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Table 1 Table 2
Average number of phospholipid molecules bound to purified SQR. Average number of phospholipid molecules bound  purified SQR
The E coli SQR was solubilized uning 0.1% (1.9 mAf), 1.0% (19 mM), 215% (48 mM) and mzmﬁmmwmmwwnq b of deterge:
40% (76 mM) sucrose monolsurate from membranes with different phoap of ids in the b was 4 mAd, ng that the
concenirations and purified in the presence of 05%(w/v) Lubrol PX. Values in Mﬂpﬂm:ww’m Pum
parettheses are the molsr ratios of SML 10 phospbolipid ia the membrane ruspension T T — —
S— — = L T
SMLt ) Phospholipid i Average No. of pk T
: A Saluhiluation Purification Average No. of phospholipids
@l = iomesbose mepeios (mM) perSQRmonomertt iy @3%) per SOR Crystall
19 (48) 04 1 ;
1 S ; mes g oW i
19 (45) 40 8 ol Faled
48 (30) 12 & DoC SMCH 19 I"hi_llﬁ
48 (12)% an 6 SMC SMC L] Failed
48 (24) 20 8 SML$: SML 6 Successiul
 (38) 2 & SML Lubrol PX4§ L] Successtul
% I'I?I 40 & Lubral PX Lubrol PX 4 Failed
..... — e — —_— Lubrol PX (4%)  Lubrol FX L] Successful

T Sucrose monolaurate (CMC 0.4 mM), immuuluonoflh:pnmsokm
estimated by Az (Azm = 106 for 10mg m! ' SOR solution).  § It was sssumed thal the
phospholipid contained only one P atom. ¢ Crystallization wax performed for SOR
soluhilized under this condition

330 mg SQR and the pellet obtained by centrifugation was dissolved
again in buffer A. Residual impurities were successfully removed
using a GE Healthcare Source 15Q column (70 ml bed volume).
Fractions with an A4;2/Az5 > 0.6 obtained by elution with 1000 ml of
a linear gradient of 0-0,3 M NaCl were pooled (Fig. 1, lane 2). The
purified SQR (200 mg) was then subjected to sucrose density-
gradient ultracentrifugation. The pooled SQR was precipitated by
adding solid PEG 3350 and dissolved again in a minimum amount of
buffer A (~4 ml). The SOR solution (2 ml) was carefully loaded onto
buffer A (~73 ml) containing a 6-40% (w/v) sucrose-density gradient
and centrifuged at 200 000g overnight in a Hitachi PASAT fixed-angle
rotor. The SQR, which focused as a deep reddish-coloured sharp
band in the middle of the gradient (Fig. 1, lane 3), was separated from
the broad pale-reddish upper half in approximately 95% yield,
precipitated by PEG 3350 and stored at 193 K for subsequent use.
Sodium malonate, an inhibitor of SQR. was added to all of the
purification and crystallization steps in order to stabilize the enzyme.

2.5. Detergent exchange

Detergent exchange was performed at 277K as follows After
purification in the presence of Lubral PX, the SOR precipitated by
PEG 3350 was dissolved in 20 mM Tris-HCl buffer pH 7.4 containing
2mM sodium malonate, 200 mM KCl and 1% of the detergent of
choice. The Ay of the SQR solution was set to about 10. After
incubation for 20 min on ice, the enzyme was precipitated by adding a
1.4-fold volume of 40%(w/w) PEG 3350 when the type of detergent
exchanged was an n-alkyl-oligoethylene glycol me her (C,E,.).
The pellet obtained by centrifugation was again dissolved in the same
buffer and the enzyme was precipitated by PEG 3350 after a 20 min
incubation period. This f dure was repeated several times
Exchanges to n-alkyl-glucosides (C,G) and n-alkyl-maltosides (C, M)
were performed similarly, but the enzyme was precipitated by addmg
a 1.2-fold volume of 4.0 M ammonium sulfate. Since

f The concentration of the purified SQR was cstimaied by Ases (Asme = 106 for
Wmgm! ' SQR solution) § Results of crysallization trials according 10 the
aplimized procedure described in the text.  § NN-Dimethyldodecylamine-N-oxide
(CMC L4mM, 0.03%). % Deoxycholic acd (CMC 5mM, 0.2%). t+ Sucrose
monocaprate (CMC 25 mM, 0.13%)  $§ Sucose monolaurate (CMC 0.4 mM,
002%). W CHuy(OCH;CH,)-OH (n = 12, 14 m = 9.5)

2.6. Crystallization and X-ray diffraction experiments

Crystallization conditions were st d by the hanging-drop
vapour-diffusion technique using 9-well CrystalClear Stnps
(Hampton Research). The SQR was dissolved in 10 mM Tris-HCl pH
7.6 buffer containing 2 mM sodium malonate and the detergent of
choice (A = 30) and centrifuged for 20 min at 20 000g to remove
any undissolved material. To set up the hanging-drop vapour diffu-
sion, a droplet made up of 0.5 pl SOR solution and 0.5 pl reservoir
solution was incubated over a well containing 100 ! reservoir solu-
tion. Initial screening was carried out at 277 and 293 K using the
commercially available crystallization kits Crystal Screen (Jancarik &
Kim, 1991) and Crystal Screen II from Hampton Research.

X-ray diffraction experiments were performed using the synchro-
tron beamlines BL44XU at SPring-8 (Harima, Japan), BL-SA at PF
and NWI2A at PF-AR (Tsukuba, Japan). For X-ray diffraction
experiments at 100 K, crystals were transferred to reservoir solution
supplemented with 15% glycerol and then frozen by rapid submer-
gence in liquid nitrogen. The data were processed and scaled using
programs from the HKL-2000 suite (Otwinowski & Minor, 1997),

3. Results and discussion
3.1. Phospholipid content of purified SQR

Slm:e the major constituent (~80% in weight) of the £ coli inner

is holipids (Tanford, 1980), the phospholipid con-

tent is a good lndlcator o! the amount of lipid bound to the purified
SQR. After solubilization from the membranes using 2.5% (w/v)
sucrose monolaurate and purification in the presence of 0.5%(w/v)
Lubrol PX as described in §2, the conc of the phosphorus
liberated from the phospholipid malecules bound to the purified
SOR was measured. Assuming that the phospholipid molecules
bound 1o the purified SQR contained one P atom and that the Ay, of
the 10mgmi™" SQR solution was 10.6, six bound phospholipid

sulfate can cause phase separation of a solution containing C,E,, and
PEG can cause phase separation of a solution containing C,G or
C,M, an appropriate choice of precipitants should be made in order
to avoid the d ation of the enzyme caused by phase separation.
The completeness of detergent exchange was checked by thin-layer
chromatography (Reiss-Husson, 1992).

molecules per SOR m were d d. The phospholipid
contents of SQR prepared under different solubilization conditions
were also analyzed. Solubilization with 2.5%(w/v) or 4.0%(wiv)
sucrose monolaurate gave a value of six regardless of the molar ratio
between the delmgem and phosphohpld in the membrane suspen-
sion, wh the phospholip in ito 11 on a decrease

in the sucrose munolaurnt: concentration (Table 1). Therefore, these
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six phospholipid molecules seem to be more lightly bound to the
SQR. We also performed solubilization and purification using other
commercially available detergents (Table 2). N.N-Dimethyldodecyl-
amine-N-oxide (Fluka) and deoxycholic acid (Wako) produced SQR
preparations contaiming 100 phospholipid molecules. However, the
phospholipid content was reduced o 19 when purification was per-
formed in the presence of 0.5%(w/v) sucrose monocaprate (Dojindo).
Accordingly, most of the phospholipid molecules were loosely bound
to the SQR and were removed by the action of D.5%(w/v) sucrose
monocaprate. On the other hand, 2.5%(w/v) and 4% (w/v) Lubrol PX
gave phospholipid contents of 24 and six, respectively. In the X-ray
structure of E coli SOR solubilized using 4% THESIT, which is
virtually the same d:t:rgem as Lubrol PX, two well ordered phos-
pholipid molecules, phosphatidylet I and cardiolipin, were
found per SOR monomer [Ymknvsknya er al., 2003). Since phos-
phatidylthanolamine and cardiolipin contain one and two P atoms,
respectively, there are three P atoms per SOR monomer in the X-ray
structure. The disagreement over the number of P atoms probably
arises from two causes. Firstly, since the concentration of the SOR
was estimated from the calculated molar extinction coefficient in this
study, the number of P atoms determined are relative rather than
absolute values Secondly, there may be additional disordered phos-
pholipid molecules which are not detected by X-ray analysis.

Since the Fiske-SubbaRow method only gives an average phos.
pholipid content, it is not known whether or not the purified SOR was
uniform in the ber of bound phospholipid molecules. Following
the Source 15Q column, the purlﬂcd SOR with six bound phospho-
lipid molecules was subjected to sucrose density-gradient ultra-
centrifugation at 200 000g overnight. After centrifugation, most of
the SOR (about 95%) was focused in a sharp deep-reddish band

To attain reproducible crystallization, the Lubrol PX in the purified
SOR was exchanged for detergent mixtures composed of C,;E4 and
CizM in ratios of 10:0, %:1, 8:2 and 7:3 (by weight). Exchange to
detergent mixtures with higher C,,M content denatured the SQR and
the addiion of PEG 3350 d phase sep of the SQR
solutions, in which the SQR was concentrated in the phase enriched
with the detergent. After detergent exchange, the enzyme was
dissolved in 10 mM Tris-HCI pH 7.4 and 2 mM sodium malonate
solution containing Cy;Eq and C;3M in the prescribed ratio with a
tolal concentration of 0.2%(w/v) and optimization of the crystal-
lization conditions was repeated. Plate-shaped deep-red crystals with
typical dimensions of 0.2 x 0.1 x 0.02 mm (Fig. 2a) appeared repro-
ducibly within 3d from reservoir solution composed of 16%(wh)
PEG 3350, 100 mM Tris—HC1 pH 8.0, 2 mM sodium malonate and
200 mM KCl at 293 K when the ratio of C;E, and C;M was 8:2 (by
weight).

Since il has been noled that phase separation plays a major role in
the crystallization of membrane proteins (Garavilo & Picot, 1990;
Reiss-Husson, 1992), the concentrations of PEG 3350 that caused
phase separation of solutions containing C,,Ey and C,;M with a total
concentration of 0.2% were examined at 293 K. The 10:0 solution,
which contained only 0.2%(w/v) C;1Eq in 100 mM Tris-HC! pH 8.0,
2 mM sodium malonate and 200 mM KCl, separated into two phases
at 28% (w/v) PEG 3350, However, as the ratio of C;;M increased, the
concentration of PEG 3350 required gradually decreased to 23% and
finally to 7% (w/v) PEG 3350 at 8:2 and 0:10, respectively, Therefore,
the crystallization of E coli SQR seems lo take place using the 8:2
mixed detergent because the PEG 3350 concentrations necessary for
crystallization and phase separation are closer to each other at 82
than those observed for the other mixed detergents with lower C ;M

which formed in the middle of the gradient, with a small of
the enzyme (about 4%) spread broadly at the upper part of the
gradient. The phosphelipid content of the SOR in the sharp band was
six, but in the broad band the phospholipid content was in the range
10-15 depending on the position of the gradient. This result indicates
that the uniformity in the phospholipid content was improved by
sucrase density-gradient ultracentrifuganon.

3.2, Crystallization

After solubilization and purification using 2.5%(w/v) sucrose
monolaurate and 0.5%(w/v) Lubrol PX, respectively, the purified
SQR dissolved in 10 mM Tris-HCl buffer pH 7.4 containing 2 mM
sodium malonate and 0.5% (w/v) Lubrol PX (50 mg mI™" protein) was
subjected to a crystallization trial using commercially available
screening kits. Aggregates of small crystals were observed in a large
amount of amorphous precipitate using several reservoir solutions
containing PEG as a precipitant. An attempt was made to oplimize
the crystallization conditions by using PEGs with different molecular
weights and by varying the PEG concentration, the pH and the
remperature. However, none of the conditions investigated improved
the results Since Lubral PX is a heterogeneous detergent, the
detergent was hanged for co cially available synthetic
homogeneous C,;E, and C,,Eq (Fluka) and the screening was carried
out again. However, no single crystals other than aggregates of small
crystals were observed. Additive Screen kits (Hampton Research)
were used to examine the effects of adding various compounds but
also failed. Single crystals of £ coli SQR were finally obtained when
either n-dodecyl-8-p-malloside (C;pM. Dojindo) or n-decyl-f-o-
maltoside (CyuM, Dojindo) was used as an additive, but their
optimum guantities varied subtly from experiment lo expenment.

[ 1 ingly, crystals of the same quality were also obtained
at 7525, but microcrystals f d only lly at 8.5:15.
Crystals of the same crystal form were also obtained under a similar
crystallization condition (20% PEG 3350, 100 mM Tris-HCl pH 8.2,
2 mM malonate and 200 mA KCl at 293 K) using an 8:2 mixture of
Ci2Ey and C,yM. X-ray diffraction experiments were performed
under liquid-nitrogen-cooled conditions at 100 K using synchrotron
radiation. Although fresh crystals diffracted to better than 3 A
resolution, the diffraction limits rapidly reduced to lower than 4 A
resolution owing to radiation damage. Analysis of the symmetry and
systematic absences of diffraction patterns indicated that the crystals
bel d to the space group P2;, with unit-cell para-

(L]

(a)
Figure 2
Crystals of E coli SQR obtasined using (#) 0.16% C,Ey and 0.04% Cy;M and (b)
0.16% CyuEq and 0.04% CyM. The scale bar represents (12 mm.
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Table 3
Statistics of data calk and I
Values in parenibeses are for the highest resolution shell
Wavelengih (A) 1.000
Space group P4,22 (or P4,21)
Unit-cell parameters

a(A) 1218

b(A) 218

e (A) 6334
Salvent contentt (%) 62
Resolution range (A) 400-25 (3.04-29)
No. of reflections BRO3SE
Unique reflections 86960
Completeness (%) 820 (85.6)
Runarget (%) 81 (40.9)
lia{l) 17137

T A ing the g of three A e Wnit § Ry =
Taae I W fukdy = (0 e))| T T 1 (k)

metersa = 121.3, b= 1863, c= 2164 A, A =190.6". Assuming six SQR
molecules (120kDa x 6) per asymmetric unit, the V,, value
(Matthews, 1968) is calculated to be 34 A’ Da~" with an estimated
solvent content of 64%, which is comparable to that found in
previous work (69%) by Yankovskaya er al (2003),

In contrast, enzyme for which the detergent was exchanged from
Lubrol PX to an 8:2 mixture of C4Ey and either C;zM or C;)M
crystallized in a different erystal form at 293 K from a reservoir
solution composed of 20% PEG 3350, 100 mM Tris-HCI pH 8.0,
2mM sodium malonate and 200 mM KCl (Fig. 2b). Diffraction
patterns were recorded on the BL44XU beamline of SPring-8 using a
DIP6040 detector at a wavelength of 0.9 A. The crystals belonged to
the tetragonal space group P4,22 (or P4322), with unit-cell para-
meters a = b = 1218, ¢ = 633.4 A. Three SQR molecules per asym-
metric unit gave a Vy, value of 3.3 A’ Da™" and an estimated solvent
content of 62%. A total of 880 368 observed reflections were merged
10 86 980 unique reflections in the 40.0-2.9 A resolution range. The
data-collection and processing statistics are summarized in Table 3,
An attempt to solve the structure using the molecular-replacement
method with the MOLREP program (Navaza, 1994) as implemented
in the CCP4 package (Collaborative Computational Project, Number
4, 1994) was carried out using the refined coordinates of E. coli SQR
(PDB code Inek). A solution with a trimer structure, which was
consistent with the previous work of Yankovskaya ef al (2003), was
obtained in space group P4;22. The trimer model was subsequently
subjected to rigid-body refinement and gave an R factor of 39%.
However, further refinement is not straightforward: the phospholipid
molecules were not located currently because the electron densities
of the membrane-anchoring hydrophobic regions were faint.

In conclusion, we show that the phospholipid content of purified
SOR depends greatly on the detergent used for solubilization and

purification and that the enzyme with the fewest bound phospholipid

was successfully crystallized in two crystal forms using
mixtures of C.E, and CM. The reaction centre of photosystem 11
has also been crystallized using detergent mixtures and the role of
detergent mixtures in crystallization has been discussed by Rukhman
et al. (2000). On the basis of the knowledge obtained in this study, we
have succeeded in the crystallization of two membrane proteins,
quinol:fumarate reductase from Ascaris suum mitochondria and
recombinant cysnide-insensitive alternative oxidase from Trypano-
soma brucei, using different mixtures of detergents (details will be
published elsewhere).
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Abstract

In bacterial membranes and plant, fungus and protist mitochondria, NADH
dehydrogenase (NDH-II) serves as an alternative NADH : quinone reductase, a
non-proton-pumping single-subunit enzyme bound to the membrane surface.
Because NDH-I1 is absent in mammalian mitochondria, it is a promising target for
new antibiotics. However, inhibitors for NDH-II are rare and unspecific. Taking
advantage of the simple organization of the respiratory chain in Gluconobacter
axydans, we carried out screening of natural compounds and identified scopafun-
gin and gramicidin S as inhibitors for G. exydans NDH-IIL. Further, we examined
their effects on Mycobacterium tis and Pl dium yoelii NDH-II as model

pathogen enzymes.

Editor: Atsushi Yokota

Keywords
acetic acid bactena; respiratory chain; NADH
dehydrogenase; inhibitor; antibiotics

Introduction

Obligate aerobe Gluconobacter is a genus of acetic acid
bacteria that can oxidize a broad range of sugars, sugar
alcohols and sugar acids. Low biomass yield and the rapid
and incomplete oxidation of carbon sources (oxidative
fermentation), which take place in the periplasm and is
accompanied by the accumulation of products into the
culture medium, make them suitable for industrial applica-
tions for bioconversion to obtain a variety of valuable
products (Deppenmeier er al., 2002; Adachi et al,, 2007).
Key oxidation processes are catalyzed by dehydrogenases
bound to the outer surface of the cytoplasmic membrane,
and linked to the generation of proton-motive force
(Matsushita er al., 1994).

The recently released complete genome of Gluconobacter
axydans American Type Culture Collection 621H indicates
that the respiratory chain lacks Complex | (NADH : quinone
reductase, NDH-1), Complex 11 (succinate: quinone reduc-
tase) and Complex IV (cytochrome ¢ oxidase) (Prust et al.,

FEMS Microbiol Lett 291 (2009) 157-161

2005). Genes encoding putative Complex I1I (quinol : cyto-
chrome ¢ reductase) and cytochrome ¢ have been identified,
but their functions are unclear because of the absence of
cytochrome ¢ oxidase. NADH produced in the cytoplasm is
reoxidized by a single-subunit NADH dehydrogenase
(NDH-I1), a key enzyme for the regeneration of an oxidized
form of NAD. NDH-II is bound peripherally to the inner
surface of the cytoplasmic membrane and does not pump
proton, Quinols generated by membrane-bound dehydro-
genases are directly oxidized by cytochrome boy oxidase
(Matsushita et al., 1987) and/or cyanide-insensitive oxidase
(Ameyama et al., 1987).

Taking advantage of the simple organization of the
Gluconobacter respiratory chain (Matsushita er al., 1994),
here, we identified new inhibitors for NDH-II, which has
been shown to be crucial for the adaptation of Mycobacter-
ium tuberculosis (Shi et al, 2005) and malaria parasite
Plasmodium spp. (Fisher et al., 2007) to host environments.
From the screening of natural antibiotics in the Kitasato
Institute for Life Sciences Chemical Library (Ui et al,, 2007),

© 2008 Fed 1 of Europaan Mic gical Sooeties
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- 402 -



158

we found the inhibitory activity of 36-membered ring
macrolide scopafungin (Johnson & Dietz, 1971) and cyclic
decapeptide gramicidin S (GS) (lzumiya et al., 1979) (Fig. 1)
for the G. oxydans NDH-II, and we examined their inhibi-
tory mechanism and effects on Mycobacterium smegmatis
and Plasmodium yoelii NDH-II

Materials and methods

Preparation of bacterial membrane vesicles

Gluconobacter oxydans NBRC3172 (formerly G. suboxydans
IFO12528) was grown aerobically in complex media con-
taining 20 g of sodium p-gluconate, 5g of p-glucose, 3 g of
glycerol, 3 g of yeast extract and 2g of polypepton (Nihon
Pharmaceutical Co.) per 1 L using a 50-L jar fermentor at
30 °C. Cells were harvested at the late-log phase, suspended
in 10 mM potassium phosphate (pH 6.0) and disrupted with
@ Rannie high-pressure laboratory homogenizer (model
Mini-Lab, type 8.30H, Wilimington, MA). After centrifuga-
tion, to remove intact cells, the supernatant was centrifuged
at 86000 g for 60min and precipitated membranes were
suspended in 50 mM Tris-HCl (pH 7.4) containing 10%
sucrose and 3 mM EDTA. Mycobacterium smegmatis mc*155
was grown aerobically at 37 °C, and membrane vesicles were
prepared from the stationary-phase cells (Kana et al., 2001).

Preparation of malaria parasite mitochondria

Rodent malaria P. yoelii strain 17XL was injected intraper-
itoneally into 8-week-old female BALB/c mice, and parasite
mitochondria were prepared as in Takashima et al. (2001).
Rat liver mitochondria were prepared as in Johnson & Lardy
(1967).

Enzyme assay

NADH : ubiquinone-1 (Q,) reductase (NQR) activity of the
membranes was measured at 25 °C in 100 mM Tris-HCl (pH
7.4) containing 10% sucrose, 0.02% Tween 20 (Calbio-
chem), 10mM KCN and 100 uM Q, with a V-660 double
monochromatic spectrophotometer (JASCO, Tokyo, Japan)
(Mogi et al., 2008), and reactions were initiated by addition
of NADH (£34=6.3mM " cm™, Roche) at a final concen-
tration of 200 uM. Mitochondrial NQR and succinate: Q,
reductase activities were determined in 50 mM potassium
phosphate (pH 7.4) containing 1 mM MgCl,, 0.02% Tween
20, 2mM KCN and 100uM Q (exs=123mM ' cm™),
and reactions were initiated by 200uM NADH or 10mM
potassium succinate, respectively. NADH oxidase activity
was measured in the absence of Q;. Data analysis was carried
out as in Mogi et al. (2008).

© 2008 Fed: of E Micr gical Societies
Pubiished by Blackwell Publishing Ltd. All rights reserved
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Fig. 1. Structures of ubiquinone, HQNO, aurachin C1-10, scopatungin
and G5

Materials

Synthesis of aurachin C 1-10 (Miyoshi et al,, 1999) was
carried out as described previously. 2-Heptyl-4-hydroxyqui-
noline-N-oxide (HQNO) was obtained from Sigma.

Results and discussion

Screening of Kitasato Institute for Life Sciences
Chemical Library

From the screening of a total of 304 microbial compounds
(Ui er al, 2007) at final concentrations of 5pgmL™" with
G. oxydans membranes, we revealed the inhibitory activities
of scopafungin (niphimycin; residual activity, 33%), GS
(31%), polymixin B (51%), aculeacin A (63%), funiculosin
(68%) and staurosporine (70%) on 0.2 mM NADH-0.1 mM
Q, reductase activity of NDH-II.

Inhibitors for NDH-II are rare and mostly unspecific
(Kerscher, 2000). Recently, quinolone derivatives [1-hydro-
xy-2-dodecyl-4(1H)quinolone, HQNO and aurachin C]
were identified as potent inhibitors for the quinone reduc-
tion site of yeast NDH-II (Eschemann et al., 2005; Yamashita
et al., 2007). We examined the effects of quinolone inhibi-
tors on the G. oxydans NDH-II and found that HQNO and
aurachin C 1-10 at 10 uM reduced the NQR activity of the
G. oxydans membranes to 28% and 129, respectively, of the
control level. Because of the limitation in the availability of
isolated natural compounds, we examined further effects of
scopafungin and GS (Fig. 1), which are not structurally
related to ubiquinone, but showed potent inhibitory activ-
ities on the G. oxydans NDH-II.

Determination of 50% inhibitory concentration

(1C5,) values for NDH-II inhibitors

We examined the dependence of the NQR activity on the
concentration of GS, scopafungin, HQNO and aurachin C
1-10 and determined their 1Cs to be 1.2+ 0.2, 6.2+0.5,

FEMS Microbiol Lett 291 (2009) 157-161
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Fig. 2. Inhibition of Glucanobacter axydans NDH-Il by scopatungin, GS,
HQNO and aurachin C 1-10. NOR activity of G. cxydans membranes
(10 g protein mL™") was determined in the presence of scopafungin (e,
GS (0), HQNO {A) ot aurachin C1-10 (4). Data poinls were average
values from duplicate assay. Control activity was 10.2Umg™" protein
ICsg values for GS, scopafungin, HONO and aurachin C1-10 were
estimated to be 1.2, 6.2, 1.7 and 0,34 uM, respectively.

1.7 £ 0.1 and 0.34 = 0,04 pM, respectively (Fig. 2). The ICs,
value for GS was < 3.5uM for the Escherichia coli bd-type
quinol oxidase (Mogi er al., 2008), and the values for HONO
and aurachin C are comparable to 8 and 0.2 uM, respec-
tively, of yeast Saccharomyces cerevisiae NDI1 (Yamashita
et al., 2007).

Kinetic analysis of inhibition of NADH-Q,
reductase activity of NDH-1l by scopafungin and
GS

NADH-dependent NQR activity showed simple Michaelis—
Menten kinetics with an apparent Ky, value of 157 uM for
NADH (at 0.2mM Q,) (Fig. 3). The K, value for NADH
was higher than those reported for yeast Yarrowia lipolytica
NDE (15uM) (Kerscher et al., 1999), yeast S. cerevisiae
NDII (31 uM) (de Vries & Grivell, 1988), human malaria
Plasmodium falciparum NDH-11 (17 uM) (Biagini et al.,
2006) and E. coli Ndh (34 M) (Bjorklof er al, 2000).
Q,-dependent NQR activity followed Michaelis-Menten
kinetics with an apparent K,, value of 16.24+ 0.7 uM (Q,)
(Fig. 4), which is similar to 16uM (Q,) in P. falciparum
(Biagini er al., 2006), 5.9 uM (Q,) in E. coli (Bjorklsf et al.,
2000), 6.4 uM (Q;) in M. tuberculosis (Kana et al., 2001) and
7uM (decyl benzoquinone) in Y. lipolytica (Eschemann
et al., 2005).

Macrolide scopafungin and cyclic decapeptide GS (Fig. 1)
are structurally unrelated to both NADH and ubiquinone,
and serve as noncompetitive inhibitors (K; = 5.5 and 1.4 uM,
respectively) for the NADH-binding site of NDH-I1 (Fig. 3).
Unexpectedly, scopafungin and GS were found to be a
mixed-type inhibitor and a competitive inhibitor for the
quinone-binding site, respectively (Fig. 4). These results
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Fig. 3. Kinetic analysis of effects of scopatungin and GS on the NADH-
dependent NOR activity of Ghaonabacter axydans NDH-IL (a) Noncom-
petitve 1 by scopafungin. Apparent Vi, values were estimated
to be 193 (contral), 17.2 (2uM scopafungin} and 11.9 (4uM
scopafungin) U rng" protein at K, = 157 uM. (b) Noncompetitive inhib-
tion by G5. Apparent Vi values were determined to be 21.9 (control),
16.5(2pM GS)and 13.2 (4 uM GS)Umg™" protein at Ky, =157 M

indicate that both compounds bind to a hydrophobic
binding pocket on NDH-II molecule, which is closer to the
quinone reduction site.

Effects of scopafungin and GS on M. smegmatis
and P yoelii NDH-11

Macrolide antibiotics are known to be more active against
Gram-positive bacteria and fungi (lzumiya et al., 1979), but
targets remain to be determined while GS is active against
Gram-positive and Gram-negative bacteria and several
pathogenic fungi (Kondejewski er al, 1996). The primary
mode of the action of GS is generally assumed to perturb
lipid packing, resulting in the destruction of the membrane
integrity and enhancement of the permeability of the lipid
bilayer (Prenner et al., 1997). Very recently, we found that
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Fig. 4. Kinetic analysis of effects of scopafungin and GS on the Q,-
dependent NQR activity of Gluconobacter axydans NDH-lI {a) Mixed-
type inhibition by scopafungin. Apparent Ky, (uM) and Vi (Umg™"
pratein) values were estimated to be 15.5 and 9.6 (control), 17.4 and 9.0
(2 uM scopatungin), 22.4 and 6.5 (4 uM scopafungin) and 24 9 and 5.3
(8 uM scopafungin). (b) Competitive inhibition by GS. The apparent K
values were determined to be 16.9 (contral), 21.7 (0.5uM GS), 37.5
{1 1M GS) and 68.3 (2 uM GS) pM at Vi, = 10.1 Umg™ protein

GS can directly inhibit the E. coli bd-type quinol oxidase in a
mixed-type manner (Mogi ef al., 2008). From the screening
of the Kitasato Institute for Life Sciences Chemical Library
with G. oxydans membranes, here, we identified scopafungin
and GS as new inhibitors for NDH-IL

NDH-II is a promising target of new antibiotics because
of the absence of NDH-I1 in mammalian mitochondria. The
antiplasmodial activities of NDH-II inhibitors, HQNO
(ICsp=3.5uM) (Fry et al,, 1990) and 1-hydroxy-2-dodecyl-
4(1H) quinolone (ICso=14nM) (Saleh et al., 2007), have
been reported previously. Thus, we examined the effects of
scopafungin and GS on the NQR activity of M. smegmatis
and rodent malaria P. yoelii NDH-II. At 10 uM, scopafungin
showed minor effects on rat liver mitochondrial Complex I,
Complex II and Complex 11l plus IV, while GS reduced
NADH oxidase activity to 35% of the control by inhibiting
the Complex I1 plus IV activity (Table 1). Although the ICs,
values of scopafungin and GS for rodent malaria NDH-II
were rather high (16.1+3.0 and 23.0+7.1 uM, respec-
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Table 1. Effects of G5 and scopafungn on the rat liver mitochondrial
respiratory enzymes

Relative residual activity (36)

Enzyme activity 10pM GS 10 M scopafungin
NADH : Q, reductase (Complex I) 107 89
Succinate | Q, reductase (Complex i) 90 82
NADH axidase (Complexes |+81+ ) s 84

Control activities were 154 (NADH : @ reductase), 247 (succinate: Q,
reductase) and 102 (NADH oxidase) mUmg™" protein

T T T T T

Residual activity
e ol
o >

o
a
T

0 £ A "l

0001 001 0.1 1 10 100
[inhibitar] (M)

Fig. 5. Inhibition of Mycobacterium smegmatis and Plasmodiumn yoelii
NDH-Il by G5 and scopafungin. Control activities of M. smegmatis
membranes and P yoelii mitochondria were 1.1 and 0.071Umg™"'
pratein, respectively. The ICso values for GS were estimated to be 2.0
(M. smegmatis, ®) and 23 (P yoelii, ©) uM and those for scopafungin
were 9.8 (M. smegmatis, &) and 16 (P yoelii, A) uM.

tively), both scopafungin and GS inhibited M. smegmaris
NDH-II with ICs; values of 9.8:£0.7 and 2.0 0.1 uM,
respectively (Fig. 5), which are better than 12 M of tri-
fluoperazine for M. tuberculosis NDH-11 (Yano et al., 2006).
Because scopafungin did not show severe effects on mam-
malian respiratory enzymes, it is a candidate for antimyco-
bacterial agents. Here, we showed that the Kitasato Institute
for Life Sciences Chemical Library (Ui et al., 2007) was a
powerful source for new potent antibiotics targeting to
respiratory enzymes. For the identification of potential
candidates, screening with recombinant NDH-IIs is cur-
rently underway in our laboratory.
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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-
temubiquinone reductase (complex IT) and alternative NADH dehydrogenase (NDH-II),
which is absent in mammalian mitochondria. We found that P. ¥. 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 cycle. Notably, Plasmodium
complex II showed ICs; 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

Py

consistent with the notion that r

h

I phory
targets for new antiplasmodials.

ia mi ia are fully capable of

lati and that these mitochondrial enzymes are potential

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

Abbreviations: AC, aurachin C; DCIP, 2,4-dichl

I; DHO, dihydroorotate; DHOD, DHO

dehydrogenase; HQNO, Q‘ﬁheptyl-li-hydm:yquinolin;-N-oxide'. hrCNE, high-resolution clear-native electro-
phoresis; ICs;, the 50% inhibitory concentration; NBT, nitro blue tetrazolium chloride; NDE, NDH-1I bound
% h

drial inner

to the outer surface of the mitoch

NDI, NDH-II bound to the matrix side of the

mitochondrial inner membrane; NQR, NADH:quinone reductase; @, ubiquinone-n; SDH, succinate

dehydrogenase; SQR, q

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 (1). Mortality iated with

TCA, tricarboxylic acid.

mitochondria that lack oxidative phosphorylation and
a functional tricarboxylic acid (TCA) cycle (4, 5).
Plasmodium spp. lacks genes coded for the proton-
translocating NADH dehydrogenase (NDH-1, complex I)
present in mammalian mitochondria (6, 7) and uses a

malaria is mainly caused by the erythrocytic stage cells
of human malaria Plasmodium faleiparum. 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.ac jp

rot sitive 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)YCybS (SDH4) heterodimer].
The Plasmodium SDH1 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 & and & of ATP synthase also remain
unidentified (6, 7), and thus complete mitochondrial ATP
synthase was assumed to be absent in Pl lium spp.
(4, 5, 11-13). Recently, Painter et al. (13) claimed that

© The Authors 2008. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.
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the mitochondrial respiratory chain is requlrad -‘mlyr for
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and examination of complex II and dihydroorotate

the regeneration of an oxidized form of v
which serves as the electron acceptor for type 2 d].hyd.rb-
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, atovaguone, an inhibitor for ubiqui-
nol:cytochrome ¢ reductase (complex II1) (14), showed the
antiplasmodial activity for P. falciparum with the 50%
inhibitory concentration (ICsa) of 1nM (15) 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 paru:ten Thm observations suggest
that Plasmodium mitock all subunits for
canonical complex Il and ATP uynthase and are fully
capable of oxidative phosphorylation.

It was shown r tly that metaboli in P. falci-
parum parasites grown in human patients is affected by
varied oxygen and substrate levels and by host-parasite
interactions (18). 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 senmt.urlty of
complex II between Plsamodium and m
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 3.0x 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 800 xg for 5min. In control experi-
ments with uninfected mice, microscopic observations

dehydrog (DHOD) activities excluded the possible
contamination of mouse leukocytes in the eluate.
Erythrocytes were washed three times with RPMI-1640
medium (Gibeo) and then transferred to RPMI-1640
medium supplemented with 10% AlbuMax I (Gibeo) at
the hematoclit of 3%. Then erythrocytes were incubated
at 37°C for 2h under conditions of 90% Ng, 5% Oy and
5% COq, and trophozoite-rich parasites were recovered
by centrifugation as abave.

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 2380 xg for 10min to remove erythrocyte mem-
branes. Parasites were washed twice with PBS by
centrifugation at 4°C at 5,800 xg 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)l, supplemented with
0.1% (w/v) fatty acid-free bovine serum albumin (PAA
Cell Culture Co.), 1 mM phenylmethanesufonyl fluoride
(Sigma) and 1 x Protease Inhibitor Cocktail for general
use (Sigma). Parasites were disrupted by Nj 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 fmin, 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

hond ed from the supernatant

mit ia were T
by centrifugation at 4°C at 10,000 xg for Smin 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 phmphnte (pH 8.0) containing
10mM potassium succinate, 100 uM ubuqumune-2 (Qa)
and 45 M DCIP (eg00=21mM "~ cm™) in the presence of
2mM KCN. NADH:ubiquinone reductase (NQR) activity
was measured in 50 mM potassium phosphate (pH 8.0)
containing 200uM NADH (£540=6.22mM 'em™') and
100uM ubiquinone-1 (Q,) in the presence of 10uM
atovaquone and 2mM KCN (15). DHOD activity was
measured as DHO:DCIP reductase in 30mM Tris-HCI
(pH 8.0) containing 500 M DHO, 100uM Q; and 45uM
DCIP in the presence of 2mM KCN (20). DHO:
cytochrome ¢ reductase activity was determined with
20uM horse cytochrome ¢ (sg50=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 (ICg) were
performed as described previously (22).
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Clear-Native Electrophoresis and Activity Staining—
Mitochondria were precipitated at 4°C at 20,400 x g for
Smin and resuspended at 6mg protein/ml in 10mM
Tris-HCI (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

231

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® 422203 152

NADH:Cyt ¢ reductase® 18616 ND*

DHO:DCIP 105£13 26
reductase (DHOD)

Q,H; oxidase 19.4:0.2 166

{complex TIT + complex IV)

“Values were mean £ 5D. Freshly prepared £ y. yoelii mitochondria
showed SQR, NQR and DHOD activities of 102+0.1, 63.2+10.1
and 24.1 £39mU/mg protein (n = 6), respectively. Enzyme activitics
were reduced to about one half after freeze-thaw of mitochondria
lons, which have been stored at —80°C. "NDH-JI of 2. y.

30mM Tris-HCl (pH 7.4) contsining 20mM potassium
succinate and 0.5mM nitro blue tetrazolium chloride
(NBT), and then complex Il 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.

Miscell, Protein tents 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 1gG (Bio-Rad) (24).

RESULTS

Preparation of Plasmodium Mitochondria—After infec-
tion of mice with rodent malaria parasites, we monitored
amounts of erythroeytes 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+ 1.3mg 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. faleiparum mito-
chondria [1mg protein, 2mU (25), and TmU (20),
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Preps

yoelii or NDH-1 of rat liver mitochondria were analysed. S(INDH-11
of P. y. yoelil or NDH-1 of rat liver mitochondria) + complex I
were analysed. “ND, not d ined

respectively, from the 360-ml in vitro culture]. 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-I) and Q,H,
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 d-fold higher than that of rat liver mitochondria
(Table 1). Rotenone [ICso=13nM for bovine complex I
(26)] inhibited rat liver mitochondria complex 1 95-97%
at 1yM 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 @; 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 Viee/Ks ratio (19-fold) between Q; and Qs
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
ICgy values of 4nM and 1uM, respectively (28) and
plumbagin (5-hydroxy-2-methyl-1,4-naphthequinone) has
been reported to inhibit P. falciparum complex II
(ICs0=5uM) and the growth (ICs=0.27uM) (29). At
100 uM Qq, 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 100uM.
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Fig. 1. Kinetic analysis of SQR activity of P. y. ,mui
mitochondria. (A) As a function of the suceinate concentration,
SQR activity was examined at 6pug mitochondrial protein/ml
in the presence of 0.lmM Q; Data points were averages
from three i t preparations (6.19 + 0.93 mU/mg protein
with l.mM suecmam and 0.1mM Q). Data were fitted to
Mick kinetics with apparent K, and V.. values
of 49.9+7.0uM and 6.26+0.27mU/mg protein, respectively.
(B) As a function of the Q, (circiza) or Qy (triangles) concentra-
tion, SQR activity was d in the pr of 10mM
succinate. Data points were averages from two independent
preparations (6.25+0.87mU/mg protein with 1 mM succinate
and 0.1mM Q). Data were fitted to Michaelis-Menten kinet-
ies with apparent K, and V., values of 1.61+0.20uM 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 Qa

Membrane Anchor Subunits of Plasmodium Complex
Il—For reduction of ubiquinone, Plasmodium complex 11
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 Il 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. 8,
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

K. Kawahara et al.
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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 symbals) 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. ICyy values were determined to be 4.6+0.2pM
for atpenin A5 and 36+ 10yM for carboxin in P. y. yoelii
mitochondria and 7.140.3nM for atpenin A5 and 3.8+0.1yM
for carboxin in rat liver mitochondrin. Control activitiy of P, y.
yoelii mitochondria was 2.68 +0.03 mU/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, 2.4ug
protein) and P. y. yoelii (lane 2, ~0.4 mg protein) mitochondria
were visualized by SDH activity staining. Arrows indicate
wmplen:l'lbunda For Western blot analysis, 10 ug of mitoch

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-Pflp rabbit antisera, respectively. For identifica-
tion of P. y. yoelii complex Il subunits, complex II bands in
hrCNE were excised from gels and subjected to 10-20% SDS-
PAGE, followed by silver staining (lane §). Putative subunits of
P. y. yoelii complex I are indicated by arrows. HiMark Pre-
stained High Molecular Weight Protein Standard (Invitrogen),
Rainbow Colored Protein Molecular Weight Marker (High
molecular weight range) ( 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 B, respectively.

a reduced product of NBT, it was difficult to cut out the
complex IT band but we were able to identify 70, 35, 16
and 14kDa bands as putative subunits of the 135-kDa
complex (Fig. 3, lane 5),

J. Biochem.
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Fig. 4. Kinetic analysis of NQR activity in P. y. yoelii

itochondria. (A) As a function of the tration of NADH
(closed circle), NADPH (open circle) or deamino-NADH (closed
triangle), NQR activity was examined at 6ug protein/ml in
the presence of 0.1mM Q. Data points were averages from
two independent preparations (44.9 £48mU/mg protein with
0.2mM NADH). Data were fitted to Michaclis-Menten kineti
with apparent K, and V... values of 63.2+69uM and
76.7+3.4mU/mg protein, respectively, for NADH, 157 +33uM
and 44.4454mU/mg protein, respectively, for NADPH,
584 £5.TuM and 15.1+0.6mU/mg protein, respectively, for
deamino-NADH. (B) As a function of the concentration of Q.
NQR activity was ined in the p 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.,
Vinax and K, values of 7.2+ 1.7uM, 718+ 7.6mU/mg protein,
and 218+£97uM, respectively, using the equation v=V,,.
SAKm+8485 (148K,

Enzymatic Properties of Plasmodium NDH-II—
Plasmodium spp. lacks genes encoding complex 1 (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 32% 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). K,,,
value for NADH was closer to 31 uM of Saccharomyces
cerevisige internal NDH-II (NDI1) (35) and 34uM 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 CI-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 456+ 13mU/mg protein with 0.1'mM Q,.
1Cgq values for HQNO and aurachin C1-10 were estimated to be
25+0.4 and 0.47 +0.03 uM, respectively,

Qy-started NQR activity showed substrate inhibition
kinetics with K., and K, values of 7 and 218puM,
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, V,ax= 15 U/mg pro-
tein) and NADPH (Ky=157uM, Via=44mU/mg pro-
tein) (Fig. 5A). Vipao/Ky 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. (11) examined effects of
inhibitors on ATP level in erythrocytic P. falciparum
and found that 2-heptyl-4-hydroxyquinoline N-oxide
(HQNO) and B-hydroxy-2-methyl-1,4-naphthoquinone
(plumbagin) showed antimalarial activities with ICg,
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 0.2uM,
respectively (40), In this study, we examined effects of
HQNO and aurachin C 1-10 (41) 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-II. Trifluoroperazine, the uncompetitive inhibitor
in terms of Qg for Mycobacterium tuberculosis NDH-II
(IC50=12uM) (42), reduced the NADH:Q, reductase
activity to 26% of the control at 100 uM.

DISCUSSION

Properties of Plasmodium Complex Il—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 Il are similar to those of
mammalian enzymes and thus suitable for catalysing the

a4 5 N
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Table 2. Effects of quinone-binding site inhibitors on SQR
activity of P. y. yoelii mitochondria.

K. Kawahara et al.

has to be tested by protein chemically in future
studies, our data support that the subunit structure of
Plasmodium complex 1l is similar to that of mammalian

Properties of Plasmodium  NDH-II—Previously,
Krungkrai et al. (47) isolated mitochondrial complex [
from P. falciparum and P. berghei as a 130-kDa complex
containing 38- and 33-kDa subunits. They cl i that
NADH:ubiquinone-8 reductase activity was sensitive to
rotenone (IC5=12uM) and plumbagin (ICz=6uM).
However, NDH-1 is not encoded by the Plasmodium
genomes (6, 7) and concentrations of n-octyl glucoside

100 uM inhibitor P. y. yoelii Rat liver
itochondria mitochandria e lex 11.

Control 100% 100% ;

Atpenin A5 <0.4 <0.05

Carboxin <04 <0.06

Flutoranil 58 22

TTFA 80 12

HQNO 54 94

Plumbagin 52 98

DNP-17 67 99

Control activities (mcan £SD) were 2664002 (P 3 yoelif) and

180+ S (rat liver) mU/mg protcin

forward reaction of TCA cycle {(i.e. the oxidation of
succinate), It should be noted that Plasmodium complex
Il 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 [I.

From the whole cell lysate of P falciparum,
Suraveratum et al. (28) purified complex Il as the Fp/p
heterodimer with an apparent molecular weight of 90
kDa and claimed that it has a much lower K, value
(3 uM) for succinate and plumbagin-sensitive SQR activ-
ity. H r, the ration (0.2%) of octyl glucoside
used for the isolation of P. faleiparum complex I1 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/lp 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 1T (30-32)
support the presence of these membrane anchor subunits

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 (acc. no.
XP_001352022 and MW 61,670) and P. y. yoelii (acc. no.
XP_731423, MW 66,156) NDH-1I are totally different
from those reported by Krungkrai ef al. (47). The ICs,
value of liver mitochondria for rot (8.4 uM;
Table 3 in ref. 47) was three orders of magnitude higher
than the ICy, reported for mammalian enzymes (26).
Recently, Biagini et al. (15) used the whole cell lysate
of P. fuleiparum and claimed that PINDH-II was
inhibited by diphenylene iodonium chloride (DPI, 1Cs,
of 15-25uM) and dipheny! iodonium chloride (IDP,
ICyo =66 uM). As pointed out by Vaidya et al. (48), the
ICgp 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
PINDH-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-IT
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
antipl dial activity (ICzo=14nM) of 1-hydroxy-2-

in Plasmodium spp. In membrane anchors of complex 11,
“Rx;45x,HR" (helix I) and “YHx;D' (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, 10,379 Da) can be identified
from 3,310 ORFs shared by P. falciparum and P. y. yoelii
on the basis of the size (<200 amino acid residues),
the pr of tr brane segments (<3), and the
quinone/haem-binding motifs. PyCybL and PyCybS have
two transmembrane regions and contain the quinone/
haem-binding motifs, ‘Rx;,8x;HY"' and 'YY::,DDE" motifs
and ‘Yx;pG' motif, respectively. In 5. cerevisioe strain
S288C (Baker's yeast), CybS (accession no. NP_010463)
uses the Yx;oDY 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

dodacyl-‘l{lﬂ')qmnolone (HDQ), which has been identi-
filed as the potent inhibitor for Y. lipolytica NDE
(ICs=0.2uM) (50), demonstrating that Plasmodium
NDH-II is a promising target for new drugs.

Oxzidati 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, 1I). 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 Pl dium 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. faleiparum F,Fy-ATP synthase, including mem-
brane anchor subunits a (XP_001347344) and b
(XP_001348969) (Mogi, T. and Kita, K, unpublished

. Biochem.
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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 Il and NDH-11. Plasmodium com-

=
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malaria parasite Plasmodium
fatnpurum Nature 418, 498-511
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plex II is the four-subunit enzyme but its g
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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ABSTRACT

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-Z1272(, v, b, v 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-Z1272f4 and ¢ (dechlorinated derivatives) were
more active against cytochirome bd while LL-Z1272, b, and { (chlorinated derivatives) were potent inhibitors
of cytochrome bo and trypanosome alternative oxid. Thus prenylphenols are useful for the selective
inhibition of quinol oxidases and for understanding the molecular mechanisms of respiratory quinol oxidases
a3 a probe for the quinol oxidation site. Since quinol oxidases are absent from mammalian mitochondria, LL-
212724 and b, which are less toxic to human cells, could be used as lead compounds for development of novel
chemotherapeutic agents against pathogenic bacteria and African trypanosamiasis.

Alternative oxidase

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 bo 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@hm u-tokyoacjp (T. Mogi)

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

© 2008 Elsevier BV. All rights reserved.

livestock, mitochondrial respiratory Complexes Il and IV are down-
regulated and alternative quinol oxidase {AOX) serves as a terminal
axidase [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. brucer and trypanosome
AOX (noncompetitive inhibition with ICsp 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+ has potent inhibititory activity.
We extended our screening to related compounds and found that
antibiotics LL-Z1272f, v, b, ¢ 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 that our findings contribute to the development of new antibiotics.

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

LL-212723, v, 6, ¢ and ¢ were isolated from the cultured
mycelium Verricillum sp. FO-2787 |16]. Antibiotics LL-Z1272¢, 3, v,
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" oHy
"OH
A)A=Cl LL-Z1272a (llicicolin A)
B)R=H LL-21272§ (licicolin B)

CHy

OH  HE

Cl
E) R=CI LL-Z1272 (llicicolin C)
F) R=H LL-Z1272¢

o

Lt
HaC OH HC

) Ry=Cl Ry=H LL-21272y (Ascochiorin, licicolin D)
D) Ry=Cl R;=OAc LL-Z1272% (licicolin F)

1) Aurachin C 1-10

Fig. 1. Structures of antiblotics LL-21272 and related natural compounds.

6, ¢ and ¢ have been originally isolated from an imperfect fungus
Fusarium sp. as inhibitors for the growth of the protist Tetrahymena
pyriformis [17]. Nicicolin A, B, D, C, and F isolated from the fungus
Cylindrocladium ilicicola [18] are also identical to LL-21272a, [3, Y
6, 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 Acyd|cyd” Tet®), which can overproduce bd-
type quinol oxidase as the sole terminal oxidase [21]. Heme d content
was 2.1£0.1 nmolfmg protein (i.e. approximately 20% of membrane
proteins). Cytochrome bo-type quinol oxidase was purified from
cytoplasmic membranes of E. coli GO103/pHN3795-1 (cyo” Acyd/cyo”
Amp*). as described previously [22]. Trypanosome AOX-averproduced
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 24 nM for cytochrome bd and 2 nM for
cytochrome bo. Reactions were started by addition of ubiquinal-1
(QiHz) 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=HCl (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 ar 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]. ICsq values in the presence of
100 uM Q,H; were estimated by using the equation for the relative
residual activity; v=1/(1+([Inhibitor]/ICs0)") 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-Z1272y 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-Z1272p, v, 6, € and {,
prenylphenols isolated from Verticillum sp. FO-2787 [16), and found
that LL-Z12723 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 (ICs) for LL-Z1272f and « (dechlorinated
derivatives) were determined to be 2.1 and 1.1 uM (average values of
two independent preparations), respectively, and are one-order of
magnitude smaller than those of LL-Z1272y, 6 and { (chlorinated
derivatives) (Table 1). The ICsp values for known inhibitors for
cytochrome bd [20,25-27] are 10 pM for piericidin A, 5 pM for
antimycin A, 1 yM for HQNO, and 8.3 nM for aurachin C 1-10.
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Table 1
Summary on ICsq values of quinol mudase inhibitors for the E colt cytochrome bd and
bo and T, vivax ADX

: R
* The E coll bd-overproduced membranes.
* The purified E coli cytochrome bo.

* The T, vivax AOX-overproduced membranes.

" M.

3.2. Kinetic analysis of inhibition of cytochrome bd by LL-Z1272(3 and «

Effects of LL-Z1272( and e 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 Vmax values for the control were determined to 50 uM 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
acts as a noncompetitive inhibitor with K=7.6+2.5 pM while LL-
Z21272¢ serves as a competitive inhibitor with K;=10020.03 uv
(Fig. 2).

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

In contrast to bd-type oxidase, the QH; oxidase activity of the E
coli cytochrome bo was more sensitive to chlorinated derivatives, LL-
21272, £ and £. ICso values for LL-Z1272p, v, & ¢ and { (averages from
two preparations) were determined to be 1.2, 0.082, 0.28, 7.2 and
0.37 M, respectively (Table 1). The 1Cso values for known inhibitors
for cytochrome bo [20,27.29-31] are 0.3 uM for HQNO, 0.14 pM for
piericidin A, and 2.3 nM for aurachin C 1-10, showing that cytochrome

{Ubiquinol- 1 /enzyme/sec)

50 100 150 200
[Ubiguinol-1] (uM)

Fig. 2. Effects of antibiotics LL-Z1272 on kinetic parameters for Q, H; oxidation by the E
cali cytochrome bd. Kinetic analysis was carried out in the absence of inhibitors () and
the presence of 2 (¥) or 5 (7] uM LL-Z12725 or 2 (&) or 5 (&) uM LL-Z1272c Control
data was analyzed by using the equation v= Vi (S5(1+5/ K5)+ SKu * KnKen) where Ky
i the for sub inhibition. Data ob d in the p of
Inhibitors were analyzed based on the Michaelis-Menten kinetics. The apparent K,
(uM) and Vi, (QuH ) values d were 5024 and 235642154, respec-
tively, for the control (Ky=381 pM). 7925 and 1232133, respectively, for 2 M LL-
21272, 10045 and 826421, respectively, for 5 M LL-212723, 1403 and 1065412,
, for 2 uM LL-Z1272¢, 287£41 and 11132107 QuHy/enzyme/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-Z1272y is a very potent inhibitor of
cytochrome bo,

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

Effects of LL-Z1272f3, v, & 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 Ky, and Vi, values
were shifted to 23 pM and 1035 Q,H,fenzyme/s, respectively (Fig. 3),
from 50 uM and 515 Q;Ha/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-
21272 on Q,H; oxidase activity of T. vivax ADX. From dose-response
analysis with the AOX-overproduced E. coli membranes, we deter-
mined 1Csp values for LL-Z127203, . 6, &, £, AF and aurachin C1-10 to be
180, 15, 46, 650, 430, 4.9 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 (ICsq=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-Z12723, v, &, ¢ 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

:

g

(Ubiquinal-1/enzyme/sec)!

40 -2;3 0 20 40
[Ubiquinol111  (mM)-1

Fig. 3. Effects of antibiotics LL-Z1272 on kinetic parameters for G, Hy cxidation 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-Z12720 (V). 02 pM LL-Z1272y (@], 0.75 uM LL-Z12725 (4],
and { [ V). Data were analyzed based on the Michaelis-Menten kinetics. The apparent
Ko and Vi, values obtained are 23:2 and 1035228 (control) 4314 and 841:30
(075 pM LL-Z1272{3), 6442 and 402 £4 (0.2 M LL-Z1272y), 6623 and 361 £6 (0.75 uM
LL-Z12726), 4644 M and 486+ 14 Q,Hyjenzyme(s (0.75 pM LL-Z1272¢ ), respectively. R
values were »0.997
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