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ABSTRACT: Plasmodium malate-quinone oxidoreductase (MQO) is a membrane
flavoprotein catalyzing the oxidation of malate to oxaloacetate and the reduction of
quinone to quinol. Recently, using a yeast expression system, we demonstrated that
MQO, expressed in place of mitochondrial malate dehydrogenase (MDH),
contributes to the TCA cycle and the electron transport chain in mitochondria,
making MQO attractive as a promising drug target in Plasmodium malaria parasites,
which lack mitochondrial MDH. However, there is little information on the structure
of MQO and its catalytic mechanism, information that will be required to develop
novel drugs. Here, we investigated the catalytic site of P. falciparumMQO (PfMQO)
using our yeast expression system. We generated a model structure for PfMQO with
the AI tool AlphaFold and used protein footprinting by acetylation with acetic
anhydride to analyze the surface topology of the model, confirming the
computational prediction to be reasonably accurate. Moreover, a putative catalytic
site, which includes a possible flavin-binding site, was identified by this combination of protein footprinting and structural prediction
model. This active site was analyzed by site-directed mutagenesis. By measuring enzyme activity and protein expression levels in the
PfMQO mutants, we showed that several residues at the active site are essential for enzyme function. In addition, a single
substitution mutation near the catalytic site resulted in enhanced sensitivity to ferulenol, an inhibitor of PfMQO that competes with
malate for binding to the enzyme. This strongly supports the notion that the substrate binds to the proposed catalytic site. Then, the
location of the catalytic site was demonstrated by structural comparison with a homologous enzyme. Finally, we used our results to
propose a mechanism for the catalytic activity of MQO by reference to the mechanism of action of structurally or functionally
homologous enzymes.

■ INTRODUCTION
Malate-quinone oxidoreductase (MQO), which catalyzes the
oxidation of malate to oxaloacetate and the reduction of
quinone to quinol, is a membrane protein containing FAD and
is found in some bacteria and apicomplexan parasites.1−4

MQO shows no homology to NAD+-reducing malate
dehydrogenase (MDH), a well-known soluble enzyme of the
TCA cycle that converts malate to oxaloacetate coupled with
NAD+ reduction.2 In Plasmodium parasites, which cause
malaria, mitochondrial MDH is missing.1,5−7 Thus, based on
its catalytic properties, Plasmodium parasite MQO is thought
to function in place of MDH as a TCA cycle enzyme in
mitochondria, and to be coupled with the electron transport
chain (ETC) through quinone reduction;1,8−11 accordingly,
Plasmodium MQO has received attention as a putative
antimalarial target.11−14 Recently, using a yeast expression
system, we showed that P. falciparum MQO (PfMQO) can
functionally replace yeast mitochondrial malate dehydrogenase
(MDH1), clearly demonstrating that PfMQO contributes to
the energy metabolism of the TCA cycle and the ETC.15

However, as no crystal structure is yet available for MQO, we
are able to say little about the mechanism of its catalytic
activity, although the biochemical properties of several

eukaryotic and bacterial MQOs have been studied in
detail.12,16,17

An understanding of protein structures is critical for
elucidating the functional mechanisms of proteins, for example,
revealing interactions with ligand molecules, and thus allowing
the development of novel drugs to regulate protein function.
While the protein structures provided by X-ray crystallography,
NMR spectroscopy, and cryo-EM are robust and reliable, these
methods are difficult and challenging; thus, protein structures
are solved more slowly than new protein sequences are
determined, and the gap between the number of protein
sequences available and the number of structures solved has
been growing.18 On the other hand, the recent remarkable
development of computational methods to predict protein
conformation from sequence has led to programs like
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AlphaFold and RoseTTAFold already playing a key role in the
field of life sciences.18−21 Nevertheless, although highly
accurate protein structure models are now available due to
such AI-based theoretical predictions, the models produced are
not complete since they lack coordinates for small molecules,
including ligands and cofactors, which are often required for
protein function. In addition, especially flexible parts of
proteins cannot be accurately characterized in the predic-
tions.18,21−23

Protein footprinting, based on chemical labeling and mass
spectrometry, is a strategy for probing the topography of
proteins. Acetylation by acetic anhydride (Ac2O) is a classical
method of labeling the primary amine group of Lys residues,
which allows protein surface structure to be probed.24−26 As
side reactions, Ac2O can also acetylate the hydroxyl groups of
Ser, Thr, and Tyr residues, the imidazole ring of His residues,
and the thiol group of Cys residues.26,27 The acetylated
residues can be identified by mass spectrometry and represent
chemically accessible sites on protein surfaces. This approach
could be applied to investigate whether model structures
predicted by the computational methods above are reliable28

and whether cavities or tunnels in the model structures are
accessible to small molecules such as ligands. Using protein
footprinting together with a prediction model by AlphaFold
2.0 (AF2), this study probes a putative catalytic site in P.
falciparum MQO and, following further biochemical analyses
based on site-directed mutagenesis, we are able to propose the
mechanism of catalytic activity for MQO.

■ RESULTS
Effect of Acetic Anhydride on MQO Activity. Protein

footprinting by acetylation of Lys residues with acetic
anhydride (Ac2O), accompanied by side reactions with Ser,
Thr, Tyr, His, and Cys, is the classical and most widely
adopted approach used to probe protein surface structure. To
probe the surface topology of MQO, we performed acetylation
of PfMQO fused with a Flag-tag peptide (PfMQO-Flag), using
mitochondria extracted from a yeast strain that expresses the
enzyme in place of yeast mitochondrial MDH1 (ΔMdh1/
PfMqo-Flag), which was constructed previously.15 First, to
determine the appropriate concentrations of Ac2O for
acetylation, we checked for a concentration-dependent effect
of Ac2O on MQO activity. We expected the activity to
decrease with increasing concentration of Ac2O, but
interestingly treatment with lower concentrations of Ac2O
(10−200 μM) instead enhanced enzyme activity to 1.5-fold of
control at 50 and 100 μM, while higher concentrations (200−
1000 μM) did indeed suppress activity to 0.4-fold that of
control at 1000 μM (Figure 1). We will discuss these results
below. However, for the following protein footprinting
experiments, we conducted acetylation with 50 and 1000 μM
Ac2O.
Mapping of Acetylated Residues onto an AF2-

Predicted Model of PfMQO. To identify the acetylated
residues, and consequently some of the chemically accessible
sites of PfMQO, LC-MS/MS analysis was performed. PfMQO-
Flag, acetylated by either 50 or 1000 μM Ac2O, was purified
and then digested with trypsin to generate peptides for LC-
MS/MS. As a control, nonacetylated PfMQO-Flag was used.
Figure 2 shows the residues of PfMQO-Flag identified as
acetylated sites with 0, 50, and 1000 μM Ac2O (probability of
acetylation sites is ≥99%). The number of acetylated sites
increased with increasing concentration of Ac2O, indicating

that our experiment was performed satisfactorily. The
observation of acetylated sites in the control may be a result
of acetylation by acetyl-CoA in cells.30 In passing, we should
note that residues that have not been identified as acetylation
sites in our experiments are not necessarily chemically
inaccessible.
We next mapped the acetylated residues onto a model

structure predicted by AF2 (Figure 3A). The AF2-prediction
model was generated from the sequence of PfMQO, in which
for simplification its putative mitochondrial targeting peptide
(M1-I66), which was predicted by MitoFates32 and is not
present in similar sequences of bacterial MQO, was excluded
(Figure S1). With the exception of two residues (K167, S240),
the acetylated sites identified by protein footprinting were
located on the surface of the model structure, suggesting that
the prediction is reasonably accurate. In addition, the model
formed a large tunnel, which is likely to accommodate FAD
(Figure 3B,C). Importantly, the acetylation analysis suggests
that chemicals are able to access to the tunnel to a certain
depth since some internal residues, i.e., S113, H343, and at
least one of S119, T121, or H123, were assigned as acetylatable
sites after treatment with 50 and/or 1000 μM Ac2O (Figures 2
and 3C). It should be noted that there is no Lys residue, a
main target of acetylation, within the tunnel, but acetylation
did take place as evidenced by the side reactions. Both
acetylatable His residues (H123, H343; putative and
determined, respectively) are located in a shallow area near
the tunnel entrance. They are sterically adjacent to E128 and
D345 in the model, respectively, raising the possibility that
either H123 or H343 (or both) might participate in a His-Glu/
Asp pair, which is typically required for a proton relay system
in the catalytic sites of 2-hydroxyacid dehydrogenases,
including MDH (Figure 3C). His-Asp (or -Glu) interactions
in such catalytic sites serve to keep the imidazole ring of His in
the desired orientation, allowing the free imidazole-N to act as
both proton acceptor and donor.33 In addition, there are two
Tyr residues (Y236, Y330) in the vicinity (Figure 3C). In
oxidoreductases, it is commonly found that His plays a role in
proton transfer and Tyr is also capable of this role.34 Thus, we

Figure 1. Concentration-dependent effect of Ac2O on PfMQO
activity in yeast mitochondria. A mitochondrial fraction was isolated
from cells of the yeast strain ΔMdh1/PfMqo-Flag grown in CMLE
medium. Acetylation by Ac2O was performed on this fraction. MQO
activity was measured in the presence of 60 μM decylubiquinone
(dUQ) and 10 mM malate as substrates, and dUQ-dependent
reduction of DCIP was monitored. As a control, a mitochondrial
fraction untreated with Ac2O was used. Measurements were repeated
at least three times and the error bars indicate standard deviation of
the mean. Data were analyzed by Dunnett’s test (*p < 0.05) between
the control and each sample. EZR software was used.29
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decided to perform mutagenesis studies to characterize these
His and Tyr residues further.
Contribution of H123, H343, Y236, and Y330 to

Catalytic Function. To verify the importance of the H123,
H343, Y236, and Y330 residues for the catalytic function of
PfMQO, we constructed the following strains by site-directed
mutagenesis: ΔMdh1/PfMqo-H123A-Flag, ΔMdh1/PfMqo-
H343A-Flag, ΔMdh1/Pf Mqo-Y236F-Flag, and ΔMdh1/
PfMqo-Y330F-Flag. The plasmids encoding each PfMQO-
Flag mutant were prepared by overlap extension PCR35 and
introduced into the ΔMdh1 yeast strain (see Materials and
Methods). As we reported previously, the ΔMdh1 strain,
lacking mitochondrial malate dehydrogenase, shows a growth
defect on acetate (nonfermentable carbon source), but can
grow on glucose (fermentable carbon source), and the growth
defect on acetate is complemented by expressing PfMQO-

Flag.15 Therefore, the functionality of the mutated enzymes
was first evaluated by a simple growth test (Figure 4). With the
exception of the Y236F mutant, the strains were unable to
grow on acetate plates, similarly to the ΔMdh1 strain, while all
strains grew well on glucose plates. The results suggest that
H123, H343, and Y330, but not Y236, are functionally
essential, which is consistent with the fact that these three
residues are conserved in both bacterial and apicomplexan
MQOs, while Y236 is replaced by Phe in some organisms
(Figure S1).
To gain some insight into the severity of the effect of the

mutations, we compared the enzyme activity of WT PfMQO
with that of the mutants using mitochondria from the various
yeast strains. Consistent with the growth tests, the single
substitutions at H123, H343, and Y330 caused a drastic loss of
enzyme activity (Figure 5), suggesting that these residues are

Figure 2. Acetylation residues as chemically accessible sites in PfMQO. A mitochondrial fraction was isolated from yeast cells of ΔMdh1/PfMqo-
Flag grown in CMLE medium. Acetylation by 50 or 1000 μM Ac2O was performed using this fraction. As a control, a nonacetylated mitochondrial
fraction was prepared. PfMQO-Flag was purified by anti-Flag immunoprecipitation and digested with trypsin. The tryptic peptides were analyzed
by LC-MS/MS. Probability of acetylation at each site was determined by ptmRS.31 Plus signs (+) indicate identified acetylation sites (threshold of
probability of acetylation: 99%). X signs indicate acetylation at nonsurface residues in a PfMQO model predicted by AlphaFold2. The probability of
acetylation especially at residues inside the tunnel observed in the model was individually checked. The probability at S119, T121, and H123 in a
single-acetylated peptide was 32.83−33.23%, which means that one of the three residues is likely to be the true acetylation site (shown in yellow),
and that at H343 was 98.62% (shown in green). Gray and blue represent the putative mitochondrial targeting peptide and the Flag-tag, respectively.
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important for catalysis. The result is similar to that of ΔMdh1
under the experimental conditions used.15

While some mutations might also somewhat affect protein
stability, the consistency with the growth test results rules out
the possibility that the loss of activity would be entirely due to
protein denaturation during the isolation of mitochondria and
enzyme activity assay. In addition, under conditions with 10-
fold higher concentrations of the substrates (600 μM
decylubiquinone, 100 mM malate), we found essentially no
significant difference in MQO activity of the mutants
compared with the results of Figure 5, i.e., their activity was
similar to that of the ΔMdh1 strain alone. This suggests that
the loss of activity in the mutants was due to a loss of
functional ability rather than decreased affinity for the
substrates (Figure S2). We should note that, under the assay
conditions used in Figure S2, the ΔMdh1 and mutant strains
had moderate substrate-dependent DCIP-reducing activities,
possibly due to malate oxidation by mitochondrial succinate
dehydrogenase.15,36,37 However, this nonspecific activity is
nondetectable under conditions with 60 μM decylubiquinone
and 10 mM malate.15 Finally, to rule out the possibility that
our observations might reflect changes in protein expression
levels, we analyzed mitochondria extracted from each strain by
Western blotting using an anti-Flag antibody. WT and mutant
extracts showed a clear band around 60 kDa corresponding to
PfMQO-Flag; the signals were of similar strength, although
that from the H123A mutant was slightly weaker, confirming
that the loss of activity in the H343A and Y330F strains, at
least, is due to a functional defect (Figure 6). Densitometry of
the bands, performed using ImageJ software,38,39 showed that
the intensity of the band representing the H123A mutant was
about 2.7-fold less than that in WT, which was reproduced in
repeated experiments. While this is a marked difference, it is
unlikely to explain the drastic loss of enzyme activity observed,
which means that the H123 residue is also essential for
catalytic function, although this mutation might also affect the
expression level of the variant protein in mitochondria. In
summary, mutagenesis study showed that H123, H343, and
the adjacent Y330 are essential for the function of PfMQO.
Thus, again, the protein footprinting results combined with the
AF2 prediction model strongly suggest that the chemically

Figure 3. PfMQO model structure predicted by AlphaFold2. Using
AlphaFold2, a model structure of PfMQO was generated from the
protein sequence, excluding a putative mitochondrial targeting
peptide (M1-I66). (A) The acetylation sites identified experimentally
are mapped onto the model and are shown in red with their side
chains shown as sticks. (B) A tunnel formed in the model is
represented with the tunnel entrance shown as dotted circles here and
in C. Acetylatable K135 is located outside the tunnel entrance. (C)
Identified or possible acetylation sites (S113, S119, T121, H123,
H343) in the tunnel are shown, and the tunnel volume is compared
with the molecular size of FAD. H123 and E128, or H343 and D345
seem to form a His-Glu or His-Asp pair, respectively, by analogy with
MDH.33 The Tyr residues (Y236 and Y330) subjected to mutagenesis
(see below) are also represented. The membrane-binding site(s) of
PfMQO remain unidentified, although the acetylated sites that are
chemically accessible are unlikely to interact closely with the
membrane.

Figure 4. Growth phenotypes of yeast strains on fermentable and
nonfermentable plates. ΔMdh1 and ΔMdh1 expressing WT or mutant
forms of PfMQO-Flag, grown in SD medium, were serially diluted
and spotted onto agar plates. The plates were incubated at 30 °C for 3
days. YPD contains 2% glucose (fermentable carbon source). YPA
contains 2% acetate (nonfermentable carbon source).

Figure 5. Measurements of PfMQO activity in yeast mitochondria. A
mitochondrial fraction was isolated from yeast strains (ΔMdh1
expressing PfMQO-Flag WT or mutants) grown in CMLE medium.
The MQO activity was measured in the presence of 60 μM
decylubiquinone (dUQ) and 10 mM malate as substrates, and dUQ-
dependent reduction of DCIP was monitored. Measurements were
repeated at least three times and the error bars indicate standard
deviation of the mean. Data were analyzed by Dunnett’s test (*p <
0.05) between WT and each mutant. EZR software was used.29
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accessible shallow area of PfMQO near the tunnel entrance is a
catalytic site.
Characterization of Inhibitor- and Substrate-Binding

Site. Substitution of Lys by Gln or Asn can mimic N-
acetylated Lys,40 potentially leading to activity enhancement,
we explored the effect of such a substitution for a number of
Lys residues in PfMQO, since this might improve our
understanding of the catalytic mechanism. Although we
found no enhancement of enzyme activity by substitution of
these residues (data not shown), the substitution of K135Q
provided an important insight into the location of the malate-
binding site. The mutation at acetylatable K135, located
outside the tunnel entrance (Figure 3A,3B), significantly
enhanced sensitivity to ferulenol (Figure 7B). Ferulenol is a

potent inhibitor of MQO and is competitive with malate rather
than quinone, in spite of its quinone-like structure.12 We
confirmed that the activity of the mutated enzyme (K135Q)
was moderately similar to that of WT (Figure 7A), which was
consistent with a growth test (Figure S3).
In addition, the PfMQO expression level in the mitochon-

dria of this strain was similar to that of WT (Figure 8). This

indicates that the chemically accessible K135 residue is
adjacent to the malate-binding site overlapping with the
inhibitor-binding site. This observation is in accordance with
the location of the catalytic site of PfMQO as determined by
the protein footprinting and mutagenesis results above,
combined with the AF2 prediction model.

■ DISCUSSION
In this study, we characterized the surface protein topology of
PfMQO by acetylation with Ac2O using a PfMQO-Flag-
expressing yeast strain, and obtained results consistent with an
AF2 model of PfMQO. In addition, we found that the model
predicts the presence of a large tunnel in PfMQO, likely to
accommodate the cofactor FAD, which is chemically accessible
to a certain depth. The putatively acetylatable H123 and
acetylatable H343 residues are adjacent to E128 or D345,
respectively, in a shallow area near the tunnel entrance, likely
each corresponding to a His-Glu/Asp pair. Such amino acid
pairs form part of a proton relay system that is typical of the
catalytic sites of 2-hydroxyacid dehydrogenases (e.g., MDH).33

Mutagenesis studies, together with growth tests, enzyme
activity measurements, and Western-blot analysis, demonstra-
ted that H123, H343, and the adjacent Y330 are essential for
the function of PfMQO. Moreover, a substitution of K135,
which is located outside the tunnel entrance, resulted in a
significant change in sensitivity to ferulenol, a competitive
inhibitor that interferes with malate binding. Altogether, these
observations indicate that FAD is accommodated in the tunnel
and, in particular, its flavin site, which needs to be accessible to
the substrates, is located in the shallow area near the tunnel
entrance.
To explore whether the tunnel of the prediction model can

accommodate FAD, the model was overlaid on a crystal
structure of FAD-dependent glycerophosphate oxidase from
Mycoplasma pneumoniae(MpGlpO; PDB 4X9M). MpGlpO is
quite similar to PfMQO (NCBI Standard Protein BLAST
showed 56% coverage, 23% identity). As shown in Figure 9A,
the two enzymes superimpose well (RMSD 5.3 Å), and the
tunnel in PfMQO seems to bind FAD in a manner like that
observed in MpGlpO.41 This is supported by the number of
residues surrounding FAD that are well conserved and
similarly placed in MpGlpO and MQO (Figures 9B and S1
and S4). In addition, more recently, a crystal structure of
another FAD-dependent enzyme, mitochondrial L-2-hydrox-
yglutarate dehydrogenase from Drosophila melanogaster
(DmL2HGDH; PDB 8W78), was reported.42 DmL2HGDH
is much more similar to PfMQO (NCBI Standard Protein
BLAST showed 74% coverage, 22% identity) and super-
imposes very closely on it (RMSD 2.3 Å; Figure 9A). This

Figure 6. Western-blot analysis of the expression of PfMQO in yeast
mitochondria. A mitochondrial fraction was isolated from yeast strains
(ΔMdh1 and ΔMdh1 expressing PfMQO-Flag WT or mutants)
grown in CMLE medium. The fractions (10 μg protein) were
subjected to 10% Laemmli SDS-PAGE and Western blotting. For
detection, an antibody against the Flag-tag at the C-terminus of
PfMQO was used. CBB: Coomassie brilliant blue.

Figure 7. PfMQO activity and inhibitor sensitivity of K135Q mutant.
A mitochondrial fraction was isolated from yeast strains (ΔMdh1
expressing PfMQO-Flag WT or K135Q) grown in CMLE medium.
(A) The MQO activity was measured in the presence of 60 μM
decylubiquinone (dUQ) and 10 mM malate as substrates, and dUQ-
dependent reduction of DCIP was monitored. (B) Residual activity in
the presence of an MQO inhibitor, ferulenol. Measurements were
repeated at least three times and the error bars indicate standard
deviation of the mean. Data were analyzed by an unpaired t test (*p <
0.05) between WT and K135Q.

Figure 8. Western-blot analysis of the expression of PfMQO-K135Q
in yeast mitochondria. A mitochondrial fraction was isolated from
yeast strains (ΔMdh1 and ΔMdh1 expressing PfMQO-Flag WT or
K135Q) grown in CMLE medium. The fractions (10 μg protein)
were subjected to 10% Laemmli SDS-PAGE and Western blotting.
For detection, an antibody against the Flag-tag at the C-terminus of
PfMQO was used. CBB: Coomassie brilliant blue.
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superimposition also indicated that PfMQO accommodates
FAD in a manner similar to that described for DmL2HGDH
by Yang et al. (Figures 9B and S4).42 While several residues of
DmL2HGDH, which interact with FAD via hydrogen bonds,

are not conserved in MQO (or MpGlpO), these points of
interaction are formed by the main chains (and side chains) of
the residues rather than solely by their side chains (Figures 9B
and S1).42

Figure 9. Superimposition of PfMQO, FAD-dependent Mycoplasma glycerophosphate oxidase and Drosophila L-2-hydroxyglutarate dehydrogenase.
(A) The model structure of PfMQO (gray) and FAD-bound crystal structures of FAD-dependent glycerophosphate oxidase from Mycoplasma
pneumoniae (MpGlpO; PDB 4X9M; cyan) and L-2-hydroxyglutarate dehydrogenase from Drosophila melanogaster (DmL2HGDH; PDB 8W78;
light green) were overlaid using PyMOL software (PyMOL molecular graphics system, version 2.6.0a0 Schrödinger, LLC; RMSD 5.3 and 2.3 Å,
respectively). NCBI Standard Protein BLAST showed that the coverage and identity of MpGlpO and DmL2HGDH in amino acid sequences,
compared with PfMQO, are 56% and 23%, and 74% and 22%, respectively. (B) The tunnel of the model and the FAD molecules bound to
MpGlpO or DmL2HGDH are represented. The residues (PfMQO/MpGlpO/DmL2HGDH) surrounding FAD, particularly those forming
hydrogen bonds with FAD in DmL2HGDH, are represented, with “s” and “m” indicating the formation of hydrogen bonds between FAD and
residue side chains or main chains, respectively.42 Also, some key residues that interact with the substrate in DmL2HGDH are shown
(DmL2HGDH-S88, H92, -Y289, -H302, and -R393).42 The entrance to the tunnel in the model is shown as a dotted circle. (C) Glycerophosphate
(substrate) and 2-oxoglutarate (product) bound to MpGlpO and DmL2HGDH, respectively. The residues (PfMQO/MpGlpO, PfMQO/
DmL2HGDH) around the ligand-binding sites are represented. While some residues that use the main chains (and side chains) for FAD-binding
are not well conserved, almost all the key residues are located similarly in the three proteins, except for MpGlpO-H256. PfMQO-H343 does not
overlay with MpGlpO-H256, but with DmL2HGDH-H302, and the position of MpGlpO-H256 makes it unlikely that it participates in catalysis.41

The membrane-binding site(s) of PfMQO remain unidentified.
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Moreover, the functionally essential H123, H343, and Y330
residues are placed around the flavin site to which the
substrates need access (Figure 9B). This is consistent with
their chemical accessibility as determined by protein foot-
printing and does not conflict with the location of the malate-
binding site indicated by the analysis of the K135 substitution
mutation. Thus, we conclude that FAD is accommodated in
the tunnel, and its flavin site is located in the shallow area near
the tunnel entrance. Interestingly, residues that interact with
substrates in MpGlpO or DmL2HGDH are partially or well
conserved in MQO, respectively (Figures 9B,C and S1).41,42

Particularly in DmL2HGDH, the corresponding residues of
H123, H343, and Y330 are functionally essential,42 which is
consistent with our results.
H123 corresponds to MpGlpO-H51 and DmL2HGDH-

H92, which have been proposed to deprotonate the C2-
hydroxyl of their substrate (glycerophosphate or 2-hydrox-
yglutarate, respectively) and form a corresponding ketone after
hydride transfer from C2 to flavin-N5.41,42 Similar to MpGlpO-
H51 and DmL2HGDH-H92, a His residue in MDH that forms
part of a His-Asp pair accepts the C2-hydroxyl proton of
malate to produce oxaloacetate after hydride extraction from
C2.33,43 Furthermore, H343 and Y330 correspond to
DmL2HGDH-H302 and -Y289, respectively, in which the
imidazole ring and phenol hydroxyl group have been shown to
interact with the C1-carboxyl of 2-hydroxyglutarate via
hydrogen bonds.42 It is interesting to note that the
corresponding residues of MpGlpO (MpGlpO-H256 and
-F250, respectively) seem not to participate in this role
(Figure 9B,C), possibly reflecting the lack of a carboxyl at C1
in its substrate (glycerophosphate; hydroxyl at C1). The
different placement of MpGlpO-H256 and PfMQO-H343 may
be because MpGlpO lacks residues corresponding to PfMQO-
Q333-F339 (Figure S1). On the other hand, the phosphate
group of glycerophosphate interacts with MpGlpO-R320.41 In
DmL2HGDH, R393 interacts with the other carboxyl of its
substrate; this residue is important but not essential for
activity.42 Similarly, the side chain of the corresponding residue
in PfMQO (R446) probably interacts with the C4-carboxyl of
malate, although its orientation needs to be refined in the
model (Figure 9B,C). In summary, we propose that the
oxidation of malate by PfMQO is conducted through proton/
hydride transfer mediated by H123 in the shallow area near the
tunnel entrance. During catalysis, both H343 and Y330 are
required for correct binding of malate rather than as proton/
hydride mediators. Our proposed mechanism of catalytic
activity in MQO is summarized in Figure 10.
As proposed in Figure 10, the His-Glu pair of PfMQO

(H123-E128), which is widely conserved among other
examples of MQO (Figure S1), acts as a proton acceptor for
the C2-hydroxyl of malate, allowing the formation of
oxaloacetate after hydride extraction from C2 to N5 of flavin,
as occurs in various structurally or functionally homologous
enzymes. It is interesting to note that a His-mediated reaction
mechanism has been proposed in Staphylococcus MQO,
classified into a different subgroup from PfMQO,44 after
comparison with a crystal structure of the homologous enzyme,
Streptococcus GlpO45 which shows no similarity to PfMQO at
least in amino acid sequence (NCBI Standard Protein
BLAST). On the other hand, H343 and Y330 are required
for correct binding of malate, which is consistent with the fact
that the closely placed His residues (H123 and H343) are both
required for activity, which means that these His residues have

distinct roles that cannot compensate for each other.
Furthermore, the substitution of Y330F shows that the phenol
hydroxyl group of this tyrosine is essential for enzyme function.
Although the residue was detected in both nonacetylated and
acetylated forms in the absence of Ac2O (Figure 2), and thus a
proportion of the residue could be acetylated by acetyl-CoA in
cells, nonacetylated Y330, rather than the acetylated from, is
likely to represent the functional form according to the crystal
structure of DmL2HGDH bound to 2-oxoglutarate.42

Our present study provides important and fundamental
insights into both the mechanism of catalytic activity of MQO
and the nature of the inhibitor-binding site, which should be
invaluable for the design of novel drugs that target MQO. On
the other hand, we should note that the catalysis of PfMQO
follows a sequential, ordered bibi mechanism12 and thus the
active site must accommodate both malate and quinone
concurrently; however, the AF2-predicted structure seems not
to allow enough space for this (Figure 9B), which means that
the model may not reflect a conformation where both
substrates are bound. Also, to date, we have no definite insight
into the mode of quinone reduction in PfMQO. In general,
there are a variety of potent inhibitors, all of which bind to the
quinone reaction site in a variety of oxidoreductases that use
quinones as substrates.46−48 This implies that the quinone-
binding site is a possible druggable site in MQO. Using several
approaches including drug screening, compounds have been
identified that might inhibit MQO.12,14,49,50 However, to the
best of our knowledge, no inhibitor has been yet reported that
interacts with the quinone-binding site. To explore novel
inhibitors targeting MQO, it will be necessary to fully
understand the mechanism of action of MQO, for example,
by solving the structure of enzyme−substrate complexes.

Figure 10. Schematic drawing showing the proposed mechanism of
catalytic activity in MQO. The numbering of the residues corresponds
to PfMQO. Some residues in DmL2HGDH, corresponding to those
of PfMQO, are also represented in brackets for reference. Similar to
the catalysis of DmL2HGDH, MpGlpO, and MDH,33,41−43 the C2-
hydroxyl of malate is extracted by the His residue of the H123-E128
pair. In addition, the C1- and C4-carboxyls of malate interact with
H343 and Y330, and R446, respectively, like the interactions between
DmL2HGDH and 2-hydroxyglutarate. The interaction of R446 has
been similarly characterized in the corresponding residue of MpGlpO,
i.e., R320. Oxaloacetate is produced by forming a ketone after hydride
transfer from C2 to flavin-N5. The resulting negative charge at flavin-
N1 and -O2′ in the reduced FAD is stabilized by A480 and T481,
respectively, as described for MpGlpO-L351 and -T352.
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Molecular docking followed by molecular dynamics simu-
lations would also provide important hints about the quinone
site and would allow the binding of ferulenol to be
characterized in more detail. This will be included in our
future work on the design of potent inhibitors specific to
MQO. The activity enhancement observed in acetylated MQO
also provides important clues as to catalytic mechanism. We
note that the activity enhancement was only 1.5-fold, but this is
likely the net result of both enhancement and suppression,
which means that the activity could be enhanced more strongly
in vivo if MQO could be acetylated site-selectively. It is known
that some TCA cycle enzymes can be either activated or
deactivated by acetylation, where the source of the acetyl
groups is thought to be acetyl-CoA. The functional
homologues of MQO, malate dehydrogenases (MDH),
including a cytoplasmic isoform, are examples where
acetylation results in activation.30,51−53 Indeed, our results
indicate that the activity of MQO may depend on the
concentration of acetyl-CoA in vivo. Therefore, we are
planning to identify residues that contribute to this effect,
which could provide further important insights into the
catalytic mechanism and regulation of function of MQO.

■ CONCLUSIONS
Our results, based on protein footprinting and mutagenesis
study combined with structural modeling using AlphaFold,
reveal the catalytic site of PfMQO. Our findings are strongly
supported by structural comparison with the homologous
enzymes, MpGlpO and DmL2HGDH. Moreover, using our
results, we propose a catalytic mechanism of PfMQO by
reference to the catalysis of such structurally or functionally
homologous enzymes. These insights into the mechanism of
catalytic activity of MQO should be invaluable for the design
of novel drugs that target MQO.

■ MATERIALS AND METHODS
Strains and Growth Conditions. Strains of Saccharomyces

cerevisiae were grown as described previously.15 Briefly, cells
were grown at 30 °C on synthetic minimal medium (0.67%
yeast nitrogen base without amino acids; BD Difco)
supplemented with 2% glucose, essential amino acids, and
other nutrients to meet auxotrophic requirements (SD). The
strains were also grown on YP medium (1% yeast extract,
Nacalai Tesque; 2% hipolypepton N, Fujifilm Wako Pure
Chemical Corporation) with 2% glucose (YPD) or 2%
potassium acetate (YPA), or in complete medium (1% yeast
extract, 0.1% potassium phosphate, 0.12% ammonium sulfate,
pH 5.5) with 2% sodium lactate with pH 5.5 and 2% ethanol
(CMLE). Solid media contained 2% agar. When needed, 0.2
mg/mL geneticin (G418 sulfate) was added. E. coli strains
were grown at 37 °C in LB medium. When needed, 80 μg/mL
ampicillin was added.
Site-Directed Mutagenesis, Construction of Plasmids,

and Yeast Transformation. A series of plasmids harboring
the PfMqo-Flag gene, encoding C-terminally Flag-tagged
PfMQO (Uniprot C6KT09), with nucleotide substitutions
was constructed by site-directed mutagenesis based on overlap
extension PCR.35Pf Mqo-Flag previously cloned into a
centromere vector, containing a promoter of the yeast
mitochondrial ADP/ATP carrier 2 gene, was used as template
(pRS314-YA2P/PfMqo-Flag).15,54 Left-half and right-half frag-
ment pairs were amplified and assembled into full-length genes

using the primers listed in Table S1. The PCR product was
then digested with NdeI and BamHI and inserted into the
pRS314-YA2P vector to construct plasmids expressing
PfMQO-Flag with each of the following single mutations:
H123A, K135Q, Y236F, Y330F, or H343A. Then, a ΔMdh1
yeast strain, lacking mitochondrial malate dehydrogenase, was
transformed by the lithium acetate method55 with the
constructed plasmids. For the selection of transformants, SD
agar plates lacking tryptophan, in the presence of 0.2 mg/mL
G418 sulfate, were used.
Extraction of Yeast Mitochondria. A mitochondrial

fraction was isolated from yeast cells grown in CMLE as
described previously.15 Cells were harvested by centrifugation
(3000 × g, 4 min), washed with water, and resuspended in 0.1
M Tris-H2SO4 pH 8, 10 mM dithiothreitol (2 mL per g wet
cell weight). After incubating the suspension for 15 min at 30
°C with shaking at 70 rpm, cell pellets were collected by
centrifugation (3000 × g, 4 min) and washed with buffer 1: 20
mM KPi pH 7.4, 1.2 M D-sorbitol. Then, cell pellets were
resuspended in buffer 1 (6.7 mL per g wet cell weight)
containing zymolyase-T20 (10 mg per g wet cell weight;
Nacalai Tesque). After incubating the suspension for 45 min at
30 °C with shaking at 70 rpm, the resulting spheroplasts were
collected by centrifugation (2200 × g, 7 min, 4 °C), washed
with buffer 1, and resuspended in buffer 2: 10 mM Tris-HCl
pH 7.4, 0.6 M D-mannitol, 2 mM EDTA, 1 mg/mL fatty acid-
free BSA (6.7 mL per g wet cell weight). The suspended
spheroplasts were then lysed using a Dounce homogenizer (ten
strokes of a tight-fitting pestle), after which homogenates were
centrifuged (2000 × g, 10 min, 4 °C) to remove unbroken cells
and debris. After an additional centrifugation (7800 × g, 10
min, 4 °C) of the supernatant, a mitochondrial fraction (pellet)
was obtained. The mitochondrial fraction was resuspended in
buffer 2 (50 μL per g wet cell weight) and stored at −80 °C
until use.
Acetylation of Mitochondrial Fraction. A mitochondrial

fraction was isolated from the ΔMdh1/PfMqo-Flag strain
grown in CMLE and was resuspended (0.2 mg/mL) in ice-
cold reaction buffer (500 μL) containing 50 mM HEPES-KOH
pH 7, 0.65 M D-sorbitol and placed on ice for 2 min.
Acetylation was initiated by adding an appropriate concen-
tration of Ac2O solved in acetonitrile (1 μL). For a control
experiment, acetonitrile (1 μL) alone was added. After
incubating for 20 min on ice, 10 mM imidazole was added
to the mixture. Then, the acetylated mitochondrial fraction
(pellet) was collected by centrifugation (16 100 × g, 10 min, 4
°C). For LC-MS/MS analysis, the acetylated mitochondrial
pellets were stored at −80 °C until use. For activity
measurements, the pellets were resuspended in ice-cold assay
buffer (30 μL) containing 50 mM HEPES-KOH pH 7 and
kept on ice until use.
Malate-Quinone Oxidoreductase Activity. Malate-

dependent ubiquinone reduction in the mitochondrial
fractions was measured spectrophotometrically at 37 °C in a
quartz cuvette as described previously,15 with some mod-
ifications when necessary. DCIP, which is reduced by the
ubiquinol produced, was used as an indicator. The DCIP
reduction was monitored by plotting the absorbance change at
600 nm (ε = 21 mM−1 cm−1). Mitochondrial fractions (0.05
mg/mL) and 120 μM DCIP (Sigma-Aldrich) were added to
the assay buffer (1.8 mL) with 2 μM antimycin A. After
incubating for 1 min, 60 μM decylubiquinone (dUQ; Enzo
Life Sciences) was added. Following an additional incubation
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for 1 min, the reaction was initiated by adding 10 mM L-
malate. For the evaluation of inhibitor sensitivity, an
appropriate concentration of ferulenol (Adipogen Life
Sciences) was added to the assay buffer. Where indicated,
600 μM dUQ and 100 mM L-malate were added. For a given
condition, activity values were calculated by subtracting a
DCIP-independent nonspecific absorbance change, which was
observed when 600 μM dUQ and 100 mM malate were used.
For activity measurements in the acetylated mitochondria, the
mitochondrial suspension (30 μL) was diluted to 0.1 mg/mL
with assay buffer (970 μL) at 37 °C. The suspension (900 μL)
was then added to the assay buffer (900 μL) in a quartz
cuvette. After adding 2 μM antimycin A, the above procedure
was continued. Mitochondria used in the present study were
not fully intact, as they had been frozen once. Thus,
membrane-impermeable malate is accessible to the catalytic
site located in the mitochondrial matrix, while some may
access the site via outer mitochondrial membrane-bound
voltage-dependent anion channels and the inner mitochondrial
membrane-bound dicarboxylate carrier.15 dUQ and DCIP are
membrane-permeable. Activity measurements were repeated at
least three times.
Purification of PfMQO-Flag and LC-MS/MS Analysis.

The acetylated mitochondrial pellets were lysed in RIPA buffer
(500 μL) containing 20 mM HEPES-NaOH pH 7.5, 1 mM
EGTA, 1 mM MgCl2, 150 mM NaCl, 0.25% sodium
deoxycholate, 0.05% SDS, 1% NP-40, complete protease
inhibitor cocktail, and 50 units/mL benzonase. After
centrifugation (20 000 × g, 15 min, 4 °C), the supernatants
were incubated for 2 h at 4 °C with anti-FLAG M2 magnetic
beads (Sigma-Aldrich). The beads were washed three times
with RIPA buffer and then twice with 50 mM ammonium
bicarbonate. Proteins on the beads were digested by adding
200 ng trypsin/Lys-C mix (Promega) for 16 h at 37 °C. The
digests were reduced, alkylated, acidified, and desalted with
GL-Tip SDB tip columns (GL Sciences). The eluates were
evaporated and dissolved in 0.1 trifluoroacetic acid and 3%
acetonitrile (ACN). LC-MS/MS analysis of the resultant
peptides was performed on an EASY-nLC 1200 UHPLC
instrument connected to an Orbitrap Fusion mass spectrom-
eter through a nanoelectrospray ion source (Thermo Fisher
Scientific). The peptides were separated on a 75 μm inner
diameter × 150 mm C18 reversed-phase column (Nikkyo
Technos) with a linear 4−32% ACN gradient for 0−100 min
followed by an increase to 80% ACN for 10 min and a final
hold at 80% ACN for 10 min. The mass spectrometer was
operated in data-dependent acquisition mode with a maximum
duty cycle of 3 s. MS1 spectra were measured with a resolution
of 60 000, an automatic gain control (AGC) target of 4e5, and
a mass range of 350−1500 m/z. HCD MS/MS spectra were
acquired in the Orbitrap with a resolution of 30 000, an AGC
target of 5e4, an isolation window of 1.6 m/z, a maximum
injection time of 54 ms, and a stepped collision energy of 25,
30, and 35. Dynamic exclusion was set to 15 s. Raw data were
directly analyzed against the SwissProt database restricted to S.
cerevisiae supplemented with the PfMQO-Flag sequence using
Proteome Discoverer 2.5 (Thermo Fisher Scientific) with the
Sequest HT search engine. The search parameters were as
follows: (a) trypsin as an enzyme with up to two missed
cleavages; (b) precursor mass tolerance of 10 ppm; (c)
fragment mass tolerance of 0.02 Da; and (d) carbamidome-
thylation of cysteine, oxidation of methionine, and acetylation
of protein N-terminus, cysteine, histidine, lysine, serine,

threonine, and tyrosine as variable modifications. Peptides
were filtered at a false discovery rate of 1% using the Percolator
node.
Prediction of PfMQO Model Structure by AlphaFold.

A model structure of PfMQO was generated by the notebook
“ColabFold v1.5.3: AlphaFold2 using MMseqs2”56,57 with
default settings on 21 December 2023. The input protein
sequence was PfMQO (Uniprot C6KT09) lacking a putative
mitochondrial targeting peptide (M1-I66, Figure S1). To
compare the model with MpGlpO and DmL2HGDH (PDB
4X9M and 8W78, respectively), the structures were overlaid
and aligned using PyMOL software (PyMOL molecular
graphics system, version 2.6.0a0 Schrödinger, LLC).
Growth Tests. Growth tests of yeast strains on YP agar

plates were conducted as described previously.15 The strains
were grown in SD medium, without tryptophan as necessary.
Tenfold serial dilutions of SD cultures with OD600 = 1, 0.1,
0.01, and 0.001 were then spotted on YPD and YPA agar
plates. The plates were incubated for 3 days at 30 °C.
Western Blotting of Flag-Tag. Mitochondrial fractions

were prepared from yeast strains grown in CMLE. 10 μg
protein samples were separated by 10% Laemmli SDS-PAGE
and transferred to a PVDF membrane in the glycine-methanol
transfer system. After probing the PVDF membrane with a
primary anti-Flag antibody from rabbit (0.1 μg/mL; Sigma-
Aldrich), the membrane was incubated with an anti-rabbit IgG
secondary antibody conjugated with alkaline phosphatase
(Promega).
Protein Concentrations. Protein concentrations were

determined by the BCA method using BSA solutions as
standards.
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