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1
INTRODUCTION

1.1. CONCEIVING OF THE MINIMAL CELL
Natural life is extraordinarily complex, which by definition means that it has many in-
terconnected and functioning parts. The goal of synthetic biology is to engineer living
systems, though due to their very complexity they remain recalcitrant to engineering [1].
What if it were possible to reduce the complexity to a finite amount of parts that are well
understood and therefore possible to manipulate. That is the motivation for construct-
ing a so called minimal cell.

How complex, and what functions should something have to be considered alive? A
definition that we find fundamental is an entity, that can take chemicals from its environ-
ment and be able to maintain itself, in spite of the fact that globally entropy is increasing.
The key process required is self reproduction, i.e. the manufacture of the components
comprising the system [2]. That central process is accompanied by degradation, recy-
cling and repair of decaying components, where feasible. Together the living system
thus maintains itself in a process called homeostasis. However, those processes cannot
happen indefinitely due to the increase of energetic costs of replacing, recycling and re-
pairing components as the age of the system increases and more components decay. It
is therefore natural to start over by replicating the entire entity. To produce its parts, a
living system needs a program that encodes the parts and that itself must be replicated.
The above extends the necessary requirements of life to self maintenance and self repli-
cation. If in replicating itself, the living thing can alter the copy to give it an advantage in
performing the first two tasks, it is more likely to continue to exist. That is to say it will
evolve and the ability to do so can be considered a third requirement for life. Another
way of stating all of the above is that a living entity must be able to metabolize, have a
container which specifies a boundary that can grow and be replicated, have genes which
encode the above functions, and the genes themselves should be able to be replicated
with the possibility for mutation, which is necessary for evolution.

What is meant by minimal? A simple way of quantifying the complexity of an organ-
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Figure 1.1: The requirements for a molecular assembly to be considered living can be summarized as having
a metabolism, for resource transformation, self maintenance and growth, a container for identity localization
and reproduction, and genes for controlling those functions through mutable inheritable information.

ism is by simply counting the number of genes it has 1, this implies that the organism is
based on DNA, which is read by an RNA polymerase. It also implies that at least some
of the RNA is translated into protein. Note however that some origins of life researchers
envision an early version of life without proteins, called the RNA world, [3]. If we accept
the number of genes as a metric of complexity for an organism, then we can approach
finding the minimal genome in two ways: the top down and bottom up approaches.

In the top-down approach, as many genes as possible are deleted from existing or-
ganisms while they still maintain their functions [4]. An example of this approach in-
volved the bacteria Mycoplasma genitalium, which is the organism with the smallest
known genome that can survive in pure culture. Its genome was reduced from the orig-
inal 482 genes to only 385 genes [5]. On the other hand, in the bottom-up approach,
cellular functions are reconstituted from purified components with an emphasis on the
process being under controlled conditions [6], [7] [8]. In this approach the predicted
number of genes from biochemical considerations is approximately 150 [9]. In both
these instances it should be noted that the reduced complexity of the organism requires
a corresponding increased complexity of the environment. Some bacterial symbionts
survive inside other organisms such as Candidatus Tremblaya Princeps which survives
only inside of Moranella Endobia [10] and has a genome of only 121 genes. Likewise it is
clear that a bottom up minimal cell that has the ability to synthesize amino acids must
be more complex than a minimal cell which has amino acids in its culture medium. As
such their can be a continuum of minimal cells with varying degrees of complexity.

1this is not necessarily a good measure of biological complexity, because the expression level of the genes as
well as modifications of RNA and proteins after transcription and translation can alter the number of inter-
acting elements in the cell and therefore the complexity of the organism.
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The approach that we have been describing of creating a minimal cell based on DNA,
RNA and protein is the so called semi-synthetic cell. There are also researchers attempt-
ing to make truly synthetic protocells, [11], [12], [13] though we will not touch upon them
here.

What do we hope to learn and gain by building a minimal cell? Firstly a goal is to
identify the design principles of life, i.e. what chemical and biophysical processes are
necessary for life to sustain itself. We also stand to learn a great deal about the individual
components which may provide opportunities for the development of new biotechnolo-
gies. It will also be possible to design and develop new kinds of sensing technologies,
smart medicine, and eventually allow the production of chemicals with a specialized
and therefore efficient artificial cell.

1.2. IMPLEMENTING THE MINIMAL CELL
We have highlighted the functions of a minimal cell as self maintenance, self repro-
duction and the encoding of these functions through mutable inheritable information.
Those functions must be implemented in an entity able to metabolize, have a container
which specifies a boundary that can grow and be replicated, and have genes which en-
code those processes and which themselves can be replicated with the possibility for
mutation so that evolution may occur. In our lab we aim to achieve these functions in our
own minimal cell project. As we are implementing these functions in a semi-synthetic
manner, it means that DNA, RNA and protein are the core functioning elements. To get
from DNA to RNA, a process known as transcription is necessary and from RNA to pro-
tein, a process known as translation must take place. As discussed below, to perform
these core functions we make use of the PURE system [14]. The PURE system’s main
function is to metabolize RNA and proteins from small molecules, though it also has the
ability to regenerate some of its chemical components and degrade others. Encapsula-
tion of purified proteins into cellular units is also necessary for making a minimal cell
and for reasons discussed below this is done with glycerophospholipids [15] [16] [17].
Furthermore we aim to grow and divide those compartments, which is the main focus of
this thesis. Other projects in our lab aim to replicate the contents of the compartments,
to date this involves DNA replication but in the future will include the contents of the
PURE system itself including the ribosomes. And finally the lab investigates genetic cir-
cuits to control and time the functions of the minimal cell.

Transcription and translation can be implemented outside of cells, in so called cell
extracts. In these systems cellular extracts derived from cytoplasmic parts of E. coli are
able to transcribe and translate DNA constructs [18]. There are advantages to this ap-
proach including high yield of protein expression [19], reduced cost [8] and the possibil-
ity to use the diverse æ factors of E. coli bacterial RNA polymerases which impart tran-
scriptional specificity [20]. However, these systems are poorly defined, containing many
components whose precise activity is unknown. In contrast, the PURE (Protein synthe-
sis Using Recombinant Elements) system developed by Takuya Ueda (Tokyo University)
[21] [14] is a minimal set of purified enzymes and co-factors (36 proteins), which recon-
stitute the functions of transcription, translation, amino-acylation, energy regeneration
and pyrophosphate hydrolysis. The main advantage of this system is that because the
enzymes are individually purified its total contents are known and thus modules im-
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plemented within it will not have interference from other unknown processes. In this
thesis we use mainly the PUREfrex (GeneFrontier), and in a few experiments we use the
PURExpress® (New England Biolabs), whose composition has been modified from the
original PURE system [21]. By including various DNA templates in the PURE system,
which encode for proteins performing cellular functions, we expand the functionality of
our minimal cell.

The second important aspect of the minimal cell is the boundary. The first reason
for that is fairly intuitive, to be an individual, and to be able to replicate and therefore
evolve, a entity must have a boundary which defines it as separate from the rest of ex-
istence. The more subtle reasoning for needing a boundary and individuality has to do
with the so-called error catastrophe. That is to say, during the process of evolution errors
in the replication will be made which without compartmentalization and selection will
overrun the system. In an experiment, genes encoding a polymerase underwent cycles
of self replication. In a series of parallel reactions, when PCR amplified polymerase genes
of initially one genotype per reaction were expressed in vitro, allowed to replicate their
own template, then diluted so that only a single copy per reaction was passed to a next
generation for PCR amplification and finally the cycle repeated, the process lasted many
(10) generations [22]. In another series of parallel experiments, where, after the initial
PCR amplification, in vitro expression and self replication steps, a pool of 100 molecules
from each reaction were passed to the next generation (starting with the new PCR am-
plification step) and the ability of the polymerases to self replicate was lost after three
generations. That is due to the fact that templates that erroneously replicated during
the self replication step pollute the population of good replicators, and cause non func-
tional enzymes to be expressed, eventually taking over the population due to the greater
number of possible non functional enzymes as functional ones [22]. The contrasting
of the two ways of passing genes to the next generation shows that strict compartmen-
talization (passing one gene to the PCR amplification step), prevents the erroneous se-
quences from taking over a population and preventing replication, which does occur
when loose compartmentalization (passing pools of sequences to the PCR amplification
step) is used. For the survival of the minimal cell over many generations it is therefore
important that it be compartmentalized, ideally passing only a few copies of its genome
to future generations. To encapsulate the PURE system, we and others make use of glyc-
erophospholipids [17] [23] that form so called lipid vesicles. Glycerophospholipids form
stable bilayers, are the main component of natural cell boundaries and are not precip-
itated by the magnesium present as cofactor in the PURE system, as are, for instance,
fatty acids [24]. In this thesis we will focus on the growth of these lipid compartments in
chapters 2-5 with a preview into methods of division in chapters 6.

The other functions of replication of DNA and of the PURE system itself as well as di-
vision of the compartment are also to be performed with proteins and mRNA expressed
in the PURE system, and we speculate on tools for doing so in chapter 6.

1.3. THESIS OUTLINE
In chapter 2, we implemented lipid biosynthesis by PURE system synthesized proteins.
Using glycerophospholipid liposomes as scaffolds, we synthesized the E. coli proteins
GPAT and LPAAT, responsible for the synthesis of lysophosphatidic acid and phospha-
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tidic acid, respectively. First, by synthesizing the proteins from outside of liposomes and
then purifying the liposomes we showed that the proteins are associated with liposomal
membranes. Second, we developed a liquid chromatography mass spectrometry (LC-
MS) method for the detection of enzyme products. We then used the LC-MS method to
study the activity of GPAT (plsB gene) and LPAAT (plsC gene) from proteins expressed
outside of liposomes. Our findings include that proteins are active in various buffers,
even when the proteins were co-expressed with the activity step. Next we found that it
was crucial to have liposome supports to have efficient protein activity. We further ob-
served that it was possible to use at least two types of fatty acyl CoA substrates and that
the composition of the liposomal supports can be at least slightly varied. We also showed
that at least some of the synthesized lipids are incorporated into liposomal membranes,
i.e the liposomes are growing. Finally we found that it was possible to express the pro-
teins and perform lipid synthesis from inside liposomes, which is an important step in
making a minimal cell.

In chapter 3 we present findings supporting those of chapter 2, as well as general
laboratory techniques. In particular we show experimental details of how the gene con-
structs for plsB (GPAT protein) and plsC (LPAAT protein) were obtained and a brief study
of the optimal type of template to use in the PURE system. We provide details of the liq-
uid chromatography and mass spectrometry principles and methods employed in this
thesis. We also present information obtained regarding improvement of LC-MS sensi-
tivity by including EDTA in the sample. Furthermore we present data suggesting that
glycerol-3-phosphate (G3P) contamination existed either in the lipids used, or in the
PURE system. We also present data on the effect of preparing PURE system additives
G3P andØ-mercaptoethanol freshly, or from stored stock solutions. In addition we study
the effect of the concentration of palmitoyl CoA in synthesis reactions. Finally, for future
experimenters in our lab, we provide a simple guide to the handling of the lipids used.

In chapter 4 we continued the study of lipid biosynthesis in the PURE system by
expressing six phospholipid headgroup-modifying enzymes. We expressed the E. coli
proteins phosphatidate cytidylyltransferase (cdsA gene), phosphatidylserine synthase
(pssA gene), phosphatidylserine decarboxylase (psd gene), which are responsible for
converting phosphatidic acid to diacyl-phosphatidylethanolamine. We also expressed
phosphatidylglycerophosphate synthase (pgsA gene), and 2 phosphatidylglycerolphos-
phatases (pgpA gene, and pgpC gene) which along with phosphatidate cytidylyltrans-
ferase (cdsA gene) are responsible for converting phosphatidic acid to diacylphosphatidyl-
glycerol. By adapting the LC-MS method of chapters 2 and 3, we were able to detect the
end products of the two enzymatic pathways indicating that all enzymes were active. We
also report on how we formed the DNA constructs for the proteins studied.

In chapter 5 we further studied the activity of the GPAT and LPAAT enzymes using
light. We found that it was possible to detect the by-product of the GPAT and LPAAT
reactions, co-enzyme A, with a proprietary fluorogenic assay from Enzo Life Sciences.
To use the assay we developed multiple methods for removing DTT from the samples,
which would otherwise interfere with the fluorescence signal. We studied the enzymes
under various conditions using the CoA assay and found that it is, in particular, use-
ful for studying LPAAT, which appeared to be active in the non-reducing conditions re-
quired for the assay. We also developed methods to study GPAT and LPAAT based upon
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an NBD (nitrobenzoxadiazole)-labeled fatty acyl CoA, which increases its fluorescence
when moved from a polar to a non polar environment. We studied this molecule with
and without the presence of enzymes, by spectrofluorometry, mass spectrometry and
microscopy. We found that it was particularly useful for studying LPAAT, and the combi-
nation of GPAT and LPAAT, which gave a signal in the NBD assays over their respective
controls.

In chapter 6 we examine areas of research that we initiated but did not yet bring to
full fruition. We begin by delving into the meaning of evolution. We then focus on in
vitro implementations of evolution as a bridge to a minimal cell, examining ways that
genome replication and screening of large numbers of genes can be applied to the min-
imal cell project. We then discuss division, in particular how lipid biosynthesis and the
biophysical properties of membranes may provide a route to division of liposomes. Fi-
nally we present a few results from a project to build chambers and microchambers to
compartmentalize reactions.
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2
LIPID SYNTHESIS WITH in vitro

SYNTHESIZED GPAT AND LPAAT

The goal of bottom-up synthetic biology culminates to the assembly of an entire cell from
separate biological building blocks. One major challenge resides in the in vitro production
and implementation of genetic and metabolic pathways that can support essential cellu-
lar functions. Here, we show that phosphatidic acid synthesis, a two step process involved
in cell membrane homeostasis, can be reconstituted starting from the genes encoding for
necessary proteins. Two E. coli enzymes for acyl transfer reactions 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 precursors to generate lysophos-
phatidic acid and phosphatidic acid. Moreover, this study demonstrates that two-step acyl
transfer can occur from enzymes synthesized 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.
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2.1. INTRODUCTION
Life as we know it is compartmentalized: a continuous membrane encloses the cyto-
plasm protecting it from the environment and specifying a unit of evolutionary selection.
This cellular envelop is primarily made of phospholipids that, together with specific pro-
teins, control shape transformation and regulate the ionic and molecular exchanges with
the external medium. Several laboratories are now attempting to construct a minimal,
albeit sufficient, cell starting from purified components derived from existing organisms
[1] [2] [3] [4] [5] [6]. Given the central roles played by the cellular membrane, an impor-
tant milestone in the road map for creating an elementary 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]. The pathway
for PA synthesis in E. coli entails two acyltransferase enzymes: the glycerol-3-phosphate
(G3P) acyltransferase (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 gen-
erate 1-acyl-sn-glycerol 3-phosphate (LPA) products. In a subsequent enzymatic reac-
tion the LPA and another acyl-CoA/acyl-ACP are converted into 1,2-diacyl-sn-glycerol
3-phosphate (PA) by the membrane-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 (PG) phosphatidylglycerol, a bilayer-forming anionic
lipid, and (PE) phosphatidylethanolamine, a zwitterionic lipid, together representing the
largest fraction of the E. coli inner membrane lipidome [10].

To date several attempts have been made to stimulate compartment growth in phos-
pholipid vesicles by using purified acyltransferase enzymes [11] [12] [13]. 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
[14]. However, these two enzymes failed to work in the same environment and con-
flicting oxidative-reductive conditions for proper enzymatic activities were invoked [14].
Moreover, gene expression was not integrated with lipid synthesis and no kinetics data
were available.

Hereby, we report on the cell-free production and functional liposome reconstitu-
tion of multiple lipid-synthesizing enzymes in the PURE system, a well-defined IVTT
system, starting from acyltransferase genes and the phospholipid precursors G3P and
acyl-CoA. 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
liposomes. Capitalizing on the de novo synthesis of PA, in chapter 4 we then reconsti-
tuted the entire E. coli metabolic pathways to convert PA into PE and PG lipids. Our work
provides a new experimental framework to build up a genetically controlled synthetic
cell where the compartment is produced in situ from simple biochemical precursors.
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2.2. RESULTS

2.2.1. In vitro SYNTHESIS AND LIPOSOME RECONSTITUTION OF THE GPAT
AND LPAAT ENZYMES

We first verified that cell-free expression of the plsB and plsC genes, respectively encod-
ing for the GPAT and LPAAT proteins, in the PURE system led to full-length proteins. The
E. coli GPAT and LPAAT enzymes were separately synthesized from their respective DNA
templates and the translation products were analyzed by SDS-PAGE and fluorescence
gel imaging. A fraction of tRNA pre-loaded with a fluorescently labeled lysine was sup-
plemented in the IVTT reaction to facilitate detection of the synthesized protein over the
PURE system background. The in vitro produced GPAT and LPAAT proteins were visual-
ized as distinct bands at around 83 kDa [15] and 27 kDa [16], as previously reported.

It is known that GPAT is an integral membrane protein [17] and LPAAT is thought to
be a membrane-anchored protein [16]. 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 and/or plsC genes, whose encoded pro-
teins inserted into the SUV membranes in an inside-out configuration. The proteolipo-
somes were purified from the bulk fraction by ultracentrifugation and the protein con-
tent associated to the liposome membrane was analyzed by SDS-PAGE (figure 2.1 b). The
PURE system proteins could efficiently be eliminated, whereas both GPAT and LPAAT
enzymes co-purified with the liposomes, suggesting that these two in vitro synthesized
proteins have the correct 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.

2.2.2. BOTH SYNTHESIZED GPAT AND LPAAT ENZYMES ARE ACTIVE WHEN

CO-INSERTED IN LIPOSOMES
Having established that the full-length GPAT and LPAAT proteins can be synthesized in
the PURE system and incorporated in the membrane of liposomes we then explored
the potential of mass spectrometry (MS) combined with liquid chromatography (LC) to
detect the products of the GPAT and LPAAT enzymatic reactions in a background of lipo-
somes also composed of lipids and to quantify the amounts of all of the above. Initially
the method was developed for 16:0 LPA and 16:0/16:0 phosphatidic acid (DPPA) in a
cardiolipin/DOPX (where PX = PC, PE, PG headgroups) lipid matrix and it was later ex-
panded to include 18:1 LPA and 18:1/18:1 phosphatidic acid (DOPA), as well as 16:0/16:0
phosphatidylethanolamine (DPPE) and 16:0/16:0 phosphatidylglycerol (DPPG) (chapter
4). A typical chromatogram, where one can clearly distinguish the enzymatic products
LPA and DPPA from the matrix lipids, is shown in figure 2.1 c. The detection sensitivity
of the combined LC-MS was estimated to 0.25 pmol for 16:0 LPA and DPPA (figure 2.8),
which is better than usually reported via radioactive elements separated by thin layer
chromatography.

Next, we sought to assay the activity of the two enzymes. Gene expression and lipid
synthesis were first examined sequentially. The enzymes GPAT and LPAAT were individ-
ually assayed in specific buffer conditions known to support their activity [14]. GPAT cat-
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Figure 2.1: | 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 con-
taining synthesized GPAT and LPAAT proteins were isolated by ultracentrifugation (flotation method) and the
protein content was analyzed by SDS-PAGE. Activity assays were performed by adding the phospholipid pre-
cursors 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 trans-
fer reaction catalyzed 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 GreenLy s reagent
(tRNA-loaded fluorescent amino acid) for fluorescence labeling of translation products. Reconstituted pro-
teoliposomes 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 visi-
ble 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. DOPC is not well detected in the negative mode. It was also possible to detect
18:1 LPA, DOPA.
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Figure 2.2: | Two-step acyl transfer reaction mediated by cell-free synthesized GPAT and LPAAT enzymes.
(a) LC-MS analysis of the GPAT and LPAAT 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 respectively. 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: * GPAT vs
DHFR, LPA P < 0.0128, * LPAAT vs LacI, DPPA P < 0.0146, * GPAT/LPAAT LPA P < 0.0797 , ** GPAT/LPAAT, DPPA
P < 0.0245. (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
DHFR and LacI genes, respectively. DTT was dialyzed 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.
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alyzed the formation of 16:0 LPA starting from G3P and palmitoyl-CoA substrates, while
LPAAT converted palmitoyl-CoA and LPA into DPPA. The formation of enzymatic prod-
ucts and precursor consumption were quantitatively detected by LC-MS (figure 2.2 a).
In addition, we used a fluorescence-based acyltransferase activity assay to monitor the
accumulation of released CoA molecules through enzymatic reaction of the GPAT and
LPAAT proteins. As anticipated GPAT activity could not be observed since the reduc-
ing agent DTT had to be removed before triggering the reactions (Methods). However,
a clear increase of fluorescence signal was detected when LPAAT proteoliposomes were
incubated with p-CoA and LPA substrates in LPAAT-specific buffer and, interestingly, in
the GPAT-specific buffer too (figure 2.2 b).

The two-enzyme cascade reaction was analyzed using inside-out proteoliposomes
containing both synthesized GPAT and LPAAT proteins. The proteoliposomes were sup-
plied with G3P and palmitoyl-CoA and incubated in the GPAT activity buffer. In contrast
to what has previously been reported [14], we found that the output lipid, DPPA, was
successfully produced, demonstrating that LPAAT can also be active in a reducing envi-
ronment (figure 2.2 a). Because the LPA produced by the GPAT enzyme is subsequently
used as a substrate by LPAAT in the cascade reaction, it does not accumulate and its
end-point concentration is less than that in a GPAT-only reaction (figure 2.2 a).

2.2.3. COMBINED GENE EXPRESSION AND ENZYME-CATALYZED LIPID BIOSYN-
THESIS IN A ONE-POT REACTION

In light of this new result, we tested whether the GPAT and LPAAT enzymes could be
synthesized from their DNA, insert into the membrane of preformed vesicles and gen-
erate lipid products, 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 in-
tegrated in the PURE system. In a cascade reaction with both GPAT and LPAAT in the
same 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. 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 during gene
expression. When GPAT and LPAAT enzymes were separately assayed in the absence of
liposomes, measurable amounts of LPA and DPPA were observed respectively. However,
the amounts of 16:0 LPA and DPPA formed in one- or two-enzyme reactions were con-
sistently higher in the presence of vesicles (figure 2.3), 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. To the best of our knowledge only the
kinetics of E. coli GPAT has been studied to date[18]. Inside-out proteoliposomes con-
taining either the GPAT or LPAAT protein were produced in the presence of their respec-
tive substrates and the enzyme kinetics were monitored (figure 2.4 a,c). 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 (figure 2.4 a). This result suggests that GPAT protein
folding and membrane insertion could be rate-limiting steps for product formation in



2.2. RESULTS

2

15

Figure 2.3: | Co-expression of enzymes and activity and the requirement of liposomes for full enzyme activity.
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 concen-
trations 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
catalyzed by 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.
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the initial phase of the reaction. The final 42-µM concentration of synthesized LPA cor-
responds to a consumption of 45 % of palmitoyl-CoA substrate (G3P being present in
excess), which we suspect is due to enzyme inhibition by free CoA product [18], protein
inactivation or spontaneous cleavage of the p-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 (figure 2.4
c). This final concentration corresponds to ~4% increase in the total amount of phos-
pholipids. The reaction consumed ~42% of the 50 µM of substrates, again suggesting
possible reaction inhibition, enzyme inactivation or substrate depletion. The time pro-
files of LPA and DPPA levels were also analyzed by co-expressing both GPAT and LPAAT
enzymes in the presence of liposomes along with the G3P and palmitoyl-CoA precursors.
After a lag phase of approximately 4 h, the concentration of LPA peaked to 2.3 µM at 8

Figure 2.4: | Reaction kinetics of GPAT and LPAAT separate and combined.
(a-d) Kinetic of acyltransferase activity in single-enzyme and two-enzyme modes. Substrate concentrations
were all: 500µM G3P, GPAT: 100µM P-CoA, LPAAT: 50µM PcoA, 50µ LPA, GPAT/LPAAT 100µM PcoA. Produced
16:0 LPA does not accumulate beyond 3 µM (c) 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 (d). Each data
points are mean and s.e.m. of two separate 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 trials.
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h and subsequently decreased to equilibrate around 1.5 µM at 16 h (figure 2.4, b). 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 (figure 2.4 d). 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-CoA molecules 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 tan-
dem [19], 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 [19]. Alternatively,
direct interaction between the GPAT and LPAAT proteins may act as allosteric regula-
tion that enhances mutual activity. Further investigations are needed to validate these
hypotheses.

2.2.4. 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 supplemented with palmitoyl-CoA and G3P precursors to initiate lipid syn-
thesis concurrent to protein production. Liposomes were purified using streptavidin-
coated magnetic beads via biotinylated lipids added in the initial membrane composi-
tion (figure 2.7). The vesicle content in DOPG (internal standard), LPA, and DPPA was
quantified before and after purification, and the fraction of synthesized lipids that co-
purified with the vesicles was calculated (figure 2.5). The low number of counts for LPA
detected post purification indicates that it does not stably insert into the membrane (fig-
ure 2.5 b). Therefore, it was not possible to accurately 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-purified with liposomes (figure
2.5 d). This corresponds to a concentration of 7 µM, which represents an increase of 1%
of the total vesicle surface area.

2.2.5. In vesiculo ENZYME PRODUCTION AND SYNTHESIS OF THE MEMBRANE

PRECURSOR DOPA
As a next step towards self-producing phospholipid vesicles [20], we used oleoyl-CoA
as a substrate to enzymatically produce DOPA (18:1/18:1) lipids whose acyl moieties
match that of pre-existing DOPX vesicles. Here, DOPC was removed from the membrane
composition to simulate more closely the native E. coli lipid mixture. Using liposomes
consisting of DOPG/DOPE/cardiolipin along with G3P and oleoyl-CoA as substrates, we
demonstrated that DOPA, the direct precursor of the vesicle lipids, could be produced
by the GPAT and LPAAT enzymes in combined IVTT and acyltransferase activity assays
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Figure 2.5: | 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 reac-
tion 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 2x 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 to quantify the
fraction of non-immobilized or disrupted vesicles that were washed away during the purification step. Percent-
age values of recovered DPPA and DOPG were calculated as [counts(purif+|biotin+) – counts(purif+|biotin–)] /
[counts(purif–|biotin+)] x 100. Then, the obtained value for DPPA was divided by that for DOPG to correct for
the loss of lipids during purification (figure 2.7), resulting in a value of 28% ± 14% as an estimation of synthe-
sized DPPA that effectively localized in liposomes.
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Figure 2.6: | Synthesis of 18:1 LPA and DOPA from GPAT and LPAAT enzymes produced inside and outside li-
posomes.
(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 2.1). Liposome swelling occurred at 4 °C to prevent initiation of PURE system reac-
tion. 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 labeled 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 2.1). 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) Concentra-
tion 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 ex-
pected, addition of Proteinase K both inside and outside liposomes totally inhibited lipid synthesis. In the ab-
sence 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 indepen-
dent 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.

(figure 2.6 d). Production of the 18:1 LPA intermediate was also detected (figure 2.6 c),
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 as
shown in figure 2.6 a/b. These in vesiculo experiments aim to recapitulate some essential
features specific to the native cellular context, 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
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of proteins can be entrapped upon liposome formation [21]. The method to prepare
gene expressing-vesicles is based on gentle lipid film swelling (Methods) and it gener-
ates a heterogeneous population of uni- and multilamellar liposomes with sizes ranging
from < 0.5 µM to several micrometers in diameter, as visualized on a fluorescence con-
focal microscope (figure 2.6 b). Compared to our previously described protocol [22], the
complete PUREfrex system – comprising the transcription-translation machineries, the
tRNAs and the feeding solution – supplemented with G3P and Ø-mercaptoethanol, was
encapsulated inside liposomes. The average number of DNA molecules per 5-µm diam-
eter vesicle is 30 and 140 for plsB and plsC genes, respectively; the DNA copy number
per liposome is not a limiting factor [23]. To prevent the reactions from starting prema-
turely, 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 addi-
tion of proteinase K and intravesicular gene expression was simultaneously initiated all
at 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 mem-
brane was equipped with the pore-forming protein Æ-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 synthe-
sis 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-confined production of 18:1 LPA and DOPA could clearly be demonstrated
(Figure 2.6. e/f). As expected, addition of proteinase K completely impedes gene ex-
pression 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 proteinase K. This result suggests that at least one of the key re-
action steps, i.e. gene expression, co-translational membrane insertion, or lipid biosyn-
thesis, is enhanced when compartmentalized inside liposomes. One hypothesis is that
in vesiculo 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 reaction. How the oleoyl-CoA substrate supplied outside reaches the GPAT
and LPAAT catalytic sites needs clarification, but it likely involves transient membrane
defects due to lipid chain mismatch and osmotic pressure [22]. Compared to inside-out
proteoliposome experiments, a larger enrichment of the vesicle membrane with DOPA
is expected (i.e. > 27 %) when both gene expression and lipid biosynthesis occur inside
liposomes.

2.2.6. DISCUSSION
Cell-free synthesis of membrane proteins has become instrumental for structural and
functional studies of this important class of proteins [24]. Tens of different membrane
proteins have already been co-translationally reconstituted into liposomes, including
the GPAT and LPAAT enzymes studied here [5], [6], [24], [14], [25]. 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 enzymes GPAT and LPAAT could be active af-
ter in vitro synthesis. We demonstrated that LC-MS is a powerful experimental tool to
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gain quantitative insights into the enzymatic processes by detecting the amounts of re-
action substrates and products as a function of time or initial conditions. In particular,
we provided a quantitative analysis of the two-step acyltransferase reaction that con-
verts non bilayer forming substrates into PA lipids, the universal precursor of all other
glycerophospholipids. Examination of the role of the liposome membrane and of co-
operative functioning of the two acyltransferases suggests that the integration of both
enzymes in the same bilayer matrix leads to a gain of function, as measured by a higher
yield of end product compared to that when the second enzyme is assayed separately.
Further investigations are necessary to obtain detailed mechanistic insights about sub-
strate selectivity, the transfer of compounds from one enzymatic active site to the next,
allosteric regulations and spontaneous protein insertion into the membrane.

Our liposome-based cell-free platform is highly versatile in terms of the lipidic com-
position of the vesicular membrane and orthogonal control of multiple biochemical pa-
rameters. Compared to E. coli extracts, the PURE system benefits from remarkably re-
duced contamination by RNase and lipids. Besides, in cell extract systems the synthe-
sized proteins are not insulated from endogenous components, which may influence
the performance of the reconstituted functions. Because of the reconstituted nature of
PURE system with 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 studied here, no active membrane translocation
complexes are required for insertion into the membrane.

Besides, various precursors (including acyl-ACP) and additional enzymes (besides
those presented here and in chapter 4), can be used to generate a larger repertoire of
lipids that may act as topological activators for membrane deformation, as cofactors to
assist some protein reactions or as signaling molecules. We also envision the possibility
to synthesize novel artificial lipids that would be difficult to generate chemically or in
vivo. Our findings also resonate in the experimental framework of the construction of
a minimal cell based on IVTT compartmentalized inside liposomes. Despite significant
advances to endow gene expressing-vesicles with cell-like functionalities [6], many chal-
lenging obstacles limit the synthesis and quantitative analysis of a large repertoire of pro-
teins, in particular membrane proteins, which precludes the achievement of elaborate
functions, such as compartment growth and division. In this chapter, we demonstrate
how 2 essential enzymes in phospholipid biosynthesis, a process essential for cellular
growth could be produced in vitro from genomic DNA. In chapter 4, we extend that by 6
additional phospholipid modifying enzymes. Additionally, a protocol was established
to compartmentalize gene expression 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 vesi-
cles. Such a constructive biology approach, in which the building blocks and processes
are directly inspired from those existing in modern organisms, will complement chemi-
cal routes using artificial membrane components [26],[27], [28] for repetitive growth and
fission of liposomal structures. Besides volume expansion, we postulate that in vesiculo
lipid biosynthesis could be exploited to change the equilibrium state of the membrane
and trigger asymmetric division. First, in light of the recently unveiled mechanism of
L form cell reproduction [29], we predict that internal synthesis of phospholipids could
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be sufficient to induce shape deformation as a manifestation of the excess surface area
of membrane. The resulting unbalanced surface-to-volume ratio will eventually be re-
leased by division through budding. Second, the synthesis of topologically active lipids
(e.g. PE, chapter 4) coupled to temperature cycling to cross the bilayer phase transition
might stimulate shape transformation and complete fission of vesicles.

2.3. MATERIAL AND METHODS

2.3.1. MATERIALS
Palmitoyl coenzyme A (p-coA), oleoyl coenzyme A (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-glyc-
ero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG), 1’,3’-bis[1,2-dioleoyl-sn-glyc-
ero-3-phospho]-sn-glycerol (cardiolipin), and 1,2-distearoyl-sn-glycero-3- phosphoethan-
olamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG-biotin) were purchased from
Avanti Polar Lipids. N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (TRITC-DHPE) was from Invitrogen. Texas Red 1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Texas Red
DHPE), 212 µm -300 µm acid washed glass beads, chloroform, methanol, acetylace-
tone, glycerol-3-phosphate (G3P), Ø-mercaptoethanol, 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.

2.3.2. BUFFERS
Buffer A (GPAT buffer, 150 mM Tris-HCl, 400 mM NaCl, 3 mM MgCl2, 5 mM Ø-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 potas-
sium glutamate, 13 mM magnesium acetate, pH 7.6), buffer D (20 mM HEPES, 180 mM
potassium glutamate, 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, 1mg/ml BSA, 66.6 µM G3P, pH 8.4).

2.3.3. PREPARATION OF DNA CONSTRUCTS
The genes plsB and plsC were kindly provided by Dr. Yutetsu Kuruma [14] in the form of
circular plasmids. The plasmids carrying an ampicillin selection marker were amplified
in E. coli (TOP10) cells and purified with a PureYield™ plasmid miniprep (Promega).
Linear DNA templates were generated by PCR using the primers:
plsB fwd: 5’-CATTCGCCATTCAGACTACG-3’
plsB rev: 5’-GACTATGATTACGCCGGTAC-3’
plsC fwd: 5’-TCGACTCTAGAGGATCTCG-3’
plsC rev: 5’-CCTCAAGACCCGTTTAGAG-3’.
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Experiments Figures Lipid compositions
Regular 2.2,2.3,2.4 DOPC, DOPE, DOPG, cardiolipin,

50.8:35.6:11.5:2.1 in mol. %
Biotinylated liposomes
for purification with Dyn-
abeads®

2.5 Regular supplemented with DSPE-PEG-
biotin 0.1% (weight percent)

Proteoliposome purifica-
tion by flotation

2.1b Regular supplemented with DHPE-
TRITC 0.5% and DSPE-PEG-biotin 0.5%,
both in weight percent

Production DOPA 2.6c,d DOPG, DOPE, cardiolipin 54.4:35.6:10 in
mol. %

In vesiculo assay 2.6b,e,f Regular supplemented with TexasRed-
DHPE 0.5 % and DSPE-PEG-biotin 1 %,
both in weight percent

Table 2.1: Various lipid compositions used in experiments in this chapter.

2.3.4. PREPARATION OF SMALL UNILAMELLAR VESICLES (SUVS)
Lipids dissolved in chloroform were transferred to a 2 ml glass vial. Unless indicated,
the regular lipid composition was DOPC, DOPE, DOPG, cardiolipin, 50.8:35.6:11.5:2.1
in mol. %. An overview of the different lipid mixtures used is provided in table 2.1. The
chloroform was evaporated under gentle argon flow. Traces of chloroform 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 (Figures 2.2a, 2.3, 2.4, 2.5, and 2.6c/d) or buffer C (Figures
2.1b and 2.2b). The sample was vortexed to re-suspend the lipids in aqueous solution
and the produced multilamellar liposomes were subjected to five freeze-thaw cycles in
liquid nitrogen (figures 2.2a, 2.3, 2.4, 2.5, and 2.6c/d ) except in proteoliposome purifi-
cation by flotation (figures 2.1b) and CoA assay experiments (Figure 2.2b), where this
step was omitted. Next, the liposomes were extruded 20 times through a polycarbonate
membrane with 0.4 µm (Figures 2.2a, 2.3, 2.4, 2.5, and 2.6c/d ) or 0.1 µm (Figures 2.1b
and 2.2b) pores using an Avanti mini-extruder (Avanti Polar Lipids). Finally, the SUV
samples were aliquoted, snap-frozen in liquid nitrogen (figures 2.2a, 2.3, 2.4, 2.5, and
2.6c/d) or simply frozen (figures 2.1b and 2.1b), and stored at – 20 °C until use.

2.3.5. CELL-FREE PROTEIN SYNTHESIS
In vitro transcription-translation (IVTT) reactions were performed in the PUREfrex kit
(GeneFrontier, Japan; local supplier Eurogentec). PUREfrex is composed of three differ-
ent solutions: the enzyme mixture (T7 RNA polymerase, translation factors, energy re-
cycling system, etc.), the E. coli ribosomes, and the feeding mixture (amino acids, NTPs,
tRNAs, creatine phosphate). All solutions were aliquoted in small volumes and stored at
–80 °C. For bulk experiments, in which IVTT occurred outside or in the absence of lipo-
some, the PUREfrex reaction solution was assembled on ice by mixing 1 part of enzyme
mix, 1 part of ribosome, 10 part of feeding mix, the DNA template(s) (final concentration
typically between 1.7 nM and 16.9 nM), and the total volume was adjusted to 20 parts
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with nuclease-free water. When indicated, Superase RNase inhibitor (Thermo Fisher),
Ø-mercaptoethanol, lipid precursors and SUVs were supplemented to IVTT reactions.
For SDS-PAGE analysis of the translation products, ~5% v/v of BODIPY-Lys-tRNA (Fluo-
roTect™ GreenLys, Promega), a fluorescence-based in vitro translation labeling system,
was included to the reaction. Gene expression reactions were carried out at 37 °C for 3 h
unless coupled with in situ lipid biosynthesis.

2.3.6. ACYL TRANSFER REACTIONS FOLLOWING CELL-FREE PROTEIN SYN-
THESIS

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 protein (20.8 ng/µl final) was employed in control ex-
periments for LPAAT activity. Lipid substrate palmitoyl-CoA was 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 temperature 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 palmitoyl-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 in-
cluded 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 performed
without G3P. The samples were incubated overnight at 22 °C and assayed by LC-MS.

2.3.7. ACYL TRANSFER FLUORESCENCE ASSAY
Using acyl-CoA as 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 Sciences), in which CoA reacts with a fluorogenic substrate to form a fluores-
cent thiol adduct. The acyl transfer activity of the GPAT and LPAAT enzymes was assayed
subsequently to protein synthesis and liposome inclusion in PUREfrex. Conditions for
IVTT reactions 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 absent. The DHFR-
encoding plasmid (5.78 ng/µl final) provided as a positive expression template in the
PUREfrex kit and a linear 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, respec-
tively. 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 float-
ing dialysis membrane (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 10µl of dialyzed samples
were diluted to 100µl to have final composition buffer G to assay GPAT activity or to have
final composition of buffer B to assay LPAAT activity. The solutions were then used to re-
suspend the lipid substrates dried into glass vials. Final concentrations were 66.6 µM of
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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 temperature
and assayed according to the instructions of the supplier. Briefly, 25 µl of sample was
mixed with 25 µl of proprietary buffer (“Transferase Assay Buffer”). The samples were
further mixed with 50 µl of ice-cold isopropanol, then with 100 µl of detection solution
and incubated 10 min. Fluorescence signal was measured with a BMG Clariostar or Agi-
lent Eclipse plate reader (results combined by normalizing to positive control) at 486 nm
excitation and 540 nm emission.

2.3.8. COMBINED IVTT AND ACYL TRANSFER REACTIONS
PUREfrex solutions were assembled using 3.4 nM plsB and 16.9 nM plsC DNA templates
supplemented with 0.4 g/l of 400-nm SUVs, 0.4 U/l of RNase inhibitor, 5 mM Ø-mercap-
toethanol and 500 µM G3P. Lipid precursors palmitoyl-CoA and oleoyl-CoA were sepa-
rately 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 trans-
ferred to a 0.2-ml Eppendorf PCR tube and the solvent was evaporated at room tem-
perature and ambient pressure 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 16:0 LPA when LPAAT alone was measured
and with the exception of the kinetics experiments (Fig. 3b-e), 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.

2.3.9. PURFICATION OF LIPOSOMES BY FLOTATION
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
BODIPY-Lys-tRNA. The in vitro synthesized acyltransferase GPAT and LPAAT enzymes
successfully reconstituted in proteoliposomes were separated from bulk proteins, in-
cluding all PUREfrex components, by liposome flotation 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 40µl
of a 7.5 % w/v sucrose solution in a 230-µl ultracentrifugation tube (Beckmann Coulter).
The sample was spun at 40,000 rpm (203,000 g) for 4 h using a 42.2 Ti rotor in a Ultima
L-90K centrifuge (Beckmann Coulter). The floating liposomes, which were labelled with
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.

2.3.10. SDS-PAGE ANALYSIS
For SDS-PAGE analysis of protein synthesis, samples containing the GreenLy s -labeled
translation products were denatured for 2 min at 65 °C, loaded on a 12% SDS-PAGE gel
(figure 2.1) with 37.5:1 ratio of acrylamide:bis acrylamide and analyzed using a fluores-
cence gel imager (Typhoon, Amersham Biosciences). Ladder was either prestained or
stained with coomassie blue and appended to the images to scale with GIMP image edi-
tor.
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2.3.11. DYNABEADS® PURIFICATION OF LIPOSOMES.
For the experiments of LC-MS analysis of liposome enrichment with synthesized lipids,
PUREfrex solutions were assembled with 10 ng/µl of plsB and plsC templates, 0.5 U/µl
RNase inhibitor, 5 mM Ø-mercaptoethanol, 500 µM G3P and 2 µg/µl 400 nm SUVs with
(two samples pooled) or without (one sample) biotinylated lipids. The two PUREfrex so-
lutions were added separately to 100 µM of dried palmitoyl-CoA and reacted overnight
at 37 °C. Two samples, one from the biotinylated liposomes reaction and the other from
the non-biotinylated liposomes, were subject to purification using streptavidin-coated
magnetic beads. A third sample from the biotynalated pool did not undergo purifica-
tion. The overall sample purification workflow is illustrated in figure 2.7. 30 µl of M-270
Dynabeads® were washed three times with 200 µl of buffer D. The beads were resus-
pended in 100 µl of buffer D and 12.5 µl of the proteoliposome-containing solutions
were 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. The three 12.5-µl samples (two under-
took purification, one did not) were 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 Acrodisc® (Pall) syringe filter to remove the magnetic
beads (procedure was also done for the non purified sample). The volume of the solu-
tion was finally reduced to approximately 112.5 µl with an Eppendorf Concentrator Plus
and 12.5 µl of MilliQ was added along with 1.25 µl of 500 mM EDTA and 1.25 µl of 200
mM acetylacetone. The samples were then assayed by LC-MS.

2.3.12. 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 [22], 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 50.8:35.6:11.5:2.1 mol.
%. The mixture was supplemented 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 [30]. Finally, 1.5 g of glass beads was added and the organic solvent was ro-
tary evaporated at 200 mbar at room temperature. The dried lipid-coated beads were
transferred to a 2-mL polypropylene tube and put in a vacuum desiccator 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 in-
side liposomes was prepared by pooling the three PUREfrex reagents in a ratio feed-
ing/ribosome/enzymes of 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 in-
hibitor, 7.4 mM Ø-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 IVTT mixture was then added to lipid-coated glass beads to form li-
posomes. Lipid film swelling was performed for 2 h at 4 °C to prevent gene expression
from starting, while maintaining the bilayer in the liquid disordered phase. After swelling
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Figure 2.7: | Experimental workflow for assessing the fraction of synthesized DPPA localized in the liposome
membrane.
The loss of lipids during the filtration step was determined by measuring the number of counts of lipid stan-
dards (DPPA and DOPG, three concentrations each) treated with or without 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-labeled vesicles and subjecting, or not, samples to purification with
Dynabeads. Recovered lipid values correspond to 57% and 14% for DOPG and DPPA, respectively. The sam-
ple devoid of biotinylated lipid served to infer the loss of DPPA due to nonspecific adsorption to the magnetic
beads or to the tube during purification. The corresponding count number was subtracted from that of the
biotin-labeled vesicle sample to determine the actual fraction of DPPA that was retained through liposome
immobilization. In Fig. 4, we estimated 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%.

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 super-
natant was harvested, mixed with 1.35 µl of 4.44 M Æ-hemolysin (Sigma-Aldrich) and
incubated at room temperature for 10 min. To one of the samples that had not received
proteinase K, 0.3 µL of the protease stock solution was added to digest all proteins out-
side 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 samples were transferred into
new 0.2-ml PCR tubes, where dried oleoyl-CoA had been deposited, leading to a final
concentration of lipid precursor of 100 µM. The samples were further incubated at 37 °C
overnight and their lipid contents were assayed by LCMS.
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2.3.13. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY (LC-MS) FOR LIPID

DETECTION
The lipid fraction was extracted by first diluting the samples ten times with methanol
containing 2 mM acetylacetone. For in vesiculo experiments (figure 2.6) 5 mM of EDTA
was also included in the organic solvent to improve the stability of the LC-MS method
(chapter 3). The samples were then sonicated for 10 min in a bath sonicator, spun down
at 16,100 rcf in an Eppendorf 5415R centrifuge to remove protein and nucleic acid pre-
cipitates, and the supernatant was harvested for LC-MS analysis. The LC-MS method for
lipid analysis was adapted from previous studies [31] [32]. In all experiments, 5 µl sam-
ples 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 figure 2.1 c) providing a pre-separation step before entering the MS system. The mo-
bile 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 ammonium formate were used to set the pH to 4.0. The mobile phase B was 90% iso-
propanol, 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 [33]. 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 chapter 3,
tables 3.3, 3.4 and 3.5, where the values in non-calibrated data represent the integrated
peak area. We analyzed multiple reaction monitoring transitions, i.e. the lipids were ion-
ized, 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.

2.3.14. PREPARATION OF LIPID STANDARDS AND CALIBRATION CURVES FOR

ABSOLUTE QUANTITATION OF SYNTHESIZED LIPID CONCENTRATIONS
Calibration measurements were performed to determine the absolute concentration of
16:0 LPA, 18:1 LPA, DPPA and DOPA produced in some experiments (figure 2.4 and 2.6).
Standard samples were prepared by serial dilution of stock concentrations of lipids in
their respective organic solvent mixture used for storage. For 16:0 LPA and DPPA stan-
dard solutions, 2 µl of each samples was added to 3 µl of PUREfrex system (containing
10ng/µL of plsB and plsC DNA) with 0.4 mg/ml SUVs of regular composition, 5 mM Ø-
mercaptoethanol, 500 µM G3P and and 0.4 U/µl RNase inhibitor in order to reproduce
the same lipid background than that in the measured IVTT reaction samples. Samples
were further diluted with 25 µl methanol containing 2 mM acetylacetone to a final con-
centration of 5 µM. The standard solutions were then centrifuged at 16,100 rcf (Eppen-
dorf 5415R) and 5 µl of the supernatants were injected in the LC-MS system. For ex-
periments with oleoyl lipids in the inside-out proteoliposome configuration, 18:1 LPA
and DOPA stock solutions in chloroform were diluted in methanol with 2 mM acety-
lacetone. For in vesiculo experiments, standards were prepared by mixing SUVs, 18:1
LPA and DOPA in 90% methanol with 2 mM acetylacetone and 5 mM EDTA (see section
on EDTA), 10% buffer D (20 mM HEPES, 14 mM magnesium acetate, 180 mM potas-
sium glutamate, pH 7.6) to final concentrations of 2.1 mg/ml liposome and 5 µM 18:1
LPA and DOPA. The standards were finally diluted with a solution of methanol with 2
mM acetylacetone and 5 mM EDTA. Calibration curves for the different lipid standards
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were obtained by plotting the number of integrated counts against concentration and a
linear fit of the data was performed using IGOR Pro 17 (WaveMetrics) (Figure 2.8). The
concentration of synthesized lipids in reaction samples was determined by reporting the
calculated peak integrated counts on the calibration curve and correcting for the 10-time
dilution of the samples.

In order to correct for variations in pipetting, the amount of DOPG was used as an
internal standard. The counts measured for each data point was normalized by the num-
ber of DOPG counts:

C tnor m = C t
CDOPG

(2.1)

The standard deviation and average for the normalized counts for each time point
were calculated. The concentrations were then calculated by multiplying the normalized
counts by the average concentration of DOPG and solving the line equation for concen-
tration

Conc = C tnor m ·DOPG
b

(2.2)

To calculate the errors of the concentration we used variance formula

æconc =

vuut√
DOPG

b
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æ2
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√
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b

!2

æ2
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+
√
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b2

!2

æ2
b (2.3)

An alternative method was used to convert MS counts into lipid concentrations. First,
a linear regression of the count ratios DPPA/DOPG to the known concentrations of DPPA
was made:

DPPAc

DOPGc
= b[DPPA] (2.4)

The slope b and its error æb were extracted. We then calculated the actual value of
the concentrations in a sample as:

[DPPA] =
DPPAc
DOPGc

b
. (2.5)

The error of DPPA/DOPG counts was calculated as:

æDPPA =

vuuutµ
1
b

∂2

æ2
DPPAc
DOPGc

+
√ DPPAc

DOPGc

b2

!2

æ2
b (2.6)

Similar results were obtained as with the first method.
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Figure 2.8: | Calibration curves for quantifying absolute lipid concentrations.
The number of counts for lipid standard samples of known concentrations was plotted against the concen-
tration 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
measurements of lipid standards. Alternatively the error percentage was calculated from multiple injections
of synthesized lipids-containing samples as an estimate of the MS data variability on a given day. The concen-
tration 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 figure 2.4 a-d. Values of conversion factors are 1302 cts/µM for LPA and 778 cts/µM for DPPA. (b) Calibra-
tion plots for the oleoyl-CoA bulk experiments presented in figure 2.6 c,d. 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 figure 2.6 e,f. Values of conversion factors are 531 cts/µM for 18:1 LPA and 604 cts/µM for DOPA.
Calibration curves were performed on the same day as measurements on stored samples to minimize differ-
ences observed when experiments were made on different days. This, together with contribution from the fact
that preparation of lipid standards was different for the three sets of experiments (2.3.14), explains the different
conversion factor values obtained in b) and c).

2.3.15. CALCULATION OF GROWTH OF VESICLES
Calculation of increase surface area of liposomes upon incorporation of synthesized
DPPA. To estimate the vesicle growth through synthesis and membrane incorporation
of DPPA lipids, the following calculation was made. First the initial surface area, A, of a
400-nm-sized vesicle was calculated:

A = 4 ·º · (200 ·1e °9)2. (2.7)

Then the total number of lipids per vesicles,Nli p ./ves., was calculated taking into ac-
count the two leaflets of the membrane. A cross-sectional area of 72.1 Å2 corresponding
to that of a DOPC molecule was assumed.

Nli p ./ves. = 2 · A/(72.1 · (1e °10)2). (2.8)

The concentration of vesicles is derived from the initial concentration of lipids, Cli p .
= 508 µM, and the number of lipids per liposome as:

Cves . =Cli p ./(Nli p ./ves.) (2.9)

The concentration of synthesized DPPA was determined by kinetics experiments with
both GPAT and LPAAT enzymes and a value of 26 µM was found (figure 2.4 d). Given that
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about 28% of total synthesized DPPA integrated in liposome membrane (figure 2.5 d),
the concentration of membrane inserted DPPA, CPA , is ~7 µM. Therefore, assuming ho-
mogenous partitioning of DPPA lipids between vesicles, the number of DPPA molecules
per liposome is:

NPA/ves. =CPA/Cves . (2.10)

Using a cross-sectional area per DPPA lipid of 50 Å2 it is possible to calculate the total
additional surface area as:

APA/ves. = 50 · (1e °10)2 · (NPA/ves.)/2. (2.11)

The percentage area increase was calculated as (APA/ves.)/A ·100 and a value of ~1%
was found.

2.3.16. STATISTICAL ANALYSIS OF DATA
Whenever indicated, a two-sample t-test (unequal variances) was performed using MAT-
LAB (MathWorks), with the hypothesis that the population means are unequal.

2.3.17. FLUORESCENCE CONFOCAL MICROSCOPY
The lipid mixture used to prepare liposomes for the in vesiculo experiments (figure 2.6)
was supplemented with TexasRed-DHPE 0.5 % and DSPE-PEG-biotin 1 % in mass. Lipid
film formation and rehydration was performed according to a similar protocol used for
vesicle-confined reactions. 13.5 µl of PURE system was added to beads. 4 µl of super-
natant was harvested and 2 µl of MQ was added to it. A 6-µl-solution droplet was de-
posited into a homemade silicon chamber mounted onto a #1.5 glass coverslip. The sam-
ple was imaged using a fluorescence confocal microscope (A1+ from Nikon) equipped
with a 100x oil immersion objective and a 561-nm laser line with appropriate dichroic
mirror and emission filter.
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3
FURTHER STUDIES RELATED TO

GPAT AND LPAAT

In addition to the published results of chapter 2 we performed several complementary ex-
periments and employed other techniques related to the study of E. Coli GPAT and LPAAT
synthesized in the PUREfrex. In this chapter we present some of the important results.
We examined the effect of various concentrations of palmitoyl CoA in co-expression and
activity reactions, which is a relevant quantity if one wants to improve the magnitude
of growth of liposomes. We also examined the effect of Ø-mercaptoethanol on the co-
expression and activity reactions, and found that its presence indeed enhances enzyme
activity. We further experimented with the effect of storage of glycerol-3-phosphate (G3P)
and Ø-mercaptoethanol in aqueous solution at -20 °C before use in reactions and found
that at least one of the compounds experiences some form of degradation under those con-
ditions. In chapter 2 we showed GPAT and LPAAT proteins are incorporated upon synthe-
sis into liposomes forming proteoliposomes. Here, we show the same with an alternate
method, i.e. the use of Dynabeads® to purify liposomes from background proteins. GPAT
has been shown in the literature to form filaments observable by transmission electron
microscopy [1]. Here we show that we were also able to form filaments with PUREfrex syn-
thesized GPAT albeit of a different diameter. We further present results of the optimization
of expression of the plsB and plsC genes at the protein and mRNA levels. We found that
plsB was best used in its plasmid form, while plsC was effective as a linear PCR product.
Finally we found that during liquid chromatography mass spectrometry (LC-MS) signal of
phosphatidic acid was improved with the addition of EDTA to the sample preparation. In
addition to these experiments, we also present a special section on laboratory techniques
that were developed by the author along with other members of the lab, that may not be
recorded elsewhere. It is intended as a brief guide to communicate important techniques
that were developed during the studies. I.e the preparation of LC-MS samples, the liquid
chromatography method, the details of the mass spectrometry method as well as tech-
niques for handling the various lipids used in the lab.
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3.1. RESULTS

3.1.1. CONCENTRATION OF PALMITOYL COA
We were interested to discover what amount of palmitoyl CoA to use in co-expression
and activity reactions. We assembled co-expression and activity of GPAT and LPAAT re-
actions with various concentrations of palmitoyl CoA. We observed by eye that above 100
µM palmitoyl CoA there appeared to be precipitate in the sample which corresponds well
with experiments in the literature [2].

a b

Figure 3.1: | Effect of concentration of palmitoyl CoA on LPA and DPPA production in acyltransferase reac-
tions.
(a) LPA produced in co-expression reaction with various concentrations of palmitoyl CoA. Negative control
did not contain G3P (G3P-). Increased concentration of palmitoyl CoA does not always result in increased LPA.
Consumption of produced LPA by LPAAT prevents drawing strong conclusions of GPAT activity . All signals
are normalized to the amount of DOPG present. (b) DPPA produced in the same set of reactions, normal-
ized to DOPG. Amount of DPPA produced increases monotonically with palmitoyl CoA concentration but not
proportionally.

In figure 3.1 we plot the amount of LPA and DPPA produced, with various concen-
trations of palmitoyl CoA, normalized to DOPG counts. The amount of LPA and DPPA
generally increased with increasing substrate concentration, which suggests that despite
the apparent precipitation above 100 µM palmitoyl CoA the reactions can still occur and
even be enhanced. Note that the amount of DPPA in the 500 µM sample is certainly not
10 £ the amount in the 50 µM reaction. That is an indication that there may be some in-
hibition of other loss of enzyme activity, that the precipitation observed has some effect
on the reactions or that the kinetics are too slow to consume all the substrate. The latter
can be expected to be true based on the long time scale of the reaction to consume 50
µM of substrate (approximately 15 hours) as measured in chapter 2. We thus found that
a good amount of palmitoyl CoA to use in reactions was 100 µM as there was no visible
precipitation and good consumption of the substrate.
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3.1.2. - Ø -MERCAPTOETHANOL, OLD SUBSTRATES
In figure 3.2 a/b we observed if 5 mM of Ø-mercaptoethanol has a positive effect on the
activity of GPAT and LPAAT proteins in co-synthesis and activity reactions. The moti-
vation is that GPAT is believed to require reducing conditions to function [3], therefore
Ø-mercaptoethanol, a reducing agent is usually included in activity buffers [3], [4]. It
was found that the amount of LPA synthesis was not significantly affected, though this

a b

c d

Figure 3.2: | Activity of co-expressed GPAT and LPAAT, with and without Ø-mercaptoethanol and with old G3P
and Ø-mercaptoethanol.
(a/b) LPA and DPPA production in a co-expression and activity reaction with and without 5 mM Ø-
mercaptoethanol. Ø-mercaptoethanol seems to enhance the production of DPPA substantially. LPA produc-
tion was not substantially enhanced. Amounts are normalized to the amount of DOPG present in each re-
action and error bars are from three measurements of the same sample. (c/d) LPA and DPPA production in
a co-expression and activity reaction with freshly prepared and with stored Ø -mercaptoethanol and glycerol
3 phosphate (G3P) solutions (aqueous). Either the old Ø -mercaptoethanol or G3P causes a decrease in the
synthesis of LPA and DPPA, either by substrate degradation (G3P), enzyme activity (Ø -mercaptoethanol) or
possibly also protein expression (Ø -mercaptoethanol). Amounts are also normalized to DOPG present and er-
ror bars for the freshly prepared substrates are from 3 injections each of three preparations of the same sample
and for the old substrates three measurements of the same sample
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is likely due to the fact that LPA that is produced in both reactions is mostly consumed
by the LPAAT. In the case of DPPA it was indeed found that there was more DPPA with
Ø - mercaptoethanol than without. That is an indication that at least one of the enzyme
reactions is more efficient in the presence of the reducing agent, or possibly also the pro-
tein expression by the PURE system and therefore the amount of active protein. A similar
experiment is shown in figure 3.2 c/d where Ø - mercaptoethanol and G3P solutions in
MQ that had been stored at -20 °C for a few days were tested against freshly prepared
solutions. It was found that at least one of the old solutions experienced some degrada-
tion. This is inferred from the decrease of LPA and DPPA signal. G3P hydrolysis could
affect the amount of available active substrate and therefore the amount of product pro-
duced. Degradation of Ø-mercaptoethanol would have the same effect as not including
it, as was done in the previous experiment.

3.1.3. G3P IN PURE SYSTEM OR LIPIDS
It was found that in an early co-expression and activity experiment that there was signif-
icant lipid signal in the negative control, which was a sample where G3P was omitted. A
pool of PUREfrex was made and split into six vials containing palmitoyl CoA. To three of
them G3P was added and to three MQ was added. It was found that there was nearly 70
% of the signal in the negative LPA sample as in the positive, and 55% of the DPPA signal
in the negative as compared to the positive. This lead us to believe that there was G3P
contamination either in the lipids as supplied by Avanti, possibly due to degradation, in
the PUREfrex, either from the solutions purified by companies, or in the DNA templates.
Therefore the negative control was changed to omitted palmitoyl CoA and the counts in
the negative samples decreased to the blank levels.

a b

Figure 3.3: | G3P contamination in the PURE reaction or lipids as indicated by synthesis of LPA and DPPA in
-G3P samples.
(a) Normalized LPA signal for a co-expression reaction with and without G3P shows negative sample as having
approximately 70 % of the positive (b) similarly the normalized DPPA signal shows negative sample as having
approximately is 55 % of the positive signal. The fact there there are counts in the G3P - samples that are
beyond the blank values (LPA ~0.0003 DPPA ~0.003) implies that G3P was present in G3P - reactions. The
observation was found on multiple days. Error bars are from three semi independent repeats made from the
same pool of PUREfrex system.



3.1. RESULTS

3

39

3.1.4. PURIFICATION OF PROTEOLIPOSOMES BY DYNABEADS®
In addition to the experiments of liposome purification by flotation assay for confirming
the presence of proteoliposomes in solution, experiments were made to purify proteoli-
posomes by extraction with Dynabeads®. In these experiments liposomes containing
DSPE-PEG-biotin were bound to streptavidin coated magnetic beads (Dynabeads® M-
270), that were then washed to remove non liposome associated proteins.

a

b

Figure 3.4: | Proteoliposome purification by Dynabeads® shows membrane association of GPAT and LPAAT.
(a) SDS-page coomassie stained gel showing the lanes of non purified liposomes, supernatant from the first
washing step and purified liposomes, for both GPAT/LPAAT and YFP. The non purified and supernatant lanes
contain PUREfrex background proteins whereas washed Dynabeads® purified samples do not. (b) shows the
same gel as in a) imaged on a typhoon scanner to detect FluoroTect ™ GreenLys labeled lysines incorporated
during translation. All lanes show presence of protein, showing that GPAT/LPAAT are liposome-associated but
also some YFP is. (c) shows the fluorescence of Rhodamine-DHPE labelled liposomes bound to Dynabeads®
before and after washing steps as well as blank of beads without liposomes. This result shows that 15-32 % of
liposomes are retained when subjected to Dynabeads® purification.
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Figure 3.4 a shows that when washing steps are made, the background PURE sys-
tem proteins are removed. All lanes except for the ladder are derived from expressing
indicated proteins in PUREfrex in the presence of liposomes. The non-purified samples
(lanes 2 and 5) are samples containing expressed proteins as well as liposomes, with-
out purification by Dynabeads®, the supernatant samples (3 and 6) are the first wash
of the Dynabeads® purified samples containing unbound liposomes and proteins, and
the purified samples (lanes 4 and 7) are the washed Dynabeads® containing bound li-
posomes and proteins. The signal in the non-purified and supernatant samples shows
much stronger presence of PUREfrex proteins than the purified samples, implying that
binding of liposomes and washing indeed removes PUREfrex proteins from the purified
samples. Figure 3.4 b is the same gel as in a except imaged with a typhoon scanner that
visualizes the presence of FluoroTect™ GreenLys labelled lysines incorporated during
translation. For GPAT and LPAAT it is clear that the bands are retained even in the washed
samples, which implies that the proteins are associated with liposomes that bound the
Dynabeads®. Surprisingly, the negative control sample of YFP also contains a protein
band. This may be due to a truncation of the YFP product. In lane (5), the YFP non pu-
rified sample there are two bands, and in the purified sample (lane 7) only one of them
remains, the lower of the two. This band may represent a truncated or misfolded prod-
uct that can expose hydrophobic parts that bind to liposomes, or it may simply be that
translation of YFP in the presence of liposomes allows some interaction of hydrophobic
residues that prevents correct folding and causes YFP to bind to the membrane. Fig-
ure 3.4 b) shows the fluorescence of rhodamine labeled liposomes in the GPAT/LPAAT
samples as well as the YFP samples as measured with excitation wavelength of 554 nm
and an emission wavelength of 610 nm before and after washing steps as well as a blank.
This gives the fraction of liposomes purified as 32 % and 15 % for GPAT/LPAAT and YFP
samples respectively. Possible reasons for less than 100% recovery are that liposomes
are sheared from the surface of the beads during washing steps, or that not all the lipo-
somes initially bind to the beads for unknown reasons. We did not assess the recovery
rate of liposomes with the flotation assay and as such we cannot compare with this Dyn-
abeads®method. As far as the separation of the GPAT and LPAAT from PURE system
proteins, both methods seem to be effective.

3.1.5. TEM IMAGES OF SYNTHESIZED PROTEINS
It was found that GPAT forms tubular structures when overexpressed in E. Coli [1] and
we wanted to observe if the same structures form with our in vitro synthesized proteins.
We synthesized GPAT and LPAAT separately in both the absence and presence of lipo-
somes and imaged these samples with transmission electron microscopy (TEM). The
samples with GPAT and liposomes showed tubular structures as shown in figure 3.5 a-c).
The samples with GPAT in the absence of the liposomes showed no such structures (not
shown). It has been reported that phospholipids are also part of the tubular structures
[1]. Our experiments confirm these findings since liposomes were a requirement to ob-
tain the structures. On the other hand, the fibres found in literature have a diameter of
approximately 32 nm whereas the ones we measured have a diameter of approximately 4
nm. The difference can possibly be due to the way the structures are formed as opposed
to structural differences in the proteins themselves. In literature it has been reported
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a b

c d

Figure 3.5: | TEM images of in vitro synthesized GPAT that forms tubular structures.
Transmission electron microscopy images of a 5-µl GPAT synthesis reaction including liposomes. The sample
was negatively stained using 2% uranyl acetate. (a-c) Tubular structures formed by the oligomerization of
GPAT. (a/b) The images are the 42,000£ magnification of a 1000£ diluted sample. (c) The image is the 72,000£
magnification of a 1000£ diluted sample. It can be seen that the tubular structures can aggregate to form
even bigger tubular structures. d) An image of what seems to be a liposome. The white dots are ribosomes.
This image is a 30,000£ magnification of a 100£ diluted sample. Altogether these images show that in vitro
synthesized GPAT can form tubular structures reminiscent of that seen in literature [1]

that heat shock proteins are required for the tubular structures to form [5]. It was sug-
gested that the heat shock proteins are involved in packing the the GPAT proteins into
the tubes. The tubes that form in our system do so without the heat shock proteins. The
LPAAT samples with and without liposomes did not show any tubular structures. This
fact confirms that these tubular structures were formed by GPAT and not a PUREfrex
protein.

3.1.6. OPTIMIZATION OF EXPRESSION OF plsB
To optimize the expression of the plsB and plsC gene products we performed in vitro
translation (IVT) and in vitro transcription translation (IVTT) reactions and analyzed
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Figure 3.6: | In vitro transcription of plsB and plsC gene products reveals optimal template form.
(Left panel) Lane 1: GeneRuler 1kb plus, Lane 2: plsB PCR product, Lane 3: plsC PCR product, Lane 4: ssRNA
ladder NO362S, Lane 5: IVT of plsB PCR product, Lane 6: IVT of plsC PCR product. Expression of plsC mRNA
from PCR product is clean and efficient. PlsB mRNA expression is of low yield with many side products. (Right
panel), (plsB mRNA) Lane 1: Benchtop DNA ladder, Lane 2: Increased Nucleotides, Lane 3: 30 degrees incuba-
tion, Lane 4: control, Lane 5: express from plasmid, lane 6: ssRNA ladder NO362S. The lane with the most plsB
mRNA and the least side products is that derived from plasmid.

resulting RNA and protein with agarose and polyacrylamide gels respectively. Figure
3.6 shows in lane 2 and 3 the full length PCR product of the plsB and plsC genes at the
correct molecular weights (PlsB: 4726 bp/2.9 MDa, plsC: 956bp/590kDa) as predicted by
the sequences. In lanes 5 and 6 the mRNA product of a IVT reaction of plsB and plsC PCR
products shows that the cleanliness and efficiency of making mRNA of plsC is high, but
for plsB there are truncated products and low yield.

The right panel of figure 3.6 shows an additional IVT of the plsB genes to optimize
the production of mRNA. Lanes 2, 3 and 4 are plsB PCR product with additional NTPs, a

Figure 3.7: | In vitro transcription/translation of plsB and plsC gene products.
(a) Lane 1: V849A protein ladder (coomassie), Lane 2: plsB PCR increased resources, Lane 3: plsC PCR in-
creased resources, Lane 4: plsB control, Lane 5: plsC control plasmid, lane 6: plsB plasmid 4X DNA, lane 7:
plsB plasmid 1x DNA. Amount of GPAT only increases when increased template is used (lane 6). GPAT and
LPAAT yield do not increase when increased resources (lanes 2 3) are used compared to a control without
(lanes 4 5).
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lower expression temperature (30 °C) and a positive control respectively. Lane 5 is with
the plsB plasmid purified directly from E Coli. It is clear that lanes 2 and 3 do not show
significant improvement over the positive control, lane 5 on the other hand, where the
plsB plasmid is used, has slightly improved yield of mRNA and there are less side prod-
ucts. That was the motivation for employing the plasmid throughout other experiments.

We also expressed the plsB and plsC genes in the PURExpress® IVTT system (figure
3.7). PURExpress® is a variant of the PURE system made by New England Biolabs, with
his-tagged proteins, and is modified from the original composition [6] to improve pro-
tein yield. The proteins were expressed from PCR products in lanes 2 (plsB) and 3 (plsC)
with additional NTPs, amino acids and tNRAs (see below for complete method). Lanes 4
(plsB) and 5 (plsC) were controls also with PCR products. Lane 6 (plsB) and lane 7 (plsB)
were expressed from plasmids with eight-fold and two-fold the total mass of DNA as in
the PCR product. As can be seen, the increased resources do not have a significant affect
on the amount of translated product, nor is the amount of GPAT greatly increased with
the plasmid unless additional template is added. Despite these facts, due to improve-
ments at the mRNA level we chose to use the plsB plasmid over the PCR product in our
experiments.

3.1.7. EFFECT OF EDTA ON LPA AND DPPA SIGNAL
During the course of experiments it was observed that for sequential injections of the
same sample in the LC-MS, a different number of total integrated counts for the DPPA
and LPA signals would be measured. That is to say, a decrease in the DPPA signal and
an increase in the LPA signal. There were issues with the autosampler, which is a robot

a b

Figure 3.8: | Effect of EDTA on the signal of LPA and DPPA in LC-MS.
Column A: 90% Methanol w. 10 % buffer (2mM acetylacetone), Column B: 100% Methanol (2mM acetylace-
tone), Column C: column A + 25 µM FeCl3, Column D: column A + 5mM EDTA
(a) the effect of various sample injection solvents on DPPA signal in the LC-MS. The presence of metal salts
(columns 1 and 3) without compensating chelating action of EDTA (column 4) causes a decrease in DPPA sig-
nal (b) the effect of various sample injection solvents on LPA signal in the LC-MS. There is less of a pronounced
effect on LPA and it does not correlate with the DPPA and the metal salt hypothesis.
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which injects the samples, that were eventually solved. In addition we also had the hy-
pothesis that metal ions from the liquid chromatography system could be affecting the
mass spectrometry results. To test the effect of metal salts on the signal of LPA and DPPA
we made four injections of the lipids (LPA and DPPA, along with DOPC, DOPE ,DOPG
,Cardiolipin liposomes) in four injection solvents conditions (for a total of 16 injections).
The solvents were: (methanol with 2 mM acetylacetone mixed with PURE buffer to have
90% methanol, 10% PURE buffer (see methods)), (100% methanol with 2 mM acety-
lacetone), (methanol with 2 mM acetylacetone mixed with PURE buffer to have 90%
methanol, 10% PURE buffer and in addition 25 µM FeCl3 ), and (methanol with 2 mM
acetylacetone mixed with PURE buffer to have 90% methanol, 10% PURE buffer and 5
mM EDTA (total)). We found that for DPPA the sample with PURE salts (MgCl2, K gluta-
mate) and methanol had less signal than the sample without PURE salts. Adding FeCl3
seem to slightly worsen the effect and adding 5 mM EDTA to the sample completely re-
moved the effect. For the LPA signal the sample with PURE salts had greater signal than
the sample without, in correlation with the observation that LPA increased over sequen-
tial injections since contamination with metals would gradually increase. Confusingly
the trend was not observed with the addition of FeCl3. Addition of EDTA seemed to de-
crease the LPA signal as compared to the sample with PURE salts only. Overall we thus
speculate that metal ions are modulating interactions between the analytical column
and DPPA and LPA, and thus are varying the amount of lipids that elute. Interestingly
the effect was not as drastic with LPA and it was not correlated with that of DPPA. The
main message is that EDTA can affect the signal of LPA and DPPA, in particular it can
improve that of DPPA in the liquid chromatography mass spectrometry method.

3.2. METHODS

3.2.1. BUFFERS
PURE buffer (20 mM HEPES, 14 mM magnesium acetate, 180 mM potassium glutamate
pH 7.6)

3.2.2. CONCENTRATION OF PALMITOYL COA
PROTEIN SYNTHESIS

All reactions were combined protein expression and activity reactions. PlsB (GPAT) and
plsC (LPAAT) templates were included at 10 ng/µl, Superase was included in the reaction
at 0.4U/µl as well as 2 mg/ml of 400-nm liposomes of standard composition (DOPC,
DOPE, DOPG, cardiolipin liposomes mol ratio 50.8:35.6:11.5:2.1) were also included. Ø-
mercaptoethanol was included at 5 mM and G3P in positive reactions at 500 µM. The
reactions were added to 0.2-ml eppendorf tubes containing dried palmitoyl CoA to the
concentrations indicated in the figure. The reactions were incubated for 3 h at 37 °C and
then incubated overnight at 22 °C.

LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

Samples were measured by standard method of liquid chromatography mass spectrom-
etry as described in section 3.3.1 without EDTA in the sample preperation.
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3.2.3. - Ø-MERCAPTOETHANOL, OLD SUBSTRATES

PROTEIN SYNTHESIS

For both experiments, a standard PUREfrex reaction was assembled with 10 ng/µl of plsB
(GPAT) and plsC (LPAAT) templates, 0.4 U/µl Superase, 0.4 mg/ml 400-nm DOPC, DOPE,
DOPG, cardiolipin liposomes (mol % 50.8:35.6:11.5:2.1). In the -Ø-mercaptoethanol ex-
periment, G3P was also included in both samples at a concentration of 500 µM and 5
mM of Ø-mercaptoethanol was included in the positive only. For the old substrates ex-
periment the 5 mM Ø-mercaptoethanol and the 500 µM G3P included in the positive
control (from 35.7 mM and 3.5 mM solutions in MQ respectively) were prepared fresh
and in the old substrates sample, the solutions were stored at -20 °C for a few days before
use. All experiments were performed in a 0.2-ml Eppendorf PCR tube in which dried
palmitoyl CoA to a final concentration of 100 µM was present. For - Ø-mercaptoethanol
experiment expression and activity was at 37 °C for 2.5 hours and then the sample was
moved to room temperature overnight. For old substrates experiment expression and
activity was at 37 °C overnight.

LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

After the overnight reaction samples were prepared with the standard sample prepara-
tion technique as described in section (3.3.1) (without EDTA). For the experiment where
Ø-mercaptoethanol experiment was omitted from the negative, three injections of the
same sample were made. The LPA and DPPA signals of the injection replicates were di-
vided by the corresponding DOPG signals. Then the average and standard error of the
DOPG normalized values were taken. For the “old substrates experiment” the following
procedure was used: for the fresh substrate sample, three preparations of the same sam-
ple were made. Each of the three preparations were injected 3 £. The values of the LPA
and DPPA signal were divided by corresponding DOPG signals. The averages were taken
across the three injections of each preparation and then the mean and standard error
were taken across the three preparations. For the old substrate sample a single sample
was prepared and injected 3 £. The LPA and DPPA signals were divided by the DOPG
signal and then the average and standard error of the triplet were taken.

3.2.4. G3P IN PURE SYSTEM OR LIPIDS

PROTEIN SYNTHESIS

All reactions were combined protein expression and activity reactions. PlsB (GPAT) and
plsC (LPAAT) template were included at 10 ng/µl, Superase was included in the reac-
tion at 0.4 U/µl and 2 mg/ml of 400-nm liposomes of standard composition (DOPC,
DOPE, DOPG, cardiolipin liposomes mol % 50.8:35.6:11.5:2.1) were also included. Ø-
mercaptoethanol was included at a concentration of 5 mM and G3P in positive reactions
at a concentration of 500 µM. The reactions were added to 0.2-ml eppendorf tubes con-
taining dried palmitoyl CoA at 100µM final concentration. The reactions were incubated
for 2.5 h at 37 °C and then incubated overnight at 22 °C.

LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

After reaction each of three identical vials were subjected to the standard sample prepa-
ration from section (3.3.1) (without EDTA) and injected 3 £. The LPA and DPPA signal of
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the injection replicates were divided by that of DOPG, and the averages taken across the
three normalized injection replicates. Then the resulting three averages were themselves
averaged and the standard error calculated.

3.2.5. PURIFICATION OF PROTEOLIPOSOMES BY DYNABEADS®
PROTEIN SYNTHESIS

Protein synthesis was carried out in the standard manner in the PUREfrex IVTT sys-
tem. Either plsB (GPAT) and plsC (LPAAT) template were included at 10 ng/µl or emYFP
template at a concentration of 10 ng/µl . Superase was included at 0.5 U/µl and Flu-
oroTect™ Green Lysine was included at 20 £ dilution. Liposomes included were 400
nm and of standard composition (DOPC, DOPE, DOPG, cardiolipin liposomes mol %
ratio 50.8:35.6:11.5:2.1) with the addition of 0.5% of the total lipid mass consisting of
Rhodamine-DHPE and 0.1% of the total lipid mass consisting of DSPE-PEG-Biotin. The
liposomes were included at a final concentration of 1.667 mg/ml. Proteins were ex-
pressed for 3 h at 37 °C. After protein expression 40 £ diluted RNase ONE ™ and 20 £
diluted DNAse I were added to the reactions that were incubated for an additional hour.

DYNABEADS® PURIFICATION

For the binding and washing to Dynabeads®, the beads were suspended in their con-
tainer by vortexing and 30 µl was transferred to an 1.5-ml eppendorf tube. Two hundred
microliter of PURE buffer was added, the mixture was vortexed and then put on a mag-
netic stand. The magnet draws the Dynabeads® to the side of the Eppendorf and the
buffer can be removed without disturbing the beads. This process was repeated twice
to remove the storage solution. After washing but before final removing of buffer, 10 µl
(5%) of the beads were removed for the blank fluorescence measurement. After remov-
ing buffer, 11.5 µl of GPAT/LPAAT-expressed PURE system and 11.5 µl of YFP-expressed
PURE system was added to separate vials containing washed beads and then 20 µl of
PURE buffer was added to each. The mixtures were incubated while gently rotating, for
1h at room temperature and mixed by slowly pipetting up and down every 20 min. After
incubation, 1.66 µl of bead solution was added to 8.34 µl of PURE buffer representing
another 5% of the original number of beads to be used as a the pre-wash fluorescence
measurement. The original Eppendorf tube was then put on the magnet stand for 2 min
and then the first supernatant was removed and kept for measurement on the gel. The
beads were subsequently washed four times by adding 200 µl PURE buffer, mixed by
pipetting up and down, then putting it on the magnetic stand for 2 min and then re-
moving the supernatant. The beads were then resuspended in 20 µl of PURE buffer and
1.11 µl (5% of the original number of beads) was taken and mixed with 8.89 µl of PURE
buffer for the post-wash fluorescence measurement. Then the remaining suspended
beads and liposomes were directly added to 5 £ SDS loading buffer. For the unpurified
controls 10.29 µl of appropriate expressed PURE system was mixed with 5 £ SDS loading
buffer and added to the gel. For the supernatant sample 1.49 µl of the supernatant was
first removed for fluorescent measurement (not shown) and the rest was mixed with 5 £
SDS loading buffer and added to gel. All samples were incubated at 65 °C for 5 minutes
before loading on a 12% polyacrylamide gel.
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x-res.(2) B x-res.(3) C c. B(4) c. C(5) 4x B plas.(6) B plas.(7)
A solution 5 5 5 5 5 5
B solution 3.75 3.75 3.75 3.75 3.75 3.75
Superase 0.25 0.25 0.25 0.25 0.25 0.25
Green Lys 0.25 0.25 0.25 0.25 0.25 0.25
template 250ng P 250ng P 250ng P 250ng P 2166ng p 533.5ng p
Extra B 2.5 2.5 x x x x
MQ x x 2.5 2.5 x 2.782
Total 13.31 14.44 13.31 14.44 13.31 13.03

Table 3.1: Reaction compositions for optimizing of GPAT and LPAAT expression. P=PCR, p=plasmid, numbers
in title correspond to lane numbers of figure 3.7. x-res=extra resources, i.e. solution B, c.=control, 4xB=4x
amount of plsB plasmid, B plas=1x amount of plsB plasmid.

3.2.6. TEM IMAGES OF SYNTHESIZED PROTEINS

PROTEIN SYNTHESIS

Protein synthesis was carried out in the standard manner in the PUREfrex IVTT system.
Either plsB (GPAT) or plsC (LPAAT) template was included at 10 ng/µl. Superase was also
included in the reaction. In images shown in figure 3.5, 400-nm liposomes were included
of standard composition (DOPC, DOPE, DOPG, cardiolipin mol % 50.8:35.6:11.5:2.1).
Proteins were expressed for 3 h at 37 °C. Samples were stained with 2% uranyl acetate
and imaged on a transmission electron microscope.

3.2.7. PlsB AND plsC CONSTRUCTS AND OPTIMIZATION
PlsB and plsC plasmids were obtained from Dr. Yutetsu Kuruma [3]. The plasmids car-
ried an ampicillin selection marker and were thus cultured in medium containing ampi-
cillin. Plasmids were purified with a PureYield™ plasmid miniprep kit. When linear
PCR constructs were required the following primers were used: plsB fwd 5’ CATTCGC-
CATTCAGACTACG 3’, plsB rev 5’GACTATGATTACGCCGGTAC 3’ and plsC Fwd 5’TCGACTC-
TAGAGGATCTCG 3’ plsC Rev 5’CCTCAAGACCCGTTTAGAG 3’. To verify the length of plsB
and plsC PCR products (lanes 2 and 3 figure 3.6 left panel) they were run on a 1% agarose
gel. mRNA was obtained by expressing constructs using the RiboMAX™ large scale RNA
production system and products run on an agarose gel. For the initial expression exper-
iment (left panel lanes 5 and 6 of figure 3.6 ) the standard protocol was used with 500
ng of template consisting of PCR products of plsB and plsC. The expression was at 37 °C
for 3 h. For optimization of plsB mRNA expression the standard protocol with the fol-
lowing modifications was used: Lane 2 - normal, 500 ng PCR, lane 3 - expression at 30
°C, 500 ng PCR, Lane 4 - 3 £ amount of NTPs, 500 ng PCR, lane 5 - plasmid, 500 ng plas-
mid. For protein expression in vitro transcription and translation the yields of produced
full-length protein were compared by including FluoroTect™ Green Lysine in the PURE
Express system. The complete reaction assembly is shown in table 3.1.

3.2.8. EDTA
An experiment was performed using the standard liquid chromatography-mass spec-
trometry (LC-MS) technique with four different solvents used for sample preparation,
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with 5 µM of LPA and DPPA along with 0.2 mg/ml of 50.8:35.6:11.5:2.1 mol. % DOPC,
DOPE, DOPG, cardiolipin liposomes. The solvents were the following:

• Methanol containing 2 mM of acetylacetone was mixed with PURE Buffer to have
a composition of 90% methanol, 10% PURE Buffer.

• 100% methanol containing 2mM of acetylacetone.

• Methanol containing 2 mM of acetylacetone was mixed with of PURE Buffer to
have a composition of 90% methanol, 10% PURE Buffer and in addition 25 µM
FeCl3 was added.

• Methanol containing 2 mM of acetylacetone was mixed with of PURE Buffer to
have a composition of 90% methanol, 10% PURE Buffer and in addition 5 mM
EDTA was added.

3.3. LABORATORY TECHNIQUES
This section of the thesis includes some details of important techniques used in the lab-
oratory that were newly developed. It is not an exhaustive description of techniques de-
veloped but rather a guide to inform future students through difficult procedures not
part of the common knowledge of the Christophe Danelon lab at Bionanoscience in
Delft.

3.3.1. LIQUID CHROMATOGRAPHY-MASS SPECTROMTRY
This section contains details on liquid chromatography mass spectrometry methods de-
veloped for the results of this chapter and chapters 2 and 4.

SAMPLE PREPARATION

The reaction mixture contains liposomes with proteins and other components of the
PURE system along with the DNA templates coding for the lipid synthesizing enzymes,
mRNA, the enzymes themselves, other additives, substrates and products. We used the
simplest sample preparation approach, which was to dilute the sample with 100 % metha-
nol containing 2 mM acetylacetone (see section 3.3.1). Methanol is less polar than water,
it therefore disrupts the electrostatic screening of electrostatic forces between molecules,
which causes proteins and nucleic acids to precipitate. The precipitates were then re-
moved by centrifugation. The lipids being less polar and charged than DNA and protein
remain in solution, and they can be injected into the mass spectrometer.

LIQUID CHROMATOGRAPHY METHOD

In all experiments 5 µl samples were injected into a liquid chromatography system (Agi-
lent 1260) equipped with a XSELECT HSS T3 2.5µm analytical column. This column con-
sists of C18 carbon chains bound to a high strength silica beads. As such the beads are
very hydrophobic, and in an hydrophilic solvent, lipids will tend to bind the to column
whereas in a hydrophobic solvent they will elute. The sample was thus initially injected
in methanol (intermediate hydrophilicity) and pushed into the column in a relatively
hydrophilic solvent (mobile phase A) which allows the lipids to bind the column. Then
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Time (m) Solvent A Solvent B
(60% Acetonitrile) (90% Isopropanol)

0 100% 0%
1 90% 10%
1.5 35% 65%
10 30% 70%
11 5% 95%
11.5 3% 97%
12 100% 0%
15.5 stop stop

Table 3.2: The gradient used to separate lipids by liquid chromatography. Solvent B is more hydrophobic than
solvent A, and thus the gradient moves from hydrophilic to hydrophobic during course of the method. Most of
the lipids elute between 35% solvent A and 30% solvent A, that is why the slowest rate of change of the solvents
occurs between 1.5 and 10 min.

a gradient was applied to a more hydrophobic solvent (mobile phase B), which elutes
the various compounds sequentially. The exact scheduling of the solvent composition
is based on a method developed in another lab [7][8], and is given in table 3.2. The spe-
cific composition of mobile phase A consisted of 60% acetonitrile, 40% deionized water,
7 mM ammonium formate 0.0114% formic acid and 2 mM acetylacetone. The mobile
phase B was 90% isopropanol, 10% acetonitrile 0.0378% formic acid and 2 mM acety-
lacetone. The reason for the acetylacetone is that it binds metal ions. It is hypothesized
that metals ions caused peak broadening for lysophosphatidic acid (LPA) and phospha-
tidic acid (PA) which was due to interactions between the metal ions and the phosphate
group of the lipids and the analytical column [9]. The acetylacetone was also included
in the sample and in later experiments, so was EDTA. EDTA served a similar purpose as
to the acetylacetone (see section 3.1.7). An important consideration is that EDTA, being
hydrophilic, will not bind the column and should not be allowed to enter the ion source
as it may corrode it. Therefore the first minute of the column eluent was put to waste
instead of the MS.

MASS SPECTROMETRY METHOD

The basic operation principles of the mass spectrometry operating in multiple reaction
monitoring (MRM) mode are as follows. A diagram of a triple quadrapole setup with im-
portant components is shown in figure 3.9. The eluent from the liquid chromatography
is sprayed from a nebulizer which forms small droplets with the aid of a nebulizing gas
flow. The nebulizer is at ground, and a capillary is at a positive potential (in negative
mode) which ionizes the droplets. The droplets break and the solvent evaporates aided
by the flow of heated nitrogen drying gas until which single ions are formed. The droplets
and eventually ions are simultaneously drawn towards the capillary by the electric field.
They then pass through the capillary. After exiting the capillary, there is a voltage which
helps to draw the ions into the skimmer. This is called the Fragmentor Voltage. The skim-
mer is an octapole ion guide which keeps the ion beam focused until it enters the first
quadrapole. The first quadrapole acts as an ion filter. Two of the rods are at negative po-
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tential and two of the rods are positive potential. There is also an AC (radio frequency)
voltage applied to the rods with the positive rods being 180 degrees out of phase with the
negative rods. The combined effect is that the ions travel in a spiral path, whose exact
trajectory depends on both the mass to charge (m/z) ratio of the ions, and the voltages
applied. As such the first quadrupole analyser can be set to pass only ions of a given
m/z. In MRM mode, the first quadrapole looks at specific (m/z) ratios for a specified
dwell time. For instance it can look at the mass to charge ratio of corresponding to DOPE
(742.5) and DOPG (773.5) for 100 ms each. After these ions are filtered they are passed
into a collision cell. In addition to focusing the ions with a hexapole (though it is referred
to as second quadrapole), there are two potentials across the cell. The Cell Accelerator
Voltage which is constantly applied and clears the cell of all ions, and the Collision Energy
(in eV), which is an additional voltage which also accelerates the ions but is only present
temporarily. There is also nitrogen in the collision cell, as the speed of the molecules
increases due the the collision energy, the ions collide energetically with the gas and
fragment into smaller ions. These fragments then pass into a third quadrapole which
operates with the same principles as the first. It also timeshares for fragment ions of var-
ious m/z, for instance the intact DPPA ion (647.5) fragments in multiple possible ways
including an ion of 152.9 (m/z), an ion of 255.1 (m/z) and an ion of 391.1 (m/z). The ions
are then collided with a dynode which produces electrons that are then collided with an
electron multiplier and then detected. The term multiple reaction monitoring (MRM)
mode refers to the fact that the first and second quadrapole are continuously switching
between monitoring specific combinations of intact and fragment ions, which allows for

a

Figure 3.9: | Diagram of Mass Spectrometer.
A diagram of a triple quadrapole mass spectrometer showing important features. Of primary importance are
the first quadrapole, the collision cell and the third quadrapole. The first quadrapole filters intact ions based on
m/z ratio, the collision cell fragments them and the third quadrapole filters the the fragments again based on
the m/z ratio. Also indicated are the locations of the fragmentor voltage, cell accelerator voltage, and collision
voltage (also called collision energy and measured in eV) which are optimized by the Agilent optimizer for the
various lipids studied. Adapted from the Agilent QQQ Concepts Guide.
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a b

c d

e f

g h

Figure 3.10: | Lipid chromatograms of liquid chromatography mass spectrometry method.
(a-g) Chromatograms of various lipid species detected in chapter 2 via mass spectrometry in MRM mode.
Highlighted areas are used to calculate the total integrated counts. (h) A complete normalized chromatogram
from a typical experiment with the species LPA, DOPG, DPPA, DOPE, and cardiolipin elute sequentially.
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the sensitive detection of multiple species.

Compound Name LPA(16:0) PA(16:0/16:0) PA(16:0/16:0) PA(16:0/16:0)

Formula C19H39O7P C35H69O8P C35H69O8P C35H69O8P
Mass (Da) 410.24 648.47 648.47 648.47
Precursor (m/z) 409.2 647.5 647.5 647.5
Product (m/z) 152.9 152.9 255.1 391.1
Fragmentor (V) 100 210 210 210
Cell Acc. (V) 7 7 7 7
Collision (eV) 13 33 29 17
Abundance 4236 2219 13222 3156
Polarity Negative Negative Negative Negative

Table 3.3: Mass spectrometer settings for MRM transitions of 16:0 LPA and 16:0/16:0 PA.

Compound Name PE(18:1/18:1) PG(18:1/18:1) CL(1’[18:1/18:1],3’[18:1/18:1])

Formula C41H78NO8P C42H79O10P C81H150O17P2
Mass (Da) 743.55 774.54 1457
Precursor (m/z) 742.5 773.5 727.5
Product (m/z) 281.2 281.2 281.2
Fragmentor (V) 140 190 140
Cell Acc. (V) 7 7 7
Collision (eV) 25 37 29
Abundance N/A 9597 7282K
Polarity Negative Negative Negative

Table 3.4: Mass spectrometer settings for MRM transitions of DOPE, DOPG, and Cardiolipin.

Compound Name LPA(18:1) PA(18:1/18:1) PA(18:1/18:1) PA(18:1/18:1)

Formula C21H41O7P C39H73O8P C39H73O8P C39H73O8P
Mass (Da) 436.26 700.5 700.5 700.5
Precursor (m/z) 435.3 699.5 699.5 699.5
Product (m/z) 152.9 281.2 153 417.2
Fragmentor (V) 160 190 190 190
Cell Acc. (V) 7 7 7 7
Collision (eV) 17 37 37 17
Abundance 38003 40466 6838 9599
Polarity Negative Negative Negative Negative

Table 3.5: Mass spectrometer settings for MRM transitions of 18:1 LPA and 18:1/18:1 PA.

To be able to measure the lipids eluting from the liquid chromatography step, the
instrument must have its settings tuned to optimize the signal of the various intact ions
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and fragment ions. Specifically it adjusts the Fragmentor Voltage, Cell Accelerator Volt-
age and Collision Energy (eV). This process is performed automatically by Agilent soft-
ware when it is told which specific intact ion to search for. The results for all ions de-
tected in chapter 2 are listed in tables 3.3, 3.4, and 3.5 . A completed MRM method,
then timeshares between various ions of interest adjusting all settings to look at intact
and fragment ions corresponding to a given compound. Chromatograms of those ions
are given in figure 3.10 a-g. Figure 3.10 h is an example of a chromatogram obtained
during a typical experiment with a completed MRM method. Lipids LPA, DOPG, DPPA,
DOPE and cardiolipin elute from the column sequentially and are detected by the mass
spectrometer.

3.3.2. LIPID HANDLING
Here we provide a guide to handling of the lipids used in this thesis to facilitate future
experiments.

DOPC, DOPG, DOPE, cardiolipin and other glycerophosphoplipids
Lipids used for forming liposomes are purchased from Avanti Polar Lipids in chloro-
form. They include but are not limited to dioleoylphosphatidylcholine, dioleoylphos-
phatidylglycerol, dioleoylphosphatidylethanolamine and cardiolipin. These lipids come
in a glass ampule of which the neck must be broken. The lipids are thus first aliquoted
into glass vials with a PTFE lined lid (Sigma 27134 Vials, 2mL - PTFE lined cap) using
Hamilton syringes rinsed 5 £ in chloroform and the outside of the needle washed with
ethanol (and dried). This ensures that the lipids are not contaminated. Lipids are either
dried under argon flow and stored under argon and marked with mass to be redissolved
in chloroform at a later date, or otherwise stored in chloroform without storing under
argon to prevent evaporation and concentration changes. Vials are stored at -20 °C with
Parafilm around the lid. For experiments, lipid volumes are measured with Gilson Mi-
croman pipettes using capillary pistons, which ensures accurate pipetting of volatile sol-
vents and therefore lipid quantities. It may be that the plastic tips leach compounds into
the chloroform, though if so, we have not found that to interfere with experiments.

Palmitoyl-CoA and oleoyl-CoA
These fatty acid CoAs are purchased from Avanti Polar Lipids in powder form. To mea-
sure specific amounts of lipid the following procedure is used. The known mass of fatty
acyl CoA is first dissolved in a known amount of solvent giving a known concentration.
Avanti reports that the total amount of fatty acyl CoA may be greater than the amount
indicated by as much as 10%, so there is immediate uncertainty in the actual quantity
of lipids. The lipids readily dissolve in a mixture of Chloroform:Methanol:Water in an
80:20:2 ratio. The miscibility of these solvents depends quite sensitively on the ratio so
normally an amount of 20 ml is made for accuracy in measuring of solvents. Hamilton
syringes, rinsed first in chloroform and then 80:20:2 C:M:W, then rinsed on the outside
with ethanol (and dried), are used to measure quantities of 80:20:2 C:M:W to dissolve
the lipids. Amounts are then measured by volume into the same glass vials as above.
The solvent is then evaporated in bell jar glass desiccator overnight with an open valve
to allow solvent to evaporate. The desiccator is not put under vacuum. If so, some of the
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dried lipids in powder form will become airborne and the accuracy of quantities will be
lost. The same can be said for using argon flows. Vials are stored at -20 °C with parafilm
to ensure sealing of the vials. Before use the fatty acyl CoAs are redissolved in 80:20:2
C:M:W with Gilson Microman pipettes as above.

Palmitoyl LPA and dipalmitoyl PA
These lipids are purchased from Avanti Polar Lipids in powder form. To measure the
amount of CoA, they are first dissolved in a known amount of solvent giving a known
concentration. Avanti reports that the total amount of lipid may be greater than the
amount indicated by as much as 10%. The lipids dissolve rather poorly in a mixture
Chloroform:Methanol:Water in a ratio of 65:35:8. Ammonium hydroxide can be added
to improve solubility but it also degrades the lipids and may effect the pH of solutions
downstream. To allow the LPA and particularly the DPPA to dissolve, although Avanti
suggests that concentrations of 10 mg/ml can be obtained, we found that it was better
not to use concentrations above 1 mg/ml. The remaining procedures are the same as
above as for palmitoyl CoA and oleoyl CoA except with 65:35:8 C:M:W as a solvent.

Oleoyl LPA and dioleoyl PA
Due to the unsaturation of fatty acid tails these simple phospholipids readily dissolve in
chloroform. They are thus purchased from Avanti Polar Lipids dissolved in chloroform,
and handled as DOPC, DOPE etc.
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4
HEADGROUP MODIFYING ENZYMES

Here we extend the in vitro lipid biosynthesis from the acyltransferases presented in chap-
ter 2 to six new phospholipid headgroup modifying enzymes. These enzymes are those
responsible in E. coli for the synthesis of 5 new lipids from phosphatidic acid, and other
precursors. The end products of the two pathways reconstituted are phosphatidyl glyc-
erol and phosphatidyl ethanolamine. In this chapter we briefly describe what is known
about the six enzymes from literature. We then proceed to demonstrate that we were able
to synthesize these enzymes in the PURE system, and measure their activity by LC-MS.
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4.1. INTRODUCTION
To achieve growth of liposomes and eventually minimal cells, it is necessary that the
lipids produced are able to sustain the functions of the cell boundary. Besides complex
functions such as facilitating division and transport of molecules the most basic function
required of the cellular lipid membrane is the ability to form stable bilayers. There is not
much in the literature on the subject of forming vesicles with lysophosphatidic acid or
phosphatidic acid, which suggests that they are not good at forming bilayers. If one con-
siders the ratio of the diameter of the headgroup to the diameter of the tail (or tails) of
the lipids then lysolipids have values greater than one (relatively large headgroups) and
phosphatidic acids have values less than one (relatively large tails). It can be considered
that the farther this ratio is from 1, the harder it will be to form stable bilayers due to the
inability to pack in a flat sheet (for phosphatidylcholine, which is most frequently used
to form bilayers, the value is close to 1). As such modifying the PA produced in our vesi-
cle system so that it has a larger headgroup, will help it form stable bilayers. It is widely
reported that the composition of E. coli membranes is approximately 80% diacylphos-
phatidylethanolamine (XXPE) and 20% diacylphosphatidylglycerol (XXPG) with a small
fraction of cardiolipin [1] [2] [3]. Therefore it is natural to pursue making XXPE and XXPG
in the E. coli based PURE system and as such they were our initial targets for synthesis.
The enzymes required for the synthesis of XXPE and XXPG from phosphatidic acid are
shown in figure 4.1

4.1.1. DETAILS OF SYNTHESIS PATHWAY

CDSA
The first reaction of the pathway for the synthesis of XXPE and XXPG is where a phospha-
tidic acid, cytosine tri-phosphate (CTP) and a proton react to form cytosine di-phosphate-
diacyl glycerol with the release of diphosphate. This reaction is performed by the gene
product of cdsA (phosphatidate cytidylyltransferase). The molecular weight of the pro-
tein as predicted by the nucleotide sequence is 31 kDa and the previously observed
molecular weight is 27kDa. Sequence analysis predicts eight transmembrane helices [4]
and databases list it as localized to the inner membrane of E. coli [4]

PSSA
The first committed step of synthesizing XXPE from phosphatdic acid is the formation of
phosphatidylserine. The gene product of pssA (diacylphosphatidylserine synthase) lig-
ates L-serine to CDP diacylglycerol via a ping pong reaction mechanism releasing CMP
and a proton [5] [6]. The enzyme does so without a requirement for divalent metal ions
[6]. It was originally thought that the enzyme was ribosome associated (both 30S and
50S) [5]). It was later discovered however that the association may have been an artifact
of cell purification as physiological levels of polyamines prevented ribosome associa-
tion [7]. PssA is now considered to be a peripheral membrane protein that associates
with membranes via its lipid substrate and may spend time membrane-bound as well as
free in the cytoplasm [6]. The predicted molecular weight from the nucleotide sequence
is 52 kDa [8].
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a

Figure 4.1: | Glycerophospholipid headgroup modification enzyme pathways.
The pathways for synthesizing XXPE and XXPG from phosphatidic acid consist of five reactions each. The
reactions are catalyzed by enzymes which are the products of the genes listed in the figure. For the final step of
synthesis of XXPG there are three alternative enzymes: pgpA, pgpB, and pgpC, two of which (A/C) were studied
here.

PSD

The final step in the formation of XXPE is the decarboxylation of phosphatidylserine
by the gene product of psd (phosphatidylserine decarboxylase). In this reaction dia-
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cylphosphatidylserine (XXPS) and a proton react and diacylphosphatidylethanolamine
and carbon dioxide are released. The enzyme itself is a heterodimer, produced from a
single polypetide which cleaves itself postranslationally [9] [10]. Phosphatidylserine de-
carboxylase is located at the inner membrane[11] [12]. The predicted molecular weight
from the nucleotide sequence is 35 kD [13].

PGSA
The first committed step of synthesizing XXPG from phosphatidic acid is the forma-
tion of phosphatidylglycerolphosphate. The gene product of pgsA (phosphatidylglyc-
erophosphate synthase) accepts CDP diacylglycerol and ligates sn-glycerol-3-phosphate
to it releasing diacylphosphatidyl glycerol phosphate, CMP and a proton. It is an integral
membrane protein [6] located at the inner membrane [10]. The enzyme has an absolute
requirement for magnesium to function [14]. The predicted molecular weight from the
nucleotide sequence is 20 kDa. [15]

PGPA, PGPC (PGPB)
The final step in the formation of XXPG is the dephosphorylation of diacylphosphatidyl-
glycerol phosphate (PGP) to diacylphosphatidylglycerol (XXPG). There are three enzymes
(phosphatidylglycerolphosphatases) which can perform the hydrolysis reaction and they
are the products of pgpA, pgpB and pgpC genes. PgpA and pgpB act on several phos-
pholipids including PA, lyso-PA and PGP [16]. PgpA contains a single transmembrane
segment and an active site that faces the cytoplasm [17]. PgpB was originally thought
to be an outer membrane phosphatase, but more recent results indicate an inner mem-
brane location [18]. PgpC is predicted to have a single transmembrane domain with
its active site facing the cytoplasm [17]. Overexpression of pgpA caused primarily PGP
phosphatase activity [19], while overexpression of pgpB caused phosphatase activity to-
ward all three substrates with a relativity small PGP phosphatase activity [20] [21] and
pgpC had activity specific to PGP [17] [16]. The molecular weight of pgpA from sequence
analysis is 19kD [22], that of pgpB is 29 kD [23], while from experiment it is 28 kD [24],
and that of pgpC from sequence prediction is 24.439 kD [25].

To our knowledge we are the first to attempt to express and study the complete syn-
thesis pathway for XXPE and XXPG in an in vitro synthesis reaction. There are previous
works with some similarity, such as an early work where phosphatidylcholine (PC) was
produced from rat microsomes solubilized with lysophosphatidyl choline and oleoyl-
CoA and containing l-acyl-sn-glycero-3-phos-phorylcholine acyltransferase, which pro-
duced membrane from the solubilizing lysosphosphatitdyl choline and oleoyl CoA [26].
Later phosphatidylcholine producing PC vesicles were made from purified proteins (glyc-
erol 3 phoshate acyltransferase, lysophosphatidic acid acyltransferase, phosphatidate
phosphatase and cytidinediphosphocholine phosphocholinetransferase) from pig liver
reconstituted in phosphatidylcholine vesicles [27]. These works focused on phosphatidyl-
choline with purified proteins. Here, we show that we can produce the membrane-form-
ing lipids XXPG and XXPE as well as there intermediates from in vitro synthesized pro-
teins.
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4.2. RESULTS
Initially we expressed the proteins in an in vitro transcription translation reaction in the
presence of FluoroTect™ Green Lysine (BODIPY labeled lysine tRNA) and observed the
produced protein products on an SDS page gel. Figure 4.2 a shows the expression of six
proteins (pgpA, pgpC, pgsA, cdsA, pssA, psd) and controls (pssA, plsB) from the genes
indicated in the figure. The gel on the left is a 15% polyacrylamide gel for identifying
the smaller proteins, and the other gel is a 12% polyacrylamide. The red arrows indicate
the expected molecular weight of the proteins either from sequence information or from
experiment (see section 4.1). These results show that the constructs (see methods, sec-
tion 4.4) are capable of expressing a polypeptide of, or close to, the expected molecular
weight.

We then immediately attempted to measure the activity of the six proteins by liq-
uid chromatography mass spectrometry (LC-MS). In order to do so it was necessary to
develop multiple reaction monitoring transitions, whereby the molecules of interest are
selected for in a quadrapole mass filter, fragmented into smaller molecules, and then
these molecules filtered in another mass filter and finally detected. For enzyme activity
we used palmitoyl CoA, glycerol-3-phosphate (G3P), cytidine tri-phosphate (CTP) and
L-serine as substrates and expressed all enzymes in the pathway up to the one produc-
ing the molecule of interest. This was done in the presence of liposomes. We were able to
detect dipalmitoyl phosphatidylglycerol (DPPG, plsB-plsC-cdsA-pgsA-pgpA/C), dipalmi-
toyl phosphtidylethanolamine (DPPE, plsB-plsC-cdsA-pssA-psd) and dipalmitoyl phos-
phatidylserine (plsB-plsC-cdsA-pssA-psd). As we did not have standards available to use
to develop transitions, they were developed by first injecting the complex sample mix-
ture into a column and eluting the lipids with the same liquid chromatography method
as discussed in chapter 3. The details of the transitions are indicated table 4.1.

Compound Name 16:0/16:0 PG 16:0/16:0 PG 16:0/16:0 PE 16:0/16:0 PS
(pgpA) (pgpC) (psd) (pssA)

Formula C38H75O10P C38H75O10P C37H74NO8P C38H74NO10P
Mass (Da) 722.51 722.51 691.52 735.51
Precursor (m/z) 721.5 721.5 690.5 734.5
Product (m/z) 255.2 255.3 255.1 255.1
Fragmentator (V) 220 70 230 180
Collision (eV) 45 45 37 41
Cell Acc.(V) . 4 4 4 4
Abundance 3233 1667 1231 645
Polarity Negative Negative Negative Negative

Table 4.1: | MRM transitions of DPPG and DPPE.
Details of DPPG and DPPE MRM transitions developed with Agilent optimizer. Two instances of DPPG were
due to the use of pgpA and pgpC, to make the lipid, though the transition settings found for pgpA were also
more effective for pgpC.

Already from using the developing the multiple reaction monitoring transitions to
detect dipalmitoyl phoshatidylglycerol (DPPG), dipalmitoyl phosphatidylethanoamine
(DPPE) and dipalmitoyl phosphatidylserine (DPPS), we knew we could make these mole-
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Figure 4.2: | Functional reconstitution of complete biosynthesis pathways for PE and PG lipids.
(a) 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 protein
molecular mass as expected from the nucleotide sequence of the genes. (b) Schematic of the inside-out pro-
teoliposome reconstitution experiments and enzymatic cascade reactions, where all genes of a given pathway
were expressed in PUREfrex and all specific substrates were supplied. (c) LC-MS data reporting lipid produc-
tion in the PE and PG pathways under various experimental conditions. Combined gene expression and lipid
biogenesis was carried out as illustrated in (b) 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 4.2. 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 inde-
pendent 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.
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cules via in vitro synthesized proteins in the PURE system. The presence of these lipids
implied the functioning of all enzymes, including both variants of pgpA/C (see sepa-
rate column for pgpA and pgpC in table 4.1). To confirm the activity of the enzymes
we measured again with the complete LC-MS method described below and performed
two additional repeats that validated the synthesis of DPPE and DPPG. For these ex-
periments with increased number of lipids we used a dynamic MRM method, details of
which can be found in methods, section 4.4. Figure 4.2 c shows the result of mass spec-
trometry measurements for: the complete pathway of DPPE (column 1-4), the DPPE
pathway with GPAT removed (column 5-7), the DPPE pathway with psd removed (col-
umn 8) the complete DPPG pathway (column 9-12) and the DPPG pathway with GPAT
removed (column 13-15). DPPG and DPPE synthesis is confirmed by three repeats and
the negative controls by two repeats which indicates unambiguously the functionality of
the complete pathways. In addition, figure 4.2 c, column 8, shows that it was possible to
detect phosphatidylserine (as shown in table 4.1).

An attempt to achieve a larger percentage increase in liposome size was made by
reducing the vesicle concentration. In this additional experiment, 0.04 mg/ml (47 µM
of lipids) DOPG/DOPE/cardiolipin liposomes with composition of 54.5:35.6:10 mol %
were included in a one-pot reaction with all the enzymes for the synthesis of DOPG and
DOPE expressed (plsB, plsC, cdsA, pgsA, pgpA, pssA, psd). This was done in the pres-
ence of 500 µM L-Serine, 500 µM G3P, 1 mM CTP (additional to that in PURE system)
and 100 µM oleoyl CoA. There was not significant synthesis of DOPG or DOPE over the
control samples which could be either due to: few proteins successfully incorporated in
proteoliposomes at low liposome concentration, or liposomes disrupted by oleoyl CoA
acting as surfactant. It was however found that 100 µM of p-CoA with 100 µM of lipids in
the form of 400-nm liposomes did not affect the liposome size distribution as measured
by light scattering. Further experiments will be required to achieve true autopoesis and
growth of liposomes.

4.3. DISCUSSION
Here we show that in addition to lysophosphatidic acid and phosphatidic acid we can
make phospholipid headgroup-modifying enzymes. We focus here on making phos-
phatidylglycerol and phosphatidylethanolamine which together make the largest frac-
tion of the E. coli lipidome. Due to the astonishing ability of the PURE system to syn-
thesize functional membrane proteins, we predict that in the future it will be possible to
synthesize other lipids. Examples include phosphatidylcholine, which can be made from
phosphatidylethanolamine with a single enzyme from Rhodobacter sphaeroides [28] and
cardiolipin which can be made from phosphatidylglycerol with cardiolipin synthase A or
B and from phosphatidylethanolamine and phosphatidylglycerol combined with cardi-
olipin synthase C [29]. Since it is now possible to synthesize lipids forming stable lipo-
somes the obvious immediate goal is to obtain growth of liposomes that are truly self
reproducing (with respect to the lipids, if not yet the entire content of the minimal cell).
We already attempted this by measuring an increase of DOPG and DOPE and though we
encountered difficulties in preliminary experiments, we maintain it will be possible with
our system. It may be an obstacle that the fatty acyl CoA lipid precursors may act as a
surfactant when overloaded in the membrane, or it may simply be that the protein in-
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corporation efficiency at low vesicle concentration is the obstacle. Alternatively to mea-
suring a total increase in the amount of lipids, there are other methods to detect growth.
These include using C13 labeled oleoyl CoA which would separate orthogonally newly
synthesized lipids from existing lipids, or the commonly used FRET assay for fatty acid
vesicle growth [30]. Eventually it may be necessary to synthesize fatty acids from more
hydrophilic components by expressing the complete E. coli fatty acid synthesis pathway
a project which is being pursued in the lab of Yutetsu Kuruma (Tokyo). It may also be
that acyl carrier proteins (ACPs) are more water soluble than acyl CoAs and act less as
a surfactant. Eventually the ability to synthesize a variety of lipids may prove useful in
achieving the complex functions for a minimal cell, for example division [31]. This is
discussed further in chapter 6.

4.4. METHODS

4.4.1. EXPRESSION OF PROTEINS AND SDS GELS
PUREfrex reactions were assembled with 10 ng/µl of coding template (as indicated in
figure 4.2 a), 0.5 U/µl Superase RNAse inhibitor with 20 £ dilution of FluoroTect™ Green
Lysine tRNA in 10 µl of total volume. Reactions were incubated at 37 °C for three hours.
For the left panel of figure 4.2 a samples had 1 µl of RQ1 DNAse and RNAse One added
and were then incubated for an additional hour to digest background of Green Lysine
tRNA. Samples were then incubated at 60 °C for 10 min with SDS loading dye, run on a
15 % or 12 % SDS polyacrylamide gel with 37.5:1 ratio of acrylamide:bis acrylamide and
imaged on a Typhoon fluorescent gel scanner (Amersham Biosciences) with BODIPY-FL
settings.

4.4.2. MRM METHOD DEVELOPMENT
To develop the MRM transitions it was necessary to directly attempt the activity as-
says since presynthesized standards were not available for all compounds of interest.
PUREfrex reactions were assembled as above except that for each reaction the path-
way was truncated at the molecule of interest. E.g. the phosphatidylserine reaction
had genes: plsB, plsC, cdsA, pssA. The LC method of chapter 3 was run in the Agilent
optimizer software which automatically searched for the settings for the compounds of
interest. To do that it requires the molecular weight of the intact neutral molecules. The
optimal settings of the parameters are given in table 4.1, the meaning of which are dis-
cussed in chapter 3. It was possible to detect DPPG, DPPE, and DPPS, which all flew in
the MS as singly charged species. It was not possible to detect the intermediates CDP-
dipalmitoylglyerol diphosphate or dipalmitoyl phosphatidylglycerol phosphate as singly
charged species with the masses we predicted, though it may be possible if the correct
charge state can be obtained from a complete scan of the m/z (mass to charge) ratios
below 1000 m/z.

4.4.3. SYNTHESIS OF DPPG,DPPE
SYNTHESIS AND ACTIVITY OF PROTEINS

PUREfrex reactions were assembled with standard components and in addition 0.4U/µl
Superase RNAse inhibitor, 500 µM L-Serine, 500 µM G3P and 1mM CTP (extra) and 0.4
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mg/ml of 400-nm liposomes (composition: DOPC, DOPG, DOPE, cardiolipin 50.8, 35.6,
11.5, 2.1 mol.%). Genes for the pathways of DPPG synthesis (plsB, plsC, cdsA, pgsA, pgpA)
or DPPE synthesis (plsB, plsC, cdsA, pssA, psd) were included at concentration of 5 ng/µl
each. Negative controls were the same pathways without plsB. After assembly, but be-
fore transfer to 37 °C for incubation, the reactions were added to dried palmitoyl CoA in
an Eppendorf 0.2 ml PCR tube for a final concentration of 100 µM. The reactions were
incubated overnight at 37 °C. Two repeats of the above experiment were performed with
a third repeat of the positive only (the same experiment was used for developing MRM
transitions). For liquid chromatography mass spectrometry the method described in
chapter 3 was followed, though in addition to the 2 mM acetylacetone 5 mM EDTA was
included in methanol to chelate metal ions (also discussed in chapter 3).

For mass spectrometry a dynamic MRM method was used. This differs from the
standard MRM method in that the mass spectrometer is set to observe compounds in
a scheduled manner. An example of the scheduling is given in table 4.2 and an example
of a chromatogram obtained is given in figure 4.3. The peak position was in fact slightly
unstable during initial measurements. As such the windows chosen for the compounds
were quite wide and the times in the example chromatogram do not correspond directly
to those in the method given as an example. The reason for the shift was likely due to
problems with the HPLC pump, which caused a change in the pressure profile between
injections. This indicates that the solvent composition was varying between injections.
The pump has since been repaired and the retention times should be taken as a guideline
for future methods.

FORMATION OF GENE PRODUCTS

The constructs of cdsA, pgsA, pgpA, pgpC, pssA, psd were all constructed from E. coli
MG1655 (K12) genomic DNA which was extracted with GenElute Bacterial Genomic DNA

Figure 4.3: | Scheduled dMRM measurement.
A dynamic multiple reaction monitoring measurement (dMRM) that monitors any given compound for a frac-
tion of the total liquid chromatography method.
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Compound Name Precursor Ion Product Ion Ret Time (min) ¢ Ret Time
LPA_16-0 409.2 152.9 2.2 3
PA_16-0_16-0 647.5 391.1 5.8 3
PA_16-0_16-0 647.5 255.1 5.8 3
PA_16-0_16-0 647.5 152.9 5.8 3
PE_16-0_16-0 690.5 255.1 6.5 5
PE_18-1_18-1 742.4 281.2 7 5
PG_16-0_16-0A 721.5 255.2 5.4 3
PG_16-0_16-0C 721.5 255.3 5.4 3
PG_18-1_18-1 773.5 281.2 5.6 3
Cardiolipin 727.5 281.2 12.4 2

Table 4.2: Retention times and windows for various lipids detected with dynamic MRM (dMRM) method used
in this chapter

Kit (Sigma Aldrich). The genes were cloned into a pET11a backbone by Gibson assem-
bly [32] [33]. For each amplification of a target gene four primers were used. A forward
primer with the following regions in the 5’-3’ direction: a region overlapping the pET11a
sequence and a region overlapping the gene of interest. A reverse primer with the same
structure (pET11a homology, gene of interest homology). A set of short primers homol-
ogous to part of the pET11a sequences were used to amplify the pET11a vector into a
linear fragment to be used in the Gibson assembly. The primers used are listed in table
4.3.

The thus assembled plasmids were then cultured in E. coli, and purified with Pure-
Yield™ plasma miniprep system. The PCR products used as DNA templates for PURE
system reactions were made by amplifying the genes from the pET11a vectors with the
following primers:
HG Fwd: 5’-GGATCTCGACGCTCTCCCTTATG-3’
HG Rev: 5’-GATATCCGGATATAGTTCCTCC-3’.
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fwd: random-pET11a -EG11371 pgpC
TGGACAGCAAATGGGTCGCGGATCCGGCTGCttgGCAACTCACGAGCGTCG
fwd - pET11a
GCAGCCGGATCCGCG
rev: random-pET11a -EG11371 pgpC
AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGctaTTCCAGTTGCTGGAGTTCACC
rev-pET11a
CAAAGCCCGAAAGGAAGCTGA

fwd: random-pET11a -EG10704 pgpA
TGGACAGCAAATGGGTCGCGGATCCGGCTGCatgACCATTTTGCCACGCCA
fwd - pET11a
(idem) GCAGCCGGATCCGCG
rev: random-pET11a -EG10704 pgpA
AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGctaCGACAGAATACCCAGCGG
rev-pET11a
(idem) CAAAGCCCGAAAGGAAGCTGA

fwd: random-pET11a -EG10706 pgsA
TGGACAGCAAATGGGTCGCGGATCCGGCTGCatgCAATTTAATATCCCTACGTTGCTTACAC
fwd - pET11a
(idem) GCAGCCGGATCCGCG
rev: random-pET11a -EG10706 pgsA
AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGtcaCTGATCAAGCAAATCTGCACGC
rev-pET11a
(idem) CAAAGCCCGAAAGGAAGCTGA

fwd: random-pET11a -EG10775 psd
TGGACAGCAAATGGGTCGCGGATCCGGCTGCttgTTAAATTCATTTAAACTTTCGCTACAGTACATTCTGC
fwd - pET11a
(idem) GCAGCCGGATCCGCG
rev: random-pET11a -EG10775psd
AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGttaGACCTGGTCTTTTTTGTCGTCAACCA
rev-pET11a
(idem) CAAAGCCCGAAAGGAAGCTGA

fwd: random-pET11a -EG110781 pssA
TGGACAGCAAATGGGTCGCGGATCCGGCTGCatgTTGTCAAAATTTAAGCGTAATAAACATCAACAAC
fwd - pET11a
(idem) GCAGCCGGATCCGCG
rev: random-pET11a –EG110781 pssA
rv–EG110781 pssA
AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGttaCAGGATGCGGCTAATTAATCGGT
rev-pET11a
(idem) CAAAGCCCGAAAGGAAGCTGA

fwd: random-pET11a -EG10139 cdsA
TGGACAGCAAATGGGTCGCGGATCCGGCTGCttgCTGAAGTATCGCCTGATATCTGC
fwd - pET11a
(idem) GCAGCCGGATCCGCG
rev: random-pET11a –EG10139 cdsA
AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGttaAAGCGTCCTGAATACCAGTAACAACAAG
rev-pET11a
(idem) CAAAGCCCGAAAGGAAGCTGA

Table 4.3: Primers used for the Gibson assembly of headgroup modifying enzymes.
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5
STUDYING GPAT AND LPAAT WITH

FLUORESCENCE

As part of our investigation into the ability to grow liposomes via in vitro synthesized GPAT
(glycerol 3 phosphate acyltransferase) and LPAAT (lysophosphatidic acid acyltransferase),
we developed methods for studying the activity of these enzymes via light. These meth-
ods were: (i) a fluorogenic assay that detects the presence of CoA in solution, which is re-
leased upon the reaction of acyl-CoA with glycerol 3 phosphate (G3P) or lysophosphatidic
acid (LPA) and (ii) a fluorogenic/color change assay based upon the change of the optical
properties of a NBD (nitrobenzoxadiazole)-labeled fatty acid. These changes principally
occurred when the fatty acid was incorporated into liposomal membranes, either as a free
fatty acid, attached to CoA, as in palmitoyl CoA or attached to the glycerol backbone of
a lipid, as in lysophosphatidic acid or phosphatidic acid. Both methods were developed
initially in the absence of a better tool (eventually LC-MS) to study the activity of the en-
zymes, though they offer some interesting possibilities for microscopy studies as well as
high throughput and kinetics studies. We found that the CoA method could be used to
study LPAAT only, due to the fact that the assay is only functional in non-reducing condi-
tions and that the reducing environment required by GPAT saturates the assay. The NBD
method was found to be effective to study the activity of LPAAT and the combination of
GPAT and LPAAT though there remains some open questions as to whether fluorescence
and color changes observed correspond directly to the activity of GPAT and LPAAT or if
there are some other reactions/processes involved.
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5.1. INTRODUCTION
Optical methods for studying the activity of GPAT and LPAAT can complement mass
spectrometry offering many advantages. For instance if the activity of GPAT and LPAAT
can be measured by a fluorescence change, it can easily used be to study the enzymes in
small volumes and in a high-throughput manner. That is true for both the assays devel-
oped in this chapter. An advantage of the NBD assay is it also possible to make real-time
measurements, which is not possible with the CoA assay or mass spectrometry. It may
also be possible to directly image growth of liposomes in a microscope with the NBD
method. This can complement existing methods for measuring volume expansion with
FRET signal [1]. To the best of our knowledge it is a new development to study GPAT and
LPAAT activity optically.

5.2. RESULTS

5.2.1. COA ASSAY
Enzo Life Sciences produces a proprietary assay for the measurement of activity of acyl-
transferases, using acyl CoAs as substrates, by a non-fluorogenic substrate which be-
comes fluorescent upon reacting with CoA, which is released by the acyltransferase re-
actions studied here. GPAT, DHFR, LPAAT and LacI were expressed separately in the
presence of liposomes. DHFR and LacI were chosen because the templates were plas-
mid and PCR product respectively in analogy to the constructs used for GPAT (gene:plsB)
and LPAAT (gene:plsC). The resulting solutions of liposome with incorporated proteins
(proteoliposomes, as is shown in chapter 3) were dialyzed to remove small molecules, in
particular DTT, which is known to give false positive results in the assay [2]. That was
done using a floating dialysis membrane as indicated in figure 5.1 a. A membrane floats
on buffer and the sample is pipetted on top of the membrane that allows small molecules
to pass through. The dialyzed proteoliposomes solutions are then adjusted so that the
buffer composition was similar to that previously reported [3] i.e. for GPAT enzyme the
final buffer was that of GPAT buffer II, and for LPAAT the buffer was that of LPAAT buffer
I. There is an important difference in the buffers from those used in literature [3] in that
Ø-mercaptoethanol was omitted from the GPAT buffer, which could have the same effect
as DTT on the assay and meant that the buffers would have been mildly oxidizing due
to the presence of oxygen in solution. Another important difference was the doubling
of NaCl in the GPAT buffer to 400 mM and addition of 200 mM of NaCl to the LPAAT
buffer. This was done to prevent the precipitation of palmitoyl CoA by magnesium ions
[4]. The resulting solutions were reacted with palmitoyl CoA, and in the case of LPAAT,
also 16:0 lysophosphatidic acid (LPA). The samples were then measured for the presence
of CoA via a fluorogenic assay that forms a fluorescent product from CoA and proprietary
molecule as indicated in figure 5.1 b. Figure 5.1 c shows that GPAT sample did not have
significantly more CoA over the LacI control (P value=0.9237), this may be expected since
it is known that GPAT requires reducing conditions to function [3]. The LPAAT sample
on the other hand has less than 1/4 chance of obtaining the indicated result if the LPAAT
and lacI samples are equivalent (i.e. the null hypothesis is true, P value=0.2306), which
suggests that LPAAT is active in the conditions studied. All samples had more CoA sig-
nal than the blank, which was the buffer provided with Enzo assay. This could be due to
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a b

c

Figure 5.1: | Acyltransferase activity with fluorescent CoA assay.
(a) After protein synthesis in the PUREfrex system, DTT was removed from samples using floating membranes
with pores that allowed small molecules, but not the 100-nm SUVs to pass through them. (b) One of the prod-
ucts of the acyltransferase reaction, CoA was detected fluorescently upon its reaction with a substrate that
became fluorescent after that reaction. (c) The activity of the enzymes (GPAT, LPAAT) in various buffers were
compared to controls consisting of other enzymes (DHFR, LacI) not expected to have activity. Error bars are
from two independent repeats.

hydrolysis of the thioester at the pH considered (GPAT pH 8.4, LPAAT pH 9.0 [5], which
would release CoA from the palmitoyl group. It was also found that LPAAT was active in
the GPAT buffer II (non-reducing) as compared to lacI in the same buffer.

We also found that it was possible to remove the DTT and other small molecules from
solution with ZebaSpin Desalting Columns with 7K MWCO and then measure with the
CoA assay, though data is not included here.

The CoA assay was used to further explore the activity of LPAAT, and it was attempted
to measure the activity of GPAT as well, the results of which are shown in figure 5.2. This
was done by adding a small amount of DTT that possibly would not saturate the CoA
assay, but perhaps allow the reducing conditions believed to be required for GPAT to be
functional (buffer: GPAT Buffer 10 µM DTT). It was again found that GPAT did not have
any significant signal beyond what was found with a control protein of DHFR, neither
for the instance where a small amount of DTT was added (columns 1+2) after dialysis,
nor in a control where the dialysis was used to remove the DTT entirely (GPAT/DHFR
columns 3+4). It was however found that when LPAAT was synthesized and dialyzed
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a

b

Figure 5.2: | Additional acyltransferase activity measurements with fluorescent CoA assay including with NBD
palmitoyl CoA substrate.
(a) The CoA assay was used to study the activity of the GPAT enzyme with a non assay saturating amount of DTT
(columns 1+2). Also the previous experiment, where DTT was completely removed by dialysis was repeated as
a control (columns 3,4). In neither case was activity detected over the control. It was also used to compare the
activity of LPAAT enzyme with an NBD labeled palmitoyl CoA to a control with lacI (columns 5,6). A second
control was made with LPAAT and unlabeled palmitoyl CoA (column 7). It was found that both the labeled and
non labeled molecules released more CoA in the presence of the LPAAT enzyme than the labeled molecule in
the presence of lacI, and that the unlabeled molecule was more active than the labeled molecule. Error bars
are from multiple measurements of the same sample. (b) the structure of the NBD palmitoyl CoA molecule
used here and throughout the chapter.

to remove DTT (buffer: LPAAT Buffer I) and then mixed with LPA and NBD palmitoyl
CoA, that there was more production of CoA in the LPAAT sample over the LacI sample
(columns 5 +6) which suggested that NBD palmitoyl CoA can be used as an LPAAT sub-
strate. We employed the NBD palmitoyl CoA in this reaction to confirm its activity as a
complement to using it alone to detect GPAT and LPAAT activity (section 5.2.3). A posi-
tive control performed under the same conditions except with palmitoyl CoA in place of
NBD palmtioyl CoA, suggests the activity of the LPAAT in the studied condition (column
7). We also attempted to oxidize the DTT in a GPAT reaction by adding oxidized glu-
tathione after mixing GPAT proteoliposomes and GPAT buffer, but before applying the
CoA assay. We found however that glutathione did not prevent DTT from saturating the
CoA assay (not shown). Error bars in this section are from repeat measurements of the
fluorescence only and not independent experiments.
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5.2.2. MASS SPECTROMETRY OF NBD LIPIDS
To confirm the reactivity of NBD palmitoyl CoA, as measured by the CoA assay and by
fluorescence of the NBD itself (see following sections), we assayed by mass spectrome-
try GPAT and LPAAT together in GPAT Buffer IV + 66 µM G3P with both the substrates
palmitoyl CoA and NBD palmitoyl CoA simultaneously present. The result, as seen in
figure 5.3 b/c was the detection of a molecule with m/z corresponding to a phosphatidic
acid with two fatty acid tails, one with NBD and one without, though the NBD label could
be at the distal end of either of the fatty acid tails. Figure 5.3 b is an extracted ion cur-
rent (m/z 830.034) chromatogram (EIC) with a peak at ~5.4 min and figure 5.3 c is part
of the m/z spectra for the corresponding peak in the total ion current chromatogram
(TIC). This indicates that GPAT or LPAAT or both are active with the NBD-palmitoyl CoA
as a substrate (the MS in this experiment cannot distinguish between molecules with the
fatty acid of the sn-1 position labeled or with the sn-2 position and the mass spectra was
only to m/z 1000, below the mass of the doubly labeled molecule). NBD 16:0 LPA was
not detected, though neither was 16:0 LPA. The latter indicates that under the present
conditions, we would not expect to detect the labeled NBD 16:0 LPA. In other words we
expect if the labeled LPA molecule was produced it was subsequently consumed. The
above results only indicate that at least one of the enzymes accepts the NBD palmitoyl
CoA as a substrate, though that gives insight in the following sections that the measured
changes in optical properties are indeed due to activity of enzymes. It remains to be
determined if both enzymes can use the NBD palmitoyl fatty acyl CoAs as substrates.

a

b c

Figure 5.3: | LC-MS of assay of acyltransferase activity with NBD palmitoyl CoA as substrate.
(a) The NBD labeled phosphatidic acid detected in panel b, mass 830.034 g/mol (the position of the NBD is
not yet determined) (b) Detection of m/z peak at 830.034 Da/e in an extracted ion chromatogram corresponds
to a type of phosphatidic acid with two acyl groups, one that is 16:0 palmitic acid, and a second that is NBD
palmitic acid. (c) A mass spectra from 5.312-5.625 min showing the specified peak of the NBD labeled DPPA,
along with three additional isotopic peaks. The position of the labeled and unlabeled fatty acid groups is as of
yet unspecified and thus whether GPAT, LPAAT or both are active with this substrate remains to be investigated.
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5.2.3. NBD PALMITOYL COA IN MEMBRANES
First we studied only NBD palmitoyl CoA with and without membranes. Unlabeled
palmitoyl CoA in solution with liposomes is known to partition mostly in liposome mem-
branes [6] but due to its partial solubility in the buffers used [4], some of it will remain in
solution. We therefore expect that in the presence of liposomes, NBD labeled palmitoyl
CoA is likely to also partition mostly in liposomes due to a similar structure. We wanted
to see the effect of the labeled fatty acyl coA entering the membrane on the fluorophore.
We thus mixed it with buffer, and then added it to other buffer solutions with and without
liposomes. Fluorescence emission spectra were measured and indeed it was found that
the sample with liposomes was more fluorescent than the sample without (figure 5.4).
Thus it may support our hypothesis that it may be possible to detect transfer of the fatty
acid group to either the sn-1 position of G3P, or the sn-2 position of LPA, if those reactions
would cause an increase of NBD concentration in the membrane.

To investigate the partitioning of NBD palmitoyl CoA in the membrane in further de-
tail, we made an experiment where a solution of NBD palmitoyl CoA had successive ad-
ditions of liposomes in LPAAT Dialysis Buffer. If there was additional increase of fluores-
cence upon multiple additions of liposomes, it would indicate that their had remained
some NBD palmitoyl CoA in solution that was then incorporated into liposomes since
it was observed that liposomes alone are non-fluorescent (figure 5.5 c). It is also known
that NBD self quenches at high concentrations in membranes [7], which complicates
the matter because there is also a possible decrease of fluorescence when sufficient con-
centration of NBD labeled molecules are in the liposome membranes. Although palmi-
toyl CoA partitions almost completely in the membrane [6] NBD is partially hydrophilic
[8], which could cause NBD palmitoyl CoA to be more soluble in aqueous buffers than
palmitoyl CoA. A complicated kinetics was observed upon the titration (figure 5.5 b).
Multiple processes must be involved that may include but not be limited to the following
(figure 5.5 a). The process that we hope to observe is the intact NBD palmitoyl CoA en-

a b

Figure 5.4: | Increase of NBD fluorescence upon insertion of NBD fluorophore into liposomal membranes.
(a) Palmitoyl CoA is labeled with the fluorophore NBD at the end of the acyl chain and displays an increase
in fluorescence in the presence of liposomes due to the fact that NBD is more fluorescent in a hydrophobic
environment and NBD palmitoyl CoA is at least partially incorporated into membranes (see figure 5.10) (b)
NBD palmitoyl CoA fluorescence is greater in the presence of liposomes then in the absence.
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tering the membrane from aqueous solution. That could result in fluorescence increase
due to environment sensitivity of the NBD, or decreases due to quenching. There is also
possible hydrolysis of the thioester between the CoA and fatty acid at pH 9.0 in buffer
used, which is known to occur [5] and may in turn lead to the formation of fatty acids
aggregates, micelles or bilayers or some combination thereof resulting in subsequent
quenching of fluorophore. The labeled fatty acid without CoA is also likely to prefer the
membrane environment, which for the same reasons as for the intact NBD palmitoyl
CoA could cause increase or decrease in fluorescence. Two negative controls, one with
NBD palmitoyl CoA without added liposomes, which has fluorescence of only 15 units,
and one with liposomes without NBD palmitoyl CoA, that has fluorescence of less than
5 units, show that the effect is due to the interaction of the NBD palmitoyl CoA with the
liposomes (figure 5.5 c). This rules out the NBD palmitoyl CoA lysing to NBD palmitic
acid and forming micelles or aggregates hypothesis but not the others. Altogether it was
difficult to determine exactly the processes that were occurring without further study,
though it was clear that fluorescence changes were occurring and it was decided to in-
vestigate whether enzymes would have an effect on the complex fluorescence signal.

a

b c

Figure 5.5: | Long titration of NBD palmitoyl CoA with liposomes.
(a) Some of the hypothesized chemical equilibria which can explain the complex kinetics of titration of NBD-
CoA with liposomes. NBD palmitoyl CoA can enter the membrane, it can increase in concentration or alter-
natively it can be hydrolyzed to become free fatty acid that can form micelles and then enter the membrane,
also with the possibility of increase in concentration. (b) the kinetics observed when liposomes are added in
6 steps (at discontinuities in the fluorescence levels) to a 10 µM NBD CoA solution. (c) The fluorescence of 10
µM palmitoyl-coA in LPAAT buffer is stable and less than the values in the presence of liposomes. Similarly the
fluorescence of liposomes in LPAAT buffer is minimal and stable.
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In addition to all the mechanisms described in figure 5.5 for the change in fluores-
cence in the absence of enzymes, there are possible new dynamics occurring upon the
addition of the acyltransferase enzymes. In figure 5.6 a the hypothesized processes are
illustrated. If the GPAT enzyme can use NBD palmitoyl CoA as a substrate, then NBD
16:0 LPA will form. NBD lysophosphatidic acid will be at least partially in the membrane
of the liposomes [9], and may have different solubility than NBD palmitoyl CoA in the
membrane and buffer which may cause and increase or decrease in concentration of
NBD in the membrane. When the LPAAT enzyme is active with either palmitoyl CoA or
NBD palmitoyl CoA and NBD 16:0 LPA, or 16:0 LPA substrate (LPAs as produced by GPAT
or supplied directly), it can produce 16:0/16:0 DPPA with doubly labeled or singly labeled
NBD. The DPPA products are expected to be mainly membrane soluble and thus accu-
mulate in the membrane (see DPPA localization by Dynabeads® in chapter 2). Figure 5.6
a) (left panel) shows LPA and palmitoyl CoA as being in equilibrium with the membrane
and environment and DPPA as accumulating and quenching. Figure 5.6 a) (right panel)
shows the situation when the amount of NBD-palmitoyl CoA is decreased by a factor of
50. Again NBD palmitoyl coA and NBD 16:0 LPA are in equilibrium with between the
membrane and the buffer and DPPA is thought to accumulate in the membrane. Here
though and instead of quenching of NBD upon accumulation of NBD in the membrane,
there is only enough NBD labeled lipids (particular NBD DPPA) to cause an increase in
fluorescence due to environment sensitivity of NBD.

In the first two columns of panel b of figure 5.6 the activity of LPAAT compared
to LacI, assayed in LPAAT Buffer I (with dialysis to remove DTT) with 50 µM of NBD-
palmitoyl CoA and 33 µM of LPA is presented. The result that the LPAAT sample was less
fluorescent can be attributed at partly to the accumulation of NBD-DPPA in the mem-
brane causing quenching of the flurophore. This further suggests the LPAAT can accept
and use NBD-palmitoyl CoA as a substrate. Note that there is no non-labeled palmitoyl
CoA in this experiment, which suggest the enzyme is active with the labeled palmitoyl
CoA. Columns 3 and 4 show GPAT and DHFR assayed in GPAT buffer III with in addi-
tion 33.3 µM NBD palmitoyl CoA and 66.6 µM G3P. The lack of difference in the samples
does not necessarily mean that the GPAT was inactive, simply there is not a significant
change in the amount of NBD in the membrane. Columns 5 and 6 are again the activ-
ity of LPAAT against LacI except 400 nm liposomes were used instead of the normal 100
nm. That may increase the effects observed when NBD-DPPA is potentially made due
to increased probability of enzymes and substrates and thus products to be in the same
liposome. The buffer was in this instance LPAAT buffer I with in addition 33.3 µM NBD
palmitoyl CoA and 33.3 µM LPA included in the reaction. The quenching effect appears
to be more pronounced in this instance. In columns 7 and 8 LPAAT and LacI are com-
pared again in LPAAT buffer I, though with less substrate i.e 1.65 µM NBD palmitoyl CoA
and 6.66 µM LPA. In this instance, as suggested in the right cartoon of figure 5.6 panel a,
the increase of fluorescence of NBD in the hydrophobic membrane environment causes
an increase in signal in the LPAAT over the LacI sample. In columns 9,10 the activity
of LPAAT compared to lacI with oxidized glutathione (oxidizing buffer i.e. LPAAT Glu-
tathione) with 33.3 µM of NBD palmitoyl CoA and 33.3 µM of LPA was studied. It was
found that quenching occurred in this case suggesting LPAAT is active in a strong oxidiz-
ing environment. Likewise in columns 11 and 12, the activity of LPAAT compared to lacI
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a

b

Figure 5.6: | Study of acyltransferase activity with NBD palmitoyl CoA.
(a) The hypothesized mechanisms for enzyme-induced fluorescence decrease at high NBD palmitoyl concen-
trations due to quenching of NBD (left), and fluorescence increase due to environmental sensitivity at low NBD
palmitoyl CoA concentrations (right). (b) LPAAT and GPAT activities studied with fluorescence decrease due
to quenching (columns 1-6 and 9-12) and fluorescence increase (columns 7 and 8). LPAAT has a decrease in
signal due to the quenching of fluorophores over lacI controls in columns 1/2 5/6 9/10 11/12. GPAT does not
cause a decrease in fluorescence over the negative control of DHFR in columns 3/4. When less NBD palmi-
toyl CoA (1.65 µM instead of 50µM>x>33.3µM) is included in the solution, the fluorescence is increased in the
LPAAT signal likely due to the concentration and environmental sensitivity of NBD fluorophore when it moves
from the aqueous hydrophilic environment to the membranous hydrophobic environment

with DTT (reducing buffer i.e. LPAAT buffer II, the DTT is in the PURE) with 33.3 µM of
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NBD palmitoyl CoA and 33.3 µM of LPA was studied. It was also found that quenching
occured in this case suggesting that LPAAT can be active in reducing conditions too.

a b

c d

Figure 5.7: | Kinetics of GPAT and LPAAT reactions as studied by NBD palmitoyl CoA quenching.
(a) kinetics of conversion of 16:0 LPA into 16:0 - NBD 16:0 DPPA in real time by LPAAT as measured by quench-
ing of fluorescence in LPAAT buffer I. Control is with LacI in place of LPAAT (b) same as a) only in a GPAT buffer
IV that is reducing. (c) Kinetics of combined GPAT and LPAAT in a GPAT buffer V with NBD palmitoyl CoA,
palmitoyl CoA included in the reaction and G3P in the positive but not in the negative (G3P+/-) (d) Similar to c
in that the buffer conditions are the same except for increased substrate concentration and larger diameter of
liposomes (see text).

Having established that a sample containing LPAAT proteoliposomes, NBD palmi-
toyl CoA and LPA in a LPAAT buffer could cause a decrease in fluorescence compared to
a sample containing synthesized LacI, NBD palmitoyl CoA, LPA and liposomes in LPAAT
buffer (figure 5.6), we were interested if we could measure a kinetics of this process. Fig-
ure 5.7 a shows the progression of such a reaction measured in real time in a spectroflu-
orometer. Qualitatively, the initial rate is the fastest and constant, and then begins to
saturate at 30 minutes. The reaction continues until beyond the window of measure-
ment, though 95% of the total observed change occurs after 150 min. This is in con-
trast to the kinetics measured with mass spectrometry (chapter 2), where this level is
not reached until approximately 10 hours. This does not mean there is a discrepancy,
because: a) the quenching assay may not be linear and this was not tested, b) the sub-
strate concentrations were 33.3 µM NBD palmitoyl CoA and 33.3 µM NBD LPA in this
quenching kinetics, and 50 µM NBD palmitoyl CoA and 50 µM LPA in the mass spec-
trometry and furthermore the liposome concentration was 0.4 mg/ml in the MS kinetics
and 2 mg/ml here. We were also interested to see if the kinetics could be measured in a
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reducing environment since unlike the CoA assay the NBD quencing assay worked with-
out removing DTT (figure 5.6 b columns 11 12). Figure 5.7 b shows quenching kinetics
in reducing buffer with pH 8.4 (GPAT Buffer IV). The kinetics are not identical between
the case with reducing (GPAT Buffer IV) and non reducing (LPAAT buffer I) buffer though
in both there is clearly a difference in the sample with LPAAT and that with LacI. These
two experiments show that we can monitor the course of an LPAAT reaction with NBD
palmitoyl CoA, and together with the mass spectrometry data, proves that NBD palmi-
toyl phosphatidic acid labeled at at least one position can form. This therefore suggests
that the NBD quenching assay is a real way to monitor LPAAT kinetics in both oxidiz-
ing and reducing conditions. Although we were not able to detect the activity of GPAT
alone with the NBD palmitoyl CoA quenching method (figure 5.6 b columns 3 4), either
due to the inability of GPAT to react with NBD palmitoyl CoA, or due to the fact that
16:0 NBD LPA likely partitions between the membrane and the aqueous phase similarly
to 16:0 NBD palmitoyl CoA, we reasoned that GPAT and LPAAT in combination may be
able to produce a change in fluorescence due quenching caused by the accumulation
of 16:0 NBD labeled phosphatidic acid. Figure 5.7 c shows in reducing conditions at pH
8.4 (GPAT Buffer V), the quenching kinetics due to the lipid synthesis activity of prote-
oliposomes with both GPAT and LPAAT in the membrane. The positive sample contains
G3P while the negative does not, and both samples have 33 µM NBD palmitoyl CoA and
33 µM palmitoyl CoA. There is a difference in the fluorescence between the samples. In
figure 5.7 d we tried to enhance the differences by increasing the substrate compositions
to 100 µM, as well as the size of the liposomes in order to increase the loading of 16:0
NBD DPPA in individual liposomes. There was indeed an increase in the difference be-
tween the positive and negative control. The fact that the kinetics are not monotonically
decreasing, and that there is activity in the negative samples where G3P is ommited can
again either be due to the other processes mentioned, or also due to the fact that there

Figure 5.8: | Concentration of NBD in the membrane causes an optical (color) change.
A color change in the NBD dye after reacting NBD palmitoyl CoA, palmitoyl CoA and G3P in the presence of
GPAT and LPAAT was observed by visual inspection, which effectively is a measurement of all emitted, trans-
mitted and reflected light.
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Figure 5.9: | GPAT and LPAAT combined quenching assays.
The fluorescence quenching assay for the activity of GPAT and LPAAT was tried in various buffers, and was
found to be most effective in the “GPAT” Buffer. Buffer composition is indicated.

may be G3P contamination in the lipids or PURE system as we found in mass spectrom-
etry experiments of chapter 3. This would allow DPPA to be formed in negative samples
Here the kinetics correspond well with the mass spectrometry experiments, as there is
a clear increase in the rate of activity after 4 hours, and the entire process takes at least
tens of hours to occur.

In addition to the difference in fluorescent signal between the positive sample with
G3P and the negative sample without (figure 5.7 d) we were able to distinguish the sam-
ples by eye and by photography (figure 5.8). This is effectively a measurement of all
emitted, reflected and transmitted light. We attempted to measure these changes by ab-
sorbance spectroscopy, but due to lack of appropriate instrumentation we were not able
to resolve samples consistently with that technique.

Having found that it was possible to measure a process catalyzed by GPAT and LPAAT
in reducing GPAT buffer of pH 8.4 via quenching of fluorescence, we investigated this
phenomenon in various buffers. The results are shown in figure 5.9. Though we later
found in chapter 2 that we could form DPPA from palmitoyl CoA and G3P in various
buffers, the data here was inconclusive with an enzyme catalyzed process as the signal
varied between the positive samples with G3P in various buffers. Although we later con-
firmed by LC-MS that the formation of 16:0-16:0 (NBD) DPPA was occurring in the GPAT
buffer the conclusion cannot be extended to the various buffers here without further
experimentation.
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5.2.4. MICROSCOPY STUDIES

a b

c d

Figure 5.10: | Fluorescence microscopy study of GPAT and LPAAT activity with NBD palmitoyl CoA.
(a/b) 800-nm liposomes with plsB and plsC genes expressed and in PUREfrex and supplied with glycerol 3
phosphate NBD-palmitoyl CoA and palmitoyl CoA. (c/d) Negative control consisting of 800-nm liposomes with
DHFR/LacI expressed and supplied with G3P palmitoyl CoA and NBD palmitoyl CoA, L-serine, and cytidine
triphoshate. We have the hypothesis that reaction of NBD palmitoyl CoA and palmitoyl CoA with G3P catalyzed
with GPAT and LPAAT (a/b) removes the semi soluble fatty acyl CoAs from solution by creating the more mem-
brane soluble DPPA (single or doubly labeled with NBD). Comparing the GPAT and LPAAT sample to the DHFR
and lacI, there is more background signal in the DHFR/LacI as the fatty acyl CoAs remain partly in the buffer
solution.

In figure 5.10 we see further evidence that NBD labeled molecules (palmitoyl CoA,
LPA, DPPA) are situated in the membrane before and after reaction with GPAT plsB and
LPAAT plsC. Panels a/b are with GPAT and LPAAT expressed catalyzing the formation of
NBD-DPPA as found in the mass spectrometry section, whereas panels c/d are with the
genes for DHFR/LacI which do not catalyze reactions with palmitoyl CoA . The reaction
conditions are the co-expression and activity conditions (see methods) found in chapter
2 to be effective for the activity of GPAT and LPAAT together. The laser power and cam-
era settings were the same for both sets of images, nevertheless it is not appropriate to
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directly compare intensities due to saturation of pixels. That being said there is clearly
NBD labeling the membrane in both cases suggesting that NBD as NBD palmitoyl CoA is
in the membrane at significant concentration before reaction with GPAT and LPAAT, and
afterwards NBD is also in the membrane, either in the form of remaining NBD palmi-
toyl CoA or synthesized NBD LPA or NBD DPPA. It is interesting to note the background
in the non reacted sample is higher compared to the reacted sample, this could be at-
tributed to amphiphilic NBD palmitoyl CoA in solution or in micelles in the non reacted
sample, that upon reaction is incorporated into the membrane. Conversely it could be
simply due to positioning near the surface of the microscope slide in the sample, and as
such further experiments are required to confirm that 16:0 NBD DPPA is incorporated
into the membrane increasing the concentration there and reducing it in the bulk.

5.3. DISCUSSION
In this chapter, we studied the activity of GPAT and LPAAT with light. We found that a
fluorogenic assay of CoA could be used to suggest that LPAAT was active in the presence
of proteoliposomes. Due to the fact that GPAT requires reducing conditions to function
it was not possible to study its activity. The assay was also limited insofar as it requires
a dialysis step and is not a continuous measurement. Nevertheless, it proved useful as it
was the initial experiment that suggested there was acyltransferase activity of an enzyme
(LPAAT) being synthesized in the PURE system. The NBD palmitoyl CoA quenching and
fluorescence increase assays were found to be more effective. Though they had limita-
tions in that many chemical and physical processes could be occurring in our system,
it did seem to imply activity of both GPAT and LPAAT protein in various experiments.
That is because all samples containing GPAT and LPAAT are compared to a negative con-
trol with the same buffer conditions, we thus consider that the differences observed are
caused by the GPAT and LPAAT. It may also be true that those enzymes do not synthesize
product but rather increases hydrolysis of the substrates leading to dynamics alternate
to those suggested in figure 5.6. This in turn means that a change in the fluorescence
signal suggests rather than confirms proper enzyme activity. Quenching assay experi-
ments, in particular the kinetics experiments of figure 5.7 should be repeated. The fact
that LPAAT appeared to be active with NBD palmitoyl CoA only, the fact that this situa-
tion also gave signal in the CoA assay and the fact that it was also possible to find a hybrid
DPPA molecule with an NBD labeled and non labeled tail in the mass spectrometry is al-
together evidence that NBD palmitoyl CoA can be used by LPAAT. It was ambiguous as
to whether GPAT can accept NBD palmitoyl CoA as a substrate. In both cases an exper-
iment with the MS and separate enzymes would confirm which of the two or both are
active. Furthermore experiments, with NBD palmitoyl CoA indicated it could also be
used for microscopy studies. Due to inexperience with microscopy, experiments should
be repeated, though there is hope that the technique could be used to prove that the syn-
thesized DPPA is being accumulated in the membrane and NBD palmitoyl CoA removed
from solution. In conclusion, it is possible to study GPAT and LPAAT activity in the PURE
system optically, which adds to the set of available tools for studying GPAT and LPAAT.



5.4. METHODS

5

85

5.4. METHODS

5.4.1. COA ASSAY METHOD

PROTEIN SYNTHESIS

In figures 5.1 and 5.2 proteins were synthesized in the PUREfrex cell-free translation sys-
tem. The concentration of plsB (GPAT) and DHFR templates was 3.4 nM and those of
plsC (LPAAT) and LacI were 16.9 nM. In all PURE reactions 2 mg/ml of 100-nm DOPC,
DOPE, DOPG, cardiolipin liposomes (mol ratio 50.8:35.6:11.5:2.1) were included along
with 0.2U/ul of Superase RNAse inhibitor. Protein synthesis was carried out for 3 hours
at 37 °C.

DIALYSIS TO REMOVE DTT
In order to remove DTT which would give false positives in the assay used, synthesized
protein was dialyzed against an appropriate buffer. In all experiments of figures 5.1 and
5.2, the synthesized protein samples were dialyzed by floating dialysis (whereby a dial-
ysis membrane floats on the surface of a buffer and the sample is pipetted onto the
floating membrane) using V-Series membranes from Millipore with 25 nm pore size.
PlsB (GPAT) and DHFR samples were dialyzed against GPAT Dialysis Buffer, while PlsC
(LPAAT) and LacI samples were dialyzed against LPAAT Dialysis Buffer. After dialysis,
the total volume of each sample was adjusted to 100 µl by adding various components.
For figure 5.1 the resulting final buffer composition for GPAT (PlsB) and DHFR was GPAT
buffer II and for LPAAT (PlsC) and LacI it was LPAAT Buffer I. For figure 5.2 the final buffer
composition of the GPAT and DHFR with 10 µM DTT samples was GPAT Buffer 10 µM
DTT. For the GPAT and DHFR samples it was GPAT Buffer II and for the LPAAT/LacI with
NBD palmitoyl CoA or simply palmitoyl CoA it was LPAAT Buffer I

PROTEIN ACTIVITY

In figure 5.1 GPAT and DHFR protein and liposome solutions were added to vials con-
taining dried palmitoyl CoA for final concentration of 66 µM. LPAAT and LacI protein
and liposome solutions were added to vials containing dried palmitoyl CoA and 16:0
LPA for a final concentration of 33.3 µM each. Samples were incubated for 2 hours at 22
°C. In figure 5.2 for GPAT/DHFR with 10 µM DTT and GPAT/DHFR the concentration of
palmitoyl CoA was 66.6 µM and for the NBD CoA LPAAT/LacI the concentration of NBD
palmitoyl CoA was 50 µM and that of LPA was 33.3 µM.

ACTIVITY ASSAY

Enzo Life sciences produces a proprietary assay for the measurement of concentrations
of CoA which indirectly reports the activity of the acyltransferases. The assay works by
reacting co-enzyme A with a substrate which becomes fluorescent after the reaction.
According to protocol, for each measurement 25 µl of sample was mixed with of trans-
ferase assay buffer, 50 µl of cold isopropanol and 50 µl of detection solution containing
pre-fluorogenic substrate. Samples were incubated for 10 min and then measured in a
plate reader with excitation wavelength of 380 nm and emission wavelength of 520 nm.
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5.4.2. MASS SPECTROMETRY OF NBD LIPIDS

PROTEIN SYNTHESIS AND ACTIVITY

A PUREfrex reaction was assembled with 3.4 nM of plsB and 16.9 nM of plsC template
along with 0.4 U/µl Superase and 2 mg/ml of 400-nm liposomes (DOPC, DOPE, DOPG,
cardiolipin liposomes mol % ratio 50.8:35.6:11.5:2.1). The proteins were expressed at 37
°C for 3 h. The synthesized proteoliposomes were then diluted to have buffer composi-
tion of GPAT Buffer III and mixed with dried NBD palmitoyl CoA and palmitoyl CoA to a
concentration of 66 µM each. The pool was then split and 66 µM G3P was added to the
positive sample and they were both incubated at 22 °C overnight.

MASS SPECTROMETRY

The sample was treated in the same manner as described in chapter 2. I.e. it was diluted
10 £ in methanol with 2 mM acetylacetone, centrifuged and the precipitate injected into
the LC-MS system. The mobile phases and gradient were the same as in all other exper-
iments, whereas the mass spectrometry method differed. In place of multiple reaction
monitoring mode the mass spectrometer was operated in negative MS2 mode. In this
mode ions are negative and the first and second quadrapoles pass all ions and the third
quadrapole performs a 500-ms scan over a broad range of m/z 100-1000. The fragmen-
tor is set to 135 V, the cell accelerator is set to 7 V and the electron multiplier voltage to
-500 V

5.4.3. FLUORESCENCE INCREASE IN THE PRESENCE OF LIPOSOMES
10 µl of 100 µM NBD palmitoyl CoA in LPAAT Buffer I was mixed with 1 µl of 20 mg/ml
100 nm liposomes (DOPC, DOPE, DOPG, Cardiolipin mol ratio 50.8:35.6:11.5:2.1, con-
taining Pure Buffer I) and an 89 µl of LPAAT Buffer I. A control was made with 10 µl of
100 µM NBD palmitoyl CoA in LPAAT buffer I and an additional 90 µl LPAAT buffer I. The
samples were added to a Cary Eclipse Spectrophotometer from Agilent in glass cuvettes
at room temperature and excited at 478 nm and the emission scanned from 500 nm to
650 nm.

5.4.4. NBD LIPOSOME TITRATION
First, 100-nm liposomes (DOPC, DOPE, DOPG, cardiolipin liposomes mol ratio 50.8,
35.6, 11.5, 2.1) containing PURE buffer I were diluted to 4 mg/ml and to have similar final
composition as that of LPAAT Dialysis Buffer. Then, a solution of 10.5 µM NBD palmitoyl
CoA in the same LPAAT Dialysis Buffer was made. Following that,114 µl of 10.5 µM NBD
CoA solution was added to a cuvette. At each major discountinous change of intensity,
6 µl of liposome solution was added to the NBD CoA solution. For the negative control
without liposomes a solution of 10.5 µM NBD CoA in LPAAT Dialysis Buffer was added
to the cuvette and supplemented once with LPAAT Dialysis Buffer alone instead of lipo-
somes. For negative control without NBD palmitoyl CoA 6 µl of 4 mg/ml liposomes were
diluted in 114 µl of LPAAT buffer. All reactions were monitored at 25 °C with excitation
at 478 nm and emmission at 530 nm.
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Name NBD P-coA G3P or LPA Buffer
conc.

LPAAT, LacI 50 µM 33.3 µM LPA LPAAT Buf. I
GPAT, DHFR 33.3 µM 66.6 µM G3P GPAT Buf. III
LPAAT 400 nm 33.3 µM 33.3 µM LPA LPAAT Buf. I
LacI 400nm
LPAAT 1.65 µM NBD LacI
1.65 µM NBD

1.65 µM 6.66 µM LPA LPAAT Buf. I

LPAAT Glutathione, LacI
Glutathione

33.3 µM 33.3 µM LPA LPAAT Gluta.

LPAAT DTT, LacI DTT 33.3 µM 33.3 µM LPA LPAAT Buf. II

Table 5.1: Buffer type and substrate composition for NBD activity assay experiments.

5.4.5. NBD QUENCHING AND FLUORESCENCE INCREASE ASSAYS

PROTEIN SYNTHESIS

Protein synthesis in figure 5.6 were carried out in a similar manner to that of figure 5.1
(coA assay method) except where indicated 400-nm liposomes were used. The concen-
tration of DNA templates was 3.4 nM for all plsB/DHFR experiments and 16.9 nM for all
plsC/lacI experiments.

NBD-BASED ACTIVITY ASSAYS

After protein synthesis samples were diluted with buffers and added to substrates in-
cluding NBD palmitoyl CoA. The one exception is figure 5.6 column 1 and 2 which also
underwent dialysis against LPAAT dialysis buffer before dilution. The samples were al-
lowed to react 2 h at 22 °C and then fluorescence was measured at 486 nm excitation with
540 nm emission. In figure 5.6 the concentrations of substrate and buffers are as listed
in the table 5.1.

5.4.6. NBD QUENCHING ASSAY KINETICS

PROTEIN SYNTHESIS

Protein synthesis was carried out in a similar manner to figure 5.1 (coA assay method)
except for figure 5.7d where 400-nm liposomes were used. DNA template concentrations
were for plsB and DHFR 3.4nM and for plsC and lacI they were 16.9 nM

QUENCHING ACTIVITY ASSAY

In figure 5.7 a, 5-µl proteoliposomes were dialyzed against LPAAT dialysis buffer. The
resulting proteoliposomes were mixed with 11.66 µl of LPAAT Adjustment Buffer, added
to dried NBD palmitoyl CoA and allowed to equilibrate for 30 min. 33.33 µl of LPAAT
Dialysis Buffer was added to dried LPA. The two were then mixed to start the reaction,
with the final buffer conditions and substrates concentrations being indicated in table
5.2 below. The reaction was performed at 22 °C and monitored in a spectrophotometer
with excitation wavelength of 486 nm and emission of 540 nm. In figure 5.7 b undialyzed
liposomes were used. 5-µl of proteoliposome solution was mixed with 11.66 µl of GPAT
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Panel letter NBD P-CoA Palmitoyl CoA Buffer
conc. or LPA

a 33.3 µM 33.3 µM LPA LPAAT Buf. I
b 33.3 µM 33.3 µM LPA GPAT Buf. IV
c 33.3 µM 33.3 µM P-CoA GPAT Buf V (+/-)
d 100 µM 100 µM P-CoA GPAT Buf VI(+/-)

Table 5.2: Buffer conditions and substrate concentrations used in NBD palmitoyl CoA quenching kinetics.

Adjustment Buffer, added to dried NBD palmitoyl CoA and allowed to equilibrate for 30
min. 33.3 µl of GPAT Adjustment Buffer was added to the LPA. The two were then mixed
and reacted as in figure 5.7 a. The method for figure 5.7 c,d were identical to each other
except for the concentration of substrates and that in panel d, 400 nm liposomes were
used. 5-µl undialyzed proteoliposomes were mixed with 45µl of GPAT adjustment buffer
to have the buffer composition indicated in table 5.2, added to dried NBD and allowed to
equilibrate for 30 min. To start the reaction, G3P was added to the positive cuvette and
MQ to the control for a final concentration 100 µM (Figure 5.7 c) or 300 µM (figure 5.7)
(also indicated by the buffer type in tables 5.2 and 5.3). The reactions were monitored as
in other panels.

5.4.7. NBD QUENCHING, BUFFER STUDY

PROTEIN SYNTHESIS

Protein synthesis was carried out in a similar manner to figure 5.1 (CoA assay method)
except for figure 5.7 where 400-nm liposomes were used. For all reactions 3.4 nM of plsB
and 16.9 nM of plsC template were employed.

QUENCHING ASSAYS

After protein synthesis, 2.5-µl undialyzed proteoliposomes were mixed to a final volume
of 25µl to have the buffer types of those indicated in the figure and whos composition
are given in table 5.3. These solutions were added to 100 µM NBD palmitoyl CoA and
100 µM palmitoyl CoA. Reactions were incubated overnight at 22 °C and then measured
in a fluorescence plate reader at excitation 486 nm and emission 540 nm.

5.4.8. MICROSCOPY STUDY
The microscopy experiments were made by initially performing one-pot reactions com-
bining protein synthesis and activity as developed in chapter 2. Amounts correspond-
ing to 2.5 µM of NBD palmitoyl CoA and 2.5 µM of palmitoyl CoA in 5 µl volume were
dried in 0.2-ml Eppendorf PCR tubes. The 5-µl PURE system reactions were assembled
with 0.4 U/µl Superase RNAse inhibitor, 0.2 mg/ml 800 nm DOPC, DOPE, DOPG, car-
diolipin liposomes (mol ratio 50.8:35.6:11.5:2.1) with 0.1 % DSPE PEG biotin, as well as
500 µM G3P, 1 mM addtional cytidine triphosphate (CTP), 5 mM Ø-mercaptoethanol,
and 500 µM L-Serine. Included in the reactions were either templates for plsB (3.4 nM)
and plsC (16.9 nM) or DHFR (2.9 nM) and lacI (24.4 nM). The CTP and L-serine were
included because there was another sample, which did not make it to the microscope,
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that included the lipid headgroup modifying genes of chapter 4. The reactions were in-
cubated overnight at 37 °C. After reactions microscopy chambers were prepared by using
adhesive coated (double sided) silicone sheet with a small hole punctured in it fixed on
a microscope cover slide and later sandwiched between the cover glass and a micro-
scope slide. Liposomes were immobilized by first filling the chambers with BSA biotin
(2 mg/ml) and then incubating for 10 min followed by washing with PUREfrex buffer 3
£. The chambers were than filled with neutravidin (2 mg/ml) and incubated for 10 min
before washing with PUREfrex buffer 6 £. Finally the sample was applied in the chamber
and the microscope slide added. Samples were imaged on a Nikon Eclipse Ti E with a 514
nm laser at 20.4 % power with a dichroic mirror reflecting wavelengths 400-457/514 nm.
The emission filter was 540nm/30nm. The pinhole was 54.9 µm, and the scan speed was
0.25 frames per second. The photomultiplier tube high voltage was 41 V with an offset of
-14 V.
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Buffer Name Buffer Composition
GPAT Dialysis Buffer 150 mM TrisHCl pH 8.4, 400 mM NaCl, 3 mM MgCl2
LPAAT Dialysis Buffer 100 mM TrisHCl pH 9.0, 200 mM NaCl, 0.5 mM MgCl2
GPAT Buffer I 150 mM TrisHCl pH 8.4, 400 mM NaCl, 3 mM MgCl2, 1 mg/ml BSA,

100µM G3P
LPAAT Buffer I 100 mM TrisHCl pH 9.0, 200 mM NaCl, 0.5 mM MgCl2, 1 mg/ml BSA
GPAT Buffer II 150 mM TrisHCl pH 8.4, 400 mM NaCl, 3 mM MgCl2, 1 mg/ml BSA, 66.6

µM G3P
GPAT Buffer 10µ DTT 150 mM TrisHCl pH 8.4, 400 mM NaCl, 3 mM MgCl2, 1 mg/ml BSA, 66.6

µM G3P, 10 µM DTT
PURE Buffer I 50 mM HEPES pH 7.6, 100 mM Potassium Glutamate, 13 mM MgCl2
PURE Frex 20 mM HEPES pH 7.6, 180 mM Potassium Glutamate, 14 mM MgCl2
GPAT Buffer III 135 mM TrisHCl pH 8.4, 360 mM NaCl, 2.7 mM MgCl2, 1 mg/ml BSA,

10x dil PURE
LPAAT Gluthatione 90 mM TrisHCl pH 9.0, 180 mM NaCl, 0.45 mM MgCl2, 1 mg/ml BSA,

10x dil PURE 3.33 mM Glutathione oxidized
LPAAT Adjustment Buffer 100 mM TrisHCl pH 9.0, 200 mM NaCl, 0.5 mM MgCl2 1.42 mg/ml BSA
GPAT Adjustment Buffer 150 mM TrisHCl pH 8.4, 400 mM NaCl, 3 mM MgCl2 1 mg/ml BSA
LPAAT Buffer II 90 mM TrisHCl pH 9.0, 180 mM NaCL, 0.45 mM MgCl2, 1 mg/ml BSA,

10x dil PURE
GPAT Buffer IV 135 mM TrisHCl pH 8.4, 360 mM NaCL, 2.7 mM MgCl2, 0.9 mg/ml BSA,

4.5 mM Ø-Mercaptoethanol 10x dil PURE
GPAT Buffer V 135 mM TrisHCl pH 8.4, 360 mM NaCL, 2.7 mM MgCl2, 0.9 mg/ml BSA,

4.5 mM Ø-Mercaptoethanol 100 µM G3P (+/-) 10x dil PURE
GPAT Buffer VI 135 mM TrisHCl pH 8.4, 360 mM NaCL, 2.7 mM MgCl2, 0.9 mg/ml BSA,

4.5 mM Ø-Mercaptoethanol 300 µM G3P (+/-) 10x dil PURE Frex
GPAT Buffer IV + 270 µM
G3P

135 mM TrisHCl pH 8.4, 360 mM NaCl, 2.7m M MgCl2, 0.9 mg/ml BSA,
4.5 mM Ø-Mercaptoethanol 270 µM G3P 10x dil PURE

GPAT Buffer IV + 66 µM
G3P

135 mM TrisHCl pH 8.4, 360 mM NaCl, 2.7 mM MgCl2, 0.9 mg/ml BSA,
4.5 mM Ø-Mercaptoethanol 66 µM G3P 10x dil PURE

Tris HCl pH 7.6 + G3P 135 mM Tris HCl pH 7.5, 360 mM NaCl, 2.7 mM MgCl2, 0.9 mg/ml BSA,
4.5 mM Ø-Mercaptoethanol, 270 µM G3P 10x dil PURE

HEPES pH 7.6 G3P+ 45 mM Tris HCl pH 7.6, 360 mM NaCl, 2.7 mM MgCl2, 0.9 mg/ml BSA,
4.5 mM Ø-Mercaptoethanol, 270 µM G3P 10x dil PURE

0.9 mM DTT Tris pH 8.4
G3P+

135 mM Tris HCL pH 8.4, 360 mM NaCl, 2.7 mM MgCl2, 0.9 mg/ml BSA,
4.5 mM Ø-Mercaptoethanol, 0.9 mM DTT 270 µM G3P 10x dil PURE

0.9mM DTT Tris pH 7.6
G3P+

135 mM Tris HCL pH 7.6, 360 mM NaCl, 2.7 mM MgCl2, 0.9 mg/ml BSA,
4.5 mM Ø-Mercaptoethanol, 270 µM G3P 10X dil PURE

Table 5.3: Various buffer compositions used in this chapter.
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6
EVOLUTION, DIVISION AND

MICROCHAMBERS

In the preceding chapters, we studied experiments performed in the lab during the course
of four years. Though these were fruitful, there were many avenues that we explored that
were either partially completed, or that we simply did not have time to pursue in depth. In
this chapter we present some speculative ideas and initial experiments in the direction of
in vitro evolution, and compartmentalization of reactions. To begin we explore the mean-
ing of evolution, since from our perspective it is a word that is somewhat loosely defined.
Then having settled upon a definition of evolution, we examine how it can be applied to
the minimal cell and present the two keys to evolution. To be specific about how evolution
can be applied in the laboratory we briefly present some experiments from the field of in
vitro evolution. With that inspiration we propose three experiments based upon in vitro
replication of DNA in compartments. Connecting back to the work of chapter 2 we explore
the idea of dividing liposomes through lipid synthesis [1]. Finally in a brief experimen-
tal section, we present a few results obtained from a project on compartmentalization of
reactions in fabricated microchambers, both for studying the effects of small volumes on
biochemical reactions, such as protein synthesis in the PURE system, and as a tool for in
vitro evolution.
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6.1. THOUGHTS ON FUTURE DIRECTIONS

6.1.1. DEFINITION OF EVOLUTION
The semi-synthetic minimal cell is an ambitious project. To achieve the goals outlined
in the introduction, it will require significant complexity. Though part of the goal of the
minimal cell is to have a designed and controlled system, it is very likely that parts of
such a complex system will be beyond rational design. Just as the electrical or mechan-
ical engineer must sometimes use the tools of numerical modeling and simulation for
difficult problems, so will the synthetic biologist need to resort to evolution. In this sec-
tion the question of what is evolution, and what is required for it is examined, and then
in the following sections we give examples of how it can be applied to the minimal cell.

What is evolution? some definitions of evolution are:

¨The gradual development of something¨ - Google

¨the process by which different kinds of living organism are believed to have developed
from earlier forms during the history of the earth.¨ - Oxford English Dictionary

¨Biological evolution, simply put, is descent with modification¨ - Charles Darwin

The first definition, it seems is far too broad. Coastlines can erode, weather patterns
develop and though well these may be considered to be evolving, it seems this definition
is not precise enough or not applicable to biology. Living things are conscious, complex
physico-chemical systems, they have strategies and awareness, whereas coastlines and
weather patterns do not. In the introduction part of our definition of a living system was
a complex system of molecules, which through the use of energy builds the physical and
chemical catalysts that comprise the system. Are any alterations to this system evolu-
tion? We could broadly say that evolution occurs when random modifications to parts
of a complex living system, affect a part of that systems’ ability to sustain itself, for better
or worse. This definition does not specify where such a system starts and ends, as living
systems often do not have clear boundaries. A bacteria living in a human gut, requires
the human host, which in turn requires the appropriate environment to thrive. However,
it is always possible to make boundaries in a system to define individuals and this is how
we get to the Darwinian definition. Staphollococcus aureus is not Escherichia coli, is not
Mus musculus, is not Homo sapiens, moreover Celine Dion is not Vladimir Putin. Once
we have an individual biological unit, the organism, we could say that a modification of
which occurs internal to that unit and affects its survival is evolution of that individual.
Here we have not specified that evolution is necessarily genetic, nor that reproduction
is a requirement. New languages, tools, and behaviors certainly can be seen as forms of
evolution, and can occur within a generation. A possible definition could be

I) Evolution: Changes in a part of living system (organism), which allows its continued
existence in its environment.

While it is clear that under this definition an organism can evolve without reproduc-
ing, it is interesting to consider if an organism can truly survive without reproducing. It is
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true that the molecules of life do not exist in their most thermodynamically stable states
– that much is obvious due to their low entropy. Something must be done to maintain
these states in the long term. The two strategies are to be repaired or recycled. In prin-
ciple if an organism could repair or recycle all of its components, it could be immortal.
Practically however this appears not to be a strategy, even in single celled organisms [2]
– this is likely due to energetic cost to repair and recycle compared to starting over. That
brings us to our working definition of evolution.

II) Evolution: Changes in a part of living system (organism), which allows its contin-
ued existence in its environment, which over long time scales, implies descent with modi-
fication.

6.1.2. APPLYING EVOLUTION TO THE MINIMAL CELL
Having elaborated and explored the meaning of evolution, we will return to practical
questions about how we can use evolution to aid in our design of living systems.

The end goal as stated in the introduction is to have a cell which can be programmed
and continuously survive in a laboratory environment, where a relatively complex mix-
ture of nutrients are provided. We have discussed the minimal cell in the introduction as
having the ability to metabolize, have a container which specifies a boundary that can
grow and divide, representing the unit of replication, and have genes which encode the
above processes and that can themselves be replicated with the possibility for mutation,
which is necessary for evolution. That is to say, we will have a replicating evolving semi
autonomous organism, able to survive in a specific laboratory environment.

We also discussed in the introduction, how in the end, the functions of the semi syn-
thetic minimal cell will be carried out by proteins, DNA and RNA. The bottom up ap-
proach we are using is to encode protein functions in DNA, and express in the PURE
system these encoded functions. There are many intermediate obstacles along the way.
The accurate folding of proteins from various organisms in the new setting of a mini-
mal cell. The activity and specificity of proteins involved in metabolism. The tuning of
control networks, i.e the coordination of expression levels of proteins for the efficient
coordination of cellular activities, such as when to initiate division, or DNA replication.
Similarly the amount of proteins or metabolites to control the biophysical properties of
the cell, e.g. the amount of membrane division proteins to properly divide a cell, the
control of lipid composition to affect permeability, or to cause membrane deformations
leading to cell division. How can we use evolution, i.e descent with modification, to suc-
ceed at these tasks.

The answer is that to have evolution, there are two keys, replication of the genome
with some modification, (that is descent with modification), and spatial separation of
individual genomes based upon there ability to perform the task at hand, that is gener-
ally referred to as the genotype to phenotype linkage. In vitro evolution is the field which
plays with various ways to select for genomes encoding to their specific functions, at the
DNA, RNA or protein level which we will now explore.
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6.1.3. IN VITRO EVOLUTION: STRATEGIES FOR THE GENOTYPE TO PHENO-
TYPE LINKAGE

To start we will review some of the classical ways of playing with evolution in the lab-
oratory. As is well known double stranded DNA has an aperiodic structure composed
of four chemical bases A,T,C,G - which are transcribed into RNA that is then translated
into proteins [3]. At both the RNA and protein level, catalysts form. Modifications can
be made to the DNA sequence, which usually occurs when a copy of it is made, i.e. mu-
tations. When this occurs, new forms of RNA and proteins can also form, which may
have new physical or chemical properties that can significantly affect the properties of
the system, such as protein folding, enzyme activity or more global properties such as
a network property, for instance, the period of an oscillating circuit, or global physical
properties such as the composition of a membrane. The sequence of DNA is referred
to as the genotype and the resulting system properties are referred to as phenotypes. In
classical molecular biology mutations are generated in organisms by techniques such as
UV irradiation, and phenotypes are strains that for instance, are temperature-sensitive
for enzyme activity. An example of that is the strain found with a temperature-sensitive
version of plsB [4] . In the next sections we will explore via a review of the literature the
types of genotype to phenotype linkages that may be used for laboratory evolution of
biological systems that cannot achieve evolution autonomously, e.g. the components
needed to build the minimal cell.

AN EXAMPLE OF AN IN VITRO SELECTION EXPERIMENT: BINDING

In the simplest in vitro evolution experiment, the phenotype of better binding of a pro-
tein to a ligand is selected for by attaching the ligand to a surface, expressing the protein
from a pool of sequences that have had some variability generated in them, linking the
protein to the genotype and then co-purifying the protein and the genotypic sequence
that codes for the better binders thus establishing the genotype to phenotype linkage.
The oldest way of doing this is based upon phage display [5], a technique whereby a
sequence encoding a protein is inserted into a phage genome as a fusion to one of the
phage coat proteins. A typical application of phage display is in selecting antibodies
against a given target, that is immobilized to a surface and allows for the selective pu-
rification of active antibodies on the phage surface. Antibody libraries can be created
by harvesting the RNA from an immune cell, creating a cDNA, performing a PCR on the
VH, and VL regions of immunoglobulin genes and then constructing randomized vectors
that code for a fusion protein with the coat protein, which are then electroporated into
cells along with a support vector which contains the rest of the phage proteins [6]. The
resulting phages displaying the proteins are harvested and used in binding experiments.

In this example we see a technique for generating sequence diversity which results
in various phenotypes, and then selecting for the phenotype. Descent with modification
occurs because the parent RNA sequences from the immune cell are screened, and after
selection only a few of the sequences are used for therapeutic purposes. Further evolu-
tion can occur by introducing errors in the sequences and then performing additional
rounds of selection [7]. A possible application of binders in a minimal cell would be to
increase the affinity of DNA-binding proteins to DNA, e.g in the design of a basic form of
chromatin.
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SUMMARY OF IN VITRO EVOLUTION TECHNIQUES

To summarize some of the existing work in in vitro evolution tables 6.1 and 6.2 show
techniques developed to perform directed evolution, the targets that the techniques are
applicable for, their genotype to phenotype linkage, and some of their principle advan-
tages. In general we can divide these experiments into two classes, the binding class and
compartmentalization class. In the binding experiments shown in table 6.1 the geno-
type to phenotype linkage is based upon a variation of the phage display techniques
where genotype and protein are physically linked and the phenotype is the ability of the
pair to bind to a surface or a ligand, which then establishes the phenotype to genotype
linkage. In the compartmentalization experiments of table 6.2 the genotype to pheno-
type linkage is established by co-localization of DNA and protein in an emulsion droplet
or liposomes. The compartmentalization experiments can be further divided into two
classes, those based upon sorting of genomes, either by cytometry or affinity and those
based upon amplification of genomes.

6.1.4. PROPOSED EXPERIMENTS
Although all the types of experiments listed have potential applications for the minimal
cell, it is the experiments based on amplification of the active genomes that we find par-
ticularly powerful, i.e the RNA replication in a cell-free system experiments of Ichihashi
et al. and the Compartmentalized Self Replication experiments of Ghadessy et al. In the
former, an RNA encoding a QØ replicase is expressed in vitro in a compartment and the
expressed replicase can then replicate its on genome. Compartmentalized self replica-
tion is more involved, with encapsulated cells expressing plasmids that encode proteins
that allow for the amplification of the coding part of the plasmid, which is then ligated
into new plasmids and put into new cells, then the cycle repeats. The strength of these
experiments is that they do not require complicated sorting, or finicky binding proce-
dures but rather rely on routine reactions that can be performed in a test tube. In fact it
is the self referential amplifying quality of the experiments that make them able to un-
dergo continuous evolution in a similar manner to living cells. The key step is to close a
loop between encoding DNA, the function of some RNA or protein, and the replication of
that DNA. Although we thought of many directed evolution experiments, we focus here
on details of three experiments.

EVOLUTION OF A DNA POLYMERASE

As a proof of principle experiment, we propose a simple DNA replication similar to those
of Ghadessy et al. in Compartmentalized Self Replication. We propose to express a Taq
polymerase from Thermus aquaticus in PURE system encapsulated in an emulsion with
on average less than one DNA molecule per emulsion droplet along with primers and
dNTPS. Then the DNA would be replicated in a PCR reaction. The emulsion is broken
and the cycle repeated. Why would we choose to use Taq polymerase? To make an evo-
lution experiment, it is necessary that there are errors in the replication, otherwise the
“modification” part of descent with modification is lost. The Taq polymerse error rate
is 1/9000 and the size of the gene is 832 base pairs so approximately one in ten replica-
tions will have a mutation. Depending on the exact conditions, it may be this rate does
not produce many effects on the time scale of an experiment, so it may be necessary to



6

98 6. EVOLUTION, DIVISION AND MICROCHAMBERS

N
am

e
oftech

n
iqu

e
Evolu

tion
Target(s)

G
en

otyp
e

to
p

h
en

otyp
e

lin
kage

A
dvan

tages
Ph

age
disp

lay
[8]

an
tibodies,

vaccin
e

devl-
op

m
en

t,
p

rotein
p

rotein
in

teraction
s,

p
ep

tide
m

im
ics

ofn
on

p
ep

tide
ligan

ds

Protein
of

in
terest

fu
sed

to
coat

p
rotein

of
p

h
age

w
h

ich
con

tain
s

th
e

D
N

A
en

codin
g

th
atp

rotein
large

libraries
>

10
9

am
p

li-
fi

able
in

E
.coli

R
ibosom

e
D

isp
lay

[9]
p

rin
cip

ally
bin

ders,e.g
scFV

an
tibodies,

or
D

A
R

Pin
s,

(de-
sign

ed
an

kyrin
rep

eats)

stalled
ribosom

e
du

e
to

absen
ce

of
stop

codon
cau

ses
m

R
N

A
to

rem
ain

lin
ked

to
p

rotein
com

p
letely

in
vitro,allow

s
for

larger
libraries,in

clu
d-

in
g

sequ
en

ce
ran

dom
iza-

tion
th

rou
gh

PC
R

,
Pu

rom
ycin

D
eriva-

tive/m
R

N
A

p
ep

tide
fu

sion
[10]

sim
ilar

to
R

ibosom
e

disp
lay

Pu
rom

ycin
ligated

to
m

R
N

A
in

low
con

cen
tration

s
w

ill
sp

ecifi
cally

in
corp

orate
in

a
p

olyp
ep

tide
at

th
e

C
–term

in
u

s
lin

kin
g

m
R

N
A

to
p

rotein

com
p

letely
in

vitro,allow
s

for
larger

libraries,in
clu

d-
in

g
sequ

en
ce

ran
dom

iza-
tion

th
rou

gh
PC

R
STA

B
LE

[11]
sim

ilar
to

R
ibosom

e
disp

lay
Protein

of
in

terest
an

d
strep

tavidin
fu

sion
.

D
N

A
w

ith
biotin

tag
is

exp
ressed

in
em

u
lsion

,strep
ta-

vidin
fu

sion
bin

ds
biotin

D
N

A
th

en
em

u
lsion

is
broken

an
d

p
rotein

rem
ain

s
lin

ked
to

D
N

A

stable
lin

kage
of

D
N

A
to

p
rotein

,
D

N
A

m
ore

stable
th

an
R

N
A

Table
6.1:Variou

s
typ

es
ofin

vitro
evolu

tion
based

u
p

on
p

rotein
s

w
ith

th
eir

gen
otyp

e
attach

ed
bin

din
g

to
ligan

ds.



6.1. THOUGHTS ON FUTURE DIRECTIONS

6

99

N
am

e
oftech

n
iqu

e
Evolu

tion
Target(s)

G
en

otyp
e

to
p

h
en

otyp
e

lin
kage

A
dvan

tages
M

icrobead
D

isp
lay

[12]
en

zym
es

th
at

create
a

m
olecu

le
w

ith
free

radical
an

d
fl

u
orescen

t
fu

n
ction

-
alities

beads
th

ath
ave

gen
otyp

e
an

d
p

rotein
p

h
en

otyp
e

lin
ked

to
th

em
react

w
ith

a
fl

u
orescen

t
m

olecu
le

cau
sin

g
it

to
also

bin
d

to
th

e
beads

w
h

ich
are

sorted
by

fl
ow

cytom
etry

allow
s

sortin
g

of
se-

qu
en

ces
th

at
cau

se
reac-

tion
an

d
bin

din
g

by
fl

ow
cytom

etry
C

om
p

artm
en

talized
Self-R

ep
lication

(C
SR

)[13]
/

C
oop

er-
ative

C
SR

p
olym

erases,
(th

erm
osta-

bility,in
h

ibitorresistan
ce),

en
zym

es
lin

ked
to

better
p

rodu
ction

of
a

D
N

A
m

olecu
le

C
SR

:
Polyerm

ase
gen

e
en

coded
in

E
.

coli
p

las-
m

id
cap

tu
red

in
em

u
lsion

,cells
exp

ress
gen

es
an

d
ru

p
tu

re
an

d
PC

R
p

olym
erase

rep
licates

its
ow

n
gen

e.
C

o-C
SR

gen
e

th
at

en
codes

a
p

rotein
th

at
m

akes
dN

T
Ps

th
at

allow
s

co-en
cap

su
lated

p
oly-

m
erase

to
rep

licate
th

e
gen

e

allow
s

evolu
tion

of
p

oly-
m

earses,tran
scrip

tion
fac-

tors,R
N

A
p

olym
erases

C
ell

like
com

p
artm

en
-

talization
[14][15][16]

en
zym

es
w

h
ich

can
m

od-
ify

D
N

A
,sim

ilar
to

C
SR

m
eth

yltran
sferase

exp
ressed

in
em

u
lsion

,m
eth

y-
lates

its
ow

n
biotyn

alated
tem

p
late

w
h

ich
p

re-
ven

ts
its

cleavage
by

a
restriction

en
zym

e
allow

in
g

p
u

rifi
cation

by
th

e
biotin

exten
ds

evolu
tion

in
com

-
p

artm
en

ts
to

m
eth

yltran
s-

ferases

In
vitro

com
p

artm
en

tal-
ization

[17]
an

y
su

bstrate/p
rodu

ct
p

air
th

at
can

h
ave

an
an

ti-
body

raised
for

it,an
d

also
h

ave
a

caged
biotin

m
oiety

beads
h

ave
gen

otyp
e

an
d

p
rotein

p
h

en
otyp

e
lin

ked
to

th
em

in
em

u
lsion

s.Protein
reacts

caged
biotin

su
bstrate

to
m

ake
caged

biotin
p

rodu
ct,

cagin
g

is
released

an
d

p
rodu

ct
bin

ds
to

bead
an

d
th

en
is

labeled
or

p
u

rifi
ed

by
an

tibody

allow
s

evolu
tion

of
en

-
zym

es
(w

ith
som

e
requ

ire-
m

en
ts)

Flu
orescen

ce
activation

ofdou
ble

em
u

lsion
s

[18]
en

zym
es

w
ith

fl
u

orescen
t

p
rodu

ct
gen

es
an

d
en

zym
es

in
a

dou
ble

em
u

lsion
con

vert
a

n
on

fl
u

orescen
tsu

bstrate
in

to
fl

u
orescen

tp
rod-

u
ctan

d
em

u
lsion

is
sorted

by
cytom

etry

allow
s

evolu
tion

of
en

-
zym

es
w

ith
fl

u
orescen

t
p

rodu
ct

Screen
in

g
of

Lip
osom

es
[19]

en
zym

es
w

ith
fl

u
orescen

t
p

rodu
ct

of
fl

u
orescen

t
p

rotein
s

(G
FP)

lip
osom

es
en

cap
su

late
gen

es
for

varian
ts

ofa
fl

u
-

orescen
tp

rotein
th

atare
exp

ressed
an

d
lip

osom
es

sorted
by

cytom
etry

Lip
osom

es
are

m
ore

stable
th

an
dou

ble
em

u
lsion

s,
better

con
tain

reagen
ts

R
ep

lication
in

a
cell-free

system
[20]

Q
Ø

R
ep

licase
Q
Ø

R
ep

licase
m

R
N

A
is

exp
ressed

in
em

u
lsion

an
d

rep
licates

itself
p

ositive
feedback

loop
is

selfrein
forcin

g.

Table
6.2:Variou

s
typ

es
ofin

vitro
evolu

tion
based

u
p

on
co

en
cap

su
lation

ofen
zym

es
an

d
gen

om
es

in
com

p
artm

en
ts.



6

100 6. EVOLUTION, DIVISION AND MICROCHAMBERS

further increase the rate of mutation by using an enzyme such as Mutazyme II which
makes errors at a rate of about 4.5-9 mutations per kb. We can speculate on how various
selection pressures should play out in the evolution. For instance if very long templates
are used (with non coding regions flanking the gene to increase length and primers hy-
bridizing at the far end of templates), and a very short extension time, then replication
rate (existing Taq rate 35-100 nt/sec), and processivity (exisiting processivity 50 bp) will
be selected for. Also the number of temperature cycles is important, a single cycle will
give the expressed enzymes only one “chance” to replicate its genome. This should also
decrease the error rate of the polymerase over rounds of expression and replication as er-
rors that do not produce viable offspring would be more lethal. In that instance it would
be better to start with the Mutazyme enzyme, and see if the error rate could be reduced.
In the work of Ghadessy et al. [13], they did not generate diversity from the self replica-
tion process by the errors of the compartmentalized reactions themselves but rather by
error prone PCR in an initial step before the first round of screening. It would therefore
be novel and interesting to see if it would be possible to generate new variants of poly-
merase by making constraints on the self replication process itself. In the work of Ichi-
hashi et al. [20] they did indeed see initially an increase in the mutation rate correlated
with the number of copies made per round and it leveled out once the number of repli-
cations per round plateaued. Thus we predict that the mutation rate can be controlled
by the number of PCR cycles per generation. For instance in should be possible to create
polymerases with an increased mutation rate by making many copies per generation.
Another possibility is to select for resistance to inhibitors such as heparin, as done by
[13]. In this instance one would expect to select for better ability to amplify in the pres-
ence of heparin. It may also be possible to increase the mutation rate, because if no mu-
tations are occurring then resistance cannot evolve, however considerations about the
number of copies per cycle should be remembered. It may also be that the harshness of
the conditions (concentration of heparin for instance) affects the mutation rate because
new variants must be discovered faster under harsh conditions to survive. Another inter-
esting experiment, would be to invoke competition between polymerases, which could
be done by replacing the emulsion with pore-equipped liposomes, and then decreasing
the total number of dNTPs, that would force the polymerases in individual liposomes to
likely increase their speed of replication to compete for dNTPs. It is also possible that
the rate of evolution would also increase due to the need for innovation in those harsh
conditions.

Already from a simple DNA replication experiment we see that many types of exper-
iments can be performed that may provide interesting varieties of in vitro evolution. We
will now consider how evolution could be applied to two key areas of the minimal cell.

AMPLIFICATION OF GENES THAT ENHANCE TRANSLATION

A major obstacle to creating a minimal cell from the PURE system is that after three
hours of translation, the PURE system stops. In our laboratory, we are investigating sys-
tematically possible reasons for that. There is a hypothesis that there is a small molecule
toxin of some sort produced during transcription or translation that can shut down pro-
tein production. This hypothesis stems from the fact that in cell extracts an extension of
the expression time of as much as 20x can occur when the reaction occurs in a dialysis
chamber supplied with solution of amino acids and nucleotides from the outside [21].
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a

Figure 6.1: | Schematic of a in vitro evolution experiment to amplify genes that aid protein expression
Liposomes are formed. In each liposome there is encapsulated PURE system, and ORF gene (single copy)
with flanking regions identical for all ORF genes, and polymerase gene, as well as primers, NTPS (both not
shown). The PURE system expresses the ORF gene and the polymerase genes. If the expression of the ORF
gene improves the yield of the PURE system (ORF+), more polymerase will be expressed than if the ORF gene
is neutral (ORF N). A PCR step then amplifies the ORF genes in all liposomes, the final number of ORF genes in
any given liposomes will be proportional to the number of polymerases expressed in the IVTT step. The cycles
repeats and eventually beneficial ORF genes (ORF+) comprise the majority of the population.

There was a similar effect when E. coli extracts were encapsulated inside lipid vesicles
[22] and placed in a feeding solution consisting of nucleotides, amino acids, salts and
sulfahydryl compounds (DTT, Ømercaptoethanol). To our knowledge these results have
not been reproduced in PURE system, neither in our lab or elsewhere. This points to the
possibility that it is not simply a small molecule that can diffuse out of the dialysis cham-
ber but there might be a crucial component present in the cell extract that is not present
in the PURE system that allows metabolism of toxins. Similar to a concept recently in-
troduced in the literature [23], we present a method to search for the responsible genes.
We propose to encapsulate in liposomes, equipped with Æ-hemolysin to create an open
system (to feed reactions, to enhance competition between liposomes as well as provide
dilution of toxins), the PURE system, a gene encoding for a polymerase, and all 4,123
open reading frames of E. coli or some subset thereof as well as a primers pair (all genes
would have the same flanking region) for the ORF genes and dNTPs. If the concentra-
tion of the templates is such that nearly all the liposomes contain a least one copy of
the polymerase gene, along with a single gene of the open reading frame library, then
when the templates are expressed, it is expected that a combination of polymerase and
a random ORF gene would be expressed. Should the ORF gene enhance the lifetime of
the PURE system, then an increased amount of protein, including polymerase, would be
produced. If the primers encapsulated that only hybridize with the ORF constructs, and
that sufficient rounds of PCR are made, so that the number of genes that pass to the next
generation is proportional to the amount of polymerase, then the amplification process
will favor the genes in vesicles that enhanced translation. The presence of a non helpful
gene also has the effect to decrease the total number of polymerases present per vesi-
cle, thus decreasing the viability of that compartment. This procedure is illustrated in
figure 6.1. It would also be possible to perform the experiment with increased numbers
of ORF genes per cell, so that allosteric effects could be selected for. It should be that



6

102 6. EVOLUTION, DIVISION AND MICROCHAMBERS

after multiple rounds of selection, the population of genes would decrease to only a few
helpful genes. In either case, i.e. with single copy or multiple copy genes, after several
rounds of encapsulation and replication, the genes can be sequence by next generation
sequencing technologies, that spatially separate individual molecules before amplifying
them and then obtaining sequence information from the amplified group of molecules
[24]. Comparing sequence information to a full genome sequence of E. coli will allow the
identification of which genes enhanced expression.

RIBOSOME EXPRESSION, POST TRANSLATION MODIFICATIONS OF RRNA
A very important part of the minimal cell is the synthesis of the ribosome. Although DNA
replication is necessary for evolvability, the ability to produce the ribosome is not only
important for the propagation of the minimal cell, but for its intermediate term survival,
since if ribosomes are damaged the production of proteins will stop and so will other
functions. The E. coli ribosome consists of two subunits, the 30s and 50s subunits. The
50s subunit itself consists of the 23s and 5s RNAs and more than 30 proteins. Struc-
tural studies of the 50s subunit report more than 31 proteins [25], whereas a study of
RNA chaperone activity of the large subunit proteins studied 34 recombinant proteins
[26]. The 30s subunit consists of the 16s RNA and more than 20 proteins. According to a
structural study the 30s subunit consists of 21 proteins, [27], though active 30s subunits
were made from 20 recombinant proteins [28]. The eventual goal would be to be able to
synthesize all these components and assemble them in the PURE system. The current
state of the art for in vitro ribosome assembly is to assemble them from purified proteins
and expressed RNAs in E coli cell extracts supplemented with a cytoplasmic mimicking
buffer [29]. The ribosomal proteins and rRNAs were separated according to established
protocols [30]. Active ribosomes which expressed firefly luciferase were assembled from
the total protein extract of the 30s and 50s subunits and either purified ribosomal RNAs,
or RNAs expressed in E. coli cell extracts. All of this was done with cytoplasmic mim-
icking buffers. The following combinations of proteins and RNA were used to assemble
ribosomes: (i) 30s proteins and purified 16s RNA, along with purified intact 50s subunits.
(ii) The same as preceding except with 16s RNAs in vitro expressed in cell extract. (iii) 50s
proteins and purified 23s and 5s RNAs along with purified intact 30s subunits. (iv) The
same as preceding except with the 23s and 5s RNAs in vitro expressed in cell extract. (v)
The combination of both 50s proteins and 30s proteins as well as the the purified 23s,
5s and 16s RNAs. (vi) The same as preceding except with all the RNAs expressed in vitro
in cell extracts. It was also attempted to assemble ribosomes in the PURExpress system.
It was possible to assemble active ribosomes from the proteins of the 50s and 30s sub-
units, along with purified ribosomal RNAs. It was also possible to use in vitro expressed
16s RNA with 30s proteins complemented with purified intact 50s subunits to express
luciferase in the PURExpress, though the amount was greatly reduced as compared to
when purified 16s RNA was used. When 50s proteins, and in vitro expressed 23s and
5s RNA along with purified intact 30s subunits, were put in the PURE system, luciferase
was not expressed at all, whereas with purified 23s and 5s RNA it was. This suggests that
modifications of the RNAs by proteins in the cell extract are crucial for ribosomal func-
tion. It is the proteins that make these modifications that we propose to search for with
a similar screening technique as proposed for enhancing translational activity above.
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The 5s RNA lacks nucleoside modifications and is short, so it is unsurprisingly ac-
tive when transcribed in vitro [31]. The 16s RNA has 11 modifications in E. coli, though
it is possible to assemble the subunit and bind tRNA without the modifications [32].
However, using in vitro expressed 16s RNA lacking these modifications to assemble ribo-
somes yields less active ribosomes than ones assembled with purified 16s RNA [29]. 23s
RNA has 23 post translational modifications and ribosomes assembled with in vitro ex-
pressed RNA are 30 fold less active than when purified RNA is used [33]. Of these 23 post
translational modifications, all but 6 have been excluded as being absolutely necessary
[34]. Of these 6, two are known to be individually dispensable [35]. 3 of the remain-
ing four genes have recently been identified [36] [37] [38]. This leaves at least one key
undiscovered enzyme, and possibly other RNA modifying enzymes that may enhance
ribosomal activity.

We would suggest a similar approach as recommended with the amplification of
genes enhancing translation above. We propose to encapsulate in an emulsion all or
some of the ORFs from E. coli, the 5 known key ribosomal modifying enzymes genes,
the 50s and 30s ribosomal proteins, the genes for the 5s 16s (specially modified) and 23s
RNAs, a specially modified polymerase gene, and primers pairs for the ORF genes. The
specially modified 16s RNA has instead of the cognate sequence to the Shine Delgarno
sequence a new sequence. It’s cognate sequence is then included in the mRNA of the
polymerase gene. This is a so called orthogonal ribosome mRNA pair [39]. If the ORF
proteins are included at less than one per emulsion droplet, and the other genes for the
rRNA as well as the rRNA modifying genes are included so that there is at least one of
each gene per droplet. Then when the ORF genes are expressed, if functional ribosomes
are assembled, they will express the polymerase gene, which upon temperature cycling
will amplify the genes that add functionality to the ribosomes. After several rounds of se-
lection next generation sequencing will identify which of the ORFs had a positive effect.
It would also be possible to include the ORF genes at hundreds of copies per compart-
ment in the experiment so that droplets that had combinations of useful genes would
express the polymerase effectively. After many rounds of selection the multiple useful
genes would comprise most of the population.

6.2. GROWTH AND DIVISION, TOWARDS AUTONOMOUS SELF REPLI-
CATION

We have discussed in the previous section how the replication plays an important role in
the minimal cell, and how it can be use to improve the properties of part of the minimal
cell through evolution. However for these processes to become entirely autonomous
and self regulating i.e. to operate from a completely bottom up approach, it is necessary
that the individual cells must replicate and divide their own compartments. Here we will
discuss routes to continued growth and division of membranes.

In chapter 2 - 4 of this thesis, we addressed in detail the first steps of growth of mem-
branes from acyl coAs. In short summary we used the E. coli lipid biosynthesis genes,
plsB, plsC, cdsA, pgsA, pgpA, pgpC, pssA and psd, to produce the lipids LPA, PA, CDP dia-
cylglycerol, phosphatidylglycerol phosphate, phosphatidylglycerol, phosphatidyl serine
and phosphatidylethanolamine. It so far was not possible to increase the membrane
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content by more than a 1%. An obstacle that we foresee for the continuous growth is
that one of the necessary precursors, acyl coA has a structure very similar to a surfac-
tant, and therefore may be able to disrupt liposomes. It may therefore necessitate the
growth of vesicles from shorter more water soluble precursors, as is done in the E. coli
palmitate biosynthesis pathway [40]. More attractively one could employ the single en-
zyme complex for palmitate synthesis FAS B of Brevibacterium ammoniagenes that has
been reconstituted from purified proteins in vitro [41] and that requires only NADPH,
H+, malonyl coA and acetyl coA to function.

To achieve the division of liposomes, requires a detailed understanding of both the
biochemical and biophysical processes involved. In a previous work we discuss how
there are two possible and non mutually exclusive routes to division, that of membrane
deforming proteins, and that relying only on the physical properties of liposomes and
their lipid content, tunable through lipid biosynthesis [1]. Here we focus on the latter
due to its relation to membrane synthesis.

There is much work that supports the idea that minimal cell division could occur
through the properties of lipids alone. Recent work by Mercier et al. showed that ex-
cess membrane synthesis in Bacillus subtilis was sufficient to drive the proliferation of
so called L-forms, i.e. strains without the ability to synthesize the cell wall [42]. A work
by Sakuma et al. [43] showed that the combination of crossing the lipid phase transition
temperature of DPPC, and the presence of inverse coned shaped lipid, DLPE, could re-
sult in multiple generations of liposome division. The parallels between L-form studies,
and those of giant vesicles was reviewed elsewhere [44].

Based on the results with L-forms, an almost naive approach to generate cell divi-
sion could be the simple synthesis of lipids to create excess membrane area. Mercier et
al. described that rod-like filamentous cells obtained by the growth of Bacillus subtilis
in the presence benzamide, an inhibitor of cell division, upon the digestion of cell wall
with lysozyme, formed L-form like shaped protoplasts. This result was attributed simply
to excess area of the filamentous cells as compared to their volume. As mentioned above
we are able to synthesize many membrane lipids using E. coli machinery. If the efficiency
of lipid synthesis can be increased, then microscopy studies of GUVs synthesizing lipids
are called for, though there may be the obstacle that to create the same increase in area
to volume ratio, more lipids must be synthesized per vesicle for the larger sized vesi-
cles visualizable by fluorescence microscopy than for smaller bacteria sized vesicle. If
the aforementioned difficulty of surfactant like properties of acyl-coA precursors can be
overcome, either through gradual supply of precursors by flow, or by fatty acid synthesis,
one might expect a similar result as to the one found for L-form like protoplasts.

Another evidence that increased membrane synthesis could lead to vesicle fission
was found theoretically [45]. Using the so called spontaneous curvature model of Hel-
frich [46], Svetina calculated a shape trajectory for a vesicle whose surface area is increas-
ing due to the addition of lipids and that leads to division. He found that so long as the
doubling time for vesicle area growth, the bending modulus, the intrinsic curvature (the
curvature of the membrane if it is in a completely relaxed state, determined by the shape
and number of lipids in each leaflet) and the hydraulic conductivity of the membrane
are interrelated in a specific way, then vesicles can grow and divide.

An alternative approach to achieve division is as opposed to changing the area of
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the membrane by adding lipids, is to do so by change in temperature that changes the
phase of the lipids. In the work of Sakuma et al. [43] they observed multiple genera-
tions of both budding and birthing of vesicles depending on the lipid composition when
temperature cycling across the phase transition temperature of one of the lipids. Specif-
ically, they observed that liposomes that contained a fraction of DPPC and a fraction of
DLPE underwent budding and birthing when crossing the Tm of DPPC. Budding is when
a new vesicle is formed from an outward protrusion of the mother vesicle and birthing
is when a new vesicle is formed from and inward protrusion that is eventually expelled
from the mother vesicle. For larger amounts of DPPC, outward budding occurs, for lesser
amounts of DPPC, inward birthing occurs. The authors explain the shape deformations
with the so called area difference elasticity model [47]. Another implementation of that
model was made by Svetina [45]. There they give the energy of the vesicle as:

w = wb +wr = (1/4)
I

d a(c1 + c2 ° c0)2 + kr

kc
(¢a °¢a0)2 (6.1)

where wb is referred to as the local bending energy, and wr is referred to as the non
local bending energy. That is because as we will see, the wb term depends on the cur-
vature at a single point, whereas the wr term depends on an integral of the curvatures
over the entire vesicle shape. Likewise, the terms kc and kr are the local and nonlocal
bending modulii. The other variables are defined as follows c1 =C1Rs and c2 =C2Rs are
the so called reduced curvatures of the vesicle surface, with C1 and C2 the actual vesicle

curvatures and Rs =
q

A0
4º where A0 is the total surface area of membrane in equilibrium.

Similarly the term c0 = C0Rs is the reduced intrinsic curvature, with C0 the curvature of
the membrane in a relaxed state (which can be non-zero due to shape and distribution
of lipids). ¢a0 = ¢A0

8ºhRs
where ¢A0 = A2 ° A1 are the initial area of the outside and inside

leaflet of the membrane and h is the thickness of the membrane. d a = d A
4ºR2

s
is the re-

duced area differential with d A the normal area differential. ¢a = 1
2

H
c1 + c2d a. If one

minimizes the local bending energy wb subject to constraint on the vesicle volume V
and the vesicle surface area A º A0 with the spontaneous curvature set to c0 = 0 then
one obtains shape equations that can be solved to obtain the following phase diagram

with the axis of reduced volume v =V / 4ºR3
s

3 and reduced area difference ¢a figure (6.2).
The axes are v and¢a. It can been seen that as one moves along the x axis from right

to left corresponding to increased vesicle surface area, one progresses from birthing like
shapes to budding like shapes. This corresponds well to the the fraction of DPPC in
the work of Sakuma, as for low fraction of DPPC, the birthing or cup like behavior is
displayed, and for large fraction of DPPC, budding or pear like behavior can be observed.
These sorts of phase diagrams can therefore be used to guide future experiments, and
more detailed descriptions of the shapes can be found elsewhere [48] [47].

In the work of Sakuma [43] they also discuss the role that the DLPE plays. They in-
dicate that it can help to destabilize the neck of budded vesicles encouraging complete
division [49]. It is also clear by synthesizing new lipids, it is possible to alter both the sur-
face area of the vesicle A0, and the preferred area difference ¢A0 by altering the number
of lipids in the membrane as well as their distribution between the two leaflets. Finally,
though it may be true that the PURE system does not perform well for temperatures
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a

Figure 6.2: | Phase diagram of lipid shapes in the area difference elasticity model.
Axis are v and ¢a and it can be seen that moving along the x axis predicts the shapes found in the work of
Sakuma [43].

above 37 °C [50] thus making temperature cycling above the phase transition tempera-
ture of DPPC problematic, this can be solved by reducing the chain fatty acids of some
of the lipids from 16:0 to 14:0 which should decrease the melting temperature. Another
obstacle may be that the enzymes for lipids synthesis may not function as well in the gel
phase though that remains to be tested.

6.3. MICROCHAMBERS, A COMPARTMENTALIZATION APPROACH

6.3.1. INTRODUCTION
The compartmentalization of biochemical reactions is important for many reasons. For
instance, in a PUREfrex system reaction with many components, one can expect that in
volumes of 1 µm the number of molecules per chamber and hence the expression per
chamber may vary due to stochastic effects of encapsulation [51]. This can be expected
because a single molecule in a 1 µm3 chamber has a concentration of 1.66 nM and the
concentrations of proteins in the PUREfrex system ranges from 20 nM to 5000 nM. Not
only that rate constants of chemical reactions may be increased because of increased ef-
fective concentrations [52]. To study in detail the effects of compartment size, it would
be useful to fabricate compartments of a controlled size [53], as opposed to the stochas-
tic sizes obtained by encapsulation in emulsions [54] or liposomes [55] [50] [22]. In addi-
tion to confinement effects, encapsulation is important for evolution experiments, both
to establish the genotype to phenotype linkage [20], [13] [19], as discussed above, and to
prevent the error catastrophe from occurring in self replication experiments [56]. Fur-
thermore the uniformity of size decreases the variation between chambers that might
otherwise bias the evolution experiments towards larger or smaller chambers. With all
these things in mind, we investigated the possibility of making microchambers out of
various materials. Polydimethylsiloxane (PDMS) is a widely used material for microflu-
idics and easy to use, and is thus a good starting point. Agarose and polyacrylamide are
hydrogels, and may be more biocompatible than PDMS as well as being able to support
diffusion of nutrients from the surrounding gel resulting in a semi-open system.

In detail, PDMS is a polymer that can be purchased as a two part resin system, which
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Figure 6.3: | Bright field microscopy of PDMS microchambers.
(a) 30 µm diameter (7pl) microchambers filled with fluoroscein solution, b) 10 µm diameter (0.8 pl) mi-
crochambers partially filled with fluoroscein solution. Pretreatment of the chambers with oxygen plasma im-
proved the filling (not shown).

upon mixing polymerizes. The resulting polymer is optically transparent and thermally
and chemically stable. The polymerized PDMS is also porous, which can lead to diffu-
sion of small molecules and unwanted drying. In addition to absorption, small molecules
can also be adsorbed to the surface, especially polar molecules which can interact via
hydrogen bonding to the siloxane group of PDMS. Examples of molecules than can ad-
sorb include fluorescent dyes, organic solvents and proteins [57] [58], though this can
be reduced by treating the surface with bovine serum albumin or chemically function-
alizing the surface with silanes. In a pilot experiment we made PDMS microchambers
and encapsulated the PUREfrex system in them and monitored obtained expression of a
fluorescent protein.

In a parallel approach to the PDMS microchambers, we also experimented with form-
ing microchambers out of agarose and polyacrylamide. The reason for that was to create
a semi open system in which small molecules, but not proteins, can diffuse in and out of
the chamber. This may extend the lifetime of the PURE reaction, based on results with
cell extracts [21]. For evolution experiments it would also allow for competition between
chambers. Both agarose and polyacrylamide are hydrogels, which means that they can
contain large amounts of water within them, supporting the encapsulation of a feed-
ing buffer for the PUREfrex system, which among other components contains amino
acids and NTPs. Towards this goal we formed agarose and polyacrylamide gels in 96-
well plates, which had a smaller well (with gel walls) inside the well. These experiments
were made to conduct assays to test whether the gels could retain the protein and tRNA
components of the PUREfrex system, while allowing the diffusion of small molecules in
and out of the chambers.

6.3.2. RESULTS AND DISCUSSION

GENE EXPRESSION IN PDMS MICROCHAMBERS

It was possible to successfully form and fill chambers out of PDMS. First the chambers
were formed, then cured and then cleaned in ethanol by sonication and exposed to oxy-
gen plasma. The exposure to oxygen plasma made the chambers hydrophilic and acti-
vates the surface of the PDMS so that it can covalently bind to glass. The solutions (either
a carboxyfluoroscein, solution, or PUREfrex) were then put in the chambers (5 µl) cov-
ered with a cover glass and clamped in a vice. This was sufficient to seal the chambers



6

108 6. EVOLUTION, DIVISION AND MICROCHAMBERS

insofar as was when a chamber was photobleached, the fluorescence did not recover
(not shown). An example brightfield image of formed chambers is shown in figure 6.3.
Unfortunately however, after approximately half an hour, the chambers dried out (not
shown). When the PURE system was encapsulated in the PDMS microchambers and
monitored with the microscope, an increase in the fluorescence was observed, as shown
in figure 6.4. The increase in intensity of three hours is more than two standard devi-
ations, implying that the increase was significant. The expression however appears to
flatten out at 30 minutes. Normally in a PURE system reaction this does not occur un-
til at least two hours, though there is precedent in the literature for a expression time
of approximately 30 min in microchambers of 7 pl volume [53]. The second phase of
increase may be due to drying, as that will concentrate the fluorescent protein. Exper-
iments were performed whereby the outer perimeter of the glass PDMS interface were
sealed with vacuum grease, two component epoxy or candle wax. However, none of
those approaches mitigated the drying, which suggest absorption of the liquid by the
PDMS. Altogether the fact that it was possible to express proteins in a microchamber is
an encouraging result, both for studying reaction kinetics and volume effects and also
for creating compartments for evolution experiments. In the future better passivation
of surfaces and a technique to prevent drying will need to be developed to pursue this
avenue further.

DIFFUSION ASSAYS IN HYDROGELS

We are interested in making a microchamber that is open to flow of small molecule nutri-
ents and toxins in an out of the chamber, whereas macromolecules such as proteins and
tRNA should remain in the chambers. An approach to that would be to make hydrogels
containing nutrients and with chambers or microchambers molded into the hydrogels.
Alternatively it would be possible to seal PDMS microchambers with a hydrogel pad. To

a

Figure 6.4: | PURE system expression of emGFP in microchambers.
(a) Average intensity of 60 PDMS microchambers (10 µm diameter, 0.8 pl) during emGFP protein synthesis by
the PURE system. The standard deviation is shown in grey. The intensity increases for 30 min, then halts for 30
min and subsequently increases again after 60 min. The first increase is likely due to protein expression and
the second may be attributed to drying of chambers concentrating the expressed protein
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assess the permeability of the agarose and polyacrylamide gels, we measured the diffu-
sion of carboxyfluorescein, YFP and BODIPY-labeled tRNA through them. To do this we
made a well in a hydrogel which itself is in a 96-well plate as shown in figure 6.5 a. To
make the well, first the unhardened gel solution is put in the 96-well plate, and then a
form with the shape of the smaller well is placed into the larger well before the gel hard-
ens. We first studied agarose because of its non-toxicity and ease of use, and its reported
ability to immobilize single enzymes [59]. The maximum percentage of agarose we could
use well still being able to handle it easily was 2.5 %. Figure 6.5 shows that the agarose
gel was not able to prevent diffusion molecules out of the well, neither the carboxyfluo-
roscein, BODIPY labeled tRNA or purified YFP were retained in the well.

We proceeded to make wells out of polyacrylamide. There is a difficulty with making
wells from polyacrylamide in that the polymerization reaction only occurs in the ab-
sence of oxygen. Thus the molding form must fit tightly in the well, and even then the
gels did not always polymerize. Despite reliability issues it was possible to make gels to
test the diffusion of the YFP, bodipy tRNA and carboxyfluoroscein. As can been seen in
figure 6.5 c) a 20% polyacrylamide gel effectively retains YFP in the well, partially con-
tains the BODIPY tRNA whereas the carboxyfluroscein is not retained. The molecular
weight of tRNA is approximately 26 kDa and though YFP is similar (26 kDa) it also forms
dimers. This can explain why the YFP is retained in the well but not the tRNA. Alterna-
tively it may be that the ester bond binding the BODIPY to the tRNA is partially hydrol-
ysed, allowing the BODIPY to diffuse out of the well. An attempt was made with a 26%

a b

c d

Figure 6.5: | Diffusion assay to asses permeability of hydrogels
(a) a schematic of a well within a well. A well is formed in a hydrogel which itself is in a 96 well plate. (b)
Diffusion of YFP, bodipy tRNA and carboxyfluoroscein through a 2.5 % agarose well. (c) Diffusion of YFP, bod-
ipy tRNA and carboxyfluoroscein through a 20% polyacrylamide well. (d) Diffusion of YFP, bodipy tRNA and
carboxyfluoroscein through a 26% polyacrylamide well.
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polyacrylamide gel, again the YFP was mostly retained and the BODIPY tRNA was slightly
better retained than with the 20% gel. As for carboxyfluoroscein, it was not retained. Al-
though the results with the acrylamide were promising in terms of the retention of larger
molecules compared to smaller molecules, we could not further increase the gel per-
centage due to the concentration of acrylamide stock. The optimum ratio of crosslinker
for minimum pore size was used, that is to say 19:1[60]. We do not recommend con-
tinuing with acrylamide, partly due to the messiness of the gels and their toxicity, and
partly due to the polymerization problems. An alternative would be crosslinked dextran,
which can be cross linked with the relatively harmless glutaraldehyde [61], and the pore
size can potentially be tuned by the molecular weight of the dextran and the cross linker
percentage.

6.3.3. METHODS

FABRICATING AND FILLING PDMS MICROCHAMBERS

For the fabrication of PDMS microchambers, a positive pattern of the microchambers
was etched on a silicon wafer. PDMS was then made using the Sylgard 184 silicone elas-
tomer kit (Dow Corning). The base and the curing agent were mixed at a ratio of 10:1
and subsequently degassed. A negative mold was made by covering the original posi-
tive mold with PDMS and allowing it to harden. This negative mold was then used to
produce multiple sets of microchambers, by covering the mold with PDMS and by let-
ting it harden. The PDMS was cured by placing it in an oven at 70 °C for one to two
hours. Both the silicon wafer and the mold were silanized with a hydrophobic silane
compound before covering with PDMS to make the separation easier. The 10-µm deep
microchambers had a cylindrical shape with diameters of 10 µm or 30 µm. This corre-
sponds approximately to volumes of 0.8 pl and 7 pl, respectively.

To make simultaneous measurements of multiple microchambers possible, the cham-
bers must be completely sealed and filled. A sealed chamber should not have any ex-
change of molecules with its surroundings. To achieve that, chambers were sonicated in
ethanol for 5 min, and then exposed to oxygen plasma to make the surfaces hydrophilic.
PDMS and glass can be bound covalently when they are brought in contact right after
plasma treatment. To encourage the contact between the microscope cover glass and
the PDMS, the slide and chamber assembly was squeezed in a vice.

PROTEIN EXPRESSION

The PUREfrex system was assembled in the standard way with the template being EmGFP
in a 5-µl volume. The DNA was added to the PURE system immediately before applying
the oxygen plasma to the chambers. The time between adding the DNA to the PURE sys-
tem and the first images in the microscope was approximately 15 min. Expression was
done at 37°C in a microscope

IMAGE ANALYSIS

A MATLAB algorithm which relied on a threshold intensity value was used to localize
chambers. A centroid for the resulting round shapes was found and an area around this
centroid with the known radius was drawn. The average values of the intensity were then
calculated for each circular region and then the average value across all chambers as well
as the standard deviation across the chambers were calculated.
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HYDROGEL DIFFUSION ASSSAYS

For agarose hydrogel, 2.5% weight by volume of agarose was put in PURE buffer solution
(20 mM HEPES pH 7.6, 180 mM potassium glutamate, 14 mM magnesium acetate) and
heated in the microwave. The material was put into a black 96-well plate followed by the
insertion of a form and the gel was allowed to harden. Three wells were formed, solutions
of BODIPY labeled tRNA, YFP and carboxyfluoroscein (250 µM) respectively were put in
each well. An additional well of the 96 well plate was filled with carboxyfluoroscein.
Fluorescence was measured at 477/525 nm for BODIPY tRNA, 505/528nm for YFP, and
483/530 nm for carboxyfluoroscein. For acrylamide gels 180 µl of 10 £ PURE buffer so-
lution was mixed with 416.4 µl MQ and 1200 µl of 40% acrylamide solution with 19:1
acrylamide to crosslinker ratio. To improve polymerization degassing was performed by
piercing the tube containing the acrylamide solution with a syringe needle, and leaving
it in to have a very narrow opening. The solution was then put under vacuum for 10 min.
Then 499 µl of this solution was then mixed with 0.5 µl of 25% APS and 0.5 µl of TEMED
and placed in a black 96-well plate. The well was sealed with a form and polymerized for
25 min. Three wells were formed, solutions of bodipy labeled tRNA, YFP and carboxyflu-
oroscein (250 µM) respectively were put in each well. Fluorescence measurement was
the same as for the agarose gel. For the 26% acrylamide gel a similar procedure was fol-
lowed as for the 20% gel except that 180 µl of 10 £ PURE buffer was mixed with 1600 µl
of the acrylamide stock solution as well as 16.4 µl of MQ. The solution was degassed and
then 499 µl of the solution was mixed with 0.5 µl of 25 % APS and 0.5 µl of TEMED. Three
wells were formed, solutions of BODIPY labeled tRNA, YFP and carboxyfluoroscein (250
µM) respectively were put in each well. An additional well of the 96 well plate was filled
with carboxyfluoroscein.
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7
CONCLUSION

In this thesis we performed a small part of the construction of a minimal cell. At the
outset we asked: what do we hope to learn and gain by building a minimal cell? We an-
swered: Firstly the design principles of life, i.e. what chemical and biophysical processes
are necessary to sustain life. We also stand to learn a great deal about the individual com-
ponents which may provide new biotechnologies. It will also be possible to make new
kind of sensing technologies, smart medicine, and eventually the production of chemi-
cals with a specialized semi-synthetic cell. Did we achieve these goals, or a part of them?

In this thesis the principal work was the in vitro synthesis of 8 proteins for lipid
biosynthesis and their characterization. These enzymes were able to synthesize seven
phospholipids. This is a new development insofar as it is the first coupling of mem-
brane metabolic pathway and flow of genetic information in vitro. We believe it will be
a fairly straightfoward process to diversify the lipid structures to other lipids including
phosphatidylcholine and cardiolipin two important bacterial lipids.

To study the pathways implemented, we developed an LC-MS method for lipids, this
is not unique [1] [2] though represents an important tool for our laboratory for contin-
ued quantitative studies of lipid metabolism in vitro. We were able to characterize E. coli
GPAT and LPAAT extensively including time course synthesis of LPA and DPPA. We found
that in vitro GPAT and LPAAT were liposome-associated and we found that liposomes
greatly enhanced the activity of GPAT and LPAAT. We further showed that we could use
fatty acid substrates of different carbon length and saturation, as well as we were able
to make minor changes in the lipid composition without disrupting enzyme activity. We
also showed that the GPAT and LPAAT enzymes could be studied using fluorescence-
based approaches, through detecting the reaction by-product CoA, and by the incorpo-
ration of NBD-labeled fatty acid in the phospholipid products. As a corollary we found
that at least one of the enzymes can use NBD-labeled fatty acyl CoAs, which showed
potential for microscopy studies of GPAT and LPAAT activity.

Within the context of minimal cells, we made significant advances. In addition to
showing the in vitro synthesis and activity of eight lipid synthesizing enzymes, we were
able to encapsulate two of those enzymes in liposomes and perform lipid synthesis from
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the inside of the liposomes. From the kinetics and a study of DPPA incorporated into the
membrane we found that for the substantial growth of minimal cells, the efficiency of
enzymes will need to be increased. We think that it is important to mention that fatty acyl
CoAs can act as surfactants potentially disrupting liposomes [3], which may necessitate
incorporating fatty acid synthesis starting from the more hydrophilic components acetyl
CoA and malonyl CoA and NADPH and H+ [4].

Besides volume expansion, we postulate that in vesiculo lipid biosynthesis could be
exploited to change the equilibrium state of the membrane and trigger asymmetric di-
vision. First, in light of the recently unveiled mechanism of L form cell reproduction [5],
we predict that internal synthesis of phospholipids could be sufficient to induce shape
deformation as a manifestation of the excess surface area of membrane. Alternatively
synthesis of saturated lipids and the crossing of the phase transition temperature to in-
crease vesicle surface area may also induce membrane division [6]. We view division
as a key step in the construction of the minimal cell and it is crucial for autonomous
evolution.

Insofar as actually identifying and studying the biochemical and biophysical prop-
erties of life, we did not yet discover something new. We did prove that we could re-
constitute some of the biochemical processes in an in vitro environment. As alluded to,
we also set the stage for studying the biophysical process of division as implemented
through lipid synthesis, that promises to be a fruitful avenue of research.

A possible application of our lipid synthesizing technique is to be able to synthesize
specific lipids in vitro that might not otherwise be possible in vivo or chemically. For
instance we envision synthesizing isomerically specific lipids, i.e. controlling the sat-
uration and position of the fatty acid at both the sn-1 and sn-2 position of the lipids,
something not easily done in vivo. This would be an interesting approach to make liquid
chromatography standards for LC-MS and would have applications in lipidomics. Oth-
erwise it can be interesting to synthesize lipids labeled with fluorophores, though it is
expected to only make sense in a few specialized instances when specificity is required.

How far away are we from actually being able to construct a minimal cell? That is
difficult to assess, though a very optimistic metric would be if we expect a minimal cell
to require about 150 genes, and it took us four years to achieve eight functional genes,
then perhaps it would take 75 person-years. Taking an arbitrary but useful rule of thumb,
that it takes a least a factor of º longer than expected to do anything then it would take
235-person years. We can safely say that it will take at least 59 PhDs to achieve a minimal
cell. If there would be 20 labs collaborating each with 3 dedicated PhDs it could be done
in four years. Though this calculation is far from exact though it is not such a daunt-
ing number. What about cost? If each PhD person-year with salary and consumables
costs about 60 000 e[7] then the estimated cost is approximately 14 million e which is
approximately 1% of the annual EU research council budget [8]. Furthermore the indus-
trial microbiology market is 6.5 billion dollars [9]. If an engineered minimal cell would
replace natural and engineered organisms only 1.5% of the industrial microbiology mar-
ket it would have paid for itself in a year. With these somewhat naive calculations as a
guideline, we would conclude that it is a worthwhile goal.

Altogether, this thesis represents a minimal dent in the work required to construct a
minimal cell though that alone was gratifying and offers promise of future successes in
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our lab or others.
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SUMMARY

Natural life is extraordinarily complex, which by definition means that it has many in-
terconnected and functioning parts. The goal of synthetic biology is to engineer living
systems, though due to their very complexity they remain recalcitrant to engineering.
What if it were possible to reduce the complexity to a finite amount of parts that are well
understood and therefore possible to manipulate. That is the motivation for construct-
ing a so called minimal cell.

How complex, and what functions should something have to be considered alive? A
definition that we find fundamental is an entity, that can take chemicals from its envi-
ronment and be able to maintain itself in spite of the fact that globally entropy is increas-
ing. To maintain its survival over the long term a living entity must be able to metabolize,
have a container which specifies a boundary that can grow and be replicated, have genes
which encode the above functions, and the genes themselves should be able to be repli-
cated with the possibility for mutation, which is necessary for evolution.

What is meant by minimal? A simple way of quantifying the complexity of an or-
ganism is by simply counting the number of genes it has. That implies that the organ-
ism is based on DNA, which is read by an RNA polymerase. It also implies that at least
some of the RNA is translated into protein. If we accept the number of genes as a met-
ric of complexity for an organism, then one can approach finding the minimal genome
in two ways: the top down and bottom up approaches. The top down approach is to
eliminate as many genes as possible from existing organisms. In our lab, we apply the
bottom up approach, whereby cellular functions are reconstituted from purified compo-
nents with an emphasis on the process being under controlled conditions. Specifically
we use the so-called semi-synthetic approach whereby DNA, RNA and protein are the
core functioning elements. To get from DNA to RNA a process known as transcription is
necessary and from RNA to protein a process known as translation must take place. To
perform these core functions we make use of the PURE system. The PURE system’s main
function is to metabolize RNA and proteins from small molecules, though it also has the
ability to regenerate some of its chemical components and degrade others. Encapsula-
tion of purified proteins into cellular units is also necessary for making a minimal cell
and we do that with glycerophospholipids. Furthermore we aim to grow and divide those
compartments which is the main focus of this thesis.

Using glycerophospholipid liposomes (volumes enclosed by a bilayer of phospho-
lipids), as scaffolds, we synthesized the E. coli proteins GPAT and LPAAT, responsible for
the synthesis of lysophosphatidic acid and phosphatidic acid, respectively. First, by syn-
thesizing the proteins from outside of liposomes and then purifying the liposomes we
showed that the proteins are associated with liposomal membranes. Second, we devel-
oped a liquid chromatography mass spectrometry (LC-MS) method for the detection of
enzyme products. We then used the LC-MS method to study the activity of GPAT (plsB
gene) and LPAAT (plsC gene) from proteins expressed outside of liposomes. Our find-
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ings include that proteins are active in various buffers, even when the proteins were
co-expressed with the activity step. Next we found that it was crucial to have liposome
supports to have efficient protein activity. We further observed that it was possible to
use at least two types of fatty acyl CoA substrates and that the composition of the lipo-
somal supports can be at least slightly varied. We also showed that at least some (~30%)
of the synthesized lipids are incorporated into liposomal membranes, i.e the liposomes
are growing. We also calculated the expected volume expansion of the liposomes from
the synthesized lipids and found it to be ~1%. For future growth of minimal cells the
efficiency of the enzymes or their synthesis will need to be increased. Finally we found
that it was possible to express the proteins and perform lipid synthesis from inside lipo-
somes, which is an important step in making a minimal cell.

We continued the study of lipid biosynthesis in the PURE system by expressing six
phospholipid headgroup-modifying enzymes. We expressed the E. coli proteins phos-
phatidate cytidylyltransferase (cdsA gene), phosphatidylserine synthase (pssA gene), phos-
phatidylserine decarboxylase (psd gene), which are responsible for converting phospha-
tidic acid to diacyl-phosphatidylethanolamine. We also expressed phosphatidylglyc-
erophosphate synthase (pgsA gene), and two phosphatidylglycerolphosphatases (pgpA
gene, and pgpC gene) which along with phosphatidate cytidylyltransferase (cdsA gene)
are responsible for converting phosphatidic acid to diacyl-phosphatidylglycerol. We
were able to detect the end products of the two enzymatic pathways indicating that all
enzymes were active.

We further studied the activity of the GPAT and LPAAT enzymes using light. We
found that it was possible to detect the by-product of the GPAT and LPAAT reactions,
co-enzyme A, with a fluorogenic assay. To use the assay we developed multiple methods
for removing DTT, which otherwise interferes with the measurements. We studied the
enzymes under various conditions using the CoA assay and found that it is in particu-
lar useful for studying LPAAT, which appeared to be active in the non-reducing condi-
tions required for the assay. We also developed methods to study GPAT and LPAAT based
upon an NBD (nitrobenzoxadiazole)-labeled fatty acyl CoA which changes its fluores-
cence properties when moved from a polar to a non polar environment. We studied this
molecule with and without the presence of enzymes, by spectrofluorometry, mass spec-
trometry and microscopy. We found that it was particularly useful for studying LPAAT,
and the combination of GPAT and LPAAT, which gave a signal in the NBD assays over
their respective controls.

We also delved into the meaning of evolution and then focused on in vitro implemen-
tations of evolution as a bridge to a minimal cell, examining ways that genome replica-
tion and screening of large numbers of genes can be applied to the minimal cell project.
We then discussed division, in particular how lipid biosynthesis and the biophysical
properties of membranes may provide a route to division of liposomes. We predict that
internal synthesis of phospholipids could be sufficient to induce shape deformation as
a manifestation of the excess surface area of membrane. Alternatively synthesis of sat-
urated lipids and the crossing of the phase transition temperature to increase vesicle
surface area may also induce membrane division. We view division as a key step in the
construction of the minimal cell and believe it is crucial for autonomous evolution. Fi-
nally we presented a few results from a project to build chambers and microchambers to
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compartmentalize reactions, that we believe would be useful for in vitro evolution and
studying the effects of small volumes on biochemical reactions.

In summary, we made significant advances in reconstituting lipid synthesis from
in vitro synthesized proteins, making 7 classes (LPAs, PAs, PGs, PEs, PSs, CDP diacyl-
glycerols, and PGPs) from 8 in vitro synthesized membrane proteins (from genes: plsB,
plsC, cdsA, pgsA, pgpA, pgpC, pssA, psd). We studied the proteins and their activity via
various laboratory techniques including mass spectrometry and fluorescence. In the
near term the process will be improved to try to achieve greater volume expansion of
liposomes, as well as implementing new enzymes to synthesize a wider variety of lipids.
Besides expanding in these directions, in the future the lab will investigate altering the
biophysical properties of liposomes via lipid synthesis in an attempt to achieve vesicle
division.

Altogether, this thesis represents a minimal dent in the work required to construct a
minimal cell though that alone was gratifying and offers promise of future successes in
our lab or others.





SAMENVATTING

Het natuurlijke leven is extreem complex, wat per definitie betekent dat het veel onder-
delen heeft die met elkaar verbonden zijn en verschillende functies hebben. Het doel
van de synthetische biologie is om levende systemen te manipuleren, ondanks dat dit
erg lastig is wegens de enorme complexiteit van de systemen zelf. Wat nu als het moge-
lijk was om deze complexiteit te reduceren tot een eindig aantal onderdelen, onderdelen
waarvan hun werking goed begrepen is, en daarom ook manipulatie ervan mogelijk zal
zijn? Dit is de motivatie om een zogenoemde minimale cel te creëren.

Hoe complex, en aan welke functies moet iets voldoen om levend te zijn? In onze
mening is een fundamentele definitie hiervoor een entiteit, die moleculen vanuit zijn
omgeving op kan nemen en zichzelf kan onderhouden, ondanks het feit dat de globale
entropie toeneemt. Om het voortbestaan van deze entiteit over langere termijn te garan-
deren moet een levende entiteit kunnen metaboliseren, een container hebben die een
begrenzing aangeeft en kan groeien en repliceren, genen hebben die coderen voor deze
genoemde functies, en de genen zelf moeten in staat zijn gerepliceerd te kunnen worden
met de mogelijkheid voor mutaties - noodzakelijk voor evolutie.

Wat wordt bedoeld met een minimale cel? Een eenvoudige manier om de complexi-
teit van een organisme te kwantificeren is door simpelweg het aantal genen te tellen. Dit
impliceert dat het organisme is gebaseerd op DNA, dat uitgelezen wordt door een RNA
polymerase. Het impliceert ook dat in ieder geval een deel van het RNA vertaald wordt
in eiwitten. Als we accepteren dat het aantal genen een matrix is voor de complexiteit
van het organisme, kan men twee verschillende manieren bedenken om een minimaal
genoom te herleiden: de top-down en bottom-up aanpak. De top-down aanpak is geba-
seerd op het elimineren van zoveel mogelijk genen van een huidig organisme. In ons lab
gebruiken we de bottom-up aanpak, waarin cellulaire functies gereconstrueerd worden
met nadruk op gecontroleerde condities van het proces. We gebruiken hoofdzakelijk
de zogenoemde semi-synthetische cel aanpak, waarbij DNA, RNA en eiwit de elemen-
ten zijn met de kernfuncties. Transcriptie is het vereiste proces om van de informatie
in DNA, RNA te produceren en om vervolgens eiwit te maken vindt het translatieproces
van het RNA plaats. We maken gebruik van het “PURE system” dat deze kerntaken uit-
voert. De hoofdfunctie van het “PURE system” is om RNA en eiwitten te metaboliseren
beginnende met kleine moleculen. Daarnaast heeft het de mogelijkheid om sommige
moleculen te regenereren. De inkapseling van gezuiverde eiwitten in celachtige units
is ook een noodzakelijk stap voor het maken van een minimale cel. Dit doen we met
glycerolfosfolipiden.

Bovendien hebben we als doel om deze compartimenten te laten groeien en te laten
delen en dat is de belangrijkste focus van dit proefschrift.

We hebben de E. coli eiwitten GPAT en LPAAT, verantwoordelijk voor de synthese van
lysofosfatidezuur en fosfatidezuur, gesynthetiseerd gebruikmakende van glycerolfosfo-
lipide liposomen (volumes omringd door een dubbele fosfolipide laag) als platform. We
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hebben eerst laten zien dat de eiwitten zich associëren met het membraan van de liposo-
men, door de eiwitten buiten de liposomen te synthetiseren en daarna de liposomen te
zuiveren. Ten tweede hebben we een “liquid chromatography mass spectrometry” (LC-
MS) methode ontwikkeld voor de detectie van enzymproducten. We hebben vervolgens
de LC-MS methode gebruikt om de activiteit van GPAT (plsB gen) en LPAAT (plsC gen),
van eiwitten die tot expressie zijn gebracht buiten de liposomen, te bestuderen. Onze
bevindingen zijn dat de eiwitten actief zijn in verscheidene buffers en zelfs wanneer de
eiwiten to co-expressie zijn gebracht tijdens de activiteit fase. We hebben ook gevonden
dat de aanwezigheid van liposomen cruciaal is voor efficiënte eiwitactiviteit. We hebben
verder geobserveerd dat het mogelijk is om minstens twee types vet acyl CoA substraten
te gebruiken en dat de compositie van het liposoom platform lichtelijk gevarieerd kan
worden. We hebben ook laten zien dat in ieder geval zo’n 30% van de gesynthetiseerde
lipiden in het membraan van de liposomen wordt opgenomen, m.a.w. de liposomen
groeien. De verwachte expansie van het volume van de liposomen door de incorporatie
van de nieuwe lipiden hebben we berekend als zijnde 1%. Voor de toekomstige groei
van minimale cellen zal de efficiëntie van de enzymen of de synthese ervan verhoogd
moeten worden. Tot slot hebben we aangetoond dat het mogelijk is om de eiwitten bin-
nen de liposomen tot expressie te brengen die vervolgens lipide synthese uitvoeren, een
belangrijke stap voor het construeren van een minimale cel.

We hebben de studie van biosynthese van lipiden in het PURE systeem voortgezet
door zes enzymen tot expressie te brengen die de hoofdgroep van fosfolipiden kunnen
modificeren. We hebben de E. coli eiwitten fosfatide cytidil transferase (cdsA gen) en fos-
fatidylserine synthase (pssA gene), fosfatidylserine decarboxylase (psd gen), die verant-
woordelijk zijn voor het omzetten van fosfatidezuur in diacylfosfatidylethanolamine, tot
expressie gebracht. We hebben eveneens fosfatidylglycerolfosfaat synthase (pgsA gen)
en twee fosfatidylglycerol fosfatases (pgpA gen en pgpC gen), die samen met fosfatide
cytidyl transferase (cdsA gen) verantwoordelijk zijn voor de omzetting van fosfatidezuur
naar diacylfosfatidylglycerol, tot expressie gebracht. We waren in staat om de eindpro-
ducten van de twee enzymatische routes te detecteren, een indicatie dat alle enzymen
actief zijn.

We hebben vervolgens de activiteit van de GPAT en LPAAT enzymen bestudeerd met
licht. We hebben aangetoond dat het mogelijk is om het bijproduct van de GPAT en
LPAAT reacties, co-enzym A, met een fluorogeen assay van Enzo Life Sciences te detec-
teren. Om dit assay te gebruiken hebben we meerdere methodes ontwikkeld om DTT
te verwijderen, dat anders interfereert met de metingen. We hebben de enzymen be-
studeerd onder verschillende condities met het CoA essay en kwamen erachter dat het
uitermate geschikt is om LPAAT, dat actief schijnt te zijn in de niet gereduceerde condi-
ties noodzakelijk voor het assay, te bestuderen. We hebben tevens methodes ontwikkeld
om GPAT en LPAAT te bestuderen die gebaseerd zijn op een NBD (nitrobenzoxadiazole)
gelabeld vetzuur CoA dat zijn fluorescente eigenschappen verandert als deze van een
polaire naar een apolaire omgeving gaat. We hebben de moleculen met en zonder de
aanwezigheid van enzymen bestudeerd met spectrofluorometrie, massa spectometrie
en microscopie. Deze methode was voornamelijk nuttig voor het bestuderen van LPAAT
en de combinatie van GPAT en LPAAT, waarbij het signaal in de NBD assay duidelijk ho-
ger was ten opzichte van de controle reacties.
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We hebben tevens het belang van evolutie uitgelicht en hebben ons daarbij gefocust
op in vitro implementaties van evolutie die een brug kunnen vormen naar een mini-
male cel. We bekijken hoe manieren voor genoom replicatie en het screenen van grote
aantallen genen toegepast kunnen worden voor het minimale cel project. We bespreken
vervolgens deling, met name hoe de biosynthese van lipiden en de biofysische eigen-
schappen van het membraan een mogelijke route kunnen verschaffen voor het delen
van liposomen. We voorspellen dat interne synthese van fosfolipiden genoeg kan zijn
om een vormverandering te induceren, een gevolg van de overmaat aan membraanop-
pervlakte. Andere manieren om membraandeling te induceren zijn synthese van verza-
digde lipiden en het passeren van de fase transitie temperatuur die de liposoom opper-
vlakte ook doen toenemen. We zien deling als een belangrijke step in het construeren
van een minimale cel en zijn van mening dat het cruciaal is voor autonome evolutie.
Tot slot presenteren we enkele resultaten van een project waarin we microkamers bou-
wen om reacties op een alternatieve manier te compartimentaliseren. Deze aanpak kan
wellicht bruikbaar zijn om in vitro evolutie te bestuderen alsmede het effect van kleine
volumes op biochemische reacties.

Samenvattend hebben we significante vooruitgang geboekt in het reconstrueren van
lipide synthese door in vitro gesynthetiseerde eiwitten, waarin we zeven klasses (LPAs,
PAs, PGs, PEs, PSs, CDP diacylglycerols, en PGPs) van acht in vitro gesynthetiseerde
membraaneiwitten (van de genen: plsB, plsC, cdsA, pgsA, pgpA, pgpC, pssA, psd) gemaakt
hebben. We hebben de eiwitten en hun activiteit bestudeerd met verschillende technie-
ken, inclusief massa spectrometrie en fluorescentie. In de nabije toekomst zal het proces
verbeterd worden met als doel een grotere volume-expansie van liposomen tot stand te
brengen, alsmede het implementeren van nieuwe enzymen om een grotere variatie van
lipiden te kunnen synthetiseren. Naast het uitbreiden in deze richtingen zal het lab in de
toekomst ook onderzoek doen naar het veranderen van de biofysische eigenschappen
van liposomen door lipide synthese als poging voor het bereiken van celdeling.

Alles bij elkaar genomen beschrijft dit proefschrift enkel een kleine stap in het werk
dat nodig is om uiteindelijk een minimale cel te construeren, niettemin was dit alleen al
bevredigend en brengt het beloften voor toekomstige successen in ons lab of in andere
labs.
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