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INTRODUCTION

The natural coenzyme Q series' with its monounsaturated isoprenoid
homologs from 1 to 12 isoprene units® are based on the 2,3-dimethoxy-5-
methylbenzoquinone nucleus (I). The chemical structure of coenzyme Q was
first reported by Folkers’ group.® The whole series of coenzyme Q homologs
was synthesized by Mayer and Isler’ (Fig. 1).

Aurantiogliocladin (II) is the only other naturally occurring compound that
belongs to the coenzyme Q series. It is an antibiotic isolated from Glioc-
ladium species by Vischer.*

/



Chemical Structure and Properties of Coenzyme Q
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FIGURE 1

The most important aspects of coenzyme Q chemistry in relation to func-
tion are the redox properties of the quinone group and the physical properties
of the isoprenoid sidechains. All aspects of the coenzyme Q structure have
been modified by synthesis, while some modified coenzyme Q analogs such
as the epoxyubiquinone series” and rhodoquinone'® occur in nature.

The chemistry and synthesis of coenzyme Q homologs have been reviewed
by Mayer and Isler,” biosynthesis in bacteria by Gibson and Young," in
animals by Winrow and Rudney.'? The synthesis of some modified coenzyme
Q analogs has been described by Wan and Folkers,"? the synthesis of photoaf-
finity and spin labels by Yu and Yu.!*

I. THE CHEMISTRY OF COENZYME Q HOMOLOGS

A. Coenzyme Q, to Q,,

As shown in I, the coenzyme Q series encompasses the 2,3-dimethoxy-
5-methyl-6-polyprenylbenzoquinone nucleus with sidechains containing 1-12
isoprenoid units. For isolation of various coenzyme Q homologs from natural
sources see refs. 15-19 and also Chapter II of this volume.

The synthesis of various ubiquinones is reported by Mayer and Isler,” and
biosynthesis by Threlfall'* and Bentley and Campbell.'¢

Coenzyme Q homologs 1-12 are soluble in most organic solvents but not in
water due to their long isoprenoid sidechains. Only homologs 6-12 can be
obtained in crystalline form at room temperature (Table 1).
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TABLE1 The Melting Points of Coenzyme Q and Related Compounds.

Compound Melting point (°C) Reference
Coenzyme Q; 20 Ramasarma!®
Coenzyme Q, 19-20 Ramasarma'®
Coenzyme Q, 31-32 Ramasarma'®
Coenzyme Qg 37-38 Ramasarma'?
Cocnzyme Q, 44-45 Ramasarma!®
Coenzyme Q,, 49 Ramasarma!®
Demethylubiquinone, 38 Imada et al 132
Ethoxycoenzyme Q,, 43-43.5 Linn et al. 48
Diethoxycoenzyme Q) 34.5-35.5 Linn et al 4
Dihydrocoenzyme Q,, (H-10) 28.5-29.5 Gale et al.”®
Dihydrocoenzyme Q,, (H-10) 29 Lavate et al.?!
Ubichromenol 18 Laidman et al.5’
Rhodoquinone,, (natural) 69-70 Glover and Threlfall!©
Rhodoquinone, (synthetic) 3945 Moore and Folkers?3®
Rhodoquinone 69-70 Parson and Rudney!5?
Rhodoquinone,, 66.5-67 Powls and Hemming*!
Rhodoquinone, 66.5-67 Ozawa et al. *}

The molecular weights of various coenzyme Q homologs and related com-
pounds are shown in Table 2, their spectral properties and extinction coeffi-
cients are described in Chapter II and IV of this volume (also refs. 17-19).

B. Oxidation—reduction potentials

The oxidation—reduction potentials of the various coenzyme Q homologs are
discussed by Ramasarma.'®

Since redox potentials can be determined by polarography or by reductive
titration, there is variation in the values reported from pure compounds and
for quinones in various organelles, as shown in Table 3. The most frequently
quoted midpoint potential value for isolated coenzyme Q is +104 mV to
+112 mV,' for beef heart submitochondrial particles it is +65 mV,% for
plant mitochondria +70 mV,? and for the ubiquinone/ubiquinol couple in
Rhodopseudomonas it is +92 mV.? The semiquinone forms of many substi-
tuted benzoquinones give high redox potentials,*?* especially if they are
short-lived. In the case of coenzyme Q semiquinones, the redox potentials of
the radical forms may be lowered to a more normal level by stabilization
through binding to a corresponding apoprotein.?® Practical methods for
measuring the redox states of coenzyme Q in tissues are given by Kroger.2
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TABLE 2 The Molecular Weights of Coenzyme Q and Related Compounds.

Compound Formula  Molecular Reference
weight

Coenzyme Q, C,H,,0, 182 Crane!s?
Coenzyme Q, C,H;50, 245 Muraca et al. 154
Coenzyme Q, C,4H,,0, 314 Muraca et al. 15
Coenzyme Q; C,,H3,0, 383 Muraca et al. 134
Coenzyme Q, Cy0H 40, 452 Daves et al.3
Coenzyme Qs C;,H,0, 521 Friis et al.4
Coenzyme Qg C3oH 30, 590 Muraca et al. 154
Coenzyme Q, C.He 0, 659 Muraca et al. 154
Coenzyme Qy C4H760, 728 Muraca et al. 15
Coenzyme Q, Cs4Hg,0, 794 Olson and Dialameh!35
Coenzyme Q,, CsoHoO, 862 Muraca et al. 154
Epoxycoenzyme Q (product D) 878 Friis et al ®
6',7'-Epoxyubiquinone; - 402 Friis et al.®
10°,11'-Epoxyubiquinone; - 402 Friis et al.®
a-Epoxycoenzyme Qg C4oH,,05 742 Morimoto et al.175
a-Epoxycoenzyme Q,q CsHg, O 810 Morimoto et al. 17
B-Epoxycoenzyme Qg C4H-4O5 742 Morimoto et al. 175
B-Epoxycoenzyme Qg C;,Hy,05 810 Morimoto et al. 175
a-Epoxycoenzyme Q,, CsoHgOs 878 Morimoto et al. 175
B-Epoxycoenzyme Q,, CsoHgOs 878 Morimoto et al. 175
Epoxyubiquinone CsoHgOs 878 Farley et al.7¢
Isoubiquinone, C4HeO, 658 Imada and Morimoto?®
a-Hydroxyisoubiquinone, C4HeOs 674 Imada and Morimoto®®
cis-Coenzyme Q, 659 Morimoto et al. 156
cis-Monoethoxycoenzyme Q, 673 Morimoto et al. 156
cis-Diethoxycoenzyme Q, 687 Morimoto et al. 156
cis-Isocoenzyme Q, 659 Morimoto et al, 156
cis-Monoethoxyisocoenzyme Q, 673 Morimoto et al. 156
cis-Diethoxyisocoenzyme Q, 687 Morimoto et al. 156
Demethoxycoenzyme Qg C4sH4,04 696 Morimoto et al.175
Demethoxycoenzyme Q, Cs3Hg05 764 Morimoto et al. 173
Ethoxycoenzyme Q,, CyoHo,0, 876 Linn et al.*8
Diethoxycoenzyme Q, CsoHyO, 890 Linn et al. 48
Ubichromenol,, CsoHgO, 862 Links and Tol3?
Ubichromanol,, (calculated) CsHo,0, 864 Links and Tol?

(obtained for 1 ubichromanol

+ 2CH;0H) Ce1H10006 928 Links and Tol®
Rhodoquinone,, CsgHggNO, 847 Thomson!%’

Rhodoquinone, Cs3Hg NO, 779 Thomson!57
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TABLE4 pK, Values for Various Benzoquinones and Benzoquinols, Including
Coenzyme Q.

pK,inH,0O °C Reference
Hydroquinone )
Coenzyme Q,,, neutral 13.3 23 Morrison er al. 198
Tetramethylbenzohydroquinone, neutral 11.2 25
Tetramethylbenzohydroquinone, anion 12.7 25
Benzohydroquinone, neutral 9.9 25
Benzohydroquinone, anion 11.4 26
Methylbenzohydroquinone, neutral 10.0 25
Methylbenzohydroquinone, anion 11.6 26
2,6-Dichlorobenzohydroquinone, neutral 7.3 26
2,6-Dichlorobenzohydroquinone, anion 10.0 26
Semiquinone
Benzoquinone 4.00 B Swallow16?
Methylbenzoquinone 4.45 -
2,6-Dimethylbenzoquinone 4.75 -
2,5-Dimethylbenzoquinone 4.60 -
2,3-Dimethylbenzoquinone 4.65 -
Trimethylbenzoquinone 4.95 -
Duroquinone 5.10 -
4-t-Butyl-1,2-benzoquinone 5.20 -
4-Methyl-1,2-benzoquinone 4.50 -
3-Methoxy-1,2-benzoquinone 5.00 -
1,2-Benzoquinone 5.00 -

C. Coenzyme Q semiquinones

Coenzyme Q,; and its homologs (V) can be partially reduced to semiquinone
form. QH® generally designates the neutral or protonated ubisemiquinone
(IV), Q*the ubisemiquinone anion (IVa) and QWH, the fully reduced ubiquinol
(II). The pK, values of ubisemiquinone and ubiquinol are reported in Table
4. Marcus and Hawley?’ carried out electrochemical reduction of
ubiquinone-1 in acetonitrile in the presence of acids of varying proton donor
strength. They found only the hydroquinone forms, but no corresponding
chromanol forms expected from reductive cyclization. In other model systems
Hales and Case®® used immobilized neutral coenzyme Q semiquinone and the
semiquinone anion to study their ESR signals. Land and Swallow?® have
studied the optical absorption spectra of anionic and neutral ubisemiquinone
free radicals produced by pulse radiolysis.

Coenzyme Q semiquinone signals have also been detected by ESR in the
membranes of Escherichia coli.*>' The UQ deficient mutant AN59 showed
no g = 2.003 = 0.001 radical signal attributed to the semiquinone radical.
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Hamilton et al.** point out that a chromanoxyl radical cannot be excluded as a
source for this signal.

A shift from quinol to ene—diol structure has been reported during the
reduction of aurantiogliocladin. Similar changes have not been reported for
isoprenoid coenzyme Q homologs.'*

D. Chemical reactions of quinones (Fig. 2)

1. Oxidation—reduction

Oxidation-reduction reactions are the simplest and most frequently observed
biological reactions of quinones, including coenzyme Q and its analogs. Iso-
lated quinones can easily be reduced to colorless leuco compounds with
alkaline sodium dithionite, alkaline borohydride, zinc, catalytic hydrogen or
other reducing agents. These leuco forms of quinones can be reoxidized by
exposure to air or oxygen.

2. Reactions with amines

Quinones, including coenzyme Q, can react with certain amines by a normal
condensation reaction to yield quinone imines. This reaction has been utilized
in the detection of coenzyme Q precursors.



