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ABSTRACT (EN)
Based on the promising results concerning the anti-cancer properties of redox-silent analogue vitamin E
α-tocopheryl succinate (α-TOS), we prepared its mitochondrially targeted derivative MitoVES by
attaching the positively charged triphenylphosphonium (TPP+) tag to α-TOS molecule. We tested the
hypothesis that ‘sending’ the drug directly to its cellular site of action, mitochondria, should enhance its
anti-cancer properties, which would result in more effective anti-cancer agent while making it possible
to reduce the effective concentration.
We provide evidence that, indeed, MitoVES is a highly effective anti-cancer compound, superior to
untargeted α-TOS both in vitro and in vivo. We show that MitoVES exerts its anti-cancer effects by
interfering with complex II (CII) activity specifically at the ubiquinone binding site (Qp), where it blocks
further electron transfer resulting in increased reactive oxygen species (ROS) production, which then
leads to apoptosis induction via the intrinsic mitochondrial pathway, preferentially engaging the proapoptotic Bak protein causing mitochondrial membrane permeabilisation.
We further show that mitochondrial targeting on the basis of higher mitochondrial membrane potential
(ΔΨ) is important for MitoVES pro-apoptotic activity. This feature endows the agent with selectivity for
cancer cells, which have higher ΔΨ than normal cells, and as we found, high ΔΨ is also propensity of
proliferating endothelial cells (ECs) in contrast to growth-arrested ECs. This provides MitoVES with yet
another anti-cancer property, inhibition of angiogenesis in newly formed tumor.
Mutagenesis of CII Qp site confirmed MitoVES interaction with this site and further corroborated the
importance of ROS production for efficient cell death induction, as the Qp site mutations conferred
resistance to MitoVES treatment. This was reflected by less efficient inhibition of CII-derived
respiration, lower ROS production and cell death. Interestingly, we found that another CII Qp site
inhibitor, TTFA, showed different efficiency in Qp site inhibition than MitoVES, since the S68A mutant
was more responsive to the drug than the wild-type cells and the other mutants. In this case, the potency
of Qp site inhibition again correlated with the extent of induced cell death. Surprisingly, we discovered
that the high-affinity Qp site inhibitor atpenin A5 did cause neither ROS generation nor cell death
induction. We demonstrate that this is due to rapid accumulation of intracellular succinate, which is
incompatible with ROS generation from CII.
Altogether, this work has established MitoVES as promising anti-cancer agent and defined
mitochondrial CII as its target site. Moreover, CII Qp site mutagenesis revealed a direct correlation
between the efficacy of CII Qp site inhibition, ensuing ROS production and the level of cell death
induction, unless intracellular succinate is high.
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ABSTRAKT (CZ)
Na základě slibných výsledků s protirakovinně působícím analogem vitaminu E bez redoxní aktivity αtokoferyl sukcinátem (α-TOS) jsme připravili jeho mitochondriálně cílený derivát MitoVES, a to
připojením skupiny TPP+ k mateřské látce. Testovali jsme hypotézu, podle které by cílení látky přímo
do jejího místa působení, mitochondrií, mělo zvýšit její protirakovinný účinek a vést k efektivnější
protirakovinné látce s možností nižších účinných dávek.
Prokázali jsme, že MitoVES je vysoce efektivní protirakovinná látka, mnohonásobně účinnější než
necílený α-TOS, a to in vitro i in vivo. Protirakovinné působení látky MitoVES je zajištěno jeho
interakcí s komlexem II (CII) ve vazebném místě pro ubichinon (Qp), čímž dojde k narušení funkce CII.
MitoVES zde způsobí přerušení toku elektronů a následnou zvýšenou produkci reaktivních forem
kyslíku (ROS), které poté indukují apoptózu. K té dochází mitochondriální drahou, a to preferenčně
zapojením proapoptotického proteinu Bak, který způsobí permeabilizaci vnější mitochondriální
membrány.
Z našich výsledků dále vyplývá, že pro apototickou funkci látky MitoVES je důležité jeho
mitochondriální zacílení na základě vyššího mitochondriálního potenciálu (ΔΨ). Tato vlastnost
zajišťuje, že MitoVES je selektivní pro rakovinné buňky, které mají vyšší ΔΨ než buňky normální a
také, jak jsme zjistili, proliferující endoteliální buňky disponují vyšším ΔΨ než endoteliální buňky
jejichž růst je zastaven. Z tohoto důvodu je MitoVES účinný také pro inhibici angiogeneze v rostoucím
nádoru.
Mutageneze Qp místa CII potvrdila interakci látky MitoVES s tímto místem a dále prokázala důležitost
produkce ROS pro účinné vyvolání buněčné smrti, protože mutace v Qp místě vedly k rezistenci k látce
MitoVES. Toto se odrazilo v nižší účinnosti potlačení respirace přes CII, nižší produkci ROS a následné
buněčné smrti. Zjistili jsme, že další inhibitor CII působící v Qp místě, TTFA, inhibuje CII s jinou
účinností než MitoVES, protože buňky s mutací S68A byly TTFA inhibovány více než ostatní mutanty
a buňky bez mutace v Qp místě. I v tomto případě účinnost inhibice CII korelovala s rozsahem buněčné
smrti. Zajímavým poznatkem také je, že vysoce účinný inhibitor Qp místa CII, atpenin A5, nevyvolal
produkci ROS ani buněčnou smrt. Prokázali jsme, že toto je způsobeno rychlým nahromaděním
sukcinátu, jenž zabraňuje produkci ROS z CII.
Tato práce ukázala, že MitoVES může být nadějným protirakovinným lékem a jako jeho cíl působení
definovala mitochondriální CII. Dále, na základě studií s buňkami s mutacemi v Qp místě CII byla
zjištěna přímá korelace mezi účinností inhibice Qp místa CII, následnou produkcí ROS a tím vyvolanou
buněčnou smrtí za podmínek, kdy nedochází k nárůstu množství sukcinátu uvnitř buňky.
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ABBREVIATIONS
ΔΨ

mitochondrial membrane potential

α-TOS

α-tocopheryl succinate

AIF

apoptosis-inducing factor

ADP

adenosine diphosphate

AMP

adenosine monophosphate

APL

acute promyelocytic leukemia

ATP

adenosine triphosphate

BH-3 domain

Bcl-2-homology-3 domain

BNE

blue native electrophoresis

CI

complex I, NADH-ubiquinone oxidoreductase

CII

complex II, succinate: ubiquinone oxidoreductase

CIII

complex III, ubiquinone-cytochrome c oxidoreductase

CIV

complex IV, cytochrome c oxidase

CV

complex V, ATP synthase

cyt c

cytochrome c

DHE

dihydroethidium

DR

death receptor

ETC

electron transport chain

FADH2

reduced flavin adenine dinucleotide

FCCP

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone

GPx

glutathione peroxiredoxin

GSH

glutathione

GTP

guanosine triphosphate

HIF

hypoxia-inducible factor

IMS

intramembrane space

JHMD

JmjC domain-containing histone demethylases

MAPK

mitogen-activated protein kinase

MIM

mitochondrial inner membrane

MitoVES

mitochondrially targeted vitamin E succinate

MOM

mitochondrial outer membrane
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MOMP

mitochondrial outer membrane permeabilization

mtDNA

mitochondrial DNA

NADH

reduced nicotinamide adenine dinucleotide

NADPH

reduced nicotinamide adenine dinucleotide phosphate

NF-κB

nuclear factor-κB

OXPHOS

oxidative phosphorylation

Pi

inorganic phosphate

PCD

programmed cell death

PDK

pyruvate dehydrogenase kinase

PGL/PHEO

paraganglioma/pheochromocytoma

PHD

prolyl-hydroxylase

PP pathway

pentose phosphate pathway

Prx

peroxiredoxin

Qp site

proximal ubiquinone binding site in complex II

RET

reverse electron transport

ROS

reactive oxygen species

SDH activity

succinate dehydrogenase activity

SMPs

small mitochondrial particles

SOD

superoxide dismutase

SQR

succinate quinone reductase activity

TCA cycle

tricarboxylic acid cycle

TET

ten-eleven translocation

TNF

tumour necrosis factor

TPP+

triphenylphosphonium

TRAIL

tumour necrosis factor-related apoptosis-inducing ligand

TTFA

thenoyltrifluoroacetone

UbQ

ubiquinone

UbQH2

reduced ubiquinone, ubiquinol

VDAC

voltage-dependent anion channel

VHL

von Hippel-Lindau
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INTRODUCTION

MITOCHONDRIA
Mitochondria are small organelles that were observed in eukaryotic cells already in 1850s as small
grains or thread like structures. The name mitochondria was used for the first time around the year 1898,
coming from Greek words mitos - thread and chondros - grain. Already in 1913, German scientist Otto
Warburg observed that mitochondria respire and in 1931 he was awarded Nobel Prize for the discovery
and characterisation of mitochondrial respiratory complexes. Hans Krebs, who worked for some time in
Warburg’s laboratory as his assistant, was also awarded Nobel Prize for the discovery of tricarboxylic
acid cycle (TCA, also known as Krebs cycle). Another Nobel Prize awarded breakthrough came in
1961, when British chemist Peter Mitchell proposed the missing link between mitochondrial respiration
and energy production and described his chemiosmotic theory. Besides these ground-breaking milestone
discoveries, mitochondrial role in energy production and metabolism includes β-oxidation of fatty acids
and the urea cycle. These important discoveries firmly established mitochondrial role as the powerhouse
of the cell. Metabolites generated in these catabolic reactions are precursors for biosynthetic pathways of
various macromolecules such as lipids, carbohydrates, proteins and nucleotides. Further, generation of
proteins that contain heme and porphyrin moieties also takes place in these organelles. Another
discovery of paramount importance was made in 1963, being the first definitive evidence of DNA in
mitochondria. This renewed the interest in the evolutionary origin of mitochondria. Today, the
Endosymbiotic Theory of the origin of mitochondria is widely accepted, and their bacterial ancestor was
traced to be related to α-proteobacteria [1].
Apart from already described biosynthetic and bioenergetic roles, mitochondria have many signalling
functions [2], which became obvious during 1990s with the discoveries of mitochondrial release of
cytochrome c during cell death [3] and mitochondrial reactive oxygen species (ROS) induced
transcription, for example, during hypoxia [4].

Electron transport chain and oxidative phosphorylation
Electron transport chain (ETC) consists of four multiprotein complexes embedded in the mitochondrial
inner membrane (MIM) (Fig.1). These are NADH-ubiquinone oxidoreductase, succinate: ubiquinone
oxidoreductase, ubiquinone-cytochrome c oxidoreductase and cytochrome c oxidase, corresponding to
complex I, II, III and IV (CI – CIV), respectively. These complexes acquire electrons from reduced
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nicotinamid adenine dinucleotide (NADH) through CI or TCA cycle metabolite succinate via reduced
flavin adenine dinucleotide (FADH2) at CII, and transport them down the electric gradient through CIII
to CIV, where they meet their final acceptor oxygen and reduce it to form water. CI, CIII and CIV
function also as hydrogen proton (H+) pumps. While the electrons are being transported, these three
complexes simultaneously pump H+ from mitochondrial matrix to the intramembrane space (IMS) and
in this way create electrochemical gradient across the MIM in which energy is conserved. This energy is
harvested by the fifth multimeric transmembrane complex (CV) with ATP synthase activity in a process
of oxidative phosphorylation (OXPHOS). H+ return back to mitochondrial matrix through CV and the
energy from the H+ gradient is used to create a chemical bond between inorganic phosphate (Pi) and
adenosine diphosphate (ADP). In this way, energy stored in the adenosine triphosphate molecule (ATP)
can be used where it is needed inside the cell.
The structure of individual complexes is created so that electrons can move within the complexes from
places with lower potential to higher potential. This is sustained by the presence of certain cofactors like
flavin adenine dinucleotide (FAD), various Fe-S centers and cytochromes, all of them organised in the
direction of increasing potential. The electron transport between CI→CIII and CII→CIII is mediated by
membrane soluble electron carrier ubiquinone (UbQ), which transports 2 electrons at a time, and
between CIII→CIV cytochrome c (cyt c) transporting one electron at a time. For every 2 electrons
extracted from NADH at CI, 6 H+ are pumped to the IMS by CI, CIII and CIV, and they can be used for
synthesis of 2 molecules of ATP at CV. In case that electrons are supplied from FADH2 via CII, which
does not span the IMM and transport H+ to the IMS, only CIII and CIV pump 2 H+ each, which lowers
the ATP yield accordingly.
Considering that OXPHOS is fueled by the NADH via CI and succinate via CII, its function is critically
dependent on the TCA cycle, a complex system of reactions in the mitochondrial matrix in which
pyruvate imported into mitochondria from the glycolytic pathway is degraded, producing reduced
NADH to fuel CI, and a GTP molecule. Succinate is produced during TCA cycle as an intermediate
metabolite from α-ketoglutarate, and is converted to fumarate by the action of CII. The electrons
extracted from succinate in the TCA cycle are channelled down the ETC to fuel ATP synthesis.
Therefore, CII is common to both processes, i.e. the TCA cycle and the ETC.
To date, three models for organisation of the ETC have been proposed [5, 6]. The ‘fluid’ model
describes individual complexes as randomly moving and colliding entities within the MIM,
interconnected by the Q and cyt c mobile carriers. In the ‘solid’ model, respiratory complexes and
mobile carriers are organised in supramolecular structures termed respirasomes. A very convincing
support for this model was provided by Acin-Perez and colleagues, who were able to separate various
respiratory supercomplexes by the technique of blue native electrophoresis (BNE) and showed that some
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of them correspond to true respirasomes as they consumed oxygen when supplemented with NADH or
succinate respiration substrates [7]. However, a third model has been proposed recently, involving
dynamic adjustments of the supercomplex assembly [6]. Here the authors demonstrate existence of
separate electron routes from NADH and FADH2 substrates, which might enable cells to adapt to
alterations in available carbon sources [6].

Fig. 1 Organisation of electron transport chain (ETC) and oxidative phosphorylation (OXPHOS) with
tricarboxylic acid (TCA) cycle
CII (shown in colour) links both processes, OXPHOS in the MIM and TCA in mitochondrial matrix. Individual
CII subunits are depicted in different colours in the CII protein structure. The reaction catalyzed by CII is shown
in red. See text for details. Adapted from reference [95].

Complex II (CII)
As already mentioned, CII serves quite an exceptional role inside mitochondria, since it directly links
OXPHOS with the TCA cycle without NADH used as intermediary (Fig1.). In contrast to the other
OXPHOS complexes, CII is small and comprises only four different subunits (SDHA-D), which are all
encoded in the nuclear DNA. All other OXPHOS complexes possess at least one subunit that is encoded
in mitochondrial DNA (mtDNA). SDHA and SDHB subunits are in the mitochondrial matrix and are
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anchored to the MIM by the other two subunits, SDHC and SDHD, which are buried in the MIM and
comprise two UbQ-binding sites (Q sites) [8]. The largest subunit is the 70kDa SDHA and, together
with the 30kDa SDHB, is responsible for the succinate dehydrogenase activity (SDH) of the enzyme,
when SDHA accepts electrons from succinate by its flavin prosthetic group (FAD) at the dicarboxylatebinding site, and these electrons are then funneled through three iron sulphur centres in the SDHB
subunit to the Q sites in SDHC/SDHD, where they reduce UbQ to UbQH2 (ubiquinol). Of the two Q
sites found in the crystal structure of porcine CII [8], only the proximal (Qp) site closer to the
mitochondrial matrix appears to be functional, whereas the distal site may be a non-functional
pseudosite [9]. Until now, two assembly factors for CII have been identified; SDHAF1 is responsible for
insertion of iron-sulphur centers in SDHB [10] and SDH5 or SDHAF2 is required for incorporation of
the FAD cofactor in the SDHA subunit [11]. The assembly and enzymatic activity of CII is also
probably dependent on the presence of the specific mitochondrial phospholipid cardiolipin [12]. CII
activity can be further modulated by mutual interactions between complexes of the ETC [6] and directly
via ROS-triggered phosphorylation of the SDHA subunit by Fgr tyrosine-kinase [13]. Interestingly,
recent research shows that the SDHC subunit of CII might have another function besides its role in
bioenergetics. In a yeast model, SDHC acts in the biogenesis and assembly of the TIMM22 protein
translocase complex of the MIM, to which it is recruited by interaction with the Tim18 protein
homologous to SDHD [14, 15].
CII couples two distinct chemical reactions in two separate active sites: oxidation of succinate, which is
catalysed in the matrix domain (the SDH activity), and the reduction of UbQ, catalysed in the membrane
domain (the succinate quinone reductase, SQR activity). Though these two active sites are structurally
separated, chemical reactions between them are coupled, since electrons extracted from succinate that
are the product of the SDH reaction become the substrate of the second reaction where they reduce UbQ
to UbQH2 [16]. CII’s SDH and SQR activities can be dissociated in vitro and separately assessed in
colorimetric enzymatic assays using different artificial electron acceptors [17]. If this happens also in
vivo is questionable. The dissociation of the two CII activities has been suggested to be involved in CIImediated cell death, when it was found that during cell death the SQR activity was specifically impaired
without affecting the SDH activity [18]. Further, similar situation was observed in the absence of
cardiolipin, which resulted in a defect of CII assembly and lack of SQR, but robust SDH activity. This
was first shown in experiments performed with CII enzymes reconstituted into nanoscale lipid bilayers
[12], but later also shown to be true in cell culture experiments [19]. On the other hand, SDH activity
seems to be impaired in rare types of cancers, where mutations in CII membrane subunits result in
dysfunctional CII [20].
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Reactive oxygen species (ROS)
Mitochondria are considered highly significant, if not the main, source of ROS in the cell [21-23]. There
are at least 10 known sites capable of ROS generation in mitochondria, including the ETC. Other
important sites are the electron transfer flavoprotein: UbQ oxidoreductase on the matrix surface of the
MIM, glycerol-3-phosphate dehydrogenase on the outer surface of the MIM, dihydrolipoyl
dehydrogenase-containing

enzymes

such

as

α-ketoglutarate

dehydrogenase

and

pyruvate

dehydrogenase, and NADH-UbQ oxidoreductases other than CI [21, 22]. The term free radicals and
ROS are very often used in an interchangeable manner. A free radical is any atom or molecule with an
unpaired electron in its outermost shell, and the term ROS is usually used to describe any oxygencontaining molecule capable of initiating oxidative reactions [22]. ROS include the superoxide anion,
hydrogen peroxide, hydroxyl radical, peroxyl radical, alkoxyl radical, hydroperoxyl radical,
hypochlorous acid and singlet oxygen [22].
Superoxide is the primary ROS in mitochondria. Due to its negative charge, superoxide cannot pass
across the mitochondrial membrane, although it has been shown that the voltage-dependent anion
channel (VDAC) can facilitate its release from mitochondria to the cytosol [24]. However, superoxide is
relatively reactive and, inside the mitochondria, rapidly converted to hydrogen

peroxide by

mitochondrial superoxide dismutase or superoxide dismutase-2 (SOD2), after which it can easily cross
the mitochondrial membranes [21].
ROS are believed to be responsible for oxidative damage in many pathologies including
neurodegenerative diseases and cancer [25], as well as in the aging process [26]. Mitochondrial theory
of aging proposes, that mitochondria with its ETC as a major ROS producer are extremely vulnerable to
oxidative damage because of the close proximity of mtDNA, which codes for essential genes of the ETC
components. Faulty products of damaged mtDNA would in turn lead to even higher ROS production,
which will accumulate with aging [27]. Numerous correlative data have been gathered in support to this
half-century old hypothesis [26]. However, in disagreement with a direct role of oxidative stress in the
aging process, a model of mouse which accumulated mtDNA mutations in a linear manner was utilized
to demonstrate that these substantial mtDNA mutations, though indeed leading to premature aging
phenotypes, did not affect the amount of ROS produced in tissues from these mice [28].
Nevertheless, besides the negative aspects of their action, ROS participate in essential functions
including killing of bacteria by cells of the immune system and redox signalling to the cytosol and
nucleus, in particular important in promotion of mitotic signalling in cancer [29].
Because of their deleterious but also signalling effects, ROS production needs to be tightly controlled
and this is ensured by highly elaborated antioxidant defense system. This includes several enzymes
specialised in the removal of superoxide, hydrogen peroxide and organic hydroperoxides, in most cases
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ubiquitously present in all mammalian cells (though their levels might exhibit some tissue and species
specifity) [23]. As already mentioned, SOD2 converts mitochondrial superoxide to hydrogen peroxide,
which is then eliminated by the action of various peroxiredoxins (Prx3 and Prx5 in mitochondria),
glutathione peroxidases (GPx1 and GPx4 in mitochondria) and catalase (in peroxisomes) [23, 30]. There
are three known isoforms of SOD, which differ in their spatial localisation inside the cell. SOD1 is
cytosolic and also found in the IMS, SOD2 resides in mitochondrial matrix and SOD3 is tethered to the
extracellular matrix [30]. Most of these enzymes use nicotinamide adenine dinucleotide phosphate
(NADPH) or glutathione (GSH) as reducing equivalents which, particularly in mitochondria reach
milimolar concentrations [23]. Because of this, short bursts of ROS would be expected to be neutralised
effectively but the prolonged exposure to high levels of ROS will depend on the supply of NADPH and
GSH from the corresponding regenerating reactions [23]. Another, particularly interesting system
capable of superoxide scavenging is cyt c plus CIV. Cyt c can be alternatively reduced by the respiratory
chain or superoxide and oxidised by CIV, and this reaction then supports production of ATP due to
contribution to the H+ gradient [23].
ROS implication in cancer will be discussed in greater detail later. In the next part, special focus is put
on the role of CII in ROS production, and then ROS involvement in the context of programmed cell
death is discussed.

ROS production from CII
Until recently, ROS production from CII has been very much underestimated (or dismissed) with most
studies on ROS-producing capabilities of CI and CIII [21, 22]. Although CII’s role in high ROS
production was recognized and appreciated very soon, the contribution of CII was assumed only to
extract electrons from succinate and transfer them to the UbQ pool. These then fuel proton-pumping
activities of CIII and CIV and serve to establish high H+ gradient across the MIM. After the system
becomes highly reduced, a ‘backflow’ of electrons from the reduced UbQ pool to CI results in high ROS
production from the matrix-exposed flavin site in CI. This situation is referred to as reverse electron
transport (RET) and occurs in the presence of high levels of succinate as an OXPHOS substrate. It is
inhibited by the inhibitor of the Q site of CI rotenone. RET is known to produce the highest rates of
ROS in isolated mitochondria [21, 22] and recently has been shown to occur in vivo during ischemiareperfusion injury in murine models of heart-attack and stroke [31].
Functional studies of OXPHOS complexes, including respirometry measurements and assessment of
ROS production, are usually performed at highly saturating substrate concentrations, meaning that
excessive and non-physiological concentrations of succinate are added (5-10 mM) [32]. This might be
the reason, why the CII capability of ROS generation has been considered negligible in comparison to
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the levels of ROS observed to be formed at CI and CIII. Very few studies have been performed in the
presence of low succinate either with bacterial CII containing membranes [33], isolated rat mitochondria
[34] or bovine sub-mitochondrial particles (SMPs) [35]; they demonstrate that CII generates ROS
directly from its dicarboxylate succinate-binding site in the SDHA subunit, and this is prevented by
addition of malonate, an inhibitor of this site. In the case of the E.coli and SMPs studies, ROS
production peaked at 100 µM succinate, while in rat mitochondria 400 µM succinate was found to be
optimal. As stated by the authors, at this concentration the supply of electrons from succinate was high
enough to reduce the system and low enough not to interfere with ROS generation. In E.coli CII
produced exclusively superoxide [33] while in the eukaryotic models, superoxide and hydrogen
peroxide production was detected, the latter at higher amounts than the former [34, 35]. Importantly, it
was shown in the study with rat mitochondria that when CI and CIII are inhibited, CII-produced ROS
approach or exceed the maximum rates observed for CI or CIII under conditions, which the authors
found to maximise ROS production from these two sites [34]. This study proposed that the higher
succinate concentration at the active dicarboxylate site in SDHA can hinder access of oxygen and thus
suppress ROS formation from FADH2. This model was further elaborated in the study with SMPs,
where the authors definitively confirmed that ROS are produced from CII only if the dicarboxylate site
in SDHA is unoccupied, as was shown not only for the CII substrate succinate but also for other TCA
cycle dicarboxylates that structurally resemble succinate including fumarate, oxaloacetate, malate and,
to lesser level citrate [35] (Fig.2). Importantly, this study revealed that the redox state of the UbQ pool
and the activity of other OXPHOS complexes had very little effect on ROS generation induced by the
highly specific Q-site inhibitor atpenin A5 [35, 36].
The possibility of CII contribution to ROS generation has been further studied in several models of CII
dysfunction due to mutations in genes coding for its subunits, implicating CII in oxidative stress in
various experimental models such as the nematode C. elegans [37], the yeast S.cerevisae [38, 39], the
plant Arabidopsis [40] and mammalian cells [41-43]. The mev-1 mutant of C.elegans has a mutation in a
subunit of CII, which is homologous to human SDHC, and impaires its ability to catalyse the electron
transport. This results in hypersensitivity to increased oxygen levels, which negatively affect its lifespan
[37]. The authors were able to reproduce the ROS-overproducing phenotype of this mutation in the
mouse fibroblast NIH3T3 cell line [43] and also in a conditional transgenic mouse [44]. Reports on
increased oxidative stress in the Chinese hamster fibroblast cell line B9 with a mutation in the SDHC
gene resulting in premature translation termination [45] showed contrasting results [41, 46]. In the
genetic screen for an Arabidopsis mutant lacking early stress-responsive gene GSTF8, a CII mutant with
significantly reduced CII activity was isolated. This mutant showed increased susceptibility to specific
pathogens and had problems to mount appropriate ROS-mediated defense responses [40].
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A role for CII in ROS generation in melanoma cells was very recently described. Here the authors found
a positive correlation between CII activity and melanin pigment content and suggested that
hyperpigmentation could be a protective mechanism in response to CII-mediated ROS production [47].
Increased CII activity and expression was found to be increased and associated with higher ROS
production also in a rat model of heart failure, but it was concluded that these ROS were released from
CIII [48].
CII-derived ROS production is further suspected to occur in specific cancer syndromes due to
inactivating mutations in CII subunits [49] and has been documented in studies on anti-cancer properties
of CII inhibitors [50].

Fig. 2 Proposed model for reactive oxygen species (ROS)
production from complex II (CII).
SdhA–D indicate the 4 subunits of complex II. The relative
positions of the prosthetic groups and functional sites are
indicated as black circles ([Fe-S] clusters), a tricyclic
structure (FAD), a stretched white hexagon (Qp site) and a
white rectangle (dicarboxylate binding site). Upon binding
of inhibitor to the Qp site, transfer of electrons is blocked
and upstream redox-groups including the FAD become
reduced. ROS can be only produced from FADH 2 if the
dicarbocylate site is unoccupied. Adapted from reference
[35].

Programmed cell death (PCD)
According to the Nomenclature Committee on Cell Death, there are two criteria on how to identify dead
cells [51]. These are cells that exhibit considerable plasma membrane permeabilisation and have
undergone complete fragmentation. Previously, the engulfment of cell by professional phagocytes or
other cells with phagocytic activity was included as the third criterion, but recently it was recognised to
be faulty, as it was reported that engulfed cells can be under some circumstances released from
phagosomes as they preserve their viability [51]. Cell death can be either accidental or regulated.
Accidental cell death is caused by severe physicochemical or mechanical insults, which do not involve a
specific molecular machinery and cannot be prevented or manipulated. Regulated cell death, on the
contrary, involves a genetically encoded molecular machinery, and its progress can be modulated by
means of pharmacologic and/or genetic interventions. Regulated cell death that occurs as part of a
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development or to preserve physiologic tissue homeostasis is referred to as PCD and is often initiated in
the context of unsuccessful responses to perturbations of intracellular or extracellular homeostasis [51].
A predominant form of PCD is apoptosis, which is necessary for proper development and tissue
homeostasis in all multicellular organisms and its deregulation contributes to various diseases such as
neurodegeneration and cancer [29]. Apoptosis can be initiated by intracellular or extracellular stimuli
and, accordingly we distinguish intrinsic and extrinsic apoptotic pathways (Fig. 3) [51].
Fig. 3 Mitochondrial apoptotic pathways
In the intrinsic pathway of apoptosis, proapoptotic stimuli activate BH3-only proteins
that then activate Bak and Bax, which cause
mitochondrial outer membrane permeabilisation
(MOMP), leading to release of proteins from
the

intermembrane

space

,

including

cytochrome c and Smac, which then activate
specific proteases caspases. In the extrinsic
pathway, activation of death receptors leads to
activation of the initiator caspase-8, which then
cleaves and activates the BH3-only protein Bid,
leading to Bax and Bak activation and MOMP.
Adapted from reference [29].

Mitochondria actively participate in apoptotic program in both cases, particularly in the intrinsic
pathway, where they are required to mount the proper downstream response [29]. In this pathway,
apoptotic stimuli such as DNA damage or viral infection lead to activation of Bid and Bim, activator
pro-apoptotic Bcl-2-homology-3 (BH3) domain-only proteins from a large Bcl-2 family of apoptosisregulating proteins, that, in turn, activate multi-domain pro-apoptotic members from the Bcl-2 family,
Bax and Bak, which subsequently oligomerise and form pores in the mitochondrial outer membrane
(MOM) [52, 53]. This results in mitochondrial outer membrane permeabilisation (MOMP) leading to
release of proteins from IMS, including cyt c and Smac, which then activate specific proteases called
caspases. Smac activates caspases indirectly by inhibiting XIAP family of caspase inhibitors. Cyt c,
once in the cytosol, activates the initiator caspase-9 by way of forming a complex known as
apoptosome, which then cleaves and activates effector caspases [29, 52].
The extrinsic apoptotic pathway is induced by death receptor-ligand binding at cells surface and
proceeds via activation of the initiator caspase-8 directly at the intracellular part of the receptor-ligand
complex [29]. Activated caspase-8 can then either activate effector caspases directly or it requires
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mitochondria for effective apoptosis execution. In this scenario, caspase-8 cleaves and activates the proapoptotic BH3-only protein Bid which, in turn, activates Bax and Bak as in the case of the intrinsic
pathway [29].
The function of pro-apoptotic Bcl-2 proteins is held in check by group of anti-apoptotic proteins of the
same family, which directly interact with and inhibit the pro-apoptotic members. Bcl-2 family proteins
share up to four Bcl-2 homology domains (BH1-4) in their structure, with BH3 domain being the
domain shared by all members and making their mutual interaction possible [52]. The multi-domain prosurvival anti-apoptotic members are Bcl-2 itself, plus Bcl-xL, Bcl-w, A1 and Mcl1 [51, 52]. Proapoptotic BH3 only proteins include Bim and Bid proteins, which activate Bax/Bak directly, and
sensitizer BH3-only proteins such as Puma, Bad, Bmf, Bik and Noxa, that inhibit the pro-survival Bcl-2
family proteins, but cannot activate Bax and Bak directly [52]. However, a possibility that Puma, Bmf
and Noxa can also directly activate Bax/Bak might exist [54]. Pro-apoptotic Bax and Bak are
indispensable for MOMP formation in the mitochondria-mediated intrinsic pathway, as cells doubly
deficient in Bax and Bak are resistant to multiple apoptotic stimuli acting through disruption of
mitochondrial function, such as staurosporine, UV irradiation and the endoplasmic reticulum stress [55].
Although under some circumstances MOMP can be involved in non-lethal signalling function [29], its
formation is generally considered as a point of no return, which results in cell death commitment via
release of multiple caspase-dependent and -independent death effectors and the loss of essential
mitochondrial functions [56].
Caspase-independent apoptotic proteins released from the IMS during MOMP include the apoptosisinducing factor (AIF), serine protease Omi/Htra2 and endonuclease EndoG. AIF and EndoG
subsequently translocate from the cytosol to the nucleus, where they cause DNA fragmentation and
condensation, resulting in typical DNA morphology observed in TUNEL assays used for apoptosis
detection. Another key apoptotic phenotype is exposure of phosphatidyl serine (PS) on the outer surface
of plasma membrane, which was found to precede the nuclear changes and the loss of membrane
integrity [57] and which constitutes a general signal for recognition of apoptotic cells by phagocytes
being sufficient as an “eat me” signal [57, 58]. Recently, the phospholipid flippase responsible for PS
exposure was recognised as a direct caspase substrate during apoptosis [58]. The notion of PS
externalisation also resulted in establishment of a practical assay to detect apoptosis, based on affinity of
annexin V for PS, evaluated by flow cytometry [57, 59].
Loss of mitochondrial function during apoptosis is usually linked to loss of mitochondrial
transmembrane potential (ΔΨ) and dysfunction of the ETC and OXPHOS with increased ROS
production. Direct link between these three processes was shown to be mediated by activation of
caspase-3, which disrupted CI and CII function and electron transport with ensuing loss of ΔΨ and
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increased ROS generation. In the case of CI, the 75kDa NDUFS1 subunit was identified to be cleaved
by caspase-3 [60, 61]. Inhibition of CI function during apoptosis was also shown in the case of tumour
necrosis factor (TNF)-induced apoptosis [62]. However, here the authors observed CI inhibition prior to
cyt c release and mitochondrial permeabilisation and they concluded that TNF-induced CI inhibition
was the cause of the cyt c release and subsequent caspase activation and mitochondrial permeabilisation
[62]. A model for specific role of CII during apoptosis was suggested by the Grimm group. First, they
found that CII-deficient cells became resistant to many apoptosis-inducing cytostatic drugs including
cisplatin, menadione, etoposide, arsenic trioxide and doxorubicin [63]. In the follow-up work they
showed that during apoptosis, CII disintegrates in a specific way, so that the SDHA plus SDHB subunits
dissociate from the membrane anchor, and this sub-complex retaining its SDH activity is then
responsible for increased ROS generation, as the electrons cannot be transferred to the Q site comprised
in the SDHC/SDHD membrane subunits. This would be consistent with partial inhibition of CII’s SQR
activity without any impairment of the SDH activity as observed in their model [18]. This specific CII
disintegration was ascribed to pH changes and excessive calcium influx into mitochondria during
apoptosis [18, 19]. Mitochondrial ROS production has been shown to promote apoptosis through
oxidation of the mitochondria-specific phospholipid cardiolipin that, upon oxidation, loses its affinity
for cyt c and its oxidation products (mostly cardiolipin hydroperoxides) that accumulate in mitochondria
lead to the release of pro-apoptotic factors into the cytosol [64]. Another direct role of ROS in apoptosis
has been provided via their effect on Bax activation involving oxidation of its cysteine residues, which
resulted in conformational change and Bax oligomerisation for permeabilisation of mitochondria [65,
66].
A study performed on transmitochondrial cybrid cells harboring diverse pathogenic mtDNA mutations
affecting different components of ETC and OXPHOS showed that cells that cannot generate electron
flow but still possess the respiratory complexes were protected against apoptosis induced by
staurosporine and etoposide, known to engage the mitochondrial apoptotic pathway. On the contrary,
cells with a partial reduction in electron flow showed increased apoptosis, and cells lacking the
respiratory chain (ρ0 cells) were resistant [67]. Interestingly, the authors also observed that cells
defective in respiratory chain components and cells with impaired electron flow showed dysregulated
expression of mitochondrial levels of anti-apoptotic proteins [67]. Overal, all these studies implicate
mitochondrial ETC and OXPHOS in apoptosis modulation and propagation.
Owing to the crosstalk between metabolism and cell death, existence of several “metabolic checkpoints”
to regulate cell death has been suggested recently [68]. These were proposed to react to metabolic
imbalance such as alterations in the ratios of ATP/ADP, acetyl-coenzyme A/coenzyme A,
NAD+/NADH, NADP+/NADPH, as well as to ROS amounts. As the first reaction, the cells induce an
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adaptive response to re-establish cellular homeostasis; however in case these metabolic perturbations are
too severe or persistent, metabolic checkpoints then initiate cell death [68].
Besides apoptosis, mitochondria might have a role in other forms of PCD such as autophagic and
necroptotic cellular demise. Autophagy functions as an adaptive response to stressful conditions
including nutrient depletion when cells form cytoplasmic, double-layered membranes known as
phagophores, which mature into autophagosomes and engulf long-lived proteins and damaged
cytoplasmic organelles to provide building blocks and cellular energy for biosynthesis [29]. However,
under conditions of extreme or prolonged stress, cells undergo autophagic cell death [29]. Necroptosis is
a regulated form of necrotic cell death pathway, which in contrast to apoptosis and autophagy was
previously thought to be an uncontrolled accidental form of cell death. However, it is now established
that necroptosis is also a form of PCD initiated by death receptors and proceeding via controlled series
of events [51, 69]. Mitochondrial implication in both described cell death modes was proposed since
they share certain proteins and signalling pathways ultimately converging on mitochondrial
function/dysfunction [29, 69, 70], though recently mitochondrial role in necroptosis was challenged
[71]. Interestingly, a selective autophagic degradation of mitochondria has been described and termed
mitophagy. This process mediates clearance of damaged mitochondria to maintain a healthy population
of mitochondria and is involved in the removal of mitochondria from maturing erythrocytes and
eliminating sperm mitochondria after fertilisation [72].

CANCER
As originally proposed and defined by Hanahan and Weinberg [73, 74], cancer is characterized by eight
major hallmarks. These are sustaining proliferative signalling, evading growth suppressors, resisting cell
death, enabling replicative immortality, inducing angiogenesis, activating evasion and metastasis,
evading immune destruction and reprogramming of energy metabolism. First six of them were
recognized in 2000 [73], last two were added decade later [74]. Besides the two new hallmarks,
additional so called ‘enabling characteristics’ crucial to the acquisition of the hallmarks were included in
the list: tumour-promoting inflammation and genome instability and mutations [74].

Altered metabolism in cancer cells
Without any doubt, the most and longest studied metabolic alteration in cancer cells is the upregulation
of the glycolytic pathway. Increased glycolysis in tumour cells was first observed by Otto Warburg and
at first ascribed to defects in mitochondrial respiration and energy production machinery in cancer,
because high glycolytic rates were observed even in the presence of high levels of oxygen. This high
glycolysis and lactate production under aerobic conditions was termed Warburg effect [75]. Nowadays,
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it is well recognized that Warburg effect arises not because of damaged respiration in cancer cells but a
damage to the regulation of the glycolytic pathway [75, 76].
Cancer cells increase expression of glucose transporters, which enable glucose uptake into the cell, and
upregulate expression of most enzymes participating in glycolysis. Further, the mitochondrial respiration
is often suppressed to certain level. Upregulation of glycolysis confers cancer progression at various
levels. On one hand, it supplies energy in the form of ATP, but what is even more important, increased
glucose flux through glycolysis and its diversion towards the pentose phosphate (PP) pathway provides
important building blocks for protein and nucleotide biosynthesis needed for rapid cell division [77].
Cancer cells demonstrate increased glutamine uptake and utilization, which is used for non-essential
amino acids synthesis and/or to fuel the TCA cycle through α-ketoglutarate. α-Ketoglutarate can then
support the forward TCA cycle reaction or can be converted to citrate in a process known as reductive
carboxylation and exported to the cytosol to support lipid synthesis via acetyl-CoA or amino acid
synthesis via oxaloacetate production [77-79]. The PP pathway also results in the production of
NADPH, which is essential for various biosynthetic reactions such as fatty acid synthesis, and
contributes to proper redox control. The described diversions from normal metabolism are outcomes of
regulation by various oncogenes and tumour-suppressor genes that work as transcription factors,
including Myc and hypoxia-inducible factor (HIF) oncogenes and the tumour-suppresor p53 [78]. These
metabolic alterations allow cancer cells to survive also under hypoxic conditions, which are encountered
regularly as tumour mass grows and the oxygen in the tumour environment becomes scarce. Under these
conditions, cancer cells rely particularly on increased glycolysis with the PP pathway and TCA cycle
replenishment by way of reductive carboxylation and increased glutamine uptake [79]. Though some of
these metabolic pathways present normal physiological response to lower oxygen levels, in cancer cells
these can be activated constitutively and contribute to enhanced tumour survival and growth. Also, these
alterations make them addicted to increased uptake of glucose/glutamine and vulnerable to their
interruptions, and exploited for cancer therapy [80-82].
Increased metabolic flux is accompanied by an increase in oxidative intermediates and altered redox
environment inside the cell with elevated ROS levels. On one hand, high ROS levels can be
advantageous for cancer cells as they contribute to genomic instability, metastatic behavior, HIF
stabilization, Akt activation and stimulation of proliferation [25]. On the other hand, excessive oxidative
stress can induce oxidative damage and cell death, and be selectively targeted as anti-cancer intervention
because of high ROS levels in cancer cells [25, 78, 83, 84]. Very recently, an interesting and readily
available possibility of how to treat cancer by way of increasing ROS production was suggested by
Harris and colleagues. They discovered that combined inhibition of GSH and the thioredoxin anti-
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oxidant pathways by inhibitors that are already used in the clinic results in cancer cell death and limits
tumour initiation and progression in vitro and in vivo [85].

Cell death evasion in cancer cells
Cancer cells possess large variety of strategies how to limit or evade apoptosis. Probably the most
prominent one is the imbalance in the level of Bcl-2-family proteins in favor of anti-apoptotic proteins
and deregulation of the DNA-damage sensor p53 pathway [74]. The Bcl-2 protein was first described in
the chromosomal translocations in follicular B-lymphoma cancer cells, from which its name is derived.
The resulting fusion gene is deregulated and leads to over-expression of Bcl-2, which is classified as an
oncogene. Other anti-apoptotic Bcl-2 family members are also known to be over-expressed in a wide
variety of cancers contributing to tumour progression and resistance to anti-cancer therapy [86]. This
can occur via oncogenic signalling involving the PI3K/Akt pathway, Ras/Raf/mitogen-activated protein
kinase (MAPK) pathway or the transcription factor Myc [86]. The tumour-suppressor p53, which is
often found ‘lost’ in tumours, induces apoptosis by transcriptional induction of the pro-apoptotic Bax
protein and the BH3-only proteins Puma and Noxa or via direct activation of Bax/Bak as well as
inhibition of the anti-apoptotic Bcl-xL and Bcl-2 proteins [83, 86].
Another way, how cancer cells can acquire resistance to cell death is via alteration of their metabolism.
In this context, upregulation of the glycolytic pathway seems to play role in their resistance to
mitochondrial membrane permeabilisation, which is one of the critical events in apoptosis. Cancer cells
upregulate hexokinase that binds directly to mitochondria, where it associates with VDAC. This
interaction facilitates immediate glucose phosphorylation by hexokinase for its utilization in glycolysis
and also keeps VDAC in conformation that counteracts its proposed role in mitochondrial
permeabilisation [80, 83]. The shift from mitochondrial metabolism towards glycolysis might be
responsible for mitochondrial hyperpolarization, which has been observed in cancer but not in noncancerous cells [87]. High ΔΨ in malignant cells has been shown to confer apoptosis resistance [87, 88],
and this phenotype was reversed by the pyruvate dehydrogenase kinase (PDK) inhibitor dichloroacetate
(DCA), which redirected metabolism from glycolysis to mitochondria [87].

CII in cancer
SDHA, SDHB, SDHC, SDHD plus the CII assembly factor SDHAF2 have been found mutated in
certain hereditary cancer types of neuroendocrine origin, in particular paraganglioma and
pheochromocytoma (PGL/PHEO) [49]. Besides mutations in CII genes, mutations in other distinct
genes are associates with PGL/PHEO including kinase receptor and signalling regulators RET and NF1,
the transcription factor Max, the TMEM127 gene involved in endosomal signalling as well as regulators
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of the response to hypoxia, such as von Hippel-Lindau (VHL) and HIF2A. PGL/PHEO carry the highest
degree of heritability (around 40%) of all human tumours. These neoplasias are predominantly benign,
but approximately 10-15% of them can become metastatic [89]. In addition to PGL/PHEO, mutations in
CII genes were identified in gastrointestinal stromal tumours, renal tumours, thyroid tumours, testicular
seminoma and neuroblastomas [49].
The molecular mechanism underlying tumorigenicity of CII mutations is still a matter of debate and
various possibilities have been proposed. A predominant feature of these tumours is diminished
expression of CII subunits and reduction in CII activity. There are two possible scenarios that could lead
to tumour transformation due to malfunctional CII: succinate accumulation and an increase in ROS.
Both options are supported by published studies, but the role of high succinate seems more probable also
because it has strong support from robust clinical data [90, 91], while ROS detection in CIIdysfunctional cells has been somewhat controversial [89]. Increased succinate stabilizes the oncogenic
HIF transcription factor through product inhibition of prolyl-hydroxylase (PHD) enzymes which under
conditions of normal oxygen levels hydroxylate HIFα subunit in reaction dependent on oxygen and αketoglutarate, providing a signal for proteasomal degradation of HIF mediated by VHL. This state of
hypoxia due to defect in HIF degradation at normal oxygen levels is termed pseudohypoxia and is now
considered a possible mechanism of tumorigenesis in both CII- and VHL-derived tumours. PHD
enzymes controlling HIF are not the only α-ketoglutarate-dependent, succinate-producing enzymes
present in cells. The large family of α-ketoglutarate dependent oxygenase includes the JmjC domaincontaining histone demethylases (JHMD), which modulate the epigenome by removing methyl residues
from specific lysines of histones, and ten-eleven translocation (TET) DNA hydroxylases, which
demethylate genomic DNA [92]. Thus, accumulation of succinate can in this way easily affect the whole
epigenome, and recently published investigations underscore this intriguing possibility [90, 91].

MITOCANS
Mitocans represent a variety of compounds identified to act upon and destabilize mitochondria to cause
cell death, which is in some cases specific for malignant cells. The acronym mitocan stands for
‘mitochondrially targeted, apoptosis-inducing anticancer compound’ or ‘mitochondria and cancer’.
Mitocans were proposed to encompass several classes based on their particular mitochondrial target site
[93, 94]. These are: hexokinase inhibitors (3-bromopyruvate, 2-deoxyglucose), compounds targeting
Bcl-2 family proteins (gossypol, α-tocopheryl succinate), thiol redox inhibitors (isothiocyanates, arsenic
trioxide), VDAC/ANT targeting drugs (lonidamine, arsenites), ETC-targeting drugs (tamoxifen, αtocopheryl succinate), lipophilic cations targeting inner membrane (rhodamine-123, F16), drugs
targeting the TCA cycle (dichloroacetate, 3-bromopyruvate) and drugs targeting mtDNA (vitamin K3,
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fialuridine). In several cases targets of mitocans overlap, such as for 3-bromopyruvate and α-tocopheryl
succinate (α-TOS). In this work, focus is placed on class five mitocans, i.e. ETC-targeting drugs,
particularly on the vitamin E analogue α-TOS as discussed further in greater detail.

ETC-targeting drugs
This class of mitocans comprises a group of compounds targeted to the individual complexes of
mitochondrial ETC, and it includes compounds often highly selective for cancer cells, some of them
already undergoing clinical trials. Although some of these compounds have also other known (and
possibly presently unknown) targets and modes of cell death induction, their inhibition of particular
ETC complexes, resulting in increased ROS production, is one of the major reasons for their application
[93-96]. Unfortunately, as mitochondrial ETC is the most important site for energy production in large
majority of cells, some of these agents show undesirable toxic side effect, being particularly neurotoxic,
while some of these mitocans are selective for cancer cells and therefore present intriguing possibilities
in anti-cancer therapy [95, 96].
Potentially clinicaly relevant CI inhibitors for cancer treatment are presented by the antagonist of the
estrogen receptor tamoxifen, the biguanidine compound metformin as well as deguelin, an analogue of
rotenone. Although tamoxifen is used in the clinic for treatment of hormone-dependent breast cancer, it
has shown anti-proliferative effects against cells lacking the estrogen receptor as well as against prostate
cancer, and was reported to inhibit CI [97]. Metformin, an activator of AMP-activated protein kinase
used in the clinic to treat type-2 diabetes, was shown to block CI derived respiration, and displays antitumour effects in vivo. Patients given metformin present with reduced incidence of cancer and increased
susceptibility to chemotherapy treatment. In contrast to the first two described drugs, deguelin is not yet
used in the clinic, but has shown promise in experimental cancer and xenograft models [95].
In the case of CII inhibition, the ‘redox-silent’ analogue of vitamin E α-TOS has been shown to
effectively kill cancer cells in vitro as well as in vivo in experimental mouse models, and this will be
discussed in greater detail in separate chapter. Of the other CII inhibitors, a Q site inhibitor
thenoyltrifluoroacetone (TTFA) and two compounds that inhibit the dicarboxylate site in SDHA subunit,
malonate and 3-nitropropionic acid, exhibit toxic properties also in noncancerous cells [98] and cannot
be considered for use in the clinic. An anti-diabetic and anti-inflammatory CII inhibitor, troglitazone
was withdrawn from the clinic due to liver toxicity [95]. The aforementioned facts would leave, so far,
α-TOS and other vitamin E analogues as the sole representatives of the CII-targeting drugs as possible
options for anti-cancer treatment.
An interesting group of CIII-targeting compounds are plant-derived polyphenols, such as resveratrol and
xanthohumol, which induce apoptosis and that have been shown to be effective in various pre-clinical
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cancer models. Besides CIII, both agents also inhibit CI. Another natural compound that inhibits CIII in
cancer cells and initiates ROS-mediated apoptosis is benzyl isothiocyanate (BITC), which is able to
suppress angiogenesis and xenograft tumour growth in experimental cancer models [95, 96].
Latest research suggests that inhibitors of mitochondrial respiration might be particularly useful for
treatment of resistant cancer [99]. As shown for melanoma, cells that acquired resistance against
vemurafenib, a selective inhibitor of mutant BRAF, display high rates of mitochondrial respiration and
OXPHOS and are sensitive to inhibition of these mitochondrial pathways [100, 101]. Elesclomol, a prooxidant agent currently undergoing clinical trials, induced increased intracellular ROS generation and
melanoma cell death [100]. The mechanism by which elesclomol leads to enhanced ROS production
was ascribed to its ability to greatly increase copper amount in cells [102], which then mediates ROS
generation possibly through interaction with ETC [103].

Vitamin E analogues
The term vitamin E is used for a family of eight naturally occurring phenolic compounds. These are
divided in tocopherols and tocotrienols, the difference being the presence of either saturated lipophilic
phytyl side chain in case of tocopherols or poly-unsaturated side chain in tocotrienols. Each group
includes four isoforms, α-, β-, γ-, δ- tocopherols and tocotrienols, which differ by the number and
position of methyl group at the chromanol ring. All of them display wide-range of anti-oxidant related
activities. α-Tocopherol is the first vitamin E form discovered in the nature and later synthetized. Since
then, several compounds with various substitutions in the original structure of vitamin E were prepared
and are known as vitamin E analogues. Their structure can be divided into three distinct domains. The
hydrophobic domain represented by the lipophilic side chain, the middle signaling domain with the
chromanol ring and the functional domain, which is the group attached at C6 of the chromanol ring. This
group determines whether the molecule behaves as a redox-active or a redox-silent compound. The antioxidants of vitamin E family have at this place the redox-active hydroxyl group which can donate its
hydrogen to free radicals and in this way terminate their damaging oxidative properties. Redox-silent
analogues, in which the hydroxyl group was replaced by ether-linked acetic acid or ester-linked succinyl
group do not possess the anti-oxidant properties, but were recognized as pro-apoptotic and antineoplastic agents [104]. The most prominent and highly studied derivative of these redox-silent vitamin
E analogues is the dicarboxylic ester with succinyl group at the chromanol ring, α-TOS (Fig. 4).
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Fig. 4 Structure of α-tocopherol (a form of vitamin E) and α-tocopheryl succinate (α-TOS)

α-TOS
α-TOS shares characteristics of two mitocan classes. It acts as a BH3 mimetic [105] and impairs CII
activity of mitochondrial ETC [106]. In the context of being a BH3 mimetic, it was suggested that αTOS can disrupt the association of the pro-apoptotic Bak protein with anti-apoptotic Bcl-xL and Bcl-2
proteins, leading to caspase-dependent apoptosis in prostate cancer cells [105]. Moreover, in the same
study, the authors observed that treatment with α-TOS resulted in decreased expression of Bad, a
member of the BH3-only Bcl-2 family [105]. α-TOS further affects interactions between pro-apoptotic
and anti-apoptotic members of the Bcl-2-family proteins by upregulating the pro-apoptotic BH3-only
protein Noxa [107]

by way of engaging the Mst1-FoxO1-Noxa pathway, whose activation was

recapitulated after hydrogen peroxide treatment, suggestive of ROS involvement [108]. α-TOS
properties as BH3-mimetic might be important for its reported function as a sensitizer of apoptosis
induction by the tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) [109, 110],
paclitaxel [111, 112] and etoposide [113]. Surprisingly, co-treatment with α-TOS and cisplatin led to
decreased levels of apoptosis than when cells were exposed to cisplatin only [113]. In the case of
sensitization to TRAIL, increased expression of death receptors DR4 and DR5 was suggested to play a
role [110] and this was also proposed for nuclear factor-κB (NF-κB) activation [109]. In the paclitaxel
co-treatment study, enhanced activation of caspase-8 was found along with down-regulation of antiapoptotic Bcl-xL protein expression [111].
Our laboratory identified CII as a molecular target for α-TOS. In two subsequent publications, it was
shown that CII-deficient cells and xenografts in mice derived from them were significantly less
responsive to α-TOS treatment [114]; ROS generation in response to exposure to α-TOS was suppressed
in the CII-deficient cells [106]. The Qp site of CII was proposed as the target of α-TOS pro-apoptotic
action, as α-TOS inhibited CII activity in a similar manner to TTFA, a well known Qp site inhibitor.
Further molecular modelling revealed strong binding of α-TOS to the Qp site in CII, with only slightly
lower binding energy than that of UbQ, which suggests that α-TOS could be considered as a competitive
inhibitor of the Qp site in CII [106]. Displacing UbQ from its binding site would then cause ROS
generation with ensuing induction of apoptosis. Enhanced ROS levels observed after treatment with α-
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TOS [106, 114-119] are instrumental for apoptosis induction, since the use of antioxidants prevented αTOS induced cell death [106, 114, 115, 119]. Besides CII, also CI [116] and CIII [117] inhibition by αTOS was suggested to play a role in ROS production after α-TOS exposure. Though in SMPs CII
activity was inhibited at much lower α-TOS doses than CIII activity (42 µM vs 315 µM) [117], in rat
liver isolated mitochondria and permeabilised acute promyelocytic leukemia (APL) cells, CI was
inhibited with higher efficacy than CII [116].
Apoptosis induced by α-TOS engages the intrinsic mitochondrial pathway, as α-TOS leads to MOMP
formation through formation of Bax channels [120] and/or, preferentially, Bak channels [107] (but these
two types of channels are not mutually exclusive and can work together), and this results in
relocalisation of the pro-apoptotic Smac and cyt c to the cytosol [118-121] and activation of caspase-9
and -3 [116, 118, 120]. Morphological changes following exposure to α-TOS are highly reminiscent of
apoptosis with characteristic ultrastructural features like condensation of chromatin, appearance of
numerous autophagic vacuoles, convolution of nuclear membrane with fragmentation into nuclear
bodies as well as convolution of cell membrane resulting in formation of cellular blebs and final
fragmentation of the cell into apoptotic bodies [118].
α-TOS kills selectively cancer cells [122] including the Her2/erbB2-overexpressing breast cancer cells
[119] and cells deficient in the p53 tumour suppressor [107, 122]. Its selectivity for cancer cells was
confirmed in vivo in several pre-clinical models, including mice with xenografts of colon [123], breast
[106] and lung cancer [124] as well as mesothelioma [125], and spontaneous erbB2-high breast
carcinomas in FVB/N c-neu transgenic mice [106, 115] and in a murine syngeneic transplantation model
of leukemia [116]. Importantly, α-TOS also inhibits formation of new blood vessels essential for tumour
progression, as shown in a mouse cancer model by ultrasound imaging fitted with the Power Doppler
function [115].
Selectivity of α-TOS for cancer cells was ascribed to its ester bond between the functional succinyl
group and the rest of the molecule, which cleavage due to high levels of esterases in normal cells will
result in its conversion to vitamin E in non-cancerous cells, while the pro-apoptotic activity of the ester
will be maintained in cancer cells. Further, it is possible that α-TOS preferentially kills cancer cells
because of the acidic nature of tumour interstitium, which would protonate the α-TOS molecule, which
can then easily diffuse into cancer cells [126]. Another important reason, why α-TOS is more effective
in cancer cells, stems from the nature of the molecular mechanism by which it leads to cell death, the
accumulation of ROS. Cancer cells generally feature higher levels of ROS and saturated antioxidant
defense systems, so that further increase of ROS can provoke their demise [95, 127, 128].
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Fig. 5 Targeting cancer cells by increasing
ROS levels
In normal cells and cancer cells, ROS levels are
kept in balance through ROS production and
ROS elimination. In cancer cells both processes
occur at an increased rate compared to normal
cells, so that further increase of ROS by prooxidant therapy can provoke the selective
demise of cancer cells. Adapted from reference
[127].

AIMS OF THE STUDY
The main focus of this thesis was to evaluate the pro-apoptotic and anti-cancer properties of
mitochondrially targeted vitamin E succinate (MitoVES), which represents a novel compound that could
be potentially used in anti-cancer therapy. To fulfill this task, specific goals were set at the beginning
and during the study:
1. To examine the efficacy and selectivity of MitoVES in apoptosis induction in cancer cells and
compare it to its parental untargeted compound, α-TOS.
2. To investigate the mechanism by which MitoVES kills cancer cells and define its cellular target.
3. To prepare and characterise a proper cellular model for the detailed study of MitoVES
interaction with mitochondrial CII.
4. To verify CII as a direct target for cell death initiation.
5. To help elucidate the role of CII in mitochondrial ROS production.
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DISCUSSION
The importance of mitochondria for cancer cells, and therefore their consideration as a potential target in
anti-cancer treatment, has been neglected for the large part of the last century. This was partly due to the
misinterpretation of Otto Warburg‘s data when it was reasoned that respiration in cancer cells must be
compromised because of the high glycolytic activity even in the presence of high levels of oxygen [75],
the other reason being the discovery of oncogenes and tumour-suppressor genes in the 1980‘s as the
cause of cancer development and progression, which was a major focus of scientists for quite some time.
Nevertheless, Warburg‘s observation of high glycolytic activity in cancer was correct, indeed, and it was
thoroughly studied particularly in last 20 years, so that we can today recognise that the cause for the
‘Warburg effect’ in cancer cells is not damaged mitochondria or dysfunctional OXPHOS but the
dysregulation of glycolysis itself [75, 129]. Besides glycolysis, many other metabolic pathways were
found to be altered in cancer cells [129], either resulting from mutations in oncogenes and tumoursuppressor genes or the availability of metabolic substrates, the ultimate goal of the cells being to
survive and proliferate. High proliferation rate costs cancer cells their redox homeostasis with increase
in oxidative intermediates and excessive ROS production [25, 78]. Higher levels of ROS can on one
hand stimulate cell growth and promote genetic instability, what is advantageous for cancer cells, but on
the other hand, this very feature of cancer can also be exploited for anti-cancer therapy [25, 78, 84, 127].
In cells, there are many sources contributing to oxidative stress, and mitochondria with its electron
transport chain and several other sites capable of generating ROS are of high importance [21, 30, 83].
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Mitochondrially produced superoxide is a normal physiological by-product of cellular respiration, and
together with hydrogen peroxide, which is the product of its dismutation by SOD2, has various
signalling roles within the cell [21]. The rate of superoxide production from ETC can increase under
certain pathological conditions or using specific compounds that inhibit the electron flow between the
respiratory complexes, and it may cause premature recombination of free electron with oxygen
molecule.
Earlier work of our group documented that α-TOS, a redox-silent analogue of vitamin E, could be used
as an effective anti-cancer agent in this context. α-TOS kills selectively cancer cells [122] by way of
apoptosis induction via the mitochondrial pathway [118] and has been shown to be effective also in vivo
in various mouse models [114, 115, 123]. Although α-TOS has been reported to induce apoptosis in
cancer cells by various means (reviewed in [130]), its main target has been reported to be mitochondrial
CII, since cells lacking CII as well as mice with xenografts derived from these cells are resistant to the
agent [106, 114].
Due to its hydrophobic structure, α-TOS easily penetrates biological membranes and, once inside the
cell, indiscriminately localises to any membranous compartment. This means that only a relatively small
portion of the drug is really available in mitochondria to perform its action. It therefore appears highly
plausible that ‘sending’ α-TOS to mitochondria should boost its ROS producing efficacy and anti-cancer
activity while making it possible to reduce the effective concentration. We therefore decided to
investigate whether targeting the drug to mitochondria would result in more effective anti-cancer agent.
We employed here the approach introduced by Murphy and Smiths, which they have successfully used
in the case of mitochondrially targeted UbQ (MitoQ) [131, 132]. Based on the differences in electrical
gradients across biological membranes, they

tagged UbQ with the delocalised cationic

triphenylphosphonium (TPP+) group. They found that this modified UbQ localised to mitochondria and
was able to cycle between its oxidised and reduced forms by exchanging electrons with the respiratory
chain [131]. Cellular uptake of TPP+ tagged compounds is driven by the plasma membrane potential
(30-60 mV) and its mitochondrial localisation by the ΔΨ (150-180 mV). Therefore, the final level of
such agents in mitochondria can be 100-500 fold higher than outside the cell [132].
We modified the α-TOS molecule to generate a compound referred to as MitoVES (mitochondrially
targeted vitamin E succinate) in which an 11 carbons chain links the positively charged TPP+ group and
the functional tocopheryl succinyl group, and in two subsequent publications showed that, indeed,
mitochondrial targeting considerably enhanced the pro-apoptotic and anti-cancer activity of α-TOS [133,
134]. The pro-apoptotic activity of MitoVES was some 20-50 fold higher compared to that of α-TOS as
shown for Jurkat cells [133]. Importantly, MitoVES still kept its selectivity towards malignant cells as
documented by much less effective killing of non-malignant cells and very low toxicity for experimental
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animals [134]. Furthermore, cell lines defective in the tumour-suppressor p53 were efficiently killed by
MitoVES [134]. This is particularly important in the context of cancer treatment, as in many cancers,
p53 is mutated and therefore tumour cells are resistant to p53-mediated cell death pathways [135].
MitoVES-induced cell death was ROS-dependent, as either co-treatment with PEG-SOD or pretreatment with MitoQ [131], two antioxidants, diminished MitoVES-induced ROS generation and the
ensuing cell death [134]. ROS production after MitoVES addition occurred within 5 min, as documented
using cells transiently transfected with pHyPer-dMito, whose product, the redox-sensitive OxyR, leads
to increase in fluorescence if hydrogen peroxide is present [134]. This high and very rapid ROS
production most likely stems from interaction of MitoVES with CII of the mitochondrial ETC, as
functional CII was required for generation of ROS and induction of cell death [133].
Cell death pathway via which MitoVES kills cancer cells was, as in the case of the parental compound
α-TOS, dependent on mitochondrial (intrinsic) pro-apoptotic signalling [134]. This was recognised after
showing that MitoVES treatment leads to cytosolic translocation of cyt c and Smac and to formation of
Bak and Bax oligomers in mitochondria [134]. Further, an inhibitor of caspase-9, but not a caspase-8,
resulted in suppression of MitoVES-induced apoptosis [134]. The pro-apoptotic proteins Bak and Bax
can either work together to permeabilise mitochondrial membrane or, in some cases, there could be
either redundancy in their pore-forming activity or a preference for one of them. We found, that in the
case of MitoVES, a conformational change in the Bak protein causing its activation precedes that of
Bax. In fact, Bax was found dispensable for MitoVES pro-apoptotic activity since the agent killed Jurkat
cells lacking only Bax as effectively as it killed parental cells, while cells with silenced Bak, were
relatively resistant to MitoVES, particularly at lower concentrations of the drug [134].
If mitochondrial targeting of MitoVES is the underlying cause of its substantially higher killing
efficiency compared to the untargeted α-TOS, then interfering with MitoVES accumulation in
mitochondria should result in decreased apoptosis. Targeting of MitoVES to mitochondria is due to the
presence of the TPP+ group and high ΔΨ. Therefore dissipation of ΔΨ with the uncoupler carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) should be expected to lower the level of
apoptotic response in the case of MitoVES but not for the non-targeted α-TOS. This, indeed, was the
case and provided the evidence, that ΔΨ is important for high MitoVES pro-apoptotic activity [133].
Delocalised lipophilic cations, such as compounds with TPP+, show selectivity for mitochondria of
carcinoma cells [136], and this is ascribed to higher plasma membrane and mitochondrial membrane
potential of carcinoma cells compared to normal epithelial cells [87, 136]. The reason for this could be
the altered metabolism of cancer cells resulting in metabolic remodelling due to down-regulation of K+
channels [87]. Mitochondrial hyperpolarisation is very important feature of cancer cells [87, 137] and is
predominantly perceived in negative context, as it confers apoptosis resistance [87, 88]. However,
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conversely, this is beneficial for killing of cancercells selectively and efficiently by MitoVES. Indeed,
using a fluorescently labelled MitoVES administered to mice, we found high level of fluorescence in
tumours and not in heart, kidney or liver, which demonstrates that MitoVES is selectively taken up by
cancer cells also in vivo [138].
Further, we studied MitoVES anti-angiogenic potential on proliferating and confluent endothelial-like
EAhy926 cells and showed that the drug was much more effective in induction of ROS production and
apoptosis in proliferating cells [139]. Importantly, we found, that the resistance of the confluent growth
arrested endothelial-like cells could be ascribed to their lower ΔΨ compared to their proliferating
counterparts, which was about three-fold lower [139]. Again, experiments with the mitochondrial
uncoupler FCCP confirmed that MitoVES is preferentially taken up by mitochondria with higher ΔΨ
[139].
We also studied a mechanism by which cancer cells could potentially acquire resistance to α-TOS and if
this could be overcome by the application of the mitochondrially targeted derivative. Exposure of two
different lung cancer cell lines to escalating doses of α-TOS made them resistant to the agent. We found
this to be the result of upregulation of the ABCA1 protein from the family of ABC transporters
associated with multidrug resistance. On the other hand, MitoVES which is taken up on the basis of
plasma membrane potential and quickly accumulates in mitochondria, bypassed the increased level of
ABCA1 transporter and efficiently killed the cells resistant to α-TOS [140]. This finding may have
clinical implications as shown in a single patient with malignant mesothelioma. This patient was treated
by transdermal application of α-TOS. Over several years, the tumour did not progress and even started
to recede. However, the tumour then started to grow quickly and the patient passed away. While we
have no evidence at this stage, it is possible that the patient developed resistance to the drug. We believe
that this could be in the future overcome by the application of MitoVES.
After defining MitoVES superiority over parental α-TOS and, importantly, showing its effectivity and
safety in vivo, we turned our attention to its target site within mitochondria, CII of the ETC, and to the
mechanism by which its inhibition leads to ROS production. This issue needed further clarification for
two reasons. First, although we have shown that CII Qp site is important for ROS production using
several experimental approaches that employed B9 cells lacking fully functional CII [45, 133] as well as
cells with a mutation in the Qp site, these are only circumstantial proofs, because the mutant has not been
further characterised and the mutation at the Qp site can as well lead to another CII dysfunctional model,
such as the parental B9 cells. Further, the actual target of MitoVES could be upstream of CII, and CII
could only serve here as an amplifier of the signal as it has been suggested before that CII works as a
sensor and modulator of apoptosis [141], disintegrating after the mitochondrial calcium influx [19] and
pH changes during apoptosis [18] whereby enhancing ROS generation [18, 19]. Second, a reason to
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study in more detail interaction of MitoVES with CII is due to the fact that this complex has been rather
neglected as a site for ROS formation within the ETC, which has been ascribed largely to CI and CIII
[21, 22]. This attitude towards CII has just begun to change due to several recent reports indicating that
ROS production directly from CII is occurring in mammalian cells [34, 35, 47], nematodes [142] and
plants [40].
To elucidate these questions, we employed again the CII-deficient B9 cells. This cell line was described
by Scheffler’s group to lack functional CII due to a premature stop codon in the gene coding for the
SDHC subunit [45]. SDHC and SDHD subunit comprise the Qp site of CII, and several amino acid
residues of SDHC were predicted to stabilise the functional succinyl group of α-TOS [106], which αTOS shares with MitoVES [133]. For this reason, the B9 cells lacking the SDHC protein present a great
model, into which we could insert SDHC with desired changes, in our case mutations resulting in
substitutions of amino acids possibly interacting with MitoVES or flanking the cavity in the protein at
which bottom is the UbQ and presumably, too, α-TOS/MitoVES-binding site. Alhough the B9 cell line
is of Chinese hamster origin and the SDHC gene sequence used for mutagenesis and transfections was
human, it was previously shown, that human SDHC gene can reconstitute the CII activity in these cells
[45, 46]. Since human cell lines would be better to work with, we tried to knock out SDHC using the
zinc-finger nuclease approach for MCF-7 and HEK293 cells. Regardless of numerous attempts, we
failed to achieve this goal, therefore used B9 cells.
We reconstituted CII activity with wild-type (WT) and mutated SDHC gene. While B9 cells with WT
SDHC underwent efficient apoptosis when challenged with MitoVES, all three mutant lines were
significantly more resistant to the agent [143]. We then assesed the impact of the mutations on CII
assembly and function by various methods employing either isolated mitochondria (subjected to BNE
and SQR and SDH in gel activity evaluation), permeabilised cells (assessed for respiration using the
oxygraph) or intact cells (evaluated for the level of succinate by mass spectrometry). This thorough
characterisation revealed that neither of the mutations affected CII assembly, but electron transporting
capacity of CII was almost completely suppressed in the R72C variant cells. We found a subtle defect in
respiration after uncoupling of mitochondria in the S68A variant cells, where we observed no rise in
succinate-dependent oxygen consumption after addition of FCCP as was the case of the WT and I56F
variant cells [143]. In mitochondria, CII converts succinate to fumarate; in case this activity is impaired,
higher succinate concentrations are detected in affected cells and tissues [144, 145]. Therefore, the
evaluation of intracellular succinate levels was very important for elucidating the real impact of
individual mutations on CII activity under physiological conditions in intact cells. This showed that
intracellular succinate levels in S68A variant cells were as low as in WT and I56F cells, while succinate
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levels in parental B9 and R72C cells were much higher [143]. This suggests that the uncoupling defect
in S68A cells may be of little significance in intact cells.
The finding that I56F and S68A mutations did not lead to impaired CII activity was of importance. The
reason is that, as discussed above, there would be no direct proof of CII interaction with MitoVES
without functional CII with intact electron flow and the mutant cells would just reciprocate the
phenotype of parental B9 cells. Detailed respirometry studies confirmed that MitoVES inhibitory effect
on CII is lower in both CII-variant cell lines, i.e. I56F and S68A [143]. To verify the effect of the
mutations on the Qp site in CII, we performed the same experiments with malonate, an inhibitor of
succinate-binding site in CII, and TTFA, which inhibits CII at the Qp site. These experiments confirmed
that the mutations affected only the Qp site, as there was no difference in the inhibition with malonate,
while TTFA proved to be much stronger inhibitor of CII in the S68A variant than in the WT and I56F
cells. The more potent inhibition of CII with TTFA correlated with higher level of apoptosis induced by
this inhibitor and provided strong support for direct involvement of CII in cell death induction [143].
Further, utilising the recently developed fluorescence module together with the Oroboros Oxygraph-2k,
we could show with isolated mitochondria that inhibition of CII-dependent respiration with either
MitoVES or TTFA leads to ROS production. In agreement with the observations by others [33-35], we
could only observe ROS production in the presence of low, in our case 500 µM succinate, and only after
substantial CII respiration was blocked by the CII inhibitor [35]. It was suggested that high (5-10 mM)
succinate concentrations, usually used in respirometry studies [32], block the access of molecular
oxygen to electrons at the FAD site, so that superoxide is not produced [35]. Importantly, the increase in
ROS production in these experiments followed the pattern of susceptibility to apoptosis and was
confirmed in flow cytometry assays with the fluorescent probe DHE in intact cells. The only exception
was the R72C variant, where very low residual CII activity sufficed to support some ROS production in
the presence of low succinate (particularly with TTFA), but the cells showed very low apoptosis and
ROS production with both inhibitors [143]. Though apparently surprising, this observation is rather
interesting and could be easily explained by the model of superoxide production from CII mentioned
above [35]. Due to severely impaired CII activity, these cells accumulate high levels of succinate, that
will block superoxide production from CII in intact cells. This effect would not be present in the case of
fluorescence respiratory measurements done with isolated mitochondria in the presence of low
succinate, so the rise in ROS production after addition of the inhibitor could be observed.
When analysing our observations of the effect of MitoVES on the different CII-variant cell lines,
another aspect of MitoVES action on mitochondria should be discussed. It has been reported that
MitoVES at very low doses acts as an uncoupler and collapses ΔΨ to stimulate oxygen uptake [146].
We also observed this uncoupling effect of MitoVES in our inhibitory studies. High ΔΨ was very often
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accepted as a prerequisite for increased ROS production from mitochondrial ETC [23, 147] because if
ΔΨ across the inner membrane of mitochondria becomes too high, CI, CIII and CIV, which also work as
proton pumps, start to have difficulties to pump protons against the high ΔΨ. Electrons in the ETC thus
become stalled and easily escape into the extra-membrane environment, where they can recombine with
molecular oxygen to form superoxide [148]. In this context, reverse electron transport from reduced
UbQH2 to CI (see Introduction) is usually considered responsible, and such ROS production can be
suppressed with the CI inhibitor rotenone [22]. Here it could be argued that the MitoVES uncoupling
propensity works against the idea of reverse electron transport being responsible for ROS generation by
this compound. However, data presented in this thesis and in detailed studies by Moreno-Sanchez and
colleagues who showed that rotenone had no effect on ROS production with MitoVES in various models
of isolated mitochondria and that reverse electron transport does not contribute to elevated ROS when
MitoVES is used as a CII inhibitor [149].
Quinlan and colleagues recently observed that CII can generate ROS at rates comparable to those of CI
and CIII, and in the absence of protonmotive force [34]. Moreover, our results suggest that the initial
dissipation of ΔΨ with MitoVES could even result in higher ROS production in comparison with nonuncoupling CII inhibitors, as the proton pumps in the ETC do not have to work against high electrochemical gradient. Movement of electrons and their ‘leak’ can be in such case rather rapid. In our
experiments, we observed that MitoVES led to higher ROS production than TTFA, and the reason for
this could be the uncoupling property of MitoVES. In this context, the S68A CII variant, whose partial
defect results in the failure to ‘uncouple’, offers an interesting model. This mild defect, which has
possibly no impact under coupled conditions, might be one of the reasons why ROS generation in these
cells is lower and why they are more resistant to MitoVES. Nevertheless, the inhibitory curve obtained
with MitoVES also points to diminished binding of the drug in the Qp site compromised by the S68A
mutation.
To further support our findings that increased ROS production links the inhibition of CII and cell death
induction, we over-expressed catalase in WT and S68A variant cells and found that this additional ROS
detoxifying mechanism lowered the apoptotic response. For this experiment, we chose these two cell
lines, since they represent the high and low responders to both inhibitors used [143].
When we tried to correlate the inhibition of CII with yet another widely used inhibitor of CII, Atpenin V
[36], we found, that this inhibitor, though extremely potent (IC50 15-20 nM in B9 derived CII variant
cell lines), did not induce apoptosis nor ROS production in either cell line tested [143]. We suspect, that
the reason for this could be the strong inhibition of CII, resulting in quick build-up in succinate levels,
which would subsequently block ROS production from CII. Indeed, results from measurement of
intracellular succinate after addition of each of the inhibitors tested show that, in contrast to MitoVES
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and TTFA, 30 min incubation with Atpenin A5 increased succinate levels 5-fold [143]. These findings
demonstrate that CII inhibition results in cell death only when intracellular succinate accumulation is not
too rapid and ROS can be efficiently formed, and further help to elucidate the controversial role of CII
in superoxide production and cell death induction.
We further found that MitoVES exerts its anti-cancer effects not only at doses leading to cell death but
also at sub-apoptotic levels. Under these conditions, MitoVES inhibits cell proliferation by way of
suppression of the mitochondrial transcription factor TFAM, resulting in inhibition of mtDNA
transcription, which was showed to occur both in vitro and in vivo. In a transgenic mouse model of
breast cancer, MitoVES lowered levels of mtDNA transcripts in cancer cells but not in normal tissue.
We proposed an involvement of CII-derived ROS in this process as cells lacking functional CII, where
MitoVES cannot produce ROS, did not undergo cell growth arrest upon MitoVES treatment [138].
In the context of CII mutations and ROS production, it might be interesting to mention the role of CII in
certain rare cancers, such as paraganglioma and pheochromocytoma. Here CII plays a role of classical
tumour-suppressor, because its inactivating mutations lead to a tumorigenic phenotype through
accumulation of succinate and/or increased ROS production. Considering the fact that neither we, nor
others [33, 35] have observed increased ROS production from CII at higher succinate levels, which
occur in these tumours [144], we would conclude that higher succinate is a more plausible cause of the
tumorigenic transformation. And if higher levels of ROS are observed within these tumours and cell
models, they are probably not of CII origin. Here, it cannot be excluded that if ΔΨ is kept high,
increased succinate concentrations in these tumours may favour the reverse electron flow from CI as
was recently shown to be the case in ischemia/reperfusion injury [31].
Most part of this work has focused on defining the role of CII and subsequent increase in ROS
production in cell death induced by MitoVES, and this was performed using cell culture models.
However, experiments where MitoVES was shown to suppress growth of spontaneous breast carcinoma
in transgenic FVB/N c-neu mice [134, 139] as well as xenografts in Balb-c nu/nu mice derived from
colorectal HCT116 cells [134] provide strong support for its potential anti-cancer effect in vivo, with
very low adverse toxicity. The use of mitochondrial inhibitors in the clinic is only now coming to
attention and as emphasized in a recent paper by Wolf, suggesting that the main benefit of drugs
inhibiting OXPHOS might lie in their combinations with other established anti-cancer agents blocking
proliferation of cancer cells [99]. Further, due to high heterogeneity of cells even within the same
tumour, CII offers an interesting and invariant target. Importantly, it only rarely mutates, which is often
not the case for other metabolic targets.
Targeting the ETC could be also interesting in the context of our recently published findings (a
publication not included in this thesis) that cancer cells without mtDNA show delayed tumour growth
36 | P a g e

and to restore their metabolic capacities, they acquire functional mitochondria from the host, which
enables them to form tumours [150]. This work corroborates the notion of high level of tumour plasticity
and reveals an essential requirement for CII and OXPHOS in tumor progression.
In conclusion, this work has established MitoVES as a promising anti-cancer agent and defined
mitochondrial CII as its target site. Moreover, the CII QP site mutagenesis revealed a direct correlation
between the efficacy of inhibition of the CII QP site, the ensuing ROS production and the extent of cell
death induction, which may be counteracted by high levels of intracellular succinate.

CONCLUSIONS
1. We have shown that mitochondrially targeted MitoVES is superior to non-targeted α-TOS in its anticancer efficiency and that this could be, in large part, ascribed to its mitochondrial localisation and high
ΔΨ.

2. MitoVES kills cancer cells via the intrinsic apoptotic pathway, preferentially engaging the Bak
protein for permeabilisation of MOM.

3. Detailed study of MitoVES interaction with the Qp site of CII confirmed that MitoVES binding to this
site is necessary for stimulation of ROS production and efficient cell death induction.

4. Upon CII Qp site inhibition, ROS are produced directly from the CII dicarboxylate site and this
production correlates with the level of CII inhibition and cell death induction, unless intracellular
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succinate is high, which validates the Qp site of CII as a target for cell death induction with relevance to
anti-cancer therapy.
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ABSTRACT
Respiratory complex II (CII, succinate dehydrogenase, SDH) inhibition can induce cell death, but the
mechanistic details need clarification. To elucidate the role of reactive oxygen species (ROS) formation
upon the ubiquinone binding (Qp) site blockade, we substituted CII subunit C (SDHC) residues lining
the Qp site by site-directed mutagenesis. Cell lines carrying these mutations were characterized on the
bases of CII activity and exposed to Qp site inhibitors MitoVES, TTFA and Atpenin A5. We found that
I56F and S68A SDHC variants, which support succinate-mediated respiration and maintain low
intracellular succinate, were less efficiently inhibited by MitoVES than the wild-type variant.
Importantly, associated ROS generation and cell death induction was also impaired, and cell death in the
wild-type cells was malonate- and catalase-sensitive. In contrast, the S68A variant was much more
susceptible to TTFA inhibition than the I56F variant or the wild-type CII, which was again reflected by
enhanced ROS formation and increased malonate- and catalase-sensitive cell death induction. The R72C
variant that accumulates intracellular succinate due to compromised CII activity was resistant to
MitoVES and TTFA treatment and did not increase ROS, even though TTFA efficiently generated ROS
at low succinate in mitochondria isolated from R72C cells. Similarly, the high affinity Qp site inhibitor
Atpenin A5 rapidly increased intracellular succinate in wild-type cells but did not induce ROS or cell
death, unlike MitoVES and TTFA that upregulated succinate only moderately. These results
demonstrate that cell death initiation upon CII inhibition depends on ROS and that the extent of cell
death correlates with the potency of inhibition at the Qp site unless intracellular succinate is high. In
addition, this validates the Qp site of CII as a target for cell death induction with relevance to cancer
therapy.

Keywords
Complex II, succinate dehydrogenase, ubiquinone-binding site, cell death, reactive oxygen species,
mitochondria, electron transport chain.
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INTRODUCTION
Mitochondrial respiratory complex II (CII), aka succinate dehydrogenase (SDH), directly links the
tricarboxylic acid (TCA) cycle to the electron transport chain (ETC) by mediating electron transfer from
the TCA cycle metabolite succinate to ubiquinone (UbQ).1 For this reason, CII is subjected to a high
electron flux between the succinate-binding dicarboxylate site in the matrix-exposed SDHA subunit and
the proximal UbQ-binding (Qp) site, formed by the SDHC and SDHD subunits embedded in the
mitochondrial inner membrane (Fig. 1B).2-5 Disruption of electron transfer to UbQ, for example by Qp
site inhibition, leads to ROS generation from CII due to the leakage of ‘stalled’ electrons to molecular
oxygen at the reduced flavin adenine dinucleotide (FAD) prosthetic group. However, ROS production
from reduced FAD is only possible when the adjacent dicarboxylate site is neither occupied by its
substrate succinate, typically at low succinate conditions, nor inhibited by other dicarboxylates, for
example by malonate. 6-10
Beyond bioenergetics, CII has emerged as an important factor in cell death induction.11, 12 On the one
hand, it has been proposed that increased ROS production from CII, resulting from changes in matrix
pH and calcium status, amplifies cell death signals originating at other sites.12-15 On the other hand,
inhibition of CII may also directly initiate cell death, as suggested by our previous results with vitamin E
(VE) analogues such as the mitochondrially targeted vitamin E succinate (MitoVES). This compound
inhibits CII activity leading to ROS generation and cell death induction in cancer cells, as evidenced by
the suppression of tumour growth in experimental animal models. 16-20 The efficacy of MitoVES is
greatly reduced in the absence of functional CII, and computer modelling along with other corroborative
evidence suggests that MitoVES binds to the Qp site of CII.16 However, this is only circumstantial
evidence with respect to cell death induction, as cells lacking electron flux within CII due to a structural
defect should not be able to produce CII-derived ROS. Accordingly, not only the direct cell death
initiation upon CII inhibition will be compromised in this situation, but also the indirect signal
amplification mentioned above will be affected.
In the present study, we combined site-directed mutagenesis of Qp site amino acid residues with the use
of Qp site inhibitors MitoVES, thenoyltrifluoroacetone (TTFA) and Atpenin A5 to assess the link
between Qp site inhibition and cell death initiation. We show that for MitoVES and TTFA, the potency
of Qp site inhibition correlates with the extent of ROS production and cell death induction in respirationcompetent CII variants, and that the induced cell death is dependent on CII-derived ROS.
Atpenin, however, did not induce cell death, possibly due to rapid accumulation of succinate in intact
cells, incompatible with ROS generation from CII. These results provide evidence for the role of CII in
cell death initiation and establish the Qp site as a target for cell death induction.
RESULTS
CII Qp site mutagenesis and the experimental model. To explore the role of CII in cell death
induction, we performed site-directed mutagenesis within SDHC, a CII subunit that contributes to Qp
site formation.3 We concentrated on SDHC residues predicted to be in close contact with bound
MitoVES. Serine 68 was mutated to alanine, arginine 72 was replaced by cysteine, and isoleucine 56
was substituted by phenylalanine (Fig. 1). Recent data indicate reduced cell death induction by
MitoVES in the S68A variant,16 but the functional consequences of this mutation for CII activity have
not been studied. Nevertheless, substitutions of S68 as well as of R72 are expected to compromise CII
activity, based on analogy with E.coli and S. cerevisiae SDH.21-24 The I56 residue is further away from
the Qp site, and its role in CII function is unknown. To evaluate these substitutions, we utilized a
mammalian model of SDHC deficiency, the Chinese hamster lung fibroblast cell line B9. 25 These cells
lack the functional CII due to a nonsense mutation in the SDHC subunit and fail to assemble CII. In
consequence they do not respire on succinate and are completely devoid of CII enzymatic activity.
Stable transfectants of human wild-type (WT) and variant SDHC cDNA were prepared in B9 cells, and
clones with similar level of SDHC were selected. These cells were further transformed by H-Ras fused
to GFP, making them plausible models to study the effect of MitoVES and other Q p site inhibitors on
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transformed cells (Fig. S1). Transformants with similar level of H-Ras were selected to control for HRas level.
Qp site mutations differentially affect CII assembly and enzymatic function. The selected clones did
not significantly differ in their mitochondrial content, as evidenced by similar citrate synthase activity
and mitochondrial protein levels (Fig. 2A, B). Mitochondrial morphology and membrane potential were
also similar for all tested cell lines (Fig. 2C, D). To verify CII assembly, mitochondrial fractions were
subjected to blue native gel electrophoresis and western blotting using an anti-SDHA antibody. As
expected, parental B9 cells did not assemble CII. In contrast, CII was fully assembled in WT and most
of the SDHC variant cells (Fig. 2E), with a minor assembly defect found for R72C variant. These results
were confirmed using an in-gel SDH activity assay (Fig. 2E), which documented assembled CII with
functional dicarboxylate site in all variants except for B9 cells. To assess the condition of the Qp site and
its functional coupling to the dicarboxylate site, succinate-ubiquinone reductase (SQR) activity in the
mitochondrial fraction was determined. While no SQR activity was measurable in B9 cells (Fig. 2F), it
was high in WT and I56F clones. For S68A and R72C variants the SQR activity was significantly
reduced yet remained above the level of parental B9 cells. This suggests that while CII assembles
properly in all tested variants, there is a defect in electron transfer to ubiquinone in the S68A and R72C
variants.
Qp site mutations differentially affect basal CII-driven respiration under native conditions. As the
CII activity assays described above were done on solubilized enzyme, we also examined the effect of Qp
site mutations on CII-mediated respiration in a more natural environment of permeabilized cells. In this
setup respiratory substrates can reach mitochondria, but the mitochondrial outer and inner membranes
remain intact in their ‘native’, undisturbed condition.26 In the presence of the CII substrate succinate,
WT, S68A and, in particular, I56F cells efficiently consumed oxygen. In contrast, R72C and parental B9
cells showed little or no respiration (Fig. 3A). The uncoupler FCCP significantly increased oxygen
consumption in WT and I56F, but not in S68A, R72C or B9 cells (Fig. 3A). Hence, the S68A mutation
only affects the reserve capacity of this mutant and may not be limiting in intact cells. In contrast, a
severe defect in R72C CII substantially compromises its ability to support respiration. To confirm these
findings in intact cells, we determined the steady state levels of intracellular succinate, a proxy for CII
activity.27 As shown in Fig. 3B, succinate concentration in WT, I56F and S68A cells was low, consistent
with fully functional CII. On the other hand, in B9 and R72C cells the succinate levels were
considerably increased. These data demonstrate that whereas B9 and R72C cells cannot utilize succinate
for respiration due to the absent or dysfunctional CII, WT, I56F and S68A cells maintain CII respiration
under coupled conditions expected to occur in a physiological situation.
Qp site mutations compromise the efficacy of cell death induction by MitoVES. Should cell death
induction by the VE analogue MitoVES be dependent on its binding to the Qp site of CII as our previous
work suggested,16 then the efficacy of this agent would be compromised in Qp site mutants. Hence, the
variant cell lines were exposed to MitoVES, a compound previously described to induce apoptosis,17 and
the percentage of annexin V-positive cells quantified. The induced cell death displayed signs typical for
apoptosis (Fig. S2A, B), and was significantly reduced in all tested variant cell lines compared to WT
cells (Fig. 4A). In fact, all substitutions in the Qp site reduced MitoVES-induced cell death nearly to the
level observed in parental B9 cells. Given the absence of assembled CII in B9 cells, this basal level of
cell death must be CII-independent and possibly related to the direct effect of MitoVES on cytochrome
c.28
As ROS generation is the pivotal, early event in the cell death-initiating cascade induced by MitoVES,16,
17
we assessed ROS production in cultured cells upon MitoVES treatment with dihydroethidium (DHE),
a fluorescent probe responsive to superoxide. Compared to WT, all Qp site variant cells showed reduced
ROS formation, which remained at the level similar to that of parental B9 cells (Fig. 4B). In addition,
catalase overexpression and co-treatment with the dicarboxylate site inhibitor malonate reduced cell
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death and ROS production in WT cells to the level found in the mutants (Fig. 4C, D, E). These data
indicate that the Qp site mutations decrease the efficacy of MitoVES-induced ROS generation and that
the induced cell death depends on CII-derived ROS.
Mitochondrial glycerophosphate dehydrogenase (GPD2) feeds electrons into the mitochondrial UbQ
pool similarly to CII and can also produce ROS. It has recently been shown that alpha tocopheryl
succinate (αTOS), an untargeted analogue of MitoVES, inhibits GPD2 activity in brown adipose tissue
(BAT).29 However, it is unlikely that GPD2 is responsible for the observed ROS and cell death induction
upon MitoVES treatment in our experimental model, as the GPD2 levels are much lower than in BAT
(Fig. S2D). In addition, GPD2 inhibition by αTOS decreases, rather than increases, GPD2-derived
ROS29, and MitoVES accumulation at the inner mitochondrial membrane/matrix interface16 owing to the
mitochondria-targeting triphenyl phosphonium group will keep it physically separated from the
intermembrane space-localised GPD2. The role of the reverse electron flow from GPD2 to FAD6 in CII
and subsequent ROS generation from that site can also be discounted, as this would be inhibited, not
stimulated, by MitoVES bound to the Qp site. Therefore, CII functioning in the forward manner is the
likely source of ROS observed upon MitoVES treatment of intact cells.
Sensitivity to Qp site inhibition correlates with efficacy of cell death induction unless succinate is
rapidly accumulated. If the attenuated ROS and cell death induction described above resulted from
reduced displacement of UbQ by MitoVES at the Qp site of variant CII, then these variants should
display resistance to inhibition by MitoVES. For this reason, we assessed the effect of increasing
concentrations of MitoVES on CII-driven respiration at high succinate (10 mM). Only respirationcompetent variants, i.e. WT, I56F and S68A lines were used in this experiment. As shown in Fig. 5A,
the efficacy of respiration inhibition was reduced for I56F and S68A variants compared to WT cells, in
direct correlation with the observed decrease in ROS levels and cell death induction (c.f. Fig. 4A, B). In
contrast to MitoVES, malonate suppressed oxygen consumption similarly for all CII variants tested (Fig.
5B), confirming that the mutations introduced do not substantially affect the dicarboxylate site.
To better understand this phenomenon, we performed in silico molecular docking simulation of
MitoVES and UbQ with the Qp site of WT and variant CII. These simulations support the assumption
that steric hindrance and differences in affinity can explain less efficient inhibition by MitoVES in S68A
and I56F CII (Fig. S3B, C). Since MitoVES is a relatively large molecule (Fig. S3A), we also examined
the much smaller Qp site inhibitor TTFA using the same methodology. Surprisingly, the highest TTFA
binding affinity was calculated for the Qp site of the S68A variant (Fig. S3C). We therefore evaluated
oxygen consumption in the presence of increasing concentrations of this smaller Qp site inhibitor (Fig.
5C) and found that while for the I56F variant the inhibition by TTFA was similar to WT cells, the S68A
variant was inhibited much more efficiently. For this reason we speculated that the S68A mutation could
also lead to enhanced cell death induction by TTFA, which is known to induce apoptosis. 14 Indeed,
while ROS and cell death were significantly increased in S68A cells, only limited ROS and cell death
induction were observed in B9, I56F, R72C and WT cells upon TTFA treatment (Figs. 5D, E). Features
typical of apoptotic cell death were observed (Fig. S2A, C), and catalase overexpression or malonate
treatment reduced cell death and ROS in S68A cells more than in WT cells (Fig. 5F, G, H). These
results suggest a direct correlation between the potency of Qp site inhibition, CII-mediated ROS
production, and the extent of ensuing cell death for MitoVES as well as TTFA.
Surprisingly, the CII Qp site inhibitor Atpenin A5,24, 30 despite efficient suppression of respiration in WT
and I56F cells (Fig. 5I), did not induce cell death or ROS production (Fig. 5 J, K). In contrast to
MitoVES and TTFA, Atpenin caused rapid increase of intracellular succinate in intact cells (Fig. 5L),
which is incompatible with ROS generation from CII. Hence, CII inhibition results in cell death only
when succinate accumulation is not too rapid and ROS can efficiently be produced.
ROS generation in isolated mitochondria correlates with effective Q p site inhibition at low
succinate. To establish the link between ROS production and CII inhibition, we assessed these two
parameters simultaneously in isolated mitochondria by combining the Amplex Red method of ROS
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detection with oxygen consumption measurements. We used 0.5 mM succinate, because this
concentration closely reflects its non-pathological intracellular levels (c.f. Fig. 3B) and favours direct
ROS production from CII.6, 7 Exposure of WT cell mitochondria to increasing concentrations of
MitoVES resulted in considerable stimulation of ROS production. In contrast, ROS generation was
limited in S68A and I56F mitochondria (Fig. 6A). A modest level of ROS production was also observed
in R72C mitochondria, indicating that the low respiration rate of this mutant can still support ROS
generation in response to its inhibition. As expected, no ROS increase upon MitoVES treatment was
detected in mitochondria from parental B9 cells, which do not assemble CII (Fig. 6B). In addition,
induction of ROS by MitoVES was malonate-sensitive, confirming the involvement of CII (Fig. 6C).
Evaluation of oxygen consumption revealed reduced sensitivity of CII variants to inhibition compared to
WT mitochondria. This effect was visible at higher concentrations of the inhibitor (Fig. 6D), which,
importantly, is within the concentration range where ROS induction becomes apparent (c.f. Fig. 6A).
Finally, no stimulation of ROS production by MitoVES could be detected at high succinate
concentration (10 mM) for any of the variants tested (Fig. 6E), which was confirmed by their
insensitivity to malonate (Fig. 6F).
Compared to MitoVES, ROS induction by TTFA followed a different pattern. While for the I56F variant
it was similar to WT, much more ROS were generated by S68A cell mitochondria (Fig. 7A). This is in
agreement with the very high sensitivity of this mutant to the inhibition by TTFA (Fig. 5C).
Surprisingly, induction of ROS in R72C mitochondria was also increased, which is supported by
computer modelling and is expected to occur only at low succinate not encountered in intact R72C cells
(see Discussion for details; c.f. Figs. 3B, 5E, S3C). In contrast, no ROS production was induced in B9
cell mitochondria (Fig. 7B). Similarly to MitoVES, TTFA-induced ROS generation was suppressed by
malonate (Fig. 7C), directly implicating CII.
With non-saturating concentrations of succinate, the build-up of oxaloacetate may lead to CII inhibition
at the dicarboxylate site,6, 7, 31 complicating interpretation of the results. Oxaloacetate accumulation is
prevented in the presence of the CI inhibitor rotenone, which at the same time limits reverse electron
transfer to CI.8, 32 The inclusion of rotenone in experiments did not substantially alter the response to
either MitoVES (Fig. S4) or TTFA (Fig. S5), excluding these additional factors. In summary, these
results demonstrate that MitoVES and TTFA induce ROS from CII in direct proportion to their ability to
achieve Qp site inhibition at low, physiological succinate, which in turn correlates with the efficacy of
cell death induction.
DISCUSSION
In the last decade it has become clear that various complexes of the mitochondrial ETC play a
multifaceted role in the execution of cell death.33-35 CII has received particular attention as a target of
experimental anti-cancer agents, and the inhibition of the Qp site of CII was shown to induce cell death
in cancer cells in vitro and in vivo.16, 36, 37 Clear evidence was missing, however, because the potential
function of CII as an amplifier of pro-death signals originating elsewhere should also be considered.13, 14
In principle, it cannot be excluded that a given compound, anticipated to engage the Qp site of CII,
triggers a pro-death signal further upstream, followed by indirect amplification of this signal at CII. It is
impossible to distinguish between these two scenarios using cellular models where CII is not assembled,
or is inhibited at the dicarboxylate site. Hence, to demonstrate the autonomous role of CII in cell death
induction, functional CII is required.
The CII Qp site variants I56F and S68A employed in this report respire on succinate similarly to WT
under native conditions, yet display alterations in cell death induction upon Qp site ligation with
MitoVES and TTFA. The level of cell death induction directly correlates with the efficacy of inhibition
of succinate-driven respiration by these agents. Accordingly, both variants were relatively resistant to
the inhibition by MitoVES and to cell death induced by this agent, whereas the S68A variant, which is
more efficiently inhibited by TTFA, underwent proportionally higher level of cell death upon TTFA
treatment. This likely stems from altered ability of the two inhibitors to displace UbQ at the Qp site of
the individual variant proteins. Indeed, experimental data could be explained by different binding
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affinities and various degrees of steric hindrance computationally predicted for variant Qp sites (Fig. S3).
These observations are consistent with the direct, autonomous role of CII in cell death initiation by these
agents, and cannot be reconciled with the role of CII as a mere amplifier of upstream effects originating
at other sites. The engagement of cell death induction pathways unrelated to CII can be also discounted.
In the latter scenarios, all variants retaining CII activity would behave similarly, which is clearly not the
case. Compared to WT cells, the variant cell lines show lower response to MitoVES but higher (or
similar) level of cell death upon TTFA treatment. This indicates that the mutations are not associated
with non-specific defects in cell death induction in our system, and excludes CII-unrelated ROS sources
such as GPD2. Accordingly, this study establishes, for the first time, a direct connection between CII
inhibition at the Qp site and initiation of cell death.
In sub-mitochondrial particles, it has been previously established that CII can produce ROS upon Qp site
inhibition only when FAD is reduced and the dicarboxylate site is unoccupied. 7, 38 In intact cells, this
introduces an additional level of complexity, because the lack of enzymatically active CII will result in
the accumulation of its substrate succinate due to the poor membrane permeability of this metabolite. 27
Succinate then might block the dicarboxylate site and restrict oxygen access to FAD, attenuating ROS
production.6 Indeed, the R72C mutation associated with low residual enzymatic activity of CII did not
reduce TTFA-dependent induction of ROS in isolated mitochondria where succinate is low (Fig 7B,
S5B), but suppressed TTFA-induced ROS and cell death in intact cells where succinate is high (Figs.
3B, 5D, E). Similarly, Atpenin A5, a high affinity Qp site inhibitor,24, 30 did not induce ROS and cell
death in intact cells (Fig. 5J, K) in this and an unrelated39 study, even though it had been previously
shown to efficiently generate ROS from CII in sub-mitochondrial particles, where succinate cannot
accumulate.7 We propose that in intact cells the blockade of the dicarboxylate site of Atpenin-inhibited
CII, possibly by oxaloacetate as reported6 or by the rapidly accumulated succinate (Fig. 5L), is the likely
reason for this discrepancy. This is consistent with the known behaviour of CII and suggests that CII is
the bona fide source of ROS in intact cells upon Qp site inhibition. Furthermore, co-treatment with
dicarboxylate site inhibitor malonate suppressed ROS generation and cell death upon MitoVES and
TTFA administration in responsive cell lines, and MitoVES/TTFA-induced cell death was catalasesensitive (Figs. 4C, D, E and 5F, G, H). We therefore suggest that cell death will be induced only when
the Qp site is inhibited in a manner that allows ROS to be generated (Fig. 8). Accordingly, Q p site
inhibition that is too efficient or rapid, such as with Atpenin, will suppress all CII activity and reduce
FAD, but at the same time block the dicarboxylate site by succinate (or other dicarboxylate), quenching
ROS formation. Slower, less efficient inhibition, such as with MitoVES or TTFA, will leave some CII
molecules unoccupied, slowing down succinate accumulation such that the Qp site-blocked CII
molecules can produce ROS and induce cell death. Reduction of Qp site inhibition by mutations that do
not reduce CII activity will then leave insufficient number of Qp site-blocked CII molecules to generate
ROS, whereas mutations that compromise CII activity will upregulate succinate, limiting ROS
production from FAD.
In conclusion, the data presented in this study provide support for the direct role of CII in cell death
initiation by demonstrating a clear correlation between the efficacy of inhibition at the Qp site of CII and
the magnitude of cell death in respiration-proficient CII variants for Qp site inhibitors that do not
excessively upregulate succinate. Despite being focused on CII, our results may also be relevant for
other ETC complexes, as many ETC inhibitors reported to promote cell death also modulate cell death
pathways independent of the ETC. For example, the CI inhibitor rotenone destabilizes microtubules,40, 41
and the CII inhibitor α-TOS as well as the complex III inhibitor antimycin act as BH3 mimetics.42, 43 To
our knowledge, it has never been unequivocally shown for any of these compounds that ETC inhibition
is instrumental in cell death induction by correlating ETC inhibitory efficacy of a single compound at
any of the ETC complexes with the extent of cell death. Hence, this report defines the Qp site of CII as a
suitable target for cytotoxic agents and demonstrates that ETC targeting may present a potential
clinically relevant approach to cancer treatment.44
MATERIALS AND METHODS
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Chemicals and reagents. All chemicals and reagents were from Sigma, unless otherwise stated.
MitoVES was synthesized in house as described earlier.16 Atpenin A5 was from Enzo Life Sciences.
Cell culture. Parental cells and variant cell lines were cultured in high glucose (4.5g/L) DMEM medium
(Lonza) supplemented with 10% FCS, non-essential amino acids (both Life Technologies) and
antibiotics at 37 ºC and 5% CO2. Eahy926 cells were cultured as described.18
Qp site mutagenesis and the generation of variant cell lines. Generation of the S68A variant was
described earlier.16 For other variants, site-directed mutagenesis of human wt SDHC cDNA was
performed in the pEF-IRES-PURO expression vector using the QuickChange Lightening mutagenesis
kit (Stratagene) and the following mutagenesis primers: I56F, 5'-gtcctctgtctccccactttactatctacagttgg-3'
(forward),
5'-ccaactgtagatagtaaagtggggagacagaggac-3'
(reverse),
R72C,
5'gatgtccatctgccactgtggcactggtattgc-3' (forward), 5'-gcaataccagtgccacagtggcagatggacatc-3' (reverse). The
sequences were confirmed by DNA sequencing and used to transfect the SDHC-deficient B9 fibroblasts
using the Attractene reagent (Qiagen), followed by incubation with 2-4 µg/ml puromycin for two weeks.
Clones were analyzed for the expression of human SDHC by RT-PCR and those selected were stably
transfected with pEGFP-C3-H-Ras as described with the exception of using Attractene for
transfections,36 after which transfectants with similar level of GFP-H-Ras expression were selected.
Total RNA was collected, and the presence of the variant transcript was verified by cDNA sequencing.
Quantitative Real time-PCR. Was performed essentially as described.16 Primers for human SDHC
detection were 5’-cacttccgtccagaccggaac-3’ (forward) and 5’-atgctgggagcctcctttcttca-3’ (reverse).
Western blotting. Cells were lysed in RIPA buffer (150 mM NaCl, 1.0% Nonidet NP-40, 1% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with protease and phosphatase inhbibitors
for 30 minutes with shaking on ice. Protein content was determined by the BCA assay (Pierce). Samples
were boiled for 5 min in reducing loading buffer before separation on SDS-PAGE gels. Wet blotting
was used to transfer the separated samples to nitrocellulose membranes (Whatman). Immunoblotting
was done in TBS/tween supplemented with 5% non-fat dried milk overnight at 4 ºC. Following
antibodies were used: anti-H-Ras (Santa Cruz sc-520), anti-actin HRP labeled (Cell Signaling, 5125),
unlabeled actin (Millipore, MAB1501, used for Fig. 2B), anti-cleaved caspase 3 (Cell Signaling, 9664),
anti-catalase (Abcam, Ab1877), Anti-Vdac1/porin (Abcam, ab15895), anti-SDHA (Abcam, ab14715),
anti-ATPase alpha subunit (Abcam, ab14748). Rabbit polyclonal antibody to GPD2 was custom
prepared.45 HRP-conjugated secondary antibodies were used in TBS/tween with 5% non-fat dried milk
for 1 h at room temperature. WB signals were quantified using the Aida 3.21 Image Analyzer software
(Raytest).
Mitochondria isolation. Mitochondria isolation was performed according to a recently described
method, with some adaptations.46 Cells were released by trypsin, washed in PBS, and 40-50x106 cells
were transferred to 5mL of mitochondria isolation buffer (200 mM sucrose, 1mM EGTA, 10 mM
Tris/Mops pH 7.4). The cell suspension was homogenized by three passes through a cell homogenizer
(Isobiotec) set to 10 µm clearance using 5 mL syringe (SGE, 5MDF-LL-GT) at 0.5 mL/min flow at 4
ºC. The homogenate was centrifuged (at 4 ºC) at 800g for 8 min, supernatant was collected and precleared at 3000g for 5 min. The final collection of mitochondrial pellet was done at 10000g for 15 min.
Protein content was determined by the BCA assay. The mitochondria were undamaged, viable and well
coupled, as determined by respirometry (see below) from their reaction to the addition of ADP (about 5x
increase in respiration), FCCP (substantial increase of respiration) and cytochrome c (no or very little
increase in respiration).
Blue native electrophoresis. Isolated mitochondria were solubilized in the extraction buffer (1.5 M
aminocaproic acid, 50 mM Bis-Tris, 0.5M EDTA, and pH 7) containing 1.3% lauryl maltoside or 8 g
digitonin / g protein. Samples comprising 20-30 µg of protein were then mixed with the sample buffer
(0.75 M aminocaproic acid, 50 mM Bis-Tris, 0.5M EDTA, pH 7, 5% Serva-Blue G-250, and 12%
glycerol) and loaded on the precast NativePAGE Novex 4–16% Bis-Tris gels (Life Technologies) and
run overnight at a constant voltage of 25 V. Separated protein complexes were then transferred to the
PVDF membrane (Millipore), using the Trans-Blot Turbo transfer system (Biorad). CII was detected
with the anti-SDHA (2E3) antibody (Abcam, AB14715-200).
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In-gel SDH activity. 20-30 µg of lauryl maltoside or digitonine solubilized mitochondria (see above)
were mixed with sample buffer containing 50 % glycerol with 0.1 % Ponceau dye and run on the precast
NativePAGE Novex 4–16% Bis-Tris gel at constant voltage of 100 V, which was raised to 500 V after
the samples entered the separation gel. 0.05 % deoxycholate and 0.01 % lauryl maltoside were added to
the cathode buffer for higher resolution as described.47 Gels with separated protein complexes were
incubated for 30 min in assay buffer containing 20 mM sodium succinate, 0.2 mM phenazine
methosulfate and 0.25 % nitro tetrazolium blue in 5 mM Tris/HCl, pH 7.4. The reaction was stopped
using solution of 50 % methanol and 10 % acetic acid and gels were immediately photographed.
SQR activity measurement. 25 µg of mitochondria were incubated in 200 µL of 25mM phosphate
potassium buffer (pH 7.4) containing 0.1 % Triton X-100, 20 mM succinate, 2µM antimycine, 5µM
rotenone, 10mM sodium azide, 50 µM decylubiquinone for 3-5 min in 96 well plate. After 30 s
recording of the measurement at 600 nm, 10 µl of 2,6-dichlorphenol indophenol (0.015% w/v) was
added and the reaction was recorded for another 2-3 minutes. Identical measurements were performed in
the presence of 20 mM malonate, and the net SQR activity was obtained by subtracting malonateinsensitive rates.
Mitochondrial membrane potential measurements. Cells were seeded in 12-well plates a day before
the experiment. On the day of experiment, one well was used to determine total cellular protein by BCA.
The rest of the cells were collected by trypsin, washed with PBS, and resuspended in Mir05 medium
(see below) at 0.5 mg/mL concentration with 10 mM succinate, 2 mM malate, 10 mM glutamate, 3 mM
ADP and 20 nM TMRM. Next, 60 uL of this cell suspension was permeabilized with 0.1 µg digitonin
per µg protein for 5 min at room temperature, and immediately measured on LSR-II flow cytometer
(Beckton-Dickinson) for the TMRM fluorescence signal. Finally, 0.2 uL of 1mM CCCP was added and
the TMRM signal after uncoupling was assessed. The relative mitochondrial membrane potential was
determined as the ratio of TMRM signal before and after the addition of CCCP (f/f0).
Confocal microscopy. Live confocal images were obtained basically as described48 with minor
modifications. The cells in complete medium in microscopy glass bottom dishes were incubated with
250 ng/ml Hoechst 33342 nuclear stain and 10 nM TMRM for 15 minutes and imaged with 63x oil
immersion lens at the heated stage of an SP5 confocal microscope (Leica Microsystems). 2 µm thick
stacks were obtained, deconvoluted with the Huygens Professional software (SVI) and presented as
maximal intensity projections.
Determination of intracellular succinate. Cells were cultured for 24 h, washed with PBS, scrapped
and extracted in 96% ethanol in a cold methanol bath. Extracts corresponding to equal number of cells
were used in further analysis (106 cells per 1.6 mL). After addition of the internal standard the extracts
were dried under argon stream. Afterwards, 50 μL of benzyl alcohol and 30 μL of TMS-chloride were
added to the dried samples, and the closed Eppendorf tubes were placed in the ultrasonic bath (room
temperature, 45 min) and in an oven (80 °C, 45 min). A final volume of 500 μL was adjusted by adding
acetonitrile. Quantification of the derivatized acids was performed with an LC–ESI/MS system (Bruker
Esquire 3000), in positive ionization mode. The mass spectrometer was connected to a liquid
chromatography system of the 1100/1200 series from Agilent Technologies. Reversed-phase separation
of the derivatives was performed on a Supelcosil 150 × 4.6 mm column with a silica-based C-18
stationary phase (5-μm particle diameter). The mobile Phase A was acetonitrile and Phase B was H 2O,
0.1% formic acid. Agilent ChemStation for LC 3D systems B01.03 was used to control the instruments
and for data processing. The gradient program was 0 min 50% B, from 0 to 8 min to 5% B and at 20 min
back to the initial conditions of 50% B. The injection volume was 10 μL. The LC separation and the ESI
settings of the Esquire instrument were optimized utilizing a dibenzyl oxalate as an internal standard.
Intracellular succinate concentration was calculated using average cell diameter of 14 µm.
Measurement of CII respiration in permeabilized cells. Cells were collected by trypsinization,
washed in PBS, resuspended in Mir05 medium (0.5 mM EGTA, 3mM MgCl2, 60 mM K-lactobionate,
20 mM taurine, 10 mM KH2PO4, 110 mM sucrose, 1 g/L essentially fatty acid-free BSA, 20 mM Hepes,
pH 7.1 at 30 ºC) and transferred to the chamber of the Oroboros Oxygraph-2k (Oroboros Instruments)
for respiration measurements at 37 ºC. The chamber was closed when the oxygen signal became stable,
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and after recording the routine respiration on intracellular substrates the plasma membrane was
permeabilized by 10 µg digitonin per million cells. The CII respiration was determined in the presence
of 0.5 µM rotenone, 10 mM succinate, 3 mM ADP and 10 µM cytochrome c. The maximal respiration
in the uncoupled state was then achieved by FCCP titration in 0.5 µM steps. 2.5 µM antimycin A was
added at the end to inhibit ETC, and the residual oxygen consumption after antimycin addition was
subtracted from all results to obtain the mitochondria-specific rates.
Inhibition of CII respiration. Cells were permeabilized as above, and the effect of CII inhibitors was
assessed in the presence of 10 mM succinate, 3 mM ADP, 0.5 µM rotenone, 10 µM cytochrome c and
FCCP. The inhibitors (MitoVES, TTFA, Atpenin A5 or malonate) were titrated to the chamber in
regular intervals (5 min) and the rate of oxygen consumption was assessed after each addition. 49 Solvent
only was titrated into control chambers in parallel to check for non-specific effects and cell
deterioration, but the respiration rates remained virtually unaffected (less than 10% decrease at the end
of the experiment). Respiration rates after 2.5 µM antimycin A addition were subtracted to obtain
mitochondria-specific rates.
Simultaneous measurements of ROS production and oxygen consumption in isolated
mitochondria. The chambers of the Oroboros Oxygraph instrument equipped with the O2kFluorescence LED2-Module (Oroboros Instruments) were calibrated at 37 ºC with the Budapestmodified respiration medium ( 120 mM KCl, 20 mM HEPES, 10 mM KH2PO4, 2.86 mM MgCl2, 0.2
mM EGTA, 0.025 % BSA, pH 7). After closing the chambers, Amplex Ultra Red (Life Technologies)
and peroxidase were injected (at final concentrations 5 µM and 1 U/mL, respectively), followed by the
addition of 200 µg of isolated mitochondria, 0.5 µM rotenone (where indicated), 0.5 or 10 mM succinate
and 3 mM ADP. The tested inhibitors were titrated as above, and the amount of hydrogen peroxide
generated was determined based on the conversion of Amplex Ultra Red to the highly fluorescent
product resorufin50 using excitation LED 525 nm equipped with the Amplex red filter set. Oxygen
consumption was recorded simultaneously in the same chamber. 5 mM malonate was added at the end
of the titration experiment to confirm that the signal is succinate-dependent. After this, hydrogen
peroxide of known concentration was titrated to the chamber in several steps to calibrate the
fluorescence signal. Finally, 2.5 µM antimycin A was added to subtract non-specific respiration rates.
ROS measurement in intact cells. The cells were seeded in 12 well culture plates and grown for 24 h.
To start the experiment, tested compounds were added to the culture medium and after 15 min,
dihydroethidium was added to the final concentration of 20 µM. After another 15 min, the cells were
harvested by trypsin, and oxidized ethidium fluorescence was measured on a LSR-II flow cytometer
(Becton Dickenson) and expressed as mean fluorescence intensity.
Cell death measurements. Cells were seeded in 12 well culture plates and grown for 24 h. After that,
tested compounds were added as indicated. Medium was collected after the required incubation time, the
adherent cells were washed by PBS and harvested by trypsin. All these fractions were combined,
washed by PBS and incubated with PE- or Dy647-labelled annexin V (Beckton Dickinson, Apronex) in
the supplied binding buffer for at least 10 minutes. Hoechst 33258 was added to mark the cells with
ruptured cell membrane. Annexin V-positive fraction was measured by flow cytometry. The results were
expressed as the percentage of annexin V-positive cells. For the catalase experiments, cells were
transfected two days before the experiment with a control or catalase-containing vector (a kind gift of
Dr. S Lortz)51 using the Fugene transfection reagent (Promega) according to manufacturer’s instruction.
Computer modelling. The structure of wild type human mitochondrial complex II was obtained as a
homology model based on the highly homologous template of the porcine CII3 (pdb id 1zoy, sequence
identity 95, 96, 92, and 88% for SDHA to SDHD) using the Modeller suite of programs. 52 The single
point SDHC mutations (I56F, S68A, R72C) were then introduced using the FoldX program, 53 which
was also used to optimize the side chain rotamers within the WT as well as mutated structures. All the
structures were further subjected to a short (10 ns, implicit solvation) molecular dynamics (MD) run in
order to relax the potentially non-equilibrium structures. The MD was prepared and performed using the
GPU version of the GROMACS suite of programs54 as implemented in the OpenMM Zephyr package.55
Average structures from second half of the simulations were further used for the docking study. The
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docking study of the MitoVES, TTFA, and ubiquinone ligands/inhibitors to a series of mutated
mitochondrial complex II structures was performed using the autodock suite of programs. 56 The ligands
were docked into the homology model of human CII and its single point mutants using Python
Molecular Viewer version 1.5.6rc3.57 Each ligand was allowed to sample docking poses in a box
(70x70x70 grid points with 0.375 Å spacing) centered at the level of the ubiquinone binding site (based
on the crystal structure). The side chains of residues surrounding the binding site were considered
flexible. A series of four separate “local search” runs of 50 cycles each was performed and results
combined to find the most stable poses.
Statistical analysis. Statistical analysis was performed using GraphPad Prism 6 software. Statistical
significance was determined by oneway ANOVA followed by Dunnett’s post test. For pair-wise
comparisons (Figs. 3A, 4C,D,E, 5F,G,H, 6C, 7C, S4C, S5C) we used unpaired t-test. p≤0.05 was
considered statistically significant. The value of n indicates the number of independent experiments.
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Figures

Figure 1. Amino acid substitutions in the Qp site of CII. (a) Multiple species alignment of the SDHC
region bordering the Qp site shows a high level of conservation. Amino acid substitutions prepared for
this study are indicated in human SDHC. (b) Three dimensional representation of CII and the topology
of the Qp site. SDHC residues mutated in this study are indicated by arrows. Displayed is the humanized
crystal structure of porcine CII.[8] (c) A snapshot from molecular dynamics simulation of MitoVES
interaction with the Qp site of CII in the presence of phospholipid bilayer.[133] One of the possible
conformations of MitoVES is shown in orange, substituted SDHC residues are depicted in magenta.
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Figure 2. Qp site substitutions do not decrease mitochondrial content, membrane potential or CII
assembly, but can compromise CII activity in the presence of detergents. (a) Citrate synthase was
measured in the whole cell lysates and corrected to protein content. (b) Selected mitochondrial proteins
were analyzed by western blotting using 10 and 20 µg of whole cell protein. A representative blot is
shown along with quantifications based on 3 independent experiments (c) Mitochondria were visualized
by live confocal microscopy using TMRM, the nuclei were counterstained by Hoechst 33342. Scale bar,
5 µm. (d) Mitochondrial membrane potential was determined as a ratio of TMRM loading in the
presence and absence of FCCP, n = 3, mean ± SEM. (e) Native blue gel electrophoresis of either
digitonin- or lauryl maltoside-solubilized mitochondrial fraction isolated from CII variant cell lines.
Assembled CII was detected by anti-SDHA antibody, or by in-gel SDH activity assay using phenazine
methosulfate (PMS). Representative experiments are shown (f) SQR activity measurement in isolated
mitochondrial fraction in the presence of 0.1% Triton-X100 indicates activity impairment for amino acid
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substitutions in position S68 and R72. Data represent mean values ± SEM of 3 independent experiments.
The symbol * indicates values significantly different from WT.

Figure 3. Substitutions in the Qp site affect CII activity less severely in the native environment. (a)
Oxygen consumption of digitonin-permeabilized cells respiring on 10 mM succinate in the presence of
rotenone and ADP (coupled) and the maximal rate after addition of FCCP (uncoupled). While I56F and
S68A variants support the respiration on succinate, B9 and R72C cells are deficient. The S68A defect is
apparent only upon uncoupling. Mean ± SEM of 3-4 independent experiments. The symbol * indicates
values significantly different from WT in the coupled state (oneway Anova), the symbol # values
significantly different from WT in the uncoupled state (oneway Anova), and the symbol ** values
significantly increased after FCCP addition (t-test). (b) Intracellular succinate measured by mass
spectroscopy in extracts from an equal number of cells indicates functional CII in the WT, I56F and
S68A. Mean ± SEM of 2 independent experiments, the symbol * indicates values significantly different
from WT.
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Figure 4. Qp site substitutions lead to reduced cell death induction and ROS generation in response to
MitoVES, and the induced cell death is dependent on CII-derived ROS. (a) Variant cell lines were
exposed to 20 µM MitoVES for 24 h and the percentage of annexin V-positive cells was determined by
flow cytometry. n ≥ 5, mean ± SEM, * values significantly different from WT. (b) Variant cell lines
were exposed to 2 µM MitoVES for 30 minutes and the level of ROS was determined by DHE staining
and flow cytometry. n ≥ 5, mean ± SEM, * values significantly different from WT. (c) Cells were
transfected with catalase-coding or control vector, exposed to 20 µM MitoVES for 20 h, and the
percentage of annexin V-positive cells was determined by flow cytometry. n ≥ 4, mean ± SEM, * values
significantly different between catalase and mock-transfected cells. Inset, catalase overexpression
verified by western blot. (d) Cells were exposed to 30 µM MitoVES for 12 h in the presence or absence
of 20 mM malonate (30 min pre-treatment). The percentage of annexin V-positive cells was determined
by flow cytometry. n ≥ 3, mean ± SEM, * values significantly different in the presence and absence of
malonate. (e) Cells were exposed to 5 µM MitoVES for 30 min in the presence or absence of 50 mM
malonate (30 min pre-treatment) and the level of ROS was determined by DHE staining and flow
cytometry. n = 5, mean ± SEM, * values significantly different in the presence and absence of malonate.
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Figure 5. Suppression of CII-driven respiration correlates with cell death for Qp site inhibitors that do
not rapidly increase succinate level. (a) Digitonin-permeabilized respiration-competent variant cell lines
respiring on 10mM succinate in the presence of 0.5 µM rotenone and FCCP were exposed to increasing
163 | P a g e

concentrations of MitoVES. The variants show reduced inhibition compared to WT. (b) Inhibition by
the dicarboxylate binding site inhibitor malonate in the same experimental setup shows similar
efficiency for all Qp site substitutions. (c) Similar to a and b, but the Qp site inhibitor TTFA was used.
(a-c) The data represent the mean ± SEM of 3-4 independent experiments. (d) Variant cell lines were
exposed to 0.5 mM TTFA for 24 h and the percentage of annexin V-positive cells was determined by
flow cytometry. n = 5, mean ± SEM, * values significantly different from WT. (e) Cells were exposed to
250 µM TTFA for 30 min and the level of ROS was determined by DHE staining and flow cytometry. n
= 5, mean ± SEM, * values significantly different from WT. (f) Cells were transfected with catalasecoding or control vector, exposed to 2 mM TTFA for 20 h, and the percentage of annexin V-positive
cells was determined by flow cytometry. n = 4, mean ± SEM, * values significantly different between
catalase and mock-transfected cells. Inset, catalase overexpression verified by western blot. (g) Cells
were exposed to 250 µM TTFA for 30 min in the presence or absence of 50 mM malonate (30 min pretreatment), and the level of ROS was determined by DHE staining and flow cytometry. n = 4, mean ±
SEM, * values significantly different in the presence and absence of malonate. (h) Cells were exposed to
1.5 mM TTFA for 12 h in the presence or absence of 20 mM malonate (30 min pre-treatment). The
percentage of annexin V-positive cells was determined by flow cytometry. n = 4, mean ± SEM , * values
significantly different in the presence and absence of malonate. (i) Atpenin A5-induced inhibition of
respiration of permeabilized cells as described in panel a. n ≥ 3, mean ± SEM. (j) Cells were exposed to
1 µM Atpenin A5 for 24 h and the percentage of annexin V-positive cells was determined by flow
cytometry. n = 3, mean ± SEM. (k) Cells were exposed to 0.5 µM Atpenin A5 for 30 min and the level
of ROS was determined by DHE staining and flow cytometry. n = 5, mean ± SEM. (l) Succinate levels
were determined in WT cells exposed to 20 µM MitoVES, 1 mM TTFA or 1 µM Atpenin A5 for 30
minutes. n = 3, mean ± SEM, * values significantly different from control.
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Figure 6. ROS induction by MitoVES correlates with CII inhibition in isolated mitochondria at low
succinate. (a-b) Mitochondria isolated from variant cells respiring on 500 µM succinate in an oxygraph
chamber were exposed to increasing concentrations of MitoVES, and ROS production was followed in
real time in the presence of Amplex Ultra Red and peroxidase. (a) shows reduced ROS production for
I56F and S68A variants compared to WT, (b) shows the same for R72C and B9 cells. The same WT
data are used in a-b, the panels are separated for clarity only. (c) Under the same conditions, 5 mM
malonate inhibits ROS generation by 70 µM MitoVES in all cell lines except for B9 cells. (d)
Respiratory data extracted from the experiments shown in panel a reveal that the respiration of WT cells
is inhibited by MitoVES most efficiently. (e) ROS were measured as in a-b, but at 10 mM succinate. No
increase in ROS generation was detected. (f) At 10 mM succinate there is no effect of 5 mM malonate
on ROS at 70 µM MitoVES. Data represent the mean ± SEM of 3-5 independent experiments.
Significant differences from WT: * I56F, ** S68A, # B9, ## R72C. Panel c: * denotes a significant
decrease after the addition of malonate.
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Figure 7. ROS induction by TTFA also correlates with CII inhibition in isolated mitochondria at low
succinate. (a-b) Mitochondria isolated from variant cells respiring on 500 µM succinate in an oxygraph
chamber were exposed to increasing concentrations of TTFA, and ROS production was followed in real
time in the presence of Amplex Ultra Red and peroxidase. (a) shows increased ROS production for
S68A variant compared to WT, (b) shows the higher ROS for R72C and no ROS for B9 cells. The same
WT data are used in a-b, the panels are separated for clarity only. (c) Under the same conditions, 5 mM
malonate inhibits ROS generation by 825 µM TTFA in all cell lines except for B9 cells. (d) Respiratory
data extracted from the experiments shown in panel a reveal that the respiration of S68A cells is
inhibited by TTFA most efficiently. Data represent mean ± SEM of 4-5 independent experiments.
Significant differences from WT: * I56F, ** S68A, # B9, ## R72C. Panel c: * denotes a significant
decrease after the addition of malonate.
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Figure 8. A proposed model of cell death initiation at CII explaining the regulation of ROS production
from reduced FAD group in intact cells. (a) High affinity Qp site inhibitors, such as Atpenin A5, will
immediately block most of the available Qp sites in a cell and rapidly upregulate intracellular succinate.
CII will be inhibited and FAD reduced, but no ROS will be produced, because succinate in the
dicarboxylate site will block oxygen access. (b) Medium affinity inhibition such as with MitoVES or
TTFA will not immediately block all available Qp sites, and some free CII will be left to keep succinate
levels from rising rapidly. Because of the free dicarboxylate site, the reduced FAD in Qp-inhibited CII
molecules will be able to produce cell death-inducing ROS. (c) Mutation in the Qp site that do not affect
CII activity will lower the ability of an inhibitor such as MitoVES to displace ubiquinone, and despite
low intracellular succinate FAD will not be reduced and therefore unable to produce ROS. (d) Q p site
mutations that affect CII activity will upregulate succinate, blocking dicarboxylate site and preventing
ROS generation from FAD. Additional Qp site inhibition will not generate ROS under these conditions.
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