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ABSTRACT
Signal transduction across lipid bilayers is of profound importance in biological processes. In biological systems, natural enzymes
mediate biochemical effects by binding to substrates and facilitating the conversion of external signals into physiological
responses. Sequential transmission of biological signals from one enzyme to the next promotes signal transduction with
feedforward and feedback mechanisms. Reconstructing these processes in an artificial system provides potential applications
and offers a new way to understand fundamental biological processes in depth. However, the design of artificial signal
transduction systems regulated by artificial enzyme receptors in a predictable and intelligent manner remains a challenge.
Herein, benefiting from the polarity-regulated characteristics of Se-containing compounds with artificial glutathione peroxidase
(GPx) activity, we constructed an artificial transmembrane signaling receptor with a Se-containing GPx-like recognition head
group, a membrane-anchoring group, and a pre-enzyme end group. The artificial supramolecular signal transduction system
containing such signal transduction receptors extends the range of signaling systems based on enzyme regulation, which
provides a new way to study natural signal processes in cells and artificially regulated biological processes.
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1 Introduction
Transmembrane signal transduction is an important means by
which life has evolved to transmit fundamental chemical
information across cell membranes, enabling cells to respond to
external environmental changes and to realize intercellular
communication [1]. Cell signaling plays a crucial role in several
biological processes, such as cell proliferation, differentiation,
metabolism, migration, and apoptosis [2–5]. Following the
wisdom of nature, extensive efforts have been devoted to the
development of artificial transmembrane signaling systems [6–10].
In recent years, in addition to the direct transport matter by
artificial membrane channels, another signaling system that does
not require matter exchange based on conformational change
mechanism and translocation mechanism has attracted much
attention [11–13]. For example, Clayden and co-workers
demonstrated an artificial transmembrane signaling system with a
conformational change mechanism by mimicking the biological Gprotein-coupled receptors (GPCRs) signaling mechanism [14, 15].
In the system, peptide-like oligomers that could fold into a helical
conformation were available to convey conformational changes
across membranes. Not content with mimicking biology, Hunter
and co-workers developed an artificial transmembrane signaling
system with a novel translocation mechanism [16–21]. In the

system, the polarity change of the receptor recognition head was
coupled to the receptor translocation across membranes, and the
translocation behavior was further translated into output signals.
The entirely new artificial transmembrane signal transduction that
blurred the boundary between the biological and the synthetic
showed great potential in biological systems.
In biological systems, a number of significant biochemical
events are triggered by natural enzyme receptor-mediated signal
transduction. For instance, Na+, K+-ATPase acts as a cardiac
steroid receptor that binds to specific extracellular ligands and
then interacts with intracellular proteins to trigger a cascade of
intracellular signal transduction pathways [22, 23]. As a result, it
can take part in various physiological and pathological processes,
including differentiation and proliferation of cardiomyocytes,
fusion of pro-osteoblasts, and apoptosis of tumor cells [24–26]. In
addition, soluble guanylate cyclase (sGC), as a NO receptor, binds
to NO ligands and catalyzes the conversion of the substrate
guanosine 5’-triphosphate (GTP) to the secondary signaling cyclic
guanylate mono-phosphate (cGMP), which opens the protein
kinase G (PKG) signaling pathway, leading to vasodilation and
other related physiological processes [27–30]. Therefore, the
design of artificial supramolecular signaling systems based on
adjustable artificial enzyme receptors has a wide range of

Address correspondence to Tingting Wang, tingtingwang_@hotmail.com; Junqiu Liu, junqiuliu@jlu.edu.cn

Research Article

ISSN 1998-0124 CN 11-5974/O4
https://doi.org/10.1007/s12274-022-4814-4

2

Nano Res.

applications in biomedical fields, such as disease diagnoses, drug
design, and bioengineering.

2 Experimental
2.1 Materials
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE)
were
purchased from Tokyo Chemical Industry. Glutathione Stransferase (GST) was obtained by the previous method of our
group [31]. Sephadex G-50 medium was purchased in
Sigma–Aldrich. All the other reagents and solvents were procured
from Energy Chemical Ltd and Aladdin Industrial Corporation.
2.2 Synthesis of signaling receptor 1
The synthetic route for the signaling receptor 1 and the details
were presented in the Electronic Supplementary Material (ESM).
2.3 Glutathione peroxidase
signaling receptor 1

(GPx)-like

analysis

of

The GPx-like activity was determined by the method as described
previously [32, 33]. The reaction was carried out at 25 °C in
500 μL of solution containing 50 mM phosphate buffer (pH = 7.0)
containing 10% methanol, 150 μM 3-carboxy-4-nitrobenzenethiol
(TNB), and appropriate GPx mimics. The mixture was incubated
at 25 °C for 1 min. Then, 50 μM cumene hydorperoxide
(CUOOH) was added to initiate reaction. The activity was
determined by measuring the absorbance decrease of TNB at
410 nm using an ultraviolet–visible (UV–vis) spectrophotometer.
2.4 Fluorescence experiments
The measurements of fluorescence spectra were performed on a
Shimadzu RF-5301 PC spectrofluorimeter. Fluorescence excitation
experiments were recorded using the following parameters:
excitation wavelength = 415 nm, emission wavelength = 510 nm.

3 Results and discussion
3.1 Construction
signaling system

of

an

artificial

transmembrane

Herein, an artificial transmembrane signaling receptor with Secontaining GPx-like activity was constructed. Se-containing
compounds not only acted as artificial GPx active centers but also
showed tunable physicochemical properties (e.g., polarity),
providing an ideal tool for the regulation of artificial
supramolecular signaling systems with translocation mechanisms
[34–39]. The signaling receptor consisted of three essential
structural modules: (1) Polarity-regulated Se-containing artificial
GPx as an enzyme recognition head group in response to the

input signals; (2) lithocholic acid as a membrane-anchoring group
to trap the signaling receptor in the membrane; (3) pyridineoxime as a pre-enzyme end group to activate the output signals.
The transduction mechanism of the GPx-like receptor-mediated
artificial signal transduction is shown in Fig. 1. Firstly, when the
GPx-like receptor recognition head group was in the form of SeO
compounds, the transduction activity was not active because the
hydrophilic SeO motifs tended to localize in water, thus allowing
the neutral pre-enzyme end group to enter the membrane to
inhibit the catalysis. Once glutathione (GSH) was added,
hydrophilic SeO compounds were reduced to lipophilic Se
compounds. In this case, the signaling receptors could be freely
transferred to the lipid membrane, resulting in the movement of
the pyridine-oxime unit toward the zinc ion (Zn2+) ligand in the
intra-vesicular solution to form the hydrolase-like effect site.
Subsequently,
the
substrate
8-acetoxypyrene-1,3,6trisulfonatetrisodium salt (APTS) with non-fluorescent signals
inside the vesicle was catalyzed to 8-hydroxypyrene-1,3,6trisulfonatetrisodium salt (HPTS) with fluorescent output signals
by the generated Zn2+-liganded hydrolase-like enzymes. When
hydroperoxide (ROOH) was continuously added, the GPx-like
catalytic reaction started due to the presence of both GSH and
ROOH in the system, in which the Se compounds and SeO
compounds were continuously transformed. Finally, the signal
transduction stopped with an excess of ROOH, while the signal
transduction continued with an abundance of GSH.
3.2 GPx-like activity of signaling receptor 1
The signaling receptor 1 with Se-containing GPx-like activity was
synthesized, as shown in Scheme S1 in the ESM. As a GPx-like
signaling receptor, the GPx-like activity was investigated. The GPxlike activity was evaluated by the reduction of CUOOH by TNB
due to the method developed by Hilvert [40]. In the assay system,
the catalytic rate of the GPx-like enzyme was calculated by
monitoring the disappearance of TNB of the protonated substrate.
The catalytic rate of the signaling receptor 1 was 21.446 μM·min−1
(catalyst 400 μM, Fig. 2(a)). In contrast, other GPx-like
enzymes, PhSeSePh and PhTeTePh showed a catalytic rate of
0.012 μM·min−1 (catalyst 100 μM) and 0.803 μM·min−1 (catalyst
100 μM), respectively. In addition, 2-TeCD had a catalytic rate of
24.5 μM·min−1 (catalyst 1 μM) (Table 1) [41]. Therefore, the
signaling receptor 1 exhibited moderate GPx-like activity among
the small molecule GPx-like models. We further explored the
reaction rate constant and the apparent second order kinetic
constant of the signaling receptor 1 by Michaelis–Menten
equation [42]
E0
Km 1
1
=
+
V
kcat [S] kcat

the kcat and Km represent the first-order rate constant and the
apparent Michaelis constant, respectively. E0 is the enzyme

Figure 1 Schematic illustration of the artificial signal transduction system mediated by Se-containing GPx-like receptors.
| www.editorialmanager.com/nare/default.asp
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Figure 2 (a) Plots of absorbance versus time during the catalytic reduction of CUOOH by TNB. (b) Lineweaver–Burk plots obtained for the catalyst of signaling
receptor 1.

signaling receptor 1 (SeO), allowing more lipophilic signaling
receptor 1 (Se) to cross the lipid bilayers.

Table 1 GPx-like activities of signaling receptor 1 and other mimics
Samples

Hydroperoxide

PhSeSePha
PhTeTePh

a

Signaling receptor 1
2-TeCDa

b

GPx activity
V0 (μM·min−1) Relative activity

3.4 Reversible switching of an artificial transmembrane

H2O2

0.012 ± 0.001

1

signaling system

H2O2

0.803 ± 0.017

67

CUOOH

21.4 ± 1.1

446

CUOOH

24.5 ± 0.9

204,167

An important characteristic of transmembrane signal transduction
across lipid bilayers mediated by transmembrane signaling
proteins is the reversible switch between “ON” and “OFF” states.
This allows the system to respond to ensuing abundant signal
molecular pulses. The switches of the “ON/OFF” states of the
artificial signal transduction system were subsequently investigated
by successively adding GSH and ROOH. Interestingly, when both
GSH and ROOH were present in the system, the signaling
receptor 1 with Se-containing compound exhibited GPx-like
properties. In this case, the signaling receptor 1 acted as a GPx-like
receptor in the signal transduction system. The behaviors of GPxlike receptors on the regulation of signal transduction were
studied. Figure 4(a) shows the effect of GPx-like receptors on the
regulation of different states of signal transduction by sequential
addition of GSH, ROOH, and GSH to the system. The CUOOH
was selected as ROOH in the system, and 1.0 mol CUOOH could
completely react with 2.0 mol GSH in the reaction. The system
was initially in the “OFF” state, which changed to the “ON” and
“OFF” states in turn when GSH and CUOOH were successively
added, and finally showed the “ON” state after the continued
addition of CUOOH (Fig. 4(b)). (1) In experiments, the system
was in the “OFF” state without the addition of GSH and CUOOH
when the signaling receptor 1 existed as a hydrophilic SeO
compound. (2) After adding 2.0 mM GSH to the system, there
was a reduction reaction, resulting in the rapid conversion of the
hydrophilic SeO compounds to the lipophilic Se compounds, so
that the signal transduction system changed from the “OFF” state
to the “ON” state. (3) Then, 2.0 mM CUOOH was added to the
system, which triggered the GPx-like catalytic reaction 1 due to the
presence of both GSH and CUOOH in the system, leading to a
cyclic transformation of lipophilic Se compounds and hydrophilic
SeO compounds. When the continuously added CUOOH content
far exceeded half of the GSH content present in the system, all
GSH in the system was reacted, and CUOOH was still present,
resulting in the eventual conversion of lipophilic Se compounds to
hydrophilic SeO compounds. Thus, the signal transduction system
switched from the “ON” state to the “OFF” state. (4) Finally,
4.0 mM GSH was continued to be added to the system, and the
GPx-like catalytic reaction 2 was initiated because of the presence
of both CUOOH and GSH in the system, causing a cyclic
conversion of hydrophilic SeO compounds and lipophilic Se
compounds. When the GSH content present in the system was
much more than 2 times the CUOOH content, CUOOH was
completely reacted while GSH was not, leading to the final
transformation of hydrophilic SeO compounds into lipophilic Se

Activity values are based on Ref. [41]. bThe measurement of GPx-like
activities is showed in experimental method. The concentration of GPxlike catalysts: PhSeSePh (100 μM), PhTeTePh (100 μM), Signaling
receptor 1 (400 μM) and 2-TeCD (1 μM) in the assay systems.
a

concentration, and S is the substrate concentration. When the
concentration of CUOOH was controlled to 50 μM, the Km and
the kcat were 26.990 μM and 0.025 min−1, respectively. The
corresponding second-order kinetic constant (kcat/Km) was 6.759 ×
102 M−1·min−1 (Fig. 2(b)). The above results demonstrated that we
have successfully constructed a signaling receptor with Secontaining GPx-like activity.
3.3 Regulation of an artificial transmembrane signaling
system
The signaling experiments were further performed by using the
DOPC/DOPE large unilamellar vesicles (LUVs). According to a
previously reported method, the LUVs were fabricated by
encapsulating both zinc chloride (ZnCl2) and APTS in LUVs at a
concentration of 0.25 mM and loading the receptors into the
vesicle membranes at 0.5% relative to the lipids [43]. The
hydrolysis behavior of APTS inside the LUVs was firstly
investigated (Fig. 3(a)). The initiation of the signal transduction
system was accompanied by the transition from APTS to HPTS in
the system. As expected, Fig. S19 in the ESM showed that the
fluorescence excitation peak of HPTS appeared, and the
fluorescence emission intensity of HPTS gradually increased with
time. As shown in Fig. 3(b), the APTS only self-hydrolyzed
extremely slowly without Zn2+ inside the LUVs, and the signal
transduction system remained the “OFF” state. In contrast, the
APTS hydrolyzed rapidly with both Zn2+ and signaling receptor 1
inside the LUVs, and the signal transduction system changed from
the “OFF” state to the “ON” state. Thus, the Zn2+ was shown to be
a required factor to the artificial signal transduction system. The
signal transduction system activated when the signaling receptor 1
changed from the form of hydrophilic SeO compounds to
lipophilic Se compounds by the reduction of GSH. Then, the
hydrolysis rate of APTS inside the LUVs in relation to GSH
concentration was investigated. In experiments, the hydrolysis rate
showed an increase with higher GSH concentration (0–2.0 mM),
indicating GSH concentration-dependent signaling activity (Fig.
3(c)). This was probably due to the fact that increased GSH
concentration could promote the reduction of hydrophilic
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Figure 3 (a) The activation of the artificial signal transduction system in response to input signals (GSH). (b) Time dependence of the relative fluorescence intensity of
DOPC/DOPE LUVs loaded with APTS in the presence (+) or absence (−) of ZnCl2 or signaling receptor 1 (SeO) after adding GSH (2.0 mM) (λex = 415 nm, λem =
510 nm). (c) Time dependence of the relative fluorescence intensity of DOPC/DOPE LUVs loaded with APTS, ZnCl2 and signaling receptor 1 (SeO) after adding
varying amount of GSH (0–2.0 mM) (λex = 415 nm, λem = 510 nm).

Figure 4 (a) The reversible switches of the “ON/OFF” states of the artificial signal transduction system. (b) Time dependence of the relative fluorescence intensity of
DOPC/DOPE LUVs loaded with APTS, ZnCl2, and signaling receptor 1 (SeO) after sequentially adding GSH (2.0 mM), CUOOH (2.0 mM), and GSH (4.0 mM) (λex =
415 nm, λem = 510 nm).

compounds. Therefore, the signal transduction system changed
from the “OFF” state to the “ON” state. The above experiments
showed that the artificial signal transduction system was able to
switch between “ON” and “OFF” states by the redox of the Secontaining GPx-like receptors.
3.5 Regulation of an artificial transmembrane signaling
system with GST involvement
In biological systems, the regulation of cellular signal transduction
and metabolism often requires the involvement of multiple
enzymes. In living organisms, GPx and GST cooperate as GSHdependent enzymes to allow cellular adaption to oxidative stress
[44, 45]. Therefore, the effects of GST involvement on the GPx-

like receptor-regulated signal transduction system were
investigated. Figure 5(a) demonstrated the regulation of the state
of signal transduction by GPx-like receptors when GST was
involved. The system was firstly in the “OFF” state, which changed
to the “ON” state when GSH was added, and finally showed
different states when CUOOH alone or CUOOH together with
GST was continued to be added (Fig. 5(b)). In the GST-catalyzed
reaction, 1.0 mol 1-chloro-2,4-dinitrobenzene (CDNB) as GST
substrate could completely react with 1.0 mol GSH. In
experiments, the system was in the “OFF” state at first because the
signaling receptor 1 was in the form of the hydrophilic SeO
compound at the moment. Then, after 2.0 mM GSH was added to
the system, a reduction reaction occurred, resulting in the fast
change of hydrophilic SeO compounds to lipophilic Se
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Figure 5 (a) Schematic illustration of the GPx-like receptor-regulated signal transduction system with GST involvement. (b) Time dependence of the relative
fluorescence intensity of DOPC/DOPE LUVs loaded with APTS, ZnCl2 and signaling receptor 1 (SeO) after sequentially adding GSH (2.0 mM), CUOOH (0.75 mM)
alone or CUOOH (0.75 mM) together with GST (λex = 415 nm, λem = 510 nm).

compounds. Therefore, the signal transduction system switched
from the “OFF” state to the “ON” state. Finally, CUOOH alone or
CUOOH together with GST was added to the system, respectively.
(1) When 0.75 mM CUOOH was added to the system without
GST, the GPx-like catalytic reaction appeared in the signal
transduction system, causing the cyclic conversion of lipophilic Se
compounds and hydrophilic SeO compounds. Since the CUOOH
content in the system was less than half of the GSH content,
CUOOH was completely reacted while GSH was still available. As
a result, the signaling receptor 1 was still a lipophilic Se
compound, and the signal transduction system ultimately
remained “ON” state. (2) When 0.75 mM CUOOH was added to
the system with 10.0 μM GST and 1.0 mM CDNB, both GPx-like
catalytic reaction and GST catalytic reaction occurred. Because
CDNB reacted with partial GSH, CUOOH was still present in the
system after the reaction of CUOOH with GSH. So the signaling
receptor 1 changed from lipophilic Se compounds to hydrophilic
SeO compounds, and the system switched from the “ON” state to
the “OFF” state in the end. Above all, the addition of GST to the
system was able to facilitate the transition of the signal
transduction system from the “ON” state to the “OFF” state.

GPx-like enzyme material with on-demand design. The signal
transduction system switched alternately between “ON” and “OFF”
states by the redox regulation of the GPx-like receptors. In
addition, the involvement of another GSH-dependent enzyme,
GST, promoted the change of the signal transduction system from
the “ON” to the “OFF” state. This work may facilitate the design
of more sophisticated systems for the spatiotemporal control of
sequential multi-enzyme reactions in artificial vesicles or even real
cells based on diverse artificial enzymes in future.

4 Conclusions
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