
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 2
:4

9:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Controlled dime
State Key Laboratory of Chemo/Biosensing a

Laboratory for Bio-Nanotechnology and Mo

Hunan University, Changsha 410082, P. R

huishi_2009@hnu.edu.cn

† Electronic supplementary information (E
images, UV-vis, etc. See DOI: 10.1039/d1sc

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 8224

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 5th February 2021
Accepted 4th May 2021

DOI: 10.1039/d1sc00718a

rsc.li/chemical-science

8224 | Chem. Sci., 2021, 12, 8224–82
rization of artificial membrane
receptors for transmembrane signal transduction†

Hui Chen,‡ Li Zhou,‡ Chunying Li, Xiaoxiao He, Jin Huang, Xiaohai Yang,
Hui Shi, * Kemin Wang and Jianbo Liu *

In biology, membrane-spanning proteins are responsible for the transmission of chemical signals across

membranes, including the signal recognition-mediated conformational change of transmembrane

receptors at the cell surface, and a trigger of an intracellular phosphorylation cascade. The ability to

reproduce such biological processes in artificial systems has potential applications in smart sensing, drug

delivery, and synthetic biology. Here, an artificial transmembrane receptors signaling system was

designed and constructed based on modular DNA scaffolds. The artificial transmembrane receptors in

this system are composed of three functional modules: signal recognition, lipophilic transmembrane

linker, and signal output modules. Adenosine triphosphate (ATP) served as an external signal input to

trigger the dimerization of two artificial receptors on membranes through a proximity effect. This effect

induced the formation of a G-quadruplex, which served as a peroxidase-like enzyme to facilitate a signal

output measured by either fluorescence or absorbance in the lipid bilayer vesicles. The broader utility of

this modular method was further demonstrated using a lysozyme-binding aptamer instead of an ATP-

binding aptamer. Therefore, this work provides a modular and generalizable method for the design of

artificial transmembrane receptors. The flexibility of this synthetic methodology will allow researchers to

incorporate different functional modules while retaining the same molecular framework for signal

transduction.
Introduction

Transmembrane signal transduction is an important feature of
biological processes that allows cells to respond to changes in
their external environment and communicate among cells.1,2

Signal transduction is initiated typically by a hormone or
neurotransmitter as rst messengers that interact with trans-
membrane protein receptors on the cell surface, which cause
a conformational change in membrane-spanning transmitter
units and ultimately trigger an enzymatic reaction cascade and
a release of second messenger molecules into the cytosol. In
natural systems, two prominent mechanisms of trans-
membrane signal transduction have evolved: a global confor-
mational change as exemplied by G protein-coupled receptors
(GPCRs)3 and dimerization of the membrane-spanning recep-
tors as observed in receptor tyrosine kinases (RTKs).4,5 In recent
years, signicant efforts have been made to create various arti-
cial transmembrane systems inspired by their biological
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counterparts, and such mimics have potential applications in
drug delivery, smart sensing, and synthetic biology.6–8 There are
several reports on articial signal transduction systems con-
structed from organic polymers or host–guest supramolecular
chemistry.9–11 For example, Clayden et al. reported an articial
GPCR signaling system in which the binding of specic
carboxylate ligands to a Cu(II) cofactor at the binding site per-
turbed the foldamer's global conformation.12 Schrader et al.
published an articial RTK signaling system in which the
transmembrane units were constructed from uorescence
resonance energy transfer (FRET) pairs and a bisphosphonate
dianion receptor for dimerization.13–15 Hunter et al. described
an alternative translocation mechanism for transmembrane
signaling in which a pH-modulated polar switch was coupled to
the activation of a catalyst inside a vesicle for uorescence
signal transduction and amplication.16–19

Recently, DNA nanostructures have emerged as new molec-
ular scaffolds for mimicking cellular components and
processes. The DNA structure might provide a unique tool for
the construction of transmembrane mimics because of conve-
nient chemical synthesis, easy programmability, sequence-
based design, and facile integration.20–22 Most importantly, the
geometry and chemical functionality of this novel class of
biomimetic systems can be rationally designed utilizing DNA
nanotechnology approaches, which enable the complete de novo
© 2021 The Author(s). Published by the Royal Society of Chemistry
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design of biomimetic systems with atomically dened nano-
structures.23,24 A few articial transmembrane DNA channels
and DNA pores have been reported in which the signal
communications mostly relied on mimicking the direct phys-
ical transport of signal molecules across the membrane.25–29

However, the mimicking of transmembrane signal transduction
without physical mass transfer is considerably more chal-
lenging. We are currently unaware of any studies that have
examined the design and construction of DNA nanostructures
from the perspective of articial transmembrane signal
transduction.30,31

In this work, an articial transmembrane signal transducer
was developed through the chemical input-mediated dimer-
ization of articial DNA transmembrane receptors and the
subsequent activation of a cascade of events inside the vesicles.
Our approach involved mimics of transmembrane receptors
with two transmembrane units, which carry recognition sites on
the external terminus and signaling sites on the internal
terminus. As shown in Fig. 1, the articial transmembrane units
had a dimeric structure, and each articial receptor monomer
was designed using three functional modules (Fig. S1†): split
adenosine triphosphate (ATP) aptamers as signal recognition
modules for the specic binding of input molecules; linker
sequences with a 12-carbon (C12) spacer as a lipophilic trans-
membrane module; and a split G-quadruplex (G4) as a signal
output module capable of performing peroxidase-like catalytic
reactions. We reasoned that the addition of ATP as a signal
input would trigger the dimerization of two articial receptors
on membranes, resulting in the proximity of two monomer
sequences and the formation of a G-quadruplex (G4). Subse-
quently, a G4–hemin complex would serve as a peroxidase-like
enzyme to facilitate a signal output, such as a G4–hemin-
mediated Amplex Red uorescent reaction or a 2,20-azinobis-
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) colorimetric
reaction in the vesicle lumen. G-quadruplex could bind to
hemin to form the hemin/G-quadruplex which acts as
Fig. 1 Controlled dimerization of artificial membrane receptors for
transmembrane signal transduction. The S1 monomer was composed
of three DNAmodules: A1, L1, and G1; the S2monomerwas composed
of three DNA modules: A2, L2, and G2. While A1 and A2 are the split
sequences of an ATP-binding aptamer, G1 and G2 are the split
sequences of a G-quadruplex. ATP triggers the oligo-dimerization of
artificial DNA receptors on the membrane, which are coupled to the
G-quadruplex-mediated peroxidation of Amplex Red to resorufin and
fluorescence signal output on the inside of the membrane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
horseradish peroxidase-mimicking DNAzyme to catalyze the
reduction of H2O2.32 The idea is that the intermolecular reaction
would be slow, but following dimerization of the external
recognition groups, the internal signaling groups are brought
into close proximity, which would give rise to fast intra-
molecular reaction. Here, for the rst time, we present a DNA-
based model that imitates the transmembrane signal trans-
duction process comprising extracellular receptor recognition,
dimerization, and an intracellular catalytic reaction. This work
provides a universal and modular approach to the construction
of transmembrane receptors, wherein three modules can be
replaced by other functional motifs to extend their applications.
We demonstrate this exibility by the substitution of the ATP-
binding split aptamer with a split lysozyme-binding aptamer.
A distinct protein-responsive transmembrane model of signal
transduction was thereby successfully developed.
Results and discussion
ATPmediated dimerization of split sequences in homogenous
solution

Articial membrane receptors composed of two split DNA
sequences S1 and S2 (Fig. S1†), which comprised split ATP-
binding aptamers, were designed for dimer formation in
response to the ATP signal input. Dimerization in homoge-
neous buffer solution was characterized using polyacrylamide
gel electrophoresis (PAGE), which revealed that a new band
representing dimers emerged aer the addition of ATP to the
mixture of split sequences S1 and S2 (Fig. 2A). In a control
experiment in which the S2 sequence was replaced by a random
Fig. 2 ATP-mediated dimerization of split sequences in homoge-
neous solution. (A) Page: lane 1, DNAmarker; lane 2, S1; lane 3, S2; lane
4, S1 + S2 + ATP (+); lane 5, S1 + S2 + ATP (++); lane 6, S1 + S2 + ATP
(+++). S1 and S2 ¼ 1.0 mM. ATP (+) ¼ 0.1 mM, ATP (++) ¼ 0.5 mM, ATP
(+++) ¼ 1.0 mM. (B) Melting curves of the split sequence mixture (S1
and S2) in the absence or presence of ATP (1.0 mM). Fluorescence
intensity of the split sequence mixture with SYBR Green I as a function
of temperature. Inset: Negative first derivative of the melting curves.
(C) CD spectra of the split sequence mixture in the presence of ATP.
(D) G-quadruplex-induced fluorescence enhancement of ThT result-
ing from the ATP-mediated dimerization of split sequences.
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Fig. 3 (A and B) Fluorescence images of FAM-S1 (A) and FAM-Sc (B)
spanning the membrane of GUVs. Scale bar: 5 mm. (C) Schematic
illustration of ATP-triggered dimer formation and transmembrane
FRET. S1 and S2 were labelled separately with FAM and TAMRA,
respectively. (D) Fluorescence spectra of the FRET pair after the
addition of ATP (0–1.0 mM). FAM-S1 : TAMRA-S2 ¼ 1 : 5 molar ratio.
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sequence (Sr), no obvious dimerization was observed
(Fig. S3A†). The melting curves of the mixed sequences were
acquired by staining with SYBR Green I and analyzed by nega-
tive rst derivative tting (Fig. 2B). The addition of ATP facili-
tated an increase in the melting temperature (Tm) of the DNA
complex from 46.2 �C to 55.0 �C, indicating DNA dimer
formation (Fig. 2B). Dimer dimerization was accompanied by
the formation of G-quadruplex structures, which was deter-
mined by measuring the circular dichroism (CD) spectra. As
shown in Fig. 2C, the gradual addition of ATP (0–1.0 mM) to the
split sequence mixture (S1 and S2, 1.0 mM) induced the
appearance of a new negative peak around 260 nm, corre-
sponding to a characteristic peak of the antiparallel G-
quadruplex structure. The formation of G-quadruplex struc-
tures was further conrmed by thioavin T (ThT) uorescence
in which the binding of ThT to G-quadruplex caused the uo-
rescence enhancement of ThT. The uorescent emission of ThT
at 504 nm increased by 2.2-fold aer the addition of ATP (1.0
mM), which was contributed to the formation of the G-
quadruplex (Fig. 2D). However, there was no obvious change
in CD spectra or ThT uorescence in the control system in
which the split S2 sequence was replaced by a random sequence
(Sr) (Fig. S3B and C†). Thus, our results indicated that the
addition of ATP led to dimerization, resulting in a G-quadruplex
antiparallel structure.
Transmembrane signal transduction mediated FRET

Transmembrane signal transduction mediated FRET. The rst
requirement for the transmembrane signal transduction was to
identify the monomer sequence anchored within the lipid
membrane. In our system, a C12 spacer was designed to link the
split aptamer modules and split G-quadruplex modules and
served as a hydrophobic domain to facilitate the penetration of
the articial receptor monomer into the lipid membrane.
Therefore, we used uorescent imaging to characterize the
immobilization of 5-carboxyuorescein (FAM) labelled S1 (FAM-
S1) on giant unilamellar vesicles (GUVs) using FAM-Sc without
C12 spacer modication as a control. Low uorescence signals
were detected in phospholipid vesicles containing FAM-Sc (Fig.
3B), whereas mixtures of FAM-S1 and GUV exhibited a signi-
cant 5.1-fold increase in uorescence around the walls of the
GUVs (Fig. 3A). These comparisons demonstrated that the
hydrophobic modication of monomer sequences facilitated
their insertion into lipid bilayers.

Dimerization experiments in membrane were conducted in
LUVs (Fig. S4†). S1- and S2-containing vesicles were assembled
by hydrating a dried mixture of lipids, S1, and S2 in Tris–HCl
buffer (100 mM, pH ¼ 7.0). The suspension was extruded and
suspended in buffer solution to result in nal bulk concentra-
tions of 2.5 mM lipids and 4 mM transducer monomers. The
membrane uidity of the vesicles was validated using lipophilic
pyrene probes based on their spatially dependent excimer
spectra (Fig. S5A†). Pyrene-rich LUVs were diluted in a pyrene-
free LUV suspension. Pyrene monomer uorescence at
375 nm increased gradually, accompanied by a decrease in
pyrene excimer uorescence at 475 nm (Fig. S5B†). The spectra
8226 | Chem. Sci., 2021, 12, 8224–8230
uctuation indicated vesicle fusion and molecule diffusion
associated with membrane uidity.

Given the insertion of the articial receptor into the
membrane and uidity of the lipid membrane, the addition of
ATP to S1- and S2-containing vesicles was expected to trigger the
dimerization of split sequences on the membrane. ATP-
triggered dimerization would bring the articial receptor
monomers into close proximity. To conrm the dimerization
reaction on membranes, a FRET experiment was conducted in
the vesicles in which S1 and S2 were labelled with FAM and 5-
carboxytetramethylrhodamine (TAMRA), respectively (Fig. 3C).
As shown in Fig. 3D, the normalized uorescence spectra
showed that the gradual addition of ATP led to a gradual
increase in uorescence at 585 nm, and the addition of 1.0 mM
ATP resulted in an increase in the FRET efficiency (the ratio of
Fa/Fd) from 0.4 to 0.5. The occurrence of FRET between donors
and acceptors is evidence of their close proximity and is indic-
ative of dimer formation. In a control experiment, no obvious
FRET was observed when FAM-S1 was replaced by random
sequences containing FAM-Sc (Fig. S6†). Overall, the FRET
spectra of vesicles suggested that the addition of ATP facilitated
the proximity of receptor monomers and dimer formation on
the vesicle membranes.

Transmembrane transduction mediated signal output

ATP-mediated dimerization was coupled to G4 formation in the
interior of the vesicles, which served as a peroxidase-like
enzyme for signal production. For example, Amplex Red can
be oxidized by H2O2 to produce highly uorescent resorun in
the presence of the G4–hemin complex (Fig. 4A). Amplex Red
and hemin were encapsulated simultaneously in vesicles during
LUV preparation, and the uorescence kinetics were monitored
on the addition of ATP in the presence of H2O2. As shown in
(Fig. 4B), ATP input was associated with the uorescence
enhancement of the vesicles. The introduction of ATP initiated
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic illustration of ATP-triggered dimer formation and G4–hemin-mediated Amplex Red oxidation. (B) Fluorescence kinetic
curves of Amplex Red oxidized by G4–hemin after the addition of ATP (0–1.0 mM). Inset: Schema of G4–hemin-mediated Amplex Red oxidation
by H2O2. S1 : S2 ¼ 1 : 1 molar ratio. H2O2, 50 mM; hemin, 4.0 mM; Amplex Red, 20 mM. (C) Guanosine (G), cytidine (C), or uridine (U) were used as
input instead of ATP to determine selectivity. (D) TIRFM imaging of S1- and S2-containing LUVs before ([ATP ¼ 0]) and after ([ATP] ¼ 1 mM) the
addition of ATP. Ex, 532 nm, Em, 573–613 nm. Scale bar: 5 mm. (E) Frequency analysis of fluorescent photon counts from vesicle imaging in (D). n
¼ 100–120. t-test, P ¼ 0.0001 for the sample with ATP compared to that without ATP.
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Amplex Red peroxidase oxidation, and the uorescent intensity
at 585 nm increased gradually. Specically, the initial enzymatic
reaction rate increased 4.1-fold on the addition of 1.0 mM ATP
compared to that in the absence of ATP (Fig. 4B). However, no
obvious uorescence enhancement was observed aer the
addition of guanosine, cytidine, or uridine instead of ATP
(Fig. 4C). The uorescence signal output was further visualized
using total internal reection uorescence microscope (TIRFM)
imaging. To recognize the uorescent signals of single vesicles,
imaging from two different uorescent channels were subjected
to threshold analysis. Single LUVs were observed separately and
distributed individually (Fig. 4D). The brightness of single
vesicles increased robustly aer the addition of ATP (Fig. 4D).
The uorescence enhancement was contributed to the G4
formation and catalysis of Amplex Red oxidation in the interior
of the vesicles. To quantitate the intensity distribution, vesicle
images before and aer the addition of ATP were subjected to
statistical analysis of frequency to determine the average
photon intensity of the uorescent spots. The introduction of
ATP facilitated an increase in uorescence from 45.3 � 20.1 to
162.5 � 25.9 counts (t-test, P ¼ 0.0001), representing a 3.6-fold
uorescence enhancement (Fig. 4E).

G4–hemin complex-mediated ABTS oxidation was also
carried out when ABTS and hemin were encapsulated simulta-
neously in LUVs. Ultraviolet-visible (UV-vis) adsorption kinetic
curves demonstrated that the introduction of ATP initiated
ABTS peroxidase oxidation, and adsorption at 420 nm increased
gradually (Fig. S7A†). Specically, the initial enzymatic reaction
rate increased 3.7-fold aer the addition of 1.0 mM ATP
(Fig. S7B†). Overall, dimer-mediated uorescence and colori-
metric signal outputs in the vesicles were demonstrated in this
© 2021 The Author(s). Published by the Royal Society of Chemistry
articial transmembrane system in response to the external ATP
input. It is worth pointing out that a high signal background
was observed in this system, even in the absence of ATP. We
attributed this to the hemin background and random distri-
bution of receptor orientation. Hemin will also facilitate the
dimerization of the monomers to produce a uorescent back-
ground. Incorporation of the transducer monomers during
vesicle preparation results in the random distribution of
monomers in the inner and outer leaets of the membrane.
However, only the transmembrane units in the outer leaet are
in the correct orientation to interact with the external signal
input and to catalyze reactions inside the vesicle. Fluorescence
vesicle experiments were used to quantify the possible topolo-
gies, based on the uorescence enhancement of ThT upon
binding with G-quadruplex. The transmembrane units in the
correct orientation accounted for around 33% (Fig. S8†). The
remaining other of the transmembrane sequences that were in
an inverted orientation were not sensitive to changes in the
external ATP input.

Lysozyme mediated transmembrane signal transduction

This work provides a modular approach to the design and
construction of transmembrane receptors in which three
modules can be replaced by other functional motifs. To conrm
this, a signal recognition module was designed using spilt
lysozyme-binding aptamers, which can respond to lysozyme
protein as an input (Fig. 5A). In homogeneous buffer solution,
lysozyme mediated dimerization and G4 formation as
conrmed by CD spectra, melting curves, and uorescence
enhancement (Fig. S9†). Lysozyme-mediated transmembrane
signal transduction was conducted using S3 and S4
Chem. Sci., 2021, 12, 8224–8230 | 8227
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Fig. 5 Lysozyme-mediated modular transmembrane signal transduction. (A) Design of membrane receptors and schematic diagram of signal
conduction in which lysozyme was used to trigger the dimerization of artificial DNA receptors on membranes. Receptor engagement was
coupled to G-quadruplex-mediated peroxidase activity and signal output on the inside of the membrane. S3 and S4 monomers were composed
of three DNA modules. The signal recognition modules were split sequences of a lysozyme-binding aptamer. (B) Fluorescence kinetic curves of
Amplex Red oxidized by G4–hemin after the addition of lysozyme (0–200 mM). S3 : S4 ¼ 1 : 1 molar ratio. H2O2, 50 mM; hemin, 4.0 mM; Amplex
Red, 20 mM. (C) HSA and Hb were used as signal input instead of lysozyme to determine selectivity.
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immobilized in substrate-encapsulating vesicles. As demon-
strated by uorescence kinetics curves (Fig. 5B), the introduc-
tion of lysozyme initiated Amplex Red peroxidase oxidation, and
the uorescent intensity at 585 nm increased gradually.
Specically, aer the addition of 200 mM lysozyme, the initial
enzymatic reaction rate increased 2.6-fold compared to that in
the absence of lysozyme. However, no obvious uorescence
enhancement was observed aer the addition of human serum
albumin (HSA) or hemoglobin (Hb) instead of lysozyme
(Fig. 5C). Compared to the ATP synthetic system, a lower
concentration of lysozyme was required to trigger signal
production in the vesicles, which was attributed to the smaller
dissociation constant of the lysozyme-binding unsplit aptamer
(Kd ¼ 31 nM)33 than that of the ATP binding unsplit aptamer (Kd

¼ 6 mM).34 Therefore, the versatility of this modular method was
well demonstrated.
Conclusions

Biological signaling events in which information is transmitted
from the exterior to the interior of cells are critical for life.
Developing synthetic signaling systems that allow the
controlled and detailed investigation of such processes may
provide valuable information about how nature regulates these
events. Here, we demonstrate the rst example of articial
transmembrane signal transduction in a DNA-based synthetic
system. Using DNA as a material to construct articial receptors
may be an apt method for the study of intracellular and extra-
cellular communication. The modular design of this system
could be expanded easily to any target of interest by simply
changing the recognition motifs. The dimerization of two
receptors for controllable signal transduction shows excellent
8228 | Chem. Sci., 2021, 12, 8224–8230
versatility for potential applications. For example, the exibility
of the recognition modules of DNA receptors, including those
recognizing aptamers and DNAzymes, allows for a wide range of
small molecules or light stimuli as specic inputs. The signal
output modules in the interior could also be replaced by split
FRET probes or split enzymes to extend their applications.

This articial cascade mimics the membrane-spanning
proteins signaling mechanism of coupling with separate
chemistry on the inside and outside of membranes. In contrast
to transport mechanisms, the message and signal can be
chemically unrelated using this mechanism. This synthetic
approach may be applied to designing a new class of chemical
tools that can control the activities of native cells without
physical transmembrane transport. Therefore, this work
provides the impetus to widen the scope of this methodology to
create vesicles responsive to diverse chemical signals and ulti-
mately provide the basis to develop bioinspired nanotechnol-
ogies capable of interfacing and exchanging information with
biological systems.
Experimental section
Materials and reagents

DNA sequences were synthesized and puried using high-
performance liquid chromatography by Sangon Biotech and
used aer dissolving in Tris–HCl buffer. Adenosine triphos-
phate (ATP), lysozyme, hemin, Amplex Red, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) and egg yolk phosphatidyl
choline (EYPC) were purchased from Sigma-Aldrich. SYBR
Green I, ABTS, thioavin T (ThT), hemoglobin (Hb), and human
serum albumin (HSA) were purchased from Sangon Biotech.
H2O2 was purchased from Sinopharm. Ultrapure water was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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obtained using a Millipore water purication system (18.2
MU cm�1). All reagents were obtained from commercial
suppliers and used directly for the following experiments
without further purication, unless otherwise noted.

Ultraviolet-visible (UV-vis) measurements were performed
using a Shimadzu UV-2600 spectrophotometer (Shimadzu).

Fluorescence measurements were performed using an F-
7000 uorimeter (Hitachi) equipped with a xenon lamp at
room temperature. Circular dichroism (CD) was performed
using a Biologic MOS-500 (Bio-Logic). Gel images were obtained
using a gel imaging system (Azure Biosystem). The vesicles were
extruded using a MiniExtruder (Avanti Polar Lipids) to homog-
enize vesicles. Confocal uorescence images were acquired on
a confocal laser scanning microscope (Nikon A1). Fluorescence
images of single vesicles were acquired on a total internal
reection uorescence microscope (TIRFM) (Nikon TE2000).
Dynamic light-scattering measurements were performed using
a Zetasizer 3000Hs (Malvern).

ATP-mediated dimerization of split sequences in
homogeneous solution

DNA was heated to 95 �C for 5 min and cooled on ice for 1 h
before use. The articial receptor sequences S1 and S2 (Fig. 1)
were mixed at an appropriate molar ratio (S1 : S2 ¼ 1 : 1, 1.0
mM) in Tris–HCl buffer (100 mM, pH ¼ 7.4), followed by the
addition of different concentrations of ATP (0–1.0 mM) and
incubation for 1 h at 37 �C. ATP-mediated dimerization was
analyzed using 15% native polyacrylamide gel electrophoresis
(PAGE). Tris/borate/EDTA (TBE) buffer (1� TBE) was used as an
electrophoresis running buffer, and the gel was run at 80 V
(constant voltage) for 2 h. The buffer temperature was
controlled to maintain the samples at 4 �C throughout elec-
trophoresis. Aer electrophoresis, the gel was stained with
SYBR Gold and imaged using a gel imaging system. ATP-
mediated dimerization was characterized using CD spectrom-
etry from 220 to 320 nm. The step size was set to 1 nm aer
correcting for the solvent background. Dimerization (S1, S2 ¼
1.0 mM) was also characterized using a uorescence spectrom-
eter. Aer the addition of ATP to the DNAmixture, ThT solution
(20 mM) was added and incubated for 1 h. Fluorescence spectra
were measured using excitation at 425 nm and emission from
450 to 600 nm. The thermal stability of the resultant dimer was
analyzed using an F-7000 instrument by mixing the DNA dimer
complex (S1, S2 ¼ 1.0 mM; ATP ¼ 1.0 mM) with SYBR Green I (1
mM). The uorescence data for melting curves were acquired at
increments of 1 �C during transition from 35 �C to 70 �C (15 s at
each temperature). The uorescence data were then converted
to melting peaks and plotted as the negative derivative of uo-
rescence intensity as a function of temperature.

Preparation of unilamellar vesicles and membrane insertion
investigation

Giant unilamellar vesicles (GUVs) were prepared using a dry-
lm hydration method. EYPC (4.5 mg) and DPPC (0.5 mg)
were mixed in 3 mL of a chloroform/methanol (1 : 2, v/v) solu-
tion. The lipids were deposited onto the bottom of the glass
© 2021 The Author(s). Published by the Royal Society of Chemistry
surface of a 25 mL round-bottom ask aer rotating evapora-
tion for 24 h. Hydration of the lipid lm was initiated by the
addition of an aqueous solution, which was poured gently down
the side of the ask at 40 �C. The lipid lm was allowed to swell
for 2 h or more, which led to the formation of GUVs. The GUVs
were suspended in 100 mM of Tris–HCl buffer (pH 7.0) and
imaged using a confocal microscope with a 100� oil immersion
objective in bright-eld and uorescence modes. While
imaging, FAM-S1 was added at a concentration of 5 nM, and
FAM-Sc served as a control. FAM was excited at 514 nm and
emission above 530 nm was collected. Images were processed
using ImageJ.

Large unilamellar vesicles (LUVs) were prepared using a dry-
lm hydration method. DPPC (10 mg) in 1 mL of a chloroform
solution was added to an oven-dried round-bottom ask (10
mL). The solvent was removed under vacuum using a rotary
evaporator for 20 min, aer which the thin lm was dried under
ultrahigh vacuum for 3 h. Hydration of the lipid lm was
initiated by the addition of an aqueous solution, and the solu-
tion was then sonicated for 20 min at room temperature. LUVs
were stored in the fridge and used within 1 week. Samples were
pipetted into a 1.5 mL microcentrifuge tube and then extruded
through a 200 nm polycarbonate membrane (Whatman) to
homogenize the vesicles.
Transmembrane signal transduction-mediated FRET in LUVs

S1 and S2 were labelled with FAM and TAMRA, respectively, and
the FRET assay was used to conrm transmembrane signal
transduction. To facilitate the insertion of DNA sequences into
the lipid membrane, FRET sequences were synchronously
mixed in the lipid solution to prepare the vesicles. Therefore,
FAM-S1- and TAMRA-S2-containing LUVs were prepared by
synchronously mixing FAM-S1 and TAMRA-S2 (FAM-
S1 : TAMRA-S2 ¼ 1 : 5 molar ratio) in the lipid solution.
Different amounts of ATP (0–1.0 mM) were added to the vesicle
suspensions as an external signal input and their uorescent
spectra were determined with excitation at 488 nm and emis-
sion at 500–650 nm.
Transmembrane signal transduction-mediated peroxidase
reaction

To facilitate the insertion of DNA sequences into the lipid
membrane, S1 and S2 sequences (4 mM) were synchronously
mixed in the lipid solution to prepare the vesicles. Meanwhile,
a Tris–HCl buffer solution (100 mM, pH ¼ 7.0, 20 mM Amplex
Red and 4 mM hemin) was used for the hydration of the lipid
lm so that the dyes were encapsulated in the vesicles. ATP (0–
1.0 mM) was added as an external signal input and incubated
for 1 h. To investigate recognition selectivity, guanosine (G),
cytidine (C), or uridine (U) were added as input instead of ATP.
The above vesicle samples were diluted 10 000-fold for TIRFM
imaging with 488 nm laser excitation. Amplex Red uorescence
data were collected using a Cy3 lter. Meanwhile, the uores-
cence signal at 585 nm was monitored aer the addition of
H2O2 (50 mM). Alternatively, UV-vis adsorption at 420 nm was
Chem. Sci., 2021, 12, 8224–8230 | 8229
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monitored when 20 mM Amplex Red was replaced by 4 mM
ABTS.
Lysozyme-mediated transmembrane signal transduction

To test the versatility of this system, we replaced the split ATP-
binding aptamer with the split lysozyme-binding aptamer. CD
spectra, melting curves, and uorescence enhancement exper-
iments were conducted in homogeneous solution as with the
ATP system. However, S1 and S2 were replaced by S3 and S4
(Fig. S1†). Then, the uorescence kinetic curve was used to
characterize signal transmission. S3 and S4 sequences (4 mM)
were synchronously mixed in the lipid solution to prepare the
vesicles, and the resulting LUVs were suspended in 100 mM
Tris–HCl buffer solution (pH¼ 7.0, 20 mMAmplex Red and 4 mM
hemin). Lysozyme (0–200 mM) was added as an external signal
input, and the uorescence signal at 585 nm was monitored
aer the addition of H2O2 (50 mM).
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