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V. Summary

Voltage sensitivgphosphatases: understanding their function
and expanding their potential use

Voltage sensitive phosphatases (VSPs) are proteins dagsadttwo distinct domains:

a transmembranevoltage sensor domaivVSD)and acytosolicphosphatase domain
highly simila to the human tumor suppressor protein PTEMdsphatase andeinsin
homologue deleted from chromosome Q10The first characterize®SPwas isolated
from the sea squirCiona Intestinalisnamed GVSP, one decade agdpon membrane
depolarization, C+tVSP has phosphatase activity against phosphoinositidgl)
substratesandactspredominantlyas a 5phosphatase oP(4,5P, and P(3,4,5Ps.

VSPs eist in several speciesncluding human and although their functionand
physiological role ar@ot completelyunderstood they have been proverexcellent
tools to rapidly and reversibly alter the phosphoinositide content of the plasma
membranein living cells.

The firstpart of this work focuses on further characterizing and understanding the
function of VSPs bysing well established techniquesVe used wholeell patch
clampingto control VSBand total nternal reflection fuorescent (TIRFmicroscopyto
record their activity

We first investigated the human VSP isoform 1 (hVSP1). hVSP plesrtkemembrane
localization andhas not been characterizeith depth Here we attempted to target
hVSP1 to the plasma membrane and ekamits enzymatic activity. We found that
complete replacement of th&SDof hVSP1 with that of ISP resulted in a membrane
targeted, votage activated phosphatase of PI(4,B).

Given the similarity of VSPs with PTHM chimeric proteinPTERNyhad been created
previously by fusing the VSD of-\G3P withPTEN. PTEN fully represents the
enzymatic activity of PTE(8-phosphatase of P3(4)R and PI(3,4,5) and by being
voltage regulated itcomprises a powerful tool for studying this tumor suppressor.
Specificallywe characterized the enzymatic activity of a novel PTEN mutation, A126G,
identified from a prostate cancer patientThis mutation was found to convert the

substrate specificity of PTEN from-a@a 5phosphatase.



VSPare suggested to be involved pmocesses where pH and redox state changes are
known to occur. Therefore waext investigated the effect of intracellular pEnd
redox state on VSPs activit¥le saw that acit pH increases the @&,5)P, depletionby
VSR, while oxidation inhibits the enzymatic activityhus, t seems possibl¢hat pH

and oxidation canin addition to voltage, contribute to a fine modulatioh \dSR.

In the second part we developed an easily applicablenethod to use VSPs for
manipulaion of Pl levels without the use gfatch clampingWe useddifferent cation
channelsthat upon activation led to membrane depolarization and consequently VSP
activation. We then characterized methods to monitor F levels using fluorescece
microscopy or photometry.At last, we demonstratel the application of these
techniques byemploying PTEN,to characterie the effect of known PTEhutations
andanalyz the effect of PTEN inhitors.

In conclusionin this work we increased our understanding regarding several aspects
of VSPs activity, including hVSP1 and PTEN substrate specificiiyell asthe
regulation of VSPs by intracellular pH and redox statsty, we established an
approach that allowfor rapidmanipulaton and monitoringof Pl levels in a population

of cellsandfacilitates the study of PTEN mutatioaad pharmacological targeting.
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vi. Zusammenfassung

Spannungsempfindliche Phosphatasen: Verstehereinr
Funktion und Ausweiten ihrer potenziellen Nutzung

Spannungsempfindliche Phosphataseendlisch Voltage Sensitive Phosphatases,
VSPs) sind Proteine, die aus zwei unterschiedlicHexlen bestehen: eine
transmembranen Spannungssenfaosmane (VSD) und eher zytosolischen
Phosphataséomane. e Spannungssensddoméne steuert die katalytische Aktivitat
einer Phosphatase, sehr &hnlighie beidem menschlichen Tumorsuppressorprotein
PTEN (Phosphatasend TensinrHomolog geldscht von Chromosom 1@ie erste
charakterisierte VSPCiVSP, wurde vor einem Jahrzehnbn der Seescheid€iona
Intestinalisisoliert. CtVSPhat bei Membrardepolarisationeine Phosphatasé\ktivitat
gegeruber Phosphoinositid (PIl) Substrateind sie wirkt vor allemals 5Phosphatase
vonPI(4,5P, und PI(3,4,9%.

VSR wurden in verschiedenen Spezies gefunden, einschlie@éomMenschen. Trotz
des fehlenden vollstéandigen Verstandees sind VSPs ausgezeichnete Werkzeuge, um
den PhosphoinositidGehalt der Plasmamembran in lebenden Zelwehnell und
reversibel zu andern.

Der erste Teil dieser Arbeit konzentriert sich auf die weitere Charakterisierung und das
Verstandnis der Funktion deMSPs mit Hilfe gut etablieteTechniken. Wir
verwendeten die Whok€eltPatchClampTechnik um die V8s zu kontrollieen und
Interne Totalreflexionsfluoreszenzmikroskopi@nglisch: Total hternal Reflection
Fluorescence microscopy, TIRF)ihre Aktivitat aufzunehmen

Zwerst untersuchten wir die menschliche \\&®@form 1 (hVSP1). hVSR&igt keine
PlasmanembranLokalisationund deshalb ist es nichtiefergehend charakterisiert
worden. Hier haben wir versucht, hVS&1 die Plasmamembran zu bringen und ihre
enzymatische Aktivitdt zu untersucheWir stellten fest, dass einevollstandige
Ersetzungder SpannumgssenscDomane von hVSP#urch die von CiVSP eine

membranstandige, spannungsaktiviertd?hosphatase voRI(4,5 ergibt.
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Angesichts der Ahnlichkeder VSPs mit PTENurde durch Verbindung deVSD von €i
VSP mitPTENdaschiméarsche Protein PTERN;y erstellt. PTERN, behélt dievollstandige
enzymatische Aktivitat von PTEN (PTEN waikt 3Phosphatase von PI(33)und
PI1(3,4,5l;). Die zuséatzliche Regulierbarkeit durch Spannung m&dtENyzu einem
leistungsfahige Werkzeug fur die Untersuchung dess Tumorsippressos.
Insbesondere haben wir die enzymatische Aktivilgr neuen ProstatakrebBTEN
Mutation A126G charakterisiert. Wir fanden heraus, dass did126GMutante die
Substratspezifitdt von PTBMNeiner 3zu einer5-Phosphatasé&onvertiett.

Es wird vermutet, dass VSPs inProzesse, in denen pH und Redox
Zustandsanderungen auftretebeteiligt sind Deshalbuntersuchtenwir als Nachstes
die Wirkung von intrazellulara pH-Wert undvon RedoxZustand auf VSPs. Wir sahen,
dassein saure pHWert den PI(4,5)R Abbau in allen getesteten VS@$0oht, und dass
Oxidationdie enzymatische Aktivitaton CtVSFhemmt. Es scheint daher mdglich, dass
zusatzlich zuSpannungauchpH-Wert und Oxidatiorzu einerfeinen Modulationvon
VSR beitragen.

Im zweiten €il entwickelten wireine leichtanwendbare Methode zur Manipulation
von PHPegeln-unter Verwendung von VSPs aber ohne die NotwendigiteitPatch
ClampTechnik Wir setztenverschiedene Kationenkandleein, die bei Aktivierung zu
Membrardepolarisation fliiten und sequenziell zur VSkktivierung Als Nachste
charakterisieten wir Methoden um PI1(4,5P, und PI(3,4,5)R unter Verwendung von
Fluoreszenzmikroskopieder Photometrie zukontrollieren Aufl3erdemhaben wir die
Anwendbarkeit dieser Technikengezeigt um die Wirkungvon bekanntenPTEN
Mutationen und PTENnNhibitoren durch Verwendung de PTERNy Chimare zu
untersuchen.

Als Ergebnisglieser Arbeiterhohenwir dasVerstandnidiber verschiedene Aspekte der
VSPAKtivitat, einschlie3lichder Substrateziftat von hVSP1lund PTEN sowie der
Regulierung deNSPdurch intrazellulara pHWert und RedoxZustand Aul3erdem
haben wireinen Ansatzetabliert, der nicht nurzugigeManipultion und Kontrolledes
PIGehals in einer Population von Zellen zuldssbndernder auchdie Untersuchung

von PTENMutanten und Pharmakologierleichtert
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1 Introduction

1.1 Voltage sensitive phosphatases

Voltage sensitive phosphatases are a family of enzymes presenting the unique feature
of combining enzymatic activity and voltage sengyiin a single protein. They consist

of a voltage sensing domairW$D) similar to those found in voltagegated ion
channels, linked to a phosphanositides (PIs) phosphatase.The history of their
discovery starts in 1999, whenehfirst member of theVSPfamily was described a
putative transmembrane tyrosingghosphataseTPTE tfansmembrane phosphatase
with tensin homology now termed hVSP2) cloned from human gengme
demonstrating however no apparent phosphatase actiy@en et al., 1999; Tapparel

et al., 2003; Walker et al., 2001)ext membes identified were a second human VSP
protein, TPIP (TPTE and PTEN homologous Inositol lipid Phosplrasasermed
TPTE2 ohVSP1) and the murine VSRVSRWalker et al., 2001; Wu et al., 2001
contrast to hVB2, these two VSPs displayed phasipbsitide phosphatase activiin

in vitro phosphatase assays. However, tlode of thetransmembrane domaimn the
regulation ofthe phosphatase activity of the mammalian VSBsained and still
remains.elusive

Sx yearslater, light was shed on the VSPs field whuarata et al., 2005 for the first
time, achieved to demonstrate how theoltage sensor domain was able ¢ontrol the
phosphataseactivity (Hg. 1.2). They isolated the VSP of the ascid@ona intestinalis
CHVSP, and demonstrated in living cells thaVSP was changing thenmentration of
P1(4,5)Rin a manner that depends on the membrane potential.

Soon VSPs fror@anio rerio (Zebrafish),Xenopusdevis and Galus gdlus (chiclen)

were isolated and characteriz¢dossain et al., 2008; Ratzan et al., 2011; Yamaguchi et
al., 2014) Thetable 1 demonstrates all the vjp-date characterized VSPs.

Extensi6 NBaSI NOK &adomadlyidAiAlrffte AyONBFaSR 2dzNJ
function; a) the operation of the voltage sensor, meaning the movement and the
conformational changes during activatig¢NillalbaGalea et al., 2008; Kohout et al.,

2008; Li et al., 2014)p) the electrochemical coupling, which describes the mechanism

13



through which the voltage sensor conveys the activation to the phosphgtésieout

et al., 2010; Hobigeet al., 2012; Liu et al., 201ahd c) the enzymatic activity, mainly
regarding the substrate specificifHalaszovich et al., 2009; Matsuda et al., 2011,
Kurokawa et al., 2012)

Name Species Cellular  Tissue Predominant Voltage Citation
localization distribution activity activated
CiVSP Ciona PM sperm, 5-phosphatase yes 1,2
intestinalis neuronal of
tissue, blood| PI(4,5)RPI(3,4,5)R
(in vivg
hVvVSP1 Human ER, Golgi testis, brain, 3-phosphatase not shown 3
(4 isoforms) stomach of PI(3,4,5)P
(in vitro)
hvVSP2 Human | ER, Golgi testis, non not shown | 4,5
(4 isoforms) PM spermatoe
cytes
Dr-VSP Danio erio PM not shown 5-phosphatas yes 6
of
PI(4,5)RPI(3,4,5)R
(in vivg
XFVSP Xenopus PM testis, ovary, 5-phosphatase yes 7
(2 genes) laevis liver, kidney of
P1(4,5)RPI(3,4,5)R
(in vivo
GgVSsSP Galus PM developing 5-phosphatase yes 8,9
gallus kidney of
P1(4,5)RPI(3,4,5)R
(in vivo
mVSP mouse Golgi Testis 3-phosphatase not shown 10
of
PI(3,5)RPI(3,4,5)R
(in vitro)

Table 1: All characterized voltage sensitive phosphatasd®eferences: 1(Murata et al.,
2005) 2, (Halaszovich et al., 20123, (Walker et al., 20014, (Chen et al., 19995, (Tapparel
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et al., 2003) 6, (Hossain et al., 2008); (Ratzan et al., 2011B8(Neuhaus and Hollemann,
2009) 9, (Yamaguchi etl., 2014) 10 (Wu et al., 2001) ER endoplasmic retialum; PM
plasma membrane.

1.2 Phosploinositides

The substrate of VSPshagsphoinositides (Pls)are phospholipids of the cellular
membranes found in all eukaryotes. Although they are only a minor component of the
membrane they play an important role in a variety of cellular processes ingud
signaling, migration, proliferation, membrane trafficking and regulation of ion channels
(Balla, 2013)They consist of diacylglycero(DAQ molecule linked to an inositol ring
via a phosphodiester bon(Fig 1.1A).

membrane

DAG

PI3K 7 PISK =

CEYAALLR PMIP LV i)
: P

3 \‘ A/
inositol PI(3,5),

Figure 11: Stucture and metabolism ofphosphoinositides.A: Pls consist of twdatty acid

chairs linked to an inositol ring. Phosphorylation of the ring at positionsd 3nd 5 can
generate the seven differenPl species.B: Schematic representation of Pls and their
interconversion by metabolizing enzymes. For simplicity, only the Pls and enzymes mentioned
in this work are highlighted. Full arrows are demonstrating phosphatases and dashed arrows
kinases.

Phosphorylation of the inositol ring in several positioesgrates seven species of Pls,
which demonstratedifferent membrane localizations and roles in cellular function
(Table 2 (Fallenburger et al., 2010a; Devereaux and Di Paolo, 2083)lethora of

kinases and phosphatases strictly regutatee levels of each Pl by interconversion

between the different specie¢Fig. 1.1B). Impaired function of these metabolizing
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enzymes has beemnonnected to several diseases, including cancer, Lowe Syndrome,

myopathies and many mor@icCrea and De Camilli, 2009)

Lipid Localization Role
PI(3)P late endosome, MVB | endosome trafficing
PI(4)P trans Golgi golgi trafficing
PI(5)P nucleus, ER, Golgi migration

PI1(4,5)P, | plasma membrane channels regulation,
endocytosis,

actin dynamics

PI1(3,5)P, | late endosome endosome trafficing
PI(3,4)P, | early endosome cell survival, proliferation

PI(3,4,5);| plasma membrane cell survival, proliferation

Table 2: Different Pls, their cellular localization and their role in cellular functiorMVB,
multivesicular bodies; ER, endoplasmic reticulum.

1.3 Experimental controbf phosphoinositides

To further address their roles in cell biologynumber of experimental thniques ha

been developed to control Pl levels in living cellfiese techniques varyrom
pharmacological means ane@mgetic manipulations, like ovekpression or knockown

of Pl metabolizing enzymes, to more dynamic approaches that allow temporabtontr
over Pl levels. There are three such techniques for acute Pl manipulation available, all
displaying certain limitations that need to be considered.

The first technique is the FFEEKBR(FK506 binding proteifragment of mammalian
target of rapamycin [MTR)] that binds FKBIRgterodimerization system that recruits a

Pl metabolizing enzyme (e.g., Pl(4:5)Bphosphatase) to the membrane by
application of the drug rapamycifvVarnai et al., 2006; Suh et al., 2008he timing of
recruitment, which then results in e.g. acute Pl(4.50@pletion, can be precisely
controlled. However, recruitment and hence the alteration of PI levels is irreversible.
Furthermore, the use fothe rapamyciAnduced dimerization system is limited to cell
types that do not express large amounts of FKBP or FRB protein domains endogenously
(CoutinheBudd et al., 2013) Additionally, unwanted effects vieendogenous

rapamycin targets have to be consider@rown et al., 1994)
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The second technig is also based on the acute recruitment of-pHpsphatase to the
membrane, this time by using the blue lighduced dimerization of CRYZBN
(cryptochrome 2 CRYzZnteracting bHLH Jldomains(ldevaliHagren et al., 2012)This
system allows for Pl(4,5Repletion thatis reversible within minutes, but imposes
limitations on the analysis of PI levels using well established fluené$fsosensors, as
the system is highly sensitive to blue and green light.

A third strategy to manipulate PI levels in living cells utiliz8®sFor exampleCiVSP
was used to study the flependent regulation of ion channe{¥udin et al., 2011;
Lindner et al., 2011)This approach allowsr temporally precise, robust and quickly
reversible changesin Pl levels. However, itrequires electrophysiological
instrumentation, notavailable in many laboratories, angd time consuming since it
only allows for single cell recordings. These linoias have restricted the broaakse of
VSR as tools formanipulation of PlsPart of this thesis will present a novel approach
to overcome the above limitations and establish ¥3B an easyo-use tool for

controlling PI levels ilvingcells.

1.4 Structure d VSR

Voltage sensitive phosphatases consist of a voltage sensor domain and a catalytic

domain connected via a short amino acetjsence called the lker (Fig. 1.2

membrane
VSP depolarization
> —_—
out & o v + &

L%

+ + =
=
phosphatase

®
P1(4,5)P,

. phosphatas

‘linker:
e e

! voltage !
! sensor
53 r.:

: catalytic domain :

Figure 12: Schematic representation of a VSPVSPs commise two distinct domainsthe
voltage sensor and the catalytic domaionnected to each other by a shdmker. The voltage
sensor consists of four transmembrane helices;S8] responsible for the activation by
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membrane potential. S4 contains four pagdly charged aminacids érginines) that act as
sensing charges. Membrane depolarization changes the transmembrane electrical field and
causes displacement of S&he linker, also called PBM (RPIBinding module), is an
approximately 18 amino acids sequee rich in positively charged amino acidsgf{nines and
lysines). These positively charged amino acids are shown to interact electrostatically with the
negatively charged Pl headgroups of theembrane, facilitating the transmission of the
activation fromthe voltage sensor to the phosphatase domain. The catalytic domain consists
of the phosphatase and C2 pgicarboxylterminus). Here a fphosphatase activity against
PI(4,5)Ris illustrated as an example.

Their voltage sensor domain consists of foumsmembrane segments (&l) with
the fourth segment, S4, bearing four charged residyesginines) which are
responsible for the voltage sensinGhanges in the membrane potential can induce
relocation ofthese charges and lead to conformational alterpas in the protein
itself.

According to the crystal structuraf CiVSPthe S4 undergoes an upward displacement
and a rotation during activatiorfLi et al., 2014) This movement idacilitated by
electrostatic interactions between the positive charges of &# the negatively
charged amino acids of the S1 and S3 segm(@rigs 13A).

The structure of the cytoplasmic region of the proteirwas solved by Xray
crystallography byMatsudaet al, 2011 and Liuet al, 2012 (Fig. 13B). It consists of
two domains, he phosphatase domain and the carbetgfiminus domain C2 The
phosphatase domain contains the proteiyrosine phosphatases (PTP) signature
motif, HCXR (with X being any residudpcated within a loop called the P
(phosphatase bindingpop. The Hoop along with two other elements, the TI
(threoninelisoleucineJoop and the WPD(tryprophane/proline/aspartic acidjoop
form the active site pocket of thehosphoinositidephosphatase.The C2 domain
createsa hydrogen bond network with the phosphatase domaiia its CBRR&alcium
binding region }loop, although itdoes not appear tdbe actively involved inthe
catalysis.

The linker domain plays a pivotal role in the VSP actiltifg. considered responsible
for the electrochemicalcoupling between the vodtge sensor and the phosphatase

domain.lIt consists of approximately 18 amino acids including several positive charged
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residuesthat are suggestedo facilitate the activation(VillalbaGalea et al., 2009; Liu

et al., 2012; Hobiger et al., 2013)ccording to Hobiger's hypothesis the positive amino
acids of the linker playwo roles in the coupling process:irst they interact
electrostatically with the negatively chargdel headgroups dfhe plasma membrane
recruiting the phosphatase domain closer to the membrarezo8d they interact with

the THoop of the active site and by neutralizing its negatively charged amino acids

they faglitate the substrate binding.

A. B
voltage sensor domain catalytic domain
resting state active state
s1 sS4 s1  rodg

D1

2 (7
E3

R: arginine (+) : ;
D: aspartic acid (-) Pl binding:site
E: glutamic acid (-) ; :

phosphatase domain C2 domain

Figure 13: Structure of GiVSP.A: Mechanistic model of voltage sensing inMSP.During
activation he S4segmentmoves outwards and rotate®y 60°. The arginines in S4 are
stabilized by gccessive negative countercharges on S1 and S3. Modified(Eiogt al., 2014)

B: Schematic structure of the catalytic domain ofM38P. The phosphatase domain consists of
F2daldi NI Yy R& & dzZNNBetizgsk IS ¢ontaing thedPA tnditg site which consists of
three loop structures, the #op, the Tloop and the WPHoop. The C2domain consists of

y A y-Srands and interacts with the phosphatase domain via its CBR3 loop. Image modified
from (Matsuda et al., 2011)

19



1.5 Human VSPs

In the human genme, two genes encode for proteins homologous to voltage sensitive
phosphatases and they are nambBW¥SP Yoriginallytermed TPIP or TPTE&R)d hVSP2
(originallytermed TPTH)Walker et al., 2001; Chen et al., 1999; pael et al., 2003)
hVSP1 which is expressed in testis, brain and stomach, presents phosphoinositide
phosphatase activityn vitro (Walker et al., 2001)In contrast, hVSPtat is found in

testis lacks phosphatase activity probably due to amino acid exchanges in the catalytic
motif of the Rloop (Chen et al., 1999)vVariows splice variants of hVSPs have been
reported that mainly differ in the VS{Fig. 14) (Tapparel et al., 2003For hVSP1 there

are four reported isoforms, all localizing at intracellular membranes, when tested in
heterologous expression systemBVSP2 also appears in foaplice isoforms with

three of them localizedntracellularly and one isoform, hVSP2 localied at the
plasma membrane. So far it has remained elusive whether these proteins are

controlled via membrane depolarization

hVvsP1
isoform  structure localization
hVSPl-\lJ‘h \’!}‘ ER, golgi
Vv “\l
N = e
hVSP1-2 ‘T not shown
v
o (/{ ,
hVSP1-3 u ER, golgi

intracellularly

isoform

hVSP2

structure

hvspP2-1

N;

hVvspP2-2

hVvsP2-4

localization

ER, golgi

ER, golgi

plasma membane,
ER

diffused
intracellularly

hVvsP2-3
S i

Figure 14: Human VSPs and their isoforms Schematic representains of hVSP djte
isoforms derived from computational predictiongerformed by Tapparel et al., 2008our
different isoforms have been isolated for hVSP1 and hVSP2. The isoforms mainlin diféer
VSDs, either byacking parts of he Nterminal part o by lackingentire transmembrane
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segments. The different isoforms are often located in different cellular compantsn The
dashed lines in the fierminal part represent missing amino acids.

1.6 Physiological role of VSPs

The function of VSHs vivoremainslargely unknown but some hypotheses have been
proposedconcerningtheir role in physiological processes amoissiblemechanisms of
their activation. As demonstrated in Table 1 VSPseamessed nobnly in neuronal
tissue, where regulatioy voltagemay be straightforward but are also detected in
non-neuronal tissue such as sperm, blood and kidney.

In adult Gonaintestinalisfor example, GVSP is found ihlood cells(Ogasawara et al.,
2011) Notably, in blood cells NADPH oxidase activity leads to cell membrane
depolarizationthat could potentially activate S/SP.

In XenopusmRNA was founh is several tissues predominantly in oocytes and sperm
(Ratzan et al., 2011)nterestingly, the membrane potential of Xenopus eggs changes
during fertilization from-20 to +20 mV, to block polyspermy. Jhioltage range is
similar to the voltage range for activation of-WBP1. The authors therefore
hypothesise that the PI(4,5)Rlepletion by XNV3° inhibits cell membrane fusion,
prevening this waythe mergingof an additional sperm to the oocyte.

The chek ortholog Ge¢/SP is expressed exclusively in the mesonephros during
embryonic development andhight be activated by transepithelial membrane potential
(Neuhaus and Hollemann, 2009pgVSP haslso been suggested to regulatell
structure through the production of PI(3,4)fYamaguchi et al., 2014)

The mammalian VSPs remain the most elusive. They are found in different tissues
including sperm, brain, kidnetc. (Table 1) buttheir physiological rolesi entirely
unknown. Moreover it is unclear if they are voltage regulatadd their substrate

specificityhasbeenonly studiedin vitro.
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1.7 PTEN

1.7.1 PTEN andlisease

PTEN is one of the most frequently mutated tumor suppressor proteins resulting in
human cancer ah other pathological conditions. Somatic PTEN mutations result in
multiple sporadic tumor types, most frequently in the endometrium, central nervous
system, skin and prostat@Chalhoub and Baker, 20093ermline dominant mutatios

are related to hamartoma tumpo syndromes, benign malformations predisposing for
cancer(Hollander et al., 2011)More recently, the involvement of PTEN in neuronal
activity and development has als@én demonstrated, with PTEN germline mutations
associated withautistic spectrum disorders (ASD¢%arciaJunceClemente and
Golshani, 2014; Varga et al., 2009)

PTEN exerts its tumor suppressor activity via direct antagonism of the
phospratidylinositol 3kinase (PI3K) sigiing pathway whichregulates cell growth,
survival, and proliferationMore specificallyby being a $hosphatase of PI(3,4,3P
PTENounteracsthe PI(3,4,5)FPproduction via PI3K (Fig. 1.5).

( mTOR pS3 ) ( Foxo1

v

Growth Apoptosis

Figure 15: Simplified phosphatidylinositol Zinase (PI3K) signaling pathway PI3K
phosphorylates PI(4,5)Ro PI(3,4,5)R PI(3,4,5)krecruits AKT and its activator PDilthe
membrane where AKT willbe activated by phosphorylation. AKT Wwithen activate or
deactivate several targets by phosphorylation, promoting cellular growth, survival and
proliferation by various mechanism&or simplicity,only some of the key players of the
pathway are demonstrated. PTEN is the negative regulatanefi3K signaling pathway since

it directly antagonizes PI(3,4,5)Production by PI3K. Dashed lines represent indirect
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interaction of AKT with proteitargets.PI3K, pbsphatidylinositol &inase; AKTprotein kinase
B; PDK1, phosphoinositide dependenhdse 1 mTOR, mammalian target of rapamycin;
FOXO1forkhead box 1Schematic modified fronfChalhoub and Baker, 2009)

The effect of mutations on PTEN activity has been assessed do fatro with
phosphatase assays wor vivowith a yeast survival model. More specificallyjnnvitro
phosphatase assays, PTEN reacts with soluble or vesicle placed PlIs, and the produced
orthophosphate is measure using radioactivity or colorimetric asflags et al., 1999;
Maehama and Dixon, 1998Jhe yeast survival system isnan mammalian model,
where PI3K and PEN are oexpressed inS. Cerevisia€Cid et al., 2008) PTEN
phosphatase activity is assessed by its ability to counteract the toxic effect of a
hyperactive form of PI3K, leading to cell survival.

However effects of PTEN mutations, in particular with respect to catalytic activity,
cannotbe addressed in the mammalian ceith the above techniquesthe creation of

the chimeric proteirPTENy previously from our laboratoryallowedfor the first time
examination of PTEN catalyticactivity in living mammalian cel{&acroix et al., 2011)

PTENwwill be presered in detail in the following section.

1.7.2 PTEN structurend PTERy

VSPs are homologues of the tumor suppressor protein PTEN and their catalytic
domains share substantial sequence simila¢iig 1.6A). As both,PTEN and th&SPs
belong to the proteirtyrosinephosphatase (PTP) sup@mily, they shae the
hallmark of the family, the HGX active site motifLiu and Bankaitis, 2010jhe active

site HCXR motifs within the FPoop of PTEN and -@SPsre virtually identical apart

from the fact that an alanine in PTEN ipleeed by a glycine in the VSPs .(EigB).
Functionally, howeverthe two proteinsare strikingly distinctPTEN acts aa 3
phosphatase of P3(4)P,/PI(3,4,5)R. In contrastCiVS mainly acts as afthosphatase

of P14,5)P,/PI(3,4,5)R (Fig. 1.€).
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The crystal structures of the catalytic domain oMSiP and PTEN also revealed a high
degree of structural similarity with both proteins presenting the same architectdire o
phosphdaase and C2 domaingMatsuda et al., 2011; Lee et al., 199%he linker (or
PBM domain although not included in the crystals, is alsinilar by sequence
homology.There are only two main structural differences between PTEN aMbBEI
The first involves the position of Ibop and the second the position of CBIR8p
(Matsuda et al., 2011)n particular, it is suggested thte THoop is located towards
the active site pocket in §SP but not in PTENhich may result i bigger active site
pocket in PTEN required for the accommodatiof3f.5P;, PEN predominate
substrate. The second difference occurs in the GBBR3 which in GVSP makes
contact with the WPBoop whereasin PTEN it is considered to be involved in FSEN

membrane association.

active site
(P loop)

Ci-VSP 362- HCKGGKGR -369
PTEN 123-HCKAGKGR -130

PI(4,5)P, PI4P

PTEN Ci-VSP

P1(3,4,5)P, PI(3,4)P,

PI(3,4)P, —— PI4P
PTEN/PTEN,,
PI(3,4,5)P, —— PI(4,5)P,

Figure 16: CitVSP, PEN and PTEN A: CiVSP and PTEN demonstrate higguence and
structural similarity in their enzymatic domain. Fusion of PTEN with the VSD-\U8FCi
generated a chimeric protein that is activated by membrane depolarization while nedgethre
enzymatc properties of PTEN. PBM, fildding module; &ail, the carboxyterminus domain;
PDZ domain binding motif postsynaptic density protegqDrosophila disc large tumor
suppressogzonula occludens 1 protei3: Part of the catalytic active site, calledett®rloop,
presents high sequence similarity betweenMS3P and PTER: Diagrammatic representation
of the enzymatic specificity of &SP, PTEN and PEEN
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PTEN has a complex, not fully understootechanism of activation. Its-términal
PBM site plays role in membrane recruitment, in a similar mamnas in GVSP.
However, the @erminal part of PTEN, comprising tl@&tail and the PDZ domain
bindingmotif (domains that are absent from -@SP, Fig6A), is also involved in the
regulation of the protei. Phosphorylation of the -@il domain at several sites
promotes an intramolecula interaction with the remainder of the moleceal that
regulates the membrane association and activity of PTREhdar et al., 2009)
Moreover PDZ domainontaining proteins bind to PTENPZD domin-bindingmotif
and target it to the plasma membrar{®as et al., 208).

Recently, a chimeric protein was created by fusing the VSD-6EEiwith the entire
PTEN proteinin that way,a membranelocalized voltageregulated PTEN, termed
PTENv(Lacroix et al., 2011yas generatedThis chimeralisplayed enzymatic activity
in a strictly depolarizatiolependent manner andully recapitulated the catalytic
activity of the wild type proteinin beinga 3phosphatase of PI(3)B/PI(3,4,5)R (Fig.
1.6C). With its ability to switch enzymatic activity rapidly and reversibly in living
mammalian cellsSPTENyyprovided a novel approacloif studying this important tumo

suppressor.

1.8 Expermental approaches tcstudy VSPs

The study of VSPs in living cells requires first a metioodontrol them by using
voltage and second a method to recortheir activity. For this reasqnVSPs are
primarily studied using electrophysiological methods on sgitems heterologously
expressing he VSP of interest. For big host cells, sucX@sopus laevisocytes, the
two electrode voltage clamp is used while for smaller, mammatialts the patch
clamping approaclis required These electrophysiologicaiethods allowfor precise
temporal control of the membrane potential and accordingly activation of VSies
record the activity of VSPs the experimenter @tier directlymonitor the electrical

properties of the voltage sensor ononitor the phosphatase actityi of the catalytic
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domain as an effect of membrandepolarization The following sectionsprovide a

detaileddescription of these two monitoring techniques.

1.8.1 Measurement of ensing current

The voltage sensing mechanism of VSPs closely resembles thatltafjle gated
channels (VillalbaGalea et al., 2008; Bezanilla, 2008hanges in themembrane
potential lead to movement of the positively charged S4 segment of the voltage sensor
domain (Figl1.2). The fastmovement of these charges within thbeembrane electrical
field produces transienturrents called sensing currentgs depicted in figure 1.7
Similar transient currents are generated also by voltage gatethnels and are called
gating currents since theyegulate the opening of the channel's por&/hen the
voltage sensormoves toits active state, at depolarizing potent&a an outward
transient current occurs called thé h y ¢ & Sy &,AwWiE an Qdedd\tianysient
current, 0 K F Ta¢ & Sy & ,Aogcdrs viheaNiNeBsghor returns to the resting

position

\
\ On current

Off current

+160mV
-80mV

Figure 17: VSPs' sensing currentsSensing currents are produced as aute®f membrane
depolarization and represerthe movement of the S4egmentwithin the membraneelectric
field. Outward currents, called théOrE sensing currentsoccur at depolarizing potentiglin
cells kept at a holdig potential of-80 mV. Return tahe holding potetial results in an inward,
00T Fcarrent representing the returning of the ssor to ifs resting position.Modified from

(Murata et al., 2005)

The characteristicef sensing currents provide imp@nt information about the VSPs.

For example the charge movement of the voltage sensor can be calculated by the time
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integral of the sensing current. Thesenseng charges can be used to ess the
expression levels of VSP in expression sys{&fiialbaGalea et al., 2009)n addition,
by measurement of the sensing charges overaage of voltags, with voltage step
protocols as shown ifigure 1.7, it is possible talerivethe voltage dependence of the
activation of VB. Lasly, kinetic analysis of the decay rate of th@F Eurrentscanbe
used to assess the coupling of the voltage sensor to the phosphatase d@fwiger
et al., 2012)

1.8.2 Measurementof catalytic activity

The enzymat activity of VSPs can be studidgnamicallyin living cells by directly
monitoring the changes of Pls levels as a result of VSPs activatandifferent
approacheshave been used to monitor Pl level change4,5)P, sensitive Kchannels
and Pl senss.

Theuse ofK" channels such as KCNQ2/3 and Kir2.1, as reporters of the phoapbat
activity is well establishedMurata et al., 2005; Hossain et al., 2008; Liu et al., 2012;
Sakata et al., 2011)These channels require PI(4,5®Ror their function, therefore
depletion of this phospholipidia VSPs results in decrease of the ioniaenr(Fig
1.8A,B).

membrane KCNQ2/3 only KCNQ2/3 + Ci-VSP
depolarization
-

Figure 18: K' channels for monitoring the catalytic activity of VS® A: Schematic
representation of a cell expressing-\C3P and #1(4,5)R sensitive K channel. Since these
channels requird®l(4,5)Rfor their activity, depletion oPI(4,5)Rby CiVSP results in inhibition

of the ionic current.B: In cells heterologously expressing KCNQ2/3 increasing voltage steps
result in increasing ionic currents. In contrast, in cells coexpressing KCNQ2/3-\48¢ tGe
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ionic current decays at high potentials (red traces), indicating decreased Pl({eg#fs.
Modified from(Murata and Okamura, 2007)

An alternative way tamonitor VSPs enzymatic activity by geneticallyencoded PI
sensorsand fluorescence microepy (Varnai and Balla, 200691 sensors derive from
proteins that physiologically bind talifferent phosphoinositidesheadgroups. One of
the most extensivelyused are the pleckstrin homologyPH) domais isolated from
several proteins andepending on the protein of origifPH domais can specifially
bind to certainPI specieskusion of such domains with fluorescent proteins generates
sensors that are able to report abowbncentration and localizatioof specific Pl

speciesTable2 liststhe biosensors used in this work.

Name Pl specificity Reference

Akt-PH PI(3,4)P,/PI(3,4,5)P,| Servant et al., 2000
BtK-PH PI(3,4,5)P, Salim et al., 1996
GRP-PH PI(3,4,5)P, Klarlund et al., 1997
OSBP-PH | PI(4)P Levine and Munro, 1998
PLC6,-PH | PI(4,5)P, Varnai and Balla, 1998
TAPP1-PH | PI(3,4)P, Kimber et al., 2002
tubby PI(4,5)P, Santagata et al., 2001

Table3: Biosensas used in this work

The use of these biosensors for assessing the catalytic activity sfhdSBeen well
establishedMurata and Okamura, 2007; Halaszovich et al., 2009; Ratzan et al., 2011)
As an example, we consideells coexpressing €VSP and #1(4,5)Rspecific sensor
(Fig.1.9A) At hyperpolarizing potentials ISP is inactive antthe sensoris located
mainly in the membrane where the PI(4,5®ncentration is high. Activation of-€EP

with membrane depolarization would result in Pl(45pletion am therefore
translocation of the sensorto the cytoplasm. This change in the membrane
fluorescence can be recorded using confocal microscopyare elegantly withtotal

internal reflection fluorescence(TIRF) microscopy that specifically allows for
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measuement of the plasma membrane fluorescence. An example of a patch clamping
experiment, using 6YSRPt [ {-RHGFP and TIRF microscopy is presentefigure
1.9B.

membrane
depolarization
—_—

PLCS,-PH-GFP

Figure 19: Pl sensors for mnitoring the catalytic activity of VSRB. A: Schematic
representation ofa cell expressin@€+VSP and a @I,5)P; specific sensor under whole cell patch
clamp condition. Membrane depolarization results in activatiorCe¥/SP, R4,5)R depletion
and translocation of the biosensor (BS) the cytosol.B: Time course graph of the TIRF
microscopysignal fromcells transfected with Gt { t | yvFPHGFP,/alPI(4,5)Bpecific
biosensor. Activation of CiVSP at different depolarizing membrane potentials, causes
depletion ofPI(4,5)R, translocationt [ {-RHGFP to the cytosol and therefore decrease of the
membranefluorescence intensityModified from(Halaszovich et al., 2009)

1.9 Aims of this work

This workexpands in two directions: firsto further our understanding of VSP function
and secondto developa simplified method for using VSBSs tool for experimental
manipulation of Pl corantrations

In the first section we studied different aspects of VSPs and RRHEMction and
regulation that remained until now unknownjncluding substrate specificity,
localization anddependenceon intracellular conditionsMore specifically, first we
aimed at examining the substraspecificity of hVSP1, that was never been shown in
living cellsGiven the lack of plasma membrane localization of this protein, we initially
focused on targeting it to the membrane by exchampgparts of it with VSPs that show

strong plasma membrane localization, such a¥ &P and hVSP2. Second we focused
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on characterizing aovel PTEN patient specifrautation by using the PTENchimera.
Interestingly this mutation, A126G, occurs in thehiygconservedP-loop, part ofthe
phosphatases active site (Fig. 6B). The existence of a glycine in this positign
however characteristic of-phosphatases sucas CtVSP. Therefore, here we studied
the effect of nmutations in this positionon the phoghatase activity and substrate
specificity of PTEN: Third we investigatedifferent modulatorsof VSPs' activitguch
asintracellular pH andedox state pH changes arknown to occur in processes such
as sperm physiology, cell growth and migratiédthough their exact physiological role

in not yet fully understoody SR have been also suggested be involvedn the above
mentioned processes Here we compared the Pldepletion rates caused by VSP
activation under different intracellular pH values. Wen accessed the effect of pH
on the sensingof VSB and in the kinetis of PI(4,5)Presynthesis. In addition we
attempted to identify the amino acid that could act as the pH sensor by site directed
mutagenesis bhistidine residues of BYSP Lastly inthis section we systematically
tested the effect of oxidation on GISP.

All the above work was conducted by using whoddl patch clamp technique for the
control of the membrae potential and the subsequerdctivation of VSPs. This
technique requires lectrophysiological instrumentation and expertise as well as
laborious single cell recording$hus, in the second section we aimed to simplify the
manipulation of VSPs activation by developing a broadly applicable and
electrophysiologyfree approach. Sucan approach could not only facilitate the study
of VSPs but could also expand their use as phosphoinositide manipulation tools.

To avoid electrophysiological methods we employed cation channels to induce
membrane depolarizatioin a population of livingells We compared different cation
channels i.e. constitutive open, ligand or light activated channés,their ability to
evoke VSPs activation. Different ways of monitoring VSPs activity by using
fluorescemetagged Plbiosensos combined with standal microscopy orFRET
(Forster Resonance Energy Trangfeere also studiedAt last having establishethe

optimal conditions,we aimed at demonstrating the@sefulnessof this approach by
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employing the PTERMy chimera in order to study PTEN tumorigeniaitations and

inhibitors, in a technically easy way, in a population of living cells.

31



2 Materials and Methods

2.1 Molecular Biology

Introduction of mutations into our expressing vectors was perfadmasing the
Quickchange Il XISiteDirected mutagenesis kit (Agnt Technologies, Santa Clara,
CA). Briefly, the techniqgue was based on a polymerase chain reaction (PCR) using
primers containing the desired mutatigibiomers.net, Ulm, GermanyJemplate DNA
was discarded by digestididpnl,Thermo ScientificDreieich Germany and the PCR
product was transformed in competent cells for DNA replication and purification.

The general strategy for the creation of chimeric proteins was as follows; restriction
sites were created with mutagenesis at the point of interest lba plasmids encoding

for the two proteins. The plasmids were then digested with the appropriate enzymes
(Thermo Scientific and separated with electrophoresis based on their size. The
selected DNA fragments were then fusaging ligase Thermo Scientific and
transformed in competent cells. For the final construct the restriction site was
removed from the fusion site by mutagenesis. haghe complete coding sequence of
the construct was verified by sequencif®eqlab, Gottingen, Germany).

Specifically, e hVSPi,23n chimera was constructed from amico acidsb@ from
hVSPZ3 and amino acids 7322 from hVSP1. Kpn restriction site was added at the
site of fusion on the original plasmids. The h\$El chimera was created by sie
directed mutagenesi®n the hVSRl23n. That required substitution of eight amino
acids located on the VSD of hVRR4n. The hVSRiywas constructed from ammn
acids 1123 from GNVSP and amino acids 822 from hVSP1A schematic
representation ofthese constructs can bfund in the results part in figure 3.The
hVSPgiyand PTEN,chimeras were creategdreviously from colleaguess described in
(Halaszovich et al., 201a@hd (Lacroix et al., 201Xgspectively

The Frubby construct was creatdxy Dr. D. Schneidefrom the PippiP1(4,5)Rsensor
(kindly provided from Dr. M. Matsuda, Jap@oshizaki et al., 2007y replacinghe
PLC;-PH domairwith Tubby-Ctermprotein. The AktAR construct was kindly provided
from Dr. J. Zhang, Baltimore, U&ao and Zhang, 2008)
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2.2 Cell culture and transfection

The experimerg were performed with human embryonic kidney 293 (HEK) cells and
Chinese hamster ovary (CHO) cells. HEK cells were cultured in MEM Alpha medium
containing 10% standard FBS, 1% peniatiaptomycin 10.000 U/ml, 1% NEAA (100x)
and 1% N&yruvate (100x) (h chemicals were purchased from Gibco, Life
Technologies). CHO cells were cultured in MEM Alpha medium containing 10%
standard FBS, 1% penicHtreptomycin 10.000 U/ml. For splitting and plating, the
cells that had reached 8®0% confluency, were wastiewith PBS (1x) (Life
Technologies) and incubated with Trypsin (1x) (Life Technologiesj4fanihutes for
separation. The callwere then suspended iIMEM Alphamedium for termination of

the trypsinization process and theentrifuged for 2 min at 120Qm (Megafuge 20R,
Heraeus Instruments, Hanau, Germanihe pellet was then resuspended with 1 ol
fresh medium and distributedither in flasks for the continuation of the cell line @
glass coverslips (Thermo Scientificand glass bottom dishes (WMo Wells B.V.
Amsterdam, The Nethentals) for experimental usage. A HERAcell 150i (Thermo
Scientificincubator was used to keep the cells at®7and at 5% CO

24-48 hours after platingthe cells were transfected with expression vectécétable

4) using JetPEIl (Polyplus Transfection, lllkrich, Frarecd)near polyethylenimine
derivativeg according to themanufacturer'sinstructions P(4,5P,-3-kinase LIJMm m n N
(K227E)was cotransfected with PTEMto increasePI(3,4,5)R levels (Rodriguez
Viciana et al., 1996Before the start othe AktAR experimeni$1(3,4,5)Rlevels were
elevated by incubating the cells with 0.4 pgAnsulinlike growth factorl for 15
minutes(Halaszovich et al., 200HEK cells were preferred for confocal imaging, since
they present a stronger membrane localization of PI marker$O cells were primarily
used for patch clamp experimesntForpatch clampingsingle cellswith no contactto
neighborcells arepreferred. SinceCHO cellform looseconnections with each other,

it is easy toremowe neighbor cells by applying gentle suction through the patch
clamping pipette Experimentavere performed 2448 hours after transfection at room

temperature.
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Name UniProt accession No.Amino acids Vector Citation
Biosensors
AKtAR Chimeric construct pcDNAS3 1
Aktl-PH P31749 1-164 pEGFMN, pECFR, 2
PEYFMN
Btk-PH Q06187 1-177 pEGFIN 3
Frubby Chimeric construct pCAGGS Dr. D.
Schneider
GRP1PH 043739 _2 261-381 pPEGFFC 4
OSBFPH P22059 88-188 pEGFMN 5
t [ {-RH P51178 1-170 PEGFMN, pEYFRE, 6
pECFRC
TapptPH Q9HB21 182-303 PEYFC 7
TubbyCterm P50586_2 243505 pEGFFC, pERFE 8
Channels
ChR2(H134R) B4Y105 Full length pEYFP 9
KCNQ4 P56696 Full length pcDNA3.1 10
Kir2.1 P35561 Full length pBKCMV 11
TASK3 Q9NPC2 Full length pcDNA3.1 12
TRPV1 Q35433 Full length PEYFM 13
(stop codon before
YFP)
Enzymes
CiHVSP Q4W8A1 Full length| pRFPFC, pECFE 14
Dr-VSP B3IUN7 Full length | pIRESGFP, pIRES 15
neGFP
XFVSP1 Q4KLP3 Full length pRFFC 16
hvsP1 Q6XP53 Full length| pRFRC, pRFN 17
hvspP2 P561863 Full length PEGFFC 18




hVSPgy Chimeric construct pRFFC O. Ebers

PTENyv Chimeric construct pRFFC 19
P3lAYlas L P32871 Full length pcDNAS.1 20
(K227E)

Table4: List of the plasmids used in this study.References: 1(Gao and Zhang, 2008},

(Servant et al., 20008, (Salim et al., 19964, (Klarlund et al., 1997)%, (Levine and Munro,
1998) 6, (Varnai and Balla, 1998 (Kimber et al., 20028, (Santagata et al., 20019, (Nagel
et al., 2003) 10,(Chambard and Ashmore, 2008}, (RaabGraham et al., 1994)12, (Enyedi
and Czirjak, 2010)13, (Caterina et al., 199714, (Murata et al., 2005) 15, (Hossain et al.,
2008) 16, (Ratzan et ki, 2011) 17(Walker et al., 2001)18,(Chen et al., 199919, (Lacroix et
al., 2011) 20, (RodriguezViciana et al., 1996)

2.3 Patch clamping

2.3.1 Background

Patch clamping is an electrophysiologicatthod developed in 1976 by Neher and
Sackmann(Neher and Sakmann, 1976yhich enabled for the first time the
measurement of single channel ionic currents. Since then, a number of different
recording configurationshave developed, allowing for the electrophysiological
investigation of thebehaviorof single cells or whole cellular networks in the nervous
system(Hamill et al., 1981)

Here, we used the wholeell configuration which allows theeledrophysiological
study of intact celk. Since our primary aim here was to control the membrane
potential, we used the voltage clamp moda which,the membrane potential is
controlled by the experimenter anthe changes in the ionic current are recorded.
shown in figure 2.1A glass pipette o diameter not exciding 5 um, was filled with a
conducting salt solution, resembling the ionic composition of the intracellular solution.
The pipette approaches the cell and with application of gentle suction ipette tip

will create a high resistance seal known as gigaseal, singaudually in the range of
Gigadhms. Application of a voltage pulse or/and suction will break the membrane

patch and create a lowesistance access into the cgliem et al., 1995)
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Rfeedback

gigaseal formation whole cell
output

pipette
gentle gentle suction/

suction voltage pulse

series’.

cell

Figure 21: The wholecell patch clamping technique.A: Schematic representation of the
whole-cell configuration. A pipette of small diameter needs to createigh resistance seal,
gigaseal, with the cell membrane. Disruption of the seal with gealgion ora voltagepulse
opens the cell and provides access to the intracellular sgac&implified equivalent circuit for

the wholecell patch clamp configuration. A chlorided silver wire connects the cell interior to a
feedback amplifier. Such an afifier operates by calculating the difference between the
command and the measured voltage and converting it to currepdy, \command voltage;
Reedvack feedback resistance; ,6; pipette capacitance; B, leak resistance; {Res Series
resistance Gnem, membrane capacitance;,R, membrane resistance. Figures modified from
(Liem et al., 1995; Molleman, 2003)

Hgure 2.1B depicts a simplified equivalent circuit of the wkmd# patch clamp
configuration. A dngle chlorided silver electrode connects the intracellular
compartment to a high resistance amplifier. Patch clamping amplifiers operate through
a feedback system. The voltage set by the experimentgy,, 6 compared to the
measured membrane voltage. @&hdifference between the set and measured
membrane voltage is stantly corrected by current injection. This current, but of
opposite sign, is the actual ionic current of thdlgeembrane.Several properties of

the cell should be considered to acquire eegse patch clamp measurement. For
example, the pipette and membrane capacitancg, @nd Gem, are compensated by
internal electronic systems to preverthe appearance of capacitance currents

Another factor to be considered is the leak resistancgs,Rntroduced from the
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membrane damage caused by the patching pipeffbe Racneeds to be high to
increase cell viabilitand decrease voltage clamp errofe series resistance s&Res
represents the pipette and access resistance and also needeg tootmpensated to

avoidvoltage clamperrors.

2.3.2 Patch clamping protocols

Whole cell patch clamping was performed in CHO cells using adE&aplifier and
PatchMastersoftware (both HEKAY I § OK LA LIS GGSaQ NB#DaGl yOS
aKXKZ NBO2NRAy3Ia ¢ SNB -passHltededifSkHzG wn 111 yR f
Sensing currents were recorded in response to test putsdween +40 mV and +180
mV, from a holding potentiabf -70 m\. The incremenbf the voltage was 20 mV and
the duration of the pulse was 20fns. linear leak and capacitive currents were
subtracted using a P/N (positive/negative) protocol.

In TIRF experiments hVgRWvas activated with membrane depolarization at +80 mV
for 1 minutefrom a holding potential 0100 mV. PTEN/was activated at + 80 mV for
30 seconds from a holding potentiaf €60 mV. GVSR DrVSP and XYSPlwere
activated at different voltages, as indicated in the results pfnt,30 secondgrom a
holding potental of-60 mV.

In the experiments where Kir2.1 channels were coexpressed withSbr, Kir2.1
currents were evoked by a 300 ms test pulse60 mV from a holding potential of
-60 mV (Fig.2.2A) During the experiment, DYSP was activated by membrane
depolarization atdifferent membrane potentials(Fig.2.2B red trace)resulting in
depletion of PI(4,5)P Since Kir2.1 requires PI(4,5j€x its activity, activation of Dr
VSRcausednhibition of the Kir2.1 currents as shownthe representative pulsé&races
(dashed boxes idigure 2.2B) To create the currento-time trace (Fig.2.2B black
trace), one Kir2.1 current measurement was recorded every 6 secoffus.data were
next normalized to thdaselinecurrentprior to the activation of DIVSRFig.2.2¢

For current clamp recordingsf cells expressing ChReells were held at 0 pA and

changes of membrane voltage were recorded upon 1 second blue light exposure.
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Figure 22: Protocol for Kir2.1/DfVSP measuremenisA: Curent recorded from a CHO cell
expressing Kir2.1 channel. Recordings were made at +100 mV from a holding potet@ifal of
mV. B: Graph showing the curreftb-time trace from a CHO cell coexpressing Kir2.1 channel
with DrVSP.The current trace(black trace)was createdfrom the Kir2.1 current value
recorded every 6 secondSince Kir2.1 is Pl(4,58ensitive, activation of DYSP at positive
potentials inhibits the channel's activitas shown in the representative Kir2.1 currents in the
dashed boxesThevoltage protocol used for activation of ISP is showin the red trace C:

For presentation, the current was normalized to the average curbefibre the activation of
Dr-VSP

2.4 Total Internal Reflection Fluorescen¢&|RFMicroscopy

TIRF microscopfAxelrod, 1981; Fish, 2008)lows for recordingluorescence signals
from the cell membrane and is an ideally suited tool to monitor the spatial and

temporal dynamics of fluorescenPl markers.Briefly, the excitation field of the TIRF
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