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TheDNAofhuman cells suffers about 1. 000-100.000oxidativelcsionsper day.Oneofthe most common defects
in this catcgory is rcpresented by 7, 8-dihydro-S-oxoguanine. There are numcrous exogenous cffccts on DNAthat
inducc thc intracellular gcncration of 7, 8-dihydro-8-oxoguanine. Therefore, a quantitatively sufficient repair of
all occurring oxidativc damaged guanine bascs is oftcn only partially feasible, especially in advanced age.

8-Oxoguanine

(Jbiquinol
Enzyme activity

(nadequare removal of thcse damages can subscquently lead to mutations and thus ta serious diseases. Allthcse
aspects represent a dangcrous Situation for an organism. However, h is suspected that thc amount of the 8-

Mitochondria

oxoguaninc DNA glycosylase can be actively regulated on the level of gene cxpression by thc redox-activc
properties ofubiquino! and thus its protcin expression can be controlled. Using an real-time base cxcision repair
assay including a melting curve analysis, the activity of the human 8-oxoguanine DNA glycosylase l was
mcasured under the infiucnccof ubiquinol. It waspossibleto observea concentration-dependentincreasein thc
activity of the 8-oxoguanine DNA glycosylasc l under the inHuence of ubiquinol for thc first time, both on
purified and commercially acquired enzyme äs well äs on enzymc isolated from mitochondria of human fi-

broblasts. An increasc in activity ofthis cnzyme based on a change in cellular redox state caused by ubiquinol
could not be confirmed. In addition, an increased gene expression of 8-oxoguaninc-DNA glycosylasc l under
ubiquinol could not be observed. However, there was a changc in bifunctionality in favor of an increased Nglycosylase activity and a direct mteraction bctwcen ubiquinol and 8-oxoguanine DNA glycosylase l. Wcsuggest
that ubiquinol contributes to the dissolution ofa human 8-oxoguanine DNA glycosylasc l end-product complex
that forms after cutting into the sugar-phosphate backbonc of the DNA with thc resulting unsaturated 3'phospho-a, ji-aldchydeend and thcreby inhibits further cnzymaticSteps.

l. Introduction

To reverse oxidative DNA damage caused by reactive oxygen species
(ROS) for example, mitochondria have an ingenious System for DNA
repair [ 1 ]. In particular, the base excision repair (BER) for the removal
of oxidative damaged DNA is well characterized. Interestingly, for celt
survival, the functionality of this repair enzyme in mitochondria is
much more important than in the nucleus [2]. The human body is a
durable event of damage. Each of the approximately l013 cells of the

body suffers thousands to about 100. 000 DNA lesions per day [3, 4].
7, 8-dihydro-S-oxoguanine(8-oxoG) is one of the most common oxidative DNA damage induced by ROS. By oxidation of the base guanine to
7, 8-dihydro-S-oxoguanine (8-oxoG), unlike guanine, 8-oxoG is now
able to hybridize not only with cytosine but also with adenine. This can
lead to a complete base exchange after the second replication and thus
trigger serious mutations. Replacing of a guanine/cytosine base pair by
thymine/adenine is one of the most common mutations in human
cancers. This transversion is one of the main transversion in the tumor
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suppressor gene p53 [5]. For this reason and based on the fact that

Q10 (CoQlO). It is believed that it can cause a redox-related increase in

between 1. 000 and 2. 000 8-oxoG lesions occur daily in a healthy cell

gene expression and thus lead to an indirect increase in the activity of
DNA repair enzymes (inctuding the activity of hOGGl) in the form of
higher enzyme Levels [22, 21]. The benzoquinone ring of CoQlO represents the active functional group of the lipid [23]. Via this redox-

whereas in tumor cells their number increases up to 1. 000. 000, 8-oxoG
is considered to be another harmful factor in the context of cancer

[6,7]. Thereisno solidevidencefor a majortriggerofcancerby 8-oxoG
in a healthy cell. For example, no tumor induction coutd be shown in
OGG1 knockout mice and the resulting accumulation of 8-oxoG [8]. In
human probands who are homozygous for the tess active OGGl allele
Ser326Cys and 8-oxoG therefore remains unrepaired, there is an increased risk ofcancer in these individuals [9]. Nevertheless, 8-oxoG is

associated with aging and degenerative diseases (such äs Alzheimer's

disease and Parkinson's disease) [6, 10] and thus shows great pathophysiological relevance. The enzyme 8-oxoguanine DNA glycosylase l
(the main antagonist against oxidative DNA damage) can counteract
these processes. The 8-oxoguanine DNA glycosylase is a bifunctional
glycosylase / apurinic/apyrimidinic (AP) lyase and uses besides the
preferred ring-fragmented purine FapyG, 8-oxoG äs Substrate [11, 12].
It removes 8-oxoG via BER, replaces it with a guanine base and thus
prevents the formation of mutations [13, 14]. Although hOGGl is

classifiedäsa bifunctional enzyme, several recent experiments suggest
that the in vivo relevant mechanism of hOggl is a monofunctional
mode in which only the 8-oxoG nucieobase is removed [15]. Previous
work suggests, that the activities of glycosylases and therefore also the
activity of hOGGl decrease with age [16, 17]. Because of a reduced
activity of hOGGl there is an age-related accumulation of 8-oxoG. In
order to eliminate the damage hOGGl moves along the DNA and scans
it for the presence of oxidative damage. If this enzyme encounters a
cytosine-paired 8-oxoG, it initiales the process of BER. Following
binding ofthe hOGGl to the site ofDNA damage, the base identified äs
damaged is then flipped out of the DNA (base flipping) to face outward

active structural element the uptake and release of electrons äs a result

of reduction and oxidation processes takes place. The lipophilic side
chain serves to anchor the coenzyme in biological membranes [23].
Due to ks redox-active nature CoQlO plays a central role in the respiratory chain. In this case, the lipid located in the inner mitochondrial

membraneactsäsa transport Systemfor electrons from complexesI and
II through the hydrophobicmembraneto complex III of the respiratory
chain [24]. Also extramitochondrial electron transport [e g, in lysosames) occurs via this coenzyme [23]. As an antioxidant, the pre-

dominantly present reduced form of the coenzyme Q10, ubiquinot
(CoQH2) effectiveLy prevents the oxidation of DNA, lipids and proteins
[21], To maintain its andoxidant properties the oxidized CoQlO, die

ubiquinone (CoQ) is continuously converted into the reduced form by
enzymatic processes [24]. The extraordinary efficiency äs an antioxidant is attributable on the one hand to the multiplicity of cetlular
mechanisms for the regeneration of CoQH2 and an the other hand to

thc locatization of CoQlO [24]. Because the cytotoxic ROS is mainly
produced in the inner membranes of the mitochondria, the localized

CoQH2 can capture the oxidants directly at the site of their fonnation
and thus preserve cellular structures from oxidative damage [24, 23]. In
addition, CoQH2 is able to prevent the formation of ROS [23]. In this
work the role of ubiquinol äs a factor for the regulation of hOGGl was
investigated. The focus was set on the hOGGl isoform for mitochondrial
repair.

from thedoublehelix.Thisallowsthe damagedbaseto be incorporated

2. Methods

into the active site of the glycosylase outside the DNA.
Thereupon, the enzymatic removal of 8-oxoG takes place via the N-

2. 1. Cellculture

glycosylaseactivity ofhOGGl. The fact that this is onty basedon lysine
(Lys249) has meanwhile been refuted by Dalhus and his colleagues.
They wereabLeto showthat asparticacid(Asp268) hasa greater role to
play here. [ISJ. This amino acid attacks and cleaves the N-glycosidic
linkage between 8-oxoG and the deoxyribose of the nucleotide en-

Human fibroblasts were isolated from skin biopsies which were
received from the Kreiskrankenhaus Sigmaringen, Germany, general
surgery unit from Aesthetic Perfection Lake Constance, plastic surgery
unit, Germany; or from the Chimrgische Gemeinschaftspraxis Dr.

zymaticaliy [18]. After removal ofthe damagedguanine, a primary or

Führer, H. Nonnenmacher, Dr. Astfalk und Dr. Fauser, Reutlingen,

secondary amino group of hOGGl reacts with the Cl' carbon of deox-

Germany. All experiments were conducted in accordance with the
Declaration of Helsinki and approved by the Ethics Commission of the
State Medical Association of Baden-Württemberg, Germany (187-03).
Patientswere informedin advanceandgave their written consentto the

yribosein the open-chainconformation. This leads to a deavageof the
sugar-phosphate backbone at the AP sites via a covalent Schiff's base
intermediate and a covalent band between hOGGl and the DNA

[15, 18]. The resulting imide then is subsequently cleaved either hydrolytically or in the courseofa ß-elimination.In thecaseofhydrolytic

use of their samples. Cells were isolated äs described by Bürger et ai.

cleavage via an activated water molecuLe, äs shown by [l5], hOGGl
gets released immediately, leaving an intact AP site in the doublestranded DNA [15, 18, 19]. The enzyme can subsequently bind to this
site again and proceed with the repair. If ß-elimination catalyzed by the
AP-lyase activity of hOGGl results in cleavage of the sugar-phosphate

% humidity in Dulbecco's Modified Eagle Medium high giucose supplemented with 10 % fetal bovine serum and gentamicin (50 Ig/mLl)
Germany). Experiments were performed several times with cells from

backbone of the DNA single strand at the AP site. This enzymatic

different d o no rs.

cleavage reaction leaves an unsaturated 3'-phospho-a, ß-aldehyde and
a S'-phosphate end [18]. Accordingly, two partial Strands are formed
from the original DNA single Strand, which had the damage 8-oxoG.

2. 2. Test compounds

The hOGGl is released during ß-elimination. The further steps of the
BER are subsequently realized via different enzymes. First, the unsaturated S'-phospho-a, ß-aldehyde end is enzyraatically removed by

the AP endonuclease l, typicatly resulting in a single nucteotidegap in
the DNA single Strand [16, 18, 19]. This gap is then filled with the correct nucleotide by DNA polymerases. DNA ligases are then used to
enzymatically connect the two substrings to form a single Strand, thus
completely closing the gap [18].
Based on previous Literature it is suspected that hOGGl and other

[25] and then cultured in celi + flasks and plates (Sarstedt, Nümbrecht,
Germany). Cells were grown at 37 °C in the presence of 5 % CO^ and 90

(all components from Gibco, Life Technologies GmbH, Darmstadt,

To test the effect of CoQlO on the enzymatic activity of hOGGl, we
used both ubiquinol and ubiquione formulations CQuinoMit" Q10-

Fluid, SiaMif Q10, MSE Pharmazeutika GmbH, Bad Homburg,
Germany). Both were always freshly weighed and diluted with ultrapure water (Purelab flex 4; ELGA LabWater, Gelle, Germany). The
carrier control was administrated exactly äs described for QuinoMit.
QuinoMit" QlO-Fluid, SiaMit" Q10 and carrier control are emulsions of

redox-dependent transcription factors are actively regulated by the
redox-active properties of antioxidants and thus their protein expres-

phosphoLipid nanoparticls (30-90 nm). The exact composition of these
test compounds can be found in Table l below. For the analysis of the
significance of individual structural elements of ubiquinol for hOGGl
activity, CoQlO and CoQl was used (SigmaAldrich GmbH, Darmstadt,

sion can be controlled [20, 21 ]. One of these antioxidants is Coenzyme

Germany). Both substances were dissolved in DMSO (Carl Roth GmbH

D, Schniertshauer, et ai.
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Table l
Exact composition of QuinoMit* QlO-Fluid, SiaMif Q10 and carrier control.
CoQlO formulations
QuinoMit* QlO-Fluid

ubiquinol (red.)

and carrier control

SiaMil* Q10
ubiquinone (ox.)

carner

conirol

Sigma Aldrich GmbH, Darmstadt, Germany) and 35 |jl NEBuffer2
(NEB). This was followed by an incubation for 15min at 95 °C for hybridization of the CN-(6-FAM) oligonucleotides and complementary
Strands in the thermocycier (Digital Biomedical Imaging Systems AG,
Pforzheim, Germany). The reporter oligonucleotide batches were then
centrifuged briefly. The cooling and subsequent storage of the finished
constructs took place at -20 °C. The measurement was carried out in a

Glvccrin

Ubiquinol
Ubiquinone
Ethanöl
Dcionized water

Soy lecithin
Niacinamide

& Co. KG, Karlsruhe, Gemiany). To change the cellular redoxstate, 1, 4dithiothreitol (DTT) (Car! Roth GmbH & Co. KG, Karlsruhe, Germany)
was used. For this DTT stock solution was also dituted in ultrapure
water and then sterile filtered. menaquinone-7 (MK-7) (Merck KGaA,
Darmstadt, Germany) was dissolved in ethanol [Carl Roth GmbH & Co.

KG, Karlsruhe, Germany) (96 %, pure) at 37 °C and 500 rpm and then
also sterile filtered. The test-specific addition of the acüve substances
CoQlO, DTT or MK-7 äs weil äs the CoQlO-treated mitochondriaL lysates was done immediately before the measurement in an appropriate
amount. For this, these substances were hirther diluted in reaction
buffer.

2. 3. Isolation of mitochondria

In order to measure the enzymaticactivity of mitochondrial hOGGl

Light Cycler 480 (Röche), which performed a real-time fluorescence
measurement at 37 °C for 80 cycles of 1min each and a subsequent
melting curve analysis. The reaction buffer for this assay was prepared
äs follows: -20 % DMSO; Ix NEBuffer2; 10 % BSA; lOpmol reporter
constructs; recombinanthuman OGG1 for control (0,5 mg/ml = 0, 8 U/
yl). The test-specific addition of the active substances CoQlO, DTI' or
MK-7 äs welL äs the CoQlO-treated mitochondrial lysates was done
immediately before the measurement. The DNA glycosylase present in
the lysates from mitochondria recognizes the damage on the reporter
oLigonucleotide (CN-8-oxoG) and cuts out the oxidized base first followed by a cut in the phosphate backbone. As a result, the incised DNA

Strand dissociates from the opposite strand at the incubation temperature of 37 °C and a fluorescence signaE can be measured (Fig. 2A). The
strength of the Signal correlates with the repair activity or the AP lyase
activity of the hOGGl enzyme, The use of an undamaged reporter oligonucleotide (CN-CTRL) served äs a control in order to exclude non-

specificdigestionof the oligonucleotideconstructs. For a determination
of the resulting oligonucleotide fi-agments a melting curve analysis at a
temperature of 95 °C to 20 °C was perfonned after completion of the
real-time activity measurement. For this purpose, the first derivative of
the fluorescence signal was recorded. The resulting minima represent
the melting temperatures of the different fragments (Fig. 2B).

under the inüuence of CoQlO, first the mitochondria were isolated from

human fibrobtasts and subsequently lysed, 3. 000.000 fibroblasts were
first centrifuged for 5 min at 500g and 4 °C. The resulting cell pellet was
resuspendedin 200\d of lysis bufferand 3 \i\ of sodium citrate and then
incubated on ice for 45min. Then the samples were homogenized with
a syringe and a cannula Cdiameter = 9 mm) by pipetting up and down
on ice 10 times. To completely separate the mitochondria from these
structures, the samples were again centrifuged at 1200g for 10min at
4 °C. The supernatants with the mitochondria were pipetted into new

100. 000 fibroblasts were plated into 10cm petri dishes. 3h after
seeding,cells weretreated with 100pM ubiquinol and incubatedfor the
appropriate time in the incubator at 37 °C. Sampling took place 4/12,
24/48 h after treatment and harvested cells were kept at - 80 °C unül
RNAextraction. For gene expressionanalysisvia qPCR, RealTime ready
Custom Panels 96 - 16 (Röche Diagnostics) with ready-made primers

reaction vessels. The lysis of the isolated mitochondria was carried out

and probes for the selected gene of interest (hOGGl) and reference

in a hirther lysis Step on ice with pulsed uLtrasound (Sonoplus UW
3100, Bandelin electronic GmbH & Co. KG, Berlin, Germany) at 20 W
for one minute (0. 5s pulse on, 1. 0s Pulse off). Finally, another centrifugation step followed at 21, 000g and 4°C for 45min. The mitochondrial hOGGl, which was new in the supernatants, was kept on
ice untii further use. The total protein concentration of the mitochondrial fraction was about 5 mg/ml.

genes [RPL13A, R.PLPO, PGK1) were used. Reference genes were ex-

2. 4. Base excision repair assay

It was proceeded according to the manufacturer's instructions. cDNA

For the measurement of the hOGGl activity we used an assay that
exploits the principleof enzymaticremoval of 8-oxoG from DNAäs weil
äs Lhe cut into its sugar-phosphate backbone by hOGGl äs a part of the
BER. Commercially purchased recombinanthuman OGGl (Abcam pk,
Cambridge, UK) and die lysates of isolated mitochondria from human
fibrobiasts were incubated with specifically designed reporter oligonudeotides for this assay. Each of the two sequence-identical doublestranded constructs

consisted of 33 nucleotides.

2. 5. Gene expression

perimentally

determined and calculated with the Software GenEx

Cfunctions'GeNorm' and' Normfinder', MultiD Analyses AB). Total RNA
of all samples was extracted with a High Pure RNA Isolation Kit(Röche
Diagnostics) and purity and concentration of RNA was detennined
using an ExperionTM System with a RNA Sens Analysis Kit (Bio-Rad).

RNAIsolationwas followed by cDNAsynthesiswith a Transcriptor First
Strand cDNA Synthesis Kit (Röche Diagnostics) and cDNA precipitation,
was resuspended in 200\iL ultrapure water and stored at - 80 °C until
qPCR. Reactions were carried out in a volume of 20\iL with 10 ^iL
LightCycler R 480 Probes Master, and 0. 625 pM of each primers and
probe. Amplifications were conducted äs follows: 10min of initial de-

naturation at 95 °C, followed by 45 cycles of 10 s denaturation at 95 °C,
30s primer annealing and elongation at 60 "C, and Is fluorescence
acquisition at 72 °C. Relative expression levels were calculated with Üie

2~

p method and then normalized to all reference genes.

BoLh carried a 6-car-

boxyfluorescein moLecuie (6-FAM) at the 3'-end of the reporter Strand
and a black hole quencher (BHQ-1) at the 5'-end ofthe complementary
Strand (Fig. l). For the preparationof the reporter oligonucteotidesCN-

2. 6. ROS-/mtROS-assay

8-oxoG ([6FAM] CCATAATAATAATAAC [8-oxo-dG]CAATAATAATAAT

well were seeded in a 96-well plate and then incubated in cell culture
medium with or without 100 ^M CoQlO for 16h in the incubator at

ACC[6FAM]) and CN.CTRL ([6FAM]CCATAATAATAATAACGCAATAA
TAATAATACC[6FAMj), 5^1 of each of the single-stranded CN oligonucleotides CN-8-oxoG and CN-CTRL (100 pM each) were mixed together with 10 ^1 of the BHQ-1-taggedcompLementaryStrands [[BHQ1]
GGTATTATTATTATTGCGTTATTA'nATTA TGG[BHQ1]) (100 tlM) (all

For the measurements of ROS and mtROS 10, 000 fibroblasts per

37 °C. After this 400 \iM tert-Butyl hydroperoxide(TBHP) was added äs
a positive control [pc) and incubated for l h at 37 °C. For each treatment, eight wells were analyzed in parallel. The fluorescence measurements were carried out with a Wallac victor 1420-fluorometer

D. Schniertshauw. et ai.
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Fig. l. Basic principle of the assay. A

double-stranded nuclcotide strand carrying an
8-oxoG base (shown in red) is used to detect
the activity of hOGGl. The Strand with thc

damagc carries at both ends a 6-FAM molccule

äsa fluorescenccreporter and on the opposing
qucncher are addcd at both cnds. In the uncut

rcporter-oligonuclcotide both Strands arc hybridized with cach other whereby the fluorescence signal of the 6-FAM moleculcs is interccpted by the quenchers. If the stranä with the

damage is cut, the two nucieotidc Strands dissolve from each other and the fluorescence

CTT6CTGACACTGAACTGACGATGÄCTÄ
GAACGACTGT
ACTTGACTGCTACTGAT

Signal can be measured.

11111111111

A

Fig. 2. Schematic representation of a determination of the hOGGI activity by fluorescence and melting curve analysis. [A]

cd l)sste[CN-6-noG|
celllisaeiCN.CTHLI
hOC3G1 [CM-a<«iG|
hOGGI[CN.CTRL]

Fluorcscence curves of the reporter-oligonucleotides CN-8-oxoG (with damagc) and CNCTRL (without damage) aftcr digestion with 1.6
units ofcommercially purchased hOCGl äs well

äs hOGGl obtained from cel! lysates over a
period of 80 cyclcs of l min each at 37 °C. The

hOGGl activity can be detcrmined by means of
thc end point (maximum f]uorescence) of the

fluorescence curvc of thc defective reporteroligonucleotidc

CN-8-oxoG CN-CTRL

(CN-8-oxoG)

minus the non-

specific digestion (CN-CTRL). [B] Melting
curves of the rcporter-oligonucleotides CN-8oxoG and CN-CTRL after digestion with 1,6
units of commcrcially purchased hOGGl and

B

hOGGl obtained from cd] lysates., a fragment
analysis can be carricd out after completion of
the real-time activity measurement using thc
function of the recorded melting curves. For

2-,

this, the first derivativc

of the trcnd of the

fluoresccnccSignalis recordedat a temperature
from 95°C to 20 °C. The resulting minima re-

04':

present the melting temperatures of thc differen t fragments.
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6. 0-,

the beads. For the bindingof ubiquinol to hOGGl, all the mixtures were
incubated for 30min at IO°C. in the thermocycler CDigital Biomedical
ImagingSystems AG, Pforzheim, Germany). Beads incubatedonly with
ubiquinol served äs a control in Order to exclude binding ofubiquinol to
the beads, After incubation of the beads with and without ubiquinol and
hOGGl, the supernatant of the beads was removed (for binding effi-

5. 5-1
5. 0-1
4. 5^
4. Q-\
3. S~\

Ai

3.0-1

ciency testing) and the beads were washed three times with wash buffer

2. 5-1
2. 0-1
1. 51. 00, 5-1
0. 0-0. 5-

.

ubiqutnone [pM]

n=6

2. 8. Staüstical analysis

ubiquinol [pM]

Fig. 3. Influence of ubiquinol and ubiquinone on hOGGl enzymatic activity in vitro. Addition of differcnt concentrations (12. 5-100 ^M) of ubiquinonc, ubiquinol and carrier contro) (CC [100 pMI) to commcrcially purchased
hOGGl and reporter oligonuclcotides. NC1 = test solution without reporter
oligonucleotides and hOGGl. NC2 = test solution with reporter oligonucleotides but without hOGGI, The fluorescence Signals were recorded with a
LightCycler* 480 in a wavelength ränge bccween 483 and 533 nm. Thc fluorescencc Signals of the digested reportcr oligonudeotides based on thc hOGGl
activity are shown (n - 6, mean ± SEM, one-way ANOVA with Bonferroni's
multiple comparison test, *p < 0, 05). NC1 = test solution without reporter
oligonucleotides and hOCGl. NC2 = test solution with rcporter oligonudeotides but widiout hOGGl. Values normalized to the positive control (PC = all
assay components without test solution). PC corrcspond to 1. 0.

(Perkin Eimer, Waltham/Massachusetts, United States), Both assays
wereperformed accordingto the manufacturer'sinstmctions (CellROX*
Green Reagent CC10444), MitoSOXT
Red (M36008); Life Technologies
GmbH, Dannstadt, Gennany). CetiROX' Green Reagent is a ceLlpermeable and reduced leuco-dye üiat fluoresces by oxidation with ROS
at an absorption/emission maximum of 480/520nm. After oxidation,
the dye binds to the DNA, which increases the fluorescence in the nu-

cleus and in the mitochondria. However, it is not possible to disünguish
between signal from general and from mitochondrial ROS. For a distinction

between ROS and mtROS,

we

used

therefore MitoSOXT

Red a

mitochondrial superoxide (mtSO) indicator for the detection of superoxide in the mitochondria. In the oxidized state, the dye fluoresces at an
absorption/emission maximum of 510/580 nm and has a fluorescence

excitation which can only be produced by the oxidation with superoxide. Thus mtROS can be indirectly detected äs mtSO. Cells were
stained

with 5 ^iM CellROX" Green Reagent

MitoSOXT Red by
or 5 \iM
adding it to the media and another incubation at 37 °C for l h or 30 min
using MitoSOXT. Prior to the measurement, the medium was then re-

placed by 150 |jl Ix PBS, The measurements were carried out at 37 °C.
At the beginning of the measurement, the 96-well plates were shaken
by the fluorometer for 2 s, and then the samples were measured for l s.
The values obtained were normalized to the untreated control.

2. 7, Co-immunoprecipitation (Co-lP)
For the detection of a direct interaction

with 5mM imidazole (His Buffer Kit, GE Healthcare Life Sciences,
Uppsala Sweden). To remove the enzymes from the beads, lOOjil of
elution buffer containing 500 mM imidazole (His Buffer Kit, GE
Healthcare Life Sciences, Uppsala Sweden) were added to the samples
and after one minute of incubation, the samples were transferred to a
new reaction vessel. The eluted samples were then used directly in the
previously described base excision repair assay.

between hOGGl and ubi-

quinol, a co-inamunoprecipitation (CoIP) was performed. For this,
200[i\ of magnetic beads (His Mag Sepharose Ni, GE Healthcare Life
Sciences, Uppsala, Sweden) were prepared per approach. The storage
solution was removed and replaced with equilibration buffer containing
5 mM imidazole (His Buffer Kit, GE Healthcare Life Sciences, Uppsala
Sweden). This step was repeated once. Following the preparation of the
beads, the samples were added. Depending on the approachj commercialty purchased recombinant human QGG1 with a histidine-Tag
(hOGGl-His) (Abcam plc, Cambridge, UK) and ubiquinol were added to

. Statistical analysis was performed using Prism 7. 04 [GraphPad
Software, Inc.). Values are presented äs mean ± SEM or individual
values. Comparison between muttipte groups was done by one-way
ANOVA with Dunnett's multiple comparison test or Bonferroni's mul-

tiple comparison lest. Statistical significance was defined äs p < 0. 05.
3. Results

In this study, we investigated the effect of CoQlO on the activity of
the human 8-oxoguanine DNA glycosylase l. In addition to gene expression and ROS formation, the focus was on the detection of direct
enzyme activity under the influence of CoQIO.

3. 1. Influence oftibiquinol and itbiqitinone on hOGGl enzymaac activity in
VltTO

In order to analyze a potential, activity-enhancing effect of CoQlO
on hOGGl invio-o, test solutions inconcentrations of 12. 5-100 ^iM were
initially prepared from both CoQlO formulations, the reduced and the

oxidized form (ubiquinol and ubiquinone). These lest solutions were
added in a base excision repair assay to the reporter oligonudeotides
CN-8-oxoG and CN-CTRL. Together with commercially purchased and
purified hOGGl, the enzymatic digestion of the reporter oLigonudeoüdes was then anatyzed in the presence of different CoQlO-concentrations of both formulations because in vivo mainly the reduced form
ubiquinol is present and is continuously converted into ubiquinone
[24]. As a positive control (PC) approaches were induded with all assay
components but without test solution. This was used for the detection of

the hOGGl basic activity without CoQlO. In addition, two negative
controls (NC - 100 pM test solution) were used. NC1 without reporter
oligonucleotides and hOGGl, for the detection of a possible autofluorescence of the test solutions. NC2 with reporter oligonucleotides
but without hOGGl in Order to investigate a spontaneous decay of reporter oligonucLeotides in the presence of the test solution. Because the

CoQlO formulations we used was a nanostructured lipid formulation, a
carrier control (CC) was included äs an additional control in order to

exclude possible effects of the ingredients on the activity of hOGGl. As
can be seen in Fig. 3, both ubiquinone and ubiquinol show a significant
almost linear increase in hOGGl enzymatic activity at concentrations of
50-100 v-M ofCoQlO. There was no significant increase in the presence
of carrier control. An autoHuorescence

of the test solution äs weil äs a

self-breakdownof the reporter oligonucleoride could be excluded.
3. 2.

Influence of ubiquinol

on

HOGGl enzymatic activity isolated from

mitochondria

Following the experiments with commercially purchased and purified hOGGl, the next step was to determine whetheran increase in the
activity of this enzyme also takes place on mitochondrial hOGGl. For
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the recovery of mitochondrial hOGGl, mitochondria from 3. 000. 000

human fibroblasts were first isolated over several centrifugation Steps
and then lysed via an ultrasonic disintegrator. In order to investigate an
activity-increasing effect of ubiquinol on mitochondrial hOGGl, only
ubiquinot (10 ^M-1000^iM) was used becauseit showedthe best results
and an almost linear increase in hOGGl activity with increasing ubiquinol concentration [50-100 |jM) in the in vitro experinients. In a
subsequent base excision repair assay ubiquinol was given to the reporter oligonucleotides CN-8-oxoG and CN-CTRL äs in the previous
experiment. In addition, instead ofpurchasedand purified hOGGl, the
isolated mitochondrial hOGGl was added. As a positive control (PC) an
approach was made with alt assay components but no ubiquinol. A
negative control (NC) with test solution but without hOGGl and a

carrier control (CC) were also perfonned. An increase in hOGGl activity on mitochondrial hOGGl could be detected with increasing ubiquinol concentration. While low ubiquinol concentrations (10, 50, and
100 tiM) resulted in little stimulation of hOGGl activity, higher concentrations (500 and 1000 ^iM) induced a statistically significant in-

components but no ubiquinol or DDT. Two negative controls (NC 100 pM ubiquinol / 100 mM DDT) were used. NC1 without reporter
oligonucleotides and hOGGl, for the detection of a possible autofluorescence of the test solutions. NC2 with reporter oligonucleotides
but without hOGGl in order to investigate a spontaneous decay of reporter oligonucleotides in the presence of the lest solution. As shown
below in Fig. 6A, no significant increase in hOGGl activity was observed compared to the sampLes with ubiquinoL, In order to exclude
altered gene expression after ubiquinol treatment a gene expression
analysis was performed with 100.000 fibroblasts. Cells were treated
with 100 |jM ubiquino! and incubated for 4, 12, 24, 48h in the in-

cubator at 37 °C. For gene expression analysis (Fig. 6B) via qPCR, RealTime ready Custom Panels 96 - 16 (Röche Diagnostics) with readymade primers and probes for the selected gene of interest (hOGGl) and
reference genes (RPL13A, RPLPO, PGK1) were used. Relative expression
levels were calculated with the 2-&ACPmethod and then normalized to
all reference genes. As shown in Fig. 6B, ubiquinol treatment did not
have significant impact on gene expression over a period of 48h.

crease in enzymatic activity.

3. 5. Siyiificance of individual stnictural elements of ubiquinol for hOGGl
3. 3. Inftuence of ubiquinolon the formation of ROS andmitochondrial

acdvity

superoxide

After an increase in the activity of mitochondrial hOGGl by ubiquinol was shown, it should now be investigated whether the addition
of ubiquinol also leads to an increased fonnation of ROS in the mi-

tochondria and thus to a possible increase in 8-oxoG damage. This was
ofparticular interest since the addition ofubiquinol leads to an already
known increase in the key parameters of mitochondrial respiration,
such äs ATP-linked respiration or basal reaction [26]. 10.000 human
flbroblasts per well were seeded on a 96-well plate and incubated for
16 h at 37°C with and without ubiquinol (l 00 ^iM). After incubation of
the cells, TBHP [400 ^M) was added to the respective wells to generate
oxidative stress and then incubated again at 37 °C for l h. After this
time 5 pM CellROX"reagents were added for l h at 37 °C or MitoSOX'
for 30min at 37 °C. Subsequently the fluorescence measurement was
camed out at an absorption/emissionmaximum of 485 nm/520nm for
the detection of CellROX" and 510nm/580nm for the detection of

MitoSOX*. As seen below, the ubiquinol-treated cells showed a slight
increase in the amount of ROS compared to the untreated cells. However, this increasewas not significant.The additionofTBHPresulted in
a significantincrease in ROS compared to untreated cells. On the other
hand, ubiquinol significantly reduced the amount of ROS compared to
the control with TBHP. When monitoring the amount of mitochondrial
superoxide, there was a large increase in the amount of superoxide on
addition of TBHP. However, in the ubiquinol approach a significant
mitochondrial superoxide mitigation can be seen compared to the

In the previous experiment, the change in redox potential by ubiquinol äs the cause of an increase in the enzymatic activity of hOGGl
could be excluded. In the next experiment, we investigated whether the
activity-enhancing effect is based on the structure of the coenzyme and
a possibly resulting behavior äs an effector molecule. For this purpose
CoQl (100 \iM) was used which has in contrast to CoQIO no lipophilic
isoprenoid side chain. Thus, it shoutd be detennined whether this

structural element is cmcial for an increase in activity of hOGGl. In a
LightCycler" 480 a melting point analysis from 95 °C to 20 °C was
carried out after completion of the real-time activity measurement, to
be able to determine the activity of each individuat enzymatic Step (Nglycosytase and AP lyase activity) of this bifunctional enzyme. As can
be seen in Fig. 7A, the two melting curves of CoQl and CoQlO do not
differ concerning the amount ofcompletely cut Substrate only CoQl has
a higherN-glycosytaseactivity comparedto CoQlO. In both cases, there
was no longer any uncut reporter oligonucleotide.After an involvement
of the isoprenoid side chain in an activity-enhandng effect of ubiquinol
on hOGGl could be exctuded, the importance of the head group was
analyzed. For this, we used 100 ^M of menaquinone-7 (MK-7), a
structurally related molecule to CoQlO. This molecule differs in the
head group (quinone group). The analysis of the influence on the
hOGGl activity was done aiialogous to the previous experiments with
CoQl and CoQlO. It can be seen that MK-7 leads to an inhibition of the

enzymatic activity of hOGGl and therefore no digestion of the reporter
oligonucleotides occurs.

control.

3. 6. Bifimctionality of hOGGl under the influence ofubiquinol
3. 4. Influence of redox potential on gene expression and the activity of
hOGGl
In this experiment it is no langer about the effect of ubiquinol on
hOGGl, but about the identification ofthe underlying mechanisms. We
Start with the influence of the redox potential on hOGGl activity. Based
on the previous work done by Tomassetti and his Colleagues, CoQlO is
supposedto changethe redoxpotential within the cell [21] and thus the
gene expression of hOGGl. Because in the previous studies an increase
in activity of hOGGl by ubiquinol could be detected, the underlying
cause of the activity-increasingeffect should now be determined. First,
we investigated whether the stimulation of hOGGl activity in the
presence of ubiquinol was based an a change in the redox status of the
reaction

solution.

Therefore

we

used

different

concentrations

(1-100 mM) of 1, 4-dithiothreitol CDTT), a strong redox status changing
substance to see if this has an influence on the activity of hOGGl. As a
positive control [PC) one approaches was made with all assay

After an increase in the activity of hOGGl in the presence of ubiquinol could be shown, the next Step is to investigate the extent to
which the kinetics ofhOGGl change under the influence ofincreasing
ubiquinol concentrations. For this, mitochondrial hOGGl was obtained
from the isolated mitochondria of 3. 000.000 human fibrobLasts äs al-

ready described under 3. 2, mixed with ubiquinol (10-500 ^iM) and
added a base excision repair assay to the reporter oligonucleotides CN8-oxoG. As a control one approaches was made with all assay coraponents but no ubiquinol (PC) and for the negative control (NC) with 500
\iM ubiquinol but without hOGGl. As in the previous experiment, a
melting point analysis frora 95 °C to 20 °C was carried out after completion of the real-time activity measurement. It can be seen from
Figs. 8A and SB that there is an increase in the amount of reporter
oligonucleotide with an AP site with increasing concentrations of ubiquinol (increase in N-glycosylase activity), whereas the proportion of
completely cut reporter oligonucleotides decreased significantly with
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3. 5-

3.7, Detecrionoj a directhOGGl / ubiqumolinteractionby coinvnitnoprecipitanon

Co-immunoprecipitation was perfomied to demonstrate a direct

interaction between ubiquinol and hOGGl. A hisüdine tag-coupled
hOGGl and ubiquinol (100pM) were incubated together with CN-8oxoG and His Mag magnetic beads for 30min at 10 °C. After three
washing steps hOGGl-His, which had faeen bound to the beads. was

eluted from this again. Upon bindingofubiquinol tohOGGl-His,this is
eluted together with the beads and subsequently generates an increase
in activity of the repair enzyme in the base excision repair assay at
37 C. In addition to a positive control, to check the components of the

<.5

n=3

base exdsion repair assay and a carrier control to exdude the influence

ofthephospholipidnanoparticelsonthe bindingofubiquinolto hOGGl
also an approach without hOGGl-His were used to check the possible

ubiquinol [pM]

binding of ubiquinol to the beads. This was done to exclude the car-

ryover ofubiquinol in the subsequent base exdsion repair assay. In this
approach, hOGGl-His was directly added to the base excision repair
assay. As shown in Fig. 9, the addhionof ubiquinol to the approachof
the CoIP with hOGGl-His results in an increased hOGGl activity in the
subsequent base excision repair assay compared to the CoIP approach
without ubiquinol. Based on the control without hOGGl-His in the
approach of the CoIP, binding of ubiquinol to the beads can be ex-

cluded. This indicates a direct bindingof ubiquinol to hOGGl-His.
4. Discussion

Fig. 4. InHuence of ubiquinol on hOGGl enzymatic activity isolated from
mitochondria. Addition of diffcrcnt conccntrations (10-1000 ^M] of ubiquinone and carricr control to reporter oligonucleotidcs and hOGGl from mitochondrial lysates, isolated from 3. 000, 000 human fibroblasts. As a negative
control one approach with test solution and reporter oligonucleotidcs but
without hOGGl were included. The fluorcscence Signals were rccorded with a
LightCycler" 480 in a wavelength ränge between 483 and 533 nm. Thc fluoresccnce Signals of the digcsted reponcr oligonucleotides based on the hOGGl

accivity are shown (n = 3, mean ± SEM, one-way ANOVA with Bonferroni's
multiple comparison test, *p < 0, 05). Values normaiizcd to the positive control (PC = all assay componcnts without tcst solution). PC carrcsponci to 1. 0.

In this study, we observed a concentration-dependent increase in

unsaturated 3'-phospho-u, ß-aldehyde end, which has a half-life of

the activity ofthe 8-oxoguanine DNA glycosylase l under the influence

about2hand inhibits the process [18]. The results ofthis worksuggest
that CoQlO contributes to the dissolution of the hOGGl end-product
complex and accelerates its dissociation process. The hypothesis that

of ubiquinol, both an purified and commercially acquired enzyme äs
well äs on enzyme isolated from the mitochondriaof human fibroblasts.
An increase in activity of this enzyme based on a change in cellular
redox state caused by ubiquinol could not be confinned. In addition. an

increased gene expression of 8-oxoguanine-DNAglycosylase l under
ubiquinol, äsit wasalready suspected, could not beobserved. f-Iowever,
there was a change in bifunctionality in favor of an increased N-glycosylase activity and a direct interaction between ubiquinol and 8-oxoguanine DNA glycosylase l.

As already shown, both the use of ubiquinone and ubiquinol resulted in an almost linear increase in the hOGGl enzymatic activity of
purchased and purified hOGGl in the concentration ränge of
50-100\lM. There was no significantincrease in the presence ofcarrier
control. An autofluorescence of the test solution äs well äs a selfbreakdown of the reporter oligonucleotide could also be excluded

CFig. 3). These results confirm the assumption that coenzyme can increasehOGGl activity. Only a CoQl0-mediatedincreasem intracellular

hOGGl expression has been assumed so far, which leads to higher
hOGGl levels and Aus to greater activity (Tomasetti, et ai., 2001). The

first conclusive assumption with a direct addition of CoQlO is the allosteric inHuence ofhOGGl by this coenzyme. Same experiments point
to this aspect and have shown already that a mutated form of hOGGl

(replacement of the serine at position 326 of the amino acid sequence
by a cysteine) in a dimer formation with another mutant hOGGl still

CoQlO mainly stimulates hOGGl glycosylase activity äs demonstrated

in previous work by various environmental factors (such äs oxidants,
AP endonuclease l, and exogenous AP sites) [28, 18, 19L was confirmed
by the data collected here also for CoQlO. There is an increase in the

amount of reporter oligonucleotide with an AP site with increasing
concentrations of ubiquinol (increase in N-glycosytase activity),
whereas the proportion of completely cut reporter oligonudeotides
decreasedsignificantlywith increasingamount of ubiquinol (reduction
in AP lyase activity) (Fig. 8A-B).

After the experiments with commercially acquired and purified
hOGGl, the next step was to determine whether an increase in the
activity of this enzyme also occurs on mitochondrial hOGGl. This is

particularly important because 8-OxoG lesions predominantly occur in
the mtDNA. In the in vivo experiments with hOGGl from isolated mi-

tochondria, an increase of enzymatic activity with increasing ubiquinol
concentrations could also be detected (Fig. 4). While low ubiquinol
concentrations (10, 50, and 100^M) resulted m little stimulation of

hOGGl activity, higher concentrations [500 and 1000^M) induced a
statistically significant increäse in enzymatic activity. Again, the carrier
control showed no significant effect on the hOGGl activity. In view of
the results of the in vitro study with purchased hOGGl and the in vivo

study with mitochondrial hOGGl obtained, it wasshown that ubiquino!

showed a low enzymatic activity [27]. Accordingly, an allosteric influence must have taken place by the second enzyme. The stimulation
of hOGGl activity by oxidants and repair enzymes of BER has been
previously reported in earlier work. The hOGGl could be stimulated by
AP endonuclease l (APE1) and X-ray repair cross-complementing protein l (XRCC1) [28, 18,29]. Theseenzymes increasedrepaircapacity by
stabilizing AP sites and relaying the intermediates of repair processes

causes an increase in activity without incubation after direct addition.

[29]. Mainly they prevent unwanted rearrangement reactions of the

mulate hOGGl activity.

DNA äs well äs a reassociation of hOGGl and DNA after N-glycosylase
activity [18, 30]. In addition, after being cut into the sugar-phosphate
backbone of the DMA, hOGGl forms a complex with the resulting

To cEarifythequestion whethertheadditionofubiquinolleadsto an
increased formation of ROS and thus to an increased damage of 8-

This result contradicts the assumptions in which an increased number

of celluiar hOGGl was presumed by an increase in gene expression
(Tomasetti, et ai., 2001J, Our Data could exciude an increased gene
expression of hOGGl under ubiquinot (Fig. 6B). This result is consistent

with the already observed interaction in vitro between CoQlO and
hOGGl and also confirms the assumption that CoQlO can directly sti-
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Fig. 5. Influence of ubiquinol on Üie formation of ROS [A] and mitochondrial su-

peroxide [B]. To study the effect of ubiquinol
on thc amount of ROS and mitochondrial su-

peroxidc, 10, 000 human fibroblasts per well
were seeded in a 96-wcl! plate and incubated in
the presence ofubiquinol (100 ^M) for 16h at
37 C. After adding ROS-inducing tert-Butyl
hydroperoxide (TBHP) to the respective wells,
incubation was continued for l h at 37 °C. After

this time, 5pM CellROX* rcagcnt or MitoSOX*
were addcd, I h at 37°C for CellROX*

and

30min at 37 "C for MitoSOX*. After this, thc
fluorescencc mcasurcmcnt was done in a

n=6

Wallac victor3 1420-fluorometer at an absorption/emisslon maximum of 480 nm/520 nm for
the dctection of CellROX* and 510 nm/580 nm
to detect MitoSOX* (n - 6, mean ± SEM, oneubiquinal [100 pM[

ubiquinol[100uM]

way ANOVA with Bonferroni's multiple comparison test, ***p < 0, 001). Values normalized to the untreated cells. This cells corresponds to 1. 0.

OxoG, the amounts of reactive oxygen species and mitochondrial su-

peroxide were analyzed. However, there were no significant increases
in cellular ROS in the ubiquinol-treated cells (Fig. 5). Even not significant, it can be seen that cells which have been treated with ubi-

quinol show an slightly increased oxidative stress. This is due to a
general increase in mitochondrial respiratory parameters due to ubiquinol. This increase has already been shown in earlier studies on
human fibroblasts äs well äs on epithelial tissue [26, 31) and leads to a
stight increase in ROS production when mitochondrial perfonnance is

increased. When monitoring the amount of nnitochondrial superoxide,
in the ubiquinol approach a significant mitochondrial superoxide mitigation can be seen compared to the control. A reduction of mi-

tochondrialsuperoxidein theexpressionofwild-typeOGG1hasalready
been shown [9]. When analyzing the amount of mitochondrial superoxide, the approach with ubiquinol even showed a significant reduction
in mitochondrial superoxide reduction compared to the control. This
means that the addition of ubiquinol does not produce additional
amounts of ROS or mitochondrial superoxide. Thus, it can be assumed
that an activity-increasing effect is not due to higher levels of ROS and
mtSO. The reduction of oxygen radicals is initially attributed to the
antioxidant function of ubiquinol. In addition, a stimulation of some
enzymes (superoxide dismutase (SOD), glutamate dehydrogena5e
(GSH)) is suspected, which contribute to the detoxification of ROS.

Stimulation of SOD could also explain a decrease in mitochondrial superoxide under ubiquinol CFig. 5). CoQlO has previously demonstrated
an increase in activity of these enzymes in rat cancer cells during tamoxifen therapy [32]. Superoxide is the precursor of all ROS, and thus
an important primary trigger of oxidative stress, As mentioned above,
there are same enzymes (SOD, GSH) that need antioxidantsäs cofactors

changein the redox status (here, however, directly with respect to the
hOGGl molecule), the influence of DTT, which also has an antioxidant
effect, on the enzyme activity and gene expression of hOGGl was investigated. As shown in Fig. 6 A, there was no significant increase in

hOGGl activity compared to the samples with ubiquinol. Ubiquinol
treatment also did not have significantimpact on geneexpressionaver
a period of 48h (Fig. 6B). It has already been observed in previous
studies that hOGGl can be influenced by various factors. Bravard et ai,
found out that the redox state plays an important role in the celt [28]. A
reversibie loss of activity of hOGGl could be observed in cells treated
with cadmium. This loss ofactivity is most likely due to the fact that the
cysteine residues of the enzyme were influenced by the change to
strongly oxidizing conditions. The eight cysteine residues represent a

regulatory possibility äs they are surrounded by positively charged
amino acids and are susceptible to oxidation. Consequently, ubiquinol
äs an antioxidant would be abte to protect the enzyme or reactivate it
after a reaction with oxidants [28]. In contrast, own studies have shown

that the stimulation of hOGGl by its oxidation or reduction to the extent that it occurs by ubiquinol is unlikely and could also lead to inhibition [28], äs was the case with a DDT concentration of lOOmM.

These results disprove the assumption that CoQlO can increase hOGGl

activity by inducing an increase in gene expression (and thus higher
intracellular hOGGl levels). It can be said that a change in the redox
status of hOGGl or the redox potential of the enzyme solution has no

significant effect on enzymatic activity. Thus, ubiquinol-mediated
redoxprocessesmay not be the causeof the increasein hOGGl activity

ticularly present in mitochondria [32], could allow a reduction of mtSO

detected in previous studies.
After a change of the redox potential by ubiquinol äs cause for an
increase of the enzymatic activity of hOGGl can be excluded, it was
investigated whether the activity-increasing effect is based on the
structure of the coenzyme and a possibly resuLting behaviour äs effector

to neutralize ROS [33]. The increase of these enzymes, which are parby ubiquinol. The activity of SOD, which particularly converts super-

molecule. Forthis purpose CoQl was used, whichin contrast to CoQlO

oxide (because of formation by Ehe respiratory chain), has been increased by ubiquinol [32, 34]. This also explains the decrease in mtSO

does not have a lipophilic isoprenoid side chain.

by ubiquinol.

crucial for increasingthe activity of hOGGl. In the comparison of both

First indications should be found whether this structural element is

Based on previous work, it is suspectedthat antioxidants,äs a result

melting curves CoQl and CoQl do not differ in the amount of com-

of their redox-activeproperties, canactively intervene in the regulation
thus in the expressionofcellular proteins [20, 21]. Becauseubiquinol is

pletely cut Substrate (Fig. 7). Only CoQl has a higher N-glycosylase
activity. In both cases, there was no langer any uncut reporter oligonucleotide. These are flrst indications that a participation of the iso-

also an antioxidant, it has been suspected that it causes a redox-induced

prenoid side chain in an increase of the activity of hOGGl can be lar-

increase in gene expression and can therefore lead to an indirect in-

gely excluded. However, the side chain is important for the anchoring
ofubiquinol in the mitochondrial membrane [23]. A complete inhibi-

of numerous transcription factors dependent on the redox status and

crease in DNA repair enzyme activity Cincluding hOGGl activity) in the

form of higher overall enzyme levels [22, 21]. In order to investigate
whether this direct increase in activity by CoQlO is associated with a

tion of the enzymatic activity of hOGGl in the use of menachinone-7
suggests that the activity-increasing efFect of ubiquinol can be
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A

Finally, a direct interaction between hOGGl and ubiquinol should

6. 0-

be detected. The addition ofubiquinot to the CoIP with hOGGl-His led

5. 5-

to an increased hOGGl activity in the subsequent base excision repair

5. 0o

assay compared to the CoIP approach without ubiquinol. Based on the

4. 5-

control without hOGGl-His in the CoIP approach, the binding of ubi-

4.0-

quinoi to the beads can be excluded (Fig. 9). Thus, an interaction between hOGGl and ubiquinol could be detected for the first time.
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Despite the results shown here, it should be noted that previously
unknown factors may also contribute to same of the observed effects,
e.g. the formation oflipid compartments ofthe used Q10 formulations
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can be largely excluded, because the water-insoluble Q10 becomes
water-solublethroughthe fonnulation in nanoparticles, whichprevents
the formation of lipid compartments. Other factors, a change in the pH
by the addition of ubiquinol for example can also be excluded, äs this

has already been investigated in preliminary experiments. More research is needed to fully explain the mechanism,
5. Conclusion

For the first time, an increase in the activity of the DNA repair enzyme hOGGl could be observed by the addition of ubiquinol to both,
purchased and purified äs well äs mitochondrial hOGGl isolated from

human fibroblasts. An increasein the activity ofthis enzymebasedon a
change in cellular redox state caused by ubiquinol could not be confirmed. In addition, an increasedgeneexpressionof8-oxoguanine-DNA
glycosylase l underubiquinol, äsit wasalreadysuspectedcoutd not be
observed. In addition, the amount of ROS and mtSO was not increased
under ubiquinol, which would otherwise have indicated an increased

occurrence of oxidative damage. In further investigations it could be
shown that there wasa change in bihinctionalityof hOGGl in favor of
an increased N-gLycosylase activity. Initial evidence has also been

provided that the quinone group of ubiquinol is responsible for the
mcrease in activity. With the help of a CoIP, a direct interaction ben=3

tween ubiquinol and hOGGl could also be detected for the first time.
The results of this work suggest that ubiquinol contributes to the dis-

Fig. 6. Influence af redox potential on gene expression and the activity of
hOGGl. [A] To study the effect of redox potential on hOGGl activity, 1, 4-

solution ofa hOGGl end-product compEex that fonns after cutting into
the sugar-phosphate backbone of the DNA with the resulting unsaturated S'-phospho-a, ß-aldehydeend and thereby inhibits further
enzymatic steps. This could be confinned by the increase in N-glyco-

dithioüu-eitol at concentrations of l-100 mM was added in a base excision
repair assay to the reporter oligonucleotides CN-8-oxoG and CN-CTRL. NC1 =
testsolutionwithoutreporteroligonuc]cotidesandhOGG{.
NC2 = test solution

the enzymatic activity ofhOGGl. The possibility ofinfluencing hOGGl

ubiquinal [100 pMj

with reporter oligonudcotides but without hOGGl, The fluorescence Signals
wererecordedwith a LightCycler*480 in a wavelcngthrängebctween483 and
533 nm. Thc fluorescence Signals of the digested reporter oligonuclcotides
bascd on the hOGGl activity arc shown. For comparative purposes, the rcsults
obtained in the previous study regarding the effect of ubiquinol an hOGGl
activity were also prescnted (n = 6, mean ± SEM, one-way ANOVA with
Bonferroni's multiple comparison test, * p < 0, 05). Values normalized to the
positive control (PC = all assay components without test solution). PC corre-

spond to 1. 0. [B] Gene expression analysis of hOGGl was performcd with
100.000 flbroblasts via qPCR, RealTime ready Custom Panels 96 - 16 (Röche
Diagnostics) with ready-made primers and probes for the selectcd gene of intcrcst (hOGGl) and reference genes (RPL13A, RPLPO, PGK1). Cells were treated
with 100 tiM ubiquinol or without (CTRL) and incubated for 4, 12, 24, 48h in
the incubator at 37 °C, Relative expression levels were calculated with the

2- p method and then normalized to all referencc genes [n = 4,
mean ± SEM, one-way ANOVA with Dunnett's multiple comparison test,
*p < 0, 05).

attributed to its quinone group. The importance of the head group for
the function of ubiquinol has already been underlined in earlier works

sylase activity with increasing ubiquinol concentration.
We betieve that ubiquinol is a new candidate for the modulation of
activity by ubiquinoL could be an important approach for mitochondrial
medicine therapies for the prevention and control of numerous dis-

eases. Besides the known effects of ubiquinol, e. g. increase of mitochondiral respiration parameters, simultaneous actor äsantioxidant,
it could be speculated that a direct binding of ubiquinoL to hOGGl
could mean an additional mechansimus, in which the repair capadty of
oxidative damage in extreme situations (increased UV exposure) can be
increased within a very shprt time without having to increase the ex-

pression ofhOGGl. In addition, previous work has shown that ß-hoggl
knockdown cells have reduced complex I activity, suggesting that ßhOGGl is an additional factor in die mitochondrial function of complex
I [36]. A complex. where ubiquinol acts äs a transport System for
electrons from complexes I and II through the hydrophobic membrane
tocomplexllloftherespiratorychain [24]. In Complexl, ß-hOGGlalso
interacts with the mitochondrial protein NDUFB10 (NADH dehydrogenase [ubiquinone] l beta subcomplex subunit 10) [36]. There-

fore, the bindingof ubiquinol and hOGGl could be responsible for an
additional increase in the activity of Complex I. The binding of ubiquinol and hOGGl could therefore be responsible for an additional

[35, 23]. These are first indications which have to be investigated in
further experiments in a systematic structure-activity relationship with

increase in the activity of Complex I. However, this would have to be

several different compounds.

The importance of a possibLe influence on the hOGGl activity is also
shown by the fact that recent research is being carried out on the

investigated in detail in further work.
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A

Fig. 7. Significance

of individual

structural

elements

of

ubiquinol for hOGGl activity. [A] Meiting curves of the
rcporter oligonuclcotides CN-8-oxoG under thc presence of
CoQl, CoQlO and menaquinone-7 (MK-7) (100 \iM each) after

digestion with commercially purchased hOGGI. Fragment
analysis was done using the function of the recorded melting
curvcs. For Fragment analysis, thc first derivativc of the trend
of the fluorescence Signal was recorded at a temperature from
95 "C to 20 °C (n - 6). [B] Schematic reprcscntation of the

recorded melting curve for fragment analysis. The peak at
Position l rcpresents a complete cut Substrate of hOGGl acl. Ciimpltlily cuttubtlrau

! APlyfsaaanaf
l. SubttiattuitliAPSita
f^ywE^as» aäwf^
l. UncuttuüBtnta

tivity. In this Substrate, both the modified base (8-oxoG) was

exciscd from the DNA and the sugar-phosphatebackbone of
the DNA was cut. The pcak labeled at position 2 rcpresents
substratc with an AP sitc in which thc N-glycosylase function
of thc cnzyme was alrcady active but the AP lyase was not. At
Position 3 there is uncut Substrate, in which the glycosylase
nor thc ligase function became ncithcr active. Dependingon
where the largcr peak is locatcd, Statements can be made

60

aboutthe activity of the respcctiveenzymaticStepsof hOGGl.

Temperalure [°C1

Fig. 8. Bifunctionality of hOGGl under the influence of

ubiquinol [A]. Melting curves of the reportcr oligonucleotidesCN-8-oxoGunderthe presenceof ubiquinol(l 0-500\iM)
aftcr digestion with mitochondrial

hOGGl from human fi-

faroblasts. NC = test solution without reportcr oligonuclcotides and hOGGl. PC = all assay components without test

solution. Fragmentanalysiswasdone usingthe functionof the
recordcd melting curves. For fragmcnt analysis, the firct derivativc of the trend of the fluoresccnce Signal was recorded at

a tcmperature from 95 °C to 20°C (n - 6). [B] Fragment
analysis of the individual enzymatic steps of mitochondrial
hOGGl from human fibroblasts under thc influeace of in-

creasing concentration of ubiquinol. Thc fluorescence Signals

are shown at 36°C (AP lyase activity and at 49°C (N-glycosylase activity) (n = 6, mean ± SEM, one-way ANOVA with
Dunnett's multiple comparison lest, *p < 0, 001J. Valucs

normalized to the positivecontrol (PC = all assaycomponents
without test solution). PC correspond to 1. 0.

Fig. 9. DetectionofadirecthOGGl / ubiquinol interaction

by co-immunoprecipitation. Melting curves of the reporter
oligonucleotides

CN-8-oxoG under the prcsence with or

without ubiquinol (100\iM) or carrier contro) (100 \M) after
co-immunoprecipitation with hOGGl-His and magnetic bcads.
PC - all assay componcnts without test solution and wichout

beads). Fragment analysis was done using the function of the
recorded melting curves. For Fragment analysis, the first derivative of the trend of the fluorescence signal was recorded at a
temperature from 95 °C to 20 °C (n - 3).

hOGGl rta ttigKls* <CO|jMcarrfefiiintn]l
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hOGG1-Histl)ead3+ 100uiMiAiqund
beads + tOO yM ubiquif^
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discovery of agonsites for hOGGl [9]. An effective treatment with

CoQlO and other agonists would be a novel fomi of therapy that stimulates the body or its cellular units to self-repair, As a body's own
substance, CoQlO is moreover an ideal drug candidate, with fewer to no
side effects than xenobiotics.
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