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Abstract

:

Aerobic and anaerobic respiratory systems allow cells to transport the electrons to terminal electron acceptors. The quinone (ubiquinone or menaquinone) pool is central to the electron transport chain. In the majority of Gram-positive bacteria, vitamin K2 (menaquinone) is the sole quinone in the electron transport chain, and thus, the bacterial enzymes catalyzing the synthesis of menaquinone are potential targets for the development of novel antibacterial drugs. This manuscript reviews the role of vitamin K in bacteria and humans, and especially emphasizes on recent aspects of menaquinones in bacterial electron transport chain and on discoveries of inhibitor molecules targeting bacterial electron transport systems for new antibacterial agents.
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1. Introduction


Vitamin K is a lipid-soluble essential vitamin that is stable to air but susceptible to air under sunlight. The "K" is derived from the German word “koagulation”. Coagulation refers to the process of blood clot formation. Henrick Dam and Edward Doisy were co-awarded the Nobel Prize in 1943 for their discovery of vitamin K (the "koagulations" vitamin) and the elucidation of its structure. Natural forms of vitamin K, vitamin K1 (phylloquinone) and vitamin K2 (menaquinone), exist in the human liver (approximately 10% of phylloquinone in the total vitamin K) and other tissues at very low concentrations; vitamin K1 concentrates in the liver while vitamin K2 is well distributed to other tissues [1]. Phylloquinone is derived from dietary intake and menaquinones are produced by intestinal bacteria. There is no direct evidence for the utility of menaquinones by humans, however, it is believed that menaquinones are utilized for the synthesis of blood-clotting factors when phylloquinone is depleted [2]. In addition, menaquinones are known to be more effective than phylloquinone with respect to osteroclastogenesis, hypocholesterolemic effects, and ability to slow atherosclerotic progression.



Menaquinones play important roles in electron transport, oxidative phosphorylation, active transport, and endospore formation in bacteria. In addition to these functions, the variations in the inherent structures of menaquinones and their uneven distributions among bacteria are considered important in bacterial taxonomy [3]. Recently, menaquinone biosynthesis has received considerable attentions as drug targets for multidrug-resistant Gram-positive pathogens including Mycobacterium tuberculosis.




2. General Structures of Vitamin K


Although the name vitamin K is not a designated chemical name according to IUPAC practice, and because bicyclic form of quinones cannot easily be designated, the names of vitamin K1 and vitamin K2 are replaced by appropriate chemical names such as phylloquinone and menaquinone, respectively [4]. 2-Methyl-1,4-naphthoquinone is called vitamin K3 or menadionone. 2,3-Dimethoxy-5-methylbenzoquinone is called ubiquinone (ubiquinone, originally a denotation for the “ubiquitous quinine”). The 2,3-dimethylbenzoquinone nucleus is observed in plastoquinone which is involved in the electron transport chain in photosynthesis. Their abbreviations of ubiquinone, menaquinone, and phylloquinone are Q, MK, and K, respectively (Figure 1). Different nomenclatures of quinones and naphthoquinones have been used in different scientific fields.



Plants and some cyanobacteria synthesize phylloquinone. Bacteria synthesize a range of vitamin K forms (but not vitamin K1) using repeating isoprene (5-carbon) units in the side chain of the molecule (vide infra). These forms of vitamin K are designated menaquinone-n (MK-n), where n stands for the number of 5-carbon units in the structure. Menaquinones (MK-n) are collectively referred to as vitamin K2. Vitamin K1 and K2 have the common structure of a 2-methyl-1,4-naphthoquinone system and are structurally different in the number of isoprene units in the side chain and in their degree of unsaturation (Figure 1). Menaquinones with side chains of up to 15 isoprene units have been reported in literatures. For example, MK-8 is predominant in Escherichia coli but Mycobacterium tuberculosis utilizes MK-9 as a lipid-soluble electron carrier. Menaquinones possessing 2 to 13 isoprene units have been found in human and animal tissues. Several synthetic vitamin Ks are commercially available, and representative synthetic vitamin Ks such as vitamins K3, K4, and K5 are used in many areas including the pet food industry (vitamin K3) and to inhibit fungal growth (vitamin K5).




3. Vitamin K1 in Humans


The role of vitamin K as a cofactor in blood coagulation stems from the post-translational modification of a number of plasma proteins such as factors II (prothrombin), VII, IX, X, proteins C and S, as well as Gla (γ-carboxyglutamic acid) proteins has been well-documented.
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Figure 1. Names for quinones and structures of naturally occurring benzoquinones (ubiquinone and plastoquinone) and naphthoquinones (vitamin K1 and K2) and representative synthetic vitamin Ks (vitamin K3, K4, and K5). 
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Blood coagulation is regarded as a series of consecutive proenzyme (inactivate enzyme precursor) to enzyme conversion, often called a cascade reaction. The reduced form of vitamin K (hydroquinone form), acts as a cofactor in the enzymatic carboxylation by γ-glutamyl carboxylase, forming γ-carboxyglutamic acid in plasma proteins [5,6,7]. In the process of carboxylation, vitamin K 2,3-epoxide is formed, which is reduced back to vitamin K by the cysteine residues of vitamin K epoxide reductases. The role of vitamin K-dependent γ-glutamyl carboxylase in the blood coagulation cascade is summarized in Figure 2. The vitamin K-dependent γ-glutamyl carboxylase catalyzes the processive carboxylation of specific glutamate residue(s) in a number of proteins related to blood coagulation and bone. To date, several γ-carboxyglutamic acid containing proteins including the blood coagulation factors have been characterized. In all cases, the precise function of their γ-carboxyglutamic acid residue is not known, however, the presence of the γ-carboxyglutamic acid residues in their proteins is essential for functional activity. Extracellular calcium ion plays an important role in the blood-clotting cascade and is necessary for the formation of fibrin from fibrinogen; the conversion of prothrombin to thrombin, and as a cofactor for factors V, VII, VIII, IX, X, and XIII [8]. All the vitamin K-dependent proteins bind Ca2+. Thus, γ-carboxyglutamic acid residues of vitamin K-dependent proteins are considered to serve as effective divalent counter ions to bind Ca2+. However, a deficiency of vitamin K is rare due to the fact that 1) bacteria synthesize within the human body, and 2) vitamin K is continually recycled in our cells (see, vitamin K cycle in Figure 2).
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Figure 2. Vitamin K as a cofactor in blood coagulation systems. 
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The drug warfarin is a vitamin K antagonist that inhibits vitamin K epoxide reductase, interfering with the reduction of the epoxide and halting the cycling back to the hydroquinone intermediate, thereby interrupting the activation of blood coagulation factors [9,10,11]. Other vitamin K-dependent proteins not involved in blood-clotting, such as osteocalcin (play a role in mineralization and calcium ion homeostasis), or matrix Gla protein (calcium-binding proteins that participate in the organization of bone tissue), may also be affected by warfarin.



In addition to the pivotal role of vitamin K in the blood-clotting cascade and vitamin K-dependent proteins (vide supra), the potential role of vitamin K in the increase of bone mass [12,13], antioxidant properties of vitamin K [14], the vitamin K deficiency and biosynthesis of cholesterol and steroid hormones [15], and relationship between vitamin K and liver or prostate cancer [16,17,18] have been studied. It is known that vitamin K is not only distributed in the liver and bones but also abundantly distributed in the brain, kidney, and gonadal tissues [19,20]. However, the role of vitamin K in these tissues is not well understood. In addition, distribution of vitamin K varies depending on the structure of the side chain moiety. In humans, vitamin K1 is distributed to all tissues with relatively high levels in the liver, heart and pancreas (medians, 10.6 (4.8), 9.3 (4.2), 28.4 (12.8) pmol(ng)/g wet weight tissue); low levels (<2 pmol/g) were found in the brain, kidneys and lungs. Menaquinone-4 (MK-4) is also distributed to most of the tissues; its levels exceed the vitamin K1 levels in the brain and kidneys (median, 2.8 ng/g) and are equal to that in pancreas. The liver, heart and lung are low in MK-4. MK-6~11 are found in the liver. Trace amounts of MK-6~9 are found in the heart and pancreas. Total vitamin K in human plasma was reported to be 0.47~1.19 nmol/L [1,21,22].




4. Ubiquinone in Humans


The most common ubiquinone in human mitochondria is Q10 [or Coenzyme Q10 (CoQ10), the 10 refers to the number of isoprene units, Figure 1). Different organisms biosynthesize ubiquinone possessing different length of the side chain. Humans and some Schizosaccharomyces spp. produce Q10 (only 2~7% of Q9 is present in human tissues), mouse biosynthesizes Q9, Escherichia coli biosynthesizes Q8, and Saccharomyces cerevisiae produces Q6. In eukaryotes ubiquinones are found in the inner mitochondrial membrane and in other membranes such as the endoplasmic reticulum, Golgi vesicles, lysosomes and peroxisomes. Although Q10 is found in virtually every cell in the human body where energy is produced, highest concentration is found in the heart and the liver because they contain the most mitochondria per cell. Coenzyme Q10 is an essential vitamin-like substance (Q10 can be synthesized in human body), and its primary function is to generate ATP in the mitochondria. Coenzyme Q10 is the coenzyme for at least three mitochondrial enzymes (complexes I, II and III) in the electron transport system (see a schematic bacterial electron transport system in Figure 3). Function of ubiquinone as a component of mitochondrial respiratory chain is well established. Peter Mitchell received the Nobel Prize in 1978 for his contribution to the understanding of biological energy transfer through the formulation of “the chemiosmotic theory”, which includes the vital protonmotive role of Q10 in energy transfer systems [23,24,25]. In addition to the functions of Q10 as an electron carrier in the respiratory chain and as an antioxidant (free radical scavenger to reduce oxidative damage to tissues as well as significantly inhibit the oxidation of LDL cholesterol) [26,27], Q10 has been reported to regulate global gene expression in skeletal muscle and the functions of Q10 in relation to aging process have been discussed [28,29]. Decreased levels of Q10 have been noted in a wide variety of diseases in both animal and human studies. Coenzyme Q10 supplementation is very effective for those who are taking lipid-lowering drugs such as HMG-CoA reductase inhibitors (i.e., statins) or bold glucose-lowering drugs (i.e., tolazamide and glyburide), because these drugs inhibit the production of coenzyme Q10 in the liver. Although some study showed that dominant source of Q10 in humans is biosynthesis [30], the relative contribution of Q10 versus dietary Q10 is under investigation. In ubiquinone synthesis 4-hydroxybenzoic acid (derived from tyrosine or phenylalanine), is condensed with polyprenyl diphosphate which is catalyzed by para-hydroxybenzoate (PHB) polyprenyltransferase encoded by the COQ2 gene. Most of the genes encoding prenyltransferases which synthesize polyisoprenoid chains, have been cloned. The prenylated 4-hydroxybenzoic acid undergoes functional modifications such as hydroxylations, O-methylations, methylation, and decarboxylation. Although not all the genes that encoded enzymes in ubiquinone biosynthesis in higher eukaryotic cells have been cloned, it was reported that they are similar to the yeast genes [31].




5. The Role of Vitamin K2 in Electron Transport


In prokaryotes, especially in Gram-positive bacteria, menaquinone will transfer two electrons in a process of aerobic or anaerobic respiration. Respiration occurs in the cell membrane of prokaryotic cells. Electron donors, with the help of an enzyme, will transfer two electrons to menaquinone. Menaquinone, with the help of another enzyme, will in turn transfer these two electrons to an electron acceptor. Schematic electron flow mediated by menaquinone in M. tuberculosis is illustrated in Figure 3. The exact organization of enzymes in respiratory chains will vary among different bacteria; this illustration is intended to demonstrate the basic features of the process. Although NADH is the most important electron donor in eukaryotes, bacteria can use a number of different electron donors, a number of different dehydrogenases, a number of different oxidases and reductases, and a number of different electron acceptors. As illustrated in Figure 3, electrons are transported along the membrane through menaquinone and a series of protein carriers (i.e., cytochrome bc1 complex). Concomitantly, protons are translocated across the cell membrane, from the cytoplasm to the periplasmic space. The cell membrane is impermeable to protons, except through ATP synthases. When protons move through these complexes, energy releases by their passage in coupled to synthesis of ATP from ADP and phosphate. Thus, the lipid-soluble electron carriers (lipoquinones) occupy a central and essential role in electron transport, and thus, ATP synthesis [32,33]. The lipoquinones involved in the respiratory chains of bacteria consist of menaquinones and ubiquinones. From the taxonomic studies it is evident that the majority of Gram-positive bacteria including Mycobacterium spp. utilize only menaquinone in their electron transport systems [34], and menaquinone biosynthesis is essential for survival of Gram-positive bacteria [3,35,36]. Menaquinone synthesis has been extensively studied in E. coli (due in part to the availability of the men mutants). A majority of Gram-negative organisms utilize ubiquinone (Q) under aerobic conditions, and menaquinone under anaerobic conditions in their electron transport systems. Most importantly, the electron transport chain in humans does not utilize menaquinone. Clearly, the electron transport chain is a central component in the production of ATP and the subsequent growth of bacteria (Figure 3). Therefore, inhibitors of menaquinone biosynthesis or specific inhibitors of enzymes associated with electron transport systems have great potential for the development of novel and selective drugs against multi-drug resistant (MDR) Gram-positive pathogens. As mentioned above, the role of vitamin K1 in blood coagulation cascade, related biological pathways, and the function of vitamin K2 in bacterial electron transport have been studied independently. Although the functions of vitamin K1 in humans and vitamin K2 in bacteria are completely different, drug discovery targeting vitamin K2 or its biosynthesis requires careful consideration of vitamin K distribution in tissue (because of structural similarity of both vitamin Ks) and selectivity against the target protein (because essential vitamin K-dependent protein(s) may be interfered by vitamin K mimics or vitamin K biosynthesis inhibitors).
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Figure 3. The electron flow system from M. tuberculosis as example of menaquinone mediated energetic pathway. 
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6. Biosynthesis of Menaquinone


Menaquinones are constituents of bacterial cytoplasmic membranes, and play an important role in electron transport, oxidative phosphorylation, active transport, and endospore formation in some Gram-positive bacteria [37]. The biosynthetic steps leading to menaquinone have been studied extensively in E. coli [38,39,40,41,42,43]. In E. coli the synthesis of menaquinone is accomplished by seven enzymes (MenA-MenG). These enzymes are encoded by 2 clusters of genes. The men gene cluster consists of the menB, C, D, E, F and a separate cluster containing menA and menG [41,44].



The biosynthesis of menaquinone is initiated from chorismate (an intermediate for biosynthesis of aromatic amino acids, indole derivatives, tryptophan, salicylic acid, and many alkaloids) and proceed through a series of menaquinone-specific reactions. As summarized in Figure 4, MenF isomerizes chorismate to isochorismate, and MenD (a thiamine diphosphate-dependent enzyme) catalyzes a Stetter-like conjugate addition (a 1,4-addition of an carbonyl molecule to α,β-unsaturated compound) of α-ketoglutarate with isochorismate to form 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexadiene-1-carboxylate, whose pyruvate moiety is eliminated by MenH to yield 2-succinyl-6-hydroxy-2,4-cyclo-hexadiene-1-carboxylate. MenC catalyzes aromatization of 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate to form o-succinylbenzoate. MenE is an o-succinylbenzoate-CoA ligase that converts o-succinylbenzoate to o-succinylbenzoate-CoA. MenB subsequently catalyses a formal Dieckmann-type condensation of o-succinylbenzoate-CoA to afford 1,4-dihydroxy-2-naphthoyl-CoA, which is then hydrolysed to 1,4-dihydroxy-2-naphthoate (DHNA) by a thioeterase encoded by yfbB. On the other hand, the prenyl diphosphate of the appropriate size (n = 7 in E. coli, Figure 4) is biosynthesized by the chain-elongation reaction (iterative reaction of allyl diphosphate with isopentenyl diphosphate). DHNA is subsequently prenylated and methylated by MenA and MenG, respectively, resulting in the formation of menaquinone. Menaquinones are known to have side chains of different sizes in different organisms and sometimes even within the same organism. The most common menaquinones contain 7, 8 and 9 isoprene units; MK-7 is the major menaquinone component in many Gram-positive spore-forming bacteria, MK-8 is in E. coli (vide supra), and MK-9 in M. tuberculosis.
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Figure 4. Biosynthesis of menaquinone. 
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However, menaquinones containing 4, 5, 6, 10, 11, 12, and 13 isoprene units have been reported in bacteria. Menaquinones are the predominant isoprenoid lipoquinones of Gram-positive bacteria, whereas Gram-negative bacteria such as E. coli and close relatives (i.e., enterobacteria) use menaquinone (MK), demethylmenaquinone (DMK), and ubiquinone (Q) in their electron transport chains (see Figure 1). Recent studies have shown that several representatives of the γ-proteobacteria appear to share the similar electron transport system to that observed in E. coli [45]. Several studies indicated that the regulation of menaquinone biosynthesis seems to be different from that of the enzymes of anaerobic respiration that are controlled by the general regulator FNR [46,47,48,49]. In addition, the MK/DMK ratio is independent of the fur locus and high levels of naphthoquinones (MK and DMK) are found only under anaerobic conditions in E. coli. Menaquinones were found almost exclusively (85~90%) in the bacterial membrane. The total content of naphthoquinones was reported to be between 0.60~1.09 μmol/g cell protein (present in a larger amount in C. thermoaceticum: 1.80 μmol/g cell protein). It is evident that several bacterial species do not have methylase (or MenG) and produce DMK as their sole quinone [47,50,51]. Conversion of DMK to MK is the last step in the biosynthesis (Figure 4). Most likely, the activity of the DMK methylase (i.e., MenG) is regulated by the presence or absence of the electron carriers or by the supply of S-adenosylmethionine (co-factor of MenG) [52].



A bioinformatic analysis of whole genome sequences has suggested that some microorganisms, including pathogenic species such as Helicobacter pylori, Campylobacter jejuni, and lactobacilli do not have orthologs of the men genes, although they synthesize menaquinone. Recent studies showed that these bacteria synthesize menaquinones in an alternative pathway via futalosine as illustrated in Figure 4 [45].




7. Targeting Electron Transport System in Drug Discovery


7.1. NADH Dehydrogenase


Maintenance of mitochondrial membrane potential plays essential roles in cellular energy production. For example, the mitochondrial electron-transport chain is essential for survival in malaria and is a validated target for antimalarial drugs. The role of P. falciparum type II NADH:quinone oxidoreductase (PfNDH2) in the mitochondrial electron-transport chain has been reviewed [53,54,55]. There are at least five mitochondrial dehydrogenases, including PfNDH2, which actively oxidize NADH in the presence of ubiquinone (Q). In these processes, Q is reduced to form hydroquinone (QH2) and transfer two electrons to ubiquinone:cytochrome c oxidoreductase (complex III) in which QH2 is in turn reoxidized to Q similar to the bacterial electron transport system summarized in Figure 3. The molecular mechanism of the inhibitors of the quinol oxidase (Qo) site of complex III was characterized by X-ray crystallography. The binding mode of atovaquone, a drug used to treat malaria and Pneumocystis carini, to the yeast complex III was analyzed by the enzyme kinetic studies (Ki = 9 nM). The differential inhibition of the fungal versus mammalian enzymes was also described [56]. A schematic respiration of the mitochondrial electron transport chain and the proposed binding site of atovaquone are illustrated in Figure 5.



Although a successful drug development targeting the electron transport system of malaria parasite is known (vide supra), there are a few studies that investigated the electron transport system for development of new antibacterial drugs. Recently, Weinstein and co-workers reported inhibitors of type II NADH:menaquinone oxidoreductase that effectively killed M. tuberculosis in vitro [57]. Human mitochondria use only type I NADH dehydrogenase, whereas M. tuberculosis possesses both type I and II NADH dehydrogenases. Interestingly, the level of transcription of type I NADH dehydrogenase is down-regulated upon starvation in vitro and type I NADH dehydrogenase seems to be dispensable for growth of M. tuberculosis in vitro, classic inhibitors of type I NADH dehydrogenase, such as rotenone, piericidin, and pyridaben (see Figure 7), did not inhibit M. tuberculosis NADH hydrogenase activities. The same authors observed that addition of NADH to M. tuberculosis membrane fractions resulted in a linear consumption of O2, but that consumption was inhibited by the addition of a series of phenothiazine molecules. Respiration of the drug-arrested membranes was restored by the addition of a mixture of ascorbate and tetramethyl-p-phenylenediamine which donate electrons at the level of cytochrome c [57].
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Figure 5. Schematic representation of mitochondrial electron transport chain and the proposed binding site of atovaquone. 
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Figure 6. Electron flow in M. tuberculosis and type II NADH dehydrogenase inhibitors. 
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This observation implied that phenothiazines target upstream of cytochrome c. Enzymatic inhibitory assays of the phenothiazine molecule against a series of oxidases (cytochrome bd oxidase) and oxidoreductases [the cytochrome bc1 complex (ubiquinol:ferricytochrome c oxidoreductase), type II NADH dehydrogenase, and succinate dehydrogenase (complex II)] were performed, and it was observed that phenothiazines inhibited only type II NADH dehydrogenase. Thus, type II NADH dehydrogenase could be a unique and interesting antimicrobial target [57,58,59] (Figure 6).




7.2. Other Respiration Inhibitors


Representative respiration inhibitors which exhibited antiviral, antibacterial, or antifungal activity are summarized in Figure 7. The molecules interfering with the electron transport chain in mitochondria are also included in Figure 7. Some of the listed molecules do not selectively inhibit target respiratory enzyme(s), and thus, cytotoxicity of such molecules was also reported. However, mitochondrial respiration inhibitors having relatively low mammalian toxicity and short environmental persistence have been developed for use as insecticides and acaricides (i.e., pyridazine, pyrazole, quinazoline, naphthoquinone, pyrroles, and pyrimidines as summarized in Figure 7) [60]. Moreover, each molecule listed in Figure 7 is very important as an investigative tool in cell biology.



NADH:ubiquinone oxidoreductase (complex I, Figure 5) is reported to drive about 2/3 of the ATP synthesis by oxidative phosphorylation [61]. Classic complex I inhibitors are rotenone and piericin A. Rotenone inhibits the transfer of electrons from iron-sulfur centers in complex I to ubiquinone and has been utilized as a broad-spectrum insecticide, piscicide, and pesticide [62]. Pyridaben, pyrimidifen, and fenpyroximate are inhibitors of mitochondrial electron transport at complex I, and have been utilized as pesticides, insecticides, or herbicides [63]. Tebufenpyrad, tolfenpyrad and fenazaquin are pyrazole acaricides and insecticides. Fenazaquin inhibits electron transport chain by binding with complex I at the Qo site and shows excellent performance against pests that are resistant to existing insecticides [64]. Tolfenpyrad is a broad spectrum insecticide and has not exhibited cross resistance with current products which were developed for use in vegetables, in particular cruciferous leafy vegetables, fruits and other high-value markets. Dicoumarol is an anticoagulant which functions as a vitamin K antagonist (similar to warfarin), and is also a competitive inhibitor of NADH:quinone oxidoreductase 1 (NDH2), increasing intracellular superoxide and affects cell growth of tumor cells [65]. 2-Benzyl-mercaptochromones were proposed as mimics of quinone or hydroquinone. A chromone derivative (Figure 7) showed a selective inhibitor of complex I and acaricidal activity against spider mites [66]. Several aminopyrimidine molecules such as DQA and AE F117233 were developed for selective inhibitors of the quinone-binding sites in mitochondrial NADH:ubiquinone oxidoreductase [67]. Annonaceous acetogenins (ACGs) are a group of secondary metabolites isolated from the family Annonaceae, many of which exhibit high cytotoxic and antitumour activities [68,69]. The structures of representative molecules, rolliniastatin-1, annomolon A, and cherimolin-1, in this family were shown in Figure 7. The biological effect of these substances are attributed to the inhibition of mammalian mitochondrial NADH-ubiquinone oxidoreductase and to the inhibition of a ubiquinone-linked NADH oxidase expressed in the plasma membrane of cancerous cells.



The cytochrome bc1 complex (also known as ubiquinol-cytochrome c reductase or complex III, Figure 5) is the central segment of the energy-conserving, electron transfer chain of mitochondria and many respiratory and photosynthetic bacteria. This enzyme complex catalyzes electron transfer from ubiquinol to cytochrome c with concomitant translocation of protons across the membrane to generate a proton electrochemical gradient required for ATP synthesis by ATP synthase [70].
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Figure 7. Representative known respiration inhibitors. 
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As illustrated in Figure 5, the cytochrome bc1 complexes contain three core subunits, cytochrome b, cytochrome c1, and Rieske iron-sulfur protein (ISP), however, the cytochrome c1 subunit is not always part of the bacterial cytochrome bc1 complex. The three-dimensional crystal structures of mitochondrial bc1 complexes from bovine, chicken, and yeast have been elucidated [71,72,73,74,75,76,77]. In general, high-affinity inhibitors of the cytochrome bc1 complex target either the quinol oxidation site (Qo), or the quinone reduction site (Qi). The antimycins were discovered as potent fungicides. Antimycin A1 is one of the most predominant forms and works specifically by targeting the Qi site of the cytochrome bc1 complex in most respiratory and photosynthetic organisms [78,79]. Because of specific binding to complex III, antimycin A1 has been found to be toxic to all organisms which are dependent on mitochondrial respiration for their energy source. Myxothiazol blocks electron transport between quinol and the ISP [80], and inhibits the growth of many yeasts and fungi, but is generally inactive or very weak against bacteria. Crocacin D inhibits the growth of Gram-positive bacteria and a wide spectrum of yeasts and mold through blocking the electron transport within the cytochrome bc1 [81]. Stigmatellin, a quinol oxidation site (Qo) inhibitor, blocks electron transfer from iron-sulfur protein (ISP) to cytochrome c1 in the bc1 complex [82]. The binding site and mode of action of the antimalarial drug, atovaquone, was described in 7.1. Fluacrypyrim is an acaricide, and specifically inhibit the ubiquinol oxidizing site Qo of the cytochrome bc1 [83]. Acequinocyl is a proacaricide that forms the deacylated active metabolite, and the active form inhibits the respiration of mitochondria at complex III in the electron transport system [84,85]. Similarly, a 3-hydroxynaphthoquinone, BTG505, is an active hydroquinone insecticide that is utilized for a pro-insecticide approach. Hydramethylnon (know as AC 217,300) is used primarily as an insecticide in the form of baits for cockroaches and ants, and its mode of action was described as an inhibitor of complex III [86]. Ascofuranone and ascochlorin are structurally related to ubiquinol and specific inhibitors of the cytochrome bc1 complex. Ascochlorin showed significantly more active in inhibiting complex III than ascofuranone [87,88]. Ascochlorin was also reported to inhibit matrix metalloproteinase-9 (MMP-9) in human renal carcinoma (Caki-1) cells [89]. Natural peptide antibiotics such as the gramicidins (a heterogeneous mixture of six antibiotic compounds) have been used extensively for topical therapy with excellent results. Mechanistically, gramicidin S and tyrocidine A associate with bacterial cell membranes and cause inhibition of cytochrome bd-type quinol oxidase (a prokaryotic terminal oxidase catalyzing O2 reduction to H2O), whereas succinate oxidase and cytochrome c oxidase activities are considerably less sensitive to these molecules [90].



Pentachlorophenol and 2,4-dinitrophenol are biocidal agents, and have been known to inhibit enzymes involved in energy metabolism. The aurachins (structures of aurachin C, E, and ED shown) showed inhibitory activities against Gram-positive bacteria and a few yeasts and molds by blocking NADH oxidation [91,92,93,94]. Polyalthidin was reported to inhibit the mitochondrial electron transport chain complex [95]. Terretonins E and F were isolated from marine-derived fungus, Aspergillus insuetus. These molecules displayed activity as inhibitors of the mammalian mitochondrial respiratory chain [96].



As described above, NADH hydrogenase is an established drug target for the malaria parasite and is likely to be an attractive target for M. tuberculosis infections. Although these electron transport chain complexes and their inhibitor molecules discussed in chapters 7.1 and 7.2 are not directly related to vitamin K, validated targets in the electron transport systems and FDA approved drugs targeting this system encourage us to discover novel drugs which selectively target the electron transport system of pathogens (vide infra). In addition, it will be considerably important to investigate an effective combination of electron transport inhibitor (i.e., menaquinone biosynthesis inhibitor) and electron transport chain complex inhibitor (i.e., NADH dehydrogenase) in the development of novel antibacterial drugs targeting bacterial respiratory system.





8. Menaquinone Biosynthesis as a Target for Antibacterial Agents


As described in Section 4, menaquinone is the sole quinone in the electron transport chain in the majority of Gram-positive bacteria. Since the pathway leading to the biosynthesis of menaquinone is absent in humans, the bacterial enzymes catalyzing the synthesis of menaquinone are potential novel targets for novel antibacterial drug discovery. In M. tuberculosis, it is speculated that dormant (nonreplicating) bacilli are considered to have a less active metabolism and less energy reserves, however, ATP synthesis in oxidative phosphorylation must be active even in the dormant form. Thus, inhibition of menaquinone synthesis could have profound effects on maintenance of dormancy in M. tuberculosis. This concept is supported by several reports that phenothiazines inhibited Type II NADH:menaquinone oxidoreductase (Figure 6), the first enzyme in bacterial respiratory chain, and were effective in killing nonreplicating M. tuberculosis [57]. It was recently demonstrated that (1) inhibition of MenA (1,4-dihydroxy-2-naphthoate prenyltransferase) (Figure 4) showed significant growth inhibitory activities against drug-resistant Mycobacterium spp. [97], and (2) MenA inhibitors were effectively killed dormant M. tuberculosis in vitro using the Wayne model [98,99,100]. Several other promising biological date were generated on MenA as a new drug target; (1) M. tuberculosis growth in vitro could not completely be rescued by supplementation with ~400 μM of a vitamin K2, and (2) all Gram-positive bacteria tested were susceptible to MenA inhibitors, whereas Gram-negative bacteria were not susceptible (either do not have the target or the target is only expressed in anaerobic conditions) [101,102]. Reported representative menaquinone biosynthesis inhibitors are summarized in Figure 8. Significantly, allylaminomethanone-A exhibited a 320-, 180- and 3-fold more effective in killing nonreplicating bacteria in vitro than ethambutol, isoniazid or rifampicin (1st line TB drugs) at the concentrations of 10 μg/mL; allylaminomethanone-A exhibited the most active in killing nonreplicating M. tubeculosis in vitro among antimycobacterial agent tested [100]. In addition, MenA inhibitors (Figure 8) inhibited growth of drug resistant Mycobacterium spp. and other Gram-positive bacteria at low concentrations [97]. Thus, these observations are expected to be of significance in discovering new lead molecules to combat Gram-positive pathogens which biosynthesize menaquinone through “classical pathway” as summarized in Figure 4.
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Figure 8. Representative menaquinone biosynthesis inhibitors. 
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In menaquinone biosynthesis (Figure 4), MenD (2-succinyl-5-enoylpyruvyl-6-hydroxy-3-cyclohexane-1-carboxylic acid synthase), MenE (an acyl-CoA synthase), and MenB (1,4-dihydroxynaphtoyl-CoA synthase) have recently been studied for the development of novel drug lead for Gram-positive pathogens including M. tuberculosis [103,104,105,106]. Oxythiamine derivatives were found to be antibacterial MenD inhibitors. A series of vinyl sulfonamides were designed based on MenE enzymatic substrate and an adenylated molecule showed an excellent MenE enzymatic inhibitory activity. Although structures have not yet been in the public domain, a series of MenB inhibitors were discovered via a high-throughput screen against MenB. (S)-Warfarin, vitamin K epoxide reductase inhibitor (see, Figure 1), was reported to inhibit the biosynthesis of MK-4 from menadione (Figure 2) in chick liver. Interestingly, (R)-warfarin showed approximately four times less active than its enantiomer in MK-4 biosynthesis inhibition [107].




9. Summary


The electron transport system couples with ATP synthase to produce ATP through oxidative phosphorylation. Bacterial ATP synthase, F1F0-ATPase, is a viable target for treatment of multi-drug resistant (MDR) M. tuberculosis infections. Diarylquinolone R208910 (TMC207, a Phase II clinical drug) as an inhibitor of ATP synthase exhibited a remarkable activity against mycobacteria [108,109]. As discussed in 7.1, Type II NADH hydrogenase is a promising target for M. tuberculosis infections. On the other hand, menaquinone biosynthesis has been neglected as targets for the development of novel antibacterial agents. Menaquinone is a key component of the electron transport systems in the majority of Gram-positive bacteria including M. tuberculosis. Recently, inhibitors of menaquinone biosynthesis in Gram-positive bacteria have been identified (Figure 8), and these compounds are also effective inhibitors of bacterial growth. In development of new drugs for M. tuberculosis infections, it is the ultimate goal to discover an antimycobacterial drug which is effective against human latent tuberculosis infection. It has not been determined whether menaquinone biosynthesis enzyme genes are expressed in any growth conditions in M. tuberculosis. However, the mycobactericidal effect of the representative MenA inhibitor against nonreplicating M. tuberculosis strongly suggest that electron transport is important in maintaining bacterial viability under conditions of restricted oxygen. Several data suggest a role for the DosR/DosS/DosT signaling system, which is required for M. tuberculosis genetic response to hypoxia and nitric oxide, in the adaptation of M. tuberculosis to conditions that trigger reversible bacterial stasis in vitro, and thus, the DosR/DosS/DosT signaling system may contribute to latency in vivo [110]. MenA inhibitors are able to block the electron flow without inducing a dormancy response in M. tuberculosis. It is conceptually very interesting that menaquinone biosynthesis inhibitors can be developed as indirect ATP synthesis inhibitors.



To date, no data is available regarding vitamin K uptake in bacteria when bacteria are deficient in menaquinone. In vitro rescue studies indicate that M. tuberculosis treated with a MenA inhibitor could not be rescued completely even at 400 μM concentrations of exogenous vitamin K2 (vide supra), and thus, menaquinone deficient bacteria is not likely to attain the normal levels of electron transport components (total vitamin K concentrations is 0.47~1.19 nmol/L in plasma and is significantly low in tissues) through passive transport (or facilitated diffusion). In addition, several studies indicated that menaquinone-deficient mutants of some Gram-positive bacteria were characterized as reduced growth and deficiencies in cytochromes a, b, and c (in B. subtilis) [111,112]. Many biological functions are associated with the maximal amounts of menaquinone in membranes. Nonetheless, it is important to prove the efficacy of menaquinone biosynthesis inhibitor using an appropriate infected animal model; a menaquinone biosynthesis inhibitor has to demonstrate efficient eradication of infected bacteria in vivo. Thus, discovery of a pharmacologically acceptable menaquinone biosynthesis inhibitor which possesses a significant antibacterial activity should be emphasized for a pharmacological proof-of-concept of menaquinone biosynthesis as drug targets. In addition, combination therapy will remain mandatory to combat MDR-pathogens including M. tuberculosis. In this respect, ATP synthase inhibitors and/or other respiratory inhibitors (i.e., NADH hydrogenase inhibitor) are expected to show an enhanced synergy effect with menaquinone biosynthesis inhibitors.







Acknowledgements


We thank Global Alliance for TB Drug Development (TB Alliance) for generous financial support. We are grateful to Takushi Kaneko (TB Alliance), Christopher Cooper (TB Alliance) Khisimuzi Mdluli (TB Alliance), and Dean C. Crick (Colorado State University) for useful discussions. We also thank the reviewer’s useful suggestions and comments for improving the quality of this article.




References and Notes


	



Usui, Y.; Tanimura, H.; Nishimura, N.; Kobayashi, N. Vitamin K concentrations in the plasma and liver of surgical patients. Am. J. Clin. Nutr. 1990, 51, 846–852. [Google Scholar]

	



Kindberg, C.G.; Suttie, J.W. J. W. Effect of various intakes of phylloquinone on signs of vitamin K deficiency and serum and liver phylloquinone concentrations in the rat. Vitamins 1989, 175–180. [Google Scholar]

	



Collins, M.D.; Jones, D. Distribution of isoprenoid quinone structual types in bacterial and their taxonomic implications. Microbiol. Rev. 1981, 45, 316–354. [Google Scholar]

	



Nomenclature of quinones with isoprenoid side-chains. Pure Appl. Chem. 1974, 38, 439–447. [CrossRef]

	



Suttie, J.W. Synthesis of vitamin K dependent proteins. FASEB 1993, 7, 445–452. [Google Scholar]

	



Cain, D.; Hutson, S.M.; Wallin, R. Assembly of the warfarin-sensitive vitamin K 2,3-epoxide reductase. J. Biol. Chem. 1997, 272, 29068–29075. [Google Scholar]

	



Jin, D-Y.; Tie, J-K.; Stafford, D.W. The conversion of vitamin K epoxide to vitamin K quinone and vitamin K. Biochemistry 2007, 46, 7279–7283. [Google Scholar] [CrossRef]

	



Vogel, H.J.; Brokx, R.D.; Ouyang, H. Calcium-binding proteins. Method. Mol. Biol. 2002, 172, 1940–6029. [Google Scholar]

	



Francis, C.W. Warfarin: An historical perspective. Hematology 2008, 251. [Google Scholar] [CrossRef]

	



Gebauer, M. Synthesis and structure-activity relationships of novel warfarin derivatives. Bioorg. Med. Chem. 2007, 15, 2414–2420. [Google Scholar] [CrossRef]

	



Kuruvilla, M.; Gurk-Turner, C. A review of warfarin dosing and monitoring. BUMC Proc. 2001, 14, 305–306. [Google Scholar]

	



Vermeer, C.; Gijsbers, B.L.; Craciun, A.M.; Groenen-van Dooren, M.M.C.L.; Knapen, M.H. Effects of vitamin K on bone mass and bone metabolism. Am. Inst. Nutr. 1996, 1187S–1191S. [Google Scholar]

	



Iwamoto, J.; Yeh, J.K.; Takeda, T.; Ichimura, S.; Sato, Y. Comparative effects of vitamin K and vitamin D supplementation on prevention of osteopenia in calcium-deficient young rats. Bone 2003, 33, 557–566. [Google Scholar] [CrossRef]

	



Visser, C.M. Some speculations on the mechanisms of the vitamins E and K starting from origin of life considerations and the antioxidant theory. Bioorg. Chem. 1980, 9, 411–422. [Google Scholar] [CrossRef]

	



Shirakawa, H.; Ohsaki, Y.; Minegishi, Y.; Takumi, N.; Ohinata, K.; Furukawa, Y.; Mizutani, T.; Komai, M. Vitamin K deficiency reduces testosterone production in the testis through down-regulation of the Cyp11a a cholesterol side chain cleavage enzyme in rats. Biochim. Biophys. Acta 1760, 1482–1488. [Google Scholar]

	



Awato, K. Prostate and menadiol sodium diphosphate. 1. Menadiol sodium diphosphate as a new substrate for measuring acid phosphatase activity and a discussion of prostatic tumor models. Nippon Hinyokika Gakkai Zasshi 1982, 73, 507–515. [Google Scholar]

	



Munter, G.; Hershko, C. Increased warfarin sensitivity as an early manifestation of occult prostate cancer with chronic disseminated intravascular coagulation. Act. Haematol. 2001, 105, 97–99. [Google Scholar] [CrossRef]

	



Nakamura, M., Nagano; Noda, T.; Wada, H.; Ota, H.; Damdinsuren, B.; Marubashi, S.; Miyamoto, A.; Takeda, Y.; Doki, Y.; Umeshita, K.; Dono, K.; Sakon, M.; Monden, M. Vitamin K2 has growth inhibition effect against hepatocellular carcinoma cell lines but does not enhance anti-tumor effect of combination treatment of interferon- and fluorouracil in vitro. Hepatol. Res. 2006, 35, 289–295. [Google Scholar]

	



Thijssen, H.H.W.; Drittij-Reijnders, M.J. Vitamin K status in human tissues: tissue-specific accumulation of phylloquinone and menaquinone-4. British J. Nutr. 1996, 75, 121–127. [Google Scholar] [CrossRef]

	



Yoshitomo, S.; Shinya, A.; Aya, M.; Yuka, S.; Kimie, N.; Maya, K.; Naoko, T.; Toshio, O. Synthesis and development of biologically active fluorescent-labeled vitamin K analogues and monitoring of their subcellular distribution. Tetrahedron 2008, 64, 8789–8796. [Google Scholar]

	



Toshio, O.; Kimie, N.; Maya, K. Vitamin K and bone update. In vivo metabolism of vitamin K. - in relation to the conversion of vitamin K1 to MK-4. Clin. Calcium 2009, 19, 1779–1787. [Google Scholar]

	



Usui, Y.; Tanimura, H.; Nishimura, N.; Kobayashi, N.; Okanoue, T.; Ozawa, K. Vitamin K concentrations in the plasma and liver of surgical patients. Am. J. Clin. Nutr. 1990, 5, 846–852. [Google Scholar]

	



Mitchell, P. Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanism. Nature 1961, 191, 144–148. [Google Scholar] [CrossRef]

	



Mitchell, P. Chemiosmotic coupling in oxidative and photosynthetic phosphorylation. Biol. Rev. Cambridge Phil Soc. 1966, 41, 445–502. [Google Scholar] [CrossRef]

	



Mitchell, P. Chemiosmotic coupling in energy transduction: A logical development of biochemical knowledge. Bioenergetics 1972, 3, 5–24. [Google Scholar] [CrossRef]

	



Mellors, A.; Tappel, A.L. The inhibition of mitochondrial peroxidation by ubiquinone and ubiquinol. J. Biol. Chem. 1966, 241, 4353–4356. [Google Scholar]

	



Linnane, A.W.; Zhang, C.; Yarovaya, N.; Kopsidas, G.; Kovalenko, S.; Papakostopoulos, P.; Eastwood, H.; Gravens, S.; Richardson, M. Human aging and global function of Coenzyme Q10. Ann. N.Y. Acad. Sci. 2002, 959, 396–411. [Google Scholar]

	



Harman, D. Free radicals in aging. Mol. Cell. Biochem. 1988, 84, 55–61. [Google Scholar]

	



Emster, L.; Dallner, G. Biochemical, physiological and medical aspects of ubiquinone function. Biochim. Biophys. Acta 1995, 1271, 195–204. [Google Scholar] [CrossRef]

	



Folkers, K.; Langsjoen, P.H.; Willis, R.; Richardson, P.; Xia, L.; Ye, C.; Tamagawa, H. (1990) Lovastatin decreases coenzyme Q levels in humans. Proc. Natl. Acad Sci. 1990, 87, 8931–8934. [Google Scholar]

	



Szkopisńka, A. Ubiquinone. Biosynthesis of quinone ring and its isoprenoid side chain. Intracellular localization. Acta Biochim. Pol. 2000, 47, 469–480. [Google Scholar]

	



Haddock, B.A.; Colin, J.W. Bacterial respiration. Bacteriol. Rev. 1977, 41, 47–99. [Google Scholar]

	



Yasuhiro, A. Bacterial electron transport chains. Ann. Rev. Biochem. 1988, 57, 101–312. [Google Scholar] [CrossRef]

	



Suvana, K.D.; Stevenson, R.; Meganathan, R.; Hudspeth, M.E.S. Menaquinone (vitamin K2) biosynthesis: localization and characterization of the menA gene from Escherichia coli. J. Bacteriol. 1998, 180, 2782–2787. [Google Scholar]

	



Truglio, J.J.; Theis, K.; Feng, Y.; Gajda, R.; Machutta, C.; Tong, P.J.; Kisher, C. Crystal structure of Mycobacterium tuberculosis MenB, a key enzyme in vitamin K2 biosynthesis. J. Biol. Chem. 2003, 24, 42352–4236. [Google Scholar]

	



Bishop, D.H.L.; Pandya, K.P.; King, H.K. Ubiquinone and vitamin K in bacteria. Biochem. J. 1962, 83, 606–614. [Google Scholar]

	



Das, A.; Hugenholtz, J.; van Halbeek, H.; Ljungdal, L.G. Structure and function of a menaquinone involved in electron transport in membranes of Clostridium thermoautotrophicum and Clostridium thermoaceticum. J. Bacteriol. 1989, 171, 5823–5829. [Google Scholar]

	



Martin, J.L.; M. McMillan, F. SAM (dependent) I AM: the S-adenosylmethionine-dependent methyltransferase fold. Curr. Opin. Struct. Biol. 2002, 12, 783–793. [Google Scholar]

	



Bentley, R.; Meganathan, R. Biosynthesis of vitamin K (menaquinone) in bacteria. Microbiol. Rev. 1982, 46, 241–280. [Google Scholar]

	



Bentley, R. Biosynthesis of vitamin K and other natural naphthoquinones. Pure Appl. Chem. 1975, 41, 47–68. [Google Scholar] [CrossRef]

	



Shineberg, B.; Young, I.G. Biosynthesis of bacterial menaquinones: the membrane-associated 1,4-dihydroxy-2-naphthoate octaprenyltransferase of Escherichia coli. Biochemistry 1976, 15, 2754–2758. [Google Scholar] [CrossRef]

	



Meganathan, R.; Bentley, R. Biosynthesis of o-succinylbenzoic acid in a men-Escherichia coli mutant requires decarboxylation of L-glutamate at the C-1 position. Biochemistry 1981, 20, 5336–5340. [Google Scholar] [CrossRef]

	



Widhalm, J.R.; van Oostende, C.; Furt, F.; Basset, GJC. A dedicated thioesterase of the Hotdog-fold family is required for the biosynthesis of the naphthoquinone ring of vitamin K1. Proc. Natl. Acad. Sci. USA 2009, 106, 5599–5603. [Google Scholar]

	



Schoepp-Cotheneta, B.; Lieutauda, C.; Baymanna, F.; Vermégliob, A.; Friedrichc, T.; Kramer, D.M.; Nitschke, W. Menaquinone as pool quinone in a purple bacterium. Proc. Natl. Acad. Sci. USA 2009, 106, 8549–8554. [Google Scholar]

	



Hiratsuka, T.; Furihata, K.; Ishikawa, J.; Yamashita, H.; Itoh, N.; Seto, H.; Dair, T. An Alternative menaquinone biosynthetic pathway operating in microorganisms. Science 2008, 321, 1670–1673. [Google Scholar] [CrossRef]

	



Shaw, D.J.; Rice, D.W.; Guest, J.R. Homology between CAP and Fnr, a regulator of anaerobic respiration in Escherichia coli. J. Mol. Biol. 1983, 166, 241–247. [Google Scholar] [CrossRef]

	



Unden, G. Differential roles for menaquinone and demethylmenaquinone in anaerobic electron transport of E. coli and their fnr-independent expression. Arch. Microbiol. 1988, 150, 499–503. [Google Scholar] [CrossRef]

	



Kaiser, M.; Sawers, G. Overlapping promoters modulate Fnr- and ArcA-dependent anaerobic transcriptional activation of the focApfl operon in Escherichia coli. Microbiology 1997, 143, 775–783. [Google Scholar] [CrossRef]

	



Zigha, A.; Rosenfeld, E.; Schmitt, P.; Duport, C. The redox regulator Fnr is required for fermentative growth and enterotoxin synthesis in bacillus cereus F4430/73. J. Bacteriol. 2007, 189, 2813–2824, and references therein. [Google Scholar] [CrossRef]

	



Hollfinder, R. The dependence on quinone specificity of terminal electron transport of bacteria. Curr. Microbiol. 1981, 6, 155–159. [Google Scholar]

	



Carlone, G.M.; Schalla, W.O.; Moss, C. W.; Ashlley, D.L.; Fast, D.M.; Holler, J.S.; Plikaytis, B.D. Haemophilus ducreyi isoprenoid quinone content and structure determination. Int. J. Syst. Bacteriol. 1988, 38, 249–253. [Google Scholar] [CrossRef]

	



Kröger, A.; Unden, G. The function of menaquinone in bacterial electron transpor. In Coenzyme Q; Lenz, G., Ed.; John Wiley & Sons: New York, NY, USA, 1985; pp. 285–300. [Google Scholar]

	



Vaidya, A.B.; Paintera, H.J.; Morriseya, J.M.; Mathera, M.W. The validity of mitochondrial dehydrogenases as antimalarial drug targets. Trends Parasitol. 2007, 24, 8–9. [Google Scholar]

	



Painter, H.J.; Morrisey, J.M.; Mather, M.W.; Vaidya, A.B. Specific role of mitochondrial electron transport in blood-stage Plasmodium falciparum. Nature 2007, 446, 88–91. [Google Scholar]

	



Smilkstein, M.J.; Forquer, I.; Kanazawa, A.; Kelly, J.X.; Rolf, W.; Winter, R.W.; Hinrichs, D.J.; Kramer, D.M.; Riscoe, M.K. Mol. Biochem. Parasitol. 2008, 159, 64–68. [CrossRef]

	



Kessl, J.J.; Lange, B.B.; Mertbitz-Zahradnik, T.; Hill, P.; Meunier, B.; Palsdottir, H.; Hunte, C.; Meshnilk, S.; Trumpower, B.L. Molecular basis of atovaquone binding to the cytochrome bc1 complex. J. Biol. Chem. 2003, 278, 31312–31318. [Google Scholar]

	



Weistein, E.A.; Yano, T.; Li, L-S.; Avarbock, D.; Avarbock, A.; Helm, D.; McColm, A.A.; Duncan, K.; Lonsdale, J.T.; Rubin, H. Inhibitors of type II NADH:menaquinone oxidoreductase represent a class of antitubercular drugs. Proc. Natl. Acad. Sci. USA 2005, 102, 4548–4553. [Google Scholar]

	



Shi, L.; Sohaskey, C.D.; Kana, B.D.; Dawes, S.; North, R.J.; Mizrahi, V.; Gennaro, M.L. Changes in energy metabolism of Mycobacterium tuberculosis in mouse lung and under in vitro conditions affecting aerobic respiration. Proc. Natl. Acad. Sci. USA 2005, 102, 15629–15634. [Google Scholar]

	



Yano, T.; Li, L.S.; Weinstein, E.; Teh, J.S.; Rubin, H. Steady-state kinetics and inhibitory action of antitubercular phenothiazines on Mycobacterium tuberculosis Type-II NADH-menaquinone oxidoreductase (NDH-2). J. Biol. Chem. 2006, 281, 11456–11463. [Google Scholar]

	



Dekeyser, M. Acaricide mode of action. Pest Manag. Sci. 2005, 61, 103–110. [Google Scholar] [CrossRef]

	



Estornell, E. Mitochondrial complex I: new insights from inhibitor assays. Plotoplasma 2000, 213, 11–17. [Google Scholar] [CrossRef]

	



Sharova, I.V.; Vekshin, N.L. Rotenone-insensitive NADH oxidation in mitochondrial suspension is performed by NADH dehydrogenase of respiratory chain fragments. Biofizika 2004, 49, 814–821. [Google Scholar]

	



Bai, Y.L. Acaricides with different modes of action. Xiandai Nongyao 2005, 4, 27–30. [Google Scholar]

	



Wood, E.; Latli, B.; Casida, J.E. Fenazaquin acaricide specific binding sites in NADH:ubiquinone oxidoreductase and apparently the ATP synthase stalk. Pestic. Biochem. Physiol. 1996, 54, 135–145. [Google Scholar] [CrossRef]

	



Hochstein, L.I.; Cronin, S.E. Electron transport in Paracoccus halodenitrificans and the role of ubiquinone. NASA Tech. Memo. 1983, 23, 572–577. [Google Scholar]

	



Lindell, S.D.; Ort, O.; Lümmen, P.; Klein, R. The design and synthesis of novel inhibitors of NADH:ubiquinone oxidoreductase. Bioorg. Med. Chem. Lett. 2004, 14, 511–514. [Google Scholar] [CrossRef]

	



Beautement, K.; Clough, J.M.; de Fraine, P.J.; Godfrey, C.R.A. Fungicidal beta-methoxyacrylates: from natural products to novel synthetic agricultural fungicides. Pestic Sci. 1991, 31, 499–519. [Google Scholar] [CrossRef]

	



Bermejo, A.; Figadere, B.; Zafra-Polo, M-C.; Barrachina, I.; Estornell, E.; Cortes, D. Acetogenins from Annonaceae: Recent progress in isolation, synthesis and mechanisms of action. Nat. Prod. Rep. 2005, 22, 269–303. [Google Scholar] [CrossRef]

	



Son, J.K.; Kim, D. H.; Woo, M.H. Two new epimeric pairs of acetogenins bearing a carbonyl group from Annona cherimolia seeds. J. Nat. Prod. 2003, 66, 1369–1372. [Google Scholar] [CrossRef]

	



Crofts, A.R. the cytochrome bc1 complex: Function in the context of structure. Annu. Rev. Physiol. 2004, 66, 689–733. [Google Scholar] [CrossRef]

	



Xia, D.; Yu, C.A.; Kim, H.; Xia, J.Z.; Kachurin, A.M.; Zhang, L.; Yu, L.; Deisenhofer, J. Crystal structure of the cytochrome bc1 complex from bovine heart mitochondria. Science 1997, 277, 60–66. [Google Scholar]

	



Smith, J.L.; Zhang, H.; Yan, J.; Kurisu, G.; Cramer, W.A. Cytochrome bc complexes: a common core of structure and function surrounded by diversity in the outlying provinces. Curr. Opini. Struct. Biol. 2004, 14, 432–439. [Google Scholar] [CrossRef]

	



Iwata, S.; Lee, J.W.; Okada, K.; Lee, J.K.; Iwata, M.; Ramussen, B.; Link, T.A.; Ramaswamy, S.; Jap, B.K. Complete structure of the 11-subunit bovine mitochondrial cytochrome bc1 complex. Science 1998, 281, 64–71. [Google Scholar]

	



Hunte, C.; Koepke, J.; Lange, C.; Rossmanith, T.; Michel, H. Structure at 2.3 A resolution of the cytochrome bc1 complex from the yeast Saccharomyces cerevisiae co-crystallized with an antibody Fv fragment. Structure (Lond). 2000, 8, 669–684. [Google Scholar]

	



Zhang, Z.; Huang, L.; Shulmeister, V.M.; Chi, Y.I.; Kim, K.K.; Huang, L.W.; Crofts, A.R.; Berry, E.A.; Kim, S.H. Electron transfer by domain movement in cytochrome bc1. Nature 1998, 392, 677–684. [Google Scholar]

	



Lange, C.; Hunte, C. Crystal structure of the yeast cytochrome bc1 complex with its bound substrate cytochrome c. Proc. Natl. Acad. Sci. USA 2002, 99, 2800–2805. [Google Scholar] [CrossRef]

	



Xia, D.; Esser, L.; Elberry, M.; Zhou, F.; Yu, L.; Yu, C.A. The road to the crystal structure of the cytochrome bc1 complex from the anoxigenic, photosynthetic bacterium Rhodobacter sphaeroides. J. Bioenerg Biomembr. 2008, 40, 485–92. [Google Scholar] [CrossRef]

	



Tappel, A.L. Inhibition of electron transport by antimycin A, alkyl hydroxy naphthoquinones and metal coordination compounds. Biochem. Pharmacol. 1960, 3, 289–296. [Google Scholar]

	



Huang, L.S.; Cobessi, D.; Tung, E.Y.; Berry, E.A. Binding of the respiratory chain inhibitor antimycin to the mitochondrial bc1 complex: A new crystal structure reveals an altered intramolecular hydrogen-bonding pattern. J. Mol. Biol. 2005, 351, 573–597. [Google Scholar] [CrossRef]

	



Kotova, E.A.; Oleskin, A.V.; Samuilov, V.D. Effect of myxothiazol on the electrogenic redox chain of purple photosynthetic bacteria. Photobiochem. Photobiophys. 1983, 6, 211–221. [Google Scholar]

	



Crowley, P.J.; Aspinall, I.H.; Gillen, K.; Godfrey, C.R.A.; Devillers, I.M.; Munns, G.R.; Sageot, O-A; Swanborough, J.; Worthington, P.A.; Williams, J. The crocacins: Novel natural products as leads for agricultural fungicides. Chimia 2003, 57, 685–691. [Google Scholar] [CrossRef]

	



Gurung, B.; Yu, L.; Yu, C.A. Stigmatellin induces reduction of iron-sulfur protein in the oxidized cytochrome bc1 complex. J. Biol. Chem. 2008, 283, 28087–28094. [Google Scholar] [CrossRef]

	



van Nieuwenhuyse, P.; van Leeuwen, T.; Khajehali, J.; Vanholme, B.; Tirry, L. Mutations in the mitochondrial cytochrome b of Tetranychus urticae Koch (Acari: Tetranychidae) confer cross-resistance between bifenazate and acequinocyl. Pest. Manag. Sci. 2009, 65, 404–412. [Google Scholar]

	



Koura, Y.; Kinoshita, S.; Takasuka, K.; Koura, S.; Osaki, N.; Matsumoto, S.; Miyoshi, H. Respiratory inhibition of acaricide AKD-2023 and its deacetyl metabolite. Nihon Noyaku Gakkaishi (J. Pestic. Sci.) 1998, 23, 18–21. [Google Scholar]

	



Caboni, P.; Sarais, G.; Melis, M.; Cabras, M.; Cabras, P. Determination of acequinocyl and hydroxyacequinocyl on fruits and vegetables by HPLC-DAD. J. Agric. Food Chem. 2004, 52, 6700–6702. [Google Scholar]

	



Takatsuki, A; Tamura, G.; Arima, K. Antiviral and antitumor antibiotics. XIV. Effects of ascochlorin and other respiration inhibitors on multiplication of Newcastle disease virus in cultured cells. Appl. Microbiol. 1969, 17, 825–829. [Google Scholar]

	



Berry, E.A.; Huang, L.S.; Lee, D.W.; Daldal, F.; Nagai, K.; Minagawa, N. Ascochlorin is a novel, specific inhibitor of the mitochondrial cytochrome bc1 complex. Biochem. Biophy. Acta 1797, 360–370. [Google Scholar]

	



Song, C.; Scharf, M.E. Mitochondrial impacts of insecticidal formate esters in insecticide-resistant and insecticide-susceptible Drosophila melanogaster. Pest. Manag. Sci. 2009, 65, 697–703. [Google Scholar] [CrossRef]

	



Hong, S.; Park, K.K.; Magae, J.; Ando, K.; Lee, T.S.; Kwon, T.K.; Kwak, J.Y.; Kim, C.H.; Chang, Y.C. Ascochlorin inhibits matrix metalloproteinase-9 expression by suppressing activator protein-1-mediated gene expression through the ERK1/2 signaling pathway. J. Bio. Chem. 2005, 280, 25202–25209. [Google Scholar]

	



Marques, M.A.; Citronb, D.M.; Wang, C.C. Development of tyrocidine A analogues with improved antibacterial activity. Bioorg. Med. Chem. 2007, 15, 6667–6677. [Google Scholar] [CrossRef]

	



Romagnoli, S.; Oettmeier, W.; Zannoni, D. The effects of decyl aurachins C and D on the respiratory electron flow of facultative phototrophic bacteria. Biochem. Mol. Biol. Int. 1996, 39, 671–678. [Google Scholar]

	



Kitagawa, W.; Tamura, T. A quinolin antibiotic from Phodococcus erthropolis JCM 6824. J. Antibiot. 2008, 61, 680–682. [Google Scholar] [CrossRef]

	



Kitagawa, W.; Tamura, T. Three types of antibiotics produced from Phodococcus erthropolis strains. Microbes Environ. 2008, 23, 167–171. [Google Scholar] [CrossRef]

	



Gonzalez, M.; Carmen, S.; Miguel, A.; Rao, K.; Sundar, Z-P.; Marmen, M.; Cortes, D. Prenylated benzopyran derivatives from two Polyalthia species. Phytochemistry 1996, 43, 1361–1364. [Google Scholar]

	



Zafra-Polo, M.C.; González, M.C.; Tormo, J.R.; Estornell, E.; Cortes, D. Polyalthidin: New prenylated benzopyran inhibitor of the mammalian mitochondrial respiratory chain. J. Nat. Prod. Chem. 1996, 59, 913–916. [Google Scholar] [CrossRef]

	



López-Gresa, M.P.; Cabedo, N.; González-Mas, M.C.; Ciavatta, M.L.; Avila, C.; Primo, J. Terretonins E and F, inhibitors of the mitochondrial respiratory chain from the marine-derived fungus Aspergillus insuetus. J. Nat. Prod. 2009, 72, 1348–1351. [Google Scholar] [CrossRef]

	



Kurosu, M.; Narayanasamy, P.; Biswas, K.; Dhiman, R.; Crick, D.C. Discovery of 1,4-dihydroxy-2-naphthoate prenyltransferase inhibitors: New drug leads for multidrug-resistant Gram-positive pathogens. J. Med. Chem. 2007, 50, 3973–3975. [Google Scholar] [CrossRef]

	



Wayne, L.G.; Hayes, L.G. An in vitro model for sequential study of shiftdown of Mycobacterium tuberculosis through two stages of nonreplicating persistence. Infect. Immun. 1996, 64, 2062–2069. [Google Scholar]

	



Wayne, L.G.; Sramek, H.A. Antigenic differences between extracts of actively replicating and synchronized resting cells of Mycobacterium tuberculosis. Infect. Immun. 1979, 24, 363–370. [Google Scholar]

	



Wayne, L.G.; Sramek, H.A. Metronidazole is bactericidal to dormant cells of Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 1994, 13, 908–912. [Google Scholar]

	



Kurosu, M.; Crick, D.C. MenA is a promising drug target for developing novel lead molecules to combat Mycobacterium tuberculosis. Med. Chem. 2009, 5, 197–207. [Google Scholar] [CrossRef]

	



Dhiman, R.K.; Mahapatra, S.; Slayden, R.A.; Boyne, M.E.; Lenaerts, A.; Hinshaw, J.C.; Angala, S.K.; Chatterjee, D.; Biswas, K.; Narayanasamy, P.; Kurosu, M.; Crick, D.C. Menaquinone synthesis is critical for maintaining mycobacterial viability during exponential growth and recovery from non-replicating persistence. Mol. Microbiol. 2009, 72, 85–97. [Google Scholar] [CrossRef]

	



Lu, X.; Zhang, H.; Tonge, P.J.; Tan, D.S. Mechanism-based inhibitors of MenE, an acyl-CoA synthetase involved in bacterial menaquinone biosynthesis. Bioorg. Med. Chem. Lett. 2008, 18, 5963–5966. [Google Scholar] [CrossRef]

	



Zhang, H.; Tonge, P.J. Enzymatic activity in the crotonase superfamily: The mechanism of the reactions catalyzed by 1,4-dihydroxynaphthoyl-CoA synthase (MenB) and 2-ketocyclohexanecarboxyl-CoA hydrolase (BadI). In 234th ACS National Meeting, Boston, MA, USA, 19–23 August 2007.

	



Li, X.; Zhang, H.; Tonge, P.J. Inhibition of 1,4-dihydroxynaphthoyl-CoA synthase (MenB), an enzyme drug target bacterial menaquinone biosynthesis pathway. In 236th ACS National Meeting, Philadelphia, PA, USA, 17–21 August 2008.

	



Xu, H.; Graham, M.; Karelis, J.; Walker, S.G.; Peter, J.; Tonge, P.J. Mechanistic studies of MenD, 2-succinyl-5-enoylpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic acid synthase from Staphylococcus aureus. In 237th ACS National Meeting, Salt Lake City, UT, USA, 22–26 March 2009.

	



Hossein, D.G. Stereobiochemical aspects of warfarin isomers for inhibition of enzymatic alkylation of menaquinone-0 to menaquinone-4 in chick liver. Int. J. Vitam. Nutr. Res. 1978, 48, 131–135. [Google Scholar]

	



Koul, A.; Vranckx, L.; Dendouga, N.; Balemans, W.; van den Wyngaert, I.; Vergauwen, K.; Göhlmann, H.W.H.; Willebrords, R.; Poncelet, A.; Guillemont, J.; Bald, D.; Andries, K. Diarylquinolines are bactericidal for dormant Mycobacteria as a result of disturbed ATP homeostasis. J. Biol. Chem. 2008, 283, 25273–25280. [Google Scholar]

	



Cole, S.T.; Alzari, P.M. TB-a new target, a new drug. Science 2005, 307, 214–215. [Google Scholar] [CrossRef]

	



Honaker, R.W.; Leistikow, R.L.; Bartek, I.L.; Voskuil, M.I. Unique roles of DosT and DosS in DosR regulon induction and Mycobacterium tuberculosis dormancy. Infect. Immun. 2009, 77, 3258–3263. [Google Scholar] [CrossRef]

	



Farrand, S.K.; Taber, H.W. Physiological effects of menaquinone deficiency in Bacillus subtilis. J. Bacteriol. 1973, 115, 1035–1044. [Google Scholar]

	



Lemma, E.; Unden, G.; Kröger, A. Menaquinone is an obligatory component of the chain catalyzing succinate respiration in Bacillus subtilis. Arch. Microbiol. 1990, 155, 62–67. [Google Scholar] [CrossRef]





© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  molecules-15-01531


  
    		
      molecules-15-01531
    


  




  





media/file8.jpg





media/file11.png
seen

Trifluoroperazine

N\

- similar to mitochondrial bc,
similar to Complex |

similar to mitochondrial

in mitochondria (Complex ll) _ complex IV
) Cytochrome bc,| 8€7°PIC | cytochrome ¢
NADH:Menaquinone Complex ™| Oxidase O,
Oxidoreductase
Type | NADH T
low O 2H,0
Type Il NAD Electron-transfering —«gm | Menaquinone —2>[ 8y?8chrome b dJ 2
ydrogen Flavoproteins / Pool Xidase
NO;
Succinate:Menaquinone anaerobic [ g:;it:atse]
Oxidoreductase NO-
2

similar to Complex ||
in mitochondria





media/file6.jpg





media/file1.png
Quinone nucleus Side-chain Class name

Abbreviation

Corresponding  appreviation
hydroquinone

O

MeO =

ol prenyl ubiquinone

MeO CH3
0)
2,3-dimethoxy-5-methyl
benzoquinone

O

Z
(=
CHs

0)
2-methylnaphtoquinone
O

Z
DO
CHs3

0)
2-methylnaphtoquinone

prenyl menaquinone

phytyl phylloguinone

Q ubiquinonol QH,

MK menaquinonol MKH

K phylloquinonol KH,

CH;

Vitamin K, (phylloquinone)

OAc
O,
@) OAc

Vitamin K; (menadione)

0O CHs [ CHs] CHs
3
L n
MeO CH3
= 4~8
o n

Ubiquinone (i.e. n = 8; Qqq)

Vitamin K, (menadiol diacetate)

CHs

Vitamin K, (menatetrenone, MK-4)

NH,

sol

OH
Vitamin K; (4-amino-2-methyl-1-naphthol)

CHs CHs
NZNYAZN

L 7

0 CHs

M
© Z CHj

Me

Plastoquinone





media/file13.png
Inhibitors of complex |

H.C

3
| X HC
S @)
~~ ° X -
N N CH3
CH

N 3
CH
CH, 3 CH,
Piericidin A Fenazaquin Pyridaben
Rotenone
\
H.C H.C \
= Sl o H,C
,\l]\ | ol N Z ~ l \ CH, O
N
N N 5 N N
o) CH Cl o)
A ™ H4C O\KCH o o0 o
H 3 3
H.C
O CH, o ot ° .
Pyrimidifen Fenpyroximate 3 Tolfenpyrad Dicoumarol

\ 3
H_C/
37 | | cn CH,
N
N H .
Cl 3 o) S |
CH Cl
CH, 3 CH 4& 4|4|
H,C 3 ° Col1a
N

CH
3
CH,

Tebufenpyrad . .
2-((4-(ter t-Butyl)benzyl)thio)-3-methyl-4 H- - -6- -N-(4- -
(44 vl vl ) Y N-(Decan-2-yl)quinazolin-4-amine 5-Chloro-6-ethyl-N-(4-isopropyl

(DQA)

chromen-4-one (a new chromone derivative) cyclohexyl)pyrimidin-4-amine

(AE F117233)

C11H23

OH OH O

C H Rolliniastatin-1

MeO
0
- C 1225
Me 0]
OMe O Acquinocyl
O Cl Stigmatellin
o @ Y -
s o (K
| X
CH, °c e
OH N H,CO OCH, oHiC  CH,
o)
OCH,OCH, Atovaquone CFy o 2-Hydroxy-3-(2-methylbut-3-en-2-yl)

naphthalene-1,4-dione (BTG504)

OH
CH
OCH_OCH CH, O ) ,\L><,L Cl °
3 3 3 H
Ascofuranone
Crocacin D
H3C CH 5 A
Hydramethylnon (AC 217,300) 3 cl

@\ CH, HO CH,
z H, S Czé @ CHO
~ ~ Ascochlorin
O NH
H.C N 5 N

o 7 Y-
H2N o) OH

____________ GramicidinS. -~ ..o o ooiooiooooooo..__TycocidineA oo ptmeein Ao ano-

H 1

o) Aurachin C
Aurachin RE Aurachin E
OH
e NO> of Cl
o Me Me COoH HO
= Z
CHs Cl o]
MeO NO, Cl
Polyalthidin 2,4-dinitrophenol Pentachlorophenol

z
Z

HsC  CH3OH

Terretonine E Terretonine F





media/file10.jpg
imiter Yo miochondrel 0o, slmilar to mochondrel
ey Compioxiy w

Eiectrontansining
Fiaoproirs

st Congx





media/file7.png
Classical pathway

O,,,, OH
I[ j/ 02C
Chorismate

OH
1,4-Dihydroxy-6-naphthoate
MenF A

MenG
(ubi E)

S-Adenosyl-
L-methionine

Y

Alternative pathway

4 OH o
047/0/,,,, ©/CO2 HO,LC o
Oﬁ/o,,,” CO,
Isochorismate Q OH o Q/

O
/\)j\ Demethylmenaquinone
“O,C COy HO .
MenD OH Chorismate A
Cyclic de-hypoxanthine
CcO
2 futalosine AN ~ opPp| MenA

A n
prenyl diphosphate

> OH OH ©O
0., CO,H
0] (; @) HO2C O
HO,LC
O 0O
)

OH
0] OH 1,4-Dihydroxy-2-naphthoate

2-Succinyl-5-enolpyruvyl-6-hydroxy-
3-cyclohexadiene-1-carboxylate

CoA-SH
)I\CO ) de-hypoxanthine futalosine Futalosine
2

H20

yfbB (thioesterase)

AN

0O OH O
CO2 : S-CoA
o) MenC MenE N o0 MenB _ OO
o 3 S-CoA
2-Succinyl-6-hydroxy- 20 -Succmylbenzoate ATP |: Pi o-Succinylbenzoate-CoA 1,4-Dihydroxy-2-naphthoyl-CoA

2,4-cyclohexadiene-1-carboxylate





media/file12.jpg
7 "’x@ o





media/file9.png
.....‘........Q.............0CQ.QOQQOC...Q..QQ..Q.Q...............Q.Q.....Q...

O
outer membrane ----

intermembrane space A

QQQQQQ

cytochrome ¢
T - - |

YPPPPPPG PRPPPR

XOOOOCL
it RRRRIYTANAS | sBlihe Sfp,
& matrix succin@ 2H+ T . /* H>O =0
] +
O= 1 2H+ : H
_ NADH ‘fumarate + 2H" ] 1/20;
inner : ,\ g cytochrome oxidase
membrane ' : Y ; (complex V) ATP
NADH + H* | ubiquinone:cytochrome ¢
NADH:ubiquinone + succinate:ubiquinone oxidoreductase ADP + Pi
: + oxidoreductase +
dehydrogenase ! (complex I) (cytochrome bc; complex, H*-ATPase (ATP synthase)
(complex I) : P complex lll)
NADH dehydrogenase-l | . I
in human aH" 5 cytochrome Cox 2 cytochrome ¢eq

NADH dehydrgenase-l|
in Plasmodium spp.

CHs n=8 in human
QH2 =6 in Plasmodiu

OH

)
b
2ePH 0O
cytochrome b Atovaquone
H, b : low-potential haem
by : high-potential haem
2H*





media/file14.jpg
op TN N . . SN
cr M o /\/\/0\/\/"\/\0
o

Aarinomatnone &
sy ity
1
i o on
e s oM - op
A . - ]
H ° ] =
W on
froo ) i st wios (v
b iy i s





media/file5.png
—» electron flow 2H* 4H* 2H" H* H,0

MK

1120,
‘ v <
Q QQQ 00.0,0.( ‘.A. 0-:.‘...-. 900 .L.‘.“?" )!’0 Q..Q OCS % P.Q‘.Q»' """ 'A.Af_?_?_? .00 D.QQ. 000 p p
....1 '0.0 4 19’60 000000 I'.......‘i YOO O0000 FOOOOOO) 00000000 ,.. pp
MKH, MKH; y MKH, MK Qs A
H* 2H" . TH0 H* @
NADH NADH 2H oH*
+ ' NO3 + 2H" fumarate
NADH+H"  NADH+H" succinate o o ate + 2H* ATP + Hy0 NOZ + H0 4 oyt |
succinate
NADH dehydrogenase | succinate dehydrogenase _
cytochrome bcq-aa; ADP + Pi cytochrome bd  nitrate reductase
NADH dehydrogenase Il id
super complex Oxidase

fumarate reductase
FoF 1 ATP synthase






media/file15.png
O OH

Cl I

ﬂ'ii CH,
O/\/\/\/\/N\/\

Allylaminomethanone-A
(MenA inhibitor)

H,C N OH _s OH
N _~# y
CHs;

Oxythiamine
(MenD inhibitor)

O

@)

N
0 r
\\QSfN O N\%%_%%
T
HO  OH

Vinyl sufonamide analog
(MenE inhibitor)

O OH

H
AT T ot

Phenethylaminomethanone-A
(MenA inhibitor)

T

NH, OH

I
@) O
(S)-Warfarin
(MK-4 biosynthesis inhibitor)





media/file3.png
intrinsic pathway

damaged surface

(Xl act

ivator)

0O CH; CH;
= =
] O" i’
CHs s
OH CHj3 HO 9 HO O
= | o i
SO
CH;
reductase OH v-glutamyl carboxylase

(vitamin K epoxide reductase) (V|tam|ne

vitamin K-hydroquinone
(wtamm KH,)

CH3
/ warfarin (an anticoagulant)
V|tam|n K

CHX/ :

HC’
i |

S..C— reductase (reduced form)

vitamin K epoxide
reductase (oxidized form)

HOK
79

carboxylase

—X X=X X=X
@
= =
OH "rr;— O
CHs CHs
O o]

Proposed reaction mechanism of regeneration of vitamin K from vitamin
K 2,3-epoxide

«ﬁ-@“*

V|tam|n K 2,3-epoxide I
vitamin K eponde HO

K-dependent carboxylase)

HO (O

vitamin K-alkoxide

X ——> Xlla

vitamin K-dependent

_n, proteins
N
H

HN\)L

glutamlc acid residue

CO,

lutamy!- HN\)L S

H"JI
HO™ ~O
y-carboxyglutamic acid residue

s

active
protein C

extrinsic pathway

tissue/cell defect

Vila Vil
IXa Villa «=—— VIl
Xa Ca?*
thrombin
Ca?* (lla) Xl
fibrinogen J—» fibrin
0] Ca®* (la)
Xllla

cross-linked fibrin clot

D . vitamin K-dependent protein





media/file4.jpg





media/file0.jpg
Quinonenuckus  Sidechain Class name  Abbreviation  COT®%BONING  Aupreviaion

e,
.
e, ¥ pen  ubinone o [ro— a
X
ot Baen
iy
.
“
e
W AR SRS W
A e
% 3
5 =
iioghsinny P
. 5
L 1
S Y o R . e
- " -

b nees

froC R PP Plastoquinone





media/file2.jpg





