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A B S T R A C T

4′-Iodobiphenyl nonaethylene glycol ether (9bw) is a novel small molecule, composed of a biphenyl unit and 9 
ethylene glycol (EG) units. Recently, we found that 9bw induces apoptosis in cancer cells by inhibiting mito
chondrial respiratory complex I (CI) and accordingly reducing cellular ATP level. In addition, 9bw shows little 
effect on normal cells, suggesting that 9bw is a potential antitumor agent with few adverse effects. However, the 
exact molecular mechanisms by which 9bw acts on CI are still elusive. To clarify the molecular structure critical 
for 9bw′s function, we tested the function of 9bw analogues on human oral squamous cell carcinoma lines HSC4 
and Ca9-22. The analogues were 4-hydroxy-4′-iodobiphenyl (HIOP), I-BP-EG3, I-BP-EG6, and I-BP-EG12 con
taining 0, 3, 6, and 12 EG units, respectively. Our results demonstrated that I-BP-EG6 and I-BP-EG12 inhibited CI 
to a similar extent as 9bw, whereas I-BP3 and HIOP showed no effect on CI activity. These observations indicate 
that the number of EG units is crucial for the activity of 9bw and its analogues. As high-performance liquid 
chromatography (HPLC) analysis demonstrated that both HIOP and I-BP-EG3 could be incorporated into mito
chondria abundantly, the number of EG units probably affects CI inhibitory function of 9bw and its analogues 
rather than their efficacy to enter cell and mitochondria.

1. Introduction

Cancer cells exhibit metabolic alterations to ensure their upregulated 
biosynthesis and cell growth. One of the most important changes is the 
Warburg effect, where cells tend to favor increased glycolysis and/or 
glucose uptake under normal oxygen conditions [1,2]. Accurate mea
surements of the metabolic flux rate, using tracer infusion approaches, 
confirmed increased glycolysis along with suppressed tricarboxylic acid 

(TCA) cycle and oxidative phosphorylation (OXPHOS) in tumors 
compared to normal tissues [3]. Nevertheless, it has been known that 
glycolysis inhibitors do not exhibit the expected effects on suppressing 
tumor growth [4]. There is growing evidence that certain cancers show 
dependency on OXPHOS to produce energy for survival [5–7]. Bart
man’s analysis also showed that tumors generate most ATP through the 
TCA cycle/OXPHOS, even if their glycolytic activity is higher than that 
of normal tissues [3]. Recent findings have demonstrated that OXPHOS 
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is enhanced during tumor progression and in chemotherapy-resistant 
tumors [8]. Increased OXPHOS dependence has also been reported as 
a hallmark of cancer stem cells [9,10]. These observations suggest that 
OXPHOS is a promising target for the treatment of cancer.

Recently, extensive studies have been conducted to develop OXPHOS 
inhibitors as potential therapeutics for cancer treatment. Among these, 
inhibitors targeting respiratory complex I (CI), which is enzyme 
constituting the electron transport chain, exhibit promising properties as 
anti-cancer agents [11]. Epidemiological studies have revealed that 
patients with diabetes taking the treatment agent metformin, which has 
been proven to inhibit CI, showed a lower incidence of tumors [12]. The 
anti-tumor activity of metformin and its derivatives, phenformin and 
IM156, has been confirmed in many types of tumors [13–15]. CI in
hibitor BAY-87-2243, initially developed as an inhibitory agent for 
hypoxia inducible factor 1α at first, and its derivate IACS-010759 have 
been shown to inhibit tumor growth efficiently both in clinical and 
experimental studies [16,17]. The therapeutic potential of other CI in
hibitors, such as ME344, FRV-1, and DX3-213B, has also been exten
sively studied [18–20]. Nonetheless, only a few OXPHOS inhibitors are 
suitable for clinical use. IACS-010759 was shown to cause peripheral 
neuropathy in patients with acute myeloid leukemia and advanced solid 
tumors in a phase I clinical trial [21]. Despite promising results in 
epidemiological studies, metformin has shown limited effects in clinical 
trials of different tumor types [22]. Therefore, there is a strong demand 
to develop low-toxicity OXPHOS inhibitors with effective anti-tumor 
properties.

4′-Iodobiphenyl nonaethylene glycol ether (9bw) is a newly reported 
small molecule, composed of a biphenyl unit and 9 ethylene glycol (EG) 
units. It has been observed that 9bw represses the growth of many types 
of cancer cells but not normal fibroblasts [23,24] (Fujiwara’s unpub
lished data). Recently, we have found that 9bw lead apoptosis in cancer 
cells by suppressing the CI activity, ensuing a decreased ATP production 
[24]. We also found that 9bw inhibited tumor growth in vivo without 
adversely affecting animal health [24]. These observations suggested 
strongly that 9bw is a possible antitumor agent with few adverse effects. 
However, the exact molecular mechanisms by which 9bw acts on CI 
remain elusive, partially because there is little similarity in its chemical 
structure to that of other known CI inhibitors. To clarify the molecular 
structure critical for 9bw′s function, we analyzed the effect of 9bw an
alogues 4′-iodobiphenyl ethylene glycol (I-BP-EG), which are I-BP-EG3, 

I-BP-EG6 and I-BP-EG12 containing 3, 6, and 12 EG units, respectively 
(Fig. 1A), and 4-hydroxy-4′-iodobiphenyl (HIOP), which is composed of 
a biphenyl unit with a OH group instead of the EG unit (Fig. 1B), on 
human oral squamous cell carcinoma (OSCC)-derived cell lines HSC4 
and Ca9-22. The results showed that six EG units were sufficient to 
suppress CI activity by as much as 9bw, though they were not sufficient 
to suppress ATP production and cell growth to 9bw′s extent.

2. Materials and methods

2.1. The compounds analyzed in this study

HIOP was purchased from Fujifilm Wako Pure Chemical Corporation 
(Osaka, Japan). I-BP-EG3 and I-BP-EG6 were synthesized using the 
methods described in Section 2.2. 9bw and I-BP-EG12 were kindly 
supplied by Mr. Naohisa Watanabe (Senka Pharmacy Co., Ltd). 9bw and 
I-BP-EG12 were hydrophilic, while HIOP, I-BP-EG3, and I-BP-EG6 were 
hydrophobic and insoluble in water. All compounds were dissolved in 
dimethyl sulfoxide to obtain 10 mM stock solutions, which were stored 
at − 30 ◦C.

2.2. Synthesis of I-BP-EG3 and I-BP-EG6

The synthetic routes for I-BP-EG3 and I-BP-EG6 are depicted in 
Scheme 1 of the supplementary material (Figs. S1). Flash column 
chromatography was performed with Kanto Chemical silica gel (SiO2) 
60 N. NMR spectra were recorded with a JEOL JNM-ECX400 NMR 
spectrometer (400 MHz for 1H and 100 MHz for 13C). Electrospray mass 
spectrometry was performed by the Chemical Analysis Center of School 
of Pharmacy, Nihon University.

For the I-BP-EG3 synthesis, a solution of HIOP (502 mg, 1.69 mmol), 
Cl(CH2CH2O)3H (358 mg, 2.12 mmol), 20 % sodium ethoxide in ethanol 
(602 mg, 1.77 mmol), and potassium iodide (34 mg, 0.20 mmol) in 
ethanol (10 mL) was refluxed for 17 h. The solution was neutralized with 
1 M HCl, concentrated, and dried under vacuum. The obtained solid was 
extracted with chloroform, which was washed with water, dried over 
magnesium sulfate, filtered, concentrated, and dried under vacuum. A 
part (50 mg) of the crude residue (749 mg) was chromatographed over 
silica gel eluted with ethyl acetate to afford a white solid (24 mg, 0.055 
mmol, 49 %). 1H NMR (CDCl3): δ = 7.72 (d, J = 8.2 Hz, 2H), 7.47 (d, J =
8.7 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 4.17 (t, J 
= 5.0 Hz, 2H), 3.88 (t, J = 5.0 Hz, 2H), 2.39–3.76 (m, 6H), 3.62 (t, J =
5.0 Hz, 2H), 2.50 ppm (br, 1H); 13C NMR (CDCl3): δ = 158.6, 140.3, 
137.8, 132.8, 128.6, 128.0, 115.1, 92.2, 72.6, 70.9, 70.4, 69.8, 67.5, 
61.8 ppm; HRMS (ESI): m/z calcd for C18H22O4I + Na+: 451.0382 
[M+Na]+; found: 451.0385.

For the I-BP-EG6 synthesis, a mixture of HIOP (600 mg, 2.02 mmol) 
and 60 % sodium hydride (63 mg, 1.6 mmol) in tetrahydrofuran (2 mL) 
was stirred at room temperature under nitrogen for 1 h. To this mixture 
was added a solution of Ts(OCH2CH2)6OH (224 mg, 0.514 mmol) in 
tetrahydrofuran (3 mL) and the mixture was further stirred for 24 h. The 
mixture was diluted with ethyl acetate, washed with water and brine, 
dried over sodium sulfate, filtered, concentrated, and dried under vac
uum. The residue was chromatographed over silica gel eluted with ethyl 
acetate and methanol (10:0 → 9:1) to afford a colorless oil (84 mg, 0.15 
mmol, 7 %). 1H NMR (CDCl3): δ = 7.73 (d, J = 8.2 Hz, 2H), 7.47 (d, J =
8.7 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 4.17 (t, J 
= 4.8 Hz, 2H), 3.88 (t, J = 4.8 Hz, 2H), 3.63–3.76 (m, 18H), 3.60 ppm (t, 
J = 2.9 Hz, 2H); 13C NMR (CDCl3): δ = 158.8, 140.4, 137.8, 132.7, 
128.7, 128.0, 115.1, 92.2, 72.7, 70.9, 70.7, 70.61, 70.57, 70.3, 69.8, 
67.6, 61.8 ppm; HRMS (ESI): m/z calcd for C24H33O7I + Na+: 583.1169 
[M+Na]+; found: 583.1171.

2.3. Cell lines and culture conditions

The cell line HSC-4, which is derived from human tongue squamous 

Fig. 1. Chemical structures of 9bw and its analogues. (A) The structures of 9bw 
and I-BP-EG. The value of n are 3, 6, 9 and 12 in I-BP-EG3, I-BP-EG6, 9bw and I- 
BP-EG12, respectively. (B) Stracture of HIOP.

K. Sekimoto et al.                                                                                                                                                                                                                               Biochemistry and Biophysics Reports 42 (2025) 101981 

2 



cell carcinoma, was purchased from the RIKEN Cell Bank (Ibaraki, 
Japan) The cell line Ca9-22, which is derived from human gingival 
squamous cell carcinoma, was purchased from the Health Science 
Research Resources Bank (Osaka, Japan). HSC-4 cells were cultured in 
RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan) and Ca9-22 cells 
were cultured in minimal essential medium (MEM; Nacalai Tesque) 
supplemented with 600 mg/L glutamine. Both media contained 10 % 
heat-inactivated fetal bovine serum (FBS; Nichirei Bioscience, Tokyo, 
Japan), 100 IU/mL penicillin (Thermo Fisher Scientific, Waltham, MA, 
USA), and 100 mg/mL streptomycin (Thermo Fisher Scientific). The 
cells were maintained at 37 ◦C in humidified air containing 5 % CO2.

2.4. Analysis of cell viability

To analyze the effects of the compounds on cell viability, a water- 
soluble tetrazolium salt (WST)-8 assay was performed by following 
manufacture’s instruction. Briefly, cells were plated in 96-well culture 
plates at a density of 1 × 103 cells/well and the medium was replaced 
with a fresh medium containing various concentrations of the com
pounds after 24 h. The cells were cultured for 72 h and the medium was 
replaced with 10 % (V/V) solution of Cell Count Reagent CF (Nacalai 
Tesque) diluted in fresh medium. After culturing cells for additional 1 h, 
the absorbance at OD450 nm was measured by plate reader.

2.5. Measurement of intracellular ATP amount

Intracellular ATP level was measured using an ATP assay kit (TOYO- 
B-Net, Tokyo, Japan), according to the manufacturer’s instructions. In 
Brief, the cells were plated in 96-well plates at a density of 5 × 103 cells/ 
well, cultured for 24 h, and the culture medium was replaced with a 
fresh medium with or without 1 μM of each compound. After 12-h in
cubation, cell extracts were mixed with the solution containing lucif
erase and luminescence intensity of the mixtures were monitored using a 
luminometer to measure intracellular ATP level.

2.6. Measurement of the activity of CI in isolated mitochondria

Mitochondria were isolated using Mitochondria Isolation Kit 
(ab288084; Abcam), by following the manufacturer’s instructions with 
some modification. Briefly, HSC4 and Ca9-22 cells grown to approxi
mately 90 % confluency in dishes 100 mm in diameter were washed 
twice with PBS, scraped, and collected with PBS. Cells were precipitated 
by centrifugation at 200×g at room temperature, and the pellets of the 
cells were suspended in mitochondrial isolation buffer, followed by 
homogenization on ice for five strokes using a Dounce homogenizer. The 
homogenates were passed through a 27G needle attached to 1-mL sy
ringe for 5 times and centrifuged at 700×g at 4 ◦C for 10 min to remove 
debris. The supernatants were collected and centrifuged at 6000×g at 
4 ◦C for 10 min. The precipitated mitochondria were washed again with 
the buffer solution and then suspended in nine volumes of storage buffer 
provided in the kit.

The effects of the compounds on CI activity were determined as 
previously described [25] with some modifications. Briefly, mitochon
dria with 5-μg protein were suspended in Mitochondrial Complex I Ac
tivity Assay Buffer (700931; Cayman Chemical, Ann Arbor, MI), 
supplemented with 2 mM KCN, 2.5 mg/mL bovine serum albumin, 130 
μM albumin, 65 μM decyl ubiquinone, 2 μg/mL antimycin A and 1 μM of 
each compound or medium. After mixing all the reactants in 96 well 
half-area plate, the absorbance of NADH at 340 nm was measured every 
minute for 15 min. The absorbance at 425 nm was also measured 
simultaneously at the same time as a reference. The reduction rate of the 
values obtained by subtracting the reference wavelength from absor
bance at 340 nm was calculated to determine CI activity.

2.7. Detection of the compound incorporated into mitochondria by HPLC

To detect the incorporation of 9bw and its analogues into the mito
chondria, HSC4 cells were plated at a density of 5 × 105 cells/dish in 
culture dishes 100 mm in diameter. Three dishes were prepared for each 
experiment. Twenty-four hours after the seeding, 10 μM of each com
pound was added to the dishes, and the cells were cultured for an 
additional 2 h. Then mitochondria were isolated by the method 
described in section 2.6 with some modification. Briefly, after washing 
once with PBS, the cells were scraped and collected with PBS. Subse
quently, the cells were precipitated by centrifugation at 200×g at room 
temperature, and the cell pellet was suspended in 1 mL of mitochondria 
isolation buffer, followed by homogenization by passing through a 1-mL 
syringe with a 27G needle 10 times. The homogenates were centrifuged 
at 700×g at 4 ◦C for 10 min and the supernatants were centrifuged in 
new tubes at 6000×g at 4 ◦C for 10 min. The precipitated mitochondria 
were treated with 50 μl of 0.1 % trifluoroacetic acid (TFA) in acetonitrile 
(ACN) and the extracts were collected by centrifugation at 6000×g. The 
supernatant was mixed with 150 μl 0.1 % TFA in distilled water, fol
lowed by the filtration through 0.2 μm IC Millex Filter Unit (Milli
poreSigma, Burlington, MA).

The filtered extracts were analyzed by reverse phase high- 
performance liquid chromatography (HPLC), by following the previ
ous report with some modifications [26]. Briefly, the analysis was per
formed using an HPLC system consisting of 305/306 pumps, a 502 
degasser, an 811D mixer, an 805 manometric module, and a155 UV/Vis 
detector (Gilson, Middleton, WI). All measurements and data analyses 
were performed using UniProt Software version 5.11 (Gilson). Columns 
used in this analysis was Jupiter 15 μm C18 column 300 Å 250 × 4.6 mm 
(Phenomenex, Torrance, CA) attached to a μBondapak C18 Guard-Pak 
Insert guard column (Waters, Milford, MA). The solvent system was a 
1:1 mixture of 0.1 % TFA in water and 0.1 %TFA in ACN at a flow rate of 
1.0 mL/min. Absorbance at 270 nm was monitored to detect 9bw and its 
analogues.

2.8. Statistical analysis

One-way ANOVA, followed by post-hoc Dunnett’s test was executed 
to examine the significance of the differences between the control and 
treatment groups. JMP software ver. 11.2 (SAS Institute Inc., Cary, NC) 
was used for statistical analysis. Data was presented as the means ± SD 
of independent experiments performed for three times or more. In all 
analyses, P < 0.05 was considered as statistically significant. The IC50 
values for each compound were obtained based on a nonlinear regres
sion curve, calculated using JMP.

3. Results

3.1. Number of EG units affected viability of cells

To examine the effect of the number of EG units in 9bw and its an
alogues on cell viability, human OSCC-derived HSC-4 and Ca9-22 cells 
were cultured in the presence or absence of various concentrations of 
9bw and its analogues. Although WST-8 cell survival assay showed that 
all I-BP-EGs suppressed cell viability, 9bw and I-BP-EG12 showed 
stronger effects than I-BP-EG3 and I-BP-EG6 (Fig. 2). IC50 values for I- 
BP-EG3, I-BP-EG6, 9bw and I-BP-EG12 were 1.27 μM, 0.53 μM, 0.0065 
μM, and 0.021 μM, respectively in HSC-4 cells (Fig. 2A). That were 1.28 
μM, 2.27 μM, 0.125 μM and 0.564 μM, respectively in Ca9-22 cells 
(Fig. 2B). HIOP hardly affected cell viability in HSC4 and had only a 
minimal effect on Ca9-22 at 10 μM or lower concentrations. IC50 values 
for HIOP were higher than 50 μM in both cells.

3.2. HIOP and I-BP-EG3 did not reduce intracellular ATP

As 9bw reduces the amount of intracellular ATP by inhibiting the CI 
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activity [24], the effects of 9bw′s analogues on intracellular ATP were 
also analyzed. It was demonstrated that 1 μM of 9bw and I-BP-EG12 
significantly reduced the amount of ATP both in HSC-4 (Fig. 3A) and 
Ca9-22 cells (Fig. 3B), though I-BP-EG3 and HIOP did not show any 
effect on ATP (Fig. 3). I-BP-EG6 reduced the ATP levels to approximately 
80 % of the control levels; however, this difference was not statistically 
significant.

3.3. I-BP-EG6 and I-BP-EG12 inhibited CI to the same extent as 9bw did

Next, the effects of 9bw and its analogues on the CI activity were 
examined. Mitochondria were isolated from HSC-4 and Ca9-22 cells, and 
the CI activity in these mitochondria was measured in the presence or 
absence of 1 μM of the compounds. As shown in Fig. 4, both HSC-4 and 
Ca9-22 derived mitochondria incubated with 1 μM of I-BP-EG6, 9bw and 
I-BP-EG12 showed significantly lower CI activity than those in the 
control condition. The enzymatic activities with I-BP-EG6, 9bw and I- 
BP-EG12 were approximately 50 % compared to the control in HSC-4 
derived mitochondria (Figs. 4A) and 60 % in Ca9-22 derived (Fig. 4B). 
In contrast, HIOP and I-BP-EG3 had little effect on CI activity in HSC-4 
mitochondria (Fig. 4A). The activity was approximately 80 % of that of 
the control in Ca9-22 derived mitochondria with HIOP or I-BP-EG3, but 
the reduction was not statistically significant (Fig. 4B).

Fig. 2. Effects of treatment with 9bw or its analogues on the viability of OSCC- 
derived HSC-4 and Ca9-22 cells. HSC-4 (A) and Ca9-22 (B) cells were treated 
with 9bw or its analogues at the indicated concentrations. Three days after 
treatment, the cell viability was measured using the WST-8 assay. Data are 
presented as the means ± SD of quadruplicate measurements. & P < 0.05 for I- 
BP-EG3; ¶¶, &&, ##, **, $$ P < 0.01 for HIOP, I-BP-EG3, I-BP-EG6, 9bw and I- 
BP-EG12, respectively.

Fig. 3. Effects of treatment with 9bw or its analogues on intracellular ATP 
concentration. HSC-4 (A) and Ca9-22 (B) cells were treated witn 1 μM of 9bw or 
its analogues for 12 h followed by the measurement of intracellular ATP con
centraton. Data are presented as the means ± SD of quadruplicate measure
ments. **P < 0.01.

Fig. 4. Effects of the treatment with 9bw or its analogues on the activity of CI. 
Mitochondria was isolated from HSC-4 (A) and Ca9-22 (B) cells and the activity 
of CI in those mitochondria was measured in the presence or absense of 1 μM of 
9bw or its analogues. Data are presented as the means ± SD of quadruplicate 
measurements. *P < 0.05, **P < 0.01.
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3.4. All compounds except for I-BP-EG12 were shown to be incorporated 
into mitochondria

There are two possible explanations for the inability of I-BP-EG3 and 
HIOP to inhibit CI activity: either these compounds cannot be incorpo
rated into the mitochondria, or, even if they are incorporated, they are 
unable to affect CI. To distinguish between these possibilities, we 
examined the accumulation of these compounds in the mitochondria of 
HSC4 cells by HPLC. As there were many mitochondria-derived mole
cules whose retention times were similar to those of 9bw and its ana
logues in Ca9-22 cells, the analyses were performed only for HSC4 cells. 
After incubation of the cells in the presence or absence of 10 μM com
pounds for 2 h, mitochondria were isolated from the cells, and extracts 
from the mitochondria were subjected to analysis. As standard 0.1 μM 
9bw and its analogues could be detected by monitoring absorbance at 
270 nm (Fig. 5A), mitochondrial extracts were analyzed in the same 
condition. The chromatogram clearly indicated that all the compounds 

except I-BP-EG12 were incorporated into the mitochondria (Fig. 5B). I- 
BP-EG12 was not detected in the mitochondrial extracts because there 
were peaks derived from mitochondrial intrinsic molecules at approxi
mately 12–13 min, which is close to the retention time of I-BP-EG12. 
Among the compounds other than I-BP-EG12, a larger number of EG 
units demonstrated a smaller peak area.

4. Discussion

The present data clearly demonstrate that the number of EG units in 
9bw and its analogues is critical for their inhibitory effects on CI. 
Compounds with six or more EG units inhibited CI almost equally. 
However, HIOP and I-BP-EG3 did not show any inhibitory effects on CI. 
As HPLC analyses indicated that both HIOP and I-BP-EG3 could be 
abundantly incorporated into the mitochondria, the lack of their 
inhibitory effects on CI was not due to their absence within the mito
chondria. In contrast, the HPLC analysis demonstrated that a longer EG 

Fig. 5. Uptake of 9bw or its analogues by mitochondria. HSC-4 cells were incubated with 10 μM of 9bw or its analogues for 2 h, followed by the isolation of 
mitochondria from them. Extracts from the mitochondria were subjected to HPLC analysis to determine the content of the compounds. Chromatograms for 0.1 μM 
standard solution of each compound (A) and representative chromatograms for mitochondrial extracts (B) are shown.
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chain was associated with lower amounts of the compounds in the 
mitochondria. Although 9bw and I-BP-EG12 significantly inhibited CI, 
the analysis detected very low amounts of 9bw in the mitochondria. The 
I-BP-EG12 specific peak was hardly detected among the peaks of the 
mitochondria-derived molecules. This may be attributed to water solu
bility of them. As mentioned above, 9bw and I-BP-EG12 are hydrophilic, 
whereas I-BP-EG3, I-BP-EG6 and HIOP are hydrophobic. During the 
mitochondrial isolation, cells are suspended in buffers in several steps. 
We speculate that 9bw and I-BP-EG12 were washed out of the mito
chondria during the process. To directly quantify the amount of the 
compound in the mitochondria, we are now developing fluorescently 
labeled 9bw and its analogues to observe the compounds incorporated 
into the mitochondria via microscopy.

The mechanisms underlying the inhibition of CI by 9bw have not 
been elucidated. The chemical structure of 9bw has little similarity to 
those of other CI inhibitors such as rotenone, metformin, and ME344. CI 
has an L-shaped structure consisting of a hydrophilic domain facing into 
the mitochondrial matrix and a hydrophobic domain located within the 
inner mitochondrial membrane [27]. Electron transfer occurs in the 
hydrophilic domain, while proton translocation occurs in the hydro
phobic domain [27]. CI catalyzes the transport of two electrons from 
NADH to ubiquinone and resulting four protons are translocated to the 
mitochondrial intermembrane space, generating a concentration 
gradient of proton across the inner membrane. Electrons from NADH are 
transferred to flavin mononucleotide (FMN) and transferred to ubiqui
none within the Q-tunnel through a sequence of iron-sulfur clusters 
[28]. Although there are a few inhibitors bind to the FMN sites, most CI 
inhibitors exert their effects by blocking the quinone-binding site in the 
Q-tunnel [29]. A recent study using cryo-electron microscopy revealed 
that rotenone has two binding sites in Q-tunnel [30]. Analysis of the 
mutations found in IACS-10759 resistant cells clarified that IACS-10759 
binds to the ND1 subunit, which is located at the entrance of the 
Q-tunnel [16]. Because 9bw has a long EG chain, it is speculated that 
9bw may enter the Q-tunnel as decyl ubiquinone, which has saturated 
decyl hydrocarbon chain, or as ubiquinone with a long isoprenoid side 
chain. Because I-BP-EG3 had no inhibitory effect on CI, we speculated 
that the three EGs may not be sufficiently long to occupy the Q-tunnel. 
Molecular docking analysis at the quinone-binding site, has been iden
tified and analyzed through computer simulations [31,32], suggested 
that the 4′-iodo-biphenyl moiety of 9bw and its analogues located at the 
entry portal of the Q-tunnel formed by transmembrane helices (TMHs) 1 
and 6 and surface helix α1 of subunit ND1 (hydrophobic sites 4 and 5, 
Figs. S2 and S3, Table S1) [33]. All compounds adopted the same 
docking mode, indicating that the results were highly reliable. These 
results suggest that HIOP and I-BP-EG3 may not be sufficiently long to 
reach the Q redox-active site near N2. Further investigations are needed 
to clarify the exact binding site of 9bw on CI using cryo-electron mi
croscopy or photoaffinity labeling technique [34].

In the current study, I-BP-EG6 significantly suppressed cell viability 
and reduced the intracellular amount of ATP to some extent, but not as 
much as 9bw or I-BP-EG12, although all these three compounds 
inhibited CI almost equally. Since cell viability and ATP assays were 
conducted on whole cells, whereas CI inhibition was assessed using 
isolated mitochondria, we initially hypothesized that I-BP-EG6 might 
not be sufficiently incorporated into cells. However, the HPLC analysis 
did not confirm this possibility. Another possibility is that 9bw and I-BP- 
EG12 have additional targets other than CI. A previous observation that 
9bw strongly reduced the intracellular amount of ATP in cancer cells, 
but not in normal cells, although 9bw suppressed the oxygen con
sumption rate of both cancer and normal cells equally, supports this 
hypothesis [24]. Additionally, I-BP-EG3 suppressed cell growth to the 
same extent as I-BP-EG6, although I-BP-EG3 did not reduce the CI ac
tivity nor intracellular ATP levels. These observations indicated that 
I-BP-EG3 affects cell viability by inhibiting or activating unknown target 
(s) other than OXPHOS or glycolysis. The mechanism by which I-BP-EG3 
suppresses cell growth and other characteristics of this compound, such 

as its toxicity to normal cells and living animals, will be tested to eval
uate whether I-BP-EG3 can be developed as an antitumor agent.

Although CI has been studied extensively for several decades, the 
precise molecular mechanisms of its catalytic action have not been 
completely elucidated. This is mainly due to the complex structure of CI, 
which has a molecular weight 1 MDa, comprising 45 subunits in mam
mals [35]. Recent studies using cryo-electron microscopy and photo
affinity probes have been elucidating the detailed catalytic mechanisms 
of CI gradually [29]. For these studies, CI inhibitors were used to reveal 
the exact structure and conformational changes of the catalytic site in CI. 
We believe that further studies to identify the binding site of 9bw and its 
analogues on CI will also help us understand the exact catalytic mech
anisms of CI.

Taken together, our results showed that the number of EG units is 
critical for the inhibitory effect of 9bw analogues on CI. It was demon
strated that six EG units were sufficient for I-BP-EGs to suppress the CI 
activity by as much as 9bw, though three EG units did not have an 
inhibitory effect.
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