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1. Introduction

This bachelor thesis is focused on the detection of carbon-centered radical in heart
mitochondria. Mitochondria are cell organelles, which play an important role in the cellular
respiration. Cellular respiration is composed of four steps including aerobic glycolysis, Krebs
cycle, electron transport chain and oxidative phosphorylation Electron transport chain of
cellular respiration localized in the inner membrane of mitochondria is associated with the
formation of reactive oxygen species. Electron transport chain involves four enzymatic
complexes and ATP synthase. The main sources of reactive oxygen species are complex | and

complex Il1.

Reactive oxygen species are molecules with one, two or three oxygen atoms. They are
divided into radical and nonradical. Radical reactive oxygen species include unpaired electron,
while nonradical have no unpaired electron. In biological systems, reactive oxygen species
produced as a byproduct of the metabolism play an important role in the cell signaling and
homeostasis. However, overproduction of reactive oxygen species can lead to an oxidative
stress. Oxidation of biomacromolecules such as proteins and lipids by reactive oxygen species
leads to the formation of carbon-centered radicals. Oxidative stress is involved in the
development of many diseases e. g. cancer, Parkinson’s disease, Alzheimer’s disease,

atherosclerosis, vitiligo etc.

The lifetime of reactive oxygen species is very short ranging from nanoseconds to
second. Electron paramagnetic resonance spectroscopy utilizing spin traps was used to detect
radicals. These spin traps react with radicals to make more stable radical adduct, which we are

able to detect.



2. Theory

2.1 Molecular oxygen

Molecular oxygen is a diatomic molecule consisting of two atoms of oxygen bound with
a double covalent bond. It is diradical with two unpaired electrons located on different oxygen
atom (Moss et al. 1995). Molecular oxygen has the triplet state as the ground state, whereas
most of molecules are in the singlet state. The singlet state means that a molecule has electrons
with antiparallel spin in orbital, while a molecule in triplet state has electrons with parallel spin.
Due to spin orientation, molecular oxygen is nonreactive in its ground state. If molecular

oxygen passes to the singlet state, it becomes strong oxidant.

2.2 Reactive oxygen species
Reactive oxygen species (ROS) are molecules consisting of one, two or three oxygen

atoms. They can be divided into a radical and a nonradical ROS. The radical ROS consist of
one or two unpaired electrons on the oxygen atom, whereas nonradical ROS have no unpaired
electrons. Due to the presence of unpaired electrons, radical ROS are more reactive. In nature,
ROS are formed as secondary products of the metabolism and play an important role in cell
signaling and homeostasis (Devasagayam et al. 2004). Reactive oxygen species can be found
in all aerobic cells, where thay are in balance with antioxidants (Waris, Ahsan 2006). On the
other hand, overproduction of ROS can cause oxidative stress, which is involved in many
diseases (Pham-Huy et al. 2008).

2.2.1 Classification of reactive oxygen species
Reactive oxygen species are classified according to electron configuration as radical and

nonradical and according to formation as formed by energy transfer or formed by electron
transport. Superoxide anion radical (05™) and its protonated form hydroperoxyl radical (HO3),
hydoxyl radical (HO®), peroxyl radical (RO3), and alkoxyl radical (RO®) belong to radical
ROS, whereas hydrogen peroxide (H,0,), singlet oxygen (10,), hypochlorous acid (HOCI)
and ozone (03) are non-radical ROS. There are two types of ROS according to formation.
Reactive oxygen species formed by electron transport (05, H,0,, HO*) and by energy transfer
is (10,).



2.2.2 Characterization of reactive oxygen species

2.2.2.1 Superoxide anion radical

Superoxide anion radical is formed by one electron reduction of 0, (Halliwell,

Gutteridge 2015). It is a molecule containing one unpaired electron.

Due to the electron configuration, O3 acts as both an oxidant and a reductant.

Superoxide anion radical accepts electrons e (1) as an oxidant

05 + Fe?t - H,0, + Fe3*. (1)
and donates electrons e~ as a reductant (2)

05 + Fe3t - 0, + Fe?*. (2)

Superoxide anion radical is a base, which means, that 05~ has an ability to accept a
proton H*. The protonated form HO is formed by accepting a proton. This protonated from is
more lipophilic and due to that it can be more toxic for membranes (Blake et al. 1987).
Hydroperoxyl radical is the dominant form in acidic pH, whereas 05~ is the dominant form in
neutral and alkaline pH. The reactivity of 05~ depends on a solvent, temperature and pH. The

pKa of the reaction
HO, 2 HY + 03~ (3)
is 4.8, which means, that the ratio of 05~ and HO at pH 4.8 is 1:1 (Halliwell, Gutteridge 2015).

The standard redox potential of redox couple 0, /05~ at pH 7 is Ej; = —160 mV. But this redox
potential is only relevant if the concentrations of O, and O3~ are equal. In biological samples,
the concentration of 0, (250 mM) highly exceeds the concentration of O3~ (hundreds nM). The

redox power required for reduction of O, is determined by Nerst equation (4)
E = —-0,16 + 0,06log[0,/057], 4)
when the final redox power is 0 mV and more.

The lifetime of O3 is us to ms. Because of that short lifetime and low solubility in fats,

03~ can diffuse only for short distances (Blake et al. 1987).



2.2.2.2 Hydrogen peroxide

Hydrogen peroxide is a molecule which consists of four atoms with no unpair electron.
It is a weak acid, which means, it has an ability to lose a proton H*. Hydrogen peroxide is

dissociated to hydroperoxide anion (HO3) and a proton H* (7).
H,0, 2 H* + HO; (7

Hydrogen peroxide acts as an oxidant and a reductant depending on pH. In the acidic
environment, H.02 is one of the strongest oxidants. It oxidizes ferrous ion (Fe?") to ferric ion

(Fe**). This reaction is called the Fenton reaction (8).
Fe?* + H,0, - Fe3* + HO® + OH™ (8)

In the alkaline environment, H>O> acts as a weak reductant. It reduces hypochlorite anion

(0CI7) to chloride anion (C17), while 10, and water are formed (9).
H,0, + 0CI™ - *0,(*Ag) + CI” 4+ H,0 (9)

Hydrogen peroxide is thermodynamically unstable and it spontaneously decomposes to water

and molecular oxygen (10).
2H,0, - 2H,0 + 0, (10)
The increase of temperature, concentration and pH can speed up the decomposition of H20..

The lifetime of H2O> is ms to s. Due to this long lifetime, H>O> can diffuse inside or

outside the cell.

Hydrogen peroxide is formed in human and animal cells as a product of biochemical
processes. Hydrogen peroxide is toxic because of the peroxide ion (0%7), might oxidizes
proteins, membrane lipids and DNA (Loffler, Petrides 1988). Hydrogen peroxide is dangerous

because it serves as substrate for HO® formed by Fenton reagent.
2.2.2.3 Hydroxyl radical

Hydroxyl radical is a diatom molecule with one unpaired electron on oxygen atom. It is
a highly reactive molecule with a short lifetime.

Hydroxyl radical is a strong oxidant known to oxidizes biomolecules (RH).



The standard redox potential of redox couple HO*/H,0 at pH 7 is E) = 2,3 V. This
redox potential allows to reduce HO® to water easily. It is related to HO® very short lifetime,
which is in ns. Due to its very short lifetime, diffusion of HO® is limited. It is generally

considered that HO® oxidizes biomolecules at the site of its formation.



2.2.4 The production of superoxide anion radical in mitochondrial membrane

Mitochondria are membrane organelles present in most eukaryotic cells. It consists of
outer membrane, intermembrane space, inner membrane and matrix. The outer membrane is
composed of phospholipid bilayers and large amount of integral membrane proteins called
porins. These porins create channels, which allow molecules with molecular weight of 5 kDa
and less to diffuse from the one side of membrane to the other (Alberts et al. 2002). Disruption
of the outer membrane release proteins from the intermembrane space to the cytosol. This
process leads to cell death (Chipuk et al. 2006).

The intermembrane space is permeable for small molecules. Thanks to that, a
concentration of these molecules in the mitochondria is the same as a concentration in cytosol
(Alberts et al. 2002).

The inner membrane contains cristae, which expand the surface of the inner membrane.
It also contains about one fifth of the overall number of proteins in mitochondria (Alberts et al.
2002). Inner membrane also includes enzymes of the respiratory chain and the ATP synthase,
which is a protein complex able to synthase ATP. Electron transport chain (ETC) is associated
with ROS formation.

Matrix contains two third of overall number of proteins in mitochondria (Alberts et al.
2002). It contains ribosomes, tRNA, mitochondrial DNA and a large amount of enzymes. The
main function of these enzymes is oxidation of pyruvate, fatty acids and take part in Krebs
cycle, in which NAD+ is reduced to NADH and FAD is reduced to FADH, (Alberts et al.
2002).

Electron transport chain (ETC) is composed of four enzymatic complexes and the ATP
synthase. These four complexes make a proton gradient, which drives the synthesis of the ATP
(Alberts et al. 2002). However, during this process, 05~ is created especially in complex | and

complex Il1.

Electrons from NADH and FADH., which are formed in the Krebs cycle, pass through

four complexes to O0,. Molecular oxygen is then reduced to water.
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Figure 1 The electron transport chain. (Sazanov 2015)

2.2.4.1 Complex |

Complex | (NADH-ubiquinone oxidoreductase) is the first enzyme of ETC. It is the

largest and the most complicated enzyme of ETC (Brandt 2006). Complex | catalyze a reaction

NADH + H* + Q + 4H}, —» NAD* + QH, + 4HZ,, (13)

where Q is coenzyme Q1o (ubiquinone), NAD" is oxidized form of NADH and QH> (ubiquinol)
is reduced form of Q. Complex I is comprised of two parts. The first part is a hydrophilic arm
at the matrix side, where flavin mononucleotide (FMN), iron-sulfur clusters (Fe-S) and Q are
localized. The second part is a hydrophobic arm localized in the inner membrane. Complex |

receive NADH from the Krebs cycle and it binds to the top of the hydrophilic arm (Figure 2).



Hydrophobic
Qbinding site domain

NADH binding _—""

site

Figure 2 The structure of complex | with NADH binding site and Q binding site. (Hirst 2013)

At first NADH gives two electrons to the FMN and reduces it to FMNH.. Then electrons
pass though the Fe-S clusters to the Q binding site to reduce Q to QHa. This process results in
the release of four protons H* from the matrix to the inner membrane space (Figure 3) (Voet D.
J. et al. 2012). Redox centers of complex I, which are involved in transport of two electrons

from NADH to Q comprises FMN, eight Fe-S clusters and Q (Brand 2010).

intermembrane space

four proton transfer domains
H* H* 3 H+

inner

Figure 3 The transport of two electrons from NADH to Q and the transport of four protons from matrix to inner membrane
space. (Hirst, Roessler 2015)



2.2.4.1.1 The production of superoxide anion radical in complex |

Superoxide anion radical can be produced during ETC in complex I. There are two
pathways for 05~ production comprising the forward electron transport (FET) and the reverse
electron transport (RET). Forward electron transport produces only a very small amount of 05~
less than 0,1% of the overall electron flow (Hansford et al. 1997), whereas more significant

amount (up to 5% of electrons) contributes to O35~ formation during RET.

Forward electron transport is a process, where O, is reduced by FMNHo,. This process
depends on the NADH/NAD? ratio. The redox potential of NAD*/NADH is Em =-320 mV and
of FMN/FMNH: is Em = -300 mV, which means that NADH is stronger reductant. The
production of 03 is the highest when the NADH concentration is much higher than the
concentration of the NAD" (Kussmaul, Hirst 2006). This also explains why the inhibition of
complex | by the complex I inhibitor rotenone increases 03~ production. It is well known that
rotenone known to bind to the Q binding site and blocks the transport of electrons from Fe-S
cluster N2 to Q. Then electrons return to the FMN and reduce it to FMNH2 which produce
05~ (Takeshige, Minakami 1979) (Figure 4).
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Figure 4 The production of the superoxide anion radical in the complex I. (A) Forward electron transport. (B) The inhibition of
FET by the rotenone. (C) Reverse electron transport. (D) The inhibition of RET by the rotenone. (Scialo et al. 2017)



The production of the 03~ by the RET needs over-reduced Q pool and high membrane
potential which lead to the reverse transfer of electrons from QH> to the complex | where these
electrons pass through Fe-S clusters to the FMN (Figure 4). Flavin mononucleotide is then
reduced to FMNH2. Consequently, O, is reduced to 05 as in FET. However, inhibition of the

RET by rotenone decreases the amount of 05™.

2.2.4.2 Complex Il

Complex Il (succinate-quinone oxidoreductase) is the second enzymatic complex of the
ETC. It is the only enzyme which participates both ETC and Krebs cycle. It catalyzes the
oxidation of succinate to fumarate in the Krebs cycle. During this reaction, succinate provides
two electrons, flavin adenine dinucleotide (FAD) forming FADH. The redox potential of
FAD/FADH: is -220 mV. Then these two electrons travel to Fe-S clusters, while FADH> is
oxidized back to FAD. Two electrons pass through the cytochrome b to Q, which is reduced to

QHo>. Ubiquinol then transports these two electrons to complex IlI.

'INNER MITOCHONDRIAL {4
©  MEMBRANE :

F;‘%"zg.
RGN

Fumarate Succinate

Mitochondrial
Matrix

Figure 5 The structure of complex II. [1]

2.2.4.2.1 The production of superoxide anion radical in complex Il

In complex Il there are two sites of the 05~ formation, on the FAD and on the Q binding

sites. Reduced FADH> by the succinate from the Krebs cycle can reduce O, to H,0, or there

10



can be created FAD semiquinone (FADH") which can reduce O, to 05~. Alternatively, when Q
semiquinone (SQ) is formed, reduction of O, by SQ" produces 05 (Figure 6) (Drose 2013).
The redox potential of Q/ SQ" is 31 mV.

succinate fumarate O, H,0O, o, O;

Figure 6 Possibly ways of the superoxide production in complex Il. (Drése 2013)

2.2.4.3 Complex IlI

Complex 111 (cytochrome bcy complex) is the third complex in the ETC and plays an

important role in the production of ATP. This complex catalyzes a reaction
QH, + 2 cytochrom ¢ (Fe'') + 2 H} © Q + 2 cytochrom c (Fel') + 4 H},,,  (14)

where cytochrome ¢ (Fe!'!) is reduced to cytochrom ¢ (Fe!") by the QH;, while two protons
are transported from the matrix to complex Ill and four protons are released to the inter

membrane space.

Ubiquinol transports two electrons from complex Il to complex I1l. There are two Q-
reaction centers in complex 11, which are located on the opposite sides of the complex and are
mainly formed by the cytochrome b. The ubiquinol-oxidation center (Qo site) is located closer
to the intermembrane space and the ubiquinone-reduction center (Qi site) is located closer to
the matrix (Hunte et al. 2003).

11



The Q-cycle starts at the Qo site with the oxidation of QH. to Q, while the two electrons
go to the high-potential and low-potential chain. The first electron enters the high-potential
chain. It is transferred to the binuclear Fe-S cluster of the Rieske protein (Figure 7). Then
electron is transferred via cytochrome c; to cytochrome c. Two protons are released to the
intermembrane space. The second electron enters the low-potential chain at heme b. and it is
transferred though the heme by onto Q on the Q; site, leading to the formation of SQ" (Ohnishi,
Trumpower 1980). The second QH: is oxidized on the Qo site, then others two protons are
released to the intermembrane space and cytochrome c is reduced through the high potential
chain, meanwhile the second electron is transferred through low potential chain, where reduces
SQ" to Q at the Qi site. This process is ended by the transfer of two protons from matrix to the

complex Il1.

cytochrome ¢
\ ool
.2 = )

¥4
k) 4 ¥ 2x2H* Fe-S cluster (Rieske protein)
cytochrome ¢; .

Intermembrane space

Inner membrane

Matrix

cytochrome & (heme b,
and by) )

2H

Figure 7 The structure of complex Ill. (Meunier et al. 2012)

2.2.4.3.1 The production of superoxide anion radical in complex |lI

The main reductant is SQ" at Qo site (Turrens 2003). Ubiquinol is oxidized to Q, thereby
protons are released to the intermembrane space and also QH2 provides an electron to Fe-S
cluster, which after that reduces Q to SQ", the redox potential of Q/SQ" is Em =-36 mV. Then

12



SQ’ can reduce 0, to O5". The production of O3 is also possible at Qj site, where also SQ*

reduce O, to 03"

The most effective inhibitor of complex Il is antimycin A. It inhibits oxidation of QH:

by the inhibition of electrons transport from cytochrome b to QHo.

2.2.4.4 Complex IV
Complex IV (cytochrome ¢ oxidase) is the last enzyme of ETC. Each electron from four

molecules of cytochrome c is transferred to one molecule of oxygen, which is then reduced to
two molecules of water and simultaneously four protons are transferred from the matrix to the

intermembrane space (15).
4 Fe**-cytochrom ¢ + 8 H*in + O2 - 4 Fe3*-cytochrome ¢ + 2 H20 + 4 H' ot (15)

The transport of four protons promotes the formation of different proton concentration between
the matrix and the intermembrane space. This difference is used to synthase of ATP by ATP

synthase.

Cytochrome ¢

Figure 8 The structure of complex IV. (Rich 2017)
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2.3 Carbon-centered radical

Carbon-centered radical (R") is a molecule containing unpaired electron on carbon atom.

Biomolecules are oxidized by ROS which leads to formation of R* (11).
HO* + RH - R* + H,0 (11)

In this reaction, hydrogen abstraction from polyunsaturated fatty acid or amino acid

causes formation of R°.

2.4 Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a spectroscopic method that
detects species containing unpaired electrons. Electron paramagnetic resonance spectroscopy
is an important tool in studies of biological systems that contain paramagnetic species such as
substrate radicals, electron-transfer centers and metal ions (Brudvig 1995). This method is
based on Zeeman effect. Paramagnetic systems absorb microwave radiation in the presence of
an applied magnetic field (Rana et al. 2010). This interaction splits the spin energy levels
(Figure 9).

Energy . _~ mg = 1/2

Magnetic Ficld

Figure 9 Splitting of the electron spin states by a magnetic field and the EPR signal. (Brudvig 1995)
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Due to the very short life-time (ms-ns), we detect radicals by EPR spin-trapping
spectroscopy using spin traps. Spin traps create more stable radical adducts, life-time from

minutes to hours, which we are able to detect.

15



3. Aim of the thesis

The aim of this thesis was to detect carbon-centered radical in mitoplasts and
submitochondrial particles isolated from the pork heart using electron paramagnetic resonance

spectroscopy and spin trap DMPO and subsequently localized its formation.
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4. Material and methods

4.1 Chemicals

The major important chemicals used during the work are listed in this paragraph. Spin-
trap 5,5-Dimethyl-1-pyrroline N-oxide (DMPQO) was purchased from (Dojindo laboratories,
Japan). Inhibitors rotenone, antimycin A and electron donators NADH and succinate were
purchased from Sigma-Aldrich (Germany).

A brief list of other used chemicals are as follows: sodium chloride (NaCl) (Lach-ner,
Czech Republic), mannitol (Sigma-Aldrich, Germany), sucrose (Sigma-Aldrich, Germany),
EDTA (ethylendiaminetetraacetic acid) (Sigma-Aldrich, Germany), MOPS (3-(N-morpholino)
propanesulfonic acid) (Sigma-Aldrich, Germany), SOD (superoxide dismutase) (Sigma-
Aldrich, Germany), CAT (catalase) (Sigma-Aldrich, Germany).

4.2 Isolation of submitochondrial particles and mitoplasts

Mitoplasts (MTs) or submitochondrial particles (SMPs) were isolated from pork heart
as described by Matsuzaki, Szweda (2007) with a couple modifications. Pork heart was
transported from the local slaughterhouse to the laboratory in physiological solution (0,9%
NaCl) on ice. The preparation of the heart for centrifugation has been done at 4°C. At first, pork
heart was rinsed in ice-cold isolation buffer (210 mM mannitol, 70 mM sucrose, 1 mM EDTA
and 10 mM MOPS (pH 7.4)). Then the heart was cut to tiny pieces, frozen in liquid N2 and
pulverized. Tissue was put into 10 mM MOPS, 1 mM EDTA and homogenized. Homogenate
was filtered through two layers of nylon bolting cloth. Filtrate was transferred into tubes and
centrifuged at 750 g for 5 min at 4°C. The supernatant was centrifuged at 10000 g for 20 min
and then the pellet was resuspended in 12 ml of 10 mM MOPS and 1 mM EDTA (pH 7,4). The
solution was frozen in liquid N2, thawed twice and then centrifuged at 10000 g for 20 min. The
pellet was resuspended in 6 ml of 10 mM MOPS ans 1 mM EDTA (pH 7.4) and sonicated on
ice (8 x 15 s with 30 s intervals). Homogenate was centrifuged at 10000 g for 7 min. The pellet

containing unbroken mitoplasts was resuspended in 10 mM MOPS and the supernatant was
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centrifuged at 40000 g for 60 min. The pellet containing SMPs was resuspended in 10 mM
MOPS. Isolated SMPs were inside-out vesicles (Figure 9).

[ "oy
7
-' ’ R
FADH  FAD
o <

o MO
A

right-side-out vesicle inside-out vesicle

Figure 10 Right-side-out vesicle and inside-out vesicle. (Mitochondrial complexes were borrowed from [2].)

The whole isolation is described on Figure 10. The concentration of mitoplasts and
SMPs was measured by Biuret method as describe by Pec et al. (2008).
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Figure 11 Scheme of isolation of SMPs and MTs.
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4.3 Treatment of MTs and SMPs

We examine two different ways of R* production. The succinate-mediated R* production
we were examining using electron inhibitor antimycin A and electron donor succinate.
Mitoplasts (1mg/ml) and SMPs (1mg/ml) were supplemented with 500 nM antimycin A and 10
mM succinate. The NADH-mediated R production we were examining using inhibitor
antimycin A and rotenone and electron donor NADH. Mitoplasts (Img/ml) and SMPs (1mg/ml)
were supplemented with 500 nM antimycin A or 500 nM rotenone and 10 mM NADH. All the
EPR measurements were performed in the presence of chelators to avoid contribution of free

metals.

4.4 EPR Spin-Trapping Experiments

EPR spin-trapping spectroscopy was used to measure formation of R* in MPs and SMPs.
Detection of R* was accomplished by spin trap 5,5-Dimethyl-1-pyrroline N-oxide (DMPO).
After treatment, MPs and SMPs were transferred into the glass capillary tube (Blaubrand®
intraMARK, Brand, Germany) and DMPO-R adduct EPR spectra were measured in the
presence of 50 MM DMPOQO, 25 mM KCI, 1 mM EDTA, 40 uM DTPA and 10 mM MOPS (pH
7.4). DMPO-R adduct EPR spectra were recorded using an EPR spectrometer MiniScope
MS400 (Magnettech, Berlin, Germany). EPR conditions were as follows: microwave power,
10 mW; modulation amplitude, 1 G; modulation frequency, 100 kHz; sweep width, 100 G; scan
rate, 1.62 G s,
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5. Results

Our primary aim was to detect R" using spin trap DMPO in MTs and SMPs. It is well
known that reaction of R* and DMPO forms carbon-centered radical adducts (DMPO-R)
(Dikalov et al. 1996). At first, we examined formation of DMPO-R adduct when electron
transport was induced by succinate through complexes Il — IIl — IV in MTs and SMPs
(succinate-mediated R*® production). Figure 12 shows that no DMPO-R adduct EPR signal was
formed even after 30 min incubation. This result indicates that R* is not formed in the succinate-

mediated electron transport.

500 r.u. 500 r.u.

A B

W\‘MW 30 min MM%WW 30 min
“‘MMMMW 20 min MMMW 20 min
MMWW 0 min MMW 0 min

330 332 334 336 338 340 342 330 332 334 336 238 340 342
B [mT] B [mT]
Figure 12 EPR spectra of electron transport through complexes Il - Il - IV. EPR spectra were recorded immediately after we

prepared a mixture of (A) DMPO (50 mM), SMPs (1 mg/ml) supplemented with 500 nM antimycin A and 10 mM succinate, in
10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA or (B) DMPO (50 mM), mitoplasts (1 mg/ml) supplemented with 500
nM antimycin A and 10 mM succinate, in 10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA.

Further, we examined R*® formation in MTs and SMPs when electron transport through
complexes I-111-1V is mediated by NADH (NADH-mediated R* production). Figure 13 shows
that DMPO-R adduct EPR signal was observed. DMPO-R adduct generated by SMPs had the
strongest signal immediately after a preparation of the mixture and slowly decrease after 10
min of incubation, whereas no recognizable DMPO-R adduct EPR signal was observed after
20 min. In comparison with SMPs, DMPO-R adduct generated by MTs had the strongest signal
after 10 min of incubation. After 20 min of incubation there was decreased signal of DMPO-R
adduct but still visible; however, after 30 min of incubation there were no observable DMPO-

R adduct. This result indicates that R* is formed in the NADH-mediated electron transport.

21
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Figure 13 DMPO-R adduct EPR spectra generated by (A) SMPs (1mg/ml) and (B) mitoplasts (1 mg/ml), supplemented with 10
mM NADH, 500 nM antimycin A in 10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA using spin-trap DMPO (50 mM).

Further, DMPO-R adduct EPR spectra were measured in the presence of inhibitors to
determine the origin of R*. At first, we were determined which mitochondrial complex is
responsible for R* formation. When antimycin A (an inhibitor of electron transport in complex
I11) was used, it indicates that complex Il is the place of generation R*. When rotenone (an
inhibitor of electron transport in complex I) was used, DMPO-R adduct EPR signal was also

observed (Figure 14). These results indicate that R* is formed in the complex 1.

As we can see in Figure 14, DMPO-R adduct generated in MTs and SMPs using
rotenone has smaller signal than when we supplemented MTs and SMPs with antimycin A.
This result indicates, that the DMPO-R adduct is produced by RET.
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Figure 14 DMPO-R adduct EPR spectra in mitoplasts (1 mg/ml) or SMPs (1 mg/ml) supplemented with 10 mM NADH, 500 nM
antimycin A or 500 nM rotenone in 10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA using spin trap DMPO (50 mM).

Subsequently, we examined whether the DMPO-R adduct is membrane-associated or soluble.
For this experiment, we measured the DMPO-R adduct EPR spectra in the supernatant and the
pellet of the mixture containing MTs supplemented with NADH and antimycin A. The signal
of DMPO-R adduct was detectable only in the supernatant (Figure 15). The signal was
decreased due to the redox interaction of the adduct during the preparation. The result indicates

that the origin of the DMPO-R adduct is non-membrane protein or a small molecule.

500 r.u.
supernatant + NADH +anti A

pellet + NADH + anti A

330 332 334 338 338 340 342
B [mT]

Figure 15 Determination of the origin of carbon-centered radical. Mitoplasts (1mg/ml) were supplemented with 10 mM NADH,
500 nM antimycin A in 10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA using spin trap DMPO (50 mM). The mixture
was centrifuged by low speed centrifugation and then supernatant and pellet was measured.
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Next, we measured dependence of DMPO-R adduct on the concentration of NADH. We
observed that DMPO-R adduct is NADH concentration dependent (Figure 16).

500 r.u.

5 mh NADH

10 mM NADH

«HWW 20 mM NADH

330 332 334 336 338
B [mT]

340 342 344

Figure 16 NADH concentration dependency on carbon-centered radical formation. Mitoplasts (1mg/ml) were supplemented
with NADH, 500 nM antimycin A in 10 mM MOPS, 25 mM KCI, 1 mM EDTA and 40 uM DTPA using spin trap DMPO (50 mM).

At last we examined SOD and CAT sensitivity. Both SOD and CAT eliminated the

DMPO-R adduct in MTs and SMPs (Figure 17).
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330 332 334 336 338 340 342
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WMWWM’10-CAT

VA A NN p AN 10 i
AWW}M_"WN min
MWMW 0 min
WMW 0 min

0 min

330 332 334 336 338 340 342

B[mT]
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Figure 17 (A) Mitoplasts (1mg/ml) were supplemented with 10 mM NADH, 500 nM antimycin A and SOD (400U/ml) or CAT (400U/ml)
in 10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA using spin trap DMPO (50 mM). (B) SMPs (1mg/ml) wre supplemented with
10 mM NADH, 500 nM antimycin A and SOD (400U/ml) or CAT (400U/ml) in 10 mM MOPS, 25 mM KCl, 1 mM EDTA and 40 uM DTPA

using spin trap DMPO (50 mM).

Immediately after we prepared the mixture with SOD, there was a DMPO-R adduct, but after
10 min of incubation there was no signal of DMPO-R adduct. In contrast to SOD, CAT
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eliminated DMPO-R adduct immediately after we prepared the mixture and there was no
detectable signal.
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6. Discussion

In this study, we examined formation by complex 111 (succinate-mediated R" production)
and by complex I (NADH-mediated R* production) in both MTs and SMPs. Our results showed
that MTs and SMPs supplied with succinate produced no observable DMPO-R adduct (Figure
12). However, Matsuzaki et al. (2011) showed formation of CYPMPO-OOH adduct EPR signal
in rat heart SMPs when electron transport was supplied by succinate in the presence of
antimycin A. In agreement with this, Han et al. (2001) showed that succinate-mediated electron
transport in the presence of antimycin A resulted in the formation of DMPO-OH adduct in rat
liver MTs. Our results did not show superoxide radical adduct due to the spin trap DMPO. The
DMPO-OOH adduct is unstable and its lifetime is about 1 min. The reason why Han et al.
(2001) detected DMPO-OH and we did not is due to the chelators we used in buffer. However,
Han et al. (2001) did not use chelators in buffer.

Next, we examined the NADH-mediated R* production. Mitoplasts and SMPs supplied
with NADH produced observable DMPO-R adduct. This radical adduct was stable only for 10
mins in both MTs and SMPs (Figure 13) due to the paramagnetic adduct reduction
(hydroxylamine adduct) or oxidation (nitrone adduct) to the diamagnetic adduct (Ramirez et al.
2007). In Figure 13 we can see that DMPO-R adduct in SMPs has stronger signal than in MTs.
This difference is a result of SMPs structure. The structure of SMPs is inside-out vesicle which
mean that the matrix side of the inner membrane of mitochondria is oriented to the outside. This
orientation allows to NADH easily reach complex | NADH-binding side. There was previous
report of detection of carbon-centered radical in MTs. Matsuzaki et al. (2011) showed
CYPMPO-R radical adduct, DEPMPO-R radical adduct and BMPO-R radical adduct in rat

heart MTs using NADH as an electron donor and antimycin A as an inhibitor.

In further, we examined the origin of DMPO-R adduct. We supplemented MTs and
SMPs with rotenone instead of antimycin A. In Figure 14 we can see, that MTs and SMPs
supplemented with rotenone produced DMPO-R adduct. In comparison to MTs and SMPs
supplemented with antimycin A, the signal of DMPO-R adduct produced by MTs and SMPs
supplemented with rotenone was decreased. The result indicates, that carbon-centered radical
is produced in complex | by RET. Scialo et al. 2017 show that rotenone decreased amount of
ROS produced by RET (Figure 4).
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Subsequently we examined if the carbon-centered was membrane associated or soluble
in origin. For this experiment we centrifugated mixture of MTs, NADH, antimycin A and
DMPO for 5 mins. Results revealed that all the carbon-centered radical was in supernatant
(Figure 15). The EPR spectra of DMPO-R adduct was decreased due to the redox interaction
of the adduct during the preparation. Matsuzaki et al. (2011) revealed that all the CYPMPO-R
radical adduct was in supernatant and they suggested that the observed carbon-centered radical

is non-membrane protein or a small molecule.

Next, we measured NADH concentration dependence. We observed, that DMPO-R
adduct is NADH concentration dependent (Figure 16). With increasing concentration of
NADH, signal of DMPO-R was decreased. The rate of 03 production in complex I is
influenced by NADH concentration due to the bound nucleotides which block access to the
FMNH:? and then O cannot be reduced to O3~. Thus, reduction of O is inhibited as the NADH

concentration increases (Birrell et al. 2009).

At last, we examined the SOD and CAT sensitivity. The DMPO-R adduct was SOD and
CAT sensitive in both MTs and SMPs (Figure 17). Molecular oxygen is reduced by FMNH to
057, which is dismutated by SOD to H20.. Hydrogen peroxide produce HO® by one-electron
reduction catalyzed by bounded metal. Then HO" is eliminated by CAT.
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7. Conclusion

The aim of this bachelor thesis was to detect R* in heart mitochondria using EPR
spectroscopy. We detected DMPO-R adduct formed in NADH-mediated electron transport in
MTs and SMPs. This DMPO-R adduct was stable only for 10 min due the to transformation of
paramagnetic adduct to diamagnetic adduct. We found out that R" is not formed in the succinate-

mediated electron transport.

We observed that R™ is formed in complex | during the RET due to the decrease of
DMPO-R adduct using rotenone as an inhibitor instead of antimycin A. The separation of lipid
soluble and water-soluble compounds showed is R* formed in polar phase. We also
authenticated that the increase of NADH concentration inhibits the formation of R* due to

blocking access to FMNH:.

We suggest that the whole process of R* formation is following: at first two electrons
from NADH are donated to complex I, they are transferred to Q and reduced it to QH>, electrons
from the over-reduced Q-pool are transferred back to FMN in complex 1, this FMN is reduced
to FMNH2, FMNH2 reduced O, to 05~, 05 is reduced to H20, H>O: is reduced to HO" by
bonded metals and finally HO" reduced NADH to our detected R" (Figure 18).

NADH

H: 0y Hﬂ'£

MaDe

Figure 18 Scheme of NAD® formation.

The carbon atom with unpaired electron is one of the double bonded carbon atoms in
NADH (Figure 19).
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Figure 19 Structure of NADH with highlighted double bonded carbon atoms. (Structure of NADH was borrowed from [3].)

In the future, there are still interesting ways to investigate in mitochondria. For example,
the succinate-mediated electron transport or the FET. This bachelor thesis is focused only on

the detection of R’. Next studies could be focused on the detection of ROS in mitochondria.
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Errata

6.6.2018

s. 1 In biological systems, reactive oxygen species are formed in metabolic processes and play an
important role in the cell signalling and homeostasis.

s. 3 “protonated form “

s. 4 “with no unpaired electron”

s. 4 “a strong oxidant known to oxidize biomolecules”
s. 7 “Complex | catalyses”

s. 7 “Complex | receives NADH”

s. 9 “It is well known that rotenone knows”

s. 9 “FMNH; which produces 05~ “

s. 11 “Possible ways”

s. 13 “is used to synthase ATP”

s. 17 “with a couple of modifications”

s. 18 “as described by”

s. 22 “we determined which mitochondrial complex is responsible”
s. 24 popisek Fig. 17 “were supplemented”

s. 27 “Hydrogen peroxide produces”



