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Abstract
The goal of bottom-up synthetic biology culminates in the assembly of an entire cell from

separate biological building blocks. One major challenge resides in the in vitro production

and implementation of complex genetic and metabolic pathways that can support essential

cellular functions. Here, we show that phospholipid biosynthesis, a multiple-step process

involved in cell membrane homeostasis, can be reconstituted starting from the genes

encoding for all necessary proteins. A total of eight E. coli enzymes for acyl transfer and

headgroup modifications were produced in a cell-free gene expression system and were

co-translationally reconstituted in liposomes. Acyl-coenzyme A and glycerol-3-phosphate

were used as canonical precursors to generate a variety of important bacterial lipids. More-

over, this study demonstrates that two-step acyl transfer can occur from enzymes synthe-

sized inside vesicles. Besides clear implications for growth and potentially division of a

synthetic cell, we postulate that gene-based lipid biosynthesis can become instrumental for

ex vivo and protein purification-free production of natural and non-natural lipids.

Introduction

Life as we know it is compartmentalized: a continuous membrane encloses the cytoplasm pro-
tecting it from the environment and specifying a unit of evolutionary selection. This cellular
envelop is primarily made of phospholipids that, together with specific proteins, control shape
transformation and regulate the ionic and molecular exchanges with the external medium. Sev-
eral laboratories are now attempting to construct a minimal, albeit sufficient, cell starting from
purified components derived from existing organisms [1–6]. Given the central roles played by
the cellular membrane, an important milestone in the roadmap for creating a synthetic cell
that can grow and divide is the de novo synthesis of membrane constituents from internally
produced enzymes.

An attractive metabolic pathway for lipid biosynthesis is through diacyl-phosphatidic acid
(PA), the universal precursor of glycerophospholipids in bacteria [7,8]. The pathway for PA
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synthesis in E. coli entails two acyltransferase enzymes: the glycerol-3-phosphate (G3P) acyl-
transferase (GPAT) and the lysophosphatidic acid (LPA) acyltransferase (LPAAT) [8,9]. The
enzyme GPAT is an integral membrane protein that uses G3P and either acyl-CoA (CoA,
coenzyme A) or acyl-ACP (ACP, acyl carrier protein) substrates to generate 1-acyl-sn-glyc-
erol 3-phosphate products (LPA). In a subsequent enzymatic reaction the LPA and another
acyl-CoA/acyl-ACPare converted into 1,2-diacyl-sn-glycerol 3-phosphate (PA) by the mem-
brane-bound enzyme LPAAT. In the cellular context of E. coli, the GPAT and LPAAT
enzymes are then complemented by a few others to modify the lipid headgroup and produce
phosphatidylglycerol (PG), a bilayer-forming anionic lipid, and phosphatidylethanolamine
(PE), a zwitterionic lipid, together representing the largest fraction of the E. coli inner mem-
brane lipidome [10,11].

To date several attempts have been made to stimulate compartment growth in phospholipid
vesicles by using purified acyltransferase enzymes [12–14]. More recently, the activity of the
GPAT and LPAAT enzymes synthesized from a reconstituted in vitro transcription-translation
(IVTT) system has been demonstrated in separate reactions [15]. However, these two enzymes
failed to work in the same environment and conflicting oxidative-reductive requirements for
proper enzymatic activities were invoked [15].

Hereby, we report on the cell-free production and functional liposome reconstitution of
multiple lipid-synthesizing enzymes in the PURE system [16], a well-defined IVTT system,
starting from the genes and the phospholipid precursors G3P and acyl-CoA.Protein synthesis
and lipid biogenesis, two essential functions for cell homeostasis, occurred in a single environ-
ment demonstrating the compatibility of these biologicalmodules for further integration into a
semi-syntheticminimal cell. We validated the use of liquid chromatography mass spectrometry
(LC-MS) as a powerful analytical technique to quantify the amount of synthesized lipids.
Focusing on the two-step acyl transfer reaction, we first demonstrated that the co-expressed
GPAT and LPAAT enzymes enabled the synthesis of the membrane constituent 1,2-diacyl-sn-
glycerol 3-phosphate in a single-pot reaction, including when compartmentalized inside lipo-
somes. Capitalizing on the de novo synthesis of PA we then reconstituted the entire E. coli met-
abolic pathways to convert the PA headgroup into PE and PG lipids. Our work provides a new
experimental framework to build up a genetically controlled synthetic cell where the compart-
ment is produced in situ from simple biochemical precursors.

Results

In vitro synthesis and liposome reconstitution of the GPAT and LPAAT

enzymes

We first verified that cell-free expression in the PURE system of the plsB and plsC genes,
respectively encoding for the GPAT and LPAAT proteins, led to full-length proteins. The E.
coli GPAT and LPAAT enzymes were separately synthesized from their respective DNA tem-
plate and the translation products were analysed by SDS-PAGE and fluorescence gel imaging.
A fraction of tRNA pre-loaded with a fluorescently labelled lysine was supplemented in the
IVTT reaction to facilitate detection of the synthesized protein over the PURE system back-
ground. The in vitro produced GPAT and LPAAT proteins were visualized as distinct bands at
around 83 kDa and 27 kDa (Fig 1b) as previously reported [17,18].

It is known that GPAT is an integral membrane protein [19] and LPAAT is thought to be a
membrane-anchored protein [18]. We thus examined the ability of the synthesized enzymes to
associate to the liposome membrane. Preformed small unilamellar vesicles (SUVs) composed
of DOPC/DOPE/DOPG/cardiolipin were supplemented in the IVTT reaction carrying out the
expression of the plsB or/and plsC genes, whose encoded proteins inserted into the SUV
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membranes in an inside-out configuration (i.e. assuming unidirectional incorporation of the
proteins after which their cytosolic side faces the outside of the liposomes) (Fig 1a). The pro-
teoliposomeswere purified from the bulk fraction by ultracentrifugation and the protein con-
tent associated to the liposome membrane was analysed by SDS-PAGE (Fig 1b). The PURE
system proteins could efficiently be eliminated, whereas both GPAT and LPAAT enzymes co-
purifiedwith the liposomes (Fig 1b), suggesting that these two proteins exhibit the structural
properties for stable co-translational insertion or anchoring to the membrane. The process of
membrane incorporation is passive, in that it does not require a translocation machinery.

Fig 1. Overview of methods for cell-free transcription-translation of acyltransferase enzymes. (a) The genes plsB and plsC

coding for the GPAT and LPAAT enzymes, respectively, were expressed by in vitro transcription translation (IVTT) in the presence

of SUVs. Spontaneously assembled proteoliposomes containing synthesized GPAT and LPAAT proteins were isolated by

ultracentrifugation (floatation method) and the protein content was analysed by SDS-PAGE. Activity assays were performed by

adding the phospholipid precursors G3P and acyl-CoA (shown in the reaction scheme is palmitoyl-CoA, p-CoA) either before or

subsequent to IVTT reaction. Biosynthesis of 1,2-diacylglycerol-3-phosphate (here DPPA) occurs in a two-step acyl transfer

reaction catalysed by the GPAT and LPAAT enzymes. The intermediate product 1-acylglycerol-3-phosphate (here 16:0 LPA) and

two free CoA molecules are also formed. After reaction the lipid fraction was extracted and assayed by LC-MS. To quantify the

enrichment of vesicles with synthesized lipids, liposomes were purified by immobilization on beads before the lipid extraction step.

(b) Cell-free expression of either the plsB or plsC gene (no gene as negative control) occurred for 3 h at 37˚C in the presence of

100-nm SUVs and of GreenLys reagent (tRNA-loaded fluorescent amino acid) for fluorescence labelling of translation products.

Reconstituted proteoliposomes were purified and membrane-integrated proteins separated by SDS-PAGE were visualized with

coomassie brilliant blue (CBB) staining and fluorescence scanning. As shown with CBB staining the PURE system background

proteins (lane 7) can efficiently be eliminated by purification, while the GPAT and LPAAT protein bands were co-purified with the

SUVs (lanes 9,10). Isolation of acyltransferase enzymes is also visible on the fluorescence scan (lanes 4,5). The lower bands on

lanes 2,3 correspond to background signal from the GreenLys reagent. (c) Normalized chromatogram of lipids as measured by

LC-MS operating in multiple reaction monitoring (MRM) mode with negative polarity. In this example, 16:0 LPA, DOPG, DPPA,

DOPE and cardiolipin were clearly resolved. Since the quaternary amine has a permanent positive charge, DOPC is not well

detected in the negative mode. It was also possible to detect 18:1 LPA, DOPA, DPPS, DPPG and DPPE (Figure A in S1 File).

doi:10.1371/journal.pone.0163058.g001
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Both synthesized GPAT and LPAAT enzymes are active when co-

reconstituted in liposomes

Having established that the full-lengthGPAT and LPAAT proteins can be synthesized in the
PURE system and be incorporated in the membrane of liposomes we then explored the poten-
tial of mass spectrometry (MS) combined with liquid chromatography (LC) to detect the prod-
ucts of the GPAT and LPAAT enzymatic reactions in a background of the lipids comprising
the liposomes and to quantify their amounts. A typical chromatogram, where one can clearly
distinguish the enzymatic products palmitoyl lysophosphatidic acid (LPA(16:0/0:0), referred as
16:0 LPA) and 1,2-dipalmitoyl-sn-glycero-3-phosphate (PA(16:0/16:0), referred as DPPA) in a
cardiolipin/DOPX (where PX = PC, PE, PG headgroups) lipid matrix, is shown in Fig 1c. The
detection sensitivity of the combined LC-MS was estimated to 0.25 pmol. for 16:0 LPA and
DPPA (Figure B in S1 File), which is better than usually reported via radioactive elements sepa-
rated by thin layer chromatography. The method was expanded to detect the synthesized lipids
oleoyl lysophosphatidic acid (LPA(18:1/0:0), referred as 18:1 LPA), 1,2-dioleoyl-sn-glycero-
3-phosphate (PA(18:1(9Z)/18:1(9Z)), referred as DOPA), 1,2-dipalmitoyl-sn-glycero-
3-phosphatidylethanolamine (PE(16:0/16:0), referred as DPPE) and 1,2-dipalmitoyl-sn-gly-
cero-3-phospho-(1'-rac-glycerol) (PG(16:0/16:0), referred as DPPG).

Next, we sought to assay the activity of the two enzymes. Gene expression and lipid synthe-
sis were first examined sequentially. The enzymes GPAT and LPAAT were individually assayed
in specific buffer conditions known to support their activity [15]. GPAT catalysed the forma-
tion of 16:0 LPA starting from G3P and palmitoyl-CoA substrates, while LPAAT converted
palmitoyl-CoA and 16:0 LPA into DPPA. The formation of enzymatic products was quantita-
tively detected by LC-MS (Fig 2a). In addition, we used a fluorescence-basedacyltransferase
activity assay to monitor the accumulation of released CoA molecules through enzymatic reac-
tion of the GPAT and LPAAT proteins (Fig 2b). As anticipated GPAT activity could not be
observed since the reducing agent DTT had to be removed before triggering the reactions (see
Methods). However, a clear increase of fluorescence signal was detectedwhen LPAAT proteoli-
posomes were incubated with palmitoyl-CoA and LPA substrates in LPAAT-specific buffer
and, interestingly, in the GPAT-specific buffer too (Fig 2b).

The two-enzyme cascade reaction was analysed using inside-out proteoliposomes contain-
ing both synthesized GPAT and LPAAT proteins. The proteoliposomes were supplied with
G3P and palmitoyl-CoA and incubated in the GPAT activity buffer. In contrast to what has
previously been reported [15], we found that the output lipid DPPA was successfully produced,
demonstrating that LPAAT can also be active in a reducing environment (Fig 2a). Because the
LPA produced by the GPAT enzyme is subsequently used as a substrate by LPAAT in the cas-
cade reaction, it does not accumulate and its detected concentration is less than that in a
GPAT-only reaction (Fig 2a).

Combined gene expression and enzyme-catalysed lipid biosynthesis in

a one-pot reaction

In light of this new result, we tested whether the GPAT and LPAAT enzymes could be synthe-
sized from their DNA, insert into the membrane of preformed vesicles and generate lipid prod-
ucts, all in a single-pot reaction. Both 16:0 LPA and DPPA products were measured, showing
that gene expression and lipid biosynthesis can successfully be integrated in the PURE system
(Fig 3). In a cascade reaction, about 10% of LPA was measured relative to the amount detected
with GPAT-only proteoliposomes. This can be explained by the rapid conversion of LPA into
DPPA by the LPAAT enzyme when both proteins are present.

Cell-Free Phospholipid Biosynthesis
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Fig 2. Two-step acyl transfer reaction mediated by cell-free synthesized GPAT and LPAAT enzymes.

(a) LC-MS analysis of the GPAT and LPAT reaction products. The lipid precursors G3P and palmitoyl-CoA

(p-CoA), or p-CoA and 16:0 LPA (66.6 μM each, except in two-enzyme cascade experiments, where p-CoA

concentration was 133.3 μM) were added after the IVTT reactions performed in the presence of SUVs. The

two enzymes were assayed separately in their respective activity buffer or together in the reducing buffer

known to support GPAT activity. Negative controls in GPAT and LPAAT activity buffers were performed

using the DHFR and LacI genes. For combined GPAT and LPAAT reactions, controls were conducted

without G3P. Error bars in single-enzyme experiments are s.e.m. from multiple measurements of one

sample. In the GPAT and LPAAT co-expression experiments data are mean and s.e.m. across four

independent samples; For each repeat the sample was injected multiple times, the average value of the

different injections was calculated and data are reported as the mean and standard error of independent

trials. Student t-test analysis: *P<0.015, **P<0.025. (b) Acyltransferase activity as measured using a

fluorescence-based assay in which released CoA reacts with a fluorogenic substrate. Negative controls for

GPAT and LPAAT activity were performed using the DFHR and LacI genes, respectively. DTT was dialysed

out after the IVTT reaction to create the non-reducing conditions compatible with the assay. Blank was

measured from the buffer included in the fluorescence-based CoA assay kit. Data are mean values and s.e.

m. of two independent experiments. Student t-test analysis: *Difference statistically not significant,

**P<0.23.

doi:10.1371/journal.pone.0163058.g002
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To determine if the lipid products were generated from enzymes co-localizing in the vesicle
membrane after co-translational incorporation, or instead, from synthesized enzymes that fail
to insert into the lipid bilayer, we carried out experiments where liposomes were omitted dur-
ing gene expression. When GPAT and LPAAT enzymes were assayed separately in the absence

Fig 3. One-pot IVTT and acyl transfer reactions. The GPAT and LPAAT enzymes were either produced

separately or concurrently in the presence of G3P and p-CoA substrates. The generated lipid products 16:0

LPA and DPPA were detected by LC-MS. (a) End-point measurements of 16:0 LPA and DPPA synthesized

under various experimental conditions. Substrate concentrations were 500 μM G3P, 100 μM p-CoA and

100 μM 16:0 LPA. Individual and combined enzymatic reactions were carried out with (inside-out

configuration) or without 400-nm liposomes during overnight incubation at 37˚C. Samples with liposomes

and without p-CoA served as a negative control. Both acyltransferase enzymes showed reduced activity in

the absence of SUVs. Higher yield of DPPA is obtained by two-step acyl transfer catalysed by the GPAT and

LPAAT enzymes co-reconstituted in proteoliposomes. Data represent mean and s.e.m. of three independent

experiments. For each repeat the mean of multiple sample injections was calculated and data are reported

as the mean and standard error of three independent trials. Student t-test analysis: *P<0.1, **P<0.12,

***P<0.012. (b-e) Kinetic of acyltransferase activity in single-enzyme and two-enzyme modes. For each

reaction scenario the percentage of acyl-CoA conversion to final product is also indicated. Substrate

concentrations were 500 μM G3P and 100 μM p-CoA (b), 500 μM G3P, 50 μM p-CoA and 50 μM 16:0 LPA

(c), 500 μM G3P and 100 μM p-CoA (d,e). Produced 16:0 LPA does not accumulate beyond 3 μM in the two-

step acyl transfer scheme (d) since it is consumed in the second enzymatic reaction. When GPAT and

LPAAT are co-expressed, production of DPPA is initially limited by GPAT activity but then it reaches higher

concentration (e) than with LPAAT only starting from purified LPA and p-CoA precursors (c). Each data point

is mean and s.e.m. of two independent sample preparations. For each replicate the mean of two sample

injections was calculated and data are reported as the mean and standard error of independent preparations.

doi:10.1371/journal.pone.0163058.g003
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of liposomes, measurable amounts of LPA and DPPA were detected, respectively (Fig 3a).
However, the amounts of 16:0 LPA and DPPA formed in one- or two-enzyme reactions were
consistently higher by more than one order of magnitude in the presence of vesicles (Fig 3a),
indicating that co-translational incorporation of the proteins into a lipid matrix greatly
enhances enzymatic activity.

We next investigated the kinetics of 16:0 LPA and DPPA formation in combined gene
expression and lipid biosynthesis experiments (Fig 3b–3e). Very few kinetics data are available
on the E. coli GPAT and LPAAT enzymes, all relying on purified proteins or solubilized cell
membranes [20,21]. Inside-out proteoliposomes containing either the GPAT or LPAAT pro-
tein were produced in the presence of their respective substrates and the enzyme kinetics were
monitored (Fig 3b and 3c). The amount of detected 16:0 LPA gradually increased for 4 h at a
rate of 2.5 μM/h and subsequently rose abruptly to plateau after about 6 h (Fig 3b). This result
suggests that GPAT protein folding or membrane insertion could be the rate-limiting step for
product formation in the initial phase of the reaction. The final 42-μM concentration of syn-
thesized LPA corresponds to a consumption of ~40% of palmitoyl-CoA substrate (G3P being
present in excess), which we suspect is due to enzyme inhibition by free CoA product [20], pro-
tein inactivation or spontaneous cleavage of the palmitoyl-CoA thioesther bond. Moreover, the
final amount of 16:0 LPA produced represents around 8% of total lipids forming the vesicles.
The LPAAT enzyme converted 16:0 LPA and palmitoyl-CoA into DPPA at an initial rate of
5 μM/h and a maximum concentration of ~21 μM was reached after 15 h (Fig 3c). This final
concentration corresponds to ~4% increase in the total amount of phospholipids. The reaction
consumed ~40% of the 50 μM of substrates, again suggesting possible reaction inhibition,
enzyme inactivation or substrate degradation. The time profiles of LPA and DPPA levels were
also analysed by co-expressing both GPAT and LPAAT enzymes in the presence of liposomes
along with the G3P and palmitoyl-CoA precursors (Fig 3d and 3e). After a lag phase of approx-
imately 4 h, the concentration of LPA peaked to ~2.3 μM at 8 h and subsequently decreased to
equilibrate around 1.5 μM at 16 h (Fig 3d). The amount of accumulated LPA is more than one
order of magnitude lower than that with GPAT-only proteoliposomes, which can be attributed
to its concurrent consumption by the LPAAT enzyme. The kinetics of DPPA production by
LPAAT is initially limited by the rate of LPA formation (Fig 3e). The final concentration of
DPPA, ~26 μM, represents a consumption of 52% of palmitoyl-CoA that was initially present
at a concentration of 100 μM (two palmitoyl-CoAmolecules are consumed to generate one
DPPA molecule). This corresponds to ~5% increase in the total amount of phospholipids.
Moreover, it is approximately 5 μM more than with LPAAT-only proteoliposomes despite the
fact that the IVTT resources and machineries are shared when the two genes are co-expressed.
This result suggests enhanced activity when the GPAT and LPAAT proteins work in tandem,
underlying the role of the lipid membrane as a functional scaffold. In such a chain reaction the
spatial proximity of the enzymes in the lipid matrix may facilitate the transfer of intermediate
products from one catalytic site to the other [21]. Alternatively, direct interaction between the
GPAT and LPAAT proteins may act as allosteric regulation that enhances mutual activity. Fur-
ther investigations are needed to validate these hypotheses.

Enrichment of liposome with synthesized DPPA indicates membrane

growth

With the ultimate goal to stimulate vesicle growth through phospholipid biosynthesis in mind,
we examined where the enzymatically produced DPPA lipid localized. Both GPAT and LPAAT
enzymes were co-expressed to form hybrid proteoliposomes and the IVTT system was supple-
mented with palmitoyl-CoA and G3P precursors to initiate lipid synthesis concurrent to protein
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production. Liposomes were purified using streptavidin-coated magnetic beads via biotinylated
lipids added in the initial membrane composition (Figure C in S1 File). The vesicle content, as
represented by DOPG, and the synthesized lipids LPA and DPPA were quantified before and
after purification. The fraction of synthesized lipids that co-purifiedwith the vesicles was then
calculated (Fig 4). The low number of counts for LPA detected post purification indicates that it
does not stably insert into the membrane (Fig 4b). Therefore, it was not possible to accurately

Fig 4. Inside-out acyltransferase proteoliposomes are enriched with synthesized DPPA lipid. (a–c)

LC-MS analysis of synthesized 16:0 LPA and DPPA lipids with or without liposome purification. Lipid DOPG

present in the initial composition of the 400-nm vesicles was used as an internal standard to correct for the

loss of lipids during purification. Lipid biosynthesis occurred in a one-pot IVTT and acyl transfer reaction

starting from 500 μM G3P and 100 μM p-CoA substrates. In some samples SUV membranes were doped

with a biotinylated lipid for immobilization of liposomes on streptavidin-coated magnetic beads. Inspection of

the amounts of lipids detected for the different experimental conditions allowed us to discriminate between

liposome-integrated and free DPPA. Data are mean and s.e.m. of three independent experiments. For each

replicate the same sample was injected two times in the MS, their averaged value was calculated and data

are reported as the mean and standard error across the three trials. (d) Calculation of the percentage of

synthesized DPPA co-localizing with liposome membrane. The use of DOPG as an internal standard

enabled the quantification of the fraction of non-immobilized or disrupted vesicles that were washed away

during the purification step. Percentage values of recovered DPPA and DOPG were calculated as [counts

(purif+|biotin+)–counts(purif+|biotin–)] / counts(purif–|biotin+) × 100. Then, the obtained value for DPPA was

divided by that for DOPG to correct for the loss of lipids during purification (Figure C in S1 File), resulting in a

value of 28% ± 14% as an estimation of synthesized DPPA that effectively localized in liposomes.

doi:10.1371/journal.pone.0163058.g004
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determine the LPA membrane fraction after correcting for the loss of lipids during purification
and filtering.However, we found that ~28% of in situ synthesized DPPA lipids co-purifiedwith
liposomes (Fig 4d). This corresponds to a concentration of ~7 μM, which represents an increase
of ~1% of the total vesicle surface area (Supplementary text in S1 File).

In vesiculo enzyme production and synthesis of DOPA lipid

As a next step towards self-producing phospholipid vesicles [22], we used oleoyl-CoA as a sub-
strate to enzymatically produce DOPA lipids whose acyl moieties match that of pre-existing
DOPX vesicles (Fig 5). Here, DOPC was removed from the membrane composition to simulate
more closely the native E. coli lipid mixture. Using liposomes consisting of DOPG/DOPE/car-
diolipin along with G3P and oleoyl-CoA as substrates, we demonstrated that DOPA, the direct

Fig 5. Synthesis of 18:1 LPA and DOPA from GPAT and LPAAT enzymes produced inside liposomes. (a) Schematic of

vesicle-confined experiments. PUREfrex supplemented with the plsB and plsC genes and with 500 μM G3P was encapsulated

inside liposomes using gentle rehydration of a lipid film covering sub-millimetre glass beads. Lipid composition consisted of

DOPC, DOPE, DOPG, cardiolipin, TexasRed-DHPE and DSPE-PEG-biotin (Table B in S1 File). Swelling occurred at 4˚C to avoid

reaction initiation. Gene expression outside liposomes was inhibited by protein digestion. Lipid biosynthesis was triggered by

external supply of 100 μM oleoyl-CoA (o-CoA). (b) Confocal microscopy images of liposomes after swelling. Vesicles were

labelled with a membrane dye (Texas-Red). Scale bar is 5 μm. (c,d) Concentration of 18:1 LPA (c) and DOPA (d) synthesized in a

one-pot reaction by GPAT and LPAAT enzymes produced outside liposomes composed of DOPG, DOPE and cardiolipin (Table B

in S1 File). Lipid precursors were 500 μM G3P and 100 μM o-CoA (except in negative control). Error bars indicate s.e.m. of two

injections of the same sample. (e,f) Concentration of 18:1 LPA (e) and DOPA (f) produced by GPAT and LPAAT enzymes

generated inside liposomes. Three experimental configurations corresponding to different localizations of protein digestion were

tested. As expected, addition of Proteinase K both inside and outside liposomes totally inhibited lipid synthesis. In the absence of

Proteinase K 18:1 LPA and DOPA accumulated as a result of both internal and external acyltransferase production. Liposome-

confined IVTT and lipid synthesis was demonstrated by supplementing Proteinase K outside vesicles according to the reaction

scheme illustrated in (a). Data are mean and s.e.m. of three independent experiments. For each replicate the same sample was

injected two times in the MS, their averaged value was calculated and data are reported as the mean and standard error across

the three trials.

doi:10.1371/journal.pone.0163058.g005
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precursor of the vesicle lipids, could be produced by the GPAT and LPAAT enzymes in com-
bined IVTT and acyltransferase activity assays (Fig 5d). Production of the 18:1 LPA intermedi-
ate was also detected (Fig 5c), though in lower amount than DOPA due to its subsequent
consumption by the LPAAT enzyme. Around 25 μM of DOPA was produced, a concentration
similar to that of DPPA when starting from palmitoyl-CoA instead of oleoyl-CoA.

Further, to mimic the cellularization of gene expression, the PURE system together with the
plsB and plsC genes were compartmentalized inside cell-sized liposomes (Fig 5a). These in vesi-
culo experiments aim to recapitulate some essential features specific to the native cellular con-
text, such as confinement and entropy effects, and exposure to lipidic boundaries.
Additionally, they may simulate the cytoplasm-like crowding environment in the lumen of the
vesicle, as remarkably high concentrations of proteins can be entrapped upon liposome forma-
tion [23]. The method to prepare gene expressing-vesicles is based on gentle lipid film swelling
and it generates a heterogeneous population of uni- and multilamellar liposomes with sizes
ranging from< 0.5 μm to severalmicrometers in diameter, as visualized on a fluorescence con-
focal microscope (Fig 5b). Compared to our previously describedprotocol [24], the complete
PUREfrex system—comprised of the transcription-translation machineries, the tRNAs and the
feeding solution—supplemented with G3P and β-mercaptoethanol, was encapsulated inside
liposomes. The average number of DNA molecules per 5-μm diameter vesicle is ~30 and ~145
for plsB and plsC genes, respectively; therefore the DNA copy number per liposome is not a
limiting factor [25]. To prevent the reactions from starting prematurely, lipid film swelling was
performed at 4°C, which is still above the phase transition temperature of the bilayer. Non-
encapsulated proteins were digested by external addition of proteinase K and intravesicular
gene expression was simultaneously initiated by raising the temperature to 37°C. In control
experiments, proteinase K was added in the swelling medium such that digestion of proteins
occurred both inside and outside vesicles. The liposome membrane was equipped with the
pore-forming protein α-hemolysin to facilitate the uptake of G3P, amino acids and nucleoside
triphosphates present in the external environment, while providing a path for side products
removal. After 3 h gene expression, lipid synthesis was triggered by adding the co-substrate
oleoyl-CoA from the outside of the vesicles and the solution was incubated overnight at 37°C.

Liposome-confinedproduction of 18:1 LPA and DOPA could clearly be demonstrated (Fig
5e and 5f). As expected, addition of proteinase K completely impedes gene expression and thus
lipid synthesis. In the absence of active protein degradation, bulk production of lipids seems to
be inefficient since the total amount of DOPA is not largely reduced upon addition of protein-
ase K despite the relatively large external volume. This result suggests that at least one of the
key reaction steps, i.e. gene expression, co-translational membrane insertion, or lipid biosyn-
thesis, is enhanced when compartmentalized inside liposomes. One hypothesis is that in vesi-
culo co-production of GPAT and LPAAT enzymes will give rise to a higher density of the two
enzymes in the vesicle membrane, which may favor molecular transfer during the cascade reac-
tion. How the oleoyl-CoA substrate supplied outside the vesicles reaches the GPAT and
LPAAT catalytic sites needs clarification. It likely involves a two-step process: the binding to
the liposome membrane and flip-flop to reach the enzyme active sites. Because CoA is hydro-
philic, the latter step necessarily requires the formation of polar defects in the bilayer to facili-
tate translocation across the hydrophobic core. Such transient defects might be created by
osmotic pressure and possible lipid chain mismatch [24]. Regarding the binding of acyl-CoA
to the vesicles, it has already been reported that palmitoyl-CoApreferentially partitions into a
phospholipid bilayer [26]. Compared to inside-out proteoliposome experiments, a larger
enrichment of the vesicle membrane with DOPA is expected (i.e.> ~28%) when both gene
expression and lipid biosynthesis occur inside liposomes.
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Reconstitution of complete phospholipid synthesis pathways for

headgroup modifications

Diversity of phospholipid headgroups is crucial for membrane signaling,maintenance of trans-
membrane potential and activity of membrane proteins [10,27]. Hence, we sought to reconsti-
tute the whole cascade of enzymatic reactions involved to convert PA lipids into the more
abundant and bilayer-stable diacyl-PG and diacyl-PE bacterial lipids. The E. coli PG metabolic
pathway relies on the enzymes CdsA, PgsA and Pgp(A, B or C), while the E. coli PE biosynthe-
sis pathway implicates the CdsA, PssA and Psd enzymes (Fig 6a, Supplementary text). Linear
DNA templates encoding each for one enzyme of the cascade were constructed and translation
products were verified by gel electrophoresis (Fig 6b). Multiple genes were co-expressed in the
PURE system outside preformed liposomes to reconstitute either the PG or PE pathway start-
ing with the GPAT enzyme (Fig 6c). Gene expression and lipid synthesis occurred concurrently
with G3P, palmitoyl-CoA,CTP and additionally L-serine for the PE pathway. LC-MS analysis
of DPPE and DPPG end products was performed (Fig 6d). We found that DPPG and DPPE
phospholipids could successfully be synthesized in a pathway-selective manner. Omitting the
gene for the GPAT enzyme shuts the cascade reaction in both metabolic pathways, demon-
strating that possible contaminating amounts of 16:0 LPA and DPPA are too low to trigger the
chain reactions. Moreover, accumulation of DPPS, the last intermediate product in the PE
pathway, could be measured when the psd gene was absent (Fig 6d). Cell-free synthesis and
reconstitution of the two pathways from the inside of liposomes will necessitate to concatenate
all seven genes on a single DNA construct to avoid compositional heterogeneity in the different
templates between vesicles and to increase the fraction of liposomes loaded with all genes.

Discussion

Reconstitution of membrane-bound enzymatic pathways in the PURE

system

Cell-free synthesis of membrane proteins has become instrumental for structural and func-
tional studies of this important class of proteins [28,29]. Tens of different membrane proteins
have already been co-translationally reconstituted into liposomes, including the GPAT and
LPAAT enzymes studied here [6,28,30,31]. However, the co-reconstitution of even simple
enzymatic cascades has remained a challenge. Using the E. coli-based minimal PURE system as
a protein factory and liposomes as functional scaffolds, we have shown here that two entire
phospholipid synthesis pathways, comprising five enzymes each for a total of eight different
membrane proteins, could successfully be reconstructed. This represents the first example of
coupling betweenmembrane metabolic pathway and flow of genetic information in vitro.

Our liposome-based cell-free platform is highly versatile in terms of the lipidic composition
of the vesicular membrane and orthogonal control of multiple biochemical parameters. Com-
pared to E. coli extracts, PURE system benefits from remarkably reduced contamination by
RNases, proteases and lipids. Besides, in cell extract systems the synthesized proteins are not
insulated from endogenous components, which may influence the performance of the reconsti-
tuted functions. Because of the reconstituted nature of PURE system with highly specialized
enzymes for gene expression, interference between the host protein machinery and the newly
synthesized components/functions is limited. At least regarding the membrane proteins stud-
ied here, no active membrane translocation complexes are required for insertion into the mem-
brane. We believe that our approach can be adapted to high-content single enzyme studies
[32], where the chain of enzymatic reactions could be investigated in thousands of individual
liposomes.
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Increasing the yield of synthesized lipids and vesicle growth rate

We identify two remaining barriers that will need to be overcome for substantial volume
expansion of a lipidic compartment using the present approach. First, long-acyl chain CoA
substrates such as those used in this study are subject to precipitation in the presence of Mg2+

[33], which limits their initial concentration (to about 100 μM for palmitoyl-CoA) and,

Fig 6. Functional reconstitution of complete biosynthesis pathways for PE and PG lipids. (a) Metabolic pathways that lead

to the production of DPPG and DPPE starting from palmitoyl-CoA, glycerol-3-phosphate (G3P), cytidine triphosphate (CTP) and L-

serine as main substrates. The two-step acyl transfer reaction and the first headgroup conversion step are common to the PE and

PG pathways that then branch out into different headgroup modification reactions (see Supplementary text in S1 File for a

description of the individual enzymatic steps). For the final step of PG synthesis there exist three alternative enzymes: PgpA, PgpB

and PgpC, of which two (A/C) were used in this study. (b) Fluorescence scans of SDS-PAGE gels for the headgroup modifying

enzymes produced in the PURE system. Fluorescently labeled lysine residues were incorporated during translation. The left gel is

15% polyacrylamide. In addition to the pssA gene product that was used as a control, the gene products of pgpA, pgpC and pgsA

were synthesized. The right gel is 12% polyacrylamide and, besides the plsB gene product used as a control, the genes cdsA,

pssA and psd were expressed. Size markers are in kDa. The arrowheads point to the observed protein molecular mass. The

symbol “*” indicates the position of the band as expected from the nucleotide sequence of the genes (Supplementary text in S1

File). (c) Schematic of the inside-out proteoliposome reconstitution experiments and enzymatic cascade reactions, where all genes

of a given pathway were expressed in PUREfrex and all specific substrates were supplied. (d) LC-MS data reporting lipid

production in the PE and PG pathways under various experimental conditions. Combined gene expression and lipid biogenesis

was carried out as illustrated in (c) using 25 ng of each linear DNA templates, 500 μM G3P, 100 μM palmitoyl-CoA, 1 mM CTP and

500 μM L-serine. Details of MS signatures for the different lipids are reported in Table A in S1 File. Lipids DPPE and DPPG were

unambiguously detected in a pathway-specific manner. No PG is produced in the reconstituted PE pathway. Likewise, no PE was

detected in the PG pathway. When the plsB gene is omitted the complete pathways are shut down. In the absence of the Psd

enzyme, PE was not detected and its substrate lipid DPPS accumulated. Note that the MRM data for PS come from the MS

optimizer results, not from separate experiments as used for the other compounds. Data are mean and s.e.m. of three independent

experiments, except for the negative controls without plsB gene where two independent experiments were conducted. For each

replicate the same sample was injected between one and four times in the MS, their averaged value was calculated and data are

reported as the mean and standard error across the different trials.

doi:10.1371/journal.pone.0163058.g006
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consequently, the final amount of phospholipid produced. Synthesis yield could for instance be
improved by using the more soluble substrate acyl-ACP or shorter, more soluble, fatty acid
derivatives, provided integration with the fatty acid synthase system [34]. Second, the rate of
phospholipid synthesis is only a few micromolar per hour. Increasing the rate of protein pro-
duction by tuning the concentration of some translation factors, or increasing the number of
functionally integrated enzymes in the membrane by reducing the vesicle concentration or
improving the fraction of folded proteins may accelerate vesicle growth. Interestingly, in vesi-
culo experiments (Fig 5) show that phospholipid production is more substantive when gene
expression and lipid synthesis occurred inside liposomes. This enhanced reaction efficiency
prompts us to hypothesize that the vesicle surface area might increase more than 1% as
observed in inside-out experiments.

Expanding the repertoire of cell-free synthesized phospholipids

Capitalizing on the present study, further diversification of lipid structures seems reasonably
under reach. Indeed, the enzymatic synthesis of cardiolipin through condensation of two PG,
or one PG and one PE lipids, and that of phosphatidylcholine (PC) from CDP-diacylglycerol
or PE require only one more enzyme each [10,35,36]. Besides, various precursors, including
acyl-ACP, can be used to generate a larger repertoire of lipids that act as topological activators
for membrane deformation, as cofactors to assist some protein reactions or as signallingmole-
cules. We also envision the possibility to synthesize novel artificial lipids that would be difficult
to generate chemically or in vivo. For example fluorescent derivatives of acyl-CoA, such as acyl
chain-labeled NBD lipids (NBD, Nitrobenzoxadiazole),might be used as substrates to generate
fluorescently labelled phospholipids [37] for real-time monitoring of enzymatic acyl transfer
reactions and direct imaging of membrane expansion.

Gene-based phospholipid synthesis for biogenesis of the compartment

of a synthetic minimal cell

Our findings also resonate in the experimental framework of the construction of a minimal cell
based on IVTT compartmentalized inside liposomes. As opposed to an approach that would
exclusively rely on the use of purified proteins, a construction paradigm based on cell-free gene
expression as a protein factory appears more viable. Despite significant advances to endow
gene expressing-vesicles with cell-like functionalities [6], many challenging obstacles limit the
synthesis and quantitative analysis of a large repertoire of proteins, in particularmembrane
proteins, which precludes the achievement of elaborate functions, such as compartment growth
and division. Here we demonstrated how eight essential enzymes involved in phospholipid bio-
synthesis, a process of critical importance for cellular growth, could be produced in vitro from
genomic DNA. Seven different diacyl-glycerophospholipids have been synthesized, namely
CDP-diacylglycerol, phosphatidylglycerol phosphate, phosphatidylserine, DPPA, DOPA,
DPPE and DPPG. Additionally, a protocol was established to compartmentalize gene expres-
sion and lipid synthesis inside cell-sized liposomes. These experiments are foundational to
future investigations aiming at reconstituting complete lipid biosynthesis pathways embedded
inside the membrane of growing vesicles. Because the production of all necessary enzymes is
under transcriptional control the absolute and stoichiometric amounts of the different pro-
teins, and thus of the associated lipids, can precisely be regulated over time, which will be hard
to realize using purified proteins only. Such a constructive biology approach, in which the
building blocks and processes are directly inspired from those existing in modern organisms,
will complement chemical routes using artificialmembrane components [38–40] for repetitive
growth and fission of liposomal structures.
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Cell-free lipid biosynthesis as a route for division of a reconstituted

minimal cell

Besides volume expansion, we postulate that in vesiculo lipid biosynthesis could be exploited to
change the equilibrium state of the membrane and triggers asymmetric division [41]. First, in
light of the recently unveiled mechanism of L form cell reproduction [42], we predict that inter-
nal synthesis of phospholipids could be sufficient to induce shape deformation as a manifesta-
tion of the excess surface area of the membrane. The resulting unbalanced surface-to-volume
ratio will eventually be released by division through budding. Second, when coupled to excess
membrane generated by lipid production or by crossing the bilayer phase transition tempera-
ture [43,44], the synthesis of topologically active lipids (e.g. PE) could stimulate shape transfor-
mation and complete fission of vesicles.

Materials and Methods

Materials

Palmitoyl coenzymeA (p-CoA), oleoyl coenzymeA (o-CoA), palmitoyl lysophosphatidic acid
(16:0 LPA), oleoyl lysophosphatidic acid (18:1 LPA), 1,2-dipalmitoyl-sn-glycero-3-phosphate
(DPPA), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), 1,2-dioleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG), 1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-
sn-glycerol (cardiolipin), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl
(polyethylene glycol)-2000] (DSPE-PEG-biotin) were purchased from Avanti Polar Lipids. N-
(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanola-
mine (TRITC-DHPE) was from Invitrogen. Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine, triethylammonium salt (Texas Red DHPE), 212 μm-300 μm acid washed
glass beads, chloroform, methanol, acetylacetone, glycerol-3-phosphate (G3P), β-mercap-
toethanol, and L-serine were from Sigma-Aldrich. Formic acid, ammonium formate and ULC
grade organic solvents for mobile phases were from Biosolve. Cytidine triphosphate (CTP) was
from Promega.

Buffers

Buffer A (GPAT buffer, 150 mM Tris-HCl, 400 mM NaCl, 3 mM MgCl2, 5 mM β-mercap-
toethanol, 1 mg/mL BSA, pH 8.4), buffer B (LPAAT buffer, 100 mM Tris-HCl, 200 mM NaCl,
0.5 mM MgCl2, 1 mg/mL BSA, pH 9.0), buffer C (50 mM HEPES, 100 mM potassium gluta-
mate, 13 mM magnesium acetate, pH 7.6), buffer D (20 mM HEPES, 180 mM potassium gluta-
mate, 14 mM magnesium acetate, pH 7.6), buffer E (GPAT dialysis buffer, 150 mM Tris-HCl,
400 mM NaCl, 3 mM MgCl2, pH 8.4), buffer F (LPAAT dialysis buffer, 100 mM Tris-HCl, 200
mM NaCl, 0.5 mM MgCl2, pH 9.0), buffer G (150 mM Tris-HCl, 400 mM NaCl, 3 mM MgCl2,
1 mg/ml BSA, 66.6 μM G3P, pH 8.4).

Preparation of DNA constructs

The genes plsB and plsC were kindly provided by Dr. Yutetsu Kuruma [15] in the form of circu-
lar plasmids. The plasmids carrying an ampicillin selectionmarker were amplified in E. coli
(TOP10) cells and purifiedwith a PureYield™ plasmid miniprep (Promega). Linear DNA tem-
plates were generated by PCR using the primers reported in Table C in S1 File. For the lipid
headgroup modification experiments the DNA templates containing the genes cdsA, pgsA,
pgpA, pgpC, psd or pssA were all constructed from E. coli MG1655 (K12) genomic DNA that
was extractedwith GenElute™ Bacterial Genomic DNA Kit (Sigma Aldrich). The genes were
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cloned into a pET11a backbone by Gibson assembly [45,46]. Amplification of the target genes
was performed using two primers. A forward primer with the following regions (from 5’ to 3’):
a region overlapping the pET11a sequence and a region overlapping the gene of interest. A
reverse primer with the same sequence design (pET11a homology, gene of interest homology)
was employed. The assembled plasmids were then amplified in E coli cells (TOP10), purified
and linear PCR products were generated as described above. All sequences were confirmed by
sequencing. The list of primers is reported in Table C in S1 File. Proteins were then synthesized
in vitro using either the plasmid or linear DNA as a template for gene expression.

Preparation of small unilamellar vesicles (SUVs)

Lipids dissolved in chloroform were transferred to a 2-mL glass vial. Unless otherwise indicated
the regular lipid composition was DOPC/DOPE/DOPG/cardiolipin, 50.8:35.6:11.5:2.1 in mol.
%. An overviewof the different lipid mixtures used is provided in Table B in S1 File. Chloro-
form was evaporated under gentle argon flow. Traces of solvent were removed by placing the
lipid film-containing vial in a vacuum desiccator for 1 h. The lipid film was then hydrated with
buffer D (Figs 2a and 3–6) or buffer C (Figs 1b and 2b). The sample was vortexed to resuspend
the lipids in aqueous solution and the produced multilamellar liposomes were subjected to five
freeze-thaw cycles in liquid nitrogen, except in proteoliposome purification by flotation (Fig
1b) and CoA assay experiments (Fig 2b), where this step was omitted. Next, the liposomes
were extruded 20 times through a polycarbonate membrane with 0.4 μm (Figs 2a and 3–6) or
0.1 μm (Figs 1b and 2b) pores using an Avanti mini-extruder (Avanti Polar Lipids). Finally, the
SUV samples were aliquoted, snap-frozen in liquid nitrogen and stored at –20°C until use.

Cell-free protein synthesis

In vitro transcription-translation (IVTT) reactions were performed in the PUREfrex kit (Gene-
Frontier Corporation, Japan). PUREfrex is composed of three different solutions: the enzyme
mixture (T7 RNA polymerase, translation factors, energy recycling system, etc.), the E. coli
ribosomes, and the feeding mixture (amino acids, NTPs, tRNAs, creatine phosphate, etc.). All
solutions were aliquoted in small volumes and stored at –80°C. For bulk experiments, in which
IVTToccurred outside or in the absence of liposome, the PUREfrex reaction solution was
assembled on ice by mixing one volume equivalent (equiv.) of enzyme mix, 1 equiv. of ribo-
some, 10 equiv. of feeding mix, the DNA template(s) (final concentration ranging from 1.7 nM
to 16.9 nM, and the total volume was adjusted to 20 equiv. with nuclease-free water. Both puri-
fied plasmids and PCR products have been used as templates. Less truncated transcription
products and higher yield of full-length protein were observedwhen using the plsB plasmid
and the plsC linear DNA (not shown); these conditions were therefore chosen for all reported
IVTT reactions. Total reaction volumes of 2.5 μL to 20 μL were used. When indicated, Superase
RNase inhibitor (Thermo Fisher), β-mercaptoethanol, lipid precursors and SUVs were supple-
mented to IVTT reactions (see below). For SDS-PAGE analysis of the translation products,
~5% v/v of stock solution of BODIPY-Lys-tRNALys (FluoroTect™ GreenLys, Promega), a fluo-
rescence-based in vitro translation labeling system, was included to the reaction. Gene expres-
sion reactions were carried out at 37°C for 3 h unless coupled with in situ lipid biosynthesis.

Sequential IVTT and acyl transfer reactions

Enzyme-containing proteoliposomes were prepared by performing PUREfrex reactions using
10 ng/μL of plsB and/or plsC DNA templates, 0.4 U/μL of RNase inhibitor and 400-nm SUVs
(2 g/L lipid). The DHFR-encoding expression plasmid provided in the PUREfrex kit (5.78 ng/
μL final) was used in control experiments for GPAT activity. A linear DNA coding for the LacI
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protein (20.8 ng/μL final) was employed in control experiments for LPAAT activity. Lipid sub-
strate palmitoyl-CoAwas dissolved in a solvent mixture chloroform:methanol:water with vol.
% 80:20:2 and 16:0 LPA was dissolved in chloroform:methanol:water with vol. % 65:35:8. The
solutions were transferred to a 1.5-mL glass vial and the solvent was evaporated at room tem-
perature and ambient pressure under a chemical hood. The dried lipid substrates were then
resuspended in a pre-ran proteoliposome-containing IVTT solution that was diluted ten times
either in buffer A (GPAT buffer) or buffer B (LPAAT buffer). The final concentration of palmi-
toyl-CoA was either 133.3 μM when both GPAT and LPAAT enzymes were co-assayed or
66.6 μM for single-enzyme assays. In addition, reactions with only the LPAAT (or LacI)
enzyme included 66.6 μM LPA. All reactions with the GPAT (or DHFR) protein contained
66.6 μM G3P. Negative controls for reactions with both GPAT and LPAAT proteins were per-
formed without G3P. The samples were incubated overnight at 22°C and assayed by LC-MS.

Acyl transfer fluorescence-based assay

Using acyl-CoAas the acyl donor substrate for GPAT and LPAAT leads to the release of CoA.
Accumulation of free CoA was measured by using an acyltransferase activity kit (Enzo Life Sci-
ences), in which CoA reacts with a fluorogenic substrate to form a fluorescent thiol adduct.
The acyl transfer activity of the GPAT and LPAAT enzymes was assayed subsequently to pro-
tein synthesis and liposome reconstitution in PUREfrex. Conditions for IVTT reactions in 10-
μL volume were as described above with the following modifications: 100-nm SUVs were used
at a concentration of 2 g/L and the RNase inhibitor was at 0.2U/μL. The DHFR-encoding plas-
mid (5.78 ng/μL final) provided as a positive expression template in the PUREfrex kit and a lin-
ear DNA coding for the LacI protein (20.8 ng/μL final) were used as DNA templates in
negative control experiments for GPAT and LPAAT activity, respectively.

Because the CoA-sensitive assay is not compatible with the presence of reducing agents, the
DTT contained in PUREfrex was dialyzed out overnight at 4°C using a floating dialysis mem-
brane (V-Series from Millipore) with 25-nm pore size on 100 mL of buffer E (GPAT dialysis
buffer) or buffer F (LPAAT dialysis buffer). The 10-μL dialyzed samples were diluted to 100 μL
to reach final composition of buffer G for GPAT or buffer B for LPAAT. The solutions were
then used to re-suspend the lipid substrates dried into glass vials. Final concentrations were
66.6 μM of palmitoyl-CoA for GPAT activity assay, and 33.3 μM of palmitoyl-CoA along with
33.3 μM of LPA for LPAAT activity assay. The samples were incubated for 2 h at room temper-
ature and assayed according to the instructions of the supplier. Briefly, 25 μL of sample was
mixed with 25 μL of proprietary “Transferase Assay Buffer”. The samples were furthermixed
with 50 μL of ice-cold isopropanol, then with 100 μL of detection solution and incubated 10
min. Fluorescence signal was measured with a CLARIOstar (BMG LABTECH, Germany) or
Cary Eclipse (Agilent Technologies) plate reader (results were combined by normalizing to
positive control) at 486 nm excitation and 540 nm emission wavelengths.

Combined IVTT and acyl transfer reactions

PUREfrex solutions were assembled using 3.4 nM plsB and 16.9 nM plsC DNA templates sup-
plemented with 0.4 g/L of 400-nm SUVs, 0.4 U/μL of RNase inhibitor, 5 mM β-mercaptoetha-
nol and 500 μM G3P. Lipid precursors palmitoyl-CoA and oleoyl-CoAwere separately
dissolved in a solvent mixture chloroform:methanol:water with vol. % 80:20:2 and 16:0 LPA in
chloroform:methanol:water with vol. % 65:35:8. The solutions were transferred to a 0.2-mL
Eppendorf PCR tube and the solvent was evaporated at room temperature and ambient pres-
sure under a chemical hood. The dried lipid substrates were then resuspended in the PUREfrex
mix leading to the final concentrations of 100 μM palmitoyl-CoA or oleoyl-CoA, and 100 μM
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16:0 LPA, with the exception of the kinetics experiments (Fig 3b–3e), where 50 μM palmitoyl-
CoA and 50 μM 16:0 LPA were used with LPAAT-only. The samples were incubated at 37°C
overnight or shorter when indicated, and the lipid content was assayed by LC-MS.

Purification of proteoliposomes by floatation

A 20-μL IVTT reaction was run with 12.5 ng/μL of the plsB and/or plsC constructs and 1.66 g/
L of 100-nm SUVs. The reaction solution was further supplemented with 0.8 μL of BODI-
PY-Lys-tRNALys. The in vitro synthesized acyltransferase GPAT and LPAAT enzymes success-
fully reconstituted in proteoliposomes were separated from bulk proteins, including all
PUREfrex components, by liposome floatation technique. First, the pre-ran IVTT reaction
solution was mixed with 1 μL of RQ1 DNase and 1 μL of RNase I, and held at 37°C for 1 h. The
sample was then diluted two times in buffer C, layered on top of 40 μL of a 7.5% w/v sucrose
solution in a 230-μL ultracentrifugation tube (BeckmannCoulter). The sample was spun at
40,000 rpm (203,000 g) for 4 h using a 42.2 Ti rotor in an Ultima L-90K centrifuge (Beckmann
Coulter). The floating liposomes—labelledwith the DHPE-TRITC membrane dye for easy
visualization—were then harvested with a cut pipette tip from the surface and the co-purified
proteins were analysed by SDS-PAGE.

SDS-PAGE analysis

For SDS-PAGE analysis of protein synthesis, samples containing the GreenLys-labelled trans-
lation products were denatured for 2 min at 65°C, loaded on a 12% or 15% SDS-PAGE gel and
analyzed using a fluorescence gel imager (Typhoon, Amersham Biosciences). Ladder was either
prestained or stained with coomassie blue and appended to the images to scale with GIMP
image editor.

Liposome purification with Dynabeads1

For the experiments of LC-MS analysis of liposome enrichment with synthesized lipids, PURE-
frex solutions were assembled with 10 ng/μL of plsB and plsC templates, 0.5 U/μL RNase inhibi-
tor, 5 mM β-mercaptoethanol, 500 μM G3P and 2 μg/μL 400-nm SUVs with (two samples
pooled) or without (one sample) biotinylated lipids (lipid mix contained 0.1% DSPE-PEG bio-
tin). The three PUREfrex solutions were added separately to 100 μM of dried palmitoyl-CoA
and reacted overnight at 37°C. Two samples, one with biotinylated liposomes and the other
with non-biotinylated liposomes, were subjected to purification using streptavidin-coated mag-
netic beads. The overall sample purification workflow is illustrated in Figure C in S1 File.
Thirty microliter of M-270 Dynabeads1 (Life Technologies Europe BV) were washed three
times with 200 μL of buffer D. The beads were resuspended in 100 μL of buffer D and 12.5 μL
of the proteoliposome-containing solutions was added to separate tubes. The samples were
then incubated at room temperature in a rotator for 80 min. The beads were then washed five
times with 200 μL of buffer D and the sample volume was adjusted to 12.5 μL. Each of the three
12.5-μL samples (two undertook purificationwith Dynabeads1, one did not) was mixed with
387.5 μL methanol and then sonicated for 10 min. The samples were then supplemented with
1.6 mL methanol (final volume 2 mL) and filtered using a 0.2-μm Acrodisc1 (Pall) syringe fil-
ter to remove the magnetic beads. The volume of the solution was finally reduced to approxi-
mately 112.5 μL with an Eppendorf Concentrator Plus and 12.5 μL of MilliQ water was added
along with 1.25 μL of 500 mM EDTA and 1.25 μL of 200 mM (equivalent to 20.6% v/v) acetyla-
cetone. The samples were then assayed by LC-MS.
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In vesiculo gene expression and acyl transfer experiments

Liposomes were formed by natural swelling of a lipid film coated onto 212–300-μm glass beads
according to our previously reported protocol [24], with some modifications. Five milligrams
of lipids dissolved in chloroform were mixed in a round-bottom glass flask. Lipid composition
was DOPC, DOPE, DOPG and cardiolipin at 50.8:35.6:11.5:2.1mol. %. The mixture was sup-
plemented with TexasRed-DHPE 0.5% and DSPE-PEG-biotin 1%, both in mass percent. To
improve lipid film swelling at low temperature, ~63.5 μmol. of rhamnose (from a 100-mM
stock solution in methanol) was added to the lipid mixture [47]. Finally, 1.5 g of glass beads
was added and the organic solvent was rotary evaporated at 200 mbar at room temperature.
The dried lipid-coated beads were transferred to a 2-mL polypropylene tube and put in a vac-
uum dessicator overnight to remove traces of solvent. The beads were then stored under argon
at –20°C and were re-dessicated for 30 min before use.

The IVTT reaction solution to be internalized inside liposomes was prepared by pooling the
three PUREfrex reagents in a ratio feeding/ribosome/enzymesof 10:1:1 supplemented with 7.4
ng/μL of plsB and plsC DNA templates (final concentrations 2.5 nM and 12.5 nM, respectively),
0.74 U/μL RNase inhibitor, 7.4 mM β-mercaptoethanol and 740 μM G3P. The solution was
split into three samples of 13.5 μL each. To one sample 1 μL of 100 μg/mL proteinase K (from
Promega, stock solution in MilliQ water) was added, while in the other two samples 1 μL of
MilliQ was injected. The IVTTmixture was then added to lipid-coated glass beads to form
liposomes. Lipid film swelling was performed for 2 h at 4°C to avoid gene expression to start,
while maintaining the bilayer in the liquid disordered phase. After swelling the samples were
subjected to four freeze-thaw cycles (alternating exposure to 4°C and liquid nitrogen) to break
multilamellar structures. From each reaction 4.35 μL of supernatant was harvested,mixed with
1.35 μL of 4.44 μM α-hemolysin (Sigma-Aldrich) and incubated at room temperature for 10
min. To one of the samples that have not received proteinase K, 0.3 μL of the protease stock
solution was added to digest all proteins outside liposomes, while 0.3 μL of MilliQ was added
in the other two samples. All three samples were then incubated at 37°C for 3 h. The 6-μL sam-
ples were transferred into new 0.2-mL PCR tubes, where dried oleoyl-CoAhad been deposited,
leading to a final concentration of lipid precursor of 100 μM. The samples were further incu-
bated at 37°C overnight and their lipid contents were assayed by LC-MS.

Headgroup modification experiments

Cell-free gene expression, acyl transfer and headgroup conversion reactions were performed in
a single-pot reaction in an inside-out proteoliposome configuration essentially as described in
the section ‘Combined IVTT and acyl transfer reactions’. Here, five different DNA templates
(each 5 ng/μL) each encoding for one enzyme of the PE or PG pathways were included in 5-μL
PUREfrex solutions to reconstitute the whole cascade of enzymatic reactions, except for control
experiments where the plsB or psd gene was omitted. The lipid precursor palmitoyl-CoAwas
used at a final concentration of 100 μM to produce the DPPE and DPPG output lipids. In addi-
tion, 1 mM CTP and 500 μM L-serine were included as cofactors in all reactions for synthesis
of DPPE and DPPG.

Liquid chromatography-mass spectrometry (LC-MS) for lipid detection

The lipid fraction was extracted by first diluting the samples ten times with methanol contain-
ing 2 mM (0.0206% vol.) acetylacetone. For in vesiculo and headgroup conversion experiments
5 mM of EDTA was also included in the organic solvent to improve the stability of the LC-MS
method (Figure D in S1 File). The samples were then sonicated for 10 min in a bath sonicator,
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spun down at 16,100 r.c.f. in an Eppendorf 5415R to remove protein and nucleic acid precipi-
tates, and the supernatant was harvested for LC-MS analysis.

The LC-MS method for lipid analysis was adapted from previous studies [48,49]. In all
experiments, 5-μL samples were injected into an LC system (Agilent 1260) equipped with a
XSELECT HSS T3 2.5 μm analytical column. Lipids elute sequentially (a typical chromatogram
is shown in Fig 1c) providing a pre-separation step before entering the MS system. The mobile
phase A consisted of (all % given in vol./vol.) 60% acetonitrile, 40% deionized water, 7 mM
ammonium formate, 0.0114% formic acid and 2 mM acetylacetone. Formic acid and ammo-
nium formate were used to set the pH to 4.0. The mobile phase B was 90% isopropanol, 10%
acetonitrile, 0.0378% formic acid and 2 mM acetylacetone. Acetylacetone was used to chelate
metal ions, which reduced peak tailing of LPA and DPPA [50].

The output from the analytical column was connected to an MS instrument (Agilent 6460
Triple Quad MS) that was operated according to the parameters reported in Table A in S1 File,
where the values in non-calibrated data represent the integrated peak area. We adopted a mul-
tiple reaction monitoring (MRM) transitions analysis, whereby the lipids were ionized, selected
by mass in a first ion filter, fragmented by collisions with nitrogen gas in a collision cell and
then the fragment masses were monitored in another ion filter.

LC-MS data calibration curves

When indicated (Figs 3b–3e and 5), the absolute amounts of synthesized lipids were deter-
mined using purified lipids of known concentrations to plot calibration curves (Figure B in S1
File). The full method is described in the Supplementary text.

Fluorescence confocal microscopy

Liposome samples were prepared according to the protocol used for vesicle-confined reactions.
After lipid film swelling, a 6-μL-solution droplet was deposited into a homemade chamber
mounted onto a #1.5 glass coverslip. The sample was imaged using a fluorescence confocal
microscope (A1+ from Nikon) equipped with a ×100 oil immersion objective and a 561-nm
laser line with appropriate dichroic mirror and emission filter to detect the TexasRed-DHPE
membrane dye.

Statistical analysis of data

Whenever indicated a two-sample t-test (unequal variances) was performed using MATLAB
(MathWorks), with the hypothesis that the population means are unequal.

Supporting Information

S1 File. Supporting information file contains supplementaryTables, Figures and text. Sup-
plementary text includes details on (i) lipid handling, (ii) the preparation of lipid standards
and calibration curves for absolute quantitation of synthesized lipids, (iii) the calculation of
vesicle surface area increase and number of membrane proteins per liposome, and (iv) a
description of the main structural and reactivity properties of the phospholipid headgroup
modifying enzymes. Table A in S1 File. Optimizedparameters for mass spectrometryMulti-
ple Reaction Monitoring (MRM) mode.�The fragmentor voltage was set to 220 mV with
PgpA and to 70 mV with PgpC. Table B in S1 File. Overviewof the different lipid composi-
tions used. Table C in S1 File. List of primers and sequencesused for Gibson assembly or
for generating linearDNA templates for IVTT reactions.The lower case three-nucleotide
stretch in the DNA sequences denotes the region in the primer where the coding region starts.
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All sequences are reported in the 5’ to 3’ direction.Figure A in S1 File. Chromatogrampro-
files of the lipids used in this study. Chromatogram profiles of purified lipids as measured
with LC-MS. Lipids DPPA and DOPA were identified using three different fragment ions to
facilitate unambiguous detection. Their corresponding m/z of intact and fragment ions are
appended in the chromatograms. Figure B in S1 File. Calibration curves for quantifying
absolute lipid concentrations.The number of counts for lipid standard samples of known
concentrations was plotted against the concentration and a linear fit of the data was performed.
For each sample, the concentration error was estimated to be 10% based on the fact that lipids
obtained from Avanti Polar Lipids are overpacked by as much as 10% and that standard stocks
may experience degradation. The counts error was calculated directly from multiple measure-
ments of lipid standards. Alternatively the error percentage was calculated from multiple injec-
tions of synthesized lipids-containing samples as an estimate of the MS data variability on a
given day. The concentration to counts conversion factors are calculated from the slopes
divided by ten to account for the ten-fold dilution of samples before injection to the MS. (a)
Calibration plots for the kinetics measurements presented in Fig 3b–3e. Values of conversion
factors are 1302 cts/μM for LPA and 778 cts/μM for DPPA. (b) Calibration plots for the oleoyl-
CoA bulk experiments presented in Fig 5c and 5d. Values of conversion factors are 770 cts/μM
for 18:1 LPA and 393 cts/μM for DOPA. (c) Calibration plots for the oleoyl-CoA in vesiculo
experiments presented in Fig 5e and 5f. Values of conversion factors are 531 cts/μM for 18:1
LPA and 604 cts/μM for DOPA. Calibration curveswere performed on the same day as mea-
surements on stored samples to minimize differences observedwhen experiments were made
on different days. This, together with contribution from the fact that preparation of lipid stan-
dards was different for the three sets of experiments (Supplementary text), explains the differ-
ent conversion factor values obtained in b) and c). Figure C in S1 File. Experimental
workflow for assessing the fraction of synthesizedDPPA localizedin the liposomemem-
brane. The loss of lipids during the filtration step was determined by measuring the number of
counts of lipid standards (DPPA and DOPG, three concentrations each) treated with or with-
out filtration. Linearity over the used concentration range was validated for both lipids and
both treatments (not shown). For each lipid the loss introduced by filtering was calculated as:
Loss % = slope filtered / slope unfiltered x 100. Values of 42% and 55% were obtained for DOPG
and DPPA, respectively. The fraction of DOPG and DPPA lipid retained during purification
was assessed using biotin-labelled vesicles and subjecting, or not, samples to purification with
Dynabeads. Recovered lipid values correspond to 57% and 14% for DOPG and DPPA, respec-
tively. The sample devoid of biotinylated lipid served to infer the loss of DPPA due to nonspe-
cific adsorption to the magnetic beads or to the tube during purification. The corresponding
count number was subtracted from that of the biotin-labelled vesicle sample to determine the
actual fraction of DPPA that was retained through liposome immobilization. In Fig 4, we esti-
mated this fraction to represent ~15% of the total DPPA synthesized, which after correcting for
the fact that only ~52% of internal standard DOPG is recovered leads to ~30%. Figure D in S1
File. Addition of EDTA in MS samples leads to higher number of counts for DPPA. A
higher number of counts for DPPA was observedwhen standard solutions were supplemented
with 5 mM EDTA. These results suggest that interaction between the charged phosphate group
of the lipids, metal ions and exposed silica in the column could lower the absolute number of
counts. We therefore included EDTA in some samples (in vesiculo, headgroup modification
and Dynabeads purification experiments) to increase signal and reproducibility. Standard sam-
ple matrix corresponds to 90% methanol with 2 mM acetylacetone and 10% buffer D. Figure E
in S1 File. Efficiencyof protein separation by the liposome floatation technique as mea-
sured by SDS PAGE. PUREfrex reactions were carried out as described in the Methods section.
Production of the LacI and DHFR proteins was used as a control for removal of non-
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membrane-bound proteins. The same SDS PAGE was analysed through fluorescence of non-
natural amino acids as a marker of translation products (top image) and by CBB staining as a
total protein marker (bottom image). Lane 1, V849a protein ladder; Lane 2, no DNA non-puri-
fied; Lane 3, LacI non-purified; Lane 4, DHFR non-purified; Lane 5, LacI purified, bottom ¼;
Lane 6, Lac I purified, second ¼; Lane 7, LacI purified, third ¼; Lane 8, LacI purified, top ¼.
Arrowheads indicate the synthesized LacI protein in the unpurified and bottom ½ fractions of
the purified samples. Good removal of bulk protein is achieved by harvesting the top ½ of the
sample, as can be seen from the protein-free lanes 7 and 8. Hence, isolation of membrane-
bound GPAT and LPAAT proteins that co-purifiedwith liposomes was ensured by harvesting
a sample fraction<¼ from the top (Fig 1b). This experiment also shows that water-soluble
proteins containing fluorescent amino acids do not significantly bind to the vesicle membrane
in a non-specificmanner.
(PDF)
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