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ABSTRACT: N-( 1,3-Dimethylbuty1)-N’—phenyl—p-phenylenedi— Molecular Mechanism of 6PPDQ-Induce Mitochondrial Dysfunction

amine Quinone (6PPDQ) not only causes acute mortality in salmon Sy C"‘fc'tg RE Mitochondrial Elctron Transport Chiin (ETC)
but also induces toxicities in other living organisms. The o, ﬁ . MI ’ \’ A:l.;“

electrophilic quinone moiety in the 6PPDQ molecular structure CovlentBinding o

can participate in binding to the cysteine residues that ubiquitously = f — M@ (,L‘,@NE:(“W ey
exist in protein nucleophiles, which are responsible for its toxicities. """**
Out of the 82 6PPDQ-bonded proteins found in the human model

v 4 4

cell line AS49 on the sulfhydryl-reactive proteomics platform, which i - (“0@ /@

enables the precise identification of covalent binding protein targets pemey| | hemeaeal | e e
Complex | C‘}{';{’,'ﬁ’,‘"" M M:,lm‘hn?(l:ml‘  Mitochondrial CclluhrATl’

of a pollutant, we discovered three 6PPDQ-bonded mitochondrial | (R Mtk e
proteins—NDUS6, COXSB, and ATPSPB—that are involved in ! [ )
mitochondrial dysfunction for the first time. They impede the e s~ QTol)gg:lilthLn?;:a?t;se
function of mitochondria, as witnessed by the decreased enzymatic

activities of mitochondrial respiratory chain Complexes I (27.63%) and IV (23.11%), the decreased cellular ATP content (19.94%),
and the reduced mitochondrial membrane potential (3.2-fold), as well as the elevated mitochondrial ROS level (2.2-fold) under the
environmentally relevant 8.9 ug/L 6PPDQ_exposure compared to the controls. Our findings provide experimental evidence for
elucidating 6PPDQ’s toxicities at the molecular level, and the knowledge learned will enhance the public’s awareness of the adverse
impacts of environmental pollution on health.

B INTRODUCTION widespread presence of 6PPDQ raises concerns regarding its
potential health impacts on human beings.'"’ Having a close
look at the molecular structures of 6PPDQ_and 6PPD, the key
difference between them is the quinone moiety in 6PPDQ_and

N-(1,3-Dimethylbutyl)-N’-phenyl-p-phenylenediamine qui-
none (6PPDQ) generally comes from the oxidation of its
parent compound, N-(1,3-dimethylbutyl)-N’-phenyl-p-phenyl-

enediamine (6PPD), an antioxidant additive in the rubber the phenyl in 6PPD (Scheme 1A). The stronger electro-
industry, by ozone in the environment and P450 enzymes in philicity of the quinone moiety in 6PPDQ_should be the
living organisms.l’2 Recent studies have documented that, not molecular basis that leads to its much more significant
limited to salmonids, 6PPDQ has also been reported to cause tendency to attack the nucleophilic groups of effector proteins,
poisoning symptoms in cross-species organisms.3 As an which initially triggers its toxic processes.

emerging contaminant, 6PPDQ_ was determined in various In order to understand the toxicity of 6PPDQ, we started
environmental samples, such as runoff water (86—19,000 ng/ with studies of 6PPDQ’s reactivity toward typical nucleophilic
L) and surface water (0.38—2300 ng/L); air particles PM, amino acid residues existing in a peptide and/or a protein,

(244-7250 pg/m*) and PM,, (0.16-39.2 pg/m’); E-waste confirming its superior chemical binding ability to the cysteine
dust (87.1-2850ng/g), road dust (4.02-2369ng/g), and residue. Moreover, 6PPDQ is prone to being adsorbed and

house dust (0.62—106 ng/g); urban river sedimentf 4(1'87_ enriched onto atmospheric particulates because of its high
182 ng/g); and roadside soils (9.50—936 ng/g).”" More

seriously, 6PPDQ has also been found in human samples. For -
example, 6PPDQ_in the urine samples of pregnant women, Rec?we‘l: June 17, 2025
nonpregnant adults, and children was determined to be 2.91 Revised:  February 3, 2026
ng/mL, 040 ng/mL, and 0.076 ng/mL;’ and the average Accepted: February 11, 2026
concentration of 6PPDQ_ in the cerebrosplnal fluid of Published: February 19, 2026
Parkinson’s Disease patients was 11.18 ng/mL,° as well as

6PPDQ in human plasma reached up to 1.81 ng/mL.”~” This
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Scheme 1. (A) The Transformation of 6PPD into 6PPDQ. (B) Desthiobiotin Iodoacetamide (DBIA)-Mediated Sulfhydryl-
Reactive Proteomics Platform. (C) Sulfhydryl-Reactive Proteins and 6PPDQ-Bonded Proteins, Bioinformatic Analysis, and
Three 6PPDQ-Bonded Mitochondrial Proteins: NDUS6, COXSB, and ATPSPB
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LogKp, value (12.46),"
exposure risk through breathing. Therefore, we chose human
nonsmall cell lung cancer cells (AS49) to inspect 6PPDQ-
binding proteins on the desthiobiotin iodoacetamide (DBIA)-
mediated sulthydryl-reactive proteomics platform (Scheme 1B)
established here, and their resided biological pathways and

resulting in a higher human lung

functions were annotated via bioinformatics (Scheme 1C).
Among the 82 6PPDQ-bonded proteins found, three 6PPDQ-
bonded mitochondrial proteins—NADH dehydrogenase
[ubiquinone] iron—sulfur protein 6 (NDUS6), Cytochrome
c oxidase subunit SB (COXSB), and ATP synthase F(0)
complex subunit Bl (ATPSPB)—located on the pervasive
mitochondrial oxidative phosphorylation pathway, were
discovered to be responsible for mitochondrial dysfunction
(Scheme 1C). The mitochondrial dysfunction caused by the
binding of 6PPDQ to these three conserved mitochondrial
proteins was evidenced by the fact that they decrease the
enzyme activities of Complex I and IV, the mitochondrial
membrane potential (Aym), and ATP content, as well as
elevate ROS generation. These findings open a window to
understand the possible molecular mechanism of 6PPDQ’s
toxicity. We hope that our approach not only sets an example
for the toxicological examination of other environmental
pollutants at the molecular level but also will benefit the
discovery of the key proteins and/or mechanisms behind the
acute and specific lethal toxicity of 6PPDQ_to salmonids in the
future.
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B MATERIALS & METHODS

Characterization of 6PPDQ Reactivity toward Nucleophiles

6PPDQ (0.03 uM and/or 0.3 uM, the maximum soluble
concentration in 0.5% DMSO) (see Text S1 for details of the
6PPDQ synthesis procedure) was incubated individually with
nucleophilic amino acids (Aladdin, Bio-Ultra, >99%, China),
N-acetylcysteine (NAC, Aladdin, Bio-Ultra, >99%, China),
and reduced glutathione (GSH, Aladdin, Bio-Ultra, >99%,
China) of 10 mM each in phosphate-buffered saline (PBS, pH
= 7.2, Sigma-Aldrich, U.S.A.). After incubation at 37 °C for 24
h, the reaction products were analyzed by using high-
performance liquid chromatography-electrospray ionization
Q-TOF mass spectrometry (HPLC-ESI-Q-TOF-MS). The
reaction products (100 uL) were first separated on an HPLC-
20AD (Shimadzu, Japan) with an Inertsil ODS-3 C18 column
(S pm, 4.6 mm LD. X 150 mm in length, Shimadzu) online
coupled to Bruker Impact II ESI-Q-TOF-MS for mass analysis.
Mobile phases A (0.1% formic acid in water) and B (0.1%
formic acid in acetonitrile) were used for gradient elution. The
gradient chromatographic elution program was as follows: 0—5
min, 98% A; 5—22 min, 98~10% A; and 22—27 min, 5% A at a
flow rate of 1 mL/min. ESI-Q-TOF-MS: ion polarity, positive;
end plate offset, 500 V; capillary voltage, 4500 V; nebulizer, 0.4
bar; dry gas, 4 L/min; N, dry temperature, 180 °C; mass range,
150—1300 m/z; scan mode, MS; spectra rate, 3 Hz;
quadrupole, ion energy, 4.0 eV; collision cell, collision energy,
7.0 eV; transfer time, 100.0 us; detector voltage, 2360 V.
Human serum albumin (HSA, 25 uM) (Sigma-Aldrich, >99%
agarose gel electrophoresis, U.S.A.) was first denatured in 8 M
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urea and reduced with 2 mM Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP, Sigma-Aldrich, Bio-Ultra, >98% NMR,
U.S.A.) at 37 °C for 1 h, followed by reaction with 6PPDQ
(0.3 uM) for 4 h. The reaction was then quenched by
alkylation with S mM iodoacetamide (Sigma-Aldrich, >99%
NMR, crystalline, U.S.A.) and incubated at room temperature
in the dark for 30 min. After diluting the urea concentration to
2 M, trypsin (Promega, Trypsin Gold, Mass Spectrometry
grade, Germany) was added (enzyme:substrate mass ratio =
1:25) and incubated at 37 °C for 17 h for digestion. Finally,
HPLC-ESI-Q-TOF-MS/MS was performed to analyze 6PPDQ
modification on HSA. Detailed HPLC-ESI-MS/MS conditions
are provided in Text S2.

Cell Culture and Cell Lysis

The AS49 cells (ATCC) were cultured in DMEM (Sangon
Biotech, China) containing 10% heat-inactivated fetal bovine
serum (Sangon Biotech, China) and 100 units/mL penicillin—
streptomycin (Biolnd, Israel) in a humidified 37 °C incubator
with 5% CO,. Until ~80% confluent, the cells were harvested
using 0.05% trypsin (Sigma-Aldrich, U.S.A.), they were then
pelleted by centrifugation (300 g, 4 min at 4 °C) and washed
once with PBS. Afterward, the cell pellets were immediately
lysed using a 1% Triton-100 lysis buffer (Beyotime, China)
supplemented with 1 mM phenylmethanesulfonyl fluoride
(PMSF, Beyotime, China) at 4 °C for 15 min and centrifuged
at 12,000 g for 10 min at 4 °C. The supernatant was carefully
collected as the cell lysate for further use.

DBIA-Mediated Sulfhydryl-Reactive Proteomics Platform

Sulfhydryl-reactive proteomics analysis was conducted based
on the reported method'” with some modifications (detailed
procedures are provided in the Supporting Information). Cell
lysates (100 pg each) from DMSO-treated (the control) and
0.3 uM 6PPDQ-exposure groups were individually incubated
with 500 uM desthiobiotin iodoacetamide (DBIA) probe
(MedChemExpress, China) at room temperature in the dark
for 1 h for the reaction between iodoacetamide in DBIA and
cysteine residues in the proteins. Subsequently, 10 mM
dithiothreitol (DTT, Thermo Fisher, U.S.A.) was added for
reduction at 37 °C for 1 h, followed by alkylation with 40 mM
iodoacetamide at room temperature in the dark for 30 min.
The proteins were precipitated using a methanol/chloroform/
H,0 (4/1/3) mixture. After centrifugation at 14,000 g at 4 °C
for 10 min, the supernatant containing unreacted DBIA was
discarded. The protein precipitate was resuspended in 100 mM
triethylammonium bicarbonate buffer (TEAB, Thermo Fisher,
U.S.A.) and digested with trypsin at 37 °C for 17 h. The
digested peptides in the control and 6PPDQ-exposure groups
were labeled, respectively, by the isotopically tandem mass tags
TMT-126 and TMT-127 according to the TMTduplex
labeling kit protocol (Thermo Fisher) through amidation
reactions between the N-hydroxysuccinimide in TMT's and the
N-terminal a-amino group and/or lysine side-chain e-amino
group of the trypsin-digested peptides,'” and then equal
amounts of labeled peptides from both groups were combined
into a pooled sample. DBIA-labeled peptides were enriched
using streptavidin magnetic beads (Thermo Fisher, U.S.A.).
The enriched peptides were eluted from the streptavidin
magnetic beads using 50% acetonitrile containing 0.1%
trifluoroacetic acid and finally subjected to HPLC-ESI-
Orbitrap-MS/MS for quantitative analysis. Raw MS/MS data
were processed with Thermo Proteome Discoverer 2.5.0, and
the MS/MS spectra were searched against the UniProt
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database of tryptic peptides from Homo sapiens, considering
common contaminants. And other parameters were set as
follows: 50 ppm precursor tolerance, fully tryptic peptides,
fragment ion tolerance of 0.02 Da, and a static modification by
TMT on lysine and peptide N-terminal. Carbamidomethyla-
tion of cysteine residues (+57.0214 Da) was set as a static
modification, while oxidation of methionine residues
(+15.9949 Da) and DBIA on cysteine residues (+239.1628)
was set as variable modifications. Following protein identi-
fication, we performed bioinformatics analyses to annotate the
identified proteins. Briefly, the UniProt database (version used:
2024 _06) was our primary resource for retrieving functional
information, including protein names, gene names, and known
functions (more detailed experimental conditions can be found
in Text S3). Moreover, to confirm the 6PPDQ-bonded
mitochondrial proteins, the cell lysate (100 ug) from the
6PPDQ-exposure AS49 cells (1.0 X 107) group was used for
HPLC-ESI-Q-TOF-MS/MS analysis following the same
procedures, but without TMTduplex labeling, and using
iodoacetamide for alkylation of reduced cysteine residues
instead of DBIA.

Mitochondrial Complex Activity Testing

Extraction buffer I of the mitochondrial respiratory chain
complex activity detection kit [NADH-CoQ Reductase
Activity Assay Kit and/or Cytochrome C Oxidase Activity
Assay Kit (Solarbio, China)] was added to the cell pellet and
homogenized 30 times in an ice bath. Sequential centrifugation
steps were performed at 4 °C: first at 600 g for 10 min to
collect the supernatant, followed by centrifugation of this
supernatant at 11000 g for 15 min to obtain the mitochondrial
pellet. After discarding the supernatant, the mitochondrial
pellet was resuspended in a mixture of 200 uL of extraction
buffer I and 200 uL of extraction buffer II of the detection kit.
The suspension was sonicated using an ultrasonic disruptor
(200 W power, S s sonication with 10 s intervals, repeated for
15 cycles) (Beyotime, China). The isolated mitochondria from
AS49 cells (1.0 X 107) that were treated respectively with
DMSO (0.5%) and 6PPD (0.03 uM and 0.3 uM) as well as
6PPDQ (0.03 uM and 0.3 uM) were used to measure the
mitochondrial electron transport chain complex activities.
Complex I and Complex IV activities were determined on a
SpectraMax iD3 (Molecular Devices, U.S.A.)

Measurement of Mitochondrial Membrane Potential
(Aym)

To determine the changes in mitochondrial membrane
potential, JC-1 dye (Beyotime, China) was used. AS49 cells
(1.0 X 10°) were cultured in a confocal culture dish (3.5 cm)
for 24 h. After different treatments using DMSO (0.5%) and
6PPD (0.03 and 0.3 uM), as well as 6PPDQ (0.03 and 0.3
uM), cells were incubated with JC-1 for 20 min at 37 °C and
then washed with JC-1 buffer solution 2 times. Confocal
microscope images were obtained on a Leica SP8-STED 3X
(Germany) using a 488 nm argon ion laser for excitation,
monitoring the JC-1 monomer fluorescence at 530 nm, while
using a 525 nm laser for excitation, monitoring JC-1 aggregates
at 590 nm. The images were acquired with LAS X software in
line-scanning mode with a resolution of 1024 X 1024 pixels
and a scanning speed of 400 Hz. The relative fluorescence
intensity was obtained using Image] software (https://imagej.
net/).
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Figure 1. Nucleophilic compounds (A) tested for characterizing 6PPDQ reactivity, and the mass spectra of 6PPDQ-Cys (B), 6PPDQ-GSH (C),
and 6PPDQ:-signature peptide of HSA (D). Detailed experimental conditions can be found in the section of Experimental Methods.

Study of ROS Production in Mitochondria

ROS generation in mitochondria was detected using MitoSOX
Red (MedChemExpress, China), a live-cell fluorescent probe
that specifically targets mitochondria. A549 cells (1.0 X 10°)
were cultured in a confocal culture dish (3.5 cm) at 37 °C for
24h under different treatments using DMSO (0.1%), 6PPD
(0.03 and 0.3 uM), and 6PPDQ (0.03 and 0.3 uM),
respectively. The cells were further incubated with 5 M
MitoSOX Red for 30 min in the dark and washed with PBS 3
times. Confocal microscope imaging was performed on a Leica
SP8-STED 3X using a 488 nm argon ion laser and a HyD
detector at 580 nm under a 63 X oil immersion objective.

Intracellular ATP Content Detection

After AS49 cells were treated respectively with DMSO (0.5%)
and 6PPD (0.03 and 0.3 uM), as well as 6PPDQ (0.03 and 0.3
uM) for 24 h, the cells were detached into centrifugation tubes
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and centrifuged at 12000 g for S min. An ATP Assay Kit
(Acmec, China) was applied for the detection of the
concentration of ATP in each group according to the
manufacturer’s instructions.

Density Functional Theory (DFT) Calculation

The theoretical calculations involved in this study were all
performed using Gauss 09 D.01 and Multiwfn 3.8.""'°
Geometrical optimization and vibrational frequencies of
6PPDQ_were calculated using hybrid DFT at the B3LYP/
def-SVP level, while nucleophilic amino acids were calculated
using hybrid DFT at the B3LYP/6—31G(d) level. The
condensed Fukui index of 6PPDQ was calculated at the
B3LYP/def-TZVP level after geometrical optimization of its
chemical structure, while those of the nucleophilic amino acids
were calculated at the BALYP/6—31G(d) level.
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enriched genes and/or proteins deviates from the expected number under a random distribution. A larger absolute value of the z-score suggests a
more significant enrichment. The enrichment score quantifies the degree to which a gene and/or protein set is overrepresented in a particular GO
term or pathway. A higher enrichment score indicates greater enrichment. (B) KEGG pathway analysis of the CR > 1.2 proteins was screened on
the DBIA-based sulfthydryl-reactive proteomics platform. (C) Mass spectra of 6PPDQ binding to the signature peptides of NDUS6, COXSB, and
ATPSPB. (D) Docking analysis of 6PPDQ with NDUS6, COXSB, and ATPSPB.

GO and KEGG Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were performed using the

Metascape online web server (v3.5.20240901)"° to assess the
enrichment of the 6PPDQ-bonded proteins. The protein
symbol of each candidate was used as the input data. The p-
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Figure 3. (A) 6PPDQ covalently binds to NDUS6, COXSB, and ATPSPB proteins, which are located on the inner mitochondrial membrane and
serve as essential subunits of mitochondrial Complex I, Complex IV, and ATP synthase, respectively. Complex I initiates the mitochondrial
respiratory chain, accepting electrons from the reduced nicotinamide adenine dinucleotide (NADH) and transferring them to coenzyme Q
(ubiquinone). Simultaneously, Complex I pumps protons (H*) from the mitochondrial matrix to the intermembrane space. Complex IV functions
as the terminal enzyme of the mitochondrial respiratory chain, accepting electrons from cytochrome c and transferring them to oxygen (O,) to
ultimately form water. Concurrently, Complex IV also pumps protons into the intermembrane space. ATP synthase is the crucial enzyme in
oxidative phosphorylation, utilizing the proton concentration gradient (proton motive force) across the inner mitochondrial membrane to
phosphorylate adenosine diphosphate (ADP) to ATP. (B) The effects of 6PPD and 6PPDQ on the enzyme activity of mitochondrial oxidative
respiratory chain Complex I (data are shown as mean + SD, n = §, * p < 0.0, ** p < 0.01, as compared to the control). (C) The effects of 6PPD
and 6PPDQ on the enzyme activity of mitochondrial oxidative respiratory chain Complex IV (data are shown as mean = SD, n = S, * p < 0.05, ***
p < 0.005, as compared to the control). (D) The ATP content alterations in AS49 cells under the exposure of 6PPD and 6PPDQ (data are shown
as mean + SE, n = 3, * p < 0.05, as compared to the control).

values <0.01 suggest significantly enriched categories in the B RESULTS & DISCUSSION
subontology of biological process, molecular function, cellular

component, and KEGG pathway. Chemical Reactivity of 6PPDQ toward Nucleophilic Amino

Acids as well as Sulfhydryl-Containing Molecules

Docking Processing The a-carbon atoms adjacent to the carbonyl group (C-3 and/

The structures of NDUS6 (PDB ID: SXTB), COX5B (PDB or C-6) in the 6PPDQ molecular structure (Scheme 1A) have
ID: 5Z62) and ATPSPB (PDB ID: 8H9 V) were obtained stronger electrophilicity'® to attack nucleophiles. We first
from the RCSB PDB database (https://www.rcsb.org/). The selected nucleophilic amino acids (AAs), such as cysteine,

poses and vacuum electrostatic surfaces of 6PPDQ and the lysine, tyrosine, serine, aspartic acid, and histidine, in proteins
proteins were presented by Pymol (https://pymol.org/2/). (Figure 1A) to react with 6PPDQ. Using either 0.03 or 0.3 uM
The binding affinity analysis was processed by Autodock Tools 6PPDQ, HPLC-ESI-Q-TOF-MS studies indicated that Mi-
1.5.6." chael addition products between 6PPDQ_and cysteine were

formed (Figure 1B and Figure S1), but no reaction products

Statistical Analysis
s 4 between 6PPDQ_and other nucleophilic amino acids were

All experiments in this study were independently performed 3 detected (Figure S2). These observed phenomena can be
times or more. The final results were presented as the mean explained by chemical computational results, which show that
values + standard error (SE), and the figures were processed the sulthydryl of cysteine has a much higher condensed local
by GraphPad Prism 8 (GraphPad Software, Inc., San Diego, nucleophilicity index (0.997 e-eV), calculated using Gauss 09
CA, US.A.). The data were tested by one-way analysis of D.01 and Multiwfn 3.8 software, than those of the e-amino
variance (ANOVA) with Dunnett’s multiple comparison test. group of lysine (0.565), the phenolic hydroxyl of tyrosine
These data meet the assumptions of parameteric testing, (0.357), the hydroxyl of serine (0.228), the carboxyl of aspartic
including normality and homogeneity of variances, using the acid (0.146), and the imidazole of histidine (0.141) when they
Shapiro-Wilk test and Levene’s test. A statistically significant exist alone (Table S1). When 6PPDQ reacted with the N-
difference was considered when the p-value was less than 0.0S. terminal acetylation derivative of cysteine, N-acetyl cysteine
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(NAC), we found there are two Michael addition products
with relative peak area 20.7% and 79.3% with identical m/z
(460.20 Da) but different retention times (23.6 and 25.1 min)
on HPLC-ESI-Q-TOF-MS (Figure S3), implying that the C-3
and C-6 in the quinone moiety of 6PPDQ_ have different
electrophilic reactivity toward the sulthydryl of NAC. This is
supported by the condensed Fukui f+ index prediction,
indicating that the electrophilicity of C-3 (0.031) is higher
than that of C-6 (0.024). '"H NMR measurements further
confirmed that the major product is formed via Michael
addition at C-3 (Figure S4). The results observed between
6PPDQ and the sulthydryl-containing tripeptide GSH (Figure
1C) and protein HSA (Figure 1D) further evidenced the
chemical reactivity of the quinone moiety of 6PPDQ toward
the sulthydryl, which is in agreement with previous studies on
the reaction between electrophilic pollutants and thiols."”
Subsequently, we further focused on the investigation of the
interaction of 6PPDQ with the proteins in cells to find
6PPDQ-bonded proteins and understand the underlying
molecular mechanism of 6PPDQ’s toxicity.

Discovery of 6PPDQ-Bonded Mitochondrial Proteins in
A549 Cells That Cause the Dysfunction of Mitochondria

Scheme 1B shows the sulfhydryl-reactive proteomics platform
we established, on which the interactions of 6PPDQ_directly
with the proteins in A549 cells can be found. DBIA labeled all
the reactive cysteine residues on the proteins in the control
group, while it only labeled the cysteine residues of 6PPDQ-
unreacted proteins in the 6PPDQ-exposure group. The ratio
between the mass-to-charge signal intensities of the labeled
TMT-126 and TMT-127 mass reporters was defined as the
competition ratio (CR), reflecting the binding degree of
6PPDQ toward the protein targets in A549 cells. Based on the
threshold of a CR value greater than 1.2, which implies
significant involvement of the cysteine residue, we extracted 82
6PPDQ-bonded proteins from the 3,436 sulthydryl-reactive
proteins detected in AS49 cells (Scheme 1C, Figure S5 and
Table S2). GO enrichment analysis revealed that these
6PPDQ-bonded proteins predominantly distribute in the
mitochondrial respiratory complexes, besides significantly
enriching proton transmembrane transport and ATP syn-
thesis-coupled electron transport processes, suggesting their
central roles in cellular energy metabolism (Figure 2A). KEGG
pathway analysis further suggested that these 6PPDQ-bonded
proteins significantly enrich in the key pathways (Figure 2B),
especially in oxidative phosphorylation, which is closely
associated with chemically reactive oxygen species (ROS)
pathways, implying that 6PPDQ might induce cellular damage
by interfering with oxidative stress responses. Taken together,
both GO and KEGG analyses suggested that 6PPDQ-bonded
proteins could be involved in the regulation of oxidative
phosphorylation in mitochondria-related biological processes.
Along with these clues, we re-extracted the data obtained from
the sulthydryl-reactive proteomics platform, while performing
the experiments without using DBIA and TMT labeling. We
found three suspicious 6PPDQ-bonded proteins located on the
inner mitochondrial membrane: NDUS6 (6PPDQ binds with
Cys-87; CR = 1.48), COXSB (Cys-116; CR = 1.53), and
ATPSPB (Cys-239; CR = 1.52) (Scheme 1C and Figure 2C).
The molecular docking analysis supported the favorable
binding of 6PPDQ to the cysteine residues located in the
functional domains of these three proteins, with binding
energies of —5.59, —5.93, and —5.86 kcal/mol (Figure 2D),
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respectively, which are much lower than that (—1.26 kcal/mol)
of 6PPDQ with GSH (Figure S6).

These three 6PPDQ-bonded mitochondrial membrane
proteins are the key components in mitochondrial respiratory
chain electron transfer and ATP synthesis processes (Figure
3A). NDUS6, as an essential subunit of Complex I of the
mitochondrial oxidative respiratory chain, 2participates in
NADH dehydrogenase activity regulation.”’ Binding of
6PPDQ to the Cys-87 (Figure 2C and D) that is at a f-turn
position of NDUS6 (https://www.ebi.ac.uk/pdbe/entry/pdb/
SXTB) may disrupt intermolecular hydrogen bonds and thus
the B-turn status, potentially altering the intrinsic configuration
of NDUS6 and thus leading to Complex I assembly partially
failure. This was evidenced by the results obtained from
Complex I activity testing experiments using the NADH-CoQ
Reductase Activity Assay Kit. The activity decreased by 27.63%
(p < 0.05) under the exposure of 0.03 uM (8.94 ug/L)
6PPDQ and by 39.63% (p < 0.01) under 0.3 uM (89.4 pg/L)
6PPDQ_compared to the control (Figure 3B). It should be
noted that exposure of 6PPD with the same concentrations as
those of 6PPDQ_caused an insignificant reduction of 10.04%
(p = 02) and 15.38% (p = 0.08) in the complex I activity
(Figure 3B). COXSB is a core component of cytochrome C
oxidase and Cys-116 of COXSB participates in Zn**
coordination that stabilizes cytochrome a3 and copper B
(CuB) in the mitochondrial Complex IV redox site.”! Binding
of 6PPDQ_to Cys-116 (Figure 2C and D) may disturb its
structural stabilization role of Zn*', possibly leading to changes
in the overall assembly of complex IV and affecting its function.
The Complex IV activity experiments using Cytochrome C
Oxidase Activity Assay Kit indicated that its activity is
attenuated at 23.11% (p < 0.05) and 38.63% (p < 0.005)
under the exposure of 0.03 and 0.3 yuM 6PPDQ relative to the
control (Figure 3C), but 6PPD did not cause any significant
decrease. ATPSPB is an important constituent of the ATP
synthase FIFO Complex, as an essential subunit of the FO
portion, playing a crucial role in mitochondrial oxidative
phosphorylation. As a key subunit of the peripheral stalk of
mitochondrial ATP synthase, ATPSPB plays a crucial role in
maintaining the structural stability of the enzyme complex.””
The binding of 6PPDQ_to the Cys-239 residue of ATPSPB
(Figure 2C and D) likely disrupts the interaction between
ATPSPB and the OSCP subunit through steric hindrance or
allosteric effects. The functional coupling between these two
components is important for maintaining the mechanical
stability of the F1 catalytic subunit of ATP synthase. When this
interaction is perturbed, the rotational movement of the
catalytic subunit is prone to abnormal torsional, damaging the
ATP synthesis generation rate. Exposure, respectively, to 0.03
and 0.3 uM 6PPDQ resulted in decreases in ATP contents of
19.94% (p = 0.07) and 30.39% (p < 0.0S) compared to the
control (Figure 3D). Although these findings may be related to
the potential inhibition of ATPSPB by 6PPDQ, it must be
recognized that the ATP synthesis efficiency is also affected by
the functional state of the entire respiratory chain. Therefore,
the observed decrease in ATP levels may also partly result from
the inhibition of respiratory chain Complex I and Complex IV
activities, which would reduce the proton motive force needed
to drive ATP synthase. Actually, we know that these proteins
do not function independently but synergistically, like
correlated units in a machine, for maintaining mitochondrial
oxidative phosphorylation and cellular energy balance. Their
functional deficiencies led to various mitochondrial dysfunc-
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Figure 4. (A) Representative confocal imaging shows the mitochondrial membrane potential Aym alterations in A549 cells treated with DMSO
(0.5%), 6PPD and 6PPDQ_(0.03 and 0.3 uM). JC-1 monomers: Ao /A, = 488 nm/530 nm; JC-1 aggregates: Ao /Ay = 525 nm/590 nm. (B)
Representative confocal imaging shows the mitochondrial reactive oxygen species levels alterations in AS49 cells treated with DMSO (0.5%), 6PPD
and 6PPDQ (0.03 and 0.3 uM). MitoSOX Red: 4.,/A.,, = 488 nm/580 nm.

tion, as demonstrated by the phenomena we observed in
confocal microscopy imaging using the JC-1 fluorescent probe
(Figure 4A), i.e., a reduced mitochondrial membrane potential
(Awm) in AS49 cells, as the green fluorescence signal of JC-1
monomers increased 3.2-fold and 6.7-fold under the exposure
of 0.03 and 0.3 uM 6PPDQ compared to that of the control
(Figure S7A). The mitochondrial ROS levels, 2.2-fold higher
(0.03 uM 6PPDQ) and 3.8-fold higher (0.3 uM 6PPDQ),
detected using the MitoSOX Red fluorescent probe compared
to the control, were also observed (Figure 4B and Figure S7B).
This phenomenon is reasonable”*~>* and can be explained by
disruptions in electron transport chain (ETC) function
responses. Inhibition of specific ETC complexes (e.g.,
Complexes L, I1I, or IV) can lead to electron accumulation at
upstream sites, increasing the likelihood of electron leakage to
oxygen, thereby generating superoxide radicals even under
reduced Aym conditions.”® The inhibitory effect of 6SPPDQ on
the mitochondrial oxidative phosphorylation system is
primarily manifested as the inhibition of enzyme activities of
Complexes I and IV, leading to impaired electron transport
chain function. This inhibition may cause electron transfer
barriers and increased electron leakage while reducing the
efficiency of proton pumping from the mitochondrial matrix to
the intermembrane space. This series of changes further results
in increased production of ROS and decreased Aym.

The mitochondrial dysfunction likely induced by the three
conserved mitochondrial 6PPDQ-bonded proteins, formed via
the reaction between the ubiquitous protein cysteine sulthydryl
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and the quinone in 6PPDQ, may represent a possible
molecular mechanism underlying 6PPDQ’s toxic behavior. A
previous study on 6PPDQ’s toxicity in mammalian dopami-
nergic primary neurons indicated that 6PPDQ induced
mitochondrial dysfunction, manifested as significantly elevated
mitochondrial ROS levels and markedly reduced mitochon-
drial membrane potential Aym.® A study on primary cultured
gill cells of rainbow trout (Oncorhynchus mykiss), an aquatic
organism model, observed an increased oxygen consumption
rate by uncoupling the mitochondrial electron transport
chain”” As well, the studies on the invertebrate model
organism Caenorhabditis elegans pointed out that 6PPDQ
exposure could lead to impaired functionality of mitochondrial
respiratory chain Complexes I and IL*® All of these reports
support our findings. Therefore, the three 6PPDQ-bonded
proteins discovered in the mitochondria may deserve to be key
proteins to elucidate the cytotoxicity of 6PPDQ at the
molecular level.

B CONCLUSION

6PPDQ’s electrophilic quinone moiety directly binding to the
ubiquitous nucleophilic cysteine residue as an initiating
molecular event lays the foundation for its potential broad-
spectrum toxicity. The three 6PPDQ-bonded mitochondrial
proteins, NDUS6, COXS5B, and ATPSPB, discovered from the
human model cell line AS49 on the sulfhydryl-reactive
proteomics platform, should be responsible for mitochondrial
dysfunction. The three 6PPDQ-bonded proteins are highly
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conserved throughout evolution, and the mitochondrial
oxidative phosphorylation process is involved universally as a
core energy metabolism pathway in almost all aerobic
organisms, implying the possibility of the broad-spectrum
toxicity of 6PPDQ. Clearly, in-depth investigation should be
further performed for a more comprehensive understanding of
the cytotoxic features of 6PPDQ. While the interaction of the
electrophilic quinone moiety in 6PPDQ with protein sulfhydryl
groups appears to be responsible for its broad-spectrum
toxicity as described above, the alkyl side chain in the 6PPDQ_
molecular structure®”*® and the key protein functional domain
where the reactive sulfhydryl is located are crucial for the acute
species-specific toxicity of 6PPDQ_toward 6PPDQ-sensitive
biological models, such as coho salmon (Oncorhynchus
kisutch), which need to be extensively and intensively
investigated in the future.
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