Alternative NADH dehydrogenase from Gluconobacter oxydans
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In the intraerythrocytic stages of malaria parasites, mitochondria lack obvious
cristae and are assumed to derive energy through glycolysis. For understanding
of parasite energy metabolism in mammalian hosts, we isolated rodent malaria
mitochondria from Plasmodium yoelii yoelii grown in mice. As potential targets for
antiplasmodial agents, we characterized two respiratory dehydrogenases, succina-
terubiquinone reductase (complex IT) and alternative NADH dehydrogenase (NDH-II),
which is absent in mammalian mitochondria. We found that P. y. yoelii complex II
was a four-subunit enzyme and that kinetic properties were similar to those of
mammalian enzymes, indicating that the Plasmodium complex II is favourable in
catalysing the forward reaction of tricarboxylic acid eycle. Notably, Plasmodium
complex II showed IC;, value for atpenin A5 three-order of magnitudes higher than
those of mammalian enzymes. Divergence of protist membrane anchor subunits from
eukaryotic orthologs likely affects the inhibitor resistance. Kinetic properties and
sensitivity to 2-heptyl-4-hydroxyquinoline-N-oxide and aurachin C of NADH: ubiqui-
none reductase activity of Plasmodium NDH-II were similar to those of plant and
fungus enzymes but it can oxidize NADPH and deamino-NADH. Our findings are
consistent with the notion that rodent malaria mitochondria are fully capable of
oxidative phosphorylation and that these mitochondrial enzymes are potential
targets for new antiplasmodials.

Key words: complex II, inhibitor, mitochondria, NDH-II, rodent malaria.

Abbreviations: AC, aurachin C; DCIP, 2,4-dichlorophenolindophencl; DHO, dihydroorotate; DHOD, DHO
dehydrogenase; HQNO, 2-heptyl-4-hydroxyquinoline-N-oxide; hrCNE, high-resolution clear-native electro-
phoresis; ICsq, the 50% inhibitory concentration; NBT, nitro blue tetrazolium chloride; NDE, NDH-II bound
to the outer surface of the mitochondrial inner membrane; NDI, NDH-II bound to the matrix side of the
mitochondrial inner membrane; NQR, NADH:quinone reductase; Q,, ubiquinone-n; SDH, succinate

dehydrogenase; SQR, succinate:quinone reductase; TCA, tricarboxylic acid.

INTRODUCTION

Malaria remains one of the main global health problems,
causing more than 1 million deaths per year, with about
90% of deaths and 60% of cases occurring in Africa,
south of the Sahara (I). Mortality associated with
malaria is mainly caused by the erythrocytic stage cells
of human malaria Plasmodium falciparum. The emerg-
ing resistance against established drugs in Plasmodium
populations (2) emphasizes the urgent need for the
development of new antiplasmodial drugs.

Energy metabolism of Plasmodium is quite different
from that of mammalian hosts. Intraerythrocytic stages
of parasites have been considered for a long time to rely
on incomplete oxidation of glucose with secretion of end
products such as lactate and pyruvate (3) and to possess

*To whom correspondence addressed. Tel: +81-3-5841-3526,
Fax: +81-3-5841-3444, E-mail: tmogi@m.u-tokyo.ac.jp
*Correspondence may also be addressed. Tel: +81-3-5841-3526,
Fax: +81-3-5841-3444, E-mail: kitak@m.u-tokyo.acjp

mitochondria that lack oxidative phosphorylation and
a functional tricarboxylic acid (TCA) cycle ¢, 5).
Plasmodium spp. lacks genes coded for the proton-
translocating NADH dehydrogenase (NDH-I, complex I)
present in mammalian mitochondria (6, 7) and uses a
rotenone-insensitive single-subunit NADH dehydrogen-
ase (NDH-II) (8), which is assumed not to oxidize
deamino-NADH  (9).  Succinate:ubiquinone  oxido-
reductase (complex II, succinate dehydrogenase (SDH))
is a membrane-bound TCA cycle enzyme and consists of
four subunits: a flavoprotein subunit (Fp, SDH1) and an
iron-sulphur subunit (Ip, SDH2) form a soluble hetero-
dimer, which binds to a membrane anchor b-type
cytochrome [CybL (SDH3)/CybS (SDH4) heterodimer].
The Plasmodium SDHI and SDH2 genes have been
cloned by homology probing (10) while SDH3 and SDH4
appear highly divergent from orthologs and are still
not annotated in the current database (6, 7). Membrane
bound subuniuts a and b of ATP synthase also remain
unidentified (6, 7), and thus complete mitochondrial ATP
synthase was assumed to be absent in Plasmodium Spp.
(4, 5, 11-13). Recently, Painter et al. (13) claimed that

© The Authors 2008. Published by Oxford University Press on behalf of the J. apanese Biochemical Society. All rights reserved.
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the mitochondrial respiratory chain is required only for
the regeneration of an oxidized form of ubiquinone,
which serves as the electron acceptor for type 2 dihydro-
orotate dehydrogenase (DHOD), an essential enzyme for
pyrimidine biosynthesis. It is widely accepted that the
majority of the parasite’s ATP demand is met through
glycolysis (11).

On the contrary, atovaquone, an inhibitor for ubiqui-
nol:cytochrome ¢ reductase (complex III) (14), showed the
antiplasmodial activity for P. falciparum with the 50%
inhibitory concentration (ICse) of 1nM (I5) and collapsed
the mitochondrial membrane potential in P. yoelii yoelii
(16). Uyemura et al. (8, 17) demonstrated oxidative
phosphorylation and succinate respiration in trophozoites
of rodent malaria parasites. These observations suggest
that Plasmodium mitochondria possess all subunits for
canonical complex II and ATP synthase and are fully
capable of oxidative phosphorylation.

It was shown recently that metabolism in P. falci-
parum parasites grown in human patients is affected by
varied oxygen and substrate levels and by host-parasite
interactions (I18). The authors found the induction of
gene sets associated with oxidative phosphorylation
including respiratory enzymes. For understanding
energy metabolism in malaria parasites, the isolation of
active mitochondria from parasites, which have been
adapted to host environments, is essential. In this study,
P. y. yoelii mitochondria were isolated from parasites
grown in mouse erythrocytes and enzymatic properties
of complex II and NDH-II were characterized. Two-
dimensional PAGE analysis supports the presence of
membrane anchors in Plasmodium complex II. These
findings indicate that Plasmodium mitochondria are
fully capable of succinate-dependent oxidative phospho-
rylation as suggested by previous observations (8, 17).
Because the difference in the inhibitor sensitivity of
complex II between Plsamodium and mammalian
enzymes and the absence of NDH-II in mammalian
mitochondria, these two enzymes are promising targets
for new antimaralials.

MATERIALS AND METHODS

Parasite Culture—Animal care and experimental pro-
cedures were performed according to the Guidelines
for Animal Experimentation, the University of Tokyo.
P. y. yoelii strain 17XL, was a kind gift of H. Otsuki
(Ehime University). This strain can rapidly propagate
without cerebral malaria and does not infect reticulo-
cytes. About 3.0 x 107 parasites were injected intra-
peritoneally to 8-week-old female BALB/c mice, and the
developmental stage and parasitemia were monitored
by examination of Giemsa-stained thin blood smears.
About 7.5ml of the blood was collected from 10 mice by
cardiac puncture 130-140h after infection. To remove
leukocytes and platelets, the blood was mixed with 0.5ml
of heparine and passed over a powdered cellulose column
(CF11; Whatman, Clifton; 0.5ml/ml blood), which has
been equilibrated with 20ml of PBS (19). Erythrocytes
were eluted with 30ml of PBS and collected by centri-
fugation at 4°C at 800x g for 5min. In control experi-
ments with uninfected mice, microscopic observations
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and examination of complex II and dihydroorotate
dehydrogenase (DHOD) activities excluded the possible
contamination of mouse leukocytes in the eluate.
Erythrocytes were washed three times with RPMI-1640
medium (Gibco) and then transferred to RPMI-1640
medium supplemented with 10% AlbuMax I (Gibco) at
the hematoclit of 3%. Then erythrocytes were incubated
at 37°C for 2h under conditions of 90% N,, 5% O, and
5% COs, and trophozoite-rich parasites were recovered
by centrifugation as above.

Preparation of Mitochondria—To isolate parasites,
infected erythrocytes were lysed for 10 min on ice with
0.1% (w/v) saponin and the lysate was centrifuged at 4°C
at 2,380 xg for 10min to remove erythrocyte mem-
branes. Parasites were washed twice with PBS by
centrifugation at 4°C at 5,800 x g for 10min and resus-
pended with 10-20ml of buffer A [225mM mannitol,
75mM sucrose, 5mM MgCl,, 5mM KH,PO,, 5mM
HEPES, 1mM EGTA (pH 7.4)], supplemented with
0.1% (w/v) fatty acid-free bovine serum albumin (PAA
Cell Culture Co.), 1mM phenylmethanesufonyl fluoride
(Sigma) and 1 x Protease Inhibitor Cocktail for general
use (Sigma). Parasites were disrupted by N, cavitation
at 1,200 psi for 20min with 4639 Cell Disruption Bomb
(Parr, USA) (20). Lysate was centrifuge at 4°C at 700 x g
for 8min, and the resultant precipitate containing
unbroken parasites was resuspended with 10ml of
buffer A and disrupted as above. This procedure was
repeated twice to improve the parasite yield. Crude
mitochondria were recovered from the supernatant
by centrifugation at 4°C at 10,000 xg for 8min and
suspended in buffer A at ~5mg protein/ml. Rat liver
mitochondria were prepared as described by Johnson and
Lardy (21).

Enzyme Assay—Enzyme assay was performed at 25°C
with V-660 double monochromatic spectrophotometer
(JASCO, Tokyo, Japan; <0.00005 Abs noise) or UV-3000
double wavelength spectrophotometer (Shimadzu Corp.,
Kyoto, Japan), and reactions were started by addition of
substrates (electron donors). Succinate:quinone reductase
(SQR) activity was determined as quinone-mediated
succinate:2,4-dichlorophenolindophenol (DCIP) reductase
in 50mM potassium phosphate (pH 8.0) containing
10mM potassium succinate, 100 M ubiquinone-2 (Qy)
and 45 uM DCIP (eg90=21mM ™! em™) in the presence of
2mM KCN. NADH:ubiquinone reductase (NQR) activity
was measured in 50mM potassium phosphate (pH 8.0)
containing 200uM NADH (£340=6.22mM*em™) and
100pM ubiquinone-1 (Q;) in the presence of 10puM
atovaquone and 2mM KCN (I5). DHOD activity was
measured as DHO:DCIP reductase in 30mM Tris—HCl
(pH 8.0) containing 500 M DHO, 100pM Q. and 45uM
DCIP in the presence of 2mM KCN (20). DHO:
cytochrome c¢ reductase activity was determined with
20 uM horse cytochrome ¢ (es50=19mM™ em™) in place
of 45uM DCIP (20). For inhibition studies, the reaction
mixture was preincubated for 5min in the presence of
0.1% (w/v) sucrose monolaurate (Mitsubishi-Kagaku
Foods Co., Tokyo, Japan) to disperse hydrophobic sub-
strates and inhibitors. Kinetic analysis and the estima-
tion of the 50% inhibitory concentration (ICs;) were
performed as described previously (22).

J. Biochem.
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Clear-Native Electrophoresis and Activity Staining—
Mitochondria were precipitated at 4°C at 20,400 x g for
5min and resuspended at 6mg protein/ml in 10mM
Tris-HCl (pH 7.4) containing 1% sucrose monolaurate,
1mM sodium malonate and Protease Inhibitor Cocktail
by brief sonication. After 20min incubation at 4°C
with rotating, the mixture was centrifuged at 4°C at
107,000 x g for 30 min and supernatant was concentrated
at 4°C at 4,000 x g with Nanosep ultrafiltration devices
(MWCO 100,000, Pall Life Science). Solubilized mito-
chondrial proteins were subjected to high resolution
clear-native electrophoresis (hrCNE) (23) with 3-12%
Novex gels (Invitrogen) using 0.02% dodecylmaltoside
and 0.05% sodium deoxycholate for the cathode buffer
additives. Gels were incubated at 25°C for 10min in
30mM Tris-HCl (pH 7.4) containing 20mM potassium
succinate and 0.5mM nitro blue tetrazolium chloride
(NBT), and then complex II band was visualized by
1h incubation in dark in the presence of 0.2 mg/ml
phenazine methosulphate. Protein bands were stained
with GelCode (Pierce).

Analysis of Membrane Anchor Subunits of Complex
II—Complex II bands identified as succinate:NBT reduc-
tase in hrCNE were cut out from gels and equilibrated
with an equal amount of 2x SDS-PAGE sample buffer.
Gel pieces were applied to 10-20% Supersep gels (Wako
Pure Chemicals, Tokyo, Japan) and SDS-PAGE analysis
was carried out. Protein bands were visualized by silver
staining.

Miscellaneous—Protein contents of mitochondria and
solubilized membrane proteins were determined with
BIO-RAD and BCA protein assay reagent (Pierce),
respectively, using bovine serum albumin as standard.
Western blot analysis was carried out using anti-
P. falcifaum (Pf) Fp and anti-Pflp rabbit antiserum
and cross-reacted bands were visualized by alkaline
phosphatase-conjugated anti-rabbit IgG (Bio-Rad) (24).

RESULTS

Preparation of Plasmodium Mitochondria—After infec-
tion of mice with rodent malaria parasites, we monitored
amounts of erythrocytes and parasitemia and found that
the number of parasites decreased sharply 140h after
infection as the number of the erythrocyte decreased.
Thus, we collected the infected blood 130 to 140h after
infection. Leukocyte-free washed erythrocytes were incu-
bated at 37°C for 2h in RPMI-1640 medium supplemen-
ted with 10% AlbuMax I to adjust the developmental
stage to trophozoites (trophozoite:ring:schizont=7:2:1).
Then the parasites were released from infected erythro-
cytes with 0.1% saponin and disrupted by the N,
cavitation method (20).

Yield of Plasmodium Mitochondria—SQR activity and
DHOD activity of P. y. yoelii mitochondria were 5- and
3-fold, respectively, higher than those of the axenic
cultured P. falciparum (20). Furthermore, yields of
mitochondrial proteins (5.5+1.8mg protein) and total
activities of complex II (56+14mU) and DHOD
(132+18mU) after preparation from ten infected mice
were much greater than those of P. falciparum mito-
chondria [1mg protein, 2mU (25), and TmU (20),
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Table 1. Enzymatic properties of P. y. yoelii mitochondria,

Enzyme Specific activity (mU/mg protein)
P. y. yoelii® Rat liver

Succinate:DCIP 2.66+0.02 188
reductase (complex II)

NADH:Q; reductase® 42.2+0.3 152

NADH:Cyt ¢ reductase® 186+1.6 ND¢

DHO:DCIP 10.5+1.3 2.6
reductase (DHOD)

Q1 H; oxidase 19.440.2 166

(complex III + complex IV)

*Values were mean=SD. Freshly prepared P. y. yoelii mitochondria
showed SQR, NQR and DHOD activities of 10.2+0.1, 63.2+£10.1
and 24.1+3.9mU/mg protein (n = 6), respectively. Enzyme activities
were reduced to about one half after freeze-thaw of mitochondria
preparations, which have been stored at —80°C. ®°NDH-II of P. ¥.
yoelii or NDH-I of rat liver mitochondria were analysed. {(NDH-1I
of P. y. yoelii or NDH-I of rat liver mitochondria) + complex III
were analysed. “ND, not determined.

respectively, from the 360-ml in vitro culturel. Thus,
in terms of the yield and specific activity, P. y. yoelii
mitochondria are suitable for biochemical studies on
mitochondrial enzymes of malaria parasites.

Comparison of Mitochondrial Enzymes from P. y. yoelii
and Rat Liver—When comparing with rat liver mito-
chondria, SQR (complex II), NQR (NDH-II) and QH,
oxidase (complex III plus complex IV) activity of P. y.
yoelii mitochondria were 1.4%, 28% and 12%, respec-
tively, of rat liver mitochondria whereas DHOD activity
was 4-fold higher than that of rat liver mitochondria
(Table 1). Rotenone [ICso=13nM for bovine complex I
(26)] inhibited rat liver mitochondria complex I 95-97%
at 1uM while the inhibition of the P. y. yoelli NQR
activity by 10uM rotenone was only 20%. Since NQR
activity of P. y. yoelii mitochondria followed a simple
Michaelis-Menten kinetics (see below), we concluded
that the enzyme activities are not due to contaminated
mouse mitochondria derived from leukocytes or platelets.

Enzymatic Properties of Plasmodium Complex II—SQR
activity of P. y. yoelii mitochondria displayed Michaelis—
Menten kinetics (Fig. 1). Apparent K, values for
succinate and Q, were estimated to be 49 and 0.17uM,
respectively, which are close to 20 and 0.5uM, respec-
tively, of bovine complex II (27). Apparent K,, value for
Q; was found to be 1.6uM. Differences in K, value
(9-fold) and Vp,/K;, ratio (19-fold) between Q; and Qg
indicate that the 6-polyprenyl tail of the ubiquinone ring
contributes to the binding affinity and that Q, is better
substrate than Q.

Then effects of the quinone-binding site inhibitors
on the SQR activity were examined. Atpenin A5 and
carboxin are known inhibitors for bovine complex II with
ICs0 values of 4nM and 1uM, respectively (28) and
plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) has
been reported to inhibit P. falciparum complex II
(ICso=5uM) and the growth (ICse=027pM) (29). At
100 uM Qg, we found that ICs, values for atpenin A5 and
carboxin were 4.6 and 3.6 uM, respectively, in P. y. yoelii
mitochondria and 7.1nM and 3.8 uM, respectively, in rat
liver mitochondria (Fig. 2). The inhibition by plumbagin
was only 50% even at 100 uM.
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Fig. 1. Kinetic analysis of SQR activity of P. y. yoelii
mitochondria. (A) As a function of the succinate concentration,
SQR activity was examined at 6pg mitochondrial protein/ml
in the presence of 0.1mM Q, Data points were averages
from three independent preparations (6.19 - 0.93 mU/mg protein
with 1mM succinate and 0.1mM Q). Data were fitted to
Michaelis-Menten kinetics with apparent K, and V.. values
of 49.3+7.0pM and 6.26+0.27mU/mg protein, respectively.
(B) As a function of the Q; (circles) or Q, (triangles) concentra-
tion, SQR activity was examined in the presence of 10mM
succinate, Data points were averages from two independent
preparations (6.25+0.87 mU/mg protein with 1mM succinate
and 0.1mM Q). Data were fitted to Michaelis—-Menten kinet-
ics with apparent K, and Vi, values of 1.61+0.20pM and
3.03+£0.12mU/mg protein, respectively, for Q; and 0.17+
0.04 uM and 6.20+ 0.30 mU/mg protein, respectively, for Q.

Membrane Anchor Subunits of Plasmodium Complex
II—For reduction of ubiquinone, Plasmodium complex IT
should have a quinone-binding pocket provided by Ip and
the CybL/CybS heterodimer (30-32). For the examination
of subunit structure of Plasmodium complex I, we first
determined the molecular weight of P. y. yoelii complex
II by hrCNE, followed by in-gel activity staining
as phenazine methosulphate-mediated succinate: NBT
reductase. An apparent molecular weight of P. y. yoelii
complex II was estimated to be 135kDa (Fig. 3, lane 2),
which is comparable to 130kDa of bovine and yeast
complex IT (33). Western blot analysis identified Fp and
Ip as the 70- and 35-kDa proteins, respectively (Fig. 3,
lanes 3 and 4), indicating that a sum of molecular
weights of membrane anchor subunits is about 30kDa.
Subsequently, the 135-kDa bands in hrCNE were excised
from gels and subjected to SDS-PAGE analysis. Due
to an extremely low activity of Plasmodium complex II
(~1% of mammalian mitochondria) and the diffusion of
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Fig. 2. Inhibition of SQR activity of P. y. yoelii mitochon-
dria by atpenin A5 and carboxin. SQR activity of P. y. yoelii
(closed symbols) and rat liver (open symbols) mitochondria was
determined with 10mM potassium succinate and 0.1mM Q,
in the presence of atpenin A5 (triangles), and carboxin (circles).
Data points were average values from two independent
preparations. ICso values were determined to be 4.6+0.2uM
for atpenin A5 and 3.6+ 1.0pM for carboxin in P. y. yoelii
mitochondria and 7.1+£0.3nM for atpenin A5 and 3.840.1uM
for carboxin in rat liver mitochondria. Control activitiy of P. y.
yoelii mitochondria was 2.6840.03mU/mg protein.
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Fig. 3. Electrophoresis analysis of complex II in P. y.
yoelii mitochondria. Solubilized mitochondrial proteins were
subjected to hrCNE, and complex II of bovine (lane 1, 2.4pg
protein) and P. y. yoelii (Jane 2, ~0.4 mg protein) mitochondria
were visualized by SDH activity staining. Arrows indicate
complex II bands. For Western blot analysis, 10 ug of mitochon-
drial proteins were subjected to 15% SDS-PAGE and Fp (lane 3)
and Ip (lane 4), indicated by arrows, were identified by anti-
PfFp and anti-PfIp rabbit antisera, respectively. For identifica-
tion of P. y. yoelii complex II subunits, complex II bands in
hrCNE were excised from gels and subjected to 10-20% SDS-
PAGE, followed by silver staining (lane 5). Putative subunits of
P. y. yoelii complex II are indicated by arrows. HiMark Pre-
stained High Molecular Weight Protein Standard (Invitrogen),
Rainbow Colored Protein Molecular Weight Marker (High
molecular weight range) (Amersham Pharmacia Biotech), and
Precision Plus Protein Standard (Bio-Rad) were used as molec-
ular weight standards for lanes 1 and 2, lanes 3 and 4, and
lane 5, respectively.

a reduced product of NBT, it was difficult to cut out the
complex II band but we were able to identify 70, 35, 18
and 14kDa bands as putative subunits of the 135-kDa
complex (Fig. 8, lane 5).
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Fig. 4. Kinetic analysis of NQR activity in P. y. yoelii
mitochondria. (A) As a function of the concentration of NADH
(closed circle), NADPH (open circle) or deamino-NADH (closed
triangle), NQR activity was examined at 6pg protein/ml in
the presence of 0.1mM Q,. Data points were averages from
two independent preparations (44.9+4.8mU/mg protein with
0.2mM NADH). Data were fitted to Michaelis—-Menten kinetics
with apparent K, and Vy., values of 63.2+69uM and
76.7 £ 3.4mU/mg protein, respectively, for NADH, 157433 uM
and 44.4+54mU/mg protein, respectively, for NADPH,
58.4+5.7uM and 15.1+0.6mU/mg protein, respectively, for
deamino-NADH. (B) As a function of the concentration of Q,
NQR activity was examined in the presence of 0.2mM NADH.
Data points were average values from two independent
preparations [48.6:+7.9mU/mg protein at 0.1mM Q). Data
were fitted to substrate inhibition kinetics with apparent K,
Vimax and K, values of 7.241.7uM, 71.83+7.6mU/mg protein,
and 218+ 97uM, respectively, using the equation v=V,,
SHKwm+8S+8S (1+8/K;)).

Enzymatic Properties of Plasmodium NDH-II—
Plasmodium spp. lacks genes encoding complex I (6, 7)
and uses a single-subunit NADH dehydrogenase
(NDH-II) (8, 15). Upon permealization of mitochondria
with 30pg/ml alamethicin, which forms pores large
enough to permit the rapid diffusion of NADH (34),
NQR and SQR activities increased 382% and 27%,
respectively, indicating that Plasmodium NDH-II is
likely located at the matrix side of the inner membrane.

When reactions were started by addition of NADH,
NQR activity showed a simple Michaelis~-Menten kinet-
ics with apparent K, and V., values of 63uM for
NADH and 77 mU/mg protein, respectively (Fig. 4A). Ky,
value for NADH was closer to 831uM of Saccharomyces
cerevisiae internal NDH-II (NDI1) (35) and 34pM of
E. coli NDH-II (36) than 15uM of yeast Yarrowia
lipolytica external NDH-II (NDE) (37). In contrast,
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Fig. 5. Inhibition of NQR activity of P. y. yoelii mitochon-
dria by HQNO and Aurachin C1-10. NQR activity of P, y.
yoelii mitochondria was determined with 0.2mM NADH and
0.1mM Q; in the presence of HQNO (closed circle) or aurachin
C1-10 (open circle). Data points were average values from two
independent preparations. Control activity of P. y. yoelii
mitochondria was 45.6+ 1.3mU/mg protein with 0.1mM Q.
IC;0 values for HQNO and aurachin C1-10 were estimated to be
2.54+0.4 and 0.47+0.03 uM, respectively.

Q;-started NQR activity showed substrate inhibition
kinetics with K, and K, values of 7 and 218 M,
respectively, for Q; (Fig. 4B). Unlike E. coli NADH-II
(36) and Y. lipolytica NDE (37), P. y. yoelii NDH-II can
oxidize deamino-NADH (K, =58 uM, Vigax= 15 U/mg pro-
tein) and NADPH (K,,=157uM, Viya=44mU/mg pro-
tein) (Fig. 5A). VK ratios indicate that Plasmodium
NDH-II is more specific to NADH compared to NAD(P)H
dehydrogenases from red beet root mitochondria [NDI
(38) and NDE (39)].

Since mammalian hosts lack NDH-II, this enzyme is
a promising target for new antiplasmodial agents.
However, inhibitors for NDH-II are rare and mostly
unspecific (34). Fry et al. (1I) examined effects of
inhibitors on ATP level in erythrocytic P. falciparum
and found that 2-heptyl-4-hydroxyquinoline N-oxide
(HQNO) and 5-hydroxy-2-methyl-1,4-naphthoquinone
(plumbagin) showed antimalarial activities with ICs,
values of 4.0 and 3.5 uM, respectively. In yeast, quinolone
analogues HQNO and aurachin C 0-11 were shown to
inhibit NDI1 with the ICs, values of 8 and 0.2 nM,
respectively (40). In this study, we examined effects of
HQNO and aurachin C 1-10 (4¢1) on NADH:Q, reductase
activity and determined ICs; values to be 2.5 and 0.5 uM,
respectively (Fig. 5). Our data indicate that the quino-
lone analogues are potent inhibitors for Plasmodium
NDH-IIL. Trifluoroperazine, the uncompetitive inhibitor
in terms of Qp for Mycobacterium tuberculosis NDH-II
(ICs0=12pM) (42), reduced the NADH:Q; reductase
activity to 26% of the control at 100 pM.

DISCUSSION

Properties of Plasmodium Complex II—Parasitic nema-
todes adapted to hypoxic host environments, have
modified respiratory chain, where isoforms of complex
II serve as fumarate reductase (43, 44). Kinetic proper-
ties of P. y. yoelii complex II are similar to those of
mammalian enzymes and thus suitable for catalysing the
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Table 2. Effects of quinone-binding site inhibitors on SQR
activity of P. y. yoelii mitochondria.

100 uM inhibitor P. y. yoelii Rat liver
mitochondria mitochondria
Control 100% 100%
Atpenin A5 <0.4 <0.05
Carboxin <0.4 <0.05
Flutoranil 58 22
TTFA 80 12
HQNO 54 94
Plumbagin 52 98
DNP-17 67 99

Control activities (mean=+SD) were 2.66+£0.02 (P. y. yoelii) and
180 5 (rat liver) mU/mg protein.

forward reaction of TCA cycle (i.e. the oxidation of
succinate). It should be noted that Plasmodium complex
II was more resistant to known quinone-binding site
inhibitors for mammalian complex II (Table 2), probably
due to the divergence of membrane anchor subunits of
Plasmodium complex II.

From the whole cell lysate of P. falciparum,
Suraveratum et al. (28) purified complex II as the Fp/Ip
heterodimer with an apparent molecular weight of 90
kDa and claimed that it has a much lower K, value
(8 uM) for succinate and plumbagin-sensitive SQR activ-
ity. However, the concentration (0.2%) of octyl glucoside
used for the isolation of P. falciparum complex II was not
enough for the solubilization of membrane proteins (i.e.
critical micell concentration of octyl glucoside is 0.73%).
Octyl glucoside likely dissociates the Fp/Ip dimer from
the membrane anchor and the aerobic isolation of the
Fp/lp dimer would damage the iron—sulphur clusters
in Ip. Thus, SQR activity of such preparations need to be
carefully examined.

Plasmodium CybL and CybS are still not annotated in
the current database (6, 7), likely due to the divergence
from ortholog sequences. However, 2D-PAGE analysis
(Fig. 3), SQR activity (Fig. 1, refs. 20, 25) and the
structure of quinone-binding site in complex II (30-32)
support the presence of these membrane anchor subunits
in Plasmodium spp. In membrane anchors of complex II,
“Rx;65x2HR” (helix I) and YHxoD’ (helix II) motifs in
CybL and ‘LHx;oDY’ (helix II) motif in CybS are
conserved for quinone/haem binding. And only such
motifs are conserved in protist membrane anchors (45).
One candidates for P. y. yoelii CybL (accession no.
XP_ 731082, 10,086 Da) and one candidate for CybS
(accession no. XP_726783, 10,379Da) can be identified
from 3,310 ORF's shared by P. falciparum and P. y. yoelii
on the basis of the size (<200 amino acid residues),
the presence of transmembrane segments (<3), and the
quinone/haem-binding motifs. PyCybL and PyCybS have
two transmembrane regions and contain the quinone/
haem-binding motifs, Rx;,Sx,HY’ and YYx,0DY’ motifs
and Yx;0G’ motif, respectively. In S. cerevisice strain
S288C (Baker’s yeast), CybS (accession no. NP_010463)
uses the Yx1oDY motif, and the His-to-Tyr mutant of
the CybL YHx;oD motif retained a half of the enzyme
activity and haem (46). Thus, in Plasmodium CybL and
CybS, Tyr could also substitute the role of the conserved
His residue in membrane anchor subunits. Although it
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has to be tested by protein chemically in future
studies, our data support that the subunit structure of
Plasmodium complex II is similar to that of mammalian
complex II.

Properties of Plasmodium  NDH-II—Previously,
Krungkrai et al. (47) isolated mitochondrial complex I
from P. falciparum and P. berghei as a 130-kDa complex
containing 38- and 33-kDa subunits. They claimed that
NADH:ubiquinone-8 reductase activity was sensitive to
rotenone (ICsp=12pM) and plumbagin (ICse=6uM).
However, NDH-I is not encoded by the Plasmodium
genomes (6, 7) and concentrations of n-octyl glucoside
used for the solubilization and purification were below
its critical micelle concentration (CMC) where n-octyl
glucoside cannot serve as a detergent. Alternative NADH
dehydrogenase NDH-II is a rotenone-insensitive single-
subunit enzyme (15, 34) and the apparent molecular
weights and subunit structure of P. falciparum (ace. no.
XP_001352022 and MW 61,670) and P. y. yoelii (acc. no.
XP_731423, MW 66,156) NDH-II are totally different
from those reported by Krungkrai et al. (47). The ICs,
value of mouse liver mitochondria for rotenone (8.4 uM;
Table 3 in ref. 47) was three orders of magnitude higher
than the ICzp reported for mammalian enzymes (26).
Recently, Biagini et al. (15) used the whole cell lysate
of P. falciparum and claimed that PINDH-II was
inhibited by diphenylene iodonium chloride (DPI, ICs,
of 15-25uM) and diphenyl iodonium chloride (IDP,
IC50=66 uM). As pointed out by Vaidya et al. (48), the
ICs0 for the enzyme was 100- and 10-fold higher than
those for the growth inhibition and other NADH oxidases
in the lysate may contribute to the activity. Very
recently, it was reported that purified recombinant
PfNDH-II was not inhibited by known NDH-I inhibitors
and flavoenzyme inhibitors (DPI and IDP) (Dong, C.,
Patel, V., Clardy, J., and Wirth, D., personal commu-
nication). Thus, previous studies on Plasmodium NDH-II
need to be reexamined. Our data indicate that
Plasmodium NDH-II is a member of internal NDH-II
(Ndi), which reoxidizes NADH in the mitochondrial
matrix. Recently, Saleh et al. (49) demonstrated the
antiplasmodial activity (ICg=14nM) of 1-hydroxy-2-
dodecyl-4(1H)quinolone (HDQ), which has been identi-
fied as the potent inhibitor for Y. Ulipolytica NDE
(ICs0=0.2uM) (50), demonstrating that Plasmodium
NDH-II is a promising target for new drugs.

Oxidative Phosphorylation in Plasmodium
Mitochondria—For a long time, it has been assumed
that Plasmodium mitochondria cannot carry out oxida-
tive phosphorylation (4, 5) because of a lack of membrane
anchor subunits of ATP synthase (9, 11). Oxidative
phosphorylation, succinate respiration (8, 17), and effects
of respiratory complex inhibitors on the generation of
membrane potential (16) in rodent malaria mitochondria
support the notion that Plasmodium mitochondria are
fully capable of oxidative phosphorylation. Careful
analysis of current genome databases (6, 7) with partial
subunits sequences of Crithidia fasciculata (51) and
Leishmania tarentolae (52) could identify ten subunits
of P. falciparum F,F;-ATP synthase, including mem-
brane anchor subunits a (XP_001347344) and b
(XP_001348969) (Mogi, T. and Kita, K., unpublished
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results), which are found to be highly divergent from
eukaryotic and bacterial counterparts. Thus, all canon-
ical subunits of complex II and ATP synthase are present
in Plasmodium spp., and malaria parasites can yield
energy via oxidative phosphorylation. The in vivo expres-
sion profiles of parasites derived from infected patients
showed the up-regulation of these enzymes under
conditions similar to starvation in yeast (18).

CONCLUSION

We isolated active mitochondria from rodent malaria
P. y. yoelii from infected mouse erythrocytes and
characterized complex II and NDH-II. Plasmodium com-
plex II is the four-subunit enzyme but its quinone-
reduction site in the membrane anchor subunits seems
structurally different from that of mammalian enzyme.
Plasmodium NDH-II showed enzymatic properties simi-
lar to those of NDI and quinolones were found to be
potent inhibitors. Alternative respiratory enzymes, which
are absent in mammalian mitochondria, are as promising
targets for new antibiotics (53, 54). We hope that our
findings will help understanding of energy metabolism
in malaria parasites and the development of new
antimalarial drugs.
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To counter antibiotic-resistant bacteria, we screened the Kitasato Institute for Life Sciences Chemical Library
with bacterial quinol oxidase, which does not exist in the mitochondrial respiratory chain. We identified five
prenylphenols, LL-Z1272p, <, §, € and ¢, as new inhibitors for the Escherichia coli cytochrome bd. We found that
these compounds also inhibited the E. coli bo-type ubiquinol oxidase and trypanosome alternative oxidase,
although these three oxidases are structurally unrelated. LL-Z1272(3 and e {dechlorinated derivatives) were
more active against cytochrome bd while LL-Z1272v, §, and ¢ (chlorinated derivatives) were potent inhibitors
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Inhibitor inhibition of quinol oxidases and for understanding the molecular mechanisms of respiratory quinol oxidases
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as a probe for the quinol oxidation site. Since quinol oxidases are absent from mammalian mitochondria, LL-
Z1272f and 6, which are less toxic to human cells, could be used as lead compounds for development of novel

Trypanosoma brucei
Alternative oxidase

chemotherapeutic agents against pathogenic bacteria and African trypanosomiasis,

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The emergence of antibiotic-resistant strains of major pathogenic
bacteria such as Staphylococcus aureus is an increasingly serious public
health concern [1]. To evade bacterial drug-resistance mechanisms,
new effective chemotherapeutic agents, which have novel mechan-
isms of action as well as different cellular targets compared with
conventional antibiotics, need to be developed {2].

Cytochromes bo (CyoABCD) and bd (CydAB) are two terminal
quinol oxidases of the aerobic respiratory chain in Escherichia coli and
many other bacteria [3,4 for reviews]. Although they are structurally
unrelated, both generate proton-motive force through the oxidation of
quinols coupled to dioxygen reduction. Cytochrome bho is a proton-
pumping heme-copper terminal oxidases and is predominantly
expressed under highly aerated growth conditions. In contrast,
cytochrome bd is a predominant terminal oxidase under microaer-
ophilic growth conditions and performs a variety of physiological
functions such as microaerophilic respiration and protection against
oxygen stress. Further, cytochrome bd and its variant cyanide-
insensitive oxidase (CioAB) play a key role in survival and adaptation
of pathogenic bacteria that encounter host environments where
dioxygen is progressively limited [5-9].

In long slender bloodstream forms of the parasitic protist Trypano-
soma brucei, which causes sleeping sickness in human and nagana in

* Corresponding author. Tel.: +81 3 5841 8202; fax: +81 3 5841 3444,
E-mail address: tmogi@m.u-tokyo.acjp (T. Mogi).

0005-2728/$ - see front matter © 2008 Elsevier BV, All rights reserved.
doi:10.1016/j.bbabio.2008.11.016

livestock, mitochondrial respiratory Complexes 1l and IV are down-
regulated and alternative quinol oxidase (AOX) serves as a terminal
oxidase [10,11]. AOX is a di-iron family protein bound to the matrix side
of the inner membrane and cannot generate the proton-motive force. All
three quinol oxidases have no counterparts in mammalian mitochon-
dria, thus they are potential targets for novel antimicrobial chemother-
apeutics. In fact, we previously identified ascofuranone (AF), a
prenylphenol isolated from a phytopathogenic fungus Ascochyta viciae
{12], as a potent inhibitor for the growth of T. brucei and trypanosome
AOX (noncompetitive inhibition with ICsg of 2 nM) [13,14].

By screening of hundreds of natural antibiotics in the Kitasato
Institute for Life Sciences Chemical Library [15] with the E. coli
cytochrome bd, we found that LL-Z1272+y has potent inhibititory activity.
We extended our screening to related compounds and found that
antibiotics LL-Z1272f, v, 6, ¢ and ¢ (Fig. 1), prenylphenols isolated from
the fungus Verticillum sp. FO-2787 [16], are a unique set of natural
compounds that can discriminate and inhibit alternative respiratory
quinol oxidases. Thus, antibiotics LL-Z1272 are useful probes for
understanding of molecular mechanisms of quinol oxidases and we
hope thatour findings contribute to the development of new antibioftics.

2. Materials and methods
2.1. Isolation or source of antibiotics and inhibitors

LL-Z1272B, v, §, ¢ and { were isolated from the cultured
mycelium Verticillum sp. FO-2787 [16). Antibiotics LL-Z1272a, B, v,
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Fig. 1. Structures of antibiotics LL-Z1272 and related natural compounds.

8, € and { have been originally isolated from an imperfect fungus
Fusarium sp. as inhibitors for the growth of the protist Tetrahymena
pyriformis {17]. llicicolin A, B, D, C, and F isolated from the fungus
Cylindrocladium ilicicola [18] are also identical to LL-Z1272a, B, v,
8, and ¢, respectively [19]. AF and piericidin A were kind gifts from
Drs. Masaichi Yamamoto (aRigen Pharmaceuticals. Inc.) and Shigeo
Yoshida (Institute of Physical and Chemical Research), respectively.
Synthesis of aurachin C 1-10 was described previously [20].
Antimycin A, and 2-heptyl-4-hydroxyquinoline N-oxide (HQNO)
were purchased from Sigma.

2.2, Preparation of cytoplasmic membrane vesicles and purification of
cytochrome bo

Cytochrome bd-overproduced membranes were isolated from E,
coli ST4683/pNG2 (Acyo Acydfcyd* Tet®), which can overproduce bd-
type quinol oxidase as the sole terminal oxidase [21]. Heme d content
was 2.1£0.1 nmol/mg protein (ie. approximately 20% of membrane
proteins). Cytochrome bo-type quinol oxidase was purified from
cytoplasmic membranes of E. coli GO103/pHN3795-1 (cyo™ Acyd/cyo*
AmpR), as described previously {22]. Trypanosome AOX-overproduced
membranes were isolated from E. coli FN102 (BL21 (DE3) AhemA)/
pTvAOX, which can express Trypanosoma vivax AOX as the sole
functional quinol oxidase [23]. The expression level of AOX was
estimated to be ~5% of membrane proteins by SDS-polyacrylamide gel
electrophoresis.

2.3. Quinol oxidase assay

The activity of the E. coli quinol oxidases was determined at
25 °C with a V-660 double monochromatic spectrophotometer
(JASCO, Tokyo, Japan) with data acquisition at 0.05 s. The reaction
mixture (1 ml) contained 50 mM potassium phosphate (pH 6.5),
and 0.02% Tween 20 (protein grade, Calbiochem) [24]. Enzyme
concentrations were 2.4 nM for cytochrome bd and 2 nM for
cytochrome bo. Reactions were started by addition of ubiquinol-1
(QsH,) at a final concentration of 100 pM, and the activity was
calculated by using a molar extinction coefficient of 12,300 at
278 nm. The activity of T. vivax AOX was measured in 50 mM

Tris-HCI (pH 7.4)-0.1% sucrose monolaurate (Mitsubishi-Kagaku
Foods Co., Tokyo, Japan). Enzyme kinetics were analyzed based on
the modified ping-pong bi-bi mechanism for cytochrome bd {21]
or the Michaelis-Menten mechanism for cytochrome bo and T.
vivax AOX, by using KaleidaGraph ver. 4.0 (Synergy Software,
Reading, PA).

2.4. Dose-response analysis

Duplicate assays were performed at each concentration with two
independent preparations of membranes. Dose-response data were
analyzed by the nonlinear regression curve-fitting with KaleidaGraph
ver. 4.0 as described previously [24]. 1Cs values in the presence of
100 pM Q;H were estimated by using the equation for the relative
residual activity; v=1/(1+([Inhibitor]/I1Cso)") where n is the Hill
coefficient {24].

3. Results
3.1. Analysis of inhibition of cytochrome bd by antibiotics LL-Z1272

In the course of our screening for inhibitors against the E. coli
cytochrome bd, we identified LL-Z1272v as an antibiotic that
suppressed the Q;H, oxidation by the cytochrome bd-overproduced
membranes (84% inhibition at 5 pg/ml) greater than antimycin A
(50%), a non-competitive inhibitor of cytochrome bd [25]. We
extended our screening with antibiotics LL-Z12728, v, 8, ¢ and &,
prenylphenols isolated from Verticillum sp. FO-2787 [16}, and found
that LL-Z1272p and & were more potent inhibitors for cytochrome bd.
These compounds do not have a chlorine atom at position 5 of the
phenol ring (Fig. 1), and the cyclohexanone ring of LL-Z1272¢ slightly
increased the binding affinity to cytochrome bd (Table 1). The 50%
inhibitory concentrations (ICso) for LL-Z1272f and e (dechlorinated
derivatives) were determined to be 2.1 and 1.1 pM (average values of
two independent preparations), respectively, and are one-order of
magnitude smaller than those of LL-Z1272y, § and ¢ (chlorinated
derivatives) (Table 1). The ICso values for known inhibitors for
cytochrome bd [20,25-27] are 10 uM for piericidin A, 5 UM for
antimycin A, 1 pM for HQNO, and 8.3 nM for aurachin C 1-10.
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Table 1
Summary on ICsg values of quinol oxidase inhibitors for the E, coli cytochrome bd and
bo and T. vivax AOX

Compounds Cytochrome bd* Cytochrome bo® trypanosome AOX®
LE-Z12723 212014 1201 0.18+0.02
LL-Z1272y 8117 0.082+0,016 0.015£0.001
LL-Z12728 32+4 0.28+0.02 0.046:0,004
LL-Z1272¢ 1.1x01 7207 0.65£0.09
LL-Z21272¢ 85%7 0372002 0.43£0.02
Ascofuranone 47+10 0.062+0.003 0.0049+0.0002
Aurachin C 1-10 0.0083+0.0003 0.00230,0001 28x2

2 The E. coli cytochrome bd-overproduced membranes.
b The purified E, coli cytochrome bo.
¢ The T. vivax AOX-overproduced membranes,
d
M.

3.2. Kinetic analysis of inhibition of cytochrome bd by LL-Z12728 and ¢

Effects of LL-Z1272[3 and ¢ on the Q,H, oxidation by cytochrome bd
were further analyzed kinetically. Control data were analyzed based
on the modified ping-pong bi-bi mechanism by assuming the
stabilization of dioxygen reduction intermediates [28] and apparent
K and Vinax values for the control were determined to 50 yM and
2364 Q;H/enzyme/s, respectively, in 50 mM potassium phosphate
(pH 6.5)-0.02% Tween 20 {24] (Fig. 2). In the presence of inhibitors,
reactions followed the Michaelis-Menten kinetics (Fig. 2). LL-Z1272(3
acts as a noncompetitive inhibitor with K;=7.6+2.5 pM while LL-
Z21272¢ serves as a competitive inhibitor with K;=1.00+0.03 uM

(Fig. 2).

3.3. Dose-response analysis of inhibition of cytochrome bo
by antibiotics LL-Z1272

In contrast to bd-type oxidase, the Q{H, oxidase activity of the E.
coli cytochrome bo was more sensitive to chlorinated derivatives, LL-
Z1272+, ¢ and . ICsg values for LL-Z127283, v, §, ¢ and { (averages from
two preparations) were determined to be 1.2, 0.082, 0.28, 7.2 and
0.37 uM, respectively (Table 1). The 1Cso values for known inhibitors
for cytochrome bo [20,27,29-31] are 0.3 uM for HQNO, 0.14 M for
piericidin A, and 2.3 nM for aurachin € 1-10, showing that cytochrome

g
<
g 1000 .
>
g
2
5
£ 500 .
k=3
e
2
0

0 B0 100 150 200
[Ubiquinol-1] {uM)

Fig. 2. Effects of antibiotics LL-Z1272 on kinetic parameters for Q,H, oxidation by the E,
coli cytochrome bd. Kinetic analysis was carried out in the absence of inhibitors (@) and
the presence of 2 (¥) or 5 (V) M LL-Z12723 or 2 (A) or 5 (&) M LL-Z1272¢. Control
data was analyzed by using the equation v=5Vp. [(SS(1+S/Ks)+SKin + KK ) where Ks
indicates the constant for substrate inhibition. Data obtained in the presence of
inhibitors were analyzed based on the Michaelis-Menten kinetics, The apparent K,
(M) and Vinax (QiHa/enzyme) values obtained were 50+4 and 2364+194, respec-
tively, for the controf (Ks=381 pM), 79+5 and 1232%33, respectively, for 2 uM LL-
212723, 10045 and 826121, respectively, for 5 uM LL-Z12723, 140+3 and 1065%12,
respectively, for 2 uM LL-Z1272¢, 287441 and 1113£107 Q;Hyfenzyme/s, respectively,
for 5 uM LL-Z1272¢, respectively.

bo is more sensitive to these quinone analogs than cytochrome bd. It
should be noted that LL-Z1272v is a very potent inhibitor of
cytochrome bo.

3.4. Kinetic analysis of inhibition of cytochrome bo by antibiotics
LL-Z1272

Effects of LL-Z12723, v, 6, and ¢ on the Q;H, oxidation by
cytochrome bo were further analyzed kinetically at different concen-
trations of inhibitors. Enzyme kinetics were analyzed based on the
Michaelis-Menten mechanism [29,31], and we found that the
inhibition mechanism was all mixed-type (Fig. 3). It should be noted
that due to changes in assay conditions apparent K, and V,,.x values
were shifted to 23 pM and 1035 Q;H,/enzyme/s, respectively (Fig. 3),
from 50 M and 515 Q{H,/enzyme/s, respectively, in 50 mM Tris-HCl
(pH 7.4)-0.1% sucrose monolaurate in our previous study [32].

3.5. Dose-response analysis of inhibition of trypanosome AOX by
antibiotics LL-Z1272

Because of the structural similarity of antibiotics LL-Z1272 with
trypanocidal AF (Fig. 1), we examined the effects of antibiotics LL-
Z1272 on Q;H, oxidase activity of T. vivax AOX. From dose-response
analysis with the AOX-overproduced E. coli membranes, we deter-
mined [Csq values for LL-Z1272f3, v, §, ¢, {, AF and aurachin C1-10 to be
180, 15, 46, 650, 430, 49 nM and 28 pM, respectively (Table 1). Our
data indicate that 1) the furanone ring of AF is not essential for binding
to trypanosome AOX, 2) the 5-chloride group on the phenol ring
increases the binding affinity, and 3) aurachin C, the most potent
inhibitor for bacterial quinol oxidases (ICs5=8.3 and 2.3 nM for the E.
coli cytochrome bd and bo, respectively (Table 1)) [20,27], is 2 to 4
order of magnitude less active than the prenylphenols.

3.6. Kinetic analysis of inhibition of trypanosome AOX by antibiotics
LL-Z1272

Effects of LL-Z1272f, v, §, e and { and AF on enzyme kinetics by T,
vivax AOX were examined in the presence of detergents. Q;H,
oxidation by T vivax AOX followed the Michaelis-Menten kinetics

;;///2

i i

-40 -2'0 0 20 40
[Ubiquinol-1}1  (mmy-1

(Ubiquinol-1/enzyme/sec)™]

Fig. 3. Effects of antibiotics LL-21272 on kinetic parameters for Q;H; oxidation by the E.
coli cytochrome bo. Kinetic analysis was carried out in the absence of inhibitors (O) and
the presence of 0.75 M LL-Z1272(> (), 0.2 uM LL-21272+y (@), 0.75 jM LL-Z12725 (A),
and ¢ (V). Data were analyzed based on the Michaelis-Menten kinetics. The apparent
K and Vimax values obtained are 232 and 1035%28 (control), 43+4 and 841130
(075 pM LL-Z1272f3), 64£2 and 40244 (0.2 M LL-Z1272), 663 and 3616 (0.75 uM
LL-Z12725), 4624 uM and 486+ 14 Q,Ha/enzyme/s (0.75 pM LL-Z1272¢), respectively, R
values were >0.997.
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Fig. 4. Effects of antibiotics LL-Z1272 on kinetic parameters for Q;H, oxidation by
trypanosome AOX. Kinetic analysis was carried out in the absence of inhibitors (A) and
the presence of 200 nM LL-Z1272(3 (), 20 nM LL-Z1272v (), 50 nM LL-Z12725 (4),
1 UM LL-Z1272¢ (O} and 50 nM LL-21272¢ (), and 5 nM AF (#), For clarity we showed
data for one concentration of each inhibitor. The apparent Ky and V. values
determined for the control were 232 (M and 19.8 U/mg protein, respectively. The
apparent K; values for non-competitive inhibition by LL-Z1272, vy, &, and AF were 142,
59, 203, and 2.65 nM. K; and K’ values for mixed-type inhibition by LL-Z12726 and LL-
Z1272¢ were 0,032 and 25.5 M and 0483 and 9.61 M, respectively.

and apparent Ky, and Viay values were determined to be 232 puM and
20 U/mg protein (Fig. 4). The K, value in 0.1% sucrose monolaurate
was comparable to 350 pM for T. b. brucei AOX in 0.25% n-octyl-[3-p-
glucopyranoside plus 0.025% EDT-20 [34], but smaller than approxi-
mately 700 pM determined for T. b. brucei AOX in the absence of
detergents [13,23]. Since the K., value of T. vivax AOX for ubiquinol-2
was 116 pM (data not shown), the length of the isoprene unit may
increase the binding affinity for ubiquinones [35]. The K of
trypanosome AOX for ubiquinoel-9 in T. b. brucei mitochondria
would be comparable to the K, value of cytochrome bd for
ubiquinol-8 in E. coli.

Kinetic analysis of inhibition of T. vivax AOX by antibiotics LL-
71272 revealed that LL-Z1272f (K;=142 nM), ¥ (59 nM), and ¢
(203 nM) act as (apparently) non-competitive inhibitors (Fig. 4), as
reported for AF [13] and salicylhydroxamic acid (SHAM, K;=25 uM)
[34]. Since the amount of active AOX molecules in the E coli
membranes was difficult to estimate, we did not try kinetic analysis
for tight-binding inhibitors {36]. In contrast, LL-Z12728 and ¢ serve as
mixed-type inhibitors with K; and K’ values of 0.032 and 25.5 pM and
0.483 and 9.61 M, respectively.

4. Discussion

From the screening of natural antibiotics of the Kitasato Institute
for Life Sciences Chemical Library, we identified prenylphenols LL-
21272, v, 6, ¢ and § as a unique set of inhibitors, which can inhibit and
discriminate bacterial and trypanosomal ubiguinol oxidases (Table 1).
LL-Z1272p and ¢ (dechlorinated derivatives) inhibited cytochrome bd-
type oxidase while LL-Z1272'y, 8, and { (chlorinated derivatives) were
potent inhibitors of cytochrome bo-type oxidase and trypanosome
AOX. Aurachin C is a potent inhibitor for both cytochrome bo and bd
[20,27], while AF is more active against trypanosome AOX [13]. Since
all three quinol oxidases are absent from mammalian mitochondria,
prenylphenols could be used as lead compounds for development of
novel chemotherapeutic agents {13,14,37]. However, except for the
effect of LL-Z1272(3 on Clostridium perfringens (minimum inhibitory
concentration of 25 pgfml), antibiotics LL-Z1272 were ineffective
against S. aureus, Pseudomonas aeruginosa, Mycobacterium smegmatis,
and Bacteroides fragilis. Neither LL-Z1272+y nor LL-Z1272¢ affected the

aerobic growth of E. coli cells expressing cytochrome bo or bd as the
sole terminal oxidase, likely due to the excretion by drug efflux pumps
or due to the inefficient penetration through the lipopolysaccharide
layer of the outer membrane.

Kinetic analysis of the inhibition of quinol oxidases by prenylphe-
nols yielded rather complicated inhibition mechanisms (Figs. 2-4),
Structural similarities of prenylphenols to ubiquinones (Fig. 1) indi-
cate that all these compounds would act as competitive inhibitors for
the quinol oxidation site. However, in many cases we found non-
competitive or mixed type inhibition. In the case of tight binding
inhibitors {36], Michaelis-Menten plots resemble to those of non-
competitive inhibition. Alternatively, orientation of the phenol ring of
prenylphenol molecules within the binding pocket will determine
interactions of preny! tails andfor the cyclohexanone ring with the
protein moiety. The latter interactions would affect the former
interactions. In addition, modifications of the prenyl tail (ie., the
presence of the cyclohexanone or franone ring) could alter interac-
tions with lipid bilayers and detergent micelles, which would then
affect the orientation of inhibitor molecules relative to the binding
pocket in quino! oxidases. Inhibition mechanisms of natural
antibiotics may be inherently associated with their structural
complexity, as found for inhibitors for alternative NADH dehydro-
genase NDH-II [38].

Currently approved drugs for the treatment of human sleeping
sickness caused by T. b. rhodesiense and T. b. gambiense are suramine,
pentamidine, melarsoprol, and eflornithine [37]. They are not
available for oral administration and T. brucei strains resistant to
one or more drugs are now emerging. Thus there is an urgent need
for less-toxic and more convenient new drugs against African
trypanosomiasis. In parallel studies, we recently found trypanocidal
activity of LL-Z1272f3 [39]. LL-Z12728 and LL-Z12725 have been
shown to be less toxic to human cells [18,33] and we have
demonstrated that the efficacy of AF in the treatment of trypano-
some-infected mice [14]. In conclusion, antibiotics LL-Z1272 are
useful as probes for understanding the quinol oxidation sites of
respiratory quinol oxidases and such prenylphenols are promising
leading compounds for the development of new chemotherapeutic
agents for African trypanosomiasis.
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SUMMARY

Acetate is activated to acetyl-CoA by acetyl-CoA
synthetase 2 (AceCS2), a mitochondrial enzyme.
Here, we report that the activation of acetate by
AceCS2 has a specific and unique role in thermogen-
esis during fasting. In the skeletal muscle of fasted
AceCS2~'~ mice, ATP levels were reduced by 50%
compared to AceCS2** mice. Fasted AceCS2~/~
mice were significantly hypothermic and had reduced
exercise capacity. Furthermore, when fed a low-
carbohydrate diet, 4-week-old weaned AceCS2~/~
mice also exhibited hypothermia accompanied by
sustained hypoglycemia that led to a 50% mortality.
Therefore, AceCS2 plays a significant role in acetate
oxidation needed to generate ATP and heat. Further-
more, AceCS2~/~ mice exhibited increased oxygen
consumption and reduced weight gain on a low-
carbohydrate diet. Our findings demonstrate that acti-
vation of acetate by AceCS2 plays a pivotal role in
thermogenesis, especially under low-glucose or keto-
genic conditions, and is crucially required for survival.

INTRODUCTION

Mammals have evolved complex metabolic systems to survive
extended periods of nutrient deprivation. Under a fed condition,

mammals utilize glucose as the main metabolic fusl. Under keto-
genic conditions such as fasting, low-carbohydrate diet feeding,
and diabetes, fatty acids and ketone bodies are utilized as the
main energy sources. Ketone bodies, utilized mainly in brain
and also some in skeletal muscle and heart (Fukao et al., 2004),
are produced in liver from acetyl-CoA released after B oxidation
of fatty acids in mitochondria. Several lines of evidence report
that acetate is synthesized in the liver and utilized as an alterna-
tive fuel under ketogenic conditions. For instance, acetate
congentration in livers of starved rats is quite high (Murthy and
Steiner, 1973). Also, formation of free acetate by the liver has
been reported from studies utilizing isolated rat liver perfusion
and studies using isolated hepatocytes (Leighton et al., 1989;
Seufertetal., 1974; Yamashita et al., 2001), Acetate is generated
following hydrolysis of acetyl-CoA by acetyl CoA hydrolase, an
end product of fatty acid oxidation in rat liver peroxisomes
{Leighton et al., 1989). However, it is not known whether acetate
is actually utilized as an alternative fuel (substituting for glucose,
fatty acids, or ketone bodies) in peripheral tissues such as skel-
etal muscle, heart, brown adipose tissues (BAT), or brain.
Acetyl-CoA synthetase (AceCS, EC 6.2.1.1) ligates acetate
and CoA to generate acetyl-CoA. In mammals, there are two
AceCSs with similar enzymatic properties: one, designated
AceCS1, is a cytosolic enzyme, whereas AceCS2 is an enzyme
of the mitochondrial matrix (Fujino et al., 2001; Luong et al.,
2000). AceCS1 and AceCS2 are regulated posttranscriptionally
by members of the sirtuin family of deacetylases, SIRT1 and
SIRT3, respectively. Both SIRT1 and SIRT3 are upregulated
during caloric restriction and have been implicated as mediating
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the longevity-promoting effects of caloric restriction (Schwer
and Verdin, 2008; Yang et al., 2007).

AceCS1 provides acetyl-CoA for the synthesis of fatty acids
and cholesterol. AceCS1 is highly expressed in liver, and its
transcription is regulated by sterol regulatory element-binding
proteins (SREBPs), basic helix-loop-helix leucine zipper
transcription factors that activate multiple genes involved in
cholesterol and fatty acid metabolism (lkeda et al., 2001; Luong
et al., 2000). By contrast, AceCS2 produces acetyl-CoA for
oxidation through the tricarboxylic acid cycle to produce ATP
and CO; (Fujino et al., 2001), AceCS2 is highly expressed in
BAT, heart, and skeletal muscle. Importantly, the levels of its
mRNAs in BAT, heart, and skeletal muscle are robustly increased
under ketogenic conditions, whereas the level of its mRNAs in
liver was barely detectable (Fujino et al., 2001). The fasting-
induced transcriptional activation of AceCS2 in the skeletal
muscle is largely controlied by Kriippel-like factor 15 (KLF15),
a member of the Kriippel-like family of transcription factors
(Yamamoto et al., 2004) that regulates many genes invoived in
giuconeogenesis such as phosphoenolpyruvate carboxykinase
(PEPCK) and amino acid-degrading enzymes required under
ketogenic conditions (Gray et al., 2007; Teshigawara et al., 2005).

To examine whether acetate is utilized as a fuel under keto-
genic conditions, we generated AceCS2-deficient mice. In this
paper, we show that AceCS2 is essential for energy expenditure
under ketogenic conditions.

RESULTS

Generation of AceCS2-Deficient Mice

To evaluate the role of AceCS2 in vivo, we generated mice lack-
ing AceCS2, We constructed an insertion-type vector that
disrupts exon 1 of the mouse AceCS2 gene (Figure 1A). Two lines
of mice harboring insertions in AceCS2 were identified by
Southern blotting (Figure 1B). Genotyping was performed by
PCR (Figure 1C), and the absence of AceCS2 transcripts
(Figure 1D) and protein (Figure 1E) was confirmed by quantitative
real-time PCR (QRT-PCR) and immunoblot analysis, respec-
tively. Wild-type (AceCS2**), heterozygous (AceCS2*), and
homozygous (AceCS2~") mice were born at frequencies
predicted by simple Mendelian ratios. AceCS2~/~ mice of both
sexes were normally fertile and typical in appearance. No histo-
logical abnormalities were seen following light microscopy of
sections obtained from multiple tissues of adult male mice,
including bone, brain, stomach, heart, intestine, kidney, liver,
pancreas, white adipose tissue, BAT, and skeletal muscle
(data not shown). At birth, the body weight and length of
AceCS2~'~ mice were indistinguishable from their littermates.
By the time of weaning (4 weeks of age), both male and female
AceCS2™~ mice exhibited significant growth retardation
(Figures S1A-S1C available online). After weaning, AceCS2~/~
mice fed on normal chow diet began to catch up with
AceCS2** mice in both body weight and body length. By 20
weeks of age, the body weight of the AceCS2~/~ mice became
comparable to their littermates (Figures S1A and S1B). Food
intake of 4-week-old AceCS2~/~ mice was slightly decreased
compared to AceCS2** mice but became comparable to that
of their littermates by 20 weeks of age (Figure S1D). Plasma
parameters of AceCS2** and AceCS2~/~ mice before weaning
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Figure 1. Generation of AceCS2-Deficient Mice

(A) Diagram of the targeting strategy. Only the relevant restriction sites are
indicated. Locations of the probes for Southern blot analysis (bars) and PCR
primers (arrows) for genotyping are shown, '

(B) Southern blot analysis of Kpnl-digested DNA from ES cell clones. Southern
blotting was performed with the probe indicated in (A). Kpnl digestion resulted
in a 6.5 kb fragment in wild-type DNA and a 10.5 kb fragment in homologous
recombinants.

(C) An ethidium bromide-stained agarose gel illustrates PCR products for
genotyping AceCS2**, AceCS2*~, and AceCS2~/~ mice. A description of
the PCR genotyping strategy is contained in the Experimental Procedures.
(D) QRT-PCR analysis of AceCS2 transcripts. Total RNA from heart of
AceCS2**, AceCS2*~, and AceCS2~/~ mice were analyzed by QRT-PCR
quantification as described in the Experimental Procedures. B-actin was
used as the invariant control. Values represent the amount of mRNA relative
to that in AceCS2*"* mice, which is arbitrarily defined as 1. Data are mean =
SEM. *p < 0.05 compared to AceCS2**; **p < 0.01 compared to AceCS2*'~;
***p < 0,001 compared to AceCS2** (*,n=9;*~,n=17, ", n=7).

(E) Immunoblot analysis, with an affinity-purified anti-rabbit polyclonal AceCS2
antibody, of AceCS2** and AceCS2~/~ mouse heart protein, Each lane was
loaded with 20 ug of whole-cell lysates in SDS lysis buffer from the hearts.
GAPDH was detected with a polyclonal anti-GAPDH antibody as a loading
control,

(2-4 weeks of age) and at 26 weeks of age are shown in Table S1.
Glucose, ketone bodies, nonesterified fatty acids (NEFA), and
insulin levels were indistinguishable between AceCS2** and
AceCS2™'~ mice at both 2-4 weeks of age and at 26 weeks of
age (Table §1). Plasma concentration of growth hormone and
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Figure 2. AceCS2™/~ Mice Exhibit Lower Whole-Body Acetic Acid Oxidation.during Fasting
After 48 hr of fasting, 12-week-old male mice were tested for their ability to oxidize [1- “Clacetate or [1-C]p-hydroxybutyrate to 1CO, at 20, 40, and 60 min after

intraperitoneal {i.p.) injection with the labeled compound.

(A) Rate 6f "*CO, production from acetate. *p < 0.001 compared to AceCS2**,

(B) Total plasma [1-'“Clacetate was measured after 60 min.

(C) Rate of "GO, production from acetate with inclusion of unlabeled acetate, Unlabeled acetate (0.6 g/kg) was injected with

oxidation rate was measured after 40 min.

[1-"Clacetate, and the acetate

(D) Rate of "CO, production from B-hydroxybutyrate (AceCS2**, n = 6; AceCS2~"~, n = 6).

(E) Model for the role of AceCS2 in energy metabolism.
(A-D) Data are mean + SEM.

insulin-like growth factor-1 (IGF-1) of AceCS2™'~ mice (2-4
weeks of age) were also comparable to AceCS2*/*, The plasma
leptin levels of 2- to 4-week-old AceCS2™~ mice were lower
than those of age-matched, wild-type littermates. Notably,
plasma acetate levels were markedly elevated in AceCS2~/~
mice compared to AceCS2** mice (Table S1).

AceCS2~/~ Mice Exhibited Marked Reduction

in Whole-Body Acetate Oxidation

To examine whether acetate is, in fact, utilized as a fuel during
fasting, we performed whole-body acetate oxidization assays.

Mice were fasted for 48 hr and then injected with ['“Clacetate.
Figure 2A shows the sharply decreased rate of acetate oxidation
in" AceCS2~'~ mice. As a consequence, [“*Clacetate: levels
remained high in the plasma of AceCS2~'~ mice, whereas
AceCS2*"* mice showed very low levels of plasma ['*Clacetate
(Figure 2B). Because higher levels of plasma acetate in
AceCS2~/~. mice might affect the acetate oxidation rate, we
also examined the oxidation of ['*Clacetate with the inclusion
of unlabeled acetate at similar levels to those found in the
AceCS2~'~ mice (about 2 mM] (Figure 2C). Injection of unlabeled
acetate (0.6 mg/kg) led to rapid increase in plasma acetate to
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2 mM at 40 min after the injection (data not shown). Under this
condition, the rate of acetate oxidation measured was still signif-
icantly lower in AceCS2~'~ mice (Figure 2C). Oxidation of ketone
bodies was similar, irrespective of genotype (Figure 2D), indi-
cating that ketone body utilization is normal in AceCS2~/~ mice.

Together with our previous report showing that ['“Clacetate is
incorporated into CO, in AceCS2-transfected cells (Fujino et al.,
2001), these data indicate that, in mice, acetate oxidation to form
CO, and ATP requires AceCS2, Previous studies showed that an
appreciable amount of acetate is generated in liver by hepatic
acetyl-CoA hydrolase, a ubiquitous peroxisome enzyme, and
that this acetate can subsequently be utilized by extrahepatic
tissues (Leighton et al., 1989; Murthy and Steiner, 1973; Seufert
etal., 1974). We propose a model in which acetate is generated
in liver from fatty acids and released into the circulation under
conditions when glucose is low, such as 48 hr fasting or low-
carbohydrate/ high-fat diet. AceCS2 is necessary for salvaging
this acetate for use in extrahepatic tissues such as skeletal
muscle and BAT, where acetate is reactivated for reentry to
the mitochondrial TCA cycle to generate ATP and heat
(Figure 2E). )

Adult AceCS2~/~ Mice Exhibit Low Body Temperature
and Reduced Capacity to Sustain Running Exercise
under a Fasting Condition

To further evaluate the physiological role of acetate oxidation,
12-week-old AceCS2~'~ mice were freely fed a standard rodent
diet or fasted for 48 hr. During normal fed states, there was no
significant difference in core temperature between AceCS2**
and AceCS2™~ mice (Figure 3A). After 48 hr of fasting,
AceCS2** mice were able to maintain their core body tempera-
tures, but AceCS2~'~ mice had significantly lower core body
temperatures (Figure 3A). These data demonstrate that acetate
activation by AceCS2 is important for maintenance of normal
body temperature, likely as a resuit of heat production during
fasting. indeed, the mRNA levels in BAT of AceCS2 were 4-fold
higher under the fasted condition than under the fed condition,
suggesting that AceCS2 has an important role during fasting
condition (Figure 3B).

In mice, BAT and skeletal muscle are the main thermogenic
tissues in which oxidation of fatty acid, stimulated by the sympa-
thetic nervous system, generates heat through uncoupling
proteins (UCPs) present in mitochondria (Spiegelman and Flier,
2001). During fasting, the quantity and morphology of mitochon-
dria in BAT and skeletal muscle are indistinguishable between
AceCS82** mice and sex- and age-matched AceCS2~"~ mice
(Figure S2A). Oxidative proteins such as UCPs are thought to
be important in thermogenesis (Matthias et al., 2000; Spiegel-
man and Flier, 2001). The mRNA levels of UCP1 in the BAT or
UCP2 and UGP3 in the skeletal muscle did not differ significantly
between AceCS2""* and AceCS2™/~ mice. Other thermogenic
molecules PGC1a and PPARS also did not differ in mRNA levels
(Figure S2B and data not shown).

To evaluate substrate supply, we determined the levels
of various metabolites in the plasma of fed and 48 hr fasted
12-week-old male AceCS2** and AceCS2™/~ mice (Table S2).
There was no significant change in plasma glucose or in
NEFA and ketone body levels between AceCS2** and
AceCS2~/~ mice (Table 82). There was also no significant differ-
ence in the percentage of fat mass between fed AceCS2~/~ and
AceCS2** mice as assessed by dual-energy X-ray absorption
(DEXA) (Table S2). However, plasma acetate was 5- to 10-fold
higher in AceCS2™/~ mice as compared to AceCS2** mice
under both fed and fasted conditions (Figure 3C). These data
indicate that acetate utilization is impaired in AceCS2~/~ mice,
implying that a deficit in extrahepatic acetate utilization causes
fasting-induced  hypothermia. Acetyl-CoA levels were
decreased by 756% in fasted AceCS2~/~ mice (Figure 3D).
NADH and ATP levels in skeletal muscles of fasted AceCS2~/~
mice were significantly reduced compared to those found in
AceCS2** mice (Figures 3E and 3F). These data indicate that
AceCS2 plays a pivotal role in supplying acetyl-CoA for ATP
production during 48 hr of fasting. Oxygen consumption was
significantly increased after 36 hr fasting, and locomotor activity
was not reduced (Figures 3G and 3H).

The hypothermia in AceCS2™/~ mice also differs from adaptive
hypothermia in response to cold {Lowell and Spiegelman, 2000).
Exposure of these AceCS2™'~ mice to low temperature (4°C) did

Figure 3. AceCS2-Deficient Mice Exhibit Low Body Temperature and Reduced Exercise Capacity during Fasting
(A} Core temperature of male mice (12 weeks old) fed on normal chow diet was monitored after 48 hr fasting (AceCS2**, n = 8; AceCS2™/~, n = 7).*p < 0.05

compared to AceCS2**,

(B) Relative mRNA expression levels of AceCS2 in BAT of male mice (12 weeks old, six to seven per genotype). **p < 0.01 compared to AceCS2*/*,
(C) Plasma acetate levels of male mice (12 weeks old) fed or fasted for 48 hr (fed AceCS2%*, i = 4; fasted AceCS2**, n = 4; fed AceCS2™"~ n = 4; fasted

AceCS2™~, n = 4),

D) Acetyl-CoA levels in gastrocnemius muscle from 48 hr fasted male AceCS2** and AceCS2~'~ mice (12 weeks old) were measured (AceCS2**, n = 7;
ty

AceCS27/~, n=8).

(E) ATP content is markedly reduced in AceCS2~/~ mice. ATP and AMP contents of gastrocnemius muscle from male AceCS2** and AceCS2~/~ mice were
measured at 12 weeks of age (AceCS2**, n = 7; AceCS2~~, n = 8). **p < 0.01 compared to AceCS2*/*.
(F) NAD* and NADH levels and NAD*/NADH ratio in gastrocnemius muscle and BAT of 48 hr fasted male AceCS2** and AceCS2~'~ mice (12 weeks old)

{AceCS2"*, n = 4; AceCS2~/~, n = 4).

(G) Oxygen consumption (VO) (left panel), average of VO, (center panel), and RQ (respiratory quotient) (right panel) were determined in fasted male mice
(12 weeks old) by indirect calorimetry (AceCS2**, n = 6; AceCS2~/~, n = 5).

(H} Total locomotor activity of male mice (14 weeks old) was measured by beam breaks in the light and dark periods {AceCS2*"*, n = 12; AceCS2~/~, n = 12).
(1) Mate mice (12 weeks old) given food and water ad libitum were subjected to cold (4°C) (ieft panel) (AceCS2**, n=10; AceCS2™/~, n =1 1). Male mice (12 weeks
old) fasted for 24 hr and given water ad libiturmn were subjected to cold (4°C) (right panel) (AceCS2**, n=7; AceCS827~, n=8). Core temperature was monitored
over a 5 hr period.

{J) Male mice (12 weeks old, nine per genotype) were subjected to a run-to-exhaustion protocol on a motorized treadmilt under fed conditions and 48 hr fasted
conditions (AceCS2**, n = 9; AceCS2™~, n = 9). *p < 0.05 compared to fed.

All values are mean + SEM.
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