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Thioredoxin reductase 1 (TrxR1) is over activity in tumor cell to maintain their redox balance. Although
gold clusters have great potential in antitumor drug as they could well inhibit TrxR1, the molecular mech-
anism has not been disclosed yet. In this work, we revealed gold clusters can well inhibit the activity of
TrxR1 in lung tumor cells and further disclosed the inhibition mechanism by using computational sim-
ulation methods. We firstly inferred the binding sites of gold in the hydrophobic cavities on TrxR1. The
simulation results show that the gold ion (released from Au cluster) interact with -SH of Cys189 in TrxR1,
this greatly increase the distance between the C-terminal redox center of TrxR1 and the Trx redox center,
thereby destroy the electron transfer pathway between them. Our electron transfer destroying mecha-
nism is different from the previous hypothesis that gold binds to the Sec498 of TrxR1 which has never
been proved by experimental and theory studies. This work provides a new understanding of the gold

Molecular dynamics
Density functional theory

clusters to inhibit TrxR1 activity.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The redox system composed of thioredoxin reductase (TrxR)
and thioredoxin (Trx) is an important part of maintaining the re-
dox balance of organisms, and plays a key role in regulating cell
growth, differentiation, and death [1]. TrxR is overactivated in most
cancer cells and is a specific target for anticancer drugs [2,3]. The
cytoplasmic type (TrxR1) [4] is the earliest discovered, widely dis-
tributed, and one of the most studied thioredoxin proteases [5,6].
Many inhibitors have been developed to inhibit the activity of
TrxR1, including platinum complexes [7], gold compounds [8,9], se-
lenium compounds [10,11], etc. The affinity of gold and -SH group
plays a key role in the process of inhibiting TrxR1 activity [12].
However, the mechanism of inhibiting TrxR1 enzyme activity is
still unclear, and there are still no clinical anticancer drugs that
target the TrxR1/Trx system well.

The crystal structure of TrxR1 clearly shows that the C-terminal
redox center (Cys497/Sec498) is located on the surface of TrxR1
[13]. It provides a structural basis for selectively targeting C-
terminal redox sites. In fact, most of the current TrxR1 inhibitors
are electrophiles or nucleophiles, and inhibit enzyme activity by
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binding to the enzyme’s surface exposure and highly reactive se-
lenocysteine [14]. However, there are also reports with very differ-
ent viewpoints confirming that the gold ion binding position may
not be the expected C-terminal redox site (Cys497/Sec498). Parson-
age et al. reported that in the crystal structure of auranofin co-
incubated with TrxR, the only modified residue of gold ion is not
the redox center of Entamoeba histolytica TrxR [15]. Angelucci et
al. reported that gold compounds release gold ions, which modify
only cysteine residues of Schistosoma mansoni enzyme [16]. In ad-
dition, Fritz-Wolf et al. reported the structural details of the human
TrxR1/Trx complex. The contact surface of the TrxR1/Trx complex
is small, including only weak interactions Trp31-Trp114/, Lys36-
Glu103’, Asp60-Arg117’, Asp63-Lys146/, Glu70-Arg121’ and Lys72-
Glu122’ [17]. In other words, the combination between TrxR1 and
Trx is very sensitive and easily interfered or destroyed by chemical
inhibitors.

In recent years, due to the unique chemical properties and good
biocompatibility, gold clusters have received great attention and
made great progress in cancer cell targeting and treatment [18-21].
Gao group has constructed a gold cluster molecule that emits blue
fluorescence, which can specifically label the cell membrane epi-
dermal growth factor receptor (EGFR) [22]. In addition, Gao et al.
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Fig. 1. The activity of TrxR1 is inhibited by gold clusters. (a) Schematic illustra-
tion of the Au clusters inhibiting TrxR1 enzyme activity in cell. (b) TrxR1 activity
measured after co-incubation of gold clusters with different concentrations of PC-9
cells. (c) The TrxR1 enzyme activity measured after co-incubation of a series of the
gold clusters in tube.

found that gold clusters can effectively inhibit TrxR1 in the cyto-
plasm of tumor cells. They observed that gold clusters significantly
inhibit TrxR1 activity in the cytoplasm, induce an up-regulation of
activated PARP levels, and cause tumor cell apoptosis [23]. How-
ever, until now, the mechanism of how gold clusters inhibit the
activity of TrxR1 is still a topic without clear picture.

We synthesized a type of gold clusters (Details can be found in
Supporting information) [24]. After the gold clusters were uptake
into the cells, we examined the effect of gold clusters on the en-
zyme activity of TrxR1 in PC-9 cell, as shown in Fig. 1a. PC-9 cells
were incubated with a series of gold clusters doses. After extract-
ing the whole cell protein, the intracellular TrxR1 activities were
determined by a TrxR1 activity assay. From the result of Fig. 1b, the
activity of TrxR1 was effectively suppressed by the gold clusters
in dose dependent manner. Meanwhile, the purified TrxR1 protein
was directly incubated with a series of gold clusters in tube, and
the TrxR1 enzyme activity was also inhibited obviously, as shown
in Fig. 1c. From the above results, we could conclude that the gold
clusters have a certain inhibitory effect on TrxR1 enzyme activity.

It is well known that hydrophobic cavities in proteins are ben-
eficial to the combination of small molecules, gold clusters and
other ions. According to the crystal structure of TrxR1 in com-
bination of TrxR1/Trx (3QFB), the distribution of all hydrophobic
cavities is statistically analyzed. It was found that there are three
hydrophobic cavities near the «-helix bound to Trx in TrxR1, as
shown in Fig. 2a. The hydrophobic cavity A (purple) is located be-
tween the C-terminal redox center and the N-terminal redox cen-
ter near the C terminal with a volume as 235 A3. The hydrophobic
cavity B (red) is composed of the «-helix of TrxR1, the C-terminus
of the other monomer and some amino acids of the substrate Trx
with a volume as 192 A3. The formations of these two hydropho-
bic cavities are affected by the swing of the C terminal. When the
C-terminal (Cys497/Sec498) of TrxR1 obtains an electron from the
N-terminal redox center, it will extend into the hydrophobic cav-
ity A. After obtaining the electron, it will extend to the solution,
and the hydrophobic cavity B will be formed when the substrate
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Fig. 2. Building the structures of the simulation systems. (a) The distribution of the
hydrophobic cavities near the «-helix that interacts with Trx as the hydrophobic
cavity A (purple), B (red) and C (blue). The Cys59/Cys64 of the N-terminal redox
center and the starting position of the «-helix Cys189 are all marked with van der
Waals representation. The red dashed line denotes the surrounding of Cys189. (b)
The Cys189-Au interaction (Sys-1). (c) The Cys189 residue (Sys-2).

is ready to be reduced [25]. The hydrophobic cavity C (blue) is lo-
cated at the starting position of the a-helix that interacts with the
substrate with a volume as 114 A3. It is the smallest one among
these three hydrophobic cavities, while this region is located on
the surface of TrxR1, which is beneficial to interact with different
inhibitors (such as gold clusters). The most important thing is this
hydrophobic cavity includes cysteine, which can be well anchored
by gold ions. Recently, more and more evidence has shown that
when gold clusters enter the living body and after the metabolism,
gold ions are released and anchored to the sulfur atoms on cys-
teine [26,27]. Here, we constructed TrxR1/Trx simulation structures
with (Sys-1) or without (Sys-2) gold ion respectively (Figs. 2b and
).

In Sys-1 model (Fig. 2b), the selenium atom in selenocysteine
is activated, which corresponds to the process that the C-terminal
Sec498 of TrxR1 obtains electrons and is ready to be delivered to
the substrate Trx. In order to observe the possible changes caused
by the gold ions, we restored the mutated amino acid to the wild
type and the C-terminus to Sec498 based on the crystal structure
data of 3QFB. The constructed TrxR1/Trx wild-type Sys-2 structure
model (Fig. 2c) was used as a control system, and then molecular
dynamics simulations were performed on Sys-1 and Sys-2 to learn
their dynamics behaviors.

The Sys-1 reached a steady state after 90ns run. Its average
root mean square deviation (RMSD) of protein backbone was 2.9 A
in the range of 90-120ns simulation. The Sys-2 system describes
the wild-type TrxR1/Trx system, which has been in a stable state
since the 20th ns. Its average RMSD of protein backbone was 2.7 A
during the equilibrium period as 90-120ns as shown in Fig. S2a
(Supporting information). We used newly generated force field pa-
rameters to calculate Sec498 as shown in Fig. S1 (Supporting in-
formation). In Sys-2, the geometric structure of Sec498 remains
stable, reproducing the state where the C-terminal redox center of
TrxR1 in the crystal structure is in contact with the redox center of
Trx, indicating that the newly generated force field parameters are
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Fig. 3. Conformational analysis for Sys-1 and Sys-2. (a) Difference in RMSF between
Sys-1 and Sys-2. (b) Amino acids within 5.0A of gold ion of Sys-1. (c) The corre-
sponding amino acids in Sys-2. C, N, O, S, and Au atoms are displayed in gray, blue,
red, yellow, and orange colors, respectively.

applicable to the present system and can accurately describe the
present process (Fig. S1 and Table S1 in Supporting information).

We calculated the root mean square fluctuation (RMSF) value in
Sys-1 relative to the corresponding amino acid in Sys-2, as shown
in Fig. 3a. The RMSF in the initial conformations for the two sys-
tems shows that it was slightly different overall with the maxi-
mum RMSF value of only 1.9A (Fig. 3a). While in the stable con-
figurations for the two systems, the maximum RMSF value reaches
3.2A. The difference mainly comes from the interface between the
TrxR1 enzyme and the Trx substrate, as shown in Fig. 3a.

For TrxR1/Trx monomer complex, the simulation results show
that the gold ion anchors the sulfur atoms in Cys189 and is stable
in the hydrophobic cavity C at the beginning of the «-helix bound
to Trx. The gold ion was enclosed in a cavity composed of His96,
Trp98, 1le212, and one H,0 (as shown in Fig. 3b). The correspond-
ing amino acids in Sys-2 were shown in Fig. 3c. The distance be-
tween the sulfur atom and the gold ion in Cys189 is only 2.3 A (Fig.
S4 in Supporting information). His96 and Leu212 are also within
the 5A range of the gold ion. These amino acids will be signifi-
cantly disturbed by the gold ion, which will reduce the stability of
the entire system, especially the nearby «-helix. This also explains
the phenomenon that the RMSD fluctuation of Sys-1 in Fig. S2a is
greater than that of Sys-2.

It is reported that the interface of the TrxR1/Trx complex is
quite small [17], involving only residues 31-74 in Trx and 103-146
in TrxR1, which are susceptible to ion interference and destruction.
In order to explore the mechanism by which the gold ion affect the
activity of TrxR1, we first calculated the average interaction energy
between the «-helix of TrxR1 and the substrate Trx after the Sys-1
and Sys-2 systems were stabilized during 90-120ns. The interac-
tion energy of the Sys-1 was lower with 52.05 kcal/mol than that
of Sys-2 (Fig. S3 in Supporting information), indicating the Sys-1
system binds more stable than Sys-2. Based on the stable binding
structure of Sys-1, the introduction of the gold ion increases the
distance between Trx and the upper « helix (deviation from the
C-terminal redox center), but enhances the hydrogen bond interac-
tion between Trx and the lower « helix. In other words, Trx prefers
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Fig. 4. The interaction between «-helix of TrxR1 and Trx for Sys-1 and Sys-2, re-
spectively. The interaction amino acid pairs for Sys-1 (a, ¢) and Sys-2 (b, d). H, C,
N, O and S atoms are displayed in white, gray, blue, red, and yellow colors, respec-
tively.

to bind to the “wrong” site deviated from the C-terminal redox
site, although the binding strength is enhanced by the introduc-
tion of the gold ion. In the dimer system composed of TrxR1/Trx,
the N-terminal redox center (Cys59/Cys64) obtains electrons from
NADPH and transfers them to the C-terminal redox center of an-
other monomer (Cys498/Sec498), and finally reduces the substrate
Trx. The transfer of electrons from TrxR1 to Trx was an essential
part of the TrxR1 catalytic process. In this process, Sec498 obtains
electrons near the N-terminal redox site, and then stretches to the
solvent to transfer the electrons to the substrate Trx. The mini-
mum distance between the reduction site of Sec498 and Trx is less
than 5.0 A, which can complete the electron transfer process. We
counted the distance between the C terminal redox site (Se atom
of Sec498) of TrxR1 and the active site (S atom of Cys32) of Trx
substrate in the range of 90-120ns simulation. The average dis-
tance was 8.9 and 4.0 A for Sys-1 and Sys-2 (Fig. S2b in Supporting
information), respectively, indicating that the TrxR1 catalysing pro-
cess cannot be completed in Sys-1.

Molecular dynamics simulation data provides more structural
details of the interaction between the «-helix of TrxR1 and Trx.
The TrxR1 and Trx were mainly combined through the interac-
tion of Glu103, Trp114, Argl121, Glu122 in TrxR1 and Lys36, GIn63,
Val71, Lys72 in Trx. Because the «-helix is too long to analyze the
structural details, it is artificially divided into upper and lower re-
gions. The upper half mainly contains the weak interaction (hydro-
gen bond and salt bridge) between Glu103 of TrxR1 and Lys36 of
Trx, as well as the interaction between the C-terminal redox cen-
ter of TrxR1 and the Trx redox center (Fig. 4a). As shown in Figs.
4a and b, there is no interaction between Glu103 and Lys36 for
Sys-1, while there is a hydrogen bond and an ionic bond between
them in Sys-2. The average distance was 7.3A and 2.6 A between
Glu103 and Lys36 for Sys-1 and Sys-2, respectively (Figs. S5a and
b in Supporting information). Similarly, Sec498 (which belongs to
the C terminal redox region) of Sys-2 has a hydrogen bond with
Cys32 (which belongs to the Trx substrate), but no hydrogen bond
is formed between two amino acids in Sys-1 (Figs. 4a and b). The
distance between Sec498 and Cys32 was 4.0A for Sys-2 and such
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gap allow electron transfer from TrxR1 to Trx, while that in Sys-1
was 8.9A thus the electron could not transfer from TrxR1 to Trx.
Glu103-Lys36 and Sec498-Cys32, for Sys-1 (Fig. 4a) and Sys-2 (Fig.
4b). The lower part is the main part of the interaction between
TrxR1 and the Trx (Figs. 4c and d). The weakly interacting amino
acids are in this region except Glu103 of TrxR1 and Lys36 of Trx.
By comparing Sys-1 with Sys-2, it can be found that the hydro-
gen bond interactions between Arg117-GIn63 and Arg121-Glu71 in
Sys-1 are formed (Figs. S5¢ and d in Supporting information). The
distances between these amino acids and the gold ion are much
farer than 15.0A, and they are unlikely to be directly affected by
the gold ion. However, the side chain of arginine is relatively long
and can be easily disturbed. In any case, the amino acids closer to
the gold ion are more affected from the view of spatial position,
revealing the correlation between the gold ion and them.

From the structural detail analysis, the gold ion anchoring on
Cys189 can be stabilized in the nearby hydrophobic cavity. At the
same time, it will destroy the weak interaction between Glu103
and Lys36, and changed the binding conformation between the «-
helix and the substrate Trx. This is not conducive to the accurate
combination of TrxR1 and Trx, and destroys the process of Sec498
in TrxR1 transmitting electrons to the substrate Trx, thereby affect-
ing the activity of TrxR1.

In a summary, we synthesized a type of gold clusters that can
significantly inhibit the activity of TrxR1 in tumor cells, and then
explored the potential enzyme activity inhibition mechanism. The
gold ion anchoring Cys189 exists stably in the cage composed of
His96, Trp98, Leu212 and one H,0. The introduction of the gold
ion increases the distance between Glu103 in the «-helix of TrxR1
and Lys63 in Trx, destroying the hydrogen bond and salt bridge
interaction between them. This significantly increase the distance
between Sec498 in TrxR1 and Cys32 in Trx, disrupting the electron
transfer from Sec498 to Cys32, thereby inhibiting the activity of
TrxR1, named as electron transfer destroying approach. Our illus-
tration is very different from the previously generally recognized
that gold clusters will directly bind to Sec498 thus inhibit TrxR1
activity.
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