228

multiple gene fusion and fission events have occurred in
various eukaryotic groups and this information sheds new
light on the evolutionary concept of gene fusion. Crystals of
dihydroorotate dehydrogenase, a pyr4 gene product, were
obtained by Inaoka et al. and provide important infor-
mation for structure-based drug design [56]. Hashimoto
et al. [57,58) reported that T. cruzi post-transcriptionally
upregulates and exploits host ¢-FLIP for inhibition of a
death-inducing signal. This mechanism enables the para-
site to survive and results in Chagas disease. Kita and his
group discovered ascofuranone, a novel inhibitor of para-
site mitochondrial function. This compound blocks the
cyanide-insensitive terminal oxidase of Trypanosoma bru-
cei brucei mitochondria, an enzyme also known as trypano-
some alternative oxidase [59}. In addition, this compound
inhibits trypanosomal growth in heavily-infected mice and
is a good lead for the development of new treatments for
African trypanosomiasis [60). The direct evidence that the
motif E(X)sY is essential for the activity of alternative
oxidases (AOXs) was reported by Nakamura et al. [61].
AOXs have been found in Cryptosporidium parvum in
addition to trypanosomes [62].

Nozaki and his group have been working to discover
and exploit rational targets for the development of che-
motherapeutics against Entamoeba histolytica infection.
E. histolytica possesses unique metabolisms of sulfur-con-
taining amino acids [63], particularly in sulfur-assimila-
tory de novo cysteine biosynthesis and degradation of
methionine, homocysteine and cysteine. Methionine y-
lyase, which is the sole enzyme responsible for the degra-
dation of cysteine, is a target for further drug development.
Nozaki also showed unique aspects in vesicular trafficking
that are involved in phagocytosis and intracellular trans-
port of virulence factors, including cysteine proteases in E.
histolytica [64-69). The diversity of Rab small GTPases
and isoprenylation enzymes of Ras, Rho/Rac and Rab small
GTPases involved in the related processes seem to
represent divergent and rational targets [70]. In particu-
lar, both farnesyltransferase and geranylgeranyltransfer-
ase 1 of E. histolytica were proven to be biochemically
divergent in their sensitivity to known inhibitors.

Concluding remarks

Essential parasite-specific systems that differ from those of
the host represent attractive targets for specialized che-
motherapy, as illustrated by glutamate-gated chloride
channels and the specific activator avermectin. Many
people in developing countries still suffer or die from
malaria, schistosomiasis, filariasis and other infectious
diseases, whereas, in developed countries, parasitic infec-
tious diseases, especially those that are caused by oppor-
tunistic infection resulting from immunosuppressants and
HIV/AIDS, are increasing. Moreover, the emergence of
strains that are resistant to the current front-line drugs
is exacerbating an increasingly dire situation. Therefore,
through the knowledge and understanding gained from
basic research into parasites and the development of this
research for clinical application, Japanese scientists have
an important role at the forefront of the control of emerging
and re-emerging parasitic diseases.
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Abstract

Although neuronal cells are highly vulnerable to oxidative stress, recent studies suggest that production of reactive oxygen species
(ROS) increases during and is essential for neuronal differentiation. In addition, we have previously found that heme biosynthesis is
up-regulated during retinoic acid-induced differentiation of Neuro2a cells. In the current study, we showed that this up-regulation of
heme biosynthesis during differentiation is ROS-dependent. Furthermore, we found that ROS-dependent induction of heme oxygenase,
which degrades heme and acts as an anti-oxidant, and catalase, another anti-oxidant enzyme that contains heme as a prosthetic group,
occurs during differentiation. These results suggest that heme biosynthesis following the degradation of heme protects Neuro2a cells from

oxidative stress caused by ROS during differentiation.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Neuron; Diflerentiation; ROS; Heme; Heme oxygenase; Catalase

Heme is an essential prosthetic group in many proteins
and plays a regulatory role in cells [1). Several groups have
reported that heme is important in the nervous system. For
example, a deficiency in heme causes neuronal cell death
and the suppression of key neuronal genes [2,3]. Also,
altered heme metabolism may be related to aging and Alz-
heimer’s disease [4].

In addition, heme is a substrate of heme oxygenase
(HO), which degrades heme to biliverdin, CO, and Fe’".
Bilirubin, metabolite of biliverdin, is a potent radical scav-
enger and protects neuronal cells from oxidative stress [5].
In a previous study, we found that heme biosynthesis is up-
regulated during retinoic acid (RA)-induced differentiation
of Neuro2a cells [6], but we did not determine the signifi-

Abbreviations: ALAS-1, 5-aminolevulinic acid synthase-1; 3-AT,
3-aminotriazole; CPG, coproporphyrinogen; DSP, downstream primer;
HO, heme oxygenase; NAC, N-acetyl cysteine; PMP70, peroxisomal
membrane protein 70; RA, retinoic acid; ROS, reactive oxygen species;
SA, succinyl-acetone; USP, upstream primer; ZnPP IX, zinc protopor-
phyrin IX.
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cance or identify the regulatory mechanism of this up-
regulation.

Recent reports show that neuronal cells produce high
levels of ROS [7,8]. ROS, which includes free radicals
and peroxides, are generally highly reactive molecules
and could cause significant damage to the neuronal cells.
It is therefore expected that anti-oxidant systems are indis-
pensable for neuronal survival. In general, cells possess
several strategies to avoid damage by ROS, including
ROS-degrading enzymes and low-molecular weight anti-
oxidants. Two of the enzymatic systems, HO and catalase,
require heme for activity.

In this study, we examined the relationship between the
up-regulation of heme biosynthesis and ROS production
during the differentiation of Neuro2a cells [6]. We specifi-
cally focused on the role of HO and catalase in the relation-
ship between heme metabolism and ROS.

Materials and methods

Cell culture. Neuro2a cells were cultured as described previously [6] in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis,
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MO, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco
BRL Life Technologies, Paisley, Scotland), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 292 ug/ml glutamine at 37 °C in a humidified 5% (v/v)
CO; incubator. Differentiation was induced by treating the cells with
20 uM RA in DMEM containing 2% (v/v) FBS.

Detection of intracellular H>0:. Cells were seeded on coverslips (Grace
Bio-Lab., Bend, OR) and incubated as described above (see Cell culture).
H20: was detected using the fluorescent probe BES-H20: (Commercial
name) (Wako, Nagoya Japan), which is converted to a fluorescent product
by reaction with H,O,. The medium was replaced with fresh medium
containing 10 yM BES-H,0; with or without 10 mM N-acetyl cysteine
(NAC) and incubated for 15 min at 37 °C in a humidified 5% (v/v) CO,
incubator. Prior to observation, the BES-H>0,-containing medium was
removed, and the cells on the coverslips were washed with phosphate-
buffered saline (pH 7.4). Next pre-warmed medium (2% FBS/DMEM)
without BES-H20: was added, and the fluorescence was detected using a
NIKON ECLIPSE E600 fluorescence microscope with a 465- to 495-nm
excitation filter, a 505-nm dichroic mirror, and a 515- to 555-nm emission
filter.

Detection of peroxisomes by immunofluorescence microscopy. Peroxi-
somes were detected using a Select Alexa Fluor 488 Peroxisome Labeling
kit (Molecular probes), which detects peroxisomal membrane protein 70
(PMP70). Cells were grown on coverslips, and peroxisome staining was
performed according to the manufacturer’s instructions. Fluorescence
from Alexa Fluor 488 was detected using a NIKON ECLIPSE E600
fluorescence microscope as described above (see Detection of intracellular
H,0,).

Quantitative real-time PCR. Total RNA was isolated from cells using
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. RNA was reverse-transcribed, and complementary DNAs were
synthesized using an oligo (dT) primer. Real-time PCR was performed
using a LC real-time PCR apparatus (Roche Diagnostics, Mannheim,
Germany) and a Quantitect SYBR-Green RT-PCR Kit (Qiagen, Hilden,
Germany) in a 20-pl volume containing 0.5 uM of each upstream primer
(USP) and downstream primer (DSP) according to the manufacturer’s
instructions. The primers used were as follows: for B-actin, B-actin-USP
(5'-tggaatcctgtggeateeatgaaac-3'), and B-actin-DSP (5'-taaaacgcagctcag-
taacagtccg-3"); for S-aminolevulinic acid synthase-1 (ALAS-1), ALAS-1-
USP (5'-gtcaagcttctgagge-3'), and ALAS-1-DSP (5'-cctggteatcaacte-3');
for coproporphyrinogen oxidase (CPG oxidase, EC 1.3.3.3), CPG oxidase-
USP (5'-ctecaggatecaggate-3'), and CPG oxidase-DSP (5'-cctttggatggcg-
caac-3'); for porphobilinogen deaminase (PBG deaminase, EC 2.5.1.61),
PBG deaminase-USP (5'-ccgtagcagtgeatacagtg-3'), and PBG deaminase-
USP (5-ctggatggtggectgeatag-3'); for catalase, catalase-USP  (5'-
ccagtgcgetgtagatg-3') and catalase-DSP (5'-caatgttetcacacagge-3'); for
HO, HO-1-USP (5'-gacacctgaggtcaagc-3’) and HO-1-DSP (5'-
ctetgacgaagtgacg-3'). The PCR was carried out as follows: initial dena-
turation at 95 °C for 10 min, followed by 40 cycles of denaturation for 10 s
at 95 °C, elongation for 20 s (60 °C for B-actin and PBG deaminase; 52 °C
for ALAS-1, and 58 °C for CPG oxidase, catalase, and HO-1), and
annealing for 10 s at 72 °C. The mRNA levels were normalized according
to the level of B-actin mRNA.

Measurement of catalase activity. Collected cells were suspended in
potassium phosphate (50 mM) buffer (pH 7.0) containing 1 mM EDTA,
homogenized, and centrifuged at 10,000g for 15min at 4 °C. Catalase
activities in the supernatants were measured using an Amplex Red
reagent-based H,O, detection system (Amplex Red Catalase Assay Kit,
Molecular Probes) according to the manufacturer’s instructions.

Measurement of HO activity. HO activity was measured by the bili-
rubin generation method [9,10]. In brief, cells were collected by centrifu-
gation (1000g for 10 min at 4 °C), and the cell pellet was suspended in a
buffer of 2mM MgCl, in 100 mM potassium phosphate (pH 7.4), soni-
cated on ice, and centrifuged at 18,800g for 10 min at 4 °C. The super-
natant was added to the reaction mixture (100 pl), which contained rat
liver cytosol (0.5 mg/ml), hemin (20 uM), glucose-6-phosphate (2 mM),
glucose-6-phosphate dehydrogenase (0.2 U), and NADPH (0.8 mM), and
incubated for 1 h at 37 °C in the dark. The formed bilirubin was extracted
with 300 pl of chloroform, and the change in optical density between 464

and 530 nm was measured (extinction coefficient =40mM™'cm™' for
bilirubin).

Statistical analysis. Each experiment was performed three times. The
data were plotted as the means 4 SD. Student’s t-test was used for com-
parisons. Differences were considered significant at P <0.01 or 0.05 as
indicated in the figure legends.

Results
ROS production during differentiation of Neuro2a cells’

Because neuronal cells may produce high levels of ROS
(7,8], we examined whether Neuro2a cells produce ROS
during RA-induced differentiation. In these experiments,
we used the probe BES-H,0, to measured the production
of H,0,, which is a relatively stable molecule and thought
to be a major form ROS [8].

We found that the fluorescence intensity produced by
BES-H,0: was significantly higher in R A-treated differen-
tiating cells than in untreated control cells (Supplement
la). The fluorescence was almost completely abolished by
inclusion of the radical scavenger NAC (Supplement 1b),
confirming that the observed fluorescence was ROS-depen-
dent. The higher fluorescence levels were observed from
around 6 h after the treatment with RA and continued
thereafter (data not shown), indicating that ROS is pro-
duced in differentiating Neuro2a cells.

Effect of the radical scavenger NAC on the expression of
heme biosynthetic enzymes in Neuro2a cells during
RA-induced differentiation

Because we previously observed that heme biosynthesis
is up-regulated during differentiation of Neuro2a cells [6]
and because heme is essential for the activity of anti-oxida-
tive enzymes, we postulated that the up-regulation of heme
biosynthesis is related to the increase in ROS levels during
differentiation. Therefore, we examined the effect of the
radical scavenger NAC on heme biosynthesis.

We first measured the effect of NAC on the mRNA lev-
els for rate-limiting enzymes, namely, ALAS-1 and CPG
oxidase, which we previously found to be up-regulated in
Neuro2a cells during RA-induced differentiation, and on
the level of PBG deaminase, which did not change signifi-
cantly during differentiation [6]. As shown in Fig. 1, the
up-regulation of mRNA levels for ALAS-1 and CPG oxi-
dase by RA was inhibited by NAC, whereas the mRNA
level for PBG deaminase was not affected by RA or
NAC. This result suggests that the up-regulation of heme
biosynthesis during Neuro2a differentiation is ROS-
dependent.

Alteration in the level of HO-1 mRNA and HO enzymatic
activity during RA-induced differentiation in Neuro2a cells

HO plays an anti-oxidative role by converting heme into
the anti-oxidant bilirubin. HO-1, the inducible form of HO,
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Fig. 1. Effect of NAC on the mRNA levels for heme biosynthetic
enzymes. Cells were exposed to RA in the presence or absence of NAC (10
and 20 mM). The mRNA levels for heme biosynthetic enzymes ALAS-1,
CPG oxidase, and PBG deaminase were measured using quantitative RT-
PCR. Results represent the means+ SD (n=3). ‘P <0.05 vs. 24h,
**P <0.05 vs. 48 h without NAC.

responds to various stimuli including ROS {11,12]. Because
our results suggested that ROS up-regulates heme biosyn-
thetic enzymes, we suspected that ROS increases the
demand for bilirubin and therefore heme. For this reason,
we examined the effect of RA on the level of HO-1 mRNA
and HO enzymatic activity in Neuro2a cells.

We treated the Neuro2a cells for up to 48 h with RA,
isolated total RNA, and examined the level of HO-1
mRNA by RT-PCR. As shown in Fig. 2A, the level of
HO-1 mRNA increased during differentiation and was
approximately 10-fold higher than in untreated control
cells 12 h after the induction of differentiation with RA.
The level of HO-1 mRNA did not increase thereafter. We
also examined the effect of the radical scavenger NAC
(10 mM) on the changes in HO-1 mRNA levels. NAC
greatly suppressed the increase in HO-1 mRNA levels dur-
ing differentiation (Fig. 2A). We further measured the HO
enzymatic activity in Neuro2a cells exposed to RA for 12 h
in the presence or absence of 10 mM NAC (Fig. 2B). HO
activity increased after the induction of differentiation,
and the activation of HO was greatly reduced by NAC,
similar to the changes in the HO-1 mRNA level
(Fig. 2A). These results show that HO is activated through
the ROS-dependent induction of HO-1 during RA-induced
differentiation of Neuro2a cells.

Alteration in the level of catalase in Neuro2a cells during
RA-induced differentiation

Catalase is a heme-containing enzyme that catalyzes the
decomposition of hydrogen peroxide (H20>) to water and
oxygen. Because catalase is an important anti-oxidative
enzyme, we examined whether it is also induced during dif-
ferentiation in Neuro2a cells.

Differentiation was induced in the presence or absence
of NAC, and catalase mRNA levels were examined by
RT-PCR. As shown in Fig. 2C, the expression of catalase
was increased during differentiation, and this induction
was suppressed by NAC. We also examined the changes
in the enzymatic activity of catalase (Fig. 2D). Catalase
was activated approximately 2.5-fold after 48h of
RA-induced differentiation. The activation of catalase
was suppressed by NAC. These results suggested that
during differentiation, like HO, catalase is activated by
ROS. Compared with its effects on HO induction, NAC
had a moderate effect on catalase induction. Thus,
10 mM NAC was apparently not sufficient to obtain strong
inhibition, although the inhibition was more obvious at
20 mM NAC (Fig. 2D).

Effect of the heme biosynthesis inhibitor succinyl-acetone
(SA) on catalase activity and peroxisomal distribution in
Neuro2Za cells

Because catalase contains heme as a prosthetic group,
heme biosynthesis may be essential for the activation of
catalase. Thus, we examined whether the inhibition of
heme biosynthesis affects the activation of catalase during
RA-induced differentiation. Differentiation was induced
in the presence or absence of 1 mM SA, an inhibitor of
heme biosynthesis, and the catalase activity was measured
in cell lysates. We found that SA prevented the increase
in catalase activity (Fig. 3).

Catalase is a peroxisomal protein in animal cells, and its
importance in the detoxification of ROS has been described
previously [13]. In addition, peroxisomes are known to be
critical for the function of neurons and the nervous system
[14]. Therefore, we examined whether the administration of
SA affects the distribution of peroxisomes. Differentiation
was induced in the presence or absence of 1 mM SA, and
the peroxisomes were stained using an antibody against
the peroxisomal protein PMP70. Peroxisomes were abnor-
mally distributed in SA-treated cells. Specifically, we
observed many aggregated or dot-like signals in the neu-
rites of SA-treated cells (Supplement 2). Similar changes
were also observed in cells treated with the catalase inhib-
itor 3-aminotriazole (3-AT) (Supplement 3).

Effect of the HO inhibitor zinc protoporphyrin IX (ZnPP
IX) on the level of ALAS-1 mRNA in Neuro2a cells

As shown.in Fig. 2A, the induction of HO-1 mRNA
occurred in the early stage of differentiation (6-12 h) before
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Fig. 2. (A) Changes in the level of HO-1 mRNA during RA-induced differentiation in the presence or absence of NAC. Cells were exposed to RA with or
without 10 mM NAC, and HO-1 mRNA levels were measured by quantitative RT-PCR. Signals were normalized by the signal for B-actin mRNA, and the
values relative to those at O h are presented. (B) HO activity in the presence or absence of NAC. Following a 12 h exposure to RA in the presence or
absence of 10 mM NAC, cells were lysed, and HO activity was measured in the cell lysates. Results represent the means + SD (7 = 3). The statistical
significance was evaluated using Student’s r-test ("P <0.01 vs. 12 h with RA). (C) Changes in the level of catalase mRNA during differentiation in the
presence or absence of NAC. Differentiation of Neuro2a cells was induced with RA in the presence or absence of NAC (10 and 20 mM). The level of
mRNA for catalase was measured by quantitative RT-PCR. Results represent the means + SD (n = 3). *P <0.05 vs. 24 h, **P < 0.05 vs. 48 h without
NAC. (D) Changes in catalase activity during differentiation in the presence or absence of NAC. Cell lysates were prepared, and catalase activity was
measured using Amplex Red. Results represent the means + SD (n = 3). *P <0.01 vs. 24 h, **P <0.01 vs. 48 h without NAC.
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measured in cell lysates. Results represent the means+SD (n=3).
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the up-regulation of heme biosynthesis (~48 h) [6], indicat-
ing that the HO-1 is a primary target of ROS. To clarify the
relationship between the up-regulation of heme biosynthe-
sis and the induction of HO activity, we examined the effect
of ZnPP IX, a competitive inhibitor of HO, on the induc-

tion of ALAS-1. We found that the increase in ALAS-1
mRNA was significantly reduced by ZnPP IX (Fig. 4A),
although the mRNA encoding another heme biosynthetic
enzyme, CPG oxidase, was not affected by ZnPP IX (data
not shown). ZnPP IX caused a significant reduction in the
level of ALAS-1 mRNA at concentrations above 1 uM,
which corresponded with the dose-dependence of the effects
of ZnPP IX on HO activity (Fig. 4B).

Discussion

In this study, we examined the relationship between
ROS and heme metabolism during the differentiation of -
Neuro2a cells. It has been suggested that heme plays an
essential role in the differentiation of neuronal cells [2-4],
but the functions of heme are diverse [15] and their signif-
icance in neuronal cells has not been fully elucidated. Based

on our previous observation that heme biosynthesis is up-
regulated during the differentiation of Neuro2a cells [6],
our current results suggest that this is related to the activa-
tion of anti-oxidative enzymes HO and catalase.

Catalase is one of the major proteins in peroxisomes
(16]. Because catalase contains heme as an essential pros-
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Fig. 4. (A) Effect of ZnPP IX on the level of mRNA for the heme
biosynthetic enzyme ALAS-1. Cells were treated with ZnPP IX (0.2, 1, and
5mM) and the mRNA level for ALAS-1 was measured by quantitative
RT-PCR. Results represent the means & SD (n=3). "P<0.01 vs. 24 h,
**p<0.01 vs. 48 h-without ZnPP 1X. (B) Effect of ZnPP IX on HO
activity. Cells were exposed to RA for 12 h in the presence or absence of
ZnPP IX, and HO activity was measured in cell lysates. The activity was
presented as nmol bilirubin/mg protein/h. Results represent the
means + SD (n = 3). "P < 0.01 vs. without ZnPP IX.

thetic group, our finding of simultaneous ROS-dependent
up-regulation of heme biosynthesis and catalase activity
suggests that heme biosynthesis plays an indispensable role
in catalase activation. Thus, oxidative damage due to a
deficiency in catalase activity could explain the abnormal
distribution of peroxisomes observed in SA-treated cells
(Fig. 3B). In fact, in the nematode Caenorhabditis elegans
[13,17], a lack of peroxisomal catalase causes a progeric
phenotype and the appearance of aggregated peroxisomes
with altered morphologies [13]. )
Another important finding in this study was that HO-1
is induced by a ROS-dependent mechanism during differen-
tiation. Analysis of the changes in the level of HO-I
mRNA indicated that this enzyme is induced during the
very early stage of differentiation and before the induction
of catalase and heme biosynthetic enzymes. HO is an
anti-oxidative enzyme, and its inducible form, HO-1, is
an integral part of the antioxidant system in cells [18]
and is up-regulated by a variety of factors, including
ROS [11,12]. It is likely that HO-1 induction is the primary
target of ROS and that it contributes to the up-regulation
of heme biosynthesis, possibly through the consumption of
heme [19]. This may help meet demand for heme needed for
catalase activation. In fact, the up-regulation of ALAS-1

expression was suppressed by the HO inhibitor ZnPP 1X
but unaffected by the catalase inhibitor 3-AT (data not
shown).

In this report, we investigated the relationship between
ROS and heme metabolism during RA-induced differenti-

ation of Neuro2a cells. Previous reports have demon-
strated that ROS participate in the differentiation of
nonneuronal cells and that NADPH oxidase helps pro-
duce ROS [20,21]. Elevation of the level of ROS also
seems to be a common phenomenon in neuronal differen-

tiation [7,8], although the source of ROS and the signal-
ing mechanism leading to neuronal differentiation

remains to be clarified. RA is essential not only for neu-
ronal differentiation but also for neuronal regeneration

[22,23]. Therefore, the findings in this study might also
be relevant to neuronal regeneration.
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Abstract

The mitochondrial metabolic pathway of the parasitic nematode 4scaris suum changes dramatically during its life cycle, to adapt to changes in
the environmental oxygen concentration. We previously showed that A. suum mitochondria express stage-specific isoforms of complex II
(succinate—ubiquinone reductase: SQR/quinol-fumarate reductase: QFR). The flavoprotein (Fp) and small subunit of cytochrome b (CybS) in
adult complex II differ from those of infective third stage larval (L3) complex II. However, there is no difference in the iron—sulfur cluster (Ip) or
the large subunit of cytochrome b (CybL) between adult and L3 isoforms of complex II. In the present study, to clarify the changes that occur in
the respiratory chain of 4. suum larvae during their migration in the host, we examined enzymatic activity, quinone content and complex II subunit
composition in mitochondria of lung stage L3 (LL3) 4. suum larvae. LL3 mitochondria showed higher QFR activity (~ 160 nmol/min/mg) than
mitochondria of A. suum at other stages (L3: ~80 nmol/min/mg; adult: ~70 nmol/min/mg). Ubiquinone content in LL3 mitochondria was more
abundant than rhodoquinone (~ 1.8 nmol/mg versus ~ 0.9 nmol/mg). 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 clearly indicates that the rearrangement of complex Il begins with a
change in the isoform of the anchor CybS subunit, followed by a similar change in the Fp subunit.

© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

During the life cycle of the parasitic nematode Ascaris suum,
it transitions from aerobic to anaerobic metabolism in parallel
with changes in the environmental oxygen concentration (F ig. 1)
[1—6]. In acrobic metabolism, which is used by 4. suum larvae
during their development from fertilized egg to third stage larvae
(L3), phosphoenolpyruvate (PEP) is converted to pyruvate by
pyruvate kinase, and pyruvate is converted to CO; and H,O via
the tricarboxylic acid (TCA) cycle, generating a large amount of
ATP by aerobic oxidative phosphorylation [7]. Adult A. suum
worms, which live in a low-oxygen environment, use the
anaerobic phosphoenolpyruvate carboxykinase (PEPCK)-
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Fig. 1. Life cycle of Ascaris suum. Fertilized eggs grow to infective L3 under
aerobic environment. Infective L3 larvae are ingested by the host, reach the
small intestine and hatch there. Afterwards, larvae migrate into the host body
(liver, heart, lung, pharynx), and finally migrate back to the small intestine and
become adults. In the host small intestine, the oxygen concentration is only 2.5
to 5% of that of the exogenous environment [12]. w/, with; w/o, without.

succinate pathway. In the first step in the PEPCK-succinate
pathway, PEPCK fixes CO, to PEP in the cytosol, to form
oxaloacetate. This oxaloacetate is then reduced to malate,
which is dismutated in mitochondria. Then, fumarate hydratase
converts the malate to fumarate, which is reduced by the
quinol—fumarate reductase (QFR) activity of complex II; in
aerobic respiration, complex II catalyzes oxidation of succinate
(succinate—ubiquinone reductase; SQR) in the mitochondria.
The last step of the PEPCK-succinate pathway involves the
NADH-fumarate reductase system, which is composed of
complex I (NADH—quinone reductase), low-potential rhodo-
quinone (RQ) and complex II (QFR) [3,8]. Electron transfer
from NADH to fumarate is coupled to ATP synthesis by site I
phosphorylation in complex I. The difference in redox potential
between NAD'/NADH (Em’=-320 mV) and fumarate/
succinate (Em’=+30 mV) is sufficient to drive ATP synthesis.

In eukaryotes, complex II is localized in the inner mitochon-
drial membrane, and is generally composed of 4 peptides [31.
The largest flavoprotein (Fp) subunit has an approximate
molecular mass of 70 kDa and contains flavin adenine
dinucleotide (FAD) as a prosthetic group. The relatively hydro-
philic catalytic region of complex II is formed by the Fp subunit
and the iron-sulfur cluster (Ip) subunit, whose molecular
weight is about 30 kDa. The remaining subunits comprise

cytochrome b, which contains heme b. Cytochrome b is
composed of 2 hydrophobic membrane-anchoring polypeptide
subunits; the 15-kDa large subunit (CybL) and the 13-kDa small
subunit (CybS). These cytochrome 5 subunits are necessary for
interaction between complex II and hydrophobic membrane-
associated quinones such as ubiquinone (UQ) and RQ.
However, it is unclear how heme b is involved in the electron
transfer between complex 11 and quinones.

In a previous study, we showed that 4. suum mitochondria
express stage-specific isoforms of complex II [5,6,9]. While
there is no difference in the isoforms of the Ip and CybL
subunits of complex II between L3 larvae and adult 4. suum,
they have different isoforms of the complex II subunits
Fp (larval, Fp"; adult, Fp*) and CybS (larval, CybS"; adult,
CybS™). Quinone species in the mitochondria also change
during the life cycle of A. suum. In adult mitochondria, the
predominant quinone is the low-potential rhodoquinone
(RQ; Em’'=-63 mV); in larvae, the predominant quinone is
ubiquinone (UQ; Em’=+110 mV) [10]. A combination of SQR
and UQ, and that of QFR and a low-potential quinone, such as
RQ or menaquinone (MK), is also observed in E. coli and other
bacteria during metabolic adaptation to changes in oxygen
supply [11]. UQ has a higher potential than RQ); therefore, RQ is
better suited to transferring electrons to fumarate than is UQ. In
L2 and L3 A. suum larvae, UQ preferentially donates electrons
to the cytochrome chain in the mitochondria. Thus, UQ
participates in aerobic metabolism in A. suum larvae, whereas
RQ participates in anaerobic metabolism in adult 4. suum.

After ingestion by the definitive host, the L3 larvae penetrate
the intestinal wall and reach to the lung migrating through the
tissues such as liver and heart. The L3 larvae passes from lung
via the trachea to the small intestine where they molt to L4 and
develop into sexually maturate adult worms in the small
intestine [12]. Although studies have shown a clear difference in
energy metabolism between larval and adult 4. suum mito-
chondria, little is known about changes in the properties of
mitochondria (including respiration) during migration of A.
suum larvae in the host.

In the present study, we examined changes in subunit
composition of A. suum larval complex II from lung stage L3
(LL3) larvae obtained from rabbits. Enzymatic analyses showed
that properties of LL3 mitochondria differed from those of L3
and adult mitochondria. Protein chemical analysis revealed that
the change in complex II begins with the anchor CybS subunit,
and then occurs in the Fp subunit.

2. Materials and methods
2.1. Parasites

A. suum adult worms were procured from a slaughterhouse in
Tokyo, Japan. Third stage infective (L3) larvae and lung stage
L3 (LL3) larvae were obtained as previously described [5,13].
All animals used in this study were acclimatized to the experi-
mental conditions for 2 weeks before the experiment. Animal
experiments were conducted in accordance with the protocols
approved by the Animal Care and Use Committee, National
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Institute of Animal Health (Approval nos. 589,712). For the
preparation of LL3 larvae, Japanese white rabbits were made to
ingest infective 4. suum eggs (approximately 1.5 % 10° eggs per
rabbit), and infected lungs were removed from the rabbits
7 days after ingestion of the eggs. The lungs were cut into 2-cm
cubes using a razor blade, and the cubes were put into nylon
mesh bags (KA1000, Eiken Kizai, Tokyo, Japan) in 50-ml
polypropylene conical tubes filled with phosphate-buffered
saline (PBS) containing 100 pg/ml penicillin and 100 pg/ml
streptomycin. Those tubes were then kept in a humidified
incubator at 37 °C for 4 to 5 h. During that incubation, the larvae
dropped out of the bags into the bottom of the tubes. The larvae
were then washed several times with fresh PBS in a 37 °C water
bath. Contaminating erythrocytes from the host rabbits were
eliminated by hemolysis, which was induced by washing the
pellet containing LL3 larvae with pre-warmed tap water at
37 °C. The body length of the LL3 larvae, obtained from
infected rabbit on day 7 post-infection, were 1.2—1.3 mm. They
were slightly smaller than LL3 larvae derived from infected
swine at the same post-infectious stage (1.5 mm) [14].

2.2. Preparation of mitochondria from L3, LL3 and adult A.
suum

Mitochondria from L3 and adult 4. suum muscle were
prepared using the method described by Amino et al. [5].
Because that method was not applicable to LL3 mitochondria,
we established the following method to obtain active mito-
chondria from LL3; the entire procedure was performed on ice
or at 4 °C. The LL3 larvae were gently suspended in an equal
volume of ice-cold suspension buffer containing 210 mM
mannitol, 10 mM sucrose, 1 mM disodium EDTA and 50 mM
Tris—HCl (pH 7.5), supplemented with 10 mM sodium
malonate [15]. The LL3 larvae in the suspension were cut
using a scalpel (No. 10 blade, Feather, Osaka, Japan) on a
90x75%3-mm custom-made glass plate with a hollow
(diameter, 22 mm; depth, 3 mm) in the middle. The cut larvae
were then homogenized with a hand-powered glass—glass
homogenizer for 15 min, and the homogenate was centrifuged
at 500 x g for 1 min. The resulting supernatant was centrifuged
at 10,000 x g for 10 min to obtain the mitochondrial pellet. The
pellet was resuspended in the suspension buffer and stored at
—80 °C until used. The protein concentration of the mitochon-
dria was determined using the method of Lowry [16], using
bovine serum albumin as the standard.

2.3. Enzyme assay

All assays were performed at 25 °C, using 50 mM potassium
phosphate (pH 7.5) as the reaction buffer. The SQR [17],
succinate dehydrogenase (SDH) [18], QFR [19] and NADH-
fumarate reductase [8] activities of mitochondria were assayed
as described. The NADH-decyl UQ (-dUQ) and NADH-decyl
RQ (-dRQ) assays were performed using the same method as
the NADH-fumarate reductase activity assay, except that
60 uM dUQ or dRQ was used as the electron acceptor, instead
of sodium fumarate.

2.4. Quantitative analysis of quinone in LL3 mitochondria

Quinones were extracted from lyophilized LL3 mitochon-
dria, and were analyzed by reverse-phase HPLC as described
by Miyadera et al. [20]. The concentrations of quinones were
determined spectrophotometrically using the following extinc-
tion coefficients: for UQ, Ejo) cm at 275 nm=158; for RQ,
El%l cm at 283 nm= 141 [10]

2.5. Western blotting

Complex I from L3, LL3 and adult mitochondria was
analyzed by Western blotting using the method of Towbin et al.
[21]. The mitochondrial proteins were separated by SDS-
PAGE, using a 7.5% acrylamide gel for the Fp subunit, and
using a 10/20% gradient acrylamide gel (Daiichi, Tokyo, Japan)
for the Ip and CybS subunits. The proteins were then transferred
to a nitrocellulose membrane at 4 °C and 80 V for 1 h. The
membranes were incubated with the following antibodies in
Tris-buffered saline containing 0.05% (w/v) Tween 20 (TBST)
and 2% (w/v) skim milk: anti-Fp monoclonal, diluted 1:3000
[18]; anti-CybS” monoclonal, diluted 1:5000 [5]; CybS" pep-
tide-based polyclonal, diluted 1:300 [5]; mixture of anti-Ip and
anti-CybS polyclonal, diluted 1:2000 (5]. Each membrane was
then incubated for 30 min with one of the following alkaline
phosphatase-conjugated secondary antibodies: goat anti-mouse
IgG (for Fp and CybS*), or goat anti-rabbit IgG (for CbeL, Ip
and CybS). The proteins were detected using the alkaline
phosphatase method. The amount of protein was normalized to
the intensity of the Ip subunit at each stage, using NIH Image
(a free image analyzing program for the Macintosh, developed
by National Institutes of Health (NIH); www.rsb.info.nih.gov/
nih-image/download.html).

2.6. Solubilization of mitochondria for blue native (BN-) PAGE

Mitochondria from L3, LL3 and adult 4. suum (1.5 pmol/min
in SDH activity) were incubated on ice for 1 h in 0.5% (w/v)
sucrose monolaurate (SML) and Native PAGE™ sample buffer
containing 50 mM Bis—Tris, 6 N HCl, 50 mM NaCl, 10% (w/v)
glycerol and 0.001% (w/v) Ponceau S in 10 mM Tris—HCl
(pH 7.5) (User manual, version A 2006; www.invitrogen.com/
content/sfs/manuals/nativepage_man.pdf, Invitrogen, Carlsbad,
CA, USA). They were then ultracentrifuged at 200,000 x g and
4 °C for 1 h, and the resulting supernatant was subjected to BN-
PAGE, as described below.

2.7. BN-PAGE, CBB staining, in-gel SDH activity staining and
Western blotting

The solubilized mitochondria were subjected to BN-PAGE
[22] using Native PAGE Novex 4-16% Bis—Tris gels
(Invitrogen). Electrophoresis was performed at 4 °C, at 150 V
for 1 h, and then at 250 V, voltage constant. The cathode and
anode buffers were prepared according to the user’s manual of
the Native PAGE Novex Bis—Tris gel system. Following the
BN-PAGE, CBB staining was performed according to the user’s
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manual. The SDH activity of mitochondrial protein of L3, LL3
and adult 4. suum was detected as described elsewhere [1 8,23].
After the BN-PAGE (first dimension), the gel cut by lane from
the first-dimensional gel was equilibrated with SDS-PAGE
buffer, and was then loaded onto the second-dimensional gel
(7.5% acrylamide gel for Fp, and 10/20% gradient acrylamide
gels (Daiichi) for Ip and CybS). The subsequent analysis by
Western blotting was performed as described above.

3. Results
3.1. Enzymatic properties of LL3 complex I

Because only a small amount of LL3 larvae was obtained,
and because LL3 larvae were more resistant to homogenization
than L3 larvae and adult worms, we tried to establish a specific
and reproducible protocol for the preparation of mitochondria
from LL3 larvae. We found that cutting LL3 larvae with a
scalpel was an effective method of recovering active mitochon-
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dria. Using the established protocol, we obtained approximately
0.5 mg of mitochondria from 1 infected rabbit. Fig. 2 shows the
results of comparative analysis of enzyme activities, relative to
NADH-fumarate reductase activity, in L3, LL3 and adult
mitochondria.

The Fp and Ip subunits form the hydrophilic catalytic portion
of complex 1, and act as a succinate dehydrogenase (SDH),
catalyzing the oxidation of succinate by the water-soluble
electron acceptor phenazine methosulfate. The L3 and LL3
mitochondria had almost identical levels of SDH activity,
whereas the SDH activity of adult mitochondria was 2.7 to 3.9
times higher than that of L3 and LL3 mitochondria (Fig. 2A).
SQR catalyzes electron transfer from succinate to the
physiological electron acceptor, ubiquinone. Similarly, SQR
activity of adult mitochondria was 1.8 to 3.9 times higher than
that of L3 and LL3 mitochondria (Fig. 2B). QFR catalyzes a
reaction that is the reverse of the reaction catalyzed by SQR.
The QFR activity of LL3 mitochondria was higher than that of
L3 and adult mitochondria (Fig. 2C). The NADH-fumarate

B
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500
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L3 LL3 AD
D
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Fig. 2. Enzyme assay. Enzyme activities of complex I and II of mitochondria from L3 A. suum larvae, LL3 A. suum larvae, and 4. suum adults. (A) SDH, (B) SQR,
(C) QFR, (D) NADH-fumarate reductase, (E) NADH-dUQ and (F) NADH-dRQ. The mean and standard error were derived from triplicate measurements. Solid bars
indicate experiment 1; open bars indicates experiment 2; stripe bars indicate experiment 3. Assays were performed as in materials and methods.
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reductase system is an anaerobic electron-transport system of
mitochondria, and is the terminal step of the PEPCK-succinate
pathway. In the NADH-fumarate reductase system, the
reducing equivalent of NADH is transferred to the low-potential
RQ by the NADH-RQ reductase complex (Complex I). This
pathway ends with the production of succinate by the
rhodoquinol-fumarate reductase activity of complex II. Unex-
pectedly, the NADH-fumarate reductase activity of LL3
mitochondria was lower than that of L3 and adult mitochondria
(Fig. 2D). The NADH-dUQ and NADH-dRQ activities of LL3
mitochondria were lower than those of L3 and adult
mitochondria (Fig. 2E and F), suggesting that the low
NADH-fumarate reductase activity of LL3 mitochondria is
due to the lower activity of complex I in LL3 mitochondrnia.

3.2. Quinone components in LL3 mitochondria

Because quinone species are important low-molecular-
weight mediators of electron transfer between respiratory
enzymes, and because the ratio between RQ and UQ seems to
be a critical factor in the direction of electron transfer in the
chain, we examined the quinone content of LL3 mitochondria
complex II. Although the amount of LL3 mitochondria that we
obtained was quite limited, we performed the analysis using 2
different samples of LL3 mitochondria. The first sample of LL3
mitochondria contained 1.68 nmol/mg UQ-9 and 0.85 nmol/mg
RQ-9. A similar result was obtained for the second sample
(Table 1), indicating that the UQ content of LL3 mitochondria is
approximately 2-fold greater than that of RQ. It should be noted
that UQ-9 is the predominant quinone of L3 complex II (75% of
the total quinone content), and that RQ is the only quinone
present in complex II from adult 4. suum muscle [10].

3.3. Subunit composition of the LL3 mitochondria complex Il

To examine the subunit structure of complex II in LL3 mito-
chondria, we performed Western blotting. Because the isoforms of
the Ip and CybL subunits do not change during the 4. suum life
cycle [5], the amount of proteins used for the Western blotting
of Fp and CybS subunits was normalized to the intensity of the
Ip subunit, which was visualized using the alkaline phos-
phatase method (Fig. 3D). LL3 mitochondrial complex IT
contained both Fp~ and Fp* (Fig. 3). The LL3 and adult
complex II had a Fp™:Fp” band intensity ratio of 1:0.56 and
1:3.5, respectively, whereas only the Fp" band was observed in
blots of L3 complex II (Fig. 3A). For the CybS* subunit, the

Table 1
Quinone quantitative analysis of LL3 mitochondria

(nmol/mg) Ratio
Experiment uQ-9® RQ-9® UQ-9*RQ-9°
1 1.68 0.85 1.98:1
2 1.89 1.00 1.89:1

2 UQ-9, ubiquinone-9.
b RQ-9, rhodoquinone-9.

A

kDa L3 LL3 AD
75

C
15
W _CbeL
D
25 .~ -

Fig. 3. Western blotting. Western blotting with (A) A. suum Fp monoclonal
antibody, diluted 1:3000. (B) Monoclonal antibody against CybS* diluted 1:5000,
and (C) Peptide-based polyclonal antibody against CybS" dituted 1:300. Protein
levels were normalized to the Ip band intensity using (D) mixture of anti-Ip and
anti-CybS polyclonal antibody diluted 1:2000. L3, A. suum larvae prepared from
embryonated eggs; LL3, lung-stage L3; AD, 4. suum adult. Precision Plus All Blue
Standard (BIO-RAD).

L3:LL3:adult band intensity ratio was 1:3.5:6.1 (Fig. 3B). Only
a small amount of CybS" was detected in LL3 mitochondria
(<5% of CybS" in L3 mitochondria), and no CybS™ was found
in adult mitochondria (Fig. 3C). This result was reproducible in
more than 3 experiments, suggesting that the subunit isoform
change of LL3 complex II starts with CybS, and then occurs
in Fp.

Because Western blotting clearly showed a difference in
timing of isoform change between Fp and CybS subunits during
migration in the host, we used BN-PAGE to examine the
subunit composition of functional complex II. Mitochondrial
proteins of each stage solubilized with sucrose monolaurate
were subjected to BN-PAGE, and were then stained for CBB
(Fig. 4A) or SDH activity (Fig. 4B) in the gel. Complex II from
all 3 stages exhibited SDH activity in the gel, and band
intensities of the 3 stages were almost identical when the
amount of protein was normalized to 1.5 pmol/min SDH
activity.

Next, we performed two-dimensional electrophoresis; with
BN-PAGE as the first dimension, and SDS-PAGE as the second
dimension. After the BN-PAGE, the gel was cut and was
horizontally loaded onto SDS-PAGE. Following the two-
dimensional electrophoresis, proteins were analyzed by Western
blotting (Fig. 4C). Spots of Fps and CybSs were found in the
same position as the SDH-stain band, indicating that native
complex II with 4 subunits migrated during electrophoresis in
the presence of the detergent. No extra spot was found in an area
different from the SDH-stain position. In addition, the patterns
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Fig. 4. BN-PAGE analysis. BN-PAGE analysis of mitochondria from A. suum L3 larvae, LL3 larvae and adults (1.5 pumol/min SDH activity). (A) CBB-stain. Arrow
indicates expected SDH active bands. (B) SDH activity stained in gels of Native PAGE™ Bis—Tris gel (4—16%). Arrow shows SDH active bands. (C) Western blotting
after SDS-PAGE, following BN-PAGE. Antibodies used were the same as in Fig. 3. The size marker is Native Mark Unstained Protein Standard (Invitrogen).

of intensity of the spots in Fig. 4C were almost identical to the
results of Western blotting after SDS-PAGE (Fig. 3).

4. Discussion

In the present study, biochemical analyses of mitochondrial
complex II were performed to elucidate how complex II in 4.
suum mitochondria change its isoform composition during
migration in the mammalian host. In the first step of this study,
we examined complex II from LL3 larvae (Fig. 1), because
there is an established method of sample collection from rabbit
lung, and because several properties of LL3 have been well
studied [13,24]. The natural host of 4. suum is swine so that we
need pigs for developing the migratory phase and the adult
stages. However, pig rearing facilities are currently quite limited
for the purpose of doing Ascaris infection. Helminth researchers
have previously examined the life cycle and worm burdens in
rabbits [25,26]. The results showed that several criteria such as
the organ migratory routes and recovery of larvae in rabbits
were quite similar to those in pigs, indicating that rabbit can be
fairly used for permissive hosts. Actually, Ascaris researchers
including our group have employed rabbits to do biochemical
experiments of the roundworms [27,28].

We previously demonstrated that 4. suum mitochondria
express stage-specific isoforms of complex II; i.e., the
flavoprotein subunit (Fp) and the small subunit of cytochrome
b (CybS) of complex II isolated from L3 infective eggs differ
from those of adult muscle complex II, while the 2 forms of
complex II have an identical iron-sulfur cluster subunit (Ip) and
large subunit of cytochrome b (CybL). Therefore, the subunit
isoform composition of complex II must change during

migration in the host. To our surprise, Western blot analyses
showed that both the Fp™ and Fp” isoforms (in the ratio of 1:
0.56) were present in LL3 mitochondria, while the majority of
CybS subunit was of the isoform CybS* (Fig. 3A and B). This
means that expression of adult Fp does not synchronize with
that expression of adult CybS, and suggests that LL3 complex 11
has a different combination of subunit isoforms than L3 and
adult complex IL.

To analyze the native state of complex II subunit
composition in LL3 mitochondria, we used BN-/SDS-PAGE
two-dimensional electrophoresis (Fig. 4C). The spots of the
subunits were found at the same position as the SDH bands,

Table 2
Enzyme activities of L3, LL3 and adult complex I and II of Ascaris suum
mitochondria

Specific activity (nmol/min/mg)

Assay Experiment L3 LL3 Adult
SDH 1 158+36 145+16 566115
(complex II) 2 118+5.6 152+£25 424422
SQR 1 184428 224+83 40063
(complex IT) 2 129416  84.1£4.0 32643
QFR 1- 87.8+6.0 16486 78.5+0.058
(complex II) 2 73.5+£7.6 159+47 66.8+16
NADH-fumarate 1 43.0+10 123+4.4 34.4+7.1
reductase (complex LII) 2 30.1£6.4  16.7£5.6 32.3+£26
NADH-dUQ 1 177£12 323456 624£19
2 141+£0.92 39.8+1.9 58.6+4.6
{complex I) 3 118426  24.8+88 76349
NADH-dRQ 1 71.4x44  51.6£2.0 75.7+5.6
2 71.0£7.8 51.0+18 50313
(complex I) 3 87.1+R85 37.6£24 634+76
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without any extra spots. This result indicates that the spots
detected were derived from active complex II consisting of 4
subunits. In LL3 mitochondria, all 4 larva-/adult-types of Fp-
CybS subunits was observed, while Fp“, CybS* and CybS"
subunit isoforms were detected in L3 mitochondria, and FpL,
Fp® and CybS* subunit isoforms were detected in adult
mitochondria. The pattern of the intensity of the spots in Fig. 4C
is consistent with that of the Western blotting after SDS-PAGE
(Fig. 3), indicating that mitochondrial complex II subunit
switching first occurs in CybS, and then occurs in Fp, during
migration in the host.

Of the 4 possible Fp-CybS subunit combinations (Fp"-
CybS*, Fp*-CybS*, Fp"-CybS" and Fp*-CybS"), Fp"-CybS*
is the predominant combination in LL3 mitochondria. Western
blot analysis of young adult mitochondria obtained from the
muscle of 12-cm-long female worms showed that CybS™ had
completely disappeared, whereas Fp" remained at a ratio of Fp*:
Fp”=1:1.5 (data not shown), although only 1 SDH band was
observed in BN-PAGE. This finding may be due to similar
properties between the 2 complexes with different combinations.

However, several questions remain unanswered. Because of
limited sample amount, it is difficult to purify complex II from
LL3 mitochondria. Reports indicate that adult A. suum uses the
NADH-fumarate reductase system in its anaerobic host
environment; in the NADH—fumarate reductase system, the
QFR activity of mitochondrial complex II plays a significant
role [3,29,30]. However, we previously found that L3 complex
1T had higher QFR activity than adult complex II, and presumed
that this was due to pre-adaptation to the dramatic change in
oxygen availability during infection of the host [5]. In the
present study, we found that the QFR activity of LL3 complex II
was twice as high as that of L3 complex II (Fig. 2C, Table 2).
The host lung is a relatively aerobic environment (13.2% O,)
[31], suggesting that the larvae pre-adapt before they migrate
into the anaerobic environment of the host small intestine
(5% 0O»).

Although LL3 mitochondria showed the highest QFR
activity of the 3 stages we examined, their NADH—fumarate
reductase activity was unexpectedly low (Fig. 2D). This appears
to be due to the effects of low complex I activity, as indicated by
the NADH-dUQ and NADH-dRQ assays (Fig. 2E and F). The
NADH-fumarate reductase system is composed of complex I
(initial dehydrogenase of NADH), RQ (electron mediator), and
complex II (terminal oxidase for fumarate reduction). We also
examined the quinone content of the mitochondria. Analysis of
the quinone contents of mitochondria isolated from unembryo-
nated eggs, L3 larvae and adult muscle showed that the
predominant quinone in larval mitochondria (which possess an
aerobic respiratory chain) was UQ-9 (75% of the total quinone
content) [10]. In contrast, the only quinone present in anaerobic
mitochondria from adult muscle is RQ-9. Consistent with these
findings, reconstitution studies using bovine heart complex [
and adult 4. suum QFR show that RQ is essential for the
function of the NADH-fumarate reductase system [32].
Specifically, when RQ-9 was incorporated into the system,
the maximum activity of reconstitited NADH-fumarate
reductase activity was 430 nmol/min/mg of 4. suum complex

II, while no activity was observed in the presence of UQ-9. In
addition, our previous findings suggest that although A. suum
adult complex I uses both RQ and UQ as electron acceptors, the
2 quinones have different ways of binding reaction and reaction
with A. suum complex I [33]. It should be noted that in the
present study, UQ accounted for 66% of the total quinone of
LL3 complex II, which is an intermediate between those of L3
and adult complex Il {10]. Further analysis of the effect of
endogenous quinones in the mitochondria of the enzyme
activities of complex I and complex II is needed to elucidate the
unique properties of the NADH—fumarate reductase system of
A. suum.

In the present study, we examined how mitochondrial
complex I of A. suum changes its subunit composition,
especially during migration in the host. We found that the
small subunit of cytochrome b (CybS) starts to change its
isoform before the flavoprotein (Fp) subunit does so. Further
clarification of this process will require analysis of larvae from
other migration stages in the host. In each stage, the metabolic
pathway of 4. suum may continue to change according to the
environmental changes, even in the host body. To elucidate this
dynamic change in the mitochondrial respiratory system of A.
suum during migration, we plan to establish an experimental
system using swine, which is a definitive host of 4. suum. With
such a system, further biochemical analysis should reveal novel
properties of complex II in LL3 mitochondria.
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Oleic acid is indispensable for intraerythrocytic proliferation
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SUMMARY

Serum-derived fatty acids are essential for the intraerythrocytic proliferation of Plasmodium falciparum in humans. We
previously reported that only limited combinations of fatty acids can support long-term parasite culture, and palmitic acid
(Cis.0)/0leic acid (Cis:1,.s), palmitic acid (Cis.o)/vaccenic acid (Cis:1,»-7), or stearic acid (Cis. o) are required in these
combinations, implying that these fatty acids are key molecules for intraerythrocytic parasite growth (Mi-Ichi et al, 2006).
Here, we analysed profiles of parasitaemia changes as well as morphologies during the erythrocytic cycle and confirmed the
importance of Cyq.o and Cyg.; .5 We also provide evidence that Cys.;, g but not other C18 monoenoic or dienoic acids
maintain the synchronicity of parasite development in serum-free medium when paired with Cy4., resulting in maintained

exponential growth. Thus, Cyq.;. . is indispensable for the intraerythrocytic proliferation of P. falciparum.

Key words: malaria, lipid metabolism, fatty acid, cell cycle, apicomplexa.

INTRODUCTION

Plasmodium falciparum is the pathogen associated
with the most severe form of malaria..Chloroquine,
mefloquine and a variety of other drugs have been
used for therapeutics and prophylaxis against
P. falciparum but strains resistant to all of these anti-
malarials appeared in most regions where the disease
is endemic. The clinical symptoms and pathogenesis
of P. falciparum-induced malaria are associated ex-
clusively with the asexual multiplication of this
parasite during the erythrocytic cycle. We are inter-
ested in the intraerythrocytic proliferation of this
parasite and in factors essential for growth.

Human serum-derived fatty acids are believed to
be essential for the intraerythrocytic proliferation of
P. falciparum (Holz, 1977; Vial and Ancelin, 1998).
These fatty acids are metabolized to various lipid
species, such as phosphatidylcholine, phosphatidyl-
ethanolamine, diacylglycerol and triacylglycerol, all
of which are major constituents of membranes and
lipid bodies in this parasite (Vial et al. 1982 ; Palacpac
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et al. 2004; Mi-Ichi et al. 2006). Although P. falci-
parum possesses the capacity for de novo fatty acid
synthesis, most likely occurring in the apicoplast
(Surolia and Surolia, 2001), the amount and kind
of fatty acids produced by this pathway appear
to be limited, and the major source of fatty acids is
human serum (Mitamura et al. 2000; Mi-Ichi et al.
2006).

We recently reported that only limited combi-
nations of human serum-derived fatty acids can sup-
port long-term parasite culture, and palmitic acid
(Cis:0)/0leic acid (Ciyg.q, ng), palmitic acid (Cyg.)/
vaccenic acid (Cyg.q,nq), Or stearic acid (Cyg.,) are
required in these combinations, implying that these
fatty acids are key molecules for parasite growth
(Mi-Ichi et al. 2006). These results led us to specu-
late that parasites show selectivity for the uptake and
metabolism of serum-derived fatty acids. However,
parasites are able to metabolize a broad range of fatty
acids that are available in the environment (Mi-Ichi
et al. 2006). This implies that P. falciparum may rely
on fatty acid elongation and/or desaturation path-
ways for the synthesis of fatty acids that are essential
for growth but are not available in the environment.
Nevertheless, P. falciparum has been shown to
utilize available fatty acids with limited modification
{Mi-Ichi et al. 2006). These observations emphasize
not only the uniqueness of fatty acid metabolism in
P. falciparum but also the importance of key fatty
acids for its intraerythrocytic proliferation. In this
study, we analysed the roles of these fatty acids in the
intraerythrocytic development of P. falciparum by

© 2007 Cambridge University Press

— 177 —



F. Mi-Ichi, S. Kano and T. Mitamura

Ring Trophozoite

1672

Schizont

Fig. 1. Morphologies for normal appearance and abnormal appearance. The morphologies seen in the major
populations at each stage are shown. The upper and lower rows indicate normal and abnormal appearances,

respectively.

assessing their effects on morphology and parasite
number. ’

MATERIALS AND METHODS .
Materials

Fatty acids (>99%) and fatty acid-free bovine serum
albumin (BSA) (catalogue no.A7511), used as lipid-
free BSA (Mitamura et al. 2000), were purchased
from Sigma-Aldrich (St Louis, MO). Concen-
trations of 600 uM reconstituted lipid-rich BSA
containing 300uM each of various fatty acids
was prepared essentially as described previously
(Mitamura et al. 2000). Basal medium, standard
medium and serum-free medium supplemented with
60 um lipid-rich BSA were as described previously
(Palacpac et al. 2004).

Parasite culture

Cultures of the P. falciparum Honduras-1 isolate
(Bhasin and Trager, 1984) were maintained routinely
and synchronized occasionally as described pre-
viously (Hanada et al. 2000; Mitamura et al. 2000;
Mi-Ichi et al. 2006). Aliquots of tightly synchron-
ized parasite culture in serum-free medium sup-
plemented with reconstituted lipid-rich BSA
containing different fatty acids (5 ml culture with 3%
haematocrit) were acquired at the indicated times
and used for Giemsa-stained thin smears. Parasites
of normal or abnormal appearance located within
erythrocytes were counted separately. Normal or
abnormal appearance was defined by parasite shape.
Parasites with normal appearance clearly showed
nuclei, brownish-yellow colored areas with black
dots (assumed to be haemozoin within food vacuoles)
and white dots (assumed to be lipid droplets),
whereas parasites with abnormal appearance showed
shrunken and dense, irregularly stained structures
and did not show white dots (Fig. 1). Parasitaemia
was determined by calculating the percentage of
parasitized erythrocytes among at least 5000 eryth-
rocytes and was an average of duplicate slides per

sample. Counting of parasitized erythrocytes was
performed by an investigator who was not notified
of the experiment design. All experiments were per-
formed twice. To monitor morphological changes,
cells were imaged with an Olympus (Tokyo, Japan)
BX50 microscope equipped with a Keyence (Osaka,
Japan) high-sensitivity cooled CCD colour camera.

 Statistics

Mantel-Haenszel Chi-Square statistics was used
to assess the difference in stage distributions at
the indicated time between medium containing C,gq. o/
Cis:1,n-9 and in that containing C,g./Cys .3, n.g (Stokes
et al. 1995). Kendall’s 7-b statistics was used to
evaluate the strength of association between the time
and the distribution of stages during the course
of intraerythrocytic development in each medium
containing Cig:0/Cis:1,n8 Or Cig:0/Cis:2,-s (Stokes
et al. 1995).

RESULTS AND DISCUSSION

As in standard medium (basal medium sup-
plemented with 10% human serum), parasites grew
well in serum-free medium supplemented with re-
constituted lipid-rich BSA containing Cyg.¢/Cig.1, nos;
a 3-fold increase in parasitaemia was observed at 48 h
(Fig. 2). However, in serum-free medium containing
only either Cyg.q or Cig.1, -9, parasitaemia of tightly
synchronized cultures initiated with ring-stage
parasites decreased dramatically during the course of
the erythrocytic cycle. Parasitaemia was <0:2% at
48 h and nearly reached the low detection limit of
microscopical quantification at 62 h in both media,
regardless of the initial parasitaemias (0-65% or
1-57%) (Fig. 2).

Growth profiles in different media reflected
changes in the number of erythrocytes infected by
parasites with normal morphology (Fig. 1). How-
ever, parasites with abnormal appearance were also
observed in all samples. Major morphologies ob-
served in each sample at the indicated times are
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Fig. 2. Growth profiles of parasites in serum-free medium supplemented with reconstituted lipid-associated BSA
containing a combination of fatty acids: Cyg.q (®); Cig:1, -9 (A); Cig:0/Cis:1, n-9 (H). Final concentrations of fatty acids
used were Cig.0, 30 uM; Cis:1, n-9, 30 uM; Ci6:0/Cis:1, n-5, 30 #M/30 uM. The tightly synchronized culture was set at ring
with starting parasitaemia at 0-65% (A) and 1:57% (B). Error bar indicates the difference from the average.

shown in Fig. 3. In serum-free medium containing
only Cig.9, rings did not develop into trophozoites
but rather became pycnotic. In medium containing
only Cyg.; ..g, rings developed into trophozoites and
schizonts. Merozoites of shape similar to those in
medium containing Ciq.o/Cig.;, -9 Were observed at
40 h. However, apparently healthy rings (see Fig. 1)
were not identified, even in cultures at 60 h (data not
shown), implying that these merozoites were no
longer released from the erythrocyte and gradually
became pycnotic (48 and 52 h; data not shown).
These results reflect the profiles of parasite growth in
different media. Thus, it is likely that membranes
necessary for development of healthy parasites are
generated from saturated and unsaturated fatty acids.
Alternatively, it may be that each fatty acid species
exerts a distinct role on the intraerythrocytic devel-
opment of P. falciparum because the time to arrest of
intraerythrocytic development by Cyq. , differed from
that by Cy;.,, .. Detailed characterization of appar-
ently normal trophozoites and schizonts and abnor-
mal segmented schizonts in medium containing
Cis:1, n-9 remains to be performed.

To examine the specificity of Cis.1,»-9 On the effect
on intraerythrocytic development of P. falciparum,

we compared Cig.1, .9 With other unsaturated fatty
acids of the same chain length but with different
positions of the double bond or different degree of
unsaturation (Cyg.;, n7 and Cig.5 ..5). We monitored
parasitaemia for parasites of normal appearance in
tightly synchronized cultures grown in serum-free
medium supplemented with the lipid-rich BSA
containing either Cyg.1, n7 0r Cis.3,»-¢ combined with
Cis.0 (Fig. 4) because parasite growth does not occur
in the presence of a single fatty acid (Mitamura et al.
2000; Fig. 2). In medium containing Cq.¢/Cig:1, n-9»
parasitaemia increased exponentially until 96 h (Fig.
4A). Cultures grown in medium containing Cg.o/
Cis:1» nr sShowed a similar profile with exponential
growth until 86 h. Beyond this time, however,
parasitaemia plateaued and even decreased in long-
term cultures at 138 h. In medium containing Cis:o/
Cis:32,n-s, Darasitaemia was decreased at 20 h. In ad-
dition, similar profiles were obtained regardless of
the starting parasitaemia (0-13%, 0:65%, 1:6% or
3-5%) (Fig. 4B).

We next assessed populations of each stage in
tightly synchronized cultures grown in serum-free
medium containing Cis:0/Cis:1,n-s O Cis:0/Cis:2,n-6
during the course of intraerythrocytic development,
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Fig. 3. Morphological changes over time of parasites grown in serum-free medium supplemented with reconstituted
lipid-associated BSA containing a combination of fatty acids. Parasite morphology was observed under microscopy on
Giemsa-stained slides. The fatty acids used are indicated at the left of each row. Final concentrations of fatty acids used
were Cyg.g, 30 uM; Cig.1,n90 30 4M; Cig.0/Cua.1, nogs 30 4M/30 . Starting parasitaemia was set at 1-57%.

A
10
1 e
9
=
g
g 01 J.
| 7]
E .
A /lsu\?"t
0-01 H g
0-001 L L . :
0 20 40 60 .80 100
Time (h)
B
10
g
=
g
8
w»n
£
[
& /Lb\'*r
001 H 1
0-001 . . . .
0 20 40 60 80 100
Time (h)

Fig. 4. Growth profiles of parasites in serum-free medium supplemented with reconstituted lipid-associated BSA
containing a combination of fatty acids. (A) Cg:0/Cig: 1,59 (8); Cig:0/Cig:1, nr (&); Cig-0/Cig: 3. ns (B). Starting
parasitaemia was set at 0'13%. (B) Growth profiles in serum-free medium containing Cyg.o/Cyg:5. n-s. Starting
parasitaemia: 3-49% (QO); 1:57% (A); 0:65% (0); 0:13% (M). Final concentrations of fatty acids used were
Cie:0/Cis:1, n-9, 30 uM/30 uM; Crg:0/Cis:1, n-7, 30 uM/30 uM; Cig.0/Chs:2.n-6, 30 uM/30 um. Error bar indicates the difference
from the average.

noting whether parasites were of normal or abnormal through stage progression and entered the next ery-
morphology (Fig. 5). In medium containing Cg.o/ throcytic cycle by 40 h. Newly formed rings in-
Cis:1,n9» Darasites of normal appearance proceeded creased in number from 40 h to 52 h (Fig. 5A). In
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