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Abstract: Toxoplasma gondii is a protozoan parasite that causes toxoplasmosis and infects almost
one-third of the global human population. A lack of effective drugs and vaccines and the emergence
of drug resistant parasites highlight the need for the development of new drugs. The mitochondrial
electron transport chain (ETC) is an essential pathway for energy metabolism and the survival
of T. gondii. In apicomplexan parasites, malate:quinone oxidoreductase (MQO) is a monotopic
membrane protein belonging to the ETC and a key member of the tricarboxylic acid cycle, and has
recently been suggested to play a role in the fumarate cycle, which is required for the cytosolic
purine salvage pathway. In T. gondii, a putative MQO (TgMQO) is expressed in tachyzoite and
bradyzoite stages and is considered to be a potential drug target since its orthologue is not conserved
in mammalian hosts. As a first step towards the evaluation of TgMQO as a drug target candidate, in
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this study, we developed a new expression system for TgMQO in FN102(DE3)TAOQ, a strain deficient
in respiratory cytochromes and dependent on an alternative oxidase. This system allowed, for the
first time, the expression and purification of a mitochondrial MQO family enzyme, which was used
for steady-state kinetics and substrate specificity analyses. Ferulenol, the only known MQO inhibitor,
also inhibited TgMQO at ICs( of 0.822 uM, and displayed different inhibition kinetics compared to
Plasmodium falciparum MQO. Furthermore, our analysis indicated the presence of a third binding site
for ferulenol that is distinct from the ubiquinone and malate sites.

Keywords: toxoplasmosis; electron transport chain; mitochondria; membrane protein; enzyme
inhibition; ferulenol

1. Introduction

Toxoplasmosis is a zoonosis caused by Toxoplasma gondii, an obligate intracellular
apicomplexan protozoan parasite that can infect almost all nucleated cells [1-4]. Recent
estimations are that 30-50% of the global population is seropositive for T. gondii [5]. It has
long been considered a mild pathogen compared to other deadly apicomplexan parasites
such as Plasmodium falciparum [6], the pathogen of malaria, though in many aspects T. gondii
exhibits metabolic traits similar to those of Plasmodium species, particularly with regard
to the hepatic stage [7]. The capacity of T. gondii to adapt to different environmental
parameters, such as pH [8,9], temperature, oxidative and chemical stresses [8,10], during
both sexual and asexual stages in a wide range of mammalian hosts, including humans,
ranks T. gondii as one of the most successful parasites [11].

A correlation between the geographical variations of T. gondii genotypes and disease
manifestation in humans has been established from population genetics and epidemio-
logical studies [11-13]. Among three known and well-characterized lineages of T. gondii
(types L, 11, and III), types I and II are predominantly distributed in North America and
type Il in Europe [14]. The seroprevalence is high [15], perhaps due to ease of transmission
of T. gondii, reaching 90% in some European and South American countries, which is
skewed down to 22.5% in the United States [5]. Typically, the disease is asymptomatic in
immunocompetent hosts, but provokes severe illness in immunocompromised patients
such as those with acquired immunodeficiency syndrome, pregnant women, or congen-
itally infected individuals [16,17]; without treatment, it can lead to death [18]. To date,
toxoplasmosis chemotherapy options are limited, and all drugs currently used have se-
vere side effects, are solely active against tachyzoites, and not able to clear cystic chronic
infection [19,20]. Furthermore, Toxovax, the only vaccine for animal toxoplasmosis, is not
suitable for humans because of iatrogenic infection risks and interconversion of parasite
stages [21,22]. Therefore, it is needed to develop new drugs for both tachyzoites and brady-
zoites in cysts with novel mechanisms of action with fewer side effects [19]. Undoubtedly,
metabolic pathways or molecular targets from the parasites that are absent or different
from the corresponding host pathways are attractive drug targets [19,23].

Although glucose and glutamine are the major carbon sources, the metabolic plasticity
of T. gondii supports its survival in a wide host range [24,25]. However, to support the
optimal growth of T. gondii tachyzoites and effective pathogenesis in mammalian hosts,
glucose is required and cannot be complemented by other carbon sources, such as glu-
tamine, succinate, pyruvate, glycerol, or propionate [26]. Previous studies have revealed
the presence of a functional tricarboxylic acid (TCA) cycle in tachyzoites [24,27]. Moreover,
the comparative expression analysis of TCA cycle enzymes has shown similar mRNA
levels between tachyzoites and early bradyzoites [27]. Collectively, these findings suggest
that, to meet its energy demands, this parasite acquires adenosine triphosphate (ATP) not
only by glycolysis but also by oxidative phosphorylation.

The mitochondrial electron transport chain (ETC) has been proven to be a poten-
tial target for drug development against parasites [28-31]. For example, in the blood
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stream form of Trypanosoma brucei, the protozoan parasite that causes sleeping sickness,
its ETC is composed mainly of glycerol-3-phosphate dehydrogenase (G3PDH) and a
cyanide-insensitive trypanosome alternative oxidase (TAO). TAO is a terminal oxidase
not conserved in mammalian hosts and a validated drug target for the development of
species-selective drugs [32-35]. Similar to all eukaryotes, the mitochondria of the apicom-
plexan parasite are involved in several essential cellular metabolic pathways and serve as
important drug target organelles [23,36]. Although apicomplexan parasites possess the
smallest mitochondrial genomes amongst all analyzed eukaryotes [37], their mitochondria
contain almost 400 putative mitochondrial matrix proteins and several inner membrane
proteins [36], such as the bc; complex (complex III) and dihydroorotate dehydrogenase
(DHODH), which are important for growth and survival [38—40].

Similar to other apicomplexans, five types of ETC dehydrogenase are coded in the
T. gondii genome: type Il nicotinamide adenine dinucleotide hydrogen (NADH) dehydro-
genase (TgNDH2-I and TgNDH2-II) [41], succinate dehydrogenase (TgSDH or complex
II) [27,42], and malate:quinone oxidoreductase (TgMQO) [43] are involved in the TCA
cycle; TgG3PDH [41,44] is involved in lipid metabolism and redox homeostasis [45,46];
DHODH (TgDHODH) [47] catalyzes the fourth step in pyrimidine de novo biosynthesis.
All these ETC dehydrogenases transfer electrons from their individual substrates to the
ubiquinone-pool (UQ-pool). The electrons from the UQ-pool are sequentially transferred
to cytochrome ¢ and molecular oxygen (O,) through reactions catalyzed by complex III
and cytochrome ¢ oxidase (complex IV), respectively. During electron transport, protons
are translocated from the mitochondrial matrix to the intermembrane space by complexes
III and IV to maintain an electrochemical gradient that is used by ATP synthase (complex
V) for ATP synthesis [40]. Inhibitors of complex IlI, such as atovaquone [48] and endochin-
like quinolone [48], are known to inhibit the proliferation of several lifecycle stages of
T. gondii [49].

In contrast to P. falciparum, T. gondii seems to have the ability to obtain pyrimidine
via the salvage pathway [50] in addition to the de novo pathway. T. gondii mutants
auxotrophic for uracil, a salvage pathway precursor, can be obtained by knockout of
carbamoyl phosphate synthetase II (CPSII, the first step of the de novo pathway); however,
they are avirulent in animal models [51]. Attempts to generate DHODH (the fourth step of
the de novo pathway) null mutants have failed even in the presence of uracil, although
uracil auxotrophic mutants can be obtained by gene replacement of endogenous DHODH
with a catalytically deficient version [47]. Collectively, these findings suggest that, in
T. gondii, CPSII and DHODH might have additional roles, other than de novo pyrimidine
biosynthesis, such as in parasite virulence [51] and ETC integrity [47], respectively.

MQO is widely conserved in bacteria and in some unicellular eukaryotes; however,
it is absent in mammalian hosts. MQO catalyzes the irreversible conversion of malate to
oxaloacetate [52] and is a key member of the TCA cycle. MQO is catalytically equivalent
to the reversible mitochondrial malate dehydrogenase (mnMDH) from mammals, but it
differs in localization and in its electron acceptor. MQO is localized in the mitochondrial
inner membrane and is linked to the ETC by using ubiquinone as the electron acceptor. In
contrast, mMDH is a matrix protein that uses nicotinamide adenine dinucleotide (NAD") as
the electron acceptor. In apicomplexan parasites, the role of MQO is not completely under-
stood, and in addition to the TCA and ETC [43], it has been suggested that MQO provides
cytosolic oxaloacetate to feed the purine salvage and pyrimidine de novo pathways in the
recently identified fumarate cycle [53,54]. Because MQO is conserved in some organisms
with incomplete TCA cycles, such as Cryptosporidium parvum, it has been speculated that,
in addition to its functional role, MQO can potentially have a structural role [55,56].

Nonetheless, a putative MQO (DQ457183) is conserved in the T. gondii genome, which
shows high similarity to MQOs from e-proteobacteria [23], and thus it belongs to MQO
family group 2 [57]. Interestingly, in addition to MQO, a putative mMDH (EF683092) can be
found in its genome. In general, malate oxidation by MDHs is thermodynamically unfavor-
able, and the reduction of oxaloacetate by NADH is preferred [58]. In the presence of MQO
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and MDH, it has been proposed that they act in antagonistic directions [59]. However,
forced oxidation of malate to oxaloacetate by MDH can be anticipated at unphysiologically
high malate concentrations [60].

Ferulenol, the first inhibitor of MQO identified, inhibits the growth of P. falciparum
and shows synergism in combination with atovaquone [23]. Moreover, the growth of
mqo-disrupted P. berghei is impaired, and the parasite is unable to cause cerebral malaria in
a mouse model [61], indicating that MQO plays essential roles in optimum growth and
virulence. In addition, because of the trifunctional role of MQO in the ETC, TCA, and
fumarate cycle, it is considered as a potent pharmacological target against P. falciparum [23].

We have previously reported the development of a recombinant P. falciparum MQO
(PIMQO) expression system in a bacterial membrane [BL21(DE3)], its biochemical char-
acterization, and the identification of inhibitors [23,62]. In this report, we describe a new
expression system for recombinant TgMQO in FN102(DE3)TAO (Figure S1), and for the
first time, the steady-state kinetics and substrate specificity towards electron acceptors of a
purified mitochondrial MQO family enzyme.

2. Results
2.1. Functional Expression and Purification of Recombinant TgMQO

TgMQO was successfully overexpressed in the membrane fractions of BL21(DE3) and
FN102(DE3)TAO. Moreover, the specific activity of TgMQO was higher in FN102(DE3)TAO
(6.4 £ 0.6 umol/min/mg) than in BL21(DE3) (2.84 £ 0.16 umol/min/mg) membrane frac-
tions. In addition, the specific activity of TgMQO increased to 7.5 £ 0.2 umol/min/mg in
the presence of ascofuranone (AF), a specific TAO inhibitor (Figure S1) [63,64]. The specific
activity of TgMQO was high in the membrane fraction prepared using HEPES bulffer, but a
fast decrease was observed after solubilization, making this buffer unfit for purification.
Compared to the HEPES buffer, we found that the specific activity of TgMQO prepared
with MOPS buffer was lower in the membrane fraction but higher after purification and
stable for several months (Table S1). Under optimized conditions, 3.7 mg of purified Tg-
MQO was obtained from a 3-L culture of FN102(DE3)TAO. The purification yield was 7%,
and the specific activity was 22 pmol/min/mg protein (measured at 37°C), correspond-
ing to a 10.5-fold increase compared with the lysate (Table S1). The specific activity of
MQO in the membrane fractions was about 145-fold higher in FN102(DE3)TAO/TgMQO
(2.9 pmol/min/mg) than the endogenous MQO activity (0.02 umol/min/mg) (Table S1).
Judging from sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Figure S2a), the purity of TgMQO was over 90%, and according to the migration length, it
had a molecular weight of 61 kDa (Figure S2a,b).

Under the high resolution clear native electrophoresis (hrCNE), two bands of TgMQO
were clearly visible by GelCode Blue and activity stainings (Figure 1a). The lower (247 kDa)
and higher (486 kDa) molecular weight bands (Figure 1a,b) coincide with a tetramer and a
dimer of tetramer, respectively.

2.2. Biochemical Characterization of Purified TgMQO

Purified TgMQO was used to determine the dose response, optimum temperature,
and pH for MQO activity. Dose response assays showed a linear response of TgMQO
activity from 0.025 pg/mL to 2.5 pg/mL in the assay mixture with an R? value of 0.9997 and
minimal change in the specific activity (Figure S3). The optimum temperature for TgMQO
enzyme activity was found to be 50 °C (Figure 2a), then started to decrease. However,
at ambient temperatures of 25 and 30 °C, and a physiological temperature of 37 °C, the
enzyme retained around 40%, 50%, and 70% of its maximum activity at 50 °C, respectively.
The optimum pH for TgMQO was determined under physiological temperature (37 °C)
and, as shown in Figure 2b, it displayed a bell-shaped response and an apparent optimum
pH with Tris-HC1 7.0; however, no significant difference was observed within a pH range
of 7.0 to 8.0. The concentration of TgMQO was fixed at 0.0375 pug/mL, and for better
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comparison with PIMQO, HEPES pH 7.0 and 37 °C were further used to determine the
kinetic parameters.

TgMQO (ug) TgMQO (ug)

kDa M 3 103M M3103M 1209
H = »é«
1048 . 100/
&
720 | = . f’b g0l Q
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Figure 1. High resolution clear native electrophoresis (hrCNE) of TgMQO. (a) Coomassie brilliant
blue (CBB) and activity staining of TgMQO. The red arrows show visible bands by both GelCode
Blue and activity stainings, corresponding to tetramer and dimer of tetramer of TgMQO, respectively.
M = NativeMark™ protein standard, 5 uL. (b) Logarithmic plot (migration length vs. molecular
weight) from hrCNE. The blue and yellow dots represent the molecular weights of tetramer (247 kDa)
and dimer of tetramer (486 kDa) of TgMQO, respectively.

<
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Figure 2. Optimization of purified TgMQO activity conditions. (a) TgMQO activity was assayed
spectrophotometrically at varying temperatures (°C) in triplicate. Optimum temperature was found
to be higher (50 °C) than normal physiological temperature (37 °C). (b) pH optimization was
performed in a plate-reader under different pH conditions at 37 °C and 600 nm in quadruplicate.
Insignificant differences in TgMQO activity were observed for pH ranging from 7.0 to 8.0.

The kinetic parameters for different ubiquinones and malate were determined by moni-
toring ubiquinone reduction at 278 nm. The affinity (Kp,) values for different ubiquinones
were 225,116, 13.2, 7.7, 8.0, and 17 uM, whereas V.x were 12.7,44.2,45.1, 4.39, 3.64, and
12.1 umol/min/mg for UQO, UQ1, UQ2, UQ4, UQ6, and decyl-UQ (dUQ), respectively
(Table 1, Figure 3a—e). This indicates that TgMQO has a higher affinity to quinones with
longer side chains, such as UQ2, UQ4, UQ6, and dUQ, compared to short ones. Interestingly,
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substrate inhibition was observed for UQ2 even at 20 uM (Figure S4), but not for UQ4 and
UQ6, possibly because of their low solubility in our assay conditions (Figure 3a). The Ki,
for malate showed little variation between UQ1, UQ2, and dUQ (370, 637, and 466 puM,
respectively) (Table 1, Figure 4a,b).

Table 1. Kinetic constants of purified TgMQO.

Substrates Km Vinax
Variable Fixed (uM) (umol/min/mg)

Malate Ubiquinone-1 370 4 140 6.30 £0.5
Malate Ubiquinone-2 637 + 180 246 £0.8
Malate Decylubiquinone 466 £ 291 9.55 1+ 0.6
Ubiquinone-0 Malate 225 £77 127 £3.2
Ubiquinone-1 Malate 116 + 16 442 +3.8

Ubiquinone-2 ! Malate 1321 4511
Ubiquinone-4 Malate 77 +43 439+£07
Ubiquinone-6 Malate 80=£33 3.64 £04
Decylubiquinone Malate 17 +47 121+12

Values represent the average = SD (1 = 3). 1'UQ2 showed substrate inhibition over 20 pM. So, the Ky, and Vipnax
calculated here were below the substrate inhibition concentration.

6 20 o o uQo 25
-
B e 4 0 uQs = £ e
s = 0 U0 £ 8215
v &4 7 © £ 2=
" o= = =
o S ) ° o S 10 R 4 dUQ
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Figure 3. Kinetics of purified TgMQO with different ubiquinones. Michaelis-Menten and Lineweaver-Burk lines for UQO,
UQ4, and UQ6 (a,b); UQ1 and dUQ (c,d); and UQ2 (e). In each case, the reaction was initiated with 10 mM malate. The
kinetic constants (K and Vmay) calculated for the ubiquinones are summarized in Table 1. Amongst the ubiquinones, UQ2

showed substrate inhibition over 20 uM.
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Figure 4. Determination of kinetic parameters of purified TgMQO by varying malate concentrations. (a) Michaelis-Menten

curves and (b) Lineweaver-Burk plots of malate for ubiquinones (UQ1, UQ2, and dUQ). (c) The reaction mechanism

catalyzed by purified TgMQO was analyzed by double reciprocal plots of TgMQO activity at varying dUQ concentrations

under fixed malate concentrations of 2, 10, and 20 mM. The resulting lines intersecting above the X-axis in the second

quadrant indicate a sequential mechanism of the reaction.

Residual activity (%)
g

The reaction mechanism of purified TgMQO was investigated by varying the concen-
tration of dUQ under fixed concentrations of malate at 2, 10, and 20 mM. Our analysis
showed that the lines derived from double reciprocal plots are not parallel but intersect in
the second quadrant, supporting a sequential (random or ordered) reaction mechanism for
TegMQO (Figure 4c).

2.3. ICsg and Inhibition Mechanism of Ferulenol with TgMQO

Ferulenol was previously identified as the first inhibitor of MQO family enzymes,
displaying an ICsq of 57 nM against PEMQO [23]. To test the effect of ferulenol on TgMQO,
the IC5p was determined as 0.822 £ 0.151 uM (Figure 5a).

.25 LoglFerulenol] (M)

(a)

0.6 1.5
S 0 2uM /s ©2uM
p 2y p
_ 05 Y, .12 )
£l /A A1uM o /
0.4 yaw 7N I o
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> 5 03 %7 8 oosum 2 -z © a7 __noosm
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- } i sl L&
El 0.4 800" X .-
V/‘ = A o H-—— "0 00uM
? 06 . 02 04 06 107 405 05 10 15 20
-0.1 7 03
- 1
1[dUQI(M)™ 1/[Malate](mM)
(b) (c)

Figure 5. Inhibition of purified TgMQO activity by ferulenol. (a) TgMQO activity was assayed in the presence of serially

diluted ferulenol concentrations at 278 nm, and activity was recorded as residual activity (%). The inhibition mechanism of

ferulenol was also determined (b) vs. dUQ and (c) vs. malate. In both cases, the double reciprocal lines intersected in the

second quadrant, indicating a mixed type inhibition of TgMQO activity.

Next, the inhibition mechanism of ferulenol was analyzed, and as shown in Figure 5b,
double reciprocal plots obtained by varying the concentrations of dUQ yielded straight
lines, which intersected in the second quadrant, suggesting a mixed type of inhibition. The
same experiment performed by varying malate concentrations yielded similar results as
described above, indicating a mixed type inhibition also for malate (Figure 5c).
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3. Discussion

We previously reported an expression system for recombinant PIMQO overexpressed
in the membrane fraction of BL21(DE3) with high specific activity [23]. Since the pu-
rification of PEIMQO was unsuccessful, the biochemical characterization was performed
using membrane fractions in the presence of potassium cyanide (KCN). Escherichia coli
contains several terminal quinol oxidases, such as cytochrome bos, bd-I, and bd-1I. Because
bd-1 and bd-1I are KCN-insensitive oxidases [65-67], the activity of any enzyme using a
quinone/quinol-dependent assay system would be not accurate because of quinol con-
sumption by those cytochromes (Figure S1). To avoid this problem, TgMQO was expressed
in FN102(DE3)TAO, because this strain lacks glutamyl-tRNA reductase (hemA), the first
step of the heme biosynthesis pathway [68]. Because all terminal quinol oxidases from E.
coli are heme dependent, the FN102(DE3) strain is unable to re-oxidize quinols and grow un-
less TAO, a non-heme diiron quinol oxidase, is expressed. Unlike heme-dependent terminal
quinol oxidases from E. coli, TAO is specifically and potently inhibited by AF. In this study,
TAO was expressed in pACYC because it is compatible with the pET system. Interestingly,
the specific activity of TeMQO expressed in FN102(DE3)TAO was higher than that from the
BL21(DE3) system (Figure S1). As expected, the TgMQO specific activity increased from 6.4
to 7.5 pmol/min/mg when assayed in the absence and presence of 50 nM AF, respectively
(Figure S1). This clearly demonstrates that the quinone/quinol-dependent activity assayed
in the conventional E. coli expression system was underestimated, and FN102(DE3)TAO is
an excellent alternative expression system to study membrane-bound ETC dehydrogenases.
Using this new expression system, for the first time, we purified the mitochondrial type
MQO in milligram amounts with high specific activity ranging from 15-26 umol/min/mg
depending on the lot (Table S1). Several bacterial types of MQO have been purified, such as
from Geobacillus thermodenitrificans DSM 465 (0.12 pmol/min/mg) [69], Acetobacter sp. SKU
14 (15 pmol/min/mg) [70], Corynebacterium glutamicum (~10 umol/min/mg) [58], Pseu-
domonas taetrolens (9.3 pymol/min/mg) [71], and Bacillus sp. PS3 (24.6 umol/min/mg) [72].
However, no crystal structures have been reported.

Purified bacterial MQOs display variations in their oligomerization state, such as
homo-dimers (Bacillus sp. PS3 and Acetobacter sp. SKU 14) and a decamer (G. thermodeni-
trificans DSM 465) [69,70,72]. Here, we provide the first evidence of the oligomeric state
of mitochondrial type MQO in solution by hrCNE followed by MQO activity and CBB
stainings (Figure 1a,b). As shown in Figure 1a, two bands corresponding to a tetramer
(247 kDa) and a dimer of tetramer (486 kDa) of TgMQO were observed, the latter being
more active than the tetrameric form.

In the present study, we noticed that 2,6-dichlorophenolindophenol (DCIP)-linked
activity was higher than the direct detection of dUQ consumption, which was not ob-
served for UQ2 (Figure S5). Moreover, the reduction of DCIP in the absence of quinones
(4.2 umol/min/mg) indicates that DCIP might act directly as an electron acceptor by
binding at malate and/or ubiquinone binding sites, increasing the specific activity in the
presence of dUQ. The lower rate of DCIP reduction in presence of UQ2 compared to
dUQ can be explained by competition for electrons between UQ2 and DCIP, which is not
observed between dUQ and DCIP (Figure S5). Collectively, our data support the binding
of DCIP at the ubiquinone rather than malate binding site.

Similar to PEIMQO, TgMQO showed an optimum pH range within pH 7.0 to 8.0, with
small variations [23]. It has been demonstrated that the optimum temperature of PIMQO is
37 °C. Surprisingly, our analysis showed that TgMQO displayed an optimum temperature
for its activity at 50 °C (Figure 2a). This may suggest that under physiological conditions,
T. gondii mitochondria are maintained at 50 °C, as recently suggested for respiratory
complex enzymes (complex III, II-III, IV, and V) in mitochondria of human cells [73,74], or
is the result of adaptation to mitochondrial recruitment after invasion [75-78].

The kinetic parameters of active and purified TgMQO were determined and are
summarized in Table 1. TgMQO showed a similar affinity to malate using three differ-
ent quinones as electron acceptors (K, 370, 637, and 466 pM for UQ1, UQ2, and dUQ,
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respectively). Those values were 10-15 times lower than the reported Ky of PIMQO
(5990 £ 340 uM using dUQ) [23]. For the electron acceptor, TgMQO showed considerably
high affinity (Ky, ranging from 7 to 17 uM) to quinones with long side chains (UQ2, UQ4,
UQ6, and dUQ), while for short chain quinones (UQO and UQ1), it displayed low affin-
ity (Km 116 and 225 pM). Interestingly, unlike malate, the affinity of dUQ (K, = 17 uM)
to TgMQO was approximately three times lower than the reported affinity to PIMQO
(6.2 £ 0.65 uM) [23]. According to our results, TgMQO employs a sequential reaction mech-
anism that is similar to that found for PEIMQO [23], suggesting that this kind of reaction
mechanism is conserved among mitochondrial-type MQOs.

Ferulenol is a sesquiterpene prenylated coumarin isolated from Ferula communis [79] that
is reported to have antibacterial [80], anti-coagulant [8§1-83], and anti-cancer [84] activities.
Several targets of ferulenol have been identified so far, such as vitamin K epoxide reductase
of rat [85] and bacteria [86], complex II [79,87], PEMQO [23], Eimeria tenella DHODH [88],
TAO, trypanosomal glycerol kinase [34,89,90], and human DHODH [88]. In this study,
we showed that ferulenol is also an inhibitor of TgMQO; however, its ICsy was 14 times
higher (0.822 & 0.151 uM) than that of PIMQO (0.057 uM) (Figure 5a) [23]. Interestingly, with
TgMQO, ferulenol showed a mixed type of inhibition for malate (x = 646.8) and dUQ (& =27.5)
(Figure 5b,c). This indicates that ferulenol may bind to TgMQO as well as TgMQO-dUQ or
TgMQO-malate complexes [91], showing higher affinity to free TgMQO than to the TgMQO-
substrate complex. This finding reinforces the notion that dUQ, malate, and ferulenol have
different binding sites in TgMQO as described for PIMQO [23], but without the formation
of a dead-end complex (TgMQO-dUQ-ferulenol). These patterns of inhibition by ferulenol
are more consistent with a sequential ordered mechanism in which quinone binds first and
then malate, similar to the mechanism described for PIMQO [23]. Nevertheless, the mixed
type of inhibition of ferulenol for both substrates is a desirable feature for drug development,
because it can bind to TgMQO and TgMQO-substrate complexes, hence inhibiting the enzyme
function regardless of substrate concentrations in the parasite.

Finally, we identified ferulenol as the first mixed type of inhibitor of MQO, though the
ICs5p was in the lower uM range. As MQOs are conserved among different apicomplexan
parasites and not present in their mammalian hosts, this might help to design drug candi-
dates with novel mechanisms of action and a broad spectrum of activity with fewer side
effects.

4. Materials and Methods
4.1. Bacterial Strains, Plasmids, and Reagents for Recombinant TgMQO Expression

The TgMQO gene (DQ457183), lacking the mitochondrial targeting signal (MTS;
A1-37 residues), was codon optimized for expression in E. coli and cloned into pET151-
D-TOPO (Invitrogen, Carlsbad, CA, USA) to generate pET151/TgMQO, according to the
manufacturer’s protocol.

The gene coding for TAO was amplified from pET101/NHis6SUMO-AMTS-TAO [92]
and cloned into pACYC-Duet (pACYC-TAO). After the sequence was confirmed, this
plasmid was used to transform FN102(DE3), a heme-deficient strain unable to re-oxidize
ubiquinol unless 5-aminolevulinic acid (ALA) is provided or TAO is expressed [68]. The
resultant strain, FN102(DE3)TAO, was used as the expression host and transformed with
pET151/TgMOQO. The final strain, named FN102(DE3)TAO/TgMQO, was selected on Luria-
Bertani (LB) agar plates supplemented with 100 ug/mL carbenicillin (Wako, Kanagawa,
Japan), 50 pug/mL kanamycin (Wako), 50 pg/mL chloramphenicol (TCI, Zwijndrecht,
Belgium), and 50 ug/mL ALA.

4.2. Overexpression of Active TgMQQO in the Bacterial Membrane

A frozen stock of FN102(DE3)TAO/TgMQO in 20% (v/v) glycerol (Wako) was used
to streak LB agar plates containing antibiotics and ALA, then kept at 37 °C overnight.
Colonies were inoculated into 150 mL pre-cultures of Terrific Broth (TB) medium containing
100 pg/mL carbenicillin, 50 pg/mL kanamycin, and 50 ug/mL chloramphenicol for ~48 h
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(without ALA). The pre-cultures were transferred into 10 glass flasks, each containing
300 mL of TB medium supplemented with the above antibiotics to an initial OD600 (optical
density) of 0.1. The expression of TgMQO was induced by the addition of 100 uM isopropyl
B-D-thiogalactopyranoside (Sigma, Steinheim, Germany) and cultured at 30 °C on a rotary
shaker (200 rpm; Bioshaker BR-43FL; Taitec, Saitama, Japan) until the OD600 reached 4.0
to 5.0 (48-72 h). All of the following processes were performed at 4 °C. The cells were
harvested by centrifugation at 5000 x g for 15 min, the pellet was resuspended in lysis buffer
[50 mM MOPS (Dojindo, Kumamoto, Japan) pH 8.0 and 250 uM phenylmethylsulfonyl
fluoride (PMSF, Wako)], and cells were lysed by a single passage through a French Press
(Ohtake) at 180 MPa. Unbroken cells and debris were removed by centrifugation at
30,000 g for 30 min (R20A2 rotor, Hitachi, Tokyo, Japan), and the supernatant was
ultracentrifuged at 200,000 x g for 1 h (45TI rotor, Hitachi). The crude membrane pellet
was homogenized in a buffer containing 50 mM MOPS pH 8.0, 5 mM imidazole (Wako),
150 mM KCl (Wako), and 200 uM flavin adenine dinucleotide (FAD, Sigma) and then stored
in 50% (v/v) glycerol (Wako) at —30 °C until purification. The membrane fraction from
FN102(DE3)TAO harboring empty pET151 was cultured and prepared in parallel for use
as a control.

4.3. Purification of T{MQO from the Membrane Fraction

The membrane fraction at a concentration of 9.4 mg/mL was diluted (1:1 volume ratio)
with dilution buffer (50 mM MOPS pH 8.0, 200 uM FAD) and mixed with solubilizing buffer
[50 mM MOPS pH 8.0, 2% (w/v) n-octyl-B-D-glucopyranoside (OG, Dojindo), 10 mg/mL
1,2-diacyl-sn-glycero-3-phosphocholine (Sigma), 200 uM FAD] at a 1:1 volume ratio, fol-
lowed by gentle rotation (Rotator RT-50, Taitec) for 30 min. The solubilized membrane was
subjected to ultracentrifugation (550A-2224 rotor, Hitachi CS150FNX) at 200,000 g for 1 h
to remove the insoluble proteins. The supernatant was mixed with 1.5 mL cOmplete™
His-Tag Purification Resin (Roche, Mannheim, Germany) pre-equilibrated with wash buffer
A [50 mM MOPS pH 8.0, 0.1% (w/v) OG, 200 uM FAD, 1.5 mM imidazole] and kept rotat-
ing for 2 h. The mixture was loaded onto a Poly-Prep® Chromatography column (20 mL,
Bio-Rad, Hercules, CA, USA), and the unbound protein was collected as flow-through. The
column was washed with 20 volumes (30 mL) of wash buffer A followed by 30 mL of wash
buffer B [50 mM MOPS pH 8.0, 0.1% (w/v) OG, 20 mM imidazole, 200 uM FAD]. Finally,
the recombinant TgMQO was eluted with 15 mL of elution buffer [50 mM MOPS pH 8.0,
0.1% (w/v) OG, 200 uM FAD, 200 mM imidazole]. A centrifugal filter device (Amicon
Ultra-15, 30 kDA cutoff, Millipore, Tullagreen, Ireland) was used to concentrate the eluted
fractions. The concentrated TgMQO was mixed with glycerol and FAD to final 50% (v/v)
and 200 uM, respectively, and stored at —30 °C until use.

4.4. Protein Quantification and Electrophoresis

Protein concentrations were determined at 595 nm using a Bio-Rad Protein Assay
kit with bovine serum albumin (Takara, Shiga, Japan) as the standard according to the
manufacturer’s protocol.

Fractions from each purification step were subjected to discontinuous SDS-PAGE [93].
The stacking and separating gels were 4% and 12% (w/v) acrylamide, respectively. Samples
were mixed with SDS-PAGE loading buffer [62.5 mM Tris-HCI pH 6.8, 2.5% (v/v) sodium
dodecyl sulphate (SDS, Wako), 10% (v/v) glycerol, 0.002% (v/v) bromophenol blue (Wako),
and 0.71 M 3-mercaptoethanol (Wako)] to a final concentration of 1 mg/mL (except for
wash 2 and concentrated sample) and heated for 10 min at 95°C. Protein preparations were
loaded at 10 pg per well (except for wash 2 and concentrated sample) onto the gel and run
alongside broad-ranged Precision Plus Protein™ Standards (Bio-Rad). The electrophoresis
was carried out at 25 mA for 90 min at room temperature, and the gel was washed three
times for 5 min with purified water and stained with GelCode™ Blue Safe Protein stain
(Thermo Fisher Scientific, Waltham, MA, USA) according to the provider’s manual.
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hrCNE was performed by adapting the reported protocol for DHODH [88]. Briefly,
purified TgMQO was diluted to 0.3, 0.1, and 0.03 mg/mL in 50 mM MOPS pH 8.0, 0.05%
(v/v) n-dodecyl B-D-maltoside (DDM, Sigma), 0.05% (v/v) sodium deoxycholate (DOC,
Nacalai Tesque, Kyoto, Japan), 0.0001% (w/v) ponceau S (MP Biomedicals LLC, Illkirch,
France), and 5% (v/v) glycerol (final concentrations). The samples (3, 1, and 0.3 pg/lane)
were loaded onto a NativePAGE™ 4-16% (w/v) Bis-Tris gradient gel (Invitrogen) along
with NativeMark™ (Invitrogen) as a protein standard in duplicate. The gel was run at
4 °C under a constant voltage of 150 V for approximately 90 min in NativePAGE™ 20 x
running buffer (Novex, Invitrogen) according to the manufacturer’s manual. The cathode
buffer was also supplemented with 0.05% (v/v) DDM and 0.05% (v/v) DOC. The gel was
split into two sets for GelCode™ Blue Safe Protein and MQO activity stainings. The in-gel
MQO-activity staining was performed by washing three times with 5 mM MOPS pH 8.0
for 5 min each at room temperature. After washing, the gel was incubated with 1.5 mM
nitro-blue tetrazolium chloride (NBT, Wako) dissolved in 5 mM MOPS pH 8.0 for 5 min at
room temperature. Phenazine methyl sulfate (PMS, TCI) and malate (Wako) were added to
a final concentration of 0.1 mg/mL and 10 mM, respectively, mixed quickly, kept static in
the dark until the bands became visible, and subsequently washed with purified water.

4.5. Optimization of T{MQO Assay Conditions

The dose response range of partially purified TgMQO was assayed at 37 °C using a
UV760 (Jasco-Japan, Tokyo, Japan) at different concentrations of purified TgMQO, ranging
from 0.025 to 5 pg/mL, in 1 mL of the reaction mixture as previously described [23] in
triplicate, with a minor change of KCN replaced with 50 nM AF.

Optimization of temperature for the TgMQO assay was performed spectrophotomet-
rically using a UV760 (Jasco-Japan) equipped with a water bath circulator (Taitec). The
TgMQO activity was assayed using a 1 mL black quartz cuvette with 50 mM HEPES pH
7.0, 120 uM DCIP, 50 nM AF, 20 uM dUQ, and 1.5 pg/mL purified TgMQO at varying
temperatures in triplicate. The reaction was started by the addition of 10 mM malate, and
the activity was calculated as described previously [23].

The optimum pH was determined by measuring TgMQO activity at different pHs
using 50 mM of sodium phosphate (NaPi, pH 5.8-8.0), potassium phosphate (KPi, pH
5.8-8.0), HEPES-NaOH (6.8-8.4), Tris-HCI (Wako) (pH 6.9-9.0), MOPS-NaOH (Dojindo)
(pH 6.5-9.0), or CHES-NaOH (Dojindo) (pH 8.6-10.0) buffers at 37 °C with a SpectraMax®
Paradigm® Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA), as de-
scribed previously [23].

4.6. Determination of Enzyme Kinetic Parameters and Reaction Mechanism

Kinetic parameters of different ubiquinones (UQO, UQ1, UQ2, UQ4, UQ6, and dUQ)
and malate, and the reaction mechanism of TgMQO were determined at 37 °C and pH
7.0 by the direct consumption of dUQ at 278 nm (e278 = 15 mM~'.cm™1) over 5 min in
triplicate. The concentration of TgMQO was fixed at 0.0375 nug/mL, and Ky, and Vimax were
determined by varying concentrations of different ubiquinones from 1 to 100 uM at 10 mM
malate. Similarly, the Ky, and Vimax of malate were determined at varying concentrations
ranging between 0.5 and 100 mM using 20 uM of different ubiquinones (UQ1, UQ2, and
dUQ) as electron acceptors. The data were analyzed and kinetic constants calculated using
GraphPad Prism 7.0 software (San Diego, CA, USA).

For comparison with PIMQO, the reaction mechanism of TgMQO was analyzed using
malate/dUQ as substrates following a previous protocol [23]. In short, TgMQO activity
was assayed at varying dUQ concentrations (2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 uM) under
malate concentrations of 2, 10, and 20 mM, in single experiments, and the Ky, of dUQ was
determined at each malate concentration.
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4.7. TgMQO Inhibition with Ferulenol

The concentration of ferulenol (AdipoGen, Liestal, Switzerland) inhibiting 50% of
the TgMQO activity (ICs9) was determined at 278 nm using a 1 mL black quartz cuvette.
The reaction buffer contained 50 mM HEPES-NaOH pH 7.0, 50 nM AF, 20 uM dUQ, and
0.0375 pug/mL of TgMQO, and enzymatic activity was measured in the presence of different
concentrations of ferulenol. The reaction was initiated by the addition of 10 mM malate.
The ICs) and the K;?PP were calculated as previously described [94].

The inhibition mechanism versus dUQ was determined using a reaction mix con-
taining 50 mM HEPES pH 7.0, 50 nM AF, and 0.0375 pg/mL TgMQO. TgMQO activity
was measured at different dUQ concentrations (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and
24 uM) under 0, 0.5, 1, and 2 uM of ferulenol. The inhibition mechanism versus malate
was determined using different malate concentrations (0.5, 1, 2, 4, 6, 8, 10, 12, 14, 16, 18,
and 20 mM) under a fixed dUQ concentration of 20 uM. In both cases, the activity was
measured at 278 nm in single experiments, and the reaction started with 10 mM of malate.
The data were analyzed using GraphPad Prism 7.0 software.
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