
Acta Pharmaceutica Sinica B 2023;13(1):204e212
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.el sev ie r.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Fluorine-thiol displacement probes for
acetaminophen’s hepatotoxicity
Benjamin L. Prathery, Shuyue Jiy, Yue Zhao, Femil Joseph Shajan,
Mi Zhao, Zakey Yusuf Buuh, Robert Maloney, Rui Zhang,
Carson Cohen, Rongsheng E. Wang*
Department of Chemistry, Temple University, Philadelphia, PA 19122, USA
Received 14 March 2022; received in revised form 1 July 2022; accepted 28 July 2022
KEY WORDS

Acetaminophen (APAP);

Liver;

Hepatotoxicity;

Bioorthogonal;

Click chemistry;

Fluorine displacement;

Fluorine thiol
*

y

Pee

http

221

by
displacement reaction;

FTDR
Corresponding author. Tel. þ1 215 20

E-mail address: rosswang@temple.edu

These authors made equal contribution

r review under responsibility of Chine

s://doi.org/10.1016/j.apsb.2022.08.003

1-3835 ª 2023 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract Chemicals possessing reactive electrophiles can denature innate proteins leading to undesired

toxicity, and the overdose-induced liver injury by drugs containing electrophiles has been one of the major

causes of non-approval and withdraw by the US Food and Drug Administration (FDA). Elucidating the

associated proteins could guide the future development of therapeutics to circumvent these drugs’ toxicities,

but was largely limited by the current probing tools due to the steric hindrance of chemical tags including

the common “click chemistry” labels. Taking the widely used non-steroidal anti-inflammatory drug acet-

aminophen (APAP) as an example, we hereby designed and synthesized an APAP analogue using fluorine

as a steric-free label. Cell toxicity studies indicated our analogue has similar activity to the parent drug. This

analogue was applied to the mouse hepatocellular proteome together with the corresponding desthiobiotin-

SH probe for subsequent fluorine-thiol displacement reactions (FTDRs). This set of probes has enabled the

labeling and pull-down of hepatocellular target proteins of the APAP metabolite as validated by Western

blotting. Our preliminary validation results supported the interaction of APAP with the thioredoxin protein,

which is an important redox protein for normal liver function. These results demonstrated that our probes

confer minimal steric perturbation and mimic the compounds of interest, allowing for global profiling of

interacting proteins. The fluorine-thiol displacement probing system could emerge as a powerful tool to

enable the investigation of drugeprotein interactions in complex biological environments.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Reactive electrophiles are a common type of toxic metabolites that
can react with nucleophilic amino acids1. Suchmodifications disturb
native protein functions and have been implicated inmany diseases1.
One representative example is the compound acetaminophen (APAP,
Tylenol), which is one of the world’s most commonly used drug
ingredients2e4. However, APAP is also the world’s leading cause of
drug overdose and liver injury/failure2,3,5. APAP is primarily
metabolized in vivo by the enzyme CYP2E1 which is highly
expressed in the liver (Fig. 1A)5e7. The resulting intermediate N-
acetyl-p-benzo-quinone imine (NAPQI) depletes hepatic gluta-
thione (GSH) and reacts exclusively with functional cysteine or
selenocysteine residues throughout the liver proteome6e8, leading to
hepatocellular necrosis6,7. Nevertheless, the global interacting pro-
teomes of APAP are poorly understood because of the lack of an
efficient and broadly applicable experimental tool. Currently, the
most common method entails covalent labeling of the drugs with an
alkyne or azide tag (Fig. 1B) that can later be appended via a classical
bio-orthogonal reaction, copper-catalyzed azide-alkyne cycloaddi-
tion (CuAAC “click” chemistry). The final in situ appending with a
biotin affinity probe allows for enrichment by streptavidin-coated
beads/resins, target protein pull-down, and chemical proteomics-
based protein identification9,10. Yet the alkyne/azide-based tags are
still relatively bulky in terms of size and their incorporation into sites
may perturbmetabolism or interactions with potential protein targets
(Fig. 1B)8,11e13. Moreover, the alkynes are known to serve as in-
hibitors for the liver enzyme CYP2E18. As a result, the acetamino-
phen alkyne analogue (APAP-alkyne) has exhibited limited in vitro
reactivity in mouse liver homogenates8, and only thioredoxin
reductase-1 (TrxR1) has been identified to date10.

We recently demonstrated that fluorine substitution onto natural
small molecules such as post-translational modification cofactors/
precursors present minimal steric hindrance14, and the fluorine tag
Figure 1 Design of the acetaminophen (APAP) analogues. (A) The in viv
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alpha to the carbonyl groups can be further converted in situ to other
functional probes such as TAMRAfluorophore or biotin through the
bioorthogonal fluorine-thiol displacement reaction (FTDR)14. The
drug acetaminophen happens to possess an acetamide group that can
potentially allow for the derivatization by fluorine and the subse-
quent FTDR reaction. Herein, we report the synthetic preparation of
the fluorine-modified APAP analogue (APAP-F) and the utilization
of it to test the hypothesis that fluorinated acetaminophen does not
exhibit the steric issues as observed by the alkyne-tagged acet-
aminophen and thereby can be utilized as a more efficient probe.
Along with the benzenethiol containing desthiobiotin probe, our
APAP-F compound has served as a better analogue, empowering us
to explore the interacting proteome of the drug (Fig. 1C).

2. Results and discussions

2.1. Design and synthesis of APAP analogues

We first prepared the APAP-alkyne derivative by reacting 4-
pentynoic acid with oxalyl chloride in DCM followed by addi-
tion of the commercially available p-aminophenol (Supporting
Information Scheme S2), which affords a 39% yield of the puri-
fied derivative with NMR spectra consistent with the reported
data8,10. Implementing the similar approach, we treated the freshly
hydrolyzed fluoroacetate with oxalyl chloride in THF and reacted
the mixture with p-aminophenol to generate the desired APAP-F
analogue 2 (Scheme 1A). This route consists of two steps with
an overall 42% yield. To obtain a better yield of the analogue, we
also attempted the previously reported TBS protection strategy10 by
reacting the phenol part with tert-butyldimethylsilyl chloride in the
presence of catalytic amount of DBU to afford the intermediate 2a
(Scheme 1B). HATU-mediated coupling of 2a with sodium fluo-
roacetate followed by silyl deprotection with TBAF finally led to
o metabolism of APAP parent drug to N-acetyl-p-benzoquinone imine
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Scheme 1 Synthesis of the APAP-F analogue 2 with two separate routes (A) and (B).

Scheme 2 Synthetic route of the desthiobiotin-SH probe 11.
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APAP-F, which took a total of three steps with an overall 52%
yield. Both analogues appeared stable as a solid but also in solu-
tion, as demonstrated by LC‒MS.
Figure 2 Cell toxicity evaluation of APAP and APAP analogues.

(A) Viability of human HepG2 cell lines after treatment with APAP or

tag-derivatized APAP analogues. (B) Viability of mouse liver cells

after treatment with APAP or APAP analogues.
2.2. Design and synthesis of biotin probes

To pair up with the alkyne analogue, we have synthesized the
desthiobiotin-azide probe by first preparing the 3-azidopropylamine
linker from the commercially available bromopropylamine
(Supporting Information Scheme S2)15. Coupling between D-des-
thiobiotin and 3-azidopropylamine with the aid of 1,10-carbon-
yldiimidazole resulted in the desired probe 15 with a 65% yield. In
order to convert the fluorine tag on APAP to a biotin functional
moiety, we have designed the desthiobiotin-SH probe (11, Scheme
2) by incorporating the previously reported tri-methoxy thiophenol
as the warhead and connecting it with desthiobiotin through a
polyethylene glycol linker that greatly increases solubility. After
preparing the thiocyanate dimethoxy phenol 5 based on the reported
procedure14, we performed O-alkylation with t-butyl 4-
bromobutanoate to generate intermediate 6 (Supporting
Information Scheme S1). Adapting Sammakia’s approach16, we
treated the tert-butyl ester 6 directly with thionyl chloride, and
subsequently with N-hydroxysuccinimide to render the important
intermediate 7with a 43%yield. Concurrently, we carried out amide
coupling between D-desthiobiotin and the commercially available
azido-PEG5-amine linker (Scheme 2). The resulting azide inter-
mediate 8 was reduced by Pd/C-mediated hydrogenation to
generate derivative 9 with an active terminal amine. We further
conjugated 9 with the previously prepared NHS-thiocyanate inter-
mediate 7, and consecutively reduced compound 10 with TCEP to
finally afford the desired desthiobiotin-SH probe 11. Altogether, the



Scheme 3 Model fluorine-thiol displacement reaction between the

APAP-F derivative and the desthiobiotin-SH probe.
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construction of probe 11 took four linear steps with a cumulative
yield of 54%.

2.3. Cytotoxicity evaluation of APAP analogues

To test the hypothesis that fluorine modification on APAP does not
perturb the parent drug’s activity, we started by evaluating the cell
cytotoxicity of APAP analogues in human liver cell line HepG2
(Fig. 2A). The HepG2 cell line has been commonly used in
research related to drug metabolic activities and hepatotoxicity
studies17. Treatment with HepG2 cells for 48 h suggested that all
compounds displayed similar cytotoxicity, with EC50 values of
APAP, APAP-F, and APAP-alkyne equaling to 7.4 � 1.4,
6.4 � 1.5, and 6.6 � 1.8 mmol/L, respectively. Since HepG2 cells
express lower level of CYP2E1 enzymes than the primary human
hepatocytes18, we then turned our attention to primary mouse
hepatocytes. Fresh liver cells were harvested from 12-week-old
Figure 3 In vitro model protein BSA labeling with desthiobiotin p

desthiobiotin-azido probe 15. (B) Illustration of “FTDR” based labeling u

labeling. “CBB” is Coomassie brilliant blue staining. The first-step install

random conjugation of lysine-NHS chemistry.
female mice following the reported procedure19 and were imme-
diately treated with APAP and APAP analogues. As shown in
Fig. 2B, the EC50 of APAP was 4.9 � 0.9 mmol/L, while the
EC50s of APAP-F and APAP-alkyne were 0.6 � 0.04 and
0.8 � 0.07 mmol/L, respectively. While the toxicities from the
derivatives were more significant, the fluorine label did not result
in different toxicity from the click chemistry alkyne tag. Taken
together, the F-modified analogue inherits similar biological pro-
files to the parent APAP and the alkyne analogue APAP-alkyne.
2.4. Model protein labeling by biotin probes

We then assessed the reactivity of the desthiobiotin-SH probe 11
by first testing its reaction with the APAP-F analogue at the small
molecule level (Scheme 3), which successfully proceeded at 37 �C
and afforded the expected product 12 with a 56% yield after
isolation and purification.

Moving forward, we performed model protein labeling using
BSA (Fig. 3). The protein was first modified with alkyne or
fluorine acetamide tags based on the random lysine-NHS coupling
chemistry20. Subsequent incubation with the corresponding des-
thiobiotin probes was followed with capturing by infrared (IR)
dye-conjugated streptavidin (Fig. 3A and B). This procedure
allowed us to readily monitor the two-step labeling process
mediated by either “click chemistry” (Fig. 3A) or FTDR (Fig. 3B)
in a straightforward manner through IR fluorescence detection. As
shown through PAGE gel analysis (Fig. 3C), both biotin probes
have resulted in satisfactory labeling of model proteins as long as
the first step modification occurred.
robes. (A) Illustration of “click chemistry” based labeling using

sing desthiobiotin-SH probe 11. (C) PAGE gel results of the protein

ation of the alkyne (A) or acetyl fluoride (B) tags were based on the



Figure 4 In situ mouse hepatocellular protein labeling by APAP analogues followed by TAMRA-SH or desthiobiotin-SH/desthiobiotin-azide

probes. (A) Illustration of the two-step hepatocellular protein labeling and detection processes. (B) The FTDR labeling results using the parent

APAP (lane 1) or APAP-F analogue (lane 2), along with the TAMRA-SH probe for the 2nd step. “CBB”: Coomassie brilliant blue. (C) Com-

parison of the FTDR labeling (lane 1: APAP, lane 2: APAP-F) and the click chemistry labeling (lane 3: APAP, lane 4: APAP-alkyne) using

desthiobiotin probes (desthiobiotin-SH for lanes 1e2, desthiobiotin-azide for lanes 3e4).
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2.5. Labeling of hepatocellular protein targets of APAP

Moving forward, we attempted labeling of APAP-interacting he-
patocellular proteins by treating mouse hepatocytes with APAP
analogues, which was followed by lysis and immediate conversion
of protein tags to functional probes with desthiobiotin-SH or the
previously reported TAMRA-SH (Fig. 4A)14. Using the TAMRA-
SH probe, we were able to directly observe the hepatocellular
proteins that were labeled by fluorine due to the covalent in-
teractions with NAPQI-F metabolic intermediate (Fig. 4B).
Compared to the control lane 1, more protein bands (pinpointed by
blue arrows) displayed TAMRA fluorescence in lane 2, while both
lanes showed equal protein loading by CBB staining. We also
converted the tags to desthiobiotin and observed significant protein
band differences as a result of FTDR-mediated labeling by APAP-
F/Biotin-SH (lanes 1 and 2, Fig. 4C). Contrary to this, the “click
chemistry”-based labeling resulted in fewer distinct protein bands
(lane 4 versus lane 3, Fig. 4C), which is presumably due to the
steric hindrance and the unwanted enzyme reactivity of the alkyne
tag8,11e13. These results demonstrated the unique compatibility of
APAP-F analogue with the hepatocellular proteome.

2.6. Pull-down of hepatocellular protein targets of APAP

Finally, we combined the biotin labeling approach with
streptavidin-mediated protein pull-down to enrich the target pro-
teins of APAP (Fig. 5). To confirm the enrichment results, we
pursued western blotting using antibodies against potential targets
of APAP. Previous LC‒MS/MS based proteomics research has
identified thioredoxin as a potential APAP interacting protein,
although there is no further experimental validation21. We hereby
observed the selective presence of mouse thioredoxin in the pro-
teins enriched by our FTDR-based APAP-F/desthiobiotin-SH
probing strategy. Notably, the pull-down of thioredoxin can be
weakened after competition of the APAP-F incorporation by 10-
fold excess of APAP parent drug during the 1st step incubation
with liver cells (Fig. 5), which further confirmed that thioredoxin
is a target of APAP.

To understand how APAP/NAPQI interacts with the thio-
redoxin protein at the molecular level, we performed the Schro-
dinger molecular docking studies (Fig. 6A‒C). Both the parent
APAP and APAP-F analogue bound within the same site of thio-
redoxin and are in close proximity to the nucleophilic cysteine 73
(Fig. 6A), which is consistent with the previous mass spec analysis
results21 that cysteine 73 could be the active site of thioredoxin for
the NAPQI metabolic intermediate of APAP. Further analysis of
the active site (Fig. 6B and C) showed that NAPQI binds via
hydrogen bonding with lysine 72 while NAPQI-F interacts with
lysine 72 and serine 90. Correspondingly, the resulting docking
scores for NAPQI and NAPQI-F were �3.4 and �4.2, respec-
tively, suggesting that NAPQI-F may have a higher affinity for the
thioredoxin protein. This mechanistic finding could explain why
the APAP-F analogue displayed an improved EC50 during the
cytotoxicity evaluations in mouse liver cells (Fig. 2B).

To experimentally confirm the binding of APAP with the
thioredoxin protein, we synthesized the FITC conjugate version
of the APAP drug. Adopting a convergent synthetic strategy
(Supporting Information Scheme S3), we prepared the azido-



Figure 5 FTDR-mediated pull-down of mouse hepatocellular proteins that interact with APAP-F, followed by validations with Western blot.

“CBB”: Coomassie brilliant blue. Competition has been done by treating mouse liver cells with APAP-F in the presence of 10 equivalents of the

APAP parent compound.
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derivatized PEG4 linker 18 and the TIPS protected APAP drug,
respectively. With the aid of thionyl chloride, the coupling of the
linker with the amino group of APAP-TIPS proceeded smoothly
to yield intermediate 19. A final three-step deprotection and
coupling with the isothiocyanate group of FITC rendered the
desired APAP-FITC (20) with a yield of w20% and a >95%
purity as indicated by LC‒MS analysis (Supporting Information).
The probe was then oxidized by silver oxide to generate the
NAPQI-FITC intermediate22, and subsequently incubated with
human thioredoxin. As shown by the fluorescence anisotropy
assay result (Fig. 6D)23, significant binding was observed be-
tween thioredoxin and the probe, with the Kd estimated to be
15.5 � 8.3 mmol/L. Future studies may explore the effect on
binding with the mutation of Cys73 in thioredoxin, which could
further corroborate the molecular mechanisms revealed by our
docking studies.
3. Conclusions

In summary, we have applied the steric-free fluorine thiol probing
strategy to a classic drug, acetaminophen, to further investigate
its underlying hepatotoxicity. The designed analogue, APAP-F,
has been synthesized and assessed to demonstrate comparable
hepatotoxicity of tagged APAP analogues. We also designed and
synthesized a powerful desthiobiotin probe and utilized it in
tandem with the APAP-F analogue to successfully carry out the
labeling and pull-down assays of the APAP targeting proteins
from primary mouse hepatocytes. Our FTDR-based probes have
resulted in more explicit protein labeling than the reported probes
designed by traditional “click chemistry”, corroborating the
initial hypothesis that small molecule drugs modified by fluorine
possess minimal steric hindrance and may inherit similar bio-
logical profiles of the parent drugs. Further western blotting
analysis of the FTDR-enriched hepatocellular proteins has led to
the subsequent validation of thioredoxin as one of the protein
targets of APAP. Given thioredoxin’s ubiquitous antioxidant
function and its role in redox signaling24, its contribution towards
APAP’s hepatotoxicity warrants further investigations including
potential development of therapeutic mitigations. Future work
would focus on proteomics studies of the enriched hepatocellular
proteins in order to systematically elucidate and to obtain a
complete set of APAP targets. Nevertheless, this proof-of-
concept research has provided strong evidence that the FTDR-
based labeling strategy can be potentially applied to many
other small molecule compounds and drugs, thereby empowering
the interrogation of their pharmacology.

4. Experimental

4.1. Chemistry

The synthetic routes, synthesis and characterization data of com-
pounds have been provided in Supporting Information.

4.2. Biological assays

4.2.1. Probe labeling on model proteins
Bovine serum albumin (BSA) was randomly conjugated by fluo-
roacetamide or alkyne-derivatized acetamide through lysine-NHS
ester chemistry1. For FTDR labeling, the fluorine-tagged BSA
(1.5 mg/mL final concentration) was mixed with desthiobiotin-SH
probe (2 mmol/L final concentration) along with DTT (5 mmol/L
final concentration) in DPBS buffer (pH 8.0). The mixture was
incubated at 37 �C in the dark for 6e8 h before SDS-PAGE
analysis. For the control “click chemistry” labeling, 4 mL of
CuSO4 (5 mmol/L) was pre-incubated with 4 mL of BTTES
(5 mmol/L) for 5 min and then mixed with 2 mL of sodium
ascorbate (50 mmol/L), 2 mL of desthiobiotin-azide probe
(4 mmol/L), and 3 mL of the alkyne-tagged BSA (7.5 mg/mL).
The mixture was incubated at 37 �C in the dark for 3 h before
SDS-PAGE analysis.

4.2.2. Isolation of primary mouse liver cells
The experiments were exactly pursued following the approved
protocols by the Institutional Animal Care and Use Committee
(IACUC). About 12-week-old female mice were euthanized by
carbon dioxide (CO2) under IACUC guidelines. The fresh liver
tissues were harvested, washed with warm Hank’s buffer to
remove red blood cells, and sliced into small pieces as suspensions
in Hank’s buffer. After filtrating through a 40 mm cell strainer on



Figure 6 Molecular docking and experimental validation of the APAP metabolites within the pocket of the identified protein thioredoxin. (A)

3D interaction diagram between the thioredoxin protein (PDB: 1ERU) and the metabolite intermediate NAPQI (pink)/NAPQI-F (purple). (B) 2D

interaction diagram between NAPQI and the amino acids within thioredoxin. (C) 2D interaction diagram between NAPQI-F and the amino acids

within thioredoxin. (D) Fluorescence polarization studies to confirm the binding of the oxidized APAP-FITC probe with human thioredoxin.
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ice, the cell suspension was purified by Percoll gradient. Briefly,
20 mL of the suspension was slowly dispensed on top of a 20 mL
solution of 45% Percoll/Hank’s buffer inside a 50 mL conical
tube. The conical tube was then centrifuged at 500�g for 15 min
at a minimum acceleration and deceleration speed. The primary
mouse liver cells were collected as the pellet at the bottom of the
tube, resuspended in cold Hank’s buffer and washed twice
(repeatedly dissolved in cold Hank’s buffer and spined down at
200�g for 7 min). The cells were finally resuspended in warm
William E media, and cultured as described below.

4.2.3. Cell culturing
The primary mouse liver cells were incubated at 37 �C under an
atmosphere of 5% CO2, in William E medium without phenol red
but supplemented with 10% of fetal bovine serum (FBS) and 1%
of antibiotic antimycotic solution (AAS). The human HepG2 cell
line was incubated at 37 �C under an atmosphere of 5% CO2, in
low glucose DMEM medium (final concentration of glucose:
4.5 g/L) supplemented with 1% of AAS.

4.2.4. In vitro hepatotoxicity assays
HepG2 cells or primary mouse liver cells were seeded in 96-well
plates at a density of 3.3 � 106 cells per well (90 mL) and incu-
bated for 6 h at 37 �C under an atmosphere of 5% CO2. Serially
diluted (1/2 fold) compound stocks (10�) for either the
parent compound APAP, the probe APAP-F, or APAP-alkyne were
prepared in DPBS buffer that was premixed with 30% of
DMSO (v/v). Exactly 10 mL of each stock solution was added into
the cells pre-plated within 90 mL of cell medium per sample well,
to make final compound concentrations spanning from 0.059 to
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30 mmol/L. Treatment with HepG2 cells lasted for 48 h before
work-up, while the compounds were incubated with the primary
mouse liver cells for only 16 h. After incubation, CellTiter-Glo
reagents were added at a scale of 50 mL per well and the lumi-
nescence signals were recorded at Synergy H1 plate reader
(Biotek) using the Gen5 software. The data were processed and
plotted using GraphPad Prism V.11.1.

4.2.5. Hepatocellular protein extraction after live cell treatment
with APAP analogues
Approximately 33.3 � 106 primary mouse liver cells were
cultured in 9 mL of Hank’s buffer (without serum) in a 10 cm cell
dish. APAP, APAP-F, or APAP-alkyne probe was each prepared in
30% DMSO/DPBS buffer (v/v), and 1 mL of the probe solution
(2.5 mmol/L) was added to the cell culture dish under appropriate
mixing by pipetting up and down. The cells were treated with
probes for 3 h at 37 �C under an atmosphere of 5% CO2 and were
washed twice by repeatedly spinning down at 300�g for 10 min
followed by resuspension in DPBS buffer. Lysis was performed in
a mild manner by incubating the adherent cells with 1 mL of lysis
buffer (CelLytic M, SigmaeAldrich) on ice for 10 min, followed
by scratching them down from the plate surface. The collected cell
suspension was then shaken vigorously at room temperature for
15 min. The debris were removed by centrifuging the lysate at
15,000�g for 15 min at 4 �C. Hepatocellular proteins were pu-
rified from the remaining supernatant by methanol precipitation.
Briefly, methanol was added to the supernatant at 10:1 v/v ratio.
The resulting mixture was cooled down at �80 �C for 1e2 h, and
spun down at 10,000�g for 5 min at 4 �C. The protein pellets were
resuspended with 100% cold methanol and spun down again at
10,000�g for 5 min at 4 �C to wash away the unlabeled probes
and salts. Finally, DPBS with 0.1% SDS was added to make a
protein solution with a final concentration of 1.5 mg/mL for
follow-up characterizations.

4.2.6. TAMRA-SH probe labeling and analysis
Hepatocellular proteins (40 mL, 1.5 mg/mL) harvested after
cellular treatment with APAP or APAP-F analogue were mixed
with TCEP (5 mmol/L), and the final pH value was adjusted to
8.0. Approximately 4 mL of TAMRA-SH probe (20 mmol/L in
DMSO) was added to the mixture and the labeling reaction was
allowed to take place at 37 �C in the dark for 6 h. This type of
labeling reaction was attempted in either the DPBS buffer or the
Hank’s buffer. After the 6 h incubation, all samples were added to
the loading buffer, heated for 5 min at 90 �C, and directly loaded
onto 4%e12% Bis-Tris SDS-PAGE gels for protein separation
(Genscript). The resulting PAGE gels were fixed and scanned by
the ChemiDoc MP Imaging System (Bio-Rad) for protein bands
labeled by TAMRA dye. The gel was finally stained by Coomassie
brilliant blue (CBB) as a loading control.

4.2.7. Desthiobiotin probe labeling and analysis
The hepatocellular proteins were harvested after treatment with
APAP and APAP-F analogue, respectively, and were incubated
with desthiobiotin-SH probe in a similar manner to the
TAMRA-SH probe labeling as mentioned above. For lysate
proteins harvested from treatment with APAP and APAP-alkyne
analogue respectively, the specific protein samples were dis-
solved in DPBS buffer, pH 7.2. About 40 mL of each lysate
protein sample (1.5 mg/mL) was mixed with 2 mL of sodium
ascorbate (50 mmol/L). The coupling catalyst (4 mL of CuSO4

(5 mmol/L) and 4 mL of BTTES (5 mmol/L)) was preincubated
for 5 min at room temperature and then added to the protein
mixture, along with 2 mL of the desthiobiotin-azide probe
(4 mmol/L). The reaction mixture was incubated at room tem-
perature for 3 h in the dark. Then all the reaction samples were
loaded onto SDS-PAGE. The protein bands on the gel were
further transferred to the PVDF membrane through semi-dry
Trans-Blot (Bio-Rad). The membrane was subsequently
blocked by TBS-Tween buffer/3% BSA overnight at 4 �C, and
finally probed with streptavidin-IRdye 630. The biotin-labeled
proteins were finally visualized and recorded on ChemiDoc
MP Imaging System (Bio-Rad).

4.2.8. Hepatocellular protein pull-down and Western blot
analysis
After biotin labeling, unreacted probes and other reagents were
removed from lysate proteins by methanol precipitation. Then,
lysate proteins were dissolved in DPBS with 0.5% SDS. For each
pull-down experiment, 100 mL slurry of streptavidin magnetic
beads (NEB S1420S) were mixed with 30 mg of lysate proteins in
DPBS buffer with 0.05% SDS and incubated at room temperature
for 3 h. After discarding unbound lysate proteins in the superna-
tant, the beads were washed twice in 0.5% SDS DPBS buffer and
twice in DPBS buffer. Enriched proteins were eluted by boiling
beads in 1 � LDS loading buffer with 100 mmol/L DTT at 95 �C
for 5 min and were loaded onto SDS-PAGE. The Western blot
against thioredoxin was detected by thioredoxin rabbit polyclonal
antibody (Proteintech 14999-1-AP) and IRDye 680RD secondary
antibody (Li-COR). As the loading control, the PAGE gel of the
lysates of each experimental group right before pull-down were
stained by Coomassie brilliant blue.

4.2.9. Fluorescence polarization assays
APAP-FITC probe (compound 20) was oxidized by silver oxide to
NAPQI-FITC intermediate, and roughly purified according to the
published procedure22. The intermediate was dissolved in protein
buffer (300 mmol/L NaCl, 25 mmol/L Tris, pH 7.2, 2 mmol/L
DTT, 2% glycerol, 0.01% Tween) at a final concentration of
10 mmol/L, and was mixed with recombinant human thioredoxin-1
protein (R&D Systems™, MN) that was serially diluted to a final
concentration spanning from 0.2 to 100 mmol/L. The final mix-
tures were plated in a black opaque 384-well plate (Nunc, Sig-
maeAldrich) at 10 mL/well and incubated at 37 �C for 1 h. Wells
containing buffer only were used as a blank control. The FP sig-
nals were measured on a BioTek microplate reader (Synergy H1,
USA), with the excitation and emission wavelengths set at 485 and
528 nm, respectively.

4.3. In silico simulations

The crystal structure of the oxidized thioredoxin was derived from
the Protein Data Bank with accession code 1ERU. Molecular
docking was performed using the Schrodinger molecular docking
toolkit (New York, NY, USA). The 3D structures of the NAPQI
and NAPQI-F analogue were generated using the construction
panel in Maestro 11.8 and optimized using the LigPrep module
with default parameters. Molecular docking was carried out using
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Glide module in its SP mode. The obtained docked poses were
analyzed with Chimera. The docking scores were analyzed to
determine which compounds have a higher affinity.
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