfected cells, luciferase activity (Boeckman & Aizenman, 1996; Rameau et a/., 2000;
Avras et al.,, 2008) was measured using the Steadylite Plus High Sensitivity Luminescence
Reporter Gene Assay System (6066751, PerkinElmer Life Sciences, Boston, MA, USA) in a
Victor2 Multilabel Counter (PerkinElmer Life Sciences).

Confocal imaging

For live imaging, neurons were transfected using Lipofectamine-2000 with plasmids
expressing Tomato Red, eGFP-tagged Ky/2.1 and either Ky,2.2CT or Ky/2.1Cla. Groups
were compared to each corresponding empty vector, and imaged 48 hours later on a Nikon
Al+ confocal microscope. For endogenous Ky,2.1 antibody staining, neurons were first
transfected with Ky,2.2CT or corresponding vector, as well as with an eGFP-expressing
plasmid. 48 hours later, cells were rinsed two times with 1x PBS, and fixed in 4%
paraformaldehyde. After three washes with PBS, neurons were permeabilized for five
minutes in PBS containing 0.3% Triton X-100. Neurons were then washed three times with
PBS, incubated in PBS containing 1% bovine serum albumin for five minutes, and then
incubated overnight with anti-Ky,2.1 rabbit polyclonal antibody (Alomone Labs; 1:500).
Cells were then washed five times with PBS, and after incubating for sixty minutes with
AlexaFluor anti-rabbit 594 (Life Technologies; 1:1000), coverslips containing neurons were
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mounted on glass slides and air-dried before imaging on a Nikon Al+ confocal microscope.
For both live and fixed cell imaging, five—ten optical sections (0.5 um) were acquired to
generate a maximum intensity projection image that was analyzed for channel cluster counts
and surface area using Nikon Instruments Elements Advanced Research software.

Immunoprecipitation and immunoblotting

CHO cells were used for both immunoprecipitation and immunoblot experiments. Briefly,
cells were lysed in either Cell Extraction Buffer or NP40 Cell Lysis Buffer for
immunoblotting and immunoprecipitation, respectively. Both lysis buffers were
supplemented with phenylmethylsulfonyl fluoride and complete protease inhibitor cocktail
tablet (Roche, Penzberg, Germany). Centrifugation, 10,000 x gravity for 10 minutes at 4°C,
was used to remove cellular debris from samples. The protein concentrations were then
measured using BCA protein assay Kit (23225, Pierce, Thermo-Fisher, Pittsburgh, PA,
USA). Protein samples were stored at —20°C until use.

For immunoprecipitation, equal amounts (0.7-1 mg) of protein were pre-cleared using 50 pl
of resuspended volume of protein A/G plus-agarose (Santa Cruz, Dallas, TX, USA) for 1
hour at 4°C. Supernatants were then incubated, while gently agitating, with an antibody to
syntaxin at 4°C for 3 hours with 90 pl of resuspended volume of beads. The samples were
allowed to incubate overnight with gentle agitation. Protein-bound beads were then washed
3 times with PBS. Prior to loading onto 8% gels, equal amounts of total protein samples or
beads were incubated with a 2x reducing sample buffer at 100°C for 5 min. Proteins were
separated by sodium dodecy! sulfate-polyacrylamide gel (8%) electrophoresis using the Mini
Protein 3 System (BioRad, Hercules, CA, USA) and transferred onto 0.2 pm nitrocellulose
membranes. The membranes were then blocked at room temperature for one hour with 1%
BSA in PBS containing 0.05% Tween 20 (PBST). The resultant blots were then incubated at
room temperature for one hour with primary antibodies diluted in PBST with 1% BSA.
Finally, after washing 3x in PBST, membranes were incubated with a Li-Cor IRDye-
conjugated secondary antibody labeled with IRDye 800CW (780 nm), at 1:20,000, for 1
hour at RT. Fluorescent signals were acquired and quantified using the Odyssey Infrared
Imaging System (LI-COR, Lincoln, NE, USA)

Plasmids and antibodies

The following plasmids were used in this study; eGFP (pCMVIE-eGFP; Clontech, Palo
Alto, CA, USA), Ky/2.1-eGFP (eGFP-C1; kind gift from D.P. Muhaptra), Tomato Red
(pCSCMV; TdTomato #30530; Addgene, Cambridge, MA, USA), Ky2.2CT (pBK; kind gift
from K.M. O’Connell), and Ky/2.1C1a (pCDNAS; kind gift from 1. Lotan). The following
primary antibodies were used in this study; mouse anti-syntaxin from Millipore (Temecula,
CA, USA), mouse anti-Ky2.1 from NeuroMab (Davis, CA, USA), mouse anti-p-actin from
Sigma Aldrich (St. Louis, MO, USA), and rabbit anti- Ky/2.1 (Alomone Labs, Jerusalem,
Israel). The following mouse or rabbit secondary antibodies were used; Licor IRDye 800CW
(LI-COR, Lincoln, NE, USA), Life Technologies anti-rabbit AlexaFluor 594 (Thermo-
Fisher Scientific, Waltham, Massachusetts, USA).
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Results

Ky2.2 CT mediates a calcineurin-independent dispersal of Ky2.1 somato-dendritic clusters

We first conducted an immuno-histochemical analysis of endogenous Ky,2.1 somato-
dendritic clusters as well as clusters produced in Ky/2.1-eGFP expressing cortical neurons.
The example confocal images of somato-dendritic clusters shown in Figure 1A & B,
demonstrate that transfection with a plasmid encoding Ky2.2CT disrupted both endogenous
(Figure 1A) as well as ectopically expressed Ky/2.1-eGFP in rat cortical neurons (Figure
1B). Similar to observations in rat hippocampal neurons and HEK293 cells (Baver &
O’Connell, 2012), expression of Ky,2.2CT induced a greater than 2x fold decrease in
clusters/areal/cell (Figure 1C). Importantly, we found that treatment with the calcineurin
inhibitor FK520 (5 pM), without ionomycin present, had no effect on Ky,2.2CT-mediated
Ky2.1 channel dispersal in neurons (Figure 1 B—C), indicating that Ky,2.2CT causes
dispersal of Ky/2.1 somato-dendritic clusters without altering the activity of calcineurin.

Numerous stimuli induce dispersal of Ky/2.1 somato-dendritic channel clusters, occurring
concomitantly with hyperpolarized shifts in the V1, of the channel (Misonou et al., 2004;
Misonou et al., 2005a; Misonou et al., 2006; Mohapatra & Trimmer, 2006; Mohapatra et a/.,
2007; Mulholland et a/., 2008). This has been attributed to dephosphorylation of key amino
acids, mainly located on the C-terminus of Ky,2.1, by calcineurin, a calcium- and
calmodulin-dependent serine/threonine protein phosphatase (Misonou et a/., 2004; Misonou
et al., 2005a; Misonou et al., 2006; Park et al., 2006; Park et al., 2007; Mohapatra et al.,
2009). To determine whether co-expression of Ky,2.2CT influences the phosphorylation state
of Ky2.1, we first measured overall Ky,2.1 phosphorylation status in vector- and Ky,2.2CT-
expressing CHO cells treated with ionomycin, a calcineurin-activating Ca* ionophore.
Since CHO cells display a robust transfection efficiency compared to rat cortical neuronal
cultures, they were used for this biochemical analysis. Western blots revealed that, Ky/2.1
electrophoretic motility increased in CHO cells treated with ionomycin, indicating
dephosphorylation of multiple channel residues. Ky,2.2CT expression had no effect on basal
or ionomycin-dependent electrophoretic motility (Figure 1D-E), suggesting that expression
of this plasmid does not influence the phosphorylation status of Ky,2.1. Combined, these
results suggest that Ky,2.2CT induced the disruption of Ky,2.1 somato-dendritic clusters by a
unique mechanism that is independent of channel dephosphorylation by calcineurin.

Ky2.2CT expression does not influence voltage-dependent activation of Ky2.1

In order to establish an unambiguous analysis of the effects of Ky/2.1 channel localization,
independent of function, we next confirmed that Ky,2.2CT had no effect on steady-state
voltage-dependent activation or current density in cortical neurons, as previously reported
for other cell types (Baver & O’Connell, 2012). Comparison of neuronal delayed rectifier
currents of non-transfected, pBK vector, and Kyy2.2CT demonstrated that there was no effect
on the steady-state voltage-dependent activation, V1o (Figures 2A-B). Furthermore, our
data demonstrated that, compared to non-transfected and pBK controls, the expression of
Ky2.2CT had no effect on current density (Figure 2B). Combined with Figure 1, our data
demonstrate that utilizing Ky2.2CT to induce dispersal of Ky,2.1 somato-dendritic clusters,
without altering the electrophysiological properties of the channel, is an acceptable model to
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distinguish the putative neuroprotective effects of altering the localization of Ky,2.1 from
those induced by changing the activation profile of Ky/2.1.

Ky2.2CT expression decreases susceptibility to oxidative stress-inducing neuronal death

In order to establish whether Ky,2.2CT induced dispersal of Ky,2.1 somato-dendritic clusters
is associated with neuroprotection, we challenged cultured rat cortical neurons to oxidative
apoptotic stimuli. DTDP (2,2’ -dithio-bis-nitrobenzoic acid), a thiol-reactive oxidizing agent,
was used to initiate a well characterized zinc- and calcium-dependent signaling cascade
compulsory for de novo trafficking of the Ky,2.1 channel to the plasma membrane and the
induction of the apoptotic program (McCord & Aizenman, 2014). Twenty-four hours
following a 10 minute exposure to 30 UM DTDP we observed widespread changes
associated with cell death in cortical neurons previously transfected with a tomato red-
expressing plasmid (Figure 3A). Expression of Ky,2.2CT, effectively protected neurons from
this apoptotic stimulus and precluded any identifiable morphological changes typical of
apoptosis (Figure 3A). Moreover, Ky2.2CT increased neuronal viability following DTDP
treatment compared to control, when quantified using a luciferase viability assay (Figure
3B). Ky2.2CT expression was also protective when utilizing a more pathophysiologically-
relevant injurious stimulus, activated microglia (Figure 3B), which we have reported to
proceed via the same zinc-activated and Ky/2.1 current-dependent cell signaling pathway
(Knoch et al., 2008). These findings support our hypothesis and suggest that Ky,2.1 somato-
dendritic clusters may serve a vital role in regulating apoptotic trafficking of Ky,2.1 channels
in response to oxidative stress-induced neuronal death.

We next evaluated whether Ky,2.1 clusters remained intact following DTDP exposure.
DTDP induces Zn?* liberation from intracellular stores (Aizenman et al., 2000), which, in
turn can mediate Ca2* release via ryanodine receptors (Woodier et al., 2015; Schulien et al.,
2016). As such, Zn2*, under certain circumstances, may induce calcineurin-dependent
Ky2.1 declustering (Schulien et al., 2016). Interestingly, Ky/2.1 clusters remained intact
following a brief 10 minute treatment with 30 uM DTDP, at least for approximately 90
minutes following exposure (Figure 3C). This is consistent with the fact that DTDP is an
effective stimulus for the delayed apoptogenic insertion of Ky,2.1 channels (McLaughlin et
al., 2001), as clusters remain stable for a surprisingly long period following the exposure to
the oxidant. A pronounced redistribution of channels was indeed observed and measured 3—
4.5 hours after the DTDP exposure, which was completely prevented by the addition of the
Zn2* chelator N,N,N’,N’-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN; 10 M),
consistent with the aforementioned observations on the role of the metal in Ky/2.1
declustering (Figure 3D). Our evidence, however, suggests that clusters remain stable
following DTDP exposure for a sufficient amount of time to allow apoptotic trafficking.

Ky2.2CT expression blocks pro-apoptotic K* currents

In order to determine whether Ky,2.1 somato-dendritic clusters are critical for apoptogenic
Ky2.1 trafficking and the consequent Ky,2.1-mediated efflux, we conducted a set of whole
cell voltage-clamp experiments using a lethal dose of DTDP. Whole cell voltage-clamp

experiments conducted 3—4.5 hours after a 10 minute exposure to DTDP (30 uM) revealed
that increased Ky,2.1 mediated current density observed in pBK vector-expressing cortical
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neuron controls was absent in cells over-expressing Ky2.2CT (Figure 3E). Thus, expressing
Ky2.2CT, which induces dispersal of Ky,2.1 channel clusters (Baver & O’Connell, 2012)
without altering electrophysiological properties of the channel, eliminated the pro-apoptotic
K* current density increase, and reduced susceptibility to oxidative-stress induced neuronal
death in DTDP-treated neurons.

Ky2.2CT acts through a distinct mechanism that differs from Ky2.1Cla

We previously reported that expression of Ky/2.1C1a (rat Ky2.1 A.A. 441-522) alone
confers protection against oxidative stress by preventing Ky,2.1 from binding to syntaxin,
thereby abrogating apoptogenic increases in Ky/2.1 mediated currents (McCord et al., 2014).
Ky2.1 and Ky/2.2 isoforms have been demonstrated to interact with syntaxin 1a. Although
the syntaxin binding domain of Ky/2.1 has been determined, the precise domain(s)
responsible for this remain(s) undefined for the K\,2.2 isoform (Michaelevski et al., 2003;
Wolf-Goldberg et al., 2006). Since both Ky,2.2CT and Ky,2.1C1a seem to block trafficking
of Ky2.1 in response to lethal stimuli, we next conducted experiments to differentiate these
two Ky,2 channel derived neuroprotective agents.

First, we investigated whether Ky,2.1C1a could disperse Ky/2.1 somato-dendritic clusters
and found that, in contrast to Ky,2.2CT, expression of Ky,2.1C1a had no effect on somato-
dendritic clusters compared to control (Figure 1A-B, Figure 4A-B). Next, we evaluated
whether Ky,2.2CT could prevent the association of Ky,2.1 with syntaxin. In contrast to
Ky2.1C1la (McCord et al., 2014), Ky2.2CT did not cause a decrease in the association of
Ky2.1 with syntaxin 1A (Figure 4C). Therefore, these two Ky,2 channel-derived
neuroprotective proteins work through a unique mechanism, despite the finding that both
block the downstream step of K* efflux. As such, Ky/2.1 somato-dendritic clusters appear to
serve a vital role in oxidative stress-induced apoptogenic trafficking of Ky,2.1. Based on our
findings, Ky/2.2CT provides a potentially useful pharmacotherapeutic model to limit
neuronal cell death in response to oxidative stress.

Discussion

In this study, we evaluated the role of Ky,2.1 somato-dendritic clusters in oxidative stress-
induced neuronal death. Specifically, we hypothesized that the dispersal of these structures
would increase neuronal viability following lethal oxidative stress exposure by prohibiting
the increase in K* efflux mediated by Ky/2.1 channels, which we have previously
demonstrated to be due to insertion of new channels into the plasma membrane (Pal et al.,
2006). Oxidants can initiate a highly characterized neuronal cell death pathway that involves
Zn2*- and Ca2*-dependent enzymatic events, culminating on the phosphorylation of key
residues located on the N- and C-termini of Ky,2.1, Y124 and S800 by Src and p38,
respectively (McCord & Aizenman, 2013; He et al., 2015). These post-translational
processes result in an increased association of syntaxin with the Cla region of Ky,2.1,
thereby permitting de novo trafficking of the channel and potassium efflux required for the
induction and maintenance of the apoptotic cell death program (Pal et al., 2006; McCord et
al., 2014). Importantly, blocking apoptogenic trafficking of Ky,2.1 significantly improved
neuronal viability (Pal et al., 2003; Pal et al., 2006; Shepherd et al., 2012; McCord &
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Aizenman, 2013; Shepherd et al., 2013; McCord et al., 2014). Our data suggest that the
dispersal of Ky,2.1 clusters by Kyy2.2CT not only blocks apoptogenic K* currents, but is also
sufficient for providing neuroprotection.

Ky2.2CT contains a homologous domain responsible for the restricted and polarized
localization of Ky/2 channels, known as the proximal restriction and clustering domain
(PRC) (Lim et al., 2000). Our data confirm that expression of Ky,2.2CT induced a dispersal
of Ky/2.1 somato-dendritic clusters in cortical neurons without altering basal current density,
voltage-dependent steady-state activation, basal phosphorylation state as well as calcium-
dependent dephosphorylation, and importantly did not require calcineurin activity, an
important component of other Ky,2.1 cluster dispersal processes induced by a number of
physiological and injurious stimuli (Misonou et al., 2004; Mulholland et al., 2008; Aras et
al., 2009a; Baver and O’Connell, 2012; Shepherd et al., 2012; Shah and Aizenman, 2014).

Unlike Ky/2.1C1a, the proximal region of the C-terminal known to interact with syntaxin
(Singer-Lahat et al., 2007; McCord et al., 2014), co-immunoprecipitation experiments
demonstrated that Ky,2.2CT does not displace the interaction of Ky,2.1 with the SNARE
protein. The Ky,2.1C1a protein used in this study is derived from amino acids 441-522 of
the C-terminus of Ky/2.1 (McCord et al., 2014), and lacks the PRC domain essential for
localization of Ky,2.1 to somato-dendritic clusters (Lim et a/,, 2000). Demonstrative of this
fact, over-expression of Ky/2.1C1la had no effect on the localization of Ky,2.1 to somato-
dendritic clusters. This result is in accordance with a previous study in which a Ky/2.1-
mutant lacking the syntaxin binding domain also failed to disrupt Ky/2.1 somato-dendritic
clusters (Fox et al., 2015). This is in contrast to Ky,2.2CT, which contains a PRC domain
sharing approximately 65% homology with Ky/2.1 (rat Ky2.1 A.A. 572-598; rat K\/2.2 A.A.
592-617) and does cause the dispersal of Ky,2.1 somato-dendritic clusters, suggesting that
C-terminal domains other than Cla also contribute to the regulation of apoptogenic
trafficking of Ky2.1.

The precise time point at which new channels are inserted following an apoptotic stimulus is
not known. Given the observable disruption of Ky,2.1 somato-dendritic clusters by DTDP
after 90 minutes, at least under our current experimental conditions (i.e. transfected
channels), apoptogenic trafficking may occur relatively early in the process. Since only a
small fraction of the total number of Ky,2.1 channels expressed on the plasma membrane at
any given time are functionally active (Fox et al. 2013), an unknown silencing mechanism
may exist, even in the newly inserted channels, which slowly dissipates over time. This
exciting proposition will be the subject of a future study. In any event, although significantly
declustered by 3-4.5 hours post DTDP, Ky,2.1 clusters are remarkably resilient to oxidant
exposure, providing the physical scaffolding sites necessary for apoptogenic trafficking.

In response to sub lethal stimuli, including ischemia, endogenous neuroprotective pathways
are activated, which allow neurons to effectively avert the consequences of subsequent
challenges that would otherwise be lethal (Kitagawa et a/., 1990; Gidday, 2006; Aras et al.,
2009b). In neurons, this process termed preconditioning, relies on a transient increase in free
Zn2* and activation of the Ca2*-dependent phosphatase calcineurin (Lockshin & Williams,
1965; Aras et al., 2009b; Schulien et al., 2016). Our laboratory previously reported that,
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preconditioned neurons display dispersed Ky/2.1 somato-dendritic clusters (Aras et al.,
2009b). It is thus entirely possible that changes in Ky/2.1 localization in preconditioned
neurons are responsible, at least in part, for resistance to subsequent, normally lethal stimuli.
As such, elucidation of the processes regulating Ky/2.1 channel localization may reveal
intrinsic neuro-adaptive mechanisms potentially representing unique pharmacotherapeutic
targets. Transient dispersal of Ky,2.1 somato-dendritic clusters may prove to be an effective
mechanism limiting neuronal cell loss in response to a variety of acute and progressive
neurodegenerative conditions in which oxidative stress is known to play a key role
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Ky2.2CT  protein derived from the c-terminus of Ky,2.2
Ky2.1Cla protein derived from Ky2.1 c-terminus (syntaxin binding domain)

DTDP 2,2’ -dithiodipyridine

eGFP enhanced green fluorescent protein
CHO Chinese hamster ovary
PBS phosphate buffered saline

DMSO dimethyl sulfoxide

Ky voltage dependent potassium channel
V1 voltage of steady-state half-maximal activation
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Highlights

Ky2.2CT induces dispersal of Ky,2.1 somato-dendritic clusters independent
of calcineurin-mediated dephosphorylation.

Ky2.2CT decreases neuronal susceptibility to oxidative-stress induced death.
Ky2.2CT abrogates the apoptogenic increases in Ky/2.1-mediated currents.

Ky2.1 somato-dendritic clusters may serve as physical scaffolding sites or
signalosomes required for apoptotic trafficking of Ky,2.1.
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Figure 1. Kyy2.2CT mediates a calcineurin independent dispersal of Ky/2.1 somato-dendritic
clusters

A) Example confocal images of cortical neurons demonstrating a significant disruption of

endogenous Kys2.1 somato-dendritic clusters labelled with Alexafluor-594 2° Antibody with

either eGFP plus pBK-vector (left two images), or eGFP plus Ky,2.2CT (right two images).

Ky2.2CT expression significantly disrupted the number of Ky/2.1 somato-dendritic clusters/

cell (without Ky/2.2CT (pBK) 21£3.5 clusters/cell, n=12; with Ky,2.2CT 11.1+2.1 clusters/
cell, n=11; 2 tailed t-test, P=0.03. B) Example confocal images of neurons expressing
Ky2.1-eGFP without Ky,2.2CT (left two images) and neurons expressing Ky,2.2CT and
Ky2.1-eGFP (right two images). Cells were either treated with 0.01% DMSO or 5 pM
FK520. C) Bar graph summary of data demonstrating that K\,2.2CT induces dispersal of
Ky2.1 somato-dendritic clusters, independent of calcineurin activation (pBK/Ky,2.1-eGFP
+0.01% DMSO 0.12 + 0.01 clusters/um?, n=12; pBK/Ky2.1-eGFP + FK520 0.11 + 0.01
clusters/um?, n= 13; Ky2.2CT/Ky2.1-eGFP + 0.01% DMSO 0.05 + 0.01 clusters/pm?,

n=15; Ky2.2CT/Ky/2.1-eGFP + FK520 0.048 + 0.01 clusters/um?, n=18; one-way ANOVA

and Bonferroni post-hoc test, P<0.0001). D) Example Western blot image of IRdye 800-
labelled Ky2.1 comparing Ca2* mediated dephosphorylation between pBK-vector (top
minus symbols) and Ky2.2CT (top plus symbols) expressing CHO cells with ionomycin
treatment (bottom plus symbols) or 0.01% DMSO (bottom minus symbols). E) Bar graph
summary demonstrating that Ky,2.2CT had no effect on the ability of ionomycin to cause
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bulk dephosphorylation of the channel as measured by the area of the Ky/2.1 band. (n=3
each; 33.01+1.5 mm? without Ky,2.2CT; 18.5+1.7 mm? without Ky,2.2CT plus ionomycin;
36.7+1.3 mm? with Ky2.2CT; 19.1+1.0 mm? with Ky,2.2CT plus ionomyin; ANOVA and
Tukey-Kramer post-hoc test, P<0.0001.
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Figure 2. Kyy2.2CT induces dispersal of Ky,2.1 somato-dendritic clusters without altering the

electrophysiological properties of the channel

A) (Top) From left to right, example whole-cell voltage-clamp current traces of non-
transfected neurons, neurons expressing pBK vector alone, and neurons expressing
Ky2.2CT, respectively. (Bottom) Summarized scatter plot of the voltage-dependent
conductance (G-V) of non-transfected (black square), pBK vector alone (red circle), and
Ky2.2CT (blue triangle). B) Summarized bar graphs of both current density, and voltage of

half-maximal activation, V1. Compared to non-transfected

(230.47 + 54.51 pA/pF; n=13)

and pBK vector alone (194.25 + 54.82 pA/pF; n=7), K\,2.2CT (167.25 + 44.57 pA/pF;
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n=10) had no significant effect on the current density of the delayed rectifier current
(ANQVA, P=0.66). Finally, we found that compared to non-transfected (19.81 + 3.46 mV;
n=13) and pBK vector alone (15.26 + 3.66; n=7), K\,2.2CT (17.76 £ 4.9; n=10) had no
significant effect on the steady-state voltage-dependent activation of the delayed rectifier
current (ANOVA, P=0.9325).
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Figure 3. K*\/2.2CT expression blocks proapoptotic K* currents and decreases neuronal
susceptibility to oxidative stress-inducing apoptosis

A) Example confocal images of rat primary cortical neurons transfected with tomato-red and
treated with either 0.01% DMSO or 30 uM DTDP for 10 minutes at 25 °C. Notably,
Ky2.2CT expression improved neuronal viability compared to expression of vector-alone
(pBK) as the apoptotic volume decrease, membrane blebbing and fragmentation of the
dendritic arbor (top right) were no longer evident (bottom right). B) Bar graph summary of
both a luciferase cell viability assay against 30 uM DTDP and activated microglia assay
demonstrating that the expression of Ky,2.2CT improves neuronal viability against both
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forms of oxidative stress-induced apoptosis. Utilizing a 30 uM DTDP treatment for 10
minutes, the luciferase assay demonstrated a significant increase in survivability, increasing
from 69.6 £ 0.048% in controls (pBK-vector) to 84.0 £ 0.080% in Kys2.2-expressing
neurons (1-tailed paired t-test, P=0.049). C) Example confocal images of an individual
neuron before, during and after 30 uM DTDP. Below, a schematic diagram of the
experimental time course and conditions. We found that on average it took 86.67 + 2.56
minutes for DTDP to significantly disrupt Ky,2.1 somato-dendritic clusters (n=6, 2-tailed
paired t-test, P=0.025). D) Bar graph summary of results, demonstrating that DTDP causes
statistically significant disruption of Ky,2.1 somato-dendritic clusters which is abolished by
chelation of free Zn?* by 10 uM TPEN. By approximately 1.5 hours following DTDP
treatment the number of clusters/uM? decreased (0.090 + 0.015 Ky2.1 clusters/uM230 uM
DTDP n=14) compared to vehicle treated neurons (0.139 + 0.017 Ky,2.1 clusters/uM?2 0.01%
DMSO n=10). A more pronounce disruption was noted at the 3+ hour time point in which
whole cell voltage-clamp experiments were conducted (0.12 + Ky2.1 clusters/uM? 0.01%
DMSO n= 16 versus 0.03 + Ky2.1 clusters/uM?2 30 uM DTDP n=15). Removal of free Zn2*
by chelation, using 10 uM TPEN, completely abolished the effect (one-way ANOVA with
Bonferonni post-hoc test, P=0.0004). E) (Top) Example whole cell voltage-clamp current
density traces of neurons treated with either vehicle (0.01% DMSO) or DTDP (30 uM) 3-
4.5 hours prior. (Bottom) bar graph summary demonstrating that the increase in Ky/2.1
mediated current density observed in pBK-expressing controls (81.99 pA/pF £ 6.57, n=14
0.01% DMSO versus 171.88 pA/pF + 18.72 pA/pF, n=15 30uM DTDP) was absent in cells
expressing Ky2.2CT (91.92 pA/pF + 4.92, n=10 0.01% DMSO versus 83.34 pA/pF £ 11.19
n=7 30 uM DTDP; Kruskal-Wallis statistic 16.03, Dunn’s post-hoc test P=0.0011).
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Figure 4. Kyy2.2CT acts through a distinct mechanism that differs from Ky/2.1Cla
A) Diagram illustrating the homology between the C-termini of Ky/2.1 and Ky/2.2 and the

different non-overlapping domains that the Ky,2.1C1a and Ky,2.2CT proteins are derived
from, both of which are neuroprotective against oxidative stress-inducing apoptosis. B) (top)
Example confocal images of cortical neurons expressing Ky/2.1-eGFP alone (left) and
Ky2.1-eGFP+Ky,2.1C1a (right) (bottom) Bar graph summary demonstrating that expression
of Ky2.1C1a fails to disrupt Ky,2.1 somato-dendritic clusters C) (top) Example Western blot
of Ky2.1, co-immunoprecipitated with an anti-syntaxin primary antibody, comparing the
effects of both Ky/2.1C1a and Ky,2.2CT on the association of syntaxin with Ky,2.1 in
Chinese hamster ovary cells. (Bottom) Bar graph summary of co-immunoprecipitation
experiments demonstrating that only Ky,2.1C1a causes a significant disassociation of Ky,2.1
from syntaxin (1 sample t-test P=0.049, n=5).
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