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Membrane protein mediated bilayer
communication in networks of droplet
interface bilayers
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Paula J. Booth4, Laura M. C. Barter1,2 & Oscar Ces1,2,3✉

Droplet interface bilayers (DIBs) are model membranes formed between lipid monolayer-

encased water droplets in oil. Compared to conventional methods, one of the most unique

properties of DIBs is that they can be connected together to generate multi-layered ‘tissue-

like’ networks, however introducing communication pathways between these compartments

typically relies on water-soluble pores that are unable to gate. Here, we show that network

connectivity can instead be achieved using a water-insoluble membrane protein by suc-

cessfully reconstituting a chemically activatable mutant of the mechanosensitive channel

MscL into a network of DIBs. Moreover, we also show how the small molecule activator can

diffuse through an open channel and across the neighbouring droplet to activate MscL

present in an adjacent bilayer. This demonstration of membrane protein mediated bilayer

communication could prove key toward developing the next generation of responsive bilayer

networks capable of defining information flow inside a minimal tissue.
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Model membranes have been used for decades as
biomimetic assemblies for reconstituting proteins and for
studying the biophysical properties of cell membranes1,2.

Recently, a new class of model system has emerged that shares all
of the desirable properties of conventional bilayer/black lipid
membranes (BLMs), giant unilamellar vesicles and supported
lipid bilayers while also supporting the ability to form extended
networks of bilayers that have been demonstrated to exhibit
tissue-like properties3. These droplet interface bilayers (DIBs) are
assembled between lipid monolayer-encased water droplets in oil;
lipids supplied either directly to the oil or to the aqueous phase as
vesicles self-assemble at the oil–water interface and a lipid bilayer
is formed when the droplets are placed into contact4–6.
The introduction of additional droplets supports the formation
of bilayer networks, which can be freely assembled in 2D or
3D3,7–10, while communication between compartments can be
facilitated through the addition of chemical and biological motifs,
such as the water-soluble pore-forming protein α-hemolysin
(αHL), which self-inserts into the membrane. These capabilities
have enabled the construction of ‘higher-order’ systems that
exhibit collective properties, with examples including the engi-
neering of droplet bio-batteries7 and current rectifiers11 in
addition to a light-sensing network using the light-driven proton
pump bacteriorhodopsin7. More recently, αHL-mediated con-
nectivity between droplets has also been shown to be triggered in
real time using light by exploiting a light-sensitive T7 RNA
polymerase coupled to a cell-free expression system12,13. In view
of these ground-breaking advances, it seems clear that the next
milestone toward realizing the true potential of this platform
technology is to demonstrate that water-insoluble membrane
proteins can be successfully reconstituted into DIB networks.
These far more accurately represent medically relevant targets
and, critical to mediating the flow of information in synthetic
systems, also offer higher functionality as a result of their ability
to open and close in response to specific stimuli (αHL cannot be
closed in the absence of a blocker). The major drawback is that
these proteins are significantly more challenging to incorporate
into membranes, owing not only to the requirement to first
reconstitute them into vesicles, but also due to the difficulty of
obtaining significant yields at the point of expression. Subse-
quently, reports of the successful reconstitution of water-insoluble
membrane proteins into a two droplet (i.e. single bilayer) system
have been limited to a handful of different proteins4,14, including
ion channels and transporters expressed using cell-free
extracts15,16; however, this has yet to be reported in networks
of interconnected DIBs.

Here, we show that this can be realized to yield a new type of
membrane protein-mediated communication between lipid
bilayers by reconstituting a chemically activatable mutant of the
mechanosensitive channel of large conductance (MscL) into
networks of DIBs. MscL is an ideal candidate for functionalising
DIBs as it: (a) can open to form a relatively large (3–4 nm)
channel17,18; (b) has been extensively characterized19,20; (c) can
be mutated to exhibit desirable characteristics, such as chemical
sensitivity to methanethiosulfonate (MTS) reagents (e.g. G22C,
as used in this study)21 and low-tension gating (e.g. V23T or
G22S)22,23; and (iv) has been previously reconstituted in
DIBs24,25 and bilayers formed at the interface of aqueous droplets
and hydrogels (droplet hydrogel bilayers)26. The limitations are
that MscL is not ion selective and does not tend to exhibit well-
defined single-channel gating properties—instead, the channel
can pass through multiple different substates before fully opening
and may transition between states once opened27.

By inserting silver/silver chloride electrodes into the terminal
droplets of DIB networks, we use electrical measurements to
show that the chemical activator [2-(trimethylammonium)ethyl]

methane thiosulfonate bromide (MTSET) can activate MscL,
diffuse through the open channel and trigger the opening of MscL
in a neighbouring bilayer. These results demonstrate membrane
protein-mediated bilayer interactions inside a network of lipid
bilayers and represent the next step towards unlocking greater
functionality in synthetic systems by embedding water-insoluble
membrane proteins that are able to sense and respond to user-
engineered stimuli.

Results
Membrane protein purification and reconstitution into vesi-
cles. G22C F93W MscL was expressed and purified from
Escherichia coli BL21 (DE3) cells carrying the kanamycin-
resistant pET-28a vector using a modified protocol reported by
Perozo et al.28. This mutant differs from the wild-type protein in
two ways: (1) the G22C point mutation replaces a glycine with a
cysteine in position 22, allowing it to react with MTS compounds
such as MTSET to trigger channel gating; (2) the F93W point
mutation replaces a phenylalanine with a tryptophan to facilitate
quantification of the protein via absorbance at 280 nm. Purified
protein was visualized via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and quantified via tryptophan
absorbance. A typical gel is shown in Fig. 1a. The presence of only
a single band in lanes 2–4 shows that the purification was suc-
cessful, while the position of the bands at ~17 kDa is in line with
previous reports for the MscL monomer29. The contrasting
intensities of the bands owes to the different amounts of protein

Fig. 1 MscL purification and reconstitution in lipid vesicles. a SDS–PAGE
gel (pre-cast NuPAGE 12% bis-tris protein gel) containing purified protein.
Lane 1 contains Novex Sharp Protein Standard Ladder and lanes 2–4 contain
0.27 mgml−1, 0.11 mgml−1 and 0.05mgml−1 of purified protein,
respectively. MscL monomer is indicated at 17 kDa. b Calcein release assay
showing the activation of reconstituted MscL by the chemical activator
MTSET. MscL is activated after 10min by the addition of MTSET (red
circles), which leads to an increase in fluorescence caused by the diffusion
and subsequent dilution of quenched calcein as it diffuses out of the vesicle
through the open MscL channel (red circles). No increase in fluorescence is
observed when MTSET is replaced with pure buffer solution (black
squares). Data were normalized to the value at time= 0min. Errors are
shown as the standard deviation of four measurements.
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loaded and serves as further confirmation of successful protein
expression and purification. Prior to single-channel analysis, the
activity of purified MscL was screened by reconstituting the
protein into calcein-loaded vesicles and performing a release
assay. The concept of the assay is illustrated in the schematic
provided in Fig. 1b: calcein encapsulated within the vesicles is
self-quenched at 50 mM and yields a negligible fluorescent signal.
Upon the addition of MTSET, the MscL channels open and
calcein diffuses out of the vesicles into the external aqueous
medium, where it becomes unquenched to yield a strong fluor-
escent signal. As shown in our measurements in Fig. 1b, in the
absence of MTSET, we observed no change in the fluorescence of
our calcein encapsulated MscL vesicles for the first 10 min of the
assay. At this point, either 1 mM MTSET in buffer (red circles) or
pure buffer solution (black squares) was added to the samples.
Here, a sharp and continual increase in fluorescence was observed
for the vesicles exposed to MTSET, while no change in fluores-
cence was recorded for the control samples (n= 4). This leads us
to conclude that the addition of MTSET triggers the opening of
MscL, confirming that our protein is active. The scale of the
increase in fluorescence is in-line with what has been observed in
our lab previously and most likely owes to the small volume of the
vesicles25. These results demonstrate the successful reconstitution
of active MscL into lipid vesicles, which is essential for assembling
MscL functionalized DIBs.

MscL activity in DIBs. Prior to assembling networks of bilayers,
electrical measurements of MscL (electrical set-up detailed in
Supplementary Fig. 1) were first performed in DIBs comprised of
two 1 μl droplets (Fig. 2). We found that we were able to
reproducibly assemble DIBs with negligible leakage currents and
lifetimes >30 min when both droplets consisted of extruded
vesicles in buffer alone (Supplementary Fig. 2). This measurement
was performed routinely prior to performing any experiments in
order to identify any background noise or trace contaminants
that would lead to the appearance of artefacts in our recordings or
compromise the integrity of our bilayers. We observed similar
results when MTSET was added to one of our droplets without
MscL (Supplementary Fig. 3), confirming that MTSET alone does
not destabilize or lead to channel-like activity in our membranes.
In all cases, the presence of a bilayer was confirmed by measuring
the bilayer capacitance (Supplementary Fig. 4). Only when
reconstituted MscL was present in the second droplet did we
observe activity in the membrane, appearing as discrete opening
and closing, or successive opening/opening and closing/closing
events (Fig. 3). While MscL channel activity could be reliably
obtained, multichannel activity was often observed, and single-
channel activity was difficult to decouple. A representative
example of the range of different single-channel gating events
we frequently observed during our 30 min recordings are high-
lighted in Fig. 3a–c (further examples can be found in Supple-
mentary Fig. 5).

A region of the first burst of activity at ca. 8 min is magnified in
Fig. 3a and shows rapid (ms) switching between two states lasting
for several minutes. A histogram of the segment shows two clear
peaks at 11.20 and 33.81 pA, corresponding to an opening of ca.
22.61 pA (0.23 nS), while built-in single-channel analysis yielded
a similar value of 19.78 ± 2.31 pA (n= 313). In contrast, the
activity highlighted in Fig. 3b shows more stable switching at ~23
min between the open and closed state albeit at a lower
conductance. This is shown both in the histogram, with
centrepoints at 8.73 and 22.75 pA corresponding to an opening
of ca. 14.02 pA (0.14 nS), and via single-channel analysis which
generates a value of 14.40 ± 2.28 pA (n= 495). This period of
stable gating precedes a burst of relatively high conductance
gating that appears at ~27 min. The extremely well-defined
transition states that conclude this burst of activity are high-
lighted in Fig. 3c. The histogram shown as part of Fig. 3
highlights three peaks at 8.59, 52.97, and 93.02 pA, indicating a
drop of 40.05 pA (0.40 nS), followed by 44.38 pA (0.44 nS) as the
signal returns to baseline at 8.59 pA. It is unclear whether this
type of activity is the result of the transition between two different
open states, or whether this depicts a scenario where two channels
in the same open state are closing in succession. The magnitude
of these openings (i.e. ~0.40 nS) are similar to what have been
reported previously for this mutant21,30,31, which shows a
preference for the same subconducting state when gated by
MTSET in the absence of tension31, supporting the latter
hypothesis. However, as MscL can exhibit multiple sub-
conductance states, the former hypothesis cannot be dismissed19.
In any case, it is clear that our MscL is functional in DIBs, and
this platform is suitable for measuring MscL channel activity.

MscL activity in DIB networks. To show that MscL could be
successfully reconstituted into a network of DIBs, we introduced a
third 1 µl droplet into our system and positioned it between the
two droplets attached to the Ag/AgCl electrodes. As a control, the
droplets were initially supplied with vesicles in the absence of
protein. In this configuration, we observed no activity in our
measurements, but noted that the peak-to-peak noise of the
baseline was significantly lower than a two-droplet system
(Supplementary Fig. 6), most likely due to the reduction of the
bilayer capacitance owing to the two bilayers being connected in
series (Supplementary Fig. 4). We subsequently supplied each
terminal droplet with reconstituted protein and dissolved MTSET
into the middle droplet (Fig. 4). With the MTSET directly
accessible to MscL reconstituted in each bilayer, we observed
distinct opening/closing and opening/opening events in our
measurements that lasted for up to several minutes, suggesting
that MscL was simultaneously active in both membranes. The
indicated regions of a representative 20 min recording (n= 3,
Supplementary Fig. 7) are expanded in Fig. 4a–c to display 50 s
zooms of the trace. Figure 4a shows a ~12-s-long opening event at
~10 min, which can be clearly observed as two well-defined peaks

Fig. 2 Assembly of droplet interface bilayers. Water droplets comprised of lipid vesicles are placed onto the agar-coated tips of silver/silver chloride
electrodes and lowered into a well of oil. After a brief incubation period, a highly packed lipid monolayer assembles at the water–oil interface and a lipid
bilayer is formed when the droplets are manipulated into contact (as highlighted in the zoom).
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at 6.27 and 26.34 pA in the corresponding histogram. This
equates to a 20.07 pA (0.2 nS) opening, which is similar to the
value of 22.29 ± 1.41 pA (n= 11,842) generated by single-channel
analysis. In contrast, the data in Fig. 4b show the first of two
successive openings at ~13 min, which appears to be slightly more
intense compared to the zoom in Fig. 4a. The associated histo-
gram reveals peaks at 6.25 and 35.75 pA, which corresponds to an
opening of 29.5 pA (0.30 nS) and is in close agreement with the
value of 29.88 ± 1.31 pA (n= 2759) obtained from single-channel
analysis of the trace. The zoomed region in Fig. 4c shows a 5-s-
long third level opening at ~16 min, which also exhibits a brief
closing/opening event, indicative of channel gating. The histo-
gram shows peaks at 59.05 and 83.77 pA, resulting in an opening
of 24.72 pA (0.25 nS), which was similar to the value of 21.06 ±
1.31 pA (n= 17) calculated via single-channel analysis.

As the droplets containing reconstituted MscL are connected in
series, it is expected that the total resistance of the circuit should
reflect the sum of the individual resistor values as highlighted in
the equivalent circuit diagram shown in Fig. 4; assuming that
both channels are in the same conductance state, the measured
current should be approximately half of what was measured for a
single DIB32. This appears to be in line with our findings with the
~20 pA values obtained in Fig. 4a, c appearing almost exactly half
of the ~40 pA openings found in Fig. 3c, suggesting that in each
example MscL is open in a subconducting state in both bilayers.
While the origins of the ~29 pA openings recorded in Fig. 4b are
less clear, it likely they originate from active MscL in different
conducting states simultaneously. Our results confirm that MscL
has been reconstituted into a network of interconnected DIBs,
which to our knowledge is the first example of a functional water-
insoluble membrane protein being successfully implanted into a
bilayer network.

MscL-mediated bilayer communication in DIB networks. To
further demonstrate that MscL could be successfully reconstituted
into DIB networks, we rotated the positions of the first two
droplets in Fig. 4 such that the droplet containing MTSET was
placed first. In this configuration, activation of the network can
only be achieved by the MTSET activating MscL in the first
bilayer and diffusing through the open channel and across the
neighbouring droplet to activate MscL embedded within the
second bilayer. In this sense, the state of MscL in the second
bilayer is entirely dependent on the state of MscL in the first
bilayer, establishing a form of MscL-mediated bilayer commu-
nication across the network (Fig. 5).

Under these conditions, we observed noticeably fewer events in
our measurements compared to our previous results. A
representative 30-min trace (n= 3, Supplementary Fig. 8) is
supplied in Fig. 5 together with 1 s zooms and histograms.
Figure 5a shows a short burst of rapid (ms) opening and closing
events at ~6 min. These events appear on the histogram as a
baseline peak at 5.88 pA and an almost indistinguishable second
peak at 11.10 pA, corresponding to openings of 5.22 pA (0.05 nS).
Single-channel analysis generated a value of 7.39 ± 1.80 pA (n=
164). Fewer events of similar magnitude were also recorded at
~21 min in Fig. 5b, with histograms revealing peaks at 6.41 and
9.82 pA, yielding openings of 3.41 pA (0.03 nS) and correspond-
ing to a value of 6.09 ± 1.41 pA (n= 195) from single-channel
analysis. More pronounced events are shown in Fig. 5b at ~24
min with two brief opening/closing events recorded before the
channel was held open for several minutes. The associated
histogram reveals peaks at 5.63 and 32.99 pA resulting in an
opening of 27.36 pA (0.27 nS), slightly higher than the value of =
23.62 ± 1.04 pA (n= 1072) generated via single-channel analysis.
We observed no activity when the droplets containing MscL

Fig. 3 MscL activity in droplet interface bilayers. DIBs formed with reconstituted protein and MTSET give rise to discrete channel activity. A schematic of
the experimental set-up is provided together with an equivalent electrical circuit, where Cm depicts the membrane capacitance and GMscL the channel
conductance. The indicated regions of a representative 30min recording obtained at 100mV are magnified in the 3 s segments shown in a–c. The
recordings show rapid ~20 pA opening and closing events in a, more stable ~14 pA events in b and two clearly defined ~40 pA closing events in c. The
histograms supplied with each trace reflect the different open states observed.
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vesicles were substituted for vesicles in buffer (n= 3, Supple-
mentary Fig. 9).

As the droplets in Fig. 5 are connected in series as in Fig. 4, it is
similarly expected that the channel current should be approxi-
mately half of what was measured for MscL reconstituted inside a
single DIB, assuming that MscL in both membranes is in the
same open state. This appears to be consistent in our data for
both Fig. 5a, b, with the ~7 pA openings representing half of the
~14 pA events recorded in Fig. 3b. Additionally, the ~24 pA
opening measured in Fig. 5c matches well with results from
Fig. 4c, and is attributed to subconductance opening of MscL
channels in each bilayer (due to current magnitudes half of the
~40 pA opening observed in Fig. 3c) or alternatively a combina-
tion of multiple conductance states across the set of bilayers.

The feasibility of MTSET (approximate diameter of 0.58 nm33)
diffusing through the open channel and across the neighbouring
droplet to activate MscL in the second bilayer is also supported by
MscL possessing a relatively large, unselective pore with a
diameter of ~3–4 nm in the open state17,18,34. MTSET diffusion
through the pore is therefore expected, especially as much larger
fluorescent molecules25,35, such as peptides and proteins36,
have previously been shown to translocate through the open
MscL channel, even when primarily gating in the subconductance
states triggered by MTSET (molecular weight cut-off ~6.6 kDa)31.
Using a simple approximation from Fick’s First Law and the
Stokes–Einstein equation to calculate the diffusion coefficient of
MTSET, we can estimate the concentration of MTSET in the
second droplet over time assuming one sub-gating MscL channel
(d= 1.5 nm)19. This shows that in the time frame of the
experiment, an MTSET equilibrium would not be reached and
that the amount of MTSET in the second droplet increases slowly,
reaching beyond the low MTSET low concentration required to

open MscL of only five molecules required for the five subunits of
the MscL pentamer (Supplementary Fig. 10). To account for this
delay, an additional resistor is also added to the equivalent circuit
in Fig. 5.

It is of note that we observe some activity ahead of the main
MscL activity in our measurements, which is expected given that
the first droplet is supplied with excess MTSET and, in principle,
<5 molecules are required to activate the channel. However, it is
clear from Fig. 5a, b that channel activity is brief, less clearly
defined and less frequent compared to the rest of our recordings,
which is likely due to the lack of significant MTSET concentra-
tions in the middle droplet for the first 22 min of the recording
(also observed in Supplementary Fig. 8). This may not account for
rapid opening/closing events as individual MTSET molecules
bind and form a covalent S–S linkage with cysteine in each MscL
subunit, but the distorted opening/closing events observed in
Fig. 5 can arise due to transient behaviour of the two MscL
channels across two bilayers32.

These factors support our conclusion that MscL is active in
DIB networks, indicating that the opening of MscL by MTSET
present in the first bilayer did indeed trigger the gating of MscL in
the second, especially as it is known that MTSET cannot passively
diffuse across lipid bilayers37,38. Our findings demonstrate
membrane protein-mediated bilayer communication in a syn-
thetic system and could pave the way for developing more
biomimetic signalling and communication pathways in DIBs.

Discussion
Here we have demonstrated the successful integration of water-
insoluble protein channels into DIB networks, confirming the
activity of the MscL protein in a variety of droplet configurations.
After confirming channel activity in a single DIB (Fig. 3) and

Fig. 4 MscL activity in networks of droplet interface bilayers. Three droplet DIB networks were formed with reconstituted protein in the first and last
droplet and MTSET in the middle droplet. A representative 20min bilayer current recording shows multiple gating events including successive openings. A
schematic of the experimental set-up is provided together with an equivalent electrical circuit, which highlights that the droplets are connected in series,
leading to a reduction in the total capacitance and an increase in the effective resistance, resulting in a reduction in the bilayer current. The indicated
regions of the trace are magnified in the 50 s segments shown in a–c. The recording shows an ~20 pA opening and closing event that lasts ca. 12 s in a, an
~30 pA opening that leads to multiple opening events in b and an ~20 pA third-level burst of activity c. The histograms supplied with each trace reflect the
different open states recorded.
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across a three-droplet minimal network (Fig. 4), we confirm that
soluble channel activators can be used to propagate a chemical
signal through the network upon sequential channel activation
(Fig. 5). Our findings present a significant advance towards the
development of artificial tissues that more closely replicate the
cell–cell interactions found in natural biological systems. This
substantial level of biomimicry, both in terms of the functiona-
lization of our lipid bilayers and the interplay between them,
could have a profound impact on the next generation of smart
drug delivery systems, screening models and compartmentalized
bioreactors designed to respond to user-defined stimuli. While we
employ a chemical stimuli coupled to MscL reconstituted in
bilayer networks, this could also be achieved with the same
channel via mechanical stimulation24, protein–protein interac-
tions39 or in combination with other channels or transporters16

together with the appropriate activator, creating pathways of
chemical flux defined by extended DIB coupling. This flexibility
coupled with the freedom to assemble DIB networks of almost
infinite size and geometry, with ever-increasing biomimetic
composition40 and the ability to incorporate light-triggered
enzymatic reactions41 and cell-free protein expression into these
systems could present paradigm shifting fidelity with almost
endless possibilities for generating responsive, next-generation
artificial tissues.

Methods
Lipid preparation. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) were obtained from Avanti Polar
Lipids Inc. (USA). SM2 Bio-Beads (mesh size 20–50) were purchased from Bio-
Rad. MTSET was purchased from Biotium. All other compounds were purchased
from Sigma-Aldrich (UK).

MscL expression and purification. Escherichia coli BL21 (DE3) cells carrying the
kanamycin-resistant pET28a vector were expressed using a modified protocol of
Perozo et al.28. MscL was purified using an adapted protocol reported by Char-
alambous et al.39. Escherichia coli BL21 (DE3) cells carrying the pET28a (Novagen)
vector with the MscL gene (with G22C and F93W mutations) were grown over-
night in Luria Broth (LB) (30 µg ml−1 kanamycin) at 37 °C and 200 r.p.m. The
overnight culture was reseeded 1:100 into 1 L fresh LB (30 µg ml−1 kanamycin)
and incubated at 37 °C and 200 r.p.m. to ~maximum of the exponential phase
(OD600= 1). Protein production was induced for 45 min in the presence of iso-
propyl β-D-thiogalactopyranoside (0.5 mM). Cells were collected by centrifugation
at 16,000 × g (45 min, 4 °C) and resuspended in 50 ml of phosphate-buffered saline
and 0.1 mM phenylmethanesulfonylfluoride (PMSF) solution. Cells were lyzed by
two passes through a cell disruptor (Constant Systems Cell Disruptor Model T5) at
25 KPSI. Membrane fractions were isolated through centrifugation (100,000 × g, 1
h, 4 °C) and solubilized in solubilization buffer (20 mM HEPES pH 7.2, 100 mM
KCl, 2% (w/v) dodecyl-β-maltopyranoside (DDM), EDTA-free protease inhibitor)
overnight with rotation. Insoluble material was removed by centrifugation at
100,000 × g for 30 min at 4 °C. The supernatant was diluted 2-fold in 20 mM
HEPES pH 7.2, 100 mM KCl and DDM-solubilized protein batchbbound to 0.67
ml TALON cobalt metal affinity resin per litre of LB for 90 min at 4 °C with
rotation. The resin was centrifuged at 1000 × g until a pellet was formed (5–10 min)
and the supernatant removed.

Non-specifically bound protein was removed by washing the resin with 40 ml
wash buffer (20 mM HEPES pH 7.2, 100 mM KCl, 0.13% DDM, 0.1 mM PMSF and
6 mM imidazole) and incubating the suspension for 10 min at 4 °C with rotation.
The resuspended resin was pelleted again via centrifugation (1000 × g, 5–10 min)
and the supernatant removed. The pellet was resuspended in 10 ml of wash buffer,
transferred to a gravity-flow column and the resin was allowed to settle out of
suspension. MscL was eluted in 2.5 ml elution buffer (20 mM HEPES pH 7.2, 100
mM KCl, 0.13% DDM, 0.1 mM PMSF, 150 mM imidazole) per litre of LB and
prepared to a final concentration of 0.43 mM using an Amicon Ultra 100,000
MWCO centrifugal concentrator (Millipore). Imidazole was removed using a PD-
10 desalting column (GE Healthcare) and the protein was further concentrated
using an Amicon Ultra 100,100 MWCO centrifugal concentrator. Purified MscL
was quantified using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo
Scientific) by measuring the absorbance at 280 nm. Samples were snap frozen in
liquid nitrogen and stored at −80 °C until reconstitution. For consistency, all
experiments contained MscL from one expression and purification.

Fig. 5 MscL-mediated bilayer communication in DIB networks. Three droplet DIB networks were formed with MTSET in the first droplet and MscL
vesicles in the second and third as highlighted in the schematic. As lipid bilayers are impermeable to the free diffusion of MTSET, the only route for network
activation is for passive diffusion through the open channel and across the adjacent droplet to activate MscL in the second membrane. The time taken for
this to take place is reflected in the equivalent circuit through the addition of an extra resistor labelled GDiff (this is not intended to indicate a further
reduction in the bilayer current). A representative 30-min bilayer current recording shows a short burst of activity at ~6 min and more significant activity
from 20min onward. The indicated regions of the trace are magnified in the 1 s segments shown in a–c. The zooms shows a brief ~7 pA burst of activity in
a, a similar ~7 pA burst of activity in b and two brief ~24 pA opening and closing events in c that lead to the channel being held open. The histograms
supplied with each trace reflect the different open states observed in the recordings and emphasize the low number of open events in a, b.
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MscL reconstitution. Five milligrams of 95:5 DOPC:DOPG (mol:mol) were dis-
solved in a minimum of chloroform, evaporated under nitrogen and dried over-
night in a lyophilizer. Dried films were then hydrated with 20 mM HEPES, 100 mM
KCl, 40 mM n-octyl-β-D-glucopyranoside pH 7.4 buffer. For calcein release
experiments, 50 mM calcein was also present in the suspension buffer. Four
freeze–thaw cycles were applied before extruding the suspension 11 times through
a 100-nm filter to yield a detergent-saturated vesicle population. MscL was added at
various lipid:MscL ratios, and the detergent was removed by the addition of 100 mg
of SM2 Bio-Beads to yield vesicles at 4 °C. Vesicles were incubated with Bio-Beads
for an hour before removing the beads and repeating the process twice more. After
3 h of incubation, Bio-Beads were removed and stored at 4 °C until use. As a
control, in the absence of MscL, an equivalent amount of DDM was added to the
detergent-saturated vesicles, and the same detergent removal process was followed.

For the calcein release assay, after Bio-Bead removal the sample was diluted
140-fold in 20 mM HEPES, 100 mM KCl buffer pH 7.4. Ultracentrifugation
(130,000 × g, 4 °C, 1 h) yielded a vesicle pellet, which was resuspended in sucrose
buffer (500 mM sucrose, 20 mM HEPES, 100 mM KCl, pH 7.4) as present before
dilution. The vesicles were then stored at 4 °C until further use. For single-channel
electrophysiology, 4.5 µg protein was supplied to 10 mgml−1 total lipid.

DIB formation. Glass slides were spin coated with polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning) at a ratio of 10:1 (base to curing agent) and cured at
90 °C for 10 min. Wells were laser cut from polymethyl methacrylate and fixed to
the polydimethylsiloxane-coated slide using double-sided adhesive prior to filling
with hexadecane. 5% agar (w/v) in deionized water was dispensed onto Ag/AgCl
electrodes and washed extensively with a buffer (100 mM KCl, 20 mM HEPES, pH
7.4). 1 μl of the appropriate proteoliposome dispersion was placed onto the agar-
coated tips of the electrodes and lowered into the hexadecane wells via micro-
manipulators (Thorlabs). The droplets were left for 5–10 min to promote the
assembly of a highly packed lipid monolayer before being placed into contact. For
the assembly of a three-droplet network, the additional droplet was dispensed into
the well and sandwiched between the two existing droplets. At the end of the
measurement, the droplets were separated and dragged to the edge of the well
where the electrode was withdrawn. The electrodes were thoroughly washed with
buffer and the agar regularly replaced in between experiments.

Electrical measurements and analysis. Electrophysiology was performed using
an Axopatch 200B amplifier and an Axon Digidata 1440A digitizer in combination
with a CV-203BU headstage (Molecular Devices). Current measurements were
obtained using a holding potential of 100 mV, a 5 kHz low-pass 8-pole Bessel filter,
and a sampling rate of 50 kHz. For presentation purposes, the current traces were
then digitally filtered using a 1 kHz low-pass filter and reduced to a sampling
interval of 120 µs. Electrical measurements were analysed using the built-in func-
tions within ClampFit (Molecular Devices). The peaks identified on each histogram
were used to position the appropriate cursor for single-channel analysis.

Data availability
The datasets generated during and/or analysed during the current study are available
from the corresponding author upon reasonable request.
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