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Abstract
The 'second mechanism of respiratory control' ogédiric ATP-inhibition of

cytochrome c oxidase (CcO)) is demonstrated foffitsetime in intact isolated rat liver and
heart mitochondria. The problems of measuring tinetics of allosteric ATP-inhibition in
isolated mitochondria were investigated. And it i@snd that only at very high ATP/ADP
ratios, this inhibition is obtained and requires ANRP-regenerating system consisting of
phosphoenolpyruvate (PEP) and pyruMdatease (PK). The allosteric ATP-inhibition can be
switched off probably by dephosphorylation of a irserat CcO subunit-l. The
phosphorylation of CcO at serine, threonine andsiyre was studied in isolated mitochondria
by extracting complex IV of the respiratory chai@cQ) by BN-PAGE (blue-native-
polyacrylamide-gel-electrophoresis), SDS-PAGE andesién blotting with the
corresponding antibodies against the phosphorylatetho acids. The extent of allosteric
ATP-inhibition of CcO varied in different prepamtis of mitochondria, which was suggested
to be based on the psychological situation of thenal at the time of killing. Incubation of
bovine heart tissue slices with insulin decreaskd #llosteric ATP-inhibition and
phosphorylation of CcO subunit-1 at serine. By gsi TPP (tetraphenylphosphonium)-
electrode, and in collaboration with Katrin StanieKeterinary University, Vienna, a
reversible decrease of the mitochondrial membratenpial AY,,) by PEP and PK through
the AW -independent allosteric ATP-inhibition of CcO atglhi ATP/ADP ratios was
demonstrated in isolated rat liver mitochondriatfee first time. It is proposed that respiration
in living eukaryotic organisms is normally reguldtey theAW-independent ‘allosteric ATP-
inhibition of CcO’, and only when the allosteric Rinhibition is switched off under stress,
respiration is regulated by ‘respiratory contrddased omAW,, according to the Mitchell

Theory.



Zusammenfassung

Der “zweite Mechanismus der Atmungskontrolle” daterische ATP-Hemmung der
Cytochrom ¢ Oxidase (CcO)) wird zum erstenmal dakiten Mitochondrien aus Rattenleber
und Rattenherz gezeigt. Die Probleme bei der Megsien Kinetik der allosterischen ATP-
Hemmung an isolierten Mitochondrien wurden untensudNur bei hohen ATP/ADP
Verhéltnissen wird diese Hemmung erhalten und é€idrein ATP-regenerierendes System
bestehend aus Phosphoenolpyruvat (PEP) und Pykirase (PK). Die allosterische ATP-
Hemmung kann abgeschaltet werden, wahrscheinlicbhdDephosphorylierung an einem
Serin der CcO Untereinheit-1. Die Phosphorylieraieg CcO an Serin, Threonin und Tyrosin
wurde an isolierten Mitochondrien durch Extraktison Complex IV (CcO) mittels BN-
PAGE (Blau-Native Polyacrylamid GelelektrophoreseS-PAGE und Western Blots mit
den entsprechenden Antikérpern gegen die phospbdgr Aminosauren untersucht. Das
Ausmass der allosterischen ATP-Hemmung der CcO ievii in verschiedenen
Mitochondrienpraparationen, was auf die psycholdgsSituation des Tieres beim Tdten
zuruckgefuhrt wurde. Inkubation von Rinderherzsttbni mit Insulin verminderte die
allosterische ATP-Hemmung und die Phosphorylierdeg CcO Untereinheit-l am Serin.
Mittels einer TPP (Tetraphenylphosphoniuim)-Elektrode, und in Zusamnarbeit mit Katrin
Staniek, Veterinarmedizinische Universitdt Wien, rada erstmals eine reversible
Verminderung des mitochondrialen Membranpotent{Al¥,) durch PEP und PK Uber die
AW -unabhéngige allosterische ATP-Hemmung der CcChbken ATP/ADP Verhaltnissen
an isolierten Rattenlebermitochondrien gezeigt. vided postuliert, das die Atmung in
lebenden eukaryotischen Organismen normalerweisechdudie AWpn-unabhangige
,allosterische ATP-Hemmung der CcO’ kontrolliert rdii Nur wenn unter Stress die
allosterische ATP-Hemmung abgeschaltet ist, wirde diAtmung durch die

/Atmungskontrolle’, die entsprechend der MitcheheéFie auf demAW,, beruht, reguliert.
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1. Introduction

Fundamentally, life is a process of energy-handlmgause living and non-living
things can be differentiated on the basis of aseasf characteristics e.g. metabolism, growth,
responsiveness to stimuli, homoeostasis (self-raaartce), movement, reproduction etc. All
these processes require energy in the form of AfdPia order to fulfil this high cellular
energy requirement, most aerobic bacteria andusdryotic cells have developed a specific
mechanism of ‘oxidative phosphorylation’ which geates about 15 times more ATP by
respiration compared to ‘glycolysis’. In eukarygtgk/colysis takes place in the cytosol and

oxidative phosphorylation in mitochondria.

Pyruvate, fatty acids
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Fig. 1. Oxidative phosphorylation in mitochondria

The figure represents the inner mitochondrial memérmwith the proton pumps of respiratory
chain i.e. complex | (NADH dehydrogenase), complexcytochrome ¢ reductase), complex
IV (cytochrome c oxidase) and of complex \WKEATP synthase). In order to simplify the
figure, complex Il is not shown here.
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Mitochondria are the cellular organelles containmgternally inherited genome (e.g.
human mtDNA = 16569 bp) that encodes only 13 pgdtides which all in turn represent
subunits of different enzyme complexes of oxidatipkosphorylation. Three enzyme
complexes of the mitochondrial respiratory chaioniplex I: NADH dehydrogenase;
complex lll: cytochrome c¢ reductase and complex ¢ytochrome c oxidase) are electron
transport-driven proton pumps which transfer redg@&quivalents from nutrition to dioxygen
accompanied by the transfer of protons acrossrtherimitochondrial membrane, and thus
generate a proton motive force (see Fig. 1). Thidom motive force in turn consists of an

electrochemical gradient and a pH gradient asvistio

Ap =AY - Z « ApH, Z=2.303«RT/F =59 (mV, at 25°C), Ap * F =AuH"

This proton motive force is used by thg=FATP synthase (complex V) in mitochondria to
produce ATP from ADP and inorganic phosphate [Abrab et al., 1994; Junge et al., 1997].

Complex IV i.e. Cytochrome c oxidase (CcO) is tmntinal enzyme of the
mitochondrial respiratory chain which transferscélens from cytochrome ¢ to molecular
oxygen, coupled with the uptake of protons from thatrix forming water, and with the
translocation of protons across the inner mitochahthembrane.

The mammalian CcO is composed of 13 subunits encdd¢h by mitochondrial
DNA (subunits I, I, and Ill) and nuclear DNA (sufits 1V, Va, Vb, Vla, VIb, Vic, Vlla,
Vlib, Vlic, VIII). The enzyme from bovine heart @tallizes as a dimer [Tsukihara et al.,
1996], as shown in Fig. 2. In contrast, the baatezhzyme is monomeric and consists of
only 2-4 subunits [lwata et al., 1995].

Subunit | contains heme a (the redox center) amdehg-Cug (the oxygen binding

binuclear center), while subunit Il containsCand the cytochrome c binding site. Although,

heme a and hemeg are chemically identical but, due to the differenc environment of
subunit I, both differ on the basis of their spakproperties. From bacterial to mammalian
CcO, the properties of both, subunit | and Il aeany identical and have been shown to
resemble each other in the crystal structures efbibvine heart enzyme [Tsukihara et al.,
1996] andParacoccus denitrificans enzyme [lwata et al., 1995]. Additionally, one edch
Zn, Mg, and Na (or Ca) are also observed in the mallan enzyme [Yoshikawa et al.,

1998], but their functions are still unknown.
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ATP/ADP

.........................

3,5-T

Fig. 2. Crystal structures of cytochrome ¢ oxidasand cytochrome ¢ from bovine heart
(taken from Kadenbach et al., 2000).

Each monomer of the dimeric enzyme contains 3 rhdndrial-encoded subunits (1, Il, and
[, in light green) containing the cytochrome adling site and two copper atoms (Quat

subunit I, and heme a and the dioxygen binding aitthe binuclear center heng@up in

subunit I. The 10 nuclear-encoded regulatory subufl/, Va, Vb, Via, Vib, Vic, Vlia,
Vlib, Vlic, and VIII) are indicated as coloured bibns. Left monomer indicates the catalytic
reaction. Right monomer shows the binding sitesAfoP or ADP and 3, 5- diiodothyronine.
Data source for CcO: protein data bank BrookhaVenkihara et al. [1996]. This modeling
was prepared with the program "RasMol 2.6".

The reaction of CcO with oxygen is coupled with thanslocation of protons from the

matrix to the intermembrane space of the mitochiaraird has the following stoichiometry:
4 cytochromez + 4 H+ + N Hrmax+ O, — 4 cytochrome3e + n Hreyoso + 2 H,O

The pathway of electrons from cytochrome c vigaQiiwo electronically coupled copper
atoms), heme a, and the binuclear center (compo$dieme g and Cg) is mostly
established [Ludwig et al., 2001]. CcO represemesanly enzyme which reacts with oxygen
without formation of reactive oxygen species (RQ@yramoto et al., 2010]. This is based
on the unique structure of the oxygen binding blieaic center which simultaneously
transfers four electrons to the bound dioxygen moée (see Fig. 3). Oxygen, bound to the
reduced binuclear center fl’-hp@uB“) is immediately reduced to the redox state of wayethe
uptake of 4 electrons: two from iron (forming tlesrf state F&+), one from copper (forming

Cw+), and the fourth from a tyrosine side chain, forgnia radical. The formation of a
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tyrosine radical is possible by a covalent bridgeneen Ty280 and Hig76 (nomenclature of

theP. denitrificans enzyme) which stabilizes the tyrosine radical.

442 £F 2+ B P
Py “3@ 8 na ol &t R
UL L e B @

_hemeaa Cug 1ty 280 | heme a4 Cug tyr 260

hﬁi"l"lE'-Ea CHB Tp¥ 280

Fig. 3. Simplified scheme of the @ reduction cycle catalyzed by cytochrome c
oxidase (taken from Ludwig et al., 2001).

Key intermediates (white boxes labeled "O", "E"; #®c.) are listed clockwise along with the
input steps for the four electrons (gray circlable binding of dioxygen (blue), and the
presumed transmembrane proton translocation steggs grrows; according to Michel
[1999]). The four gray shaded boxes within the tieaccircle indicate various states of
cytochrome c¢ oxidase, "O", "R", \R, "Pr". Proton uptake steps, water release, and the
assignment of formal charges to the oxygen atows been omitted for clarity.

In contrast to the known mechanism of electrondfer in CcO, the mechanism of its
coupling to the translocation of protons acrossttenmbrane is mostly unknown [Michel,
1999; Brzezinski et al., 2008; Qin et al., 2009]t lmodels have been suggested [Sharpe and
Ferguson-Miller, 2008; Siegbahn and Blomberg, 2008Jo proton pathways, consisting of
hydrophilic amino acids and water molecules, hagenbidentified in the bacterial enzyme
[lwata et al., 1995] and were corroborated in tlowile heart enzyme [Tsukihara et al.,

1996]. But a third proton pathway, including Adpas the possible outlet amino acid at the
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cytosolic side, was identified in the bovine heamzyme [Yoshikawa et al., 1998; 2006], but
could not be found in the bacterial enzyme [Pfitzsteal., 1998; Salje et al., 2005].

Seven of the nuclear-encoded subunits of bovinerth€aO are located as
transmembraneous polypeptides and the other thieeto@ated on the outside of the inner
membrane: subunit VIb at the cytosolic side andusitb Va and Vb at the matrix side (see
Fig. 2). Similar to the enzyme from mammals, Cc@nfrbirds (turkey) [Hittemann et al.,
2000] and fish (tuna) [Arnold et al., 1997] alsotan thirteen subunits. On the other hand,
11 subunits were found in the enzyme from yeasidiGat al., 1995], seven ictyostelium
discoideum [Bisson et al., 1986], but only four subunits acou CcO from the bacterid.
denitrificans [lwata et al., 1995].

For a long time, the regulatory function of the tQclear-encoded subunits in
mammalian CcO [Kadenbach and Merle, 1981; Kadenlechl., 1983; Tsukihara et al.,
1996], which do not occur in the bacterial enzyrheafa et al., 1995], was questioned
[Saraste, 1983]. The identification of tissue-,cspe-, and developmental-specific isoforms
of nuclear-encoded subunits, however, suggestedfispegulatory functions. The heart type
subunits of Via, Vlla, and VIII (VlaH, VllaH, and MH) are expressed in heart and skeletal
muscle, whereas the liver type subunits (ViaL, YJland VIIIL) are ubiquitously expressed
[Schlerf et al., 1988; Lightowlers et al., 1990;away et al., 1990; Seelan and Grossman,
1991; Linder et al., 1995]. Moreover, the cDNA of soform of subunit IV (IV-2) was
found and its transcript was observed in lungsdoiiteand fetal human and adult rat, as well
as in the muscle of fetal human by Northern Blalgsis [Hittemann et al., 2001].

Only one isoform was found for subunit VIl in humdor subunit Vlla in rat and for
subunit Vla in fish [Grossman and Lomax, 1997; lendt al., 1995; Hlttemann et al., 1997].
In the adult rat heart, the CcO subunit Vla cossddttwo thirds of the heart type isoform
(VlaH) and one third of the liver type isoform (\LlgfKadenbach et al., 1990], whereas in the
skeletal muscle almost 100 % of subunit ViaH isregped [Anthony et al., 1990]. In fetal
heart and skeletal muscle, mostly the liver typeswdfunits Vla and Vlla (VlaL and VllaL)
are expressed, but switch to the heart type iscf@fter birth [Taanman et al., 1992; Bonne et
al., 1993; Grossman et al., 1995; Parsons et 886]1 Interestingly, a different subunit
composition of CcO from wheat germ and wheat segdkuggests the existence of
developmental- or tissue-specific isoforms als¢hie plant enzyme [Peiffer et al., 1990]. In
yeast, the expression of subunit V isoforms (c@oading to subunit IV in mammals), Va and
Vb, are dependent on the oxygen concentration engtiowth medium [Burke and Poyton,
1998].
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For most nuclear-encoded subunits of CcO the fanctis still unknown.
Nevertheless, all 10 subunits appear essentigh®ifunction of CcO in higher organisms,
since mutations in nuclear-encoded CcO structullusits were searched for but never
found. In contrast, many mitochondrial diseasegtas mutations of mitochondria-encoded
subunits I-1ll of CcO have been described [Barasngt al., 2002]. Only recently, in a patient
with leukodystrophic encephalopathy a mutationha huclear-encoded CcO subunit VIb
was identified that is a cause for the disease §il&s al., 2008]. In drosophila the mutation
in CcO subunit Vla was found to cause neurodegéparf.iu et al., 2007].

The nuclear-encoded subunits of CcO, which do Botin bacteria, are suggested
to have a regulatory function. But also in subunibf bacterial CcO, as well as in
mammalian subunit | a conserved steroid binding \sas identified [Qin et al., 2008].

In bovine heart CcO, seven high-affinity bindinges for ATP or ADP and three
additional sites only for ADP were identified byuddrium dialysis with radioactive ATP
and ADP [Napiwotzki et al., 1997; Napiwotzki anddéabach, 1998]. The ATP/ADP ratio
was found to regulate the efficiency of proton stanation in CcO of heart and skeletal
muscle. By increasing the intraliposomal ATP/ADRerga decrease of the'fg- ratio from 1.0
to 0.5 was measured with the reconstituted enzyoma bovine heart [Frank and Kadenbach,
1996; Hiuttemann et al., 1999]. The decrease wdsrtatimal at an ATP/ADP-ratio of 100,
and occurred by the exchange of bound ADP by AT#amatrix domain of subunit ViaH,
since preincubation of the enzyme with a monocloaatibody against subunit ViaH
prevented the decrease. The decrease’td-Hatio of CcO from heart and skeletal muscle
(heart-type of subunit VlaH) at high ATP/ADP-ratiegas suggested to participate in
thermogenesis at rest, e.g. during sleep when THRIADP ratio is high. In CcO from liver and
kidney containing subunit VlaL (liver-type of subuila) palmitate butnhot high ATP/ADP
ratios were found to decrease théeH ratio from 1.0 to 0.5 (half-maximal at 0.5 puMge and
Kadenbach, 2001].

The control of mitochondrial respiration is genbBralinderstood as ‘respiratory
control’, first described by Lardy and Wellman [P95where the rate of respiration is strictly
controlled by the availability of ADP. The energeintermediate between oxygen reduction
and ATP synthesis was identified by Peter Mitclig@B66] as the electrochemical proton
gradient across the inner mitochondrial membran&dp motive force), composed mainly of
the membrane potentiddW,, [Nicholls and Ferguson, 2002]. ‘Respiratory cohtre thus
explained by the Mitchell theory as inhibition dtmitochondrial proton pumps (respiratory

chain complexes I, lll, and V) at higkt¥y,,.
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Later on, in the last decade, an additional & -independent regulation of
respiration was described based on *“allosteric Adfbition of CcO” [Arnold and
Kadenbach, 1997]. This ‘second mechanism of respyracontrol’ [Kadenbach and Arnold,
1999] is characterized by the sigmoidal inhibitiourves of CcO in the presence of high
ATP/ADP ratios, whereas hyperbolic curves are oleiat low ATP/ADP ratios. Both
hyperbolic and allosteric kinetics are measuredanogiraphically using ascorbate as a
substrate and at increasing concentrations of bytoee c. The allosteric ATP-inhibition was
correlated with the exchange of bound ADP by ATRhat matrix domain of subunit IV,
since a monoclonal antibody against subunit IV preed the allosteric ATP inhibition.
Half-maximal inhibition of activity was obtained ah intramitochondrial ATP/ADP ratio of
28, and the inhibition was independent of the pratwtive force [Arnold and Kadenbach,
1999]. The maximal Hill-coefficient of 2 [Arnold dnKadenbach, 1997] has suggested the
cooperativity of two cytochrome c¢ binding sites @riare assumed to be located at each
monomer of the dimeric enzyme. Interestingly, thi®steric ATP-inhibition of CcO is
abolished by the thyroid hormone 3,5-diiodothyr@nihrough binding to subunit Va [Arnold
and Kadenbach, 1998]. Subunit Va was found to [s-panslationally modified in hearts of
transgenic mice which are resistant to the ROSdimdureagent doxorubicin [Merten et al.,
2005].

An abolition of the allosteric ATP-inhibition of Ccwas also obtained in cultivated
astrocytes and cerebellar granule cells under hgmmnditions which resulted in an elevated
transcription level of the CcO subunit IV-2 isofofitorvath et al., 2006]. According to the
crystal structure of the bovine heart enzyme [Tisaka et al., 1996], a binding pocket for
ATP has been postulated which is formed by amindsaaf subunits I, I, and IV while two
cysteines occur in the subunit 1V-2 isoform but mosubunit IV-1[HUttemann et al, 2001].
These two cysteine residues may form a disulfidelger (regulated by the oxygen
concentration) which inturn may prevent the bindofgATP and thus the allosteric ATP-
inhibition.

An allosteric ATP-inhibition was also found withet yeast enzyme, but not with the
enzyme fromRhodobacter sphaeroides [Follmann et al., 1998] which lacks a subunit $ami
to subunit IV of the eukaryotic enzyme. Regulatadrenzymatic activity by the addition of
ATP was also measured with CcO from cyanobactéha oxidase contains a fourth subunit
which is homologous to the eukaryotic subunit IMgéet al., 1999].

The allosteric ATP-inhibition of CcO has been pregad to kee@Wy, in vivo at low
values (100-140 mV) via feedback inhibition of Co@ATP [Lee et al., 2001; Kadenbach et
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al., 2004, 2009; 2010]. Since the production ofctiea oxygen species (ROS) in
mitochondria increases exponentially¥, > 140 mV [Liu, 1997; Korshunov et al., 1997,
Starkov and Fiskum, 2003; Rottenberg et al., 200@] allosteric ATP-inhibition of CcO was
suggested to prevent the formation of ROS in mochia. ROS are known to stimulate
aging and the formation of degenerative diseasesrfiview see Dalle-Donne et al., 2006;
Valko et al., 2007; Trachootham et al., 2008]. Heere for the synthesis of ATP in
mitochondria by the §F1-ATP synthase, only 130 mV are required for the imak rates of
ATP synthesis [Kaim and Dimroth, 1999]. In factckuow AW,, values (100-140 mV) have
been measured in living cells and tissues [Warh.£1993; Mollica et al., 1998; Zhang et al.,
2001; Berkich et al., 2003]. In contrast, with eteld mitochondria, high¥, values of 180-
230 mV were measured [Fox et al., 1993; Nicholld Barguson, 2002; O’Brien et al., 2008].
Therefore, it was assumed that isolated mitochandioi not represent the actual bioenergetic
situation of mitochondria within living cells. Thallosteric ATP-inhibition of CcO was
proposed to extend the Mitchell Theory for eukayorganisms in vivo [Kadenbach et al.,
2010], because lowWy, values not only prevent the formation of ROS Hbsib dhe backflow
of protons across the inner mitochondrial membiaghAWn, values [O’Shea et al., 1984]

which decreases the efficiency of energy transdacti

Objectives of the present dissertation

Up till now, the ‘allosteric ATP-inhibition of CcQisecond mechanism of respiratory
control) has not been accepted generally as aatgulprinciple of respiration because of the
difficulties to obtain reproducible results witholiated mitochondria. The intention of this
dissertation was to demonstrate the allosteric Adfihition of CcO in intact isolated
mitochondria, and to characterize the inherent lprab of measuring the kinetics in
mitochondria from rat heart and liver and from b&vtissues. In addition, to investigate the
relationship between reversible phosphorylationCefD and the extent of allosteric ATP-
inhibition. Finally, to demonstrate the postulatedersible decrease AW, in mitochondria
at high ATP/ADP ratios, in collaboration with Préfatrin Staniek (Veterinary University of

Vienna).



2. Materials
2.1  Animals
Wistar rats

SD rats

2.2  Tissues
Bovine heart, liver and kidney

Rat heart and liver

2.3 Chemicals

Animal house, BMFZ, Marburg
Animal house, BMFZ, Marburg

SlaughterhouselMey
BMFZ, Marburg

All substances used were of analytical grade ancthased from Calbiochem

(Darmstadt), Fluka (Steinheim ans Seelze), Merchrifistadt), Roth (Karlsruhe), Serva
(Heidelberg), Sigma (Steinheim and USA) and VWR r(Dstadt). Distilled water was

obtained from "Millipack 40" with a macromoleculédtdr (pore size 0.22um), Millipore,

Schwalbach.

2 Mercaptoethanol

2-Propanol

6-Aminohexanoic acid

Acetic Acid 100%

Acetonitril

Acrylamide (2X)

N,N'-Methyl-bis acrylamide

Albumin, Bovine Serum
Fraction V, Fatty Acid Free

APS (ammonium persulfat)

Bis-TRIS 99%

DMSO

Glycerol anhydrous min 99.5%

Glycin

Hepes

Joklik medium

KCI, 3 mol/L electrolyte (for oxygen electrode)

Roti-Block

Fluka, Steinheim
Fluka, Seelze
Sigma, Steinheim
VWR, Darmstadt
Merck, Darmstadt
Serva, Heidelberg
Roth, Karlsruhe
Calbiochem, Darmstadt

Roth, Karlsruhe
Fluka, Steinheim
Sigma, Seelze
KMF, Lohmar
Roth, Karlsruhe
Roth, Karlsruhe
PAN Biotech, Aidenbach
Nlet Toledo, Switzerland
Roth, Karlsruhe
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Sodium hydrosulfite, ca 85%
Tricine 99%

TRIS 99.9%

Tris HCI

Urea> 99%

TEMED

2.3.1 Antibodies
anti-Cox subunit I, mouse gt
anti-Cox subunit IV, mouse Ig&

Aldrich, Steinheim
Sigma, Steinheim
Roth, Karlsruhe
Fluka, Steinheim
Fluka, Steinheim
Roth, Karlsruhe

Mo Bi Tec, Géttingen
Mo Bi Tec, Goéttingen

anti-phosphoserine kit, 6 monoclonal Ab from mouse nanotools, Minchen

anti-phosphothronine kit, 3 monoclonal Ab from m@usnanotools, Miinchen

anti-phosphotyrosine, clone 4G10

Goat Anti-Mouse IgG, HRP-conjugated

2.3.2 Enzymes

Millipore, Sclhaah
Biomol, Hmabpur

PK (pyruvate kinase) from rabbit muscle Type I, gr8a, Steinheim

ammonium sulfate suspension

PKA (protein kinase A) from bovine heart

2.3.3 Detergents
Dodecylmaltoside (laurylmaltoside)
Digitonin

SDS (sodium dodecylsulfate)
Tween 20

Triton X-100

Triton X-114

2.3.4 Dyes
Bromophenol Blue
Coomassie Brilliant Blue G-250

2.3.5 Nucleotides
ADP monopotassium salt dihydrate

Sigmagiheim

Sigma, Steinhe
Fluka, Steinheim

Fluka, Steinheim
Fluka, Steinheim
Sigma, Steinheim
Sigma, Steinheim

Merck, Darmstadt
Fluka, Steinheim

Sigma, Steinheim
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ATP disodium salt, Grade Il, min 99%

2.3.6 Protein inhibitors

H89, Dihydrochloride in sloution
Okadaic acid, potassium salt
Oligomycin

Rotenone

Wortmanin

Forskolin min 98%

IBMX (3-isobutyl-1-methylxanthine)

2.3.7 Substrates

Cytochrome c from bovine heart

L (+)- Ascorbate

L. Glutamic acid monosodium salt hydrate
L (-) Malic acid disodium salt 98% purity
Succinic acid 99%

PEP (phosphoenolpyruvate)

2.3.8 Uncoupler
CCCP

2.4  Apparatuses

Biofuge fresco, Mikroliter rotor 24 x 2ml
Clark-oxygen electrode

Digital pH meter

Fastblot B43

Gel electrophoresis apparatus

Gel gradient mixer

In Lab pH combination, liquid filled electrodes

Multifuge 1S

Mikroliter rotor 48 x 2ml

Festwinkel rotor FA 12.94 High conic

Multiskan photometric microplate reader

Sigma, Steinh

Calbiochem, Datadt
Calbiochem, Dardtsta
Calbiochem, Darmstadt
Sigma, Steinheim
Calbiochem, Darmstadt
Sigma, Steinheim
Sigma, Steirime

Sigma, Steinheim
DM, Karlsruhe

Sigmajriteim
SigmaeBiheim
Aldrich, Steinheim

Sigma, Steinheim

Sigma, Steinheim

Heraeuwsngenselbold
Hansatech Instrument)dty
Mettler Toledo, Switzerland
Whatman Biometra, Géttingen
Biometra, Gottingen
Workshop, Fachbereich CheMirburg
ter Toledo, Switzerland
Heraeus, Langenselbold
Sorvall, Heraeus, lgenselbold
Sorvall, Heus, Langenselbold
Thermad&ind
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Loose and tightly fitting glass Potters
Nicolet Evolution 100 spectrophotometer

Power Pack P25

Speed-vac concentrator

Table top microcentrifuge
Ultracentrifuge L5-65, 60 Ti Rotor
Varioperpex 12000 peristatic pump
Vortex

Gel blotting paper

2.5 Kits
BCA™ Protein Assay Kit

Kobe, Marp
Thermeckbn Corporation,

Cambridge UK
Biometra, Gottingen
Bachhofer, Reutlingen
Eppendorf, Hamburg
Beckmann, RAdamt
LKB, Sweden
Heidolph, Schwabach
Whatman, Dassel

Thermo, USA

ECL (Enhanced Chemiluminescence) substrate =~ AmersBa@den

2.6  Chromatographic materials
DEAE Cellulose
DEAE-Sephacel
Sephadex G-25

2.7 Membranes

Immobilion PVDF Transfer membrane 0.45uM

Serva, Heidelberg
Pharmacia, Freiburg

Pharmacia, Freiburg

Kobe, Mag

Membrane (PTFE 0.125mm x 25mm) 30m reel  H. SauwiflRgen

for Clark-oxygen electrode
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3. Methods

3.1 Animals

Bovine heart, liver and kidney were obtained frdma slaughterhouse in Marburg and
transported to the laboratory on ice. They werdeeitused directly for the isolation of
mitochondria or kept at -80 °C after the removaktohnective tissue and fat. Wistar or SD
rats were obtained from the animal house in themBidical Research Center (BMFZ),

Marburg.

3.2 Incubation of the bovine heart tissue

5 g of frozen bovine heart tissue was first thawpan ice for half an hour. By the use
of scalpel, the heart was cut into slices with tthiekness of less than 1 mm. The minced
tissue was washed with 50 ml Joklik medium two 8miltered using cheese cloth and
divided into equal parts each of 0.5 g. Using 15Eménmeyer flasks, the minced tissue was
incubated with or without additions under shakibgr@ (room temperature) for the indicated
times as mentioned in the legends. After incubateach tissue sample was filtered and
homogenized with 5 ml of the isolation medium-Aairglass/Teflon potter and mitochondria
were isolated as described below.

3.3 Isolation of mitochondria
All the steps involved in isolation of mitochora@were performed at°@ and the
glassware used was also precooled in an ice-bdtnebstarting the procedures in order to

minimize the activity of phospholipases and prateas

3.3.1 Isolation of mitochondria from bovine heartliver and kidney

Isolation buffer-A (pH 7.4) 250 mM Sucrose
20 mM Hepes
1 mM EGTA
0.2% BSA (freshly added)

The tissues were washed 2-3 times with ice-cadhi®n buffer, cut into cubes of
about 5 mm using scissors, washed again with ice-cold ismtatbuffer, decanted and
homogenized in 5 volumes of isolation buffer usanipose-fitting glass/Teflon potter (1000
rpm; 5-10 strokes).

The tissue homogenates were transferred into 5Batalon tubes and centrifuged at

800g for 10 min at 4C. The supernatant containing mitochondria wagréi through a
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cheese cloth to remove connective tissue and aaged at 11000 g for 15 min at@. After

centrifugation, the supernatant was discarded atwchondrial pellet was washed with 5 ml
of ice-cold isolation buffer and centrifuged again11000 g for 15 min. After discarding the
supernatant, mitochondrial pellet was resuspendeghiall amount of isolation buffer and
transferred into the Eppendorf cups and either l@ptice for immediate use or shock

freezed in liquid nitrogen and stored at *8dor further use.

3.3.2 Isolation of intact mitochondria from rat heat and liver

Isolation buffer-B (pH 7.4) 250 mM Sucrose
10 mM Hepes
1 mM EDTA
0.2% BSA (freshly added)

After killing the rats by decapitation mainly, theart and liver were taken out rapidly,
immersed in 30 ml of ice-cold isolation medium madl beakers separately and rinsed to
remove the blood completely. While keeping the leadn ice, tissues were minced by
scissors into small pieces, filtered, decantedrammdogenized in 5 volumes of isolation buffer
using the loose-fitting glass/Teflon potter (opedaat 1000 rpm; 5-10 strokes) for heart and
tightly-fitting glass/Teflon potter for the liveroperated at 1600 rpm; 5-10 strokes).

Centrifugation was performed as described abovbduine tissues.

3.3.3 Prepration of mitoplasts from rat liver mitochondria

Rat liver mitoplasts were prepared with digitoagidescribed previously [Schnaitman
and Greenawalt, 1968; Carabez and Sandoval, 1B@dhl aliquots of rat liver mitochondrial
suspension (100 mg mitochondrial protein/ml) inlagon buffer and ice-cold digitonin
solution were mixed with continuous stirring for bain at 0C. Digitonin solution was
prepared as 12 mg digitonin/ml in the same isatakioffer-B just prior to use. After 15 min,
the resulting suspension was diluted with threeimas of isolation buffer-B and centrifuged
at 11000g for 10 min. The supernatant was carefdlgwn off and the pellet was gently
suspended in the same volume of isolation buffeasi®l left on ice for polarographic

measurements.

3.3.4 Incubation of rat heart mitochondria
After isolation, equal aliquots of rat heart mitoadlria were incubated with additions

after 1:15 dilution in the isolation buffer-B. Theme, temperature and the additions are
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mentioned in the legends to the figures accordinjfier incubation, samples were cooled on
ice, centrifuged at 11000g and suspended in themalrvolume of isolation buffer-B. Finally
10 pl of each were used for kinetics measuremedttha rest were stored at <& or

proceeded directly for the Western blots.

3.4  Determination of protein concentration by BCA nethod
Mitochondrial protein concentration was deterministhg Pierce BCA protein assay
kit which is a detergent-compatible formulation éon bicinchoninic acid (BCA) for the

colorimetric detection and quantitation of totabgin.

Kit contents

BCA Reagent A contains:  Sodium carbonate
Sodium bicarbonate
Bicinchoninic acid
Sodium tartarate in 0.1M sodium hydroxide

BCA Reagent B contains: 4% cupric sulphate

Albumin Standard Ampules: bovine serum albumin (B&A2.0 mg /ml in
0.9% saline and 0.05% sodium azide

The contents of one Albumin Standard (BSA) ampules vdiluted into several
Eppendorf cups using distilled water as a diluentdascribed in the kit procedure. The
working reagent was prepared by mixing 50 part86GA Reagent A with 1 part of BCA
Reagent B (in a ratio of 50:1, Reagent A: B).

Protein sample was diluted with distilled water\{D) in 3 different dilutions of 1:20,
1:50 and 1:100 and 10 pl of each of standard akdaywn sample replicates were pipetted
into a microplate well. And 200 pl of the workingagent was added to each well and then
the plate was covered and incubated &C3for 30 min. After this, the plate was cooled to
room temperature and the absorbance was measub&® atm on a Multiskan photometric
microplate reader using Multiskan Ex software. Fjnafter subtracting 562 nm absorbance
of the Blank from the absorbance of all other imdlinal standard and unknown samples, a
standard curve was plotted for BSA standards wsir tboncentrations in pg / ml using
Microsoft Excel program and the protein concentratiof each unknown sample was

determined.
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3.5 Polarographic measurement of oxygen consumption
Polarographic measurements of oxygen consumptiere werformed with a Clark
type electrode [Ferguson-Miller, 1998] from HanshtUK). When a potential difference of

600 mV is applied, the following chemical reacti@tsur at the electrodes:

At platinum cathode: OHAH +46 ——> 2H0
At silver anode: 4Ag+4CI 4AgCl+4¢é

Electrons generated at the anode are used toe@dygen at the cathode. The oxygen
tension at the cathode then drops and this a@ssask so that more oxygen diffuses towards it
to make up the deficit. Since the rate of diffusmioxygen through the membrane is the
limiting step, the current produced by the eleatradproportional to the oxygen tension in the
sample. For electrode calibration, the measuring wes filled with air saturated

corresponding buffer either for respiration or karetics.

3.5.1 Measurement of mitochondrial respiration

Sucrose-buffer (pH 7.2): 250 mM sucrose
10 mM Hepes
5 mM MgSQ
0.2 mM EDTA
5 mM KHPO,
0.5% fatty acid-free BSA

KCl-buffer (pH 7.4): 130 mM KCI
3 mM Hepes
0.5 mM EDTA
2 MM KHPOy
0.5% fatty acid-free BSA

Respiration of intact rat liver mitochondria wasasured polarographically at 25°C in
0.5 ml of sucrose-buffer while that of heart mitoodria from both rat and bovine was
measured in KCl-buffer under the same conditionkesmotherwise stated in the legends.
Finally, the Respiratory Control Ratio (RCR) wakcakated as:
RCR = respiration rate at state 3 / respiratioa gdtstate 4 [Chance and Williams, 1955a].
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3.5.2 Measurement of enzyme kinetics

Kinetics-buffer (pH 7.4): 250 mM Sucrose
20 mM Hepes
1mMEDTA
2 mM EGTA
25 mM NaF
10 nM okadaic acid
5 mM MgSQ
1% Tween-20
The kinetics of CcO activity was also measurecpgraphically at 25°C in a volume
of 0.5 ml in the kinetics-buffer and oxygen consaop was recorded at increasing
concentrations of cytochrome ¢ (0.2 — 60 uM) inphesence of 17 mM ascorbate and either
5 mM ADP, or 5 mM ATP and a regenerating system sigtimg of 10 mM
phosphoenolpyruvate (PEP) and 20 or 160 U/ml pyaukmase (PK). The rates of oxygen
consumption (nmol ®min™ mI™) were calculated at each concentration of cytaviere and

presented graphically using Microsoft Excel program

3.6 Isolation of cytochrome c oxidase (CcO)

Cytochrome c oxidase was isolated from mitoch@ndiither by the Blue Native
polyacrylamide gel electrophoresis (BN-PAGE) [Saéaet al., 1991; Wittig et al., 2006] or
by Triton X-100 method [Kadenbach et al., 1986]tiBprocedures were performed in the
cold room. Also the equipments and buffers usedewsaced on ice (0-4 °C) during the

whole isolation procedures.

3.6.1 Isolation of CcO by BN-PAGE
CcO was isolated from mitochondria in a one stepcgdure by BN-PAGE (first

dimension, 1D).

Solutions
3xGB - 3xGel buffer (pH 7.0): 1.5 M Aminocaproicia
150 mM Bis-tris
AB - Acylamide/bisacrylamide 48% Acylamide, 1.Bisacrylamide

mix (99.5 T, C):

10% Amonium persulfate (APS):
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Anode buffer (pH 7.0): 50 mM Bis-tris

Blue cathode buffer (pH 7.0): 15 mM Bis-tris, 50Aniricine
0.02% Serva Blue G (SBG)

Colourless cathode buffer (pH 7.0): 15 mM Bis;tB6mM Tricine

SDS, sodium dodecylmaltoside (20%):

Sample solubilization buffer: 1 mMEDTA
(pH 7.0 at 4C) 2 mM 6-Aminocaproic acid
50 mM Bistris
50 mM NaCl
5% stock of Coomassie blue G-250: suspended im8A0f 6-Aminocaproic
acid
Destining solution of 1D blots: 10% Acetic acid5% Methanol

Solution | (adjusted to pH 7.0 with HCL): 4% SDS
10% Glycerol
2% Mercaptoethanol
0.03% Serva blue G
50 mM Tris

Preparation of linear 6-13% acrylamide gradient ges

For separation of CcO by BN-PAGE, linear gradiegisf 6-13% acrylamide range
were used because these are suitable for sepaddtiprotein complexes in the molecular

mass range from 2@a to 18 Da. The gel mixtures were prepared as describlesvbe

Stacking 4% gel Separating 6% gelSeparating 13% gel
(5ml) (10ml) (10ml)

3xGB 1.64ml 3.3ml 3.3ml

AB 0.4ml 1.19ml 2.6ml

Water 2.87ml 5.43ml 2.35ml

Glycerol | O 0 1.67ml

APS 60ul 42.9ul 33.3ul

TEMED | 6pl 4.3l 3.3l
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For preparation of gradient gels, Biometra minigpparatus was used with 1 mm
spacers and combs and the casting of gradientatepaigels were performed in the cold
room at 4C using a gradient mixer.

After mounting the mini gel glass plates togetlilee, separating gel mixture solutions
each of 10ml were prepared as mentioned in the.tdble front reservoir of gradient mixer
was filled with 3 ml of 6% gel mixture and the reaservoir with 2.5 ml of 13% gel mixture.
The conical insert was put into the rear resersind then the gel cassette was filled in by
gel mixture using peristaltic pump at speed 9. bfsore volume of 6% acrylamide solution
than of 13% acrylamide solution assures that thedolutions initially do not mix when the
connecting tube is opened and a linear gradieobtained. Then the gels were overlaid with
isopropanol and transferred to room temperaturepfdymerization which took almost 2
hours. After polymerization, isopropanol was rentvieom the top by draining and
afterwards the gels were washed with water and kagels were cast at room temperature
and a comb was inserted and allowed to polymepneel5 mins. After polymerization, the

comb was removed and the gels were overlaid witgebouffer and stored at@ until used.

Preparation of samples

400 pg Mitochondrial protein was pelleted by cdagation at 13,000g for 10 min.
This centrifugation was performed only in the ca$en the protein concentrations were less
than 40 mg/ml. After the addition of 40 ul of sampblubilization buffer, mitochondria were
homogenized by twirling with a tiny spatula. Andub(2.5 g/g) of the detergent SDS (20%
sodium dodecylmaltoside) was added and the samy#es left to solubilize for 5-10 min.
After centrifugation for 20 min at 20,0009, the sumtant was retained and 5 pl of 50%
glycerol was added. Finally, 2.5 pl of Coomassigehtlye from 5% stock suspension was
added to give the detergent/dye ratio of 8 (g/g) &b pl of each sample was loaded into the

gels.

Electrophoretic conditions

Gel cassettes were placed into the apparatus estdHe spaces in wells were filled
with blue cathode buffer and then the samples waderlaid into the wells. After filling the
upper and lower reservoir with blue cathode anddanuuffer, respectively, electrophoresis
was started at 80 V and when the dye front readbeithe stacking gel, the voltage was

increased to 200 V. Blue cathode buffer was repladéh colourless cathode buffer when the
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dye front reached to 2/3 of the gel and the elgtiboesis was continued until the dye front
reached the end.
After removing the gel of BN-PAGE, it was used ¢ore of the following procedures:
a) directly for blotting
b) the complex IV bands (CcO) were excised and eitfieectly used for second
dimension (SDS-PAGE), Western Blotting and stainiog freezed and stored at -
80°C for further use
c) the complex IV bands (CcO) were freeze dried immaedly by speed vacuum for

mass spectrometric analysis.

a) Electroblotting of native proteins from BN-PAGE gels

Electroblotting of BN-PAGE gels was performed unthex conditions as described in
the procedure of Western Blot. The difference idelonly the destaining of the background
on the 1D blot after blotting on PVDF membrane withB-blot destaining solution’. The blot
was rinsed with water and dipped in methanol fani with shaking for complete destaining
of the protein bands which were immediately visibier transfer. Again, the blot was rinsed

with water, dried and used for Western blot analgsi described later.

b) Denaturing SDS-PAGE for second dimension (2D)

After first-dimensional BN-PAGE, the second dimemsii.e. SDS-PAGE was
performed for the resolution of subunits of CcOr #us, the same procedure and conditions
were followed as described in the procedure of FIA&E except these modifications:

After mounting the glass gel plates together, fir& ml of the separating gel mixture
containing 18% acrylamide and high amounts of (684 was added. Then the stacking gel
mixture was added leaving 2.3 cm space from the(fimpthe gel bands to be placed) and
without inserting the comb allowed to polymerize@m temperature. At the end, gels were
overlaid with running buffer in order to avoid dess.

Then the bands of complex IV which either have bstemned at -80C (left at room
temperature for few minutes) or have been diregtlgised from ID gels were soaked for 15
min in 1% SDS, rinsed briefly with water and placdhe top of the already polymerized
SDS gels. After mounting these gels in the elettoogsis chamber, 'Solution I' was added as
a 1-2 mm layer which covered the bands of the fiisiension. Then electrophoresis was

performed under the same conditions as discussgdoredure for SDS-PAGE. After the
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second dimension, the same procedures were useWdstern blotting and staining as

described later.

c) For analysis by mass spectrometry
CcO bands after excision from ID BN-PAGE were feeelzied for 2-3 hrs using a

speed vacuum and stored a&C4or further analysis by mass spectrometry.

3.6.2 Isolation of CcO by Triton X-100 method

CcO was also isolated from mitochondria usingrtbe-ionic detergents Triton X-114
and Triton X-100, followed by DEAE-Sephacel chroagabphy, exchange of the nonionic
detergent by cholate, and fractionated precipmatiwsith ammonium sulfate (AmMSYp
[Kadenbach et al., 1986].
Solutions

1 M KPi, pH 7.2

20% Triton X-114 (w/v)

Washing buffer: 200 mM KPi, pH 7.2

Extraction buffer. 200 mM KPi, pH 7.2, 5% Triton 260

Equilibration buffer: 50 mM KPi, pH 7.2, 0.1% TritoK-100

Elution buffer: 200 mM KPi, pH 7.2, 0.1% Triton >0Q

Saturated AmS@(at £C): adjusted to pH 7.2 with concentrated JOHH

Regeneration of DEAE-Sephadex columns

First the columns were washed with at least 20meki of 0.1 M NaOH (the contact
of NaOH with the ion exchanger should be at leastlmour but not more than two hours) and
then with > 10 volumes of water. Then the columresemvashed (overnight) with a large
volume of equilibration buffer (40 mM KPi, pH 7.2).1% Triton X-100). This was
continuously performed until the pH of the effluérdm the column became equal to the pH

of the buffer and confirmed by pH paper.

Extraction by Triton X-114 and Triton X-100

The thawed mitochondrial suspensions from bovinarthevere adjusted to 20 mg

protein/ml with isolation medium and then to 4 past mitochondrial suspension, 1 part of 1
M KPi, pH 7.2 was added under continuous mixingitee a final concentration of 200 mM
KPi. Mitochondria were solubilized by adding 2 nfl20 % Triton X-114 under continuous
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vortexing and the suspension was incubated forrbunder stirring. Then these solubilized
mitochondria were ultracentrifuged at 45,000 rpm&0 min (using 60 Ti rotor). The heme
aag content of the supernatant was determined withpectsophotometer (difference
spectrum). Normally no heme mavas detected in the supernatant after Triton X-114
treatment. The CcO pellet was washed with washirfiebusing a potter homogenizer and
centrifuged for 10 min at 13,000 rpm. The pellettaming CcO was solubilized in Triton X-
100 extraction buffer and after centrifugation 2000 rpm for 30 min, the green supernatants
(dark brown at high enzyme concentration) wereectdld. This extraction step was repeated
until all heme agwas extracted from the sediment (or until all gigle colour was disappeared
from green brown pellets). The heme3aeontent of the supernatants was determined

spectrophotometrically.

DEAE-Sephadex anion exchange chromatography

The combined CcO supernatants were diluted witlbldmes of water and loaded on
6 pre-equilibrated DEAE sephadex mini columns. Toimns were kept in the cold room.
Unbound proteins were washed out from each minurmal with two column volumes of
equilibration buffer. CcO was eluted with elutionffer (5 ml) and fractionated into portions

of ca. 2 ml. The green fractions, containing enzyveee then combined.

Purification of CcO by fractionated ammonium sulfate precipitation

The green fractions were supplemented with solidchaate to give a final
concentration of 1% (w/v) and the pH was adjused.@ with 1 N NaOH. Ammonium
sulphate (AmSGg) precipitation was performed in an ice bath bydhap by drop addition of
saturated AmS@solution under continuous stirring until a satimatof 28 % was reached
and the pH was readjusted. Readjustment of pH e@sired whenever AmSQwas added.
The solution was stirred overnight (at least lonipgan 14 h) and centrifuged for 10 min at
27,000 g (15,000 rpm, JA-20 rotor) to precipitatgure CcO. Then AmSQvas added to the
supernatant to a final concentration of 37 %, etirfor 10 min and centrifuged again. The
precipitated CcO was dissolved in a minimal voluafemitochondrial isolation buffer-B
(without BSA) and kept at -80 °C.
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Spectrophotometric determination of CcO concentrain

The CcO concentration (1 moles hemgra§ was determined spectrophotometrically
by measuring from a diluted aliquot the oxidizecepum from 380-500 nm, using the
following extinction coefficient:

Cytochrome ag €oxidized, 421-490 nmi= 140 mM* cni*

3.7  SDS polyacryamide gel electrophoresis (SDS-PAGE
The subunit pattern of CcO was determined by SBG# according to Kadenbach et
al. [1983]. The applied system uses 18 % acrylaramtk high amounts of urea (6 M) in the

separation gel.

Solutions

Acrylamide solution: 50% Acrylamide (w/v)
1.3% N, N-methylenbisacrylamide (w/v)

Separating gel buffer: 0.75 M Tris-HCI

(pH 8.3) 7.2 M Urea

0.2% SDS

Stacking gel buffer: 0.125 M Tris-HCI

(pH 6.8) 0.125% SDS

Electrophoresis buffer: 25 mM Tris base
192 mM Glycin
0.1% SDS (w/v)

Gel mixtures

Separating gel with 18% 294¢g Urea

acrylamide (w/v): 7.5 mi Acrylamide solution
10 mi Separating gel buffer
50 pl 8.3% ammonium peroxidisulfate solution
10 pl TEMED

Stacking gel with 10% 2 mi Acrylamide solution

acrylamide (w/v): 4 ml Stacking gel buffer
25 ul 8.3% ammonium peroxidisulfate solution
5 ul TEMED
62.5 mM Tris-Cl

Sample buffer for CcO: 20% Glycerol (w/v)

8%

SDS
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0.01% Bromophenol blue (w/v)
5% [B-mercaptoethanol (v/v)

For SDS-PAGE, mini gels with the gel size of 10 & X 0.1 cm were used. The
readjustment of the pH of separation gel buffer masessary for each gel preparation to get
a good resolution Polymerization of the acrylamgld was started by the addition of
ammonium peroxidisulfate and TEMED. After polymeatinn of separating gel, the stacking
gel was molded on the top and a comb was inseifiéer. polymerization (for ca. 45 min) the
comb was removed from the gel and wells were ringéd electrophoresis buffer. 3 pg of the
denatured enzyme mixed with sample buffer in al tadédume of about 6 ul were loaded in
each well and the electrophoresis was startedb&tber separation, electrophoresis was first
run at 11 mA for stacking gel and when the dye tfrwas about to enter into separation gel,

the current was increased to 25 mA.

Staining of protein bands with Coomassie Blue

Staining solution: 0.25% Coomassie Brillianté@-250
10% Acetic acid (v/v)
30% Isopropanol (v/v)

Destaining solution: 5% Ethanol
4.5% Acetic acid

Staining and destaining of gels were performedoatn temperature with shaking.
Gels were taken from the apparatus and gently dimgéh D.W. to remove remaining urea.
They were soaked in staining buffer and stainedrogbt. Then gels were carefully washed
with D.W. and destained overnight again in destgruffer under slow shaking until the

protein bands were clearly distinguished from thekiground.

3.8  Western Blotting

Blotting buffer (pH 8.0): 25 mM Tris-base
150 mM Glycin
10% Methanol

Western blotting was performed under standard itiond. For Western blot analysis,
proteins separated by SDS-PAGE were transferred 8MDF (Polyvinylidene fluoride)
membranes by "semi-dry-blotting” at room tempemat[Eckerskorn et al., 1988]. PVDF
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membranes (Immobilion PVDF Transfer Membrane, Koldarburg) were used since its

hydrophobicity prevented blotting-through of protiand because more protein is bound
after prolonged transfer time, compared to nitlotede. For electroblotting, the apparatus
"Fastblot B43" with plate electrodes from glasshoar (Whatman Biometra, Géttingen ) was
used [Kyhse-Andersen, 1984].

PVDF membranes were first washed in methanol foris The remaining methanol
was removed by 15 min washing with blotting bufifeerluding 3 times change of the buffer.
The gel containing electrophoresd enzyme was cthdasize of the membrane and washed
briefly with D.W. In addition, the plate electrodefsthe blotting apparatus were also made wet
before use. In order to make the so-called "blgttsandwich", first two blotting papers
(already soaked in blotting buffer) were placed v@ohe anode plate followed by the
placement of PVDF membrane and then gel on it amally 2 papers soaked in blotting
buffer to complete the sandwich. Air bubbles in teandwich" were removed by rolling a
glass rod on it. Finally, the blotiing apparatussvedosed by putting the cathode plate on the
top. A weight of 2 kg was placed on the top of #pparatus. The blotting was performed at
80 mA (ca. lmA/crf) and the transfer time was 120 min [Eckerskorl.et1988].

3.8.1 Detection of immunoreactivity using Horseradih peroxidase (HRP)

Solutions
Blocking reagent: 1X Roti-Block
PBS (pH 7.4): 2.7mM KCI
1.5mM KHPO,
137mM NaCl
8mM NaHP(O,.2H,0
Washing buffer: 0.1% Tween-20 in PBS
Stripping buffer (pH 6.8): 2% SDS
62.5mM Tris-HCI
100mM 3-mercaptoethanol

The sequence of manipulations for immunochemicakatien with Horseradish

peroxidase (HRP) was as follows:
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Separation of proteins by SDS-PAGE (or BN-PAGE)
Transfer of proteins on PVDF

Blocking of the membrane with (1X) Roti-Block
Incubation with primary antibody

Incubation with horse-raddish-peroxidase (HRP) egajed secondary antibody

- ® 2 0 T @

Colour detection by ECL (enhanced chemiluminescesigiestrate

Western blot analysis is based on the antigen-adyibinteraction. The primary
antibody recognizes and binds to the correspondiimgliing site on the protein (under
detection) followed by the recognition and bindofgsecondary antibody (which is enzyme-
linked, in this case was HRP-conjugated) to primamibody depending on the binding site
on primary antibody. Finally, when the substratehi§ secondary antibody linked enzyme is
given, it reacts and gives the reaction which enttetected

The PVDF membrane containing blotted proteins waghbated with blocking reagent
at room temperature with shaking for one hour wuce non-specific binding of proteins.
Then blots were incubated for 1 hour at room tempee under shaking with primary
antibodies prepared in blocking buffer against phoserine from mouse (1pug/ml each of 6
purified monoclonal Abs: clones IC8, 4A3, 4A9, 4Bdd 7F12, anti-phosphoserine kit from
nanotools, Minchen); against phosphothreonine frause, 3 monoclonal Abs (1ug/ml each
of 3 clones IE11, 4D11 and 14B3, anti-phosphothmerkit from nanotools, Minchen) and
monoclonal antibody against phosphotyrosine fronuseo(1:1000, clone 4G10, Millipore,
Schwalbach). Non-specific binding of the proteirsswemoved by washing 5 times each for
5 min with the washing buffer. Then secondary auib (Goat Anti-Mouse IgG, HRP-
conjugated, from Biomol, Hamburg) in blocking reafg€l:10000) was added and incubated
for one hour with shaking at room temperature. bllo¢ was washed again 5 times each for 5
min. Finally, immunodetection was performed usifge tECL substrate that contained
horseradish peroxidase coupled antibodies againasensecondary antibody (ECL Western
Blotting detection reagents from Amersham, Swed@er) the blots were visualized on X-ray
films.

After immunodetection, the antibodies at the bl@revstripped off by incubation of
the blot in stripping buffer for 30 min at 8D followed by 3x washing with the washing
buffer, each for 15 min with shaking. Then afterahthe blots, subunits | and IV of CcO

were detected using antibodies against these dgb(amti-Cox subunit | and subunit IV
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mouse Abs from Mo Bi Tec, Géttingen) diluted as0DQO in blocking buffer and the rest

was done as described above.

3.9 Membrane potential measurements

The membrane potential was measured in collalworatith Prof. Dr. Katrin Staniek,
Veterinar-Medizinische Universitat, Wien, Austrigsing a tetraphenyl phosphonium (TPP
electrode in a thermostated chamber at 25°C, asoomsdy described [Kamo et al., 1979].
Two Ag/AgCl REF200 electrodes (Radiometer, Coperhagone of which was covered with
a TPP-permeable polyvinylchloride-based membrane, wermected to the pH-5 module of
a Gilson 5/6 Oxygraph (Middleton, WI, USA). As derence solution 10 mM TPPRwvas
filled into the tube of the TPPselective electrode. The potential difference leem the
TPF- and the reference electrode depends on the” TBRcentration in the incubation
medium and was recorded on a linear y-t chart dsroBefore each measurement the system
was calibrated by increasing concentrations of TRR5 - 5 uM). Assuming that the
distribution of TPP between the mitochondria and the medium folloves Nlernst equation,
and that the conservation of mass holds true,/t#g, was calculated according to the

following equation:

AU-AU,

V, x105946nV —\/ +V/
Vv

AW =-5916mV xlog

m

(Vm, mitochondrial matrix volume, 1 pl/mg protein [@Giths and Halestrap, 1993] as
approximation; V, current volume of the mediumy, V after the addition of the uncoupler
2,4-dinitrophenol;AU, current deflection of the TPRelectrode potential from the baseline
and AU, AU after the addition of the uncoupler). In this waye AW,, was corrected for
dilution and non-specific binding of TPMurastugu, 1979].

The membrane potential of rat liver mitochondrisswa@easured in the sucrose-buffer,
while that of rat heart mitochondria was measuradthe KCl-buffer, as used for
mitochondrial respiration measurements. Other amditare indicated in the legends to the

figures.

3.10 Mass Spectrometry
The analysis of phosphorylated amino acids in Causits by mass spectrometry
was performed in collaboration with a group in Bach(Dr. S. Helling, Prof. K, Marcus

Medizinisches Proteom-Center, Funktionelle Protéomuhr-Universitat Bochum).
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3.10.1 Enzymatic digestion of purified CcO
This was performed in the laboratory of Dr. Helliand Prof. Katrin Marcus in
Bochum as detailed in [Helling, Vogt, Rhiel, Ramz@fen, Marcus and Kadenbach, 2008].

3.10.2 Chemical cleavage of proteins in BN-PAGE geby cyanogen bromidgCNBr)

The dried or dehydrated bands from BN-PAGE wergdedted for 10 min in 200 pl
of 50 mM NHHCO; solution. After removal of this solution, 200 pfl acetonitril solution
(prepared as 1:1 in water) was added and left @omins further at RT. This process of dye
removal was repeated with MHCO; solution and acetonitril solution one after thaest
several times unless all the Coomassie blue dyerevasved from the gel bands. Finally, the
gel bands were smashed with a pipette tip, dried 520 min in a speed vacuum and after
adding 20 pl of CNBr (dilution 10 % CNBr with 70%rmic acid), left for 2 hours for
peptide cleavage at RT in the dark in Eppendorfscufhe reaction was stopped by the
addition of 50 pl HO for 10 min (quenching). Peptide extraction wadqueed once with
with 0.2% TFA (in 50% ACN) and once with 50 pl d@ % acetonitril solution (in water).
The two supernatents were pooled and sonicateti5fonin in ultrasonic bath. After this, the
supernatants were divided into two parts, one facg@eding directly and the other for
performing trypsin digestion in addition. All sarepl were left for 15 min at -8C for

freezeing and then placed into lyophilizator ovghtifor the evaporation of the solvent.

3.10.3 Trypsin digestion of peptides from BN-PAGE gJs

After lyophilization, samples for protein digesére solubilized in 5 pl of 5 M urea
for 5 min, followed by the addition of 60 pul of M NH4sHCO; (in 10% acetonitril) and left
for 15 min sonication in ultrasonic bath at RT.tAis step, pH was checked to be around 7.6.
20 ug of trypsin (Serva) was activated for 3 mirbipl of 10 mM HCI, and subsequently
diluted with 95 pl of 45 mM NEHCO; (in 10% ACN). To the lyophilized samples, 5ul of
trypsin solutin was added, vortexed and incubate@ fhours at 45°C on thermomixer.

3.10.4 TiG, enrichment of phosphorylated peptides

The samples without trypsin digestion was treatéti @0 pl of 5 M urea, spin and
vortexed as required. Finally, the identificatioh phosphorylated peptides required their
enrichment with TiQ material in self-made columns. The column prepamaand slightly
differing sample treatments were described ealibingholm et al., 2007; Mazarek et al.,
2006). The TiQ enrichment of digested frgaments from purified Cax@ BN-PAGE gels
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extracted CcO was performed as described [Hellfmgt, Rhiel, Ramzan, Wen, Marcus,
Kadenbach, 2008].

3.10.5 NanoLC-ESI-MS/MS and data analysis

These procedures were performed in the laborasbiyr. Helling and Prof. Katrin
Marcus in Bochum as detailed in [Helling, Vogt, &hiRamzan, Wen, Marcus and
Kadenbach, 2008].
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4, Results
4.1  Mitochondrial respiration is regulated by two mechanisms

The allosteric ATP-inhibition of CcO was previopshown with the purified enzyme
or with detergent-suspended mitochondria [Arnold &adenbach, 1997; 1999; Bender and
Kadenbach, 2000; Lee et al., 2002] but not wittaghtisolated mitochondria. Th&W,-
independent inhibition of respiration of intact aghondria by ATP is shown here for the first
time, as presented in Figures 4 and 5 [Ramzan,&0]. Except the mitochondria prepared
from frozen bovine heart (Fig. 4, lower graph), eufiondria from rat liver and rat heart
exhibit the classical “respiratory control”, chaerzed by stimulation of respiration by ADP
(state 3 respiration rate) followed by inhibitiofiea conversion of ADP into ATP (state 4
respiration rate). If mitochondria are uncoupled BYCCP (uncoupler of oxidative
phosphorylation) respiration increases to the dmdtestate 3. Subsequent addition of ATP
results in partly inhibition of respiration. Furthaddition of ADP abolished the ATP-
inhibition, since it decreases the ATP/ADP rati@(FE, upper graph). The ATP-inhibition is
shown for rat liver and heart mitochondria resgjriwith succinate (Fig. 5). If the outer
membrane of rat liver mitochondria is removed byitdnin treatment, the resulting
mitoplasts also exhibit the inhibition of uncouplghlitamate + malate respiration by ATP
(Fig. 6). The digitonin treatment partly “uncouplehe mitoplasts (= increased proton
permeability), resulting in very low "respiratorgrdrol”. It was found that the extent of ATP-
inhibition of uncoupled respiration is variable dading on the individual mitochondrial
preparation. In some cases no ATP-inhibition ofaupded respiration was found, as shown
for example in Fig. 7 for a rat liver preparatidihe variable extent of ATP-inhibition in
different mitochondrial preparations was expectenf the postulated switching off of the
allosteric ATP-inhibition of CcO under stress cdimis [Kadenbach, Ramzan and Vogt,
2009; Kadenbach, Ramzan, Wen and Vogt, 2010].
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Fig. 4. Respiration of intact mitochondria is inhiited by high AW.,-values (classical
respiratory control) and by high ATP/ADP ratios in a AW-independent way

Upper figure; Intact rat heart mitochondria weregared in isolation buffer-B and the oxygen
consumption was measured in KCl-buffer. The indidaadditions were: 5 mM glutamate
(Glu) + 5 mM malate (Mal) + 0.2 mM ADP + 1 uM CCGPLO mM ATP + 1 mM ADP. The
final concentration of mitochondria in the measgramamber was 0.86 mg protein/ml. Lower
figure: Bovine heart mitochondria were prepareanfioeart tissue which had been frozen for
two months at -80°C. The oxygen consumption ofrtti@chondria (0.7 mg protein/ml) was
measured in KCl-buffer. The indicated additiondude: 5 mM succinate + 1 uM CCCP + 10
mM ATP.



Results 32

210
248

nnalivl

220
193
165

138

110

Ciygen

a3
55
28

Rot+Succ

£79 \A/ ADP
T ]=] Sp———— M

nmnlrml|

220b------

193p------

138F------

110 ------

Chtvien

165F------ 3

B3f------dooooodmoo oo oob oo

85F------ 3
28F------ g

0 4.2 8.4 minutes

Fig. 5 Succinate-respiration of intact rat liver ard heart mitochondria is inhibited by
both, high AWn,-values and theAW,,-independent allosteric ATP-inhibition of CcO

Upper figure: Respiration of intact rat liver mitmndria was measured in KCl-buffer with
the following additions: 5 mM succinate + 0.1 mM RB- 1 uM CCCP + 10 mM ATP (0.52
mg protein/ml). Lower figure: Respiration of intaett heart mitochondria was measured in
KCI buffer with the following additions: 1uM rotene + 5 mM succinate + 0.2 mM ADP +
0.2 uM CCCP + 10 mM ATP (0.68mg protein/ml).
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Fig. 6. Rat liver mitoplasts show theAW,-independent inhibition of respiration by ATP

Rat liver mitoplasts were prepared from liver mitondria using digitonin as described under
Methods. The respiration was measured in sucroerksi and additions were as follows: 5
mM glutamate + 5 mM malate + 0.2 mM ADP + 2 uM CCEPO mM ATP.
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Fig. 7. NoAW-independent inhibition of respiration by ATP in a preparation of intact
rat liver mitochondria

Respiration of rat liver mitochondria was measuregucrose-buffer-B with the following
additions: 5 mM glutamate + 5 mM malate + 0.2 mMMRABD 1 uM CCCP + 10 mM ATP.
(1.39mg protein/ml)
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4.2  Measurement of the kinetics of allosteric ATPahibition of CcO in mitochondria
Since one aspect of this dissertation was to clteriae the allosteric ATP-inhibition
of CcO in intact mitochondria, | investigated th@imal conditions for kinetic measurements.
The polarographic analysis of CcO kinetics requireseasing concentrations of reduced
cytochrome c. This is achieved by addition of 15 mabtorbate which reduces added and
reoxidised cyctochrome c rapidly to ferrocytochrome[Ferguson-Miller et al., 1978].
Ascorbate, however, is auto-oxidable, as shown ign B. In this figure the ascorbate

oxidation is measured in the kinetics-buffer at@asing concentrations of cytochrome c,

5 mM ADP 5mM ATP
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Fig. 8. Influence of Tween-20 and nucleotides on ¢hauto-oxidation of 17 mM ascorbate
in kinetics-buffer

Ascorbate auto-oxidation was measured polarographin kinetics-buffer with 0% - 3%
Tween-20 (T-20), without mitochondria, and titrateith cytochrome ¢ concentrations of 0.4,
0.8, 1.2, 1.6, 2.0, 2.8, 5, 10, 20, 30, 40 and BOip the presence of either 5 mM ADP (left
figure) with no (red), 0.1% (blue), 1% (pink) anth3green) Tween-20 or 5 mM ATP (right
figure) with no (red), 0.1% (blue), 1% (pink) an&b3green) Tween-20. The red arrows
indicate the additions of cytochrome c.

used for the kinetic measurements of CcO, whichydver, had no effect on the oxygen
consumption of ascorbate. Surprisingly, the asderhato-oxidation is stimulated by Tween-
20 (required for measurement of CcO activity inaoiitondria) and furthermore by ATP. The
polarographic recordings of the oxygen consumptiorat liver and rat heart mitochondria in
the presence of 1% Tween-20 and at increasing otmat®ns of cytochrome ¢ are presented
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Fig. 9. Polarographic recordings of oxygen consumpn of ascorbate in kinetics-buffer
without (a) and with rat liver (b) and heart mitochondria (c) in the presence of ADP (A)
and ATP (B)

The indicated additions of cytochrome ¢ ranged ff@h uM (1) to 40 uM (11) for a. The
trace marks for b and c are not indicated. Therd#egs were performed in kinetics-buffer in
the presence of 17 mM ascorbate and 5 mM ADP (Ahaut mitochondria (a, red), with 10
pl rat liver mitochondria (b, pink) (0.93 mg praténl) or 10 pl rat heart mitochondria (c,
blue) (0.31 mg protein/mIRecordings in the presence of 17 mM ascorbate anM5ATP +
10 mM PEP + 20 U/ml PK (B) were performed withoutaohondria (a, red), with rat liver
mitochondria (b, pinkdr rat heart mitochondria (c, blue).

in Fig. 9. On the upper part (A) the recordinggha presence of 5 mM ADP, on the lower
part (B) recordings in the presence of 5 mM ATP andATP-regenerating system (10 mM
PEP and 20 U/ml PK) are presented. It is evideait time recordings with ATP + PEP + PK
are different from those with ADP. From the ratésxygen uptake at increasing cytochrome

¢ concentrations graphs of CcO kinetics were catedl by the Microsoft Excel program as
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Fig. 10. Kinetics of CcO from rat liver and rat heat mitochondria

These are the kinetics measurements of the mitattadrsamples from Fig.9, prepared in
isolation buffer-B and measured in the kineticsf®ufunder standard conditions in the
presence of ADP (blue) or ATP (pink) as indicated.

presented in Fig. 10. In the presence of ATP, tlaplgs show sigmoidal inhibition curves of
oxygen consumption with increasing cytochrome cceotrations, as compared to hyperbolic
curves in the presence of ADP. This ‘allosteric AmRibition of CcO’ is obtained with rat
liver and rat heart mitochondria, but the extentAdiP-inhibition was found to vary in
different mitochondrial preparations.

In order to determine the optimal Tween-20 conegiain for measuring the kinetics
of CcO in mitochondria, the CcO kinetics were meegduat increasing Tween-20
concentrations in the presence of ADP at 5, 102ihgdM cytochrome ¢, shown in Fig. 11.
The CcO activity increases with increasing Tweenecentration, due to increasing
accessibility of cytochrome c to CcO. With rat liveitochondria almost no CcO activity was
found in the absence of Tween-20 in contrast tath@#&ochondria, where about 50% of
maximal activity was measured. Isolated rat liveitoshondria have an intact outer
membrane excluding the access of cytochrome ¢ ©, @tereas the outer membrane of
isolated rat heart mitochondria is usually disrdpt&laximal rates were measured between
0.5 and 2% Tween-20. Therefore | used in the fahgwpolarographic measurements 1%

Tween-20.
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Fig. 11. Effect of Tween-20 on CcO activity of mitchondria from rat liver and rat heart

in the presence of ADP

The CcO activity of rat liver (0.94 mg protein/mipper graph) and rat heart mitochondria
(0.34 mg protein/ml, lower graph) was measurechekinetics-buffer in the presence of 17
mM ascorbate, 5 mM ADP with cytochrome c concemrst of 5 uM (blue), 10 uM (brown)
and 20 uM (yellow) at 0% - 3% Tween-20.

The effect of 1% Tween-20 on the structure of raarh and liver mitochondria is
presented in the electron microscopic pictures shiowig. 12.Incubation of rat heart and rat
liver mitochondria for 10 min at RT with 1% Tweef-Bsults in swelling and fragmentation

of mitochondria, but the membrane structures altgostserved.
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Fig. 12. Electron microscopic pictures of isolatedat liver and rat heart mitochondria
after incubation in the absence and presence of 1%ween-20

Mitochondria were incubated for 10 min at RT inddins-buffer without (A and C) and with
1% Tween-20 (B and D) isolated from rat heart (AaBd rat liver mitochondria (C, D).

The sucrose buffer of the polarographic experismienontained 5 mM MgSf{because
protein kinase (PK) requires Klgions as a cofactor. Mg ions, however, stimulate the
mitochondrial GF-ATPase resulting in decreased ATP/ADP ratios,paeent from Fig. 13,
where addition of MgGl has strongly stimulated the rate of state 4 raspim, which is
inhibitited by oligomycin, a specific inhibitor afitochondrial ATPase.

As complete allosteric ATP-inhibition of CcO is gnheasured when the amount of
ADP in the polarographic measuring cell is les$1tB% of total [ADP + ATP] (half-maximal
inhibition at ATP/ADP = 28 [Arnold and KadenbachQ9D]), the hydrolysis of ATP by
ATPases in the mitochondrial preparation must mepmnsated by an ATP-regenerating
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Fig. 13. Magnesium ions strongly stimulate tFi-ATPase of rat heart mitochondria,
indicated by the stimulation of state 4 respirationwhich is inhibited by oligomycin

The oxygen consumption of rat heart mitochondri@dg0mg protein/ml) was measured in
KCl-buffer. The indicated additions include: 5 mMigimate (Glu) + 5 mM malate (Mal) +
0.2 mM ADP + 5.3 mM MgGl and 1 pg/ml oligomycin.
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Fig. 14. The concentration of rat heart mitochondra influences the extent of allosteric
ATP-inhibition of CcO

The activity of CcO at decreasing concentrationsnofochondria was measured in the
kinetics-buffer under standard conditions at intidaconcentrations of cytochrome c, i.e. 2
UM (blue), 2.8 uM (brown), 5 uM (yellow) and 10 uMjht green) either with ADP or ATP,
and the percentage CcO activity with ATP at eaafcentration of mitochondrial protein and
cytochrome c¢ was related to the activity with ARRen as 100 %.
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system consisting of PEP and PK. This conclusiosugported by the experiment shown in
Fig. 14, where the CcO activity was measured atessing dilution of mitochondria in the
measuring cell at 4 different cytochrome ¢ conedimns. With increasing dilution of
mitochondria the percentage of CcO activity in pinesence of ATP + PEP + PK, related to
the activity with ADP = 100%, decreased and readbealmost 0% in the presence of 2 uM
cytochrome c. This result clearly indicates a shiifthe steady state ATP/ADP ratio to higher
values by dilution of mitochondria, due to the refihon of the amount of ATPases, while the
activity of the ATP-regenerating system (PEP+ R¥)ains constant.

The ATP-regenerating system is essential for tle@asurement of allosteric ATP-
inhibition of CcO in isolated mitochondria, as apgrd from Fig. 15. The hyperbolic curve of
oxygen consumption of rat heart mitochondria atéasing cytochrome ¢ concentrations is
increased by 5 mM ADP. Addition of 5 mM ATP induaesigmoidal inhibition curve which
is further lowered by the addition of the ATP-regeating system (PEP + PK) which
compensates the activities of ATPases and keepATREADP ratio at high levels. In some
cases up to 160 U/ml of PK were required to obligiirallosteric ATP-inhibition of CcO with
rat heart mitochondria, depending on the amouw{Td?ases in the mitochondrial preparation

(data not shown).

200

—— ADP

—— no additions
—A— ATP

—©— ATP + PEP + PK

=
a1
o

100 -

CcO activity (nmol O 2 min Txml '1)
a1
o

0 5 10 15 20
Cytochrome c concentration (UM )

Fig. 15. Effect of the ATP-regenerating system on €O activity of rat heart
mitochondria.

The CcO activity of mitochondria (0.45 mg proteitymas measured in the kinetics-buffer in
the presence of 17 mM ascorbate. Titrations wittréasing cytochrome ¢ concentrations
were done either without any addition (pink), wBhmM ADP (dark blue), 5 mM ATP
(green), or 5 mM ATP + 10 mM PEP + 160 U/ml PK Hfligolue), as indicated. The curves
have been drawn by using Microsoft excel program.



Results 41

&0
e
Tk
©
o
£3
ATP+PEP+PK
0+ ‘
0 2 4 6 8 10
Cytochrome ¢ [uM]
0 2.5 3.5 4 ~ minutes

Fig. 16. The allosteric ATP-inhibition of CcO in ra heart mitochondria is abolished with
time unless PEP and PK are present

Oxygen consumption of rat heart mitochondria (0rB§ protein/ml) was measured in
kinetics-buffer in the presence of 5 mM ADP (blug)hM ATP only (black), or 5 mM ATP

+ 10 mM PEP + 160 U/ml PK (red) and titrated witlesreasing concentrations of cytochrome
c in the presence of ascorbate. The time scalbd®s drawn in order to show the time course
of ATP hydrolysis by ATPases, which is compensétgthe ATP-regenerating system.

Furthermore, the influence of ATPases on the pglaghic measurement of CcO
kinetics in the mitochondrial preparation is provsnthe experiment of Fig. 16 with rat heart
mitochondria where a continuous increase of oxygensumption is found with ADP.
Addition of 5 mM ATP alone results in full inhiban of activity for about 2 minutes (up to
the fifth addition of cytochrome ¢ = 2 uM), but théhe activity increases to the value
obtained with 5 mM ADP (at 10 uM cytochrome c). Titesence of PEP and PK in addition
to ATP, however, keeps the activity at very lowued. This result is a confirmation of
previous results with isolated CcO reconstitutedlippsomes where the allosteric ATP-
inhibition was only measured at very high intrapmal ATP/ADP ratios (> 50) but was
completely lost at slightly lower ATP/ADP ratios {6) [Arnold and Kadenbach, 1999].
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4.3  The allosteric ATP-inhibition is reversibly swtched on by phosphorylation of
CcO
CcO was purified from bovine heart by standarccedures [Kadenbach et al., 1986],
and the kinetics and Western blots were performghl antibodies against phosphoserine,
phosphothreonine and phosphotyrosine and agamsttare of CcO subunit | and 1V, as

CcO kinetics Western blot and Coomassie blue staining
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Fig. 17. Purified CcO from bovine heart shows no &steric ATP-inhibition and no
phosphorylation of subunit |

CcO was isolated by the Triton X-100 method ancekas (left figure) was measured in
kinetics-buffer in the presence of ADP (closedleiyand ATP + PEP + PK (open circle). The
average of three determinations is shown. Subwonimirified CcO were separated by SDS-
PAGE, stained with Commassie blue and blotted vaithibodies against phosphoserine
(pSer), phosphothreonine (pThr), phosphotyrosingyrp and CcO subunits I+IV (right
figure) (taken from [Helling et al., 2008]).

shown in Fig. 17. This purified CcO preparation madallosteric ATP-inhibition and reacted
with antibodies against phosphoserine, -threonime -#yrosine at various subunits but not
with subunit I. Treatment of the enzyme with ATRotgin kinase A (PKA) and cAMP

induces an allosteric ATP-inhibition accompanied ghosphorylation of CcO subunit | at

serine and threonine.
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Fig. 18. PKA induces the allosteric ATP-inhibitionof CcO and phosphorylates subunit |

of purified CcO from bovine heart at serine and thieonine

CcO was isolated from bovine heart with the stashdaiton X-100 procedure. The kinetics
(1) were measured using ascorbate as substrates ipresence of ADP (closed circle) and
ATP + PEP + PK (open circle), after incubation @QCfor 40 min at 3% with (A and B) or
without PKA (C and D) under identical conditiondelturnover number (TN) is presented as
umol cytchrome ¢ x umol heme sdax s’. (2) Western blots (2) were performed with
antibodies against pSer and pThr (taken from [Heglét al., 2008]).

In order to study the phosphorylation of CcO sutsuim small mitochondrial samples, and to
isolate CcO in a one-step procedure (faster thatatisn by column chromatography), |
established in the laboratory the procedure of blateve polyacrylamide gel electrophoresis
(BN-PAGE), as described by Schagger and coworl&skggger, 1991; Wittig, 2006]. In Fig.

19 is presented the Coomassie blue staining of #BSE gel with rat heart mitochondria,
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BN-PAGE Western blot
Respirator (Ab: CcO subunit IV)
_complexes
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Fig. 19. The antibody against CcO subunit IV read with the 4th band (complex IV) of
BN-PAGE gels.

BN-PAGE (left) was performed with the mitochondisalated from rat heart. The Western
blot was done after blotting the BN-PAGE gel, ahel €cO subunit IV antibody reaction was
performed in order to find out the position of Cg@ht).

and the Western blot of the gel with an antibodgiagt CcO subunit IV. In the Western blot
of the BN-PAGE gel, the antibody reacted only wtk fourth band of the Coomassie blue-
stained gel, known to represent complex IV (CcO}h& mitochondrial respiratory chain.
Following this, SDS gels were run with the fourtmd of BN-PAGE gels, blotted on PVDF
membranes, and separate Western blots were pedormigh antibodies against
phosphoserine, phosphothreonine and phosphotyrosine

Moreover, some allosteric ATP-inhibition of CcO wadso found with freshly isolated
rat mitochondria (Fig. 20). The Western blot extatli phosphorylation of CcO subunit | at
serine, threonine and tyrosine. From these re#gutss concluded that the allosteric ATP-
inhibition can be reversibly switched on and off byserine/threonine
phosphorylation/dephodphorylation of CcO at subdirjKadenbach, Ramzan, Vogt, 2009;
Kadenbach, Ramzan, Wen, Vogt, 2010].
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CcO Kkinetics Western blot
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Fig. 20. lIsolated rat heart mitochondria show alloric ATP-inhibition and
phosphorylation of CcO subunit |

Rat heart mitochondrial kinetics was measured metkis-buffer in the presence of ADP
(closed circle) and ATP (open circle). The averafyjthree determinations is shown. In order
to see the phosphorylation pattern of CcO in mibmcitia, complex IV was isolated by BN-
PAGE and the subunits of CcO were separated by BESE and Western blot was
performed with antibodies against phosphoserine erjpS phosphothreonine (pThr),
phosphotyrosine (pTy), and CcO subunits I+IV (I+(¥gken from Helling et al., 2008).

4.4  Determination of phosphorylation sites in CcOubunits

After isolation of mitochondria from frozen boviheart tissue, the CcO complex was
purified by BN-PAGE. Either the whole complex IMofin BN-PAGE or the subunits after
SDS-PAGE followed by staining with Coomassie bluerevexcised, dried and further
investigated by mass spectrometry in collaboratith Dr. Stefan Helling in the laboratory
of Prof. Katrin Marcus in Bochum. In parallel, West blots were continued from other SDS-
gels, with antibodies against phosphoserine, -tlinep and -tyrosine. This collaboration
resulted in the identification of 6 new phosphotigha sites in CcO. On the other hand, the
correlation between these phosphorylation sitest@@dllosteric ATP-inhibition of CcO has

not been found so far.
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Peptide fragmentation

CID ETD

zm

COOH

Fig. 21 Schematic representation of the cleavagetes of proteins by collision induced
dissociation (CID) and electron transfer dissociatn ETD).
The figure was prepared by S. Helling, Bochum.

gi| 336445 cytochrome oxidase subunit II
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CNBr/trypsin

Fig. 22. Serine-126 phosphorylation site in a fragment of G2 subunit Il from bovine
heart isolated by CNBr/trypsin cleavage

CcO was isolated from bovine heart mitochondridhvaibhd without allosteric ATP-inhibition
by BN-PAGE. Fragments indicated in red have beemtitlied by mass spectrometry. The
figure was prepared by S. Helling, Bochum.

In Fig. 21 are presented two procedures, CIDi&oh induced dissociation) and ETD
(electron transfer dissociation) to obtain fragmsefdr mass spectrometric analysis of
phosphorylated amino acids in CcO subunits. In Eyis shown a fragment (boxed) of CcO
subunit Il obtained by cyanbromide/trypsin cleavageomplex IV from a BN-PAGE gel of

bovine heart mitochondria which exhibited allostekiT P-inhibition. The mass spectra of the
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fragments obtained by CID and ETD are presenteldigares 23 and 24, respectively. The
two mass spectra clearly identify &8of bovine heart subunit Il as phosphorylated

+MS2(710.5), 84.2-85. 1min #1726#1759
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Fig.23. Mass spectrum of a fragment of CcO subunlt obtained by CID
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Fig. 24. Mass spectrum of a fragment of CcO subunlit obtained by ETD
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amino acid. Three other phosphorylated amino abmige been identified in CcO by the
collaboration with the Bochum group as shown in Big. In this figure, the newly identified
phosphorylated amino acids in CcO subunits [Helkb@l., 2008] are indicated in the crystal
structure of bovine heart CcO [Tsukihara et al.96]9by red balls. Another identified
phosphorylated amino acid at $&f CcO subunit-Vilc is not included in the Fig..25
However, in no case a clear correlation betweenobtiee phosphorylated amino acid and the
allosteric ATP-inhibition of CcO was found.

Intermembrane
space

Inner
membrane

matrix

Fig. 25. Crystal structure and known phosphorylatedamino acids in bovine heart CcO
subunits

In the crystal structure of CcO [Tsukihara et #096] is indicated in green: Tf in subunit-
| [Lee et al. 2005]; in blue: SBP and Ser*® in subunit-1, Se¥ in subunit-IV, Ser*® in
subunit-Vb [Fang et al. 2007]; in red: $ein subunit-IV, Set and Thi® in Va [Helling,
Vogt, Rhiel, Ramzan, Wen, Marcus and Kadenbach8R®er?® and Tyt in subunit-I|
[Helling, Ramzan, Vogt, Kadenbach, in preparation].
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4.5 Influence of various effectors on the allosteri ATP-inhibition of isolated heart

mitochondria

In order to exclude the possibility that CcO is liegphorylated during isolation of
mitochondria in sucrose medium, mitochondria wemdaited in the presence and absence of
okadaic acid (a specific inhibitor of the proteihogphatases PP1 and PP2a), NaF (an
unspecific inhibitor of protein phosphatases) af®TE (an essential activator of the Ca
dependent protein phosphatase PP2B, also knowmlaseurin [Klumpp and Krieglstein,
2002]). From Fig. 26, ]). From Fig. 26, it is cle#lnat neither the kinetics nor the
phosphorylation pattern of CcO is influenced by tmeesence of protein phosphatase
inhibitors during isolation of mitochondria. Als@t heart mitochondria standing on ice for 5

without inhibitors with 1 mM EGTA, 25 mM NaF, 10nM OA
100 ()

nM O2/(min*ml)

0 10 20 30 0 0 D D
Cytochrome ¢ (UM)

pSer pThr pTyr I+1V
- - +

bc, ?
- | - 1,1

Fig. 26. The presence of NaF, okadaic acid and EGTAuring isolation of rat heart
mitochondria did not change the kinetics and phospbrylation pattern of CcO

A rat heart was divided into two parts and the wofittndria were isolated with isolation
buffer-B in the absence (left side kinetics) andsgnce of inhibitors (1 mM EGTA, 25 mM
NaF and 10 nM okadaic acid (OA)) (right side kins}iand kinetics were performed in
kinetics-buffer in the presence of ADP (blue) &P (pink). CcO was isolated by BN-
PAGE and Western blots were performed after SDSHPA®Iith antibodies against
phosphoserine (P-serine), phosphothreonine (P#iime)) phosphotyrosine (P-tyrosine), and
CcO subunits 1+1V (I+1V).
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hours in the standard isolation medium did not geathe kinetics of CcO (not shown).
Therefore, in the followings, mitochondria were lg&ged in sucrose medium without
inhibitors of protein phosphatases. Also the pHhefisolation buffer had little effect on the

kinetics of CcO in the isolated bovine heart mitmatiria, as indicated in Fig. 27.

pH=7.4 pH=7.0 pH=6.5 pH=6.0
H.Ea) o )] )
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Fig. 27. Effect of pH in the isolation medium on tk allosteric ATP-inhibition of CcO of
bovine heart mitochondria

Bovine heart mitochondria were isolated from theadrozen heart tissue in isolation buffer-
A with different pH (7.4, 7.0, 6.5 and 6.0). CcOhddics were measured with kinetics-buffer
under the standard conditions in the presence d? fidue) and ATP (pink).

The incubation of rat heart mitochondria for 5 mainroom temperature with metal
ions (Md*, Mn?*, C&") decreased the activity with ADP and to some extiea allosteric
ATP inhibition (Fig. 28). The reason for this effés not clear yet.
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Fig. 28. Metal ions decrease the respiration with BP of rat heart mitochondria during
incubation for 5 minutes at room temperature

Rat heart mitochondria were isolated with isolatuffer-B, incubated in the same buffer for
5 min at room temperature without and with 2.1 mathe of MgC}, MnCl, and CaCl as
shown. Measurement of CcO kinetics were performidd ¥0 pul of each incubated sample in
the kinetics-buffer in the presence of ADP (blue)l ATP+PEP+PK (pink).
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Fig. 29. Anaerobic incubation of rat heart mitochomria for 5 min at 37 °C decreased the
allosteric ATP-inhibition and phosphorylation pattern of CcO

Isolated rat heart mitochondria were divided int@ fparts and centrifuged. One pellet was
incubated for 5 min at 37 °C, the other pellet Wapt at 0°C. CcO kinetics were measured
with ADP (blue) and with ATP+PEP+PK (pink). Aliquotvere separated by BN-PAGE and
the CcO complexes by SDS-PAGE. Western blots werbopned with antibodies against

phosphoserine (pSer), phosphothreonine (pThr), gitadgrosine (pTyr) and CcO subunit
[+IV (I+1V).

Incubation of rat heart mitochondrial pellet fom&n at 37°C, i.e. under anaerobic
conditions, decreased the allosteric ATP-inhibitiorsome extent but had profound effects on
the phosphorylation pattern of CcO (Fig. 29). Thegphorylation of subunits Il or 11l and of
IV at serine, threonine and tyrosine disappearethosi completely, whereas the
phosphorylation of subunit | increased markedlygéther with phosphorylation of a
postulated subunit of the pcomplex Ill). This is in accordance with the résuwdf Fang et al.
[2007] who observed during ischemia/reperfusiornratibit hearts, phosphorylation of CcO
subunit-1 at Sér> and Sef'®.

In previous studies, it was shown that the allastair P-inhibition of CcO in isolated

mitochondria from frozen bovine liver was increassgdincubation with cAMP [Bender and
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Kadenbach, 2000]. | have investigated the effeatA¥1P up to 500 uM concentrations on
the allosteric ATP-inhibition of mitochondria fromat and bovine heart, but in more than 10
experiments, no stimulation was found (data notwst)oThis could be explained, if so, by a
different signaling pathway in liver and heart twitsh on and off the allosteric ATP-
inhibition.

In another experiment, incubation of bovine heaitbamondria for 10 min at 37°C
increased the allosteric ATP-inhibition togetherthwthe strong phosphorylation of CcO
subunit | at serine. The increase of allosteric Afitbition and serine phosphorylation of
CcO subunit | was prevented if the incubation wasfggmed in the presence of 10 nM
okadaic acid (Fig. 30). | have tried to reproduus experiment several times under identical
conditions, but in no case neither the allosterfid®Anhibition nor the serine phosphorylation

of CcO subunit | could be reproduced (see discadsioa possible interpretation).
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Fig. 30. Incubation of bovine heart mitochondria ircreases allosteric ATP-inhibition and
serine phosphorylation of CcO subunit |

A: No incubation of mitochondria; B: Incubation wifitochondria for 10 min at 37°C under
shaking; C: Incubation of mitochondria for 10 min3&@°C under shaking in the presence of
10 nM okadaic acid. The Western blots after SDS-BAGcomplex IV from BN-PAGE gels
were performed with antibodies against phosphse(pteer), phosphothreonine (pThr),
phosphotyrosine (pTyr) and CcO subunits | and B\().
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4.6  The allosteric ATP-inhibition of CcO in mitochandria is variable and proposed to

be related to the psychological situation of the amal at the time of killing

In Fig. 31 are presenrted the individual valuesltdsteric ATP-inhibition of CcO of
isolated rat heart mitochondria from 42 animalsctEapot corresponds to a separate
preparation of rat heart mitochondria isolated wittwo years. The data are presented for
each rat as percentage of CcO activity at 1.6,%.8nd 10 uM cytochrome c in the presence
of 5 mM ATP + 10 mM PEP + 20 U/ml PK related to tiaivity with 5 mM ADP taken as
100%.
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Fig. 31.Inhibition of CcO activity by ATP related to the activity in the presence of ADP

= 100% of heart mitochondrial preparationsfrom 42 different rats

Kinetics of isolated mitochondria were measured tie presence of ADP and of
ATP+PEP+PK, and the percentage inhibition by ATIRteel to ADP = 100% was calculated
at 4 different cytochrome c concentrations (1.8, 3.and 10 pM).

Clearly, the extent of allosteric ATP-inhibitionnes markedly from almost none to 100%
inhibition; despite the fact that the preparatiomitochondria and the activity measurements
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were performed under identical conditions i.e. afoh with isolation buffer-B and
polarographic measurement in the Kkinetics-buffentaiming the protein phosphatase
inhibitors NaF and okadaic acid. | also investidathe effect of the kiling method
(decapitation, anesthetizing by strike on headitnt ®0,, isofluran, or ether) on the extent of
allosteric ATP-inhibition of CcO in the isolatedt taeart mitochondria and did not find any

relationship (data not shown).
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Fig. 32. The extent of allosteric ATP-inhibition of CcO in mitochondria from fresh
bovine heart, liver and kidney varies among individial cows

The kinetics of CcO activity was measured in theekics-buffer immediately after the
isolation of mitochondria from bovine heart, livend kidney each from 3 different cows,
with the isolation buffer-A. The three differensgues from each cow were taken at an
interval of one week. In the 9 graphs, the uppevesirepresent the activity measured in the
presence of ADP (blue), the lower curves show ity measured in the presence of ATP
(red). The final mitochondrial protein content uded kinetic measurements varied in the
different preparations between 0.56-0.68 mg pratdior heart, 1.0-1.5 mg protein/ml for
liver and 0.94-1.18 mg protein/ml for kidney.
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These results with rat heart mitochondria were icod when compared with
mitochondria from heart, liver and kidney of cowggmred immediately after transportation
of the tissues from the slaughterhouse to the &boy on ice, as shown in Fig. 32. The
tissues were obtained from 3 different animals witB weeks in February. Whereas no
allosteric ATP-inhibition was found in mitochondffieom the first cow, a strong effect was
obtained from the second, and an average extaatasteric ATP-inhibition in mitochondria
from the third cow. Surprisingly, the different kiiics in mitochondria from heart correlated
to some extent with those from liver and kidneytloé same animal, suggesting a central
control of allosteric ATP-inhibition in most tisssieFrom all mitochondria Western blots
were performed, but no differences could be detechetween the corresponding
mitochondria of the three animals (data not shosee below). From Kkinetics data, |
concluded that the extent of allosteric ATP-inhdnt of CcO in the mitochondria must
depend on the psychological situation of the aniatathe time of killing, as proposed in
previous review articles (Kadenbach, Ramzan, Vag09; Kadenbach, Ramzan, Wen, Vogt,
2010).

4.7  Phosphorylation and kinetics of CcO after incubtion of minced heart tissue from

bovine and rat

In order to investigate the signal pathways wtiigim on and off the allosteric ATP-
inhibition of CcO | studied the effect of variouarpmeters during incubation of minced
bovine heart tissue under shaking at room temperaffter incubation, mitochondria were
isolated, the kinetics were measured and Westeots Wwere performed under standard
conditions. The time of incubation (up to 40 mir)neinced tissue in Joklik medium (cell
culture medium without calcium) at room temperatouad little effect on the allosteric ATP-
inhibition of the isolated mitochondria, as showrfig. 33. Also the Western blot of complex
IV from BN-PAGE gels did not show any clear chamgth the time of incubation. It should
be mentioned that the two lower bands in the Wiedbdsts of the samples after 10 and 20
minutes of incubation run different from those bé tother incubation times, because the
samples were run on a different SDS-PAGE. It apptraat the signal pathways which switch
on and off the allosteric ATP-inhibition of CcO decked after killing the animal.
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Fig. 33.The time of incubation of bovine heart tissue in Jdick medium at room RT
does not influence the allosteric ATP-inhibition ad phosphorylation of CcO

Bovine heart tissue was incubated in Joklick mediam0, 5, 10, 20, 30 and 40 min at RT
with shaking. After isolation of mitochondria witisolation buffer-A, the CcO kinetics
measurement were performed in the presence of ARR) and ATP (pink) as shown. After
isolation of complex IV by BN-PAGE from incubateditathondria, SDS-PAGE and
Western blot analysis were performed with antibsdie shown in the figures on the left.

Insulin (LU/ml) decreased the allosteric ATP-inhidn of CcO in isolated bovine heart
mitochondria during incubation of the heart tisdoe 20 min at 25°C in Joklik medium
(without C&" ions) but found to have little effect on the phusylation pattern of CcO,
except for a decrease of subunit-1 serine phospditoy (Fig. 34). The same result was
obtained with the experiment shown in Fig. 35, whieovine heart tissue was incubated for
20 min at 25°C with 200 mU/ml insulin. The phosphation pattern, however, differed from
that of Fig. 34 since very little phosphorylationGrO subunit-1 on serine and tyrosine was
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Fig. 34. Insulin (1 U/ml) decreases the allosteriaTP-inhibition of CcO and decreases
the serine phosphorylation of CcO subunit-1 duringincubation of minced bovine heart
tissue

Minced bovine heart tissue was incubated withodtwaith 1U/ml insulin (- and +) for 20 min
at 25°C in Joklik medium with shaking. CcO kinetafdsolated mitochondria were measured
with ADP (blue) and ATP+PEP+PK (pink). Western bkralysis was performed after
isolation of CcO by BN-PAGE and CcO subunit sepamatby SDS-PAGE with the
antibodies against phosphserine (pSer), phosplutime (pThr), phosphotyrosine (pTyr) and
CcO subunits I and IV (I+1V).

found. The different extent of phosphorylation efise at CcO subunit-1 may be explained by
the activity of a serine/threonine-specific phospka during BN-PAGE (see Fig. 36).

In other experiments, bovine heart tissue slicesewncubated for 40 min at 25°C
under shaking with 1.2 mM CagI5 pM forskolin (a diterpene and specific stimafabdf
adenylyl cyclase), 0.3 mM IBMX (3-isobutyl-1-metlginthine, inhibitor of
phosphodiesterases), 5 UM acetylcholine (neuramdtes), 10 uM PP2 (inhibitor of
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nonreceptor tyrosine kinase cSrc) or 40 nM Wortmgmbhibitor of phosphatidylinositol-3-
phosphate kinase), but in no case a marked chdrthe allosteric ATP-inhibition of CcO in
the isolated mitochondria and of the phosphorytapattern of CcO was found (data not

shown).
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Fig. 35. Insulin (0.2 U/ml) decreases the allosteric ATP-inbition of CcO during
incubation of minced bovine heart tissue for 20 mirat RT with weak decrease of the
serine phosphorylation of CcO subunit-I

Bovine heart tissue was incubated without and @@@ mU/ml insulin (- and +) for 20 min at
25°C in Joklik medium with shaking. CcO kinetics reeemeasured with ADP (blue) and
ATP+PEP+PK (pink). Western blot analysis was penkxl after isolation of CcO by BN-
PAGE and CcO subunit separation by SDS-PAGE wi¢hahtibodies against phosphserine
(pSer), phosphothreonine (pThr), phosphotyrosifigrpand CcO subunits | and IV (I+1V).

4.8 Isolation of CcO by BN-PAGE and specificity oiWestern blots

In many experiments, proceeded either with isolat@dchondria or bovine/ rat heart
tissues, no clear relationship between the extdnallosteric ATP-inhibition and the
phosphorylation pattern of CcO was found. In ongestudy if protein phosphatases in the
mitochondria would change the phosphorylation pattef CcO during BN-PAGE, |
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investigated the effect of okadaic acid (a specifibibitor of serine/threonine protein
phosphatases PP1 and PP2a) on the phosphorylaitarnpof CcO in mitochondria from
frozen bovine heart. As presented in Fig. 36 with tndependent experiments, the presence
of 10 nM okadaic acid in the sample buffer for BNGE prevented the loss of serine
phosphorylation of CcO subunit-l of rat heart mitondria, which exhibited a strong
allosteric ATP-inhibition (see the kinetics of exipgent 1 in the left part of Fig. 36).

Experiment 1 Experiment 2
CB WB CB WB
Kinetics - +0OA - +0A - +0OA - +0A
el - S 2 :
i
< - & ) bCl?
€ B
- - - 111
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S - - » -l v
o
& Vlabc
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Fig. 36. Okadaic acid prevents the loss of serinehpsphorylation of CcO subunit-I
during BN-PAGE of bovine heart mitochondria

BN-PAGE gels were prepared with and without 100 ak&daic acid in the gel mixture.
Kinetics of CcO was measured in the presence of Abl&e) and ATP+PEP+PK (pink).
Coomassie blue staining and Western blot analy#ils antibodies against phosphoserine
from two different experiments are shown. CB = @agsie blue staining, WB = Western
blot, OA = okadaic acid. CB and WB were performehf two different SDS-PAGE gels.

In the Western blot of a BN-PAGE gel, performedhwiteshly isolated rat heart
mitochondria of Fig. 19, only one band (complex I8¢O) was found to react with the
monoclonal antibody against CcO subunit IV (antkGubunit IV, mouse Ig&). While in
later studies, we observed the cross-reactivitthefmonoclonal antibodies not only against
CcO subunit-1 and subunit-1V but also with othespigatory chain complexes i.e complex Il
and with complex V, as presented in Fig. 37. Thiss-reactivity was found with each single

monoclonal antibody. One BN-PAGE was performed Wik DMSO in the gel, and a
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Fig. 37. Effect of DMSO in the BN-PAGE on the sepation of respiratory chain
complexes

Bovine heart mitochondria were prepared from frotiesue with the isolation buffer-A. BN-
PAGE gels were prepared without and with 10% DM&Qhe gel mixtureWestern blot
analysis was performed with one lane each from lawgdn and without DMSO, with
antibodies to CcO subunit | and IV. In the lowel, gbe reactivity with single antibodies
against CcO subunit | and IV are shown.

different separation of the complexes was found).(E9). The DMSO was used because
okadaic acid was dissolved in DMSO. In the secoell the effect of DMSO during BN-
PAGE on the separation of complexes was studied.tAa cross-reactivity of the antibodies
was found to be the same. In Fig. 38, Western ldfity SDS-PAGE with all complexes
(separated by BN-PAGE) are shown. Complex IV bainos different lanes of one BN-
PAGE gel were excised and run in different SDS-PAfels for Coomassie blue staining and
Western blot analysis with antibodies against CaBusit | + IV. The cross reactivity of
these monoclonal antibodies was found extensivelly mimost all other complexes of the
respiratory chain in both the BN-PAGE and SDS-PA®@Ehough the same monoclonal

antibody was used as in Fig. 19, one possibilitghef cross reactivity could be based on a
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mutation in the clones of the hybridoma cells pwdg the monoclonal antibodies which

might result in a change of the antigen binding.sit
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Fig. 38. SDS-PAGE from one lane each of BN-PAGE geWith and without DMSO was
used for Western blots and Coomassie blue staining

From BN-PAGE gels, one whole lane from gels witd anthout DMSO of the Fig. 37, SDS-
PAGE were performed for Coomassie staining and ¥vlesblot analysis with antibodies
against CcO subunit | + IV. On the left are showestérn blot and Coomassie blue staining
from a BN-PAGE gel without DMSO and on the righttwi0% DMSO.

4.9  Measurement of the mitochondrial membrane potdral of isolated mitochondria
In various review articles, it was proposed tteg allosteric ATP-inhibition of CcO

keepsAWy, in vivo at low values (< 240 mV) and thus prevethis formation of deleterious
ROS [Kadenbach, 2003; Kadenbach et al., 1999; 2P004; 2009; 2010; Lee et al., 2001,
Ludwig et al., 2001]. In collaboration with Profr.[Katrin Staniek in Vienna, we studied in
her laboratory th&W,, of isolated mitochondria from rat liver and ratiheby using a TPP
electrode. Surprisingly, we measured for the firse a reversible decrease®¥,, in intact
isolated rat liver mitochondria, which is not basad limited substrate supply, highHr-

ATPsynthase activity, or uncoupling. As shown ig.F39, the mitochondria exhibit &V,
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value of around 230 mV in the presence of glutanpiils malate. Thid\W,, is decreased
under state 3 conditions until ADP is converted\d® (Fig. 39, upper graph). After addition
of PEP and PK thé\W, is slowly decreased to 178 mV and reaches 123 fithe

mitochondria were not supplemented with ADP be{&iig. 39, lower graph).

ADP

TPPY 229 mV l FlK PEP

f

178 mV Pyr

ATP

ADP

5 min

PEP
TPP+ 233 mV l PK

!

Glu+Mal
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4 uM T
5 uM | 5 min I ADP ATP

RLM

Fig. 39. Effect of ATP-regenerating system on thAW,, of rat liver mitochondria

AW, was measured in the sucrose-bufferA®’,, values (negative inside) calculated at the
end of each kinetics are indicated in bracketsr dfte additions: Upper graph: rat liver
mitochondria (RLM, 1 mg/ml), 5 mM each glutamatelaa (Glu+Mal; 229 mV), 0.2 mM
ADP (state 3: 199 mV, state 4: 222 mV), 160 U/ml RR3 mV), 10 mM PEP (178 mV), 0.1
mM ADP (189 mV), 10 mM pyruvate (Pyr, 197 mV), 5 mMP (216 mV). Lower graph: rat
liver mitochondria (RLM, 1 mg/ml), 5 mM each Glu+M233 mV), 10 mM PEP (224 mV),
160 U/ml PK (123 mV), 0.2 mM ADP (139 mV), 5 mM ATP15 mV).

Surprisingly, addition of 5 mM ATP reversed t&V,, back to around 215 mV. The
reversible decrease A, by PEP+PK is explained by the allosteric ATP-inindim of CcO
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due to increasing ATP/ADP ratios in the matrix ot mitochondria by PEP which drives
the anaplerotic and gluconeogenetic reactions badswielding GTP and ATP:

1) PEP + CQ+ GDP— oxalacetate + GTP (PEP carboxykinase)

2) oxalacetate + ADP + phosphatepyruvate + CQ+ATP (pyruvate carboxylase)

PEP carboxykinase and pyruvate carboxylase werenrshio occur in the matrix of liver
mitochondria ([Horn et al., 1997]; see discussiorjStark et al., 2009]). PEP is transported
into liver mitochondria by the citrate carrier [Riogon, 1971; Gnoni et al., 2009; Palmieri,
2008].
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Fig. 40. Effect of ATP-regenerating system on thAW,, of rat heart mitochondria

AY,, was measured in the KCI-buffek¥Wp, values (negative inside) calculated at the end of
each kinetics are indicated in brackets. Upper lgrapt heart mitochondria (RHM, 0.5
mg/ml), 5 mM each glutamate/malate (Glu+Mal; 221 )m&%.2 mM ADP (state 3: 180 mV,
state 4: 217 mV), 5 mM MgSJ208 mV), 10 mM PEP (209 mV), 160 U/ml PK (211 mY)
mM ATP (217 mV) + 4 mM ATP (220 mV). Lower graplattheart mitochondria (RHM, 0.5
mg/ml), 5 mM each Glu+Mal (217 mV), 5 mM Mge@22 mV), 160 U/ml PK (225 mV), 8
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mM PEP (203 mV), 1 mM ATP (214 mV) + 4 mM ATP (246/), 0.4 mM 2,4-dinitrophenol
(DNP; 0 mV).

However, the decrease Al after addition of PEP and PK was not obtainedain r
liver mitochondria using 5 mM succinate as subst@t’,, decreased from 234 mV to 222
mV only; data not shown), probably due to the reataf the allosteric ATP-inhibition of
CcO at high substrate supply (high ferrocytochraffierricytochrome c ratio with succinate)
as a consequence of the sigmoidal kinetics of Alifbition of CcO [Arnold and Kadenbach,
1997]. Succinate has in fact been shown to incrédessteady state ferro-/ferri-cytochrome ¢
ratio in mitochondria [Chance and Williams, 1955A]so with rat heart mitochondria no
decrease AW, by PEP and PK was obtained, as presented in Giglis can be explained
by the lack of PEP carboxykinase in the matrix e&r mitochondria [MacDonald et al.,
1978; Wiese et al., 1991].
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5. Discussion
5.1 Two mechanisms of the control of mitochondrialespiration

The allosteric ATP-inhibition of CcO (‘second medmsm of respiratory control’)
[Kadenbach and Arnold, 1999] was discovered momn tken years ago [Arnold and
Kadenbach, 1997]. Although it was clearly shownttRaO is completely inhibited at
intramitochondrial ATP/ADP ratios > 50 and low cgfwmome c concentrations [Arnold and
Kadenbach, 1999], it was not generally acceptealrmgchanism for regulation of respiration.
This was partly due to the lacking proof for itsétion in intact isolated mitochondria, since
previous experiments had been done mainly with phefied CcO or with detergent
solubilized mitochondria. Therefore, the first miien of the present dissertation was to prove
the allosteric ATP-inhibition in intact isolated tachondria.

Generally, the regulation of mitochondrial resfyga is considered to be based on the
“respiratory control”, i.e. stimulation of respii@ by ADP (state 3 respiration rate) followed
by its inhibition after conversion of ADP into AT@tate 4 respiration rate). The Mitchell
Theory [Mitchell, 1966; Nicholls and Ferguson, 2D@2plains this behaviour by a decrease
of AW, when the BF-ATPsynthase consumes the proton gradient acrossirther
mitochondrial membrane for the synthesis of ATHpfeed by the increase &W¥,, when all
ADP is converted into ATP. The decrease of respmadfter conversion of ADP into ATP is
based on the inhibition of proton pumps (compleixél, and 1V) at highAW,, values (200-
230 mV).

| have shown for the first time the presence andctioning of both control
mechanisms within the same intact isolated mitodhan In Figures 4-6, the ‘first
mechanism of respiratory control’ is seen by thditeah of ADP (except with the uncoupled
bovine heart mitochondria, Fig. 4, lower graph)teAfaddition of the uncoupler of oxidative
phosphorylation CCCP, which abolish&¥,, further addition of ATP causes some inhibition
of respiration which is abolished by ADP becausdeitreases the ATP/ADP ratio (Fig. 4,
upper graph). | interpret this inhibition as the@cend mechanism of respiratory control’
(allosteric ATP-inhibition of CcO). Interestinglyn some mitochondrial preparations, the
AW -independent ATP-inhibition of respiration was rfound (Fig. 7). This may be
explained by the reversible switching on and ofth# allosteric ATP-inhibition of CcO via
reversible phosphorylation [Bender and Kadenbabbp2Lee et al., 2001, 2002; Helling et
al., 2008]. In fact, | found variability in the exit of allosteric ATP-inhibition of CcO in
different mitochondrial preparations, which haveibésolated and measured under identical

conditions. This is presented in the percentag#itidn of the allosteric ATP-inhibition of
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CcO in 42 mitochondrial rat heart preparations (26@) varying between 0 and 100%his
variability is proposed to be based on switchingadfthe allosteric ATP-inhibition under
stress, i.e. the psychological situation of theratiat the time of killing determines the extent

of allosteric ATP-inhibition.

5.2  High ATP/ADP ratios are required to measure theCcO kinetics of ATP

inhibition of CcO

Previous studies with purified and reconstitute@C@mve demonstrated full allosteric
ATP-inhibition of CcO at an intraliposomal ATP/AD®tio > 50 and no ATP-inhibition at
ATP/ADP < 16 (Fig. 41 [Arnold and Kadenbach, 199B}jjs regulatory mechanism of CcO
is suggested to establish a constant high ATP/AB#® 1in living cells (homeostasis) as
illustrated in Fig. 42. Polarographic measuremehtie kinetics of ATP-inhibition of CcO in
isolated mitochondria require titration of oxygewnsumption at increasing substrate
concentrations (ferrocytochrome c). And this isieeed by using excess ascorbate which
reduces ferricytochrome c¢ continuously [Fergusod &fargoliash, 1978]. The detergent
Tween-20 has to be added to make all CcO complazesssible to cytochrome c¢. The full
extent of allosteric ATP-inhibition, however, wasly measured in the presence of an ATP-
regenerating system (PEP + PK + #ipns) because various ATPases in the mitochondrial
preparation decrease continuously the ATP/ADP faglow the value for maximal allosteric
ATP-inhibition (> 50). This problem of isolated mdihondria is shown in Fig. 16, where full
inhibition of respiration by ATP is found at thedo@ning of titration with cytochrome c, but
later on, this inhibition is completely lost withme (~2 min) unless the ATP-regenerating

system (PEP + PK + Mgions) is present.
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TN [s-1]
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Fig. 41. Allosteric ATP inhibition of reconstituted bovine heart CcO

The curves represent the activity of reconstit@e® from bovine heart between 0.25 uM
(lower curve) and 60 uM (upper curve) of cytochrame the presence of various
intraliposomal ADP concentrations where ADP + ATB mM (taken from Arnold and.
Kadenbach [1999]).

In previous studies a 4-5-fold increased capacftyCoO activity for the rate of
respiration was measured in isolated mitochondyidnieetabolic control analysis" [Groen et
al., 1982; Tager et al., 1983; Letellier et al.939Rossignol et al., 1999]. However, in later
studies with intact cells, using the same metabodiotrol analysis, a low reserve of CcO
capacity was found [Villany and Attardi, 1997, 20@001; Villani et al., 1998; Piccoli et al.,
2006; Dalmonte et al., 2009]. The results of thssertation explain this difference by the
allosteric ATP-inhibition of CcO (Fig. 42). Only sh changes in intramitochondrial free
ATP concentrations switch on or off the allostelEP-inhibition. Therefore, it is proposed
that the difference in the “control strength” of @ isolated mitochondria and intact cells is
based on the different ATP/ADP ratios in vitro andivo.
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Allosteric ATP-inhibition of CcO
50 = ATP/ADP-ratio = 16
A on off
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Fig. 42. The allosteric ATP-inhibition of CcO contiibutes to the homeostasis of high
ATP/ADP ratios in living cells
The figure is based on the data of Arnold and. Kadeh [1999].

5.3  The allosteric ATP-inhibition of CcO is switchd on and off by reversible

phosphorylation

Purified CcO from bovine heart exhibited no phasptation of subunit | at serine,
threonine or tyrosine. Treatment of the isolateryere with PKA, cAMP and ATP turned on
the allosteric ATP-inhibition accompanied by theogphorylation of CcO subunit-1 at serine
and threonine [Helling et al., 2008]. In isolatedanvhondria from rat heart, the allosteric
ATP-inhibition and phosphorylation of CcO subunétiserine and threonine was found (Fig.
20 [Helling et al., 2008]). In previous experimerttse allosteric ATP-inhibition of CcO was
switched on by incubation of bovine liver mitochaadwvith cAMP [Bender and Kadenbach,
2000], but I could not find this effect with mitamhdria from rat or bovine heart. On the other
hand, incubation of purified CcO from bovine heamd kidney with cAMP + PKA + ATP
induced the allosteric ATP inhibition of CcO [Leka., 2002]. With purified bovine heart
CcO the allosteric ATP-inhibition was induced bgatment with PKA and ATP and switched
off by subsequent treatment with the serine/thme@sipecific protein phosphatase PP1 [Lee
et al., 2001], indicating that this mechanism igersibly switched on by serine and/or
threonine phosphorylation of CcO. The presence asknce of the cAMP effect can be
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explained on the basis of tissue differences,im.diver and heart occur different signalling
pathways.

It was postulated that the allosteric ATP-inhifmitiis based on phosphorylation of
Sef*!in CcO subunit | [Lee et al., 2001]. This conchsivas based on 3 observations:
1) Treatment of isolated CcO from bovine heart WiKA, cAMP and*?P-ATP resulted
mainly in phosphorylation of subunit | [Bender akddenbach, 2000, see also Lee et al.,
2001].
2) In isolated and in liposome-reconstituted Cc@mrbovine heart, the allosteric ATP-
inhibition could only be switched on by phosphotiga from the outer (cytosolic) side [Lee
et al., 2001, 2002].
3) Only one consensus sequence for phosphorylagoRKA (RRYS*) was found on the
cytosolic side of CcO subunit I.
Extensive search by mass spectrometry to identifyhasphorylated fragment containing
Sef* was so far unsuccessful. A fragment containing*Sers isolated (see Fig. 43) but in
samples of CcO with or without allosteric ATP-initikon, until now, the phosphorylated

fragment was not found. This may be due to a higkhsitive dephosphorylation mechanism.

10
FINEWLFSTH
= |:|
QIYNVVVTRH
110
FWLLPPSFLL

L}

HEDIGTLY

1E

30

FGAWAGMVET

40
ALSLLIEAEL

L
70

AFVMIFFMVM

a0
PIMIGGE GHNW

50
LVPLMIGAPD

120
LLASSMVEAG

120
AGTGWTVYPP

150
LAGVEETILGA

170
INFITTIINM

210
LAAGITMLLT

260

GMISHIVTYY

310

Chymo- RAYETSATMI

220
DRNLNTTFFD

270

SGEEEFFGYM

&0
KPPAMSQYQT
230
PAGGGDPILY
280

GMVITAMMS TG

140
LAGNLAHAGA
130
ELEVWEVMIT

50
GOPGTLLGDD
100
MAFFEMNNMS
150
SVDLTIFSLH
200
AVLLLLSLPY

240
OHLFWEPGHE

250
EVYILILPGFE

290
FLGFIVWAHH

320
IATIPTGVEVE

33240
SWLATLHGGHN

370

T — 35 (]
tryps"ﬁ GLTGIVIANS
GYTLNDTWAK

450
TISSMGSEIS

SLDIVLADTY]

&

IHFATME VGV

380
YVVAHFHYV

340
TEWSPAMMIWTA

300
MFTVGMDVDT

350
LGFIFLETVG

320
SMGAVELTMG

200
GFVHWFELFS

430
NMTEFPOHEL

440

450

GLSGMPERYS

470
LTAVMLMVET

480
IWEAFASERE

510

YHTFEEDPTYV

NLE

DYPDAYT

4w
VLTVDLTTTHN

500
LEYLNGCPEP

CNBr

Fig. 43. Identified polypeptides of the CcO subunit-sequence from bovine heart




Discussion 70

The sequence of bovine heart subunit | at fullyd@ed state is shown (gi|40889823 Chain
A). Polypeptides identified by mass spectrometgysrown in yellow. In bold are presented
predicted phosphorylation sites (NetPhos 2.0: Mtgw.cbs.dtu.dk/services/NetPhos) and
underlined are the predicted transmembrane hegliddsiMM 2.0:
http://www.cbs.dtu.dk/services/ TMHMM-2.0). (S. Hatl, personal communication).

5.4  Identification of new phosphorylation sites irCcO

A list of phosphorylation sites in subunits of thmomplexes of oxidative
phosphorylation has been published recently [Kadenket al., 2010]. But only in very few
cases a correlation between the reversible phoglaiion of a specific amino acid in
subunits of the complexes and its biological fumttivas given. Several preparations of CcO
from bovine heart mitochondria with allosteric ATihibition, which by Western blot
analysis clearly exhibit phosphorylation of CcO il | at serine/threonine, were isolated by
BN-PAGE and separated into subunits by SDS-PAGIE. dried samples of complex IV and
of isolated subunits were analysed by mass speetrgrm collaboration with Dr. Helling in
Bochum. In no case, any phosphorylation site witldnO subunit-l was identified.
Additionally, the physiological function of the ®wly identified phosphorylated amino acids
in CcO subunits (S&in subunit IV, Setin subunit Va, Th¥ in subunit Va [Helling et al.
2008], Sef*® in subunit 11, Ty in subunit 1l,Ser* in subunit Vlic ) has not been elucidated
yet. This may be due to 1) incomplete sequencerageeof subunit-l fragments for mass
spectrometry (Fig. 43), 2) incomplete and highlyiatale phosphorylation of the particular
amino acids in different mitochondrial preparatioasd last but not the least 3) the loss of
phosphorylation of the specific amino acid involuadallosteric ATP-inhibition during BN-

PAGE and fragmentation of the samples for masstispretry (see below).

5.5  Effectors switching on and off the allosteric AP-inhibition of CcO

Numerous experiments with sliced bovine or ratrfhgacubated for various times
with different effectors, including Caglforskolin (specific stimulator of adenylyl cycis
IBMX (inhibitor of phosphodiesterases), acetylchelineurotransmitter), PP2 (inhibitor of c-
Src) and Wortmanin (inhibitor of phosphatidylina$i8-phosphate kinase), did not clearly
depict the effects on the allosteric ATP-inhibiti@s measured after isolation of mitochondria
from the incubated slices. Also, incubation of &etl mitochondria for various times with
cAMP, Br-cAMP (membrane permeable activator of PKAB9 (inhibitor of PKA), metal
ions, etc. did not give any clear result concerrtimg signal pathways turning on or off the
allosteric ATP-inhibition. It is possible that peit kinases or phosphatases of the signal

pathways which switch on and off the allosteric ARibition via reversible
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phosphorylation of CcO are not permanently localize mitochondria. In fact, it has been
shown that many protein kinases and phosphatasegamslocated into mitochondria after
their activation by phosphorylation (reviewed inofyt et al., 2007]). Stimulation of a variety
of cell types with insulin-like growth factor-1 dnsulin leads to phosphorylation and
translocation of Akt (protein kinase B) into mitactdria where it phosphorylates subunit-b of
the ATP synthase [Bijur and Jope, 2003]. Also, mgdof EGF to its receptor EGFR
(epidermal growth factor receptor) results in theogphorylation of EGFR by c-Src and
translocation of the phosphorylated receptor intwochondria, where it binds to CcO
subunit-11 [Boerner et al., 2004]. Another pathweas been suggested by Lee et al. [2005] for
phosphorylation of CcO subunit-1 at Pt They found this phosphorylation after starvation
or treatment of HepG2 cells with glucagon or fotskdactivator of adenylyl cyclase) and
suggested that cAMP activates PKA bound to AKAPI&%kinase anchor protein 121)
localized to the mitochondrial outer membrane, whigre signal is transmitted to a bound
tyrosine kinase (c-Src).

| have found a decrease of the allosteric ATP-itioip of CcO and serine-
phosphorylation of subunit-1 after incubation olvb@ heart tissue slices with insulin (Fig. 34
and 35). If this effect of insulin is based on thenslocation of Akt into mitochondria, that
already has been shown for different cells [Bijuxdalope, 2003] and recently also for
cardiomyocytes [Yang et al., 2009], one possibilitguld be that Akt phosphorylates and
activates a protein phosphatase which dephosplesylacO and switches off the allosteric
ATP-inhibition.

The variable (and often not reproducible) resultstlze allosteric ATP-inhibition of
CcO in different mitochondrial preparations of tdissertation may depend on the signalling
situation of the animal at the time of death, ife¢he specific protein kinase or phosphatase
has or has not been translocated into the mitocten@herefore, it is suggested that the
psychological situation of the animal during kitlietermines the function or extent of the
allosteric ATP-inhibition of CcO in the isolatedtochondria.

5.6 The role of the allosteric ATP-inhibition in the regulation of cell energy
metabolism
As already explained the allosteric ATP-inhibitioh CcO was originally described
with the isolated enzyme and with detergent solzdol mitochondria. Its function in the

living cell was proposed in a hypothesis which wascribed in 8 review articles [Kadenbach
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et al., 1999; 2000; 2004; 2009; 2010; Lee et 81012 Ludwig et al., 2001; Kadenbach, 2003].
The main proposal was the decreas@¥f, in living cells to the values below 140 mV by
feedback inhibition of CcO at high ATP/ADP ratiosecause the oF;-ATPsynthase is
saturated and has maximal activity at about 130 [K&im and Dimroth, 1999]. LowAW¥,
values (< 140 mV) have in fact been measured indicells [Wan et al., 1993; Mollica et al.,
1998; Zhang et al., 2001; Berkich et al., 2003]jaolvhcontrast or oppose the 180-230 mV
determined in isolated mitochondria [Fox et al.93:9Nicholls and Ferguson, 2002; O’Brien
et al., 2008]. AW, values above 140 mV the formation of ROS [Liu, Z;9Rorshunov et
al., 1997; Rottenberg et al., 2009] and the prgitemmeability of the inner mitochondrial
membrane [O’Shea et al., 1984] increase expongntiklvo further published observations
supported the hypothesis:
1) In living cells various stress factoesulted in hyperpolarisation &, to high values,
The stress factors include oxidative stress (ex@.Hirradiation, cytostatica, fungicides, high
glucose, increased cytosolic calcium and recepiorutation (for review see [Kadenbach,
Ramzan, Wen and Vogt, 2010]).
2) In living muscle ATP/ADP ratios of 100 — 1000vkabeen calculated frofP-NMR
measurements [From et al., 1990; Kupriyanov et1@®93; Himmelreich and Dobson, 2000;
Fenning et al., 2003]. In contrast, by chemical s ATP/ADP ratios of about 1
(mitochondrial matrix) and 10 (cytosol) were measuin liver [Soboll et al., 1978]. Since in
living cells ADP is bound with high affinity to necatalytic sites of many proteins, the
concentration of free ADP is much lower [Veech let B979; Mdrikofer-Zwez and Walter,
1989] and the ATP/ADP ratio of free nucleotides mbigher, as determined B{P-NMR.

A second aspect of the hypothesis was the reversiitching on and off (under
stress) of the allosteric ATP-inhibition of CcO jptein phosphorylation (see Fig. 44).

Two main observations of this dissertation prove validity of the hypothesis and
contribute to current studies on “Molecular Sys®imenergetics” [Weiss et al., 2006; Saks et
al., 2009]:
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Fig. 44. Hypothesis on regulation oAW,, and ROS formation in mitochondria
(Taken from Kadenbach, Ramzan and Vogt, 2009).

1) Measurement of the allosteric ATP-inhibition@£O in mitochondria requires very high
ATP/ADP ratios (> 50, see Fig. 41) which are difficto establish in vitro. Therefore,
previous measurements of the respiration of isdlatgochondria or the activity of CcO may
not reflect the in vivo situation, unless they haeen performed at high ATP/ADP ratios.

2) The reversible decreasef¥, in isolated rat liver mitochondria by PEP and FHg( 39),
that is suggested to be based on the allostericiAfiBition of CcO at high ATP/ADP ratios,
can explain the discrepancy between hWgH,, values (180-230 mV) measured in isolated
mitochondria [Fox et al., 1993; Nicholls and Femus2002; O’Brien et al., 2008] and low
AW, values (100-140 mV) observed in living cells/tssyWan et al., 1993; Mollica et al.,
1998; Zhang et al., 2001, Berkich et al., 2003].

5.7  Conclusions

To understand the complex regulation of respiraiio living cells by the ‘second
mechanism of respiratory control’, two aspects havee distinguished:
a) The allosteric ATP-inhibition of CcO is only a& at high ratios of free ATP/ADP ( > 16).
b) The allosteric ATP-inhibition of CcO is switched and off by reversible phosphorylation
of CcO (independent of the ATP/ADP ratio).

The results of this dissertation support 4 propophbysiological functions of the
‘allosteric ATP-inhibition of CcO'’ in living eukantic organisms:
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1. It regulates respiration according to the resmgnt of ATP. At ATP/ADP ratios > 50,
respiration is switched off. At ATP/ADP ratios <,lihe rate limiting function of CcO is
abolished and respiration and oxidative phosphtioylaare increased.

2. It maintains the homoeostasis of high ATP/AD#oga(> 50) in living cells. Since turning
on and off occurs by a change of the low free ARAcentrations, the amount of ATP
remains high and almost constant.

3. It keepsAW,, at low values, as found in living cells/tissues (40 mV), and prevents
inefficient oxidative phosphorylation, based onr@ased proton permeability of membranes
at highAW, values (180 — 230 mV).

4. It prevents the formation of ROS in mitochondiaa highAW,, values) that on the other

hand, have been demonstrated to stimulate aginghenbrmation of degenerative diseases.
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matrix-assisted laser desorption ionipatitime-of-flight mass

7. Abbreviations
Ab antibody
AKAP 121 A-kinase anchor ptotein
Akt protein kinase B
CcO cytochrome c oxidase
c-Src nonreceptor tyrosine kinase
AWn, mitochondrial membrane potential
D.W. distilled water
EGF epidermal growth factor
EGFR epidermal growth factor receptor
ID first dimension
2D second dimension
IGF-1 insuline-like growth factor-1
MALDI-TOF
spectrometry
PDGF platelate derived growth factor
PEP phosphoenol pyruvate
PK pyruvate kinase
PKA protein kinase A
PVDF polyvinyldifluoride
ROS reactive oxygen species
RT room temperature
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