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Abstract
In situ generation of proton gradients across membranes is a key component for energy

generation within cells and is therefore an important feature for the design of energy converting

artificial cells. Here, we establish a stepwise method for the in vitro expression and detergent-

free reconstitution of proteorhodopsin into the membrane of lipid vesicles. This represents a

novel technique towards the bottom-up synthesis of energy-generating artificial cells.
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Introduction

Cell-free synthetic biology offers powerful routes to build
reaction networks from scratch. These networks can be
investigated either in bulk solution or compartmentalized
to generate artificial cells which mimic or replicate basic
properties of natural cells. One particularly intriguing
and useful reaction pathway in biology is the cell’s ability
to generate its own energy in the form of adenosine triphos-
phate (ATP), required to drive a wide range of processes
within the cell. The mitochondria of eukaryotic cells and
chloroplasts are examples of efficient energy conversion,
where the membrane is saturated with protein complexes
that drive a vectorial proton transfer process resulting in
the chemiosmotic generation of ATP. Accordingly, a major
goal of synthetic biology is to build artificial cells capable of
energy generation inspired by biological systems.1,2

A key structural element of an artificial cell is either a
membraneless or a membrane bound compartment which
will contain and support a reaction network. Thus, some
strategies for generating artificial cells are based on mem-
braneless compartments formed via liquid–liquid phase
separation and coacervation.3–5 These compartments have
the ability to passively up concentrate molecules, isolate
reactions from the outer solution and separate different
reaction spaces. However, the lack of membrane makes it
difficult to maintain the ion gradients upon which the

energy conversion process relies.6 In comparison, synthetic
membrane-bound compartments based on the spontane-
ous self-assembly of lipids (liposomes) and polymers (pol-
ymersomes)3 can support electrochemical gradients across
their membranes. This makes them suitable for building
artificial cells capable of de novo energy conversion using
reconstituted membrane proteins such as ATP synthase.

In pursuit of the goal of producing such artificial energy-
generating cells, ATP synthase has been co-reconstituted
into lipid vesicles or polymersomes with either quinone,7

bacteriorhodopsin,8 Bo3 oxidase,9–11 or into glucose oxidase
microcapsules.12 Typically, these artificial organelles are
activated by membrane proteins which have been purified
or extracted from in vivo expression where the methodolo-
gies can be extremely challenging and time consuming.

In order to remedy these drawbacks, in vitro transcrip-
tion and translation (IVTT) can offer alternative routes to
membrane protein expression and reconstitution into lipid
vesicles13–16 for the synthesis of biomimetic artificial
cells.17,18 IVTT has several advantages over in vivo expres-
sion of proteins for the bottom-up synthesis of artificial cells
due to its fast reaction times, lack of lengthy purification
steps and the ability to include molecular additives if
required.19 Moreover, a broad range of membrane proteins
have been successfully expressed using cell-free methods
without additives (precipitation mode), with detergents
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(detergent mode) or with lipid vesicles of micelles (lipid
mode).15,20–22 One example is proteorhodopsin (PR), a
light-activated membrane proton pump from bacterio-
plankton,23 a homologue of bacteriorhodopsin. Typically,
these rhodopsins pump protons from the exterior of the
cell to the interior of the cell and are proposed to be used
by the cell to generate a proton-motive force for energy
generation by ATP synthase. Like bacteriorhodopsin, the
structure of PR is comprised of a seven-helix bundle with
retinal, a chromophore, covalently bound within its center.
A trans to cis configurational change in retinal occurs after
light activation. This structural change leads to proton
transport across the membrane, where a residue within
the protein accepts a proton from retinal. In the case of
PR, the proton acceptor is the ASP97 residue with a pKa
of 7.7. At alkaline pHs, the residue is deprotonated and PR
pumps hydrogen in the same way as bacteriorhodopsin.
When Asp97 is protonated (under acid conditions), the
pumping action of PR is reversed allowing PR to pump
in a bidirectional manner.24,25 Therefore, using a proton
gradient to test the function of membrane associated PR
relieves any issues associated with correct protein orienta-
tion. Studies have shown that the proton pumping activity
of PR overexpressed in E. coli is sufficient to drive the for-
mation of ATP via ATP synthase.26 Taken together, these
features make PR an ideal candidate for proton pumping
within lipid vesicles as a step towards energy-generating
artificial cells.

Utilizing in vitro bottom-up methodologies gives addi-
tional possibilities of reducing the number of molecular
components required for the synthesis of artificial cells.
This is particularly advantageous as any additional chem-
ical complexity can lead to unwanted side reactions and
loss of control over the incorporation of modules into
the synthetic cell. Previous work relied on detergent for
the in vitro transcription, translation, and reconstitution of
PR.27,28 However, detergents can interfere with expression
and other downstream protocols in the production of arti-
ficial cells. We therefore sought to express and reconstitute
active PR without the use of detergent.

Herein, we report on the use of stepwise bottom-up
approaches to undertake IVTT of PR, followed by
detergent-free inclusion into the lipid vesicles via a heat
shock method (Figure 1). This involves three cycles of
sample incubation on ice for 5 min and heat shocking at
42�C for 1 min. This methodology was adapted from heat
shocking DNA into Ca2þ-treated competent cells29 to desta-
bilize the membrane and facilitate protein incorporation. As
it is well known that this procedure does not affect the
growth, division and replication of the cellular machinery
within competent cells, we hypothesize that this treatment
would not be detrimental to lipid membranes or proteins in
a synthetic context. In fact, lipid vesicles will survive numer-
ous freeze–thaw cycles between –70�C and 50�C. In addition,
studies have shown that elevated temperatures have shown
increased permeability to RNA while retaining lipid mem-
brane integrity when the temperature is returned to room
temperature.30 Consequently, we show that this detergent-
free methodology results in active PR within the lipid mem-
branes. In this way, we demonstrate the viability of using a

minimal in vitro detergent-free method as a potentially gen-
eral methodology for the incorporation of membrane pro-
teins into lipid vesicle membranes. Specifically, we used PR
as a model membrane protein to demonstrate the incorpo-
ration of active proton pumps into lipid vesicle membranes
with no detergent as a step towards building artificial cells
capable of energy conversion.

Materials and methods

Materials

Phosphotidylcholine (POPC, MW= 760.1 g mol�1) was pur-
chased from Avanti-Polar lipids, Alabama, USA. WhatmanVR

NucleoporeTM Track-Etched polycarbonate membrane filters
(u = 25mm, pore size 20 lm), glucose (MW= 180.2 g mol�1),
pyranine (MW = 524.39 g mol�1), all-trans retinal (MW=
284.4 g mol�1), sodium dodecyl sulfate (SDS) (MW= 288.38
g mol�1, bromophenol blue (MW = 669.96 g mol�1), Tween
20, 1,4-dithiothreitol (DTT) (MW= 154.24 g mol�1), digitonin
(MW= 1229.31 g mol�1) and agarose were all purchased
from Sigma Aldrich, Missouri, USA. Sucrose (MW = 342.3
g mol�1), Tris-HCl (MW= 157.60 g mol�1), PageRuler

TM

Plus
Prestained Protein Ladder, NuPAGE

TM

4–12% Bis-Tris Gel 1.0
mm � 12 well, iBlot GelVR transfer Stacks Nitrocellulose
Regular, NuPageVR Running buffer (20�), NuPageVR

Transfer Buffer (20�), trypsin, and DH5a competent cells
were purchased from Thermo Fisher Scientific,
Massachusetts, USA. Glycerol 99.5% and methanol (MW =
32.04 g mol�1) were purchased from VWR, Pennsylvania,
USA; HEPES (MW= 238.31 g mol�1) was purchased from
Carl Roth, Karlsruhe, Germany, HCl (37%) and KOH (MW
= 74.6 g mol�1) were purchased from EMSURE, Darmstadt,
Germany. RNAse inhibitor murine, Gibson AssemblyVR

Cloning kit, XhO1 restriction enzyme with CutSmart
buffer, PURExpress, Phusion high-fidelity DNApolymerase,
NEBuilder HIFi DNA Assembly Master Mix were all pur-
chased from NewEngland BioLabs, Massachusetts, USA.
MaxiPrep and the QIAEX II gel extraction kit was purchased
from Qiagen (NEB labs). T4 ligase and quick ligation buffer
were prepared by the PEP facility at MPI-CBG, Dresden,
Germany. DNA primers were custom designed and synthe-
sized by Integrated DNA technology (IDT, Iowa, USA).

Figure 1. Schematic of the bottom-up expression and reconstitution of active

proteorhodopsin into lipid vesicles: (i) proteorhodopsin is expressed using in

vitro transcription and translation at 37�C for 4 h and then incubated with retinal

at 25�C for 1 h. (ii) The reaction mixture was incubated with POPC lipid vesicles

and (iii) heat shocked to incorporate proteorhodopsin into the membrane (iv) the

proteoliposomes are subjected to UV light to induce proton pumping across

the membrane.
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Penta-His Mouse monoclonal antibody (anti-Penta His) was
purchased from Molecular Probes, Oregan, USA. Anti-GFP
from Mouse IgG1j was purchased from Roche, Basel,
Switzerland, and secondary antibodies from goat anti-
mouse IgG (H þ L)-HRP conjugate was purchased from
Biorad. ECL Western blotting detection reagents and
Amersham Hyperflim ECL (GE healthcare, Chicago, USA)
were imaged using a Kodak X-OMAT 2000 processor. All
reagents were used without further purification, and stan-
dard kits were used as described by the manufacturer’s
instructions. A 384-well plate and small volume, low-base
lclearMicroplates were purchased fromGreiner Bio-OneTM,
Kreunsmunster, Austria.

Plasmid preparation and purification

pIVEX2.3d-PR-TEV-sfGFP was a gift from Dr. Lei Kai from
MaxSynBio, MPI-Biochemistry, Martinsried. PR is from
uncultured marine gamma proteobacterium (PDB code ID
2L6x). To produce pIVEX2.3d-PR (See Table 1,
Supplementary Material) from pIVEX2.3d-PR-TEV-sfGFP,
Xho1 restriction enzyme (NEB Biolabs) was used in con-
junction with Cutsmart buffer (NEB labs) at 37�C to cut
out the sfGFP sequence. The fragments were loaded on a
1� TAE 1% agarose gel and run at 120 V for 1 h. The larger
DNA fragment was extracted with QIAquick Gel
Extraction Kit. The gel slice was incubated at 50�C and
mixed with 1 ml of isopropanol and loaded onto the spin
column and centrifuged for 1 min and then further washed
with washing buffer. The spin column was placed in a 1.5
ml microcentrifuge tube for the elution of DNAwith water.
Ligation of double-stranded DNA fragments with cohesive
ends was undertaken to generate a recombinant DNA plas-
mid at 4�C overnight using T4 ligase (PEP facility, MPI-
CBG) and quick ligation buffer (PEP facility at MPI-CBG).
pIVEX2.3d-sfGFP linear fragments of double-stranded
DNA was created by PCR using Phusion high-fidelity
DNA polymerase (NEB labs). For a 50 ml reaction mix, 10
ml 5� Phusion HF buffer, 0.5 mM of primers (PIVEX1 EX
REV with PIVEX1 FWD or PIVEX2 FWD with PIVEX2 REV
(see Table 2, Supplementary Material)), 200 mM of DNTPs,
and 1 unit of Phusion DNA polymerase were added. The
PCR reaction was undertaken with the following parame-
ters: 33 thermocycles of 98�C for 30 s, 54�C for 30 s to anneal
and an extension step at 72�C for 1.5 min. After 33 cycles,
the reaction mixture was subjected to a final extension of 5
min at 72�C. The PCR products were purified using the
QIAquick PCR Purification Kit and then assembled via
Gibson assembly using the NEBuilder HIFI DNA
Assembly Master Mix as described by the manufacturer’s
instructions to generate the pIVEX2.3d-sfGFP plasmid.

All plasmid sequences were sequence verified (GATC
biotech, Germany) and transformed into DH5a chemically
competent cells using standard heat shock protocols as
described by the manufacturer’s instructions. DNA was
purified from DH5a cells via MaxiPrep (Qiagen) according
to the manufacturer’s instructions. The concentration was
determined by nanodrop and plasmids were stored in
water until use.

Protein characterization

Expressed protein via in vitro methodologies was character-
ized by either fluorescence spectroscopy, UV absorbance, or
via Western blot analysis. Both fluorescence and UV absor-
bance spectroscopy were undertaken using the Tecan Spark
20 Spectrophotometer (Tecan AG, M€annedorf, Switzerland).
Time-resolved fluorescence measurements of sfGFP expres-
sion was undertaken at kexc = 485 nm (bandwidth =20 nm)
and kemis = 535 nm (bandwidth (20 nm) every 10 min for at
least 10 hwith 10 ll of reactionmixture loaded into a 384-well
plate (Greiner Bio-OneTM). Typically, end point measure-
ments were undertaken with 10 ll of reaction mixture
which was loaded into a 384-well plate, and fluorescence
spectra of sfGFP were undertaken with kexc = 480 nm (band-
width = 15 nm) and kemis = 505 nm–650 nm (bandwidth = 5
nm)) with 1 nm step size, while UV absorbance was under-
taken between 305 nm and 900 nm with a step size of 1 nm.
The sample (2 ll) was loaded onto a nanoquant plate with 0.5
mm pathlength. The absorbance was normalized to 1 cm
pathlength by the instrumentation software. All fluorescent
spectroscopy measurements were undertaken at a fixed z
position, which was determined for 10 ll of reaction mixture
measured from the bottom of the well plate.

In addition, PR (MW = 23 kDa) with 6� His tag and PR-
sfGFP (MW= 50 kDa) expressed from pIVEX2.3d-PR and
pIVEX2.3d-PR-GFP were characterized using Western blot
analysis. Typically, 10 ll of the reaction mixture was mixed
with 5� loading buffer (0.44 M Tris pH 6.8, 0.5 MDTT 0.4M
SDS, 55% (by volume) glycerol, 10% bromophenol blue)
and heated at 55�C for 15 min to denature the protein.
Denatured protein (10 ll) and loading buffer or
PageRuler

TM

Plus Prestained Protein Ladder protein MW
marker were loaded into separate channels on a pre-
warmed SDS polyacrylamide gel (4–12%). The proteins
were separated based on weight using a constant current
and voltage (80 mAmp and 200 V) for 90 min. The gel was
removed and treated with 2� transfer buffer
(ThermoFisher Scientific) and methanol for 10 min. The
proteins were transferred from the gel to a nitrocellulose
membrane using an iBlot gel transfer device (Invitrogen
iBlot dry Blotting system) and an iblot gel transfer stack
at a constant current of 10 V for 20 min. The membrane
was then blocked with 5wt.% skimmed milk powder in
PBS-T buffer under constant shaking for 1 h at 4˚C. The
blocked nitrocellulose membrane was incubated with
either 1� primary mouse anti-His tag (Molecular Probes)
or 1� anti-GFP (Roche) overnight at 4˚C with shaking.
After which, excess antibody was washed from the mem-
brane by soaking the membrane in PBS-T for 15 min and
replacing the buffer three times. The membrane was then
incubated with 1� secondary antibody anti-mouse (Biorad)
for 1 h with shaking and then washed once with PBS-T for
15 min. Proteins with anti-His tags and anti-GFP tags were
detected by chemiluminescence using the ECL Western
blotting detection reagents (GE Healthcare) after incuba-
tion with 1� secondary antibody anti-mouse (Biorad) for
1 h with shaking and after washing the membrane with
PBS-T for 15 min. Membranes were imaged using
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Amersham Hyperflim ECL (GE healthcare) and a Kodak X-
OMAT 2000 processor.

Preparation of liposomes and pyranine-
containing liposomes

POPC lipid vesicles were prepared from dry lipid films,
which were prepared by gentle and complete removal of
chloroform from 280 ll of POPC dissolved in chloroform
(32.9 mM). The dissolved lipid was loaded into a
round bottomed flask by rota-evaporation (Hei-VAP
AdvantageRotary Evaporators, Heidolph Instruments) at
350 atm and 130 r/min for at least 12 h. After the removal
of chloroform, the lipid film was resuspended in either
HEPES buffer (500 mOsmM at pH 6.2 and sucrose solution
to 1100 mOsmM) or pyranine buffer (5 mM pyranine in 500
mOsmM HEPES buffer at pH 6.2 with sucrose solution to
1100 mOsmM) to a final lipid concentration of 25 mM. To
maintain a constant osmolarity between all buffers, the buf-
fers were prepared to 1100 mOsmM using a water and
sucrose or glucose solution, where the osmolarity was mea-
sured using a calibrated Osmomat 3000 cryoscopic
Osmometer (Gonotec, Germany). The lipid mixture was
subjected to three freeze–thaw cycles in liquid nitrogen
and was vortexed at maximum speed for 1 min after
every cycle (IKA Vortex-Genie 2, IKA). The homogeneous
lipid solution was extruded at least 11 times through a 20
lm filter using a mini extruder (Avanti polar lipids) to gen-
erate multilamellar vesicles. For pyranine-encapsulated
lipid vesicles, the vesicles were washed to remove any pyr-
anine from the outside of the vesicles via centrifugation of
the lipid vesicles at 6000 � g for 5 min, removing the buffer
and then resuspending the liposome pellet in wash buffer
(500 mOsmMHEPES buffer pH 6.2 with glucose solution to
1100 mOsmM). After five wash cycles, the pellet was dilut-
ed to a known OD of 1.5 at 600 nm which was measured
using absorbance spectroscopy (Nanodrop ND-100 spec-
trophotometer from Thermo Fisher). Lipid vesicles were
imaged using confocal optical microscopy with a Zeiss
LSM 880 Airy inverted (Laser Scanning Confocal,
Fluorescence (Metal Halide, HXP, 120 W), Transmitted
Light (Halogen), Laser Argon Multiline 488 nm, Pinhole
52.954, Objective Plan-Apochromat 63�/1.4 Oil DIC M27).

PR reconstitution and characterization of
proteoliposomes

To reconstitute PR, PR-sfGFP or CALML3 was expressed
using in vitro methodologies with and without digitonin.
The cell-free reaction mixture, which had been incubated
with plasmid at 37�C for 4 h and then with pyranine (5 mM)
at 25�C for 1 h, was mixed with prewashed lipid vesicles
(either with or without pyranine). The in vitro reaction mix-
ture was mixed with the lipid vesicles at a volumetric ratio
of 1:2 cell-free reactionmix:lipid vesicles. Expressed protein
was incorporated into the multilamellar membrane via a
heat shock method. Here, the reaction mixture and lipid
vesicles were incubated on ice for 5 min, then at 42�C for
1 min and repeated three times. Control samples were pre-
pared in the same way with IVTT reaction mixture express-
ing CALML3 incubated with lipid vesicles.

After heat shock, the lipid vesicles were washed by pel-
leting the proteoliposomes by centrifugation at 6000 � g for
5 min, removing the supernatant and replacing it with
HEPES–glucose buffer (final 1100 mOsm, pH 6.2). After
three washes, the pelleted vesicles were diluted with pyr-
anine assay buffer (500 mOsmM of HEPES buffer made up
to a final osmolarity of 1100 mOsmM with glucose solution
and final pH of 8.5) to maintain a vesicle OD of 1.0.

The supernatant was reserved for analysis, and the
washed proteoliposomes were characterized by UV absor-
bance (300–900 nm with a 1 nm step size). Background
removal was undertaken by removing a spectra of lipo-
somes which had been heat shocked in the presence of
IVTT reaction mixture expressing CALM3. Fluorescence
spectra of proteoliposomes containing PR-sfGFP was
obtained at kexc = 480 nm (bandwidth = 15 nm), kemiss =
505 nm–650 nm (bandwidth (5 nm)).

Further analysis of the washed proteoliposomes and
supernatant (1.5 ml) was undertaken by Western blot anal-
ysis. To achieve this, the proteoliposomes were pelleted by
centrifugation (6000 � g) and all the buffer was removed.
The proteoliposomes (15 ll) were incubated with loading
buffer (1�), and samples were prepared for Western blot
analysis as described previously.

Characterization of PR activity within lipid vesicles

Proteoliposomes-containing pyranine and either PR or
CALML3 were prepared with or without heat shock meth-
odologies or with detergent (digitonin). Each sample was
typically split into two aliquots (15 ll each). The first aliquot
was exposed to UV B light for 15 min using a light box and
protected from any increase in temperature from the UV
lamp by a cold pack, while the second aliquot was kept in
the dark until measurement. Immediately after exposure to
UV light, 10 ll of each aliquot was transferred to a 384-well
plate (Greiner Bio-OneTM) and loaded a spectrometer
(TECAN Spark 20 spectrophotometer, Tecan AG,
M€annedorf, Switzerland). PR activity in lipid vesicles was
determined by measuring the emission wavelength at 514
nm (bandwidth 20 nm) after excitation at kexc = 404 nm
(bandwidth 15 nm) and 454 nm (bandwidth 20 nm). All
lipid vesicles had an OD of 1.0 estimated by dilution of
lipid vesicles with known OD. The ratio of the peak
maxima of emission at 514 nm after excitation at 454 nm
and 404 nm, i.e. kemis (514 nm) @ (kexc (454)/kexc (404) nm)
was determined to characterize any changes in pH after
exposure to UV light and compared to the samples which
had not been exposed to UV light.

The fluorescence ratio of kemis (514 nm) @ (kexc (454)/kexc
(404) nm) was converted to pH units via a calibration curve
of lipid vesicles containing pyranine (5 mM) at known pH
values of 4.08, 4.78, 5.83, 6.21, 6.75, 7.66, 8.14. To remove
pyranine from the outside of the lipid vesicles, the vesicles
were washed with pyranine-free buffer at equivalent pH
and osmolarity to the inside of the vesicles. The calibration
curve was fit to a third-order polynomial function (f(x) =
p1�x3 þ p2�x3þ p3�xþ p4 where f(x)=pH and x=kemis (514
nm) @ (kexc (454)/kexc (404) nm) (see Table 3,
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Supplementary Material). The R2 obtained from the fit
was 0.9999.

Errors in the pH for the experimental data (from three
repeats) were obtained by propagating the error from the
polynomial fit from the calibration curve using the follow-
ing equation

dy ¼ da0 þ a1x
da1
a1

þ dx
x

� �
þ a2x2

da2
a2

þ 2
dx
x

� �

þa3x3
da3
a3

þ 3
dx
x

� �

dph ¼ dp4þ p3� pH� dp3=p3
� �þ dpH=pH

� �� �
þ p2� pH2

� �
� dp2=p2

� �þ 2� dpH=pH
� �� �

þ p1� pH3
� �

� dp1=p1
� �þ 3� dpH=pH

� �� �

Differences in the pH between samples exposed toUV light
and those without exposure were determined and plotted.

Trypsin treatment after cell-free expression and
incubation with lipid vesicles

To remove any additional protein after heat shocking, the
lipid vesicles were incubated at 25�C for 3 min with trypsin
buffer (500 mOsmM HEPES buffer pH 6.2, 0.017 v/v%
trypsin and glucose solution to 1100 mOsmM). After pro-
tease treatment, the lipid vesicles were washed by pelleting
the proteoliposomes by centrifugation at 6000 � g for 5
min, removing the trypsin buffer and then resuspending
the liposomes in wash buffer (500 mOsmM HEPES buffer
pH 6.2 prepared to 1100 mOsmM with glucose solution)
and then removing and collecting the supernatant. After
three wash cycles, the pellet was diluted to a known OD
of 1 which was measured using absorbance spectroscopy
(at 600 nm) (Nanodrop ND-100 spectrophotometer from
Thermo Fisher). The proteoliposomes were then character-
ized via Western blot analysis, and the activity of PR was
characterized by UV absorption using TECAN Spark 20
(Tecan AG, M€annedorf, Switzerland) as
described previously.

Results and discussion

IVTT was undertaken with PURExpress at 37�C (see
Materials and methods section), time-resolved fluorescence
spectroscopy (kexc = 485 nm (bandwidth= 20 nm), kem = 535
nm (bandwidth= 20 nm)) was used to monitor IVTT of PR-
sfGFP (PR-sfGFP), sfGFP (positive control) and calmodulin
(CALML3) (negative control). Results showed an increase
in sfGFP fluorescence for reaction mixtures containing
pIVEX2.3d-sfGFP which reached a steady state after
120 min, while expression of pEXP5-NT/CALML3 (a
non-fluorescent protein) and pIVEX2.3d-PR-TEV-sfGFP
showed no increase in fluorescence intensity (Figure 2(a)).
Additional fluorescence emission spectra of sfGFP at the
end point of the experiment showed a characteristic emis-
sion profile for sfGFP with a peak maximum at 508 nm
confirming that PURExpress was successful in expressing
GFP from the pIVEX2.3d plasmid and that the polypeptide
chain folded into its correct configuration (Figure 2(b)). The

observed lack of fluorescence intensity for GFP from cell-
free expressed PR-GFP could be attributed, either, to a lack
of transcription or translation of pIVEX2.3d-PR-TEV-sfGFP
or to incomplete folding of the polypeptide chain.

To determine whether the polypeptide chains of PR and
PR-sfGFP were expressed by PURExpress, we performed a
Western Blot analysis after 4 h of IVTT at 37�C, followed by
incubation at 25�C with 10 lM retinal (see Materials and
methods section). Western Blot analysis showed a band at
approximately 23 kDa for PR (Figure 2(c), ii), at approxi-
mately 50 kDa for PR-sfGFP (Figure 2(d), i, iv) and 26 kDa
for sfGFP (Figure 2(d), ii, v). The results indicate that tran-
scription and translation of the PR-sfGFP gene were viable
using PURExpress, but the polypeptide chain was unable
to fold into its correct tertiary structure. This is most likely
attributable to the lack of detergent in the system providing
a hydrophobic environment for the correct folding of the
membrane protein which then interferes with the correct
folding of the fusion protein, GFP.23,31–33

To test whether this was the case, 0.4% w/v of digitonin
was included into the cell-free reaction mix prior to the
expression of sfGFP and PR-sfGFP (seeMaterials andmeth-
ods section). Fluorescence emission spectra undertaken
after 4 h of incubation showed characteristic GFP spectra
for both sfGFP and PR-sfGFP (Figure 2(b)), indicating that
detergent is required for correct folding of sfGFP in PR-
sfGFP.34 However, comparisons of the fluorescence spectra
of sfGFP expressed with and without digitonin show more
than 50% reduction in the yield of sfGFP expressed in the
presence of detergent compared to without detergent
(Figure 2(b) and Supplementary Figure 1). As the detergent
appeared to be inhibiting cell-free protein expression by
PURExpress, we sought alternative routes for folding PR
after transcription and translation.

To this end, we used a heat shock methodology which
included 5 min incubation of the reaction mixture with
lipid vesicles (Supplementary Figure 2) on ice followed
by 1 min incubation at 42�C. This was repeated three
times in quick succession. End point fluorescence spectra
of 1-palmitoyl-2-oleoyl-glycerol-2-phosphocholine (POPC)
lipid vesicles (25 mM) which had been heat shocked in the
presence of IVTT reaction mixture expressing PR-sfGFP
showed characteristic fluorescence spectra from sfGFP
(Figure 3(a)). These results suggest that heat shocking the
reaction mixture in the presence of lipid vesicles leads to
correctly folded sfGFP. As PR has no intrinsic fluorescence
intensity, we attempted to characterize retinal incorpora-
tion into PR in heat-shocked lipid vesicles, where the cell-
free reaction mixture was incubated with retinal (10 lM)
after expression (see Materials and methods section). The
results showed an increase in the absorbance spectra
between 325 nm and 750 nm compared to a lipid vesicle
and reaction mixture which had not been subjected to heat
shock (Figure 3(b)). This increase in absorbance intensity
can be attributed to the incorporation of retinal into the
seven-helix bundle of PR. However, the characteristic
peak of PR at 520 nm is not observed.23 This could be attrib-
uted to low concentrations of PR or retinal or to perturba-
tions to the retinal configuration. Despite this, the results
show that the heat shock methodology in the presence of
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lipid vesicles leads to successful folding of sfGFP in
PR-sfGFP.

We next wanted to confirm that the folded PR was asso-
ciated to the membrane. Therefore, after heat shocking
IVTT PR and retinal in the presence of POPC lipid vesicles,
the lipid vesicles were pelleted by centrifugation, the super-
natant was removed, and lipid vesicles were repeatedly
washed with buffer to remove any protein which was not
associated to the membrane (see Materials and methods
section). Fractional Western blot analysis of the washed
lipid vesicles (Figure 3(c), i) shows the presence of a band
at 23 kDa corresponding to PR in the lipid membrane frac-
tion after heat shock (Figure 3(c), i (þ)). In comparison,
there was no band observed at 23 kDa in the supernatant
after heat shock (Figure 3(c), ii (þ)) with an observed band
in the supernatant with no heat shock (Figure 3(c), ii (–)).
These results show that before heat shock treatment, PR

was not associated with the membrane and heat shock
led to increased association of the membrane protein to
the lipid vesicles. While not quantitative, the results still
show that IVTT PR is associated to the membrane after
heat shock.

Consequently, we undertook further assays to determine
whether the proton pumpwas active within the lipid mem-
brane. We used an established pyranine assay35 (see
Materials and methods section) to characterize PR activity
within the POPC lipid vesicle. Lipid vesicles containing
pyranine (5 mM) with an internal pH of 6.2 and an external
pH of 8.5 were prepared as described in the Materials and
methods section. While PR will function without a pH gra-
dient, a pH gradient was used in this study to drive unidi-
rectional proton pumping from the outside of the vesicle to
the inside. This allows robust characterization of PR activ-
ity by alleviating any issues which might arise from

Figure 2. In vitro transcription translation using PUREexpress at 37�C from pIVEX2.3d construct. (a) Time-resolved fluorescence spectroscopy of in vitro transcription

and translation with PURExpress at 37�C for the expression of sfGFP (solid black line), proteorhodopsin (PR) (dotted black line), sfGFP-tagged proteorhodopsin (PR-

sfGFP) (solid grey line) and a positive control calmodulin (CALML3) (dotted grey line) with kexc¼ 485 nm (bandwidth¼20 nm) and kem¼ 535 nm (bandwidth¼ 20 nm)

every 10 min. Plot shows that sfGFP reaches a steady state after 120 min with no GFP fluorescence observed from PR-sfGFP or the positive control CALML3 (b) End

point fluorescence spectra of sfGFP (grey), PR-sfGFP (black) after 4 h of expression with PUREexpress without digitonin for sfGFP (solid grey line) and PR-sfGFP (solid

black line) and in the presence of 0.4 wt.% digitonin for sfGFP (dotted grey line) and PR-sfGFP (dotted black line) shows characteristic spectra for sfGFP. Spectra were

measured with kexc¼ 480 nm (bandwidth¼ 15 nm), kemiss¼505 nm–650 nm (bandwidth (5 nm) with 1 nm step size. (c) Western blot analysis of 10 ml of in vitro

transcription translation of calmodulin (CALM3) (i) proteorhodopsin-His tag (PR) (ii) characterized using a primary antibody anti His-tag from mouse and secondary

antibody anti-mouse shows bands at approximately 25 kDa for CALML3 (i) and 23 kDa for proteorhodopsin (d) Western blot analysis from 10 ml of in vitro transcription

translation of proteorhodopsin-sfGFP (PR-sfGFP) (i) sfGFP) (ii) or calmodulin (CALM3) (iii), PR-sfGFP diluted 1:2 with milli Q water (iv) or sfGFP diluted 1:2 with milli Q

water (v) or CALM3 diluted 1:2 in milli q water (vi), using primary antibody anti His-GFP from mouse and secondary antibody anti-mouse show bands at 50 kDa and 27

kDa for PR-sfGFP and sfGFP, respectively. (A color version of this figure is available in the online journal.)
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bidirectional pumping. After heat shocking the lipid
vesicles in the presence of IVTT (PR) and retinal, the pro-
teoliposomes were subjected to 15 min of UVradiation, and
the fluorescence emission at 514 nm was measured after
excitation at 404 nm and 454 nm. The ratio of the pyranine
fluorescence intensity at 514 nm, from kexc at 454 nm and
404 nm, was converted into pH units (Supplementary
Figures 4 and 5). Using this pyranine assay, pH changes
driven by UV-induced proton pumping of PR were deter-
mined. Western blot analysis confirmed that the PR was

still associated with the membrane after UV treatment
(Supplementary Figure 6). Our results from the pyranine
assay showed that the pH change in the liposome (DpH)
was –0.32 � 0.07 for proteoliposomes prepared via IVTT of
PR and heat shock methodologies, D pH = þ0.13 � 0.08 for
liposomes which had been heat shocked with CALML3,
and DpH = þ0.53 � 0.08 for liposomes which had not
been subjected to heat shock in the presence of PR after
15 min of UV radiation (Figure 4(a)). The difference in
DpH for the control experiments is most likely attributed

Figure 3. Proteorhodopsin folding and insertion into POPC lipid vesicles. (a) End point fluorescence spectroscopy of PR-sfGFP expressed using PURExpress at 37�C
with 0.4 wt.% digitonin (dotted black line) and without digitonin (solid black line) with lipid vesicles. The in vitro translation/transcription reaction mixture was incubated

with POPC lipid vesicles (dotted black line) or subjected to heat shock to insert the protein into the lipid vesicle (solid black line). Spectra were measured at kexc¼480

nm (bandwidth¼ 15 nm), kemiss¼ 505 nm–650 nm (bandwidth¼ 5 nm) with 1 nm step size show characteristic emission profiles for sfGFP indicating that a hydrophobic

environment is required for the folding of sfGFP tagged to proteorhodopsin. The fluoresence spectra of only lipid vesicles are shown with the solid grey line. (b) The

absorbance spectroscopy of proteorhodopsin (PR) expressed using PURExpress at 37�C measured between 310 nm and 900 nm with 1 nm step size before (dotted

grey line) and after heat shock into lipid vesicles (black). An increase in absorbance intensity after heat shock can be attributed to the inclusion of retinal into a folded

proteorhodopsin (c) Western blot analysis of lipid vesicles subjected to heat shock (+) and without heat shock (�) of lipid vesicles incubated with in vitro translation

transcription reaction mix. (i) Gel of lipid vesicles washed at least five times to remove any protein not associated to the membrane increased chemiluminesence for

reaction mixtures which had been subjected to heat shock (þ) compared to without heatshock (�) at 23 kDa for proteorhodopsin with 6� histidine tag (ii) Western blot

of the supernatant removed after pelleting lipid vesicles shock shows weak chemiluminescence without heat shock (�) compared to with heat shock (þ) at 23 kDa,

indicating that there is an increased of PR associated to the lipid vesicle and a decrease in the supernatant after heat shock. (A color version of this figure is available in

the online journal.)

Figure 4. Proteorhodopsin activity in POPC lipid vesicles was characterized by fluorescence spectroscopic measurements of pH-sensitive pyranine dye (5 mM) in the

inner lumen (pH 6.2) of multilamellar vesicles with a pH of 8.5 on the outside of the lipid vesicles. Lipid vesicles containing pyranine were either excited with UV light for

15 min (þ) or kept in the dark (–). Fluorescence emission was measured by excitation at kexc¼ 404 nm (bandwidth 15 nm) and kexc¼ 454 nm (bandwidth 15 nm) and the

emission measured at kemiss¼ 514 nm (bandwidth 20 nm). The ratio of kemiss¼514 nm from kexc (454)/kexc (404) nm was obtained and then converted to pH units via a

calibration curve (Supplementary Figure 4), and the difference in the pH with and without UV radiation was determined (a) (i) proteorhodopsin expressed using

PURExpress at 37�C, incubated with POPC lipid vesicles and heat shocked, DpH¼ –0.32� 0.07 (ii) CALML3 expressed using PURExpress at 37�C, incubated with

POPC lipid vesicles and heat shocked D pH¼þ0.13�0.08 (iii) proteorhodopsin (PR) expressed using PURExpress at 37�C, incubated with POPC lipid vesicles with no

heat shock, DpH¼þ0.53� 0.08 (iv) proteorhodopsin (PR) expressed using PURExpress at 37�C with 0.4 wt.% digitonin and incubated with POPC lipid vesicles,

DpH¼ –0.06� 0.05. (v) proteorhodopsin (PR) expressed using PURExpress at 37�C, incubated with POPC lipid vesicles, heat shocked and then incubated with trypsin

(0.017 v/v %, 25�C, 3 min), DpH¼ –0.51� 0.08 (b) control experiments showing the effect of 15 min of UV light illumination (þ) on POPC lipid vesicles filled with

pyranine (5 mM) compared to storage of vesicles in the dark for 15 min (–) at (i) equal pH in the inner lumen compared to the extravesicular space (pH 6.2) and (ii) with a

pH gradient across the membrane, pH 6.2 in the interlumen space and pH 8.5 on the outside of the vesicles. All measurements were undertaken on lipid vesicles and

were incubated with retinal (10 lM) prior to incubation with lipid vesicles with an optical density (OD) at 600 nm of 1. Error bars are obtained from three repeats of three

different experiments. (A color version of this figure is available in the online journal.)

320 Experimental Biology and Medicine Volume 244 March 2019
...............................................................................................................................................................



to variations in interactions between CALML3 and PR,
where hydrophobic residues in the unfolded membrane
protein PR could lead to increased membrane disruption
compared to cytosolic CALML3. Further control experi-
ments undertaken with lipid vesicles containing pyranine
with no pH gradient across the membrane, showed that the
UV radiation did not affect the pyranine dye (Figure 4(b)).
Increase of interluminal pH is attributed to passive diffu-
sion of protons along the proton gradient, while a decrease
in pH is due to active pumping of protons against the
proton gradient by PR. This pH change is comparable to
previous studies in bacterial systems and with bacteriorho-
dopsin in polymerosomes.8,26 Interestingly, the heat shock
methodology reduced the pH in the lumen more than the
detergent-based method (DpH = –0.06 � 0.05) which is
commensurate with increased activity via the heat shock
methodology compared to the detergent-based route
(Figure 4(a), iv). Furthermore, we show that proteases can
be added to heat-shocked proteoliposomes, and the pro-
teins within the membrane were protected from degrada-
tion and were still active. After pelleted and washed lipid
vesicles, which had been heat shocked in the presence of
IVTT PR, were subjected to mild treatment with trypsin
(0.017% by volume), a band at 23 kDa corresponding to
PR (supplementary Figure 7i (þHS)) was observed by
Western blot analysis. In comparison, no band at 23 kDa
from Western blot analysis was observed for the superna-
tant which had been removed from the heat-shocked lipid
vesicles (supplementary Figure 7ii (þHS)). Taken together,
these results show that PR which has been heat shocked
into lipid vesicles are protected from mild trypsin treat-
ment with no presence of PR in the surrounding superna-
tant. Moreover, pyranine assays show that the PR remains
active in the membrane with a DpH of –0.51 � 0.08 after
protease treatment.

Conclusions

We present a simple and direct route to active membrane
protein reconstitution using in vitro methods and
detergent-free reconstitution. Our measured pH changes
are comparable to other in vitro and in vivo systems as
well as to detergent-based methods. Significantly, our
results offer a straightforward, additive-free and molecu-
larly simple route to building complex bioreactors based on
IVTT systems. Naturally, there are questions which have
surfaced from this study, for example, is this methodology
applicable to other membrane proteins? Will other proteins
survive the heat shock process and fold into an active state
into lipid membranes? Therefore, could this methodology
be used universally to reconstitute a broad range of mem-
brane proteins? For further application in activated lipo-
somes, one thing that would need to be addressed is the
orientation of the membrane protein after insertion into the
membrane. One way to ensure unified orientation could be
to tag large moieties to either the N0 or C0 terminus to drive
specific directional insertion. If these methodologies were
used for the goal of building artificial cells capable of
energy conversion, then the amount of protons produced
by PR would need to be assessed for powering ATP

synthase within lipid vesicles. Moreover, this methodology
could be applied to more complex membrane proteins such
as ATP synthase. The cell-free expression and reconstitu-
tion of ATP synthase has already been demonstrated,36 and
further work could focus on the detergent-free reconstitu-
tion of ATP synthase. Despite these open questions, the use
of detergent-free, in vitromethodologies could simplify and
expand the current synthetic biology toolbox for the gener-
ation of artificial cells from the bottom up.
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