3. Complex IIs of A. suxm mitochondria
3.1 Multiple complex Ils in A. suum mitochondria

The complex II superfamily comprises succinate-quinone reductase (SQR) and quinol-fumarate reductase (QFR),
which catalyze the interconversion of succinate and fumarate with quinone and quinol. SQR is a component of the
aerobic respiratory chain as well as the tricarboxylic acid (TCA) cycle [26]. QFR isa component of the anaerobic
respiratory chain in anaerobic and facultative anaerobic bacteria [27] and lower ¢ukaryotes [6, 28]. SQR and QFR
complexes generally consist of four subunits referred to as the flavoproteint s/db‘um't (Fp), iron-sulfur subunit (Ip),
cytochrome b large subunit (CybL), and cytochrome b small subunit (CybS): The Fp and Ip subunits comprise the
catalytic domain of the enzyme. The Fp subunit has an FAD as a prosthetic group and contains the

2+, 1+
, and

dicarboxylate-binding site. The Ip subunit generally contains three iron-sulfur clusters [2Fe-2S]*""", [4Fe-4S]
[3Fe-4S]"™°. Subunits CybL and CybS, with heme b as the prosthetic group, form the anchor domain of the enzyme.
This anchors the catalytic domain to the inner mitochondrial membrane and also serves as the quinone
oxidation/reduction site [29].

Our previous study showed that A. suum mitochondria express stage-specific isoforms of complex II (SQR in
larvae/QFR in adult) (Fig. 6). The Fp and CybS:in adult complex II differ from those of infective third stage larval
(L3) complex II. In contrast, there is no diff;fence"in the iron-sulfur cluster (Ip) and CybL between adult and L3
isoforms of complex II. However, recent analysis of the changes that occur in the respiratory chain of 4. suum larvae
during their migration in the host, we found that enzymatic activity, quinone content and complex II subunit
composition in mitochondria of lung stage L3 (LL3) A. suum larvae is different from those of L3 and adult [22].
Quantitative analysis of quinone content in LL3 mitochondria showed that ubiquinone is more abundant than
rhodoquinone. Interestingly, the results of two-dimensional bule-native/sodium dodecyl sulfate polyacrylamide gel
electrophoresis analyses showed that LL3 mitochondria contained larval Fp (Fp") and adult Fp (Fp") at a ratio of
1:0.56, and that most LL3 CybS subunits were of the adult form (CybS™). This result clearly indicates that the
rearrangement of complex II begins with a change in the isoform of the anchor CybS subunit, followed by a similar

change in the Fp subunit. At any event, the NADH-fumarate reductase activity of A. suum adult worms (~100

nmol/min/mg) are much higher than that of the mammalian host (2~5 nmol/min/mg).

3.2 ROS production from complex I

Mitochondrial respiratory chain is a significant source of cellular ROS. Impairment of the respiratory chain
complexes is known to increase the cellular ROS production [30]. In general, complexes I and III are considered as the
two major sites of superoxide and hydrogen peroxide production in the respiratory chain [30-33]. Interestingly, our

results show that complex II is the main site of ROS production in A. suum adult respiratory chain [9].
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Analysis of submitochondrial particles for superoxide (O,") production using superoxide dismutase inhibitable
acetylated cytochrome c reduction, and hydrogen peroxide production using catalase inhibitable amplex red oxidation,
in the presence and absence of respiratory chain inhibitors, showed the contribution from both the FAD site and
quinone-binding site of complex 1I to produce O,” and H,O, when succinate is oxidized under aerobic conditions.
Considering the conservation of amino acid residues critical for the enzyme reaction between 4. suum complex Il and
mitochondrial SQR, our results show the ROS production from more than one site in mitochondrial complex II linked
with subtle differences in the amino acid sequences of the enzyme complex.

A. suum adult complex II is a good model to study the mechanism of ROS production from mitochondrial complex
11, since amino acid residues conserved among the catalytic domajns in mitochondrial SQR enzymes are well
conserved in this enzyme and it produces high levels of ROS. Absence of complex III and IV activities in its
respiratory chain is an additional advantage of this model. These studies will provide further insight into the
possibility of high levels of ROS production from both the FAD site‘and the Q site in the complex II of A. suum adult

wormn and help to understand the role of mutations in human complex I for carcinogenesis.

3.3 Specific inhibitors of complex II ’

The differences between parasite and host mitochonciria described in this review hold great promise as targets for
chemotherapy. For example, the anti-malarial drug Atovaquone, which recently developed, acts on the mitochondrial
respiratory chain [34]. Atovaquone is eff:cﬁve_ ag’iaiﬁst chloroquine-resistant strains, [35]. The specific target is thought to be
complex 111, and biochemical analysis has shown that it acts on the ubiquinone oxidation site in the cytochrome 5 of
complex 111 [36, 37]. Such a chemp;i;eragcuﬁc approach is also applicable to the helminthes. It has been proposed that the
fumarate respiration is the target of such drugs as bithionol and thiabendazole [38, 39], but there is no clear biochemical or
pharmaceutical evidence to- support this idea. However, as described in the previous section, progress in the study of the
NADH-fumarate reductase pathway permits screening of new anthelmintic compound. Nafuredin, selectively inhibits
helminth complex I at coﬁéentralions in the order of nanomoles [40] (Fig. 7). Kinetic analysis revealed that the inhibition by
nafuredin is competitive against RQ (Fig. 5). These findings, coupled with the fact that helminth complex 1 uses both RQ
and UQ as an electron acceptor, suggest that the structural features of the quinone reduction site of helminth complex I may
differ from that of mammalian complex I. In fact, the inhibitory mechanism of quinazolines, which effectively kill the E.
multilocularis protoscoleces, was competitive and partially competitive against RQ and UQ, respectively [41].

The most potent inhibitor of complex II, Atpenin A5, was found during the screening of inhibitors for A.
suum complex II [42]. To our regret, ICso of Atpenin A5 for bovine complex II (3.6 nM) was lower than that
for A. suum complex II (12 nM for QFR and 82 nM for SQR). However, the further scx;eening of inhibitors
showed that flutolanil, a commereially available fungicide, specifically inhibits 4. suum SQR [43] (Fig 7).
The ICso of flutolanil against A. suum and bovine SQR was 0.081 and 16 pM, respectively, indicating that
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flutolanil is a promising lead compound for anthelminthics. To enable rational drug optimization, a erystal of
the A. suum QFR complexed with flutolanil was prepared by soaking, and X-ray structure analysis has been
performed. The current structural model of the flutolanil bound form of the A. suum QFR (Harada,
unpublished observation) indicates that flutolanil is bound to the same site as those of the quinone binding
observed in complex IIs from pig heart mitochondria (pdb code 1ZOY), %, coli 1NEK and 1L0V) and avian
(1YQ4). The site of the pig enzyme, for example, is composed of ten residues highly conserved across amino
acid sequences of these complex IIs; Pro169, Trpl73 and 116218 from the Ip subunit, 1e30, Trp35, Met39,
Ser42, Tle43 and Arg46 from the CybL subunit, and Tyr91 from the Cbe sttbunit. However, three residues,
Trp35, Met39 and Ile53, are replaced by Pro65, Trp69 and Gly73, respectively, in A. suum QFR. The
structures of the A. suum QFR together with those of QFRs from Wolinella succinogenes [24] and E. eoli
[28], and SQRs from E. coli [44], pig heart mitochondria [45], and avian heart mitochondria [46] should help
clarify the structure-function relationship of complex 1T and provide useful information for the

structure-based design of anthelminthies.

4. Fumarate respiration of human mitechendria
4.1 Human complex II

In human, many cases of diseases caused by mutations in subunits of complex II have been reported. Mutations
found in the Ip, Cyb L or Cyb S are associated with the development of pheochromocytoma and paraganglioma
[47-51]. The causes of tumorigenesis are suggested that ROS production from mutated complex I [52, 53]or
accumulation of succinate as a result of SQR inhibition [11]. Accumulated succinate inhibits HIF-lo prolyl
hydroxylases in the cytosol, leading to stabilization and activation of HIF-1a. Thus, succinate can increase expression
of genes that facilitate angiogenesis, metastasis, and glycolysis, ultimately leading to tumor progression. On the other
hand, no patient about mutation in Fp linked to tumorigenesis has been reported. There are two Fp isoforms in human,
which will be discussed later, and this is probably the reason why mutations in Fp are not directly linked to
tumorigenesis. Instead, mutations in Fp linked to severe metabolic disorders resulting from decreased activity of the
TCA cycle and impairment of oxidative phosphorylation, although these are rare. These autosome-recessive disorders
are manifested as childhood encephalopathy, myopathy, adult optic atrophy, and Leigh syndrome [54-57]. Recently,
two new proteins, SDHAF1 (succinate dehydrogenase complex assembly factor 1) and SDHAF2, were found to
be the first assembly factors of complex II [53, 58). It was suggested that mutations found in SDHAF]1 may result in
the reduction of assembled complex II and cause infantile leukoencephalopathy [58]. SDHAF?2 is suggested to be
required for the incorporation of the flavin adenine dinucleotide cofactor (flavination) of SDHA (succinate
dehydrogenase complex, subunit A, flavoprotein), and it is also necessary for complex II assembly and function

[53]. Furthermore, the mutation found in SDHAF2 has been suggested to link to familial paraganglioma [53]
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4.2 Isoformes of human complex 11

In 2003, we found two isoforms of human Fp, type I and type II [59, 60] (Fig. 8). These isoforms differ to each
other only in two amino acid residues. Tyr 586 and Val 614 of type I Fp are replaced by Phe 586 and Ile 614 in type II
Fp, respectively. Tyr 586 and Val 614 are well conserved among mammals’ Fps and type II Fp is found only in human

complex II (Fig. 9). Type I Fp gene has an exon-intron structure, while the structur ’%‘oﬁ‘type 11 Fp gene has not been
determined. The type II Fp gene is not found in the NCBI database and the loga;iQn has not been clarified yet while
type 1 Fp gene is located on chromosome 5p15 [59, 60].
Complex II with type I Fp has isoelectric point (p]) of 6 - 7, whereas cgmpiéx 1T with type II Fp shows its p/ of § - 6.
To explain the difference of pl values, several reports suggested the phosphorylation of amino acid residues in Fp
subunit [7, 61]. One of these residues, Tyr 500, is located close to Tyr 586, which is replaced by Phe in type II Fp (Fig.
10). Since the Tyr 586 Phe substitution will certainly destroy a hydrogen bond between Tyr 586 O, and Glu 597 O;
(3.13A), the local structure around Tyr 586 as well as Tyr 500 phosphorylation status may be different between Fps of
types I and IL

The result of biochemical analysis of complex II with each isoform, complex II with each Fp was found to have
almost the same SQR specific activities. However, Type II Fp has lower optimal pH than type I Fp and at optimal pH
of type I Fp, K, value for succinate of type'II Fp is lower than type I Fp (Sakai unpublished data). It may be possible

that different phosphorylation status of complex 1I with each isoform cause biochemical differences.

4.3 Expression of human complex, II containing Type Il Fp

- Our previous study on the expression of isoformes showed that both types were expressed in all the organs tested
(liver, heart, skeletal muscle, brain and kidney) and expression of type I Fp was higher than that of type I Fp [59, 60].
This tendency was also found in the cultured cells such as Fibroblast, Myoblast, Human Umbilical Vein Endothelial
Cells (HUV—EC-C), colon.cancer cells (HT-29) and lung cancer cells (A549). However, colorectal adenocarcinoma
cells (DLD-1), breast cancer cells (MCF-7) and Iymphoma cells (Raji) showed higher expression of type II than that
of type I Fp. Type I Fp seems to be essential for the ordinary function of complex II because all the examined tissues
and many of the cultured cells showed abundant expression of type I Fp and optimum pH for this isoform is around
physiological mitochondrial matrix pH (pH8.0).

Since type II Fp was expressed in some cancer cells, this isoform may play an important role in the metabolism of
tumor tissue. To investigate the link between type II Fp and tumor tissue in detail, we analyzed mRNA expression
ratio of Fp isoforms in several tissues including tumor tissues and cultured cells. Since some tumor marker genes are
expressed in fetal tissues, we included the fetal tissues in this analysis.

As shown in Table 1, in cultured cells, all the normal cells tested showed mainly type I Fp expression as reported
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previously [59, 60]. In tissues, expression of type I Fp was higher than that of type II Fp in all the organs tested
including normal testes tissue. Interestingly, normal pancreatic tissue showed higher expression of type 1 Fp. In
addition, several tumor tissues expressed predominantly type II Fp such as breast tumor, liver tumor, kidney tumor and

cervix tumor. Among fetal tissues, brain and skeletal muscle showed higher expression of type II Fp than type I Fp.

4.4 Fumarate respiration of humen cancer cells

Several observations suggested the presence of a reverse reaction of complex II, fumarate reductase (FRD), in
mammalian cells, although no direct evidence of FRD activity in mammalian complex II has been available until
recently [62, 63]. The accumulation of succinate under hypoxic conditions has been reported, and complex II has been
suggested to function as FRD in mammalian cells [64]. Metabolome analysis of the cancer cells supports this idea,
because succinate, fumarate and malate were present at higher«ievels in cancer tissues than normal tissues [65]. FRD
inhibitor pyrvinium pamoate, an anthelmintic, has also been reported to act as an anticancer compound in human
cancer cells [62]. Furthermore, recent biochemical studies showed fumarate respiration in human mitochondria clearly
[7, 8 ]. Mitochondria isolated from DLD-1 cells shoys;ed FRD activity with 3 nmol/min/mg protein, although this
number is quite lower than that of the A. suum mitochondria (200 nmol/min/mg). Interestingly, the cancer cells had
higher FRD/SQR ratio than the normal cells. For example, FRD/SQR ratio in Panc-1 cells is 0.066+0.010, while
that in Human Dermal Fibroblast cells is 0.011%0.002. In addition, FRD/SQR ratio increased when the cancer
cells were cultured under hypoxic and glucose limited condition [7]. Effect of a treatment by phosphatase and protein
kinase on the direction of enzyme activity of human complex II suggests the changes from SQR to QFR by
phosphorylation of Fp.

Different from A. sum, which has at least two distinct complex IIs as mentioned previously, only one gene is
found for each subunit of human complex II except Fp. In this connection, it is of interest to speculate that complex 11
with type II Fp has higher QFR activity and play an important role in fumarate respiration in human mitocﬁondria as
terminal oxidase of the system. Further biochemical study on the difference between type I and type II Fp will bring

final conclusion on this attractive idea.

5. Conclusions

The recent findings described in this review indicate that the respiratory chain plays an important role in responses
to changes in the amount of oxygen in the environment. Complex II functions as a fumarate reductase during
adaptation to a hypoxic condition to ensure the maintenance of oxygen homeostasis. In this connection, the reports
indicating that complex II functions as an oxygen sensor are of great interest [63].

In addition, direct evidences of fumarate respiration in human mitochondria are quite important in the study of
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energy metabolism in hypoxic condition including cancer cells. Differences in energy metabolism between hosts and

parasites and/or cancer cells are attractive therapeutic targets.
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Legend to Figures
Figure 1. Complex II is the member of TCA eycle and respiratory chain

Complex II catalyzes the oxidation of succinate to fumarate in the TCA cycle and transports the electron generated
by this oxidation to ubiquinone in the respiratory chain. Generally, complex II consists of four subunits. Flavoprotein
(Fp) subunit contains a flavin adenine dinucleotide prosthetic group and iron sxilfuf protein (Ip) subunit contains three
iron-sulfur clusters. There are two hydrophobic cytochromeb (Cyb L, Cyb S)subumts The succinate binding site is
located in Fp subunit, while the quinone binding site is formed by three subunits, Ip, Cyb L and CybS. Complex 1I
also catalyzes the reduction of fumarate, a reverse-reaction of succinate dehydrogenase, in the respiratory chain of

mitochondria from anaerobic animals, such as Ascaris suum, as well as anaerobic bacteria.

Figure 2. Life cycle of Ascaris suum

Fertilized eggs grow to be infective L3 under aerobic environment. Infective L3 larvae are ingested by the host,
reach the small intestine and hatch there. Afterwards, larvae migrate into host body (liver, heast, lung, pharynx), and
finally migrate back to the small intestine and become adults. In the host small intestine, the oxygen concentration is
low (pO,=2.5 ~ 5%) compared with the eXogeﬁoﬁs environment (pO,=20%). The metabolic pathway of 4. suum

changes dramatically during its life cycle; to adapt to changes in the environmental oxygen concentration [6].

Figure 3. Glucose metabolism of A, suxm larval and adult mitochondria

The metabolic pathway of 4. suum adult has a unique anaerobic electron transport system, NADH-fumarate
reductase system. In the phosphoenolpyruvate carboxykinase (PEPCK)-succinate pathway, phosphoenolpyruvate
(PEP) produced by a glycolytic process is carboxylated to form oxaloacetate and is then reduced to malate. The
cytosolic malate is transported into the mitochondria, where it is first reduced to fumarate, and finally to succinate by
the rhodoquinol-fumarate reductase activity of complex II. The terminal step is catalyzed by the NADH-fumarate
reductase system (Boxed in broken lines) comprised of complex I, rhodoguinone (RQ), and complex II. PEP,

phosphoenolpyuvate; PEPCK, phoshoenolpyruvate carboxykinase; OAA, oxaloacete [6].

Figure 4. Chemical structure and redox potentials of the quinones. A. Chemical structures of UQ and RQ. n,

numbers of isoprenyl groups in side-chain. B. Redox potentials of quinones and substrates.

Figure 5. NADH-fumarate reductase System of 4. suum as a target of chemotherapy

The differences in energy metabolisms between host and helminths is an attractive therapeutic targets for
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helminthiasis. NADH-fumarate reductase is a part of a unique respiratory system in parasitic helminths and is the
terminal step of the phosphoenolpyruvate carboxykinase-succinate pathway, which is found in many anaerobic
organisms. NADH-Fumarate Reductase System is a potential target for chemotherapy. Nafuredin was found to be

competitive inhibitor for rhodoquinone binding site of 4. suum complex I [1].

Figure 6. Schemati¢ representation of 4. suum complex Iis from larva typgmgn(f adult type.

The mitochondrial metabolic pathway of the parasitic nematode 4. suum changes dramatically during its life cycle,
to adapt to changes in the environmental oxygen concentration. 4. sutm rﬁifcf&hondria express stage-specific isoforms
of complex II. While there is no difference in the isoforms of thes‘Igiénd‘"cybL subunits of complex II between L3
larvae and adult A. suum, they have different isoforms of compléX»«.lir‘subunits Fp (larval, Fp~; adult, Fp*) and cybS
(larval, cybS"; adult, cybS*) in 4. suum adult respiratory chain, complex II produces high amount ROS [29].

Figure 7. Chemical structure of inhibitors of complex I
A. Nafuresin, a competitive inhibitor for the ;hddoquinone binding site of 4. suum complex II; B. Atpenin A5, a
competitive inhibitor for the quinone bindihgx sgté of complex I of many species; C. Fulutolanil, a competitive

inhibitor for the quinone binding site of 4 Stuum complex II.

- Figure 8. Fp isoform gene structure

Type I and II Fps differ to each other in six bases in DNA sequences and in two amino acid residues in proteins.
Type I Fp gene has an exon-intron structure, while type II Fp gene issuggested to be intron-less. Although type I Fp
gene is located on chromosome 5p15, the type II Fp gene is not found in the NCBI database and the location has not

been clarified yet [59, 60]..

Figure 9. Alignment of Amino acid sequences of Mammalian Fp subunits

Two amino acid desidues in the red box are different in human Fp isoforms. Tyr 586 and Val 614 in type I Fp are
changed to Phe 586 and Ile 614 in type II Fp, respectively. Tyr 586 and Val 614 are well conserved among mammals
and no animals but human have type II Fp [59].

Figure 10. Positions of Tyr 586 and Val 614 in the structure of percine complex Il
Two amino acid residues different in human isoforms, Y586F and V6141, shown in the cartoon representation of

the porcine complex 11 structure (left) and the close-up view of the region including Y586F and V6141 (right). V6141
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is surrounded mainly by hydrophobic residues, whereas Y586F by both hydrophilic and hydrophobic residues. Y586
and E598 are in the hydrogen bond distance (3.15 A) to each other. UQ shows ubiquinone. The numbers of amino acid

residues in the box represent the human amino acid sequences and the others are the porcine amino acid sequences.
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Table 1 mRNA expression of Fp isoforms in human cultured cells and tissues.

The expression ratio of tﬁe two Fp isoforms was analyzed by RT-PCR-RFLP (restriction fragment length
polymorphism with Avall).Total RNAs were obtained from NIPPON GENE (Japan) for normal liver, heart, skeletal
muscle, brain, kidney and breast tumor, colon tumor, stomach tumor and uterus tumor. Wako (Japan) for normal
pancreas and fetal tissues. Invitrogen (USA) for normal testes and breast tumor, liver tumor, kidney tumor, colon
tumor, pancreas tumor, Cervix tumor, ovary tumor, prostate tumor. Cells ; Fibroblast and Myoblast : kind gift from Dr.
Yu-ichi Goto (National Institute of Neuroscience, Japan) A549, DLD-1 and ,IOICF—7 : kind gift from Mr. Yasuyuki
Yamazaki (Taiho pharma_ceutical, Japan) Panc-] : kind gift from Dr. Yasuhiro ﬁsumi (National Cancer Institute,
Japan) Raji : kind gift from Dr. Kazurou Shiomi (Kitasato university, Japan) HT-29, HU-VEC-C, MDA-M-231, BT-20
and T-47D : ATCC (USA). Pancreatic epithelial and stromal cells : DS pharma (Japan).
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Race Gender Age 1 (%) /Il (%)
Liver® Caucasoid Female 15 70 /30
Heart™ Caucasoid Pool of 7 donors 61/39
Tissue Skeletal muscle® — Male 23 80/20
(Normal)  Brain* Caucasoid Male 50 84/16
Kidney* Caucasoid Pool of 8 donors 62 /38
Testes Caucasoid Male 19 100/0
Fibroblast* Mongoloid — — 94/6
Myoblast® Mongoloid — — 87/13
Cell HUV-EC-C* — — — 88/12
(Normal) Pancreatic epithelial — - — 100/0
Pancreatic stromal — — — 100/0
Brain - Female 22 weeks 100/0
Tissue
(Fetal)
Skeletal musele — Female 19 weeks 100/0
Breast 55 106/0
Tissue Colon Caucasoid Male 75 100/0
(Cancer) Colon — — — 100/0
Pancreas Mongoloid Male 32 106/0
Stomach — — — 106/0
Uterus — Female — 106/0
Ovary Caucasoid Female 32 1060/0
Prostate — Male i — 100/0
HT-29* Caucasoid Female 44 92/8
AS549% Caucasoid Male 58 9 /4
Cell
(Cancer)
MDA-M-231 Caucasoid Female 51 160/0
BT-20 Caucasoid Female 78 78122
T-47D Caucasoid Female 54 53 /47

* Tomitsuka, E., ef al., 2003
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