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Transmission of chemical signals across lipid bilayer membranes
can be achieved using membrane-anchored molecules, where
molecular motion across the bilayer is controlled by switching the
polarity of two different head groups. An external redox signal
delivered by ascorbic acid was used to trigger membrane translo-
cation in a synthetic transduction system.

Transmembrane signal transduction is a fundamentally important
process in biology and forms the basis for cell-cell communication,
sensory perception and information processing in the brain."
Inspired by the mechanisms used by biological systems to achieve
signal transduction across lipid bilayers,>® a range of synthetic
systems that send chemical signals across vesicle membranes have
been developed. The first examples involved transmembrane trans-
port of cations by crown ethers and cryptands.* Artificial channels
based on molecular components that self-assemble to form tubular
structures in lipid bilayers have also been described.>® However,
synthetic systems that generate a chemical signal on the inside of a
vesicle without physical transport are rare.”'® We recently intro-
duced a mechanism for artificial transmembrane signal transduc-
tion based on membrane translocation. A recognition event on the
outside of a vesicle membrane releases a membrane-anchored
transducer, which translocates to the internal compartment, where
it generates an output signal by catalysing the hydrolysis of a
substrate.” We have shown that pH," metal-ligand binding">
and protein-ligand binding™ can be used as the input recognition
event. Here we expand the range of input signals to redox activation
of signal transduction.

We recently described a synthetic transmembrane signal
transduction system that responds to metal-ligand binding.'?
Addition of a ligand to the external solution of vesicles containing
the metal complex of a synthetic transducer led to hydrolysis of an
ester substrate on the inside the vesicles. Here we show that it is
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possible to activate a similar transmembrane signal transduction
system using redox chemistry as the external input signal. The
approach is illustrated in Fig. 1. Transducer 1 has three com-
ponents: the phenanthroline recognition unit is a switchable head
group, which is membrane permeable, but prefers to sit in an
aqueous environment when bound to copper(n); the pyridine-oxime
head group is a membrane permeable pro-catalyst, which is
activated by binding cadmium(u); the steroid core is a membrane
anchor, which is shorter than the thickness of the bilayer, so the
location of the transducer in the membrane can be switched by
varying the polarity of the two head groups. The values of logK
at pH 7 for the copper(u)-phenanthroline and cadmium(u)-2,
6-diacetylpyridine dioxime complexes are 9.0' and 4.1 respec-
tively. Thus formation of the copper(n) complex of 1 should
maintain the system in an OFF state, with the recognition head
group in the aqueous phase and the pro-catalytic head group inside
the membrane. Reduction of copper(u) to copper(r) should reduce
the affinity for the phenanthroline head group sufficiently to
allow the transducer to dissociate and translocate across the
bilayer.'® The pyridine-oxime head group can then pick up
cadium(u) on the inside of the vesicles, and this complex
catalyses the hydrolysis of ester substrate 2 to generate a
fluorescent output signal 3."” The net result is ester hydrolysis
on the inside of the vesicles in response to a reduction event on
the outside of the vesicles. The experiments below describe the
use of sodium ascorbate as the external input signal used to
promote redox-controlled transmembrane signalling.
Transducer 1 was synthesised as described previously.'*
DOPC vesicles containing CdSO, (250 uM) and the ester sub-
strate 2 (250 uM) were prepared by extrusion followed by size
exclusion chromatography. The copper(i1) complex of the trans-
ducer, 1-Cu**, was added to the vesicles, followed by various
amounts of sodium ascorbate after a 15 min interval. Fig. 2
shows the time course of the fluorescence emission intensity
due to 3, which is formed on hydrolysis of substrate 2. In
the absence of sodium ascorbate, there is a small increase
in fluorescence emission intensity with time, due to slow
solvolysis of the substrate.'® Addition of the copper(i) complex
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Fig. 1 Redox controlled transmembrane signal transduction. (a) Proposed signal transduction mechanism. The input signal (purple) reduces Cu®* (blue)
to Cu* (orange), which switches the polarity of the recognition head-group and allows the transducer to translocate through the membrane. Binding of
Cd?* (green) to the pro-catalytic head-group of the transducer (red) turns on the catalysis, which generates the output signal (yellow) by hydrolysis of the
encapsulated substrate (grey). (b) Molecular structures of the copper transducer complex 1.-Cu?*, the cadmium transducer complex 1-Cd?*, the ester

substrate 2 and the fluorescent hydrolysis product 3.
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Fig. 2 Redox triggered signal transduction experiment. Time dependence
of the fluorescence emission intensity at 510 nm (exciting at 415 nm) of a
vesicle suspension following the external additions of 1.-Cu?* (10 pM) at
time point (a) and sodium ascorbate at time point (b): 0.1 sodium ascorbate mM
in orange, 0.5 mM in green, 1.0 mM in blue and 5.0 mM in red. The black data
are the control experiment, where sodium ascorbate was not added. All the
experiments were conducted in 200 nm DOPC vesicles (1 mM final lipid
concentration) that contained the ester substrate 2 (250 uM), in PIPES buffer
(100 mM, pH 6.7), NaCl (150 mM) and CdSQ;4 (250 pM).

of the transducer at time point (a) does not affect the rate of
this reaction, confirming that the system is in the OFF state.
When sodium ascorbate was added at time point (b), the
fluorescence intensity increased significantly, and the rate of
increase is directly related to the amount of sodium ascorbate
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added. Small amounts of sodium ascorbate (0.1 mM, orange
data) have little effect on the transducer, because molecular
oxygen dissolved in the water is reduced before copper(n).'® The
solubility of oxygen in water at room temperature is 0.3 mM,>°
so concentrations of sodium ascorbate higher than this value
(e.g- 0.5 mM, green data) are required to switch the transducer
into the ON state by reducing copper(u) to copper(i). These
results suggest that reduction of copper(u) to copper(i) frees the
transducer to translocate across the lipid bilayer to the inner
leaflet, where the pyridine oxime head group can pick up
cadmium(u) and catalyse hydrolysis of the ester substrate.

Fig. 3 shows that this signal transduction system can be
reversibly switched between ON and OFF states by successive
additions of sodium ascorbate and copper(n) chloride to the
vesicle suspension. At time point (a), the OFF state was generated
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Fig. 3 ON-OFF cycling of signal transduction. Time dependence of the
fluorescence emission intensity at 510 nm (exciting at 415 nm) of a vesicles
suspension following the external additions of (a) 10 pM 1.Cu?*, (b) 1 mM
sodium ascorbate, (c) 1 mM CuCl,, and (d) 2 mM sodium ascorbate. All the
experiments were conducted in 200 nm DOPC vesicles (1 mM final lipid
concentration) that contained the ester substrate 2 (250 pM), in PIPES
buffer (100 mM, pH 6.7), NaCl (150 mM) and CdSO4 (250 pM).
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by adding the 1-Cu®" complex to vesicles containing CdSO4 and
the ester substrate 2. At time point (b), sodium ascorbate was
added to reduce Cu(u) to Cu(r), generating the ON state, and
an increase in fluorescence emission intensity was observed.
Addition of CuCl, at time point (c) switched the system back to the
OFF state, and addition of sodium ascorbate at time point (d)
turned it back ON again. There is a drop in fluorescence emission
intensity at time point (c), because addition of high concentrations
of copper ions leads to some quenching.'

This work expands the range of different input signals
that can be used to control transmembrane signal transduc-
tion in artificial systems. We have shown previously that
signal transduction using 1 could be triggered by adding
EDTA to remove copper(n)."" However under the conditions
used in the experiments described in this paper, EDTA failed
to trigger signal transduction, because it has to compete
against a high background concentration of metal ions
(see Fig. S4, ESIT). Redox signalling does not suffer from this
limitation, providing a useful orthogonal alternative input
signal and expanding the range of conditions in which these
artificial systems operate. The essential role played by ascorbic acid
(vitamin C) in Nature suggests that the development of this
compound as a redox trigger could open the way to interface
signalling in synthetic systems with biological processes.
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