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ABSTRACT 
The mitochondrial machineries presiding over ATP synthesis via oxidative 

phosphorylation are promising druggable targets. Fusaramin, a 3-acyl tetramic acid 
isolated from Fusarium concentricum FKI-7550, is an inhibitor of oxidative 
phosphorylation in Saccharomyces cerevisiae mitochondria, although its target has yet to 
be identified. Fusaramin significantly interfered with [3H]ADP uptake by yeast 
mitochondria at the concentration range inhibiting oxidative phosphorylation. A 
photoreactive fusaramin derivative (pFS-5) specifically labeled voltage-dependent anion 
channel 1 (VDAC1), which facilitates trafficking of ADP/ATP across the outer 
mitochondrial membrane. These results strongly suggest that the inhibition of oxidative 
phosphorylation by fusaramin is predominantly attributable to the impairment of VDAC1 
functions. Fusaramin also inhibited FoF1-ATP synthase and ubiquinol-
cytochrome c oxidoreductase (complex III) at concentrations higher than those required 
for the VDAC inhibition. Considering that other tetramic acid derivatives are reported to 
inhibit FoF1-ATP synthase and complex III, natural tetramic acids were found to elicit 
multiple inhibitory actions against mitochondrial machineries. 
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Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; CBB, 
Coomassie Brilliant Blue; IC50, the molar concentration needed to reduce the control 
electron transfer by 50%; MALDI-TOF MS, matrix-assisted laser desorption/ionization 
time of flight mass spectrometry; NADH, nicotinamide adenine dinucleotide; NADPH, 
nicotinamide adenine dinucleotide phosphate; UQ, ubiquinone; SDS-PAGE, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis; TAMRA, 6-carboxy-N,N,N’,N’-
tetramethylrhodamine.  
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INTRODUCTION  
The mitochondrial machineries presiding over ATP production through oxidative 

phosphorylation are promising targets for the development of medicines and 
agrochemicals. A variety of naturally occurring and synthetic chemicals have been 
reported to inhibit mitochondrial respiratory enzymes (NADH-ubiquinone 
oxidoreductase (complex I), succinate-ubiquinone oxidoreductase (complex II), and 
ubiquinol-cytochrome c oxidoreductase (complex III)) and FoF1-ATP synthase (Kita et al. 
2007; Weinberg and Chandel 2014; Bald et al. 2017; Murphy 2018). For example, synthetic 
agrochemicals such as fenpyroximate and pyridaben were developed as useful acaricides 
targeting mite mitochondrial complex I (Clark and Yamaguchi 2002; Murai and Miyoshi 
2016). The anthelmintic compound nafuredin, which was isolated from a culture broth of 
Aspergils niger FT-0554, is an extremely selective inhibitor of complex I in the parasitic 
helminth Ascaris suum (Ōmura et al. 2001). Also, many fungicides that target complexes 
II and III were successfully developed (Umetsu and Shirai 2020). As for inhibitors of FoF1-
ATP synthase, bedaquiline is the first drug to be approved for the treatment of multidrug-
resistant Mycobacterium tuberculosis (Andries et al. 2005). 

In contrast to a wide variety of inhibitors targeting mitochondrial respiratory enzymes 
and FoF1-ATP synthase, specific inhibitors of mitochondrial substrate carriers such as 
ADP/ATP carrier (AAC), phosphate carrier (PiC), and voltage-dependent anion channel 
(VDAC), which are also essential for oxidative phosphorylation, are highly limited. The 
consistent use of specific inhibitors of limited targets tends to result in the selection of 
resistant genotypes and, hence, leads to a rapid decline of the inhibitor’s performance. 
This situation has often been observed in the use of agrochemicals targeting respiratory 
enzymes (Avenot and Michailides 2010; Snoeck et al. 2019). Therefore, both from basic and 
applied scientific points of view, there is an urgent need to discover new inhibitors 
targeting the mitochondrial substrate carriers.  

Tetramic acid (pyrrolidine-2,4-dione) is a common key structural unit in natural 
products. To date, numerous natural products containing this unit have been discovered 
in secondary metabolites from various bioresources such as bacteria, fungi, and marine 
sponges. For reference, we listed some natural tetramic acids in Table S1, which have 
largely different chemical frameworks. The tetramic acid moiety is modified by a variety 
of substructures to form intricate frameworks containing several stereocenters and poly- 
and macrocyclic skeletons. Because of these complexities, they have received marked 
interest from synthetic chemists as the targets of total syntheses (Royles 1995; Mo et al. 
2014; Jiang et al. 2020). The naturally occurring tetramic acids have also attracted a great 
deal of attention for their broad spectrum of biological activities, including antimicrobial, 
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antifungal, cytotoxic, and herbicidal activities (Royles 1995; Mo et al. 2014; Jiang et al. 
2020; see Table S1). Nevertheless, with the exception of tenuazonic acid, which is a 
phytotoxin isolated from the fungal plant pathogen Alternaria alternate that inhibits 
electron transfer from QA to QB in photosystem II (Chen et al. 2007; Chen et al. 2017), no 
study has identified the target proteins responsible for the biological activity of natural 
tetramic acids. 

Through a bioassay-guided screening system using multidrug-sensitive S. cerevisiae 
lacking genes of the ATP-binding cassette transporter family (Sakai et al. 2019), we 
recently isolated novel tetramic acid derivatives traminine A and traminine B (Figure 1) 
from a culture broth of Fusarium concentricum FKI-7550 (Sakai et al. 2021). Traminine 
B contains a unique γ-lactam moiety formed by the intramolecular N-acylation of 
pyrrolidine, and traminine A is its ring-opening product. These new tetramic acids 
inhibited the growth of the yeast on non-fermentable carbon sources such as glycerol, but 
not that on fermentable carbon sources such as glucose. They inhibited overall ATP 
production in isolated yeast mitochondria, which was initiated by adding ADP and 
continuously monitored by detecting ATP released from mitochondria by coupling with 
ATP-dependent formation of NADPH by hexokinase/glucose-6-phosphate 
dehydrogenase sequential reactions (Sakai et al. 2021). Note that we refer hereafter to this 
assay as “overall ADP-uptake/ATP-release reactions”, which enables us to screen for 
potential inhibitors of any of the mitochondrial machineries presiding over ATP 
production via oxidative phosphorylation (i.e, respiratory enzymes, FoF1-ATP synthase, 
and substrate carriers). The above results indicate that traminine A and traminine B inhibit 
ATP production by oxidative phosphorylation in mitochondria. Based on the results of 
biochemical characterization using isolated mitochondria, we concluded that the 
interference with oxidative phosphorylation by traminine A is attributable to the dual 
inhibition of complex III and FoF1-ATPase, whereas that by traminine B is solely due to 
the inhibition of complex III (Sakai et al. 2021). 

Using the same yeast screening system and bioresource, we also discovered fusaramin 
(Figure 1), a tetramic acid derivative composed of β-hydroxyphenylalanine and a 
polyketide, as an inhibitor of oxidative phosphorylation (Sakai et al. 2019). However, 
fusaramin exhibited no inhibition of respiratory enzymes at a concentration range up to 
~3 x IC50, which is the molar concentration required to inhibit overall ADP-uptake/ATP-
release reactions by 50% (Sakai et al. 2019). These results suggest that the potential target 
of fusaramin may be the mitochondrial substrate carriers that are essential for oxidative 
phosphorylation (AAC, PiC, or VDAC); however, we did not investigate its target in the 
previous work (Sakai et al. 2019). 
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In the present study, we investigated the mechanism of action of fusaramin in S. 
cerevisiae mitochondria through varying biochemical assays and photoaffinity labeling 
experiments using a synthetic photoreactive derivative (pFS-5, Figure 1). We found that 
fusaramin binds primarily to VDAC1 and inhibits the overall ADP-uptake/ATP-release 
reactions at a low concentration range, whereas it also elicits the inhibition of FoF1-ATP 
synthase and complex III activities at further increased concentrations. To the best of our 
knowledge, fusaramin is the first tetramic acid to be reported that targets mitochondrial 
VDAC1.  
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MATERIALS AND METHODS 
Materials 

Fusaramin, traminine A, and traminine B were the same samples as those used in the 
previous studies (Sakai et al. 2019; Sakai et al. 2021). Carboxyatractyloside (CATR), Ap5A 
(P1,P5-di(adenosine-5’)pentaphosphate), antimycin A, and oligomycin were purchased 
from Sigma-Aldrich. [3H]ADP was purchased from American Radiolabeled Chemicals. 
Protein standards (Precision Plus Protein Standards and Precision Plus Protein Dual Xtra 
Standards) for SDS-PAGE, and hydroxyapatite chromatography (Bio-Gel HT) were 
obtained from Bio-Rad. The click-iT protein reaction buffer kit and TAMRA-N3 (Figure 
S1) were from ThermoFisher Scientific. Other reagents were of analytical grade. 
 
Synthesis of the photoreactive fusaramin derivative pFS-5 

The synthetic procedure for the photoreactive fusaramin derivative pFS-5 is described 
in the supporting information (Scheme S1). All compounds were characterized by 1H- 
and 13C-NMR spectroscopy and mass spectrometry.  
 
Yeast culture and isolation of mitochondria 

The haploid strains of S. cerevisiae used in the present study were W303-1B (MATα 
ade2-1 leu2-3,112 his3-22,15 trp1-1 ura3-1 can1-100), the Δaac (MATα ade2-1 leu2-
3,112 his3-22,15 trp1-1 ura3-1can1-100 aac1::LEU2 aac2::HIS3) (Hashimoto et al. 1999), 
and Δpor1 (MATα ade2-1 leu2-3,112 his3-22,15 trp1-1 ura3-1 can1-100 por1::HIS3) 
(Yamamoto et al. 2013). Yeast cells were grown in a 2.0 L Sakaguchi-flask containing 400 
mL of semisynthetic lactate medium (2% lactic acid, 0.3% yeast extract, 0.05% glucose, 
0.05% CaCl2, 0.05% NaCl, 0.06% MgCl2, 0.1% KH2PO4, and 0.1% NH4Cl) or YPGal 
medium (1% yeast extract, 2% peptone, and 2% galactose) according to the same 
conditions as reported previously (Unten et al. 1999).   

Yeast mitochondria were isolated by digesting cell walls with Zymolyase 20-T 
(Nacalai-Tesque) followed by careful homogenization and differential centrifugation, as 
described previously (Glick et al. 1995; Unten et al. 1999). The final mitochondrial pellet 
was resuspended in buffer containing 0.60 M mannitol, 10 mM Tris/HCl (pH 7.4), 0.1 
mM EDTA, 0.1% BSA, and protease inhibitor cocktail (for fungal extracts, Sigma-
Aldrich). Typically, a total of 1−2 mg of mitochondria was obtained from 800 mL of 
culture (400 mL x 2 flasks). Protein concentrations were determined using the BCA 
Protein Assay Kit (Thermo Fisher Scientific) with BSA as the standard.  
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Measurement of overall ADP-uptake/ATP-release reactions 
The measurement of ADP-uptake/ATP-release reactions in isolated yeast 

mitochondria was conducted as described previously (Lousa et al. 2002; Unten et al. 1999). 
Freshly isolated mitochondria (50 µg of proteins/mL) were suspended in 2.5 mL of 
reaction buffer (0.60 M mannitol, 0.10 mM EGTA, 2.0 mM MgCl2, 10 mM KPi, 5.0 mM 
α-ketoglutarate, and 10 mM Tris-HCl, pH 7.4) at 30˚C in the presence of an ATP-
detecting system (2.5 mM glucose, hexokinase (1.7 E.U.), glucose-6-phosphate 
dehydrogenase (0.85 E.U.), 0.20 mM NADP+, and 10 µM Ap5A (a specific inhibitor of 
mitochondrial adenylate kinase)). The addition of ADP (100 µM) started the exchange 
reaction with ATP that was synthesized in the mitochondrial matrix. The formation of 
NADPH, which is proportional to ATP efflux, was monitored spectrophotometrically for 
10 min at 340 nm (ɛ = 6.2 mM-1 cm-1) with Shimadzu UV-3000. 
 
Measurement of [3H]ADP uptake by yeast mitochondria 

The [3H]ADP uptake by isolated mitochondria was measured as reported previously 
(Hashimoto et al. 1999, Unten et al. 2019).  In a 1.5 mL Eppendorf tube, freshly isolated 
mitochondria were incubated with a test compound on ice for 5 min in buffer containing 
250 mM sucrose, 10 mM Tris/HCl (pH 7.2), and 0.2 mM EDTA. The reaction was started 
by the addition of [3H]ADP (40 µM, 1.9 GBq/mmol) to the suspension, followed by 
incubation on ice for 3 min. Then, the reaction was quenched by the addition of CATR 
(20 µM), and mitochondria were immediately recovered by centrifugation (15,000 rpm 
for 5 min at 4˚C). The pellets were resuspended in the same buffer, centrifuged again, 
solubilized in 2.0% (w/v) SDS (100 μL), and mixed with liquid scintillation cocktail (2 
mL, Insta-Gel Plus, PerkinElmer). Radioactivity was assessed using the liquid 
scintillation counter AccuFLEX LSC-8000 (Hitachi).  
 
Other enzyme assays 

For the assays of each respiratory complex, yeast mitochondria were permeabilized 
by repeated freeze-thawing in 50 mM KPi buffer (pH 7.4) to improve the accessibility of 
substrates (Kelso et al. 2001). NADH-Q1 oxidoreductase (NDH-2), succinate-cyt. c 
oxidoreductase (complexes II−III), NADH-cyt. c oxidoreductase (NDH-2−complex III), 
and cyt. c oxidase (complex IV) activities were measured spectrophotometrically using 
appropriate electron donor/acceptor pairs (Unten et al. 2019; Sakai et al. 2021). Hydrolysis 
of ATP by FoF1-ATP synthase was monitored spectrophotometrically by the enzyme-
coupled ATP-regenerating system (Unten et al. 2019; Sakai et al. 2021).  
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Photoaffinity labeling of yeast mitochondria 
Yeast mitochondria (1−2 mg of proteins/mL) were resuspended in buffer containing 

0.60 M mannitol, 0.10 mM EGTA, 2.0 mM MgCl2, 10 mM KPi, and 10 mM Tris/HCl 
(pH 7.4), and they were incubated with pFS-5 (1−10 µM) at room temperature for 10 min. 
Samples were irradiated with a long-wavelength UV lamp (Black Ray model B-100A) 
on ice for 10 min, positioned 10 cm from the light source (Murai and Miyoshi 2019). The 
labeled mitochondria were collected by centrifugation (15,000 rpm for 5 min at 4˚C), and 
then subjected to further analysis. 
 
Analysis of the protein labeled by pFS-5 

For the separation of mitochondrial carrier proteins, the yeast mitochondria labeled 
by pFS-5 were solubilized in a buffer containing 10 mM KPi (pH 7.4), 20 mM KCl, 1.0 
mM EDTA, protease inhibitor cocktail, and Triton X-100 (at a detergent/protein ratio of 
2/1 (w/w)) for 1 h on ice. Then, the sample (approx. 20 µL) was applied to a 
hydroxyapatite column (Bio-Gel HT, approx. 200 µL bed volume) equilibrated with the 
same buffer containing 1% (w/v) Triton X-100 (Yamamoto et al. 2013). The flow-through 
fraction was treated with methanol/chloroform, and the precipitate was conjugated with 
fluorescent TAMRA-N3 via Cu+-catalyzed click chemistry (Unten et al. 2019) using the 
Click-iT protein reaction buffer kit (ThermoFisher Scientific). The proteins conjugated 
with TAMRA-N3 were resolved on a 15% Laemmli-type SDS gel (Laemmli 1970). The 
migration pattern of fluorescent proteins was visualized by the model FLA-5100 
Bioimaging analyzer (Fuji Film, Tokyo, Japan) using a 532 nm light source and LPG 
(575 nm) filter.  

For separation of the respiratory complexes and FoF1-ATP synthase, the labeled 
mitochondria were solubilized with Triton X-100 at a detergent /protein ratio of 2/1 (w/w). 
The supernatant was separated by Blue Native (BN)-PAGE (Wittig and Shägger 2005; 
Wittig et al 2006) using a 4 to 16% precast gel system (ThermoFisher Scientific) according 
to the procedures described previously (Murai et al. 2015). The bands on the gel were 
isolated by electroelution using a model 422 Electro-Eluter (Bio-Rad), denatured in 1% 
(w/v) SDS, conjugated with TAMRA-N3 via Cu+-catalyzed click chemistry, and resolved 
on a 15% Laemmli-type SDS gel, followed by CBB stain and fluorescent gel imaging. 

The CBB-stained proteins that correspond to the TAMRA-fluorescence were “in-gel” 
digested with trypsin. The digests were identified by a Bruker Autoflex III Smartbeam 
instrument (MALDI-TOF/TOF) according to the procedures described previously (Unten 
et al 2019).  
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RESULTS 
Effects of fusaramin on the overall ADP-uptake/ATP-release reactions in isolated S. 
cerevisiae mitochondria 

We first re-examined the inhibition of the overall ADP-uptake/ATP-release reactions 
by fusaramin using the present S. cerevisiae mitochondrial preparations (50 µg of 
proteins/mL). Fusaramin almost completely inhibited the reactions at concentrations of 
5.0–10 µM (100–200 nmol/mg of proteins) with an average IC50 value of 1.2 (± 0.25) µM 
(25 nmol/mg of proteins) (Figure 2). We confirmed that CATR (an inhibitor of the 
ADP/ATP carrier) and antimycin A (an inhibitor of complex III) completely inhibit the 
reactions at 208 and 2.08 nmol/mg of proteins, respectively. The inhibitory potency, in 
terms of the IC50 value, of fusaramin was about 1/250 of that of antimycin A (4.8 nM, 0.1 
nmol/mg of proteins, Sakai et al. 2021). Note that as mitochondrial protein concentrations 
varied due to the varying assays conducted hereafter, the molarity of the inhibitor in 
reaction buffer was normalized by the protein concentration (mol inhibitor/mg of 
proteins) to make comparisons easier. 
 
Effects of fusaramin on the respiratory enzymes and FoF1-ATP synthase 

Since the mitochondrial respiratory chain provides the driving force for ADP uptake 
and ATP synthesis by forming a proton electrochemical potential, chemically induced 
impairments of the respiratory chain or FoF1-ATP synthase result in inhibition of the 
overall ADP-uptake/ATP-release reactions. We previously observed no inhibition of 
respiratory enzymes or FoF1-ATP synthase by fusaramin at concentrations up to ~3 x IC50 
(Sakai et al. 2019). Nevertheless, considering the fact that the other tetramic acid 
derivatives traminine A and traminine B (Figure 1) inhibit complex III and FoF1-ATP 
synthase activity, respectively (Sakai et al. 2021), we cannot exclude the possibility that 
fusaramin also elicits the inhibition of one or both of these activities at further increased 
concentrations. Therefore, we need to re-examine the inhibitory effects of fusaramin on 
each respiratory complex (using appropriate substrate pairs) and FoF1-ATP synthase at 
higher concentrations. Here, we used mitochondrial preparations that were permeabilized 
by repeated freeze/thawing to improve the accessibility of respiratory substrates. 

We tested at three concentrations of fusaramin, 208, 417, and 833 nmol/mg of proteins, 
which correspond to 8, 16, and 32-fold of the IC50 value, respectively, determined for the 
overall ADP-uptake/ATP-release reactions. Fusaramin exhibits maximum inhibition of 
the overall ADP-uptake/ATP-release reactions at 208 nmol/mg of proteins, as mentioned 
above (Figure 2). At 208 and 417 nmol/mg of proteins, fusaramin hardly inhibited 
respiratory complex activities (NADH-UQ1 (NDH-2, Figure 3a), NADH-cyt. c (NDH-2 
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and complex III, Figure 3b), and succinate-cyt. c (complexes II and III, Figure 3c) 
oxidoreductase activities, or cyt. c oxidase activity (complex IV, Figure 3d)). However, 
at 833 nmol/mg of proteins, it exhibited slight inhibition of NADH-cyt. c and succinate-
cyt. c oxidoreductase activities (~30 and ~20% inhibition, respectively). Since both 
enzyme assays include electron flux through complex III, the results indicate that 
fusaramin inhibits complex III activity at high concentrations. However, it should be 
noted that the inhibition of complex III by fusaramin is not responsible for its inhibition 
of the overall ADP-uptake/ATP-release reactions because the latter can be achieved at a 
lower concentration range (< ~100 nmol/mg of proteins). 

On the contrary, fusaramin inhibited FoF1-ATP synthase activity (ATP hydrolysis) at 
all concentrations tested: ~20, ~50, and 60% inhibition at 208, 417, and 833 nmol/mg of 
proteins, respectively (Figure 3e), which could partly contribute to the interference with 
the overall ADP-uptake/ATP-release reactions. Taken together, it is likely that inhibition 
of the overall ADP-uptake/ATP-release reactions by fusaramin is predominantly 
attributable to the inhibition of ADP uptake by mitochondrial substrate carriers (either 
AAC or VDAC or both). 
  
Effects of fusaramin on mitochondrial uptake of [3H]ADP 

We examined the effects of fusaramin on [3H]ADP uptake by non-respiring yeast 
mitochondria. Mitochondrial uptake of [3H]ADP in the absence of a respiratory substrate 
is a well-established assay for mitochondrial substrate carriers including AAC and VDAC 
(Hashimoto et al. 1999). To assure reproducibility of the measurement, we used a 2-fold 
higher mitochondrial protein concentration in this assay (100 µg of proteins/mL) 
compared with the overall ADP-uptake/ATP-release assay above (50 µg of proteins/mL). 

Fusaramin significantly inhibited [3H]ADP uptake; the incorporated radioactivity 
decreased to ~40, ~30, and 20% of the control at 100, 200, and 400 nmol/mg of proteins, 
respectively (Figure 4). We confirmed that CATR inhibits [3H]ADP uptake by ~90% at 
100 nmol/mg of proteins. Since fusaramin inhibited [3H]ADP uptake at the same 
concentration range that inhibits the overall ADP-uptake/ATP-release reactions, it is 
reasonable to consider that inhibition of the overall ADP-uptake/ATP-release reactions is 
attributable to the impairment of ADP uptake meditated by mitochondrial substrate 
carriers, either AAC or VDAC (or both). 

 
Synthesis of a photoreactive fusaramin derivative 

To identify the target protein(s) of fusaramin via a photoaffinity labeling technique, we 
attempted to synthesize photoreactive fusaramin derivatives. In designing the 



 12 

photoreactive fusaramin derivatives, we prepared a series of derivatives, in which the side 
chain polyketide is substituted with simpler structures such as n-alkyl and prenyl groups 
(FS-1 and FS-9, respectively, Figure S1) because some structure-activity relationship 
studies on natural products targeting respiratory enzymes revealed that complicated 
hydrophobic side chain skeletons are not necessarily essential for their biological 
activities (Schnermann et al. 2006; Yoshida et al. 2007; Saimoto et al. 2013). As expected, 
fusaramin derivatives possessing n-alkyl groups retain the inhibition of the overall ADP-
uptake/ATP-release reactions in yeast mitochondria, although their inhibition potencies 
were slightly weaker than that of natural fusaramin (data not shown). 

We synthesized several photoreactive fusaramin derivatives and, consequently, chose 
pFS-5, which elicited the most potent inhibition of the overall ADP uptake/ATP release 
reactions, as the test compound (Figure 1). pFS-5 has photolabile phenyldiazirine at the 
terminal end of the side chain. A terminal alkyne group was introduced into the phenyl 
ring to allow conjugation of fluorophores via Cu+-catalyzed click chemistry (Wang et al. 
2003) to visualize the labeled proteins/peptides. We confirmed that pFS-5 inhibits the 
overall ADP-uptake/ATP-release reactions and [3H]ADP uptake by S. cerevisiae 
mitochondria in a concentration range comparable to that of fusaramin (Figures 2 and 4). 
 
Identification of the mitochondrial substrate carrier labeled by pFS-5 

To identify the target carrier of fusaramin, we conducted photoaffinity labeling of S. 
cerevisiae mitochondria using pFS-5. Yeast mitochondria were incubated with 0.5 and 
5.0 nmol of pFS-5/mg of proteins (1 and 10 µM at 2.0 mg of proteins/mL), irradiated with 
a UV lamp. Then, proteins were solubilized with Triton X-100 at a detergent/protein ratio 
of 2/1 (w/w) and subjected to hydroxyapatite chromatography (Yamamoto et al. 2013). The 
isolated proteins through the chromatography were covalently conjugated with a 
fluorescent TAMRA-N3 tag (Figure S1) via Cu+-catalyzed click chemistry to visualize 
the labeled protein(s), followed by the resolution of proteins on a Laemmli-type SDS gel.  

As shown in Figure 5a, two major bands were observed in the CBB-stained SDS gel 
with apparent molecular weights of ~30 kDa. The upper and lower bands were identified 
as AAC2 and VDAC1 by MALDI-TOF MS (Table S2), respectively, both of which are 
major isoforms in S. cerevisiae. Although AAC2 and VDAC1 were purified by 
hydroxyapatite chromatography as an approximately 1:1 mixture (judged by CBB 
staining), the fluorescence intensity in VDAC1 was much greater than that in AAC2 (~5-
fold), indicating that pFS-5 predominantly binds to VDAC1. Identification of the labeled 
protein was also conducted using a S. cerevisiae mutant strain lacking VDAC1 (Dpor1) 
or AAC2 (Daac, the yeast strain in which intrinsic AAC1 and AAC2 genes were 
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disrupted). The fluorescence bands of VDAC1 and AAC2 disappeared in Dpor1 and Daac 
strains, respectively (Figure 5b). An excess of fusaramin (100 and 500 molar-fold) 
suppressed the labeling of VDAC1 by pFS-5, albeit not completely (Figure 5c). The 
suppressive effect of fusaramin on the labeling of AAC2 was indistinct because the 
fluorescence intensity of the AAC2 band was inherently weak under the experimental 
conditions. 

We tried to identify the labeled region in VDAC1 by isolating the labeled peptides, 
which were generated by protease digestion of the labeled VDAC1, and subsequent MS 
analyses. Unfortunately, we were unable to identify the labeled region because a 
sufficient amount of the labeled peptides was not obtained. This may be due to the low 
reaction yields of the photoaffinity labeling as well as intrinsically low binding affinity 
of fusaramin (pFS-5) to VDAC1. Nevertheless, this is the first report, to the best of our 
knowledge, revealing that natural tetramic acid binds to VDAC1. 
 
Analysis of the FoF1-ATP synthase and complex III labeled by pFS-5 
  Since fusaramin inhibited FoF1-ATP synthase at high concentrations, we tried to 
identify the subunit(s) to which fusaramin binds. The yeast mitochondria labeled by pFS-
5 (10 nmol/mg of proteins) were solubilized with Triton X-100 at a detergent/protein ratio 
of 2/1 (w/w) and separated on a Blue Native (BN)-gel to provide a monomeric band of 
FoF1-ATP synthase (Arnold et al. 1998), which was identified by activity stain using 
ATP/Pb(NO3)2 (Figure 6a). The proteins in the band were isolated by electroelution, 
conjugated with a fluorescent TAMRA-N3 tag via Cu+-catalyzed click chemistry, and 
resolved on a 15% Laemmli-type SDS gel, followed by fluorescent gel imaging, CBB 
staining, and MS analysis (Figure 6b). 

We observed several fluorescent bands as candidates of the labeled subunits, which 
disappeared in the presence of excess fusaramin (100-fold) during UV irradiation (Figure 
6b). MALDI-TOF MS analysis of the major CBB-stained bands indicated that the b and 
d subunits (Table S2) were labeled by pFS-5 (indicated by the black arrowheads	in Figure 
6b). Nevertheless, since the concentration of pFS-5 (0.5 nmol/mg of proteins) used in the 
labeling experiment is much lower than that required for inhibition of the FoF1-ATP 
synthase activity (> ~80 nmol/mg of proteins, Figure 3e), it remains unclear whether the 
binding of pFS-5 (or fusaramin) to the subunits is directly responsible for inhibition of 
the enzyme activity. Note that since fluorescence intensities of the protein bands at ~20 
kDa, which are located between the b and d subunits, markedly changed depending on 
the experiments, we did not regard this labeling as specific. 
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Unexpectedly, MALDI-TOF MS analysis revealed that the ~40-kDa protein band 
labeled by pFS-5 (red arrowhead in Figure 6b) is a Cor1 subunit located in the matrix side 
of complex III (Table S2). This means that the monomeric FoF1-ATPase co-migrates with 
complex III on the BN gel (Shägger and Jagow 1991; Arnold et al. 1999). In this case also, 
it is unclear whether the binding of pFS-5 (or fusaramin) to this subunit is directly 
responsible for inhibition of the complex III activity (Figure 3) for the same reason as 
mentioned above.  
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DISCUSSION 
Natural tetramic acid analogues have attracted great attention because of their diverse 

biological activities, whereas few studies reported the target proteins responsible for their 
activities. We previously showed that traminine B (Figure 1a) inhibits oxidative 
phosphorylation in isolated yeast mitochondria by blocking complex III at a Qo site and 
that traminine A (Figure 1a) inhibits both complex III and FoF1-ATPase (Sakai et al. 2021). 
The present study demonstrated that fusaramin exhibits multiple inhibitory effects: it 
inhibits VDAC1 at a low concentration range (< ~200 nmol/mg proteins) but elicits 
additional inhibition against complex III and FoF1-ATP synthase with further increasing 
concentrations (> ~400 nmol/mg proteins). 

Although fusaramin was found to inhibit VDAC1, we did not examine the effects of 
traminine A and B on the VDAC1 function in the previous study (Sakai et al. 2021). To 
assess whether the inhibition of VDAC1 is a common effect of natural tetramic acids, we 
examined the effects of traminine A and B on the [3H]ADP uptake by the isolated yeast 
mitochondria. At a concentration range up to ~3 x IC50 of the overall ADP-uptake/ATP-
release reactions, traminine A markedly inhibited [3H]ADP uptake, whereas the 
inhibition by traminine B was partial (by ~20%, Figure S2). It is, therefore, likely that in 
addition to the inhibition of complex III and FoF1-ATP synthase, inhibition of the VDAC1 
function is also responsible for interference with oxidative phosphorylation by traminine 
A and B (Sakai et al. 2021). Altogether, inhibition of the VDAC1 function may be a 
common action among natural tetramic acids, although the binding affinities are different 
for varying chemical frameworks. 

König et al. reported the multiple inhibitory effects of equisetin (Table S1), an 
antibiotic possessing a tetramic acid scaffold produced by Fusarium equiseti, on rat liver 
mitochondria. Equisetin was shown to inhibit uptake of substrate anions such as ATP, 
phosphate, and succinate (König et al. 1993). As this antibiotic did not affect bilayer-
reconstituted VDAC1 channel conductance, König et al. postulated that the inhibitory 
effects on the substrate transport are attributed to the multiple inhibitions of mitochondrial 
carriers that reside in the inner membrane such as AAC, PiC, and dicarboxylate carrier, 
rather than VDAC1 in the outer membrane (König et al. 1993). However, it is generally 
considered that VDAC1 also regulates the transport of various substrates across the inner 
membrane, likely at contact sites of the two membranes through interaction with various 
proteins, including AAC and PiC (Colombini 2012; Mauze 2017; Shoshan-Barmatz et al. 
1017; Margì et al. 1018; Di Rosa et al. 2021). In light of this, we still cannot exclude the 
possibility that the binding of equisetin to VDAC1 may affect the transport of substrates 
across the inner membrane. 
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VDAC1 situated in the outer mitochondrial membrane serves as a mitochondrial 
gatekeeper, which facilitates the trafficking of various ions and metabolites between the 
cytoplasm and mitochondrial intermembrane space (Colombini 2012; Mauze 2017; Shoshan-
Barmatz et al. 1017; Margì et al. 1018; Di Rosa et al. 2021). Since VDAC1 also plays a key 
role in mitochondrial permeability transition and mitochondria-meditated apoptosis, it 
has potential as a promising target for anticancer therapeutics (Shoshan-Barmatz et al. 1017; 
Margì et al. 1018). However, because VDAC1 has a bucket-like structure (19-stranded β-
barrel fold) (Hiller et al. 2008; Bayrhuber et al. 2008; Ujiwal et al. 2008), it may not possess 
a ligandable pocket based on the “lock and key” analogy. In this sense, the tetramic acid 
scaffold is unique and valuable as the pharmacophore required for binding to VDAC1 
and, hence, worth further modifying their structures to produce potential lead compounds 
for new medicines and/or agrochemicals. At the same time, molecular designs to produce 
tetramic acid derivatives, which elicit highly specific inhibition solely of VDAC1, are 
challenging from a synthetic chemical point of view. Such efforts are currently underway 
in our laboratory. 

Concerning the 3-acyl tetramic acid scaffold, four keto-enol tautomers, involving two 
sets of rapidly interconverting internal tautomers, are generally detected in organic 
solvents (Figure 1b, Royles 1995; Mo et al. 2014). The versatile chemical frameworks of 
the toxophoric moiety of tetramic acids could be responsible for their multiple actions 
against mitochondrial machineries demonstrated in this study. A survey of the literature 
revealed similar cases for several natural products. For example, natural polyphenol 
curcumin analogues, which are represented as an interconverting mixture of the 
symmetric di-keto and asymmetric β-keto-enol tautomers (Figure S3, Payton et al. 2007; 
Gupta et al. 2011; Esatbeyoglu et al. 2012), elicit various biological activities, which are 
considered to be due to interactions with different types of target proteins such as 
inflammatory proteins and kinases (Gupta et al. 2011) and Alzheimer’s disease-related 
proteins (Konno et al. 2014; Okuda et al. 2016; Di Martino et al. 2016).  
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FIGURES AND LEGENDS 
 
Figure 1. Structures of test compounds used in this study. 
(a) Structures of tetramic acid derivatives isolated from Fusarium sp. FKI-7550: 
Fusaramin, traminine A, traminine B, and photoreactive pFS-5. (b) Structure of four 
tautomers of 3-acyltetramic acid (13). 
 
Figure 2. Inhibition of the overall ADP-uptake/ATP-release reactions by fusaramin 
or other compounds.  
Isolated yeast mitochondria (50 µg of proteins/mL) were incubated with each inhibitor 
(208 or 2.08 nmol/mg of proteins each (10 or 0.1 µM)) in a reaction buffer supplemented 
with an ATP-detecting system (see Experimental Procedures). Overall ADP-uptake/ATP-
release reactions were monitored by detecting ATP-release, which is proportional to the 
formation of NADPH. The average ATP efflux in the absence of inhibitor was 0.27 ± 
0.03 µmol ATP/min/mg of proteins. Values show means ± SEM (n = 3-5).  The 
significance of pairwise comparisons with the control was assessed with Dunnett’s test. 
***P<0.001. 
 
Figure 3. Effects of fusaramin on the respiratory enzymes and FoF1-ATP synthase 
activities. 
a: NADH-UQ1 oxidoreductase activity (NDH-2), b: NADH-cyt. c oxidoreductase activity 
(NDH2−complex III), c: succinate-cyt. c oxidoreductase activity (complexes II−III), d: 
cyt. c oxidase activity (complex IV), e: ATP hydrolysis activity (ATP synthase). Protein 
concentrations were set to 12 µg/mL for NADH-UQ1, NADH-cyt. c, succinate-cyt. c, and 
cyt. c oxidase activities, and 30 µg/mL for ATP hydrolysis activity, respectively. The 
numbers of the abscissa of the graph indicate the concentrations of fusaramin (nmol/mg 
of proteins). Values show means ± SEM (n = 3−4). The significance of pairwise 
comparisons with the control was assessed with Dunnett’s test. ***P<0.001, **P<0.01, 
*P<0.05 
 
Figure 4. Inhibition of [3H]ADP uptake by fusaramin and other compounds. 
Isolated yeast mitochondria (100 µg of proteins/mL, 500 µL) were incubated with each 
compound, and then, [3H]ADP (40 µM, 1.9 GBq/mmol) was added to the mitochondrial 
suspension, followed by incubation on ice for 3 min. [3H]ADP uptake was terminated by 
the addition of 10 µM CATR, followed by the quantification of radioactivity. The average 
uptake of [3H]ADP in the absence of inhibitor was 2.57 ± 0.27 ADP nmol /mg of proteins. 
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The numbers of the abscissa of the graph indicate the concentrations of test compounds 
(nmol/mg of proteins). Values show means ± SEM (n = 4–8). The significance of pairwise 
comparisons with the control was assessed with Dunnett’s test. ***P<0.001 
 
Figure 5. Photoaffinity labeling of mitochondrial substrate carrier(s) by pFS-5.  
(a) Yeast mitochondria (2.0 mg of proteins/mL) were labeled with pFS-5 (0.50 and 5.0 
nmol/mg of proteins) and partially purified by hydroxyapatite chromatography, followed 
by conjugation with a fluorescent TAMRA-azido tag via Cu+-catalyzed click chemistry. 
Proteins were separated on a 15% Laemmli-type SDS gel, and they were subjected to 
fluorescent gel imaging and CBB staining. The white and black arrowheads indicate 
AAC2 (36% coverage by MALDI-TOF MS) and VDAC1 (68% coverage), respectively. 
(b) Yeast mitochondria isolated from wild-type, Δpor1 mutant, or Δaac mutant S. 
cerevisiae cells (2.0 mg of protein/mL) were labeled by pFS-5 (5.0 nmol/mg of proteins) 
and partially purified by hydroxyapatite chromatography, followed by conjugation with 
a fluorescent TAMRA-azido tag via Cu+-catalyzed click chemistry. The experimental 
conditions were the same as those in panel A. (c) Competition test between pFS-5 and 
fusaramin. Yeast mitochondria (2.0 mg of protein/mL) were labeled with pFS-5 (0.5 
nmol/mg of proteins) in the presence or absence of fusaramin. The experimental 
conditions were the same as those in panel A. The fluorescent intensities of TAMRA 
incorporated into VDAC1 were normalized by the expression level of VDAC1 estimated 
by CBB stain. Values shows means ± SEM (n = 3-5). 
 
Figure 6. Photoaffinity labeling of FoF1-ATP synthase by pFS-5.  
(a) Yeast mitochondria (2.0 mg of proteins/mL) were labeled with pFS-5 (0.5 nmol/mg 
of proteins) and solubilized using a Triton X-100/protein ratio of 2 (g/g). Proteins were 
separated on a Blue Native gel to provide a monomeric band of FoF1-ATP synthase, which 
was identified by an in-gel ATPase assay using ATP and Pb(NO3)2 (Wittig and Shägger 
2005). (b) Competition test between pFS-5 and fusaramin. Yeast mitochondria (2.0 mg 
of protein/mL) were labeled with pFS-5 (0.5 nmol/mg of proteins) in the presence or 
absence of fusaramin. The experimental conditions were the same as those in panel A. 
Monomeric ATP synthase was eluted from a gel strip of BN-PAGE, followed by 
conjugation with a fluorescent TAMRA-azido tag via Cu+-catalyzed click chemistry. 
These subunits were separated on a 15% Laemmli-type SDS gel and subjected to 
fluorescent gel imaging and CBB staining. The red arrowhead indicates the COR1 subunit 
of complex Ⅲ. The black arrowheads indicate subunit b (23 kDa) and d (19 kDa) of FoF1-
ATP synthase. 
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