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ABSTRACT

Mitochondrial calcium (C&) uptake is a sophisticated mechanism ttadpesboth
local and globalCa* signals,which controla variety ofsigraling pathways. Nevertheless, in
the intact endothelial cell, it is not clear ihitochondria by taking upgCe* promote or
counteract nitric oxide (pr synthesis, whiclis anessential process in vascular homeostasis.
Therefore, the prest study aimed to investigate the role of mitochondZial" uptake on
Ca*-triggered NO* production in an immortalized endothelial céiie (EA.hy926) and
respective primary human umbilical vein endothelidsa@¢iUVECS). Fo this purposesingle
live-cell imagingfor both NO*and C&* was performedusing recently developed genetically
encoded ﬂuorescerit\IOAprobes (9eNOp) and a mitochondrial C&#* sensor (4mtD3cpy)
respectively. Mitochondrial Ca* uptakeis exquisitely controlledby several proteinsof the
inner mitochondrial membran&o, in this study, ritochondrialC&* uptake was manipulade
using siRNAs againgtroteins that form thenitochondrialC&* uniporter (MCU) complex and
its associatedegulatoryproteins Silencing of MCU andessential MCU regulator (EMRE)
resulted in a significanlecreasef mitochondrialCa* signas and cytosolidNO”formation in
response to adenosineéphosphate (ATRjriggered Ca&* mobilization in endothelial cells
This finding was confirmed by using antimycin and oligomycin, which collapse the
mitochondrial membrane potential, thereby blockidg?* uptake by mitochondria. Down
regulation of mitochondrialCa* uptake 1 (MICU1), a negative regulator of the MCU
complex enhanced mitochondri@@a* uptake andCa*-evoked NO* formationin both cell
models. In conclusion, these results indicate thatendothelialNO* generation isindeed
dependent on mitochondri@l?* uptake.More importantly the present study signifies a role
of the MCU complex orendotheliaNO*synthase éNOS-mediatedNO formationthat might

be a target for vascular function improvement

Xl



ZUSAMMENFASSUNG

Die Aufnahme von Kaiumionen (C4") durch Mitochondrien ist ein ausgekliigelter zellularer
Prozess, welcher globale und lokale?C&ignale beeinflusst und dadurch verschiedene
Signalvorgange in einer Zelle kontrolliert. In intakten Endothelzellen ist allerdings nicht
eindeuly geklart, ob die Aufnahme von C&" durch Mitochondrien die Bildung von
Stickstoffmonoxid (N@ fordert oder hemmt und somit einen essentiellen Vorgang der
GefaRregulation beeinflusst. Ziel dieser Arbeit wardeger die Rolle der C& Aufnahme
durch Mibchondrien fur die CGa-stimulierte NO* Produktion in einer immortalisierten
Endothelzellinie (EA.hy926) und primédren Endd#edlen von der Nabelschnurrvene
(HUVEC) zu untersuchen. Fur diesen Zweck wurden Echtzeitmessungen von zelGhen
und C&" Signalenin einzelnen Endothelzellen mit sogenannten genetisch kodierte Sensoren
durchgefiihrt. Fur zellulareNO* Messungen wurden die kiirzlich entwickelten geNOps
verwendet, wahrend €aSignalein Mitochondrienmit dem sogenannte@mtD3cpv, einem
genetisch &dierten C& Sensor, aufgespiirt wurden. Um die Aufnahme voA* Gairch
Mitochondrien zu  manipulieren, wurden bekannte Komponenten des**- Ca
Aufnahmekomplexes (MCU Komplex) der inneren Mitochondrienmembran mittels siRNA in
ihrer Expression reduziert. Einee®uktion der Expression von MCU und EMRE, einem
Regulator Proteindes MCU Komplexes fuhrte, wie erwartet, zu einer deutlichen
Verminderung der G4 Signalein Mitochondrien sowie einer reduzierterzellularen NO*
Produktion bei Stimulierung der Endothellh mit Adenosintriphosphat (ATP). Dieses
Ergebnis wurde mittels Oligomycin und Antimycin, welche das Membranpotential und somit
die C&*-Aufnahme der Mitochondrien aufheben, bestétigt. Die siRMdAnittelte Reduktion

der Expression von MICU1, ein Proteiwglches den MCWomplex hemmt, erhohte CGa
Signalein Mitochondrienund die NO” Bildung in Endothelzellen. Zusammenfassend zeigen
diese Ergebnisse, dass di¢O* Biosynthese in Endothelzellen tatsachlich von def*Ca
Aufnahmedurch Mitochondrierpositiv beeinflusst ist. Somit ke der MCU Komplex ein

wichtiger Angriffspunkt fir die therapeutische Verbesserung von Gefal3funktionen sein.

XMl



CHAPTER |

INTRODUCTION

1. Nitric oxide (NO’s) biochemistry and physiologicalsignificance

NO”is a free nitrogen radical that hasvarious significant functions ircellular
physiology(1-3). It is derived from threavell-characterizecproteinisoforms neuronalNO*
synthasg nNOS, NOS] (1), inducible NOS(iNOS, NOS2 (2) and endothelial NO$eNOS,
NOS3 (' 3 Pne more isoformwhich isknown asa mitochondriaNO*synthas¢mtNOS), has
been reported to express in hepatogysmdothelial cetl and cardiomyocyt andit functions
in Ca*-dependent manner, with mitochondrial membrane potessiaitive property4, 5).
A synthase activity of NOS homodimean enzymaticalljunctional form,requiresL-arginine
and oxygen as substes, nicotinamide adenine dinucleotide phosplBt&DPH) to serve as
electron donor, flavin adenine dinucleotiféAD) andflavin adenine mononucleotidg=-MN)
as an electron bridgeetrahydrobiopterin( BH4) for stabilizing coupling state, calmodulin
(CaM), zinc (Zn)and iron protoporphyrin IX haeme F¢ (Figure 11, right sidg ( 6 ) In
addition, NOS carbe inhibited byan asymmetric dimethylarginine (ADMA an analogue of
L-argining (8, 9). Similarlly, an arginas€éan enzyme in urea cycleanlimit NOS activity by
substrate degradatio(8, 9) NOS enzyme can catalyze a formation soiperoxide anion
radical (Q”) if it is uncoupled ot-arginineis scarce (Figure 1.1, left sid¢) 69 ) Except
iINOS whose activitys independent o€&*, all other isoforms requir€a*/calmodulin CaM)
complex as @ enzymaticactivator thereby tiggering NOS enzymatic activitf7). A number
of secreted substances stimul?M©”* synthesis such asepinephrine serotonin, brdykinin,

histamine, adiponectin amdechanical stimli (most notablyshear stre3g6, 8, 9)



NADP" NADP"
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Figure 1.1 Structural organization and functional activity of NO*synthase The enzyme

consists of two identical monomers to form the functidrtanodimer Each monomer has its
own reductase and oxygenase domain to catddyreation ofNO® However, on left side of

the figure, a monomer (I, an uncoupled form) can produce superoxide anion ragfical (O
instead of N& A homodimer (1, a coupletbrm) can catalyze a formation ot®Owhen free
L-arginine (-Arg) is lackng and the enzyme is not fully occupied by the substrate. On the
right side(lll), a favoring enzymatic reaction can occur wheArg and the other cofactors
(C&*/CaM, NADPH, FAD,FMN, Zn, BHs, haeme Fe) are availe at the right concentration.
CaM: calmodulin, NADPH: reduced nicotinamide adenine dinucleotide phosphafAD:
flavin adenine dinucleotide FMN: flavin adenine mononucleotideZn: Zinc, BH:
tetrahydrobiopterin Fe: ion and NADP: oxidized nicotinamide adenine dinucleotide
phosphate [Reproduced fronZhao Y, VanhouttePM, Leung SW. Vascular nitric oxide:
Beyond eNOSJ Pharm Sci. 2015292):83-94. (6), with permission of publiger Elsevier
Inc. Copyright 2015



Endothelium is essential in maintaining the vascular tone by releasing many
biochemical substances capable of modulating the contraction and relaxation of the underlying
vascular smooth muscle and regulating plateigjregation,inflammation and thrombosis,

10). In vascular systemendotheliuraderived NO*has been recognized as an endogenous
vasculasrelaxing factorthat triggersrelaxation of blood vesse(d0). When releaseérom the
mondayer of endothelial cells iMunica intima ( Tunica mucosa, it liberally passesinto
smooth muscle cells presentTianica media Tunicamusculari$, which is covered byunica
externa(Tunica adventitia (Figure 1.2) (6, 10) After reaching smobt muscle cells, it then
activates a soluble guanylate cyclgs&C) resulting in an active fornthat can generate
cyclic guanosine monophosphateGMP) (11, 12) An increase in intracellular cGMP level
gives rise ® protein kinase G (PKGactivity; subsequentlyPKG activatesactivity of myosin
light chain phosphatasgMLCP) (8, 12) MLCP dephosphorylatean phosphemyosin; as a
result, anactive myosin light chain no longexists and the relaxation of vascular smooth
muscle cellensus (8, 12) Besides,anincrement in both cGMP and PKé&tivity has been
found to promotea re-uptake of cytoplasmicCa* into the sarcoplasmic reticuly a Ca*
efflux and the opening of€a*-activated potassium channelscgk (6). As reduced NOA
dependent vasodilation has/olved in an atherosclerotic processnedically, it is used as a

vasodilator in treatingypertension(13, 14).



¢ % ) Endothelial cell

=0, Smooth muscle cell
Tunica intima
Perivascular adipose
tissue cell
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Figure 1.2 Structure of blood vessell. Tunica intima(an innermost lay@mwhere endothelial
monolayer and inteal elastic membrane spread qvél. Tunica media middle layer
consisting of smooth muscle cell and external elastic memlamagdll. Tunica externaan
outermost layer consisting of perivascular adipose tissue, fibroblas{Refproduced from
Zhao Y, VanhouttePM, Leung SW. Vascular nitric oxide: Beyad eNOS J Pharm Sci.
2015]1292):83-94. (6), with permission of publisher Elsevier Ir€opyright 2015



Furthermorea plethora ofbiological effectsof NO* hasbeen investigatedOne of the
most recognized iblogical functiors is a signalingmetabolism coupling allowing more
oxygen to pass throughunica intimaof blood vessel t@unica mediavhere smooth muscle
cells localize anchighly energetic metabolism casccur (15-17). NO* when passing into or
formed in mitochondriagan inhibit mitochondrial respiration by competing oxygen in binding
cytochrome ¢ oxidase (COX) of respiratory chain complex IM1518). A subcellular
biochemical interaction betweemNO* and myoglobin Iltypoxic vasodilation has also been
described and proposed asmechanistic strategy of endothelial cells to regulate oxygen
consumptiorwithin smooth muscle cellsvhenoxygen concentration is reducé€t7, 19, 20)
The recent paper reveals a signalngtabolism couplingwhich has never been explained
before in other cell typedt has been shown that nanomdkKDAconcentration,spresumed to
be within the physiologidarange, can reversibly increase glycolytic flux and production of
lactate in astrocyteéspecialized glial cel)s in bicameral culture with endothelial ce(l21).
Upon complex IV competitve binding, protos accurmlate in the mitochondrial matrixbut
less in intermembrane spa¢@MS) (15, 21) This changes proton gradient and results in
altered chemical and electrical gradigtt). Therefore, mitochondrial membrane potential
( Eito) becomes more positiveand voltagedependent anion channgVDAC) loses its
functional activity(15). In addition, NO* can nitrosylatecomplex 1l aml producs inhibitory
effectasantimycin A(a known complex Il inhibitorcan do(18, 22) As describedit is clear
that thevascular relaxation is not soleflge biological action ofNO*in the vascular wallbut

more onmitochondriarelatedsignalingfunctions(6, 8, 18)



2. Principle of intracellular Ca?* compartmentalization and signaling

In extracellular fluid,Ca* (2.0 - 2.6 mM) is present in three different form®nized,
complexel to organic compoundsnd bound to small inorganic molecul@8). Inside a cell
total Ca* concentration within cytosol andendoplasmic reticulung ER) , is in milimolar
range (23). Nevertheless, the ogentration of freeCa* ion is about 10,00dold lower or
approximately 100 nanomalénM) in the cytosol23). Ca* can be complexed with inorganic
compounds and organic molecul@sg Ca*-binding proteins)with low affinity (23, 24)

How cells maintain such a low concentrationsfaito two broad class€24). The first
class consists of proteins that are soluble in the cyf{@<pl25) These proteins are able to
buffer CaZ*to nanomolar range without modifying total concentration in the (283 Apart
from buffering function, they can process its informatiwhen Ca*-protein complex is
formed and localized spatially and temporg®3, 25) C&* can serve aa second messenger
that sigrals the target signaling pathwaybecause effector proteifgnostly enzymescontan
specific regions (bindingiteg for it. When bound to target bindingregulatory site, the
enzymaticactivity increase$23). A numberof C&* signak or messagearenot transmitted to
targetsdirectly, alternatively, it is needed to be decodadbinding a protein calledCa*
sensor especially calmoduliCaM) (25). For examplethe calmodulindependent kinasH
(CaM kinasdl) andthe eNOS incorporatethe calmodulinsequence withiits structure(26).
Calmodulin conserve€a*6s information in the formfoa conformational change that is then
transmitted to theCaM kinasell and the eNOS (26, 27) Membranebound proteins are
involved in the second class of proteins that controlileelCa* and transporit in andout of
the cells(23, 24) Likewise, these proteins allo@a*to be accumulatetietween e cytosol
and the lumen of twoparticular organelles including mitochondria and endoplasmic
reticulum this molecular evenis crucial for shaping global and lodgE* signaling (23, 24,
28, 29)



3. Endothelial purinergic signaling and vascular function

In endotheliurdining blood vesselsendothelialcells releaseadenosine tripbsphate
(ATP) in response to shear stress (viscous deengl) hypoxia(30, 31) ATP thenactsas an
agonist on purinergic recepta (purinoceptors)specifically P2X and P2Y; the latteris
identified asa G proteircoupled receptor(32). ATP releasedas a cotransmitter with
noradrenalindrom perivascular sympathetic nerves medidtes vasconstrictive effecupon
binding P2X recepta on smooth muscle cell§33). When bound toP2Y receptorson
endothelial cell surface, it lda to a phospholipase GPLC)-b activationand an increasein
inositol 1,4,5trisphosphatélP3z) (30). In endothelial cells, IfPserves as a second messenger
and then mobiies Ca?* ions stored in endoplasmic reticulum upon bindingsitol 1,4,5
trisphosphate receptor (Ing® (28, 34, 35) Intracellular C&* transiently increasesand
transmits its signal to respective biochemicalhpatys (16, 23, 3638). NO* synthesis by
eNOS is one of the most prominent processesndothelium, because this NOS isoform is
Ca*-sensitive and needs calmodul2v, 39, 40. EndothelialP2Y and P2X receptorsiediate
shortterm vascular relaxation (vasodilatjoander the control of cytosolicCa" signal (33,
41). However,there is limited evidence demonstrating the correlation twetochondrial

Ca&*signaland the production of this vasoactive substance.

4. Mitochondrial Ca?*uniporter complex: structure and biochemical sgnificance

The mitochondriaCa* uniporter(MCU) and its partner proteins aagrotein complex
residing inan inner mitochondrial membrane (IMM) that is criticllr Ca* uptake into
mitochondrial matrix(28, 29, 4244). MCU and mitochondriaCa* exhibit fundamentaioles,
including 1. shapingC&* signaling by buffeing high cytosolicCea* (29), 2. Yegulatingthe
activity of Ca¢*-dependenthannelg28), 3. ¢ontrolling Caf* gradientg45) and4.) regulating
mitochondrial metabolisn( bioenergetics, insulin secretionglucose uptake/metabolisrogll
survival and apoptosié programmed cell death(38, 43, 4648). The mitochondrialCa*
signaling is initiated when the extramitochondriaCa?* concentration triggers thehannel
opening, with low activity at resting cytosoligaf” concentration and high capacity as soon as
C&* signaling is activated Figure 1.3) (42). The complexrequires a specialigrganized

transport machineryor C&* uptake andsequestrationTable 11 shows the list of inner



mitochondrialproteins that make ugé Ca* uniporter complexEach praein is described in
detail in4.1-4.4.
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Figure 1.3 Mitochondrial Ca?* uniporter complex. The complex is incorporated ke
assemble o mitochondrialC&* uniporter MCU), an essential MCU regulatofEMRE), a
mitochondrialCa* uptake 1/2MICU1/2), a mitochondrialCa* uniporter b(MCUDb), an inner
mitochondrial membrane (IMM) and an intermembrane space (IM&pchondrial Ca*
uniporter reglator 1 is not depicted hergReproduced fromMammucariC, Raffaello A,
Vecellio ReaneD, et al. Molecular structure and pathophysiological roles of the mitochondrial
Ca&"* uniporter Biochim Biophys Acta. 2016186310).2457-64. (42), with permissin of
publisher Elsevieinc. Copyright2016]



Table 1.1 Core componentsof mitochondrial Ca?* uniporter complex and associated

proteins

Inner mitochondrial

Molecular weight

Function or interaction with the other

membrane proteins (kDa) complex proteins
MitochondrialCa* 40 Poreforming subunit of the uniportga9,
uniporter(MCU) 50)
Essential MCU 10 Coordinator protein for an interaction of
regulator(EMRE) MCU with MICU1/MICU2 (51)
MitochondrialCae* _ _
_ Interacts with MCU but not with MICU1
uniporter regulator 1 40
(44, 52)
(MCUR1)
Interacs with MCU and seta threshold
MitochondrialCa* 5 for Ca*entering mitochondria
uptake (MICU1) Maintains low matrix Ca* level
(approximately100 niy1(43, 53)
MitochondrialCa* 45 Associate with the MICUYMCU complex
uptake AMICU2) (54)
MitochondrialCa* 40 Paralog of MCU@adominantnegative

uniporter b(MCUDb)

subuni) (55)




Mitochondria conduct theapid C&* transport acrosgner and outer membrasand
sequesdr it in the matrix thereby buffering dramaticalise of intracellular Ca* during
endophsmic reticulumCa"* releaseand extracellular influx(29, 56) The mitochondrial
membrane piential created byelectrachemical gradientacross inner mitochondrial membrane
plays a critical role as a driving force 68" uptake(57). By pumping protongH*) towards
the intermembranespace, mitochondria generate a voltagel@0 mVinside the matrix(57).

To preventCa* overload thatould cause detrimental effeitt the cell, mitochondria release
Ca*via ion exchangergantiportery by exchangingCa?* with sodium(Na") or H* (58, 59) In
2009, Jiang and coworkers identified a leucine ziiffehand containing transmembrane
protein 1(Letm1) as theCa*/H* antiporter(60). Letm1 is believed to condu@a* extrusion
especially when the mitochondriale* concentation is increased in the matrig60).
Moreover Letml has also been reported to maintain mitochondrial giotag¢K™) levek by
exchangingH* (61). In 2010, the mitochondrial NaCa* exchangerl NCLX) has been
discovered by Palty and colleaguebhis emphasizes the fundamental knowledge that
mitochondrial N&/Ca* antiport is electrogeén and responsible foexchanging thre&la” ions

per oneCa’*ion to maintain low mitochondriaCa* corcentration(62).

One of the keyroperties of the MCU is to maintain a low appar@et* affinity under
physiological conditionsand to allow massivamours of C&* to rush inthe mitochondrial
matrix under stimulationg29, 56, 63) As the endoplasmic reticulum is the joraintracellular
Ca* storg it has been found ttorm a microdomairwith mitochondria in a clas vicinty, the
so called mitochondrisassociated membran@®AMs) ( 6, 8 5. After inositol trisphosphate
stimulatel intracellular Ce?* releasethe MAMs with high Ca2* concentratn can transiently
establisha close apposition between the mitochond(i&% DAC and MCU asC&"* uptake
channeél and theendoplasmic reticulung inositol trisphosphate receptor asCa* release
channél (65). The communication between these two organelles is pivotal for intracellular
and mitochondrialCa"* signaling. Therefore, upon formation of MAMs, tisephisticated
mitochondrial C&* uptake mechanisnensures arinstantaneousCa* accumulation within
mitochondrial matrix thereby buffering and shapinga* signaling and maintaining

appropriate biochemical retions andcellular homeostasikbs).
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4.1 Mitochondrial Ca2*uniporter (MCU) and its paralog MCUb

MCU is wellremgnized as a poforming subunit of the MCU complewith a
highly-selective low conductance(49). The nuclear MCU gene, which is located on
chromosome 10, encodes a KDa protein that loses its cleavable targegussce during
mitochondrial import, resulting innaactual35 kDa mature forn{49, 50) MCU oligomerizes
in the mitochondrial inner membrane as part of a larger complex at areappaolecular
weight of 480 kD&1, 55) Thus, the uniporter complex includes different regulatory subunits
(Figure 1.3), and one of these subunits is represented by the MICU1, which is required for
agonistmediatedCa* uptake into mitochondri¢43, 53) The moleculaunderstanding of the
structure and function of the MCU complex is ndughlighting the pleiotropic role of
mitochondrial Ce* signals (42, 66) Between 2@0 and 2017, MCU function has been
extensively investigatedt has been reported that M@uediated mitochondriaCa?* uptake
matches energetic supply and ATP productfdf), buffers cytosolicCa* transients(34),
regulates cell survival and degf3, 48) controls skeletal muscle trophig@i7) andregulates
breast cancer progression via hyjeirducible factorl WHIF-1 }{ 6 .8n)addition the study
conductedn pancreatic beta cells shows that mitochond@&l uptake via the MCU complex
contributes to sustained insulin reledsy accelerating ATP sthesis(69). Recently, in 2017,
MCU ( Cys97 residue acts as a redox sensor that increases MCU activity in response to
oxidative stresshereby causing@a* overload(70).

Unlike MCU, MCUb is a dominantnegative subuniin the multimeric channellt
cannot assemble and function a€a*-permeable channélut can negatively regute MCU
complex(55). Accordingly, it contribute to the spatiotemporal control of mitochondri@k?*

uptakeand ses a maximal mitochondriaCa* carrying capacity of each cell typ€&l).

4.2 Essential MCU regulator (EMRE)

Essentia MCU regulator or EMRE, as the name indicaté&dthe essential MCU
regulating proteirconstitutingthe MCU complexEMRE is al0 kDa protein which isrich in
aspartate residuesand spans theinner mitochondrialmembrane(51). It facilitates an
establishment ofC&* channelactivity by connectingllCU1/ MICU2 dimer to MCU (51).
Absence of EMRE expression could abolSE* uptake ability by mitochondrien vivo, and
MCU abldion impairs EMREprotein stability(51, 72) A new study from Vais and colleagues

reveals that EMRE is natquired onlyfor efficient assemble of th®ICU complexbut also
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for sensing of matriCa"* from which a geekeeping property of thBICU is regulated(73).
Regulatory function of EMRE on MCU channel ait$i is understood in the way how
mitochondria can protect themselves fr@e* depletion and overloatty sensingCa* on
both sides of the inner mitochondrial memlergn3). This molecular mechanism requirdse
cytoplasmicCa* and the key MClthssociated regulars, including MICU1 and MICUZ63).

4.3 Mitochondrial Ca?*uptake 1and 2 (MICU1 and MICU 2)

MICU1 and MICUZ2 are the key MCldssociated regulato(43, 53, 54, 74)MICUL is
a 54 kDa inner mitochondrial membranprotén containing two highhconserved Efhand
Ca*-binding domaing(53). In 2012, regulatory functiomf MICU1 on mitochondrialCa*
uptake was revealedMallilankaraman and colleagues proposed an essential role BUMI
as a gatekeeper for MGhlediatedCa* accumulation, preveimg an in vivo mitochondrial
Ca* overload(43). In opposition to previous report, MICU1 silencisbows no change in
mitochondrialC&* uptake capacityput promots basal mitochondriaCa* accumulation(43).
When MICUL gene is dowsregulated the mitochondria become constitutively loaded with
Ca*; therefore, MICUL1 sets the threshold f8&* entry through MCU wan the intracelliar
Ca&* concentration is maintainaghder restingconditiors (43, 75) However,the contrast has
been reported thahé downregulation of MICU1 reduces thmitochondrialCa* level in EF-
handdependent manner without impairing mitochondrial respiration or membrane potential
(53). An in-depth investigation reveals more on M@UCUL interaction thatMICU1
stabilizes theclosed state of the MCU complég®#3, 75) It limits mitochondrialCa* entry
under resting conditianor during tiny cytosolicCa* increases through a mechanism that
requires itsCa*-binding EFhand domaing(43, 5). A recent publication bywaldeck
Weiermair and colleaguegoints out thatthe cytosolicC&* elevation rearranges MICU1
multimers, resulting in the activation of mitochondi@d#* uptake(76). This study precisely
clarifies how conformationalchange promps MICU1 function and it also leads to a
conclusion that MICUl rearrangement requires theh&fd motifs and correlates with
cytosolic Ca* transient(76). Thus it confirms the principle of mitochondri@a* uptake to
which MICU1 cooperags with MCU to allowCa* sequestration inside the mitochondrial
matrix (43, 75)

MICU2, a homolog of MICUL,is anotherMCU-associated regulator that acts as an

inhibitor of MCU when the cytosoli€a"is low (54). An inhibitory effectdisappeas during

12



intracellular Ca2* rise (above 7uM), whereas MICU1 activate€a* channeling activity of
MCU at cytosolicCa* above 2.5uM (54). Unlike MICU2, MICU1 has beemlemonstratec
double role over MCU regulation depending aytosolic Ca* concentrationinhibitory at low
concentration and activatory at high concentratip4). These oppositeaffinities to Ca* of
both MICU1 and MICU2 tune MCU activityo ensureCea* uptake, buffering and signaling
(74).

4.4 Mitochondrial Ca?* uniporter regulator 1 (MCUR1)

MCUR1 is an integral component of the mitochondi@d?* uptake machinerywith
two transmembrane-helices(52). It has been reporteid bean important regulator of MGU
dependenmitochondrialCa* uptake byinteractingwith MCU to mediate uniporter activity
and tobiochemicallyregulate cellular metabolisi@#4, 77) It regulatesMCU-mediatedCa’*
uptake driven bymitochondrial membrane potentiéd4, 52) MCUR1 knockdownrevokes
Ca* uptake by mitochondria iboth intact and permeabilized celnd disruptsoxidative
phosphorylation(77). Even hough it is well-described scientificallya recent conversed
proposalagainstthe aboveconclusios is raised;thatis, downregulatiorof MCURL1 produces
a specific cytochrome oxidase assembly defec{78). This molecular event results in a
redued nitochondial membrane potential, due to less proton gradient across inner
membrang consequently, mitochondrial Ca&¢* uptake decreases(78). This conclusion is
opposed t o Mal | i | ankar ama nCastrangpartpaeross iomgr pr on
membraneof mitochondriais a secondary effectaccording to adefective cytochromec
oxidaseassemblythat leads to aeduction inmitochondrial membrane voltad&8). A clarity
to this discrepanchas partially solved in &llowing year.In 2016, Tomar and colleagues
showed that MCUR1vas essential for MCU complex functiosinceit serves as acafbld

factorandpromotes ritochondrialrespiration(79).

4.5Uncoupling protein 2 and 3 (UCP2/3)

UCP2 and UCP3 are in the superfamily of mitochondrial ion transporters that are
embedded in themitochondrial inner membrane(80). Trenker and cavorkers have
demonstrated that these two proteare essential for mitochondrial €asequestration in
response to cell stimulatioi®1). Both UCP2 and UCP8indamentally involvan the uptake

of Ca*that is released from internal storg82). UCP3 can also tune mitochondr@* uptake
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depending on its site antermembrane loop 3). Recently,it has been reported that UCP2
exhibts its regulatory role in modulatindne MCU-dependent C4 uptake intomitochondria
(84).

5. Endothelial Ca?* signaling and eNOS functionality

The precise regulation of cyttasmicCa?* within endothelial cellss importantfor the
control of vascular ton€85). The functional activity of the cells especially their aiestto
produceNOA depend on cytosolic Ca* level (27). Normally, theendothdal cytosolic Ca*
concentration is maintained at very low level, appmately 100 nM butit can be increased
via agonistmediatedendoplasmic reticulur€a* releaseand extracellularCa* entry (34, 37)
In addtion, theplasmamembranepotentialand the activity of membrasdgound channelée.g.
voltagegated Ca* channels andCea*-activated K* channely are crudal for controlling
cellular C&#* homeostasi§23, 57)

Endotelial cells, in contrast to smooth muscle cells, are-exaitable cef to which
intracellular C&* serves as &ey regulator of their functian including the production and
releaseof endotheliurderived relaxing factor§ EDRF9, such asNO* prostacytin, von
Willebrand factor(vWF) and endotheliurderived hyperpolarizing factof EDHF) (86, 87)
These mediatorglay pivotal roles in regulating vascular relaxati¢86-88). Regarding
endothelial celphysiology,the alterations inintracellular C&* concentratiorare generated in
response to agonistediated receptor activation (eJgurinergic, cholinergic and adrenergic
receptors)and inresponse to mechanical stimulus, sninfluentially a shear stres¢ 39 )
Augments in cytosoli€a* concentration are biphasic, meaning that an initial phasgadf
release from endoplasmic reticullimfollowed by the extracellularCa* entry (34). It has
beenwell-understoodthat ATP ( an endogenou$Pz-generating agonist when bound to
purinergic receptor preferentially.¥ subtype,can increaséntracellular Ca* by activating
both C&* release from engmasmic reticulum an€a* influx from the extracellulafiuid (28,
34, 89) Apart from thelPs, histaming a known endogenous inflammatory mediatcan
produce similar effect34, 90) Moreover, the study shows that it causes a releaseatinic
acid adenine dinucleotide phosph&feAADP), anintracellular secondmessengerthat can

mobilize Ca* from the inernalstore( 9.0 )
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The devation of cytosolic C&* in endothelial cells is associated with the
hyperpolarization caused by the activation @#*-activated K* channels(86, 87) The
endothelial hyperpolarization constitutes a mechanismefiracellular Ca* entry as the
driving force forCa"is enhanced87). The IPs-induced depletion ofa* within endoplasmic
reticulum via IR receptor(InsPR) or blockade of sarcoplasmic reticulupSERCA both
SERCA2b and SERCA3 promotes the cytosGli#* increase via storeperatedCa’* release
activatedCa* (CRAC) channelg28, 91, 92) Afterwards, the ativation of stromal interaction
molecule 1(STIM1) and C&" releaseactivatedCa* channel protein 1Orail) is engaged to
mediateendplasmic reticulunCe* refilling (34, 91) Recently it has been demonstrated that
an endothelial endoplasmic reticuluBel* refilling through nanojunctions is mediated by the
simultaneousNa" / Ca?* exchangerand Orai channel functio(85). Besides, as present on
plasma membrane of endothelial celtbe transient receptor potentiahnonical (TRPC)
channed play a major role in shear stressediated endotheliwdependent dilation(93).
Shear stress created endothelial monolayer triggers endoplasmic reticulaf release and
PKB (Akt) activation(94). After stimulation ofCa* release is over, the TRPchannels are
immediately inactivateqd93). This inactivation decreaseé3a* entry by pumpingCa* out of
the cell by plasma membra@s?* ATPase(PMCA) (93).

6. Regulation of endothelial NO*synthaseactivation

eNOS function is activated bythe C&* signals triggered by several agonisteptor
stimulations Posttranslational modificatiormediated byseveral kinase pathways is the key
mechanisnthat altes phosphoylation state of eNO&nd itsenzymaticactivity (3, 8, 9, 13,
23, 26, 27)

6.1 Ca?*/calmodulin-dependent eNOS activationand NO*production: a role of

agonistreceptor-mediated intracellular Ca?* signaling

There @e numerous end@nous agonists that can alt@a* concentration and
dynamicsin endothelial cells(7, 23, 26, 27) When agonists bind to and activate specific
plasma membrane receptors, an increase in the iilac€a* concentration activates eNOS
activity via several signaling pathway$s, 26, 27, 89) Most endothelialplasma membrane
receptors are coupled to the downstresigmaling cascades, and they are linked medfic

guanine nucleotidéinding proteing G proteiny ( 2,8 9. Plasmamembrane receptors can
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respom to certain agonisiatecholaminege.g. acetylcholing and serotonin are coupled to
the activation of eNOSy G ( G inhibitory) protein (8). On the other hand, adenine
nucleotideq particularly ATB and bradykinirhave G proteincoupling (89). The G proteins
are coupled to phospholipase C that can rasudtn increase ofPs; (23, 57) ElevatedIP3
binds its recefor and trigger<a* release(23, 34) Apart fromthis receptoractivation B2-
bradykinin activatesADP-ribosyl cyclase- an enzymecapable of catalyzinghe formation of
cyclic ADP-ribose (95). In human mesenteric artegndothelial cells but not iEA.hy 926
cells, the cyclic ADRribose enhancegaffeineinducedCa* release via ryanodine receptor 3
(RyR3) (95, 96) When mitochondrialCa* uptake occurs via MCU complex, the rhythmic
Ca* release from mitochondriavia Na'/Ca?* exchanger createsCa* oscillation signals that
can contibute to the balance€a*-dependent eNOS activatiof26, 27, 85) During the
intracellular releasefree Ca* seeks its wayto calmodulin, thereby formingCa*/ CaM
complex(25, 27) This complex further binds its conserved domain located on e(60O9).
Upon binding, it faciliates the electron flux from theductase to the oxygenase doméin
9). Notably, itis alsoable to activate pogtanslationaimodification (eNOS phosphorylation)
via Ca*-dependent kinase pathys (9, 26, 27)

6.2 Posttranslational modification of eNOSby phosphorylation

The plosphorylation of specific serine, threonine and tyrosine residueBl©Sis the
conserved regulation of enzymatic activity for endothelial cadsoss species(10, 97)
Phosphorylation of eNOS at differeanino acid residueghotspos) resuls in either negative
(inhibitory) or positive (stimulatory) effect (9, 10, 97, 98) The important effector protem
compriseof cAMP-dependentPKA, AMP-acivated protein kinase (AMPK)CaM kinase I
andphosphoinositide -Binase(PI3K) FKB (8, 9, 26, 27, 94.00). Phosphorylation at different
tyrosine residues modulaenzymatic activity(8, 9). PKA, AMPK and CaM kinase Il
activateeNOS by phosphorylating Serl1{ifuman)(26, 27) Similarly, PKB phosphoryla¢s
eNOS atSerl1177 and Serll1{®ovine) therebystimulatingenzyme activityat low cytosolic
Ca*level (9, 94) On the contraryThr495 phosphorylatiorby protein kinaseC results inthe
attenuatedenzyne activity (98, 100) Phosphorylation at Tyr657 by prolimeh tyrosine
kinase ( stimulation by insulin, shear stress, angiotensin I, or hydrogen peyoledes to
declined eNOS activity39, 98100). This posttranslational process then induces a negative

feedback to balanceellular NO* level and preventsetrahydrobiopterirdepletionas well as
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eNOS uncoupling(10, 39) Notably, eNOS perturbation haseenimplicated inendothekl
dysfunction andrascular diseasdence exploring howto enhancehte enzyme function might
be a promisingtherapeuticstrategyfor suchdiseasg6, 9, 10, 98)

7. Rationale and research question

Mitochondrial Ca* uptake is essential focytosolic Ca* signaling, metabolism,
bioenegetics, cell survival and activation of cell death(apoptosis)in various cell types
including endothelial cells(29, 43, 46, 48, 56, 63, 72, 79Endothelial ntochondra
participate in cytosolicCa* phenotypethrough rapid Ce&* buffering thereby shapingjlobal
and local C&" signaling (34, 37, 56, 65) Concomitantly, theCa&" signaling in this
multifunctional organelleis consideredas the mitochondrial C&?* signaling (34, 37, 56)
Furthermore, cytosolic Ca*-dependent biochemical reactions proceedthe gpropriate
directions(34, 37, 56) EndothelialCa* concentration is maintained in tieg condition (34,
85). However, umder agonist or shear streseduced intracellularCa* mobilization, an
augmentedCa* concentratioris able togovern a key function of endothelium, the production
of NO*(a poent vasodilator(34, 85) In the past, there is an attempt to investigate whether
mitochondrial C2* uptake is associated with endothelD” synthesis using permeabilized
calf pumonary artery endothal cells (5, 101) Neverthelessa physiological propeyt of
some membranbound proteins as well asan accumulationof fluorescent dyemight be
interfered during permeabilizatio(102). This research gap raiséise question orthe actual
role of mitochondrial C&* signas on NO* formation in intact endothelial cellsTherefore,
manipulating mitochondriaCa* uptake based on thecentlyidentified MCUmediatedCa*
uptake is more phisogical and less deleterious to the cel02). To performNO*imaging
in living cells, a conventional synthetic fluorescent dye calig8-diaminofluorescein
diacetate DAF-2-DA) has beerfrequently used with soe inherent pitfall102, 103) It
senseNO* metabolits, including nitrite and nitratein other words, it indirectly reflestthe
amount & NO*within the cells(102, 103) Utilizing a more direct, reattime method to
visualize NO” dynamicsin living cells is challenging to overcome all e pitfalls. Thanks to
the innovative technology iNO*imaging introduced in 2016 byr&glu and colleagues, the
novel sensorcalled geeticallyencodedNO” probes §eNOys), which can rapidly senssO*
radical produced by endothelial cells in raale (104, 105) Overall, theoutput of this thesis
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will advancethe current knowledgeegardinghow MCU complexmediated mitochondrial
Ca* uptake associates with endotheINO” synthesis. Moreover, it might provide a new
strategy for harnessirigoAproduction inthe endothelium anaémproving vasculafunction.

8. Research purposes

8.1 To study a role b MCU complex on endothelial NO* synthesis using small
interfering  RNA technology for genetic manipulatioand the novel genetically

encodedNO*probe

8.2 To investigate the production aflO* using pharmacological toolsgainst
mitochondrial bioenergetics

9. Research outcomeperspectiveon health relevance

By investigating thefunctional role ofmitochondria on endothelial cell functiothe
results of this thesimight lead the way for furthehigh-level studyregarding vascular health.
As it is highlighted in this thesis that MCU complex is crucfal NO*biochemistryin vitro, it
is worth designingin vivo experimental protocol to learn hopathophysiologicalanimal
model systen{e.g. vascular dysfunctiompanifests if theargetedendothelial MCU comipx
genes are manipulatedrhis MCU complex characterizationwill possibly unveil a new

therapeutic target improving vascular function
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CHAPTER 2

MATERIAL SAND METHOD S

2.1 Chemicals
Chemicalsused in thesolution preparationsell cultures transfecions and treatments
are analytical grade or high€Fable2.1, in alphabetical order).

Table 2.1 Chemicals, ppbes andantibodies

Names of chemicals and antibodies Source Biological role or purpose of use
Adenosine triphosphate (ATP) Roth IP3-generating gonist
) ) ) Selective, espiratory chain
Antimycin Sigma S
complex Il competitive inhibitor
BacMam 4mtD3cpv virugmitochondrial Life MitochondrialC&*imaging in
cameleoin Technologies HUVECs
_ _ Internal control of Western blot
b-actin Sigma .
analysis
Dulbeccds modified Eagle's medium S Nutrient support of cell growth
igma
(DMEM) J and proliferation
: Biozym . _—
ECL detection reagent o Protein chemiluminescence
Scientific
Endothelial basal medium (EBM) Lonza HUVECSs culture
Endothelial growth medium (EGM) Lonza HUVECsculture
BD : :
eNOS, phosph@NOS (pS1177) and | For detecting expression level of
. . Transduction
antrmouselgG secondarantibody ~ | eNOS and phospheNOS
Laboratories
eNOSRFP Addgene | eNOS overexpression in HEK29
Fura2-acetoxymethyl ester . .
Invitrogen | CytosolicC&* fluorescent dye
(Fura2/AM)
C/G-geNOp mtCimtG-geNOp,C/G- NGE| NO”sensitive probe for liveell
geNOp™andmtC/mtG-geNOg™" imaging
MitoTrackele RedCMXRos Invitrogen | Mitochondrial marker
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Names of chemicals and antibodies Source Biological role or purpose of use

N¥-Nitro-L-arginine methyl ester

) Sigma NOS inhibitor
hydrochloride L-NAME)

L-N®-nitro arginine Sigma NOS inhibitor
) _ ) Selective, FFo ATP synthase
Oligomycin Sigma S
competitive inhibitor
Tetramethylrhodamine methyl ester _ Mitochondrial membrane
Invitrogen _
perchlorate (TMRM) potential fluorescent dye

Tr an s Featsrtickhospmebased _ _ _
Promega | Plasmid or siRNA delivery

transfection reagent)

2.2 Cell culture

Both human umbilical vein endothelial cells (HUVECanhd its surrogateell line
(EA.hy926 were usedn the key experiments to investigate the role of mitochond@rat
uptake on eNOSlerivedNO*production(106) Ac cor di ng t o t helorm@mpany ¢
Basel, Switzerland HUVECs were cultured maximally 14 daysd thenwere seeded onto
1% elatincoated plate for further experimentsThey were culturedn endothelialbasal
medium (EBM) in the presence efhdothelial growth medium (EGM) and growth factora
humidified incubatorat 37°C and 5% C@ EA.hy926 cells were grown inDMEM medium
containing 1% HAT (5 mM hypoxanthine, 20M aminopterin, 0.8 mM thymidine), 10% fetal
bovine serum, 100 U/ml penicillin, and 10@/ml streptomycirat 37C and 5% C®@ (34, 76,
104). eNOSRFP expressinduman embryonic kidney cellHEK293) were also used in
comparingthe effect ofmitochondrialCa* uptakeon NO” formation. They were cultured in
DMEM mediumsupplemented with0% fetal bovine serurandwere maintained aB7°C and
5% CQ (104). HeLaS3 cells wereultured using the same condition as HEK293 cells and
used in cadcalization of mitochondrial nitric oxide probBA.hy926 HelLaS3 andHEK293

cells wereplated onto 30 mm glass cover slips 24-48 hours prior to transféons.

2.3 Transient gene silencingand fluorescent protein (FP)}taggedconstructs for live-cell
imaging
Small interfering RNA (SiRNA) technology is an effective tool to transiently

knockdownthe expression ofene of interestlt was applied in genetic mgulation of
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mitochondrialCa* uptakemachinery including MCU, EMRE and MICU1. The sequence of
each siRNAas well as the scrambled siRNIAr negative controlused in this study were
representedn the table2.2. All siRNAs were from MicrosynthBalgach, Switzerland and
kept in refrigerator (4C). Scrambled siRNAwvas used as a control and it could not target any
known gens in the cell; we could distinguish sequersgeecific silencing from noespecific
effects. When delivered into target cellsiRNAs, ecept scrambled siRNA, binds their
specific complementary sequence present of messenger &MAinduces a multiprotein
complex called RNAnduced silencing complex (RISC) to degra@spectivemRNA. The
efficiency of geneknockdowncan be monitored aftei84 96 hours following transfection.

Forsterresonance energy transfer (FRESBsed mitochondriaCe?* sensordmtD3cpv
(mt-cameleon) was from Prof. Dr. Roger Tsi€t07) Green fluorescent protein fused
geneticallyencodedNO” probein the form ofG-geNOp plasmid was introduced to &kted
cells used in the present study to investigate effect of MCUmediated mitochondrial Ga
uptake onNO” dynamics prior to or during ATevokedendoplasmic reticulunCa* release
and store operate@it* entry(104).

Table 2.2siRNAs

siRNAs Nucleotide sequence (53")
scrambled siRNA
(negative contro) UUCUCCGAACGUGUCACGU
hMCU-sil GCCAGAGACAGACAAUACU
hMCU-si2 GGAAAGGGAGCUUAUUGAA
hEMRE:si GAACUUUGCUGCUCUACUU
hMICU1-sil1 GCAGCUCAAGAAGCACUUCAA
hMICU1-si2 GCAAUGGCGAACUGAGCAAUA
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2.4 Cell transfectiors and adenoviral transductions
For transient transfection of prabelasmid DNAs and siRNAs TransFadf
transfection reagent (cationic |iposome)

instruction.

2.4.1Co-transfection of plasmid DNAs and siRNAs

Co-transfectionprotocolwas modified fromWaldeckWeiermairet al (76). EA.hy92%
cells on glass cover slips in sixell plates (& 60-70% confluence) werewashed with
phosphatéuffered sahe (PBS) and theoo-transfectedvith either 100 nM of therespective
SiRNA (s) or scrambled siRNAnd 1.5 eg of the plasmid coding either f@-geNOpor for G-
geNOp"“(negative control) in the presence 8fsL of T r a n s Ruedgandiection medium
(serum and antibiotiefree DMEM) (76, 108) For mitochondrialCa* imaging, mitochondrial
cameleon 4mtD3cpwas coetransfectedogether with respective siRNA (sJo expresshe
endothelial NO* synthase @erminally fused to a red fluorescent protein (eNRIP) in
HEK293 cells 2.5 eg of eNOSRFP was added into transfectiomedium containing the
respective siRNA (s) an@-geNOp(104). After overnight incubation in humidified incubator
(37°C and 5% Cg), the transfectionmixture was removed and the cellswere further
maintained in DMEM medium. e experiments were performed -52 hours after
trarsfection. For visualizations oNO* dynamicsin the absence afene silencing EA.hy926
cells were transfected with5 €g of G-geNOp C-geNOp and mt&eNOp or GgeNOp and
mtC-geNOp were introduced to EA.hy926 cells (&gbeach) for cemaging purpose.

2.4.2 Adenoviral transductions

For mitochondrial C&* visualizations EA.hy926 cells and HUVECs at 5060%
confluencewere infected with BacMam 4mtD3cpv virusHUVECs at the same confluence
were infected withG-geNOp adenovirusfor cytosolic NO* imaging After incubation, the

infected cellsweretransientlytransfected withrespectivesiRNA (s)(76, 104, 109)

2.5Buffer solutions

Beforeimaging, cells were washed and incubaie a storage buffecontainingNacCl
(138 mM), CaCt (2 mM), KCI (5 mM), MgCk (1 mM), HEPES(1 mM), NaHCQ (2.6 mM),
KH2PQOs (0.44 mM), NaHPQ: (0.34 mM, D-glucose (10 mM), vitamin mixture 0.1%),

essential amino acid mixtur®.2% and penicillin/streptomycin(1%), pH 744. Experimental
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buffer (EB-buffer) (HEPES buffey with or without C&* was mainly used throughout the
imaging (76, 110) It compogsof NaCl (145 mM), CaCb (2 mM) or EGTA (1 mM), KCI (5
mM), MgCk (1 mM), HEPES (10 mM) and Blucose (10 mM)pH 7.44 ATP (100uM) was
added to respective buffers for mobilizi@e?* from endoplasmic reticulum. Antimycird (
MM) and oligomycin { uM) were mixed in therespectivebuffers to inhibit mitochondrial
complex Il and ATP synthaseespetively (5, 101) Thesetwo compounds causthe
mitochondrial bioenergetic collapse atiie subsequendissipated mitochondrial membrane
potentialand interferedmitochondrialCa* uptake(34, 36) HEPES buffer containing ferrous
fumarate(1  r&hd ascorbic acidl( rp fon buffer) was preparedteshlyfor NOAimaging
(104).

2.6 Cytosolic and mitochondrial Ca?* imaging

2.6.1 Fura-2 measurements

Fura2/AM is the synthetic,celFpermeantfluorescent Ca* indicator (111). After
hydrolysis of esterified methyl, the dye accumulates within the cytosol and lasts for a long
period of time.Fura?2 allows a ratiometricCa’* imaging (Ks = 0.224uM). Its peak excitation
shifts from 310 nm to 380 nm whe€&* binds. The emission peak can be detected at 510 nm.
This principle enables an interpretation; that is, the increase of cyt@®licesults in signal
amplification at 340 nm In the meantime, the fluoresoendecrease was obsexV during
excitation at 380 nm. Prior to imagincells were incubated with storabaffer containing
Fura2/AM (3.3 uM) in the darkfor 45 minutes at room temperatufdterwards, Fura2/AM
was renoved and cells were washed with stordgéfer three time Cells were maintained in

the storagduffer until imaging(110).

2.6.2 Mitochondrial Ca?* measurements

Mitochondriatargeted4mtD3cpv cameleonis a FRET-basedratiometric Ca?* sensor
(107). The construct contains CaM Ca* binding domain) and myosin light chain kinase
(M13) (aninteracting domain). Botarefused in tandem betweéhe cyan fluorescent protein
(CFP and the yellow fluorescent proteiYFP), a FRE donor and FRET acceptor
respectively A tandem duplicatedytochromec oxidasesubunit VIII (a signal sequence) is

linked to 4mtD3cpv cameleorfor targeting it tothe mitochondrialinner membraneCat*
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binding to CaM results in the conformational change, thekelmging both fluorophores in

close vicinityand subsequently triggering energy transfer from CFPH® (107).

2.7 Visualization of NO*dynamics

To avoid unspecific and indiredtIOAmeasurementC-geNOﬂG-geNOp (cyan and
greencytosolic probesand mtC-geNOgmtG-geNOp (cyan and greemitochondriatargeted
probes)were used to monitoNO? signals on the level of individual cell¥he construct is
developed byEroglu et al. by fusing bacterial GAF domain witlespetive fluorescent
proteins(104) When GAF is occupied, the florescence of fluorophore is quenched due to
GAF-NOinteraction(104)

As the G-geNOpwas basically used in the present stucBlls expressingG-geNOp
were excited at 80 nm and thefluorescege signals were collectedt 515 nm. The pobe is
reversiblein binding NO* and thefluorescence declineisnmediately afterNO* release from
GAF domain.Prior to imaging, cells were incubatedth iron buffer for 20 minuteand then
were washed twice wWitHEPES buffer(104).

2.8 Mitochondrial membrane potential @mit) depolarization and measurementsusing
TMRM

TMRM (a celtpermeant, cationic, redrange fluorescent dyevas used in monitoring
a&mito depolarizationduring mitochondrial bioenergetic collapg@12). Prior to amito
measurments, EA.hy926 cells were loaded with dBHiffer containing TMRM dye (100 nM)
for 10 minutes at room temperature. Then, extracellulam@gwvashed out three timesgith
storagebuffer, and cells were incubated in the same buffer for experimentsdisSBiate
a(miw, cells were treated with HEPES buffer contain@g* or EGTA in the presence of
OXPHOS inhibitors including antimycin (5 uM) and oligomycin { uM) (5, 101)

2.9Fluorescence microscoes

An advanced widdield fluorescere microscopeTill IMIC equipped with a motorized
sample stage, a polychrome V (Till PhotoniGraefelfing, Germany a 4% objective lens
(alpha Plan Fluar 40x, Zeiss, Gottingen, Germatiy filter setswith dichromatic mirrors

(Till Photonics Graefelfing, Germanyand achargecoupled device camera (AVT Stingray
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F145B, Allied Vision Technologies, Stadtroda, Germany) was imsedaging NOA Cc&* and
TMRM.

Confocal visualizations of mtC-geNOpgmtG-geNOp in HeLaS3 cells G-geNOp in
EA.hy926cellsandeNOSRFPin HEK293 cells vere performed by using aonfocal spinning
disk microscope (Axio Observer.Z1, Zei§)ttingen Germany). The microscopg equipped
with a 40x objectivelens (PlanNeofluar 40x/1.3 oil, ZeissGottingen, Germany a 1Mx
objective lens (PlanFluar 100%/1.8 oil, Zeiss Gottingen, Germarly AOTFbased laser
merge module for laser line 405, 445, 473, 488, 551 and 561 nm (Visitron Syséems),
motorized filter wheel on the emission sigiled a Nipkowbased confocal scanningit (CSU
X1, Yokogawa Electric Corporatipnrokyo, Japan The fluorescent images were captured
with a charged CCD camera (CoolSNAR), Photometrics, Tucson, AZ, USA). The
VisiView (Universal Imaging, Visitron Systems) acquisition software was used inirgcy

recordediuorescentdata(110).

During the experimentsall working bufferswere applied to the cells using a gravity
based perfusion system connected with a conventional vacuum pump (Chemistry diaphragm

punp ME 1C, Vacuubrand, Wertheim, Germany).
2.10Imaging systemconfigurations, data acquisitionsand analyses

2.101 Single-cell cytosolic Ca?*imaging

Till iIMIC with wide field imaging systemwas the main microscopeCells were
visualized using 40x oilmmersion objective under continuous perfusionether Cat*-free
HEPESbuffer or EGTA bufferwith ATP (100 uM). For C&* measurements, FuiAM -
loadedcells werealternativelyexcited at 340 and 380 nrRura2 fluorescere emission was
collected at 510 nnFluorescent images were recorded with a CCD camva (Stingray
F145B). Data acquisitiawere carried out byThe Live Acquisition 2.0.0.1Zoftware (Till
Photonics).Ca* experimenal results were expressed as the ratio ef/Fsse. Background
fluorescent values are obtained from regofinterest (ROI) in each imaging drawn in a <ell

free areaThe formulaused incalculationis shown below.

Faso _ Fasocen  F340 Background

Ratio =
Fago  Fsgocel  F3soBackground
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Simultaneous measuremertdf both C&2* and NO* were accomplished orfill iMIC
with an ultrafast switching monochromator (polychrome M)agng system is described in
2.103.

2.102 Single-cell mitochondrial Ca?*imaging

The wavelength at 430 nm was set to excibe @mtD3cpv cameleorThe emitted
fluorescence wasollected using lte dichrotome dual emission filter set (dichroic 535dcxr,
CFP emitter 48/18 nm and YFP emitter 535/3 nni)he fluorescent images were captured
with CCD camera (AVT Stingray F145B). Data are acquivsthg The Live Acquisition
2.0.0.12 software (Till Photocs) The acquired=RET resultsvere then arlgzed and shown
as the ratio oFs35/Faso.

2.103 Single-cell cytosolic NO”imaging

For NO” visualizations C-geNOpmtC-geNOp and G-geNOpmtG-geNOp were
excited a430 nm (CFPand480 nm (GFP) andthe emitedfluorescencevas recorded at80
nm (CFP) and515 nm GFP) respectively The Live Acquisition 2.0.0.12 software (Till
Photonics) was employed or the acquisition of experimental data Fluorescence
photdleaching was corrected by calculating the bleachumgtion F for an individual cell
using a one phase exponential decay equation for curve fiffing. acquired data were

expressed abF/Foo r gk (%) where F isa backgroungubtractedluorescent value.

2.10.4 TMRM measurements

Upon mitochondal bioenergetic collapse, the changesdimito were monitored and
TMRM was visualized at an excitation of 550 nm and emission of 57%Anitlhe beginning
of the recording, the reticular mitochondria are brightaeghge. The color becomes dimmed
after cells were exposed to antimycin and oligomycin for 7 minutes. This phenomenon is the
indicative of mitochondrial depolarizatiofimore positive emitv) caused by perturbed
bioenergetis and loss of Hgradient Bleaching function & for fluoresceh dye bleahing
correction was used for individual curve fittinfhe acquired data were expressed a® F/F

where F is a backgrourslibtracted fluorescent value.
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2.11Western blot analysis of eNOS and phospheNOS protein expression
siRNA-transfected EA.hy926 csllwere incubatectither with vehicle or ATP (100
eM) at 37 °C for 3 or 5 mimes Then cells were harvesteand homogenizegh ice-cold
RIPA lysis buffer containing EDTA2 mM), protege and phosphatase inhibitoiBrotein
concentration was determined with PierceTM BCA Protein Assay Kit usinghéseum
albumin as standard. Western blot was performed to deteaxpression level of eNOS and
its phosphorylated form.Denatured protein samples (30eg) were loaded oto 10%
polyacrylamide gel containing 0.1%odium dodecyl sudte andelectrophoreticallyseparated.
Separated proteins were th&ansferredonto nitrocellulose membrane®rior to antibody
incubation, the nosspecific binding sites on the membrane were blookeéd 5% skimmed
milk in Tris-buffered saline containing 0.1% twe@@ for 1 hour. The membranes were
incubated with a primary antibody against eNOS (1:20(QthospheeNOS (pSer1177)
(1:2000), or b-actin (1:200,000)pvernight at 4 °C Thereafter, membranes were w3
times and incubated for 1 howith a horseradish peroxidasenjugated artmouse G
secondary antibody (1:5000). eNOS and its phosphorylated protein bands were visualized
using enhancedchemiluminescenc€é=CL) technique Density of protein bands was quantified

using the Fusen SL system

2.12 Statistical analyses

The acquired data were analyaggingthe GraphPad Prism software version 5f@4
Window (GraphPad Software, San DiegbA, USA). Data are presented as meastandard
error of mean (SEM) ohdependent experimen{N). For comparisons betweéwo groups,
two-tailed sudent ttest was used for evaluation of statistical significace value between
0.01 and 0.05 was ceidered significanand indicated withi *, ap valuebetween 0.001 and
0.01with A * %very significant)anda p valueless thar0.001with A * * (highly significan).
For multiple-group comparisononeway ANOVA with Barlett's test for equal variancesda
Tukey's Multiple Comparisontest were used for evaluating statistical significance expressed
as described abov&epresentediata as appeared as $and line graphs andiestern blot

imageswereeither aveage or representative curvesiafependent exgriments.
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CHAPTER 3

RESULTS

3.1Reattime monitoring of NO*dynamics in human endothelial cell surrogate
(EA.hy926 cells)

The GgeNOp, the novel proteibased quorescemlOAprobe wasutilized in reatime
investigationof NOA dynanmics in singé EA.hy926 cellsBinding of NO*in the vicinity of
EGFP in GgeNOp induce a fluorescence quenchinget, in the absence of cytosoMO? the
probe beame unoccupied and th&GFP fluorescencevas back to unquenched state
demonstrating a reversible intetion between the@robe and the freeNO” (Figure 3.1A).
Figure 3.1B represents a high resolution confocal image-géNXBOpexpressing EA.hy926
cells. The cells showed a bright green fluorescence in both cytosol and nAdeoling to
the sources ofCa&* that can contribute to theNOS activation anctytosolic NO* the
experimental protocolscéll treatmerd) were designedto dissect the endothelial NO*
productionwith regard todifferent Ca* sources First, we mobilized endoplasmic reticulum
Ca* using ATP (IPs-generating agonistsimultaneously withintracellular Ca* calibration
using EGTA which chelated extracellular fre@a* with high affinity. Following complete
endoplasmic reticulunCa* depletion, the cells were then perfused w@kal*-containng
HEPESbuffer in the presence &TP to ensure that the increaseN®”* was dependent on
extracellular Ca* entering the cells during steoperatedCa* entry (SOCE) To elucidate
NO” production G-geNOpexpressing EA.hy926 cells were first stimulateithwHEPES
buffer containing ATP and EGTAThe result showed that th&TP evoked an initiation of
transientNO” signak, and the signaldeclined after themplitudes werereached at minute
4.50 (Figure 3.1C).Cytosolic NO* levek rapidly recovered upon ssbquent addition of
Ca*/ATP-containing HEPESouffer to ATP-stimulated cellsand they remainedelevated in
the presence oATP (amplitude at minute 12.00)Figure 3.L). However, within a few
minutes,the signat gradually decreased back to basal levalrupTP washout(Figure 3.1Q.
This presentesultdemonstrateshe importance o8EOCEfor sustained eNOS activaticand
continuous NO* synthesis Furthermore, as shown ifFigure 3.1D, the simultaneous

measurements of cytosoliga?* and NO? confirmed that bth intracellular and extracellular
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Ca* signals were fundamental for eN@8tivation. Therefore the endotheliaNO* production

in this cell type is primarily controlled by cytosolize’*.

Anothertwo experimerdl ses were performed to test the sensity of geNOp when
the eNOS was inhibited Hy-NS-nitro arginhe, a poteniNOS inhibitor In control EA.hy926
cells expressing geNOp, he NOA signals clearly elevated immediately afteXTP-evoke
cytosolic C&* increases (Figure 3.2A). Conversely, thenalg obtained from the cells
pretreated with ENC-nitro arginine were abolishedkespite intracellulaCa* increass (Figure
3.2B). The maximum average signals arepresented in Figure 3.2@ < 0.001 vs. control
Moreover, afurther confirmation ofsense specificitywas demonstratelly using GgeNOp™:
(aninsensitive mutateNOAprobe. EA.hy926 cellsexpressing @eNOp™ treatedwith ATP
did notproduce anyignificant fluorescetre signalcompared to control cellp, < 0.001 vs. G
geNOp (Figure 33). Whereas, the cells expressinggéNOp, whichis the sensitiveprobe
could senseincreasedNO” contentand produce fluorescer signals. These experimental
results confirm that geNOptechnology is suitable for a specific reatime imaging of

endotheliaNO*dynamicson the level of individual cells.
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Figure 3.1 Live-cell NO* imaging in endothelial cells.(A) Schematic illustration of G
geNOp consisting of thenhancedyreen fluorescent proteireGFP) fused to the bacteria
derived N@binding domain (GAF) (B) Representative imagef EA.hy926 cells expresing
G-geNOp. (C) Average curve representingO” signal (NOcyt0) obtained fromEA.hy926
cells perfused withATP (100 uM) in the absencand presencef extracellularCa* (2 mM)
(N = 40) (D) Represntaive simultaneous recordis®f [NOqw (red line) andcytosolic Ca*
signak ([Ca*]cyt0, dashed black line) over time in a sindlara2/AM loaded EA.hy926 cell
expressing GgeNOp. @lIs was treated witATP (IPs-generating agonisih the absencand
presencef Ca*. EGTA (1 mM) was used as @&* chelator.Data were expressed as mean
SEM. [Reproduced fronCharoensin S, Emrah E, Opelt Mt al Intact mitochondrialCa*
uniport is essential for agonistduced activation of endothelidlO* synthase(eNOS) Free
Radic Biol Med. 2017%102248-59. (105), with permission of publisher Elseviemc.
Copyright2016]
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Figure 3.2 L-NC-nitro arginine inhibits NOA production in EA.hy926 cells (A)
Representative curveshowing NOA dynamics([NO”]cyto, solid blackline) and Fura2 signal
([C&*]eyo, dashed black linein response to ATPR(100 pM) obtained fromG-geNOp
expressingEA.hy926 cells loaded witlFura2/AM. (B) Representative curves ¢RNOcyto
(solid red ling and [C&*]cyto (dashed redine) obtained fromEA.hy926 cells préncubated
with L-N®-nitro arginine (1 mM) for 10 minutes prior toATP treatment (C) Bars show
maxinmel average]NOjcyto and [Ca*]cyto from control cells (N = 6) and L-NC-nitro arginine
pretreated cellsN = 6) in response to ATPIn respective experiments-NS-nitro arginine
was used asmaeNOS inhibitor. Data were obtained from independent experiments and
expressed as meanSEM. p value less than 0.00¢** ). [Reproduced fronCharoensinS,
Emrah E, Opelt Mgt al Intact mitochondrialCa™* uniport is essential for agonistduced
activation of endotheliaNO*synthase (eNOS)ree Radic Biol Med. 2017;102:249. (105),
with permission of publisheElsevier Inc. Copyright 2016.]
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Figure 3.3 G-geNOp™'-expressingEA.hy926 cells show steadNO*signal in response to
ATP stimulation of intracellular Ca?* release Curves represent mean fluorescence signals
obtained from EA.hy926 cells expressing eithbe NCisensitive GgeNOp or the NGO
insensitive GgeNOpP™., Data were gathered fromindependent experimen{iN = 9 for G
geNOp and N = 9 for @eNOpP™) and expressed as mearBEM. p value less than 0.001
(*** ). [Reproduced fronCharoensin S, Emrah B)pelt M, et al Intact mitochondrialCa’*
uniport is essential for agonistduced activation of endothelidlO* synthase (eNOS)Free
Radic Biol Med. 2017;102:24B9. (105) with permission of publisher Elsevier cln
Copyright 2016.]
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Apart from NOAimaging iIn cytoso] the present stly alsosoughtto investigate its
dynamics within endothelial mitochondria. To archive this purpose, two mitochdadyeted
NOAprobes, inalding mtGgeNOp and mt€yeNOp were transiently expressed in EA.hy926
cells. The confocal inging representsa co-localization of vibrant mtGgeNOp and
MitoTrackelE Red CMXRos (Figure 3.4 upper panel). Likewise, EA.hy92elis expressing
mtG-geNOpshowed preferential localization witlbthe mitochondrial marker (Figure 3.4dower
panel). As endothelial mitochondria are whbi@" canpenetrateaccumulatendtake effects
the experiments werthenset out to investigatitss dynamicswithin the organelleluring ATP
activation of purinergi signaling and subseque@t’* release anéntry. Upon C&*-triggered
eNOS activation mtG.geNOp and GgeNOp could sense théransient rises oNO within
mitochondria and cytoplasmrespectively (Figure 3.5A and 3.5B). In the continuous
recordings, bothcytosolic and mitochondrial probes very well detecté®* which was
liberated from a donor NOC (Figure 3.5A and 3.5B)Conversely, cells expressing mutant
probe mtG-geNOp™ could bardy detect the signal (Figure 35 lower curve).Comparing
NO”signalsin basal and stimulated condition, it was found thatdis produced relatively
low amount of it at restg cytosolicCa*, while they generatedsignificantly high amount
upon ATRevoked cytsolic Ca* rise, p < 0.05 vs. basalFigure 3.&). To perform
simultaneous measurementsN®*signalsin both mitochondria and cytosahtC-geNOp and
G-geNOpwere transiently expressed in EA.hy926 celBoth probes localized very well in
their targeting ares(Figure 3.5D). Moreover, thamsultaneous recordings ofitC-geNOp and
G-geNOp signals precisely revealed theconcurrentNO* dynamics betweenhesetwo cell
compartmentgFigure 3.5€). Similarly, as represented iRigure 3.6 the cells coexpressing
mtG-geNOp and @eNOp exhibitedthe comparableNO* dynamics asobserved in the
previous measurements shown in Figure 36&nsequentlybased on the present results, the
geNOp firmly demonstratests reliability and sensitivity in redime investigation ofNO

dynamicswithin specific cell compartments
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mtC-geNOp MitoTrackerRed merged image
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Figure 3.4 Confocal imaging representing ceocalizations of mtC-geNOp or mtG-geNOp
and MitoTrackerE Red CMXRos in HelLaS3 cells HeLaS3 cells were transiently
transfected with either mt§eNOp or mtGgeNOp. Prior to confocal visualization, the
transfected cells wer preincubated withMi t o Tr a ¢ kGMXRos [Reptbduced from
Eroglu E, Gotschalk B, Charoensin S, et 8levelopment of novel FBased probes for live
cell imaging of nitric oxide dynamicdNat Comnun. 2016;7:10623(104), with permission of
publisher Nature Publishing GrpuCopyright2016]
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Figure 3.5Mitochondrial NO*imaging in EA.hy926cells. (A) Line curves showingaverage
mitochondrialNO” signals([NO*mito) in EA.hy926 cells expressing mt@NOp or its mutant
version (mtGgeNOF™) in response to ATP (100M) ard NOG7 (10 uM). (B) AverageG-
geNOp signal of intracellulaNO® in EA.hy926 cells treated with ATRnd NOG7. (C)
Columrs showing averagenaximal amplitudesof mtG-geNOp signal (3.5A) and GgeNOp
signal (3.5B) under the same treatmen{®) Confocal image representing mtgeNOp and
G-geNOp expression in EAy926 cells, scale bar 4 @m. (E) Representative mit@eNOp
and GgeNOp signals obtained frosimultaneousmeasurements iIATP-treated EA.hy926
cel. L-NAME ( 1 mM)  a7nvére M@ @s a NOS inhibitor a@*donor, respectively
Unpaired ttest was used to analyze significatifference between basal condition and
treatment with ATP or NOQ, * p < 0.05 vs. basal and g¢< 0.05 vs. +ATP[Reproduced
from Eroglu E, Gotschalk B, Charoensin S, et 8levelopment of novel FBased probes for
live-cell imaging of nitric oxide dynaics. Nat Commun. 2016;7:10623.(104), with
permission of publisher Nature Publishing GroGppyright 2016.
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