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ABSTRACT

KEYWORDS

Objective: The objective of the current study was to evaluate the chemosensitizing capacity of auranofin (AF), a gold (I) complex
traditionally used in rheumatoid arthritis treatment, in potentiating the cytotoxic effects of doxorubicin (DOX) in melanoma cell
models, specifically drug-sensitive (B16F10) and multidrug-resistant (B16F10/ADR) variants.

Methods: Experimental measurements, including in vitro cytotoxicity and apoptosis assays, surface plasmon resonance (SPR),
immunoblotting assays, as well as theoretical calculations, such as molecular docking and molecular dynamics (MD) simulations,
were used to systematically delineate the interaction dynamics between AF and thioredoxin reductase 1 (TrxR1). The anti-tumor
efficacy of co-treatment with AF and DOX was assessed by examining cell viability and apoptotic rates.

Results: Co-treatment with AF and DOX significantly increased anti-tumor efficacy, as evidenced by reduced cell viability and
increased apoptotic rates. This synergistic effect was attributed to inhibition of TrxR1 by AE, which compromised tumor cell antioxidant
defenses and elevated intracellular reactive oxygen species (ROS), thereby enhancing apoptotic pathways. Notably, AF treatment
mitigated the heightened TrxR activity in DOX-resistant cells, intensifying the pro-oxidant effects of DOX, leading to increased ROS
production and cell death. The data also showed that AF binds with high affinity to the selenocysteine residue within the catalytic site
of TrxR1, which partially overlapped with the binding site of the endogenous substrate, thioredoxin (Trx), but with greater avidity.
This unique binding configuration impedes the reduction of Trx by TrxR1, triggering an apoptotic response in cancer cells.
Conclusions: This study underscores the chemosensitizing potential of AF in overcoming multidrug resistance in cancer therapy
through redox modulation. The molecular mechanism of action underlying AF on TrxR1 demonstrated the unique binding
configuration that impedes the reduction of Trx by TrxR1 and instigates an apoptotic response in cancer cells. These findings
pave the way for the clinical application of AF as a chemosensitizer, offering a novel approach to augment the efficacy of existing
chemotherapy regimens.

Auranofin; TrxR1; anti-cancer; drug resistance; molecular dynamics simulation

Introduction

Chrysotherapy has attracted scientists and led to a research

focus on gold-containing medications!”, typically including

gold glucose (aurothioglucose)®, gold sodium thiomalate
(aurothiomalate)*®, sodium bis-thiosulfate gold (aurothio-
sulfate)!®!! and auranofin (AF)>»!?>15, These medications
contribute to various disease treatments involving asthma?,

malaria®, arthritis, cancer®, and AIDS’. AF [molecular for-
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taining drug for rheumatoid arthritis (RA) treatment'®. AF
inhibits the activity of hydrolytic enzymes, such as B-glucuro-
nidase and elastase!”. AF was approved by U.S. Food & Drug
Administration (FDA) for the treatment of RA in 1985 with
the brand name, Ridaura'®. It was shown that RA patients
treated with AF have lower malignancy rates than non-treated

patients'?, which paved the way for use of AF as an anticancer
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Auranofin, a gold(I) complex for rhemumatoid arthritis, shows chemosensitizing potential by targeting
Background ; : S - ] -
TrxR1 in cancer, but its molecular mechanism in multidrug-resistant melanoma remains unclear.

(Renal cancer: n = 877

Data sources: Transcriptomic data from HPA {707 SRR 0 = f

High TrxR1 expression predicts poor survival
Methods: Kaplan-Meier survival curves, log-rank test ° 5 5 i

Molecular docking: Predicted AF-TrxR1 binding pose
MD simulations: Analyzed conformational stability
SPR assay: Binding affinities: AF-TrxR1 vs. Trx-TrxR1

‘ High-affinity Au-Se coordination bond between
Af and sec residue (K, = 13.24 nM via SPR)

B16F10/
ADR cells)

Models: Acquired DOX-resistant melanoma tumor cells

Cytotoxicity: CCK-8 assay (AF + DOX combination)

Apoptosis: Annexvin V/PI flow cytometry, caspase-3 activity
os Quantification: DCFH-DA fluorescence

Synergistic effect (CI < 1), ROS-driven apoptosis
(3.2-fold 1 cleaved caspase-3)

TrxR1 Activity Assay: DTNB reduction
Western blot: Cleaved caspase-3, TrxR1/Trx redox flux

AF trapped TrxR1 in oxidized state, blocking Trx
reduction and amplifying ROS-induced apoptosis.

=

Provides a theoretical basis for repurposing auranofin as a chemosensitizer to overcome multidrug
resistance in cancer therapy by targeting the TrxR1 redox axis, offering a novel strategy to
enhance chemotherapy efficacy

Implications

Study Flow PartIconducts a clinical survival analysis of TrxR1 expression, assessing its correlation with survival in renal, liver, and melanoma
cancers using transcriptomic data from HPA via Kaplan-Meier survival curves and the log-rank test, finding that high TrxR1 expression predicts
poor survival. Part II focuses on the molecular mechanism of AF-TrxR1 interaction, characterizing AF's binding to TrxR1 at the selenocysteine
active site through molecular docking and MD simulations, revealing a high-affinity Au-Se coordination bond between AF and Sec residue
and verified via SPR. Part Ill performs in vitro validation in melanoma models, including drug-sensitive and acquired DOX-resistant melanoma
tumor cells (B16F10/ADR cells), using cytotoxicity (MTT assay), apoptosis, and ROS quantification methods, showing a synergistic effect (CI < 1)
and ROS-driven apoptosis. Part IV integrates the mechanistic pathway, elucidating redox dysregulation and apoptotic activation by TrxR1
activity assay and western blot, demonstrating that AF trapped TrxR1 in the oxidized state, blocking Trx reduction and amplifying ROS-induced
apoptosis. The study provides a theoretical basis for repurposing auranofin as a chemosensitizer to overcome multidrug resistance in cancer
therapy by targeting the TrxR1 redox axis, offering a novel strategy to enhance chemotherapy efficacy. TrxR1, thioredoxin reductase 1; AF,
auranofin; DOX, doxorubicin; ROS, reactive oxygen species; MD, molecular dynamics; SPR, surface plasmon resonance; CI, combination index
(Chou-Talalay).

application. Indeed, AF is expected to become a promising
anticancer drug?®-%.

In recent years the issue of drug resistance in cancer has
become increasingly prominent®*-3*. How to reverse tumor
drug resistance has become a primary concern in the devel-
opment of anticancer drugs®®-3%. Recently, Deepika et al.*
reported that AF sensitizes breast cancer cells to paclitaxel by
upregulating FOXO3, thereby inhibiting Nrf2 translocation
and promoting apoptosis. This finding revealed the poten-
tial of AF as a chemosensitizer through modulation of the

FOXO3/Nrf2/Keapl signaling pathway with implications for
clinical application following preclinical evaluation®. High-
grade serous ovarian cancer (HGSOC), the most common
and lethal form of ovarian cancer, often develops resistance to
platinum-based chemotherapy. Abdalbari et al.?* investigated
the potential of AF in targeting multiple cytotoxic pathways in
HGSOC cells (platinum-sensitive and -resistant) by inhibiting
thioredoxin reductase (TrxR) and depleting antioxidants, thus
suggesting a novel therapeutic strategy for long-term consol-
idation therapy against HGSOC. The proposed mechanisms
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underlying the anti-cancer activity by AF involve an increase
in intracellular thiols, such as glutathione and thioredoxin
(Trx)*%41, a decrease in oxidative damage*?, inhibition of sev-
eral enzymes or transcription factors*, and an exchange of
sulthydryl groups*. In addition, some viewpoints hold that
AF could target the tumor microenvironment*. Currently, the
widely accepted interpretation of AF as an anti-cancer drug is
inhibition of the active site to the selenol group*®-43. Therefore,
AF efficiently inhibits the biological function of TrxR, which
maintains redox balance and neutralizes reactive oxygen spe-
cies (ROS), playing a critical role in cell survival and defense
mechanism*”*°. TrxR is a dimeric luteinase that belongs to the
pyridine nucleotide disulfide reductase family and is widely
expressed at all levels of cells from prokaryotes-to-humans.
The TrxR protein family has three isoenzymes (TrxR1, TrxR2,
and TrxR3). TrxR1 is widely distributed in the cytoplasm.
TrxR1 has a flexible C-terminal containing a cysteine/seleno-
cysteine redox center®! that endows the interaction of TrxR1
with various substrates and inhibitors. AF, a TrxR1 inhibitor,
has an IC, irreversible inhibition of 20 nM*2 Inhibition of
TrxR activity leads to an increase in the ROS concentration
and promotes apoptosis of tumor cells®**%. The tendency of
Au(I) binding to thiols on protein is not particularly surprising
because of Au(I) is commonly used to introduce heavy atom
positions in X-ray crystallography. AF has also been reported
as a precedent for modifying cysteine residues other than cat-
alytic redox®>*¢. Recently, Pickering et al.>” observed direct
binding of an Au atom in AF with a selenium atom in TrxR1
using extended X-ray absorption fine structure (EXAFS)
spectroscopy. However, there is still a lack of understanding
of the interaction between AF and TrxRI1 at the molecular
level, especially the absence of microstructure information at
the AF-TrxR1 interface and the competitive edge against Trx.
As the only known reductant of Trx at present, the extent to
which TrxR1 is damaged by AF is an urgent problem in need
of clarification.

Nanomaterials have emerged as a potent force in biomedi-
cine. Studies conducted by Shao et al.%%, Jannatun et al.*%, and
Song et al.%° described the roles of nanomaterials in destabi-
lizing cancer cell processes, enhancing immuno-oncotherapy,
and converting ‘cold’ tumors to ‘hot’ tumors for improved
therapy. Luo et al.®! demonstrated the use of nanomaterials
in modulating the tumor microenvironment for enhanced
immunotherapy. Zhang et al.?%%* developed nanomaterials
effective against SARS-CoV-2, while Zhang et al.% explored

the importance of cytokines in nanoimmunosafety. The

synergistic potential of these nanomaterials with AF is high-
lighted for the ability to enhance anti-cancer effects, as noted
by Zhang et al.%®
Additionally, Wu et al.® contributed to the field by produc-

ing anti-viral cobalt hydroxide LDH nanosheets, which show-

with respect to photothermal nanoagents.

cased the versatility of nanomaterials in addressing cancer
and viral challenges. These collective works underscored the
significant promise of nanomaterials in the future of thera-
peutic strategies. The potential of AF as a chemosensitizer
was investigated to enhance the efficacy of the chemothera-
peutic drug, doxorubicin (DOX), in drug-sensitive (B16F10)
and -resistant (BI6F10/ADR) melanoma cancer cells. The
combined treatment with AF not only reduced TrxR activity
but also potentiated the pro-oxidant effects of DOX, result-
ing in a significant accumulation of ROS and subsequent cell
death. The interaction of AF with TrxR1 was characterized
using molecular docking to identify the binding site, followed
by molecular dynamics simulations to confirm complex sta-
bility and molecular mechanics-Poisson-Boltzmann surface
area (MM-PBSA) calculations to assess binding affinities,
which were subsequently validated using surface plasmon res-
onance (SPR) assays. In summary, our research underscores
the potential of AF as a chemosensitizer to overcome multid-
rug resistance in cancer therapy by resensitizing drug-resistant
cells to DOX through redox modulation, offering a theoretical

basis for clinical application of AF as an anti-cancer agent.

Materials and methods
Experimental materials

AF was obtained from MedChemExpress (Shanghai, China).
DOX and TrxR activity detection kits were purchased from
Solarbio Lifesciences Co., Ltd. (Beijing, China). An Apoptosis
Detection kit was purchased from Yeason Co., Ltd. (Shanghai,
China). An ROS Detection kit was purchased from Beyotime
Biotechnology Co., Ltd. (Beijing, China). Dulbecco’s modified
Eagle medium (DMEM), RPMI-1640 medium, fetal bovine
serum (FBS), penicillin-streptomycin, and trypsin were pur-
chased from Hyclone (Logan, Utah, USA).

Cell models

The melanoma cell line, B16F10, was purchased from the
American Type Culture Collection (ATCC) (Manassas, VA,
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USA) and reanimated from the Laboratory of Inflammation
and Vaccine (Shenzhen Institute of Advanced Technology,
Shenzhen, China) and cultured with DMEM containing 10%
FBS at 37°C in 5% CO, and 95% humidity. DOX-resistant
melanoma cancer cells (B16F10/ADR) were constructed by
inducing B16F10 and MCF-7 with DOX in our laboratory.

Cell cytotoxicity, combination index, and
intracellular ROS generation assay in vitro

To evaluate the toxicity of different treatments [DOX (8 uM),
AF (0.5 uM), or DOX plus AF] toward tumor cells (B16F10
cells). The BI16F10 cells were seeded into 24-well plates at a
density of 1 x 10 cells/well. The dosage administration was
determined based on previous reports®”%. After 24 h of culture
DOX (8 uM), AF (0.5 uM), or DOX plus AF was added to the
medium and cultured for an additional 24 h. Cell viability was
assessed using the CCK-8 method. Specifically, after 24 h of
culture the medium was aspirated and replaced with medium
containing 10% CCK-8 reagent. The cells were then incubated
for an additional 3 h and transferred to 96-well plates (100 pL
per well). The absorbance value at 450 nm was measured using
a microplate reader (each group had 3 replicates).

The cells were exposed to AF (0, 0.5, 1, 2, 4, or 8 pM) or
DOX (0, 6.25, 12.5, 25, 50, or 100 uM) for 24 h to confirm
the IC,, of a single drug in B16/ADR or HepG2 cells. The
IC,, of combination drugs was detected using the following
doses of AF and DOX [1:1, 1:8, or 1:16 (all in uM)]. Cell
viability was detected by measuring the OD value at 450
nm using a microplate reader. Fitted data were obtained
by non-linear curve fitting based on a logistic model. The
combination index (CI) of each combination in B16/ADR
or HepG2 cells was calculated using the following formula:
CI = (IC50) ¢/ (ICs0)" s + (IC50) o/ (ICs50) pox- The (IC5,)"¢
represents the concentration of AF or DOX to realize 50%
cytotoxicity in combination therapy. (IC,,), represents con-
centrations of AF or DOX that achieve 50% cytotoxicity in
monotherapy. A CI > 1 indicated an antagonistic effect, a
CI =1 indicated an additive effect, and a CI < 1 indicated a
synergistic effect.

B16F10 cells were seeded into 6-well plates at a density of
5 x 10* cells/well in a 5% CO, environment at 37°C and cul-
tured for 24 h to determine intracellular ROS generation. The
cells were subsequently treated with fresh medium containing
DOX (8 uM), AF (0.5 uM), or DOX plus AF. After another

24 h of culturing the medium in each well was removed and
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thrice-washed with PBS. Then, 2'-7’-dichlorodihydrofluores-
cein diacetate (DCFH-DA) was added to each well [10 uM
(200 pL)]. After a 30-min incubation the cell morphologies
were observed using fluorescence microscopy and the mean
fluorescence intensity was analyzed using flow cytometry
(CytoFLEX LX; Beckman, USA).

The toxicity of different treatments [DOX (4 pM), AF (0.5
uM), or DOX plus AF] toward HepG2 cells was determined.
The HepG2 cells were seeded into 24-well plates at a density of
1 x 10* cells/well following culture for 24 h. DOX (4 uM), AF
(0.5 uM) or DOX plus AF was added to the medium and cul-
tured for an additional 24 h. Cell viability was assessed using
the CCK-8 assay. The absorbance value at 450 nm was meas-

ured using a microplate reader (each group had 3 replicates).

Intracellular TrxR1 levels in various cell
models

To confirm the TrxR1 levels in various cell models under dif-
ferent treatments, cells (B16F10, B16/ADR, or HepG2) were
seeded into 6-well plates at a density of 5 x 10* cells/well in a 5%
CO, environment at 37 °C and cultured for 24 h. Intracellular
TrxR in various cell models was detected with a TrxR Activity
Detection kit (Solarbio Lifesciences Co., Ltd. Beijing, China) by

measuring the OD value at 412 nm using a microplate reader.
In vitro apoptosis analysis

B16F10 and B16F10/ADR cells were cultured in 6-well plates
at a density of 1 x 10° cells per well. These cells were subse-
quently treated with DOX (8 uM), AF (0.5 pM), or DOX plus
AF for 24 h. The cells and supernatant were collected and
washed at 1,000 g for 3 min. The collected cells were labeled
with FITC-Annexin V and propidium iodide (PI) using an
Apoptosis Detection kit (Yeason Co., Ltd. Shanghai, China).
FITC-Annexin V*/PI” cells were identified as early-stage
apoptotic cells, while FITC-Annexin V*/PI* cells were con-
sidered late-stage apoptotic cells. The data analysis was per-

formed with flow cytometry.
Cancer patient survival data analysis

The association between TrxR1 expression and cancer patient
survival was analyzed using publicly available transcrip-
tomic datasets. Renal and liver cancer patient cohorts were
retrieved from the Human Protein Atlas (HPA) (https://www.
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proteinatlas.org/)%’. Renal cancer cohort [877 samples with
TrxR1 (gene: TXNRD1)] expression was quantified as frag-
ments per kilobase million (FPKM). Patients were stratified
into high- [FPKM > 29.7 (n = 208)] and low-expression groups
[FPKM < 12.9 (n = 669)] based on distribution quartiles. Liver
cancer cohort (365 samples with TrxR1) expression thresholds
were set at a FPKM > 69.7 [high (n = 78)] and < 15.6 [low (n
=287)].

Statistical analysis was used for sorting the data. Survival
probabilities were compared between the high- and low-ex-
pression groups via Kaplan-Meier analysis with statistical sig-
nificance assessed by the log-rank test (renal cancer, P = 6.3 x
1077; liver cancer, P = 1.1 x 107°). All data were derived from
histologically confirmed cancer tissues and raw expression

values are accessible through the HPA portal”®.
Simulation details

The crystal structures of TrxR1 (3EAN), Trx (1ERT), and the
Trx/TrxR1 complex (3QFB) were obtained from the Protein
Data Bank (PDB). The AF conformation was constructed
by Materials Studio and optimized using the Hartree-Fock
method with a 6-31 + G* basis set (Figure 3A). Therefore,
the possible AF binding site on TrxR1 was determined using
the flexible docking program, AutoDock (version 4.2.6)"!.
Two-step docking procedures were performed, as follows:
(1) “global docking” was used to screen possible binding sites
from the entire surface of the protein; and (2) “local docking”
was used to find the most likely orientations on the binding
site. The search-space size of global docking was 126 A x 126
A x 126 A with a grid spacing of 1.0 A and the center of the
box was set to the geometric center of the protein. In the local
docking search the grid box was as small as 60 A x 60 A x 60
A with a grid spacing of 0.375 A. The center of the box was
set as the position of the Se atom in TrxR1 residue Sec498.
The Au parameters’? were added to the AutoDock parameter
file. One hundred Lamarckian genetic algorithm (LGA) runs
were performed in global and local docking. The root mean
square deviation (RMSD) cut-off for cluster analysis was 4.0 A
in global docking and 2.0 A in local docking.

Docking of Trx to TrxR1 was performed using the ZDOCK
Server [http://zdock.umassmed.edu (version 3.0.2)]73. Global
and local docking were sequentially carried out and 10 con-
formers were produced in each docking. The conformers were
ranked by the scoring functions consisting of IFACE statisti-

cal potential, shape complementarity, and electrostatics. The

stability of the predicted structures was further validated by
MD simulations. The structure with the lowest binding energy
in the largest cluster was selected as the initial structure for
the MD simulations. All simulations were performed with
NAMD?2.12 package’ using a 2 fs timestep. The CHARMM27
force field”® was applied to the protein and the general Amber
force field (GAFF)’® was used for AF. The partial charges of
AF were obtained from the restrained electrostatic potential
(RESP) calculation””. The TIP3P water model’® was used in
this work. The temperature was maintained at 310 K by a
Langevin thermostat’® using a 1ps~! damping constant. The
pressure was maintained at 1.01 bar using the Langevin pis-
ton algorithm®. The short-range electrostatic distance and
van der Waals energies cut-off was 12 A. The particle-mesh
Ewald (PME) method®! was used to account for long-range
electrostatic interactions. Each system underwent 5,000 steps
of energy minimization before production ran. All simulation

snapshots were rendered with the VMD program®2.
SPR analysis

The AF/TrxR1 and Trx/TrxR1 system binding affinities were
experimentally measured using the Biacore T200 system (GE
Healthcare, USA) at 25 °C. The running buffer was PBS-P
(consisting of 10 mM phosphate buffer, 137 mM NaCl, 2.7
mM KCl, and 0.05% surfactant P20). First, the target pro-
tein (TrxR1) was immobilized onto the surface of the CM5
chip through the amine-coupling method. The immobiliza-
tion level of TrxR1 reached ~12,000 resonance units (RU).
Subsequently, AF or Trx was injected with various concen-
trations (ranging from 7.81-250 nM for AF and 0.44-14.25
pM for Trx) in the running buffer at a flow rate of 30 pL/
min. The contact time was 60 s and the dissociation time was
300 s. Data were analyzed with the Biacore evaluation soft-
ware [T200 (version 2.0)] by fitting curves with a 1:1 bind-
ing model. All SPR experiments were repeated three times
independently.

Immunoblotting assay

The B16/ADR cell protein samples with various treatments
were used for Western blot analysis. SDS/PAGE gels (12.5%)
were prepared for electrophoresis and 35 pg of protein was
added to each lane. After blocking with 5% BSA in PBST, the
caspase-3 antibody (9662, 1:1000; CST) and cleaved caspase-3
antibody (9661, 1:1000; CST) were selected as the first
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antibody. Goat anti-mouse IgG [91196, 1:1000 (HRP conju-
gate); CST] was used as the secondary antibody.

Results

TrxR1 expression in cancer patient survival
analysis

Emerging evidence suggests that TrxR1 overexpression may
serve as a prognostic biomarker across multiple cancer types,
although the clinical relevance remains incompletely defined.
To investigate the translational significance of TrxR1 dysreg-
ulation, the association with patient survival using popula-
tion-scale transcriptomic data was investigated. Whether renal
or liver cancer, the survival rates of patients with high levels of
TrxR1 protein expression are very low (Figure 1), as shown
by data from the HPA®. This redox adaptation is particularly
critical in chemotherapy-resistant tumors, in which amplified
antioxidant capacity may counteract pro-oxidant therapies,
like DOX.

Chemosensitizing effect of Au on DOX by
ROS assays

DOX is a potent anti-cancer agent that has garnered great
interest in research due to its high efficacy but the applica-
tion in cancer therapy has been limited due to drug resistance

and poor internalization. Because AF has been used in tumor
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treatment as a radiation sensitizer®®, we hypothesized that AF
could enhance the therapeutic effects of chemo-drugs by dis-
rupting the redox balance as a TrxR inhibitor. The drug-resist-
ant melanoma cancer cell line, BI6F10/ADR, was established
to conduct corollary studies. To confirm the AF-enhanced
chemotherapeutic effects of DOX, three different combina-
tions (AF: DOX = 1:1, 1:8, or 1:16) were used to screen and
obtain the optimal combination dose of AF with DOX. The
Chou Talalay method was used to analyze the synergistic
effects of combined mediation by calculating the CI, includ-
ing the synergistic effect (CI < 1), additive effect (CI = 1), and
antagonistic effect (CI > 1). An IC;, of AF and DOX in B16/
ADR cells was first detected, as shown by values of 2.87 and
27.89, for calculating CI in various combinations (Figure S1).
The CI and IC,, were both decreased significantly when the
AF:DOX ratio was 1:16, as indicated by a CI = 0.51 and IC,
= 9.41 uM. Therefore, the combination ratio was determined
to be AF:DOX = 1:16. To emphasize the synergistic effect in
further research, even when low doses of the two drugs were
applied, the DOX and AF dosages were set at relatively low
concentrations compared to the individual IC,, values, while
maintaining the combination ratio at 1:16. Therefore, the
concentrations of AF and DOX were set at 0.5 and 8 uM,
respectively.

B16F10 and B16F10/ADR cell viability was determined
with different treatments. As expected, DOX had limited
tumoricidal capacity due to DOX-resistance in B16F10/ADR
cells. Notably, the administration of AF plus DOX exhibited
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Figure 1 Relationship between TrxR1 expression and survival probability of cancer patients. (A) Among renal cancer patients. (B) In liver

cancer patients.
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anti-tumor performance in B16F10 and B16F10/ADR cells,
indicating the function of AF as a chemotherapy drug sen-
sitizer (Figure 2A). It has been reported that TrxR1 is over-
expressed in melanoma34. In addition, TrxR1 expression was
investigated in B16F10 cells and compared to a liver cancer
model (HepG2) with high TrxR1 levels®. High TrxR1 levels
were noted in both cell models with no significant differences
(Figure S2). In addition, as shown in Figure 2B, increased
TrxR activity in DOX-treated tumor cells, especially DOX-
resistant tumor cells, was observed because due to the anti-

oxidant capacity of tumor cells. When the cells were treated

Wang et al. Auranofin as chemosensitizer: TrxR1 inhibition via selenocysteine

with chemo-drugs, the Trx antioxidant system with TrxR was
activated for counteracting the chemotherapy drug-induced
ROS. In contrast, the addition of AF reduced TrxR activity
compared to single DOX-treated and control groups. These
results further confirmed that AF inhibits TrxR activity in
tumor and chemotherapy drug-resistant tumor cells. The
intracellular ROS concentration was elevated and free DOX
induced high ROS generation in B16F10 cells, resulting in
increased apoptosis (Figure 2C-F). However, the B16F10/
ADR cells had relatively low ROS and apoptosis levels when

treated with free DOX due to chemoresistance. Interestingly,
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Figure 2 Sensitizing effect of AF with DOX for an anti-ADR effect in the BL6F10/ADR cell model in vitro. (A) Viability of BL6F10 or B16F10/
ADR cells exposed to DOX (8 uM), AF (0.5 uM), or DOX plus AF. (B) Intracellular TrxR activity of B16F10 or B16F10/ADR cells exposed to
DOX (8 uM), AF (0.5 uM), or DOX plus AF. (C-F) Cytotoxicity of BL6F10 or B16F10/ADR cells exposed to DOX (8 uM), AF (0.5 uM), or DOX
plus AF. (C) Flow cytometry (FCM) analysis of ROS accumulation. (D) Quantitative analysis of ROS accumulation in panel C. (E) FCM anal-
ysis of cell apoptosis. (F) Quantitative analysis apoptosis. Data are presented as the mean + SD (n = 3). Statistical significance (**P < 0.01;
***p < 0.001) was obtained by two-way ANOVA with LSD multiple comparisons test in A, B, D, and F.
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the administration of DOX plus AF demonstrated the best
tumor killing ability with evidence of enhanced ROS and cel-
lular apoptosis in all cells compared to the free DOX-treated
groups. The results suggested that AF enhances DOX-induced
free intracellular ROS, leading to effectively tumor killing in
normal and DOX-resistant cells.

The enhanced chemosensitizing effect of DOX combined
with AF was also investigated in HepG2 cells, a liver cancer cell
model. The IC, of single agent and different combinations was
determined for confirming the CI (Figure S3). The AF:DOX
= 1:8 combination exhibited synergistic effects with CI = 0.93
vs. other combinations (AF:DOX = 1:1 or 1:16) had higher Cls
(~1.47 and 1.88). Thus, the combination ratio (AF:DOX = 1:8)

was used for further research. A similar experimental design

A

Triethyl phosphine

Conformation number
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was used for anti-tumor assays with B16/ADR cells. The DOX
and AF doses were set at relatively low concentrations (0.5 and
4 uM) compared to the individual IC,; values, in which the
single reagent had limited cytotoxicity toward HepG2 cells.
Moreover, the synergistic effect was emphasized when low
doses of two drugs were used. Notably, administration of AF
plus DOX exhibited anti-tumor performance in HepG2 cells,
indicating AF function as a chemotherapy drug sensitizer in

various cell models (Figure S4).
Global docking of Au to TrxR1

The structure of the Trx/TrxR1 complex determined by X-ray
crystallography, which showed that the active site of TrxRI is

Figure 3 Global docking of AF to TrxR1l. (A) Atomic structure of AF, consisting of a triethyl phosphine (2,3,4,6-tetra-O-acetyl-p-1-D-
thiopyranosato-S) and sulfur glucose bonded by an Au(l) atom. (B) Conformation of TrxR1 presented by a transparent surface and opaque
cartoon. TrxR1 is composed of two homologous chains (chain A in pink and chain B in green). (C) Clustering analysis of the top 100 global
docking results. RMSD cut-off for clustering was 4 A. The cluster with the maximum number of conformers was highlighted in red. There were
19 conformers in this cluster. The position of this cluster was the nearest to the active site of TrxR1. (D) Distribution of the top 100 possible
positions of AF on TrxR1. The positions of AF were denoted by the Au atom in AF (orange VDW ball). Red represents the conformers in the

biggest cluster.
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located at the selenenyl-sulfide motif near the C-terminus®.
Because of the strong thiol-gold interactions®, the Au atom in
AF prefers to coordinate with the SH/SeH groups in the active
site. Therefore, residue Sec498, the active site of TrxR1, is also
the AF binding site. Nineteen of 100 conformers targeted the
binding site appropriately in the global docking (Figure 3C).
The minimum distance between Au and Se of the cluster was
3.85 A. The lowest binding energy (calculated by AutoDock
4.2) was —1.92 kcal/mol, which ranked second.

Local docking of AF to TrxR1

The lowest binding energy of the conformer was up to —4.52
kcal/mol in local docking (Table S1). There were 11 con-
formers in the largest cluster. The conformer with the lowest
binding energy (—4.13 kcal/mol) in this cluster was the repre-
sentative structure (Figure 4A). The distance between Au and

Se was 2.59 A in the representative structure, which was the

Conformation number
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closest distance in all docking results. The AF binding site was
in a cave-like structure consisting of the interface between two
chains of TrxR1. Importantly, this site was partially overlaid
with the Trx binding side. The TrxR1 residues that had direct
contact with AF are depicted in Figure 3B. Among the TrxR1
residues, residue Ala26, Leul12, and Ile347 in chain B form a
hydrophobic interaction with AF and LYS29 form a hydrogen
bond with AF by NZ-HZ.--O1.

Interaction between AF and TrxR1

The results of 150 ns MD simulations showed that AF is sta-
bly bonded with TrxR1. The distance between the Au and Se
atoms increased slightly and were stable at approximately 7.45
A (Figure 5B). The RMSD of TrxR1 was approximately 2.26
A for the last 80 ns (Figure 5C). Interestingly, the MRSD of
residues that are close to AF (within 4 A) is almost the same

as the TrxR1. Those key residues are the major contributor to

Leull2

His53 Non-ligand residues involved in hydrophobic

-thé‘ contact(s)

Figure 4 Local docking of AF to TrxR1. (A) The clustering analysis of top 100 conformers. The RMSD cut-off for clustering was 2 A. The cluster
with the maximum number of conformers!! is denoted by red. (B) The representative structure in the biggest cluster. The binding free energy
of this structure was —-4.13 kcal/mol. The Au atom in AF is pink, the Se atom in selenocysteine is yellow, and the distance between Au and
Se was 2.59 A. (C) Sketches of AF bounds with TrxR1. The amino acids and hydrogen bonds in direct contact with AF are depicted using the

LIGPLOT program?®’.
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Figure 5 MD simulating the interaction between AF and TrxR1. (A) The conformation of AF@TrxR1 complex at 150 ns. The right panel is the

zoom-in of the red square region of the left panel. Chain A is pink and chain B is green. The Ala26, Leul12, and Ile347 residues had hydro-

phobic interactions with AF are shown in black. Lys29 and GIn348 formed hydrogen bonds with AF are shown in blue and red, respectively. (B)
The time-dependent distance between the Au atom of AF and the Se atom of Sec498 in TrxR1. (C) The RMSD of TrxR1 (black line) and RMSD
of the residues close to AF (red line) after interacting with AF. (D) The number of contact atoms, total contact (black), and hydrophobic contact

(red). (E) The total number of hydrogen bonds formed in the AF@TrxR1 complex (black square); the number of hydrogen bonds formed in
AF/Lys29 or AF/GIn348 (red dot).
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MRSD. This finding suggests that the effect of AF on TrxR1 is
limited to the amino acids near AE

The AF binding mode with TrxR1 was explored further.
The MD results showed that binding of AF to TrxR1 is largely
attributed to the hydrophobic interaction, hydrogen bond
interaction, and salt bridge (Figure 5A). The contact number
was defined as the heavy atom pairs that are within 4.0 A and
the hydrophobic contact number was restricted to hydropho-
bic residues (Ala, Val, Leu, Ile, Phe, Trp, Met, and Pro) on
protein with the triethyl phosphine part on AF. The geome-
try criteria for the hydrogen bond were set to a donor-accep-
tor distance < 3.5 A and the donor-hydrogen-acceptor angle
< 30°%. The total contact number was approximately 50,
wherein the hydrophobic contact number was approximately
8 (Figure 5D). The residues that had hydrophobic interac-
tions with AF were Ala26, Leull2, and Ile347. AF forms a
maximum of five hydrogen bonds with TrxR1. Among them,
NZ-HZ---O1 between Lys29 (chain B) and AF/Lys29, and
NE2-HE2---O5 between GLN348 (chain B) and AF/GLN348
occur with a high frequency during the 150 ns simulation.
The time for co-existence of these two hydrogen bonds accu-
mulated to 118 ns, accounting for 78.7% of the total simula-
tion time (Figure 5E).

A mutant simulation (LYS29 and GLN348 on TrxR1 are
mutated to GLY) was conducted to better illustrate how the
critical residues affect the binding behaviors of AF to TrxRI.
The global docking results (Figure 6) showed that there were

only seven conformers in the largest cluster. The minimum

A 10
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-20 -16 -12 -0.8 -0.4 0.0
Binding energy (kcal/mol)

distance between Au and Se of this cluster was 4.88 A. The
binding energy was —1.83 kcal/mol. A further MD simulation
was also performed based on this conformation. The distance
between Au and Se increased quickly from 4.88 A to 5.97 A
and gradually increased beyond 9 A during the 100 ns simu-
lation (Figure S5). AF ultimately detached from the mutated
TrxR1. This finding indicated that LYS29 and GLN348, which
form hydrogen bonds with AFE have a critical role in the bind-
ing process.

Inhibition of AF to the formation of TrxR1/
Trx complexes

A ternary complex of AF@TrxR1/Trx was constructed to illus-
trate AF inhibition in formation of TrxR1/Trx complexes. The
TrxR1/Trx complex was built using the docking method. The
top 10 conformers of the TrxR1/Trx complex predicted by
global and local docking were obtained. Six conformers tar-
geted the active site of TrxR1 in global docking (Table S1).
The conformer with the lowest RMSD compared to the crystal
structure (PDB ID 3QFB) was 5.6 A (rank No. 4). Among all
the local docking conformers, the conformer with the lowest
RMSD was 5.1 A (rank No. 1). Residue Trp31 in Trx fit well
into the hydrophobic pocket of TrxR1 in this conformation.
Trx contacts with residues GIn106, Ile109, Gly110, and Ser111
in chain B of TrxR1 (Figure 7A left). Then, the conforma-
tions of AF@TrxR1 and TrxR1/Trx complexes were merged
to obtain the conformation of the AF@TrxR1/Trx ternary

Figure 6 Global docking of AF to mutated TrxR1. (A) Clustering analysis of the top 100 conformers. The RMSD cut-off for clustering was 4

A. The cluster with the maximum number of conformers is highlighted in red. There were 7 conformers in this cluster. (B) Distribution of the

top 100 possible positions of AF on mutated TrxR1. The positions of AF are denoted by the Au atom in AF (yellow VDW ball). Red represents

the active site of TrxR1 targeted.
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Figure 7 Inhibition of AF to the formation of TrxR1/Trx complex. (A) Conformation of the TrxR1/Trx (left) and AF@TrxR1/Trx complexes
(right). The pink and green cartoon modes were the two chains of TrxR1 and the cyan cartoon chain was Trx. AF was shown as a VDW ball.
(B) Residues in direct contact with each other in the Trx/TrxR1 (left) and AF@TrxR1/Trx systems (right) were highlighted and visualized by the
LIGPLOT+ program. (C) The COM distance between TrxR1 and Trx in the TrxR1/Trx (black line) and AF@TrxR1/Trx systems (red line). (D) The
interaction energy between the TrxR1 and Trx in TrxR1/Trx (black line) and AF@TrxR1/Trx systems (red line).
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Figure 8 The affinities of AF/TrxR1 and Trx/TrxR1 systems based on the SPR assay. (A) The SPR assay of the AF/TrxR1 system. A series of AF
concentrations (7.81 nM-250 nM) were passed over the TrxR1-immobilized sensor chip to obtain the affinity measurement. (B) The SPR assay
of the Trx/TrxR1 system. A series of Trx concentrations (0.44 uM-14.25 uM) were passed over the TrxR1-immobilized sensor chip. The SPR
experiments were independently repeated three times. (C) Western blot detection of the specific protein expression involved in reducing ADR.
Tubulin was used as a loading control. (D) Quantitative analysis of protein expression. The relative protein expression was normalized to the
control group. Data are presented as the mean + SD (n = 3). The statistical significance (**P < 0.01) was obtained by two-way ANOVA with

LSD multiple comparisons.

complex (Figure 7A right). The binding site of AF partially
overlaid the binding interface of Trx but was located deeper
inside TrxR1 than Trx.

The following 150 ns MD simulations were performed
based on the TrxR1/Trx complex and the AF@TrxR1/Trx
ternary complex. During the first 30 ns simulations, the
center-of-mass (COM) distance between TrxR1 and Trx
decreased from 41.62 A to 38.27 A in the TrxR1/Trx system,
while the COM distance between TrxR1 and Trx increased
from 41.62 A to 44.26 A (Figure 6C). In the following 120
ns these 2 distances oscillated in the range of 39.21 +0.33 A
and 43.68 + 0.60 A. The interaction energy between TrxR1
and Trx was also compared. The interaction energy between

TrxR1 and Trx in TrxR1/Trx was —355.04 + 60.84 kJ/mol
and —152.22 + 46.33 kJ/mol in AF@TrxR1/Trx. These results
indicated that AF disturbed the interaction between TrxR1
and Trx.

The binding energy of AF/TrxR1 and Trx/TrxR1 systems
were estimated using the MM/PBSA method. The binding
energy of each atom was compared. Atoms in contact (dis-
tance within 4.0 A) were considered to have contributed to
the binding free energy. There were approximately 28 atoms
contacting TrxR1 for AF, while the number of contact atoms
was approximately 113 for Trx (Figure S6A). The binding
free energy (AG,, ;) of the AF/TrxR1 interaction was esti-
mated at —187.98 kcal/mol and the per-atom decomposed
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energy ranged from —10.5 to —6.4 kcal/mol. Although Trx/
TrxR1 system had the lower total binding energy, the per-
atom energy was approximately —4.1 kcal/mol, which was
higher than the AF/TrxR1 system (Figure S6B). Therefore,
AF had a stronger binding affinity than Trx in TrxR1
binding.

Binding affinity comparison of AF vs. Trx to
TrxR1 using the SPR assay

Finally, the SPR assay was used to compare the binding affinity
between AF/TrxR1 and Trx/TrxR1 systems. The affinity con-
stant K, value of the AF/TrxR1 system was 13.24 + 5.51 nM
(n = 3), while the K, value of the Trx/TrxR1 system was 1.15 +
0.7 uM (n = 3), as shown in Figure 8. The SPR results demon-
strated that the affinity of AF to TrxR1 was much stronger
than Trx (approximately 87-fold), which was consistent with
the theoretical simulation. Zou et al.% reported the binding
affinity between TrxR1 and the TrxR1 inhibitor, piperlongu-
mine (PL), to be a K, value of 22.2 uM. By comparison, AF has
a stronger binding affinity than PL (K, decreased by 19-fold).
Additionally, a molecular docking experiment showed that PL
has the same binding site (residue Cys-498) as AF. An immu-
noblotting assay was performed to determine the specific

&
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protein involved in reducing drug resistance. As shown in
Figure 8C, caspase-3 signaling was activated by treatment
with DOX plus AF with evidence of increased cleaved-
caspase-3 expression. In agreement with the cell experiment
and theoretical simulation data, the blotting results further
showed that the DOX and AF combination led to apoptosis in
DOX-resistant BI6F10 tumor cells.

Discussion

The potential of AF to amplify the therapeutic effects of chemo-
therapy drugs was investigated in the current study. The AF
and DOX combination was shown to significantly enhance
tumor suppression and promote apoptosis in DOX-resistant
B16F10/ADR tumor cells using regular (B16F10) and drug-re-
sistant (B16F10/ADR) melanoma cells. This finding was due to
the ability of AF to suppress TrxR activity, which was typically
elevated in response to chemotherapy as a cellular antioxidant
defense. By disrupting this redox balance, AF not only increased
intracellular ROS levels but also promoted cellular apoptosis,
effectively overcoming chemoresistance. In essence, AF acts as a
potent sensitizer, boosting the tumoricidal capabilities of DOX.
Furthermore, the mechanism underlying AF inhibition of TrxR1

at the molecular level was also investigated using a combination

— (Caspase-3 I

Apoptosis

Figure 9 Mechanism underlying AF enhances the cytotoxic effects of DOX in melanoma cells. Auranofin (AF) exerts its effect by targeting
the redox-active site of thioredoxin reductase 1 (TrxR1). As illustrated in the left panel, AF is represented as a molecular structure interacting
with the catalytic site of TrxR1. TrxR1, shown as a new cartoon with its active site containing a selenocysteine (Sec) residue. The two-way arrow
connects the selenium (Se) atom of the Sec residue and the Au atom in the AF molecule. This catalytic site is constituted by Lys29 (blue),
GIn348 (red), and Leul12 (black). It has been demonstrated that AF binds with high affinity to the Sec residue within the catalytic site of TrxR1,
partially overlapping with the binding site of the endogenous substrate, thioredoxin (Trx), but with greater avidity. This binding impedes the
reduction of Trx by TrxR1. The right panel is the mechanistic pathway. Normally, NADPH oxidation to NADP* supplies electrons via FAD to
the TrxR1 redox center, reducing the Cys-Sec bond to the -SH/-SeH groups. Reduced TrxR1 then restores Trx to its active form, scavenging
doxorubicin-induced reactive oxygen species (ROS). AF blocks this cascade by trapping TrxR1 in its oxidized state, preventing Trx reduction
and causing ROS accumulation that triggers apoptosis, synergistically enhancing chemotherapeutic efficacy.
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of theoretical simulation and experiments. The binding modes
of both AF/TrxR1 and Trx/TrxR1 systems are presented. AF
bound to the active site of TrxR1 with high affinity. The hydro-
phobic interactions, hydrogen bonds, and salt bridge contrib-
uted to stabilization of the AF/TrxR1 complex. Additionally, the
mutational docking simulation confirmed that the key residues
of TrxR1 in the binding site were LYS29 and GLN348. Binding
of Trx to TrxR1 was also significantly interfered by the presence
of AE. Importantly, the binding free energies of AF/TrxR1 and
Trx/TrxR1 systems were compared. The results of the theoreti-
cal calculation and experimental approaches indicated that the
affinity of AF to TrxR1 was much stronger than Trx, suggesting
that AF is an efficient TrxR1 inhibitor. The schematic diagram

of the mechanism is shown in Figure 9.
Conclusion

Studying the interaction between AF and TrxR1 will help
understand the mechanism and role of TrxR1 at the molecular
level and understand the metabolism and transport processes
of AF, which will together provide a theoretical basis for the
design and synthesis of more efficient drug molecules. These
findings guide the development and application of gold com-
pounds like AF for cancer therapy and other redox system-
related human diseases and provides theoretical support for
the clinical application of AF as an anti-tumor drug, revealing

a new avenue to overcome chemoresistance.
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