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ABSTRACT: The assembly of channel proteins into vesicle
membranes is a useful strategy to control activities of vesicle-based
systems. Here, we developed a membrane AND gate that responds
to both a fatty acid and a pore-forming channel protein to induce
the release of encapsulated cargo. We explored how membrane
composition affects the functional assembly of a-hemolysin into
phospholipid vesicles as a function of oleic acid content and a-
hemolysin concentration. We then showed that we could induce
a-hemolysin assembly when we added oleic acid micelles to a
specific composition of phospholipid vesicles. Finally, we
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demonstrated that our membrane AND gate could be coupled to a gene expression system. Our study provides a new
method to control the temporal dynamics of vesicle permeability by controlling when the functional assembly of a channel

protein into synthetic vesicles occurs. Furthermore, a membrane

AND gate that utilizes membrane-associating biomolecules

introduces a new way to implement Boolean logic that should complement genetic logic circuits and ultimately enhance the

capabilities of artificial cellular systems.
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major focus in synthetic biology has been the use of

biological parts to implement logical operations.”” These
operations have been largely implemented using genetic
circuitry based on gene transcription and translation events.
In contrast, the design of membrane or material-based logical
operations have been more limited.”* As the development of
artificial cells and cell-free systems continues, understanding
how to design membrane-based logic circuits will become
important to improve the specificity and complexity of
designed operations of the artificial cellular system as a
whole. A membrane function that would be highly useful to
execute with a logic gate is membrane permeability: by
controlling when and the extent to which membrane
permeability is enhanced, the uptake and secretion of
molecules from a vesicle can be gated. Such gating would
enable higher control over complex functions, such as the
release of synthesized or encapsulated molecules in response to
environmental signals,*"® or the initiation of encapsulated
reactions upon entry of reactive substrates.”

A promising approach to control permeability in vesicle
membranes has been the use of pore-forming proteins like a-
hemolysin (aHL). aHL, a pore forming toxin secreted by
Staphylococcus aureus, consists of water-soluble peptide
monomers that spontaneously assemble in compatible vesicle
membranes to form functional, heptameric channels.*” The
functional channel contains a nanometer size, nonspecific pore
that allows for the passage of larger cargoes that are otherwise
membrane-impermeable, such as ions and DNA.'>" Under-
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standing how to modulate interactions between aHL and
synthetic membranes should allow us to dictate not only when
channel proteins are incorporated into membranes but also the
number that are incorporated, thereby controlling broader
features of membrane permeability. These findings could
potentially be extended to a range of pore-forming channels to
advance the design of artificial cells.

One way to affect the permeability of vesicles using channel
proteins is to change the number of channel proteins that
functionally insert into vesicle membranes. This number can be
controlled by changing the concentration of protein'> or by
changing the affinity of protein—membrane interactions."*~"”
Toward the former route, Adamala et al. recently showed that
by varying the concentration of aHL DNA in synthetic
vesicles, the expression of aHL could be adjusted, leading to
vesicles with differential permeability.® Toward the latter route,
other groups have shown that membrane composition affects
protein integration. For example, oHL insertion requires the
presence of phosphocholine (PC) head groups at the
membrane interface'>'* and the presence of cholesterol in
»!% Most of these latter studies have been
directed toward uncovering biological mechanisms of protein
activity and, to date, using membrane composition as a strategy
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to control protein activity in artificial cells and in synthetic
biology applications has not been widely explored.

Here, we describe an approach to temporally control pore
formation in phospholipid vesicles by changing the composi-
tion of vesicle membranes in real time. Toward this goal, we
were inspired to use fatty acids, which can affect membrane
protein behavior and play vital roles in biological systems as
signaling molecules."” We demonstrate that addition of oleic
acid (OA) micelles to phospholipid vesicles results in fatty acid
membrane uptake and associated membrane composition
changes that promote aHL assembly and pore formation.
Finally, we demonstrate our ability to connect the designed
membrane response to a genetic system by synthesizing aHL
using cell-free protein expression. Our study demonstrates that
the remote control of membrane composition imparts a new
level of regulation over membrane permeability by affecting
when an expressed protein assembles into a functional pore in
vesicle membranes.

B RESULTS AND DISCUSSION

To assess the functional integration of aHL channels into
vesicle membranes, we analyzed the release of an encapsulated
dye from phospholipid vesicles. Vesicles composed of 18:1
(A9) 1,2-dioleyoyl-sn-glycero-3-phosphocholine (DOPC)
were prepared containing calcein, a self-quenching dye.
Vesicles were extruded to ~100 nm to form small unilamellar
vesicles (SUVs) and purified using size exclusion chromatog-
raphy to remove unencapsulated calcein. We validated our
assay by incubating vesicles that encapsulated calcein and that
had a membrane composition that promotes aHL integration
(1/1 DOPC/cholesterol) in increasing amounts of @HL. We
observed increasing calcein release as a function of protein
concentration, consistent with previous results (Figure Sl).20

We next set out to determine a base lipid composition and
compatible, membrane-associating inducer molecule that
would enable inducer-specific integration of aHL channel
proteins. Our strategy was to design membranes that shift from
a state that opposes aHL integration (“inactive”) to one that
enables channel integration (“active”) (Figure 1). We
hypothesized that membranes with insuflicient cholesterol
content would generate an inactive membrane that was unable
to incorporate aHL. Studies have shown that oHL integration
into vesicles is optimal at a 1/1 molar ratio of DOPC/
cholesterol.”® Using a calcein dye release assay, we determined
the effect of cholesterol content in DOPC vesicle membranes
on aHL assembly into functional channels. We observed
minimal dye release when DOPC vesicles in Bicine buffer (pH
8.5) contained 20 mol % cholesterol or less and were
incubated with oHL, indicating the protein did not
spontaneously assemble into functional pores. Importantly,
this result was consistent across a wide range of oHL
concentrations tested (Figure S2). We therefore used DOPC
vesicles with 20 mol % cholesterol as our inactive membrane
composition and DOPC vesicles with 50 mol % cholesterol as
our active membrane composition for subsequent studies
assessing inducer-specific HL integration.

Next, we assessed the potential of OA to act as an inducer of
aHL assembly by monitoring how OA content in vesicle
membranes affected aHL-associated dye release. Cholesterol is
a bidirectional regulator of membrane fluidity and as previously
mentioned, it enhances aHL assembly into vesicle membranes
when used in certain quantities.”" Similar to these qualities of
cholesterol, OA has been shown to increase membrane
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Figure 1. Schematic of a membrane AND gate. (a) A membrane logic
gate employs changes in membrane composition from oleic acid
(OA) and a pore-forming protein (aHL) to control protein activity.
(b) An inactive membrane is unable to assemble functional pores,
while an active membrane composition assembles functional pores.
(c) An inactive membrane can be transformed to an active membrane
via addition of oleic acid, thus triggering pore assembly, and release of
encapsulated cargo.

fluidity.”” In addition, OA micelles are advantageous as
membrane fluidizers in that they can be added at relatively
high molar ratios to preformed vesicles to change their
membrane composition without destabilizing the vesicles.””**
Due to these qualities, we decided to assess if OA could replace
the role of membrane cholesterol and serve as an inducer for
aHL assembly. We prepared DOPC vesicles with 20 mol %
cholesterol and increasing amounts of OA in order to assess
the effect of OA content on aHL integration. When OA was
included in DOPC/cholesterol vesicle membranes at various
molar ratios, we observed a monotonic increase in dye release
from vesicles that depended on both OA content and oHL
concentration (Figure 2). Notably, dye release remained low
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Figure 2. aHL assembly is dependent on oleic acid content and aHL
concentration in vesicles. Increasing molar amounts of OA in 100 uM
DOPC/cholesterol membranes leads to greater aHL incorporation
into the membrane and subsequent release of calcein from vesicles.
Figure legends reflect the molar ratio of DOPC/cholesterol/oleic acid
in preassembled SUV membranes prior to exposure to aHL. Studies
were conducted in 0.2 M Bicine buffer at pH 8.5, 25 °C. All samples
are normalized to calcein release after vesicle lysis with TritonX-100. n
= 3; error bars represent standard deviation.
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(<10%) across the range of aHL concentrations tested when
OA was absent, indicating a lack of functional pore formation.
These results therefore support the feasibility of OA addition
as a route to induce aHL integration.

The spontaneous insertion of fatty acids from micelles
presents a route to alter membrane composition in real
time.”>** We therefore wondered if the exogenous addition of
OA micelles to preformed vesicle membranes could induce
aHL integration. We monitored OA insertion using micros-
copy (Figure S3) and a bulk Forster Resonance Energy
Transfer (FRET) assay that measures changes in membrane
surface area. The FRET assay uses the distance dependence of
nonradiative energy transfer between fluorescent, lipid-
conjugated donor and acceptor dyes to report increases in
lipid separation during membrane growth (Figure 3a). A
standard curve relating mol % dye in the membrane to FRET
efficiency enables quantitative measurements of changes in
membrane surface area (Figure 3b). We observed that adding
increasing amounts of OA micelles to DOPC vesicles leads to
increases in membrane surface area, confirming the insertion of
OA in DOPC membranes (Figure 3c). We then verified that
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Figure 3. Remote addition of OA leads to vesicle uptake and aHL
assembly. (a) FRET measurements allow monitoring of OA
incorporation into vesicle membranes, which leads to membrane
surface area increases, and a corresponding decrease in FRET signal.
(b) FRET standard curve providing a reference for corresponding
FRET ratios (fionor/focceptor) With a change in mol % dye. (c)
Increasing OA addition to vesicles leads to increased membrane
surface area. (d) Triggered calcein release from vesicles in the
presence of 15 pg/mL aHL or no aHL as a function of added
concentration of OA micelles. Samples are normalized to total calcein
release after TritonX-100 lysis. The end-point values between the two
samples are statistically significant, *p < 0.001 as determined by an
unpaired t test. All studies were conducted with 100 uM 80/20
DOPC/cholesterol vesicles in 0.2 M Bicine buffer at pH 8.5, 25 °C. n
= 3; error bars represent standard deviation.
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OA added to the outside of inactive vesicles can flip to the
inner leaflet of the membrane using the pH sensitive dye
HPTS (pyranine) as an indicator for OA flipping (Figure S4).
The flipping of OA to the inner leaflet of the membrane is an
important feature of our system because it indicates that our
method should be compatible in vesicle systems with
encapsulated protein or expression systems. Finally, we
incubated inactive membranes with aHL and remotely
added OA micelles. aHL assembly into the membrane was
measured by monitoring the release of encapsulated calcein
(Figure 3d). We observed that both the presence of OA
micelles and aHL monomers were required to induce calcein
release and that calcein release increased with increasing OA
concentration. This effect was reproducible when vesicle
diameter was increased to 1 pm (Figure SS5a). These results
demonstrate that external OA addition to phospholipid vesicles
is a viable strategy to control the functional assembly of aHL
into vesicle membranes.

Combining inducible genetic circuits with membrane logic
gates would create systems with more specificity and
complexity, especially for functions, like membrane secretion,
that utilize vesicle membranes and membrane proteins. An
advantage of using channel proteins to induce membrane
permeability is that protein activity can be connected to
genetic circuits by programming the output of the circuit to be
protein synthesis.”>*° Specifically, by placing a gene for aHL
downstream of a genetic circuit, aHL production has been
used to couple genetic circuits to membrane secretion.”””*"**
In the past, however, it has been difficult to control when aHL
integrates into vesicle membranes since the protein sponta-
neously assembles into pores as it is expressed. We wondered if
our membrane AND gate could be used to better control when
expressed aHL integrates into vesicle membranes, thereby
imparting higher order control over the temporal dynamics of
membrane secretion, as well as demonstrating the potential to
connect designed membranes to genetic systems.

We investigated the potential of OA addition to temporally
regulate the integration of expressed proteins into vesicles
present in the reaction mixture. We performed cell-free
reactions using the PURExpress system in the presence of
inactive and active vesicles. First, we confirmed that OA-
induced aHL assembly into vesicle membranes was reprodu-
cible in the 50 mM HEPES buffer (pH 7.6) used with
PURExpress reactions (Figure SSb). We then expressed a
fluorescent fusion protein of aHL to confirm aHL synthesis in
the presence of vesicles and to determine the kinetics of aHL
expression. We expressed aHL-eGFP in the presence of our
inactive vesicles and observed increased eGFP fluorescence
over time, plateauing at just over 2 h (Figure S6a). A Western
blot was used to confirm aHL-eGFP expression (Figure S6b).
We observed that expressing aHL-eGFP in the presence of
vesicles premade with OA caused a decrease in expression,
presumably because OA interferes with expression machi-
nery.*® This inhibitory behavior does not interfere with our
AND gate, however, if OA is added as an inducer
postexpression. Our results confirm that the presence of
vesicles with the inactive membrane composition does not
inhibit the synthesis of aHL protein.

We then expressed aHL without the eGFP tag in the
presence of inactive or active vesicles containing calcein. In
active vesicles, we observed calcein release soon after the
reaction started. This behavior is consistent with the kinetics of
aHL-eGFP expression and indicates that aHL assembles into
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functional pores in active membranes as it is expressed (Figure
4). This result also highlights a previously mentioned challenge
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Figure 4. OA addition induces calcein release from vesicles present in
a cell-free expression reaction. (Top) Schematic of membrane
composition of vesicles present in the reaction. (Bottom) Calcein
release from vesicles present during the cell-free expression of aHL is
monitored over time as a function of vesicle composition and
reported normalized to calcein release with TritonX-100 vesicle lysis.
At 2.5 h, equivalent volumes (0.9 yL) of 100 mM OA, 100 mM
NaOH, or water were added to vesicles. TritonX-100 addition reports
complete calcein release upon vesicle lysis. Vesicles (10 mM)
containing 20 mM calcein were incubated with a PURE system.
Figure legends reflect the molar ratio of DOPC/cholesterol in
preassembled SUV membranes prior to exposure to the PURE system
containing @HL plasmid (200 ng/uL). Studies were conducted in S0
mM HEPES buffer at pH 7.6, 37 °C.

with using genetic circuits that express channel proteins.
Mainly, because expressed membrane proteins spontaneously
insert into vesicle membranes as they are synthesized, it has
been difficult to control when and the extent to which
expressed membrane proteins integrate into vesicles that are
present during the reaction.”® In contrast, we observed
minimal calcein leakage (<15%) from inactive vesicles,
consistent with leakage that occurs when adding cell-free
reaction components to vesicles in the absence of aHL (Figure
S7). After 2.5 h, we added OA micelles to inactive vesicles at a
3:10 molar ratio of micelles: vesicles and observed a rapid
increase in calcein release. An equivalent volume of NaOH
buffer used to prepare OA micelles was also added to confirm
that changes in calcein fluorescence were not due to other
components in the micelle buffer. Total vesicle leakage was
quantified by lysing vesicles with TritonX-100 to determine
100% release. We observed that OA addition to inactive
membranes can cause nonspecific calcein leakage dependent
on OA concentration, but that nonspecific leakage could be
reduced to low (<5%) levels while still inducing aHL-
associated release by adjusting the OA:vesicle ratio (Figure
S8). Finally, we observed that by changing the concentration of
aHL plasmid in the PURExpress reaction we could further
tune the extent of calcein release (Figure S8, S9). Specifically,
by increasing or decreasing the concentration of aHL plasmid
in the reaction, we were able to achieve commensurate changes
in calcein release upon OA addition to inactive vesicles.
Plasmid concentration therefore provides yet another handle
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to modulate secretion from inactive vesicles by controlling the
total number of channel proteins that are expressed.

Finally, as the previously described studies were conducted
outside vesicles, we set out to confirm that OA-induced release
could be achieved when the cell-free reaction was encapsulated
inside inactive vesicles, an important feature when designing
artificial cells or organelles (Figure S10). Because high
concentrations of calcein can interfere with the activity of
cell-free reaction systems, we used the release of p-biotin as a
reporter for aHL assembly. We encapsulated the cell free
reaction system, the aHL plasmid, and p-biotin inside inactive
vesicles and confirmed that the addition of OA to these vesicles
induced biotin release by monitoring the fluorescence of a
biotin-reporter added outside of vesicles. Taken together, these
results show that vesicle composition can affect the extent to
which expressed channel proteins integrate into vesicles
present during a cell-free reaction. In addition, our results
indicate that OA micelle addition is a feasible strategy to
temporally control the integration of expressed oHL into
vesicles. Furthermore, our results serve as a first step toward
connecting a membrane gate to genetic circuits by showing
that the output of a cell-free expression system can be used as
an input into a membrane AND gate.

In the present study, we hypothesize that OA contributes to
aHL pore assembly in the membrane by enhancing membrane
fluidity and affecting cholesterol distribution. HL is a member
of the cholesterol-dependent cytolysin (CDC) family, a large
family of pore-forming toxins.© Membrane cholesterol is
necessary for CDC incorporation; however, the exact role of
cholesterol remains unclear. One theory posits that cholesterol
increases membrane fluidity, an important feature for
membrane protein assembly.’> Another model states that the
distribution of cholesterol in the membrane may also be
important for CDC binding."*'*** A third theory is that
cholesterol promotes CDC transition from the prepore state to
an assembled pore, without which CDC oligomers are trapped
in the prepore state.*® In addition, OA could also contribute to
changes in membrane curvature that could influence channel
protein dynamics, including the propensity of channels to
insert into membranes as well as oligomerize.””*® Finally, there
is also the possibility that the insertion of ®HL monomers and
OA together could lead to encapsulant leakage due to
membrane packing defects instead of functional pore assembly.
Although we did not explore other cholesterol-dependent
cytolysins, we expect that OA has the potential to be used as a
trigger for spontaneous insertion of these types of membrane
proteins into membranes with depleted cholesterol levels,
similar to oHL. Similarly, while we used OA as an inducer
molecule to change membrane composition, a range of other
fatty acids, like myristoleic acid (Figure S11) and other
membrane-associating molecules could potentially serve as
inducers of channel assembly.

In summary, we designed vesicles that incorporate a
functional channel protein upon external addition of a fatty
acid. We showed that an inducible change in vesicle membrane
composition can be used to control content release by
modulating the assembly of HL. Our approach presents the
design of a membrane AND gate that incorporates membrane-
associating molecules as inputs that work in conjunction to
control vesicle secretion. In the design of artificial cells,
biosensors, or nanocarriers, understanding how to regulate
membrane protein activity will be important for controlling
sensing and transport, among other activities.”” Toward this
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goal, our study highlights one way that membrane composition
can be used to temporally control the integration of an
expressed channel protein into preformed vesicle membranes.
Our study demonstrates how membrane composition has the
potential to be used as a new circuit element in artificial cells,
which may be coupled to existing genetic circuits.””*>*° This
work opens the door to a range of new studies exploring how
membrane composition could be used to control membrane
protein activity for functions beyond secretion.

B MATERIALS AND METHODS

Materials. DOPC (18:1 (A9) 1,2-dioleyoyl-sn-glycero-3-
phosphocholine, 25 mg/mL), cholesterol (ovine wool >98%)
and Lissamine-Rhodamine PE (18:1 1,2-dioleoyl-sn-glycero-3-
phosphoethanoamine-N-(lissamine rhodamine B sufonyl))
were obtained from Avanti Polar Lipids. NBD PE (NBD-
phosphoethanolamine, triethylammonium salt), Triton X-100,
and calcein were obtained from Thermo Fisher Scientific.
Phosphate-buffered Saline (PBS), Bicine (N,N-Bis(2-
hydroxyethyl)glycine), Sepharose 4B (45—165uM bead
diameter), and a-Hemolysin from Staphylococcus aureus
(Iyophilized powder, Protein ~60% by Lowry, >10000
units/mg protein) were obtained from Sigma-Aldrich. Oleic
acid (OA) was obtained from NU-Chek Prep, Inc.
PURExpress In Vitro Protein Synthesis Kit was purchased
from New England Biolabs. DNA plasmids pIVEX2.3d-a-
hemolysin and pIVEX2.3d-a-hemolysin-eGFP were a generous
gift from the Noireaux Lab at the University of Minnesota and
are described previously.”*

Preparation of Vesicles. Small unilamellar vesicles
(SUVs) were prepared using thin film hydration.*’ Membrane
components (DOPC, cholesterol, and OA) were mixed in
chloroform, added to glass vials, dried down uniformly under a
stream of nitrogen, then dehydrated in a vacuum oven for >5 h
to form thin films. Vesicles were rehydrated with 0.2 M Bicine
(pH 8.5), or a 20 mM calcein solution in Bicine to a final
concentration of 5 mM of lipid and incubated at 60 °C
overnight. All vesicles were vortexed briefly then extruded 9
passes through 100 nm polycarbonate filters for size
uniformity. Dye-containing vesicles were subjected to
freeze—thaw cycles 4 times to increase encapsulation efficiency
and purified using a size-exclusion column packed with $
mLs of Sepharose 4B. An FC 204 Fraction Collector (Gilson)
was used to collect vesicle fractions purified away from
unencapsulated dye.

Preparation of Micelles. OA micelles were prepared by
mixing neat OA with 100 mM NaOH to a final concentration
of 100 mM OA.

Calcein Release Assays with a-Hemolysin. A stock
solution of @HL was prepared in Milli-Q H,O (250 pg/mL).
Calcein release assays with a-Hemolysin were conducted by
incubating 100 M of purified SUVs containing 20 mM calcein
with varied amounts of @HL (5—30 pg/mL) in 0.2 M Bicine,
pH 8.5. After incubation for 30 min, calcein fluorescence was
read on a plate reader at 25 °C (ex. 480 nm, em. 520 nm).
b 100.

Triton — 0
For studies that utilized OA addition to membranes, aHL (15
ug/mL) was added first, followed by OA addition. For all
studies that utilized TritonX-100 to report calcein release upon
vesicle lysis, 1uL of 10% Triton X-100 was added to a
30 puL sample.

Calcein release was calculated as %release =
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FRET Assays for OA Uptake. Vesicles labeled with FRET
membrane dyes were prepared by mixing Lissamine-Rhod-
amine PE/NBD PE with DOPC/cholesterol in chloroform as
described previously.” Briefly, a standard curve was produced
by adding FRET dyes (at a final concentration of 0.025, 0.05,
0.1, 0.125, 0.175, and 0.2 mol %) to 100 uM 80/20 DOPC/
cholesterol vesicles and mixed prior to removal of solvent.
Post-evaporation, the FRET-labeled films were hydrated with
0.2 M Bicine and extruded as described above. Vesicles were
excited at 463 nm and emission was measured at 517 nm to
measure donor emission and at 590 nm to measure acceptor
emission. FRET ratios were calculated by analyzing donor
fluorescence over acceptor fluorescence where
FRET efficiency =

donor

. This ratio of fluorescence was

acceptor

compared to standard curve samples to translate changes in
FRET efficiency to membrane surface area changes where
Asurface area = (mol % dye,u/mol % dyeg,.). Studies
assessing OA micelles uptake were conducted with 100 xM
vesicles containing 0.1 mol % FRET dyes.

Protein Expression and Analysis. Cell-free protein
expression was performed using the PURExpress system
prepared as directed by the New England Biolabs protocol.
Experiments were performed in the presence of 10 mM DOPC
vesicles that were previously hydrated with 20 mM calcein in
Milli-Q water, extruded, and purified to remove unencapsu-
lated calcein. Prior to purification, vesicles at 260 mM total
amphiphile concentration containing 20 mM calcein were
purified resulting in a final concentration of 10 mM vesicles in
the reaction sample. plVEX2.3d-a-hemolysin (0.9 ug, 200 ng/
uL) was expressed in the reaction and calcein release was
analyzed using a SpectraMax i3x plate reader at 37 °C (ex. 480
nm, em. 520 nm). The reaction wells were sealed and
measurements were recorded every minute for 3 h. After the
reaction had plateaued, OA micelles were added from a stock
solution of 100 mM OA in 100 mM NaOH to completed
PURExpress reactions at a final working concentration of 3
mM OA. Equivalent volumes of water or NaOH were added to
control samples. Calcein release was calculated as described
above.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acssyn-
bio.8b0043S.

Supporting Methods and Figures S1-S11 (PDF)

H AUTHOR INFORMATION

Corresponding Author

*E-mail: nkamat@northwestern.edu.
ORCID

Neha P. Kamat: 0000-0001-9362-6106
Author Contributions

CEH, MLJ, KRL, and J.AAP. performed experiments.
C.EH., MLJ, KRL, and N.P.K. analyzed data and wrote the

paper.
Notes
The authors declare no competing financial interest.

DOI: 10.1021/acssynbio.8b00435
ACS Synth. Biol. 2019, 8, 1224-1230


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssynbio.8b00435
http://pubs.acs.org/doi/abs/10.1021/acssynbio.8b00435
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.8b00435/suppl_file/sb8b00435_si_001.pdf
mailto:nkamat@northwestern.edu
http://orcid.org/0000-0001-9362-6106
http://dx.doi.org/10.1021/acssynbio.8b00435

ACS Synthetic Biology

B ACKNOWLEDGMENTS

The authors thank the members of the Kamat lab for helpful
discussions and thank Vincent Noireaux for the HL plasmids.
C.EH. was assisted by a grant from the Undergraduate
Research Grant Program, which is administered by North-
western University’s Office of Undergraduate Research, and by
a grant from Northwestern’s Biomedical Engineering Depart-
ment. M.L.J. was supported by Grant Number T32GMO008382
from the National Institute of General Medical Sciences. J.A.P.
was supported by a National Science Foundation Graduate
Research Fellowship. This research was supported in part by
the Searle Funds at The Chicago Community Trust and the
National Science Foundation under Grant No. 1844336.

B REFERENCES

(1) Miyamoto, T., Razavi, S., Derose, R., and Inoue, T. (2013)
Synthesizing Biomolecule-Based Boolean Logic Gates. ACS Synth.
Biol. 2 (2), 72—-82.

(2) Xie, M., and Fussenegger, M. (2018) Designing Cell Function:
Assembly of Synthetic Gene Circuits for Cell Biology Applications.
Nat. Rev. Mol. Cell Biol. 19 (8), 507—525.

(3) Badeau, B. A, Comerford, M. P., Arakawa, C. K., Shadish, J. A.,
and DeForest, C. A. (2018) Engineered Modular Biomaterial Logic
Gates for Environmentally Triggered Therapeutic Delivery. Nat.
Chem. 10 (3), 251-258.

(4) Holme, M. N, Rana, S., Barriga, H. M. G., Kauscher, U., Brooks,
N. J., and Stevens, M. M. (2018) A Robust Liposomal Platform for
Direct Colorimetric Detection of Sphingomyelinase Enzyme and
Inhibitors. ACS Nano 12 (8), 8197—8207.

(5) Dora, T.-Y., Cecchi, D., Fracasso, G. Accardi, D., Coutable-
Pennarun, A., Mansy, S. S., Perriman, A. W., Anderson, J. L. R,, and
Mann, S. (2018) Gene-Mediated Chemical Communication in
Synthetic Protocell Communities. ACS Synth. Biol. 7 (2), 339—346.

(6) Adamala, K. P., Martin-Alarcon, D. A., Guthrie-Honea, K. R,,
and Boyden, E. S. (2017) Engineering Genetic Circuit Interactions
within and between Synthetic Minimal Cells. Nat. Chem. 9 (5), 431—
439.

(7) O’Flaherty, D. K., Kamat, N. P, Mirza, F. N,, Li, L., Prywes, N.,
and Szostak, J. W. (2018) Copying of Mixed-Sequence RNA
Templates inside Model Protocells. J. Am. Chem. Soc. 140 (15),
S171-5178.

(8) Song, L., Hobaugh, M. R, Shustak, C., Cheley, S., Bayley, H,,
and Gouaux, J. E. (1996) Structure of Staphylococcal a-Hemolysin, a
Heptameric Transmembrane Pore. Science 274 (5294), 1859—1865.

(9) Thompson, J. R, Cronin, B., Bayley, H., and Wallace, M. L
(2011) Rapid Assembly of a Multimeric Membrane Protein Pore.
Biophys. J. 101 (11), 2679—2683.

(10) Kasianowicz, J. J., Brandin, E., Branton, D., and Deamer, D. W.
(1996) Characterization of Individual Polynucleotide Molecules
Using a Membrane Channel. Proc. Natl. Acad. Sci. U. S. A. 93 (24),
13770-13773.

(11) Hall, A. R,, Scott, A., Rotem, D., Mehta, K. K., Bayley, H., and
Dekker, C. (2010) Hybrid Pore Formation by Directed Insertion of
a-Haemolysin into Solid-State Nanopores. Nat. Nanotechnol. S (12),
874-877.

(12) Watanabe, M., Tomita, T., and Yasuda, T. (1987) Membrane-
Damaging Action of Staphylococal Alpha-Toxin on Phospholipid-
Cholesterol Liposomes. Biochim. Biophys. Acta, Biomembr. 898 (3),
257-265.

(13) Wilke, G. A., and Bubeck Wardenburg, J. (2010) Role of a
Disintegrin and Metalloprotease 10 in Staphylococcus Aureus Alpha-
Hemolysin-Mediated Cellular Injury. Proc. Natl. Acad. Sci. U. S. A. 107
(30), 13473—13478.

(14) Valeva, A., Hellmann, N., Walev, 1, Strand, D., Plate, M.,
Boukhallouk, F., Brack, A., Hanada, K., Decker, H., and Bhakdi, S.
(2006) Evidence That Clustered Phosphocholine Head Groups Serve

1229

as Sites for Binding and Assembly of an Oligomeric Protein Pore. J.
Biol. Chem. 281 (36), 26014—26021.

(15) Rojko, N., and Anderluh, G. (2015) How Lipid Membranes
Affect Pore Forming Toxin Activity. Acc. Chem. Res. 48 (12), 3073—
3079.

(16) Schwiering, M., Brack, A., Stork, R., and Hellmann, N. (2013)
Lipid and Phase Specificity of a-Toxin from S. Aureus. Biochim.
Biophys. Acta, Biomembr. 1828 (8), 1962—1972.

(17) Galdiero, S., and Gouaux, E. (2004) High Resolution
Crystallographic Studies of a-Hemolysin-Phospholipid Complexes
Define Heptamer-Lipid Head Group Interactions: Implication for
Understanding Protein-Lipid Interactions. Protein Sci. 13 (6), 1503—
1511.

(18) Tweten, R. K. (2005) Cholesterol-Dependent Cytolysins, a
Family of Versatile Pore-Forming Toxins. Infect. Immun. 73 (10),
6199—-6209.

(19) Murphy, M. G. (1990) Dietary Fatty Acids and Membrane
Protein Function. J. Nutr. Biochem. 1 (2), 68—79.

(20) Fort, S., and Menestrina, G. (1989) Staphylococcal A toxin
Increases the Permeability of Lipid Vesicles by Cholesterol and
dependent Assembly of Oligomeric Channels. Eur. J. Biochem. 181
(3), 767—773.

(21) Tomita, T., Watanabe, M., and Yasuda, T. (1992) Influence of
Membrane Fluidity on the Assembly of Staphylococcus Aureus a-
Toxin, a Channel-Forming Protein, in Liposome Membrane. J. Biol.
Chem. 267, 13391-13397.

(22) Leekumjorn, S., Cho, H. J., Wu, Y., Wright, N. T., Sum, A. K,
and Chan, C. (2009) The Role of Fatty Acid Unsaturation in
Minimizing Biophysical Changes on the Structure and Local Effects of
Bilayer Membranes. Biochim. Biophys. Acta, Biomembr. 1788 (7),
1508—1516.

(23) Chen, L A, and Szostak, J. W. (2004) Membrane Growth Can
Generate a Transmembrane PH Gradient in Fatty Acid Vesicles. Proc.
Natl. Acad. Sci. U. S. A. 101 (21), 7965—7970.

(24) Hanczyc, M. M., Fujikawa, S. M., and Szostak, ]J. W. (2003)
Experimental Models of Primitive Cellular Compartments: Encapsu-
lation, Growth, and Division. Science 302 (5645), 618—622.

(25) Noireaux, V., and Libchaber, A. (2004) A Vesicle Bioreactor as
a Step toward an Artificial Cell Assembly. Proc. Natl. Acad. Sci. U. S. A.
101 (S1), 17669—17674.

(26) Noireaux, V., Bar-Ziv, R, Godefroy, J, Salman, H. and
Libchaber, A. (2005) Toward an Artificial Cell Based on Gene
Expression in Vesicles. Phys. Biol. 2 (3), 1-8.

(27) Lentini, R, Santero, S. P., Chizzolini, F., Cecchi, D., Fontana, J.,
Marchioretto, M., Del Bianco, C., Terrell, ]J. L., Spencer, A. C,
Martini, L., et al. (2014) Integrating Artificial with Natural Cells to
Translate Chemical Messages That Direct E. Coli Behaviour. Nat.
Commun. S (1), 4012.

(28) Chalmeau, J., Monina, N., Shin, J., Vieu, C., and Noireaux, V.
(2011) a-Hemolysin Pore Formation into a Supported Phospholipid
Bilayer Using Cell-Free Expression. Biochim. Biophys. Acta, Biomembr.
1808 (1), 271-278.

(29) Disconzi, E., Guilvout, I., Chami, M., Masi, M., Huysmans, G.
H. M., Pugsley, A. P., and Bayan, N. (2014) Bacterial Secretins Form
Constitutively Open Pores Akin to General Porins. J. Bacteriol. 196
(1), 121-128.

(30) Garamella, J., Marshall, R., Rustad, M., and Noireaux, V. (2016)
The All E. Coli TX-TL Toolbox 2.0: A Platform for Cell-Free
Synthetic Biology. ACS Synth. Biol. S (4), 344—355.

(31) Lentini, R, Yeh Martin, N., and Mansy, S. S. (2016)
Communicating Artificial Cells. Curr. Opin. Chem. Biol. 34, 53—61.

(32) Adamala, K. P., Martin-Alarcon, D. A., Guthrie-Honea, K. R,,
and Boyden, E. S. (2017) Engineering Genetic Circuit Interactions
within and between Synthetic Minimal Cells. Nat. Chem. 9 (S), 431—
439.

(33) Jin, L., Kamat, N. P,, Jena, S., and Szostak, J. W. (2018) Fatty
Acid/Phospholipid Blended Membranes: A Potential Intermediate
State in Protocellular Evolution. Small 14 (15), 1704077.

DOI: 10.1021/acssynbio.8b00435
ACS Synth. Biol. 2019, 8, 1224-1230


http://dx.doi.org/10.1021/acssynbio.8b00435

ACS Synthetic Biology

(34) Kuruma, Y., and Ueda, T. (2015) The PURE System for the
Cell-Free Synthesis of Membrane Proteins. Nat. Protoc. 10 (9), 1328—
1344.

(35) Bakas, L., Ostolaza, H., Vaz, W. L., and Goni, F. M. (1996)
Reversible Adsorption and Nonreversible Insertion of Escherichia
Coli Alpha-Hemolysin into Lipid Bilayers. Biophys. J. 71 (4), 1869—
1876.

(36) Giddings, K. S., Johnson, A. E., and Tweten, R. K. (2003)
Redefining Cholesterol’s Role in the Mechanism of the Cholesterol-
Dependent Cytolysins. Proc. Natl. Acad. Sci. U. S. A. 100 (20),
11315-11320.

(37) Sobko, A. A., Kotova, E. A, Antonenko, Y. N., Zakharov, S. D.,
and Cramer, W. A. (2004) Effect of Lipids with Different
Spontaneous Curvature on the Channel Activity of Colicin El:
Evidence in Favor of a Toroidal Pore. FEBS Lett. 256, 205—210.

(38) Jacobs, M. L., Boyd, M. A, and Kamat, N. P. (2019) Diblock
Copolymers Enhance Folding of a Mechanosensitive Membrane
Protein during Cell-Free Expression. Proc. Natl. Acad. Sci. U. S. A. 116,
4031.

(39) Soga, H., Fujii, S., Yomo, T., Kato, Y., Watanabe, H., and
Matsuura, T. (2014) In Vitro Membrane Protein Synthesis Inside
Cell-Sized Vesicles Reveals the Dependence of Membrane Protein
Integration on Vesicle Volume. ACS Synth. Biol. 3 (6), 372—379.

(40) Shin, J., and Noireaux, V. (2012) An E. Coli Cell-Free
Expression Toolbox: Application to Synthetic Gene Circuits and
Artificial Cells. ACS Synth. Biol. 1 (1), 29—41.

(41) Boyd, M. A, and Kamat, N. P. (2018) Visualizing Tension and
Growth in Model Membranes Using Optical Dyes. Biophys. J. 115 (7),
1307-131S.

1230

DOI: 10.1021/acssynbio.8b00435
ACS Synth. Biol. 2019, 8, 1224-1230


http://dx.doi.org/10.1021/acssynbio.8b00435

