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Quinones in aerobically and anaerobically functioning 
mitochondria 
 
In textbooks mitochondria are usually characterized as the powerhouses of the cell, 

which consume oxygen and produce ATP. Indeed typical mitochondria, such as those 

found in mammalian cells, require oxygen to function. They use pyruvate 

dehydrogenase (PDH) for oxidative decarboxylation of pyruvate to acetyl-CoA, which is 

subsequently completely oxidized to CO2 via the Krebs cycle. Most of the ATP is 

produced by oxidative phosphorylation, in which the electrons from NADH are 

transported to oxygen by a proton-translocating electron-transport chain, and the 

backflow of the translocated protons via the mitochondrial ATP synthase results in ATP 

formation. Ubiquinone (UQ) is involved in this aerobic electron-transport chain, 

transferring electrons from succinate dehydrogenase and from complex I to complex III 

(see Chapter 2, Fig. 1). 

In contrast to these aerobically functioning mitochondria, also anaerobically 

functioning mitochondria exist that use endogenously produced fumarate - instead of 

oxygen - as final electron-acceptor. This anaerobic metabolism is called malate 

dismutation, which is found in (facultative) anaerobically functioning organisms such as 

parasitic helminths (for instance the liver fluke Fasciola hepatica), mussels and 

oysters. In malate dismutation glucose is catabolized to malate in the cytosol, which is 

imported into the mitochondria. To maintain redox balance in these anaerobic 

mitochondria, part of the malate is oxidized to acetate and part is reduced to succinate. 

The oxidation of malate to pyruvate and subsequently to acetyl-CoA yields NADH in 

both reactions. Electrons from NADH are transferred via complex I and rhodoquinone 

(RQ) to fumarate reductase (FRD), which reduces fumarate to succinate (Fig. 1) 
1
. For 

a more detailed description of aerobically and anaerobically functioning mitochondria 

see Chapter 2. 

This thesis focuses on rhodoquinone and ubiquinone in anaerobically and 

aerobically functioning mitochondria. UQ (Fig. 2), also known as coenzyme Q, is a 

ubiquitous quinone and is known to have several functions. One of these functions is 

electron transport in the electron-transport chain of aerobically functioning bacteria and 

eukaryotes 
2
. In contrast, RQ (Fig. 2) is a quinone functioning in anaerobic metabolic 

pathways, such as malate dismutation.  
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Figure 1: Anaerobic fumarate-respiration in the mitochondria of Fasciola hepatica 
3
. The 

oxidative branch of malate dismutation is shown on the right side inside the mitochondrion and 

the reductive branch on the left. Electron transport to and from NAD
+
/NADH and rhodoquinone is 

indicated in between these two branches. Note that the enzyme complexes 8 and 9 are part of 

the electron transport chain and in fact located in the mitochondrial inner membrane. The 

dashed arrow through enzyme complex 9 represents proton translocation over the mitochondrial 

inner membrane. The numbers indicate the following enzymes: (1) phosphoenolpyruvate 

carboxykinase, (2) malate dehydrogenase, (3) malic enzyme, (4) pyruvate dehydrogenase, (5) 

acetate:succinate CoA-transferase, ASCT, (6) succinyl-CoA synthetase, (7) fumarase, (8) 

fumarate reductase, (9) NADH-dehydrogenase, Complex I, (10) propionate:succinate CoA-

transferase, PSCT, (11) methylmalonyl-CoA mutase + methylmalonyl-CoA epimerase, (12) 

propionyl-CoA carboxylase. Abbreviations: AcCoA, acetyl-CoA; FUM, fumarate; MAL, malate; 

Methylmal-CoA, methylmalonyl-CoA; OXAC, oxaloacetate; PEP, phosphoenolpyruvate; PROP, 

propionate; prop-CoA, propionyl-CoA; PYR, pyruvate; RQ, rhodoquinone, RQ-H2, reduced 

rhodoquinone; SUCC, succinate; Succ-CoA, succinyl-CoA 
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Figure 2: Structure of ubiquinone and rhodoquinone. The side chain consists of multiple 

isoprenoid units and can vary in length between different organisms. 

 

 

 

Chemical structure of quinones 
 

Quinones are cyclic diketones in which the two carbonyl groups are linked by two 

conjugated double bonds. The common chemical structure present in all 

benzoquinones is the 2,5-cyclohexadiene-1,4-dione structure (para-benzoquinone) or 

the 3,5-cyclohexadiene-1,2-dione structure (ortho-benzoquinone) (Fig. 3) 
4,5

.The 

majority of the naturally occurring quinones are the para-benzoquinones, as they are 

more stable than the ortho-benzoquinones 
5
. UQ and RQ, both para-benzoquinones, 

consist of a quinone head group and a long hydrophobic side chain composed of 

multiple 5-carbon, isoprenoid units (Fig. 2). This side chain can vary in length between 

different organisms. Humans, for instance, synthesize UQ with a side chain consisting 

of ten isoprenoid units (UQ10), whereas rats synthesize UQ with a side chain of nine 

isoprenoid units (UQ9), and the yeast Saccharomyces cerevisiae synthesizes UQ with 

a side chain of six isoprenoid units (UQ6).  

The long hydrophobic side chain anchors the quinone to the membrane, while 

the quinone head group functions as electron donor and acceptor. Quinones undergo 

reversible redox cycling between the oxidized and reduced forms 
6
.  
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Figure 3: Structure of benzoquinones: Structure A represents the structure of 2,5-cyclo-

hexadiene-1,4-dione (para-benzoquinone); Structure B represents the structure of 3,5-cyclo-

hexadiene-1,2-dione (ortho-benzoquinone). 

 

 

Ubiquinone biosynthesis 
 

The biosynthesis route of UQ has been characterized in Saccharomyces cerevisiae. In 

this yeast the biosynthesis of UQ starts with the coupling of hexaprenyl diphosphate 

with p-hydroxybenzoic acid (Fig. 4)
7
. Hexaprenyl diphosphate is derived from acetyl-

CoA via the mevalonate pathway 
8
 and p-hydroxybenzoic acid is synthesized from the 

amino acid tyrosine 
2
. All enzymatic steps occur at the matrix side of the inner 

mitochondrial membrane and the UQ intermediates are membrane associated by 

insertion of their long hydrophobic side chains into the lipid bilayer. All enzymes 

involved in UQ biosynthesis are encoded by so called COQ genes. There is growing 

evidence that in S. cerevisiae a multi subunit complex of COQ encoded proteins is 

responsible for the biosynthesis of UQ 
9
. This multi subunit enzyme complex should be 

attached to the inner mitochondrial membrane. Currently ten COQ genes (COQ1 

through COQ10) are known to be involved in UQ biosynthesis in S. cerevisiae 
10,11

, 

although the biosynthesis of UQ consists of nine steps only. It is suggested that some 

COQ encoded proteins are necessary as structural components and/or for the activity 

of the multi-subunit enzyme complex 
11,12

, instead of catalyzing a specific enzymatic 

conversion. So far nine mammalian homologs of the yeast COQ genes have been 

identified via sequence homology (COQ1 through COQ9). Human homologs of COQ2, 

COQ3, COQ4 and COQ7 were demonstrated to functionally complement the 

corresponding yeast null mutants 
6,13-15

. 

The biosynthesis of UQ in Escherichia coli differs from that in S. cerevisiae in the 

sequence of modifications that occur directly after prenylation. In S. cerevisiae these 

steps are C-hydroxylation, O-methylation and decarboxylation, respectively (Fig. 4), 

while in E. coli the first modification after prenylation is decarboxylation, followed by C-

hydroxylation and O-methylation. Another difference between yeast and bacterial UQ 

biosynthesis is that p-hydroxybenzoic acid is synthesized from tyrosine in S. 

cerevisiae, while it is synthesized from chorismate in E. coli 
16,17

. 
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Figure 4: Biosynthesis of ubiquinone in eukaryotes and the Saccharomyces cerevisiae 

COQ genes involved in each step. R represents the isoprenoid chain.  

Structures are: A – prenyl diphosphate; B – polyprenyl diphosphate; C – polyprenyl diphosphate; 

D – p-hydroxybenzoic acid; E – 3-polyprenyl-4-hydroxybenzoate; F – 3,4-dihydroxy-5-polyprenyl-

benzoate; G – 4-hydroxy-5-methoxy-3-polyprenylbenzoate; H – 6-methoxy-2-polyprenylphenol; I 

– 6-methoxy-2-polyprenyl-1,4-benzoquinone; J – 6-methoxy-3-methyl-2-polyprenyl-1,4-benzo-

quinone (5-demethoxy-1,4-ubiquinone); K – 5-hydroxy-6-methoxy-3-methyl-2-polyprenyl-1,4-

benzoquinone (5-demethyl-1,4-ubiquinone); L – 1,4-ubiquinone.  

Enzymatic steps are: 1 – synthesis of polyprenyl diphosphate performed by polyprenyl diphos-

phate synthase encoded by S. cerevisiae COQ1 
24

; 2 – prenylation by polyprenyl diphosphate:p-

hydroxybenzoic acid transferase encoded by S. cerevisiae COQ2 
25

; 3 – C-hydroxylation; 4 – O-

methylation by COQ3 
26

; 5 – decarboxylation; 6 – C-hydroxylation by S. cerevisiae COQ6 
27

; 7 – 

C-methylation by S. cerevisiae COQ5 
28

; 8 – C-hydroxylation by S. cerevisiae COQ7 
29

; 9 – O-

methylation by S. cerevisiae COQ3 
30

. 



 
General introduction 

 
 

 

13 

   

 

 

Localization of ubiquinone 
 

In mammalian cells UQ is present in the membranes of all subcellular organelles. UQ 

is predominantly present in the reduced form and serves as an important antioxidant 
18-

21
. The highest amounts of UQ are found in the inner and outer mitochondrial 

membranes, in lysosomes, and in Golgi-vesicles 
21

.  

The high amount of UQ in lysosomes is probably due to its function as an 

electron carrier in the lysosomal redox chain. In this redox chain cytosolic NADH is 

oxidized, and its protons are translocated to the inside of lysosomes. These protons 

are used to keep optimal pH values in the lysosomes 
22

. 

The mitochondrial electron transport chain is located in the inner mitochondrial 

membrane. UQ freely diffuses within the mitochondrial membrane. Cytochrome c is 

located in the intermembrane space. It is suggested that the complexes I, II, III and IV 

form respiratory complexes, due to co-adherence with each other 
23

.  

 

 

Rhodoquinone biosynthesis 
 

The biosynthetic pathway of RQ has not been elucidated yet, but in the 1960’s it has 

been suggested that RQ is synthesized from UQ 
31,32

. This conclusion followed from 

pulse chase experiments in which the purple nonsulfur bacterium Rhodospirillum 

rubrum and the photosynthetic protist Euglena gracilis were grown in the presence of 
14

C-labelled p-hydroxybenzoate 
31,32

. In these cultures initially an increase of labelled 

UQ was observed, and subsequently, an increase of labelled RQ was observed.  

However, as the conversion of exogenously supplied UQ into RQ was never 

observed in vitro nor in vivo 
33

, it is unlikely that RQ is synthesized from UQ. 

Furthermore, in a Caenorhabditis elegans clk-1 knockout mutant, in which UQ 

biosynthesis was blocked, elevated RQ levels were measured 
34

, which demonstrates 

that RQ can still be synthesized, while UQ synthesis is blocked. Clk-1 is the gene in C. 

elegans that is homologous to the COQ7 gene in S. cerevisiae, which is required for 

the conversion of HQ to OHQ (Fig. 4). 

Hence, we have proposed that RQ and UQ share part of their biosynthesis 

route and thus share multiple precursors 
33

. The only difference between RQ and UQ is 

the side-group attached to the quinone ring at the 5-position, which is an amino group 

for RQ while this is a methoxy group for UQ (Fig. 5). Attachment of this methoxy group 

is the final step in UQ synthesis (Fig. 5) 
33

. Therefore, it is not unlikely that RQ is 

synthesized from one of the last precursors of UQ, such as 5-demethoxy-1,4-

ubiquinone (Fig. 5). 
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Figure 5: Proposed biosynthesis route of rhodoquinone. Rhodoquinone is synthesized from 

one of the precursors in UQ biosynthesis, such as 5-demethoxy-1,4-ubiquinone. R represents 

the isoprenoid chain. I – 6-methoxy-2-polyprenyl-1,4-benzoquinone; J – 6-methoxy-3-methyl-2-

polyprenyl-1,4-benzoquinone (5-demethoxy-1,4-ubiquinone); K – 5-hydroxy-6-methoxy-3-methyl-

2-polyprenyl-1,4-benzoquinone (5-demethyl-1,4-ubiquinone); L – 1,4-ubiquinone; M – rhodo-

quinone. 

 

 

Regulation 
 

Many mechanisms are known to be involved in the regulation of aerobic and anaerobic 

metabolism. Different types of oxygen-sensors have been identified, most of which 

react directly with oxygen by oxygen-reactive groups, such as heme and the fumarate 

nitrate reductase (FNR) regulator. Other sensors, like ArcA and ArcB (aerobic 

respiratory control), sense the presence of oxygen indirectly, either by the function of 

respiratory chains or from characteristic metabolites of aerobic or anaerobic energy 

metabolism 
35

. Traditionally it was assumed that the oxygen freely diffuses across cell 

membranes, but recently it is suggested that membrane oxygen channels exist that 

facilitate the oxygen transport through the membranes 
36

. Some of the mechanisms 

involved in the regulation of aerobic and anaerobic metabolism will be discussed here. 

In E. coli the FNR regulator is involved in aerobic and anaerobic metabolism. 

The FNR regulator is located in the cytoplasm and regulates anaerobic respiratory 

genes in response to anoxia 
37

. This regulator contains a [4Fe-4S] cluster in the active 

(anaerobic) state. In the presence of oxygen, the [4Fe-4S] cluster is converted to [2Fe-

2S] by the release of two iron ions and two sulfur ions 
35,38

. The [2Fe-2S] cluster is not 
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longer active in transcriptional activation 
35

. The FNR regulator is only found in 

bacteria. 

Another mechanism, which is described for E. coli is the ArcA and ArcB two-

component system that regulates the transcription of many genes involved in aerobic 

and anaerobic metabolism. ArcB is able to autophosphorylate itself and to transfer the 

phosphoryl group to ArcA, which represses the expression of many genes involved in 

aerobic metabolism and induces other genes encoding proteins involved in anaerobic 

metabolism. Oxidized forms of quinones act as direct negative signals that inhibit 

autophosphorylation of ArcB under aerobic circumstances 
39

. Similar two-component 

systems, in which the transfer of phosphoryl groups is used as an activating or 

inhibiting signal, are found in some eukaryotes, such as yeast, fungi, slime mold and 

plants 
40,41

. 

Rox1 is a transcriptional regulator of anaerobically induced genes in the yeast 

S. cerevisiae. Rox1 is a sequence specific DNA-binding protein 
42

, which functions in 

an oxygen-dependent manner as its expression is heme-dependent and is activated by 

the heme dependent transcription factor Hap1. When oxygen levels fall to those that 

limit heme biosynthesis, ROX1 is no longer transcribed and thus its protein levels fall, 

and the genes it regulates are upregulated 
42

. Rox1-regulated genes encode mainly 

proteins that provide essential functions under anaerobiosis and therefore, the 

expression of nearly all of these Rox-1 regulated genes increases as oxygen-

concentrations fall to levels approaching anoxia 
42

. Rox1 is found in eukaryotes. 

The peroxisomal proliferator activated receptor α (PPAR α) and the retinoid X 

receptor α (RXR α) have a regulatory role on UQ biosynthesis in eukaryotes 
43,44

. Both 

receptors are nuclear hormone receptors, which are ligand-dependent DNA binding 

transcription factors that exert control on gene expression. When ligands bind to 

PPAR, the receptor dimerizes with RXR and the binding of the ligand-receptor complex 

to its cognate response element can activate or repress specific transcription 
21

. It has 

been shown that RXR α regulates the amount of UQ in the liver and it is probably 

required for the basal transcription of genes involved in UQ biosynthesis and for the 

induction of these genes upon cold treatment 
43

. PPAR α is involved in the upregulation 

of UQ biosynthesis after treatment with peroxisomal inducer. These data suggest the 

presence of one or several response elements in the UQ biosynthetic genes. These 

types of receptors have been shown in men, mice and in C. elegans 
45,46

. 

In mammals, two of the main cellular pathways for dealing with hypoxic stress 

are the AMPK (AMP-activated protein kinase) pathway and the HIF (hypoxia-inducible 

factor) pathway. AMPK acts as a cellular energy sensor and its activity is sensitive to 

alterations in the cellular AMP:ATP ratio. When ATP levels fall, AMPK becomes 

activated and promotes catabolic processes while anabolic processes are inhibited 
47

. 

HIF is a transcriptional complex central in oxygen homeostasis. In hypoxia the 

HIF pathway becomes activated. HIF-dependent genes include angiogenic factors, 

vasodilatory factors, and a number of genes involved in the regulation of metabolism 
48

. One of these genes is the gene for pyruvate dehydrogenase kinase-1 (PDK-1), 

which is upregulated in hypoxia. As a consequence of the upregulation of PDK-1,  
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pyruvate dehydrogenase (PDH) is downregulated, which leads to a decrease in acetyl-

CoA available for entry in the Krebs cycle. In addition, HIF also upregulates lactate 

dehydrogenase in hypoxia leading to increased conversion of pyruvate to lactate 
49

. 

Another protein that is influenced by the HIF-pathway is cytochrome c oxidase (COX), 

which is a major constituent of oxidative phosphorylation. In mammalian cells the 

expression of COX isoforms, COX4-1 and COX4-2, is oxygen-regulated. Under 

conditions of reduced oxygen-availability HIF-1 regulates COX4 subunit expression by 

activating transcription of the gene encoding COX4-2 and by activating transcription of 

the gene encoding LON, a mitochondrial protease that is required for COX4-1 

degradation. Regulation of the COX4 subunit expression has consequences for ATP 

production, oxygen consumption, and reactive oxygen species generation. For 

example, in the presence of COX4-2 less oxygen is used compared to COX4-1, and in 

the presence of COX4-1 under hypoxia, an increase of hydrogen peroxide is observed 

compared to COX4-2. These effects indicate that the COX4 subunit switch is a 

homeostatic response that optimizes the efficiency of respiration at different oxygen 

concentrations 
50

. 

In yeast the COX subunit composition is also regulated in response to high 

and low oxygen levels, but subunits are COX5a and COX5b instead of COX4-1 and 

COX4-2. In yeast, Rox1 is involved in this COX-regulation, while HIF is involved in this 

regulation in mammals 
50

. Molecular modeling indicates that the spatial relationships of 

yeast homologues COX1, COX2 and COX4 (which in yeast is designated COX5) are 

similar to the mammalian complex 
51

. The remarkable similarities in the regulation of 

COX activity in yeast and human cells indicate that the selection for oxygen-dependent 

homeostatic regulation of mitochondrial respiration is ancient and likely to be shared by 

all eukaryotic organisms 
50

. 

 

 

Rhodoquinone in facultative anaerobic organisms 
 

Many organisms, such as parasitic helminths, mussels and oysters, are known to be 

able to live anaerobically under certain circumstances or during a certain stage of their 

life cycle. In this study two different model organisms were used, which both possess a 

facultative anaerobic energy metabolism. These organisms are the parasitic helminth 

Fasciola hepatica and the photosynthetic protist Euglena gracilis.  

 

Fasciola hepatica 

The liver fluke Fasciola hepatica has a complex life cycle that comprises free-living and 

parasitic stages in two different hosts. The intermediate host is a lymnaeid snail while 

the definitive host is a mammal. Figure 6 shows the different stages of the life cycle of 

F. hepatica. The eggs are excreted with the feces of an infected mammal. When these 

eggs are deposited in fresh water they develop usually in 10-15 days. Immediately 

after hatching, the ciliated miracidium swims until it penetrates a snail host. In the snail 

tissue it develops into a sporocyst and subsequently to the redial stage. Each of these 

rediae gives rise to many cercariae, which are shed from the snail into the water. The 
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released cercariae encyst upon aquatic plants. The encysted cercariae, now called 

metacercariae, are resistant to mild changes in temperature and other environmental 

parameters 
52

. Definitive hosts (for example cows, sheep or human) get infected after 

they have ingested plants to which metacercariae are attached. After being ingested by 

the host the metacercariae excyst in the lumen of the intestine. The juvenile liver flukes 

migrate towards the liver, where they feed upon the parenchym cells, causing 

extensive hemorrhage. F. hepatica flukes, which are hermaphrodites, achieve sexual 

maturity after two months in the bile ducts. The fluke starts producing eggs, which are 

laid unembryonated and pass from the bile ducts into the duodenum and subsequently 

leave the host with the feces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Life cycle of Fasciola hepatica. 

 

 

During its life cycle F. hepatica encounters different environments with 

enormous differences in the availability of oxygen and substrates. The free-living 

stages of F. hepatica - eggs, miracidia, cercariae and metacercariae - are self-

supporting. They do not use substrates other than oxygen from the environment and 

are completely dependent on their energy reserves, which are present in the form of 

glycogen. The free-living juvenile liver fluke uses oxidative decarboxylation and Krebs 

cycle for the breakdown of glycogen and subsequently it uses oxidative 

phosphorylation for ATP formation, a process involving UQ in this stage of its life cycle 
53

. On the other hand, the adult liver fluke, which lives in the bile ducts of its 
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mammalian host, has sufficient external substrates available, but oxygen tension is 

very low. Therefore, breakdown of carbohydrates takes place via malate dismutation, a 

process in which RQ and fumarate reductase are essential 
53

 (see Chapter 2). 

Fasciolosis is a very common helminthic infection in men and cattle worldwide. 

In cattle, this infection leads to productivity losses (e.g. meat, milk, wool) with important 

economic consequences 
52

. The emergence of resistance against generally used 

antihelmintics increases the problem even more 
54

. Therefore, the development of 

novel and potent antihelmintics is urgently needed.  

 

Euglena gracilis  

The flagellate Euglena gracilis is a facultative anaerobic, unicellular organism, which 

adapts to a broad range of oxygen concentrations, and is even known to survive up to 

six months of oxygen deprivation in the dark 
55

. E. gracilis contains both chloroplasts 

and a (facultative) anaerobic mitochondrion and uses various types of energy 

metabolism such as: [1] Autotrophic energy metabolism, as E. gracilis is able to 

synthesize carbohydrates from carbon dioxide and water in the chloroplasts, when 

exposed to light (photosynthesis); [2] Heterotrophic energy metabolism, as under 

aerobic conditions E. gracilis degrades carbohydrates to carbon dioxide via the 

mitochondrial Krebs cycle while ATP is produced via oxidative phosphorylation, using 

UQ as electron transporter; [3] Facultative anaerobic energy metabolism, as under 

anaerobic conditions E. gracilis synthesizes wax esters during anaerobic breakdown of 

glucose or paramylon (a storage sugar) 
56-58

. 

Each Euglena cell contains a single mitochondrion with tubular extensions 

throughout the whole cell. Several differences exist between the mitochondrion of E. 

gracilis and the ‘typical’ mammalian mitochondria. E. gracilis uses a modified Krebs 

cycle in which succinate semialdehyde, rather than succinyl-CoA is formed as an 

intermediate 
59

. In addition, instead of pyruvate dehydrogenase (PDH) the oxygen 

sensitive pyruvate:NADP
+
 oxidoreductase (PNO) is involved in the synthesis of acetyl-

CoA from pyruvate 
60,61

. 

 

In mammals, fatty acid synthesis is catalyzed by two distinct enzyme systems. The 

bulk of the fatty acids is made by the cytosolic type I fatty acid synthase (FAS I), a very 

large polypeptide, consisting of at least seven functional domains. One of these 

domains is an acyl carrier protein (ACP). ACP shuttles the fatty acid intermediate to the 

various active sites of the fatty acid synthase. Fatty acid synthesis by FAS I results in a 

single product, in mammals this is a fatty acid with 16 carbon atoms (C16). No 

intermediate fatty acids are released from the enzyme complex. The synthesis of fatty 

acids by FAS I starts from acetyl-CoA (C2). One acetyl-CoA is carboxylated to malonyl 

CoA (C3). Subsequently to acetyl-CoA one malonyl-CoA is coupled by condensation. 

This intermediate is converted in three subsequent steps - reduction, dehydration and 

another reduction - to butyryl-CoA (C4). This fatty acid can be elongated with two 

carbons by the attachment of another malonyl-CoA, and this is repeated until a C16 

fatty acid is synthesized. FAS I is found in eukaryotes The C16 fatty acids can be 

further elongated by the microsomal fatty acid elongases to give very long chain fatty 
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acids. In mammals 6 different subtypes of elongases have been identified. The 

elongases use biochemical reactions similar to those used by FAS I and FAS II, except 

that the fatty acids and the malonyl groups are esterified to CoA rather than to ACP.  

In plants the majority of fatty acids (with acyl chains of 16 to 18 carbon atoms) 

is synthesized in chloroplasts by type II fatty acid synthase (FAS II). FAS II is a 

dissociated system, consisting of different enzymes. Each step of fatty acid synthesis 

is catalysed by a separate and freely diffusible enzyme. Unlike FAS I, FAS II gives a 

variety of products, including saturated fatty acids of various lengths as well as 

unsaturated fatty acids. A FAS II system is not only found in plants and bacteria, but is 

also found in vertebrate mitochondria. Fatty acids formed by FAS II in the chloroplasts 

can subsequently be transported to the endoplasmatic reticulum (ER) for further 

elongation. 

 

E. gracilis uses five different pathways for fatty acid synthesis. The first is a fatty acid 

synthesis pathway located in the chloroplasts which uses FAS II to yield predominantly 

C18 fatty acids, while the second pathway is located in the chloroplasts as well and 

uses FAS II to elongate these C18 fatty acids to C20 – C24 fatty acids 
62,63

. The third 

pathway is located in the cytosol and uses FAS type I and produces predominantly C16 

fatty acids 
64,65

. The fourth fatty acid synthesis pathway is a microsomal fatty acid 

synthase 
66

. 

Next to these “classic” fatty acid synthesis pathways E. gracilis uses wax-ester 

fermentation during anaerobic conditions. Wax ester biosynthesis is a malonyl-CoA 

independent fatty acid biosynthesis pathway located in the mitochondrion. Acetyl-CoA 

is used both as primer and as C2 donor during fatty acid synthesis in mitochondria 
67

. 

The fatty acid products of this mitochondrial biosynthesis pathway starting from acetyl-

CoA are even-numbered fatty acids, containing 8 to 18 carbon atoms. These fatty 

acids are subsequently transported into the cytosol, where half of the fatty acids are 

reduced to alcohols. These alcohols and fatty acids are esterified in the microsomes. 

The resulting wax esters are insoluble and they are stored in the cytosol in crystalline 

form, without disturbing the osmolarity 
56-58

. Upon return to aerobic circumstances, wax 

esters are catabolized to acetyl-CoA, which can enter the Krebs cycle. 

In addition to these even-numbered wax esters, also odd-numbered wax 

esters are synthesized. The synthesis of odd-numbered wax esters starts from 

propionyl-CoA instead of acetyl-CoA (Fig. 7). Propionyl-CoA synthesis starts from 

malate, which is reduced to fumarate. Fumarate is reduced by fumarate reductase to 

succinate, which is subsequently metabolized to propionyl-CoA 
68-70

. As the reduction 

of fumarate by FRD is driven by the oxidation of NADH, odd numbered wax esters 

function as an electron sink under anaerobic circumstances. Upon return to aerobic 

circumstances, the odd-numbered wax esters are broken down to acetyl-CoA. 
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Figure 7: Synthesis of wax esters in Euglena gracilis from propionyl-CoA under anaerobic 

conditions. Numbers: 1 - Initiation of the synthesis of odd-numbered wax esters, as this 

synthesis is started from propionyl-CoA; 2 - Elongation of the Acyl-CoA with another acetyl-CoA; 

3 - Once the Acyl-CoA has a length of 16 - 18 carbon atoms, the fatty acid is transported to the 

cytosol. Abbreviations: AcCoA – acetyl-CoA; CI – Complex I of the respiratory chain; RQ – 

rhodoquinone; FRD – Fumarate Reductase; FUM – fumarate; MAL – malate; OXAC – 

oxaloacetate; PEP – phosphoenolpyruvate; Prop-CoA – propionyl-CoA; PYR – pyruvate; SUCC 

– succinate; Succ-CoA – succinyl-CoA. 
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Aim of the studies 
 

This study aims to elucidate the biosynthesis route of rhodoquinone (RQ) and to 

elucidate how RQ biosynthesis is regulated. Much is known about ubiquinone (UQ) 

biosynthesis, whereas the knowledge on RQ biosynthesis is rather limited. Knowledge 

about RQ biosynthesis can contribute to the development of antiparasitic drugs, since 

RQ biosynthesis is an excellent target for antiparasitic drugs. In the past, antiparasitic 

drugs against the enzyme complex rhodoquinol-fumarate reductase have been 

developed, but only a few compounds have been reported to inhibit rhodoquinol-

fumarate reductase specifically and their inhibitory activities are only weak 
54

. Problems 

concerning the specificity of the drugs probably arise from the great similarity between 

the structure of rhodoquinol-fumarate reductase and that of ubiquinol-succinate 

dehydrogenase. In contrast, the biosynthesis of RQ is an excellent target for 

antiparasitic drugs, as the parasitic stages live under anaerobic environments and thus 

depend on malate dismutation. RQ, an essential component in malate dismutation, is 

produced endogenously by the parasite, while RQ is not present in their hosts and 

hence these do not possess the biosynthetic pathway 
71

. In addition, knowledge about 

RQ biosynthesis could provide more information about the evolutionary origin of 

facultative anaerobically functioning mitochondria. 

Chapter 2 gives an overview of biochemical and evolutionary aspects of 

anaerobically functioning mitochondria. Many differences are found between aerobic 

and anaerobic functioning mitochondria. Some of these differences can be used to 

elucidate the evolutionary origin of anaerobically functioning mitochondria.  

Chapter 3 describes a study on the mitochondrial proteome and on the RQ 

and UQ content of Euglena gracilis. E. gracilis cells, grown under aerobic and 

anaerobic conditions, were compared for their RQ and UQ content and for the 

difference in protein expression in isolated mitochondria. The RQ and UQ content was 

determined using a LC-MS/MS method, while the proteins were analysed by two 

dimensional gel electrophoresis and sequencing. Significant differences were observed 

in quinone ratios and in the expression of several proteins in aerobically and 

anaerobically grown E. gracilis cells. This study was performed in collaboration with M. 

Hoffmeister and W. Martin from the Institute of Botany III at the University of 

Düsseldorf.  

Different short chain quinones were synthesized in order to study the 

biosynthesis of RQ and to isolate RQ synthase, the putative enzyme(s) responsible for 

the biosynthesis of RQ. Chapter 4 describes the chemical synthesis of 
14

C-labelled 

ubiquinone-2, 
14

C-labelled 5-demethoxy-1,4-ubiquinone-2 and 
14

C-labelled 5-demethyl-

1,4-ubiquinone-2. The 
14

C-label was introduced in the isoprenoid side chain, which is 

present in all quinone analogues. Therefore the synthesis of the 
14

C-labelled 

isoprenoid chain started from 
14

C-labelled acetic acid. This labelled isoprenoid chain 

was coupled to the distinct quinone head groups. To prevent unnecessary loss of the 

labelled isoprenoid side chain, the coupling of the isoprenoid side chain was performed 

at the end of the total synthesis routes. For this reason new synthetic schemes were 
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developed. These labelled quinones were used to study the biosynthesis of UQ and 

RQ.  

Initially detection of these short chain quinone analogs in samples was 

performed by thin layer chromatography and HPLC. However, the switch was made to 

Liquid Chromatography tandem Mass Spectroscopy (LC-MS/MS), as during the study 

this sensitive technique became available. An advantage of this technique is that 

unlabelled quinone analogues can be used instead of the radioactively labelled 

quinone analogues. A novel LC-MS/MS method was then developed for the 

identification and quantification of the short chain quinones UQ2, RQ2, HQ2 and OHQ2 

using multiple (selective) reaction monitoring (MRM). In addition to the measurement of 

these compounds, similar methods were used for the measurement of quinoid 

compounds without isoprenoid side chain and for the measurement of naturally 

occurring quinones with long isoprenoid chains. Furthermore, the method can be easily 

adapted to study other quinones, such as menaquinone and plastoquinone. This 

method is described in Chapter 5. 

Chapter 6 describes the studies on the biosynthetic route of rhodoquinone. F. 

hepatica homogenates were incubated in the presence of two distinct short chain 

precursors of UQ biosynthesis, after which the short chain RQ and UQ content in the 

homogenate was analyzed by LC-MS/MS. In addition, the biosynthetic route of RQ 

was studied by inhibiting gene expression of specific genes by RNA interference in C. 

elegans, and by knockout C. elegans mutants for certain genes, after which the RQ 

and UQ content in the organism was analyzed by the newly developed LC-MS/MS 

method. 
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Abstract 
 

Mitochondria are usually considered to be the powerhouses of the cell and to be 

responsible for the aerobic production of ATP. However, many eukaryotic organisms 

are known to possess anaerobically functioning mitochondria, which differ significantly 

from classical aerobically functioning mitochondria. Recently, functional and 

phylogenetic studies on some enzymes involved, clearly indicated an unexpected 

evolutionary relationship between these anaerobically functioning mitochondria and the 

classical aerobic type. Mitochondria evolved by an endosymbiotic event between an 

anaerobically functioning archaebacterial host and an aerobic α-proteobacterium. 

However, true anaerobically functioning mitochondria, such as found in for instance 

parasitic helminths and some lower marine organisms, most likely did not originate 

directly from the pluripotent ancestral mitochondrion, but arose later in evolution from 

the aerobic type of mitochondria after these were already adapted to an aerobic way of 

life by losing their anaerobic capacities. This review will focus on some biochemical 

and evolutionary aspects of these fermentative mitochondria, with special attention for 

fumarate reductase, the synthesis of the rhodoquinone involved, and for the enzymes 

involved in acetate production (acetate:succinate CoA-transferase and succinyl CoA-

synthetase). 
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Introduction 
 

Mitochondria are generally described in textbooks as the aerobic power houses of the 

cell, as most mitochondria are oxygen-consuming, ATP-producing organelles. These 

mitochondria utilize Krebs-cycle activity for the complete oxidation of acetyl-CoA to 

CO2. Energy is mainly produced via oxidative phosphorylation, where electrons from 

NADH are transported to oxygen via a proton-translocating electron-transport chain, 

and the resulting gradient of protons across the mitochondrial inner membrane enables 

the mitochondrial ATP-synthase to convert ADP and Pi into ATP (Fig. 1). Oxygen is the 

final electron acceptor in these classical mitochondria and, in the absence of oxygen, 

Krebs-cycle activity and mitochondrial ATP synthesis will stop. 

However, living with hypoxia, or even anoxia, is an everyday experience for 

many groups of eukaryotes. Some anaerobically functioning eukaryotes, such as 

parasitic helminths, are highly adapted for prolonged survival or even continuous 

functioning in the absence of oxygen, whereas others, like some marine invertebrates, 

are adapted to alternating periods in the presence and absence of oxygen. All these 

eukaryotes contain anaerobically functioning mitochondria, which produce ATP with 

the help of proton-pumping electron transport, but they use terminal electron acceptors 

other than O2. Some other anaerobically functioning eukaryotes, like for instance yeast 

and certain fish, can survive without mitochondrial energy metabolism via cytosolic 

fermentations in which the NADH produced during glycolysis is consumed during the 

reaction of pyruvate to lactate or ethanol, which are subsequently excreted as end-

products. Several other eukaryotes, like several anaerobic ciliates, amoeboflagellates, 

chytridiomycete fungi, and parabasalids 
1-4

, contain other types of anaerobic ATP-

producing organelles, the hydrogenosomes, which are H2-producing, membrane-

bounded organelles, that are evolutionary related to mitochondria 
5,6

. This review will 

not discuss these hydrogenosomal pathways nor the cytosolic fermentation pathways 

of energy generation, but will focus on anaerobic mitochondria. Anaerobically 

functioning mitochondria have to maintain redox balance without aerobic respiration, 

as they cannot use oxygen as terminal electron acceptor. Therefore, the reduced co-

factors produced by the catabolic pathways have to be oxidized by an alternative 

process. 

Organisms with anaerobic mitochondria can be broadly divided into two 

different types: those which use an electron acceptor present in the environment, such 

as NO2, and those which use an endogenously produced, organic electron acceptor, 

such as fumarate 
7,8

. An example of the first type is the nitrate respiration that occurs in 

several ciliates 
9
, and fungi 

10,11
, which use NO3

- 
and/or NO2

-
 as terminal electron 

acceptor of a membrane-associated electron-transport chain, producing nitrous oxide 

as the reduced end product. The metabolism of these anaerobically functioning 

mitochondria resembles that of their aerobic counterparts, as reduced cofactors are 

produced that are re-oxidized by the electron-transport chain, which contains special 

terminal oxido-reductases that donate electrons to an acceptor present in the 

environment, in this case nitrite or nitrate instead of oxygen. 



 
Chapter 2 
 

 

 

32 

 

 

 The other class of anaerobic mitochondria is present in parasitic helminths, 

fresh-water snails and some lower marine organisms 
12

. The energy metabolism of 

these anaerobic mitochondria differs principally and significantly from that in aerobic 

mitochondria, as no external final electron acceptors are used. Therefore, this 

mitochondrial metabolism has to be truly fermentative, in other words the number of 

NADH producing reactions has to equal the number of NADH consuming reactions 

without the use of oxygen or other external electron acceptors. This mitochondrial 

fermentation pathway is called malate dismutation, and involves the endogenous 

formation and subsequent use of fumarate as electron sink of the electron-transport 

chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic comparison of mitochondrial energy metabolism in aerobically and 

anaerobically functioning mitochondria. As example, the main pathways of aerobic (open 

arrows) and anaerobic (filled arrows) metabolism in Fasciola hepatica are shown. Transport of 

electrons is shown in dashed arrows, and the end products are shown in boxes. Enzyme names 

are indicated in italic. Abbreviations: AcCoA, acetyl-CoA; ASCT, acetate:succinate CoA-

transferase; C, cytochrome c, CI, CIII, CIV, complex I, III, IV of the respiratory chain; CITR, 

citrate; FRD, fumarate reductase; FUM, fumarate; MAL, malate; OXAC, oxaloacetate; PEP, 

phosphoenolpyruvate; PYR, pyruvate; RQ, rhodoquinone; SDH, succinate dehydrogenase; 

SUCC, succinate; Succ-CoA, succinyl-CoA; UQ, ubiquinone. 
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Fermentative mitochondrial metabolism: malate dismutation 
 

Anaerobically functioning mitochondria, which do not use external electron acceptors, 

are present in several invertebrates 
13

. Most of these anaerobically functioning 

eukaryotes, like adult parasitic helminths, are constantly dependent on this process. 

On the other hand, several lower marine animals, like mussels, oysters and lugworms, 

are intermittently dependent on this process when the tides of the sea force them to 

function anaerobically 
14-16

. All these organisms are known to be able to survive in an 

anaerobic environment via a fermentation pathway malate dismutation, which involves 

the use of an especially adapted electron-transport chain and the reduction of 

endogenously produced fumarate as electron sink 
12

. In those organisms that are 

adapted to anoxic functioning via malate dismutation, carbohydrates are degraded by 

the usual glycolytic pathway to phosphoenolpyruvate, which is then converted to 

malate. This malate, produced in the cytosol, is transported into the mitochondria for 

further degradation (Fig. 1). In a split pathway one third of this malate is oxidized via 

pyruvate to acetate and two thirds are reduced to succinate, which is often further 

metabolized to propionate 
13

. The reduction of malate to succinate occurs in two 

reactions that reverse part of the Krebs cycle, and the reduction of fumarate is the 

essential NADH-consuming reaction to maintain redox balance. Fumarate reduction is 

linked to electron transport via electron-transferring enzyme complexes in an 

anaerobically functioning electron-transport chain (Fig. 1 & 2). Striking differences of 

these anaerobically functioning mitochondria compared to the classical aerobic 

mitochondria are the presence of: (1) acetate:succinate CoA-transferase (ASCT), the 

enzyme that converts acetyl-CoA into acetate, (2) fumarate reductase (FRD), the 

enzyme catalysing the reduction of fumarate to succinate, and (3) rhodoquinone (RQ), 

the quinone which provides in its reduced form the electrons for the reduction of 

fumarate (Fig. 1 & 2). 

 

 

Acetate production and acetate:succinate CoA-transferase 
 

In the oxidative branch of malate dismutation, malic enzyme oxidizes malate to 

pyruvate, which is then further oxidized to acetyl-CoA. Subsequently, the CoA-moiety 

of acetyl-CoA is transferred to succinate by acetate:succinate CoA-transferase 

(ASCT), after which the resulting acetate is excreted as an end product 
17,18

.The 

produced succinyl-CoA is subsequently recycled to succinate by succinyl-CoA 

synthetase (SCS), a process concomitantly producing ATP from ADP (or GTP from 

GDP). ASCT is not only present in fermentative mitochondria but also in the strictly 

aerobically functioning mitochondria of the trypanosomatids T. brucei and Leishmania 
18

, as well as in the hydrogenosomes of trichomonads 
19

. The localisation of ASCT in 

these mitochondria identified the first metabolic pathway common to mitochondria and 

hydrogenosomes: an ASCT/SCS cycle, which is further evidence for their common 

evolutionary origin 
18

. Interestingly, organisms lacking compartmentalization of 

metabolism, such as Giardia and Entamoeba, also lack this cycle and instead produce  
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Figure 2: Schematic representation of mitochondrial respiratory chains. Boxes indicate 

electron-transport chain complexes, whereas ovals represent the electron transporters 

ubiquinone (UQ), rhodoquinone (RQ) and cytochrome c (cyt. c). The black boxes represent 

complexes involved in malate dismutation, whereas the open boxes represent complexes 

involved in the classical aerobic respiratory chain. The vertical bar represents a scale for the 

standard redox potentials in mV. Translocation of protons by the complexes is indicated by H
+
. 

Abbreviations: CI, III and IV, complex I, III and IV of the respiratory chain; bc1, complex III of the 

respiratory chain; cyt c, cytochrome c, FRD, fumarate reductase; Fum, fumarate; RQ, 

rhodoquinone; SDH, succinate dehydrogenase; Succ, succinate, UQ, ubiquinone. 

 

 

acetate from acetyl-CoA by a single step reaction catalysed by acetyl-CoA synthetase. 

This suggests that compartmentalisation and the presence of the acetyl/succinyl-CoA 

cycle are linked.  

 ASCT is not present in the mitochondria of all organisms, and has so far only 

been detected in anaerobically functioning mitochondria of parasitic worms and the 

aerobically functioning mitochondria of trypanosomatids. These latter mitochondria are 

interesting, as these protozoa are considered to be the earliest-branching eukaryotes 

that contain mitochondria. Hence, these mitochondria could contain enzymes present 

in the ancestral mitochondrial organelle. The presence of ASCT in hydrogenosomes on 

the one hand, and on the other hand in aerobically as well as anaerobically functioning 
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mitochondria is very intriguing. ASCT has not been purified yet, nor have genes 

encoding ASCTs been cloned, and therefore, phylogenetic analysis of ASCT genes of 

various mitochondria and hydrogenosomes can unfortunately not be performed yet. 

 So far, three families of CoA-transferases have been described. Type I CoA-

transferases form the best characterized group. Most type 1 CoA-transferases are 

known to operate with acetyl-CoA or succinyl-CoA as possible CoA-donor. These CoA-

transferases are a heterogeneous family of enzymes, present in both prokaryotes and 

eukaryotes, and they appear in a variety of oligomerization states, ranging from 

homodimers, in the case of pig heart 3:oxoacid CoA-transferase, to hetero-octamers, 

in the case of glutaconate CoA-transferase from the strictly anaerobic bacterium 

Acidaminococcus fermentans 
20

. The α-subunits of prokaryotic CoA-transferases are 

homologous to the N-terminal half of eukaryotic CoA-transferases, whereas the β-

subunits are homologous to the C-terminal half. This strongly indicates the occurrence 

of a gene fusion at a certain time during evolution of CoA-transferases 
21

. Type II CoA-

transferases catalyze the transfer of an acyl carrier protein, which contains a covalently 

bound CoA derivative, but also accept free CoA-thioesters in vitro. The prokaryotic 

CoA-transferases of this type are referred to as non-heterotetrameric and lack both an 

α2β2 subunit arrangement and significant amino acid sequence similarity to eukaryotic 

CoA-transferases 
22

. The few type III CoA-transferases studied so far, are known to be 

involved in anaerobic metabolic pathways. Recently characterized members are from 

bacteria, but genes for similar enzymes are also found in archaea and eukaryotes. 

Their amino acid sequences do not resemble those of the CoA-transferases of any of 

the other two types. Oxalate CoA-transferase from Oxalobacter formigenes, a 

monomer of 45 kDa, is specific for oxalate and formyl-CoA, exhibiting partial activity 

only with succinyl-CoA and none with acetyl-CoA as alternative CoA-donor 
23

. Based 

on the small and hydrophylic substrates involved, ASCT might belong to either family I 

or III, but so far no homologs of the type 3 CoA-transferase family can be found in the 

various trypanosomatid genome databases, which suggests that ASCT is a type I CoA-

transferase. 

 SCS, which catalyses succinyl-CoA hydrolysis coupled to substrate level 

phosphorylation, is found in acetate-producing organisms as well as in most 

aerobically functioning organisms, since SCS is also a Krebs-cycle enzyme. SCS is a 

multimeric enzyme composed of α and β subunits, and homologs of both α and β 

subunits have been cloned from many aerobically functioning species and from several 

acetate producing organisms. Phylogenetic analysis of both α and β subunits of SCS 

(Fig. 3) shows that the SCS subunits of acetate producing organisms do not cluster as 

a distinct group, but do resemble the consensus “tree of life” irrespective of their 

involvement in acetate production or Krebs cycle. Since the catalytic function of SCS in 

Krebs cycle and acetate production is identical, no specific additional selection is 

expected for SCS functioning in acetate production, which is in agreement with the 

absence of phylogenetic clustering of SCS genes of acetate producing organisms.  
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Figure 3: Unrooted neighbour-joining phylogenetic trees of succinyl-CoA synthetase 

subunits A (panel A) and B (panel B). Full length amino acid sequences were aligned using 

ClustalX and phylogenetic trees were prepared by neighbour joining using the Phylip package. 

Bootstrap values for 100 independent random order analyses are shown when greater than 50. 

Similar trees were obtained by maximal parsimony methods. Eukaryotic species that are known 

to produce acetate are boxed. 

 
 
Fumarate reductase versus succinate dehydrogenase 
 

The interconversion of succinate and fumarate may have been important in several 

critical ways during the early phases of biochemical evolution. At the outset of one 

possible evolutionary sequence, the reduction of pyruvate to succinate, a process in 

which NADH is reoxidized, might have initially functioned as a simple electron sink, 

helping to maintain redox balance in the cell 
24,25

. Such early fumarate reducing 

systems would most likely have been soluble and relatively simple, and might have 

functioned primarily to ensure redox balance, similar to a fermentation 
24

 (Fig. 4a). In 

the further course of evolution it may have been energetically advantageous to couple 
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the electron transport to fumarate with proton pumping and chemiosmotic 

phosphorylation, which would require association of the enzyme with the membrane 

(Fig. 4b). A prerequisite for this, however, would have been the pre-existence of 

intermediate electron carriers of suitable redox potential: iron-sulphur clusters, 

menaquinone and cytochrome b 
24,26

, and such electron carriers were suggested to 

have been present in the earliest cells 
27

. 

 Such early developments were paralleled by the evolution of several related 

biosynthetic pathways, such as the conversion of succinate to succinyl-CoA for the 

synthesis of tetrapyrroles, and the production of 2-oxoglutarate from acetyl-CoA and 

oxaloacetate via citrate for the synthesis of glutamate. These biosynthetic processes, 

together with the production of succinate from pyruvate via fumarate reduction and the 

development of 2-oxoglutarate dehydrogenase and succinate thiokinase, might have 

been combined and resulted in the origin of the citric acid cycle 
24

. The fumarate 

reductase present at that point in time would have been used in the direction of 

succinate oxidation. During further evolution, this enzyme system might have 

specialized towards this succinate oxidation through the covalent binding of the flavin, 

through increased standard redox potentials of the iron-sulphur clusters of the enzyme, 

and through the preferred use of ubiquinone instead of menaquinone as a cofactor in 

order to raise the redox potential of the electron acceptor (Fig. 2, Fig. 4c). Such a 

hypothetical scenario would explain the existence of a succinate dehydrogenase 

system functioning with ubiquinone and a fumarate reductase system functioning with 

menaquinone (Fig. 4c & 4b, respectively). Both systems are still present in many 

prokaryotes and the parallel existence of these two systems most likely evolved via a 

very early gene duplication. 

 

 

 

Figure 4: Schematic representaton of the proposed evolution of eukaryotic fumarate 

reductases. Panel a shows a soluble fumarate reductase (FRD), which became membrane 

bound and coupled to electron transport (panel b), after which succinate dehydrogenase (SDH) 

evolved from FRD (panel c). Panel d represents eukaryotic FRDs, which are structurally more 

similar to SDHs (rounded structures) and they interact with a benzoquinone (ovals) instead of a 

naphthoquinone (diamond), although they function as a FRD (hatched structures) and not as an 

SDH (open structures). 
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Phylogenetic relationship between succinate dehydrogenases and 
fumarate reductases 
 

FRD and SDH complexes are structurally very similar and each comprises usually four 

non-identical subunits: a flavin-containing A subunit (Fp subunit), a B subunit that 

contains three iron-sulphur clusters (Ip subunit), and mostly two hydrophobic 

(cytochrome b-containing) subunits C and D that are essential for the attachment of the 

catalytic subunits A and B to the membrane and for the interaction of the catalytic 

subunits with the quinones 
28,34

. The Fp and Ip subunits of SDH are highly conserved in 

different species and are also closely related to the Fp and Ip subunits of FRD. 

Nevertheless, these two enzymes are clearly distinct and are differentially expressed in 

E. coli: depending on external conditions, either SDH or FRD is expressed. It has been 

shown for the parasitic helminth Haemonchus contortus that it possesses two different 

genes for the Ip subunit that are differentially expressed during the development of this 

parasite 
29

. This differential expression during development has also been shown to 

occur in another parasitic helminth, Ascaris suum, in which the existence of two 

different, stage-specific forms of complex II was also demonstrated 
30

. Studies on 

complex II of anaerobically functioning eukaryotes have mostly been restricted to the 

parasitic helminth Ascaris (for reviews on these extensive studies see Kita, 1992 and 

Kita et al. 1997 
31,32

). The enzyme complexes responsible for fumarate reduction in 

eukaryotes other than parasitic helminths have not yet been studied. However, the 

presence of a specialized quinone, rhodoquinone, in lower marine organisms, such as 

oysters, indicates that these facultative anaerobic organisms possess fumarate 

reductase complexes comparable to those in parasitic helminths 
33

. 

 Analyses of enzyme kinetics, as well as the known differences in primary 

structures of prokaryotic and eukaryotic complexes that reduce fumarate, prompted us 

earlier to the suggestion that fumarate-reducing eukaryotes possess an enzyme 

complex for the reduction of fumarate that is structurally related to SDH-type complex 

II, but has the functional characteristics of the FRD complexes of prokaryotes 
33

. 

Although the amount of data is still very limited, phylogenetic analysis of SDHs and 

FRDs demonstrated that the sequences of parasitic enzymes that reduce fumarate are 

more closely related to the eukaryotic succinate dehydrogenase sequences than to the 

bacterial FRDs (Fig. 4d) 
8,12

. 

 

 

Electron transport in aerobic and fermentative mitochondria 
 

For the oxidation of succinate to fumarate (E
0
' = +30 mV) SDH uses preferentially an 

electron acceptor with a relatively high standard electron potential, such as UQ ( E
0
' = 

+70mV). FRD, on the other hand, catalyses the opposite reaction, in which an electron 

donor is oxidized and two electrons are subsequently transferred to fumarate, reducing 

this to succinate. Therefore, FRD complexes interact in general with quinones having a 
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lower standard electron potential (E
0
'= -70mV) compared to SDH complexes (Fig. 2) 

28,34
.  

Most prokaryotes are known to use menaquinone for electron-transport to 

FRD. We showed, on the other hand, that in eukaryotes, RQ fulfils this function. RQ is 

an indispensable component for efficient electron transport in all eukaryotic organisms 

investigated so far that perform malate dismutation in anaerobic mitochondria 
33

. These 

organisms included not only parasitic helminths but also freshwater snails, some 

protists and the lower marine animals, mussels, oysters and lugworms 
33,35

. RQ is also 

present in a few prokaryotic organisms, as Rhodospirillum rubrum and some other 

members of the family Rhodospirillaceae, (facultative phototrophic purper non-sulfur 

bacteria) contain, apart from UQ, also RQ 
36

. Those members of Rhodospirillaceae that 

contain RQ were found to possess FRD activity; whereas the species containing 

exclusively UQ showed no significant FRD activity 
37

, which confirms the essential 

function of RQ in fumarate reduction when menaquinone is absent. 

 Although RQ and menaquinone are functional equivalents (having a low 

standard electron potential), their structure differs significantly. In contrast to both RQ 

and UQ, menaquinone (present in prokaryotes) is not a benzoquinone but a 

naphthoquinone. Therefore, the structure of the quinone involved in electron transport 

during malate dismutation in eukaryotes (RQ) is more similar to the quinone involved in 

aerobic mitochondrial electron transport (UQ), than to its functional equivalent in 

prokaryotes, menaquinone. This suggests, similar to the primary sequence analysis of 

eukaryotic FRDs, that also the electron transporters of anaerobically functioning 

mitochondria are more closely related to those of aerobically functioning mitochondria 

than to their functional homologues in prokaryotes. 

 

 

Ubiquinone and rhodoquinone biosynthesis  
 

The biosynthesis of ubiquinone (UQ) is known (Fig. 5) and the genes involved were 

recently studied, however many details on the mechanism of all the reactions involved 

are not yet resolved 
38

. Menaquinone biosynthesis has also been studied in detail 
38,39

, 

but the pathway of RQ biosynthesis has not yet been thoroughly investigated. The 

structure of RQ is almost identical to UQ, apart from the amino group instead of a 

methoxy group on position 5 of the benzoquinone ring structure, respectively (Fig. 5). 

Hence, in our opinion, it is most likely that the early reactions in the biosynthesis of the 

benzoquinone structure are identical for both RQ and UQ. The benzoquinone structure 

for UQ synthesis starts with acetate for the synthesis of the isoprenoid side chain. This 

so-called mevalonate pathway results in the formation of farnesyl-pyrophosphate which 

can then be used for the synthesis of cholesterol, dolichol and ubiquinone as well as 

for the isoprenylation of proteins. p-Hydroxybenzoate is used as starting material for 

the benzoic ring structure of ubiquinone. In eukaryotic cells long-chain all-trans 

polyprenyl diphosphates are produced by the enzyme trans-prenyltransferase. These 

all-trans polyprenyl compounds, containing six to ten isoprene units, are then used to 

form the side-chain of the benzoquinone. The number of isoprene units attached to the 
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quinones varies among organisms. For instance, S. cerevisiae mainly produces 

quinones with six isoprene units, E. coli mainly produces quinones with eight isoprene 

units, whereas humans produce ubiquinone with ten isoprene units. These differences 

are believed to be determined by the availability of polyprenyl diphosphate in the cell 
40

. The all-trans polyprenyl diphosphate unit is condensed with p-hydroxybenzoate by a 

polyprenyltransferase, and a number of subsequent modifications of the ring are 

required for the completion of the benzoquinone structure and subsequently 

ubiquinone (Fig. 5). These modifications of the ring start with C-hydroxylation, followed 

by O-methylation and decarboxylation. Two additional C-hydroxylations, one C-

methylation and one O-methylation are necessary for the completion of UQ. This 

sequence of reactions is characterized in bacterial as well as eukaryotic systems. In 

bacteria the sequence of the reactions is slightly different: the first step after the 

condensation being the decarboxylation rather than the C-hydroxylation. 

 The pathway of RQ synthesis has not yet been elucidated, but pulse-chase 

experiments suggested that UQ might be used for the synthesis of RQ in 

Rhodospirillum rubrum and Euglena gracilis 
35,36

. Our earlier investigations on the 

biosynthesis of RQ in parasitic helminths indicated that F. hepatica and S. mansoni do 

not use exogenous UQ as a precursor for RQ synthesis (Van Hellemond & Tielens, 

unpublished observations). Furthermore, differences in the number of isoprene units 

present in the quinones of the parasite compared to that of the host, demonstrated that 

also in vivo quinones are not scavenged from the host, and studies using radioactive 

mevalonate showed that these parasites synthesize both UQ and RQ de novo 
41,42

. 

  RQ differs from UQ only in the amino group on position 5 of the benzoquinone 

structure instead of a methoxy group (Fig. 5). Interestingly, this methoxy-group is 

formed during the last step of UQ biosynthesis, and therefore, we proposed earlier that 

RQ synthesis diverges only in 1 reaction from UQ biosynthesis, via introduction of an 

amino-group in either 5-hydroxy-6-methoxy-3-methyl-2-polyprenyl-1,4-benzoquinone 

or 6-methoxy-3-methyl-2-polyprenyl-1,4-benzoquinone (Fig. 5) 
41

. Database searches 

for analogous enzymes catalysing the last three reactions in UQ biosynthesis in 

organisms known to synthesize RQ, did not reveal genes for the possible enzymes for 

this last reaction in RQ biosynthesis. This genetic database approach is hampered by 

the fact that no genome projects exist for RQ synthesizing organisms. Furthermore, the 

putative enzyme involved in RQ biosynthesis that introduces the amino-group, does 

not necessarily have to contain recognizable stretches of sequences, as quinone-

binding sites are not universal and are inadequate for prediction of quinone-binding 

sites in unknown structures 
43

. Hence, even if genes of enzymes involved in RQ 

synthesis have already been sequenced, these genes would not be recognized as 

such. Classical biochemical approaches are, therefore, probably needed to elucidate 

the biosynthetic pathway of RQ, and to characterize the enzyme(s) involved. 
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Figure. 5: Biosynthesis of ubiquinone and possible pathways of rhodoquinone 

biosynthesis in eukaryotes. 

 

 

Evolutionary aspects of anaerobic mitochondria 
 

It is now widely accepted that the classical aerobically functioning mitochondrion 

evolved by an endosymbiotic event between an anaerobically functioning 

archaebacterium and an α-proteobacterium. Such an endosymbiotic theory was 

already postulated in the 19
th
 century and the investigations of Margulis in the second 

half of the 20
th
 century raised evidence in support of this theory 

44
. More recently, 

several refinements of the endosymbiont theory were suggested. One of these, the 

hydrogen hypothesis 
45

, starts from the concept that the hydrogen, produced as waste 

product by the α-proteobacterium, functions as substrate for the hydrogen-dependent 

autotrophic archaean host, and was the driving force for the development of 

mitochondria, instead of the ATP produced by the α-proteobacterial symbiont and 

consumed by the anaerobic host, as suggested originally. It is proposed that in aerobic 

environments the anaerobic capacities of the original symbiont were then lost, and this 

resulted in the evolution of the classical mitochondria 
45

. 
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 In anaerobic environments, on the other hand, the aerobic capacities of the 

endosymbiont were lost. This resulted in the formation of two types of amitochondriate 

organisms, those where the symbiont evolved into an anaerobically functioning 

organelles, hydrogenosomes (as are still present in for instance trichomonads), and 

those where (part of) the contents of the organelle was retained, but the ATP-

producing organelle as such disappeared, such as in Giardia 
45

. The evolutionary origin 

of the anaerobically-functioning mitochondria, such as those in parasitic helminths, has 

been less debated until now. We have recently postulated a possible evolutionary 

origin of these unconventional mitochondria 
8
. 

 It could be envisaged that these true anaerobically functioning mitochondria 

originated from the pluripotent ancestral organism by adaptation to an anaerobic 

environment, like the hydrogenosomes of trichomonads. In our opinion, however, these 

anaerobically functioning mitochondria evolved later in evolution from the more 

conventional aerobic type of mitochondria after these were adapted to an aerobic way 

of life by losing their anaerobic capacities 
8
. 

 Several observations indicate that these anaerobically functioning 

mitochondria evolved from the classical mitochondria, and did not originate (by 

adaptation to an anaerobic environment) directly from the facultative anaerobic 

pluripotent ancestral cell that was the result of the endosymbiosis of an α-

proteobacterial symbiont and the archaen host. First, as discussed above, all 

sequence data available up to now on the fumarate-reducing enzymes (FRDs) of these 

organisms, demonstrate that these enzymes are closely related to the SDHs of 

classical aerobic mitochondria. These classical mitochondria are supposed to have 

evolved by losing the anaerobic capacities of the pluripotent ancestral cell, which 

probably already also possessed a comparable enzyme for anaerobic fumarate 

reduction (FRD). Therefore, it is more likely that this adaptation towards an anaerobic 

metabolism did not occur immediately after the symbiotic event, but after the earlier 

prokaryotic fumarate reducing enzyme for anaerobically functioning was lost. Second, 

the same argument holds true for the quinone used for this anaerobic fumarate 

reduction. All anaerobically functioning, fumarate reducing eukaryotes investigated so 

far use rhodoquinone for the transport of electrons from complex I to the fumarate 

reducing enzyme, while the more ancient prokaryotic systems use menaquinone. 

Again, the anaerobically functioning mitochondria use a molecule which is structurally 

more related (a benzoquinone) to the molecule of the classical mitochondria, 

ubiquinone (also a benzoquinone), than to the molecule used by the anaerobic 

prokaryotes, menaquinone (a naphthoquinone). As the synthesis of rhodoquinone 

probably differs only in the last step from the synthesis of ubiquinone, this indicates 

that also the electron transporter was adapted to anaerobically functioning after the 

synthesis of the originally present transporter (menaquinone) was lost by adaptation to 

an aerobic environment. Third, in our opinion, the fact that both classical and 

anaerobically functioning mitochondria are known to occur within the same organism, 

for instance parasitic helminths, points more in the direction of a later evolution of 

classical aerobic mitochondria to an anaerobic environment than in the direction of an 

immediate adaptation to an anaerobic environment, as parasitic helminths are 
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supposed to have evolved from free-living worms, which were most likely aerobically 

functioning, like free-living worms nowadays.  

 For these reasons we suggest that anaerobically functioning mitochondria 

evolved from the classical type by later adaptation to an anaerobic environment. This 

adaptation could have occurred by small structural modifications of the SDH enzyme, 

which for instance changed the redox potentials of the iron-sulphur clusters, making 

the enzyme better suitable for reduction of fumarate, resulting in an enzyme that is 

structurally more related to the original SDH, but functionally more related to the older 

FRDs of prokaryotes. Next to this, an adaptation could have occurred in the synthesis 

of the quinone involved in fumarate reduction. The biosynthetic pathway of RQ is still 

unknown, as is the origin of the enzyme(s)of the last steps in this biosynthesis. It is 

thinkable that it is acquired by lateral gene transfer from, for instance, a 

Rhodospirillum-like prokaryotic organism, which are also known to synthesize 

rhodoquinone. 

 Anaerobic metabolism is usually considered to be an old and rather primitive 

way of life, but the above described scenario would implicate that these anaerobically 

functioning mitochondria are an adaptation of the traditional type of mitochondria to 

anaerobic environments, and are in fact a further evolution instead of a more primitive 

form. 
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Summary 
 

Euglena gracilis cells grown under aerobic and anaerobic conditions were compared 

for their whole cell rhodoquinone and ubiquinone content and for major protein spots 

contained in isolated mitochondria as assayed by two-dimensional gel electrophoresis 

and mass spectrometry sequencing. Anaerobically grown cells had higher 

rhodoquinone levels than aerobically grown cells, in agreement with earlier findings 

indicating the need for fumarate reductase activity in Euglena's anaerobic wax ester 

fermentation. Microsequencing revealed components of complex III and complex IV of 

the respiratory chain and the E1β-subunit of pyruvate dehydrogenase to be present in 

mitochondria of aerobically grown cells but lacking in mitochondria from anaerobically 

grown cells. No proteins were identified as specific to mitochondria from anaerobically 

grown cells. cDNAs for the E1α, E2, and E3 subunits of mitochondrial pyruvate 

dehydrogenase were cloned and shown to be differentially expressed under aerobic 

and anaerobic conditions. Their expression patterns differed from that of mitochondrial 

pyruvate:NADP
+
 oxidoreductase, the N-terminal domain of which is pyruvate:ferredoxin 

oxidoreductase, an enzyme otherwise typical of hydrogenosomes, hydrogen-producing 

forms of mitochondria found among anaerobic protists. The Euglena mitochondrion is 

thus a long-sought intermediate that unites biochemical properties of aerobic and 

anaerobic mitochondria and hydrogenosomes because it contains both 

pyruvate:ferredoxin oxidoreductase and rhodoquinone typical of hydrogenosomes and 

anaerobic mitochondria, as well as pyruvate dehydrogenase and ubiquinone typical of 

aerobic mitochondria. Our data show that under aerobic conditions Euglena 

mitochondria are prepared for anaerobic function and furthermore suggest that the 

ancestor of mitochondria was a facultative anaerobe, segments of whose physiology 

have been preserved in the Euglena lineage. 
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Introduction 
 

Oxygen respiration, the most important process for ATP production in many 

eukaryotes, takes place in mitochondria. Its overall biochemistry, involving oxidative 

decarboxylation of pyruvate, citric acid cycle, electron transport chain and oxidative 

phosphorylation, is conserved across many groups of fungi, higher plants, and animals 
1
, although the exceptions prove the rule: not all mitochondria require oxygen for ATP 

synthesis 
2,3

. Numerous mitochondria synthesize ATP without the use of oxygen as 

terminal electron acceptor 
2
. Anaerobic mitochondria are found among unicellular 

eukaryotes (protists) 
2,4-6

 and among various multicellular forms, such as parasitic 

worms 
7-9

, and marine animals like mussels 
10

. In some anaerobic mitochondria, ATP is 

synthesized via a proton pumping electron transport chain but different terminal 

acceptors, and alternative terminal oxidases accordingly, are used. Both external and 

endogenous terminal acceptors are used. Some fungi, for example Fusarium 

oxysporum and Cylindrocarpon tonkinense, can utilize nitrate or nitrite as terminal 

acceptor 
5,11

. These mitochondria possess a nitrite reductase that reduces nitrite to 

nitrogen monoxide with electrons from the cytochrome c pool. An additional nitrate 

reductase can be used to reduce nitrate to nitrite and the electrons for this reaction are 

derived from the ubiquinone pool 
12

. Mitochondria from parasitic worms such as 

Fasciola hepatica or Ascaris suum can use endogenously produced fumarate as their 

electron acceptor 
2,13

. Reduction of fumarate by the action of fumarate reductase is 

directly coupled to electron transport and ATP synthesis, but involves rhodoquinone 

instead of ubiquinone. 

The single, reticulate mitochondrion of the flagellate Euglena gracilis is 

biochemically an intermediate between aerobic and anaerobic mitochondria. Several 

Euglena species adapt to a broad range of oxygen concentrations and can tolerate 

even very low concentrations of oxygen 
14

. E. gracilis can survive up to six months of 

oxygen deprivation in the dark with culturing on lactate 
15

. Euglena uses its 

mitochondrion for ATP synthesis in the presence and absence of oxygen 
14,16

. Under 

aerobic conditions Euglena performs a more or less typical oxidative phosphorylation 

in association with a modified citric acid cycle and respiratory chain. Pyruvate from 

glycolysis enters the mitochondrion and is subjected to oxidative decarboxylation, but 

this is thought not to involve the typical mitochondrial pyruvate dehydrogenase 

complex (PDH), but instead an unusual, oxygen-sensitive enzyme, pyruvate:NADP+ 

oxidoreductase (PNO) 
6,17

. The resulting acetyl-CoA enters a modified citric acid cycle, 

which entails a shunt via succinate-semialdehyde as in the α-proteobacterium 

Bradyrhizobium 
18

, circumventing the step catalyzed by α-ketoglutarate 

dehydrogenase. Under anaerobic conditions, PNO constitutes the key enzyme for a 

unique wax ester fermentation. Acetyl-CoA from decarboxylation of pyruvate serves in 

the absence of oxygen as the terminal acceptor of electrons from glucose oxidation, 

whereby fatty acids are synthesized via an unusual reversal of β-oxidation that does 

not involve malonyl-CoA 
19-21

. A part of the fatty acids is reduced to alcohols, esterified 

with another fatty acid and deposited in the cytosol as wax (hence wax ester 

fermentation). The stored waxes are degraded via aerobic dissimilation in the 
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mitochondrion upon the return to aerobic conditions 
19

. Similar to the situation in 

anaerobic mitochondria of metazoa, Euglena's wax ester fermentation involves 

mitochondrial fumarate reduction, and thus requires rhodoquinone 
2
, which was 

characterized from Euglena in early work 
22

. 

To examine changes in mitochondrial biochemistry of Euglena during the shift 

from aerobic to anaerobic conditions, we investigated changes in ubiquinone and 

rhodoquinone content and isolated mitochondria from cells grown under both 

conditions to analyse their protein content via two-dimensional electrophoresis. 

 

 

Experimental procedures 
 

Medium and culture conditions 

E. gracilis strain Z (SAG 1224-5/25 collection of algae Göttingen) for isolation of 

mitochondria and subsequent analysis by two-dimensional was cultured as described 

previously 
6
. Euglena cultures for determination of UQ9 and RQ9 were grown in a 

BIOSTAT B 10L fermenter (Braun Biotech) at a culturing volume of 7 liters, with light 

continuously at 5000 lux, at 28 °C and stirring at 200 rpm. A defined medium as 

described by Ogbonna et al. 
23

 and Yamane et al. 
24

 was modified and used. One liter 

medium contained 12 g glucose; 0.8 g KH2PO4; 1.5 g (NH4)2SO4; 0.5 g MgSO4x7H2O; 

0.2 g CaCO3; 0.0144 g H3BO3; 2.5 mg vitamin B1; 20 µg vitamin B12; 1 ml trace 

element solution; 1 ml Fe-solution. The trace element solution contained 4.4 g 

ZnSO4x7H2O, 1.16 g MnSO4xH2O, 0.3 g Na2MoO4x2H2O, 0.32 g CuSO4x5H2O, and 

0.38 g CoSO4x5H2O per 100 ml of distilled water. The iron solution contained 1.14 g 

(NH4)2SO4Fe(SO4)2x6H2O and 1 g EDTA per 100 ml of distilled water. The pH of the 

medium was kept at 2.8 during the cultivation. Aerobic cultures were gassed with 2 

liters/min air and the anaerobic cultures with 2 liters/min nitrogen. Relative to O2 levels 

in air-gassed uninoculated medium (set to 100%), anaerobic culture medium had 0% 

O2 as determined with the BIOSTAT B electrode although photosynthetic O2 

production was not specifically blocked by inhibitors in N2-gassed light grown cultures. 

Cultures were harvested 5 days after inoculation with a starting density of 35,000 

cells/ml. Cells were harvested by centrifugation and used directly (not frozen) for 

isolation of mitochondria or determination of UQ9 and RQ9 content. 

 

Isolation of mitochondria and marker enzymes 

Spheroplast preparation by partial trypsin digestion of the pellicle and gentle 

mechanical disruption and fractionation by differential centrifugation was performed by 

the method of Chaudhary and Merrett 
25

. Mitochondria were purified on discontinuous 

Percoll gradients as described by Inui et al. 
20

. Marker enzyme activities of succinate 

semialdehyde dehydrogenase (EC 1.2.1.16) for mitochondria 
26

, lactate 

dehydrogenase (EC 1.1.1.27) for the cytosol 
27

 and glyceraldehyde-3-phosphate 

dehydrogenase (NADP
+
) (EC 1.2.1.13) for chloroplasts 

28
 were determined using the 

assays described, respectively. 
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Two-dimensional electrophoresis 

Separation of mitochondrial proteins by two-dimensional PAGE was performed 

according to Görg et al. 
29,30

. Isoelectric focusing (IEF) was performed on a IPGphor 

Isoelectric Focusing System (Amersham Biosciences) according to the manufacturers 

instructions. Up to 1 mg of mitochondrial protein was included in the rehydration 

solution (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 0.5% (v/v) IPG-buffer, 

bromophenol blue) and the IPG strip (18 cm; pH 3-10; Amersham Biosciences) was 

allowed to rehydrate at 20 °C for 12 h. Focusing was performed for 0.5 h at 100 V, 1 h 

at 500 V, 1 h at 1000 V and 9 h at 8000 V. IPG strips were equilibrated for 30 min in 

equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) 

SDS, bromophenol blue) with 1% (w/v) DTT and for 30 min in equilibration buffer with 

3% (w/v) iodoacetamide followed by the transfer to the top of a 12% SDS 

polyacrylamide gel and covering with agarose sealing solution (25 mM Tris; 192 mM 

glycine; 0.1% (w/v) SDS 0.5% (w/v) agarose; bromophenol blue). SDS-PAGE was 

performed in a Hoefer SE 600 vertical electrophoresis unit (Amersham Biosciences) 

with a current of 40 mA per gel. Gels were stained with Coomassie by the method of 

Neuhoff et al. 
31

 or silver stained as described by Blum et al. 
32

. 

 

In-gel digestion and ESI-Q-TOF-MS/MS analysis 

Protein spots of interest were cut from the gel, washed twice with 50% (v/v) acetonitrile 

and incubated successively with 100% acetonitrile, 100 mM NH4HCO3 and 100 mM 

NH4HCO3/acetonitrile 1:1. After vacuum drying, the gel pieces were reswollen with 10 

ng µl
-1 

trypsin (Promega) and digested for 12 h at 37 °C. Peptides were extracted in 5% 

(v/v) formic acid using a sonication bath. Prior to mass spectrometry, samples were 

desalted using C18 ZipTips (Millipore). ESI-Q-TOF-MS/MS analysis of tryptic peptides 

was performed with a QSTAR XL mass spectrometer (Applied Biosystems). 

 

Determination of UQ9 and RQ9 content 

Harvested Euglena cells were washed twice with phosphate-buffered saline, diluted to 

a final titer of 10
7
 per ml and lyophilized. Lipids were extracted from these samples 

essentially according to Bligh and Dyer 
33

. After evaporation (nitrogen stream at 40 °C) 

of the organic phase, the lipid residue was dissolved in 15% (v/v) diethyl ether in 

hexane. Quinones were eluted from a silica column (Lichrolut Si 200) with 15% (v/v) 

diethyl ether in hexane, dried by a nitrogen stream and dissolved in ethanol. 

Quinones were separated on a reverse phase (RP)-18 column (Lichro Cart 

250-4.5 µm, endcapped, Merck) using a linear gradient from 7% to 20% (v/v) 

diisopropyl ether in methanol with 0.1% (v/v) acetic acid in 24 min. Quinones were 

detected with a Sciex API 365 mass spectrometer equipped with an APCI interface. 

Measurements were performed in the positive ionization mode. Quantification of eluted 

quinones was performed by selective reaction monitoring taking M+H
+
 as a parent ion 

(795.6 for UQ9 and 780.6 for RQ9 and the specific X+ product ion for UQ9 and the 

specific Y+ product ion of RQ9, respectively 197.1 and 182.1) (Fig. 1). Calibration of 

the LC-MS/MS method was performed using UQ9 standards (Sigma) and RQ9 

standards (isolated from Ascaris suum according to Bligh and Dyer 
33

 and purified as 
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described by Van Hellemond et al. 
34

), which resulted in linear response curves 

between 0.1 and 100 pmol for RQ9 and between 0.35 and 350 pmol for UQ9. The 

concentrations of the UQ9 and RQ9 standards were spectrophotometrically determined 

using the following extinction coefficients; UQ9: E1% 1cm = 185 at 275 nm 
22

, RQ9: E1% 1cm 

= 140 at 283 nm 
35

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Mass spectrometry identification of UQ and RQ. Parent ions [M+H
+
] of ubiquinone-

9 and rhodoquinone-9 and their specific product ions. The liquid chromatography tandem mass 

spectometry method was based on the appearance of these specific ions. 

 

Identification of PDH subunits E1αααα, E2 and E3 

Standard molecular methods, nucleic acid isolation, cDNA synthesis and cloning in λ 

ZAPII were performed as described 
36,37

. Hybridization probes for PDH subunits from 

Euglena were obtained by comparisons of in-house Euglena EST data with noted 

sequences in NCBI database using BLAST. Oligonucleotides for screening a library 

constructed with mRNA from aerobically grown Euglena cells were designed as 

follows: PDH-E1α 5’-AATCTCCTTGTCCACCTCCTTGTTAGTCTCCTTCTCGACTGCCTT-3’; 

PDH-E2 5’-TTTCAAATCAGCATTGTAGACAACTGGGGTGATCAGTCCGTT-3’; PDH-E3 5’-

CCTTGGAAGGGGACAAGAAGGTGAAGGTCGTTGGAGAAACGA-3’. 

 

Sequence analyses 

Database searching, sequence handling and alignment were performed with programs 

of the GCG package, version 10.3 
38

. Reinspection of alignments and automatic 

exclusion of gaps was performed with programs CLUS2MOL and RMINSDEL of the 

MOLPHY package, version 2.3 
39

. Phylogenetic inference was performed using 

NeighborNet planar graphs 
40

 of protein LogDet distances 
41

, graphs were displayed 

with SplitsTree package, version 3.2 
42

. 
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Results 
 

Isolation of mitochondria  

Purity of mitochondria isolated and purified from Euglena cells cultured aerobically or 

anaerobically was assayed by marker enzymes to exclude cross-contamination of the 

mitochondrial fraction with other cell compartments (Table 1). Marker enzyme activities 

for chloroplasts were not detectable and only very slight activities of cytosolic marker 

enzyme were measured (Table 1). Succinate semialdehyde dehydrogenase, the 

marker enzyme for Euglena mitochondria, was strongly enriched in the mitochondrial 

fraction as compared to the crude extract (Table 1). 

 

 

Table 1: Marker enzyme activities. Activities are expressed in nmol·mg
-1

·min
-1

 for crude extract 

and mitochondrial fraction of E. gracilis cells grown under aerobic and anaerobic conditions (± 

SD).  

 

Enzyme 

Crude extract 

aerobic (n=8) 

 

Mitochondrial fraction 

aerobic (n=8)               anaerobic (n=6) 

                  

Succinate semialdehyde 

dehydrogenase 
18.8 ± 5.8 173 ± 22.5                 153 ± 13.2 

glyceraldehyde-3-phosphate 

dehydrogenase (NADP
+
) 

431 ± 15.6 0                                   0 

lactate dehydrogenase 17950 ± 1570 2 ± 0.8                           6 ± 0.7 

 

 

Separation of mitochondrial proteins by two-dimensional PAGE 

Mitochondrial proteins from aerobic and anaerobic cells separated in the first 

dimension in pH gradients 3-10 and subsequent separation on SDS-PAGE were 

compared. The overall number of protein spots observed here for Euglena 

mitochondria is rather small in comparison with recent studies of mitochondrial 

proteomes in yeast or mouse 
43,44

. However, our focus here is on major proteins 

involved in core energy metabolism whose levels change in response to the transition 

to anaerobiosis. No new protein spots appeared during the shift from aerobic to 

anaerobic culturing conditions, rather some spots present in aerobic mitochondria 

disappeared under anaerobic conditions (Fig. 2). Spots identified as aerobic-specific 

spots in mitochondria from three independent cultures were excised from Coomassie-

stained gels, digested with trypsin and analyzed by ESI-Q-TOF-MS/MS. Sequenced 

peptides were compared to GenBank with options for short nearly exact matches and 

by searching Euglena EST data. Three sequenced spots that are missing in 
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mitochondria from anaerobically grown cells belonged to components of electron 

transfer in the mitochondrial respiratory chain (spots 1, 2, and 3 in Fig. 2). These 3 

spots represented 2 components of mitochondrial complex III (ubiquinol-cytochrome c 

reductase complex core protein I, and complex III core protein II) plus one component 

of complex IV (cytochrome c oxidase subunit IV). In addition, analysis of a fourth spot 

indicated that the E1β subunit of the PDH complex (spot 4 in Fig 2) was also not 

expressed under anaerobic conditions (Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Mitochondrial proteome analysis. Silver stained two-dimensional PAGE loaded with 

800 µg of mitochondria isolated from aerobically (A) and anaerobically (B) grown E. gracilis cells. 

Numbered spots showed the same pattern of expression in three independent 

culture/mitochondria isolation experiments and correspond to proteins indicated in Table 2. 

Arrows in B indicate the corresponding positions of spots 1-4 labeled in A. 

 

 

Identification and cloning of PDH subunits E1α, E2, E3 

Comparisons of our Euglena EST data with public databases via BLAST revealed EST 

sequences with strong sequence similarity to the pyruvate dehydrogenase (E1α, 

dihydrolipoyl transacetylase (E2) and dihydrolipoyl dehydrogenase (E3) subunits of 

mitochondrial pyruvate dehydrogenase complex; cDNAs for these PDH subunits were 

isolated and found to encode proteins of 379, 434, and 474 amino acids, respectively. 

Northern hybridization revealed that all three PDH subunits are expressed under both 

aerobic and anaerobic conditions. Messenger-RNA expression levels in anaerobically 

light grown cells were about twofold higher than in anaerobically dark grown cells, 

whereas aerobically grown cells had reduced mRNA levels in comparison to 

anaerobically gassed cells grown in the light (Fig. 3).  
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Table 2: Identification of protein spots. Spots were identified from two-dimensional PAGE of 

isolated mitochondria from aerobically grown E. gracilis cells by mass spectrometry sequencing 

of tryptic peptides. 

 

Spot 
no. 

Sequenced peptides Protein function Identification  

1 
VLEQLLGSSYS; FDGTTNLADDLGR; 
VPLASFFEQLDALSR; ADLWVGVT....TLR; 
VQEQEDVEAR 

ubiquinol-cytochrome c 
reductase complex core 
protein I 

GenBank 

2 

SAIAFTVEGFR; DGLTSSEYITK; 
GSPLGHTSFVPAYNLGYIDSNK; 
SAALLTAYGNVESWR; 
AKEFDDQFTDVYSTYTAYAFK; 
ATQATLIDSFNTTGQPLSPLEIVSAIK 

ubiquinol-cytochrome c 
reductase complex core 
protein II 

GenBank 

3 
DLQQVAAFS; QTLTEYALLEGQNQLVQR; 
VNDFVDSNPVYL; TALACLNA....NDVDALR 

cytochrome c oxidase 
subunit IV 

EST-data 

4 QNEAAGLSA; SGGQLQ; SPWNAED 
pyruvate 
dehydrogenase 
 E1β-subunit 

GenBank 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Gene expression under different conditions. Northern blot of E. gracilis poly(A)
+
 

mRNA (5 µg per lane) extracted from cells grown as follows: air with 2% CO2 and light (a); N2 

with 2% CO2 and light (b); N2 with 2% CO2 in the dark (c). The blots were probed with PDH E1α; 

PDH E2 and PDH E3 as indicated. The band of PDH E1α is 1.6 kb and the bands of PDH E2 

and PDH E3 are 1.8 kb; no additional bands were detected. 
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Determination of ubiquinone and rhodoquinone content 

Rhodoquinone and ubiquinone content was determined in aerobically and 

anaerobically grown cells. RQ and UQ concentrations differed between aerobically and 

anaerobically grown Euglena cells (Table 3). In anaerobically grown cells, a decrease 

in ubiquinone content was detected compared to aerobically grown cells, whereas 

these anaerobic cells showed an increase in rhodoquinone content. Consequently, the 

RQ/UQ ratio was increased in anaerobically grown Euglena. In anaerobically grown 

Euglena, RQ was 43% of the total quinones (RQ + UQ), compared to 28% under 

aerobic conditions. The total amount of quinones did not differ between aerobically and 

anaerobically grown cells. 

 

 

Table 3: Ubiquinone and rhodoquinone content of Euglena cells. Quinones were extracted 

and determined as described under “experimental procedures”. Means of three independent 

aerobic and anaerobic cultures are shown (± SD). The average protein content of the Euglena 

cells was 0.34 (± 0.06) ng /cell. * P<0.2 and ** P<0.05. 

 

Growth conditions 
nmol RQ9/mg 

protein 

nmol UQ9/mg 

protein 
RQ/UQ ratio 

RQ (% of total 

quinone content) 

 

Aerobic 

 

0.12  ±  0.03 

 

0.31  ±  0.05 

 

0.38  ±  0.04 

 

28 ± 2 

Anaerobic 0.18  ±  0.026* 0.24  ±  0.02* 0.77  ±  0.15** 43 ± 5** 

 

 
 
Discussion 
 

  

Proteomic studies reveal an anaerobic response in Euglena mitochondria 

In the mitochondrion of E. gracilis α-ketoglutarate is converted via α-ketoglutarate 

decarboxylase to succinate semialdehyde, which is further oxidized to succinate by 

succinate semialdehyde dehydrogenase 
14

, the marker enzyme for Euglena 

mitochondria. By the criteria of marker enzymes, isolated Euglena mitochondria used 

for two-dimensional PAGE analysis were free from contaminating cell fractions (Table 

1). 

In the comparison of mitochondrial proteins from aerobically and anaerobically 

grown cells, no major spots were detected that were anaerobic-specific, but several 

proteins were detected that are present in aerobic cells yet missing under anaerobic 

conditions. That no proteins were observed to accumulate de novo in Euglena 
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mitochondria upon the shift from aerobic to anaerobic conditions (Fig. 2), suggests that 

the enzymes necessary for anaerobic ATP-synthesis are already present under 

aerobic conditions and that these enzymes become physiologically relevant at the 

moment when oxygen is no longer available as an electron acceptor. This kind of 

'metabolic readiness' in mitochondrial energy metabolism is known for some parasitic 

worms. For example, the liver fluke Fasciola hepatica 
45

 uses fumarate as the terminal 

acceptor in the absence of oxygen. The fumarate reductase and rhodoquinone that are 

required anaerobically are also present in the aerobic stages of the life cycle of this 

parasite, but are not used in the presence of oxygen 
2,13

. Fasciola mitochondria are 

thus prepared for anaerobiosis before it is encountered 
7,45

. The present findings that 

no mitochondrial proteins were observed to be anaerobic-specific suggest that Euglena 

may follow a similar strategy: 'be prepared for anaerobiosis'. 

We identified two components of mitochondrial respiratory chain complex III 

and one component of complex IV that are down-regulated under anaerobic conditions 

(Fig 2 and Table 2). These results are in agreement with earlier data from Carre et al. 
15

, who measured the disappearance of cytochrome oxidase and cytochrome c558 in 

E. gracilis under prolonged culture with anoxic conditions. Upon the return to aerobic 

conditions, Euglena first depends upon cyanide-resistant electron pathway 
15

, which is 

in agreement with our results that components of complex III and complex IV are 

missing under anaerobic conditions. The cyanide-resistant, alternative respiratory 

pathway is known for higher plants, many algae, fungi, and certain protozoa. It 

branches from the standard mitochondrial electron transfer chain (cytochrome 

pathway) at the level of the quinone pool 
46,47

. This alternative pathway includes the 

presence of an alternative oxidase that is distinguished from cytochrome c oxidase by 

its insensitivity to cyanide, azide and carbon monoxide 
48

. A partial cDNA encoding a 

homologue of eukaryotic mitochondrial alternative oxidase has been identified among 

our Euglena ESTs (data not shown). We did not observe any components of complex I 

or complex II to be down-regulated under anaerobic conditions. Thus, in light of 

previous findings, our present results suggest that in aerobic conditions Euglena 

mitochondria possess the necessary enzymes and cofactors (rhodoquinone) required 

for anaerobic redox balance and ATP synthesis and that under anaerobic conditions 

aerobic-specific components are no longer synthesized, whereby upon return to 

aerobic conditions the alternative, cyanide-insensitive oxidase, using oxygen as 

terminal electron acceptor, may maintain redox balance in the transition stage.  

 

Euglena mitochondria: Pyruvate Dehydrogenase and Pyruvate:NADP
+
 

Oxidoreductase 

In addition to components of complex III and IV, we found the E1β subunit of pyruvate 

dehydrogenase to be down-regulated under anaerobic conditions at the protein level 

(Fig 2; Table 2). The other three subunits of PDH were identified in our EST database 

and full-length clones were obtained by screening a cDNA library. Evidence for an 

expressed PDH protein in Euglena mitochondria was somewhat surprising, because 

this canonical mitochondrial activity is usually reported as non-existing in Euglena, with 

the oxygen-sensitive enzyme pyvuvate:NADP
+
 oxidoreductase (PNO) substituting for it 
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instead 
17,49,50

. However, in one early and previously isolated study, PDH activity in 

Euglena mitochondria was measured 
51

. In support of that finding, we have found the 

mRNAs for three PDH subunits and have found the fourth (E1β) through protein 

sequencing in isolated mitochondria.  

Pyruvate dehydrogenases are generally organized as large multienzyme 

complexes that include multiple copies of three different enzymes. The E1 component 

contains pyruvate dehydrogenase activity (EC 1.2.4.1), E2 is a dihydrolipoyl 

transacetylase (EC 2.3.1.12) and E3 is a dihydrolipoyl dehydrogenase (EC 1.8.1.4) 
52

. 

In eukaryotes, regulatory components such as PDH kinase, phospho-PDH 

phosphatase and E3-binding protein are also commonly associated with the 

mitochondrial PDH complex 
53

. These accessory proteins are apparently lacking in 

bacterial PDH, where regulation occurs through allosteric mechanisms and product 

inhibition 
54

. The E1 protein of PDH from mitochondria and from Gram positive bacteria 

is composed of two different subunits (E1α and E1β), that form an α2β2 heterotetramer 
52,55

. In contrast, the E1 protein in many Gram negative bacteria is organized as 

homodimer of translationally fused α and β subunits [αβ]2 
54,55

. Our present data from 

Euglena indicate that its mitochondrial PDH has a typical E1α, E1β, E2, E3 subunit 

organization as in other eukaryotes. Additionally we found Euglena ESTs with 42% 

amino acid identity over 104 residues (E-value <10
-16

) to mitochondrial PDH kinase 

from Schizosaccharomyces pombe and other eukaryotes (data not shown), suggesting 

the existence of typical eukaryotic regulatory components for Euglena PDH as well.  

Although mitochondrial PNO from E. gracilis is expressed under aerobic and 

anaerobic conditions 
6
, the present findings reveal that it coexists with a classical PDH 

in the organelle. Northern hybridisation (Fig. 3) shows that E1α, E2, and E3 PDH 

subunits show expression levels that are converse to that of PNO under the aerobic 

and anaerobic conditions tested, because PNO showed weakest expression under N2 

in the light, stronger expression under air in the light, and highest expression under N2 

in the dark 
6
, whereas PDH E1α, E2, and E3 mRNA levels are highest under N2 in the 

light, lower under N2 in the dark, and lowest under air in the light (Fig. 3). Sequence 

comparisons of Euglena PDH subunits to their homologues from eukaryotes and 

prokaryotes reveal that they cluster with mitochondrial and α-proteobacterial 

homologues (Fig. 4), indicating a common inheritance from the mitochondrial symbiont. 

A distinct advantage of the NeighborNet 
40

 planar graph representation of the 

sequence similarities over a bifurcating tree, is that conflicting data and poorly resolved 

relationships are directly depicted, providing a more conservative interpretation of 

sequence similarities and clusters. In other words, rather than showing all of the 

conflicting bifurcating trees that would be compatible with the data, the graphs show 

the conflicting signals contained within the data in a single diagram.  
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Rhodoquinone levels in Euglena change with oxygen availability 

In wax ester fermentation in Euglena mitochondria, the synthesis of even-numbered 

fatty acids starts from acetyl-CoA whereas odd-numbered fatty acid synthesis starts 

from propionyl-CoA, which is generated via succinate, propionate, and methylmalonyl-

CoA 
21,56,57

. The formation of propionyl-CoA involves fumarate reductase, which 

catalyzes the reverse reaction of that in succinate dehydrogenase (complex II), but 

requires the lower midpoint potential of rhodoquinone versus. ubiquinone in order to 

function efficiently in the succinate-synthesizing direction 
2,13,58,59

. Rhodoquinone and 

ubiquinone content in aerobic and anaerobic Euglena cultures revealed significant 

differences. In anaerobically grown Euglena cells, rhodoquinone comprised 43% of 

total quinones, as compared to 28% in aerobically grown cells (Table 3). The necessity 

of rhodoquinone for an electron-transport chain involving fumarate reduction was 

shown for eukaryotes in general 
34

. The increase of rhodoquinone content in 

anaerobically grown Euglena cells is consistent with the increased flux through 

fumarate reductase in the synthesis of odd-numbered fatty acids in wax ester 

fermentation, and the presence of rhodoquinone aerobically is consistent with the view 

that aerobically grown Euglena is prepared for an instantaneous switch to anaerobic 

conditions.  
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Figure 4 (on page 60): Patterns of PDH sequence similarity. NeighborNet planar graphs of 

protein LogDet distances among PDH subunits. Splits (bifurcations, branches) in the data are 

indicated as series of parallel lines. For example, the Caenorahbditis PDH E1α sequence shares 

strong similarity to the homologue from Ascaris, but also shares a conflicting component of 

similarity with the homologues from Homo, Mus, and Rattus, to the exclusion of the Ascaris 

homologue (a conflicting phylogenetic signal). The scale bar at the lower right side indicates 

estimated substitutions per site. Sequences were retrieved from GenBank and from finished and 

unfinished genome projects through The Institute of Genomic Research and the National Center 

for Biotechnology Information. A: PDH E1α sequences. B: PDH E2 sequences. C: PDH E3 

sequences. Abbreviations indicated in parenthesis: α, β, γ, δ, proteobacteria; g+, Gram positives; 

cy, cyanobacteria; cp, plastid-specific isoform; A, archaebacteria. 

 
 

Anaerobic and aerobic biochemistry in one organelle 

From an evolutionary standpoint, the Euglena mitochondrion has interesting 

biochemical features. It contains proteins usually specific to hydrogenosomes (the 

pyruvate:ferredoxin oxidoreductase domain of PNO 
6
) and typical of mitochondria 

(PDH). This can be taken as further evidence to indicate that mitochondria and 

hydrogenosomes are simply different specializations of one and the same ancestral 

organelle 
60

. Indeed, the family of mitochondrial organelles encompasses many 

specialized members, including forms that do not make ATP for the cell at all, but 

make iron-sulfur clusters instead 
61

. An intriguing aspect of the Euglena mitochondrion 

is that it is not fully specialized to either aerobic or anaerobic environments, but is able 

to function under both conditions, just like many contemporary members of the α-

proteobacteria can 
62

. Furthermore it contains ubiquinone and rhodoquinone, which are 

specific to aerobic and anaerobic mitochondrial functions, respectively 
2
, whereby both 

quinone types are also both found among contemporary α-proteobacteria 
63

. Although 

the rhodoquinone-utilizing fumarate reductases of anaerobic mitochondria and α-

proteobacteria arose independently 
2,64

, it is not yet clear whether the ability to 

synthesize rhodoquinone is a direct inheritance from the ancestor of mitochondria or 

whether it evolved independently 
2
, because the biochemistry of rhodoquinone 

synthesis is not yet known.  

Newer geochemical evidence indicates that the earth's oceans were anoxic 

and furthermore had high concentrations of sulfide up until about 1 - 0.6 billion years 

ago 
65,66

. Since the early diversification of eukaryotic lineages occurred prior to 1 billion 

years ago 
67

, early eukaryotes must have been able to survive recurrent anoxic 

conditions. Biochemical relics of that anaerobic past are preserved in various 

eukaryotic lineages today 
2,60

 and are often (but not always) associated with 

mitochondrial function and/or localized in mitochondria, for example iron-only 

hydrogenase 
60

, sulfide:quinone oxidoreductase 
68

, or the alcohol dehydrogenase E 

that is otherwise typical of amitochondriate protists 
69,70

. Anaerobic mitochondria and 

hydrogenosomes are unexplained in traditional formulations of the endosymbiont 

hypothesis, which posit a strictly aerobic lifestyle for the ancestor of mitochondria and 

convolute suggestions for the origins of hydrogenosomes 
71,72

. An alternative model 
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suggests the origin of both aerobic and anaerobic biochemical pathways in 

mitochondria and hydrogenosomes to be an inheritance from a facultatively anaerobic 

eubacterial common ancestor of both organelles 
73

. Comparative studies of eukaryotes 

and α-proteobacteria that can survive in anaerobic environments should provide further 

insights about the nature of the creature that became the mitochondrion.  
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Footnotes 

 

The nucleotide sequences for the pyruvate dehydrogenase (E1α, dihydrolipoyl 

transacetylase (E2) and dihydrolipoyl dehydrogenase (E3) subunits of mitochondrial 

pyruvate dehydrogenase complex have been deposited in the GenBank database  

under GenBankAccession Numbers AJ620469, AJ620470 and AJ620471.
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Abstract 
 

[1’-
14

C]Ubiquinone-2, [1’-
14

C]5-demethoxy-5-hydroxy-ubiquinone-2 and [1’-
14

C]5-deme-

thoxy-ubiquinone-2 have been synthesized from [1-
14

C]acetic acid. A common feature 

of these benzoquinones is the isoprenoid chain and therefore the 
14

C-label has been 

incorporated in this isoprenoid. The coupling of the different quinone head groups and 

the isoprenoid chain is the last step in the total synthesis, to prevent unnecessary loss 

of the labelled material during synthesis. The products have been characterized using 

mass spectroscopy, 
1
H-NMR and 

13
C-NMR. 
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Introduction 
 

Quinones are found in biomembranes where they function as electron carriers and 

scavengers of free radicals 
1,2

. Several types of quinones are known to function as 

essential electron transporters in the electron transport chain of many organisms.  

Ubiquinone, a 1,4-benzoquinone, functions in bacteria and eukaryotes as an 

electron transporter in aerobic metabolism 
1,2

. Deficiencies in the amounts of quinones 

are known to result in malfunctioning of the organism, and supplementation with 

quinones is used in the treatment of patients with cardiovascular diseases 
3
. 

In contrast to this aerobically functioning electron transporter, an anaerobically 

functioning electron transporter, rhodoquinone, is found in several (facultative) 

anaerobically functioning eukaryotes such as parasitic helminths, sea mussels, and 

oysters 
4
. As parasitic diseases are still a serious threat to the health of man and 

animals 
5,6

, new antiparasitic drugs are urgently needed. When parasitic helminths 

have invaded the host animal, the metabolism of the parasite often switches from 

aerobic to anaerobic, and then uses rhodoquinone as electron transporter 
4,7

. As 

rhodoquinone is absent in their hosts, the biosynthesis of rhodoquinone could be a 

suitable target for antiparasitic drugs and deserves further investigation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The last three steps of ubiquinone biosynthesis in eukaryotic organisms, and the 

proposed precursors of rhodoquinone biosynthesis. In mammals and rats n = 10 and n = 9 

respectively. In this paper systems with n = 2 have been prepared. 

 

 

The biosynthesis of ubiquinone is completely known 
8
. The only difference 

between rhodoquinone and ubiquinone is an amino group in place of a methoxy group 

at the 5-position (Fig. 1). The biosynthesis of rhodoquinone is proposed to be very 

similar to the biosynthesis of ubiquinone, except for the last step (Fig. 1). To unravel 

the biosynthetic route of rhodoquinone, 
14

C-labelled intermediates of ubiquinone 
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biosynthesis are needed. Therefore we have optimised synthetic schemes for the 

incorporation of a 
14

C-label on the 1’ position of the side chain in the following 

compounds: ubiquinone-2 (5,6-dimethoxy-3-methyl-2-diprenyl-benzoquinone, see Fig. 

2; diprenyl = 3,7-dimethyl-2,6-octadienoyl (= geranyl)), 5-demethoxy-5-hydroxy-

ubiquinone-2 (5-hydroxy-6-methoxy-3-methyl-2-diprenyl-benzoquinone, see Fig. 2), 

and 5-demethoxy-ubiquinone-2 (6-methoxy-3-methyl-2-diprenyl-benzoquinone, see 

Fig. 2). The synthesis of these quinones will be described in this article.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 2: Structure and IUPAC numbering of [1’-
12

C]ubiquinone-2 (1), [1’-
14

C]ubiquinone-2 (1a), 

[1’-
12

C]5-demethoxy-5-hydroxy-ubiquinone-2 (2), [1’-
14

C]5-demethoxy-ubiquinone-2 (2a), [1’-
12

C]5-demethoxy-ubiquinone-2 (3), [1’-
14

C]5-demethoxy-ubiquinone-2 (3a), ubiquinone-0 (10), 3-

demethoxy-3-hydroxy-ubiquinone-0 (20) and 3-demethoxy-ubiquinone-0 (30) (“a” indicates the 

position of the 
14

C-label); note the difference in the numbering between the quinones with and 

the quinones without isoprenoid chain. 
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Results and Discussion 
 

To enable the introduction of the 
14

C-label, the synthesis of the isoprenoid chain 

started from acetic acid (Scheme 1). Geranyl tri-n-butyltin (13) was used for the 

synthesis of ubiquinone-2 (1) and 5-demethoxy-5-hydroxy-ubiquinone-2 (2), while 

geranyl bromide (14) was used for the synthesis of 5-demethoxy-ubiquinone-2 (3). The 

coupling of the different quinone head groups and the isoprenoid chains is the last step 

in the total synthesis, so to prevent unnecessary loss of the radioactive material during 

synthesis. For this reason we have developed novel and more efficient synthetic 

schemes for these compounds. These schemes were first optimised using only 

unlabelled starting material. 

  

Synthesis of geranyl bromide (14)  

Acetic acid (17) was selected as starting material, as we wanted to insert a 
14

C-label 

into the isoprenoid chain and as [1-
14

C]sodium acetate in water is commercially 

available. The water was removed by co-evaporation with toluene and the sodium 

acetate was subsequently dissolved in an excess of unlabelled acetic acid, as 

otherwise the total amount was too small to perform the synthesis with. It was not 

possible to use more of the undiluted labelled material, as the permitted total amount of 

radioactivity is limited. 

The synthesis of ethyl bromoacetate was performed by a Hell–Volhard–

Zelinsky approach, wherein acetic acid (17) was brominated with freshly distilled PBr3 

and Br2 and subsequently esterified with freshly distilled absolute ethanol 
9
. Purification 

by distillation gave ethyl bromoacetate in quantitative yield (Scheme 1). Triethyl 

phosphite was added to ethyl bromoacetate, to yield triethyl phosphonoacetate (16) by 

an Arbusov reaction in quantitative yield after distillation under reduced pressure. 6-

Methyl-5-hepten-2-one was reacted with lithiated triethyl phosphonoacetate in a Wittig 

reaction to yield 81% pure ethyl 3,7-dimethyl-2,6-octadienoate after distillation. This 

metallation of triethyl phosphonoacetate (16) has also been described with NaH 
10

, but 

we preferred n-BuLi for the metallation, as this reagent reacts faster and is easier to 

work with. Furthermore the product ethyl 3,7-dimethyl-2,6-octadienoate was obtained 

in an apparently higher yield. This compound was reduced with Dibal-H to geraniol (15) 

in 92% yield after vacuum distillation 
10

. Geraniol (15) was brominated with freshly 

distilled PBr3 in the presence of a catalytic amount of pyridine 
10

 in 97% yield. In earlier 

attempts the bromination of geraniol (15) gave more then 100% yield, probably caused 

by the presence of HBr in the product due to the use of impure PBr3. Therefore the use 

of very pure or distilled PBr3 is recommended. Geranyl bromide was purified by 

vacuum distillation at 67-70 °C. This compound should not be heated above 80 °C, 

because of the thermolability of geranyl bromide (14).  

The same route was used for the synthesis of [1-
14

C]geranyl bromide (14a). 
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Scheme 1: Synthesis of geranyl bromide (14) and geranyl tri-n-butyltin (13) (“a” indicates the 

position of the 
14

C-label). 

 

Synthesis of geranyl tri-n-butyltin (13) 

Geranyl tri-n-butyltin (13) has been synthesized by a Barbier cross–coupling of geranyl 

bromide (14) and tri-n-butyltin chloride in the presence of activated magnesium 
11

 

(Scheme 1). Vacuum distillation gave the pure product in 65% yield. This method 

proved to be more reliable than a method described earlier 
12

, in which lithium 

diisopropylamide and tri-n-butyltin hydride were used as reagents. 

The same route was used for the synthesis of [1-
14

C]geranyl tri-n-butyltin 

(13a). 

 

Synthesis of 3-demethoxy-3-hydroxy-ubiquinone-0 (20) 

With respect to the synthesis of 5-demethoxy-5-hydroxy-ubiquinone-2, it might seem a 

quick approach to remove the methyl group from the 5-methoxy group of ubiquinone-2. 

However, this approach is not specific, as there are two methoxy groups present and 

this should result in an isomeric mixture of 5-demethoxy-5-hydroxy-ubiquinone-2 and 

6-demethoxy-6-hydroxy-ubiquinone-2. Therefore a novel synthetic scheme was 

designed for the synthesis of 5-demethoxy-5-hydroxy-ubiquinone-2. 

For the synthesis of 2,3-dihydroxy-4,5-dimethoxytoluene (6) from 3,4,5-

trimethoxytoluene (7; Scheme 2) a modification of the procedure described by Baker & 

Raistrick 
13

 was used. The Friedel-Crafts acylation of 3,4,5-trimethoxytoluene (7) was 

performed by refluxing the reaction mixture with excess of AlCl3 and acetyl chloride for 

3 hours. Pure 2-acetyl-3-hydroxy-4,5-dimethoxytoluene was obtained by re-

crystallization in 64% yield. The acetyl group was substituted by a hydroxyl group via a 

modified Dakin reaction with NaOH and H2O2. Purification of the crude compound by 

re-crystallization yielded 95% of 2,3-dihydroxy-4,5-dimethoxytoluene (6). Oxidation of 

this with sodium chlorate in the presence of a catalytic amount of V2O5 
14

 gave the 

corresponding ubiquinone derivative 20 in 95% yield. An earlier described CAN 

oxidation 
15

 on compound 6, was not reproducible in our hands. 
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Scheme 2: Synthesis of 3-demethoxy-3-hydroxy-ubiquinone-0 (20). 

 
 
Synthesis of 3-demethoxy-ubiquinone-0 (30) 

To convert 1,3-cyclohexadione (12) to 3-methoxy-6-methylphenol (9), in four steps, an 

optimised synthesis adapted from Boers 
12

 was performed. 

Reaction of 1,3-cyclohexadione (12) with trimethyl orthoformate in the 

presence of acid and under a nitrogen atmosphere gave 3-methoxy-2-cyclohexenone 

in 95% yield (Scheme 3). This reaction was a modification of the literature procedure 
16-18

. 3-Methoxy-2-cyclohexenone was metallated at the 6-position with lithium 

diisopropylamide and subsequently methylated with iodomethane yielding 88% 3-

methoxy-6-methyl-2-cyclohexenone (11). After lithiation of this with lithium 

diisopropylamide and silylation with chlorotrimethylsilane the corresponding trimethyl 

silyl ether was obtained in 97% yield. This was oxidized to 3-methoxy-6-methyl-1-

(trimethylsiloxy)benzene with MnO2 in 96% yield, and subsequently treated with acid to 

remove the trimethylsilyl group in 90% yield. Purification by distillation yielded the 

phenol 9 in a total yield of 70% from 1,3-cyclohexadione (12).  

Oxidizing this phenol derivative 9 with potassium nitrosodisulfonate (Fremy’s 

salt) 
19,20

 gave ubiquinone-0 (30), which was purified by silica gel chromatography to 

yield 68% of the benzoquinone 30.  

 
 

 
 
 
 
 
 
 
 
 
 

 

 

Scheme 3: Synthesis of 3-demethoxy-ubiquinone-0 (30). 
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Synthesis of ubiquinone-2 (1) 

This synthesis was performed in one step from commercially available ubiquinone-0 

(10) (Scheme 4). Geranyl tri-n-butyltin (13) was coupled to the ring structure in a 90% 

yield with boron trifluoride-diethylether as catalyst and FeCl3 as oxidant, as described 

in the literature 
21,22

. 

 The same route was used for the synthesis of [1’-
14

C]ubiquinone-2 (1a). 

 

 
Scheme 4: Synthesis of ubiquinone-2 (1), 5-demethoxy-5-hydroxy-ubiquinone-2 (2) and 5-

demethoxy-ubiquinone-2 (3) from respectively ubiquinone-0 (10; commercially available), 3-

demethoxy-3-hydroxy-ubiquinone-0 (20; from Scheme 2) and 3-demethoxy-ubiquinone-0 (30; 

from Scheme 3), respectively (“a” indicates the position of the 
14

C-label; 13 and 14 from Scheme 

1). 

 
Synthesis of 5-demethoxy-5-hydroxy-ubiquinone-2 (2) 

No coupling reaction between 3-demethoxy-3-hydroxy-ubiquinone-0 (20) and geranyl 

tri-n-butyltin (13) was observed. Therefore, we protected the hydroxyl group with an 

acetyl group, by refluxing in acetic anhydride (Scheme 4). Geranyl tri-n-butyltin (13) 

was coupled by a kind of Sakurai reaction 
23,24

 to 3-acetoxy-2-methoxy-5-methyl-1,4-

benzoquinone (5). It is important to keep the temperature of this reaction low (about –

60 °C), as higher temperatures result in a variety of undefined side-products. This is in 

contrast to the coupling of geranyl tri-n-butyltin (13) to ubiquinone-0 (10), which was 

performed from –30 °C to room temperature. After purification over silica gel 3-

acetoxy-6-geranyl-2-methoxy-4-methyl-parabenzoquinone was obtained in 75% yield. 

It is important to perform the silica gel purification at this point, as it is not possible to 

purify the end product 2 over silica gel due to its instability. The O-acetyl group was 

removed by adding a diluted K2CO3-solution. As the presence of oxygen in water 
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destroys the product, this reaction should be performed under a strict nitrogen 

atmosphere. Therefore we led nitrogen gas into the reaction mixture during the whole 

procedure. The product 2 was purified by an extraction procedure with base and acid 

under exclusion of air and the very pure product was obtained in 84% yield.  

The same route was used for the synthesis of [1’-
14

C]5-demethoxy-5-hydroxy-

ubiquinone-2 (2a). 

 

Synthesis of 5-demethoxy-ubiquinone-2 (3) 

To couple geranyl bromide (14) to 3-demethoxy-ubiquinone-0 (30) the latter compound 

was protected by performing a cycloaddition reaction with cyclopentadiene and the 

Diels–Alder adduct 8 was obtained in an 87% yield (Scheme 4). Reaction of 8 with 

geranyl bromide (14) in the presence of t-BuOK yielded 56% of the geranyl-substituted 

derivative. As the metallated compound 8 is not stable, both reagents (8 en 14) were 

added simultaneously to an excess of the tert-butoxide at 0 °C. After purification on 

silica gel the geranyl derivative was refluxed in toluene (to remove the cyclopentadiene 

group) and 5-demethoxy-ubiquinone-2 (3) was obtained in quantitative yield. 

The same route was used for the synthesis of [1’-
14

C]5-demethoxy-ubiquinone-

2 (3a). 

 

 

Analysis of the end products 
 

All the end products had a purity of at least 97% and were characterized by TLC 

analysis, mass spectroscopy and 
1
H and 

13
C NMR spectroscopy.  

 Our procedure ensured that the label was present only in the isoprenoid side 

chain, as the synthesis started with acetic acid as the only labelled compound. The 

unlabelled and the labelled quinones were compared by TLC-analysis. The colours 

and reference-values agreed for both products. After isolating of the spots 

corresponding to the [1’-
14

C]ubiquinones from the TLC-plates, the specific activities of 

the compounds were determined. They were in agreement with the specific activities of 

acetic acid at the start of the synthesis. 

 The exact masses of 1, 2, 3, 20 and 30 were determined and these masses 

were the same (within experimental error) as their calculated values. 

 The 
1
H-NMR spectrum of ubiquinone-2 (1) was compared to the spectrum of 

commercially available ubiquinone-10 
16

. The only differences found for 1 were due to 

the shorter length of the isoprenoid chain. The 
1
H-NMR spectra of 5-demethoxy-5-

hydroxy-ubiquinone-2 (2) and 5-demethoxy-ubiquinone-2 (3) were compared to the 

spectrum of 1. For 2, one of the methoxy substituents (δ = 3.99 ppm) was replaced by 

an extra broadened signal at δ = 6.50 ppm (OH), while for 3 this methoxy substituent 

was replaced by an extra singlet at δ = 5.88 ppm (H).  
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Experimental Section 

 

General 

All reactions were performed under dry nitrogen atmosphere, unless stated otherwise, 

and dry organic solvents, purified and dried by standard methods, were used. The 

reaction temperatures given are the internal temperatures. All chemicals were obtained 

from Aldrich or Acros Chimica. NMR spectra were measured on a Bruker WM-300 or 

on a Bruker AM-600 spectrometer. Proton spectra were measured in 

deuteriochloroform with tetramethylsilane as an internal standard (δ = 0.0 ppm) and 

carbon-13 spectra were measured in deuteriochloroform as an internal standard (δ = 

77 ppm). Mass spectra were performed on a Finnigan MAT 900 equipped with a direct 

insertion probe, or on a Finnigan MAT 900 equipped with an electrospray interface, or 

on Jeol AX 505W equipped with a direct insertion probe. Melting points were 

determined with a Büchi melting point apparatus and are uncorrected. Refraction 

indices were measured with a Jena refractometer. TLC-analysis was performed on 

Merck Silica gel 60 F254 plates and spots were viewed under UV light or by staining 

with phosphomolybdic acid in ethanol or with ammonium molybdate tetrahydrate and 

ammonium cerium (IV) sulphate dihydrate in a 10% sulphuric acid solution. Purification 

was performed by flame distillation or by silica gel chromatography. The specific 

activities of the 
14

C-labelled end products were determined on a Packard 2200CA TRI-

CARB Liquid Scintillation Analyser. 

 

 

Synthesis of geranyl bromide (14)  

 

[1-
14

C]Acetic acid (17a): [1-
14

C]Sodium acetate (74 MBq) in water (5 ml) with a 

specific activity of 2.10
3
 MBq/mmol was purchased. Toluene was added to remove 

water by evaporation in vacuo. The [1-
14

C]sodium acetate was dissolved in acetic acid 

(1.0 g, 16.7 mmol). The specific activity of this solution was determined to be 3.7 

MBq/mmol. This specific activity did not change during the synthesis. 

 

[1-
14

C]Ethyl bromoacetate and ethyl bromoacetate: Phosphorus tribromide (4.64 g, 

17.1 mmol) was added to acetic acid (17) (1.00 g, 16.6 mmol) under nitrogen 

atmosphere. Bromine (6.08 g, 38.1 mmol) was added through the cooler over 3 min, as 

this caused an exothermic reaction. After completion of the addition the reaction 

mixture was red and it was refluxed for 75 min during which a large quantity of HBr 

was evolved, resulting in a clear orange reaction mixture. Freshly distilled absolute 

ethanol (2.0 g, 43 mmol) was added at room temp. over 3 min, whereupon the 

temperature rose to 80 °C. After cooling to room temp., the reaction mixture was 

refluxed for 30 min with evolution of HBr, after which the reaction mixture still had a 

reddish colour. The product was purified by flame distillation at atmospheric pressure 

under a nitrogen stream to remove the last traces of dissolved HBr. Ethyl 

bromoacetate was obtained at 155 °C as a colourless liquid in a quantitative yield (2.80 

g, 16.6 mmol). – 
1
H NMR (CDCl3, 300 MHz) δ 4.24 (q, 

3
JH–H = 7.1 Hz, 2H, OCH2), 3.84 
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(s, 2H, CH2), 1.31 (t, 
3
JH–H = 7.1 Hz, 3H, CH3). – 

13
C NMR (CDCl3, 75 MHz) δ 62.3 

(CH2), 26.3 (CH2), 14.3 (CH3). – MS (ESI): m/z = 167. 

 

[1-
14

C]Triethyl phosphonoacetate (16a) and triethyl phosphonoacetate (16): 

Triethyl phosphite (3.4 g, 20 mmol) was added to ethyl bromoacetate (2.80 g, 16.6 

mmol). The reaction mixture was refluxed at 60–80 °C for 30 min, during which some 

ethyl bromide evolved. After the mixture had cooled to room temp., ethyl bromide was 

distilled off at atmospheric pressure (bp 37–40 °C). Triethyl phosphonoacetate (16) 

was purified by vacuum distillation at 20 mbar. After a small forerun mainly consisting 

of the excess triethyl phosphite, triethyl phosphonoacetate (16) was collected at 144–

146 °C. A colourless liquid was obtained in a quantitative yield of 3.74 g (16.6 mmol). – 
1
H NMR (CDCl3, 300 MHz) δ 4.17 (m, 6H, 3×CH2), 2.96 (d, 

2
JH–H = 21.5 Hz, 2H, CH2), 

1.33 (m, 9H, 3CH3). – 
13

C NMR (CDCl3, 75 MHz) δ 165.6 (C=O), 62.4 (CH2), 61.3 

(CH2), 35.0 (CH2), 33.2 (CH2), 16.2 (CH3), 16.0 (CH3), 13.7 (CH3). – MS (ESI): m/z = 

225 [M+H], 247 [M+Na]. 

 

[1-
14

C]Ethyl 3,7-dimethyl-2,6-octadienoate and ethyl 3,7-dimethyl-2,6-

octadienoate:  Triethyl phosphonoacetate (16) (3.74 g, 16.7 mmol) dissolved in THF 

(20 ml), was metallated under nitrogen atmosphere by addition by syringe, starting at 

–60 °C, a slight excess of a 1.6 M BuLi solution in hexanes (11.0 ml, 17.6 mmol) over 5 

min. The temperature rose to –20 °C despite continuous cooling and the reaction 

mixture was stirred for 20 min. At –20 °C a solution of 6-methyl-5-hepten-2-one (2.11 

g, 16.7 mmol) in 5 ml THF was added at once to the slightly yellow solution of the 

lithiated phosphonoacetate, and the reaction mixture was stirred 20 h at room temp., 

after which it was orange–red. The reaction mixture was quenched in saturated 

aqueous ammonium chloride, the water phase was extracted with ether (3 х 20 ml), 

dried on MgSO4, and the solvents were evaporated in vacuo. The product was purified 

by vacuum distillation at 22 mbar at 120–122 °C. A light yellow liquid was obtained with 

a yield of 2.65 g (13.5 mmol, 81%). – 
1
H NMR (CDCl3, 300 MHz) δ 5.64 (s, 1H, CH), 

5.05 (t, 
3
JH–H = 1.4 Hz, 1H, CH), 4.12 (q, 

3
JH–H = 7.1 Hz, 2H, CH2), 2.14 (s, 3H, CH3), 

2.14 (m, 3H, ½ CH2 + CH2) 1.86 (s, 1H, ½ CH2), 1.67 (s, 3H, CH3), 1.59 (s, 3H, CH3), 

1.26 (t, 
3
JH–H = 7.1 Hz, 3H, CH3). – 

13
C NMR (CDCl3, 75 MHz) δ 166.9 (C=O), 159.8 

(C), 132.5 (C), 123.0 (CH), 115.5 (CH), 59.4 (CH2), 40.9 (CH2), 26.0 (CH2), 25.6 (CH3), 

18.8 (CH3), 17.7 (CH3), 14.3 (CH3). – MS (ESI): m/z = 196. 

 

[1-
14

C]3,7-Dimethyl-2,6-octadienol (geraniol) (15a) and geraniol (15): Under 

nitrogen atmosphere a 1.0 M diisobutylaluminium hydride solution in hexanes (40 ml, 

40 mmol) was added over 5 min with a syringe to a solution of ethyl 3,7-dimethyl-2,6-

octadienoate (2.65 g, 13.5 mmol) in hexane (30 ml) at –70 °C. The temperature of the 

reaction mixture immediately rose to –40 °C despite continuously cooling in liquid 

nitrogen and the reaction mixture turned yellow. When the addition had finished the 

cooling bath was removed and the temperature rose to 10 °C over 10 min, whereupon 

the reaction mixture became colourless. From TLC spotting (20% ether in PE) it was 

concluded that the reaction was finished. After cooling to –80 °C the reaction mixture 
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was poured into a stirred mixture of silica gel and water (6.0 g water in 15 g silica gel). 

After the mixture had been stirred for 20 min at room temp., MgSO4 was added for 

drying, the suspension was filtered through a glass filter and the solid was washed 

thoroughly with ether. After removal of the solvents in vacuo, the residue was purified 

by vacuum distillation at 17 mbar at 108–110 °C. A colourless liquid 15 was obtained 

with a yield of 1.9 g (12.3 mmol, 92%). – 
1
H NMR (CDCl3, 300 MHz) δ 5.41 (t, 

3
JH–H = 

6.9 Hz, 1H, CH), 5.09 (m, 1H, CH), 4.15 (d, 
3
JH–H = 6.9 Hz, 2H, CH2), 2.06 (m, 4H, 

2CH2), 1.68 (br s, 6H, 2CH3), 1.61 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 MHz) δ 139.6 

(C), 131.7 (C), 123.8 (CH), 123.3 (CH), 59.3 (CH2), 39.5 (CH2), 26.3 (CH2), 25.6 (CH3), 

17.6 (CH3), 16.2 (CH3). – MS (ESI): m/z = 154. 

 

[1-
14

C]3,7-Dimethyl-2,6-octadienyl bromide (geranyl bromide) (14a) and geranyl 

bromide (14): Under nitrogen atmosphere pyridine (0.08 g, 1.0 mmol) was added to a 

solution of geraniol (15) (1.9 g, 12 mmol) in ether (15 ml). A solution of freshly distilled 

PBr3 (1.3 g, 4.8 mmol) in hexane (5 ml) was added over 15 min at 0 °C, during which a 

white suspension was initially formed and a slight exothermic effect of a few degrees 

was observed. The reaction mixture was stirred for 15 min, whereupon the solution had 

became clear and a pink precipitation of the phosphorous salts (P(OH)3) had formed. 

TLC analysis (20% ether in PE) showed that all the geraniol had disappeared. After 

decanting the yellow solution from the phosphorous salts into ice-water, the salts were 

washed with some hexane, which was also added to the ice-water. The layers were 

separated, the water phase was extracted with ether (3 х 20 ml), the combined organic 

fractions were washed extensively with brine (6 х 10 ml), dried with MgSO4, and the 

solvents were evaporated in vacuo. After vacuum distillation (bp 67–70°C at 0.5 mm) 

the pure geranyl bromide (14) was obtained as a colourless liquid in a yield of 2.55 g 

(11.7 mmol, 97%). – nD
20

 = 1.5022. – 
1
H NMR (CDCl3, 300 MHz) δ 5.53 (t, 

3
JH–H = 8.4 

Hz, 1H, CH), 5.07 (m, 1H, CH), 4.02 (d, 
3
JH–H = 8.4 Hz, 2H, CH2), 2.09 (m, 4H, 2хCH2), 

1.75 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.60 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 MHz) δ 

143.4 (C), 131.8 (C), 123.4 (CH), 120.5 (CH), 39.4 (CH2), 25.8 (CH3), 29.5 (CH2), 26.1 

(CH2), 17.6 (CH3), 15.8 (CH3). – MS (ESI): m/z = 217, 218 [M+H]. 

 

 

Synthesis of geranyl tri-n-butyltin (13)  

 

[1-
14

C]3,7-Dimethyl-2,6-octadienyltri-n-butyltin (geranyl tri-n-butyltin) (13a) and 

geranyl tri-n-butyltin (13): THF was added to magnesium turnings (0.60 g, 25 mmol) 

until all the magnesium was under the level of the solvent. The magnesium was 

activated by addition by pipette of a few drops of dibromo ethane, until evolution of 

ethene was observed. As soon as the ethene evolution has subsided and the 

temperature had decreased, THF (30 ml) was added to the mixture. The reaction 

mixture was cooled to 15 °C and freshly distilled tri-n-butyltin chloride (4.8 g, 14 mmol) 

was added to the activated magnesium over 10 min. Subsequently geranyl bromide 

(14) (2.55 g, 11.7 mmol) in THF (10 ml) was added over 20 min at 0 °C. The reaction 

mixture was stirred for 45 min during which it became dark grey and salts formed. The 
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reaction was quenched by pouring the mixture into ice-water. It was extracted with 

ether (3 х 25 ml). The combined organic phases were washed with brine and dried on 

MgSO4 and the solvents were evaporated in vacuo. Vacuum distillation gave the 

product 13 in 65% yield (3.2 g, 7.6 mmol). – bp 50–155°C at 0.8 mm – nD
20

 = 1.4953. – 
1
H NMR (CDCl3, 300 MHz) δ 5.32 (t, 

3
JH–H = 8.6 Hz, 1H, CH), 5.10 (br. t, 

3
JH–H = 5.1 Hz, 

1H, CH), 2.00 (m, 6H, 3хCH2), 1.68 (s, 3H, CH3), 1.60 (s, 3H, CH3), 1.57 (s, 3H, CH3), 

1.48 (m, 6H, 3хCH2), 1.32 (m, 12H, 6хCH2), 0.89 (m, 9H, 3хCH3). – 
13

C NMR (CDCl3, 

75 MHz) δ 134.2 (C), 131.4 (C), 124.7 (CH), 122.9 (CH), 39.9 (CH2), 29.2 (CH2), 27.4 

(CH2), 27.1 (3хCH2), 25.7 (3хCH3), 13.7 (3хCH3), 10.6 (3хCH2), 9.4 (3хCH2). – MS 

(ESI): m/z = 428 [M+H]. 

 

 

Synthesis of 3-demethoxy-3-hydroxy-ubiquinone-0 (20) 

 

2-Acetyl-3-hydroxy-4,5-dimethoxy-toluene: To a vigorously stirred solution of 2,3,4-

trimethoxy toluene (7) (50 g, 0.27 mol) in ether (800 ml) 80 g AlCl3 (0.60 mol) was 

added, as quickly as possible. The temperature of the reaction mixture rose slowly to 

the reflux temperature of ether, despite the cooling in an ice bath. After the exothermic 

effect had subsided, acetyl chloride (43 g, 0.55 mol) was added drop wise over about 

20 min, whereupon the temperature of the reaction slowly increased to the reflux 

temperature of ether (no cooling was applied). When this exothermic effect had 

decreased, heating under reflux (50 °C in a warm water bath) was continued for 

another 3 hrs, after which the conversion was complete (no starting compound was 

found according to NMR analysis). After cooling down towards room temp. the two-

layer system was very cautiously poured on ice (about 1 kg) under continuously 

swirling by hand. After separation of the ether layer, the water layer was saturated with 

NaCl and extracted with ether (4 х 100 ml). The combined ether fractions were 

subsequently extracted with a 1 M NaOH-solution (4 х 100 ml). The combined water 

layers were cooled in ice and slowly acidified to pH 2 by addition of concentrated HCl 

and placed on ice. After standing for 30 min the solid was filtered off and dried between 

filtration paper overnight. A pale yellow solid was obtained in 64% yield (37 g, 0.18 

mol). – mp = 87–89 ºC. – 
1
H NMR (CDCl3, 300 MHz) δ 7.26 (s, 1H, OH), 6.31 (s, 1H, 

CH), 3.91 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 2.62 (s, 3H, CH3), 2.54 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 MHz) δ 204.3 (C=O), 156.6 (CO), 155.8 (CO), 135.9 (C), 135.5 

(C), 118.2 (C), 106.8 (CH), 60.5 (OCH3), 55.7 (OCH3), 32.9 (CH3), 24.4 (CH3). – MS 

(ESI): m/z = 210 [M], 195 [M–CH3]. 

 

2,3-Dihydroxy-4,5-dimethoxytoluene (6): Sodium hydroxide (4.8 g, 0.12 mol) in 

water (50 ml) was added to a solution of 2-acetyl-3-hydroxy-4,5-dimethoxy-toluene (21 

g, 0.10 mol) in methanol (150 ml), whereupon a slight rise from room temp. to 30 °C 

was observed. Aqueous H2O2 in water (35%, 13 ml, 0.13 mol) further diluted with 30 ml 

of water, was then added dropwise at 25 °C over about 45 min. The temperature rose 

to about 50 °C. During the reaction the colour turned from light purple to dark purple. 

After the addition, the reaction temperature started to decrease. For a short period (5 
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min) the reaction mixture was refluxed by heating with a free flame after which it was 

cooled to room temp. After acidification of the reaction mixture to pH 6–7 by addition of 

a few drops of concentrated HCl, it was saturated with NaCl and subsequently 

extracted with dichloromethane (8 х 50 ml), the combined organic layers were dried 

with MgSO4 and the solvents were evaporated in vacuo. An orange–brown solid 6 was 

obtained in 95% yield (17.5 g, 0.095 mol). – mp = 97–99 °C. – 
1
H NMR (CDCl3, 300 

MHz) δ 6.27 (s, 1H, OH), 6.25 (s, 1H, CH), 5.00 (s, 1H, OH), 3.85 (s, 3H, OCH3), 3.78 

(s, 3H, OCH3), 2.20 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 MHz) δ 145.4 (COH), 145.3 

(COH), 136.5 (CO), 136.4 (CO), 118.8 (C), 105.4 (CH), 61.0 (OCH3), 55.7 (OCH3), 

15.4 (CH3). – MS (ESI): m/z = 184 [M], 169 [M–CH3], 155 [M–CHO]. 

 

3-Demethoxy-3-hydroxy-ubiquinone-0 (20): V2O5 (50 mg, 0.3 mmol) was added at 

room temperature to a vigorously stirred suspension of 6 (17.5 g, 95 mmol) in 2% 

sulphuric acid (200 ml). A solution of NaClO3 (6.0 g, 57 mmol) in water (50 ml) was 

added dropwise to this red–brown reaction mixture over about 10 min. No heat was 

evolved, but the colour of the reaction mixture turned dark red. Stirring was continued 

for about 6 h, after which the conversion was completed (according to NMR analysis). 

The non-homogenous mixture was poured into a saturated NaCl solution, and the 

aqueous phase was extracted with dichloromethane (5 х 50 ml). The combined organic 

fractions were dried with MgSO4, and filtered, and the solvents were evaporated in 

vacuo. A dark red solid 20 was obtained in a yield of 88% (14 g, 83 mmol). The very 

pure compound was obtained by crystallization from tetra. – mp 100–102 °C. – 
1
H 

NMR (CDCl3, 300 MHz) δ 6.55 (s, 1H, OH), 6.41 (q, 
4
JH–H = 1.5 Hz, 1H, CH), 4.09 (s, 

3H, OCH3), 2.07 (d, 
4
JH–H = 1.5 Hz, 3H, CH3). – 

13
C NMR (CDCl3, 75 MHz) δ 191.5 

(C=O), 191.4 (C=O), 162.8 (CO), 160.0 (CC), 151.2 (CO), 132.5 (CH), 60.3 (OCH3), 

14.9 (CH3). – HRMS (DIP): calculated for C8H8O4 168.0423; found 168.044 ± 0.003. 

 

 

Synthesis of 3-demethoxy-ubiquinone-0 (30) 

 

3-Methoxy-2-cyclohexenone: Trimethyl orthoformate (10.6 g, 100 mmol) and a 

catalytic quantity of 37% HCl (0.2 ml) were added successively to a well-stirred 

solution of 1,3-cyclohexadione (12) (7.5 g, 69 mmol) in methanol (100 ml), in which the 

air had been completely replaced by nitrogen. This yellow–orange homogenous 

reaction mixture was either heated under reflux for a period of about 45 min, or it was 

stirred at room temp. for about 12 hrs. An orange–red clear solution resulted in either 

case, which was completely evaporated in vacuo. The remaining residue was distilled 

and gave the pure colourless 3-methoxy-2-cyclohexenone (bp 68°C at 0.6 mbar) in 

95% yield (8.1 g, 64 mmol). – nD
20

 = 1.5072. – 
1
H NMR (CDCl3, 300 MHz): δ 5.38 (s, 

1H, CH), 3.71 (s, 3H, CH3), 2.44 (t, 
3
JH-H = 6.3 Hz, 2H, CH2), 2.36 (dd, 

3
JH-H = 6.3 Hz 

and 6.9 Hz, 2H, CH2), 2.01 (m, 2H, CH2). – 
13

C NMR (CDCl3, 75 MHz): δ 199.7 (C=O), 

178.9 (CO), 101.9 (CH), 55.4 (OCH3), 36.3 (CH2), 28.5 (CH2), 20.6 (CH2). – MS (ESI): 

m/z = 126 [M].  
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3-Methoxy-6-methyl-2-cyclohexenone (11): Under a nitrogen atmosphere a 1.6 M 

BuLi solution in hexanes (40 ml, 64 mmol) was added by syringe over 5 min, starting at 

–20 °C, to a stirred solution of diisopropylamine (7.0 g, 70 mmol) in THF (50 ml). After 

the exothermic effect had subsided (a few minutes), the light yellowish reaction mixture 

was cooled to –65 °C. A solution of 3-methoxy-2-cyclohexenone (8.1 g, 64 mmol) in 

THF (30 ml) was added drop wise over 10 min. Despite cooling the temperature rose 

to –50 °C, and a yellow suspension was formed. After stirring for 20 min at –30 °C, the 

reaction mixture was cooled to –65 °C, and a solution of iodomethane (10 g, 70 mmol) 

in THF (15 ml) was added over 5 min. After the exothermic reaction (despite cooling a 

temperature rise occurred to –50 °C), the cooling bath was removed and stirring was 

continued for an additional 30 min at –30°C (cooling now and then). The yellow-white 

suspension was quenched with a saturated aqueous ammonium chloride solution (100 

ml). After separation of the organic layer, the water layer was extracted with ether (5 х 

50 ml), the combined organic layers were washed with brine (1 х 40 ml) and dried with 

MgSO4, and the solvents were evaporated in vacuo. A liquid was obtained with a crude 

yield of 8.2 g. Distillation of this yielded the pure 3-methoxy-6-methyl-2-cyclohexenone 

(11) (bp 66-68°C at 0.4 mm) as a colourless liquid in 88% yield (7.9 g, 56 mmol). – mp 

= 16 °C. – nD
20

 = 1.5002. – 
1
H NMR (CDCl3, 300 MHz): δ 5.35 (s, 1H, CH), 3.69 (s, 3H, 

OCH3), 2.46 (m, 1H, CH), 2.31 (m, 1H, CH2), 2.06 (ddd, 
3
JH-H = 4.8 Hz and 9.6 Hz, 2H, 

CH2), 1.70 (m, 1H, CH2), 1.15 (d, 
3
JH-H = 6.9 Hz, 3H, CH3). – 

13
C NMR (CDCl3, 75 

MHz): δ 201.8 (C=O), 177.6 (CO), 101.4 (CH), 55.5 (OCH3), 39.9 (CH), 29.0 (CH2), 

28.0 (CH2), 15.1 (CH3). – MS (ESI): m/z = 140 [M], 112 [M-CO]. 

 

3-Methoxy-6-methyl-1-trimethylsiloxy-2,6-cyclohexadiene: A solution of lithium 

diisopropylamide was first prepared at –10°C from diisopropylamine (6.6 g, 65 mmol) 

in THF (50 ml) and a 1.6 M BuLi solution in hexanes (37.5 ml, 60 mmol) under a 

nitrogen atmosphere and with continuously stirring. At an internal temperature of  

–10°C a solution of 3-methoxy-6-methyl-2-cyclohexenone (11) (7.9 g, 56 mmol) in THF 

(30 ml) was added drop wise over 30 min. During this addition the temperature of the 

reaction mixture rose to about –5°C despite continuously cooling (in an ice-salt bath). 

After the addition was complete, the clear yellow solution was stirred for an additional 

15 min at 0°C and cooled again to –10 °C, whereupon freshly distilled chlorotrimethyl-

silane (7.6 g, 70 mmol) was added at once. The cooling bath was removed and the 

reaction mixture was allowed to warm up to 10°C over about 20 min. The reaction 

mixture was quenched with an aqueous saturated sodium carbonate solution (200 ml), 

and the organic layer was immediately separated and dried with Na2SO4. The water 

layer was extracted with ether (3 х 50 ml) and these ether fractions were added to the 

dried organic layer. After filtration and evaporation of the solvents in vacuo, 12.3 g of a 

light orange liquid resulted. Distillation gave the colourless silyl enolether (bp 62°C at 

0.3 mbar) in 97% yield (11.5 g, 54.1 mmol). – 
1
H NMR (CDCl3, 300 MHz): δ 5.26 (s, 

1H, CH), 3.69 (s, 3H, OCH3), 1.85 (m, 4H, 2CH2), 1.43 (s, 3H, CH3), 0.85 (s, 9H, 

Si(CH3)3). – MS (ESI): m/z = 213 [M+H]. 
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3-Methoxy-6-methyl-phenol (9): Activated MnO2 (10.0 g, 115 mmol) was added at 

once to a solution of the silyl enolether (11.5 g, 54.1 mmol) in ether (150 ml), 

whereupon a small rise in temperature from 18°C to 25°C was observed. This mixture 

was then stirred overnight (18 hrs), after which it was filtered through Hyflo Super Cell. 

The Hyflo layer was thoroughly washed with ether, and the combined ether fractions 

were dried with MgSO4. After removal of the solvent in vacuo, the product was 

dissolved in THF (100 ml) and a 10% HCl solution (50 ml) was added to the stirred 

solution at room temp. The temperature rose from 20 °C to 30
 °

C, and the solution 

changed from a yellow clear solution to a yellow–white suspension. After the mixture 

had been stirred for 30 min (whereupon the temperature decreased to 20 °C), ether 

(100 ml) was added, followed by an aqueous saturated NaCl solution (100 ml). The 

organic layer was separated from the water layer and the water layer was extracted 

with ether (5 х 50 ml). The combined organic phases were thoroughly dried with 

MgSO4. Evaporation of the solvents in vacuo gave 6.9 g of an orange–red residue. 

Distillation gave the pure phenol 9 (bp 87°C at 0.5 mm Hg) as a light yellow viscous 

liquid in 90% yield (6.2 g, 45 mmol). – nD
22

 = 1.5428. – 
1
H NMR (CDCl3, 300 MHz): δ 

6.98 (d, 
3
JH-H = 7.8 Hz, 1H, CH), 6.39 (d, 

3
JH-H = 7.8 Hz, 1H, CH), 6.38 (s, 1H, CH), 

5.62 (s, 1H, OH), 3.71 (s, 3H, OCH3), 2.16 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 MHz): δ 

158.6 (CO), 154.6 (COH), 131.1 (CH), 116.2 (CC), 105.6 (CH), 101.4 (CH), 55.2 

(OCH3), 14.9 (CH3). – MS (ESI): m/z = 138 [M], 107 [M-OCH3]. 

 

3-Demethoxy-ubiquinone-0 (30): K2HPO4 (40 g, 0.22 mol) was dissolved in water (1 

L) and the pH of this buffer was set at 6.5 with concentrated HCl. Potassium 

nitrosodisulfonate (Fremy’s salt) (45 g) was dissolved in this buffer and a solution of 3-

methoxy-6-methyl-phenol 9 (6.2 g, 45 mmol) in ether (50 ml) was added. After 

overnight stirring (about 18 hrs) the layers were separated and the water layer was 

extracted with dichloromethane (5 х 100 ml). The combined organic phases were 

washed with brine and dried with MgSO4 and the solvents were evaporated in vacuo. 

The product was purified by silica gel chromatography (80% ether in PE). A yellow 

solid (30) was obtained with a yield of 68% (4.7 g, 31 mmol). – 
1
H NMR (CDCl3, 300 

MHz) δ 6.56 (q, 
4
JH–H = 1.5 Hz, 1H, CH), 5.93 (s, 1H, CH), 3.82 (s, 3H, OCH3), 2.07 (d, 

4
JH–H = 1.5 Hz, 3H, CH3). – 

13
C NMR (CDCl3, 75 MHz) δ 187.6 (C=O), 182.1 (C=O), 

158.6 (CO), 146.8 (CC), 131.2 (CH), 107.5 (CH), 56.2 (OCH3), 15.7 (CH3). – HRMS 

(DIP): calculated for C8H8O3 152.0473; found 152.0461. 

 

 

Synthesis of ubiquinone-2 (1) 

 

[1’-14C]Ubiquinone-2 (1a) and ubiquinone-2 (1): Freshly distilled BF3.OEt2 (1.4 g, 10 

mmol) was added at –78 °C to a solution of ubiquinone-0 (10) (0.60 g, 3.3 mmol) in 

dichloromethane (50 ml) and stirring was continued for 5 min. Geranyl tri-n-butyltin (13) 

(1.6 g, 3.7 mmol) in dichloromethane (20 ml) was added at –78 °C over 5 min. When 

the addition was complete, the cooling bath was removed and the reaction mixture was 

allowed to warm up to room temp. After 2 h a 10% HCl solution (35 ml) was added at 
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15 °C and the mixture was stirred for 5 min. The aqueous phase that separated was 

extracted with dichloromethane (3 х 15 ml), the combined organic layers were washed 

with brine (2 х 20 ml) and concentrated in vacuo. The residual oil was dissolved in 

ether (50 ml) and in FeCl3 (3.0 g, 18 mmol) in water (50 ml) and refluxed for 30 min. 

The organic layer was washed with brine (3 х 15 ml) and the combined organic layers 

were stirred with aqueous potassium fluoride (50 ml, 10%) for 30 min. The insoluble tin 

salts were removed by filtration through Hyflo and the organic phase in the filtrate was 

washed with brine (3 х 10 ml), dried with MgSO4 and concentrated in vacuo. The 

product 1 was purified by silica gel chromatography (80% ether in PE), which gave a 

yellow oil with a yield of 1.0 g (95%). – 
1
H NMR (CDCl3, 600 MHz) δ 5.03 (t, 

3
JH–H = 7.0 

Hz, 1H, 2’-CH), 4.93 (t, 
3
JH–H = 7.0 Hz, 1H, 6’-CH), 3.99 and 3.98 (both s, 3H, 5 and 6-

OCH3), 3.18 (d, 
3
JH–H = 7.0 Hz, 1H, 1’-CH2), 2.05 (m, 2H, 5’-CH2), 2.01 (s, 3H, 3-CH3), 

1.96 (m, 2H, 4’-CH2), 1.73 (s, 3H, 9’-CH3), 1.65 (s, 3H, 8’-CH3), 1.57 (s, 3H, 10’-CH3) – 
13

C NMR (CDCl3, 150 MHz) δ 184.7 (4-CO), 183.9 (1-CO), 144.4 and 144.2 (both 5 

and 6-CO), 141.7 (2-C), 138.8 (3-C), 137.5 (3’-C), 131.5 (7’-C), 124.0 (6’-CH), 118.9 

(2’-CH), 60.8 (5 and 6-OCH3), 39.7 (4’-CH2), 26.6 (5’-CH2), 25.6 (8’-CH3), 25.3 (1’-

CH2), 17.6 (10’-CH3), 16.2 (9’-CH3), 11.9 (3-CH3). – HRMS (DIP): calculated for 

C19H26O4 318.1831; found 318.1796. 

 

 

Synthesis of 5-demethoxy-5-hydroxy-ubiquinone-2 (2) 

 

3-Acetoxy-2-methoxy-5-methyl-1,4-benzoquinone (5): A solution of 3-demethoxy-3-

hydroxy-ubiquinone-0 (20) (14 g, 83 mmol) in acetic anhydride (100 ml) was refluxed 

for 15 min, whereupon the reddish solution turned yellow. According to TLC the 

conversion was complete. After distilling off most of the (excess of) acetic anhydride at 

atmospheric pressure, the last traces were removed by evaporation with toluene under 

vacuum pressure. The product was dissolved in ether (100 ml) and pre-purified by a 

flash column on silica gel. This yielded an orange solid in about 95% yield (16.7 g, 79.5 

mmol). The pure component 5 was obtained by crystallization from ether/hexane as 

orange–yellow crystals. – mp 92–94 °C. – 
1
H NMR (CDCl3, 300 MHz) δ 6.43 (s, 1H, 

CH), 4.01 (s, 3H, OCH3), 2.26 (s, 3H, CH3), 1.98 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 

MHz) δ 184.2 (C=O), 182.7 (C=O), 181.1 (C=O), 167.9 (CO), 147.5 (CO), 144.5 (CC), 

131.1 (CH), 60.2 (OCH3), 20.2 (CH3), 15.3 (CH3). –  MS (ESI): m/z = 210 [M], 195 [M–

CH3]. 
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[1’-
14

C]3-Acetoxy-6-geranyl-2-methoxy-5-methyl-1,4-benzoquinone and 3-aceto-

xy-6-geranyl-2-methoxy-5-methyl-1,4-benzoquinone: Freshly distilled BF3.OEt2 (2.8 

g, 20 mmol) in dichloromethane (10 ml) was added over 3 min under nitrogen 

atmosphere at –70 °C to a solution of 3-acetoxy-2-methoxy-5-methyl-1,4-

benzoquinone (5) (1.1 g, 5.2 mmol) in dichloromethane (30 ml). This was followed by 

the addition of distilled geranyl tri-n-butyltin (12) (2.6 g, 6.0 mmol) in dichloromethane 

(15 ml) over 20 min at –70 °C. After stirring 3 h at –70 °C, the reaction mixture was 

poured into an ice-cold 10% HCl solution (60 ml), directly followed by the addition of 

brine (30 ml). After stirring for 10 min this mixture was extracted with dichloromethane 

(2 х 25 ml). The organic phase was concentrated in vacuo and dissolved in ether (40 

ml), and FeCl3 (5 g) in water (25 ml) was added. After the mixture had been stirred 

overnight, the layers were separated, the water phase was extracted with ether (1 х 30 

ml), and the combined organic layers were concentrated in vacuo. The residue was 

dissolved in ether (25 ml), and KF (5 g) in water (25 ml) was added. After stirring for 90 

min the mixture was filtered through Hyflo, the water phase was extracted with ether (4 

х 15 ml), the combined organic phases were dried with MgSO4, and filtered, and the 

solvents were evaporated in vacuo. The product (4) was purified by silica gel 

chromatography (100% petroleum ether – 40% ether in petroleum ether), which gave 

1.05 g of a yellow oil (75%, 3.8 mmol). – 
1
H NMR (CDCl3, 300 MHz) δ 5.03 (t, 

3
JH–H = 

6.6 Hz, 1H, CH), 4.93 (t, 
3
JH–H = 6.2 Hz, 1H, CH), 4.06 (s, 3H, OCH3), 3.20 (d, 

3
JH–H = 

6.6 Hz, 2H, CH2), 2.32 (s, 3H, CH3), 2.03 (m, 2H, CH2), 2.00 (s, 3H, CH3), 1.99 (m, 2H, 

CH2), 1.73 (s, 3H, CH3), 1.65 (s, 3H, CH3), 1.58 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 

MHz) δ 182.5 (C=O), 181.3 (C=O), 178.1 (C=O), 168.0 (CO), 147.1 (CO), 141.7 (C), 

139.2 (C), 137.5 (C), 131.3 (C), 123.8 (CH), 118.4 (CH), 60.1 (OCH3), 39.4 (CH2), 26.3 

(CH2), 25.4 (CH2), 25.2 (CH2), 20.1 (CH3), 17.4 (CH3), 16.1 (CH3), 11.7 (CH3). – MS 

(ESI): m/z = 346 [M]. 

 

[1’-
14

C]5-Demethoxy-5-hydroxy-ubiquinone-2 (2a) and 5-demethoxy-5-hydroxy-

ubiquinone-2 (2): Nitrogen gas was blown through a solution of 3-acetoxy-6-geranyl-

2-methoxy-5-methyl-1,4-benzoquinone (1.05 g, 3.8 mmol) in THF (40 ml). A solution of 

K2CO3 (1.7 g, 15 mmol) in water (15 ml) was added drop wise at 0 °C over 10 min, 

during which the solution turned dark purple. According to TLC analysis the de-

acetylation was complete after stirring for 1 h at 5–10 °C. The mixture was acidified 

with concentrated HCl till the mixture turned yellow. After separation, the water layer 

was extracted with ether (4 х 10 ml), the combined ether fractions were dried with 

MgSO4 and filtered, and the solvents were evaporated in vacuo. According to NMR 

data, this compound had a purity of about 97%, but it was further purified by the 

following method, continuously under the exclusion of air. The product was dissolved in 

ether (50 ml) and this was extracted with a nitrogen flushed NaOH-solution (0.02 M) (4 

х 15 ml). The purple water layer was washed with ether (3 х 10 ml), and the water layer 

was acidified with concentrated HCl until the colour changed from orange to red. This 

was extracted with ether (5 х 10 ml), dried with MgSO4, filtered and concentrated in 

vacuo. This resulted in 84% yield of an orange oil 2, with a purity over 99% (0.75 g, 

2.46 mmol). – 
1
H NMR (CDCl3, 600 MHz) δ 6.50 (br. s, 1H, 5-OH), 5.03 (t, 

3
JH–H = 7.0 
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Hz, 1H, 2’-CH), 4.92 (t, 
3
JH–H = 6.6 Hz, 1H, 6’-CH), 4.07 (s, 3H, 6-OCH3), 3.20 (d, 

3
JH–H 

= 7.0 Hz, 2H, 1’-CH2), 2.06 (m, 2H, 5’-CH2), 2.04 (s, 3H, 3-CH3), 1.97 (m, 2H, 4’-CH2), 

1.74 (s, 3H, 9’-CH3), 1.65 (s, 3H, 8’-CH3), 1.58 (s, 3H, 10’-CH3). – 
13

C NMR (CDCl3, 

150 MHz) δ 185.2 (4-CO), 183.2 (1-CO), 143.4 (6-CO), 139.3 (5-COH), 137.8 (3’-C), 

137.1 (2-C), 136.2 (3-C), 131.6 (7’-C), 124.0 (6’-CH), 118.7 (2’-CH), 60.3 (6-OCH3), 

39.7 (4’-CH2), 26.5 (5’-CH2), 25.7 (8’-CH3), 25.4 (1’-CH2), 17.7 (10’-CH3), 16.3 (9’-CH3), 

11.6 (3-CH3). – HRMS (DIP): calculated for C16H24O4 304.1675; found 304.166 ± 

0.003. – IR showed absorptions at 3366 cm
–1 

(OH), 1639 cm
–1

 (C=O) and 1617 cm
–1

 

(C=O).   

 

 

Synthesis of 5-demethoxy-ubiquinone-2 (3) 

 

Rac-7-methoxy-1,4,4a,8aαααα-tetrahydro-4aαααα-methyl-1aαααα-methanonaphtalin-5,8-dion 

(8): Freshly distilled cyclopentadiene (3.4 ml, 51 mmol) was added under nitrogen to a 

solution of 30 (1.3 g, 8.6 mmol) in THF (30 ml). The nitrogen flow was stopped and the 

reaction mixture was stirred for 20 h, after which it was evaporated in vacuo. The 

Diels–Alder product was purified by silica gel chromatography (40% ether in PE). A 

cream–coloured solid 8 was obtained with a yield of 1.6 g (87%, 7.5 mmol). – mp = 102 

°C. – 
1
H NMR (CDCl3, 300 MHz) δ 6.16 (dd, 

3
JH–H = 2.9 Hz, 5.6, 1H, CH), 6.00 (dd, 

3
JH–

H = 2.9 Hz, 5.6, 1H, CH), 5.85 (s, 1H, CH), 3.74 (s, 3H, OCH3), 3.45 (m, 1H, CH), 3.08 

(m, 1H, CH), 2.89 (d, 
3
JH–H = 3.9 Hz, 1H, CH), 1.68 + 1.53 (br. dd, 

2
JH–H = 45 Hz, 

3
JH–H 

= 1.3 Hz, 2H, CH2), 1.49 (s, 3H, CH3). – 
13

C NMR (CDCl3, 75 MHz) δ 202.8 (C=O), 

194.9 C=O), 163.2 (CO), 139.3 (CC), 134.7 (CH), 114.7 (2XCH), 57.8 (OCH3), 57.0 

(CH), 54.1 (CH), 50.2 (CH), 47.1 (CH2), 27.2 (CH3). – MS (ESI): m/z = 218. 

 

[1’-
14

C]5-demethoxy-ubiquinone-2 (3a) and 5-demethoxy-ubiquinone-2 (3): 

Commercially available t-BuOK (0.67 g, 6.0 mmol) was dissolved in a 4:1 mixture of 

tert–butanol and toluene (10 ml) and cooled to 0 °C. A mixture of the Diels–Alder 

adduct 8 (0.66 g, 3.0 mmol) and geranyl bromide (14) dissolved in tert-butanol/toluene 

(4:1 mixture, 5 ml) was added dropwise. The reaction mixture was stirred for 80 min 

with ice-cooling (0–5 °C), after which it was poured into an aqueous saturated 

ammonium chloride solution. The water layer was extracted with ether (3 х 10 ml), the 

combined organic fractions were washed with brine, and dried with MgSO4, and the 

solvents were evaporated in vacuo. The product was purified by silica gel 

chromatography (50% ether in PE) and yielded 56% of the product (0.40 g, 1.13 

mmol). The cyclopentadiene group was removed by refluxing in toluene (30 ml). 

According to TLC, cleavage was completed after 60 min. After evaporation of toluene 

the pure product was obtained as a yellow oil in quantitative yield (0.34 g, 1.1 mmol). – 
1
H NMR (CDCl3, 600 MHz) δ 5.88 (s, 1H, 5-CH), 5.03 (t, 

3
JH–H = 7.0 Hz, 1H, 2’-CH), 

4.94 (t, 
3
JH–H = 7.0 Hz, 1H, 6’-CH), 3.80 (s, 3H, 6-OCH3), 3.22 (d, 

3
JH–H = 7.0 Hz, 2H, 

1’-CH2), 2.04 (m, 2H, 5’-CH2), 2.04 (s, 3H, 3-CH3), 1.95 (m, 2H, 4’-CH2), 1.74 (s, 3H, 

9’-CH3), 1.65 (s, 3H, 8’-CH3), 1.57 (s, 3H, 10’-CH3). – 
13

C NMR (CDCl3, 150 MHz) δ 

187.7 (4-CO), 181.8 (1-CO), 158.3 (6-CO), 141.8 (3-C), 141.3 (2-C), 137.6 (3’-C), 
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131.5 (7’-C), 124.0 (6’-CH), 118.8 (2’-CH), 107.0 (5-CH), 56.1 (6-OCH3), 39.6 (4’-CH2), 

26.5 (5’-CH2), 25.7 (8’-CH3), 25.2 (1’-CH2), 17.6 (10’-CH3), 16.3 (9’-CH3), 12.1 (3-CH3) 

– HRMS (DIP): calculated for C18H24O3 288.1725; found 288.1707. – IR showed 

absorptions at 1648 cm–1 (C=O) and 1608 cm–1 (C=O). 
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Spectroscopic characterization 
 

The end products [1’-
12

C]-ubiquinone-2, [1’-
12

C]-5-demethoxy-5-hydroxy-ubiquinone-2, 

[1’-
12

C]-5-demethoxy-ubiquinone-2, and the quinone head groups [1’-
12

C]-3-

demethoxy-3-hydroxy-ubiquinone-0 and [1’-
12

C]-3-demethoxy-ubiquinone-0 were fully 

characterized by mass spectroscopy and 
1
H and 

13
C NMR spectroscopy. 

The position of the incorporated 
14

C-label was not determined with NMR 

spectroscopy, because, at the start of the synthesis, the 
14

C-labelled acetic acid was 

diluted about 500 times with unlabelled acetic acid. However, our procedure ensured 

that the label was present only in the isoprenoid side chain, as the synthesis started 

with acetic acid as the only labelled compound. Therefore, NMR spectra were recorded 

from the unlabelled materials. For the same reason, the specific activity could not be 

determined with mass spectroscopy and therefore, all mass spectra were also taken 

from the unlabelled materials. The unlabelled and the labelled quinones were 

compared by TLC-analysis. The spots of the labelled products were identical to the 

spots (colours and reference values) of the unlabelled products. After isolating the 

spots of the [1’-
14

C]ubiquinones from the TLC-plates, the amount of activity was 

determined and the specific activities of the compounds were determined. They were 

in agreement with the specific activities of acetic acid at the start of the synthesis. 

In this supplement the characterization of ubiquinone-2 (1, Fig. 2 in Chapter 4), 

5-demethoxy-5-hydroxy-ubiquinone-2 (2, Fig. 2 in Chapter 4), 5-demethoxy-

ubiquinone-2 (3, Fig. 2 in Chapter 4), 3-demethoxy-3-hydroxy-ubiquinone-0 (20, Fig. 2 

in Chapter 4) and 3-demethoxy-ubiquinone-0 (30, Fig. 2 in Chapter 4) will be 

described. 

 

Mass Spectrometry 

The exact masses of all quinones were determined and these masses were identical 

(within experimental error) to their calculated values. The masses of 1, 3 and 30 were 

determined by double focus mass spectroscopy on a Finnigen MAT 9000 tuned with 

high resolution (6000). For 1 an experimental mass of 318.1796 was found (calcd 

mass: 318.1831), for 3 an experimental mass of 288.1707 was found (calcd mass: 

288.1725) and for 30 an experimental mass of 152.0461 was found (calcd mass: 

152.0473). The masses of 2 and 20 were determined by electron impact on a Jeol AX 

505W tuned with high resolution (5000). For 2 an experimental mass of 304.166 ± 

0.003 was found (calcd mass: 304.1675) and for 20 an experimental mass of 168.044 

± 0.003 was found (calcd mass: 168.0423). 

 
1
H-NMR spectroscopy 

To verify the structures of the synthesized quinones (1, 2, 3, 20 and 30), 
1
H-NMR 

spectra and 
13

C-NMR spectra were recorded. The 300 MHz 
1
H-NMR spectrum of 

ubiquinone-0 (10) agreed with the spectrum of ubiquinone-0 described in literature 
1
. 

The 300 MHz 
1
H-NMR spectra of 3-demethoxy-3-hydroxy-ubiquinone-0 (20) and 3-

demethoxy-ubiquinone-0 (30) were compared to the spectrum of 10. Both methoxy 

groups in 10 cause two singlets around 4.0 ppm at place 2 and 3 (Fig. 1, Chapter 4). 
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For 20, the signal of one of these methoxy substituents was replaced with an 

absorption at 6.55 ppm (OH). For 30, the signal of one of these substituents was 

replaced with an absorption at 5.93 ppm (H).  

To verify the position of the substituents on 30, the signals of the CH-groups 

on the quinone were studied. Two CH-signals were found, a quartet at 6.56 ppm and a 

singlet at 5.93 ppm. The signal at 6.56 is a quartet, as it couples with the CH3-group at 

position 5, so this signal is caused by the CH-group at position 6. The place of the 

proton at the 6-position was verified by comparison with the CH-group of 20 and the 

CH-group of 10 
1
, as these values were also determined around 6.4 ppm. Even more 

proof for the correct position of this CH-bond was found, as after the reaction of 30 with 

cyclopentadiene, the lower-field value of the CH-group at position 6 disappears, while 

the higher field value of the CH-group at position 3 remains around 5.8–5.9 ppm.  

The 600 MHz 
1
H-NMR spectrum of ubiquinone-2 (1) was compared to the 

spectrum of commercially available ubiquinone-10 
1
. For 1 a triplet of 5.03 ppm was 

found, which was caused by the vinylic proton at the 2-position. Because ubiquinone-

10 contains 10 of these vinylic protons, a broadened doublet from 5.02–5.20 ppm was 

found. For 1 three different peaks for methyl groups in the isoprenoid chain (1.73, 1.65 

and 1.57 ppm) were found, while for ubiquinone-10 four different peaks for the methyl 

groups in the isoprenoid chain (1.74, 1.68, 1.60 and 1.59 ppm) were found, as its 

isoprenoid chain is much longer.  

The 600 MHz 
1
H-NMR spectra of 5-demethoxy-5-hydroxy-ubiquinone-2 (2) and 

5-demethoxy-ubiquinone-2 (3) were compared to the spectrum of 1. For 2, one of the 

methoxy substituents (3.99 ppm) was replaced with an extra broadened signal at 6.50 

ppm (OH), while for 3 this methoxy substituent was replaced by an extra singlet at 5.88 

ppm (H).  

The 600 
1
H-NMR spectra of the quinones with an isoprenoid chain (1, 2 and 3) 

were compared with the spectra of the quinones without an isoprenoid chain (10, 20 

and 30). Peaks at 6.44 ppm (1), 6.41 ppm (2) and 6.56 ppm (3) were absent in 10, 20 

and 30, because these peaks originate from the vinylic proton at the 6-position, which 

was replaced by the isoprenoid chain. All of the additional values in the spectra of 1, 2 

and 3 originate from the isoprenoid chain. 
 

13
C-NMR spectroscopy 

The 300 MHz 
13

C-NMR spectrum of 10 agrees with literature 
1
. The 300 MHz 

13
C-NMR 

spectra of 20 and 30 were compared to the spectrum of 10. In the spectrum of 10, the 

absorption signals originating from both methoxy groups at place 2 and 3 (Fig. 1, 

Chapter 4) are found around 144 ppm as two different peaks (COCH3), and at 60.9 as 

one peak (OCH3). In 20 the methoxy group at place 2 is represented by peaks at 162.8 

ppm (COCH3) and 60.3ppm (OCH3). The peak for the carbon at place 3 was replaced 

by a peak at 151.2 ppm, as this is the C–OH bond. In 30, two peaks were found for the 

methoxy peak at place 2: at 159 ppm (COCH3) and at 60.9 (OCH3). The peak for the 

carbon at place 3 was replaced by a peak at 108 ppm, as this belongs to the CH–bond.  

The 600 MHz 
13

C-NMR spectrum of 1 was compared to the spectrum of 

commercially available ubiquinone-10, which is described in literature 
1
. The 600 MHz 
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13
C-NMR spectra of 2 and 3 were compared to the spectrum of 1. The peaks 

originating from the methoxy group on place 5 in 1 (144 and 60 ppm) were replaced by 

a peak at 139.3 ppm, originating from the C–OH bond in 2. In 3 these peaks were 

replaced by a peak at 107 ppm, which originates from the CH bond on place 5.  

The 600 
13

C-NMR spectra of the quinones with an isoprenoid chain (1, 2 and 

3) were compared to the spectra of the quinones without an isoprenoid chain (10, 20 

and 30). In 10, 20 and 30 the peak originating from CH at place 6 (around 130 ppm) 

was replaced by a peak at about 140 ppm from the carbon at place 2 of 1, 2 and 3. All 

additional peaks in 1, 2 and 3 originated from the geranyl chain.  
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Abstract 
 

A novel Liquid Chromatography tandem Mass Spectroscopy (LC-MS/MS) method was 

developed for the detection and quantification of the short chain quinone analogues 

ubiquinone-2 (UQ2), rhodoquinone-2 (RQ2), 5-demethoxy-1,4-ubiquinone-2 (HQ2) and 

5-demethyl-1,4-ubiquinone-2 (OHQ2). The used MS technique is multiple (selective) 

reaction monitoring (MRM), which is a sensitive and selective method, especially 

suitable for quantification. In addition, similar methods can be used for the 

measurement of quinoid compounds without isoprenoid side chain and for the 

measurement of naturally occurring quinones with long isoprenoid chains.  
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Introduction 
 

Ubiquinone (UQ) (Fig. 1), also known as coenzyme Q, is a ubiquitous quinone and is 

known to function as electron carrier and as antioxidant. In contrast to UQ, which 

functions in the aerobic mitochondrial energy metabolism, rhodoquinone (RQ) (Fig. 1) 

is a quinone functioning in electron transport in anaerobic energy metabolism 

pathways. 

The hydrophobic side chain of UQ and RQ consists of multiple isoprenoid units 

and can vary in length between different organisms. Humans, for instance, synthesize 

UQ with a side chain consisting of ten isoprenoid units (UQ10), whereas rats synthesize 

UQ with a side chain of nine isoprenoid units (UQ9), and the yeast Saccharomyces 

cerevisiae synthesizes UQ with a side chain of six isoprenoid units (UQ6).  

In order to study the biosynthesis of RQ and UQ a novel Liquid 

Chromatography tandem Mass Spectroscopy (LC-MS/MS) method was developed for 

the identification and quantification of the short chain quinone analogues ubiquinone-2 

(UQ2), rhodoquinone-2 (RQ2), and two precursor substrates in UQ biosynthesis: 5-

demethoxy-1,4-ubiquinone-2 (HQ2) and 5-demethyl-1,4-ubiquinone-2 (OHQ2) (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Structures of ubiquinone-2 (UQ2), 5-demethoxy-ubiquinone-2 (HQ2), rhodoquinone-2 

(RQ2) and 5-demethyl-1,4-ubiquinone-2 (OHQ2).  
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Materials and methods 
 

Materials 

Ubiquinone-2 (UQ2), 5-demethoxy-1,4-ubiquinone-2 (HQ2), 5-demethyl-1,4-ubiquinone-

2 (OHQ2) and rhodoquinone-2 (RQ2) (Fig.1) were used as reference standards. UQ2 

was synthesized by coupling the isoprenoid chain (as geranyltri-n-butyltin) to the 

commercially available ubiquinone-0 as described before 
1
. OHQ2 was synthesized by 

coupling the isoprenoid chain (as geranyltri-n-butyltin) to acetate-Q0, after which the 

acetate group was removed 
1
. HQ2 was synthesized by coupling the isoprenoid chain 

(as geranylbromide) with cyclopentadiene-monomer protected HQ0, after which the 

cyclopentadiene-monomer was removed 
1
. RQ2 was synthesized from UQ2 by 

incubating it for three days in the presence of ammonium hydroxide in ether-ethanol at 

room temperature, as has been described by Moore and Folkers for the synthesis of 

RQ10 from UQ10 
2
.  

HPLC grade n-hexane, methanol, chloroform and acetonitrile were obtained 

from Lab-scan (Dublin, Ireland). Diisopropylether pro analysis was obtained from 

Merck and distilled before use. High purity water was obtained from a milli-Q water 

system (Millipore). F. hepatica adults were isolated from infected sheep livers obtained 

at a slaughterhouse. 

 

Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS) 

Chromatographic separation of quinones was performed on a Diol column (Lichrospher 

Diol, 100, 5µm, 250 mm, internal diameter 4.6 mm, Merck, Darmstadt, Germany) using 

a linear gradient from 100% mobile phase A (n-hexane/glacial acetic acid (1000:1 v/v)) 

to 100% mobile phase B (diisopropylether/acetonitrile/glacial acetic acid (800:200:1 

v/v)) in 20 min at a flow rate of 1 ml.min
-1

. Subsequently, mobile phase B was kept at 

100% for 5 min, after which a linear gradient was applied from 0% mobile phase A to 

100% mobile phase A in 5 min. Before each next chromatographic run the column was 

equilibrated with mobile phase A for at least 3 minutes. Acetonitrile was used to 

decrease tailing and acetic acid was used to increase the ionization of the quinones. 

Eluted quinones were detected using a Sciex API 365 mass spectrometer 

equipped with an electrospray ionization (ESI) interface, an auto sampler (Perkin Elmer 

series 200), two liquid chromatography micro pumps (Perkin Elmer series 200), a 

vacuum degasser (Perkin Elmer series 200), and Sciex Analyst software. Multiple 

(selective) reaction monitoring (MRM) was performed in the positive ionisation mode 

with a vaporizer temperature of 450 °C and an ionspray voltage of 5500 volts. Other 

parameters that have been optimised for the different compounds are listed in Table 1.  

From each reference standard a product spectrum was recorded to identify a 

specific product ion that could be used in the MRM experiment. These product spectra 

were recorded in the positive ion mode with a collision energy of 25 eV. Product 

spectra were recorded on the same instrument equipped with a nano-electrospray 

interface instead of the ESI interface. The masses of the parent ions and their 

corresponding product ions that were used in the MRM-method are listed in Table 1. 
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Short chain quinone reference standards were used in each experiment to 

correct for day to day variations in ionisation- and ion transfer efficiency.  

 

Isolation of short chain quinones from biological samples  

Recovery of UQ and RQ was studied by adding the short chain quinones to 

homogenates of the parasitic helminth Fasciola hepatica. Subsequently, the short 

chain quinones were extracted from the homogenates according to Bligh and Dyer 
3
. 

The organic phase was collected, dried by a nitrogen stream, and subsequently 

purified by solid phase extraction. For solid phase extraction the lipid residue was 

dissolved in 0.5 ml hexane and loaded on a silica column (LiChrolut Si 200 mg, Merck). 

Subsequently, the column was washed with 100% hexane, after which the quinones 

were eluted with 15% diethyl ether in hexane. This fraction was dried by a nitrogen 

stream and dissolved in hexane. The isolated short chain quinones were quantified by 

LC-MS/MS. 

 

 

Results and discussion 
 

LC-MS/MS 

The high sensitivity and selectivity of a multiple reaction monitoring (MRM) experiment, 

is achieved by the combination of characteristic properties of the compound of interest, 

making this technique particularly suitable for the quantitative detection of low 

abundant molecules in a complex matrix. In a nutshell, after chromatography and 

ionisation, the molecular ion of the compound is selected by the first mass filter, 

followed by collisional activation of the ion leading to its fragmentation. The second 

mass filter monitors for the presence of a diagnostic fragment ion. As the settings of 

both mass filters can be altered on a millisecond time-scale, multiple compounds can 

be monitored in a single chromatographic run. Optimization of the mass spectrometer 

resulted in the settings for the detection of UQ2, HQ2, OHQ2, and RQ2, listed in Table 1. 

Product spectra were recorded by direct injection of the quinone-analogues 

into the MS. The product spectra of the quinone analogues showed distinctive patterns 

for the four different quinones, but the spectra contained also several similar fragments 

(Fig. 2). 
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Table 1: Optimal parameters for the multiple reaction monitoring for ubiquinone-2 (UQ2), 5-

demethoxy-1,4-ubiquinone-2 (HQ2), rhodoquinone-2 (RQ2), and 5-demethyl-1,4-ubiquinone-2 

(OHQ2).  

 
 

   UQ2  HQ2  RQ2  OHQ2  

 

 

Q1 mass (parent ion) 319.0  289.1  304.1  305.1 

 

Q3 mass (product ion) 197.1  167.1  181.9  182.9 

 

 

declustering potential 18.0  16.0  14.0  17.0 

 

focussing potential  110  110  110  110 

 

entrance potential (EP) -3.0  -4.0  -4.0  -4.0 

 

collision cell EP  10.0  10.0  10.0  10.0 

 

collision energy  24.0  20.0  23.0  23.0 

 

collision cell exit potential 10.0  9.0  9.0  9.0 
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Figure 2: Product ion spectra of ubiquinone-2 (UQ2), 5-demethoxy-ubiquinone-2 (HQ2), 

rhodoquinone-2 (RQ2), and 5-demethyl-1,4-ubiquinone-2 (OHQ2) (nanospray; positive ion mode; 

collision energy 25 eV). 

 

All major fragments from the different quinones have been tentatively identified 

(Table 2 and Fig. 3). Fragmentation of the compounds resulted in either (part of) the 

quinone head group or (part of) the isoprenoid chain as the product ion. The mass of 

the ionised quinone head groups is specific for the different quinone reference 

standards, as they differ in their substituents at the 5-position of the quinone ring 

(fragments VI, VII, and IX till XVI in Table 2 and Fig. 3). An exception is fragment VIII, 

which shows a similar mass in all quinone analogues, as it consists of the ionised 

quinone head group that lost the substituent at the 5-position of the quinone ring. The 

mass of the ionised isoprenoid fragments is similar for the different quinones 

(fragments II to V in Table 2 and Fig. 3). Fragment I represents the parent ion [M+H
+
]. 

Fragments II, IV, and V are ionised parts from the isoprenoid chain that resulted from 

the loss of the neutral quinone head group. Fragment III is an ionised part of the 

isoprenoid chain that subsequently formed a ring structure. Fragment VII is the ionised 

quinone head group and is formed through the loss of the total isoprenoid chain and is 

the most abundant fragment. Fragments VIII, IX, X, XIV have also lost a part of their 

isoprenoid tail. Fragments XI, XII, XIII and XVI contain all an extra ring structure, which 
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is proposed to have resulted from the loss of part of the isoprenoid chain (fragments 

XI, XII, XIII) or from the loss of water (fragment XVI). Fragment X and XV originated 

from the elimination of methanol. 

Product ion VII showed the highest response in selective reaction monitoring 

(Fig. 2). As product ion VII consists of the ionised quinone head group, including the 

functional group at position 5 on the quinone ring, this fragment shows a different mass 

for the different quinone standards and is thus specific for the detection of the different 

short chain quinones. Detection and quantification of each of the short chain quinones 

by LC-MS/MS was performed by selective reaction monitoring on the precursor ion 

[M+H]
+
 and product ion VII ([M+H- 122]

 +
, Fig. 3). 

 

 

Table 2: Mass to charge (m/z) ratio’s of the most abundant fragment ions of ubiquinone-2 (UQ2), 

5-demethoxy-1,4-ubiquinone-2 (HQ2), rhodoquinone (RQ2), and 5-demethyl-1,4-ubiquinone-2 

(OHQ2).  

 
species    UQ2  HQ2  RQ2  OHQ2 
 
 
parent ion I  319  289  304  305 
 
 
fragment ions II  69  69  69  69 
 
  III  81  81  81  81 
 
  IV  123  123  123  123 
 
  V  135  135  135  135 
 

VI  181  151  166  167 
 
  VII  197  167  182  183 
 
  VIII  205  205  205  205 
 
  IX  209  179  194  195 
 
  X  219  189  204  205 
 

XI  221  191  206  207 
 
  XII  231  201  216  217 
 
  XIII  235  205  220  221 
 
  XIV  263  233  248  249 
 
  XV  287  257  272  273 
 
  XVI  301  271  286  287 
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Figure 3: Proposed structures of product ions of the short chain quinones. R represents the side 

group at the 5-position of the quinone head group. Side groups in short chain quinones are R = 

OCH3 for ubiquinone-2, R = H for 5-demethoxy-ubiquinone-2, R = NH2 for rhodoquinone-2 and R 

= OH for 5-demethyl-1,4-ubiquinone-2. Numbers II till V represent fragments of the isoprenoid 

tail, while numbers VI till XVI represent fragments containing the quinone head group. 

 

 

Validation of the method 
 

Linearity of the response 

Different concentrations of the short chain quinone analogues HQ2, OHQ2, UQ2 and 

RQ2 in solvent were measured in order to investigate the linearity in detection 

response. The responses of the short chain quinones in solvent were measured in a 

range from 30 to 3000 pmol and the dose-response curves were all linear with 

correlation coefficients of over 0.99 (Fig.4). 
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Figure 4: Calibration curves were determined in duplicate in the range of 30 to 3000 pmol for 

each compound. Correlation coefficients for the standard curves were determined to be 0.9996 

for UQ2, 0.9982 for RQ2, 0.9977 for HQ2 and 0.9975 for OHQ2.  Abbreviations: UQ2 – 1,4-

ubiquinone-2; RQ2 – rhodoquinone-2; HQ2 - 5-demethoxy-1,4-ubiquinone-2; OHQ2 - 5-demethyl-

1,4-ubiquinone-2.  

 

 

Recovery of the short chain quinone analogues during extraction and 

purification 

A general problem observed in LC-MS/MS measurements is quenching of the 

response by ion suppression due to co-elution of other ions at the same moment. As 

quinone analogues were used to study quinone biosynthesis in homogenates or in 

purified protein samples, quenching of their response by ion suppression could be a 

problem during the quantification of these short chain quinones. To reduce ion 

suppression, Bligh and Dyer extracts from homogenates were further purified by solid 

phase extraction using prefab silica columns. The recovery of the short chain quinones 

after Bligh and Dyer extraction and purification by solid phase extraction was 

determined in three independent experiments. To determine the recovery of the short 

chain quinones, the short chain quinones were added to phosphate buffered saline 

buffer after which they were extracted and subsequently purified by solid phase 

extraction. The LC-MS/MS detection response of the short chain quinones in these 

purified samples was compared with the response obtained from direct injected, and 

thus pure reference standards. The recoveries were determined in triplicate and the 

mean values were 80% ± 8%, 74% ± 10%, and 77% ± 4% for respectively UQ2, HQ2, 

and RQ2. Solid phase extraction could not be used for the quantification of OHQ2, as 
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this compound cannot be eluted from the silica column, which might be caused by tight 

binding to the column. 

 

Linearity of the short chain quinone analogues in purified homogenate   

Quinone reference standards over a range from 200 pmol to 1600 pmol were added to 

a constant amount of already purified (by lipid extraction and solid phase extraction) F. 

hepatica homogenate. Quantification showed a linear dose-response for all tested 

quinone analogues, with correlation coefficients of over 0.98 (Fig. 5).  

Figure 5: Calibration curves of the short chain quinones that were added to purified F. hepatica 

homogenates. Calibration curves were determined in duplicate in the range from 200 to 1600 

pmol for each compound. Correlation coefficients for the standard curves were determined at 

0.9824, 0.9910, 0.9869, and 0.9962 for respectively UQ2, RQ2, HQ2, and OHQ2. Abbreviations: 

UQ2 - ubiquinone-2; RQ2 – rhodoquinone-2; HQ2 - 5-demethoxy-1,4-ubiquinone-2; OHQ2 - 5-

demethyl-1,4-ubiquinone-2. 

 

 

Accuracy of the measurement of short chain quinone analogues in the presence of 

purified homogenate  

The accuracy was determined by adding a constant amount of the quinone reference 

standards to purified (by lipid extraction and solid phase extraction) homogenate of F. 

hepatica. The responses of the short chain quinones were between 80 and 110% 

compared to the responses of the reference standards in the absence of homogenate. 

From these data we can conclude that, under the conditions used, the samples were 

adequately purified to prevent quenching of the responses of the short chain quinone 

analogues. 
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Conclusion 
 

In the present study, a novel LC-MS/MS method has been developed that combines 

the separation by HPLC with specific detection of UQ2, RQ2, HQ2 and OHQ2 by 

multiple (selective) reaction monitoring. This MRM method has a high sensitivity and 

quantification of pmol quantities is possible. In addition, the method is selective as it 

combines retention time, the m/z ratio of the molecular ion and the presence of a 

diagnostic fragment ion. 

The quantification of quinones by LC-MS/MS could have many applications. In 

addition to the measurement of these short chain quinones, similar methods can be 

used for the measurement of quinoid compounds without isoprenoid side chain and for 

the measurement of naturally occurring quinones with long isoprenoid chains. In 

addition the method can be easily adapted to study other quinones, such as 

menaquinone and plastoquinone. 
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Abstract 
 

Adult parasitic helminths, such as Fasciola hepatica and Ascaris suum, often reside in 

anaerobic or hypoxic environments. Therefore, these parasitic helminths are forced to 

function without oxygen and thus have to use an anaerobic energy metabolism. Many 

adult helminths contain anaerobically functioning mitochondria, in which the ubiquitous 

electron carrier ubiquinone (UQ) is replaced by rhodoquinone (RQ). RQ can transfer 

electrons from Complex I to fumarate reductase, allowing complex I of the electron 

transfer chain to function in the absence of oxygen. In contrast to the well-studied 

biosynthetic pathway of UQ, very little is known about the biosynthesis of RQ. 

Therefore, this study investigated RQ biosynthesis in Caenorhabditis elegans, as a 

model for parasitic helminths. Using RNA-interference and gene-knockout mutants we 

demonstrated that the UQ-biosynthetic-enzymes COQ-6, and most likely COQ-5 as 

well, are part of the biosynthetic pathway of RQ in C. elegans. This is the first 

biochemical evidence that UQ and RQ share a large part of their biosynthetic pathway. 

We confirm that COQ-7 is not required for RQ biosynthesis, which identifies 5-

demethoxy-1,4-ubiquinone as the last common precursor for both UQ and RQ and 

proofs that UQ is not a substrate for RQ biosynthesis. Finally a novel bio-informatic 

approach was used to identify genes involved in the biosynthesis of RQ and not in the 

biosynthesis of UQ. So far, this strategy did not result in the identification of genes 

specifically involved in RQ biosynthesis, but it can be successful in future when the 

genome sequence of more parasitic helminths will become available.   
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Introduction 
 

Ubiquinone (UQ) is a ubiquitous quinone that is also known as coenzyme Q. UQ 

functions as electron carrier in the electron transport chains of bacteria and eukaryotes 

residing in aerobic environments 
1-3

. In most eukaryotes ubiquinone is able to accept 

electrons that are donated by NADH or FADH2, via Complexes I and II of the 

respiratory chain, respectively. From ubiquinone electrons are subsequently 

transferred to cytochrome c, via Complex III, and eventually to oxygen, via Complex IV. 

The electron transfer by ubiquinone, therefore, enables complex I, III and IV to 

generate a proton-gradient that is subsequently used to generate ATP 
4,5

. In addition, 

UQ is known to function as an electron transporter in the lysosomal redox chain 
6
, and 

to function as an antioxidant in its reduced form ubiquinol 
2,3,7,8

. 

 In contrast to UQ, rhodoquinone (RQ), an aminoquinone that is structurally 

very similar to UQ (Fig. 1), is a far less common quinone. RQ functions in electron-

transport in the anaerobically functioning mitochondria found in parasitic helminths, 

such as Fasciola hepatica and Ascaris suum 
9-12

. In addition, RQ is also present in 

several other (facultatively) anaerobically functioning eukaryotes, such as sea mussels, 

oysters, the free living nematode Caenorhabditis elegans, the alga Euglena gracilis 

and the prokaryote Rhodospirillum rubrum 
13-16

. RQ is not present in mammals, and 

therefore the biosynthetic pathway of RQ is a potential target for the development of 

novel anti-parasitic drugs. 

 RQ containing classes of organisms reside in environments where oxygen is 

permanently of periodically restricted. During hypoxia, or anoxia, oxygen is not 

available in sufficient amounts to serve as the terminal electron acceptor of the 

“classical mammalian-type” respiratory chain, which results in a functional block of this 

aerobically-functioning respiratory chain. Similar to UQ, RQ is able to accept electrons 

from NADH via Complex I. However, due to its lower standard electron potential, RQ 

can donate these electrons to fumarate, via fumarate reductase, in a reaction that 

reverses the reaction catalysed by Complex II/succinate dehydrogenase 
17

. This 

pathway to reoxidize NADH via Complex I, RQ and fumarate reductase does not 

require oxygen as a final electron acceptor, and allows complex I to keep functioning 

and thereby to translocate protons under anaerobic circumstances. Hence, RQ and 

fumarate reductase enable cells to produce ATP by oxidative phosphorylation during 

anaerobiosis, yielding more ATP when compared to the amount of ATP generated by 

mere fermentation 
9
.  

 The biosynthetic pathway of UQ has been largely characterized in 

Saccharomyces cerevisiae and Escherichia coli and starts with the coupling of 

polyprenyl diphosphate to p-hydroxybenzoic acid (Fig. 1) 
18,19

. Polyprenyl diphosphate 

is derived from acetyl-CoA via the mevalonate pathway and p-hydroxybenzoic acid is 

synthesized from either chorismate or tyrosine 
20,21

. All enzymes involved in UQ 

biosynthesis in yeast are encoded by so called COQ genes (Fig. 1) and all enzymatic 

steps occur at the matrix side of the inner mitochondrial membrane, where the UQ 

intermediates are membrane associated by insertion of their long hydrophobic side 

chains into the lipid bilayer 
22

. It has been suggested that at least in yeast a multi-
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subunit complex of COQ encoded proteins - which is attached to the inner 

mitochondrial membrane - is responsible for the biosynthesis of UQ 
22-25

.  

The biosynthetic pathway of RQ has not been elucidated yet, but considering 

the fact that the only distinction between RQ and UQ is the side-group attached to the 

quinone ring at the 5-position, an amino group for RQ and a methoxy group for UQ 

(Fig. 1), it is likely that UQ and RQ share a part of their biosynthetic pathway. 

Previously, it has been suggested that RQ could be synthesized from UQ 
26

. However, 

conversion of exogenously supplied UQ into RQ was never observed in vitro nor in 

vivo 
27

. Furthermore C. elegans mutants for the COQ-7 gene, in C. elegans referred to 

as CLK-1 gene, in which the conversion of 5-demethoxy-1,4-ubiquinone to 5-demethyl-

1,4- ubiquinone and thus UQ biosynthesis was blocked (Fig. 1), contain elevated RQ 

levels 
38,29

. Therefore, UQ is not a precursor for RQ synthesis. 

In this study, using C. elegans as a model system for parasitic helminths, we show for 

the first time that enzymes involved in UQ biosynthesis actually function in RQ 

biosynthesis as well, confirming the hypotheses that RQ is synthesized via a part of the 

UQ biosynthetic pathway. Our experiments indicate that the pathways of RQ and UQ 

biosynthesis are identical up to 5-demethoxy-1,4-ubiquinone (HQ) (Fig. 1). It should be 

noted that in literature 5-demethoxy-1,2-ubiquinone (HQ) is often referred to as DMQ. 

To avoid confusion with the biosynthetic intermediate 5-demethyl-1,4-ubiquinone we 

will use the abbreviations HQ and OHQ for the respective quinones (Fig. 1). 
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Figure 1: Schematic representation of the biosynthetic pathway of UQ and RQ in 

eukaryotes. R represents the isoprenoid chain. Structures are: A – prenyl diphosphate; B – 

polyprenyl diphosphate; C – polyprenyl diphosphate; D – p-hydroxybenzoic acid; E – 3-polypre-

nyl-4-hydroxybenzoate (NHB = 3-nonaprenyl-4-hydroxy-benzoic acid (precursor in C. elegans); 

HHB = 3-hexaprenyl-4-hydroxy-benzoic acid (precursor in S. cerevisiae)); F – 3,4-dihydroxy-5-

polyprenylbenzoate; G – 4-hydroxy-5-methoxy-3-polyprenylbenzoate; H – 6-methoxy-2-

polyprenylphenol; I – 6-methoxy-2-polyprenyl-1,4-benzoquinone; J – 6-methoxy-3-methyl-2-poly-

prenyl-1,4-benzoquinone (5-demethoxy-1,4-ubiquinone); K – 5-hydroxy-6-methoxy-3-methyl-2-

polyprenyl-1,4-benzoquinone (5-demethyl-1,4-ubiquinone); L – 1,4-ubiquinone; M – rhodo-

quinone. Enzymatic steps and the identified, corresponding COQ-genes are: 1 – synthesis of 

polyprenyl diphosphate catalyzed by polyprenyl diphosphate synthase, COQ1 
19

, 2 – prenylation 

by polyprenyl diphosphate:p-hydroxybenzoic acid transferase, COQ2 
30

, 3 – C-hydroxylation; 4 – 

O-methylation, COQ3 
31

, 5 – decarboxylation; 6 – C-hydroxylation, COQ6 
32

, 7 – C-methylation, 

COQ5 
33

, 8 – C-hydroxylation, COQ7 
34

, 9 - O-methylation, COQ3; 10 – C-amination (Figure 

adapted from Tran U.C. et al. 2007 
22

). 
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Materials and methods 
 

C. elegans RNAi and mutants 

C. elegans wildtype worms (N2 Bristol strain) were cultured according to standard 

protocols 
35

 and RNA-interference (RNAi) was performed by feeding bacterial clones 

from the Ahringer RNAi library 
36

, obtained from Geneservice (UK). The CLK-1/COQ-7 

mutants used, were qm30 and e2519, also referred to as Caenorhabditis Genetics 

Centre (CGC) strain MQ130 and CB4876, respectively 
37

. The other knockout mutants 

used in this study, are available from the SHared Information of GENetic resources 

(SHIGEN, Tokyo), which is part of the National Bioresource Project in Japan. This 

consortium generates knockout C. elegans strains upon request, using random 

mutagenesis with trimethylpsoralen and UV-light combined with gene-specific primer 

sets 
38

. 

 

Detection and quantification of naturally occurring quinones in C. elegans 

C. elegans worms grown on one 9 cm culture dish, were harvested in M9-buffer 
35

, 

sedimented and washed twice, after which lipids were extracted as described by Bligh 

and Dyer 
39

. After evaporation of the organic phase under a nitrogen stream at 37
o
C, 

the lipid residue was dissolved in 2:1 (v/v) methanol:chloroform. Quinones were 

separated and detected as described previously 
16

. I n short, quinones were separated 

by liquid chromatography using a Reverse Phase (RP)-18 column, which was eluted 

by an increasing amount of di-iso-propyl-ether in methanol. Quinones were detected 

using a Sciex API 365 mass spectrometer equipped with an atmospheric pressure 

chemical ionization (APCI) interface, measuring in Multiple Reaction Monitoring (MRM) 

mode. Quantification was performed by selective reaction monitoring of the parent ion 

(M + H
+
) and a specific product ion. The parent and product ion masses monitored 

were 795.6 and 197.1 for UQ9, 780.6 and 182.2 for RQ9, 765.7 and 167.1 for HQ9, 

750.7 and 152.1 for NHB and 727.6 and 197.1 for UQ9, respectively. 

 

Synthesis of short-chain quinones 

Ubiquinone-2 (UQ2) was synthesized by coupling the isoprenoid chain (as geranyltri-n-

butylstannane) to the commercially available ubiquinone-0 
40

. 5-Demethyl-1,4-

ubiquinone-2 (OHQ2) was synthesized by coupling this isoprenoid chain to acetate-Q-

0, after which the acetate group was removed 
40

. 5-Demethoxy-1,4-ubiquinone-2 (HQ2) 

was synthesized by coupling the isoprenoid (as geranylbromide) with mono-

cyclopentadiene protected HQ-0, after which the cyclopentadiene-monomer was 

removed 
40

. Rhodoquinone-2 (RQ2) was synthesized from UQ2 by incubating UQ2 for 

three days at RT in the presence of ammonium hydroxide in ether-ethanol, as has 

been described by Moore and Folkers for the synthesis of RQ10 from UQ10 
41

. 
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Preparation of Fasciola hepatica lysates 

F. hepatica adults were isolated from infected sheep livers, obtained from a slaughter 

house. Isolated adults were incubated in washing buffer-solution (10 mM Hepes pH 

7.4, 10 mM glucose, 25 mM NaHCO3, 100 mM NaCl, 5 mM KCl, 0.8 mM MgSO4, 1.8 

mM Na2HPO4 and 0.5 mM CaCl2) at 37°C. Subsequent wash steps ensured removal of 

bile material of the host. Clean adult flukes were cut into small pieces and 

subsequently homogenized using an ultraturrax homogenizer in an assay-buffer 

containing 100 mM Hepes pH 7.4, 1 mM dithiotreitol, 100 µM PMSF, 2 µM 

benzamidine, 0.4 µM leupeptide, 0.2 mM S-adenosyl-L-methionine, 1 mM CaCl2, 0.5 

mM ZnSO4, 0.5 mM MgSO4, 10 mM NH4Cl, 50 mM glutamine, 50 mM glutamate, 82 

µM streptomycin and 270 µM penicillin. Lysates of adult F. hepatica were prepared at 

10 %, 5 % and 2.5 % (w/v) in assay-buffer. 

 

Enzymatic conversion of short chain quinones 

F. hepatica lysates were incubated in the presence of 66 µM OHQ2 or 69 µM HQ2. 

Liquid C. elegans cultures in S-medium 
35

, containing living Escherichia coli cells and 

C. elegans worms, or liquid cultures containing living E. coli cells only, were incubated 

in the presence of 1 mM of HQ2. The quinone analogues were added from an ethanolic 

solution, which resulted in a final ethanol concentration of 1% (v/v). Incubations were 

rotated at room temperature in the dark. Samples were taken after 0, 4, 12 and 24 

hours and directly frozen in liquid nitrogen and stored at -80°C until further analysis. 

 

Isolation, detection and quantification of short chain quinones 

The samples, derived from the enzymatic conversion of short chain quinones, were 

defrosted and quinones were extracted according to Bligh and Dyer 
39

. The organic 

phase was dried under a nitrogen stream, and short chain quinones were purified by 

solid phase extraction, after which the lipid residue was dissolved in 0.5 ml hexane and 

loaded onto a silica column (Lichrolut Si 200 mg, Merck). The column was 

subsequently washed with 100% hexane, after which quinones were eluted with 15% 

diethyl ether in hexane. Quinones were dried under a nitrogen stream, dissolved in 

hexane and quantified by LC-MS/MS. 

Chromatographic separation of short chain quinones was performed on a Diol 

column (Lichosper Diol, 100, 5µm, 250 mm, internal diameter 4.6 mm, Alltech) using a 

linear gradient from 100% mobile phase A (n-hexane/glacial acetic acid (1000:1 v/v)) to 

100% mobile phase B (diisopropylether/acetonitril/glacial acetic acid (800:200:1 v/v)) in 

20 min at a flow rate of 1 ml.min
-1

. Subsequently mobile phase B was kept at 100% for 

5 min, after which a linear gradient was started from 0% mobile phase A to 100% 

mobile phase A in 5 min. Before each next chromatographic run the column was 

equilibrated with mobile phase A for at least 3 minutes. 

Eluted quinones were detected using a Sciex API 365 mass spectrometer 

equipped with an APCI interface. MRM was performed in the positive ionisation mode 

with a vaporizer temperature of 450 °C and an ionspray voltage of 900 volts. 

Quantification was performed by selective reaction monitoring of the parent ion (M + 

H
+
) and a specific product ion. The parent and the product ion masses monitored were 
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319.0 and 197.1 for UQ2, 304.1 and 181.9 for RQ2, 289.1 and 167.1 for HQ2, and 

305.1 and 182.9 for OHQ2, respectively. 

 

Selection of candidate genes specifically involved in RQ synthesis 

A comparative analysis of genomes of species that are able to synthesize RQ (C. 

elegans and R. rubrum) with those that cannot (S. cerevisiae and E. coli), was 

performed to identify candidate genes that could potentially be involved in RQ 

synthesis. First, orthologous relations between genes were assigned by performing 

Smith-Waterman-based sequence comparisons 
42

 between pairs of genes of two 

genomes. Genes that displayed highest, significant (e <0.001) bi-directional best hits 

(BBH) were considered to be orthologs. Those C. elegans genes that contained a BBH 

in R. rubrum but not in S. cerevisiae and E. coli were analyzed for the presence of a 

mitochondrial targeting signal using MitoProtII 
43

. Finally, from the resulting list of 

possible candidate genes that had a homolog in the genome of Homo sapiens were 

removed (cutoff E-value 1
-45

). 

We realize that this selection strategy for candidate genes is based on the 

assumption that genes involved in RQ synthesis are conserved between R. rubrum 

and C. elegans and not present in the genomes of S. cerevisiae, E. coli or H. sapiens. 

This assumption might not be true when R. rubrum and C. elegans have different RQ 

biosynthesis pathways, when the RQ biosynthesis enzymes in R. rubrum and C. 

elegans are not homologous, or when homologs of genes involved in RQ biosynthesis 

are still present and/or fulfill for instance other functions in S. cerevisiae, E. coli or H. 

sapiens. 
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Results 
 

Involvement of COQ-genes in the biosynthetic pathway of rhodoquinone 

The levels of UQ and RQ in C. elegans worms were determined after induction of RNAi 

for proteins involved in biosynthesis of ubiquinone 
44

 or a negative control (C32B5.7, 

cathepsin like peptidase), and compared to UQ and RQ levels in wildtype C. elegans 

worms (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: RNAi for genes involved in UQ biosynthesis. RNA interference was performed in 

C. elegans for three genes involved in UQ biosynthesis (COQ5 RNAi, COQ6 RNAi and COQ7 

RNAi). UQ and RQ levels were compared to wildtype C. elegans (N2 wildtype) and C. elegans, 

in which RNAi was performed for a gene not involved in UQ biosynthesis C32B5.7 (control 

RNAi). UQ and RQ levels in wildtype C. elegans were normalized to 100%, which corresponds 

to UQ levels of 2882 a.u./nmol phosphate +/- 798 and RQ levels of 516 a.u./nmol phosphate +/- 

162. Shown are the means + SD of three independent experiments. Significant differences with 

wildtype UQ and RQ levels as calculated by paired student t-tests are indicated by * (p<0.05). 
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The lowered expression of proteins involved in biosynthesis of ubiquinone after the 

induction of RNAi resulted as expected in a decrease in UQ9 levels when compared to 

wild type C. elegans. The amount of UQ9 was significantly decreased after RNAi for 

COQ-6 and CLK-1/COQ-7. RNAi for COQ-5 also resulted in lower average levels of 

UQ9, but this decrease was not significant. The observed decrease in UQ9 levels after 

induction of RNAi demonstrates the effectiveness of RNAi to reduce the expression of 

COQ enzymes in our experimental setup. RQ9 levels were lower after induction of 

RNAi for COQ-5 and COQ-6, even though only the decrease in RQ9 levels upon RNAi 

for COQ-6 was significant. However, variation in UQ and RQ levels after induction of 

RNAi for COQ-5 differed predominantly between experiments, whereas the effect on 

UQ and RQ levels in each experiment were very similar (not shown). Therefore, the 

non-significant effect on both UQ and RQ levels are probably due to variation in the 

reduction in COQ-5 enzyme level upon RNAi. Hence, these results demonstrated that 

COQ-6 and probably COQ-5 are involved in both UQ and RQ biosynthesis in C. 

elegans.  

In contrast to UQ9 levels, RQ9 levels were not significantly affected by RNAi 

for CLK-1/COQ-7, suggesting that CLK-1/COQ-7 only functions in UQ biosynthesis 

and not in RQ biosynthesis (Fig. 2). These results are consistent with the observation 

that CLK-1/COQ-7 knockout mutants, which are unable to synthesize UQ, show an 

increase in RQ biosynthesis 
28

, and provide formal proof that UQ is not a substrate for 

RQ biosynthesis. CLK-1/COQ-7 knockout C. elegans also contain increased levels of 

UQ8, which is acquired from its bacterial diet 
28

. Furthermore these knockouts contain a 

large amount of an intermediate in the UQ biosynthetic pathway, demethoxyubiquinone 

(HQ9) (Fig. 3 B), which is in agreement with the literature 
45

. When RNAi for COQ-6 is 

performed in a CLK-1/COQ-7 knockout mutant, RQ9 as well as HQ9 levels drop 

considerably (Fig. 3 C), confirming the function of COQ-6 in RQ9 biosynthesis. In these 

C. elegans worms another intermediate in UQ biosynthesis, identified as 3-nonaprenyl-

4-hydroxy-benzoic acid (NHB) accumulates (Fig. 3 C).  

Our results show that COQ-6, and most likely COQ-5 as well, are involved in 

biosynthesis of RQ9 in C. elegans. Since CLK-1/COQ-7 is not involved in the 

biosynthesis of RQ, demethoxyubiquinone (HQ) is probably the last common 

intermediate in both UQ and RQ biosynthesis. We suggest that from HQ, quinone 

biosynthesis splits into two separate pathways, one for the biosynthesis of UQ and 

another pathway for RQ biosynthesis (Fig. 1). 
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Figure 3: HPLC elution profile of quinones measured by MS-MRM in C. elegans extracts. 

Quinones were measured in extracts of wildtype C. elegans worms (Panel A, N2 wildtype), the 

CB4876 COQ-7/CLK-1 knockout strain (Panel B, COQ-7 knockout), and in extracts from 

CB4876 COQ-7/CLK-1 knockout worms after induction of RNAi for COQ-6 was performed 

(Panel C, COQ-6 RNAi in COQ-7 knockout). The scale was set at 100% for UQ8. Abbreviations: 

UQ8, ubiquinone-8; NHB, 3-nonaprenyl-4-hydroxy-benzoic acid; RQ9, rhodoquinone-9; HQ9, 5-

demethoxy-ubiquinone-9; UQ9, ubiquinone-9.   
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Identification of genes involved in RQ biosynthesis 

To identify proteins specifically involved in RQ biosynthesis and not in UQ biosynthesis 

two experimental approaches were followed. First, HQ2, a short-chain analogue of the 

last common precursor for both UQ and RQ biosynthesis, was synthesized in order to 

develop a biochemical assay to analyse RQ biosynthesis in vitro in lysates or purified 

protein samples. Second, a semi-high-throughput screening method for the detection 

of genes in C. elegans that function in RQ biosynthesis and not in UQ biosynthesis 

was developed and tested.  

 

Identification of proteins specifically involved in RQ biosynthesis using short 

chain quinone analogs 

F. hepatica homogenates were incubated in the presence of different amounts of HQ2, 

a short chain variant of the last common precursor of both RQ and UQ, or with OHQ2, 

a short chain variant of a UQ-precursor. Furthermore, cultures containing living C. 

elegans worms and living E. coli cells as well as cultures containing only living E. coli 

cells were incubated in the presence of HQ2. 

Incubation of F. hepatica homogenates with HQ2 or OHQ2 did result in the 

detection of newly synthesized UQ2 (data not shown). Production of UQ2 from OHQ2 in 

F. hepatica homogenates was about 20 times more efficient than that of UQ2 from 

HQ2. Furthermore incubation of E. coli with HQ2, as well as incubation of a mix of E. 

coli and C. elegans worms with HQ2 resulted in the formation of UQ2 (data not shown). 

The amount of UQ2 formed from HQ2 and OHQ2 after 12 hours by an F. hepatica 

homogenate, was proportional to the amount of homogenate in the samples, and for 

the conversion of OHQ2 to UQ2 a mean activity of 21 pmol/mg protein/h was calculated 

from three independent experiments. No UQ2 was detected in control incubations from 

which either homogenate or substrate was omitted. From these observations we can 

conclude that the observed conversions of HQ2 and OHQ2 to UQ2 are enzymatic, and 

that these short chain quinone analogs can be used to study UQ biosynthesis.  

 None of these incubations resulted, however, in the biosynthesis of detectable 

amounts of RQ2, despite the use of a sensitive HPLC-MS/MS detection method that is 

able to detect pmoles of RQ2. Variations in concentrations of all physiologically known 

amino-donors (ammonium, glutamate and glutamine), as well as variations in pH and 

in concentrations of other reaction-constituents were tested in vain. Therefore we did 

not succeed to develop an assay for RQ2 synthesis that could be used for the 

purification of the putative enzyme(s) involved in RQ biosynthesis. 

 

Identification of proteins specifically involved in RQ biosynthesis using RNAi 

and gene knockout mutants in C. elegans 

Since RNAi for a gene involved in RQ, but not in UQ biosynthesis, is expected to result 

in a lowered RQ/UQ ratio, RQ/UQ ratios were determined in C. elegans worms in 

which expression of genes expected to be involved in RQ biosynthesis was knocked 

down by induction of RNAi. A list of RQ synthase candidate proteins was composed 

(Table 1). This list comprised orthologous genes present in the genomes of the RQ-

containing species C. elegans and R. rubrum, that are absent in the genomes of the 
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RQ-lacking species S. cerevisiae, E. coli or H. sapiens. This resulted in a list of 34 

genes possibly involved in RQ biosynthesis and not in UQ biosynthesis (Table 1).  

From these 34 candidate genes, eight candidates were selected for RNAi 

(Table 1 genes in bold and marked with asterisk) based on availability of the RNAi 

construct and the presence of a mitochondrial targeting signal. Furthermore, the 

presence of possibly interesting conserved protein domains (e.g. an 

amidinotransferase domain), or reported higher expression levels under hypoxia 
46

 

were taken into account. Induction of RNAi for these eight candidate proteins did not 

result in significantly lower RQ/UQ ratios. A small, non-reproducible, decrease in 

RQ/UQ ratio was, however, found after RNAi for F20G2.1 and F38H4.5 (data not 

shown). 

 

Table 1: List of candidate genes, possibly involved in RQ biosynthesis. 34 Proteins were 

found for which orthologs are present in the genomes of both C. elegans and R. rubrum, but are 

lacking in the genomes of S. cerevisiae, E. coli or H. sapiens. Genes for which involvement in 

RQ biosynthesis was tested using induction of RNAi are depicted in bold and marked with 

asterisk. Genes for which involvement in RQ biosynthesis was tested using -/- knockout strains 

are shown in bold and are shaded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

# Protein name gene name localisation annotation

(SWISSPROT_ID) (wormbase_ID) MitoprotII score (wormbase)

1 O01503 C37A2.6 0.9589 ribosomal methyltransferase

*2 Q20180 F38H4.5 0.9572 amidinotransferase

3 Q9U2Z2 Y113G7A.11 0.9536 sulfotransferase

4 P90791 D2030.5 0.9527 methylmalonyl-CoA epimerase

5 Q19843 F27D9.6 0.9299 Dehydrogenase

6 Q8MXS8 Y47G6A.22 0.9190 possible dehydrogenase/reductase

*7 Q17477 B0334.5 0.8763 phytoene/squalene synthetase

*8 Q93544 F20G2.1 0.8644 predicted short chain-type dehydrogenase

*9 YT67_CAEEL B0563.7 0.8556 Calmodulin-like

*10 PLC1_CAEEL F59F4.4 0.7897 Putative 1-acyl-sn-glycerol-3-phosphate acyltransferase 

11 Q9U3Q5 C08F11.14 0.7022 pseudogene

12 Q18596 C44B7.7 0.6349 uncharacterized protein

*13 O44630 F16B4.6 0.4944 acyl carrier protein

14 Q95PW5 ZK652.10 0.4331 putative Mg
2+

 and Co
2+

 transporter

15 O17731 D2023.4 0.2695 acetyltransferase

*16 NLT1_CAEEL ZK892.2 0.2589 non specific lipid transfer protein

17 Q9TXX0 Y73C8C.10 0.2246 NADH:flavin oxidoreductase/12-oxophytodienoate reductase

18 Q93968 T01H8.2 0.2015 amino acid racemase

19 NU3M_CAEEL MTCE.34 0.1857 NADH-ubiquinone/plastoquinone oxidoreductase

20 N7BM_CAEEL Y94H6A.8 0.1360 NADH-ubiquinone oxidoreductase

21 O01976 C41D11.7 0.1185 DNA helicase

22 YS21_CAEEL ZK1320.1 0.1014 Glutathione S-transferase kappa protein

23 Q21080 K01C8.1 0.0481 Threonine dehydratase/deaminase

24 Q9UAW8 T12B3.3 0.0400 glycerophosphoryl diester phosphodiesterase

25 ADH2_CAEEL K12G11.4 0.0376 sorbitol dehydrogenase

*26 O17773 F09C3.2 0.0327 predicted hydrolase

27 Q18218 C26E6.11 0.0275 cobalamin adenosyltransferase

28 Q18511 C38D4.9 0.0274 predicted RNA methylase

29 Q22171  T04G9.4 0.0244 Alpha-aminoadipic semialdehyde dehydrogenase

30 CAA95784 C01H6.6 0.0230 predicted membrane protein

31 Q9N4L8 ZK973.10 0.0162 NADH-ubiquinone oxidoreductase

32 Q23515 ZK54.2 0.0147 threhalose-6-phosphate synthase

33 Q19188 F08B12.1 0.0120 Polytopic membrane protein Prominin 

34 CAH3_CAEEL K05G3.3 0.0077 carbonic anhydrase
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Regarding the small decrease in UQ9 levels after RNAi for CLK-1/COQ-7 and 

COQ-5 (Fig. 2), the sensitivity of the semi-high-throughput screening method is rather 

limited, especially in combination with the relatively large variation in RQ/UQ ratios 

upon induction of RNAi. Hence, conclusive experiments require testing of true double 

knockout mutants for candidate genes. Therefore, C. elegans knockout mutants for the 

genes F20G2.1 and F38H4.5 were generated upon our request by SHIGEN (Tokyo, 

Japan). Subsequently, the RQ/UQ ratio was determined in these knockouts, and found 

to be normal (Fig. 4). For six other genes listed in Table 1 knockout mutants were 

available (Table 1 genes in bold and shaded). These strains were obtained from 

SHIGEN, and their RQ/UQ ratios were analyzed (Fig. 4). From these results it is clear 

that none of the genes for which -/- knockout C. elegans strains were tested, is 

essential for RQ biosynthesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: RQ/UQ ratio’s for C. elegans deletion mutants. RQ9/UQ9 ratios were determined for 

C. elegans strains containing deletions in the genes indicated on the x-axis (wormbase 

sequence id.) Shown are the average values + SD of three independent experiments. 
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Discussion 
 

The chemical structures of ubiquinone (UQ) and rhodoquinone (RQ) are very similar, 

since UQ and RQ differ only in a single side group of the benzoquinone ring structure. 

UQ contains a methoxy group on position 5, whereas RQ contains an amino group on 

that position (Fig. 1). For this reason it seems logic that both electron transporters 

would be synthesized by, at least partly, the same biosynthetic pathway. However, the 

actual involvement of UQ-synthesizing enzymes in RQ biosynthesis has never been 

demonstrated yet. Here we demonstrate that COQ-6, a gene essential for UQ 

biosynthesis 
32

, is also involved in RQ biosynthesis, since RNAi for COQ-6 resulted in 

a significant decrease in RQ9 levels in C. elegans (Fig. 2).  

 Our studies also suggested that COQ-5 is involved in the biosynthesis of RQ9, 

even though the decrease in RQ levels as a result of RNAi for this gene was only 25 % 

and not significant, due to variation between independent experiments. However, the 

decrease in UQ levels after COQ-5 RNAi was equally small when compared to the 

effect on RQ levels and did not reach significance as well. The fact that RQ and UQ 

levels were similarly affected by RNAi for the COQ-5 protein in each individual 

experiment, strongly suggests that COQ-5 is involved in the biosynthesis of both UQ 

and RQ.  

 For the CLK-1/COQ-7 gene it was already known that this gene is not involved 

in RQ biosynthesis, since double knockout mutants in C. elegans for this gene could 

still synthesize RQ, despite losing their capacity to synthesize UQ 
28,29

. The 

involvement of CLK-1/COQ-7 in UQ biosynthesis, but not in RQ biosynthesis, is 

confirmed by our RNAi experiments (Fig. 2), as well as by HPLC-MS/MS analysis of 

quinones in CLK-1/COQ-7 knockout mutants (Fig. 3 B). Notably, the decrease in UQ 

levels upon CLK-1/COQ-7 RNAi is rather small, and comparable to the decrease in RQ 

and UQ levels after COQ-5 RNAi. This accentuates that a substantial decrease in 

quinone levels in C. elegans is hard to achieve by RNAi. Confirmation of the 

involvement of COQ-5 and COQ-6 in RQ biosynthesis by the use of genetic knockout 

mutants for the COQ-5 or COQ-6 gene could not be achieved since homozygous 

knockout of either of these genes results in a lethal phenotype 
47,48

. 

 Induction of COQ-6 RNAi in a CLK-1/COQ-7 knockout mutant resulted in an 

accumulation of 3-nonaprenyl-4-hydroxy-benzoic acid (NHB) (Fig. 3 C). The 

accumulation of the same precursor, but with six prenyl-subunits in the side chain, 3-

hexaprenyl-4-hydroxy-benzoic acid (HHB) has previously been described for COQ-6 

deficient S. cerevisiae 
32

, and also for yeast strains harboring deletions or disruptions in 

the UQ biosynthetic proteins COQ-3, COQ-4, COQ-5, COQ-7 or COQ-8 
49

. The 

accumulation of this particular intermediate of the UQ biosynthetic pathway in C. 

elegans after COQ-6 RNAi is an indication that UQ biosynthesis in C. elegans occurs 

via a biosynthetic complex of COQ proteins, similar to UQ biosynthesis in S. cerevisiae 
22

. Alternatively, the accumulation of this particular intermediate of the UQ biosynthetic 

pathway in C. elegans after COQ-6 RNAi could be an indication that COQ-6 is actively 

involved in the C-hydroxylation of NHB. The requirement for COQ-5 and COQ-6, but 
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not for CLK-1/COQ-7, in RQ biosynthesis pinpoints HQ as the last common precursor 

of both RQ and UQ biosynthesis (Fig. 1).  

  

In order to identify proteins specifically involved in RQ biosynthesis, attempts were 

made to develop an in vitro assay for the enzymatic conversion of RQ from HQ. The 

fact that we did not observe RQ biosynthesis from HQ2 in our in vitro assay, indicates 

that the enzyme assay may not have been performed in the most optimal manner. 

Possible causes for RQ2 not being detected when HQ2 was used as a precursor could 

be: (1) the proper amino donor was not added to the incubations, even though the 

amino donors tested (glutamine, glutamate and ammonium) are the most common 

substrates known for enzymatic reactions in which an amino-group is introduced; (2) 

the conversion of HQ2 to RQ2 possibly consists of multiple enzymatic reactions, which 

might require additional substrates next to the amino donor; (3) the tail of HQ2 consists 

of merely 2 isoprene units, whereas the tail of natural quinones in F. hepatica consists 

of 10 isoprene units. HQ2 might be too hydrophilic and therefore not sufficiently 

available for RQ biosynthetic enzymes in our assay. However, this last argument 

seems unlikely, as UQ2 was shown to be reactive in in vitro assays using respiratory 

chain complexes 
50

. 

 Even though incubation of HQ2 in our in vitro assays never resulted in the 

biosynthesis of RQ2, we still argue that HQ is a precursor for RQ, for the following 

reasons. First, C. elegans CLK-1/COQ-7 mutants, in which the conversion of HQ to 

OHQ is blocked, accumulate HQ and show elevated RQ levels 
28,29

. Second, COQ-5 

and COQ-6, two enzymes required for HQ synthesis are also involved in RQ synthesis. 

  

Since we could not establish a biochemical assay to detect RQ biosynthesis in vitro, a 

novel approach using bioinformatics was designed to identify the gene, or genes 

specifically involved in the biosynthesis of RQ, and not UQ, in C. elegans by knock 

down of candidate gene expression by RNAi. The selection strategy followed for 

candidate genes is based on the assumption that genes involved in RQ synthesis are 

conserved between R. rubrum and C. elegans and not present in the genomes of S. 

cerevisiae, E. coli, or H. sapiens. This assumption might not be true when R. rubrum 

and C. elegans have different RQ biosynthetic pathways, when the RQ biosynthesis 

enzymes in R. rubrum and C. elegans are not homologous, or when homologs of 

genes involved in RQ biosynthesis are still present and/or fulfill for instance other 

functions in S. cerevisiae, E. coli or humans.  

In C. elegans the RQ and UQ content was analysed by HPLC-MS/MS after 

induction of RNAi for selected candidate genes. The observed decreases in UQ 

amounts after RNAi for COQ-5 and CLK-1/COQ-7, two genes required for UQ 

biosynthesis 
44,51,52

, were quite small (Fig. 2) compared to standard deviations within 

the RNAi experiments performed with control genes not involved in quinone synthesis 

(data not shown). Therefore, the RNAi approach in C. elegans does not seem to be 

sensitive enough to identify the enzyme(s) specifically involved in RQ biosynthesis.  

Using an alternative approach we measured the RQ content in C. elegans 

mutants in which candidate genes had been deleted. None of the eight genes for which 
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we tested deletion knockout strains, had any influence on the ratio of RQ/UQ (Fig. 4). 

Therefore, our results suggest that none of the candidate genes for which the 

corresponding knockout strain was tested has any function in RQ biosynthesis.  

Although screening for RQ content in C. elegans knockout strains provides 

more clear-cut results compared to induction of RNAi, a disadvantage of screening 

knockout strains to identify genes specifically involved in RQ biosynthesis is the limited 

number of available knockout strains. Knockout strains have not yet been generated 

for most of the candidate genes listed in Table 1. The lack of available knockout strains 

is in our case particularly limiting, since most knockout strains are created for genes 

conserved in mammals, as C. elegans is generally used as a model-system for human-

based research. As a result of that, relatively little knockout strains are available at this 

moment for genes not conserved in humans, whereas we are especially selecting 

those genes.  

In conclusion, our studies are the first step in elucidation of the RQ 

biosynthetic pathway, since we show that enzymes involved in UQ biosynthesis, COQ-

6 and probably COQ-5, are involved in RQ biosynthesis in C. elegans, demonstrating 

for the first time that RQ and UQ share a large part of their biosynthetic pathways. 

Since COQ-7 is not involved RQ biosynthesis, HQ is the last common precursor of 

both RQ and UQ biosynthesis after which the respective biosynthetic pathways 

separate. Our novel approach, using bio-informatics, to identify enzymes specifically 

involved in RQ biosynthesis and not in UQ biosynthesis, so far did not result gene 

identification(s), but this strategy is likely to be successful in the future when the 

genome sequences of more parasitic helminthes will become available.  



 
Chapter 6 
 

 

 
126 

 

 

 

References 
 

1.  Crane,F.L., Sun,I.L., & Sun,E.E. The essential functions of coenzyme Q. Clin. Investig. 

71, S55-S59 (1993). 

2.  Nohl,H., Gille,L., & Staniek,K. The biochemical, pathophysiological, and medical 

aspects of ubiquinone function. Ann. N. Y. Acad. Sci. 854, 394-409 (1998). 

3.  Ernster,L. & Dallner,G. Biochemical, physiological and medical aspects of ubiquinone 

function. Biochim. Biophys. Acta 1271, 195-204 (1995). 

4.  Friedrich,T., Steinmuller,K., & Weiss,H. The proton-pumping respiratory complex I of 

bacteria and mitochondria and its homologue in chloroplasts. FEBS Lett. 367, 107-111 

(1995). 

5.  Brandt,U. Proton translocation in the respiratory chain involving ubiquinone-a 

hypothetical semiquinone switch mechanism for complex I. BioFactors 9, 95-101 

(1999). 

6.  Nohl,H., Staniek,K., Kozlov,A.V., & Gille,L. The biomolecule ubiquinone exerts a variety 

of biological functions. BioFactors 18, 23-31 (2003). 

7.  Niki,E. Mechanisms and dynamics of antioxidant action of ubiquinol. Mol. Aspects Med. 

18 Suppl, S63-S70 (1997). 

8.  Turunen,M., Olsson,J., & Dallner,G. Metabolism and function of coenzyme Q. Biochim. 

Biophys. Acta 1660, 171-199 (2004). 

9.  Tielens,A.G.M. Energy generation in parasitic helminths. Parasitol. Today 10, 346-352 

(1994). 

10.  Kita,K., Hirawake,H., Miyadera,H., Amino,H., & Takeo,S. Role of complex II in 

anaerobic respiration of the parasite mitochondria from Ascaris suum and Plasmodium 

falciparum. Biochim. Biophys. Acta 1553, 123-139 (2002). 

11.  Kita,K., Takamiya,S., Furushima,R., Ma,Y.C., Suzuki,H., Ozawa,T., & Oya,H. Electron-

transfer complexes of Ascaris suum muscle mitochondria. Composition and fumarate 

reductase activity of complex II. Biochim. Biophys. Acta 935, 130-140 (1988). 

12.  Tielens,A.G.M., Rotte,C., Van Hellemond,J.J., & Martin,W. Mitochondria as we don't 

know them. Trends in Biochemical Sciences 27, 564-572 (2002). 

13.  Parson,W.W. & Rudney,H. The biosynthesis of ubiquinone and rhodoquinone from p-

hydroxybenzaldehyde in Rhodosprillum Rubrum. J. Biol. Chem. 240, 1855-1863 (1965). 

14.  Van Hellemond,J.J., Klockiewicz,M., Gaasenbeek,C.P.H., Roos,M.H., & Tielens,A.G.M. 

Rhodoquinone and complex II of the electron transport chain in anaerobically 

functioning eukaryotes. J. Biol. Chem. 270, 31065-31070 (1995). 

15.  Takamiya,S., Matsui,T., Taka,H., Murayama,K., Matsuda,M., & Aoki,T. Free-living 

nematodes Caenorhabditis elegans possess in their mitochondria an additional 

rhodoquinone, an essential component of the eukaryotic fumarate reductase system. 

Arch. Biochem. Biophys. 371, 284-289 (1999). 

16.  Hoffmeister,M., Van der Klei,A., Rotte,C., Van Grinsven,K.W.A., Van Hellemond,J.J., 

Henze,K., Tielens,A.G.M., & Martin,W. Euglena gracilis Rhodoquinone:Ubiquinone ratio 

and mitochondrial proteome differ under aerobic and anaerobic conditions. J. Biol. 

Chem. 279, 22422-22429 (2004). 



 
Rhodoquinone biosynthesis 

 
 

 

127 
 

 

 

17.  Van Hellemond,J.J. & Tielens,A.G.M. Expression and functional properties of fumarate 

reductase. Biochem. J. 304, 321-331 (1994). 

18.  Olson,R.E. & Rudney,H. Biosynthesis of ubiquinone. Vitam. Horm. 40, 1-43 (1983). 

19.  Okada,K., Suzuki,K., Kamiya,Y., Zhu,X., Fujisaki,S., Nishimura,Y., Nishino,T., 

Nakagawa,T., Kawamukai,M., & Matsuda,H. Polyprenyl diphosphate synthase 

essentially defines the length of the side chain of ubiquinone. Biochim. Biophys. Acta 

1302, 217-223 (1996). 

20.  Meganathan,R. Ubiquinone biosynthesis in microorganisms. FEMS Microbiol. Lett. 203, 

131-139 (2001). 

21.  Gold,P.H. & Olson,R.E. Studies on coenzyme Q. The biosynthesis of coenzyme Q9 in 

rat tissue slices. J. Biol. Chem. 241, 3507-3516 (1966). 

22.  Tran,U.C. & Clarke,C.F. Endogenous synthesis of coenzyme Q in eukaryotes. 

Mitochondrion 7 Suppl, S62-S71 (2007). 

23.  Gin,P. & Clarke,C.F. Genetic evidence for a multi-subunit complex in coenzyme Q 

biosynthesis in yeast and the role of the Coq1 hexaprenyl diphosphate synthase. J. 

Biol. Chem. 280, 2676-2681 (2005). 

24.  Hsieh,E.J., Gin,P., Gulmezian,M., Tran,U.C., Saiki,R., Marbois,B.N., & Clarke,C.F. 

Saccharomyces cerevisiae Coq9 polypeptide is a subunit of the mitochondrial 

coenzyme Q biosynthetic complex. Arch. Biochem. Biophys. 463, 19-26 (2007). 

25.  Marbois,B.N., Gin,P., Faull,K.F., Poon,W.W., Lee,P.T., Strahan,J., Shepherd,J.N., & 

Clarke,C.F. Coq3 and Coq4 define a polypeptide complex in yeast mitochondria for the 

biosynthesis of coenzyme Q. J. Biol. Chem. 280, 20231-20238 (2005). 

26.  Powls,R. & Hemming,F.W. The biosynthesis of quinones from p-hydroxybenzoic acid in 

Euglena gracilis var. bacillaris. Phytochemistry 5, 1249-1255 (1966). 

27.  Van Hellemond,J.J., Luijten,M., Flesch,F.M., Gaasenbeek,C.P.H., & Tielens,A.G.M. 

Rhodoquinone is synthesized de novo by Fasciola hepatica. Mol. Biochem. Parasitol. 

82, 217-226 (1996). 

28.  Jonassen,T., Larsen,P.L., & Clarke,C.F. A dietary source of coenzyme Q is essential 

for growth of long-lived Caenorhabditis elegans clk-1 mutants. Proc. Natl. Acad. Sci. 

USA 98, 421-426 (2001). 

29.  Kayser,E.B., Sedensky,M.M., Morgan,P.G., & Hoppel,C.L. Mitochondrial oxidative 

phosphorylation is defective in the long-lived mutant clk-1. J. Biol. Chem. 279, 54479-

54486 (2004). 

30.  Ashby,M.N., Kutsunai,S.Y., Ackerman,S., Tzagoloff,A., & Edwards,P.A. COQ2 is a 

candidate for the structural gene encoding para-

hydroxybenzoate:polyprenyltransferase. J. Biol. Chem. 267, 4128-4136 (1992). 

31.  Clarke,C.F., Williams,W., & Teruya,J.H. Ubiquinone biosynthesis in Saccharomyces 

cerevisiae. Isolation and sequence of COQ3, the 3,4-dihydroxy-5-hexaprenylbenzoate 

methyltransferase gene. J. Biol. Chem. 266, 16636-16644 (1991). 

32.  Gin,P., Hsu,A.Y., Rothman,S.C., Jonassen,T., Lee,P.T., Tzagoloff,A., & Clarke,C.F. 

The Saccharomyces cerevisiae COQ6 gene encodes a mitochondrial flavin-dependent 

monooxygenase required for coenzyme Q biosynthesis. J. Biol. Chem. 278, 25308-

25316 (2003). 



 
Chapter 6 
 

 

 
128 

 

 

33.  Barkovich,R.J., Shtanko,A., Shepherd,J.A., Lee,P.T., Myles,D.C., Tzagoloff,A., & 

Clarke,C.F. Characterization of the COQ5 gene from Saccharomyces cerevisiae. 

Evidence for a C-methyltransferase in ubiquinone biosynthesis. J. Biol. Chem. 272, 

9182-9188 (1997). 

34.  Adachi,A., Shinjyo,N., Fujita,D., Miyoshi,H., Amino,H., Watanabe,Y., & Kita,K. 

Complementation of Escherichia coli ubiF mutation by Caenorhabditis elegans CLK-1, 

a product of the longevity gene of the nematode worm. FEBS Lett. 543, 174-178 

(2003). 

35.  Hope,I.A. C. elegans, a practical approach. (Oxford University Press, Oxford; 1999). 

36.  Kamath,R.S., Fraser,A.G., Dong,Y., Poulin,G., Durbin,R., Gotta,M., Kanapin,A., Le 

Bot,N., Moreno,S., Sohrmann,M., Welchman,D.P., Zipperlen,P., & Ahringer,J. 

Systematic functional analysis of the Caenorhabditis elegans genome using RNAi. 

Nature 421, 231-237 (2003). 

37.  Wong,A., Boutis,P., & Hekimi,S. Mutations in the clk-1 gene of Caenorhabditis elegans 

affect developmental and behavioral timing. Genetics 139, 1247-1259 (1995). 

38.  Gengyo-Ando,K. & Mitani,S. Characterization of mutations induced by ethyl 

methanesulfonate, UV, and trimethylpsoralen in the nematode Caenorhabditis elegans. 

Biochem. Biophys. Res. Commun. 269, 64-69 (2000). 

39.  Bligh,E.G. & Dyer,W.J. A rapid method of total lipid extraction and purification. Can. J. 

Biochem. Physiol 37, 911-917 (1959). 

40.  Van der Klei,A., De Jong,R.L.P., Lugtenburg,J., & Tielens,A.G.M. Synthesis and 

spectroscopic characterization of [1'-14C]Ubiquinone-2, [1'-14C]-5-Demethoxy-5-

hydroxyubiquinone-2, and [1'-14C]-5-Demethoxyubiquinone-2. Eur. J. Org. Chem. 17 , 

3015-3023 (2002). 

41.  Moore,H.W. & Folkers,K. Coenzyme Q. LXII. Structure and synthesis of rhodoquinone, 

a natural aminoquinone of the coenzyme Q group. J. Am. Chem. Soc. 87, 1409-1411 

(1965). 

42.  Smith,T.F. & Waterman,M.S. Identification of common molecular subsequences. J. Mol. 

Biol. 147, 195-197 (1981). 

43.  Claros,M.G. & Vincens,P. Computational method to predict mitochondrially imported 

proteins and their targeting sequences. Eur. J. Biochem. 241, 779-786 (1996). 

44.  Rodriguez-Aguilera,J.C., Asencio,C., Ruiz-Ferrer,M., Vela,J., & Navas,P. 

Caenorhabditis elegans ubiquinone biosynthesis genes. BioFactors 18, 237-244 

(2003). 

45.  Miyadera,H., Amino,H., Hiraishi,A., Taka,H., Murayama,K., Miyoshi,H., Sakamoto,K., 

Ishii,N., Hekimi,S., & Kita,K. Altered Quinone Biosynthesis in the Long-lived clk-1 

Mutants of Caenorhabditis elegans. J. Biol. Chem. 276, 7713-7716 (2001). 

46.  Shen,C., Nettleton,D., Jiang,M., Kim,S.K., & Powell-Coffman,J.A. Roles of the HIF-1 

hypoxia-inducible factor during hypoxia response in Caenorhabditis elegans. J. Biol. 

Chem. 280, 20580-20588 (2005). 

47.  (2008) C. elegans knockout mutant consortium, 

  http://www.shigen.nig.ac.jp/c.elegans/mutants/DetailsSearch?lang=english&seq=3369. 

48.  (2008) CGC Strain List, http://dbw.msi.umn.edu/cgcdb/strain.php?id=14152. 



 
Rhodoquinone biosynthesis 

 
 

 

129 
 

 

 

49.  Poon,W.W., Do,T.Q., Marbois,B.N., & Clarke,C.F. Sensitivity to treatment with 

polyunsaturated fatty acids is a general characteristic of the ubiquinone-deficient yeast 

coq mutants. Mol. Aspects Med. 18 Suppl, S121-S127 (1997). 

50.  James,A.M., Cocheme,H.M., Smith,R.A., & Murphy,M.P. Interactions of mitochondria-

targeted and untargeted ubiquinones with the mitochondrial respiratory chain and 

reactive oxygen species. Implications for the use of exogenous ubiquinones as 

therapies and experimental tools. J. Biol. Chem. 280, 21295-21312 (2005). 

51.  Marbois,B.N. & Clarke,C.F. The COQ7 gene encodes a protein in Saccharomyces 

cerevisiae necessary for ubiquinone biosynthesis. J. Biol. Chem. 271, 2995-3004 

(1996). 

52.  Baba,S.W., Belogrudov,G.I., Lee,J.C., Lee,P.T., Strahan,J., Shepherd,J.N., & 

Clarke,C.F. Yeast Coq5 C-methyltransferase is required for stability of other 

polypeptides involved in coenzyme Q biosynthesis. J. Biol. Chem. 279, 10052-10059 

(2004). 



 

 



 

 

 

 

 

Chapter 7 

 

 

 

Summarizing discussion 

 

 

 

 

 

 

 

 

 

 

 

 



 
Chapter 7 
 

 

 
132 

 

 

Introduction 
 

Ubiquinone (UQ), also known as coenzyme Q, is a ubiquitous quinone and is known to 

have several functions. One of these functions is electron carrier in the mitochondrial 

electron transport chain of aerobically functioning bacteria and eukaryotes 
1,2

 (see 

Chapter 2). 

In contrast to this aerobically functioning quinone, rhodoquinone (RQ) is a quinone 

functioning in electron transport in organisms possessing a (facultative) anaerobic 

energy metabolism, which is called malate dismutation 
3
 (see Chapter 2). 

The study described in this thesis focuses on the biosynthetic route of RQ, and 

on the regulation of RQ biosynthesis. Knowledge about RQ biosynthesis can contribute 

to the development of antiparasitic drugs. RQ biosynthesis is an excellent target for 

antiparasitic drugs, as the parasitic stages live in anaerobic environments and depend 

on RQ. RQ is produced endogenously by parasites, while it is absent in their hosts 
4
. In 

addition, knowledge about RQ biosynthesis can provide more information about the 

evolutionary origin of facultative anaerobically functioning mitochondria. Once the 

enzymes involved in RQ biosynthesis are known and sequenced, phylogenetic 

analysis can be used to reveal the evolutionary origin of rhodoquinone biosynthesis. 

 

 

Evolutionary origin 
 

Chapter 2 provides an overview of biochemical and evolutionary aspects of 

anaerobically functioning mitochondria. Many differences exist between aerobically 

and anaerobically functioning mitochondria. This paragraph highlights some of these 

differences that can be used to elucidate the evolutionary origin of the ATP generating 

organelles, mitochondria and hydrogenosomes.  

 

Acetate:succinate CoA-transferase (ASCT) - In malate dismutation acetyl-CoA is not 

degraded via the Krebs cycle to CO2, instead acetyl-CoA is converted to acetate by 

ASCT 
5
. ASCT is not only found in facultative anaerobic mitochondria of parasitic 

helminths, but is also found in aerobically functioning mitochondria of trypanosomatids 
6
, which are parasitic flagellated protozoa and which are considered to be early-

branching eukaryotes that contain mitochondria. In addition ASCT is found as well in 

the hydrogenosomes of trichomonads 
7
, anaerobically functioning protozoa. 

Hydrogenosomes are anaerobically functioning ATP-producing organelles that produce 

hydrogen as end product 
7
. Sequence homology studies between ASCT of the 

hydrogenosomes of Trichomonas vaginalis and the mitochondrial ASCT from 

Trypanosoma brucei did not show any similarities 
8
. However, homology was shown 

between F. hepatica ASCT and the hydrogenosomal ASCT in T. vaginalis 
9
. The 

homology between the ASCTs in anaeorobic mitochondria and in hydrogenosomes is 

a confirmation of a common evolutionary origin of hydrogenosomes and anaerobic 

mitochondria 
9
. 
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Fumarate reductase (FRD) - In malate dismutation, malate is converted to fumarate, 

which is subsequently reduced to succinate by FRD. This reaction sequence is a 

reversal of part of the Krebs cycle, in which succinate is oxidized to fumarate by 

succinate dehydrogenase (SDH) and further metabolized to malate. FRD is not only 

found in anaerobically functioning eukaryotes, as it is also found in anaerobically 

functioning bacteria. In bacteria, FRD is involved in anaerobic metabolism as well, but 

in most bacteria the electron transporter involved in the reduction of fumarate by FRD 

is menaquinone (a naphtoquinone) instead of RQ 
10

. The FRD and SDH complexes 

are structurally very similar and each is composed of four non-identical subunits: a 

flavin-containing A subunit (Fp subunit), a B subunit containing three iron-sulphur 

clusters (Ip subunit) and one or two hydrophobic, often cytochrome b-containing, 

subunits that are essential for the attachment of the catalytic subunits A and B to the 

membrane and for the interaction of the catalytic subunits with the quinones 
11-14

. The 

Fp and the Ip subunits of SDH are structurally conserved and are closely related to the 

Fp and Ip subunits of FRD 
3,12

. The various membrane-anchor domains also show a 

conserved structure, despite their low primary-sequence similarity 
14-16

. However, the 

eukaryotic FRD is functionally more related to the bacterial FRD, as they are both 

involved in fumarate reduction to succinate, while the eukaryotic SDH is involved in the 

reverse reaction 
17

. 

 

Rhodoquinone - Aerobically functioning mitochondria use UQ for electron transport, 

while anaerobically functioning mitochondria use RQ for electron transport. The 

biosynthesis route of UQ has been characterized in the yeast Saccharomyces 

cerevisiae 
18

, whereas the biosynthetic pathway of RQ has not been elucidated yet. RQ 

differs from UQ only in the amino group on position 5 of the benzoquinone structure 

instead of a methoxy group (Chapter 1, Fig. 2). Interestingly, this group is attached to 

the benzoquinone ring structure during the last two steps of UQ biosynthesis. Previous 

results strongly suggested that RQ is not synthesized from UQ, but that the 

biosynthesis route of RQ uses precursors from the biosynthesis route of UQ 
19

. In 

addition it was shown that the Caenorhabditis elegans knockout strain for coq7/clk-1 

does not contain UQ, but shows slightly elevated RQ levels 
20,21

, which suggests that 

RQ biosynthesis diverges from the intermediate quinone 5-demethoxy-1,4-

benzoquinone (HQ), one of the last precursors in UQ biosynthesis (Chapter 1, Fig. 5). 

All eukaryotes that have FRD also use RQ (a benzoquinone) 
22

. RQ is structurally 

more related to UQ, which is found in classical, aerobically functioning mitochondria, 

than it is compared to menaquinone, the quinone functioning in anaerobic metabolism 

in prokaryotes. From the above-described observations, and from the observation that 

both the classical aerobic mitochondria and the anaerobically functioning mitochondria 

are known to occur within the same organism, it is proposed that anaerobic 

mitochondria have evolved via several adaptations from aerobic mitochondria, instead 

of being formed directly from an anaerobic prokaryotic ancestor. 
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Regulation of quinone synthesis in Euglena gracilis 
 

Chapter 3 describes the study on the mitochondrial proteome and on the quinone 

content in aerobically and anaerobically grown Euglena gracilis. E. gracilis is a 

photosynthetic protist, which adapts to a broad range of oxygen concentrations, and is 

even known to survive up to six months of oxygen deprivation in the dark 
23

. E. gracilis 

uses its mitochondrion for ATP synthesis under both aerobic and anaerobic 

circumstances. Under anaerobic circumstances E. gracilis performs wax ester 

fermentation. The formation of odd-numbered wax esters starts from propionyl-CoA. 

Propionyl-CoA synthesis starts from malate, which is reduced to fumarate. This 

fumarate is reduced to succinate by fumarate reductase, which is subsequently 

metabolized to propionyl-CoA 
24-26

. As the reduction of fumarate by FRD is driven by 

the oxidation of NADH, odd numbered wax esters function as an electron sink under 

anaerobic circumstances (Chapter 1, Fig. 7) 
17

.  

In aerobically and in anaerobically grown E. gracilis the RQ:UQ ratio was 

determined by LC-MS/MS. The RQ:UQ ratio was increased in anaerobically grown E. 

gracilis, since RQ represented 43% of the total quinones compared to 28% under 

aerobic conditions. The increase of RQ is consistent with the synthesis of odd-

numbered wax esters under anaerobic circumstances. 

In aerobically and in anaerobically grown E. gracilis the mitochondrial 

proteome was studied by two-dimensional gel electrophoresis and sequencing. This 

proteome analysis of E. gracilis showed several differences between the aerobically 

and anaerobically grown E. gracilis, as four proteins were missing in the anaerobically 

grown E. gracilis. These proteins were two components of mitochondrial respiratory 

chain complex III, one component of complex IV, and the E1β subunit of pyruvate 

dehydrogenase. The missing proteins are all involved in a typical aerobic metabolism. 

The observation that mitochondrial proteins specifically needed under anaerobic 

conditions are not downregulated under aerobic conditions, and that anaerobically 

functioning RQ is already present under aerobic conditions, indicates that E. gracilis is 

prepared for anaerobic functioning before it is encountered. This is a similar strategy 

as is already described for F. hepatica, in which RQ is also present in the aerobic 

stages of the life cycle, although it is only used in the anaerobic stages of the life  

cycle 
19

. 

 

 

Synthesis of short chain quinones  
 

Different short chain quinones were synthesized in order to study the biosynthesis of 

RQ and to isolate RQ synthase, the putative enzyme(s) responsible for the 

biosynthesis of RQ. Instead of the naturally occurring quinones with isoprenoid side 

chains consisting of six to ten isoprenoid units, the short chain quinones contained an 

isoprenoid chain of only two isoprenoid units. Chapter 4 describes the chemical 

synthesis of UQ2 as well as the synthesis of the ubiquinone-precursors demethoxy-

ubiquinone-2 (HQ2) and demethylubiquinone-2 (OHQ2) (Chapter 4, Fig. 2). The 
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synthesis routes of these short chain quinones were developed in such a way, that a 

radioactive 
14

C-label can easily be introduced in all analogues. For that purpose the 
14

C-label was introduced into the isoprenoid side chain, before the side chain was 

coupled to each of the different quinone head groups. Coupling of the radioactively 

labelled isoprenoid chain to the different quinone head groups was designed to be the 

last step in the total synthesis route, to prevent unnecessary loss of radioactive 

material. For this reason new synthetic routes had to be developed.  

UQ2 was synthesized in one step from commercially available UQ0 (Chapter 4, 

Scheme 4). Tri-n-butyl(geranyl)tin was coupled to the ring structure with boron 

trifluoride-diethyl ether as catalyst and FeCl3 as oxidant as described in literature 
27

.  

A novel synthetic scheme was developed for the synthesis of 5-demethyl-1,4-

benzoquinone (OHQ2). Synthesis of OHQ0 was started with a Friedel-Crafts acylation 

of 3,4,5-trimethoxytoluene resulting in 2-acetyl-3-hydroxy-4,5-dimethoxytoluene. The 

acetyl group was removed by means of a modified Dakin reaction, after which an 

oxidation was performed to yield OHQ0 (Chapter 4, Scheme 2). Before attachment of 

the isoprenoid side chain to OHQ0, the hydroxyl group was protected by an acetate 

group. After coupling tri-n-butyl(geranyl)tin to the acetylated OHQ0, the acetate group 

was removed to yield OHQ2 (Chapter 4, Scheme 4).  

The synthesis of 5-demethoxy-1,4-benzoquinone (HQ2) was started from the 

commercially available 1,3-cyclohexadione to yield HQ0 in five steps (Chapter 4, 

Scheme 3). This synthetic scheme was adapted from a previously described method 
28

. Before coupling of the isoprenoid side chain, as geranylbromide, to HQ0, the 

quinone was converted into the Diels-Alder adduct of cyclopentadiene monomer 

(Chapter 4, Scheme 4). After this derivatization with geranylbromide, the protective 

cylopentadiene group was removed, which resulted in HQ2.    

 

 

Analysis of short-chain quinones 
 

The labelled quinones were used to study the biosynthesis of UQ and RQ in the liver 

fluke Fasciola hepatica. Initially detection of these short chain quinone analogues in 

samples was performed by thin layer chromatography and HPLC. However, the switch 

was made to Liquid Chromatography tandem Mass Spectroscopy (LC-MS/MS), as 

during the study this more sensitive technique became available. A novel LC-MS/MS 

method was developed for the identification and quantification of the short chain 

quinones UQ2, RQ2, HQ2 and OHQ2 using multiple (selective) reaction monitoring 

(MRM) (see Chapter 5). In addition, similar methods were used for the measurement of 

quinoid compounds without an isoprenoid side chain and for the measurement of 

naturally occurring quinones with long isoprenoid chains. Furthermore, the method can 

be easily adapted to study other quinones, such as menaquinone and plastoquinone. 
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Biosynthesis of UQ and RQ 
 

To study RQ biosynthesis in adult F. hepatica, homogenates of this parasitic helminth 

were incubated with HQ2 and OHQ2. After incubation, RQ2 was not detected, while 

UQ2 was detected. It was concluded that the enzyme assay was not performed in the 

optimal manner for the conversion of the precursor quinone to RQ2. Possible causes 

for RQ2 not being detected when HQ2 is used as a precursor are: [1] the proper amino 

donor was not added to the incubations, even though the amino donors tested 

(glutamine, glutamate and ammonium chloride) are the most common substrates 

known for enzymatic reactions in which an amino-group is introduced; [2] certain 

substrates or cofactors, needed for the conversion of HQ2 to RQ2 were absent or 

available in too low quantities. When the conversion of HQ2 to RQ2 might exist of 

multiple enzymatic reactions, additional substrates next to the amino-donor might be 

required; [3] as the sensitivity for the detection of RQ is less compared to UQ, it can 

not be excluded that RQ was synthesized in amounts, below the limit of detection. 

Further experiments are therefore needed to investigate the biosynthetic pathway of 

RQ from HQ2. 

In addition to the above-described experiments on F. hepatica homogenates, 

RNAi studies were performed on the free-living nematode Caenorhabditis elegans to 

study the biosynthetic route of RQ. C. elegans is used as a model organism, as it 

synthesizes both UQ and RQ 
29

, and its whole genome is sequenced. RNAi studies 

were performed for three enzymes involved in UQ biosynthesis, COQ-5, COQ-6, and 

CLK-1/COQ-7 (Fig. 1) in wildtype C. elegans worms. A decrease in the amount of RQ 

was observed after RNAi for COQ-5 and COQ-6, while the amount of RQ was 

unaffected after RNAi for CLK-1/COQ-7. The amount of UQ was decreased after RNAi 

for COQ-5, COQ-6 and CLK-1/COQ-7. These results indicated that both COQ-5 and 

COQ-6 are involved in RQ biosynthesis and that CLK-1/COQ-7 is not involved in RQ 

biosynthesis. These results are consistent with the observation that CLK-1/COQ-7 

knockout mutants are unable to synthesize UQ, but show an increase in RQ 

biosynthesis 
20

. These results provide formal proof that UQ is not a substrate for RQ 

biosynthesis. When RNAi for COQ-6 was performed in a CLK-1/COQ-7 knockout C. 

elegans, RQ levels dropped considerably compared to the untreated CLK-1/COQ-7 

knockout. We showed that UQ and RQ share a large part of their biosynthetic 

pathways, and that from the intermediate HQ, quinone biosynthesis splits in two 

separate pathways, one for the biosynthesis of UQ and another pathway for the 

biosynthesis of RQ. 

In the COQ-6 RNAi treated CLK-1/COQ7 knockout mutants, a significant 

amount of 3-nonaprenyl-4-hydroxy-benzoic acid (NHB, intermediate E in Fig. 1) is 

observed, while NHB is absent in the untreated CLK-1/COQ-7 knockouts. In the 

untreated CLK-1/COQ-7 knockouts, a significant amount of HQ is present, which is a 

consequence of the decreased UQ biosynthesis. There are two ways to explain the 

presence of NHB in the COQ-6 RNAi treated CLK-1/COQ7 knockout mutants: [1] The 

enzyme responsible for the conversion of 3-polyprenyl-4-hydroxybenzoate (E) to  
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Figure 1: Schematic representation of the biosynthetic pathway of UQ and RQ in 

eukaryotes. R represents the isoprenoid chain. Structures are: A – prenyl diphosphate; B – 

polyprenyl diphosphate; C – polyprenyl diphosphate; D – p-hydroxybenzoic acid; E – 3-

polyprenyl-4-hydroxybenzoate (NHB = 3-nonaprenyl-4-hydroxy-benzoic acid (precursor in C. 

elegans); HHB = 3-hexaprenyl-4-hydroxy-benzoic acid (precursor in S. cerevisiae)); F – 3,4-

dihydroxy-5-polyprenylbenzoate; G – 4-hydroxy-5-methoxy-3-polyprenylbenzoate; H – 6-

methoxy-2-polyprenylphenol; I – 6-methoxy-2-polyprenyl-1,4-benzoquinone; J – 6-methoxy-3-

methyl-2-polyprenyl-1,4-benzoquinone (5-demethoxy-1,4-ubiquinone); K – 5-hydroxy-6-methoxy-

3-methyl-2-polyprenyl-1,4-benzoquinone (5-demethyl-1,4-ubiquinone); L – 1,4-ubiquinone; M – 

rhodoquinone. 

Enzymatic steps are: 1 – synthesis of polyprenyl diphosphate performed by polyprenyl diphos-

phate synthase encoded by S. cerevisiae COQ1 
30

; 2 – prenylation by polyprenyl diphosphate:p-

hydroxybenzoic acid transferase encoded by S. cerevisiae COQ2 
31

; 3 – C-hydroxylation; 4 –  

O-methylation by COQ3 
32

; 5 – decarboxylation; 6 – C-hydroxylation by S. cerevisiae COQ6 
33

; 7 

– C-methylation by S. cerevisiae COQ5 
34

; 8 – C-hydroxylation by S. cerevisiae COQ7 
35

; 9 –  

O-methylation by S. cerevisiae COQ3 
36

; C-amination. (Figure adapted from Tran U.C. et al. 

2007 
18

). 
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3,4-dihydroxy-5-propylbenzoate (F) has not yet been characterized. As this enzyme is, 

just as COQ-6, a C-hydroxylase, this could indicate that COQ-6 is directly involved in 

both conversions; [2] Within the multi-enzyme complex of COQ proteins, COQ-6 is 

needed for the stability of the multi-enzyme complex, just as other COQ encoded 

proteins are suggested to be necessary as structural component and/or for the activity 

of the multi-enzyme complex 
36-38

. Due to the absence of COQ-6 in the multi-enzyme 

complex, the enzyme involved in the conversion of NHB, might have lost its activity. 

A recent study in yeast revealed that COQ-7 is the point of control for the 

conversion of HQ to UQ. It is suggested that COQ-7 determines the HQ/UQ ratio, by 

regulation of the COQ-7-gene mRNA levels 
39

. We speculate that the multi-enzyme 

complex consists of all enzymes involved in the biosynthesis until HQ, and that the 

enzymes involved in the conversion of HQ to UQ, and the enzymes involved in the 

conversion of HQ to RQ, are not an integral part of the multi-enzyme complex, but that 

they are loosely attached to the multi-enzyme complex. Once HQ is synthesised, it will 

be converted to UQ or RQ, based on the enzymes present. The separation of the RQ 

and UQ biosynthetic pathway will enable a relatively simple regulatory mechanism to 

favour the formation of either UQ or RQ. COQ-7 might have a regulatory role in 

(facultative) anaerobically functioning mitochondria as well.  
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Future directions 
 

The approach to solve the biosynthesis route of RQ by isolation of the enzyme(s) 

involved, was not successful so far. The approach in which RNAi is applied in C. 

elegans has shown that RQ and UQ follow at least partly the same biosynthetic 

pathway, and that HQ is the last common intermediate in UQ and RQ biosynthesis, as 

both COQ-5 and COQ-6, but not COQ-7 are involved in RQ biosynthesis. 

RQ biosynthesis might consist of only one enzymatic step from HQ. However, 

as the biosynthesis of RQ from HQ could not be shown during the studies performed, 

and as the candidate gene for RQ biosynthesis could not be found in C. elegans, this 

conversion of HQ to RQ could be more complex, and consist of more than one 

biosynthetic step.  

We have already used the bio-informatics approach in an attempt to 

characterize the enzyme(s) involved in RQ biosynthesis, and not in UQ biosynthesis. 

For RQ biosynthesis we have compared the genomes of the prokaryote Rhodospirillum 

rubrum and the free-living nematode C. elegans, as these were the only species 

known to contain RQ for which the whole genome was sequenced. So far this did not 

result in gene identification(s), but this strategy is likely to be successful in the future 

when the complete genomes of more parasitic helminths will become available. At this 

moment the genome of Schistosoma mansoni, an RQ containing parasitic flatworm, 

has been sequenced. In addition, large amounts of the genomes of the RQ containing 

parasitic worms F. hepatica and Ascaris suum have been sequenced. Therefore it is 

only a matter of time, before a comparison can be made between the genomes of 

these RQ containing organisms. Based on this comparison, some C. elegans 

knockouts for these candidate genes can be generated, which can then be analysed 

for their RQ and UQ content, in order to identify the gene(s) involved in RQ 

biosynthesis. 
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Samenvatting 
 

Introductie 

Het klassieke mitochondrion wordt in leerboeken omschreven als de energiecentrale 

van de cel. Het klassieke mitochondrion heeft zuurstof nodig om te kunnen 

functioneren en wordt daarom ook wel het aëroob functionerende mitochondrion 

genoemd. 

In dit aërobe mitochondrion wordt pyruvaat (een afbraakproduct van glucose) 

afgebroken tot acetyl coenzym A (acetyl-CoA). Acetyl-CoA wordt via de 

citroenzuurcyclus afgebroken tot koolstofdioxide. Bij deze reacties worden elektronen 

overgedragen op NAD
+
, een co-factor, waardoor NADH ontstaat. NADH wordt weer 

geoxideerd, waarbij de elektronen via verschillende elektron-transporters worden 

overgedragen op zuurstof. Deze overdracht van elektronen op zuurstof gaat gepaard 

met een translokatie van protonen en dat maakt de vorming van ATP mogelijk. In de 

oxidatieve fosforylering is ubiquinon (UQ) - ook wel bekend als coenzym Q - betrokken 

als elektron-transporter (zie figuur 1 in hoofdstuk 2). 

In tegenstelling tot deze aëroob functionerende mitochondria, bevatten 

bepaalde organismen, zoals parasitaire wormen, anaëroob functionerende 

mitochondria. In een zuurstof-arme omgeving wordt glucose in het cytosol omgezet tot 

malaat. Een deel van de malaat wordt geoxideerd tot acetaat, terwijl een ander deel 

wordt gereduceerd tot fumaraat. Bij de oxidatie tot acetaat, wordt NAD
+ 

gereduceerd 

tot NADH. Om ATP synthese mogelijk te maken, moet NADH weer geoxideerd 

worden. Hiertoe is in dit anaërobe mitochondrion de oxidatie van NADH gekoppeld aan 

de reductie van fumaraat. Bij deze reductie van fumaraat tot succinaat door het enzym 

fumaraat reductase (FRD), is rhodoquinon (RQ) betrokken als elektron transporter. 

Deze afbraakroute wordt malaat dismutatie genoemd (zie figuur 1 in hoofdstuk 2). 

 Er zijn verschillende soorten organismen bekend, die hun energie- 

metabolisme kunnen aanpassen aan de beschikbaarheid van zuurstof en 

voedingsstoffen in hun omgeving. Een voorbeeld hiervan is de parasitaire worm 

Fasciola hepatica, ook wel bekend als de leverbot. De leverbot heeft een levenscyclus 

die bestaat uit vrij-levende stadia en uit parasitair-levende stadia. In de vrij-levende 

stadia is er voldoende zuurstof beschikbaar, en wordt het grootste deel van de energie 

geproduceerd via de aëroob functionerende mitochondria. Tijdens het verblijf van de 

volwassen leverbot in de galgang van de gastheer (een zoogdier) is het zuurstof- 

gehalte zeer beperkt, en schakelt de leverbot over op malaat dismutatie voor de 

productie van ATP. Een ander organisme dat zijn energiemetabolisme aanpast aan de 

leefomstandigheden is de eencellige Euglena gracilis. Zo bevat dit organisme chlorofyl, 

waarmee het in afwezigheid van voedingsstoffen, toch ATP kan produceren door 

middel van fotosynthese. Hiernaast heeft dit organisme de mogelijkheid om onder 

zuurstofrijke omstandigheden via zijn aërobe mitochondria ATP te produceren. Onder 

zuurstofarme condities maakt dit organisme gebruik van wax-ester synthese om ATP 

synthese mogelijk te maken. Propionaat is een substraat voor wax-esters. Propionaat 

wordt gevormd uit succinaat, wat op zijn beurt weer ontstaan is door de reductie van 
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fumaraat door FRD en RQ. De wax-esters worden opgeslagen in het cytosol van de 

Euglena. Deze wax-esters maken dus de oxidatie van NADH onder anaërobe 

omstandigheden mogelijk (zie figuur 7 in hoofdstuk 1). 

De biosynthese route van UQ is volledig bekend, dit in tegenstelling tot de 

biosynthese route van RQ. Omdat RQ essentieel is voor het functioneren van de 

parasitaire worm tijdens zijn verblijf in de gastheer, kan meer kennis van de 

biosynthese route van RQ bijdragen aan de ontwikkeling van anti-parasitaire middelen. 

Daarnaast kan kennis van de biosynthese-route van RQ, en de karakterisatie van de 

voor de RQ biosynthese verantwoordelijke genen, bijdragen aan het begrijpen van de 

evolutionaire oorsprong van deze anaëroob functionerende mitochondria. 

 

Evolutie van het anaërobe mitochondrion 

Hoofdstuk 2 beschrijft de biochemische aspecten van aërobe en anaërobe 

mitochondria. De klassieke aëroob functionerende mitochondria bevatten het enzym 

succinaat dehydrogenase (SDH) dat samen met UQ verantwoordelijk is voor de 

oxidatie van succinaat. Anaërobe mitochondria bevatten ook nog het enzym fumaraat 

reductase (FRD) dat samen met RQ verantwoordelijk is voor de omgekeerde reactie, 

de reductie van fumaraat. In dit hoofdstuk wordt de theorie beschreven, dat deze 

eukaryotische anaëroob functionerende mitochondria ontstaan zijn uit eukaryotische 

aëroob functionerende mitochondria, en niet direct uit een prokaryotische anaërobe 

voorloper.  

 

Regulatie van de expressie van mitochondriale eiwitten en de biosynthese van 

quinonen 

De mitochondriale eiwitten in aëroob en in anaëroob gekweekte Euglena grailis zijn 

met elkaar vergeleken. Daarnaast is ook de verhouding tussen RQ en UQ bepaald in 

aëroob en in anaëroob gekweekte Euglena. In aëroob gekweekte Euglena komt zowel 

UQ als RQ voor, maar de RQ:UQ verhouding is groter in anaëroob gekweekte Euglena 

dan in aëroob gekweekte Euglena. Dit resultaat is in overeenstemming met het 

gegeven dat RQ in Euglena betrokken is bij de synthese van waxesters onder 

anaërobe omstandigheden. Verder is aangetoond dat in aëroob gekweekte Euglena 

tenminste vier extra mitochondriale eiwitten voorkomen ten opzichte van anaëroob 

gekweekte Euglena. Deze mitochondriale eiwitten zijn twee componenten van complex 

III, een component van complex IV, en de E1β subunit van pyruvate dehydrogenase. 

Deze vier eiwitten zijn specifiek betrokken bij het aërobe metabolisme. Onder 

anaërobe condities worden deze eiwitten niet tot expressie gebracht. Er zijn geen 

mitochondriale eiwitten gevonden, die specifiek onder anaërobe omstandigheden tot 

expressie worden gebracht. Deze data tonen aan dat de aëroob levende E. gracilis, al 

volledig voorbereid is op een verblijf onder zuurstofarme omstandigheden. Dit is 

beschreven in hoofdstuk 3. 

 

Synthese van 
14

C-gelabelde quinon-analogen 

Hoofdstuk 4 beschrijft de synthese en de karakterisatie van drie verschillende 
14

C-

gelabelde quinon-analogen. Dit zijn ubiquinon-2 (UQ2), en twee precursor-moleculen 



 
 
 

 

 

146 
 

 

 

van de UQ biosynthese, 5-demethoxy-5-hydroxy-ubiquinon-2 (OHQ2) en 5-demethoxy-

ubiquinon-2 (HQ2). De syntheseroutes starten met 
14

C-gelabeld azijnzuur. Met dit 
14

C-

gelabelde azijnzuur is eerst een 
14

C-gelabelde isoprenoid keten gesynthetiseerd. De 

koppeling van deze isoprenoid keten aan de verschillende quinon-kopgroepen, is één 

van de laatste stappen in de totale syntheseroute, om het verlies van het 
14

C-gelabelde 

materiaal zo veel mogelijk te beperken.  

Deze quinon-analogen bevatten een kortere isoprenoid keten, ten opzichte 

van de van nature in organismen voorkomende quinonen, om zo een betere 

oplosbaarheid van deze quinonen te verkrijgen voor in vitro experimenten. Een 

bijkomend voordeel is dat de quinon-analogen gescheiden kunnen worden van de van 

nature in organismen voorkomende lange-keten quinonen. 

 Alle gesynthetiseerde eindproducten zijn volledig gekarakteriseerd met behulp 

van massa spectrometrie, 
1
H-NMR spectroscopie en 

13
C-NMR spectroscopie. 

De 
14

C-gelabelde quinonen zijn initieel gebruikt bij experimenten waarbij dunne 

laag chromatografie en HPLC gebruikt werden als detectiemethoden. Omdat in de 

tussentijd de meer gevoelige LC-MS methode beschikbaar kwam, is op deze techniek 

overgestapt voor de analyse van quinonen. Een voordeel van de LC-MS methode is 

dat er geen gebruik gemaakt hoeft te worden van radioactief gelabeld materiaal.  

 

Biosynthese route van rhodoquinon 

In hoofdstuk 5 wordt de LC-MS/MS methode beschreven die gebruikt is voor de 

kwantificering van de quinonen. Omdat het bij deze techniek erg belangrijk is dat de 

monsteroplossingen redelijk zuiver zijn, wordt in dit hoofdstuk ook de methode 

beschreven, die gebruikt is om quinonen, na in-vitro assays, te zuiveren. 

De biosynthese route van RQ is ook bestudeerd met behulp van RNA-

interferentie in een knockout-mutant van de worm C. elegans. C. elegans is gekozen 

als een model-organisme, omdat C. elegans, net als veel parasitaire wormen, zowel 

UQ als RQ synthetiseert. Deze studies hebben aangetoond dat twee enzymen, die 

betrokken zijn bij de biosynthese van UQ, ook betrokken zijn bij de biosynthese van 

RQ. Hiermee is er voor het eerst aangetoond dat RQ en UQ deels dezelfde 

biosyntheseroute hebben. Verder is aangetoond dat RQ niet uit UQ gesynthetiseerd 

wordt, maar dat voor UQ en RQ biosynthese één dezelfde biosyntheseroute gevolgd 

wordt tot de precursor HQ, waarna de biosyntheseroutes voor RQ en UQ biosynthese 

splitsen.  

Een poging om het gen te identificeren dat verantwoordelijk is voor de 

biosynthese van RQ heeft nog niet tot concrete resultaten geleid. Hiertoe is het 

genoom van twee organismen die RQ synthetiseren, C. elegans en R. rubrum, 

vergeleken met dat van organismen die geen RQ synthetiseren. Zodra er, in de nabije 

toekomst, van meer parasitaire wormen het genoom volledig gesequenced is, kan zo´n 

zelfde search herhaald worden, om zodoende het gen te identificeren voor het enzym 

dat verantwoordelijk is voor het laatste deel van de biosyntheseroute van RQ.  
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2D-PAGE   two dimensional polyacrylamide gel electrophoresis 

ACP    acyl carrier protein 

ADP      adenosine diphosphate 

AMP   adenosine monophosphate 

AMPK    AMP-activated protein kinase 

APCI   atmospheric pressure chemical ionization 

Arc    aerobic respiratory control  

ASCT    acetate:succinate CoA-transferase  

ATP   adenosine triphosphate 

BLAST   basic local alignment search tool 

CAN    cerium ammonium nitrate 

CoA   coenzyme A 

COX    cytochrome c oxidase 

EDTA   ethylenediamine tetra-acetate 

ER   endoplasmatic reticulum 

ESI-Q-TOF-MS  electrospray ionization quadrupole time-of-flight mass 

spectrometry 

EST   expressed sequence tag 

FAD   flavin adenine dinucleotide (oxidized) 

FADH2   flavin adenine dinucleotide (reduced) 

FAS    fatty acid synthase  

FNR   fumarate nitrate reductase  

FRD   fumarate reductase 

GDP   guanosine diphosphate 

GTP   guanosine triphosphate 

HHB    3-hexaprenyl-4-hydroxy-benzoic acid 

HIF    hypoxia-inducible factor 

HPLC   high performance liquid chromatography 

HQ    5-demethoxy-1,4-ubiquinone or demethoxyubiquinone 

IEF    isoelectric focusing  

IUPAC   international union of pure and applied chemistry 

LC-MS.   liquid chromatography mass spectroscopy 

LC-MS/MS  liquid chromatography tandem mass spectroscopy 

MRM   multiple reaction monitoring 

mRNA   messenger RNA 

NAD
+   

nicotinamide adenine dinucleotide (oxidized) 

NADH   nicotinamide adenine dinucleotide (reduced) 

NADP
+   

nicotinamide adenine dinucleotide phosphate (oxidized) 

NADPH   nicotinamide adenine dinucleotide phosphate (reduced) 

NHB   3-nonaprenyl-4-hydroxy-benzoic acid  



 

 

 
 

 

 

List of Abbreviations (continued) 
 

 

NMR   nuclear magnetic resonance 

OHQ    5-demethyl-1,4-ubiquinone-2 or demethylubiquinone 

PAGE   polyacrylamide gel electrophoresis 

PBS   phosphate buffered saline 

PDH   pyruvate dehydrogenase 

PDK-1   pyruvate dehydrogenase kinase-1 

PFO    pyruvate:ferredoxin oxidoreductase 

Pi   inorganic phosphate 

PNO   pyruvate:NADP
+
 oxidoreductase 

PPAR α   peroxisomal proliferator activated receptor α  

RNA   ribonucleic acid 

RNAi   RNA-interference 

RP   reverse phase 

RQ   rhodoquinone 

RT   room temperature 

RXR α    retinoid X receptor α  

SDH    succinate dehydrogenase 

SCS   succinyl-CoA synthetase 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

TLC   thin layer chromatograhy 

UQ   ubiquinone 
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