NEW ASPECTS INTO THE CHEMISTRY
OF COENZYME Q10 FAMILY MEMBERS

(calcium binding and transporting)
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STATE OF THE ART

Most quinones, with coenzyme Q10 as
their best known representative, are
seen as very efficient radical scavengers
and antioxidants, commonly acting in a
way to protect the living cells from oxida-
tive damage. Due to their anti-oxidizing
activity many quinones are used as
therapeutic agents e. g. in oncology.
Coenzyme Q10 is widely used as a die-
tary supplement and in a number of
cosmetics. Although its anti-oxidative
effect is undisputable, Q10 has one big
disadvantage: due to the long, hydro-
phobic side-chain it is only slightly water-
soluble. The intestinal absorption is as-
sumed to be less than 10%. So im-
provement of the agueous solubility is a
major concem. Besides the reduction of
particle size another way to improve the
solubility is the complexation in water
with cyclodextrins. But also here the wa-
ter-solubility is limited.

THE IDEA

The idea was to develop antioxidants
based on the commonly known ubichi-
nons but with an improved water-
solubility.

This was achieved by an easy reaction
out of the natural substances coenzyme
Q0 to Q10. The ubichinons are trans-
formed in polar molecules. The new sub-
stances show high solubility.

The aqueous solutions of the new com-
pounds are also long-time stable, con-
siderably more then less concentrated
natural coenzyme Q-solutions.

Initial tests showed the high potential of
the new compounds as antioxidants:

« Compared to the natural com-
pounds the new once show a
higher negative redox-potential

« Analyzing of reactions with oxy-
gen showed that the new sub-
stances reacted much faster than
the natural once

« The new compounds are way
more insensitive to changes in pH.
The redox-potential is not influ-
enced in a range from pH 4 to 13.

APPLICATION AND BENEFITS

The use of the new synthesized coen-
zymes Q0-10 is possible same areas as
the natural substances are used:
Cosmetics (skin care products, etc.),

dietary supplements (e.g. against hyper-
tension, migraine headaches, efc ),
therapeutic agents

The new advantages of

« better solubility

« higher stability

« stronger redox-potential and

+ less sensitive to changes in pH,

also new application areas which so far
were not possible come into reach, since
the so far low intestinal absorption of
about 10% in humans would no longer
be a hindrance. The new substances
might even prove to be candidates for so
far unknown application areas.

The lipophilic native form of Coenzyme Q0 (left)
easily goes to the arganic solvent (here dichlore-
than DCE, lower phase) when an agueous solu-
tion of Coenzyme QO is mixed with DCE, the new
synthesized form (right) on the contrary stays in
the agqueous phase.
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Coenzyme Q10 is a redox mediator in the
mitochondrial electron transfer chain (METC)
contributing to the mitochondrial ATP production
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Most of the members of METC
are ,one-electron’” mediators
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Mitochondrial electron transport chain is a major source
of highly dangerous ROS!!!
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http:/www.tumorx.com/peer-reviewed-Q10-protocol_htmi

ANTICANCER RESEARCH 29: 33-40 (2009)

Antioxidant Effects of Quercetin and Coenzyme Q10
in Mini Organ Cultures of Human Nasal Mucosa Cells

MAXIMILIAN REITER, KRISTINA RUPP, PHILIPP BAUMEISTER, SABINA ZIEGER and ULRICH HARREUS

Department of Otorhinolaryngology | Head and Neck Surgery, Ludwig Maximilians University, Munich, Germany

Abstract. Background: Oxidative DNA damage is a known
risk factor of head and neck cancer. Antioxidants, such as
coenzyme (010 (CoQ o) and quercetin, a member of flavonoids
present in red wine and tea, are thought to play a significant
role in protecting cells from oxidative stress induced by
reactive oxygen species (ROS). The aim of this study was to
investigate antioxidant effects of quercetin and CoQ ; on mini
orean cultures (MOCs) of human nasal mucosa. Materials

prevention plays an important role in this subject. In this
context, antioxidants and may help to prevent DNA damage
caused by reactive oxygen species (ROS) (2) and flavonoids
represent one of the most important group of substances.
These low molecular weight compounds are found in seeds,
citrus fruits, olive oil, tea and red wine, and to have possible
antioxidant activities in vivo (3, 4). Antiproliferative effects
on human cancer cell lines have been shown in various

CoQ10 and Cancer
(NCI Report)

The following information is from a U.S. Government web site (the National Cancer Institute at
the National Center for Complementary and Alternative Medicine).

What is the history of the discovery and use of coenzyme Q10 as a complementary
or alternative treatment for cancer?

Coenzyme Q10 was first identified in 1957. Its chemical structure was determined in 1958.
Interest in coenzyme Q10 as a potential treatment for cancer began in 1961, when a deficiency of
the enzyme was noted in the blood of cancer patients. Low blood levels of coenzyme Q10 have
Dbeen found in patients with myeloma, lymphoma, and cancers of the breast, lung, prostate,
pancreas, colon, kidney, and head and neck.

Studies have yielded information about how coenzyme Q10 works in the body to produce energy
and act as an antioxidant. Some studies have suggested that coenzyme Q10 stimulates the
immune system and increases resistance to disease. In part because of this, researchers have
theorized that coenzyme Q10 may be useful as an adjuvant therapy for cancer. (Adjuvant therapy
is treatment given following the primary treatment to enhance the effectiveness of the primary

R T T



The number of papers on CoQ10 increases permanently
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We started working on this project in 2006
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Eedox Chemistry of Ca-Transporter 2-Palmitovlhyvdroquinone in an Artificial Thin Organic
Film Membrane
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The redox chemistry of 2-palmitoylhydroquinone (H.Q)), a recently introduced synthetic transmembrane Ca®~
transporter, was studied with cyclic and square-wave voltammetry in an arhificial thin orgame-film membrane
sandwiched between a pyrolytic graphite electrode and an agueous sclution. The membrane has a micrometer
dimension and consists of the water immiscible orgamie solvent mbrobenzens, which contams smtable electrobyte
and Ha0 as a redox active compound. The potential drop at the electrode'membrane mterface is controlled
by the potentiostat, whereas the potential drop at the membrane’water interface 15 dependent on the Cl0,™
concentrafion, which 15 present m a large excess in both liquid phases. The redox transformaton of H.Q at
the slactrode’'membrans mterface 15 accompamed by 3 corresponding lon-transfer reaction at the other side
of the membrane. Proton transfer at the membrane/water interface 1s cntical for the redox transformation of
H:(} in the interior of the membrane, as a strong dependence of the voltammetric response on the pH of the
aqueons medium was observed H:Q undergoes two cmidation processes due to existence of two distnctive
redox forms of H:(). The slectrochemucal mechamsm can be explained with two tzutomer forms of Ha(Q)
formed by migration of a proton between the 1-hydroxyl group and the adjacent carbonyl group of the palmitoyl
residue. Both tautomers underge 2e/2H™ dishnetve redox fransformations to form the qumone form of the
studied compound. In the presence of Ca?™ m the aquecus phase, voltammetric experiments confirmed the
capability of both tantomers to form 1:1 complexes with C2® and to extract it into the crganic membrane.
Upon the oxidation of the complexas, Ca®" 1= expelled back to the aquecus phase. The studied compound
exthibits very similar complexing affinity toward Mg*", implying that it is not highly selactive for transmembrane
Ca’™ transport.

1. Introduction Elactrochamieal techmioques are very well swted for character-
O - e 3 . . ) i:iqg quim.:m—like cu:mpn‘un&:-:.:_'""ﬂsmmt ufd:.z physiolng:ical‘.tg.r
motety are subjects of longstanding research efforts in various amvzu::im.es ;ﬂE hml I_Ehl:;;n developed f:i Part; ]F ml
sclentific areas due to thewr high relevance to hiochemical ! e biomimehic stadies inwhi{:l:il'. hilic auinone
systems. The most mmportant example 15 ubiqumene-10 (alse mpup bedded in 2 linid Jl N d on the ]' de
called coenzyme (), which plays 2 entical role m the respiratory 15 em 37 - 3 g FAne SUPportec on .
chain of mitochondria ! Embedded in the i crchondr mrl'a-:ll_l_lpm:maa.re also smt:_ible for membrane mnmobiliza-
membrane, ubiquinene-10 serves as an electron shuttle and a fmon nfhgnphﬂ.w qumenes. In this context, B‘.mmﬁ Etal."z'.ha'l.'e
proton pump, generating a proton and potential gradient at the receml;-' m:-nrpun‘rad the mm l-pa]m..m}'_{h} 3 one
g mitochomdn 1 The  comserved m a & HOn mahpomm&;nemhan&mbmldanmtﬁmlhght—dlﬁm
of a potential gradient is further used for synthesis of adencsine.  Tensmembrane caloium pump. Although the redox chemustry
triphoephate. The redr chemistry of the qui /hydroqrinans ufH.:I.Q 1= ]:lardlg.r.knu‘n:n:.!ige am:l'mr:: ha"’.‘E::ltll.lI.Bd.. its IEdD.'E
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Effect of Ca2* ions to

OH O the redox process of
2-palmytoilquinone-

Ci5Ha; I transfer of Ca2*
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This compound can bind and transfer
Ca2t* ions across biomimetic membranes
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Our Aim: to see whether CoQ’s have something to do
with Ca24t* transfer across mitochondrial membranes
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Mechanisms of CaZ* transfer
iIn mitochondria
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, Cyclic voltammogram of 100 uM CoQ1 in pH of 7.00

-3E-20 -

1 0/ 05 025 O -025 -05 -0,/5 -1 -125 -15
E/V




-3E-05 H

pH = 2.0 (black) pH increase
pH = 2.7 (blue) >

§ i = pH = 3.5 (green)
1,5E-05 pH=45,7.4and 9.2
(orange, pink and brown)

| /A

1E-20 +

1 0/ 05 025 O -025 -05 -0,/5 -1 -125 -15

E/V
pH dependence of the redox process of CoQ1-the “yellow form”
in the pH range from 1 to 9
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That is, ...END OF THE STORY, or MAY BE NOT?
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Cyclic voltammograms of CoQ1
recorded in 1 mol/L NaOH.
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(2) 3 h (3) and 24 h (4).
Scan rate of 30 mV/s,
c(CoQ1) = 0.075 mmol/L.

Significant changes in the
voltammetric responses have been
observed when

CoQ1 was dissolved in 1M NaOH!
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Adsorbtion
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UV-Vis spectrum of 10 uyM CoQ1 recorded in kinetic mode in 1 M NaOH
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100 ymol/L CoQ-1 in pH
of 7.
Black curve-yellow form
of CoQ1
Red curve-CoQ1
firstly dissolved in NaOH
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Comparison of the cyclic voltammograms of CoQ1 directly dissolved
in pH of 7.00, and of CoQ1 initially dissolved in 1 M NaOH for 45 min
and retitrated afterwards to pH of 7.00
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Effect of pH to the redox processes of CoQ1. In this situation
CoQ1 was in contact with 0.1 M NaOH for 60 minutes

Next logical task: DETERMINE the MECHANISM
and the STRUCTURE of the New Benzoquinone Product



Electron Paramagnetic resonance-EPR-suitable technique for structure
evaluation by the radical species
(many quinones form radicals when dissolved
in alkaline media)
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EPR spectrum of CoQ1

after reduction with EPR spectrum of CoQ1
half-equimolar amount obtained in 0.1 M NaOH but
of NaBH, in pH of 7.00 without using any reductant!!
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Nine-line EPR spectrum od parent CoQ1
corresponds to presence of one CH; and one CH, group in the structure




SPECTROCHIMICA
ACTA

PART A

ELSEVIER Spectrochimica Acta Part A 58 (2002) 1257—1270

www.elsevier.com/locate/saa

On the application of electron paramagnetic resonance in
the study of naturally occurring quinones and quinols

— Jens A. Pedersen
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SPECTROCHIMICA
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On the application of electron paramagnetic resonance in

the study of naturally occurring quinones and quinols

Jens A. Pedersen
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NEXT STEP to determine the structure-NMR EXPERIMENTS
NMR spectrum of CoQ1 in D,O
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Mamalized Intensity

CoQ1-10 minutes in NaOD
Retitrated afterwards to
pD of 7.00
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Momalized Inlensily

CoQ1-60 minutes in NaOD
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Where METHANOL does
HC™ XX o come from, when CoQ is
dissolved in alkaline media?
O_ -from the methyl group?
CH or
] [
-from the METHOXY
HC Cl) O-CH; group?
o} CH;
Coenzyme Q,
By using methyl benzoquinone
O derivatives we found that the ®)
methyl group
liDH3 CAN NOT BE H.C CH-
CLEAVED
from the aromatic | ‘
I e
ring!!! HgC CH3
O
D Tetramethyl benzoquinone

2-methyl-benzoquinone (duroquinone)
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Coenzyme Q;
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(2,3-dihydroxo-5-methyl-6-isoprenyl-benzoquinone)
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Color of solutions of Color of solutions of
Benzoquinones with Benzoquinones with
2 OH groups in its structure 1 OH group in its structure
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New product is able to bind Ca2* ions
in stochiometric ratio 1:2 (L:M2%)
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The slope of 59mV indicates a complex
D of a type 1:2 (L to M)
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Dependence of the mid-peak potential of the cyclic voltammograms
of new form of CoQ1
on the logarithm of Ca2* concentration
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EXPERIMENTS with Coenzyme Q10-CoQ10

52 X
CH,
o cH, CH, CH, CH, CH, CH, CH, CH, CH, CH,

C11378

Native CoQ10 is absolutely

insoluble in water, but... it can be dissolved in

NaOH...and

it can be transformed

into a new form in
presence of

OH- anions present

in the organic phase
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Cytochrome P450 does the same

task as NaOH to CoQ10!!!

of 1 M NaOH and retitrated to pH of 7.0 | The membrane-bound enzyme
after 3 weeks
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Experiments with CoQ10 embedded in organic membrane in presence
of Organic Hydroxide to show whether the new form of CoQ10
can transfer Ca2* ions across biological membranes
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oW 19 ﬁ ﬁ‘ﬁ Lipid membrane

CoQ10 emb L6} F
+ OH- 0.4
electrode -0.42 -
i = 04 y=0.054x-0.28
> R=0.9963
20381
IuE 0.36-
2 0.34-
0.32 1
'2 T T T T T T 1 'ﬂg T | | T |
01 0.2 0.3 04 05 06 -07 08 3 25 2 45 4 405
E (V) log[c(Ca**)/molL]

Cyclic voltammograms of CoQ10 showing
transfer of Ca2t ions across
biomimetic membranes
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Experiments with wild types of mitochondria and knockout mitochondria
depleted of CoQ10 in absence and in presence of CYTP450. Effect of Ca2* ions
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SUMMARY

OCH;

APlenty of CoQ family members are prese... ...0 — /1

QTh
members are mainly portrayed in the features of the 2e-/ | )
and proton transfer) that leads to reversible f o],\/iw tion or the quinone to quinol

forms. s

R
QIf the Coezyme Q structures are in contact with high concen OMe

CYP450 enzymes, quite different quinonic forms can be obtained.

ACYP450 and NaOH can both induce scission of the both O-CH.*
the structure of the Coenzyme Q family members, thus cr
demethylated" quinones that bear charge of ,,2-".

OMe

II
OMe

dThese new Coenzyme Q structures formed in alkaline me AN

CYP450) are more polar than their parent compounds, whi

stronger antioxidative features. - .

dTh aline
cations upon their reduction classify these compounds as potential facilitators for
transferrina of metal ions across bioloaical membranes.
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SWV-Ca?* sensitivity I
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dissolved in 1M NaOh for
45 minutes)
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15; 30; 50 and 80 mM
(from black toward orange)
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Experiments with Coenzyme Q10-Co0Q10

Solubility of CoQ10 in water is bellow 10 pM!!!
Impossible to perform experiments in water media!

g
o N o
HC o M\/\\\T/\ \/\w/\,_/§T/‘\ /’Q\T./‘\ T
o oH, H, CH, CH, CH, CH, CH,

C11378

e,

CH, CH,

water
immiscible C0Q1o

H+ H+
!

Cat2+

aqueous electrolyte
solution

OH- HJrl |
OH- H*

Cat?+ 2An-

400 I 200 I 0 I =200 ~400
E (mV)

Liquid-Liquid interface




0.0

0.2

enerqgy
level

CoQ

+

oxXidized
carrier

Complex III
+ Complex IV
onidized
carrier
aridized
carrier

The processes in the mitochondrial electron transfer chain are driven
by the differences in the standard redox potentials of the

contributors




