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Targeting Kv2.1/Syntaxin Binding for Neuroprotection
ChungYang Yeh PhD
University of Pittsburgh2019

The regulation of cytosolic potassium is a convergent factor in cell death programs of many
mammalian cell types including central nervous system neuronsioRigical levels of potassium
concentrations can suppress the activation of critical caspases and nucleases necessary for cell
death. Under physiological conditions, several ion channels and exchangers sustain intracellular
potassium levels. Converselyghtly regulated molecular pathways facilitate the depletion of
intracellular potassium after injury to very low concentrations, enabling cell death mechanisms to
proceed. Several research groups have shown that preventing the loss of intracellulampotassi
after injury through various approaches can increase the survivability of several cell types. In
neurons, the main regulator of intracellular potassium after injury is the delayed rectifier potassium
channel Kv2.1. Strategies aimed to ameliorate Ka2gdendent neuronal cell death have been
investigated over the past several years. We have come to understand that lethal oxidative damage
set forth unique, zinrdependent phosphorylation of Kv2.1, leading to enhanced membrane
channel insertion and elevatpdtassium efflux currents. Critical to this pathway is the pretein
protein interaction between Kv2.1 and the cell surface soluble NSF attachment protein receptor
(SNARE) syntaxin 1A (syntaxin). Interrupting this interaction has been shown to improve
neuroral survival in vitro. In this dissertation, | report several studies that further clarify the
molecular interactions between Kv2.1 and syntaxin, and provide the first in vivo evidence that
disrupting the Kv2.dsyntaxin binding is a viable neuroprotectiveategy. We explored several
approaches using bopleptidebasedand synthetic small molecules as the protective agent. To cap

off these findings, | provide preliminary data that leverages the hepatitis virus protein NS5A to



suppress Kv2-tependent cellehth in ischemic stroke. We intend for the work presented here to
serve as the basis to further unravel the role of Kv2.1 in other neurodegenerative conditions and

eventually make the translational leap to improve clinical treatments.
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1.0 Introduction

1.1 The increasing burden of neurodegenerative diseases

Historical advances in medical practice have led to a very different quality of living from
merely a century ago. Improved sanitation and disease counter measures have decreased mortality
across all age groups. While the maximum human lifespan have not increased significantly in
recent times (Dong et al., 2016), the proportion of the elderly in the population today is the highest
it has ever been. Il n 1950, otntec formooghly sPOEthe6 5 an
worl dés population, in 2015, this number stea
by 2030 and 16.7% by 2050 (He et al., 2016). More nations will begin to have a constriction of
the population pyramid, and evenversions of the age structure will be observed. This
demographic transition necessarily indicates a change in the prevalence of certain illnesses and
contributes to a critical shift in the central focus of modern medicine. Currently in the United States
and many similar developed nations, heart disease and eatatd illnesses are the top leading
causes of death by a large margin, as reported by the Center for Disease Control (CDC). Stroke
and Al zhei mer 6s d-cogetated reyroddagewtive Hiseasds|(Murplay gteal.,
2018), are also consistently ranked as leading causes of death, currently at 5 and 6, respectively.
With increases in the average human life span and the population growth rate, neurodegenerative
diseases are set to rapidigdome towering medical and economic burdens in the coming decades.

Age is, by far, the strongest predictor for most idiopathic neurodegenerative diseases. More
than three quarters of stroke occurs in the population of ages 65 and up, and the riskefor strok

doubles for each successive decade after the age of 55 (CDC). Projection of stroke patients in the



United States population suggests a rising trend from 3.22% in 2012 to 3.88% in 2030, an increase

of 3.4 million individuals, accounting for a doublingdirect medical cost from 71.55 billion to
157.30 billion US dollars (Ovbiagele et al .,
and related dementias in the United States numbered approximately 5 million in 2014 (1.6% of

US population) and wlikexpand to 13.9 million people in 2060 (3.3% of US population) (Matthews

et al., 2019). Direct cost of care for Al zheir
from 109 billion in 2010 to 259 billion US dollars by 2040 (Deb et al., 201fis projected
increase in the prevalence of i schemic strok:ce
guality of life for a large afflicted population and their family members. Despite these growing
needs, our current treatment options for all theearodegenerative conditions are wholly
unsatisfactory.

The paucity in treatment options for neurodegenerative diseases is not for the lack of
attempts in development. Preclinically, drug developmental research has had numerous successes.
But translationof these findings to the clinic has been difficult. Between 1995 and 2005, 430
potential stroke drugs were evaluated for efficacy in clinical trials globally. Nineteen (4%) have
reached the market. The few treatments that are mechanistically neuropeoteeticurrently
unavailable in the United States for clinical use (Citicoline, a naturally occurring intermediate to
cell membrane lipids, has been discontinued due to the lack of effect across several clinical trials
(Shi et al., 2016); Fasudil, a Rhankise inhibitor and vasodilator, has not been approved in the
United States after a lengthy legal battle and concerns over liver toxicity (Chen & Wang, 2016)).

In fact, most currently accepted ischemic stroke treatments rely on the physstdbkshment
of blood flow, the sealled clot buster drugs or variations of thrombectomy, rather than

neuroprotective agent s. Treatments for Al zhei



2017 there have been 146 f ai lugsqPhRMAtreport201®). at d:
Current treat ments for Al zhei mer 0s di sease
(galantamine, rivastigmine, and donepezil) and the NMDA antagonist memantine. Both groups of
drugs are known cognitive enhancers (Repantid.e2@10) and memantine also confer some
neuroprotective activity by counteracting excitotoxicity (Danysz & Parsons, 2003). Treatments
designed to target Al zhei mer 6s disease &etiol
(recently, see the abandonedpre ct s C R E Aabyloid ardilvodies By,Roche, Jan 2019).

These costly failed clinical trials highlight a rapidly growing need for more effective
neuroprotective therapies, urgently calling for innovative approaches in combating

neurodegenerative cditions.

1.2 Apoptotic cell death in neurodegenerative diseases

The complexityof the cell death process in neurodegeneration is central to the difficulties
in developing effective treatments. Distingudibiological features allow us tdgte the event of
cell death on a spectrum ranging from the highly precise and contained apoptosis to the
uncontrolled procedhat isnecrosis. The apoptotic cell death has the specific goal of minimizing
secondary damage, such as the release of inflamnyrfattors, to surrounding cells upon cell lysis.
This is achieved by the activation of a specific class of proteases known as caspases, anrd caspase
activated endonucleases that cause DNA degrad@iorore, 2007) Molecular signals such as
phosphatidd er i ne are al so presented on membrane s
phagocytosis by macrophagéSegawa & Nagata, 2015While apoptotic programs are

necessary part of the ddepmental process and in tissue turnover homeostasis in adults, excessive

3



activation of the cell death program can be observed in pathological states. On the other hand,
necrotic cell death releases intracellular contents undeterred and can be dettorteetathole

organism. More recent experiments found programmed molecular pathways can also lead to
inflammatory forms of cell death, called necroptosis, and it has been observed in
neurodegenerati ve di s e adBGaecamaxtal,2017)Realisticdlly, daehi me r 0 s
disease is considered to have unique fingerprints of cell death characteristics, including features of
both apoptosis and necrosis, making a camnensiveneuroprotectivetreatment exceedingly

difficult to develop(Chi et al, 2018)

Focal ischemic stroke is a promiteexample of a neurodegenerative condition that
contains heterogenous cell populations that are undergoing different modes of cell death. At the
ischemic core, cells experience rapid necrotic cell death due to the severity of the insult and will
die withina few hours. In contrast, cells in the ischemic penumbra, the perimeter of the ischemic
site, go through apoptotic programs that can be observed fofRlagaket al, 2017) Elevated
protein expression rekd to the activation of caspase activity, including signs of nuclease
dependent DNA fragmentation, can be found in stroke patientinpasém brain tissugMitsios
et al, 2007) I n Al zhei merdés di sease, apoptotic mech
of cell death(McCord & Aizenman, 2014; Obulesu & Lakshmi, 201E)evated activation of
executioner caspases can be found in-pastem patient tissueRohn & Head, 2009) - b
amyloid,t he centr al protein underlying several pr
induces caspasgependent apoptosis in neuragiddlen et al, 2001) In all cases, the goal of
neuroprotection is to either reduce the region afflicted by necrotic cell death by alleviating the
insult or, inthe manycases where this is not possible, improve the likelihoasuofival incells

undergoing apoptotic cell death by limiting the excessive activation of cell death programs.



Classical features of cell death programs can be the result of convergent intiohsic a
extrinsic caspase activation pathways. In the intrinsic pathway, lethal insults such as severe
oxidative stress cause irreversible damage to mitochondria, leading to the loss of mitochondrial
membrane potential and the release of cytochrome c intgtibsot This internal cell death signal
of cytosolic cytochrome c directly participates in the formation of the apoptotic protease activating
factor 1 (Apafl) oligomeric apoptosome. The Aphfapoptosome then binds and cleaves pro
caspasé®, activating itand the subsequent executioner caspase cadzamest al, 1999) The
extrinsic pathway relies on extracellular ligands binding to death receptors of the tumor necrosis
factor (TNF) receptor superfamily such as TNFR1 and Fas Receptor (FasR). While each of these
death receptors have specific mechanisms, whetherddutated gene expression through- NF
kb or extranuclear signal transduction to the mitochondria/apoptosbeysll converge to the
activation of executioner caspas@bulesu & Lakshmi, 2014)As cell death programs are
underway, many stereotypical features of apoptosis can be observed, such as chromosome
condensation, membrane blebbing, and, perhaps the most visually impressive, the drssmatic |
cell volume. While originally assumed to be a passive process, apoptotic cell volume decrease is
now known as a robust and highly regulated active event during cell death. This dissertation

focuses on a key contributor to apoptotic volume decreastcularly in neurons.

1.3 Apoptotic cell volumedecreasesnd potassium regulation

Apoptotic volume decrease is an isoelectric loss of cell volume that begins prior to caspase
activation and is a characteristic observed in most physiological models of programmed cell death

(Bortner & Cidlowski, 2007). The phenomenon of apoptotic voluewehse is distinct from that
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of regulatory volume decrease, which only occurs in response to anisotonic conditions, albeit they
can involve similar molecular pathways (Szabo et al., 1998; Maeno et al., 2000). Compared to the
rapid adjustments in regulajorolume decrease (within seconds), apoptotic volume decrease
occurs slowly, within 1220 minutes of the insult depending on the cell type and dedtiting

stimulus studied (BossWetzel et al., 2004; Hessler et al., 2005). While slower, apoptotic volume
decrease is an active process that is necessary for the activation of caspases and the efficiency of
apoptotic nucleases (Bortner & Cidlowski, 2002). In fact, typical regulatory elements are often
overridden during cell death processes, such as the ssppr®f mechanisms that maintains cell
volume in healthy conditions (Bortner et al., 2001; Mann et al., 2001).

Early work evaluating the contributors of apoptotic volume decrease found intracellular
potassium to be the key ionic component mediatingpitosess, as it is the most abundant and
osmotically important cation in the cell (Franco et al., 2006). This critical loss of intracellular
potassium is coupled with the early inhibitio
Na-K-ATPase (Nbel et al.,, 2000; Bortner et al., 2001). Because this loss of cell volume is
electroneutral, outwardly rectifying chloride channels have been observed to accompany
intracellular potassium efflux and apoptosis (Szabo et al., 1998). Although chloride anker
prevent cell shrinkage, they do not suppress the activation of caspase and the subsequent DNA
fragmentation, suggesting that potassium ions specifically are required for suppression of
apoptotic mechanisms in healthy cells (Wei et al., 2004b).

Blocking potassium efflux in various ways have been shown to suppress apoptosis and the
many associated biomarkers. In a number of model systems, the presence of cytoplasmic levels of
high extracellular potassium (100 mM+) has been shown to prevent the actfafipaptotic

components, including the externalization of phosphatidylserine, mitochondrial depolarization,



and the release of cytochrome ¢ from mitochondria (Thompson et al., 2001). Importantly,-caspase
3 activation is inhibited by physiological leveltintracellular potassium (Bortner & Cidlowski,
2002). Apoptotic nuclease activity was also shown to be prevented by physiological concentrations
of intracellularpotassium (18050 mM) in celifree assays (Hughes et al., 1997). Oligomerization

of Apaf-1 ard the assembly of the active apoptosome complex is suppressed by physiological
intracellular concentrations of potassium as well, preventing activation of downstream @spase
cell death cascades (Cain et al., 2001). Interestingly, once assembled, thbe@pepvas shown

to be relatively insensitive to the ionic effects surrounding this complex (Cain et al., 2001).

The identification of a single potassium channel or mechanism that is universally
responsible for the efflux of intracellular potassium in adbptotic model systems has been
elusive. Early studies showed that theylde potassium channel Kv1.3 in jurkat T lymphocytes
and prostate cancer cells appears to mediate cell death. Kv1.2 appears to play a role in the cell
death of SHSY5Y neuroblastomaells following hypoxia and glucose deprivation and Kv1.5
contributes to the cell death of CSand pulmonary artery smooth muscle cells (Bortner &
Cidlowski, 2007). Kv1.1 and Kv1.3 contribute to retinal ganglion neuron degeneration after injury
through lmth neuronal and inflammatory microglia mechanisms (Koeberle & Schlichter, 2010).
Potassium channels that are not voltggeed have also been implicated, such as the calcium
activated IKCal channels in T lymphocytes (Elliot & Higgins, 2003). These péetifaeports
across various cell types indicate that ion chanmedliated loss of intracellular potassium is likely
a redundant mechanism and one may compensate for another during prolonged inhibition of one
channel during cell death. Furthermore, reportscate that mechanisms of apoptotic volume
decrease can occur independently from the cell nucleus and other organelles (Bratosin et al., 2001;

Lang et al., 2003). Interestingly, in some model systems, the inhibition of potassium channels has



been showna induce cell death (Choi et al., 1999; Kim et al., 2000). However, in the example of

these studies, it is expected that the disruption of basal functions to be deleterious in healthy cells.

1.4Kv2.1 in neuronal cell death

Kv2.1 is a delayed rectifier posiam channel with 6 transmembrane domains that can
form both homomers and heterotetramers with other Kv, such as Kv2.2 (Kihira et al., 2010), the
electrically silent voltage gated potassium channel subunits (KvS) (Kv5, Kv6, Kv8, and Kv9
(Bocksteins, 2016nd the EAG family channels Kv10.1 and Kv11.1 (Ottschytsch et al., 2002)).
Kv2.1 also contains large intracellular Bind Gterminal domains for nenonducting functions
(Feinshreiber et al., 2010; Fox et al., 2015; Greifagtes et al., 2018) and for pphoregulation
of its ion channel functions (Park et al., 2006). Kv2.1 is encoded by KCNB1, found on the long
arm of the human chromosome 20q13.13, and it is widely expressed throughout the central nervous
system, exclusively in neurons. Kv2.1 is alsoregped in several other organs, including the lung,
the pulmonary artery, the heart, the pancreas, and the liver. De novo mutations of the KCNB1 gene
have been reported to cause frequent infantile epileptic seizures (~11 months) that subside later in
age (4-6 years) but evolve into encephalopathy with severe intellectual disabilities and autism
(Calhoun et al., 2017; Marini et al., 2017). Experimental findings revealed that Kv2.1 is an
important regulator of intrinsic excitability (Mohapatra et al., 20889 that Kv2.1 knockout mice
exhibit seizure propensity (Speca et al.,, 2014). Besides its functions in regulating neuronal
excitability, Kv2.1 is important in many cell types for the depletion of intracellular potassium
concentration during cell death. Naus routes of blocking Kv2.1 efflux have been found to be

protective. In neurons, lethal insults induce a Kv@ependent pronounced increase in potassium
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currents that can be blocked with the expression of a dominate negative Kv2.1 construct (Pal et
al.,, 2003). These findings suggest that Kv2.1 is a key mediator for the apoptotic depletion of
intracellular potassium in neurons.

The upstream pathways leading up to the enhanced Kv2.1 current in neurons have been
carefully dissected. After significant oxiikge insults, oxidized metddinding proteins release free
zinc into the cytosol from various compartments of the cell, such as metallothionine, mitochondria,
and other organelles (McCord & Aizenman, 2014; Maret, 2019). This rise in free zinc activates
zinc-dependent signaling pathways that can generate an optimal environment for cell death. These
pathways include the zirdependent dual phosphorylation of Kv2.1 specifically by Src and p38
MAPK at Kv2.1 residues Y124 and S800, respectively and sequerfiidlyaughlin et al., 2001;
Pal et al., 2003; Redman et al., 2007; Redman et al., 2009; He et al., 2015). These modifications
to the channel i ncrease t he i-tarmnieus domain aodtheb et we
SNARE protein syntaxin 1A (syntaxinsubsequently, an upregulation of de novo channel
insertion into the plasma membrane leads to the critical enhancement of K+ efflux in damaged
neurons, generating the aforementioned necessary low potassium intracellular environment for
caspase and nucleaactivity. The topic of the Kv2-8yntaxin interaction is the core interest of
this dissertation and is further elaborated upon in section 1.7.

As mentionedmany potassium chanmsahay mediate the loss of intracellular potassium
in dying cells. Kv2.1 is particulprimportantbecause it is responsible for mediating the majority
of the delayed rectifier curreatn Kv2.1-expressing neurons, such as those in the hippocampus
(Murakoshi& Trimmer, 1999) which are especially sensitive in neurodegenerative conditions.
The cell deathmechanismsof Kv2.1 has also been shown to bebiquitous as transient

introduction ofKv2.1 in Chinese Hamster Ovary (CHO) cells, which doesematogenously



express any voltaggated ion channels, increases the susceptibility o€th®© cell to apoptotic
agentsPal et al., 2008 This is indicative ofinintimateandhighly refinedrelationship between

the Kv2.1 cell death pathwaandthe endogenous cell dbaprograms. Combined with the fact
that Kv2.1 is widely expressed imany cell types and i@NS neurons, studying Kv2rediated

cell death representmn important facet of understanding and treating many diseases involving

cellular degeneration.

1.5 Oxidative stress and zinc dysregulation in neurodegenerative diseases

The involvement of elevated zinc signaling in Kv@dpendent neuronal cell death is an
important indication of the Kv2:l e pendent pat hwayds relevance
Zinc is thesecond most abundant biological trace element after iron, and its homeostasis is
regulated by large families of transporters (Kambe et al., 2015). It is known to serve indispensable
roles in the function of over 2000 proteins, including more than 300mewyAndreini et al.,

2006; Marreiro et al., 2017). Zinc has been recognized for its abilities to activate the metal
transcription factefl (MTF-1), which governs the expression of metallothionine, a potent heavy
metal chelator and free radical scavendtuttkayNedecky et al., 2013). MFE also activates

the expression of the selenoprotéirfSepwl) gene, which encodes an antioxidant glutathione
binding protein that scavenges free radicals (Bonaventura et al., 2015). Zinc and copper are also
core structusl components of the Cu/Zn type superoxide dismutaseZ(E5OD), which is
essential for antioxidant functions and its mutations has been found to be associated with

neurodegenerative diseases such as amyotrophic lateral sclerosis (Valentine & Hart, 2003).
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Oxidative stress is a ubiquitous component of almost all neurodegenerative diseases. While
generally accepted as an important regulator of proper cellular response to oxidative stress, zinc,
when in dyshomeostasis, has been shown to also play detriméesah brain diseases (Marreiro
et al.,, 2017; Portbury & Adlard, 2017). Heightened activity in glutamatergic terminals in
excitotoxic conditions can promote excesgelease of zinc, which enters through kainate and/or
calciumpermeable AMPA receptorhannels (Galasso & Dyck, 2007). This disruptive rise in
cytosolic zinc can not only cause overactivation of certain-@gapendent pathways, including

those that promotes cell death (Portbury & Adlard, 2017), but also cause prolonged mitochondria

dysfuncton and reactive oxygen species generation

di sease, zinc appears to be a key =wmylbbdctur al

aggregates (Craddock et al., 2012). Because of the zinc dyshomeostasis and thengerssa
in detrimental roles of zinc during many disease states, we believe that tegeraent Kv2.1
cell death pathway can be ubiquitously activated as well. Indeed, evidence ofd€p2rident
cell death have been found in many cellular injurydeis specific to several diseases in the past

decades, some of these examples are discussed below.

1.6 Evidence of Kv2.1 in neurodegenerative diseases

While the importance of zinc signaling in neurodegenerative diseases isestablished
fact, direct eviénce for the involvement of Kv2.1 is just beginning to surface. Initial studies in
vitro found that insults that simulate specific diseases can both raise intracellular zinc levels as
well as elicit the deatpermitting increase in potassium currents.dhgrimary culture cortical

neurons, treatments with a thiakidant can induce cytosolic zinc release and enhance Kv2.1
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currents (Aizenman et al., 2000). Activated microglia, a strong indicator of neuroinflammation in
several diseases (Perry et al., 201@)n also induce an increase in cytosolic zinc and in Kv2.1
currents (Knoch et al., 2008). The neurotoxihy@lroxydopamine (@HDA) acts as an inhibitor
to mitochondria complex | and IV and audgidizes to generate damaging fireglicals (Glinka
et al.,1997). Because of its ability to cause massive degeneration of dopaminergic neurons, 6
OHDA has been used in models of Parkinsonds
surprisingly, treatments oF®HDA can induce an increase in cytosolic Zi8beline et al., 2013)
and elicit the increase in degtermitting Kv2.1 currents, which can be blocked to ameliorate
neuronal cell death (Redman et al., 2006). Oxyglenose deprivation (OGD), an in vitro model
of cerebral ischemia, also induces cytasalnc release and Kv2dependent cell death that can
be ameliorated by blocking Kv2.1 currents (Wei et al., 2004a; Yuan et al., 2011). In vivo evidences
are beginning to surface. In rats, elevated delayed rectifier current can be observed after ischemic
stroke in the hippocampus (Wu et al., 2015), where Kv2.1 is the major contributor of delayed
rectifier currents (Murakoshi & Trimmer, 1999). This is consistent with the fact that broad
spectrum potassium channel blockers are known to be protective insvafioke models (Wei et
al ., 2003). With relevance t o Al-angladalsosliciiss di s €
neurotoxicity dependent on enhanced Kv@utrent(Yu et al., 1998).

An alternate model of Kv2:@lependent neuronal cell deatlgdises on the oligomerization
of Kv2.1 after oxidative damage and has also found convincing evidence in several neurological
diseases. Unlike the channels in the enhanced potassium currents pathway, oligomerized Kv2.1 do
not conduct (Wu et al., 2013). Thigluthe use of transgenic animals that express a Kv2.1 point
mutation that cannot be oxidized (Kv2.1 -TF3A), experimental findings confirmed the

involvement of Kv2.1 oligomerization in neuronal cell death in a mouse traumatic brain injury
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model (Yu et al.2016) and in agingelated cognitive impairments (Yu et al., 2019). Decreased
Kv2.1 function was found i n ADarndecreasesngwona i s e a s
excitability in the hippocampus (Frazzini et al., 2016). The Kv2-CT8A mice wadater shown

to resistant to the neurological deficits of the 3819 genotype and that increased oligomerized
Kv2.1 was found in human patients of Al zheim
believe these findings are strong indications that.k@2pendent cell death mechanisms are

present in several neurodegenerative diseases and is therefore an important topic of study.

1.7 The Kv2.1-syntaxin interaction

Kv2.1 has several binding partners through its large cytosolic domains. For example, the
neuronal adhesion protein amphotariduced gene and ORF (AMIGO) acts as an auxiliary
subunit to increase Kv2.1 conductance (Peltola et al., 2011)}cblmfucting sulmicron Kv2.1
clusters are formed by the interaction between Kv2.1 and the endoplasmic reticulum anchoring
proteins VAPA and VAPB, which has been observed to act as a protein trafficking hub (Fox et al.,
2013; Fox et al., 2015; Johnson et al., 2018; Kiratial., 2018). And perhaps most prominently
studied are the direct interactions between Kv2.1 and members of the SNARE complex, including
SNAP-25 (MacDonald et al., 2002), VAMP2 (Lvov et al., 2008), and, of interest to this
dissertation, syntaxin 1A (Leunet al., 2003). These interactions, particularly the one with
syntaxin, have been shown to be important for exocytosis and vesicle fusion in several cell types.
In neuroendocrine cells, the Kv2syntaxin interaction facilitates exocytosis of dense cosehes
independently of Kv 2 .-ladkati osmt cala.n,nezxdiggtdl .e I(rBi

Kv2.1-syntaxin interaction modulates the release of insulin. Specifically, clustered Kv2.1 domains
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i n s e ccaelsare kngwn fo facilitate insulgranule release through the selective binding of
specific Kv2.1 regions to syntaxin 1A or syntaxin 3 to elicit the secretion of selective granules
populations (Zhu et al., 2013; Greitz&ntes et al., 2018).

In dying neurons, the interaction between Kivand syntaxin is essential for increasing
Kv2.1 channel insertion and the expression of enhanced currents. Blocking the increase in
interaction between Kv2.1 and syntaxin by mutating either Y124 or S800 to alanine prevents the
currents from becoming laegand halts the cell death functions of Kv2.1 (Redman et al., 2007;
Redman et al.,, 2009). Psedploosphorylated S800D or S800E Kv2.1 constitutively express
enhanced potassium currents (Redman et al., 2007). The interaction between Kv2.1 and syntaxin
is medated by the proximal Kv2.1-@&rminus domain termed Cla (a.a. 6PR; as opposed to
the more distal C1b (a.a. 5821) and C2 (a.a. 63853) regions or the fterminus (a.a.-182))
(Leung et al., 2003). We demonstrated that the Kv2.1 Cla domain dirapgty2.ksyntaxin
interaction in ceammunoprecipitation and suppresses the enhanced -geatiitting currents
(McCord et al., 2014). The overexpression of Cla is neuroprotective in cortical culture neurons
challenged with activated microglia (McCord et, &014). By evaluating the ability of smaller
Kv2.1 Cla fragments to inhibit enhanced Kv2.1 currents, the binding region was further narrowed
down to residues 44322 (McCord et al., 2014). These results indicate that disrupting the-Kv2.1
syntaxin interatton may be a viable neuroprotective strategy. To realize this translational
opportunity, we look to successful examples of targeting prguetein interactions in

neuropathies based on ion channel functions.
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1.8 Channelktargeted investigative approaches toeuroprotection

lon channel modulation has been a prominent focus in the treatment of many diseases,
including those neuronal in origin. For example, in the treatment of epileptic seizure through anti
epileptic drugs (AED), the AEDs includes those thegedts sodium channels, calcium channels,
and both GABA and glutamate receptors (Waszkielewicz et al., 2013). Traditionally, drug
treatments for these conditions focused on the direct blockade or opening of the channel in
guestion. However, this approachncdetrimentally affect typical channel activity and cause
debilitating side effects, such as arrhythmia and respiratory failure, as has been found in the case
of blocking potassium channels systemically (Graham, 1950; Iwaki et al., 1987; Nattel, 2008).
More recently, a neweptidebasedapproach has emerged for targeting the interactions of the
channel with a regulatory protein as a frect approach to modulate channel function. To do
this, it is sometimes necessary to further understand the spedafiaatbns between the binding
partners. In 1990, Frank and colleagues presented the SPOT synthesis method that greatly
improved the feasibility of these studies (Frank et al., 1990; Frank, 2002). SPOT synthesis allows
the rapid and cosdffective synthesief peptide arrays that transverse a known region of a protein,
the array can then be probed using a protein of interest. The results of these experiments provide
insights to the amino acid sequences that can interact with the protein used in the ptubhng,
can be further leveraged to desigpegptidebasedmolecule capable of competitive binding to the
target protein, thus blocking a specific interaction with the channel.

There are a few highly successful examples of using this research approagettmta
channels in neuronal disorders. In the expression of neuropathic pain, the interaction between
CaVv2.2 and collapsing response mediator pre2e(€RMP2) was found to increase calcium

influx and enhance excitability in smallameter sensory neursin the spinal cord. It is known
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that CRMP2 binds CaV2.2 via a region within its three @a&wling domain (CBD13) (Brittain
et al., 2009). Using the peptide SPOT array, the essential binding sequence between CRMP2 and
CaV2.2 was found to be a-Hnino aals sequence within CBD3. By conjugating this sequence
(CBD?3) to the cel and blood brain barriggermeant domain HIV TAT (TAT), the resulting
peptide (TAFCBD3) can competitively bind CaV2.2, effectively preventing its interactions with
CRMP2 and reduaggain sensitivity after injury (Brittain et al., 2011b). TAOBD3 was later found
to also have neuroprotective properties in rodent models of traumatic brain injury and ischemic
stroke (Brittain et al., 2011a; Brittain et al., 2012a).

In a clinical examplethe discovery of NAL (TAT-NR2B9c) is a breakthrough evidence
that TAT-linked peptides can be translationally successful for neurodegenerative diseases
(Ballarin & Tymianski, 2018). TAINR2B9c is made up of the TAT domain and the last9 C
terminal resides of NMDAR GIuN2B, allowing the peptide to disrupt the binding between
GIuN2B and the Nerminus of nNOS, which is known to confer NMDA receptoediated
excitotoxicity. Tymianski and colleagues proceeded to evaluate NRZB9c in various models
of ischenic stroke, in which excitotoxicity is a prominent player (Sattler & Tymianski, 2001).
Rigorous evaluation of TANR2B9c found effectiveness in ameliorating stroke damage in
several rodent models as well as in rhesus macaques (Cook et al., 2012YRPRBBc then
demonstrated clinical effectiveness in phase Il clinical trials (ENACT, NCT00728182) completed
in 2012, which found TAINR2B9c to significantly reduce embolic stroke infarct size in patients
that undertook an endovascular procedure against brainyanewCurrent phase Il clinical trials
are being carried out in cities around the world for use in neuroprotection after ischemic stroke
(USA, Australia, Canada, Germany, lIreland, Korea, Sweden, and the UK; ESNAPE

NCT02930018, FRONTIER NCT02315443)hi¥ rare, potentially successful story of TAT
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NR2B9cd6s transl at i olmked peptides Isated anttre disruptiom af anTioA T

channel 6s interaction with another protein iIs

1.9 Thesis Goals

The goal of this dissertation is to explore the neuroprotective potentials of interrupting the
Kv2.1-syntaxin interaction. While it has been known for decades that the modulation of potassium
movement can improve survivability in several cell types, sstadable molecular target has not
been identi fied. Finding a treat ment t hat d
physiological roles is an important aspect of a wakrated treatment, as side effects themselves
can be as debilitating as themgytoms, by way of which many clinical trials may have failed.
Furthermore, while the Kv2.1 cell death pathway has been extensively studied in rodent primary
neuronal cultures, it has, heretofore, not been shown as a viable therapeutic method in vivo. To
begin, we utilized the SPOT peptide synthesis method to identify the interacting entity between
Kv2.1 and syntaxin. From this, we generate a chadeeVed TATlinked peptide to disrupt
Kv2.1-syntaxin binding, as with the strategy described above (Chaptgsidg details observed
in the peptide SPOT array, we further carried out molecular simulations of Kv2.1 and syntaxin,
uncovering precise molecular mechanisms in the binding of these two proteins (Chapter 3). Lastly,
we explored an alternative solutiar heurodegenerative diseases in the form of adesociated
virus treatment with a cargo that inhibits the Kv&yhtaxin interaction upstream (Chapter 4).
These are important studies in the scope of a world where neuroprotective treatments are sparse,

and the burden of neurodegenerative diseases is continuing to climb at an alarming rate.
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2.0 Targeting a Potassium Channel/Syntaxin Interaction Ameliorates Cell Death in

Ischemic Stroke

2.1 Section Summary

The voltagegated K channel Kv2.1 has been intimately linked with neuronal apoptosis.
After ischemic, oxidative, or inflammatory insults, Kv2.1 mediates a pronounced, delayed
enhancement of Kefflux, generating an optimal intracellular environment for caspase and
nuclease etivity, key components of programmed cell death. This apopépsibling mechanism
is initiated via ZA*-dependent dual phosphorylation of Kv2.1, increasing the interaction between
t he <channel 6 derminustdonaio andlthe | SAIARE Golubieethylmaleimide
sensitive factor activating protein receptor) protein syntaxin 1A. Subsequently, an upregulation of
de novachannel insertion into the plasma membrane leads to the critical enhancement of K__ efflux
in damaged neurons. Here, we investigated dred strategy designed to interfere with the cell
deathfacilitating properties of Kv2.1, specifically its interaction with syntaxin 1A, could lead to
neuroprotection following ischemic injuiy viva. The minimal syntaxin 14inding sequence of
Kv2.1 C erminus (ClaB) was first identified via a{fdfestern peptide screen and used to create
a protherapeutic product by conjugating ClaB to apmtletrating domain. The resulting peptide
(TAT-C1laB) suppressed enhanced whkas#é potassium currents produceg d mutated form of
Kv2.1 mimicking apoptosis in a mammalian expression system, and protected cortical neurons
from slow excitotoxic injuryin vitro, without influencing NMDAinduced intracellular calcium
responses. Importantly, intraperitoneal adminigirabf TAT-C1aB in mice following transient

middle cerebral artery occlusion significantly reduced ischemic stroke damage and improved
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neurological outcome. These results provide strong evidence that targeting the proapoptotic

function of Kv2.1 is an effdive and highly promising neuroprotective strategy.

2.2 Introduction

Voltagegated potassium channels (Kv), key regulators of cellular excitability, play an
important role in cell death processes underlying several neurodegenerative conditions, including
stroke (Shah & Aizenman, 2014). At physiological concentrations, intracellular K+ suppresses
caspase function, inhibits active nuclease activity, as well as limits apoptosome formation (Hughes
& Cidlowski, 1999; Yu, 2003). Thus, in order for cell death casctupsoceed, intracellular K+
concentrations must decrease. In the central nervous system, the delayed rectifier K+ channel
Kv2.1 plays a prominent role in this process, particularly in cortical, hippocampal, and nigral
neurons (Pal et al., 2003; Redmamlet2006; Shen et al., 2009; Shepherd et al., 2012). This cell
deathenabling mechanism is initiated by intracellular free Zn2+ released from oxidized metal
binding proteins and compromised organelles (Aizenman et al., 2000; Sensi et al., 2003; Knoch et
al., 2008; Aras et al., 2009a; McCord & Aizenman, 2013; Granzotto & Sensi, 2015; Medvedeva
et al., 2017). Zn2+, in turn, activates a dual kirmseliated process, resulting in the sequential
phosphorylation of the intracellular Kv2.1 residues Y124 and0S80 Src and p38 MAPK,
respectively (Redman et al., 2007; Redman et al., 2009; Shepherd et al., 2012; He et al., 2015).
These channel phosphorylation events increase a Ca2+/CalMpdindent interaction between
the proximal Gterminus of Kv2.1, termed Cl&ihgerLahat et al., 2007; Singdmahat et al.,

2008), and the SNARE protein syntaxin 1A (STX1A), promoting de novo channel incorporation

into the plasma membrane and the associated apeparsmstting K+ efflux in dying cells (Pal et
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al., 2006; McCord &Aizenman, 2013; McCord et al., 2014). Notably, the increased surface
expression of functional Kv2.1 channels in vitro generally occurs after a delay of approximately
three hours following the initiation of the injurious event (McLaughlin et al., 2001).

Experimental manipulation of this pathway at several checkpoints has strongly suggested
that inhibition of the prapoptotic function of Kv2.1 has therapeutic potential. Non
phosphorylatable point mutations of either Y124 or S800 Kv2.1 residues, inhibitiggstoeam
kinases, or interfering with STX1A function have all led to a blockade epoptotic channel
trafficking and are protective in in vitro models of neurodegeneration (McLaughlin et al., 2001;
Aras & Aizenman, 2005; Redman et al., 2007; Rednah ,e2009; McCord & Aizenman, 2014).

Not surprisingly, suppressing delayed rectifier currents directly is sufficient for improving
neuronal survival both in vitro (Pal et al., 2003; Yuan et al., 2011) and in vivo (Wei et al., 2003).
However, blockers oflelayed rectifier currents can have significant effects on cardiomyocyte
repolarization, and are associated with potentially serious side effects, such as ventricular
tachycardia and respiratory failure (Graham, 1950; Iwaki et al., 1987; Nattel, 2008)g rtiredm

less than ideal candidates for central nervous system pharmacotherapy. As such, the identification
of an approach to target the cell degfiecific elements of Kv2.1 is an essential step towards
realizing the neuroprotective potential of targetihig channel. With this in mind, we report the
generation of a ceppbermeant, highly neuroprotective peptide construct (XBEB), derived from

a heretofore unidentified minimal, 9 amino acid (a.a.), STXimding Kv2.1 sequence coupled

to the ceHlpermedle transactivator of transcription (TAT) domain from the human

immunodeficiency virus.
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2.3 Results

2.3.1 Establishing the sequence of TATC1aB

To identify the minimal Kv2.1 @erminal sequence that can bind syntaxin 1A (STX1A), a
far-western assay (Brittain et @2011b) was performed on a peptide spot array of sexgeatys
a.a. sequences derived from Kv2.1, spanning residues 451 to 540 (Rattus norvegicus; Accession #
NP_037318.1; (McCord & Aizenman, 2014)) in 1 a.a. overlapping steps (Fig. 1A). STX1A
enriched Igates derived from Chinese Hamster ovary (CHO) cells overexpressing the SNARE
protein were used to probe against the bait Kv2.1 peptides. Subsequent immunofluorescence
revealed two strongly interacting fragments flanking a region of high STX1A bindirdighted
in red and blue in Figs. 1A and 1B. These two fragments contain an overlapping 9 a.a. sequence,
HLSPNKWKW from N- to C-terminus, corresponding to rat Kv2.1 a.a. residues#8B3 Of note,
this exact sequence is present in mouse Kv2.1, corresgptalia.a. 48290 (Mus musculus;
Accession # NP_032446.2). This sequence likely represents the minimal kt&riGus (Cla)
STX1A-binding sequence (ClaB). Addition of the HIV TAT eplirmeable domain to the-N
terminus of ClaB yielded TAC1aB: YGRKKRR@RRRHLSPNKWKW (Fig. 1C). A second set
of membranes were used to confirm a displacement of the spotted peptides to STX1A-by TAT
ClaB (100 uM, n=4; Figs 1A, 1B). A BLAST search of ClaB revealed no identical sequence in
any other mammalian protein, with only analogously similar (77%), but not identical, sequence
in the Kv2.1 cognate Kv2.2 (HLSPSRWKW, Rattus
NP_446452.2 and NP_001091998.1, respectively), a channel that has not yet been implicated in
apoptotic process, possibly as it lacks a p38 target site analogous to Kv2.1 S800 and flanking
sequences. Randomizing the C1aB domain of the Ka@rilved, STX1Abinding peptide yielded
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a scrambled control (TABC; YGRKKRRQRRRNLKWSHPKW). BLAST search of the
scrambled CI1B sequence resulted in no identifiable mammalian proteins. A diagram
summarizing our overall experimental approach is illustrated in Figure 2, where we hypothesize
that the isolated STX1Ainding sequence in TATl1aB competes for and prevents the increase

of functional Kv2.1 channels on the plasma membrane during apoptosis and is thus

neuroprotective.

2.3.2 TAT-ClaB suppresses apoptotic Kv2:inediated K+ currents and provides
neuroprotection from Asl ow0 exci t odvakediCa2t-t y i n

responses

Previously, we demonstrated that p38 MAPK phosphorylates Kv2.1 at serine residue S800
to induce the pr@poptotic increase in K+ currents (Redman et al., 2007). A point mutation of the
serine to a negatively charged a.a. (E or D) at this posiieults in apoptotittke enhanced
currents in the CHO cell expression system, provided that tyrosine residue Y124 remains intact
(Redman et al., 2007; Redman et al., 2009; He et al., 2015). It is noteworthy that CHO cells do not
express any endogenousltagegated K+ channels (Yu & Kerchner, 1998), but contain all
relevant signaling components that lead to-goptotic trafficking of Kv2.1 (Pal et al., 2003;

Aras & Aizenman, 2005). This offers an advantageous preparation to evaluate the effects of the
peptide, as it focuses on the STX1A bindmgdiated insertion process itself, in the absence of
potentially confounding signaling events and other apoptetased processes. We observed that
overnight exposure to 10 uM TAT1aB beginning immediately fowing the transfection
protocol significantly prevented Kv2.1(S800Egediated enhanced currents. In fact, current
densities in TATC1aB treated, Kv2.1(S800#xpressing CHO cells were not different from those
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observed in CHO cells expressing wildtype (V2.1 (Fig. 3A). Importantly, the identical TAT
ClaB treatment did not reduce the current density of WT Kv2.1 channels, indicating that normal
channel trafficking was not affected by the peptide. Moreover, the control, scrambled peptide
TAT-SC (10 uM) hd no measurable effects on the current density of either Kv2.1 construct (Fig.
3A). Although these results strongly suggest that THEBEB prevents apoptotic trafficking of
Kv2.1, a norequivocal demonstration of this process will require single partialeking of
fluorescently labeled channels with techniques such as total internal reflection microscopy (TIRF).
As TAT-ClaB could effectively prevent enhanced,-ppmptotic Kv2.1 current, we next
evaluated whether the peptide would be neuroprotective innawitro neuronal system.
Embryonicallyderived rat cortical cultures were treated with 100 pM -tbitecbeta
benzyloxyaspartate (TBOA) at 2® days in vitro (DIV), in the absence or the presence of 0.3, or
1 uM of either TATFC1aB or TATSC. TBOA, like oher glutamate transporter blockers, elicits
slow NMDA receptommediated excitotoxicity in neuronal cultures (Blitzblau et al., 1996; Wang
et al., 1998). We opted for this cell toxicity model as it has long been established that relatively
mild exposure ttNMDA receptor agonists, over long periods of time, can induce apoptotic injury
(Bonfoco et al., 1995; Leist & Nicotera, 1998). Moreover, apoptotic excitotoxic stimuli can elicit
K+ current increases (Yao et al., 2009), and NMDA receptor activation haslbsely associated
with ischemic stroke injury (Meldrum et al., 1987; Aarts et al., 2002). Within 24 h, TBOA
incubation led to the appearance of dendritic and membrane blebs. Critically, the presence of 1
UM TAT-ClaB seemed to be sufficient to ameliottéite TBOAmediated toxicity, as visualized
via prior transfection of the neurons with eGFP (Fig. 3B). To quantify the degree of cellular
damage induced by TBOA and neuroprotection via ¥&laB, a lactate dehydrogenase (LDH)

viability assay was performed 24 after TBOA treatment. The release of ldivgd cytosolic
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proteins, such as LDH, is indicative of compromised cellular integrity (Koh & Choi, 1987; Aras
et al., 2001). In corroboration with our qualitative assessment, we found tha€T&B treatment
significantly decreased TBO#Mduced injury in cortical cultures. In contrast, T/ afforded

no neuroprotection (Fig. 3C).

Finally, we evaluated whether TAC1aB could directly influence NMD#A&voked Ca2+
responses. Intracellular Ca2+ recordings were paddras described earlier (Aizenman et al.,
1990; Reynolds et al., 1990) in neurons that had been exposed to 1 uM of eith€@laBTor
TAT-SC overnight (~18 h), until just immediately prior to recordings. -uraeasurements
revealed that initial Ca2+ rneenses to 30 uM NMDA + 10 uM glycine, as well as delayed calcium
dysregulation profiles (Brittain et al., 2012b) were not significantly different between both groups
of cells (50 cells per coverslip; n=3 coverslips per group. Total 150 cells per conBito#,).

These data strongly suggest that the neuroprotective actions of the peptide occur well downstream
from NMDA receptor activation, as predicted by our model (Shah & Aizenman, 2014) and by the
observed delayed enhancement of apoptotic potassiuantsifollowing injury (~3 h) described

in prior work (McLaughlin et al., 2001).

2.3.3 TAT -C1aB provides neuroprotection in vivo

Once we established that TAT1aB was effective in both inhibiting pepoptotic Kv2.1
mediated currents and providing neuroprotection in vitro, we evaluated the in vivo efficacy of
TAT-ClaB using a transient ischemic stroke model. First however, we igatest whether
intraperitoneal (i.p.) administration of TAC1aB in mice reached the CNS vasculature within a
therapeutically relevant timeframe. For this purpose, a fluorescein (FitC) fluorophore was
conjugated to the @rminus of TAFC1aB for live in wo 2-photon imaging in young adult
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C57BL/6J male mice (229¢g; n=3). A single i.p. injection of TAT1aBFitC (6 nmol/g) was
administered after a stable imaging position had been reached-200Q@m depth from the
cortical surface through a craniotomyngdow over the temporal cortex. A rapid rise in FitC
fluorescence throughout cerebral vessel structures was observed within 10 minutes of the i.p.
injection (Fig. 5A). Vessel fluorescence intensity continued to increase and peaked at 30 minutes
after the igection (Fig. 5B).

Further, we confirmed CNS penetration by the TAT peptide using low power fluorescence
microscopy. After complete saline transcardial perfusion, animals previously injected with TAT
ClaBFitC (6 nmol/g) were found to present increasemrscent signal throughout the brain,
when compared to animals injected with the-flanrescent TATC1aB (Fig. 5C). These findings
are in line with previous characterization of the CNS penetrance of othetlified peptides
(Schwarze et al., 1999; Stadms et al., 2015). Because other Fhiked peptides have been
shown to positively influence CNS neurons in various animal models of ischemic stroke (Kilic et
al., 2006; Brittain et al., 2011a; Cook et al., 2012; Zou et al., 2013), and based on our own
observations here, we concluded that T-&LaB can reach its intended target in a therapeutically
realistic fashion following an i.p. injection. Our observations, in fact, directly confirm that a TAT
linked peptide can rapidly be detected within the brain wlatere and brain parenchyma
following a peripherally i.padministered injection.

In addendum to the original publication, lower panels of Fig. 5C shows that without the
conjugation of the TAT domain, FitC cannot by itself enter the brain parenchyma.

The Longa method of transient mideéerebral artery occlusion (MCAO) (Longa et al.,
1989) was used in young adult C57BL/6J mice (Jackson, at)l@sv&s, male, 2£29g; n=67 for

entire study) to evaluate TAT1aB6s neuroprotectiveneffthei cacy.
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MCAO procedure was first validated in a small cohort of animals (n=3) by monitoring changes of
cerebral blood perfusion using a Laser Doppler Camera before, during, and after 50 min of MCAO.
We found that compared with the g¥CAO baseline (Fig6A), the procedure reliably reduced
ipsilateral Doppler signal intensity by 50%, as compared to the contralaterahfaared side
(Fig. 6B). Removal of the suture for blood reperfusion achieved partial recovery of the cerebral
blood flow after 15 minKigs. 6C, 6D).

The halflife for TAT-conjugated peptides is cargependent and has been found to range
from 1 h to as high as 18 h (Krosl et al., 2003; Bach et al., 2012; Wang et al., 2016pt@tor2
data indicated that the Fitagged TATFClaB remaied detectable above baseline in the CNS
vasculature for at least 2 h after i.p. injection (Fig. 5B), suggesting a turnover rate within the range
of comparable compounds. In vitro, the qaqmoptotic channel insertion process is known to take
place by 3 h filowing an acute injury (Pal et al., 2006), while neuronal delayed rectifier currents
have been observed to remain elevated 24 h after MCAO (Wu et al., 2015). Based on all of this
information, we designed our experimental protocol to consist of two sepigpatpeptide
injections, 1 and 6 h following the initiation of reperfusion (6 nmol/g per injection; Fig. 7A).
Remarkably, in TATClaB treated animals (n=7), 2,3rfphenyltetrazolium chloride (TTC)
staining at 24 h after reperfusion revealed a 40% dserm total brain infarct ratio compared to
that of the TATSC (n=8) or salindreated (n=10) animals (Figs. 7B, 7C). Analysis of individual
2 mm coronal sections revealed that the reduction in infarct ratio provided bZTAB treatment
was most promind in the central infarct area (Fig. 7D). Of note, a ~13% increase in MCAO
induced ipsilateral swelling was observed in all animal groups, regardless of the presence or

absence of the peptide treatments. That is, ipsilateral swelling was nearly idengitdhree
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treatment groups (saline: 112.9 + 1.7%, n=10; 73J: 114.0 + 3.5%, n=8; TAT1aB: 115.2 +
2.2%, n=7; Onavay ANOVA p=0.7811).

We next evaluated the extent of neurological deficit amelioration provided byCTATa B 6 s
in vivo neuroprotection. Ipreliminary studies, animals treated with 50 min MCAO had an overall
survival rate of 38.5% by 2 weeks (TAJlaB 42.9% n=3/7;, TASC 3 3. 3 %, n=2/ 6;
exact test, NS), making it difficult to adequately assess behavioral deficits over time. Bygeducin
the ischemia time to 40 min, the survival rate at 2 weeks was improved-CLAB 92.3%,
n=12/13; TAFSC 76 . 9%, n=10/ 13; Fisherds exact test,
score of animals exposed to 40 min MCAO and treated with eitherXaBor TAT-SC, as
described above (6 nmol/g, at 1 and 6 h following reperfusion), orpaim8& neurological deficit
scale over 14 days (see Methods) (Xia et al., 2006). Consistent with the neuroprotection profile
afforded by TAFC1aB, a significant treatmegtoup effect was observed in TAT1aB treated
animals, which had an overall improved (lower) neurological deficits score when compared to
TAT-SC treated mice (Fig. 7E). Notably, relatively similar numbers of animals (4/13 for TAT
ClaB; 3/12 for TATSC) exibited seizurdike behavior following MCAOQO. These in vivo results
suggest that the degree of neuroprotection provided by@TAaB is functionally significant.

In addendum to the results of the original publication, we evaluated delayed injection times
of TAT-Cl1aB at 3 and 6 hr. The results found that the treatment remained effective in reducing

infarct stroke volume (Fig. 8).
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Primary Ab: Syntaxin 1;
Secondary Ab: Dylight 800 (Licor)

Figure 1. Generation of a Kv2.xderived, STX1A-binding peptide sequence.

A. Farwestern assay dhe proximal Kv2.1 @erminus (Cla) region using 15 a.a. segments

spanning residues Kv2.1 4540, in overlapping one a.a. steps. Two peptides, highlighted in blue

and red, flanked a region of high STX:binding. Error bars indicatmmean + SEM of signal

intensityin 4 independent assays in the absence and presence (black barg)Mdfdfbe TAT-

containing derived STX1Ainding peptide described in (C) belo®. Representative peptide

spotarray of the fawestern experimen€. Final sequences of the gijes used in the this study

are shown. Orange sequence represents th@erelieable HIV transactivator of transcription
28



domain (TAT). Red sequence represents the STRitWing domain derived from Kv2.1. Green

sequence represents a scrambled controtdb@s¢éhe ClaB sequence.
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Figure 2. An illustration of the enhancement of Kv2.1 surface expression during neuronal apoptosis model

and the protective mechanism of TATC1aB.

A. In an untreated neuron facing lethal injury, the increased interaction between Kv2.1 and the
SNARE protein STX1A through the Kv2.1 C1aB domain promotes channel incorporation into the
plasma membran@Pal et al, 2006) This enhances Kefflux and enables apoptosB. A cell-

permeable peptide (TAT1aB) is created to contain the Kviérived STX1Abinding domain
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ClaB. By compdtively binding the Kv2.1binding site on STX1A, TAIClaB provides

neuroprotection by attenuating the enhancement eapoptotic K efflux.
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Figure 3. TAT-C1aB prevents enhanced currents mediated by Kv2.1(S800E) and ameliorafEBOA-induced
neuronal damage in vitro.

A. Representative wholeell K™ current traces and pooled means + SEM of current densities
recorded from CHO cells expressing WT Kv2.1 treated with vehicle (n = 11), 10 uMCIIAB
(n=12), or 10 uM TATSC (n = 11) and CHO cells expressing Kv2.1(S800E) treated with vehicle
(n=11), 1QuM TAT-C1aB (n =11), or 10 pM TATSC (n = 11). Overnight TATC1aB incubation
significantly blocked the enhanced currents present in Kv2.1(S88qigssing cells (current
density at +30 mV, vehicle vs TATl1aB: 267.2 + 22.0 pA/pF vs 189.5 £ 19.6 MeanES
ANOVA/Dunnett, *p<0.05). Scale bar denotes 4nA/2581s100 pM TBOA treatment induces
toxicity in GFRexpressing rat cortical neurons in vitro {23 DIV), but not in the presence of 1
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MM TAT-ClaB. Scale bar denotes 10 pth.Lactate dehydrogenase (LDIkelease, as an index

of cell toxicity, was measured 24 h following TBOA treatment irB28IV rat cortical neuronal
cultures. Ceancubation of 1 uM TATC1aB mitigated cellular damage of TB@#eated neurons

as indicated by decreased LDH release (1.810¥7 vs 2.45 + 0.24 Mean + SEM normalized
colorimetric ratio; ANOVA/Dunnett, **p<0.01; n = 4 independent experiments, each performed
in quadruplicate). Gincubation with TAFTSC had no protective effects (n = 6 independent

experiments, each performed inagiruplicate).
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Figure 4. TAT-C1aB does not influence NMDAevoked Ca2+ responses in cortical neurons in vitro.

A. Representative Gatransient traces illustrating the average response of 50 rat cortical neurons
from a single coverslip previously exposed to either (1 uM; 18 h)-B&T(black) or TATC1aB
(gray) . NMDA (30eM + 10eM glycine) was appli
recording, and later washed for 5 nit 1. Pooled means + SEM (n=50 cells/coverslip; 3 coverslips

per condition) show there is no significant differencepi / F 0 + 0.14.v$60%8 + 0.06:test,

p>0.05) or area under tloarve for the first 15 min of MDA application (350.2t 59.6 vs 292.1

+ 41.1; ttest, p>0.05) between both peptide treatments.

34



Injection

B TAT-C1aB-FitC Signal Intensity
254

- - N
A

Normalized Intensity
(Ratio of pre-injection)
L3,

[

T
0 50 100
Time from injection (min)

TAT-C1aB TAT-C1aB-FitC

(@)

TAT-C1aB TAT-C1aB-FitC TAT-C1aB TAT-C1aB-FitC

N

Brightfield
Fluorescence

Saline FitC Saline FitC Saline FitC

Figure 5. Intraperitoneal TAT -C1aB administration reaches the brain vasculature.
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Fluorescence

A. A representative montage of timevivotwo-photon imaging of Fit@agged TAFCl1aB (TAT-

ClaBFitC) fluorescent signals through a cranial window. FT8TaBFitC was injected i.p. at 0

min (6 nmol/g). An example region of interest (ROI; blood vessel) eteuar fluorescence
intensity over time is denot e dB.Quantifwdtiontofdches qu ar
2-photon imaging data. FitC fluorescence intensity was normalized to thejgrgon baseline.

Error bars indicate SEM of mean sigimaknsity at the ROIs such as that shown in prior panels (n

= 3).C. Injection of TAT-ClaBFitC (6 nmol/g; i.p.), but not TATC1aB, increased fluorescence

intensity throughout the brain nervous tissue at 1 h after injection. Animals were thoroughly,

transardially perfused before brain sections (2 mm) were obtained. Shown are, from left to right,
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bright field images, fluorescence images, and heat maps generated from the fluorescent images.
Note the higher signals present in section obtained from-CAdB FitC-labelled brains (n = 3).
Scale bar indicates 2 mim addition, lower section is unpublished data showing that without the

conjugation of the TAT domain, FitC by itself cannot enter the brain parenchyma.
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Figure 6. In vivo validation of MCAO model.

A-C. Laser sparkle Doppler images through the skull of an anesthetized mouse undergoing MCAO
treatment. Images were taken at roughly 40 min pre (A), 15 min into MCAO (B), and 15 min post
MCAO (C). Scale bar indicates relativgysal intensity.D. Quantification of the mean Doppler

signal intensity at each time point. A 50% decrease in Doppler signal intensity was observed during
MCAO. Perfusion was patrtially recovered after suture was withdrawn. Bar graph indicates mean

+ SEM of % perfusion vs contralateral of each time point (n = 3;-Tm@y ANOVA, Si da

multiple comparison, *** p<0.001, *p<0.05).
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