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Chapter 1

Introduction: constructing a
minimal cell

“There is grandeur in this view of life, with its several powers, having been
originally breathed into a few forms or into one; and that, whilst this planet
has gone cycling on according to the fixed law of gravity, from so simple a

beginning endless forms most beautiful and most wonderful have been, and
are being, evolved.”

- Charles Darwin, The Origin of Species.



Preface

hat is life but a tangled mess of interconnected processes, that furiously seek one

sole thing: to perpetuate itself? Life is selfish!. This concept, i.e. that life is the

interconnected process, rather than a physical property of the matter that
constitutes the organism, was captured by the Chilean biologists Humberto Maturana and
Francisco Varela in their work De Mdquinas y Seres Vivos (About Machines and Living Beings)?.
They coined the word autopoiesis (from Greek; auto, meaning self and poiesis, creation) to try to
explain the property of living organisms that separate them from the dead matter. In their own
words:

“[A living organism] is a machine organized (defined as a unity) as a network of
processes of production (transformation and destruction) of components which
[...] through their interactions and transformations continuously regenerate and
realize the network of processes (relations) that produced them”™

Autopoiesis has also been defined as a ratio between the complexity of the organized machine,
and the complexity that surrounds that machine®. In this scenario, autopoietic machines, i.e.
living beings like unicellular organisms, are defined as a complex network of processes that
creates more of its own complex network?*.

Over more than 3500 million years, life has evolved to outstanding levels of complexity by
modifying, nucleotide by nucleotide, the genes of the organisms and their frequency in the
population. While such complexity is nothing but fascinating, and has maintained scientists
occupied for centuries, one could wonder how much of it is actually dispensable. What are the
foundations of life? Or more specifically, what are the minimal requirements for a cell to be
alive?

In nature, some unicellular species exhibit outstanding levels of gene reduction. Let’s take for
example Pelagibacter ubique, which holds the honor of possessing the shortest genome of all
free-living bacteria with a surprising length of 1.31 Mbp®. To compare, the well-known gram-
negative bacterium E. coli exhibits up to 4500 genes encoded in a 4.64 Mbp genome®. Still,
some parasitic species have experienced even more intense evolutive pathways towards genome
reduction. Mycoplasma genitalium, with 580 Kbp and 515 protein-coding genes, is probably one
of the known organisms with the shortest genome alive today. Nanoarchaeum equitans, another
parasitic species, shows a 491 Kbp genome coding for a total of 536 proteins. These two species
are interesting paradigmatic examples of genome complexity reduction. While M. genitalium
possesses a longer genome than N. equitans, its number of protein-coding genes is lower. This
exemplifies one of the challenges when considering complexity reduction in biology, i.e. how
can it be measured. While not ideal, genome length or total number of proteins are good
proxies to this complexity that are easy calculated and interpreted.

Despite the high reductionism of some of these parasitic species, the theoretical minimal set
of genes (MSG) that sustains life might be much lower than the one exhibited by M. genitalium
or N. equitans’. The first cross-species investigation of ortholog genes to theoretically asses the
MSG was done between Haemophilus influenzae and M. genitalium and indicated that only 256
conserved genes were shared between these two bacteria®. Later, the MSG number was reduced
to 206 by Gil et al.” after an exhaustive consideration of all available data at the time. However,
the MGS concept cannot be defined without taking into account the characteristics of the
hypothetical medium surrounding the minimal cell. For example, Luisi et al. proposed that, if
a minimal cell was to grow in rich medium!'® the MGS number could be reduced even further
to approximately 150 genes.
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1 - Introduction: constructing a minimal cell

Notwithstanding the number of genes of the hypothetical MSG, a minimal cell must be able
to self-maintain and self-reproduce in order to be alive!l. Yet one more requisite is the coding
of these two functions in a heritable molecule, which in turn gives rise to evolvability. Typically,
implementation of these features in a minimal cell is done following one of two approaches.

In the top-down approach, all non-essential genes of a modern reference species are removed
or replaced by synthetic ones in order to reduce the length of the genome!>" !>, This approach
does not necessarily need or seek to understand the functions of the removed genes. To the
contrary, this can be done by removing one gene at a time or by random mutagenesis
screening'®. Since this approach depends in the first place on the chosen organism of reference,
the set of genes of the reduced genome will probably be different to the set of genes of another
reduced organism. Therefore, the minimality of this approach can be questioned in that there
could be other organisms that present, potentially or de facto, a higher reduction in complexity.

The bottom-up approach, or biochemical approach can be considered much more
challenging'*. It does not start from an existing living cell, but aims to assemble essential
cellular functions (evolvability, self-maintainability, self-reproducibility) with a minimal set of
organic and non-biotic molecules under controlled conditions'”"!. The goal is to understand
the fundamental principles of cellular biology by rational construction of each one of its
components. Here, a distinction can be made between the synthetic and the semi-synthetic
approach. In the former, only organic and inorganic molecules which are assumed to have
been present at the time of the first living organism, are used for the construction of a synthetic
protocell. The focus is to understand the transition from chemistry to biology and the origins
of life'*%, In the latter approach, any modern biomolecules present in any domain of life
(Archaea, Bacteria, Eukarya) or viruses are potential candidates to be used as building blocks
for a semi-synthetic cell'”. The capacity to combine and adapt genes from different organism,
ultimately, will produce highly controllable, designable and predictable organisms, with

applications in biotechnology and medicine'*.

1.1 Minimal cell model

In the group of Christophe Danelon, we envision a minimal cell as a semi-synthetic biological
entity with the necessary complexity, but no more, to evolve, self-maintain and self-reproduce.
In our model (Figure 1.1 Left), the vertebral spine that powers every cellular subsystem is the
cell-free, in-vesicle synthesis of protein. To this end, we use the PURE system, an in vitro
transcription and translation machinery reconstituted from purified components (further
information in Section 1.14, page 28). This flow of information, i.e. from DNA, to RNA to
proteins, is what in molecular biology is known as the central dogma of molecular biology.
Such a machinery must be encapsulated in a cell boundary. This is a necessary requirement to
establish an in and an out and define the cell as an independent unit in space. In our model,
this boundary takes the shape of a spherical, semipermeable phospholipid membrane (a
liposome; Section 1.15.2, page 31) capable of maintaining proteins and other macromolecular
particles in the interior of the cell, protect it from external damage and contaminants and
provide it with the most basic structural scaffold for the organization of proteins and other
molecules. Finally, our cell is governed by the presence in the cytosol of a minimal genome. Its
purpose is to control the
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Figure 1.1 Idealized models for the construction of minimal cells with a division machinery
Our general minimal cell model (Leff) consists of a cell which metabolic center core is formed by
the PURE system. This system, encapsulated in a liposome and guided by a minimal genome,
generates a set of cellular subsystems. In turn, this subsystems provide the cell with the essential
processes of life, i.e. evolvability, self-maintenance and self-reproduction. Our minimal division
machinery (MDM) model (Righd), builds upon the general model. In the MDM model, cell division
is carried out by FtsZ, anchored to the membrane by FtsA and/or ZipA. This ring, with constriction
capabilities, is spatially regulated by the Min system, a three-protein network that oscillates pole-
to-pole to establish a time-average gradient minimum at the midcell, where the Z-ring is allowed
to assemble. The concerted action of the FtsZ-ring and the Min system divides the cell.

functions of the cell through a specifically designed proteome, ultimately synthesized by the
PURE system.

These three components (PURE system, membrane, genome) must coordinate to give rise to
the three essential functions of life: evolvability, self-maintainability, self-reproducibility. In
our model, we envision each of these essential features arising as a consequence of three cellular
submodules: DNA replication, membrane synthesis and cellular division. In first place, DNA
replication is intimately linked to self-reproduction and the emergence of evolvability. Our
strategy to minimal cell DNA replication makes use of the bacteriophage ®29 machinery.
Amplification of encapsulated DNA can be achieved by expressing the phage’s DNA
polymerase and terminal protein on a template modified to contain two origins of replication
at both extremes of the template?'. Second, membrane synthesis is connected to both cell
maintenance and self-reproduction. Our strategy involves the expression of key E. coli enzymes
involved in phospholipid metabolism??2. Finally, cell division is linked to reproduction and the
emergence of evolvability. We follow two different strategies to achieve division. In a passive
approach, we use the phospholipid enzymatic machinery to create a membrane excess in the
cell. Eventually, the energetically unfavorable surface per volume ratio would relax by
spontaneously producing daughter cells. In an active, or mechanical approach, we aim to
synthesize and assemble some type of cytoskeleton able to exert a mechanical force on the
membrane. Two systems are being explored, the ESCRT system and an FtsZ based system.

Throughout this thesis, our working minimal division machinery (MDM) model is based on
the FtsZ approach (Figure 1.1 Right). In this model, we aim to assemble the E. coli protein FtsZ

12



1 - Introduction: constructing a minimal cell

into a cytokinetic ring in the interior of the cell. Attached to the membrane by partner proteins
(FtsA or ZipA), FtsZ would realize a constriction force that eventually would pinch the cell. To
regulate the FtsZ ring, and therefore division, we propose the use of the E. coli Min system. In
the cell, this system oscillates pole-to-pole to ensure that division occurs only at midcell. In
this thesis, we intend to exploit the bacterial division machinery and its associated regulatory
system to implement an artificial cytokinetic network able to divide a liposome.

1.2 In this thesis

Bacterial division machinery is a fascinating, interconnected and highly complex network of
proteins. The unravelling of its structure and function commenced almost three decades ago
with the identification of a cytoskeletal assembly related to the ftsZ gene??. Such discovery shook
the long-believed notion that prokaryotes were a mere unorganized collection of proteins-
containing sacculi, and opened the door for the investigation of bacterial cytoskeletons.

Enormous research efforts have been done in vitro to help us understand the basic principles
of this machinery. However, such studies mainly focused on the physiological attributes of
division. In this thesis, we propose a different focus. Can we engineer an artificial division
system for minimal cells, based on the bacterial division machinery? Can this artificial system
be spatiotemporally regulated with yet another engineered artificial protein network! To
answer these fairly intimidating questions, we propose the following outline.

In Chapter 1 of this thesis, we review the concept of minimal cells, describe the working model
of the Danelon laboratory and revise the current knowledge on E. coli division machinery.
Additionally, we describe some of the key technologies utilized in this book for the consecution
of this thesis’ goals.

Next, we focus on the engineering of a functional, cell-free synthesized minimal version of the
E. coli division machinery. In Chapter 2, we used supported lipid bilayers (SLBs) and cell-free
synthesized E. coli early division proteins to reconstitute some crucial cytoskeletal patterns. We
demonstrate that cell-free expression with the PURE system of physiologically active division-
related proteins is possible. In Chapter 3, we show the interaction of these synthesized proteins
with liposomes. In particular, we show the capacity of in-vesicle synthesized FtsZ to bundle and
trigger the deformation of liposomes into elongated and lemon-shape conformations. This
establishes a direct link between vesicle genotype and shape. In Chapter 4, we utilized both
SLBs and liposomes to study the possibilities of chimeric, multifunctional FtsZ proteins. Our
artificial FtsZs were capable of targeting to phospholipids while still maintaining the capacity
to rearrange in dynamical cytoskeletal structures. Dynamics involved bundle fusion and ring
shrinking, processes of great interest to the formation of cytokinetic machineries.

In Chapter 5 of this thesis, we focus on the reconstitution on planar membranes of reaction-
diffusion powered spatiotemporal patterns with cell-free synthesized Min proteins. We show
that physiologically active Min proteins can be expressed from their genes and highlight the
importance of optimization of in vitro conditions to realizing complex behaviors in artificial
settings.

Finally, in Chapter 6 we discuss some general considerations regarding the implementation of
a minimal division machinery in artificial cells and propose an extended MDM model that
integrates all the lessons learned during the realization of this thesis.
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The divisome

In many prokaryotes like E. coli, division commences with the assembly at the midcell of a very
well-coordinated multi-protein complex, named the divisome?*?>. This complex, with 12
essential proteins and over 15 non-essential ones?®-%, spans from the nucleoid to the outer cell
membrane and assembles in a highly hierarchical fashion?*.

1.3 FtsZ

The first known event of division is the arrival of FtsZ to midcell?. FtsZ (Filamentous
temperature sensitive mutant Z), is a cytosolic protein with a molecular weight of ~40 kDa
highly conserved among bacteria, and the most conserved among the essential proteins of the

divisome?’.

In the cell, FtsZ undergoes a GTP powered dynamic cycle between a monomeric and a
polymeric state. In the monomeric state, FtsZ polymerizes upon GTP binding?**-#?. These
polymers, known as protofilaments, are on average 30 monomers long***%. Once self-
associated, and as long as free Mg?*is available, the GTPase activity of FtsZ becomes active’$45%,
GTP hydrolysis, in turn, weakens the self-interaction between two adjacent monomers,
promoting the disassembly of the protofilament®. This way, monomers and small oligomers
are dynamically interchanged between the cytoplasm and the protofilaments. This turnover
exhibits a rapid half-time of approximately 10 seconds***?. While in this active cycle,
protofilaments can further self-interact through lateral interactions to form longer and thicker
structures known as filaments or bundles®>**484° Eventually, these filaments will coalesce in
the cell into a single ring-like structure known as the Z-ring®. This structure is the scaffold
upon which the divisome will be assembled and plays a major role in the regulation of the
divisome activity and perhaps on the generation of a constriction force’'.

The crystal structure of FtsZ has been resolved and three domains can be identified. In the
N-terminus, the globular domain is responsible for most of the molecular dynamics of FtsZ.
This domain is responsible for GTP binding and hydrolysis, FtsZ self-interaction,
polymerization and lateral interactions’”*?. FtsZ is considered a structural homologue of
tubulin due to its grand similarity to this protein>. In this regard, it is not surprising that, like
FtsZ, tubulin binds and hydrolyzes GTP, polymerizes upon GTP binding and establishes lateral
interactions with neighboring filaments>*. An interesting feature of the FtsZ globular domain
is the presence of the catalytic site at opposite sides of the domain®?%. This feature explains
both the GTP-dependent polymerization as well as the activation of the GTPase activity only
when in polymeric state. Connected to the N-terminal globular region through an
unstructured flexible linker*®, FtsZ has a yet another conserved 12-amino acid domain at its
very C-terminus®. This short peptide is responsible for the binding of FtsZ to a variety of
protein partners’®>’.

While in vivo the Z-ring is anchored to the inner leaflet of the cytoplasmic membrane, FtsZ
does not show a membrane binding domain. This function is tackled by two other early and
essential division proteins, FtsA and ZipA, which arrive at the Z-ring right after or together
with FtsZ, modulate their dynamics and recruit downstream division proteins?*.

14



1 - Introduction: constructing a minimal cell

1.4 FtsA

FtsA (Filamentous thermosensitive mutant A) arrives at midcell together with FtsZ>8, It anchors
FtsZ protofilaments to the cell-membrane by interacting with the FtsZ's CCTP domain®.
Interestingly, FtsA might have a dual activity over FtsZ dynamics. While FtsA stabilizes and
supports the Z-ring®!, in vitro studies have suggested that FtsA might destabilize as well FtsZ’s
protofilaments™. In the cell, FtsZ and FtsA are kept to a constant FtsZ:FtsA ratio of 1:10262,
Proper ratio is important for allowing division in E. coli, as overexpression of any of these

proteins is toxic®.

FtsA forms part of the actin family of ATPases®* and has been shown to have an actin-like
structure®. The protein exhibits an ATP binding pocket core intercalated between two globular
domains®, although only a marginal ATPase activity has been found®’. ATP binding is required
for interaction with FtsZ and the membrane®®®. In the current model, upon ATP binding,
FtsA would carry out a conformational change that promotes its interaction with FtsZ, triggers
polymerization of FtsA and forces the activation of a C-terminal amphipathic helix capable of
targeting to the membrane®°¢°7%, The C-terminal amphipathic MTS might be disordered in
solution®, but transposes into a helix in contact with the membrane™. This helix seems to
function only as a general anchor that can be transplanted and swapped with other membrane
anchors with similar characteristics?!.

An interesting FtsA polymorphic, FtsArassw (FtsA*) which is impaired for self-interaction,
compensates in the cell for the loss of other essential divisome proteins like ZipA7?, meaning
that FtsA* alone can anchor the Z-ring to the membrane and recruit downstream division
proteins.

1.5 ZipA

ZipA (FtsZ interacting protein A) arrives together with ZipA and FtsA to the divisome and
anchors the Z-ring to the membrane?*. ZipA can interact both with monomers and FtsZ
polymers through a C-terminal globular domain (FtsZ binding domain; FBD) and a
hydrophobic transmembrane N-terminal domain that integrates in the lipid bilayer”74. These
two domains are linked through a flexible, unstructured peptide with two distinct regions, the
proline/arginine (P/Q) domain and the charged domain™7. ZipA is essential for the structural
integrity of the Z-ring and has been shown to bundle FtsZ protofilaments’®"7. ZipA can self-
interact to form homodimers?. This could be related to its ability to bundle FtsZ
protofilaments. The globular domain of ZipA has been shown to be monomeric in solution,
but the full length ZipA (with the N-terminal unstructured and transmembrane domains
intact) are able to dimerize?™ .

ZipA is highly integrated in the E. coli divisome interactome. In one hand, ZipA is recruited to
the division septum only if FtsZ is present’ and in the other, it is required for recruitment of
other downstream essential proteins like FtsK and the FtsEX complex, as well as FtsQ, FtsL
and FesN61803480 However, ZipA is a protein that is not well-spread outside y-proteobacteria?
and as stated above, FtsA* (and other FtsA’s impaired for self-interaction) can easily bypass
ZipA essentiality. The presence of FtsZ, FtsA and ZipA at the midcell and their organization in
a ring-like structure is known as the protoring®!.
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1.6 ZapA

While not essential, other proteins are involved in the stabilization and modulation of the
protoring dynamics. ZapA (FtsZ associated protein A) is an important protein that cross-links
FtsZ protofilaments and stabilizes the Z-ring®**. Mutants with a ZapA deletion, albeit non-
lethal, provoke a disintegration of the Z-ring into disperse, incoherent FtsZ clusters®.
Additionally, ZapA has been found to participate in the coordination between chromosome
segregation and progression of the septum division as well as in the spatial regulation of the
divisome through the ZapA-ZapB-MatP network, even in the absence of the Min and NO
systems®+8>%, The correct functioning of this network, of which ZapA is primordial, avoids the
chromosome to be bisected before chromosome segregation is completed®”.

ZapA is in a dimer-tetramer equilibrium in solution®”. This equilibrium can be shifted towards
any state depending on ZapA concentration. At high concentrations, ZapA is shifted towards
the tetramer conformation. It has been shown that the active form of ZapA, i.e. the form
capable of crosslinking FtsZ protofilaments is the tetramer form88,

The protein structure of ZapA consist on a globular domain at its N-terminus that interacts
with the globular domain of FtsZ%. At the C-terminus, ZapA exhibits a coiled-coil domain
responsible for homodimerization and tetramerization®. When ZapA self-interacts, their
globular domains get positioned at opposite sides of the complex, allowing to cross-link FtsZ
protofilaments®.

1.7 Assembly of downstream division proteins and divisome
activation

Once the protoring proteins assemble at midcell, recruitment of downstream division proteins
commences®*. After a temporal delay, FtsK arrives at the division septum®. FtsK is a DNA
translocase that has been related to the segregation of the bacterial chromosome during
division through its cytoplasmic domain®'-%%. Nonetheless, their essential domain seems to be
located in the transmembrane part and it has been suggested to be responsible for the
transduction of signals from the early to the late division proteins of the divisome®¥>%, Next,
the proteins FtsQ, FtsL and FtsB arrive to the division septum. These proteins seem to form a
subcomplex inside the divisome, and probably arrive to midcell already as a complex®®. They
are related with the transduction of signals from other components of the divisome and
participate in the activation the peptidoglycan (PG) enzymatic machinery®. Next, FtsW, a
protein with ten transmembrane segments arrives to midcell and recruits Ftsl, an enzyme

related to the synthesis of PG°7%. Finally, FtsN, a single pass membrane protein, arrives at mid-
cell®®.

In the current model, the arrival of FtsN to midcell triggers the activation of the divisome from
an assembly phase to a constriction phase. FtsN contains a small N-terminal cytoplasmatic
domain, a transmembrane domain and a large periplasmic domain®. Through its N-terminal
domain, FtsN interacts with FtsA at midcell'®. This interaction could promote a change on
the polymerization state of FtsA, which in turn might signal late division proteins to start
constriction'!. The activity of FtsN seems to involve a positive feedback loop. The presence of
a small concentrations of FtsN at the division septum promotes the remodeling of the PG layer
through activation of cytoplasmic FtsA. This remodeling, in turn, recruits FtsN to the division
site, which activates more FtsA!°0192, FtsN might also interact with the FtsQLB complex to
indirectly promote the activation of FtsW and FtsI'®. In this model, FtsZ activity in the Z-ring
would involve the treadmilling of FtsZ clusters around midcell in a circular motion!®*, This
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1 - Introduction: constructing a minimal cell

treadmilling would guide the recruitment of the late division proteins and PG remodeling
machinery, ensuring that the synthesis of new cell wall is homogeneous!®?. The progression of
the septum would finally close up to complete division.

1.8 In witro reconstitution of E. coli early division proteins

In 2013, Loose and Mitchison!'® reconstituted on SLBs the E. coli protoring proteins FtsZ,
FtsA and ZipA. They aimed to study the fundamental mechanisms responsible for the Z-ring
assembly in vivo. They observed that, while FtsZ/FtsA assembled in dynamic bundles and
vortices, FtsZ/ZipA produced static filament networks (Figure 1.2). Interestingly, FtsZ/FtsA
vortices underwent a rapid reorganization and rotated clock-wise at a velocity of 6.56 pm per
minute. These vortices had a diameter close to the E. coli circumference (0.7-1.4 pm). They
further studied whether these rotations were due to a sliding or treadmilling mechanism. By
complementing their Alexa Fluor 488 labelled FtsZ assays with traces of Cy5 labelled FtsZ, they
showed that, while structures reorganized, single Cy5 labelled FtsZ monomers remained static,
indicative of a treadmilling activity. Analysis of single filaiments showed two types of dynamics.
In the first one, FtsZ filaments polymerized from one end and, after a small delay time, the

Figure 1.2 Purified proteins FtsZ, FtsA and ZipA reorganize on SLBs

A) Purified FtsZ and FtsA self-organized in chiral vortices and filaments. B) Purified FtsZ and ZipA
produced straighter bundles than FtsZ/FtsA reconstitutions and the suprastructure was static.
Figure adapted from reference’®.

opposite end started to depolymerize, but a faster rate. This, eventually ended with the total
depolymerization of the filament. In other cases, both rates (polymerization and
depolymerization) were similar and the filaments travelled on the membrane in a typical
treadmilling fashion. With FtsZ/ZipA experiments, they observed a homogeneous increase of
protein on the membrane and the delay time to produce the bundles was much shorter than
with FtsA. In addition, FtsZ monomers in these conditions showed a longer life-time than in
FtsZ/FtsA filaments. They used these experiments to argue that the reorganization of FtsZ on
the membrane does not arise from an intrinsic quality of FtsZ (at least not only) but that it
necessitates FtsA or ZipA activity for such dynamics to emerge.

Loose and Mitchison studied further the signal on the membrane of FtsZ/FtsA filaments as a
function of time. In a first experiment, they let FtsZ and FtsA monomers to interact in solution
for a few minutes without the presence of GTP. Upon addition of GTP, they observed that, at
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first, the concentration of FtsA increased gradually while FtsZ remained at similar levels than
before. This was followed by a second phase were both FtsZ and FtsA concentration increased
at a similar pace, following a similar curve over time. In a second experiment, when both
nucleotides (GTP and ATP) were added from the beginning and FtsZ was at low concentration,
FtsA signal on the membrane rose linearly and FtsZ concentration stayed at basal levels. When
extra FtsZ was added, FtsA concentration in the membrane increased rapidly. However, FtsZ
described a significant decrease on the membrane, before following a smooth signal recovery.
This behavior seemed to show that FtsA was able to depolymerize FtsZ filaments. To better
study this effect, they assembled FtsZ filaments in solution on top of a membrane and in the
absence of FtsA. After addition of FtsA, they observed that FtsZ signal on the membrane
underwent a damped oscillation, consistent with a lagged negative feedback. In the case of
ZipA, this did not happen. The authors concluded that the organization of FtsZ/FtsA on the
membrane arises from a dual characteristic of FtsA. In one hand, FtsA promotes FtsZ assembly
on the membrane, but in the other, it destabilizes FtsZ polymers in a delayed-time manner.
Based on their observations, they proposed a model where the reorganization of the Z-ring in
vivo is based on the polymerization dynamics of FtsZ that arise from the interaction of FtsA
with the membrane (Figure 1.3). They think that their data support a Z-ring with high
adaptability to the constricting septum and that this would act as scaffold for a force generated
by the synthesis of the cell wall.

The notion that FtsZ dynamics on SLBs are a direct consequence of the membrane anchor
used (FtsA or ZipA), was contradicted by an article in 2018 by Ramirez-Diaz and colleagues'®®.
In their work, they studied the dynamics of a membrane targeted FtsZ. This chimeric protein
allowed them to study FtsZ behavior on SLBs without the presence of FtsA or ZipA. Still, they
found that FtsZ dynamics ranged from self-organizing chiral vortices (as observed by Loose and
Mitchison) to static but nonetheless dynamic filament bundles. In their study, they managed
to establish a link between the local concentration of FtsZ on the membrane and the different
morphologies, suggesting that FtsZ reorganization dynamics are an intrinsic feature of this
protein. In turn, the influence of FtsA and ZipA on the FtsZ filament morphology, might be
ligated to their ability to recruit FtsZ to the membrane rather than in organizing FtsZ dynamics.

In 2013, Cabre et al.17 realized a series of experiments where liposome encapsulated FtsZ and
ZipA proteins were let to interact. After feeding the liposomes with GTP, FtsZ polymerized and
bundled, but, more interestingly, a shrinkage of the liposome membrane was observed. That
same year, Osawa and Erickson made interesting observations with FtsZ and the hypermorph
FtsA* (self-interaction impaired FtsA) inside vesicles. When FtsZ and FtsA* were encapsulated
inside vesicles, they observed the formation of Z-ring-like structures that were able to constrict
and deform the liposomes over time (Figure 1.4 ). In a small fraction of the liposomes, they
reported division events, claiming that liposome division was achieved by the minimal
FtsZ/FtsA* machinery. It is worth notice that they could not obtain similar results with wild-
type FtsA.

In 2018, Furusato and colleagues'®® explored an alternative strategy for the reconstitution of
early E. coli divisome proteins in liposomes. They argued that, since reconstitution of some
membrane proteins (like FtsA and ZipA) can be problematic due to difficulties during
purification, and since detergents used for protein purification can hamper the correct
topology of reconstituted proteins on the membrane, a better alternative was the de novo
synthesis of proteins inside liposomes. For gene expression, they used the PURE system. After
validating the synthesis of the FtsZ, FtsA and ZipA DNA templates for gene expression, they
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Figure 1.3 Model proposed by Loose and Mitchison to explain the emergence of FtsZ
dynamics

A) FtsA cannot recruit FtsZ monomers to the membrane but necessitates first the polymerization
of FtsZ. The process requires ATP binding. B) Cartoon of a protofilament anchored by FtsA to the
membrane. The spontaneous curvature of FtsZ protofilaments, as well as the presence of a plus
(polymerization) and a minus (depolymerization) end, gives rise to the chiral vortices and
treadmilling behavior. C) Model for the anchoring of FtsZ to the membrane by ZipA. Both single
monomers and protofilaments are recruited by ZipA. The result is a static structure. Figure from
reference’®.

confirmed that synthesized proteins were able to assemble on the outside of liposomes through
a series of flotation assays. Next, they studied the in-vesicle expression of single proteins. They
observed that synthesized FtsZ dispersed on the lumen of the liposomes, but some punctate
fluorescence was observed as well (Figure 1.5, first panel). When Ficoll70 was added at 12%
(m/v), bundles were observed (Figure 1.5, second panel). In the case of FtsA, the protein stayed
on the lumen and punctate fluorescence was observed as well. This pattern changed in vesicles
containing 20% DOPC (mol%), from a lumen distributed to a membrane attached pattern. In
the case of ZipA, POPC liposomes exhibited protein recruitment in the membrane, which
contrasted with 20% DOPG liposomes, where recruitment was reduced. When FtsZ and FtsA
were co-expressed in vesicle, the proteins localized on the membrane, indicating that FtsA was
able to recruit FtsZ (Figure 1.5, third panel). They screened different FtsZ:FtsA DNA ratios and
observed that a weaker recruitment of proteins to the membrane, or the formation of protein
cluster in the lumen, was produced, depending whether the ratio was lower, or higher than the
standard condition, respectively. In the other hand, the synthesis of FtsZ and ZipA produced
a partial recruitment of ZipA to the membrane. Interestingly, the FtsZ/ZipA recruitment
adopted a clustered shape that sometimes promoted the deformation of the vesicle (Figure 1.5,
fourth panel). They assayed the role of FtsZ’s GTP binding and hydrolysis on the formation of
liposome-deforming clusters with the synthesis of FtsZ mutants. Still, they found that FtsZ
mutants deficient for GTP binding or hydrolysis were recruited to the membrane, produced
clusters and deformed the liposomes.
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Figure 1.4 Purified proteins FtsZ and FtsA* produce a protein ring that constricted over time
Liposomes with encapsulated FtsZ and FtsA* (an FtsA mutant impaired for self-interaction)
assembled in protein rings at the inner leaflet of the membrane. Such structure (white arrow)
constricted over time up to liposome division (around 742 second). Scale bar: 10 pm. Figure from
reference’®.

+ Ficoll 70

Figure 1.5 De novo expression of E. coli early divisome proteins inside vesicles.

The colors correspond to the liposome membrane (red) and FtsZ (green). First panel from the left,
encapsulated synthesized FtsZ is homogeneously distributed in the lumen. Second panel, same
conditions as in A, but with 12% of Ficoll70 (m/v). In this case FtsZ bundles were produced.
Interestingly they stayed cortically instead of occupying all the lumen. Third panel, co-synthesized
FtsZ and FtsA recruited on the inner leaflet of the vesicle. Fourth panel, co-synthesized FtsZ and
ZipA produced liposome-deforming clusters. Scale bars: 10 pum. Figure adapted from reference®.
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The Min system

One of the main regulators of the positioning of the divisome in E. coli is the Min system. This
system carries out a dynamic cycle of oscillations from pole to pole of the cell by a mechanism
that involves the interaction of two of its proteins (MinD and MinE) with each other and with
the membrane!!'®-!12, The wavelength and the period of the Min oscillations has been found to
range between 3-8 pm!'%!B3 and 40-120 seconds!''>!*] respectively, which averages a typical
wave velocity of ~0.07 pm per second. An inhibitor of FtsZ polymerization, MinC, is a passive
passenger of these oscillations and the responsible of guiding FtsZ assembly at midcell!'>!1°,
The Min system exerts its topological specificity by establishing a time-averaged MinC
concentration gradient which is minimal at midcell, where the Z-ring is allowed to assemble.
While yet more data must be gathered regarding the molecular activity of the MinCDE
proteins, some of the basic principles have been elucidated.

1.9 MinC

MinC is a ~25-kDa cytosolic protein. Its structure consists of a C-terminal domain (residues
116-231)"¢ which is responsible of dimerization of MinD and interaction with MinC and FtsZ
proteins'!”. The N-terminus of MinC (residues 1-115) constitutes the second domain and is
responsible of the direct interaction with FtsZ at its H10 helix''8. Both domains have a role in
inhibiting the assembly of FtsZ in a coherent Z-ring!"”. The N-terminal domain weakens
longitudinal interactions between FtsZ monomers within the protofilament and increases the
detachment rate of FtsZ:GDP'?°. Additionally, MinC’s N-terminal domain decreases the
association rate of FtsZ and GTP by capping the minus end (H10 helix region) of FtsZ
protofilaments!'®. In the presence of MinD, MinC’s C-terminal domain becomes competent
to interact with the FtsZ’s C-terminus, inhibiting lateral interactions between
protofilaments'?!. Yet, the detailed mechanism by which MinC interacts with the H10 helix of
FtsZ and the mechanism by which MinD activates MinC remain to be elucidated'?116,

1.10 MinD

MinD is a cytosolic ~30-kDa ATPase!?’. Upon ATP binding and as long as free Mg?* is available
in solution, MinD homodimerizes (MinD-ATP)!**. MinD-ATP dimers directly interact with
the inner cell membrane through association with a 10-amino acid long, C-terminal
amphipathic helix'”>. Monomers, in the other hand, are not efficiently recruited to the
membrane due to the weak interaction of a single C-terminal helix!'?. MinD-ATP interacts
with MinC and MinE only in the dimer state, but interestingly, the two interaction sites in
MinD overlap, meaning that MinC and MinE compete with each other to interact with
MinD-ATP"?*, Upon ATP hydrolyzation, MinD-ADP dimer becomes instable, promoting

monomerization.

MinD is also believed to have a function in the inhibition of FtsZ polymerization. In this
model, it has been proposed that MinD activates the inhibiting functions of MinC through
direct interaction with the C-terminal H10 helix of FtsZ. It is believed that membrane-bound
MinD can activate MinC by recruiting it to the membrane, where FtsZ is tethered, and
subsequently enhance MinC-FtsZ interaction!?2.
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[.11 MinE

MinE is a soluble, small ~10-kDa protein that spontaneously dimerizes in solution!?, Its
protein structure shows a membrane targeting sequence (MTS), an a helix and three Bl
strands'?’. Upon interaction with membrane bound MinD, MinE changes its basic structure.
In the model of Park and colleagues'?® (Figure 1.6), the two MTSs and their adjacent B1 strands
are first released from the main MinE structure. Next, one of the MTSs tethers to the
membrane while at the same time, the other released B1 strand forms together with flanking
residues an o helix that binds MinD. In this configuration, MinE triggers MinD’s ATPase
activity, which in turn results in the disassembly of the MinD dimer and its release from the
membrane. MinE can stay membrane-bound and target other MinD dimers, or it dissociates
from the membrane and changes back to its original structure.

1.12 Molecular dynamics of the Min oscillations

While the molecular mechanism of Min oscillations is not yet fully understood, some of the
general interactions between the Min system proteins have been elucidated.
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Figure 1.6 MinD-mediated structural change of MinE proposed by Park and colleagues

In this model, MinE, formed by a dimer containing in total 6-stranded B-sheets and two MTSs,
interacts with MinD on the membrane. This interaction triggers a conformational change on MinE,
upon wich the B1 strands (red) and MTSs (black) are released from the protein structure. Then,
one of the MTSs interacts with the membrane, while the other forms a a-helix that is stabilized by
contact with MinD. After MinD’s ATPase stimulation and release from the membrane, MinE can
associate with another MinD, or transform back to its original configuration and dissociate into
the solution. Image taken from reference’?.

In the current model, cytosolic MinD binds ATP (MinD-ATP) which triggers dimerization'.
This recruits MinD-ATP to the inner cell membrane!'?. MinD-ATP recruits then MinC dimers.
Next, MinE dimers recognize MinD-ATP on the membrane and bind them. This results in the
displacement of MinC from the MinCD complex back to the cytoplasm!?8. At this stage, MinE,
in its MinD bound configuration, stimulates MinD’s ATPase activity, and after ATP hydrolysis,
MinD-ADP is released to the cytosol'?. Bound MinE can then diffuse back to the cytoplasm
and change back to its original configuration, or stay temporarily on the membrane!?. In the
latter case, MinE is still able to keep releasing membrane-bound MinD-ATP"°. Inactive
MinD-ADP monomers in solution can dimerize again upon exchange of ADP for ATP and re-
bind the membrane, typically far from its most recent binding location, where MinE is still
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present. This interplay between MinDE proteins gives as a result the oscillation, pole to pole,
of the Min system. As mentioned before, MinC travels passively with the oscillation, creating
a time-averaged gradient concentration that is maximum at the poles, therefore only allowing
the Z-ring to assemble at midcell, where it is minimum.

Several models have been proposed as an explanation for the formation of Min oscillations,
but it remains unclear whether Min oscillations behavior arises due to reaction-diffusion
principles or through mechanical communication!132,

1.13 In vitro reconstitution of the Min system

In 2008, Loose et al.' reported the first successful attempt to reconstitute the MinDE
oscillations in vitro. They used a combination of SLBs and fluorescence microscopy to observe
the formation of Min waves, a spatiotemporal pattern consisting in a membrane-bound protein
front that followed a consistent movement in a given direction. Waves were organized in
parallel fronts and seemed to emanate from rotating spirals (Figure 1.7 A and B). Propagation
velocities and wavelengths varied between 0.28-0.8 pm/second and 55-100 um, respectively.
This was much unexpected because oscillations in vivo can never supersede cell length. They
observed that increasing concentrations of MinE (at a fixed MinD concentration) promoted a
faster wave velocity, and shortened the wavelength. FRAP analysis of the waves revealed that
the waves were not formed by a net movement of proteins on the membrane. Their model
introducing MinE cooperativity was able to explain the obtained results more accurately than
previous ones.

These interesting results were further investigated in 2011 with a similar approach!*°. This
time, they followed the three MinCDE proteins. Their approach allowed them to observe and
describe a precise profile of the progression of the Min waves on SLBs. They found that, in a
typical wave, the concentration of MinD increased faster than MinC and MinE at the front of
the wave (Figure 1.7 C). Then, MinD accumulation rate slowed down until reaching a flat
peak, followed by a decrease in concentration. In contrast, MinC and MinE concentration
increased linearly starting from the front of the wave. Like MinD, MinE and MinC showed a
decrease of concentration at the rear of the wave, although this was a more abrupt drop than
in the MinC case. By measuring the protein density within the wave, they were able to draw
the MinE/MinD ratio profile along the wave. The ratio started increasing smoothly at the front
of the wave at a value of around ~0.25 and increased smoothly through the middle of the wave
up to ~0.4. Then, at the trail edge of the wave, the ratio sharply increased to a peak of ~0.9
before collapsing back to values of around ~0.5. This indicated that, while at the beginning of
the wave there is 4 times more MinD than MinE, at the end the amount of MinE increases to
roughly equimolar levels to MinD. They also observed that the highest MinE/MinD ratio
coincided with the peak of higher MinD and MinE detachment. Interestingly, they detected
the presence of a bright band of MinE right at the rear of the waves, before collapsing. This
was manifested as a sharp, small but clear jump of MinE signal in the intensity profiles. They
found that the bright, abrupt MinE peak at the rear of the wave was not generated by MinE
cooperativity (this article did not see proof of MinE cooperativity) but by MinE persistent
binding, that is, the capacity of MinE to change MinD partner on the membrane. Consistent
with this, they showed that MinE was able diffuse on an immobile MinD carpet (at MinD
saturation levels), and that the residency time of MinE along the wave was clearly higher than
for MinD, supporting the notion of rapid rebinding.
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Figure 1.7 Min proteins on planar membranes self-organize in Min waves

A) Typical travelling waves. Scale bar: 50 pm. B) Detail of a vortice. C) Intensity profile of each one

of the Min proteins along a travelling wave. Panels A and B are from reference'. Panel C is from
reference™.

Other researches have studied further the organization of Min waves on planar membranes.
For example, Vecchiarelli and colleagues’™ observed that the flow of the solution, the
phospholipid composition of the SLB and the KCI concentration of the buffer influenced wave
properties. Min waves were observed to travel in the opposite direction of flow. Phospholipid
composition changed the width and the velocity of Min waves: the higher the negative charge
density, the narrower the waves and the lower the wave velocity. And finally, increasing KCI
promoted wider MinD bands and higher wave velocities. Additionally, Kretschmer et al.
showed how different modifications of the MinE MTS influenced the length scales of Min
protein patterns'®.

Since cell shape plays an essential a role in Min pattern formation, several studies have focused
on reconstitution of Min oscillations in 3D compartments with the aim to elucidate the
relationship between compartment geometry and oscillation properties. Zieske and Schwille!3¢
successfully reconstituted Min protein oscillations in cell-shaped, open polydimethylsiloxane
(PDMS) compartments. Of notice, the length scale of the compartments was approximately
ten times the length scale in vivo. Membrane bilayers were formed at the bottom and the sides
of the compartments. When MinD and MinE were reconstituted on top of the bilayer coating
these compartments, in vivo-like pole-to-pole oscillations were produced. Elongating the
compartments resulted in multiple oscillations next to each other. They also tried cylindrical
compartments. In these conditions, three types of patterns were observed: oscillations that
underwent a change in the angle of the oscillatory wave front; circular patterns moving around
a circle and oscillations along a fixed axis.
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A pulsing Min protein patterns
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Figure 1.8 Min proteins encapsulated in droplets produce spatiotemporal patterns

A) Min oscillation pattern consisting of periodic association of Min proteins to the membrane,
followed by release. B) In this pattern, Min waves travel around the vesicle. This pattern is
charachterized by a constant proportion of Min proteins both in the membrane and in the lumen.
C) Pole-to-pole oscillations of the Min proteins along an axis. Images taken from reference'?’.

Zieske and colleagues followed up with the study of Min oscillations in fully enclosed
compartments'?’. Their approach consisted on the encapsulation of MinDE proteins in
microdroplets which were interfaced with phospholipid monolayers. The dynamics of the Min
proteins could be classified into three groups: pulsing Min protein patterns, circular movement
and pole-to-pole oscillations, as shown in Figure 1.8. In microdroplets with Min proteins and
FtsZ-MTS, antagonistic protein localization was reconstituted.

In 2018, Litschel et al.’*® made a set of interesting observations in deflated GUVs with
encapsulated MinDE. While under isotonic conditions MinDE oscillatory patterns resembled
the one mentioned above for fully enclosed microdroplets (Figure 1.8), under hypertonic stress,
deflated vesicles underwent strong shape deformation in coordination with the MinDE
oscillations (Figure 1.9). They reported two qualitatively different types of shape
transformation. In the periodic dumbbell splitting, the vesicle started with a dumbbell shape
with the MinDE proteins bound to the membrane (Figure 1.9 A). Upon release of the Min
proteins to the lumen, the dumbbell shape was split into two vesicles connected via a thin neck.
Finally, along with the recruitment of MinDE to the membrane (following the typical Min
oscillatory patterns described), the vesicle recovered its dumbbell shape again. In the second
type of transformation, referred as periodic budding, the vesicles underwent a process of
budding and a subsequent fusion with the bud vesicle (Figure 1.9 B). The cycle started with
the vesicle in an oblate or flattened state with the Min proteins bound to the membrane. After
the Min proteins located to the lumen, the vesicle transitioned to an elongated or prolate
configuration. In the
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Figure 1.9 Min proteins MinDE inside deflated GUVs produce strong remodelling of the
liposome shape

Deflated liposomes with encapsulated Min system undergo dramatic changes on vesicle shape.
This change is coordinated with the Min oscillations in the lumen. A) Starting from a dumbbell
shape, Min dynamics in the liposome triggered the splitting of the vesicle in two parts joined by
a thin neck. The association of Min proteins to the membrane promoted a dumbbell configuration
again. Scale bars: 5 pm. B) In the periodic budding pattern, the vesicle underwent a transformation
between a flattened and an elongated shape. The cycle starts with the association of the Min
proteins to the membrane. Their release following the typical Min pulsing oscillations produced a
transition to the elongated form. In this configuration, a budding process was observed. However,
the bud vesicles were still connected through a thin neck. Upon budding, the vesicle became
spherical, and the bud vesicles were fused again with the mother vesicle. Finally, the liposome
changes back to the flatten shape. Scal bar: 5 um. Modified from reference'®.
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next phase, a small portion of the vesicle membrane split in a manner similar to budding
(although still connected to the mother vesicle through a thin neck) and the vesicle became
almost spherical. Next, the liposome recovered the buds, became spherical and recruited Min
to the membrane again. Finally, the vesicle became oblate to start the cycle again. When Min
oscillations were not strong enough, budding was not produced but the vesicle still transitioned
back and forth between the oblate and prolate form. Of notice, only pulsing patterns produced
extensive shape changes. The authors speculated that the shape transformations might be due
to an increase in membrane surface or a decrease on the spontaneous curvature of the vesicle
upon interaction of the MinD MTS with the membrane. It is interesting, nonetheless, to
observe how a system whose mainly known function in bacteria is to spatially regulate the
position of the division septum, might be capable of promote such strong membrane shape
deformations, at least in wvitro.
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Technologies

This thesis has extensively used some methodologies and technologies to study and explore the
possibilities of the early E. coli divisome proteins FtsZ, FtsA, ZipA and ZapA, and of the Min
system as a division machinery for artificial cells. The PURE system has been the most
predominant technology throughout this thesis (Chapters 2 to 5). Planar membranes were used
as platforms for the study of protein organization in open cell-free assays (Chapter 2, 4 and 5).
Liposomes (Chapter 3 and 4) were utilized not only as a platform to study protein organization
in a more cell-like environment than with SLBs, but were also regarded as one of the essential
components of our model minimal cell (Section 1.1, page 11). Finally, TIRF and LSCM were
used as fluorescence imaging techniques in SLBs and liposomes, respectively. In the next lines,
some of the key concepts regarding these technologies are described.

1.14 PURE system

The protein synthesis using recombinant elements (PURE) system, is a cell-free expression
platform developed by Professor Takuya Ueda and coworkers (University of Tokyo)"34, It
contains the required enzymes and co-factors for the in vitro transcription and translation of
DNA-encoded proteins, tRNA aminoacylation and energy regeneration (36 proteins; Figure

1.10).

The composition and concentration of each component in the PURE system is well-
characterized and has the sole purpose of synthesizing DNA-encoded proteins. This is probably
the grand advantage of the PURE system and the feature that greatly differentiates it from
other cell-free expression platforms like cell-free extracts. Cell-free extracts formulated for in
vitro expression are usually prepared by bursting open the model cell of choice and isolating
the cytoplasmic content from the membrane, large macromolecular particles and other
structures like the cell wall'#!. Cell extracts offer a good protein yield and the production cost
is relatively low. However, while some of the cellular components are removed, the resulting
extract contains elements that are not directly involved in gene expression. Some elements
could be even detrimental to the synthesis of specific proteins, e.g. proteases, or even to
influence the activity or function of the synthesized protein. In high contrast, all components
in the PURE system are purified from the bacterium E. coli with the notable exception of the
RNA polymerase (and two other enzymes), which comes from the T7 bacteriophage, and added
in known concentrations. Additionally, the T7 polymerase is a single-subunit enzyme with a
high promoter specificity that does not require the interaction with transcription factors,
therefore efficiently producing mRNA. Since the composition and concentration of the PURE
system are known, the system enjoys more reliable and predictable protein synthesis properties
than with other platforms of unknown or batch-to-batch changing composition.
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Figure 1.10 Summary of the reactions in the PURE system

The PURE system is a cell-free transcription and translation machinery reconstituted from purified
components in a known concentration. All components in the system are directly involved in the
synthesis of proteins from DNA, including energy regeneration and aminoacylation. The main
reactions taking place in the system are depicted. The number of enzymes per each step of the
process is indicated in brackets. From reference*.

There are two commercially available PURE system: PURExpress® (New England Biolabs) and
PUREfrex® (GeneFrontier; PUREfrex). One of the most remarkable features of PUREfrex is
that all its proteins are untagged. This means that proteins synthesized in PUREfrex can easily
be isolated through a Ni-NTA purification column or any other method. Recently, an
improved new PUREfrex version has been developed (PUREfrex®2.0) by modifying the
purification of all the components and optimizing the co-factor composition. The improved
kit exhibits a higher protein yield and a longer operational life-span'43.

In our model minimal cell, the PURE system machinery serves as a vertebral metabolic pathway
upon which the cell is powered (Figure 1.1 , page 12). To this effect, in this thesis, we used
both PUREfrex and PUREfrex 2.0 to cell-free synthesize E. coli division proteins in batch mode

and inside vesicles.
1.15 Biomimetic membranes

1.15.1 Supported lipid bilayers

Supported lipid bilayers (SLBs) are biomimetic membranes standing on a solid surface like
gold, mica or glass'*!%°, A great variety of SLBs exists, depending on the type of surface and
the manner that the phospholipids interact with the surface. For example, while typical SLBs
exhibit a thin water layer between the surface and the membrane, polymer-cushioned lipid
bilayers sit on a layer of dextran!#¢, cellulose'#” or other materials. Hybrid bilayers, in the other
hand, usually present an alkanethiol monolayer attached to the surface while supporting a lipid
monolayer at the solution side'* (Figure 1.11 A).

Several methods for the formation of SLBs have been developed, such as the Langmuir-Blodget
or Langmuir-Schifer depositions'®. However, the most straightforward mechanism is the
direct spreading of small unilamellar vesicles (SUVs) onto hydrophilic surfaces like glass'*°. The
production of SUVs can be performed by sonication and centrifugation of large multilamellar
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Figure 1.11 Different types of SLBs and dynamics of SUV rupture during SLB formation

A) From top to bottom: supported lipid bilayer, polymer-cushion lipid bilayer and hybrid lipid
bilayer. B) Process of rupture of SUVs during SLB formation. First, SUVs adsorb on the support and
flaten. Next, SUVs can break and spread on the surface, or fuse with neighboring vesicles, break
and spread on the membrane. The edges of the lipid bilayer can promote the rupture and spread
of adjacent vesicles. From reference*.

vesicles (LMVs) or by extrusion of LMVs through a 50-200 nm size porous polycarbonate
membrane at high pressure. The SUVs are then exposed to the solid support and allow to burst
on the surface. Increased temperature, as well as the addition of divalent cations like Ca?*, have
a positive effect on the production of the SLB'!. The rupture of the vesicles to form the
membrane can occur in different ways. First, the SUVs are adsorbed on the surface and
deformed due to the interaction forces. In this situation, they can then burst resulting in
patches of lipid bilayers or fuse with neighboring vesicles before rupture and membrane
formation (Figure 1.11 B). The edges of the SLB are energetically unfavorable due to exposure
of hydrophobic acyl chains to the aqueous solution, promoting rupture of adjacent surface-
bound vesicles. Finally, large SLB patches coalesce in order to minimize the exposure to the
surrounding buffer, resulting in a complete SLB.

While SLBs stand on a solid support, the interaction with the surface is not direct. A thin
water layer of around 10-20 A is still present between the membrane and the surface. This
allows the phospholipids to diffuse freely in the lateral dimension. Despite this thin layer, the
SLB is still influenced by the solid support underneath. For example, transmembrane proteins
with large cytoplasmic extracellular domains can be denatured upon contact with the solid
support. Despite this, SLBs are very popular biomimetic membrane systems due to their
numerous advantages. The solid support confers extreme resistance to the membrane, allowing
the SLBs to last for weeks or months. In contrast, experiments involving free standing
membranes are limited to a few hours. In this line, SLBs are being designed to be air'*? or
cooling resistant!>, features of great interest in their biotechnological applications. SLBs can
be produced with a wide range of phospholipid compositions and, since the formation of the
membrane is decoupled from the sample preparation, both steps can be optimized separately.
Due to the planar nature of SLBs, experiments with this type of biomimetic membranes permit
a high control and easy manipulation of the composition of the sample. Finally, an SLB is

30



1 - Introduction: constructing a minimal cell

LMV MVV

Figure 1.12 Different types of liposomes by size and lamellarity and formation of lipsomes
with the matrix-assisted swelling method

A) Different types of liposomes categorized by size and lamellarity. SUVs (small unilamellar
vesicles), LUVs (large unilamellar vesicles), LMVs (large multilamellar vesicles) and MVVs (multi
vesicular vesicles). B) Matrix assisted swelling method to produce large and giant liposomes. The
method consists of lipid-coated micrometer sized glass beads as a support of the lipid film (7op).
The lipid-coated beads are transferred to a test tube and the lipid film is swollen with an aqueous
solution (Bottom). This method is compatible with volumes of 20 uL or lower, while generating a
high liposome yield. Adapted from reference'’.

highly accessible to surface specific detection techniques, such as atomic force microscopy and
evanescence based microscopy like total internal reflection.

In this thesis, we considered the use of SLBs as a suitable membrane platform to study the self-
organization and activity of E. coli protoring proteins and the MinCDE system. However, the
use of SLBs is a choice of convenience before transitioning into the use of a more cell-like
biomimetic membrane.

1.15.2 Liposomes

Liposomes are spherical lipidic vesicles containing at least a lipid bilayer. Liposomes can be
subdivided by size: small (<200 nm), large (0.2-10 pm) or giant (>10 pm); and by lamellarity or
number of lipid layers: unilamellar (one layer), multilamellar (more than one concentric layer)
and multivesicular (vesicles in vesicles; Figure 1.12 A).They are generally used as biomimetic
models of the cellular membrane and they are extensively used in the drug-delivery industry'®.
In the minimal cell field, they are usually regarded as a model of a cell, and frequently used to
study in-vesicle cell-free protein synthesis!*.

The production of liposomes is straightforward. Back in the 60’s, Bangham and colleagues!*”
observed under the electron microscope that dried egg lecithin spontaneously reacted with
water to form lipid vesicles. Methods suitable for cell-free expression have been developed. For
example, the lipid film swelling method!*® consists in the formation of a dry lipid film and its
subsequent hydration with an aqueous solution containing the compounds to be encapsulated.
Mechanical film resuspension methods build on this idea by actively promoting the film
swelling and releasing of free liposomes from the hydrated film'°. This can be as simple as
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vortex of the test tube or by sonication. In the other hand, ethanol injection methods consist
in the direct mixing of a solution of phospholipid in ethanol (or methanol) with an aqueous
solution containing the translation machinery or any other component intended to be
encapsulated in the liposome. Depending on the concentration of the lipid solution, small
vesicles (low concentration) or heterogeneous, large multilamellar and clustered vesicles (high
concentration) can be formed"®. Other methods involve the use of an oil phase. For example,
water in oil-emulsion transfer works by dissolving a lipid solution of the desired composition
in an oil phase. This solution is heated in order to evaporate any organic solvent, mixed with
an aqueous solution containing the components to be encapsulated and finally shaken to
produce an emulsion. Finally, the emulsion is transfer to an aqueous phase containing the
external solution, and centrifuged to produce the liposomes'¢®161,

Although many methods are available for the expression of de novo proteins in vesicles, not all
of them are equally suitable for the study of protein activity. In particular, methods requiring
an oil phase intermediate will most surely contaminate the liposome’s membrane. In turn, this
can have a significant influence in membrane permeability and perhaps partially denature
integral or associated membrane proteins. Moreover, liposome yield can be low depending on
the lipid composition of choice, and an osmotic imbalance can be created between the inside
and outside of the liposomes'®?. In the other hand, swelling methods support a wide range of
lipid compositions and do not utilize oil intermediates. However, they suffer in general from a
poor liposome yield and micro-liter handling is difficult. An improved porous matrix-assisted
swelling method that successfully overcomes these limitations was proposed by Nourian et al.'>
(Figure 1.12 B).

We have used liposomes in this thesis in order to study the activity of cell-free synthesized E.
coli FtsZ and ZapA and the chimeric protein FtsZ-MTS both outside and inside liposomes.

1.16 Microscopy techniques

1.16.1 TIRF

Total internal reflection fluorescence microscopy (TIRFM) takes advantage of an
electromagnetic phenomenon known as evanescent wave'®®, which consists on a standing wave
whose intensity decreases exponentially. This wave is formed when the incident angle of the
excitation light beam illuminating a sample is greater than a certain critical angle, resulting in
the reflection of the excitation beam. In conventional epifluorescence, refraction of the beam
occurs during transition from the coverslip to the sample, due to the difference in refractive
indices of the two media. The critical angle 6, is given by the Snell’s law:

0. = sin”? <E>
n;

where 11 and N, are the refractive index of the sample and the coverslip, respectively. If the
angle of incidence is greater than the critical angle, reflection instead of refraction occurs at
the coverslip-sample interface. This is only possible if 14 > n,. When this happens, some
energy is able to penetrate through the interface and create a standing evanescent wave (Figure
1.13). Due to the rapid decay of the intensity of the wave, only molecules very close to the
refraction plane (< 100 nm) will be illuminated. This feature allows TIRFM to achieve a high
signal-to-noise ratio in areas close to the refraction plane, while permitting the real-time
monitoring of the sample thanks to its wide-field nature.
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Figure 1.13 TIRFM principle

TIRFM takes advantage of the formation of an evanescent wave when the angle of incidence of
the excitation beam is greater than the critical angle. The evanescence wave intensity decreases
exponentially as a function of the distance to the reflexion plane, therefore iluminating only a
small area on top of the glass surface.

1.16.2 Laser scanning confocal microscope

Laser scanning confocal microscopy (LSCM) is a fluorescence imaging technique that increases
the optical resolution and contrast of a sample through the use of a spatial filter to block out-
of-focus light. This filter, known as pinhole, can control the focal plane of the laser light,
therefore allowing to excite a reduced area or point of the specimen, in contrast to typical wide-
field fluorescence microscopy. This overcomes some of the limitations of conventional
fluorescence microscopes like the background noise that originates from excited molecules in
the vicinity of the focal plane. Moreover, it allows the optical sectioning of specimens for 3D
reconstruction. However, the acquisition of the image is slow because the laser must realize a
scanning motion to reconstruct the image.
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Chapter 2

Synthesized FtsZ and other key
division proteins on SLBs

The construction of a minimal cell from the bottom-up, stands head and
shoulders above the most exciting challenges of today’s biology. In
particular, the implementation of a division mechanism in a minimal cell is
of great interest, as this is an essential attribute of life. A promising
approach consists in using key bacterial division proteins. In this chapter,
we explored the potential of cell-free synthesized E. coli division proteins
FtsZ, FtsA, ZipA and ZapA to reconstitute basic cytoskeletal properties. We
utilized the PURE system as a minimal transcription-translation machinery
for the synthesis of proteins in vitro. Protein activity was assayed on planar
membranes and found that Ficoll70, a general macromolecular crowder, was
required to allow the formation of filament networks with the purified
proteins FtsZ and ZipA. Moreover, the cell-free synthesized FtsZ, FtsA and
ZipA showed capable of self-organizing on the membrane, while cell-free
synthesized ZapA, an FtsZ crosslinker, was able to compensate the absence
of Ficoll70 when mixed both with purified or cell-free synthesized FtsZ.
This confirmed that cell-free synthesis of active E. coli proteins is possible.
Taken together, we believe that our results open the door for the use of
synthesized division proteins in the implementation of an artificial
divisome in minimal cells.



2.1 Introduction
O f all division proteins in E. coli, FtsZ is regarded as the most important. It arrives the

first at midcell, marking the future site of division, and it is responsible for the

recruitment and assembly of the divisome!®*. The cytoplasmic molecular activity of
FtsZ includes self-interaction of monomers upon GTP binding, forming polymers known as
protofilaments®*# and a Mg*-dependent GTPase activity’®#. After hydrolysis of the
nucleotide, the self-interaction between two adjacent monomers becomes unstable, promoting
the disassembly of the protofilament*#7. Protofilaments can further self-interact through
lateral interactions to form longer and thicker structures known as filaments or bundles?>#34849,
In the cell, the activity of FtsZ results into the assembly at midcell of a ring-like cytoskeleton
structure known as the Z-ring®®. Two other early and essential division proteins, FtsA and ZipA
arrive at the Z-ring right after or together with FtsZ?*. Both FtsA and ZipA contain a membrane
targeting sequence (MTS) and an FtsZ interacting region, therefore effectively anchoring the
Z-ring on the cytoplasmic membrane?*°!, The FtsA MTS consists in an amphipathic helix at
the C-term of the protein (amino acids 405 to 420). Interestingly, it has been shown that
FtsA promotes the destabilization of FtsZ filaments!®. In addition, FtsA self-interacts and
assembles into short polymers®?195-167 " an activity that is related with the downstream
recruitment of other late division proteins and the maturation of the divisome'®. In the other
hand, the MTS from ZipA consists of a transmembrane domain at the N-term of the protein
(amino acids 1 to 22)'®. The assembly at midcell of FtsZ, FtsA and ZipA is known as the
protoring®'. Unlike FtsA, ZipA does not polymerize, although it seems to promote the bundling
of FtsZ protofilaments'®, While not essential, other proteins can regulate the physiological
activity of the Z-ring in the cell. For example, ZapA is an important cross-linker of FtsZ
protofilaments and stabilizer of the Z-ring®2.

In 2014, M. Loose and T. ]J. Mitchison® tested, in witro, the organization of fluorescently
labelled FtsZ, FtsA and ZipA on supported lipid bilayers (SLBs). When FtsZ and ZipA were
mixed, they observed self-assembly of slightly curved, static filament networks on top of the
membrane. The morphology and dynamics of this assembly contrasted with the ones obtained
with FtsZ and FtsA in this same study: dynamic protein rings of around 1 pm of diameter self-
organized on top of the membrane. Additionally, these rings underwent treadmilling dynamics
on the membrane.

In this chapter, we have tested and visualized the self-organization of the cell-free synthesized
protoring proteins (i.e. FtsZ, FtsA and ZipA) plus the FtsZ crosslinker ZapA on top of an SLB.
This is an important step towards the utilization of key E. coli division proteins for the in witro
reconstitution of a minimal divisome in liposomes (Chapter 3). Purified proteins FtsZ and the
globular domain of ZipA fused at the N-term with a 6-histidine tag (sZipA) have also been used
to establish initial working conditions when combined with individual synthesized proteins.
The in vitro transcription and translation machinery (IVTT) utilized has been the PURE system,
a set of reconstituted proteins and ribosomes for the cell-free production of proteins'*. Such
approach offers advantages with respect to traditional in vitro assays with purified proteins, e.
g. the possibility of producing non-tagged protein versions, in situ production of proteins, high
control over the presence of contaminants, a more physiological environment for protein
testing than oversimplified buffers, etc.

Following this approach, we found that cell-free synthesized E. coli FtsZ, FtsA, ZipA and sZipA
sustained the formation of cytoskeletal structures on SLBs. Interestingly, we found that the use
of Ficoll70, a general macromolecular crowder, was needed in order to promote the formation
of protein bundles in the conditions tested. Nonetheless, the use of Ficoll70 could be bypassed
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by synthesized ZapA. Taken together, our results showed that synthesized divisome proteins
maintain important wild-type functionality on SLBs.

2.2 Materials and Methods

2.2.1 Purified proteins and DNA templates for cell-free expression in
PUREfrex

E. coli purified proteins FtsZ and the cytoplasmic domain of ZipA fused to a 6-histidine tag at
its N-term (sZipA), were kindly provided by German Rivas laboratory at Centro de
Investigaciones Biologicas (CSIC, Madrid). Purification and labelling of FtsZ'" and sZipA”
was done as previously described. While FtsZ was fluorescently labelled with Alexa Fluor 647
(FtsZ-647), sZipA was labelled with Alexa Fluor 488 (sZipA-488). FtsZ-647 was stored in a
buffer containing 50 mM Tris-HCI at pH 7.4, 500 mM KCI, 5 mM MgCl; and 5% (v/v)
glycerol. sZipA-488 was stored in a buffer containing 20 mM Tris pH 7.5, 50 mM KCI, 1 mM
EDTA and 10% of glycerol. Both FtsZ-647 and sZipA-488 were stored in 5 pL aliquots at -80
°C.

Table 2.1 Standard PCR program
Repetitions Temperature (°C) Time (seconds)

1x 98 30
98 10
35x 55 15
72 25
1x 72 5 minutes

Preparation of ftsZ and ftsA DNA templates for expression in PUREfrex was done as follows.
First, gene fragments were PCR amplified (standard program; Table 2.1) from chromosomal
E. coli BL21 DNA with the primers ChD 509 and ChD 374 (ftsZ) and ChD 508 and ChD 376
(ftsA). The list of primers and their sequence can be seen in Table 2.2. These primers contained
overhangs for the pET11-a plasmid. Next, the PCR products were digested with Dpnl (New
England BioLabs® Inc.) and ligated into a linearized pET11-a plasmid (equimolar
concentrations) via Gibson Assembly (Gibson Assembly® Master Mix of New England
BioLabs® Inc) for 1 hour at 50 °C. Next, the assembled products were transformed into E. coli
TOP10 competent cells via heat shock, after which the cells were centrifuged and resuspended
in 50 pL of fresh liquid LB media and incubated at 250 rpm for 1 hour at 37 °C. Next, cultures
were plated in solid LB medium with 0.05 ng/puL ampicillin and grew overnight at 37 °C. A
few selected colonies that grew on the plates were cultured in 1 mL of liquid LB medium with
0.05 pg/pL of ampicillin at 250 rpm for 6 hours at 37 C. Plasmid purification (PureYield™
Plasmid Miniprep System, column method, Promega) was carried out and production of linear
DNA constructs from the above purified plasmids was done with the primers ChD 194 and
ChD 181 in a standard PCR amplification reaction program (Table 2.1). The PCR products
were analyzed on a standard DNA agarose gel (1%; Et. Br. or SYBR safe) to check for inserts.
Positive colonies were grown overnight at 37 °C and 250 rpm in fresh LB medium with 0.05
ng/pL of ampicillin, and stored at -80 °C in 10% glycerol (v/v).
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zipA DNA template (E. coli K12) was ordered directly from Integrated DNA Technologies® as
a linear DNA fragment with overhangs for pET11-a. The construct contained all the required
elements to be expressed in a PUREfrex reaction (i.e. t7 promoter, RBS, the gene sequence,
stop codon and t7 terminator). zipA construct was inserted into a linearized pET11-a via
Gibson Assembly (equimolar concentrations; 1 hour at 50 °C). Plasmid transformation into E.
coli TOP10 competent cells, its purification and storage at -80 °C was done as described for

ftsZ.

Table 2.2 List of primers and sequence

Name Sequence (5’ to 37)

ChD 73 GCGAAATTAATACGACTCACTATAGGGAGACC

ChD 181 CAAAAAACCCCTCAAGACCCGTTTAGAGG

ChD 194 TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCT

ChD 374 TCCTTTCGGGCTTTGTTAGCAGCCGGATCCTTAATCAGCTTGCTTACGCAG

ChD 376 CTTTCGGGCTTTGTTAGCAGCCGGATCCTTAAAACTCTTTTCGCAGCCAAC

ChD 508 TTTGTTTAACTTTAAGAAGGAGATATACATATGATCAAGGCGACGGACAG

ChD 509 TTAACTTTAAGAAGGAGATATACATATGTTTGAACCAATGGAACTTACC

ChD 5024 ACTTTAAGAAGGAGATATACATATGCATCACCATCATCACCATCATGGTTTCTGGACCAG
CCGTAAAG

Production of szipA, this is, zipA without the nucleotides coding for the transmembrane
domain of ZipA plus the bases coding for a 6-histidine tag fused at the N-terminal part of the
protein (6His-A22-ZipA), was done starting from a purified pETI1-a-zipA. First, the zipA
containing plasmid was amplified with primers ChD 524 (contains the 6-his) and ChD 507
(Table 2.2) in order to obtain a DNA fragment coding for 6His-A22-ZipA. Additionally, the
primers contained overhangs for pET11-a. Next, the szipA fragment was inserted into a
linearized pET11-a via Gibson Assembly. Purification of pETII1-a-szipA, production of
linearized DNA template and storage of cell-cultures at -80 °C was done as described for ftsZ.

zapA DNA template (E. coli K12) was ordered directly from Integrated DNA Technologies®.
The construct came inserted in a pIDTSMART-AMP plasmid and contained all the elements
required to be expressed in PUREfrex (i.e. t7 promoter, RBS, the gene sequence, stop codon
and t7 terminator). Transformation of this plasmid into E. coli TOP10 competent cells, its
purification and the production of the linear construct was done as described for ftsZ. p3-phi29
construct was used to perform negative controls and was produced as described by van Nies et

al.2!. Amplification of the linear construct was performed by PCR with primers ChD 73 and
ChD 374 (Table 2.2) following a standard PCR program (Table 2.1).

2.2.2  Reaction chambers

To perform activity assays, two types of reaction chambers were fabricated. Silicone disposable
chambers were prepared before each experiment and discarded afterwards in the following
way. First, a 1 mm thick, squared piece of silicone sheet (Silicone Isolators™ Sheet Material
with double side SecureSeal™ adhesive) of ~Ix1 cm was cut. Next, a hole of ~3 mm in
diameter was carved in the piece with a puncher and placed on top of a pre-cleaned coverslip.
This assembly creates a reaction cavity with a glass bottom and silicone walls. Once the sample
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Figure 2.1 Reaction chambers

Two different types of reaction chambers were manufactured. Each step of the process is
illustrated. Dashed arrows indicate how each piece of the chamber was assembled. Silicone
chambers (Lef?f) were produced before each experiment and discarded afterwards. Glass chambers
were reusable, except the top glass coverslip which was discarded after each experiment.

was pipetted in the reaction cavity, the chamber was closed by fixing a cover slide on top of the
chamber (Figure 2.1). Pre-cleaned glass coverslips were prepared by bath sonication (Sonorex
digitec, Bandelin) for ~10 minutes in a 2% (v/v) Helmanex III solution, followed by ~10
minutes in Milli-Q water. Next, the coverslips were rinsed with abundant Milli-Q water and
100% ethanol and stored in 100% ethanol. Right before use, coverslips were rinsed again with
abundant Milli-Q water and ethanol 100%, dried with a gentle flow of nitrogen gas, and
treated with oxygen plasma for at least 10 minutes (Basic Plasma Cleaner, Harrick Plasma).

Reusable glass chambers were manufactured to improve the tendency of silicone chambers to
leakage. Additionally, they were more economical due to the possibility of reusability. We
proceeded by sand blasting one or more holes of ~3 mm in diameter in a 76x26x1 mm glass
cover slide. Then, a 76x26x0.15 mm pre-cleaned coverslip was glued to one side of the sand
blasted cover slide with UV glue NOA81 (Norland products). To cure the glue, the glass
assembly was exposed 5 minutes to UV light (365 nm wavelength with 36 W of power; Promed
UVL-36 with four UV-9W-L bulbs). Finally, the chamber was kept at 50 °C during at least 3
days. This assembly creates a chamber with glass bottom and walls that can be reused for a few
tens of experiments. To close the chamber, a squared frame spacer made out of silicone sheet
was stick around the reaction cavity. Then, a clean glass coverslip was fixed on top of the spacer
thanks to the SecureSeal™ adhesive (Figure 2.1). Preparation of pre-cleaned glass coverslips
was done as described for silicone chambers.

Cleaning of reusable glass chambers was done with a sequence of bath sonication in diverse
solvents and solutions. First, the chambers were rinsed with abundant Milli-Q water and 100%
ethanol, followed by Milli-Q water again. Then, they were sequentially sonicated during ~10
minutes in a solution of 50% chloroform in methanol (v/v), followed by a 1 M KOH solution,
then in 100% ethanol, followed by a 2% Helmanex III solution and finally in Milli-Q water.
Between each bath, the chambers were rinsed with the solution they were going to be sonicated
next. Finally, the chambers were rinsed once more with abundant Milli-Q water before storing
them in 100% ethanol. Silicone frame spacers were cleaned as well with abundant Milli-Q
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water and 100% ethanol before storing them for later use. Top glass coverslips were discarded
after each experiment.

2.2.3  Phospholipids and lipid compositions

Phospholipids used in this chapter were purchased from Avanti® Polar Lipids Inc. and all were
dissolved in chloroform (Table 2.3). Phospholipids were typically aliquoted in glass vials and
wrapped with Parafilm M (Bemis©) before storing at -20 °C. In order to produce small
unilamellar vesicles (SUV; Section 2.2.4) two different compositions were used (Table 2.4).

Table 2.3 Phospholipids
Name and abbreviation of the phospholipids employed in this chapter.

Abbreviation Name

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
DGS-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)

iminodiacetic acid)succinyl] (nickel salt)

Table 2.4 Phospholipid compositions
The abbreviation and concentration (mol %) at which each phospholipid was mixed for each
different composition. These compositions were used to produce supported lipid bilayers.

Composition DOPC DOPG DGS-NTA
1 76.2 19.0 4.8
2 80.0 20.0 --

2.2.4 Production of SUVs by extrusion

In order to produce a solution containing small unilamellar vesicles (SUVs), phospholipids
were mixed in a glass vial up to a total lipid mass of 500 pg. The lipidic composition differed
for each experiment and it is specified in the relevant sections. Then, the lipid mixture was
dried under a gentle flow of argon followed by ~20 minutes in a desiccator. The films were
rehydrated with 400 uL of SLB buffer (50 mM Tris-HCI, pH 7.5, 300 mM KCI, 5 mM MgCl,)
to a phospholipid concentration of 1.25 pg/ul. The vials were vortexed to produce a solution
containing large multilamellar vesicles (LMVs) for at least 1 minute or until the lipid film is
totally removed and dispersed in the buffer. Next, the LMV solution was extruded (Avanti
Polar Lipids, Inc.) through a 0.1 pm pore polycarbonate membrane (Nuclepore track-etched
membrane, Whatman) 10-20 times. The resultant SUV solution is stored in 5 pL aliquots at -
20 °C.

2.2.5 Production of SLBs

The protocol to produce SLBs differed depending whether a silicone chamber or a glass
chamber was utilized (Section 2.2.2). In the case of silicone chambers, a pre-cleaned glass
coverslip was first abundantly rinsed with 100% ethanol and dried under a gentle flow of
nitrogen gas. Then, the glass coverslip was treated with oxygen plasma for at least 10 minutes.
Immediately after, a squared silicone sheet piece of ~1x1 cm with a 3 mm diameter hole was
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gently pressed with clean tweezers against the glass coverslip to ensure that both layers were
properly fixed. Right after, 5 nL of 0.9 pg/pL phospholipid SUV solution was pipetted inside
the chamber, followed by 5 pL of 6 mM CaCl,. The chamber was placed next to a wet tissue
inside a petri dish to avoid drying and incubated at 37 °C for ~10 minutes to produce an SLB.
Finally, the membrane was washed three times with SLB buffer before use.

Glass chambers were first rinsed with 100% ethanol, dried with a flow of nitrogen and treated
with oxygen plasma for at least 10 minutes. Next, 5 pL of 0.9 png/pL phospholipid SUV
solution was injected into the chamber followed by 5 pL of 6 mM CaCl,, Finally, the chamber
was incubated ~30 minutes at 37 °C. Before use, the membrane was washed three times with

SLB buffer.

2.2.6  Cell-free protein synthesis in bulk with PUREfrex

Cell-free synthesis of proteins in bulk was realized with PUREfrex (GeneFrontier Corporation,
Chiba, Japan). Unless otherwise specified in the relevant sections, the preparation of a
PUREfrex reaction was as follows. First, 10 pL of PUREfrex Solution I, 1 pL of Solution II and
1 pL of Solution III was pipetted in a new, clean PCR tube. Optionally, the reaction was
supplemented with 1 U/ pL of SUPERase In™ RNase Inhibitor (Invitrogen™). Next, the DNA
template (single expression) or templates (co-expression) were diluted to a typical DNA
concentration of 5-15 nM. Finally, Milli-Q water was added up to a total volume of 20 pL.
During the preparation of the reaction solution, both the reactants and solution were kept on
ice to prevent gene expression from starting. Next, the PUREfrex reaction was incubated at 37

°C for 3 hours in a thermocycler (Bio-Rad C1000 Touch).

2.2.7 SDS-PAGE analysis of synthesized proteins

The analysis on SDS-PAGE of synthesized proteins was done as follows. Cell-free bulk
expression of DNA templates was realized with a standard reaction of PUREfrex (Table 2.5)
with the exception of the addition of 0.5 pL of BODIPY-Lys-tRNA/,, (FluoroTect™ GreenlLys,
Promega) to the solution. After incubation at 37 °C for 3 hours, the translation products were
mixed with 2x SDS Laemmli sample buffer and heated at 65 °C for 3 minutes. Next, the
protein ladder (Spectra Multicolor Broad Range Protein Ladder; Thermo Fischer Scientific)
and samples were placed on ice before being loaded and run in a 12% SDS polyacrylamide gel
electrophoresis (PAGE) gel. Table 2.6 shows the volumes of the components for the production
of the resolving and stacking gel for a 12% SDS-PAGE. Visualization of the de novo synthesized
proteins was carried out by illuminating the SDS-PAGE with a 488 nm wavelength laser in a
fluorescence gel imager (Typhoon, Amersham Biosciences).
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Table 2.5 Typical PURE frex reaction

Name of the reactant, volume (in L) and final concentration of each one of the elements typically
used to prepare a PUREfrex reaction. The DNA template 2, marked with and asterix (*), is only
added when a co-expression is carried out.

Reactant Volume (pL) Concentration
Solution I 10 x1

Solution II 1 x1

Solution III 1 x1

SUPERase In 1 1 U/uL

DNA template 1 X 5-15nM

DNA template 2 (¥) y 5-15nM
Milli-Q water 20-13-x-y

Total 20

Table 2.6 Volumes of components of the resolving gel and stacking gel for a standard 12%
SDS-PAGE gel preparation.

SDS: sodium dodecyl sulfate. AA: acrylamide. BAA: bis-acrylamide. APS: ammonium persulfate.
TEMED: tetramethylethylenediamine

Component Resolving gel 4% (mL)  Stacking gel 12% (mL)
Milli-Q 3.15 1.6

1.5 M Tris-HCl pH 8.8 1.875 -

0.5 M Tris-HCl pH 6.8 - 0.625

20% SDS w/v 0.0375 0.0125
AA/BAA 37.5%/0.8% 24 0.265

10% APS 0.0375 0.0125

TEMED 0.005 0.0025

2.2.8 Activity assays with purified proteins

Activity assays with purified proteins were done in silicone chambers as described below. First,
the SLB was incubated for ~10 minutes at room temperature with 10 pL of 1 uM of sZipA-
488 diluted in SLB buffer. After this, the membrane was washed 3 times with SLB buffer. An
FtsZ-647 protein solution was next prepared in an Eppendorf tube, typically to a total volume
of 20 pL. Added volumes of each component varied depending on the final volume of the
mixture.

For assays carried out in reaction buffer (50 mM Tris-HCI, pH 7.6, 150 mM KCI, 5 mM
MgCly), 2 pL of a 10x reaction buffer was added, followed by an appropriate volume of Milli-
Q water. Then, the purified protein FtsZ-647 was added to the desired concentration, followed
by GTP to a final concentration of 3.33 mM. Optionally, a solution containing 125 g/L of
Ficoll70 was added. The final concentration is specified in the relevant sections. The volume
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of deionized water depended on the volume of purified protein or Ficoll70 solution. For assays
carried out in PUREfrex'%, 10 pL of PUREfrex Solution I, 1 uL of PUREfrex Solution I and 1
puL of PUREfrex Solution III and a volume of Milli-Q water were mixed. Then, FtsZ-647 was
added to the desired final concentration, followed by GTP to a final concentration of 3.33
mM. Optionally, a solution containing 125 g/L of Ficoll70 was added to the desired final
concentration. The volume of deionized water depended on the volume of purified protein or
Ficoll70 solution.

Next, the assembled silicone chamber was emptied from SLB buffer and, unless otherwise
specified, 5 pL of the protein mixture was immediately injected. Prior microscopy visualization
at room temperature, the chamber was sealed following the methods described in Section 2.2.2
for silicone chambers.

2.2.9 Activity assays with synthesized proteins

Activity assays with synthesized proteins involved first the preparation of a standard PUREfrex
reaction (Section 2.2.6) with either ftsZ, zapA or both (co-expression). After incubation of the
PUREfrex mixture for 3 hours at 37 °C, the translation products were placed on ice to stop the
reaction. Next, the protein mixture was prepared by mixing 3.5-9 pL of the translation
products with 2.5-3.33 mM of GTP and Milli-Q to a final volume of 5-10 pL. Optionally,
FtsZ-647 (to the desired final concentration) and Ficoll70 (usually 5%), was mixed with the
translation products. Then, the mixture was injected in a silicone or glass chamber (Section
2.2.2), and proteins were visualized under the microscope at room temperature or 37 °C.

In the case of activity assays with in situ synthesized proteins, the PUREfrex reaction was
prepared as described above. However, the PUREfrex mixture was immediately injected in a
glass chamber with preformed SLB. Next, the chamber was typically incubated at 37 °C for 3
hours in a thermocycler. The translation products were finally extracted from the chamber to
produce the corresponding protein mix as described for activity assays with synthesized
proteins.

2.2.10 Microscopy and image analysis

Images were acquired with an Olympus IX81 Inverted TIRF microscope equipped with a 150x
UApoNTIRF oil objective (NA 1.45). Excitation laser lines of 640 nm (FtsZ-647) and 488 nm
(sZipA-488) were utilized to visualize the purified proteins. Images were captured with an EM-
CCD camera (iXion X3 DU897, Andor technologies). Olympus cell* TIRF illuminator and
Andor 1Q3 were used as control and acquisition software. Experiments were carried out at
room temperature or at 37 °C.

Analysis of the acquired images was done with Image]'"!. In general, images were adjusted for
brightness and contrast. Optionally, a backeround subtraction was carried out with a roll
balling radius of 50-250 pixels, depending on the image, and if specified in the relevant
sections, average images (AVG) were produced by taking the average pixel intensity of a
sequence of pictures of the same region of the sample.

2.3 Results

2.3.1 Purified proteins FtsZ-647 and sZipA488 self-assemble on SLBs when
supplemented with Ficoll70

In order to establish the working conditions for activity assays with cell-free synthesized
proteins, we first sought to reproduce, with purified proteins, some of the reconstitution
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Figure 2.2 Purified FtsZ-647 and sZipA-488 in reaction buffer

TIRFM images of FtsZ-647 and sZipA-488 on top of an SLB (composition 1; Table 2.4). Red channel
represents FtsZ-647 while gray and green channels represent sZipA-488. Scale bar in all images:
5pum. A) Left, 4 uM FtsZ-647 and 1 pM sZipA resulted in recruitment of FtsZ to the membrane but
no clear filaments were formed. Right, 6 uM of FtsZ-647 and 2 uM of sZipA-488 supplemented
with 12.5% of Ficoll70 formed thick, dense filament networks. B) Left 3 uM of FtsZ-647 and 1 uM
of sZipA-488 with 12.5% of Ficoll70. Network filaments were formed on the surface. Compared to
the image in A (Right), the network looked less dense and the bundles seemed thinner. Center,
1.5 pM FtsZ-647 and 0.5 uM sZipA-488 with 12.5% of Ficoll70. Filaments and networks could still
be formed, but they were less dense and thinner than in Left Right, 1 uM of sZipA-488 with 12.5%
of Ficoll70. Under these conditions, only recruitment to the membrane was observed. This
highlights the dependence of sZipA-488 on FtsZ-647 to self-assemble into filaments. C) When



2 - Synthesized FtsZ and other key division proteins on SLBs

FtsZ-647 and sZipA-488 bundled on the membrane, both proteins co-localized. Here, 3 uM of
FtsZ-647 and 1 uM of sZipA-488, supplemented with 12.5% of Ficoll70 was utilized. Left, sZipA
channel. Center, FtsZ-647 channel. Right, merge.

experiments carried out in literature. For example, Loose et al.” demonstrated that FtsZ and
the cytoplasmic domain of ZipA (sZipA) self-organize into filaments on top of an SLB in a
simple buffer. We proceeded similarly to Loose et al. by diluting 4 pM of FtsZ-647 and 1 uM
of sZipA-488 (final concentrations) in 5 pL of reaction buffer and let the proteins interact on
top of an SLB (composition 1; Table 2.4). Under these conditions, we observed protein
recruitment to the membrane but we failed to confirm the presence of filaments (Figure 2.2 A
Left). Nonetheless, the protein on the membrane did not look homogeneous but seemed to
show some puncta which could consist of very small and short filaments. To promote the
bundling of FtsZ-647 protofilaments, we increased the concentration of FtsZ-647 (6 pM) and
sZipA-488 (2 pM), and supplemented the assay with 12.5% of Ficoll70 (m/v), a general
macromolecular crowder commonly used in this kind of reconstitution assays (for example!7?).
Under these conditions, large areas of the membrane presented thick and dense FtsZ-647
filament networks (Figure 2.2 A Right). We found that lower protein concentrations also
sustained the formation of protein filaments and filament networks as long as Ficoll70 levels
remained at 12.5%. For example, 3 pM of FtsZ-647 together with 1 uM of sZipA-488 (Figure
2.2 B Left) and 1.5 pM of FtsZ-647 together with 0.5 uM of sZipA-488 (Figure 2.2 A Right);
although it must be noticed that the lower the concentration, the thinner the filaments in the
networks and less abundant the bundles. sZipA-488 self-organized in the form of bundles as
well and clearly co-localized with FtsZ-647 (Figure 2.2 C). In any case, sZipA-488 bundles were
clearly dependent on the presence of FtsZ-647 (Figure 2.2 B Right).

Next, we tested the formation of filaments and networks in the PUREfrex system. This is an
important step prior investigating cell-free synthesized proteins. We proceeded similarly as
above by diluting 4 uM of FtsZ-647 and 1 pM of sZipA-488 together with 12.5% Ficoll70.
Then, the proteins were let to interact on top of an SLB (composition 1; Table 2.4) in
PUREfrex. Almost immediately, we detected the presence of filaments on large areas of the
membrane (Figure 2.3 Left), although single filaments looked thinner than the ones produced
in simple buffer. The overall morphology of protein self-assembly consisted in this case in a
high density of single filaments rather than in a network, as observed with FtsZ-647 in reaction
buffer (Figure 2.2 A). The effect of Ficoll70 in these assays was similar to the assays in reaction
buffer. For example, the absence of Ficoll70 totally or almost totally abolished the production
of FtsZ-647 filaments (Figure 2.3 Center). If protein filaments were observed, these were thin,
short and scarce. We assayed further the influence of Ficoll70 in the formation of filaments
and found that concentration levels of this agent as low as 1.5% still triggered the formation
of FtsZ-647/sZipA filaments (3 uM of FtsZ-647 and 1 pM of sZipA) in large areas of the
membrane (Figure 2.3 Right).
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Figure 2.3 Purified FtsZ-647 and sZipA-488 in PURE frex

TIRFM images of FtsZ-647 and sZipA-488 on top of an SLB in PUREfrex. Scale bars: 5 pm. Gray
channel represents sZipA-488. Left 4 uM of FtsZ-647 and 1 uM of sZipA-488 supplemented with
12.5% of Ficoll70. A high density of filaments was observed. Center; 3 uM of FtsZ-647 and 1 uM
of sZipA-488. No Ficoll70 was added. Overall, recruitment of sZipA-488 to the membrane was
observed. In rare occasions, filaments could appear on the membrane. Right, 4 uM of FtsZ-647
and 1 uM of sZipA-488 supplemented with only 1.5% of Ficoll70. Filaments were formed on some
areas of the membrane in these conditions, although with a lower density and the networks
encompassed smaller areas than in Left.

2.3.2  Synthesized FtsZ is recruited to the membrane by purified sZipA-488
and forms filaments

Next, we sought to test whether cell-free synthesized FtsZ (Figure 2.4 A) would be able to self-

organize on top of an SLB. To do this, we prepared a standard PUREfrex reaction with 15 nM

of ftsZ DNA and incubated the mix at 37 °C for 3 hours. Then, 7 pL of the translation products

were injected into a chamber along with 1 uM of sZipA-488 and 5% Ficoll70 to a final volume
of 10 pL.

Under these conditions, protein filaments were observed on the membrane at room
temperature (Figure 2.5 A). Interestingly, when 12.5% of Ficoll70 (instead of 5%) and only 5
uL of translation products were included (final volume stayed at 10 uL), we could not detect
clear filaments (Figure 2.5 B Top) except in a few areas of the membrane (Figure 2.5 B Bottom).
No filaments could be detected when the synthesized ® 29 terminal protein (TP; Figure 2.4 E)

was used as a negative control, either when injecting 7 pL (5% Ficoll70; Figure 2.5 C Left) or
5 uL (12.5% Ficoll70; Figure 2.5 C Left) of the translation products.

2.3.3  Insitu synthesized FtsA recruits to the membrane and facilitates the

bundling of FtsZ-647
Next, we wondered whether cell-free synthesized FtsA (Figure 2.4 A) would be able to recruit
and facilitate the bundling of FtsZ-647 on SLBs. Since FtsA is a membrane associated protein,
we decided to synthesize FtsA in situ, i.e. directly inside the chamber on top of a membrane.
To do this, we prepared a standard PUREfrex reaction directly inside a glass chamber with 15
nM of ftsA DNA. Next, we harvested the pre-ran solution from the chamber and mixed 3.5 pL
of the synthesized FtsA solution with 2.5 pM of FtsZ-647, 5% Ficoll70 and 1.25 mM of GTP
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Figure 2.4 Expression of DNA templates in PURE frex

The DNA templates coding for the proteins used in this chapter were expressed in a standard
PURE frex reaction supplemented with GreenlLys and analyzed in a 12% SDS-PAGE. The protein
ladder (Marker) is shown at the left of each panel with the exception of ZapA (D) where the left
lane (Control), corresponds to a PURE frex expression with no DNA template. The right lane (ZapA),
corresponds to an expression with zapA. Black arrowhead indicates the band corresponding to
the synthesized ZapA. A) FtsZ (~40 KDa) and FtsA (~45 KDa). B) ZipA (~36 KDa). C) sZipA (~34
KDa). D) ZapA (~13 KDa). E) TP (~31 KDa).
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Figure 2.5 Synthesized FtsZ is recruited to the membrane by sZipA-488 and forms
filaments

TIRFM images of sZipA-488 with cell-free synthesized FtsZ on top of an SLB in PURE frex: Scale bar
in all images: 5 um. Gray channel represents sZipA-488. A) 7 pL of synthesized FtsZ on top of an
SLB incubated with 1 uM of sZipA-488 showed the presence of protein filaments. Here, 5% of
Ficoll70 was used. B) 5 pL of synthesized FtsZ on top of a SLB incubated with 1 uM of sZipA plus
12.5% Ficoll70. Most of the membrane showed no filaments (7op) except a few areas (Bottom). C)
Synthesized TP on top of a SLB incubated with 1 uM of sZipA. Either when 7 pL of synthesized TP
(5% Ficoll70; Left) or 5 pL (12.5% Ficoll70; Right) were used, no structures were seen on the
membrane.
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Figure 2.6 Cell-free synthesized FtsA is recruited to the membrane and facilitates the
bundling of FtsZ-647

TIRFM images of FtsZ-647 with cell-free synthesized FtsA on top of an SLB in PURE frex. Scale bar
in all images: 5 pm. Red channel represents FtsZ-647. A) 3.5 pL of the synthesized FtsA solution
supplied with 2.5 uM of FtsZ-647 together with 5% Ficoll70 and 1.25 mM of GTP and ATP. This
sample showed short, thick, highly curved filaments and some degree of filament networks (Lef?).
In some areas of the membrane, the presence of protein rings was clear (Right). B) Under the same
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conditions as in A, we explored different FtsZ-647 concentrations: 2 uM (Lef?), 1.5 uM (Centen and
1 UM (Right). We observed a positive correlation between FtsZ-647 concentration and the length,
thickness and density of filament networks. C) Purified FtsZ-647 and synthesized FtsA formed
longer and straighter filaments than the ones observed in A, when the sample was visualized at
room temperature (2 pM FtsZ-647 and 2.5 mM of GTP and ATP). D) FtsZ-647 is not recruited to
the membrane when synthesized TP is added to the sample under similar conditions to A (1.5 uM
FtsZ-647, 5% Ficoll70 and 4 mM GTP and ATP, imaging performed at 37 °C).

and ATP. Finally, 5 pL of this mix was injected into the chamber and the membrane
(composition 2, Table 2.4) was visualized at 37°C. Immediately, we observed the presence of
thick filaments over extensive areas of the membrane (Figure 2.6 A Left) and, very frequently,
numerous protein rings (Figure 2.6 A Right). Under the same conditions, we assayed
alternative FtsZ-647 concentrations (2, 1.5 and 1 uM; Figure 2.6 B) and found that lowering
concentrations of FtsZ-647 led to a decrease in the length, thickness and abundance of
filaments. For example, at 1 utM of FtsZ-647, filaments were infrequent and short and the
surface mainly consisted of puncta (Figure 2.6 B Right). Interestingly, when the visualization
was realized at room temperature instead of at 37 °C, the filaments were longer and were able
to self-organize in the form of clear filament networks (2 pM FtsZ-647 and 2.5 mM of GTP
and ATP; Figure 2.6 C). In contrast, in situ cell-free synthesized TP was not able to trigger the
formation of FtsZ-647 filaments (1.5 uM FtsZ-647; Figure 2.6 D), highlighting the importance
of the synthesized FtsA in the FtsZ organization.

2.3.4 Insitu synthesized sZipA and full-length ZipA recruit and facilitate the

bundling of FtsZ-647

Next, we wonder whether PUREfrex synthesized ZipA (Figure 2.4 B) would be able to trigger
the recruitment and self-organization of purified FtsZ-647 on the membrane (composition 2;
Table 2.4). To do this, we proceeded similarly as in Section 2.3.3. First, we expressed in situ 3.5
nM of zipA DNA template in a standard PUREfrex reaction in a silicone chamber. We mixed
3.5 pL of the harvested synthesized ZipA solution with 3 uM of FtsZ-647, 5% Ficoll70 and 2.5
mM GTP. 5 pL of the protein mix were introduced in the chamber and visualized at 37 °C.
Under these conditions, we observed recruitment of FtsZ-647 to the membrane, but failed to
detect the presence of filaments (Figure 2.7 A).

While recruitment of FtsZ-647 was successful, we reasoned that the final concentration of
synthesized ZipA might have not been high enough to trigger polymerization or bundling. To
generate a higher ZipA concentration, we

decided to carry out two consecutive PUREfrex zipA expressions in the same chamber. We
utilized 3.5 nM of zipA for the two PUREfrex reactions and the protein mix was prepared as
described above. Under these conditions, we observed recruitment of FtsZ-647 to the
membrane, but failed again to observe protein filaments (Figure 2.7 B).

Next, we hypothesized that the standard conditions of the PUREfrex reaction might not be
optimal for the production of active ZipA. Therefore, we expressed only 1 nM of zipA for 6
hours at 25 °C. The protein mix was produced as before and the sample was visualized at 25
°C. While most of the fields of view showed FtsZ-647 recruitment only, in certain areas we
could observe dense puncta, very short filaments and half or even complete protein rings as a
consequence of the high degree of curvature of some of the filaments (Figure 2.7 C).

Finally, we assayed the synthesized sZipA (Figure 2.4 C) in similar conditions as above with the
exception of the SLB composition, which contained DGS-NTA this time (composition 1;
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Figure 2.7 Purified FtsZ-647 with synthesized ZipA

TIRFM images of FtsZ-647 with cell-free synthesized ZipA on top of an SLB in PURE frex. Scale bar
in allimages: 5 um. Red channel represents FtsZ-647. A) In situ synthesized ZipA was able to recruit
FtsZ-647 to the membrane, although no filaments were observed under these conditions (3.5 pL
of synthesized ZipA, 3 uM of FtsZ-647, 5% Ficoll70 and 2.5 mM GTP. Imaging was performed at
37 °C). B) Two consecutive /n situ expressions of ZjpA led to the recruitment of FtsZ-647 to the
membrane although no filaments were detected under the conditions tested (3.5 pL of the second
translation products, plus 3 pM of FtsZ-647, 5% Ficoll70 and 2.5 mM GTP). C) Synthesized ZipA
was able to recruit and bundle FtsZ-647 when it was expressed at low temperature (25 °C) for 6
hours under the conditions tested (3.5 pL of the translation products, plus 3 uM of FtsZ-647, 5%
Ficoll70 and 2.5 mM GTP; images taken at 25 °C). D) Synthesized sZipA was able to recruit and
faciliate the bundling of FtsZ-647 in a membrane containing DOPC, DOPG and DGS-NTA
(composition 1; Table 2.4) under the conditions tested (3.5 pL of the translation products, 3 pM of
FtsZ-647, plus 5% of Ficoll70 and 2.5 mM of GTP; imaging was performed at 37 °C).



Table 2.4). To do this, we expressed in situ 15 nM of szipA in standard conditions. Next, the
protein mix was produced as before and the sample was visualized at 25 °C. In this setting, we
observed both recruitment to the membrane, and long filaments on the surface (Figure 2.7 D),
although their presence was rare.

2.3.5 Synthesized ZapA triggers the bundling of purified FtsZ-647/sZipA-
488 filaments

Since molecular crowders are unspecific and their presence and concentration hard to regulate
when considering their in-situ production inside artificial cells, we envisioned ZapA, a natural
crosslinker of FtsZ, as a promising alternative to Ficoll70. To explore the possibilities of
synthesized ZapA as FtsZ-bundling agent, we first expressed in a standard PUREfrex reaction 5
nM of zapA (Figure 2.4 D) and assayed the activity of the synthesized protein in a standard SLB
experiment with sZipA-488. On top of the membrane (composition 1; Table 2.4), we injected
10 pL of a sample consisting of 8 pL of the pre-ran PUREfrex solution, 2 uM of FtsZ-647 and
2.5 mM of GTP. Ficoll70 was not utilized. Visualization at 37 °C showed the presence of
extensive areas of dense, long FtsZ-647 filaments (Figure 2.8 A Left). We found that, over time,
the fluorescent signal intensity of FtsZ-647 on the membrane decreased and the filaments
appeared thicker (Figure 2.8 A Right). Despite these preliminary results, we encountered
repeatability issues, i.e. samples where membrane areas exhibiting FtsZ-647 filaments were rare

(Figure 2.8 B).

We found that carrying out the expression of zapA at 25 °C for 5 hours and supplemented
with 2 pL of the human peptidyl-tRNA hydrolase (Pth), facilitated the reproducibility of the
experiments when using 7 pL of synthesized ZapA (Figure 2.8 C). Additionally, we explored
the effect of reducing the volume of synthesized ZapA while maintaining a fixed total volume
of the assay (10 pL) and concentrations of purified FtsZ-647 (2 uM), sZipA-488 (1 pM) and
GTP (2.5 mM). Figure 2.8 D shows the result of adding 4, 3 or 2 pL of synthesized ZapA. We
found that reducing volumes of synthesized ZapA produced less clear and abundant filaments
on the membrane down to 2 uL (Figure 2.8 D Right), which looked similar to other experiments
performed with purified protein without Ficoll70 (Figure 2.2 A).

2.3.6 Co-synthesized FtsZ and ZapA self-organized on an sZipA-488-SLB

In Sections 2.3.2 and 2.3.5, we tested separately the activity of synthesized FtsZ and ZapA,
respectively. Here, we sought to co-synthesize FtsZ and ZapA to test whether PUREfrex is able
to produce sufficient amounts of both proteins to support their self-organization on the
membrane. We prepared a PUREfrex reaction with 1 nM of ftsZ and 5 nM of zapA. This
unbalance of DNA template concentration is justified when considering the apparent stronger
expression of ftsZ with respect to zapA (Figure 2.4 A and D). Due to the presence of zapA, we
supplemented the reaction with Pth and let it incubate at 25 °C for 5 hours. Next, a mix was
prepared with 9 pL of the translation products plus 50 nM of FtsZ-647 and 2.5 mM of GTP
into a final volume of 10 pL. The amount of added FtsZ-647 is below the critical concentration
threshold for FtsZ bundling and served reporting purposes. Ficoll70 was not utilized in this
case due to the presence the synthesized ZapA. Finally, the mix was injected into a glass
chamber were an SLB (composition 1; Table 2.4) had previously been formed and incubated
with sZipA-488. Under these conditions, FtsZ-647 recruitment was overall observed (Figure
2.9 Left) and in many areas, bright protein dots were detected as well (Figure 2.9 Right).
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Figure 2.8 Synthesized ZapA triggers the bundling of FtsZ-647/sZipA-488 filaments on
SLBs in the absence of Ficoll70

TIRFM images of FtsZ-647 together with sZipA-488 and cell-free synthesized ZapA on top of an
SLB in PUREfrex. In all cases the membrane is composed of DOPC, DOPG and DGS-NTA
(composition 1; Table 2.4). Scale bar in all images: 5 pm. Red channel represents FtsZ-647. A) 8 uL
of synthesized ZapA was able to trigger the bundling of 2 uM of FtsZ-647 on top of an sZipA-
488-SLB under the conditions tested (1 uM of sZipA-488, 2.5 mM GTP and visualization at 37 °C).

53



In Left, a region of the membrane imaged a few minutes after injecting the sample in the chamber.
In Right another region of the membrane visualized ~30 minutes after starting the visualization.
B) The assays performed with synthesized ZapA suffered from reproducibility issues. Here, and
under similar consitions as in A, filaments were very rare and overall only FtsZ-647 recruitment
could be observed. C) The expression of ZapA at 25 °C for 5 hours and supplemented with Pth
produced more reproducible results than the standard PUREfrex expression. Under these
conditions (2 uM FtsZ-647, 1 uM sZipA-488, 2.5 mM GTP), FtsZ-647 filaments were formed on the
membrane. D) Lower volumes of synthesized ZapA than in C, were utilized here (from left to right:
4, 3 and 2 pL of synthesized ZapA). As shown in Right, addition of only 2 L of synthesized ZapA
in a total volume of 10 L seemed to be unsufficient to trigger the bundling of FtsZ-647.

We increased the concentration ftsZ DNA to 2 nM, while keeping zapA at 5 nM and tested the
activity of the synthesized products in the same conditions as above with the exception that 0.1
uM of reporting FtsZ-647 was supplied. Recruitment of FtsZ-647 to the membrane was
observed, mostly in the form of bright dots (Figure 2.10 A Top). To assure that the total DNA
template concentration was not a limiting factor during co-expression, we ran a PURE system
reaction with 4 nM of ftsZ and 7 nM of zapA at 25 °C for 5 hours. Under these conditions, we
obtained mainly four distinct morphologies. First, we observed recruitment in the form of dots,
similarly as before (Figure 2.10 A Bottom). Second, in a few areas, short, moderately sparse
filaments could be detected (Figure 2.10 B). Third, some areas exhibited clear filament
networks on the surface (Figure 2.10 C Left), although their morphology was somehow
different to the one observed in previous experiments due to their low filament density and
the apparent lack of a preferred curvature. Finally, in other areas of the membrane, isolated
filaments (not arranged in a network) with a similar morphology as the one just described were

observed (Figure 2.10 C Right).

Figure 2.9 Co-synthesized FtsZ and ZapA on a sZipA-488-SLB

TIRFM images of an SLB (composition 1; Table 2.4) pre-incubated with 1 uM of sZipA-488, and
containing 9 pL of a pre-ran PUREfrex solution with 1 nM of ftsZand 5 nM of zapA, along with 50
nM of FtsZ-647 and 2.5 mM of GTP. Both images were constructed by averaging a few tens of
captures of the same sample region over a span of a few seconds. Red channel corresponds to
FtsZ-647.1n both images, scale bar: 5 um. In Left area of the sample with recruitment of FtsZ-647.
In Right a different area of the membrane showing the presence of bright dots. This phenotype
was quite common in this sample.
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Figure 2.10 Co-synthesized FtsZ and ZapA bundle and self-organize in the form of filament
networks on top of an SLB

TIRFM images of the activity assay carried out on top of a SLB (composition 1; Table 2.4) previously
incubated with 1 pM of sZipA-488, with the translation products resulting from a PUREfrex
reaction containing 2 nM of ftsZand 5 nM of zapA (A Top) or 4 nM of ftsZand 7 nM of zapA (A
bottom, B and C). The protein mix injected in the chamber contained 9 pL of the translation
products, plus 50 nM of FtsZ-647 in the case of A Top, and 0.1 uM in the rest, plus 2.5 mM of GTP.
Red channel corresponds to FtsZ-647. White channel corresponds to sZipA-488 In all images, scale
bar: 5 um. A) Co-synthesized FtsZ and ZapA produce a dot phenotype on the membrane. In 7op,
sample containing the translation products of 2 nM of ftsZand 5 nM of zapA. In Bottom, sample
containing the translation products of 4 nM ftsZand 7 nM zapA. B) Here, a phenotype consisting
on short filaments was observed. The morphology of the filaments seemed to be in a middle point
between single filaments and networks. C) In many regions of the sample, clear filaments and
network structures appeared aswell. In Left the phenotype consisted in a low density network of
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flexible and thick filaments. In Right similar although shorter filaments than in Left did not arrange
in networks.

2.4 Discussion

Here, we have tested and visualized the self-organization dynamics of the synthesized FtsZ,
FtsA, ZipA, sZipA and ZapA on top of an SLB, and explored the viability of PUREfrex as our
main IVTT system. Achieving functional PUREfrex synthesized proteins is an important step
towards their utilization in liposome division (Chapter 3) and artificial cells.

In this chapter, we have successfully demonstrated that cell-free synthesized FtsZ retains
essential wild-type features like monomer polymerization and bundling, plus FtsA and ZipA
interaction. Furthermore, we have shown that synthesized FtsA and sZipA are able to recruit
purified FtsZ to the membrane and facilitate its bundling. We also succeeded to triggering the
bundling of purified FtsZ with cell-free synthesized ZapA. Consistent with these results, we
achieved the crosslinking and bundling of co-synthesized FtsZ/ZapA protofilaments in an
sZipA-SLB. Taken together, our experiments validate the use of PUREfrex for synthesis of key
division proteins in artificial cells.

In the other hand, some of the results obtained challenge our view of the FtsZ-FtsA-ZipA
dynamics on top of SLBs. For example, we failed to detect the presence of long, mildly curved
purified FtsZ-647 filaments with synthesized ZipA in the conditions tested, in contrast with
the results obtained with synthesized sZipA. Unlike previous reports in the literature, we found
that Ficoll70 was a necessary reagent of the activity assays in order to obtain the bundling of
FtsZ, unless synthesized ZapA was present.

2.4.1 Cell-free synthesized FtsZ retains basic wild-type functionality

The arising of cytoskeletal FtsZ suprastructures on SLBs requires monomer tail-to-head
polymerization, monomer and protofilament interaction with ZipA or FtsA, and protofilament
bundling through lateral interactions. In Section 2.3.2, we have shown that assembly of
synthesized FtsZ and sZipA-488 on top of an SLB produced bundles and extensive filament
networks (Figure 2.5 A). Such an achievement implies that the synthesized FtsZ harbors basic
wild-type functionality.

This high level of functionality, meaning the recruitment and bundling capacity of the
synthesized FtsZ, necessitates also a fine tuned 3-D protein structure. In particular, the
recruitment of synthesized FtsZ by sZipA-488 to the membrane requires the FtsZ CTV to be
functional'?. Since this region is located at the C-terminal extreme of FtsZ, recruitment of
FtsZ is very sensitive to protein truncations. In the other hand, both the T7 loop and the GTP
binding pocket must be well positioned and aligned to permit not only polymerization of
monomers but also to self-assemble into specific morphologies'™. Additionally, FtsZ
longitudinal and lateral interactions rely on several electrostatic interactions on the front, back
and lateral faces of the protein, respectively!”™17, Hence, changes in the 3-D protein structure
of the protein could impair the morphology of the filament structure. On the contrary, we
observed a highly similar filament network phenotype between synthesized FtsZ (Figure 2.5)
and purified proteins (Figure 2.2 B Left and Figure 2.3 Left), the latter results being in
agreement with the literature®® 106177,
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2.4.2  Synthesized FtsA recruits and facilitates the bundling of FtsZ-647 in
the membrane

Taken together, our results in Section 2.3.3 and Figure 2.6 demonstrate that cell-free
synthesized FtsA recruits purified FtsZ-647 to the membrane and facilitates its bundling into
short, curved filaments. Very frequently, we detected the presence of protein rings in these
samples (Figure 2.6 A Left), and in some areas they were particularly abundant (Figure 2.6 A
Right). This contrasts with the long, less curved filaments obtained in our experiments with
synthesized sZipA (Figure 2.7 D), consistent with previous observations by Loose and
Mitchison® with purified FtsZ and sZipA. As discussed above for synthesized FtsZ (Section
2.4.1), FtsA activity requires a correct 3-D protein structure to interact with the membrane,
and recruit and facilitate the bundling of FtsZ-647°00870165178  Hence, our data suggest
successful synthesis of functional FtsA.

Interestingly, we observed that, while exhibiting a high capacity to recruit FtsZ in our SLB
activity assays (Figure 2.6), synthesized FtsA showed an apparent low expression in the SDS-
PAGE analysis (Figure 2.4 A). Although qualitative, signal intensity comparison of GreenLys
protein bands can still be useful. In Figure 2.4 A we observed a marked difference in signal
intensity between FtsZ and FtsA samples. Of course, the measured signal intensity of the
expressed proteins will be influenced by the relative occurrence of Lys residues in the protein.

However, the slightly higher proportion of Lys in FtsA (% = 5.0%) than in FtsZ (% = 4.4%)
suggests that the amount of synthesized FtsA is lower than FtsZ. In fact, in vivo FtsZ:FtsA
protein ratio is ten to one®?. Additionally, other factors like in situ expression of FtsA, could

facilitate integration of the amphipathic MTS on the membrane, which in turn would promote
an efficient recruitment of FtsZ.

2.4.3 Cell-free synthesized ZipA produces short, curved FtsZ filaments

while synthesized sZipA triggers the formation long, mildly curved

bundles

Our data in Section 2.3.4 clearly indicates that PUREfrex synthesized ZipA is able to recruit
FtsZ-647 to the membrane. This implies that synthesized ZipA is able to integrate into the lipid
bilayer its transmembrane domain and to interact with FtsZ-647. Nonetheless, we did not
observe FtsZ bundling when ZipA was synthesized in in situ (Figure 2.7 A). The lack of bundling
could be due to a low yield of expressed ZipA, despite the attempts to run two consecutive
expression reaction. We also considered the possibility that the limiting factor was the
production of active ZipA, rather than the total protein production. In Figure 2.7 C, we assayed
an in situ expression of ZipA at 25 °C for 5 hours. The low expression temperature was designed
with the purpose of slowing down the translation machinery to allow ZipA to fold adequately.
Also, it would grant the protein more time to get integrated in the membrane and avoid the
aggregation of ZipA, especially through its highly hydrophobic MTS. Under these conditions,
we obtained indications of FtsZ bundling in the form of puncta or short, curved filaments.
Sometimes, they could arrange in the form ring-like structures. This data suggests that
expression of zipA is sensitive to temperature.

The structures obtained with synthesized ZipA differed from the morphology observed with
purified sZipA in in literature®®, where extensive areas of thick, long filament networks were
produced. Interestingly, this morphology is consistent with the data obtained in our
experiments with sZipA (Figure 2.7 D). The different morphology between ZipA and sZipA
assays could be a consequence of the lack of the physiological transmembrane domain in the
case of sZipA. For example, it is known that while the full-length ZipA is capable of
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homodimerization, the globular domain is not’7. While the replacement of the hydrophobic
transmembrane domain of ZipA with a 6-histidine tag can be a useful workaround to allow its
successful purification, our results suggest that even small modifications in wild-type proteins
might alter their activity’®!®°. Nonetheless, other factors might contribute to the different
results obtained with ZipA and sZipA, like for example a lower propensity of sZipA to aggregate.

2.4.4 FtsZ filament network morphology is highly variable

Our data supports a model where FtsZ filament network morphology is highly variable and
depends on several factors like membrane anchor, FtsZ concentration at the membrane and
temperature. In general, we obtained short, curved filaments and protein rings with synthesized
FtsA (Figure 2.6 A), and long, straighter filaments with sZipA (Figure 2.2 B and Figure 2.7 D).
However, when ZipA was synthesized and visualized at 25 °C, we obtained as well short
filaments and some ring-like structures (Figure 2.7 C). In a study by Ramirez-Diaz et al.'%, the
authors found that the morphology of the filament network was more related to the local
concentration of FtsZ on the membrane than the FtsZ anchor. This would imply that the
differences observed by Loose and Mitchison between FtsZ/FtsA and FtsZ/sZipA networks
would be more related to the intrinsic capacity of each anchor to attract FtsZ to the membrane
than to any other specific interaction. The observations of Krupka et al.'” where they found
that low, physiological levels of sZipA produced protein rings similar to those typically
attributed to FtsA, would be consistent with this idea.

In addition, we found that synthesized FtsA with FtsZ-647 at 25 °C produced longer and less
curved filaments (Figure 2.6 C) than obtained at 37 °C. As discussed above, such an
observation seems to imply that, at 25 °C, a higher concentration of FtsZ is present on the
membrane than at 37 °C. This could be explained by the slowing down of the FtsZ GTPase
activity at temperatures below 37 °C which in turn would stabilize the filaments on the
membrane!®, Similarly, the FtsZ filament destabilization activity of FtsA*® might be negatively
affected by temperature, promoting an increase of FtsZ concentration at the membrane.

2.4.5 Cell-free synthesis of the FtsZ cross-linker ZapA leads to filament
bundling

The use of ZapA in place of macromolecular crowders in general, and Ficoll70 in particular, is
a preferred strategy in the context of FtsZ-containing artificial cells. While general molecular
crowders are unspecific, ZapA directly interacts with FtsZ protofilaments, therefore avoiding
undesirable effects over other cellular systems or chemical reactions'®!. Additionally, ZapA is a
molecule which can be fabricated in situ inside the cell, and easy to control at the genetic,
translational or protein level.

In Figure 2.8, we have demonstrated the cell-free synthesis of a functional ZapA, capable of
triggering the bundling of FtsZ-647/sZipA-488 protofilaments under regular conditions
without the presence of Ficoll70. ZapA is believed to be a tetramer in its active form8”88, The
3-D structure of the ZapA tetramer has been resolved, suggesting that a conserved region of
positive residues in the globular domain of ZapA is an important area for FtsZ interaction!7%!82,
Hence, our results imply that the synthesized ZapA retains the wild-type protein structure.

Since ZapA is active in its tetrameric form, a linked ZapA could be synthesized in order to
promote oligomerization at lower protein concentration. This would be facilitated by the
orientation of monomers in the complex. As Figure 2.11 A shows, the relative proximity of
some of the terminal sections of the monomers in the tetramer could facilitate the fusion of
monomer 1 with 2 and monomer 3 with 4, via an unstructured amino acid linker (Figure 2.11
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Figure 2.11 ZapA tetramer structure and schematic of linked ZapA

A) ZapA tetramer structure (PDB 4P1M)'8, It is believed that ZapA is active in its tetrameric or
dimeric form. In a tetramer, the C-term of monomer number 1 is relatively close to the N-term of
monomer number 2. The same occurs with the C-term number 3 and the N-term number 4. This
is not the case with C-term monomer 2 and N-term monomer 3. Two unstructured amino acid
linkers could be added to link monomers 1 with 2 and 3 with 4, but not monomer 2 and 3. B)
Schematic of a linked ZapA dimer. Two different monomers (red and blue) could joint together
through an unstructured amino acid linker (magenta).

B). However, the C-terminal section of monomer 2 would be too far away from the N-terminal
section of monomer 3. Two linked dimers could interact normally to form tetramers. Thanks
to the relatively low molecular weight of E. coli ZapA monomers (~13 kDa), a DNA template
containing the linked ZapA dimers could be cell-free synthesized and tested with the purified
FtsZ-647 and sZipA-488 on SLBs.

2.4.6 Co-expression of ftsZ and zapA generates protein filament networks.

Our experiments showed that assays involving separately synthesized FtsZ (Section 2.3.2) and
ZapA had been successful (Section 2.3.5). Moreover, our data in Section 2.3.6 and Figure 2.10
clearly demonstrates that co-synthesized FtsZ and ZapA are able to bundle and form filament
networks. The presence of FtsZ/ZapA filaments was dependent on the ftsZ:zapA DNA template
ratio. While 1 nM:5 nM produced no visible bundles, both 2:5 and 4:7 produced at least a
type of cytoskeleton structure, which suggests the existence of an optimal FtsZ:ZapA protein
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ratio. In addition, the morphology of the observed structures was dependent on this ratio.
While in Figure 2.10 B we observed short, straight filaments, Figure 2.10 C Left showed thick,
‘floppy’ bundles arranged in filament networks. This morphology contrasted with the denser
but less ‘floppy’ networks produced with FtsZ-647 and synthesized ZapA (Figure 2.8 A),
suggesting that the long interaction (3 hours) of both synthesized proteins in solution (without
having access to the sZipA-SLB), stabilized this type of ‘floppy’ structure.

2.4.7 Total volume and geometry of the activity assays might be a factor
contributing to the dynamics of FtsZ, FtsA and ZipA

The data gathered during our experiments, clearly pointed to the general macromolecular
crowder Ficoll70 as a necessary component to efficiently trigger the bundling of FtsZ, unless
the crosslinker ZapA was utilized (Section 2.3.5). While Ficoll70 has been used in literature to
bundle FtsZ, usually the activity assays performed with the E. coli protoring proteins do not
necessarily required it'®17217 especially at the protein concentration we used compared to

other studies ( 0.7-1.5 uM of FtsZ and 0.125-1.7 pM of FtsA in Loose and Mitchison!®).

A plausible explanation would involve the unconventional experimental set up of our activity
assays, i.e. the low reaction volume and geometry of the chambers. Compared with previous
studies, our SLB assays have been conducted in 10-fold!®!? or 20-fold* lower volume. Our
experimental design, i.e. the use of the PURE system, constrained the use of large assay volumes
(100 pL in Loose and Mitchison'®) due to its high economical cost. It is generally recognized
that protein pattern formation involving membrane-bound states is influenced by geometrical
factors and the number of proteins!®+-18, To test the effect of geometry in our activity assays,
reaction chambers with different dimensions could be produced. However, the sand-blasting
method described in Section 2.2.2 would not be precise enough. An alternative, is the use of
aluminium chambers as described in Section 5.2.7 (page 107).

2.4.8 PUREfrex is a promising candidate to support cell-free expression of
key E. coli division proteins in artificial cells

Our data validates PUREfrex as a promising candidate to cell-free synthesize key E. coli division
proteins. In Figure 2.3, we showed that purified proteins FtsZ-647 and sZipA-488 self-
organized into protein bundles in a PUREfrex context, implying that PUREfrex is a viable
background for FtsZ-FtsA-ZipA interaction. Expression of DNA templates was successful
(Figure 2.4) and our experiments involving the activity of synthesized FtsZ, FtsA, ZipA, sZipA
and ZapA produced cytoskeleton structures in many of the conditions tested. PUREfrex also
proved capable of synthesizing more than one protein at a time (FtsZ and ZapA; Figure 2.10)
and enabled the self-assembly of FtsZ/ZapA bundles and filament networks. Such an
achievement is of capital importance in the development of artificial cells based on the PURE
system.

PUREfrex also proved highly versatile. For example, expression reactions were done directly on
top of a membrane in the case of FtsA and ZipA (Section 2.3.3 and 2.3.4). This probably helped
these proteins to get integrated in the membrane and avoid aggregation, especially in the case
of ZipA, a recalcitrant protein hard to purify’”!”2. Additionally, expressions at low temperature

(25 °C; Figure 2.7 C), or the addition of cofactors (Pth; Section 2.3.5 and 2.3.6) facilitated the
correct folding of ZipA and expression of zapA, respectively.
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2.49 Conclusion

Taken together, we can conclude that the cell-free synthesized proteins FtsZ, FtsA, ZipA, sZipA
and ZapA are functional on SLBs in a PUREfrex context. The successful observation of self-
organization in these conditions highlights the compatibility of the E. coli division proteins
with the PURE system and prompt us to test them in vesicles (Chapter 3).
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Chapter 3

In-vesicle synthesis of FtsZ

Evolving, self-maintaining, self-reproducing. These are the essential
features of that special state of matter that we call alive. In the exciting field
of synthetic biology, one of the holy grails is the building, brick by brick, of
biological particles exhibiting such characteristics. This formidable
challenge can be broken up into distinct, smaller pieces, each one
accomplishing a specific function like for example cellular division, also
called cytokinesis. In this chapter, we aimed at the reconstitution, in
vesicle, of a membrane deforming machinery with the ultimate goal of
dividing artificial model cells. We approached this task by challenging key
E. coli division proteins to assemble on, and to deform free-standing
liposome membranes. While typical in-vesicle assays relay on purified
proteins, our approach involved the cell-free synthesis of proteins via the
PURE system, a well characterized mix of purified components for
transcription and translation. We found that FtsZ and ZipA protein self-
organization took place in the form of bundles on the outer leaf-let of the
liposomes, although membrane deformation was not evident. In contrast,
in-vesicle synthesis of FtsZ generated straight bundles in the lumen that
were capable, in many cases, of elongating the liposomes. Our work
establishes a clear link between genotype and phenotype, i.e. liposome
membrane deformation can be triggered by in situ protein synthesis from a
DNA template. We believe that establishing this link enables the creation
of evolvable artificial cells.



3.1 Introduction

n E. coli, division commences with the assembly at midcell of the divisome, a very well-

coordinated protein complex?*?>. Among the ten essential proteins that constitute this

complex?*, FtsZ is the first to assemble upon GTP binding into the Z-ring, a dynamic ring-
like structure made of bundled FtsZ polymers®#44%°, The Z-ring is anchored to the
cytoplasmic leaflet of the inner cell membrane through two other essential proteins, FtsA and
ZipA, which contain a membrane targeting sequence (MTS) and an FtsZ interacting region#¢!,
Together, these three proteins form a ring-like structure known as the protoring®!, and
constitute the basic cytoskeleton upon which the matured divisome is assembled. Once mature,
the divisome exerts a constriction motion and starts with the synthesis of the division septum,
until division is complete*®. The activity of the divisome can be regulated and facilitated by,
despite non-essential, other proteins. For example, ZapA is an important protein that cross-
links FtsZ protofilaments and stabilizes the Z-ring®?. While the role of FtsZ in the generation
of constriction force in vivo is not clear, several in vitro studies have shown that FtsZ has some
constriction capabilities. In 2013, a study by Osawa and Erickson (Figure 1.4 , page 20)'87,
showed that when wild-type FtsZ and a deficient self-interacting FtsA was encapsulated inside
spherical liposomes, protein rings were generated on the inner membrane of the bilayer and
constriction took place in some of them. These type of experiments showed that, at least in
vitro and for a subset of liposomes, FtsZ has membrane remodeling and constriction force
capabilities'ss,

Recently, Furusato et. al.'® studied the de novo expression of proto-ring proteins in vesicle.
They used an FtsZ version with a sfGFP fused to the C-terminal region (FtsZ-stGFP). This
fusion protein was reported to present a different GTP hydrolysis rate than the wild-type
version as well as being recruited much stronger by any protein anchor. Despite this, they found
that co-expression of FtsZ-sfGFP and full-length ZipA inside vesicles led to the formation of
protein clusters that deformed the liposome. Importantly, these clusters where independent of
GTP binding or hydrolysis, as well as the presence of the sfGFP. In their study, they also
reported that the use of Ficoll70 inside of FtsZ-sfGFP-expressing vesicles led to protein bundles
that stayed cortically. In this case, no expression of protein anchor was assayed.

Here, we aimed to reconstitute an artificial, FtsZ-based division mechanism in liposomes. Our
approach consisted in the encapsulation of a cell-free transcription and translation system
reconstituted from purified components (PURE system), together with a selection of DNA
constructs coding for FtsZ membrane anchoring proteins, i.e. FtsZ and ZapA. The in situ
production of untagged proteins represents an advantage compared with other conventional
reconstitution approaches. In one hand, traditional approaches rely on the use of purified
proteins. This limits the collection of available proteins, depending on purification protocols
and whether the protein of interest is recalcitrant (e.g. membrane-bound proteins). In the
other hand, the PURE system offers a more physiological environment than the reaction
buffers typically employed. Nonetheless, in situ expression of proteins inside the synthetic-cell
is ultimately an essential requirement, not only to mimic a key feature of natural biological
cells but also to avoid death by dilution, which is unavoidable if proteins are not synthesized
in situ.

In this chapter, we tested the protein self-organization of the in-vesicle synthesized FtsZ and
ZapA. We found that under slightly higher K* and Mg?* concentration than required for a
PURE system reaction and in the absence of Ficoll70, we triggered the formation of protein
bundles in the lumen. These filaments were able to deform the membrane, triggering the
creation of fusiform and lemon-shape liposomes.
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3.2 Materials and methods

3.2.1 Preparation of DNA templates for gene expression and purified
proteins
Purified protein FtsZ-647 was utilized. A description can be found in Section 2.2.1 (page 37).

The ftsZ, zapA and p3-phi29 constructs were prepared as described in Section 2.2.1 (page 37).
The eyfp construct codes for an eYFP with the necessary genetic parts to be synthesized in the
PURE system and was produced as specified in van Nies et al.'®?. A complete and detailed
account of the DNA sequences and their features can be found in the Appendix (page 154).
The purified proteins FtsZ-647 and sZipA-488 utilized in this chapter were kindly provided by
German Rivas, from Centro de Investigaciones Biolégicas, CSIC, Madrid (Section 2.2.1, page 37).

Top glass coverslip

/v

Silicone spacer
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Bottom glass coverslip

Figure 3.1 Aluminium chamber

Reusable aluminium chambers were manufactured. Dashed arrows indicate how each piece of the
chamber was assembled. This type of chambers allowed for a higher control over the geometry
of the reaction cavities and were reusable, except for the top glass coverslip which was discarded
after each experiment.

3.2.2 Reaction chambers

Home-made silicone reaction chambers were fabricated and handled as described in Section
2.2.2 (page 38). Aluminium chambers were produced in order to have a higher control over
the geometry of the reaction cavity compared to glass chambers. Aluminium chambers were
easier to fabricate, reusable and could be designed to accommodate up to three reaction cavities
at the same time. To manufacture these chambers, we proceeded by drilling three holes of 4
mm in diameter on the center of a 76x26x2 mm aluminium slide in an equilateral triangular
position. Next, a pre-cleaned, 0.15 mm thick coverslip was glued with UV glue NOA81
(Norland products) to one side of the drilled aluminium sheet, on top of the holes. To cure
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the glue, the assembly was exposed 5 minutes to UV light (365 nm wavelength with 36 W of
power; Promed UVL-36 with four UV-9W-L bulbs). Finally, the chamber was kept at 50 °C
during at least 3 days. This assembly creates three reaction cavities with glass bottom and
aluminium walls with a total volume capacity of ~25 pL. The chamber can be reused for a few
tens of experiments. To close the chamber, a squared frame spacer made out of silicone
(Silicone Isolators™ Sheet Material with double side SecureSeal™ adhesive) sheet is stick
around the reaction cavities. Then, a clean glass coverslip is fixed on top of the spacer thanks
to the SecureSeal™ adhesive (Figure 3.1). Preparation of pre-cleaned glass coverslips was done
as described in Section 2.2.2 (page 38) for silicone chambers. Before use, aluminium chambers
were flushed with Milli-Q water (Millipore Corporation) and 100% ethanol. Then, the
chambers were dried with a flow of nitrogen gas and plasma cleaned (Basic Plasma Cleaner,
Harrick Plasma) for 10 minutes with air. The chambers were subsequently washed three times
with the buffer employed in the feeding solution (Section 3.2.5 and 3.2.6). Cleaning of reusable
aluminium chambers was done as described for glass chambers in Section 2.2.2, with the
exception of the sonication in KOH solution that was omitted, due to the reactive properties
of KOH and aluminium.

In the case of immobilization of liposomes on the surface, the chambers were functionalized
first with BSA-biotin (Thermo Fisher Scientific) and Neutravidin (Sigma-Aldrich). To do this,
10 pL of 1 mg/mL of BSA in 1 mg/mL of BSA-biotin was incubated at room temperature for
10 minutes and washed three times with the feeding solution buffer. Next, the chambers were
incubated with 10 pL of 1 mg/mL of Neutravidin for 10 minutes at room temperature followed
by three washes with the feeding solution buffer.

3.2.3 Phospholipids

Phospholipids were purchased either from Avanti® Polar Lipids Inc. or ThermoFisher
Scientific Invitrogen™ (Table 3.1) and all were dissolved in chloroform. Phospholipids were
typically aliquoted in glass vials and wrapped with Parafilm M (Bemis©) before storing at -20
°C. DHPE-TxR was additionally wrapped in aluminium foil to avoid photobleaching. These
phospholipids were eventually mixed to produce custom made compositions. For a complete
list of all the phospholipid compositions employed in this chapter, see Table 3.2.

3.2.4 Preparation of lipid-coated beads

Liposomes were produced by natural swelling following the method described by Nourian et
al.’® where a porous matrix is utilized to increase the yield of large and giant liposomes. First,
a phospholipid mixture was prepared in a 25 mL round-bottom flask in the appropriate
proportions up to a total mass of 5 mg of phospholipids (except when DSPE-PEG-biotin and
DHPE-TxR were added. See Table 3.2). Every time a different phospholipid was added to the
round-bottom flask, extra chloroform was pipetted with the same tip to ensure that all the
phospholipid mass was used. To facilitate swelling of the lipid film, and unless otherwise
indicated, 30% (v/v) of 100 mM of rhamnose in methanol was added to the lipid mixture?"-?2.
Next, 212-300 pm diameter glass beads (Sigma-Aldrich®) were placed in the round-bottom
flask to a typical ratio of 3.34 pg of lipids per mg of beads. Chloroform was removed by rotary
evaporation at 200 mbar and 50 rpm for at least two hours or until chloroform was totally
evaporated by visual inspection. Next, using a clean spatula, the beads were aliquoted into 1.5
mL Eppendorf tubes and desiccated overnight. Aliquots were gently flushed with argon and
wrapped in Parafilm M, before storing at -20 °C. Lipid-coated beads containing a fluorescent
dye were covered with aluminium foil to avoid photobleaching.
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Table 3.1 Phospholipids used for the production of liposomes
The name, abbreviation and the company from where the phospholipids were purchased are listed. Avanti: Avanti® Polar Lipids Inc. Invitrogen:
ThermoFisher Scientific Invitrogen™.

Abbreviation Name Company
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine Avanti
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine Avanti
DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) Avanti
Cardiolipin or CL  1,3-bis(sn-3'-phosphatidyl)-sn-glycerol Avanti
DGS-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) Avanti

DSPE-PEG-Biotin  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (ammonium salt)  Avanti
DHPE-TXR 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt Invitrogen

-- Cholesterol Avanti

Table 3.2 Lipidic composition of liposomes

Abbreviation and concentration at which each phospholipid was mixed for each different composition. The phospholipids DOPC, DOPE, DOPG, Cholesterol,
DGS-NTA and CL were always added together up to a total phospholipid mass of 5 mg. The phospholipids DSPE-PEG-biotin and DHPE-TxR, due to the
low concentration at which they were mixed, were added over the total phospholipid mass of 5 mg.

Composition DOPC DOPE DOPG Cholesterol DGS-NTA CL DSPE-PEG-biotin DHPE-TxR
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mass%) (mass%)
1 76 -- 19 -- 5 -- 1 --
2 64 -- 16 16 4 -- 1 --
3 51 35 11 -- 0.5 2 1 0.5
4 51 35 12 -- -- 2 1 0.5




3.2.5 Activity assays on the outside of liposomes with purified proteins

A swelling solution consisting in reaction buffer (50 mM Tris-HCI pH 7.5, 150 mM KCI, 5
mM MgCl,) supplemented with 0.2 M sucrose was prepared in a 1.5 mL Eppendorf tube to a
final volume of 20 pL. Next, 20-30 mg of lipid-coated beads (composition 1 or 2; Table 3.2)
were mixed with the swelling solution and incubated at room temperature for at least two
hours. In this case, 100 mM of rhamnose in methanol was not used. The tube was rotated and
tapped every 30 minutes to allow a better release of liposomes from the beads. After the
swelling, four freeze-thaw cycles were carried out with liquid nitrogen. Next, the feeding
solution was prepared with reaction buffer plus 0.2 M glucose, 12.5% or 1.5% of Ficoll70
(m/v) and 2 uM of purified sZipA-488. Two microliters of liposome-containing swelling
solution were placed together with 7 pL of feeding solution inside a silicone reaction chamber,
upon which it was sealed and imaged at room temperature. Then, 2 or 3 uM of FtsZ-647 and
5 or 2.5 mM of GTP were added in sequential order. At each step, the sample was imaged. The
specific concentration of each protein and nucleotide depended on the experiment and are
indicated in the relevant sections.

Table 3.3 Composition of a typical swelling solution for expression inside liposomes
Swelling solution contained either PURE frex or PURE frex 2.0, but not both. The volume of the DNA
construct added (x) could vary depending on its molar concentration and the number of different
constructs. The final concentration of each different construct was always 5 nM. When PURE frex
2.0 was used, the relevant volumes are denoted with an asterisk (*).

Reactant Volume (pL) Final
concentration

PURE frex (2.0%) 10 (10%) 1x

PURE frex1I (2.0%) 1(1% 1x

PURE frex1II (2.0%) 1(2%) 1x
SUPERase 0.5 0.5 U/uL
FtsZ-647 2 2 UM
DNA construct X 5nM
Milli-Q water 55-x(4.5-x*

Total 20

3.2.6  Protein activity assays inside liposomes

First, a swelling solution containing either PUREfrex or PUREfrex 2.0, 0.5 U/uL of SUPERase
In™ (Ambion) (SUPERase) and 2 uM of purified FtsZ-647 was mixed in a 1.5 mL Eppendorf
tube to a final volume of 20 pL. In the case of single or co-expression of DNA inside liposomes,
5 nM of (each) DNA template was included (Table 3.3). Next, 20-30 mg of lipid-coated beads
(compositions 3 or 4; Table 3.2) were placed together with the swelling solution. The solution
was incubated for at least 2 hours at room temperature (only purified proteins) or on ice to
avoid the start of the reaction (with a DNA construct). During incubation, the tube was rotated
and tapped every 30 minutes to allow a better release of liposomes from the beads. After
swelling, four freeze-thaw cycles were carried out with liquid nitrogen. Next, a feeding solution

was prepared with either 1x PUREfrex or PUREfrex 2.0 buffer and 1 pL of 100 pg/mL of
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Proteinase K in a final concentration of 10 pg/mL. Then, 2 pL of liposome-containing swelling
solution was injected together with 7 pL of feeding solution inside a glass reaction chamber,
upon which it was sealed and incubated at 37 °C.

The percentage of filament-containing liposomes (F; Figure 3.5 and Figure 3.6) was calculated
as shown below:

F =100()

where f is the number of liposomes containing an FtsZ-647 protein filament in the lumen and
N is the total number of liposomes in the sample. Truncated liposomes, i.e. liposomes whose
perimeter was not totally visible in the image were not considered. The criterion followed to
identify filaments inside liposomes is as follows: in general, only linear structures inside a
liposome whose length was three times or longer than its width, were considered as filaments.
In the case were more than one structure was found inside the liposome and the length of the
structures was two to three times longer than their width, a valid filament was still counted if
these structures were aligned inside the lumen. Due to the high number of liposomes per
sample, the counting was automatized. To do this, a HAAR cascade algorithm'® was used in
order to create a classifier to detect liposomes in microscopy images. To train a 30 stages
classifier, we used 4584 positive and 327 negative instances. In order to facilitate the
manipulation, counting and cropping of detected liposomes not only for posterior analysis but
also for improvement of the HAAR classifier, a script was developed in Python 3.6
(https://www.python.org/).

In order to analyze the roundness of liposomes (Figure 3.7), we proceeded first by manually
measuring in Image]2 the apparent long and short axis of each liposome. Then, we calculated
the elongation ratio (E) as follows:

long axis
short axis

Both long and short axis were measured in pm. E equals to 1 for perfectly round liposomes
(long axis = short axis) and gives higher values with increasing elongation of the liposome.

3.3 Results

3.3.1 FtsZ-647 and sZipA-488 polymerize on liposomes and deform the
membrane

First, we tested the capacity of the purified proteins FtsZ-647 and sZipA-488 to polymerize and
deform the membrane on the outside of liposomes. To do this, we produced a liposome
solution (composition 1; Table 3.2) containing DGS-NTA to allow the recruitment of sZipA
on the membrane and DSPE-PEG-biotin for liposome immobilization. To enhance the
accumulation of liposomes on the silicone chamber surface, the swelling solution was
supplemented with sucrose. Then, we prepared a feeding solution containing glucose and
12.5% of Ficoll70. Sequentially, 2 uM of sZipA-488, 2 uM of FtsZ-647 and 5 mM of GTP were
added (final concentration). After the addition of sZipA-488, liposomes could be observed,
indicating that sZipA-488 was able to interact with the liposome’s membrane (Figure 3.2 A
Left). Additionally, we observed a great number of fused liposomes on the surface,
spontaneously forming an SLB. After the addition of FtsZ-647, the protein was also recruited
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Figure 3.2 Purified proteins assayed on the outside of liposomes

LSCM images of purified FtsZ-647 and sZipA-488 proteins assayed on the outside of liposomes.
Red channel represents FtsZ-647, and white channel represents sZipA-488. The lipidic
composition of liposomes in A and B is composition 1 (Table 3.2), plus the addition of 2 uM of
FtsZ-647 and 2 uM of sZipA-488. The liposomes were immobilized on the surface with
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Neutravidin. A) Left, recruitment of sZipA on the membrane of some immobilized liposomes. Scale
bar: 2 um. Center, after the addition of 2 uM FtsZ-647, the protein was recruited to the liposome
membrane. Scale bar: 5 um. Right, the addition of 5 mM of GTP triggered the formation of protein
filaments. The possible deformation of the membrane is not clear. Scale bar: 5 ym. B) Due to
spontaneous fusion of liposomes on the surface, an SLB was formed. Extensive areas showing
FtsZ-647/sZipA-488 protein filament networks were formed. Scale bar: 10 um. Panels C-E
correspond with liposomes with the lipid composition 2 (Table 3.2), plus the addition of 6 uM of
FtsZ-647 and 2 pM of sZipA-488. In this case, liposomes were not immobilized to avoid
spontaneous fusion on the surface, although the swelling and feeding solutions were
suplemented with sucrose and glucose, respectively, to promote accummulation of liposomes
onto the chamber bottom. C) General view of liposomes on the surface after the sequential
addition of 2 uM of sZipA-488, 6 uM of FtsZ-647 and 2.5 mM of GTP. Filaments were formed and
protein protrusions from the edge of the liposome are clear. Scale bar: 10 um. D) Left, after the
addition of 2 pM of sZipA-488, the protein was recruited to the liposome membrane. Scale bar: 5
um. Center; after the addition of 6 uM of FtsZ-647, the protein is recruited to the liposome
membrane. Scale bar: 5 um. Right, the addition of 2.5 mM of GTP triggered the formation of
protrusions. E) Optical sectoning carried out with a liposome on the surface of the chamber. The
distance from the surface, in micrometers, is depicted on the upper-left corner of each image.
Filaments on top of the liposome were clearly visible after 6 um. Scale bar: 5 pm.

to the liposomes’ membrane and the SLB (Figure 3.2 A Center). Finally, upon addition of GTP,
large areas formed filament networks on the SLB (Figure 3.2 B). Nevertheless, liposomes did
not markedly deform (Figure 3.2 A Right). Next, we carried out a similar experiment but with
an increased concentration of FtsZ-647 (6 pM) and cholesterol was added to the liposome
membrane (composition 2, Table 3.2). Moreover, the feeding solution contained 2 pM of
sZipA-488, 1.5% of Ficoll70, 2.5 mM of GTP and glucose. While the liposomes were not
immobilized with neutravidin to reduce spontaneous fusion of the liposomes, the glass surface
of the silicone chamber was still passivated with BSA. sZipA-488, FtsZ-647 and GTP were
sequentially added and liposomes were visualized. When sZipA-488 (Figure 3.2 D Left) and
FtsZ-647 (Figure 3.2 D Center) were added, we obtained similar results as before with the
exception that we did not observe the presence of significant areas with spontaneous SLBs.
Upon addition of GTP (Figure 3.2 C and D Right) we detected potential liposome deformation
events in the form of spikes and membrane projections. Additionally, optical sectioning of
liposomes suggested the presence of filaments on their surface (Figure 3.2 E).

3.3.2 FtsZ-647 bundles inside liposomes under increased concentrations of
K" and Mg*

Next, we were interested in observing the self-organization of purified FtsZ-647 inside
liposomes in the background of PUREfrex. Because it has been shown that increasing amounts
of K* and Mg?* leads to longer FtsZ polymers and reduces the rates of GTP hydrolysis and
subunit exchange!*'9?) we wondered if this could lead to a greater tendency of purified FtsZ-
647 to bundle inside liposomes. To test this, we encapsulated 2 pM of FtsZ-647 in PUREfrex
2.0 with additional K* and Mg?* (a total of 240 mM and 18.7 mM, respectively; a 33% increase
of the original concentration). K and Mg?* concentration was increased by adding potassium
glutamate and magnesium acetate to the swelling and feeding solution. The liposome
composition contained TxR for liposome visualization but no DGS-NTA (composition 4;
Table 3.2). No membrane anchors of FtsZ were used. Samples were incubated at 37 °C for up
to 6 hours in the chamber. After 4 hours, large FtsZ-647 protein filaments inside liposomes
could be observed (Figure 3.3 B). In contrast, when the concentration of K* and Mg?" was
reduced to a total of 210 and 16.3 mM, respectively, the frequency of liposomes (composition
3; Table 3.2) exhibiting protein bundles was greatly reduced (Figure 3.3 A).
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Figure 3.3 FtsZ-647 encapsulated together with PURE frex inside liposomes, bundles when
both the swelling and the feeding solution are supplemented with extra K* and Mg?*

LSCM images of 2 uM of encapsulated FtsZ-647, taken after 4 hours of incubation at 37 °C. White
channel: liposome membranes. Red channel: purified FtsZ-647. Scale bar: 10 pm. A) Typical image
of liposomes when only extra 20 mM of K* and 2.3 mM of Mg?* were added. Protein bundles
could be detected, but were infrequent. B) Typical image of liposomes when extra 60 mM of K*
and 4.7 mM of Mg?* were added. Filaments inside liposomes were very frequent. White arrow
heads indicate some of the liposomes containing protein filaments

3.3.3 In-vesicle synthesis of FtsZ triggers the formation of protein bundles
inside liposomes

Next, we sought to determine the effect of synthesized FtsZ and ZapA on protein self-
organization inside liposomes. First, we verified the in-vesicle expression of proteins by
encapsulating 5 nM of eyfp inside liposomes (composition 3; Table 3.2). The reaction chamber
was treated with BSA-Biotin and Neutravidin to immobilize liposomes, which facilitate the
tracking of individual vesicles. Under these conditions, we detected the presence of synthesized
eYFP after 30 minutes of expression. Figure 3.4 A displays the eYFP fluorescent intensity in
the lumen of a single liposome every 5 minutes over the span of 70 minutes and shows a clear
increase in intensity. The overnight incubation of the sample led to the production of a clear
eYFP signal inside many of the liposomes (Figure 3.4 B, C).

As already seen in Section 3.3.2, the frequency of liposomes presenting protein filaments was
low when the concentration of K* and Mg?* was set to 210 and 16.3 mM, respectively. We
hypothesized that increasing FtsZ concentration through in-vesicle expression could lower the
requirement for high K* and Mg?* concentration and promote bundle formation. As a negative
control, we first tested the expression inside liposomes (composition 4; Table 3.2) of an
unrelated protein (the protein TP from the phage ®29 from DNA construct p3-phi29), to
establish an activity baseline with 207 mM and 16.1 mM of K* and Mg, respectively. The
frequency of filament-containing liposomes (F) was monitored for up to 6 hours (Figure 3.5 A
Left and B). At the final time point, this value reached F=0.3% (sd=0.1, n=3) of the total
liposome population. Next, we tested whether the expression of ftsZ or zapA influences F
under the same conditions. While the samples expressing zapA did not affect the frequency of
filament-containing liposomes (F=0.5%, sd=0.3, n=3; Figure 3.5 A Right and B), the samples
expressing ftsZ increased this frequency up to F=2.4%, sd=1.0, n=3, approximately eight times
that of the baseline (Figure 3.5 A Right and B), indicating that the synthesized FtsZ favored the
formation of bundles.
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Figure 3.4 eYFP is synthesized inside liposomes.
Expression of the DNA template eyfp was carried out inside liposomes. A) One single vesicle was
tracked for 70 minutes from the start of the reaction. The expression of eyfp over time was
monitored and the mean pixel intensity (A.U.) of the inner area of the liposome was plotted as a
function of time (minutes). The mean pixel intensity increases overtime. B) The sample was left to
incubate at 37 °C overnight. Green channel represents eYFP and the white channel represents the
liposome membrane (TxR). Scale bar: 10 um. C) Fluorescent intensity profile of the liposome
marked with a red arrowhead in B. In green the channel corresponding with eYFP and in black,

the channel corresponding with the liposome membrane (TxR).

Next, we sought to test whether GTP availability was a limiting factor for the synthesis or
activity of FtsZ inside liposomes. Additional 1 or 2 mM of GTP was supplemented in a reaction
with the ftsZ gene. The samples were incubated at 37 °C and the protein activity was monitored
for up to 6 hours (Figure 3.5 C and D). Under these conditions, both GTP concentrations
gave similar frequencies than without extra nucleotide (F=2-2.5%, n=1), suggesting that GTP
is not a limiting factor under these conditions.

Next, we wondered whether the co-expression of ftsZ and zapA would have an influence on F.
We reasoned that the presence of both FtsZ and ZapA might further promote the bundling of
protein filaments. We performed three different types of co-expression: ftsZ plus zapA, ftsZ plus
p3-phi29 and zapA plus p3-phi29. In all cases, the concentration of each DNA template was 5
nM. As shown in Figure 3.6 A, after 6 hours, co-expression of zapA and p3-phi29 gave an F
value similar to the baseline (F=0.3%, sd=0, n=2), while co-expression of ftsZ and zapA
(F=2.2%, sd=0.5, n=2) and co-expression of ftsZ and p3-phi29 (F=1.2%, sd=1.5, n=2) were
higher.
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Figure 3.5 In-vesicle expression of ftsZand zapA.
LSCM images of protein-expressing liposomes. A) Image of liposomes expressing tp-phi29 (Left),
ftsZ (Center) or zapA (Right) after 6 hours of expression. In all cases protein filaments were
detected (white arrowheads). B) The averaged fraction of filament-containing liposomes (F) when
p3-phi29, ftsZ or zapA were expressed inside liposomes was tracked during 6 hours (lines). Each
condition was repeated 3 times (dots). The samples expressing p3-phi29 and zapA showed a
baseline activity of F=0.3%, while the sample expressing ftsZ increased the fraction of filament-
containing liposomes eight times (F=2.4%). The data marked with a red arrowhead has been used
for the analysis of liposome roundness in Section 3.3.4. C) Images of liposomes expressing ftsZ
with 1 mM (7op) or 2 mM (Bottom) of extra GTP after 5 (7op) or 6 (Bottom) hours of expression.
Protein filaments inside liposomes were detected (white arrowheads). D) F value of samples
expressing ftsZ (from A) or expressing ftsZ with 1 or 2 mM of extra GTP (from C) was tracked
during 6 hours. All samples showed a similar proportion of filament-containing liposomes (F=2-
2.5%). Scale bar in all images: 10 pm.
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Figure 3.6 In-vesicle co-expression of ftsZand zapA
Co-expression of a combination of the constructs fsZ zapA and p3-phi29inside liposomes was
carried out. A) The fraction of filament-containing liposomes (F) when ftsZ plus zapA, ftsZ plus
p3-phi29 or zapA plus p3-phi29 were expressed inside liposomes was tracked during 6 hours.
While the zapA and p3-phi29 combination showed a baseline activity of F=0.3%, both the ftsZ
plus zapA (F=2.2%) and ftsZ plus p3-phi29 (F=1.2%) combinations showed a higher fraction of
filament-containing liposomes. B) Image of liposomes expressing ftsZ plus zapA (Left), ftsZ plus
p3-phi29 (Centen or zapA plus p3-phi29 (Righ?) combinations after 6 hours of expression. FtsZ-
647 is shown in the red channel and liposome membrane in the white channel (TxR). Scale bar in
all images: 5 ym.

3.3.4 FtsZ protein bundles push-out the liposome membrane from the
inside

Many of the liposomes containing an FtsZ filament in their lumen seemed to present an
elongated morphology (Figure 3.3 B, Figure 3.5 A, C and Figure 3.6 B). If filaments were
indeed the cause of liposome deformation, we wondered what the level of membrane stretching
was and sought to quantify it by measuring the general roundness of the liposome population.
We performed the analysis in one of the samples expressing ftsZ for 6 hours (Figure 3.5 B). We
divided the total population of this sample (774 liposomes) in liposomes where no filament
was detected (734 liposomes; negative subpopulation) and liposomes containing at least one
filament (30 liposomes; positive subpopulation). From the negative subpopulation, 60
liposomes were selected at random to constitute the control sample while we kept the positive
subpopulation intact to constitute the testing sample. Next, we proxied the roundness of each
liposome in both samples. The elongation ratio (E) that we utilized (Equation 3) equals to 1
for perfectly spherical liposomes, and gives higher values with increasing elongation of the
liposome. We found that the control sample had a significantly lower ratio than the sample
population (E=1.17, sd=0.11 n=60 and E=1.59, sd= 0.78, n=30, respectively; Mann-Whitney
U test, U=241, p<0.05, two-tailed; Figure 3.7 A).
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Figure 3.7 FtsZ/FtsZ-647 filaments formed inside liposomes deform and elongate the
vesicle.

A) Comparison of the mean elongation ratio (E) between the control sample (constituted of a
random selection of liposomes not containing an FtsZ filament in their lumen; n=60) and the
testing sample (all filament-containing liposomes; n=30). The data used here have been taken
from one of the samples expressing ftsZin Figure 3.5 B (after 6 hours of expression; marked with
a red arrowhead). Error bars in standard deviation (sd). The difference beteen groups is significant
(p-value < 0.001). B) Data represented as a plot of the long, versus short axis (um) of both the
control (black dots) and testing sample (red dots). Two simple linear regressions were calculated
for both the control sample [ 0.80(longaxis)+ 0.25 , R?=0.95] and the testing sample
[0.24(long axis) + 3.59, R?=0.24]. C) LSCM images of liposomes from the data in A and B. The
number at the upper-left corner of each image corresponds to the numbered data points in B. As
can be seen, the farer away the data points from the trend line of the control sample, the more
elongated the liposome. Scale bar in all images: 5 pm.
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Additionally, we plotted the length (um) of the short against the long axis of each liposome in
both the control and the test samples (Figure 3.7 B, C) and the data were fitted by linear
regression (Figure 3.7 B). The control sample showed a slope relatively close to 1 (0.80), as
expected for spherical liposomes, and almost all variation of the sample could be explained by
the model (R?=0.95). In the other hand, the test sample showed a lower slope (0.24) and the
data were more dispersed (R?=0.24). Interestingly, almost no filament-containing liposome was
observed presenting an apparent diameter of 5 pm or lower unlike with the control sample.

3.4 Discussion

Here, we have explored the possibilities of creating an FtsZ-based artificial division system for
synthetic cells. We envisioned this system as a reconstitution of the Z-ring in liposomes.
Furthermore, we sought to test the potential of the PURE system as our main in wvitro
transcription and translation machinery. We regard the in-vesicle synthesis of proteins as a
major milestone on the construction of artificial cells, not only as a way to genetically control
the cellular dynamics but also as a necessary feature to develop self-reproducing minimal cells.

In this study, we have shown the self-organization of purified FtsZ-647 and cell-free synthesized
FtsZ and ZapA inside liposomes. We found that under

increasing concentrations of K* and Mg¥, purified FtsZ-647 condenses and bundles in the
form of filaments even in the absence of any crowding agent like Ficoll70. Interestingly, when
FtsZ was synthesized in vesicle and under non-condensing conditions, eight times increase in
the frequency of filament-containing liposomes was observed compared to the control
condition. Strikingly, the in-vesicle assembled FtsZ filaments pushed out and deformed the
liposomes.

3.4.1 The assembly of protein filaments inside the liposome lumen can be

triggered with an increased concentration of K* and Mg**

FtsZ is incontestably one of the most important proteins of bacterial cell division. For already
some time it has been believed that, at least in part, FtsZ is responsible for the constriction of
the inner cell membrane. Although this hypothesis has been challenged by new in wvivo
results!0164193-195 "in gitro studies performed already several years ago showed the capacity of
FtsZ to remodel membranes®!187:188.196.197 Tn some conditions FtsZ can assemble protein rings
on the inner leaflet of liposome membranes, which generates constriction forces'$"19%19, For
this reason, we still consider FtsZ a potential and promising synthetic cell division mechanism.
Nonetheless, it has been calculated that in vivo, the Z-ring would not be able to exert more than
approximately 100 pN of constriction force!'®. This is insufficient to compete with the cell
turgor, even when the matured Z-ring consists of condensed filaments. In vitro, the formation
of bundles seems to be important to generate enough deforming force as well'8? and therefore
a synthetic cell would be expected to require the presence of an FtsZ protofilament condenser.
However, the required force to do this would be in the order of 10 pN or less!*.

Since we were able to synthesize an active FtsZ protein in the previous chapter (Section 2.3.2,
page 46), we decided here to investigate its self-organization in the inside of liposomes. Despite
FtsZ being a protein that evolved to indirectly interact with phospholipid membranes through
its membrane binding partners, we managed to bundle purified FtsZ-647 protofilaments in
the lumen of liposomes under low protein concentration compared to experiments in
literature (for example 7 uM FtsZ-YFP and 7 uM FtsA* in Osawa and Erickson'®, or 12 pM
FtsZ and 5 pM sZipA in Cabre et al.'%7), without any crowding agent like ficoll70 or the
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presence of FtsA or ZipA. Under these conditions, a high proportion of the total liposome
population contained FtsZ-647 bundles (Figure 3.3 B). This was done in the PUREfrex system
with an increased K* and Mg?* concentration (240 mM and 18.7 mM, respectively). Increasing
concentration of K* and Mg* was already known in literature to enhance FtsZ
polymerization!®!. Interestingly, when the levels of K* and Mg?* were reduced to 200 mM and
16.3 mM, respectively, the presence of filaments was greatly reduced (Figure 3.3 A).

One interesting feature of these filaments is their tendency to be straight (Figure 3.3 B)
compared to the ones seen typically in literature!07187.188,196,197,200-202 " [Jguyally, when FtsZ
filaments are assembled inside vesicles, they take the shape of the liposomes, or arrange in a
mesh, either cortically or in the vesicle lumen (Figure 1.5, page 20). This morphological
difference could be attributed to the complex buffer of the PUREfrex system or the presence
of a relatively high ionic strength. In vivo, while the cytoplasm is expected also to be highly
complex and dense (e.g. 200-400 mM of K* and 2-3 mM of free Mg?")?®32% other FtsZ-
interacting proteins are present to recruit filaments to the membrane and modulate lateral
interactions.

3.4.2 The assembly of FtsZ filaments inside liposomes can be genetically
controlled

In Figure 3.5 B we showed how the in-vesicle expression of ftsZ increased the proportion of
filament-containing liposomes to 2.4% +* 1.0 under a total K* and Mg?* concentration of 207
mM and 16.1 mM, respectively. In contrast, when the unrelated tp-phi29 gene was expressed,
this value only reached 0.3% = 0.1, eight times less than with ftsZ. This result shows that the
formation of bundles is dependent on the expressed FtsZ protein, and is therefore genetically
controlled. This achievement is key in the production of synthetic cells, since it establishes a
clear link between genotype and phenotype. Although the most likely cause of filament
formation is the total concentration of active protein, our experimental system is not
equivalent to the incorporation of purified protein from the beginning of the experiment, since
in our case FtsZ concentration increases over time. In this regard, it would be interesting to
examine the dynamics of filament formation as a function of the increasing amount of FtsZ.

We attempted to achieve similar results by in vesicle expressing zapA under the same conditions
as above. We expected the synthesized ZapA to have enough crosslinking capacity to trigger the
formation of bundles. However, the proportion of liposome-containing liposomes was similar
to the baseline (Figure 3.5 B). One of the reasons might be a low production of ZapA. In
Chapter 2 of this thesis, we have already shown an example of a GreenLys SDS-PAGE of in-
bulk synthesized ZapA and, while the protein is clearly produced, the signal is low (Figure 2.4
D). This could be an effect of the relatively lower density of Lys in the amino acid sequence of
the protein (% = 3.7%), for example compared to FtsZ (% = 4.4%). Optimized synthesis
conditions like the use of chaperones could be also tried to increase the level of active protein.
Finally, ZapA might be less efficient at interacting or bundling FtsZ protofilaments in solution
than when attached to the membrane. This could explain why we achieved the bundling of
FtsZ filaments on SLBs without the presence of Ficoll70 (Section 2.3.5, page 52) but failed to
observe the same here.

Co-expression inside liposomes was also carried out (Figure 3.6). We tried three different
combinations: ftsZ plus zapA, ftsZ plus tp-phi29 and zapA plus tp-phi29, the latter two
conditions corresponding to negative controls of dual-gene expression. In the first place, we
were looking for a favorable effect when expressing both FtsZ and ZapA. We expected that the
ftsZ and zapA combination would give more filament-containing liposomes (higher F) than
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the single expression of ftsZ. This was not the case, with an F = 2.2% + 0.5, compared to the
2.4% * 1.0 obtained with the expression of ftsZ (Figure 3.5 B and Figure 3.6 B). This might
not be so unexpected after all, considering the lack of effect detected when only zapA was
synthesized. In the case of ftsZ and tp-phi29, F equaled to 1.2% + 1.5, further away from the
2.4% reached with single ftsZ expression. As we have seen in Figure 2.4 (page 47), expression
of p3-phi29 seems highly efficient compared to the expression of ZapA, even though the

occurrence of Lys is higher in TP (% = 10.1%) than in FtsZ (4.4%) and in ZapA (3.7%),

which may bias the estimation of protein concentration from a GreenLys gel analysis.

With these results, we have established a strong link between the genetic material in the
liposome and the presence of filaments.

3.4.3 Filament-containing liposomes show an elongated morphology
Surprisingly, we found that the in-vesicle filaments are able to deform outwards the membrane
of the liposomes into elongated shapes, mostly fusiform and lemon-shape (Figure 3.3 B, Figure
3.6 B and Figure 3.7 C). Although there are abundant cases in literature were FtsZ filaments
are assembled in the lumen of liposomes!?7-10%188198 'the overall shape of the liposomes is never
affected if the filaments are not attached to the membrane. For example, Furusato et. al.!®
synthesized de novo FtsZ-sfGFP inside liposomes containing 12% Ficoll70 and obtained a
cortical network of bundles. Despite the thickness and high number of bundles, the liposomes
remained spherical. This was not the case when a membrane anchor was included. Of course,
the type of phospholipids utilized in the different studies matters when considering vesicle
shape remodeling. For example, it is known that increasing concentrations in the liposome
membrane of acidic, e.g. phosphatidylglycerol (PG), with respect to neutral phospholipids, e.g.
phosphatidylcholine (PC) influences the bending elasticity and tension of the vesicle,
increasing the resistance of the liposome to stretching!'?’.

We quantified the elongation of one sample expressing ftsZ in vesicle after 6 hours of
incubation (Figure 3.7). We found that the mean elongation factor (E) of the control sample
(no filament detected in the lumen) was 1.17 + 0.11, while it reached 1.59 + 0.78 for the
positive sample, i.e. when at least a filament was found inside the liposome. Both
subpopulations show pronounced heterogeneity of E values (Figure 3.7 A). First, not all
filament-containing liposomes are elongated. The reason could be as simple as having a bundle
not strong or long enough to deform the liposome. Second, laser-confocal microscopy images
capture only a planar section of the liposomes. This means that the liposomes that do not align
perfectly to the focus plane will seem less elongated than they actually are. In these conditions,
it is expected that the standard deviation of E is higher for the filament-containing liposomes
than for the control sample.

3.4.4 Conclusions and outlook

To conclude, in Section 3.3.3 we demonstrated the relationship between the expression of
genes and the presence of FtsZ filaments. This shows the potential of the PURE system to be
used as the protein factory to decode DNA sequences and generate active proteins in model
synthetic cells. In Section 3.3.4, we have demonstrated that non-membrane-bound FtsZ
filaments influence the liposome shape. The link between genotype and function that we have
described here is one of the most important features that an artificial cell must harbor to be
capable of Darwinian evolution.

Future lines of research should aim to synthesize FtsZ membrane anchors like ZipA or FtsA
(Section 2.3.3 and Section 2.3.4). Alternatively, a modified FtsZ fused to a membrane targeting
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sequence could be utilized in order to reduce the load on the PURE system (Chapter 4),
although the expression of chimeric proteins would probably result in less physiological protein
filaments.
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Chapter 4

FtsZ-MTS on SLBs and

inside liposomes

Metabolism is a defining feature of living organisms. The synthesis of DNA -
encoded proteins is one of the most fundamental enzymatic pathways in the
cell, pillar of a myriad of other metabolic routes. In model artificial cells
constructed from the bottom-up, this task can be carried out by a purified
and well-defined collection of enzymes and compounds known as the PURE
system. However, in its current state, this technology is limited by a low
protein yield and synthesis life-span. A plausible workaround of these
limitations is the creation of chimeric proteins with multiple
functionalities, therefore reducing the load on the metabolic machinery. In
this chapter, we assayed the activity of two chimeric versions of FtsZ,
engineered to target phospholipid bilayers in the absence of its native
membrane-anchoring proteins ZipA and FtsA. Our engineered FtsZ’s
contained a 6-histidine tag (FtsZ-His) or the membrane targeting sequence
from FtsA (FtsZ-A), which consists of 15 residues, at their C-terminus. We
found that our chimeric FtsZ proteins were recruited to planar membranes
and sustained the formation of dynamic cytoskeletal structures. Dynamical
behaviors included condensation of filaments and constriction of protein
rings. These structures could also form on the outer leaflet of free-standing
liposome membranes. However, no activity was detected when FtsZ-His was
synthesized in vesicles. Further optimization will be required, in particular
to tune the relative amounts of membrane-targeted and cytosolic FtsZ
variants. We believe that our chimeric FtsZ proteins retain crucial dynamics
necessary in the construction of artificial divisomes. Moreover, they are a
good alternative to multi-protein complexes in the context of minimal cells
with challenged metabolic machineries.



4.1 Introduction
D ivision in rod-shaped bacteria like E. coli is governed by a multiprotein complex

known as the divisome!**?%, This complex assembles at midcell guided and regulated

by the dynamic activity of a ring-like structure known as the Z-ring®. This structure
is composed of FtsZ, a cytoplasmic essential protein?®. FtsZ’s core functionality, i.e.
polymerization upon GTP binding*® and Mg?* dependent GTPase activity®®, resides at its N-
terminal globular domain. This domain is as well responsible for the further assembly of FtsZ
protofilaments into bundles, giving rise to the cytoskeletal structures observed both in vivo and
in vitro!®18, At the C-terminus of the protein, a short 12 amino acid domain (CTV) regulates
the lateral interactions of FtsZ protofilaments'7®. However, its main task is to interact with a
wide range of different division related proteins?®?. While FtsZ does not possess the ability to
directly interact with the membrane, the Z-ring is anchored to the inner leaflet of the
cytoplasmic membrane via two other divisome proteins: FtsA and ZipA. FtsA is an essential
protein belonging to the acting family of ATPases®. It contains a membrane targeting sequence
(MTS) consisting of an amphipathic helix of 15 amino acids long at the C-terminus of the
protein?. This C-terminal domain is involved as well in other functions. For example, residue
W415 is required for FtsA localization at the Z-ring and its deletion causes self-interaction
deficiencies®’. Nonetheless, the globular domain of FtsA is the main responsible of many of
the most essential tasks of FtsA. It is essential for self-interaction'®®, recruitment of other late
division proteins like FtsN (residues 83 to 176)!'° and very importantly, interaction with the
FtsZ’s CTV domain'™. In the other hand, ZipA, an essential divisome protein, contains a
hydrophobic transmembrane domain at the C-terminus which efficiently integrates in lipid
bilayers. It is connected to the globular domain through a flexible and unstructured positively
charged linker (residues 29 to 85)7. Like with FtsA, ZipA’s globular domain mediates the
interaction with the FtsZ’s CTV domain®%!®°,

An amphipathic helix similar to the one in FtsA is the amphipathic helix (MTS) of MinD™. It
has been shown that MinD’s MTS is transplantable. The MTS from Escherichia coli MinD or
Bacillus subtilis MinD is a transplantable sequence and is able to target any peptide to the
membrane?®. In 2008, Osawa and Erickson'? refined this idea by swapping the FtsZ CTV’s
domain with the MinD’s MTS sequence, and inserting a YFP between the flexible linker and
the MTS, producing a chimeric protein (FtsZ-YFP-MTS). They showed that this protein was
able to produce Z-rings in vivo, although progression of the division was blocked. They also
assayed this FtsZ-MTS in tubular liposomes and they claimed that the protein assembled in Z-
rings capable of partial membrane constriction. After this, many studies have been performed
using this FtsZ version in vitro’*%8718087 For example, Ramirez-Diaz et al.’ studied the self-
organization patterns produced by this protein on supported lipid bilayers (SLBs). Since FtsZ-
YFP-MTS was able to directly target the membrane, FtsA or ZipA were not needed.
Interestingly, they observed protein patterns highly similar to the ones found by Loose and
Mitchison® with FtsZ-FtsA-ZipA, including filament networks and dynamic rings. This
allowed them to relate the formation of these patterns exclusively with the intrinsic dynamics
of FtsZ, and not as a result of the FtsZ-FtsA or FtsZ-ZipA interaction, as was regarded before®.

MTS-containing FtsZ could be utilized for the implementation of an FtsZ-based minimal
divisome in model artificial cells. In this context, in situ de novo synthesis of proteins is an
important feature of a self-sufficient cell. However, despite the numerous experiments focused
on the in vitro reconstitution of FtsZ-MTS filaments, no experiments have been reported on
cell-free synthesis of FtsZ-MTS. In this chapter, we will explore the possibilities of PUREfrex
synthesized FtsZ-MTS on SLBs and in liposomes as a plausible minimal and functional
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divisome. The goal is to obtain an FtsZ-MTS capable of membrane binding, polymerization
and bundling into filament networks and protein rings. Since one of the limitations of the
PURE system is its relatively low protein yield compared to in vivo production or cell-free
extracts, the use of multi-function fusion proteins offers an attractive alternative to the wild-
type versions. However, FtsZ-MTS versions as the FtsZ-YFP-MTS are not suitable in a PURE
system context due to its relatively high molecular weight and folding into distinct domains.
Consequently, we constructed two versions of FtsZ-MTS by attaching at the C-terminus of the
protein a 6-histidine tag (FtsZ-His) or the MTS from FtsA (FtsZ-A).

On planar membranes, we confirmed the production of dynamic cytoskeleton patterns with
FtsZ-His and FtsZ-A, indicating that the synthesized proteins possessed the capacity of
membrane binding, polymerization and bundling. On the outside of liposomes, cell-free
synthesized FtsZ-His assembled into bundles but we did not observe liposome membrane
deformation. Moreover, in-vesicle synthesis of FtsZ-His was not able to recruit FtsZ to the
membrane under the conditions tested.

4.2 Materials and methods

4.2.1 Purified proteins and DNA templates for cell-free expression
Purified protein FtsZ-647 was utilized. A description can be found in Section 2.2.1 (page 37).

Two different FtsZ DNA templates were prepared. ftsZ-his codes for a wild-type E. coli FtsZ with
a 6-histidine tag fused at the C-term as a membrane targeting sequence (MTS). Like ftsZ-his,
ftsZ-a codes for an E. coli wild-type FtsZ but with the MTS from the E. coli FtsA (405-420FtsA).
ftsZ, zapA and p3-phi2Z9 DNA templates were also utilized and were prepared as described in
Section 2.2.1. A complete and detailed account of the DNA sequences and their features can
be found in the Appendix (page 154).

To prepare ftsZ-his, a standard PCR (Table 2.1, page 37) was performed on a regular fisZ DNA
template with the primers ChD 509 and ChD 600 (Table 4.1). Both primers contain overhangs
for the plasmid pET11-a and primer ChD 600 also introduces a 6-histidine DNA sequence at
the 5’ end of ftsZ-his. After Ndpl digestion at 37 °C for 1 hour, a Gibson assembly (Gibson
Assembly® Master Mix of New England BioLabs® Inc) of the PCR product was performed
with a linearized pET11-a plasmid (equimolar concentrations) for 1 hour at 50 °C. Next, the
assembled products were transformed into E. coli TOP10 competent cells via heat shock, after
which the cells were centrifuged and resuspended in 50 pL of fresh liquid LB medium and
incubated at 250 rpm for 1 hour at 37 °C. Next, cultures were plated in solid LB medium with
0.05 ng/pL of ampicillin and grew overnight at 37 °C. A selection of colonies that grew on the
plates were cultured in 1 mL of liquid LB medium with 0.05 ng/pL of ampicillin at 250 rpm
for 6 hours at 37 C. Plasmid purification (PureYield™ Plasmid Miniprep System, column
method, Promega) was carried out and production of linearized DNA constructs from the
above purified plasmids was done with the primers ChD 194 and ChD 181 (Table 4.1) in a
standard PCR amplification reaction program (Table 2.1, page 37). The PCR products were
analyzed on a standard DNA agarose gel (1%; Et. Br. or SYBR safe) to check for inserts. Positive
colonies were grown overnight at 37 °C and 250 rpm in fresh LB medium with 0.05 ng/pL of
ampicillin, and stored at -80 °C in 10% glycerol (v/v).

To prepare ftsZ-a, primers ChD 194 and ChD 764 (Table 4.1) were used to amplify a regular
ftsZ DNA template with a standard PCR program. Since ChD 764 contains at its 3’ end the
DNA region of FtsA coding for the MTS (nucleotide positions 1215 to 1260 of the FtsA ORF),
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Table 4.1 List of primers and sequence
Name Sequence (5’ to 3°)

ChD 181 CAAAAAACCCCTCAAGACCCGTTTAGAGG
ChD 194  TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCT
ChD 509 TTAACTTTAAGAAGGAGATATACATATGTTTGAACCAATGGAACTTACC

ChD 600 TCCTTTCGGGCTTTGTTAGCAGCCGGATCCTTAATGGTGATGATGGTGATGATCAGCTTGCTTA
CGCAG

ChD 764 TTACATCATCTGATCCAAACGCAGTATTAAGATAATAACGCCCGCGATGGCTATGATAGCTAAC
AGTACATGACCGAACCAGGTATCAGCTTGCTTACGCAGGAATGC

the PCR product resulted in the FtsZ-a DNA template. In this case, no T7 terminator was
inserted at the 3’ end of the construct, as such a feature is not essential for termination of the

T7 RNA polymerase on a linear DNA.

4.2.2 PUREfrex synthesis of proteins in bulk

The synthesis of proteins in batch mode was always carried out as described in Section 2.2.6
(page 41), regarding the expression of proteins with PUREfrex. For experiments involving single
expression of a DNA template, the concentration was always of 5 nM. For two-gene expression
experiments, 4 nM of ftsZ-his and 7 nM of zapA were used. Unless otherwise specified,
expression was carried out at 37 °C for 3 hours.

4.2.3 SDS-PAGE analysis of synthesized FtsZ-His

Analysis of the synthesized FtsZ-His on SDS-PAGE was carried out as described in Section
2.2.7 (page 41) unless otherwise specified in the relevant sections.

4.2.4 Production of SLBs

SLB formation was produced as described in Section 2.2.5 (page 40). To test the activity of
FtsZ-His, the membrane composition consisted of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-
glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) succinyl] (nickel salt) (DGS-
NTA) in a 78:18:4 (mol%) ratio. In addition, FtsZ-His was tested with a membrane consisting
of E. coli polar lipids [phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 1,3-bis(sn-
3’-phosphatidyl)-sn-glycerol (cardiolipin or CA) and DGS-NTA (67:23:9:1 mol%)]. To test the
activity of FtsZ-A, the membrane composition consisted exclusively of DOPC and DOPG
(80:20 mol%). Table 4.2 summarizes the phospholipid composition of each type of membrane.

4.2.5 Activity assays on SLBs
Unless otherwise specified, activity assays on SLBs with PUREfrex synthesized proteins were
carried out as described in Section 2.2.9 (page 43).

4.2.6  Activity assays of FtsZ-His on the outside of liposomes

Activity assays of FtsZ-His in the outside of liposomes was carried out as described in Section
3.2.5 (page 68), with a few exceptions. First, glucose and sucrose were not added in the swelling
and feeding solutions, respectively. Second, the lipid beads were incubated on ice. And third,
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Table 4.2 Lipidic composition of SLBs

Abbreviation and concentration (mol%) at which each phospholipid was mixed for each different
composition. FtsZ-His was tested on SLBs with compositions A and B. Both compositions contained DGS-
NTA to allow the recruitment of FtsZ-His. FtsZ-A was tested on SLBs with composition C. PE, PG and CA
refers to the most abundant lipids present in the £ coli polar extract.

Composition DOPC DOPG PE PG CA DGS-NTA
A 78 18 -- -- -- 4
B -- -- 66 23 10 1
C 78 18 -- -- -- --

assays were performed in glass chambers. The expression of ftsZ-his was done as described in
Section 4.2.2.

4.2.7 Activity assays of in-vesicle synthesized FtsZ-His and ZapA

Unless otherwise specified, in-vesicle PUREfrex synthesis (but not PUREfrex 2.0) of proteins
was done as described in Section 3.2.6 (page 68). In this case, compositions 1 and 3 of Table
3.2 (page 67) were utilized.

4.2.8 Microscopy

In experiments on SLBs, images were acquired with an Olympus IX81 Inverted TIRF
microscope with a 150x UApoNTIRF oil objective (NA 1.45). Excitation laser line of 640 nm
(FtsZ-647) was utilized to visualize the purified protein. Images were captured with an EM-
CCD camera (iXion X3 DU897, Andor technologies). Olympus cell"TIRF illuminator and
Andor IQ3 were used as control and acquisition software. Temperature was controlled with a
T-unit bold line (OKOlab). In liposome experiments, images were acquired with a laser
scanning confocal microscope (Nikon confocal A1R/Sim) equipped with the laser line 640 nm

(FtsZ-647) and a 100x oil immersion objective (1.49 NA).
4.2.8.1 Image analysis

Analysis of images collected in SLBs and liposomes experiments was performed with Image]?'°

or Image]2'"!. In general, images were adjusted for brightness and contrast. If specified in the
relevant sections, average images (AVG) were computed by taking the average pixel intensity
of a sequence of pictures of the same region of the sample. Optionally, a background
subtraction was applied to SLB images, with a roll balling radius of 50-250 pixels, depending
on the image.

4.3 Results

4.3.1 FtsZ-MTSs are synthesized in PUREfrex.

First, we sought to confirm the PURE system expression of ftsZ-his and ftsZ-a. ftsZ-his codes for
a E. coli wild-type FtsZ plus a 6-histidine tag fused to its C-term. Instead of the 6-histidine tag,
ftsZ-a codes for an FtsZ with the amphipathic MTS from FtsA. We expressed these constructs
(5 nM) in a reaction of PUREfrex supplemented with GreenLys and analyzed the translation
products on an SDS-PAGE (Figure 4.1). Both FtsZ-His and FtsZ-A bands were compared with
a positive control containing the translation products of a regular PUREfrex expression with
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the FtsZ construct. Details concerning ftsZ can be found in Appendix (page 154) and has been
extensively utilized and validated in this thesis (Section 2.3.2, page 46). For each construct,
expression of single bands at the expected molecular weight were achieved, confirming that
full-length FtsZ-MTS proteins can be produced.

47 4 X
<& Q‘;\/;?‘ Q\“"/’L
Figure 4.1 SDS-PAGE analysis of PURE frex expressed MTS-containing FtsZ's constructs.
The translation products of a singled expression of ftsZ ftsZ-his and ftsZ-ain a regular GreenLys
PURE frex reaction were analyzed on a SDS-PAGE. The resulting protein bands are marked with

the symbol (*).

4.3.2 FtsZ-His recruits purified FtsZ-647 to the membrane and produces
short bundles

Next, we wondered whether the protein yield of ftsZ-his was comparable to that of a regular
ftsZ. To test this, we carried 2 sets of PURE system reactions: at 22 and 37 °C. Per each
condition, we performed three independent PUREfrex reactions with ftsZ and three others with
ftsZ-his, Then, we analyzed the results in two different GreenLys SDS-PAGE (one gel per
temperature condition; Figure 4.2 A and B, Left). The band intensities for the two conditions
showed similar levels of fluorescent signal (t-test. At 22 °C: t = 0.82, p = 0.46; at 37 °C: t =
1.24, p = 0.28; Figure 4.2 A and B, Right). We concluded that cell-free expression of ftsZ-his or
ftsZ yields similar protein production at the two tested expression temperatures. While not a
quantitative approach, visual inspection of the fluorescent signal intensities revealed as well
that the production of protein at 37 °C was higher than at 22 °C.

Next, we assayed the activity of FtsZ-His on top of an SLB. We started by synthesizing FtsZ-His
in a separate reaction of PUREfrex. Then, we placed 6 or 7 pL of the translation products on
top of a membrane (composition A, Table 4.2) with 5% of the crowding agent Ficoll70 in a
final volume of 10 pL. For visualization purposes, we included 50 nM of purified FtsZ-647.
After adding

the sample on the SLB, the membrane was clearly visible, indicating the recruitment of FtsZ-
647 (Figure 4.3 A Left). Importantly, we observed in some areas of the sample the presence of
protein filaments, suggesting that the synthesized protein retained basic functionality (Figure
4.3 A Center and Right). Because the purified protein does not contain a membrane targeting
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Figure 4.2 SDS-PAGE of the expression of ftsZ and ftsZ-his at two different temperatures
and comparison of protein yield.

Expressions were performed at 22 °C (A) and 37 °C (B) and supplemented with GreenLys. Three
separated expressions of ftsZ and ftsZ-his were performed per condition and visualized in SDS-
PAGE (A and B Lef?). Per condition, two wells were loaded with 6 pL and 3 pL of sample instead of
the standard 5 pL. In B and C Right protein yield analysis comparing the band intensities in Left

sequence, this result demonstrates that FtsZ-His is able to recruit purified FtsZ-647 to the
membrane and stimulate filament formation. The terminal protein (TP) of the phage ® 29, an
unrelated protein, was synthesized under the same conditions and no fluorescence signal on
the membrane was detected, confirming that filament formation is FtsZ-His dependent (Figure
4.3 A; p3-phi29 has been previously validated in our laboratory and in literature?!).

4.3.3 FtsZ-His forms extensive filament networks on SLBs

While FtsZ-His organized in bundles, their morphology was slightly straighter than the
obtained with the wild-type version of FtsZ in this thesis (Figure 2.5, page 48) and in
literature'®. We reasoned that the absence of an additional FtsZ interacting protein like FtsA
and ZipA might affect FtsZ’s bundling activity. In fact, it is known that ZipA promotes bundling
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of FtsZ'®. To test whether this observation results from the absence of the other interacting
proteins or from the direct association of FtsZ to membrane, we decided to double the
concentration of purified FtsZ-647 from 50 to 100 nM. We reasoned that an increase in
purified protein concentration might lower the critical concentration threshold for the
formation of a dense filament network while lowering the fraction of membrane anchors.
However, we did not observe any appreciable difference under these conditions.

Because we suspected that the total volume of the assay might affect the dynamics of filaments
and protein network formation, we decided to increase the volume of the assay from 10 to 20
pL. Additionally, this change allowed us to raise the volume of the added FtsZ-His from 7 to
12 pL. In this case, and with an FtsZ-647 concentration of 100 or 200nM, we were able to
observe thin filament networks as shown in Figure 4.3 B. Additionally, we found that this
concentration of purified FtsZ-647 was suitable to visualize isolated filaments and study their
behavior. For example, we observed that under the conditions tested (FtsZ-His with 200 nM
of purified FtsZ-647 in PURE buffer), preformed protein filaments preferentially landed on
the membrane and stayed of the same length for several minutes as shown by the kymographs
in Figure 4.3 C, instead of landing of monomers and subsequent rearrangement in filaments.
When we increased the concentration of FtsZ-647 from 200 up to 700 nM, we observed the
formation of large areas on the membrane with extensive protein networks (Figure 4.3 D).
Together, this indicates that FtsZ-His is functional to produce filament networks when
supplemented with more than 200 mM of FtsZ-647.

4.3.4 FtsZ-His form extensive filament networks on E. coli SLBs

Next, we sought to explore the effect of a more complex membrane composition on the
formation of filament networks with FtsZ-His. We produced an SLB composed of E. coli polar
lipids (composition B, Table 4.2) and synthesized FtsZ-His as previously described (Section
4.3.1). We kept using 700 nM of FtsZ-647 and 5% of Ficoll70 in a total volume of 20 pL.
Under these conditions, we obtained thicker filament networks than before (Figure 4.4 A;
compare with Figure 4.3 D). Additionally, we studied the dynamics of the filament networks
over the span of several minutes. The networks stayed static over short periods of time.
However, occasionally, their suprastructure was able of arrangements over longer periods of 10
to 20 minutes. We identified two basic types of suprastructure dynamics, namely, bundle
condensation and ring shrinking (Figure 4.4 B and C and Figure 4.4 D and E, respectively). Bundle
condensation was observed as a process where two or more protein filaments fused. This fusion
implied that single bundles were able to travel a certain distance over the membrane and fused
several filaments; in the most extreme case recorded by us, this implied a distance of
approximately 6 pm and a fusion of 6 filaments (Figure 4.4 B). Ring shrinking required the
presence of a preformed ring bundle structure embedded in a filament network (Figure 4.4 D
and E). It consisted on the progressive reduction of the ring diameter over the span of several
minutes. The reduction in diameter could be as high as approximately 50% (from 3,22 pym to
1.5 pm (53 %) during the span of 10 minutes; Figure 4.4 E). In contrast, inverse processes to
bundle condensation or ring shrinking were never observed. In other words, bundles tended
to fuse and rings to shrink, but never the opposite.
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160 sec

Figure 4.3 FtsZ-His complemented with FtsZ-647 self-assembles into filaments and
networks on a minimal SLB

TIRF microscopy images. Scale bars: 10 pm. A) Left recruitment of FtsZ-647 (50 nM) to the
membrane was achieved with synthesized FtsZ-His. Center and Right some regions of the
membrane showed the formation of straight bundles and protein structures. B) FtsZ-His and 200
nM of FtsZ-647 were able to generate thin filament networks on SLBs when the total volume of
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the assay was increased to 20 pL. AVG image. C) 7op, time-lapse images of the landing of single
bundles of FtsZ-His (200 nM of FtsZ-647) on the membrane. Time in seconds at the left-top corner.
Bottom, the dynamics of the filaments marked with red arrows in the top images are shown by a
set of kymographs. Filaments formed in solution and landed on the membrane (the landing of the
filaments is marked with red arrows in kymographs 2 and 3). Then, they were stabilized and did
not grow or shrink (kymograph 1). D) Massive formation of filament networks was achieved when
FtsZ-His was placed on the membrane with 700 nM of FtsZ-647. AVG images.

4.3.5 Cell-free synthesized ZapA bundles FtsZ-His filaments in the absence
of Ficoll70

We realized an activity assay where 9 pL of cell-free synthesized FtsZ-His was placed together
with 1 pM of FtsZ-647 in a total volume of 10 pL. No Ficoll70 was added. Under these
conditions, we were unable to detect the presence of filaments, despite the clear signal on the
membrane (Figure 4.5 B). Therefore, the production of filaments, whether isolated or in the
form of networks, was strictly dependent on the presence of the crowding agent Ficoll70. We
have already seen in Section 2.3.5 (page 52) that cell-free synthesized ZapA is able to
compensate for the absence of Ficoll70. We sought to verify if the same holds true for FtsZ-
His under the absence of FtsA or ZipA. To test this, we ran two separate PUREfrex reactions
(with 100 nM of FtsZ-647 for visualization purposes) to produce FtsZ-His and ZapA. Then, we
combined them on top of a membrane (composition A, Table 4.2) at a total volume of 20 pL.
Again, we omitted Ficoll70. We tested up to 5 different FtsZ-His to ZapA ratios (6:14, 8:12,
10:10, 12:8 and 14:6; v/v). We succeeded to detect the presence of areas containing FtsZ
filaments (Figure 4.4 F), although they were thin and exhibited a low contrast with the rest of
the membrane. The filaments could only be observed with 8 uL of FtsZ-His and 12 puL of ZapA,
suggesting the presence of an optimal FtsZ-His:FtsZ-647:ZapA ratio!82?!1,

4.3.6 FtsZ-A recruits FtsZ-647 to the membrane

One of the drawbacks regarding the use of a 6-histidine tag as a membrane targeting sequence
is that the membrane requires the presence of the artificial phospholipid DGS-NTA.
Furthermore, the anchoring of the protein is not physiological. Another possibility is the use
of a natural MTS, like the one present in FtsA’'. Therefore, we sought to test whether FtsZ-A
was able to form similar filaments and bundles as the ones formed by FtsZ-His. To test this,
we carried out a PUREfrex reaction with 5 nM of ftsZ-A. Next, 12 uL of the translation products
were placed on top of a SLB (composition C, Table 4.2) together with 100 nM of FtsZ-647 (for
visualization purposes) and 5% of Ficoll70 in a total volume of 20 pL. Under these conditions,
we observed recruitment of FtsZ-647 on the membrane. We also observed the presence of a
special type of FtsZ-A arrangement on the membrane (Figure 4.4 G Bottom). While in one
hand some long, straight bundles were observed, they seemed to be connected to FtsZ-A
clusters or patches. We were unable to detect the presence of protein filaments or networks as
seen before (Sections 4.3.3, page 87 and Section 4.3.4, page 88). Hence, we resolved to increase
the concentration of purified FtsZ-647 from 100 to 300 nM (Figure 4.4 G Top). Still, the

aforementioned structures where present, even at a higher density.
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& 4 - A
Figure 4.4 FtsZ-His supplemented with FtsZ-647 forms thick filament networks on E. coli
SLBs and is bundled by synthesized ZapA

TIRF microscopy images. A) FtsZ-His and 700 nM of the purified FtsZ-647 formed thick filament
networks on £ coli SLBs. Filament rings of different sizes (some examples are marked with red
arrowheads) were very common under these conditions. AVG images. Scale bar 10 pm. B) Left
time-lapse images show an example of bundle condensation. Red arrows mark the bundle’s
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movement direction. Scale bar 5 pm. Right, kymograph along the red dotted line in Left The
kymograph shows the dynamics of the bundle over time. The process started at a point on the
membrane and the fusion movement occurred in one direction, in a swipe fashion motion. Bund/e
condensation events (6 in total) are marked with red arrowheads. C) Left, time-lapse images show
another example of bundle condensation. Here, both bundles moved and fused. Scale bar: 2 um.
Right kymograph along the red dotted line in Left. D) Left time-lapse images showing an example
of ring shrinking. Scale bar: 2 um. Right, kymographs along the red dotted lines in Left. E) Left
time-lapse images show another example of ring shrinking. Scale bar 2 um. Right, kymograph
along the red dotted line in Left. F) FtsZ-His is bundled by ZapA on SLBs. However, filaments were
thin and difficult to detect. These structures were only observed in a FtsZ-His:ZapA ratio of 8:12
v/v. AVG image. Scale bar 10 um. G) FtsZ-A'is recruited to an SLB lacking DGS-NTA and formed
structures on the membrane in the presence of 300 nM (7op) or 100 nM (Bottom) of FtsZ-647.

4.3.7 FtsZ-His forms filaments on the outer membrane of liposomes
Encouraged by the formation of filaments and protein networks with the FtsZ-His on SLBs,
we wondered whether these structures could deform membranes when produced in the outside
of liposomes. We started by expressing 5 nM of FtsZ-His for 3 hours at 37 °C in PUREfrex.
Then, we placed 7 pL of the translation products together with a liposome solution
(composition 1;Table 3.2, page 67), 5% of Ficoll70 and 1 pM of purified FtsZ-647. The
membrane composition contained DGS-NTA to support FtsZ-His recruitment and a
phospholipid conjugated with PEG-Biotin for liposome immobilization. Figure 4.6 A shows
the recruitment of FtsZ-647 onto the liposome membrane.

Interestingly, in some areas of the sample, spontaneous formation of SLBs happened, probably
due to the fusion of liposomes onto the glass. As can be seen in Figure 4.6 B, these patches
showed the presence of filaments and proteins networks. This confirms earlier results (Section
4.3.3) and highlights the compatibility of the chosen membrane composition with the
formation of filaments under these conditions. On the liposomes’ membrane, protein
filaments were difficult to visualized. Therefore, we carried out 100 nm step, optical sectioning
of immobilized liposomes. We were able to detect protein bundles on the top of the vesicles

(Figure 4.6 C).

4.3.8 Expression of ftsZ-his inside liposomes does not recruit FtsZ-647 to
the inner liposome membrane

Next, we sought to synthesize FtsZ-His inside liposomes. We expected to obtain protein
recruitment in the inner leaf-let of the liposome membrane, and in the best of the cases, the
formation of filaments. Therefore, we proceeded to encapsulate the PUREfrex system inside
liposomes (composition 1 plus 0.5 mass% of DHPE-TxR; Table 3.2, page 67), together with 5
nM of ftsZ-his and 100 nM of purified FtsZ-647 for visualization purposes. To inhibit the
synthesis of proteins in the outside of the vesicles, we supplemented the feeding solution with
Proteinase K. Next, we incubated the liposomes for 3 hours at 37 °C. Under these conditions,
we were unable to detect bundles or the association of the purified FtsZ-647 to the membrane.
We tried with increased amounts of purified protein (1 and 2 uM of FtsZ-647), but we obtained
similar results as before (Figure 4.7 A and B). Since Ficoll70 was not employed here, and we
have already observed that the absence of macromolecular crowders prevents the production
of protein filaments on SLBs (Section 4.3.5), we sought to assay the co-expression of ftsZ-his
and zapA inside liposomes. Four nM of ftsZ-his and 7 nM of zapA, together with 100 nM of
FtsZ-647. Under these conditions, no filaments or protein recruitment was detected (Figure

4.7 Q).
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L ,
Figure 4.5 FtsZ-647 requires FtsZ-His to be recruited to the membrane and Ficoll70 to form
filaments.

TIRF microscopy images. Scale bars: 10 um. A) The cell-free synthesized ® 29 terminal protein is
unable to recruit FtsZ-647 ( 50 nM) to the membrane. B) Cell-free synthesized FtsZ-His is capable
of recruiting FtsZ-647 (1 uM) to the membrane but fails to organize into bundles in the absence
of Ficoll70.

Figure 4.6 FtsZ-His in the presence of liposomes.

LSCM images of synthesized FtsZ-His in the presence of surface immobilized liposomes. A) FtsZ-
His in the outside of three different liposomes allowed the recruitment of FtsZ-647 (1 uM) to the
membrane, indicative of the functionality of the synthesized protein. Scale bars: /eft, 10 um; center
and right, 5 um. B) Spontaneous formation of SLBs on the glass surface and recruitment of protein
filaments (FtsZ-His and 1 uM of FtsZ-647). Red arrowhead indicates the location of an immobilized
liposome on the surface. Scale bar: 10 pm. C) Optical sectioning of the immobilized liposome in
B. Distance from the membrane, in um, stated at the upper-left corner of each image. At 2 and
2.3 um from the surface, small protein filaments could be observed. Scale bar: 5 um.
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4.4 Discussion

The cell-free synthesis of chimeric proteins can be an attractive approach to solve some of the
more challenging processes of artificial cells. Besides, it can efficiently lower the load on the
PURE system machinery when fused proteins with more than one function are designed. In
this chapter, we have tested and visualized the self-organization of the chimeric FtsZ-His and
FtsZ-A on SLBs and in the presence of liposomes. We found that FtsZ-His efficiently self-
recruits to the membrane, and bundles into straight filaments. Interestingly, FtsZ-His
structures were dynamic over periods of 10 to 20 minutes and carried out two distinct
processes: ring shrinking and bundle condensation. In the outside of liposomes, FtsZ-His was
recruited and bundled into filaments. However, we were not able to detect FtsZ-His
recruitment in the inner leaf-let of the liposome’s membrane, even when zapA was co-
expressed.

4.4.1 Ring shrinking and bundle condensation are key processes for an

FtsZ-based liposome division mechanism

In Figure 4.4 D and E, we showed that certain filament rings are able to constrict. With the
goal of building a divisome based on FtsZ, this capacity is a key property. Interestingly, we did
not observe the opposite of ring shrinking, namely, ring expansion, suggesting directionality in
the filament dynamics under the conditions tested. The constriction of FtsZ rings with purified
proteins has been seen before in literature. Probably, the most impressive example is the study
carried out by Osawa and Erickson'®. In this study, they attempted to reconstitute a minimal
divisome made of FtsZ and FtsAgasew inside spherical liposomes. They achieved the formation
of rings, and a very small fraction of them were able to constrict. Other studies by Osawa and
Erickson made usage of FtsZ-MTS. Here!?"1%8, they performed several experiments with two
versions of FtsZ-MTS. They obtained protein rings able to constrict both in the outside and
inside of tubular liposomes. Despite the results, the capacity of these reconstituted systems to
resolve the constriction neck and finalize division is not clear. In fact, in vivo, FtsZ leaves the
divisome complex before division is completed!'®*. One of the reasons for this could be the
location of FtsZ in the divisome, where it becomes an obstacle once the constriction reaches a
critical point. In vivo, it is possible that other proteins carry on with the constriction and finalize
division. However, in a minimal system the absence of FtsZ would lead to the relaxation of the
neck. Strikingly, results reported by Redfearn?® showed that FtsZ-YFP-MTS inside tubular
SLBs arranged in ring-like structures and underwent a constriction motion. The diameter of
the rings could go from 3-2 um down to diameters below the resolution limit of the microscope
(<198 nm). Probably, the most surprising results showed by Redfearn is the disappearance of
FtsZ-YFP-MTS from the neck once the gap was below the resolution limit, raising the
possibility that FtsZ-YFP-MTS was able to finalize the fusion of the gap membrane. Although
the capabilities of FtsZ-YFP-MTS explored by Redfearn sound promising to be implemented
as an FtsZ-based artificial divisome, the experiments were realized in a concentration range in
the order of millimolar (3-25 mM), impossible to replicate in a cell-free synthesized system
with the current technology.

Perhaps, the potential capacity of FtsZ filaments to fuse close-positioned membranes could be
related to the ability of FtsZ filaments to bundle and fuse to each other. We have observed this
phenomenon in our experiments (Figure 4.4 B and C). This property of FtsZ filaments is
important because it shows that a potential FtsZ-based divisome could bring the membrane as
close as possible. Again, processes like bundle condensation have been reported before. For
example, Arumugam?'? observed the annealing of FtsZ-MTS filaments on SLBs. However, their
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Figure 4.7 In-vesicle synthesis of FtsZ-His.

LSCM images of three different liposomes expressing FtsZ-His. Purified protein channel in grey.
Membrane channel in red. The white dotted boxes are 5 pixels in height in the original images. A)
Left, 2 uM of FtsZ-647 encapsulated. Membrane composition 1 (Table 3.2, page 67). Scale bar: 2
um. Right, signal intensity profile of the white dotted box in Left B) Left 1 uM of encapsulated
FtsZ-647. Membrane composition 1 (Table 3.2). Scale bar: 5 pm. Right signal intensity profile of
the white dotted box in Left. C) Left, liposome co-expressing 4 nM of ftsZ-his and 7 nM of zapA
with 1 uM of encapsulated FtsZ-647. Membrane composition 3 (Table 3.2). Scale bar: 10 um. Right,
signal intensity profile of the white dotted box in Left
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process involved the end-to-end annealing of filaments able to diffuse freely on the membrane,
in contrast to the fusion of bundles integrated in a stable, high density filament structure as we
observed (Figure 4.4 A). In tubular liposomes, Osawa and Erickson!"!% also observed the
shifting and fusion of adjacent FtsZ rings. Interestingly, bundling does not require the presence
of a membrane. For example, FtsZ adsorbed on mica is able to fragment, anneal and bundle as
well as carry out the cyclization of FtsZ filaments?>. However, ring shrinking was not observed,
raising the question of whether ring constriction requires the interaction of FtsZ with a
membrane, whether directly or not.

4.4.2 FtsZ-His and ZapA form a completely synthesized cytoskeletal
minimal system.

One of the key results obtained in this chapter is the formation of FtsZ filaments only with the

synthesized proteins FtsZ-His and ZapA (Figure 4.4 F). Although we have already shown that

cell-free synthesized ZapA is able to bundle FtsZ filaments anchored to the membrane by sZipA

(Section 2.3.5, page 52), this is the first time where purified proteins have been used exclusively

as reporting molecules.

The filaments obtained were very thin and exhibited a low contrast with the membrane,
making very difficult the visualization. The image displayed in Figure 4.4 F was computed by
calculating the average pixel intensity of a series of independent images over the same region
of the sample. Only in this way the filaments on the membrane were possible to detect. The
morphology of the synthesized FtsZ-His/ZapA filament network was more similar to the one
obtained in Figure 4.3 D (FtsZ-His/FtsZ-647 filaments on a minimal membrane; composition
A, Table 4.2) than the one obtained in Figure 4.4 A (FtsZ-His/FtsZ-647 filaments on an E. coli
polar lipid SLB; composition B, Table 4.2). This result might suggest that a different membrane
composition induces the formation of different filament morphologies. One of the key
differences in morphology might be the apparent scarcity of rings in the FtsZ-His/ZapA
filament network, which might be essential in the implementation of this system as an artificial
divisome. However, the morphological difference might be due to a probably lower
concentration of total protein in the case of co-expression, or a lower bundling capacity of the
synthesized ZapA. As learned in other parts of this thesis, supplementation of specific enzymes
like Pth (Section 2.3.5, page 52) or molecular chaperones like DnaK or GroE (Section 5.3.5.3,
page 123) to the expression reaction or activity assay solution might help to increase the
fraction of active proteins.

4.4.3 Synthesized FtsZ-His is not recruited to the inner leaflet of liposomes
We have shown that FtsZ-His was able to recruit FtsZ-647 to the outer membrane of liposomes
(Figure 4.6). However, we failed to detect the recruitment of FtsZ-647 in the inner leaflet of
liposomes upon expression of FtsZ-His (Figure 4.7). A failure in the expression of the protein
in the liposomes is improbable due to positive controls carried out in other parts of this thesis
(Section 3.3.3, page 72). Alternatively, we have also shown that the lipid composition of the
liposome membrane is compatible with the formation of filaments (Figure 4.6B). Despite this,
some problems related with the lipid composition and the presence of a His tag can arise.

Perhaps, due to the non-physiological anchoring of FtsZ-His to the membrane, the translation
of this protein in close proximity to the membrane might stall the ribosome. Other possibilities
are an asymmetrical distribution of DGS-NTA on the liposome’s membrane or an imbalance
between the concentration of the membrane anchored FtsZ-His and the purified FtsZ (Figure

4.8).
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Figure 4.8 The FtsZ-His:FtsZ-647 ratio on the membrane might play a role on the
morphology of the protein networks.
The presence of high amounts of synthesized FtsZ-His with respect to FtsZ-647 (50 nM) might
produce straight filaments (Lef¢ picture; taken from Figure 4.3 A Right). However, higher amounts
of FtsZ-His per FtsZ-647 might allow mildly curved morphologies. Center picture taken from
Figure 4.3 B, with 200 nM of FtsZ-647. Right picture, taken from Figure 4.3 D, with 700 nM FtsZ-
647.

4.4.4 FtsZ-His is a superior alternative to FtsZ-YFP-MTS in an [VTT

context
One of the most popular options among the artificial FtsZ-MTS protein family is FtsZ-YFP-
MTS. This fusion protein, broadly used in literature, is characterized by the presence of a fused
YFP tag and the MTS from MinD'"7. This convenient fluorescent tag at the C-terminus side
of FtsZ has been useful in in vitro assays'®!'98214 by providing an easy way to monitoring its
activity.

Incidentally, the presence of this tag, allows the FtsZ part of the protein to indirectly interact
with the membrane, similarly to the manner that the wild-type FtsZ interacts with the
membrane through FtsA or ZipA. This is not the case with FtsZ-His, which interacts with the
membrane through a 6-histidine tag, therefore coexisting at a closer distance from the
membrane than the wild-type FtsZ in vivo (Figure 4.9). Additionally, the MTS amino acid
sequence attached to the C-terminus of the protein comes from the wild-type MinD protein,
therefore offering a physiological interaction with the membrane.
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Figure 4.9 Schematic showing some functional and structural differences between FtsZ-His,
FtsZ-YFP-MTA and the FtsZ-FtsA interaction.

While FtsZ-His binds to the membrane through its 6-histidine tag via a DGS functionalized with
an NTA moiety, both FtsZ-YFP-MTA and FtsA use a physiological amphipathic helix. Due to the
relatively high molecular weight of the fluorescent tag, the FtsZ domain of the FtsZ-YFP-MTS
protein is situated at a distance of the membrane comparable to that in FtsZ-FtsA. However, FtsZ-
His localises closer from the bilayer.

Despite that some of the features of FtsZ-YFP-MTS might be considered an advantage in
certain frameworks, FtsZ-His is nonetheless a better alternative in an IVTT context. For
example, the presence of a fluorescent tag like YFP, which might be able to oligomerize?!",
might also have a negative influence on some critical functions of the protein and influence
FtsZ’s physiological activity. It is important to notice that the molecular weight of the YFP
tag?'®?17 (calculated from sequence) represents 77% of the FtsZ-YFP-MTS molecular weight.
This massive tag, with respect to the total mass of FtsZ-YFP-MTS, might impose a steric
hindrance for a physiological FtsZ behavior. FtsZ-His, opportunely, does not contain a
fluorescent tag, therefore avoiding such troubles. The simplicity and shorter length of FtsZ-His
with respect to FtsZ-YFP-MTS is an advantage as well. Due to the current state of the cell-free
synthesis technology and the limitations regarding total protein mass production, shorter
versions of a given protein should be expected to reach a higher micromolar final
concentration. In the case of cell-free synthesis of general FtsZ-MTS inside liposomes, this
might be even essential due to the limited access to nutrients from the outside. Finally, another
feature of FtsZ-His is the use of a His-tag as MTS. This method has been tried before in
literature!®»179218 and in this thesis (Section 2.3.1, page 43) with other proteins like ZipA. The
advantage that this method offers compared with the MinD MTS of FtsZ-YFP-MTS is that the
attachment of the protein should be less influenced by the phospholipid membrane
composition?®, In the context of building a synthetic cell, this method is a more flexible
alternative than FtsZ-YFP-MTS.

445 Conclusions and outlook

In this chapter, we have explored the possibilities that FtsZ-MTS offers regarding the
reconstitution of protein filament networks on SLBs and the deformation of the liposome’s
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membrane. In one hand, we have shown that synthesized FtsZ-His is able to polymerize and
bundle into filament networks and rings. Very importantly, these rings were able to shrink,
suggesting that a divisome based on FtsZ-His could be possible. Despite the ability of FtsZ-His
filaments to bundle and to constrict when in the form of Z-rings, its capacity to resolve the
constriction neck and finalize scission is not evident. This raises the possibility of using other
systems like the SNARE or ESCRT proteins in order to carry out this essential function. Inside
liposomes, recruitment of synthesized FtsZ-His to the inner leaflet of the membrane has not
been achieved, although this was possible from the outside. Different liposome membrane
compositions or MTSs, like for example the transmembrane region of E. coli ZipA, could be
tried.
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Chapter 5

The cell-free synthesized
Min system on SLBs

Natural cells exert a tight spatiotemporal control over important cellular
subsystems that in turn allow them to coordinate basic processes to give rise
to complex behavior. Efficient model artificial cells must aim to achieve,
perhaps at a simpler level, such type of regulation. Division in bacteria like
E. coli is carried out by a multiprotein complex, the divisome, which
assembles at the midcell and synthesizes the division septum. The Min
system regulates the positioning of this complex by a reaction-diffusion
powered oscillatory pattern between the cell poles. With the aim of
constructing a minimal division machinery for synthetic cells based on the
E. coli divisome, we regarded the Min system as an attractive mechanism for
spatiotemporal regulation of artificial cytokinesis. In this chapter we
attempted to reconstitute a functional Min system on planar membranes
with the ultimate goal of validating its use in the spatiotemporal regulation
of artificial division of synthetic cells. To convey hereditary information in
a synthetic cell, the Min system must be encoded in a DNA molecule that
can be copied, transcribed and translated. We achieved this with the PURE
system, a well characterized mix of purified components, purposely designed
for clean, controllable cell-free transcription and translation. We found
that cell-free synthesized Min proteins resumed reaction-diffusion-like
patterns on planar membranes. Optimization of the PURE system reaction
conditions was required in order to obtain such patterns. Our results
suggest that the Min system is a potential candidate for effective control
and coordination of division and other artificial cellular subsystems in
model artificial cells.



5.1 Introduction

n wivo, rod-shaped bacteria like E. coli divide through binary fission thanks to a

multiprotein complex known as the divisome?®. Of all proteins in this complex, FtsZ is

the core component and the responsible for the location of the future division septum®.
FtsZ assembles into a ring-like structure at midcell, the Z-ring?}, upon which the divisome is
assembled and controlled'®!. In turn, the position of the Z-ring is regulated by a variety of other
overlapping cellular subsystems like nucleoid-occlusion?!?, the MatP mediated system3+8>220 or
the Min system. Such a redundancy of mechanisms to control the position of the Z-ring implies
that none of them is essential??!-??%, The most well-studied positioning facilitator is arguably
the Min system. In contrast to the others, the Min system relies on geometrical cues of the cell
rather than in signaling molecules. Such features make the Min system a sound candidate for
in vitro regulation of FtsZ in model artificial cells. The Min system is comprised of three
proteins: MinC, MinD and MinE. In the cell, the Min proteins self-organize at the inner
surface of the cytoplasmic membrane and dynamically oscillate between the two cell poles!'!>2?-
227, These oscillations are driven by a reaction-diffusion mechanism involving MinD and MinE,
nucleotide exchange and transitions between the cytoplasmic and membrane-bound states??S.
MinC, an inhibitor of FtsZ polymerization, passively travels along the dynamic MinDE protein
pattern. The oscillations impose a time-averaged intracellular gradient of MinC concentration
that is minimal in the middle of the cell, where FtsZ polymerizes as an early stage of divisome
maturation??-231,

Probably, the best asset of the Min system regarding the rational construction of an artificial
cell is the vast amount of knowledge accumulated during decades of research. The first study
published around this subject dates back to the 60’s?*? and many studies have been carried out
at the microbiological!2323-338, single cell!10.111123,125,208225-227.234237-246 biochemical!10-112:123-
125,208,226,227,235,238,242,243,247-255 an( in vitro reconstitution level. The discovery of the Min proteins
oscillations and some of its defining characteristics in vivo led to the question of what patterns
and dynamics could be reproduced in vitro. The first successful attempt to reconstitute MinDE
dynamics was carried out by M. Loose et al.'** on SLBs in 2008. They observed the formation
of what was called Min waves, which consisted on a moving protein front and rear over the
membrane surface. Loose et al. recorded the intensity profiles for each protein and studied the
dynamics of the system through FRAP experiments. In 2011, they further expanded their
original study by following the three Min proteins (MinC, D and E) and studying the intensity
profile of each independent protein on the membrane?*®. The use of TIRF microscopy allowed
them to observe important features like the MinE ring at the rear of the Min waves. The
original study of 2008"** prompted other researchers to reconstitute the Min system in vitro.
Different membrane lipid compositions, buffer salt content and concentrations were tried in
order to observe the influence of these parameter on the dynamics of the Min waves. For
example, Vecchiarelli et al.”’* studied the influence of flow, lipid composition, and salt
concentration on Min patterns. Others found qualitatively different patterns like amoebas and
snakes on SLBs of different compositions'*2. High degrees of sophistication were reached with
the in witro reconstitution on SLBs of a combined Min system and FtsZ-ZipA filament
network!”?, or the combination of FtsZ-YFP-MTS filament networks and ZapA?#. Others
opted to study the influence of the surface’s geometry on the Min patterns in a range of
biomimetic membranes. For example, Schweizer et al.?” reported the change in dynamics of
Min waves reconstituted on planar surfaces with the presence of obstacles of different sizes and
shapes. Additionally, studies reporting the patterns obtained on SLBs formed in open

microfabricated cell-shape compartments?® or in fully confined fluidic chambers?® were
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carried out. Going beyond planar membranes, studies reconstituting waves on GUV’s external
membrane!" or oscillations inside GUV"3® were carried out.

Despite the efforts made throughout the in vitro reconstitution field, up to date and to the best
of our knowledge, no successful attempt has been reported on the in vitro reconstitution of de
novo synthesized Min proteins on SLBs. In this chapter, our goal is to achieve the formation of
spatiotemporal patterns with cell-free synthesized Min proteins on an SLBs. A successful
outcome in this area would open the door to the use of cell-free synthesized Min proteins
inside liposomes and in artificial cells with the purpose of regulating an FtsZ-based divisome.
We approached this challenge by, in the first place, establishing optimized working conditions
with purified Min proteins. We assessed the interactions between the purified MinC, MinD
and MinE, as well as with a lipidic membrane in a series of sedimentation assays and examined
their activity on top of an SLB. Next, we assayed the synthesized MinD and MinE proteins on
SLBs and found that they formed Min waves and other patterns on the membrane. Taken
together, our results clearly demonstrate that the de novo synthesis of functional Min proteins
is possible and opens the door to their utilization in artificial cells.

5.2 Materials and methods

5.2.1 Cloning, expression and purification of Min proteins

Plasmids coding for E. coli Min proteins were kindly provided by the laboratory of Petra
Schwille in the Max-Plank-Institute of Biochemistry, Germany. A detailed account of these
DNA sequences can be seen in the Appendix (page 154). Ten ng of each plasmid was
transformed into competent E. coli BL21 (DE3) pLysS strains via heat shock and plated on
solid LB medium with 50 ng/pL of kanamycin. Colonies were grown overnight at 37 °C. Then,
single colonies from each transformation were inoculated in 12 mL of liquid LB medium
supplemented with 50 ng/pL of kanamycin and grown overnight at 37 °C and 250 rpm.
Cultures were diluted in 1 L of fresh liquid LB medium (1:100 v/v) supplemented with 50
ng/pL of kanamycin and grown overnight at 37 °C and 125 rpm until OD600 = 0.4-0.6.
Finally, cultures were induced with 400 uM of IPTG and grown overnight at 16 °C.

After induction, samples were pelleted and suspended in 10 mL of lysis buffer (50 mM Tris-
HCI pH 7.6, 30 mM NaCl, 5 mM MgCl,, 10 mM imidazole, 10% glycerol (v/v), supplemented
with 20 pL of Set III protease inhibitor cocktail (CalBiochem) and 10 pL of DNAse I). Cells
were disrupted by sonication in cycles of 90 seconds (30 seconds on, followed by 59 seconds
off) for a total time of 2 hours and 30 minutes. The resulting cell suspension was centrifuged
in 50 mL Falcon tubes at 30 000 rcf for 40 minutes at 4 °C.

The purification of the cell lysate (CFE) was performed in Ni-NTA columns. First, 4 mL of Ni-
NTA resin was equilibrated with 80 mL of lysis buffer. The CFE was then incubated with the
resin in two 50 mL Falcon tubes for 1.5 hours at 4°C. The resin with the cell lysate was then
poured in the purification columns and the flow through was collected. Then, the column was
washed with wash buffer (50 mM Tris-HCI pH 7.6, 30 mM NaCl, 5 mM MgCl;, 30 mM
imidazole, 10% glycerol) and the flow through was collected. The columns were finally eluted
with elution buffer (50 mM Tris-HCI pH 7.6, 30 mM NaCl, 5 mM MgCl;, 250 mM imidazole,
10% glycerol) and fractions of 0.5 mL were collected.

5.2.2 SDS-PAGE analysis of purified Min proteins

Unless otherwise specified, preparation and casting of the SDS-PAGE was carried out as
described in Section 2.2.7 (page 41). To facilitate the analysis, the purified fractions were
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pooled in groups of 6-7 fractions (3-3.5 mL). Twenty uL of each pooled fraction was mixed
with 5 pL of 5x Laemmli buffer plus 50 mM DTT. Samples were boiled for 10 minutes at 95
°C and 10 pL of each sample was loaded in the gel. To store the purified proteins, the pooled
fractions were buffer exchanged in storage buffer (50 mM Tris-HCI pH 7.6, 150 mM KCl, 5
mM MgCl,, 10% glycerol) and concentrated 3 to 4 times with 3 kDa Amicon filter (Millipore).

5.2.3 Concentration measurements

The concentration of the purified Min proteins was assessed using two complementary
methods: Bradford assay and fluorescence spectrometry. The Bradford assay works by
constructing a standard curve with dilutions of a protein of which the concentration is known.
Then, the best possible line describing the standard curve is calculated by linear regression. In
the next stage of the process, the absorbance of the protein of interest is measured and its value
plugged into the previously calculated line fit as long as it resides in the linear regime of the
standard curve. Usually, several dilutions of the protein of interest are assayed to maximize the
chances of obtaining at least one of the absorbance measures within this linear regime. The
solution to this equation is the apparent concentration of the protein of interest. We applied
this method to our stock of purified Min proteins: MinC, eGFP-MinC, eGFP-MinD and
MinE. Only dilutions of the purified Min proteins that were in the range of the standard curve
were considered. The concentration (ug/mL) of the proteins were inferred and the molar
concentration (uM) was calculated using sequence predicted protein weights. Bradford assay
was performed with the Quick Start™ Bradford Protein Assay (Bio-Rad). The assay was
performed using a 250 pL glass bottom 96-well microplate. The standard protein used was
Bovine Serum Albumin (BSA) and standard curve was replicated three times per each Min
protein in stock. Three different dilutions of each Min protein (100, 200 and 400 times) were
produced in reaction buffer (50 mM Tris-HCI pH 7.5, 150 mM KCl, 5 mM MgCI2) and each
of the dilutions replicated three times. Next, 150 uL of each dilution of the standard and the
samples was pipetted into the wells of the microplate. Then, 150 puL of dye reagent (Quick
Start™ Bradford Protein Assay, Bio-Rad) was added to each well. The assay was incubated for
5 min in the plate reader (CLARIOstar® BMG LABTECH), after which the absorbance was
measured at 595 nm.

Additionally, we assessed the molar concentration of the stock proteins by fluorescence
spectrometry. This method measures the absorbance of a sample at the specific wavelength of
a fluorophore which is known to be in the sample. Consequently, only the stock proteins fused
to a fluorophore, i.e. eGFP-MinC and eGFP-MinD, were assayed following this approach. In
general, the assay works by illuminating the sample with light of a specific wavelength,
preferably close to the maximum of excitation of the fluorophore to be detected and away from
the absorbance values of contaminating molecules. We decided to use a light wavelength of
488 nm that corresponds with the peak of maximum excitation of eGFP. Then, the absorbance
of the light in the chosen wavelength is measured. This value correlates to the concentration
of fluorophore in the sample by using the Lambert-Beer law:

A= ¢€lc

where A refers to the measured absorbance; € is the molar extinction coefficient of the
fluorophore of interest in M-'em™! (for eGFP this was 55000 M-lcm™'); [ is the length of the
light path in cm (in our case 0.1 cm) and ¢ is the eGFP concentration (M) and can be used as
an estimation of the concentration of the protein of interest. Min proteins were diluted 2, 4
and 8 times in reaction buffer in order to increase the chances of measuring a sample in the
linear range of absorbance. Three technical replicates were performed for each sample (Thermo
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Scientific NanoDrop 2000c spectrophotometer). The blank was realized with reaction buffer.
The pedestal was cleaned with Milli-Q water between each measurement.

5.2.4 Preparation of Large Multilamellar Vesicles

Large multilamellar vesicles (LMVs) were prepared with E. coli polar lipids (Table 5.1; Avanti®
POLAR LIPIDS, INC). First, 200 pL of 25 mg/mL of E. coli polar lipids in chloroform was
placed in a glass vial and dried under a gentle flow of argon and desiccated for at least 20
minutes to allow the final traces of chloroform to be removed. Next, the lipid film was
rehydrated with 200 pL of reaction buffer with 0.365 M sucrose, giving a final lipid
concentration of 25 pg/pL of lipids. The vial was vortexed until the solution became turbid
and the lipids were dissolved. Finally, the LMV solution was stored in a 1.5 mL Eppendorf
tube at -20 °C.

Table 5.1 Phospholipid composition of E. coli polar lipid extract

Component Mass (%)
phosphatidylethanolamine (PE) 67.0
phosphatidylglycerol (PG) 23.2
cardiolipin (CA) 9.8

5.2.5 Sedimentation assays: procedure and analysis

Protein-to-protein and membrane-to-protein interactions of the Min proteins were tested by
a series of sedimentation assays. During a sedimentation assay, a sample with proteins and
sucrose-loaded phospholipid vesicles (LMVs) is prepared. After incubation, samples are
centrifuged. By analyzing the content of the supernatant and the pellet of the samples on an
SDS-PAGE, the binding activity of the proteins to the phospholipids and to each other can be
assessed.

The preparation of the LMVs was done as described in Section 5.2.4. Next, samples were
prepared according to the following instructions, unless otherwise specified in the relevant
sections. Min proteins were mixed with 1 mM of ATP, 3 pg/mL of E. coli polar lipids LMVs in
reaction buffer with 0.365 M sucrose and in a total volume of 25 pL. The composition of the
mixture can be found in Table 5.2. The samples varied in protein composition. The volume of
the absent protein, except when the three Min proteins were assayed, was compensated by the
same volume of reaction buffer with 0.365 M sucrose. Next, the samples were incubated at 37
°C in a 1.5 mL Eppendorf tube inside a pre-warmed top-bench centrifuge (Eppendorf
Centrifuge 5424R) for ~10 minutes. Samples were centrifuged for 30 minutes at 21000 rcf
upon which pellets on the bottom of the tubes were clearly visible. Twenty pL of the
supernatant was pipetted out into a new, 1.5 mL Eppendorf tube (supernatant sample). Then,
the pellet was washed two times by letting 20 pL of reaction buffer with 0.365 M sucrose gently
fill the tube before discarding the extra 20 uL of solution. Finally, the pellets were resuspended
with the remaining 5 pL of buffer (pellet sample) and transferred to PCR tubes to be boiled at
90 °C for 5 minutes in a thermocycler (Bio-Rad C1000 Touch). Afterwards, the samples were
placed on ice.
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Table 5.2 Composition of sample in a sedimentation assay

Not all three Min protein were present in every sedimentation assay. In the case
of the absence of a particular protein or proteins, the assay volume was
compensated with reaction buffer (* reaction buffer plus 0.365 M sucrose).

Component Volume (uL) Final concentration
25 mM ATP 1 1 mM

25 pg/pL LMVs 3 3 pg/pl

25 uM MinC 2 2 UM

25 uM eGFP-MinD 4 4um

25 uM MinE 6 6 uM
Reaction buffer* up to a total 25 pL 1x

Both pellet and supernatant samples were mixed with 1.5 uL or 5 pL of 5x Laemmli buffer,
respectively. Then, the samples were transferred to PCR tubes and boiled at 90 °C for 5
minutes in a thermocycler (Bio-Rad C1000 Touch). Immediately, the samples were put on ice
and loaded in a standard 12% Acrylamide/Bis-acrylamide SDS-PAGE. Preparation and
casting of the SDS-PAGE was carried out as described in Section 2.2.7 (page 41). The gel was
usually ran 30 minutes at 60 V and 1.5 hours at 90 V until the front reached the bottom of

the gel. The gel was then stained with SimplyBlue™ SafeStain (Invirtrogen™) Coomassie G-
250.

Imaging of the gels was performed with ChemiDoc™ XRS+ System with Image Lab™ Software.
Images were processed and analyzed using Fiji?® (Image] distribution) and Microsoft Excel
(2010). The Fiji Gel Analyzer was used to select the lanes, plot their intensity profile and
calculate the integrated intensity of the bands of interest. The results were exported to
Microsoft Excel (2010). The bands corresponding to the Min proteins were identified by visual
inspection by comparing them with the expected protein weights. The fraction of protein
found in the pellet with respect to the total amount of protein in the sample (%) was calculated

using the following formula:

Ap
F=100————+
Ap + As
Where F is the fraction of protein in the pellet; Ap is the measured integrated area of the
protein band in the pellet and As is the measured integrated area of the protein band in the
supernatant sample.

5.2.6  Production of SLBs

The formation of supported lipid bilayers (SLBs) was done as described in Section 2.2.5 (page
40) for glass chambers, with a few exceptions. First, LMV solutions were prepared as described
in Section 2.2.4 (page 40) with E. coli polar lipids or composition 1 from Table 2.4 (page 40).
Second, SUV solutions were prepared either by extrusion (Section 2.2.4, page 40) or by
sonication. In the latter case, a tip sonicator (Q500 sonicator, Qsonica) with a microtip was
employed. The tip was first cleaned with 70% ethanol and Milli-Q. Then, a suspension of
LMVs was placed on ice and the tip of the sonicator inserted in the suspension. It was ensured
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that the tip of the sonicator did not touch the walls of the tube. The program followed was as
indicated below:

Table 5.3 Program use in the creation of SUVs through tip sonication.

Amplitude setting 25%

Pulse on 30 seconds
Pulse off 15 seconds
Total time 1 hour

After sonication, the resulting SUV suspension was centrifuged for 30 min at 20000 rcf
(Eppendorf Centrifuge 5424 R) to precipitate the metal particles that were released from the
sonicator tip. The supernatant containing the SUV solution was recovered and stored at -25

°C.

5.2.7 Reaction chambers

Both glass and aluminium reaction chambers were used in this chapter. For a description of
their production and handling, see Section 2.2.2 (glass; page 38) and Section 3.2.2 (aluminium;
page 65).

5.2.8 Preparation of DNA templates for cell-free expression

Preparation of the DNA constructs coding for E. coli K12 MinD (minD) and MinE (minE) was
done by amplification with a standard PCR with Phusion High Fidelity DNA polymerase
(ThermoFisher Scientific) from chromosomal E. coli MG1655 (K12). Primers ChD 511 and
ChD 382 (minD), and ChD 512 and ChD 384 (minE) were utilized (Table 5.4). These primers
contain overhangs for the pET11-a backbone plasmid. The PCR products and linearized
backbone pET11-a DNA were checked on a 1% agarose gel stained with SYBR safe, imaged
with a ChemiDocTM Imaging System (BioRad Laboratories) and purified with Wizard SV Gel
kit (Promega). The purified DNA was incubated with Dpnl (New England BioLabs® Inc.) to
remove residual plasmid and the linear DNA was purified again with Wizard SV Gel kit. DNA
concentration and purity were measured using a ND-1000 UV-Vis Spectrophotometer
(Nanodrop Technologies). Gibson assembly (Gibson Assembly® Master Mix of New England
BioLabs® Inc) was performed at equimolar concentrations of linearized plasmid (pET11-a)
and DNA fragments for 1 h at 50 °C. Transformation of the Gibson assembly products into
E. coli TOP10 competent cells was done by heat shock, after which cells were resuspended in
200 pL of fresh prechilled liquid LB medium and incubated for 1 h at 37 °C and 250 rpm.
Then, the cultures were plated in solid LB medium with ampicillin and grew overnight at 37
°C. Colonies were picked up and cultured in 1 mL of liquid LB medium with 100 pg/mL of
ampicillin for 16 h at 37 °C and 250 rpm. Plasmid purification was performed using the
PureYield™ Plasmid Miniprep System (Promega). Plasmid concentration and purity were
checked on NanoDrop. All sequences were confirmed by sequencing. Additionally, DNA
templates minD and minE sequence optimized for codon usage, CG content and 5° mRNA
secondary structures were purchase from GenScript. Both optimized minD (minD.y) and minE
(minE,) constructs came inserted in a pCC1 and pUC57, respectively.

Linear DNA constructs were prepared by polymerase chain reaction (PCR) from a parental
plasmid using the primers ChD 194 and ChD 181 (Table 5.4) annealing to the T7 promotor
and T7 terminator sequences, respectively. Amplification products were checked on a 1%
agarose gel and were further purified using Wizard SV gel (standard column protocol).
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Table 5.4 List of primers and sequence

Name Sequence (5 to 3')

ChD 181 CAAAAAACCCCTCAAGACCCGTTTAGAGG

ChD 194 TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCT

ChD 382 TCCTTTCGGGCTTTGTTAGCAGCCGGATCCTTATCCTCCGAACAAGCGTTTG
ChD 384 TCCTTTCGGGCTTTGTTAGCAGCCGGATCCTTATTTCAGCTCTTCTGCTTCC
ChD 511 TTAACTTTAAGAAGGAGATATACATATGGCACGCATTATTGTTG

ChD 512 TTAACTTTAAGAAGGAGATATACATATGGCATTACTCGATTTCTTTCTC

Concentration and purity were measured by NanoDrop. A detailed account of the DNA
sequences and their features can be found in the Appendix (page 154).

5.2.9 SDS-PAGE analysis of synthesized proteins

Analysis on SDS-PAGE of minD and minE,, was done by expressing 5 nM of DNA template
(single expression), or 8 and 4 nM of minD and minE,, in a reaction of PUREfrex 2.0 (Table
5.5). The reaction solution was supplemented with 1 pL of DnaK Mix (GeneFrontier
Corporation) and 0.5 pL of GreenLys reagent (FluoroTectTM GreenLys, Promega). SUPERase
was not used. After expression, the samples were treated with RNAse (RNaseA Solution,
Promega) for 30 minutes and boiled at 90 °C for 10 minutes in 2x Laemmli buffer with 10
mM of DTT. Samples were loaded on a 18% SDS-PAGE gel. Visualization of the fluorescently
labeled proteins was performed on a fluorescence gel imager (Typhoon, Amersham
Biosciences) using a 488-nm laser and a band pass emission filter of 520 nm.

5.2.10 Activity assays on SLBs

Activity assays with purified proteins utilized eGFP-MinD and MinE. Unless otherwise
indicated in the relevant sections, a protein mixture was prepared in a 1.5 mL Eppendorf tube
as shown in Table 5.6. Assays were carried out in reaction buffer (50 mM Tris-HCI pH 7.6,
150 mM KCI, 5 mM MgCl,), PUREfrex, PUREfrex 2.0 or in home-made PURE buffer (20 mM
HEPES pH 7.5, 180 mM Potassium glutamate, 14 mM Magnesium acetate). Next, the protein
mix was injected in a glass or aluminium chamber where an SLB was already formed. After
sealing of the chamber, the sample was imaged at 37 °C.

Activity assays with synthesized proteins was done similarly as described for purified proteins
with a few exceptions. For the synthesis of Min proteins, a standard PUREfrex 2.0 reaction was
carried out by mixing the reactants shown in Table 5.5 in a PCR tube and incubating for 3
hours at 37 °C. Next, the resulting translation products were mixed with the purified proteins
and 2.5 mM of ATP, before being injected in a glass or aluminium reaction chamber with a
preformed SLB (composition 2; Table 2.4, page 40). The added volumes of synthesized proteins
and the concentration of purified proteins depended on the specific experiment and are
indicated in the relevant sections.
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Table 5.5 Standard reaction of PURE frex 2.0

Reactant Volume (pL) Final concentration
PUREfrex2.01 10 1x

PUREfrex2.0 II 1 1x

PURE frex 2.0 III 2 1x

SUPERase 0.5 0.5 U/uL

DNA construct X 5nM

Milli-Q water 6.5-x

Total 20

Table 5.6 Standard composition of activity assays on SLBs with purified Min proteins.
The added buffer could be reaction buffer, PURE frex or PURE frex 2.0 solution I, or home-made
PURE buffer.

Component Volume (uL) Final concentration
20 mM ATP 2 2 mM

20 UM eGFP-MinD 4 4uM

20 uM MinE 3 3uM

Buffer up to a volume of 20 pL 1x

5.2.11 Microscopy and image analysis

All activity assays on SLBs were visualized using an Olympus IX81 Inverted TIRF microscope.
Images were acquired on an EM-CCD camera (iXon X3 DU897, Andor technologies). The
eGFP tag from either eGFP-MinC or eGFP-MinD was excited with a 488 nm excitation laser
(Olympus CW lasers). Detection splitting filter cubes for dual channel detection were used
with a 552 nm dichroic filter, a 524/29 nm emission filter on channel 1 and a 630/92 nm
emission filter on channel 2. Olympus cell*TIRF illuminator and Andor IQ3 were used as
control and acquisition software. The objective used was a 60x magnification oil immersion
(ApoNTIRF, NA 1.49). An extra 2x magnification was present in the detection path right
before the camera. All experiments were performed at 37 °C, using a temperature controller

(T-unit bold line, Okolab).

Microscopy images were processed and analyzed with Fiji?®. In general, images were adjusted
for brightness and contrast. Optionally, a background subtraction was carried out with a roll
balling radius of 50-250 pixels, depending on the image. If specified, average images (AVG)
were computed by taking the average pixel intensity of a sequence of pictures of the same region
of the sample during a certain period of time.

Analysis of the wave profile of Figure 5.6 E was done by calculating the average pixel intensity
of a circular region in the center of the image over the span of 2 minutes (60 images in total).
The period of the wave was calculated by averaging the elapsed time between peaks.
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5.3 Results

5.3.1 Cloning, expression and purification of Min proteins

In the first place, we proceeded with the cloning, on E. coli TOP10 competent cells, of the
plasmids containing the Min genes. Then, the proteins MinC, eGFP-MinC, eGFP-MinD and
MinE were purified and the pooled fractions visualized on SDS-PAGE (Figure 5.1). The
expected molecular weight for each protein was calculated from the amino acid sequence
(Table 5.7) and a band corresponding to the expected molecular weight for each protein was
found (Figure 5.1). In each case, this band exhibited the most intense signal in the lane.
Additional bands aside of the target proteins could be observed as well (Figure 5.1). Next, we
estimated the fraction of carry over for each of the purified proteins (Table 5.7). Although the
fractions contained numerous additional bands, the target proteins represented a significant
proportion of the total protein mass.

A MinC B eGFP-MinC
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55
35

25

15

10

(kDa) Marker *x 3k % X %k Xk %

D  eGFP-MinD

(kDa) Marker * ok ok ok ok X (kDa) Marker * * kX *
Figure 5.1 SDS-PAGE of the pooled fractions of the purified Min proteins
In all panels, the pooled fractions of each purified protein (*), the cell lysate (CFE), the flow through
(FT) and the wash flow through (Wash) is shown. The molecular weight of the protein marker is in
kDa. A) Pooled fractions of MinC (~15 kDa). B) Pooled fraction of eGFP-MinC (right below the 55
kDa mark). C) 14 % SDS-PAGE of the pooled fractions of Min E (right below the 15 kDa mark). D)
Pooled fractions of eGFP-MinD (right above the 55 kDa mark).
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5.3.2  Concentration measurement of purified Min proteins

Next, we assessed the concentration of the purified Min proteins. We reasoned that even a
rough approximation would be still useful, since we would have not only an indication about
the concentration, but also the ratio at which the purified Min proteins should be employed.
We decided to assess the protein concentration by two different but complementary methods.

Table 5.7 Concentration and predicted molecular weight of purified Min proteins

The concentration of the purified Min proteins was calculated based on the Bradford and
spectrometry assays. The predicted molecular weight was calculated from amino acid sequence.
The carry over for each purified Min protein was calculated. n: number of samples used to calculate
the average value. SD: standard deviation.

Stock Protein  Predicted weight  Carry Over Bradford Spectrometry

(kDa) (%) (uM(n), SD) (uM(n), SD)
MinC 28.5 62 146 (3), 31 --
eGFP-MinC 53.2 55 127 (3), 5 176 (4), 36
eGFP-MinD 60.1 25 64 (6), 3 36 (3), 1
MinE 13.9 36 445 (2), 0.6 --

In one hand, we performed a Bradford assay. Since this assay detects the total protein
concentration in a given sample, the results should be considered an overestimation. The
standard curve measurements, their calculated linear regressions as well as the measured
absorbance values of the different Min proteins can be seen in Figure 5.2. A table summarizing
the calculated concentration (uM) for each purified protein can be seen in Table 5.7. In the
other hand, we estimated the molar concentration (UM) of the stock proteins by fluorescence
spectrometry. This method detects only the presence of a specific fluorophore in the sample,
so consequently, only those proteins fused to a fluorophore, i.e. eGFP-MinC and eGFP-MinD,
were measured following this approach (Table 5.7).

Because the Bradford assay allowed us to measure the protein concentration of all the purified
Min proteins, we resolved to use the results of this method as our working concentrations in
future experiments.

5.3.3 Purified MinC, eGFP-MinD and MinE exhibit the expected protein-

to-protein and protein-to-membrane interaction in sedimentation
assays
Next, we tested the interaction of our purified Min proteins with a phospholipidic membrane
and with each other by performing a series of sedimentation assays. We tested the proteins
MinC, eGFP-MinD and MinE, both alone and in all possible combinations of two and three
proteins in a final concentration of 2, 4 and 6 uM, respectively. We decided not to include

eGFP-MinC to avoid possible artifacts caused by the fused e GFP.
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Figure 5.2 Bradford assays performed with the purified Min proteins.

In all panels, small, black dots correspond to the standard made with BSA. Black line corresponds
to the linear regression calculated for the standards curve. Each sample was diluted 100, 200 (blue)
or 400 (green) times. Each dilution was replicated 3 times. In every panel, the protein concentration
(mg/mL) of the original sample has been calculated. Table 5.7 summarizes this information.

Figure 5.3 A-C shows the resulting protein gels of the performed sedimentation assays. For
each sample, the percentage of each protein in the pellet was calculated by measuring their
integrated band intensities (Equation 5). The calculated percentage should be regarded as a
slight overestimation of the real percentage of protein in the pellet, because only an 80% of
the supernatant volume was transferred to the wells of the SDS-PAGE gels. However, all
samples were treated equally and therefore can be compared to each other.

5.3.3.1 eGFP-MinD binds to the membrane

In the first place, we sought to analyze the capacity of each purified protein to bind to the
membrane. To test this, we carried out three different sedimentation assays, only with one
protein at a time. Figure 5.3 A shows the resulting SDS-PAGE of these assays and Figure 5.3
D the quantification results. This latter graph, although based only in one repeat, shows the
same binding pattern obtained in two other repeats (Figure SI 5.8). The reason we did not
included those here is because their conditions were not directly comparable to the following
sedimentation assays.
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Figure 5.3 Sedimentation assays analyzed by SDS-PAGE and quantification of the fraction
of Min proteins associated with the membrane.

In panels from A to C, (*) indicates the band corresponding to MinC (~25 kDa), eGFP-MinD (~55
kDa) and MinE (~15 kDa) and the approximated molecular weight of the protein marker is shown
in kDa. The assays were performed with a solution containing 3 mg/mL of £ colipolar lipids LMVs
and, unless indicated, T mM of ATP. The final concentration of each protein was always 2, 4 and 6
UM of MinC, eGFP-MinD and MinE, respectively. A) SDS-PAGE of sedimentation assays performed
with the purified proteins MinC, eGFP-MinD and MinE (assayed alone). B) SDS-PAGE of
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sedimentation assays performed with the purified eGFP-MinD with and without 1 mM of ATP. C)
SDS-PAGE of sedimentation assays performed with a combination of two or three purified
proteins. D) Fraction of each Min protein found in the pellet when assayed alone. E) Fraction of
protein found in the pellet when eGFP-MinD was assayed alone, with and without 1 mM of ATP.
F) Fraction of MinC found in the pellet when assayed with eGFP-MinD or with MinE. G) Fraction of
eGFP-MinD found in the pellet when assayed with MinC or with MinE. H) Fraction of each Min
protein found in the pellet when assayed together.

While the fraction found in the pellet for both MinC and MinE was around 10% (12% for
MinC and 11% for MinE), MinD exhibited a clear 51%. This result indicates that the purified
eGFP-MinD interacts with the membrane in a greater extent than the purified MinC and
MinE, in agreement with the current model.

5.3.3.2 eGFP-MinD membrane binding capacity is influenced by the
presence of ATP

An important, essential feature of the Min system is the influence of ATP in MinD’s membrane

recruitment capability. Upon nucleotide binding, MinD dimerizes, heavily increasing its

affinity for the membrane!''’?. To assess whether eGFP-MinD membrane affinity is ATP

dependent or not, a sedimentation assay was performed with eGFP-MinD alone, in the

presence and in the absence of ATP. The results were visualized by SDS-PAGE (Figure 5.3 B).

A graph displaying the percentage of eGFP-MinD sedimentation in both conditions can be
seen in Figure 5.3 E, showing that in the presence of ATP, about 61% of eGFP-MinD is found
in the pellet, while this percentage lies around 36% in its absence. Such outcome indicates that
the affinity of eGFP-MinD for the membrane is increased in the presence of ATP.

5.3.3.3 The fraction of MinC found in the pellet increases in the presence
of eGFP-MinD

Next, we sought to verify the interaction between the purified MinC and eGFP-MinD proteins.
This feature is capital for the correct functioning of the Min

system in wivo, since it couples the FtsZ polymerization inhibitory capacity of MinC with the
topological specificity given by the MinDE complex!!h172220227.239.242° \f/e have already
established that the fraction of purified eGFP-MinD able to cosediment with the pellet reaches
levels of around 50% (Figure 5.3 D). Therefore, we should also expect the purified MinC to
sediment in a larger extent when in the presence of eGFP-MinD than when assayed alone. To
test this, we carried out two sedimentation assays where we combined the purified MinC with

eGFP-MinD or with MinE as a control (Figure 5.3 C, lanes 11, 12, 15 and 16).

Then, we analyzed the levels of MinC alone, in the presence of eGFP-MinD or together with
MinE (Figure 5.3 F). In the absence of eGFP-MinD, the sedimentation levels of MinC
remained in a 12% (MinC alone; data taken from Figure 5.3 D) and 6.9% (MinC with MinE).
However, when assayed together with eGFP-MinD this percentage almost tripled up to a 21%,
indicating an interaction between MinC and eGFP-MinD.

5.3.3.4 MinE releases eGFP-MinD from the membrane

To generate protein oscillations in vivo, MinE must be able to release MinD from the
membrane. To test whether the purified eGFP-MinD and MinE respond to each other
adequately, we performed a sedimentation assay where eGFP-MinD was combined with MinE

(Figure 5.3 C, lanes 13 and 17).
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Next, we calculated and compared the percentage of eGFP-MinD that cosedimented with the
pellet when only eGFP-MinD, eGFP-MinD plus MinC or eGFP-MinD plus MinE were mixed
(Figure 5.3 G). While samples containing only eGFP-MinD or eGFP-MinD plus MinC
presented a similar percentage of around 50% (51% (from Figure 5.3 D) and 48%,
respectively), the sample containing eGFP-MinD plus MinE dropped to a 16%. These results
not only suggest that our purified eGFP-MinD responds as expected to the presence of a
purified, functional MinE, but also that the purified protein MinE retains the ability to
influence the membrane binding capability of the purified MinD.

5.3.3.5 Only eGFP-MinD reaches non-background sedimentation levels

when the complete Min system is assayed
So far, we tried assays involving individual or combinations of two proteins. However, the Min
system is designed to act as a whole in order to regulate cell division in vivo. For example, if
only the oscillatory proteins MinD and MinE are present, but not the FtsZ inhibitor MinC,
then the system cannot influence the location of the divisome. A similar situation arises when
only MinD or MinE are absent. In the presence of the three proteins, MinD is expected to
bind first to the membrane, followed by MinC recruitment into a MinCD complex!!%226243,
Finally, and after some lagging time, MinE releases MinCD from the membrane!!213213325¢_ To
assess whether our purified proteins follow similar dynamics, we performed a sedimentation

assay with the three Min proteins combined and visualized it as usual with an SDS-PAGE
(Figure 5.3 C, lanes 14 and 18).

Then, we calculated the percentage of each individual protein in the pellet. The results can be
seen in Figure 5.3 H and revealed that the percentage of eGFP-MinD (20%) was higher than
the percentage of both MinC (7%) and MinE (7%). At the same time, eGFP-MinD levels were
also lower than the obtained when eGFP-MinD was assayed alone (51%; Figure 5.3 D) and
similar to the one obtained when both eGFP-MinD and MinE were combined (16%; Figure
5.3 G). The fraction of MinC in the pellet (7%) was close to the one obtained when only MinC
was tested (12%) and clearly lower than the one obtained when both MinC and eGFP-MinD
were assayed together (21%). A discussion about this low value can be read in Section 5.4.2.3.
Similar binding patterns were obtained for the three Min proteins when a repeat of this
experiment was carried out (Figure SI 5.8). Together, this was the expected pattern to observe
when the three Min proteins are combined.

5.3.4 Purified Min proteins display spatiotemporal waves on SLBs

In order to capture the local spatiotemporal activity of the Min system, we performed a series
of activity assays on supported lipid bilayers (SLBs). Such type of experiments work as follows.
First, a phospholipidic membrane is produced on top of a solid support. Due to the success of
the previous sedimentation assays and unless otherwise specified, the composition of the
membrane will be again E. coli polar lipids for the following set of experiments. Second, the
proteins of interest are placed on top of the membrane and let to interact. In our case, only
the purified proteins eGFP-MinD and MinE will be used. eGFP-MinC will be omitted because
it interferes with the read-out signal from eGFP-MinD. Finally, the dynamic protein behavior
on the membrane is observed with fluorescence microscopy.

5.3.4.1 MinD and MinE display spatiotemporal waves in simple buffer
conditions

First, we wanted to know whether our purified proteins were able to generate Min waves. To

test this, we prepared an SLB composed of E. coli polar lipids. Then, 4 uM of purified eGFP-
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MinD plus 3 pM of purified MinE were added on top of the membrane in reaction buffer.
Due to the importance of ATP for the functioning of MinD, 2 mM of this nucleotide was
added to the reaction solution.

After addition of the proteins onto the membrane, the membrane showed a non-
homogeneous distribution of recruited eGFP-MinD in the form of bright patches (Figure SI 5.9
A shows a typical bright patch). We were unable to observe any protein dynamics on these areas.
To reassure that the signal originated from recruitment of purified eGFP-MinD onto the
membrane, and not by unspecific binding of eGFP-MinD to bare glass, we passivated our
chamber with BSA right after the formation of the SLB. Still, we observed once more the
presence of bright patches. This indicates that, while eGFP-MinD was recruited to these areas
of the membrane, there were no protein dynamics. Outside the patches, not all the surface
looked homogenous, but some regions exhibited a slightly higher signal than others. In a
subfraction of these regions, the signal did not stay static but shifted along the membrane with
a defined direction and forming a wave-like pattern (Figure 5.4 A). The waves presented a front
and a rear, although these did not end up organizing into extended fronts of clear and parallel
waves. Therefore, we named these patterns chaotic travelling waves. Interestingly, it seemed like
there were some focal points where new fronts could be formed or obstacles where the fronts
collapsed, not allowing the chaotic waves to organize in extended parallel fronts. These results
show that the purified proteins eGFP-MinD and MinE are able to generate wave-like protein
dynamics in reaction buffer.

5.3.4.2 MinD and MinE display spatiotemporal waves in the complex
background of the PURE system only if extra ATP is added

Next, we sought to investigate whether the purified proteins eGFP-MinD and MinE were able
to generate waves in the complex background of the PURE system. Therefore, we prepared a
sample containing again 4 uM of purified eGFP-MinD and 3 pM of purified MinE in a
PUREfrex background. ATP was not added because it is already present in the PURE system.
After addition of the proteins on the membrane, we were not able to detect the formation of
Min waves (Figure SI 5.9 B). This was unexpected, given that the same purified proteins, in the
same concentrations, were able to generate wave-like patterns in reaction buffer (Figure 5.4 A).
Still, bright patches as the ones observed in the previous assays (Section 5.3.4.1) were observed.

We proposed several hypotheses to explain this discrepancy. First, the difference in salt
concentration and composition between the reaction buffer and PUREfrex might cause the
inactivation of one or several of the purified Min proteins. Additionally, salt concentration is
known to influence wave formation'*. To test this, we proposed to carry out an activity assay
in the context of a home-made PUREfrex buffer instead of the whole system. The home-made
PUREfrex buffer roughly contains the same components than the original, commercial
PUREfrex buffer. Therefore, we performed an SLB activity assay as done before in Section
5.3.4.1. After 4 pM of eGFP-MinD and 3 uM of MinE were mixed together with the home-
made PURE buffer and placed on top of the SLB, wave-like patterns were observed (Figure 5.4
B). In total, three repeats of this activity assay were performed, and the results were positive
and consistent (another example is shown in the supplementary Figure SI 5.9 C). Interestingly,
the presence of waves on the membrane shifted from the darker areas to the bright patches
mentioned earlier when reaction buffer, instead of the home-made PURE buffer was used.
Due to this new location, the dynamic protein patterns looked more confined and irregular
than before, yet similar to the chaotic waves described earlier (compare with Figure 5.4 A).
Despite this difference, the occurrence of waves was very clear, and we concluded that the
PUREfrex buffer was not directly responsible for the absence of the Min waves.
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Figure 5.4 Activity assays with the purified Min proteins eGFP-MinD and MinE

TIRFM time-lapse images. Time is shown in seconds. White arrows indicate progression of the
wave front. All scale bars: 10 pm. A) Montage of an activity assay performed in reaction buffer. B)
Activity assay performed in home-made PURE frexbuffer. C) Activity assay in commercial PURE frex;
supplemented with 2 mM of ATP. D) Activity assay in commercial PUREfrex on top of a
DOPC:DOPG minimal membrane.

Second, in view of the latter conclusions, we reasoned that in physiological conditions, the
absence of spatiotemporal waves could be due to a high MinE concentration or low levels of
effective ATP concentration. The high MinE concentration hypothesis is impossible because
the amount of added protein (3 pM) is the same in all the previous assays. However, in the case
of the activity assay with the complex, PUREfrex background, we relied on the already present
ATP to allow the correct functioning of the purified eGFP-MinD. In this case, it is possible
that the available levels of this nucleotide are lower due to a network of ATP-consuming
reactions occurring in the system and in turn reducing the recruitment of eGFP-MinD to the
membrane. To test this hypothesis, we performed a set of SLB activity assays with PUREfrex as
background plus the addition of an extra amount of 2.5, 5 or 7.5 mM of ATP. Waves were
detected for all the three ATP concentrations (Figure 5.4 C; figure only shows waves obtained
with 2.5 mM ATP). Once more, the presence of waves was restricted to the bright patches
referred earlier and showed a very similar wave morphology and dynamics. In conclusion, we
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have shown that the limiting factor avoiding Min wave formation in the PURE system was not

the PUREfrex buffer per se, but the low levels of available ATP.

5.3.4.3 MinD and MinE display spatiotemporal waves on a minimal lipid
membrane composition.

So far, we have successfully utilized the purified Min proteins eGFP-MinD and MinE to
generate Min waves on SLBs. Additionally, we have optimized the conditions to allow these
proteins to operate in the complex background of the PURE system. This is an important step
towards the implementation of an oscillatory protein complex in a PURE system based,
biomimetic cell. In the case of a minimal cell, it is appealing to use a lipid composition as
minimal as possible. In Chapter 2 and Chapter 4 we described and worked with a minimal
SLB membrane. We would like the Min system to function also with this membrane
composition. Consequently, we decided to assay the activity of the purified proteins eGFP-
MinD (4 pM) and MinE (3 uM), on top of an SLB (composition 2; Table 2.4, page 40) in
PUREfrex 2.0. Right after the addition of the protein on the membrane, we observed the
formation of waves (Figure 5.4 D).

Figure 5.5 Synthesized MinD and MinE,, analyzed on SDS-PAGE

DNA templates minD and mink,, were expressed in a PURE frex 2.0 reaction both alone (5 nM) or
together (8 nM of minD and 4 nM of mink,,). Translation products were analyzed in a 18% SDS-
PAGE. Asterisks (*) mark the corresponding bands of MinE,, (~10 kDa) and MinD (~29 kDa).
Control sample corresponds with a reaction with no genes.

5.3.5 Cell-free synthesized Min proteins exhibit functional behavior on
SLBs

In the previous section we have shown that purified Min proteins eGFP-MinD and MinE are
capable of generating Min waves on SLBs, not only in the context of a simple buffer but very
importantly also in the background of the PURE system (Section 5.3.4.2; Figure 5.4 B-D).
Consequently, the MinDE working system will be used in following experiments to test the
activity of cell-free synthesized Min proteins. As discussed in other parts of this thesis, the use
of synthesized proteins is crucial to achieve the construction of a minimal cell from a bottom-
up approach with self-maintaining and self-reproducing capabilities.
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Figure 5.6 Activity assays of synthesized MinD with purified MinE
TIRFM images of activity assays of synthesized MinD and purified MinE plus 100 nM of eGFP-
MinD for visualization purposes on top of SLBs. White arrows indicate wave front extension.
Magenta arrows indicate wave rear withdrawing. White crosses indicate a homogeneous increase
in signal intensity in the area. All scale bars: 10 pm. A) Activity assay with a minimal DOPC:DOPG
(80:20 mol%) membrane composition. Although the protein patterns did not seem to occur inside
the bright patches with this membrane composition, the dynamics were still similar to the chaotic
waves. B) Activity assay on an SLB with an £ colipolar lipid composition. In this region we observed
the presence of small waves able to appear and disappear quickly. They were able, sometimes, of
travelling a short distance before disappearing. 7op, time-lapse of the region at time 0 and 100
seconds. Bottom, kymographs of the profiles shown as blue lines in the top over a span of 6
minutes. Here, it can be seen how the small waves were able to appear and disappear
(kymographs number 2 and 3; waves marked with asterisks [*]) and travel short distances on the
membrane (kymographs 1 and 4; waves marked with asterisks [*]). C) Activity assay on an SLB with
an £ colipolar lipid composition. The region corresponds to a bright patch of a chaotic wave with
extremely low wave velocity. The dashed line marks the rear of the wave at time 0 seconds. D)
Activity assay on an SLB with an £ colipolar lipid composition. The region showed a chaotic wave
inside a bright patch. E) Activity assay on an SLB with an £ coli polar lipid composition. This is the
first example of a travelling wave obtained in our experiments. F) Integrated intensity of the

circular region in the photograph at 4 seconds over the span of 2 minutes. The average period
reached to approximately 84 seconds.

First, we validated the expression of the min DNA templates by expressing 5 nM of minD or
minE in a single reaction of PUREfrex 2.0 or by co-expressing 8 nM of minD and 4 nM of
minEy. We obtained bands at the expected molecular weights for MinD (~29 kDa) and MinE,,
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(~10 kDa) in both cases (Figure 5.5). This confirmed that our DNA templates can be used in
subsequent experiments.

5.3.5.1 Synthesized MinD and purified MinE resume spatiotemporal waves
Next, we sought to test the activity of synthesized MinD. In the first place, we expressed minD
in standard conditions. Next, we mixed the translation products with 3 uM of purified MinE
and 100 nM of purified eGFP-MinD as a fluorescence reading-out molecule. After injection
of the proteins on top of the SLB, chaotic travelling waves were detected (Figure 5.6 A).
Interestingly, the waves were not occurring inside the areas referred before as bright patches
(Section 5.3.4.1). To assure that the presence of residual amounts (100 nM) of the purified
protein eGFP-MinD was not causing the formation of Min waves, we assayed samples
containing only 100 nM of purified eGFP-MinD but not with synthesized MinD. In these
conditions, no protein dynamics were generated (Figure SI 5.10 B). The overall morphology
and dynamics of the waves when synthesized MinD was present, was very similar to the assays
where only purified proteins were tried, despite the lack of confinement of these waves in bright
patches (Figure 5.6 A). However, other experiments with an E. coli membrane lipidic
composition showed the presence of regions with protein dynamics inside bright patches that
largely differed from the already mentioned chaotic waves. For example, Figure 5.6 B-E shows
several images that, despite their apparent diversity, belong to various regions of the same
sample. In Figure 5.6 B we observed the presence of small areas with an increased fluorescent
signal, able to appear and move on the membrane before quickly disappearing. The direction
of movement of these waves was very irregular. Also, as can be seen in Figure 5.6 C, some bright
patches exhibited an exceptionally low wave velocity, while keeping the typical morphology of a
chaotic wave. In this sample, we also obtained the typical chaotic waves inside a bright patch
(Figure 5.6 Dj Figure SI 5.10 A), but we also observed the presence of the most canonical
travelling Min wave to date in our experiments (Figure 5.6 E). This wave presented a prolonged
front with a consistent direction of propagation, even when confined in a bright patch (Figure
SI15.10 B). It exhibited an averaged wave velocity and period of 1.86 um/s and 89 s (Figure SI
5.10 F), respectively, resulting in a wave length of 165 pm In order to assess the robustness of
the synthesized MinD activity assay, we also carried out a set of experiments on SLBs with
different membrane compositions, buffer background and volume of synthesized protein. The
results are summarized in Table 5.8, and show that the synthesized MinD is able to generate
Min waves in the presence of purified MinE in the range of conditions tested.

5.3.5.2 Synthesized MinE and purified eGFP-MinD are unable to resume

spatiotemporal waves
Next, we decided to test the activity of cell-free synthesized MinE on SLBs. We expressed in
standard conditions 5 nM of minE in PUREfrex. Then, we combined it with 4 pM of the
purified protein eGFP-MinD in order to enable the generation of Min waves and also as a
read-out molecule. After the addition of the protein mix on top of an E. coli polar lipids SLB,
we could not detect the presence of Min waves or any type of protein dynamics. Still, the bright
patches were present.

We proposed several hypotheses to explain the absence of waves and experimentally
investigated them. Table 5.9 shows a summary of various of the different conditions at which
we assayed synthesized MinE. First, we hypothesized that the concentration of synthesized
MinE might be such that its ratio with eGFP-MinD is unbalanced. To test this, we assayed
different eGFP-MinD:MinE ratios. None of them exhibited any Min dynamics. Second, the
expression of minE might be too low and therefore might not be enough protein to trigger the
formation of waves. To test this hypothesis, we designed a new, PUREfrex optimized minE DNA
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Table 5.8 Set of experiments performed on SLBs with synthesized MinD and purified MinE under different conditions.
In all cases 100 nM of eGFP-MinD and 6 uM of MinE was utilized.

Experiments MinD MinD,,
(uL) (uL)
1 16 --
2 -- 16
3 . -
4 16 --
5 -- 16
6 16 --
7 16 --
8 10 --
9 7 --
10 4 -

ATP
(mM)

2.5

2.5

2.5

2.5
2.5
2.5
2.5
2.5

Background

PURE frex
PURE frex 2.0
PURE frex

PURE frex

PURE frex 2.0

PURE frex 2.0
PURE frex 2.0
PURE frex 2.0
PURE frex 2.0
PURE frex 2.0

Membrane
composition

E colipolar lipids
E colipolar lipids
E. colipolar lipids

DOPC-DOPG-
DGSNTA

DOPC-DOPG-
DGSNTA

DOPC-DOPG
DOPC-DOPG
DOPC-DOPG
DOPC-DOPG
DOPC-DOPG

Ficoll70
(m/v%)

50
50
50
50

Results

waves
no waves
no waves

waves

waves

waves
waves
waves
waves

waves




Table 5.9 Set of experiments performed on SLBs with synthesized MinE or MinE,, and purified eGFP-MinD or synthesized MinD under

different conditions
In all cases, 2.5 mM of ATP was utilized.

Experiment

u A W N =

© o N o

eGFP-MinD
(uM)

4

A M bMb

MinD
(ML)

MinE
(ML)
16
13

10

MinE,,
(ML)

16

Background

PURE frex
PURE frex
PURE frex
PURE frex
PURE frex
PURE frex
PURE frex2.0
PURE frex2.0
PURE frex2.0

Membrane
composition

E colipolar lipids

E. colipolar lipids

E colipolar lipids

E. colipolar lipids

E. colipolar lipids
DOPC-DOPG-DGSNTA
DOPC-DOPG-DGSNTA
DOPC-DOPG-DGSNTA
DOPC-DOPG-DGSNTA

Expression

3 hours at 37 °C
3 hours at 37 °C
3 hours at 37 °C
3 hours at 37 °C
6 hours at 25 °C
3 hours at 37 °C
3 hours at 37 °C
3 hours at 37 °C
3 hours at 37 °C

Results

No waves
No waves
No waves
No waves
No waves
No waves
No waves
No waves

No waves
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template (minEy). We expected minE, to be able to reach a higher final active protein
concentration than the wild-type minE construct. Yet, the expression of minE,, in standard
conditions in PUREfrex did not trigger the formation of Min waves when combined with 4 utM
of eGFP-MinD and placed on top of an E. coli polar lipids SLB. Third, the levels of active,
functional MinE might be too low. The most probable factor contributing to the activity of
synthesized MinE is the protein folding. In one hand, we thought that we could circumvent
the problem by combining the synthesized MinE with a synthesized MinD instead of its
purified counterpart (¢GFP-MinD) and relegate the function of the latter to a mere read-out
molecule. We reasoned that a partially misfolded synthesized MinE might function better when
exposed to a non-tagged MinD. Consequently, we synthesized 5 nM of both minE and minD
in standard conditions in separated reactions. Then, the resulting translation products were
placed together with 100 nM of eGFP-MinD as a read-out molecule on top of an SLB. Still,
no protein dynamics were detected. In the other hand, it is possible to influence the folding of
a PURE system synthesized protein by reducing the incubation temperature?®!, for example, at
25 °C instead at the standard 37 °C. This way, the nascent peptide enjoys of longer time to
fold adequately. However, we must expect the translation rate to slow down and therefore
incubation time should be extended, for example from 3 to 6 hours. We attempted this strategy
and expressed 5 nM of the minE DNA template at 25 °C for 6 hours in PUREfrex. Upon
addition of the translation products with 4 uM of eGFP-MinD on top of an E. coli polar lipids
SLB, no waves were observed.

5.3.5.3 A completely cell-free synthesized MinDE system exhibits

spatiotemporal waves only when minE is expressed with chaperones

Next, we sought to investigate further the reasons for the absence of synthesized MinE activity.
We reasoned that supplementing the PUREfrex reaction with molecular chaperones, like for
example DnaK and the protein complex GroE, would facilitate the correct folding of the
nascent peptide and of misfolded proteins?®?-29°, We started with two standard separated
expressions in PUREfrex 2.0 of minD and minE., (5 nM each). The reaction containing minE,
was supplemented with DnaK. Then, 8 pL of synthesized MinD and 8 pL of synthesized MinE,,
were added on top of a DOPC-DOPG membrane (composition 2; Table 2.4, page 40) together
with 100 nM of eGFP-MinD for visualization purposes and GroE. Strikingly, we observed
extensive areas of the SLB showing Min waves (Figure 5.7 A).

Interestingly, this time most of the spatiotemporal patterns could be considered canonical
travelling waves as seen in the literature!®!722°¢, The waves were organized in clear and
extended parallel fronts with a defined direction over time and no chaotic waves were observed.
Furthermore, we detected the presence of a new type of pattern on the membrane. It consisted
on an eGFP-MinD patch (core) with smooth and very well-defined edges, surrounded by a ring
of low fluorescence signal (Figure SI 5.11 A). This pattern was present always together with
many other eGFP-MinD cores and seemed to undergo no travelling over the membrane.
Sometimes, canonical travelling waves where found next to these static patterns (Figure SI 5.11

B and Q).
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Figure 5.7 Activity assays with synthesized MinD and MinE,p

TIRFM images. White arrows indicate wave front extension. Magenta arrows indicate wave rear
withdrawing. All scale bars: 10 um. A) Montage of a region of a sample with synthesized MinD
and MinEg. B) Activity assay of co-synthesized MinD and MinE,,. Left, image of a spiral node on
the membrane. Right, time-lapse of a travelling wave on the membrane. C) Montage of an activity
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assay with a reduced volume (10 pL) of co-synthesized MinD and MinE.. D) Co-synthesized MinD
and MinE,, together with 1 uM of purified eGFP-MiInC. The images show a time-lapse of a
travelling Min wave, indicating that the purified protein is able to follow the dynamics generated
by MinD and MinE,y.

Additionally, we wanted to explore the possibilities of co-expression as a method to implement
the synthetic MinDE system in artificial cells. In a biomimetic cell, like for example a liposome
in which transcription and translation reactions are taking place, a separated expression of
proteins and an eventual mixing is impossible or rather extremely difficult. This means that
both minD and minE must still produce functional proteins even when expressed in the same
reaction. Consequently, we carried out a one-pot, single co-expression of 5 nM of minD and 5
nM of minE, in standard conditions, supplemented with the molecular chaperone DnaK.
Then, 16 pL of the resulting translation products were mixed with 100 nM of the purified
eGFP-MinD as a read-out molecule and supplemented with GroE. After injection of this mix
on the SLB, similar travelling waves as described when separately synthesized proteins were
assayed, were observed (Figure 5.7 B; Figure SI 5.12). Furthermore, we performed a second
experiment where we reduced the volume added to the protein mix of the synthesized MinD
and MinE,, by a 40% (from an added volume of 16 pL to 10 pL). Even with a reduced
concentration of synthesized proteins, the SLB exhibited the presence of travelling waves
(Figure 5.7 C). These results show that we have been able to successfully cell-free synthesized
active, functional MinD and MinE,, not only in two separately PURE system reactions, but
also when both constructs where expressed together.

5.3.5.4 MinC follows along dynamic, co-synthesized MinDE travelling

waves

MinC, despite having no part in the generation of waves, plays an important role by regulating
the divisome protein complex and therefore cell division in vivo. This makes MinC a key
component and its implementation in a functional Min system essential. Consequently, we
investigated how eGFP-MinC behaved on an SLB with the co-synthesized MinD and MinE,,.
According to literature??’, if both the purified eGFP-MinC and the co-synthesized MinDE
complex work as expected, we should observe recruitment of the purified protein MinC to the
MinDE wave-like pattern. First, we co-expressed in standard conditions minD and minE,, in
the presence of the molecular chaperone DnaK as already done in Section 5.3.5.3. Then, we
placed the resulting reaction on top of an SLB, together with 1 pM of the purified protein
eGFP-MinC and GroE. Because eGFP-MinC already contains a fluorescence tag, it also served
as a read-out molecule.

After several minutes, we detected the presence of eGFP-MinC travelling waves on the
membrane (Figure 5.7 D; Figure SI 5.13 and Figure SI 5.14). Again, there were numerous
locations on the membrane exhibiting travelling waves and we could not detect any chaotic
wave as before. These results indicate that not only the co-synthesized MinD and MinE,,
generate Min waves in the presence of eGFP-MinC, but also that the purified protein is able
to interact with them in the expected manner.

5.4 Discussion and conclusions

In the next section, we will discuss the findings regarding the reconstitution of a cell-free
synthesized Min system on supported lipid bilayers (SLBs), while exploring some of the lessons
learned during the process. Additionally, we will draw some general conclusions regarding the
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use of an in vitro transcription and translation (IVTT) machinery like the PURE system to
reconstitute a cell-free synthesized E. coli Min system on SLBs

First, we will discuss the level of purity of the purified Min proteins, the validity of their
concentration measurements and the implications that these two single topics had in the
subsequent experiments. Then, we will discuss the results regarding the sedimentation assays.
Next, we will discuss the reconstitution of spatiotemporal patterns on SLBs with purified and
synthesized Min proteins and will examine these patterns in the light of previous literature.
Furthermore, we will stress the importance of optimizing the PURE system, and will finish
with an evaluation of the state of our research and how our findings match our original goals.

5.4.1 Purification and concentration measurement of Min proteins

To achieve the reconstitution of a cell-free synthesized Min system on supported lipid bilayers,
we first established a working system with purified proteins. The first steps were the
purification of each protein and their concentration measurements.

5.4.1.1 Purity

Proteins MinC, eGFP-MinC, eGFP-MinD and MinE were purified and the pooled fractions
visualized on SDS-PAGE (Figure 5.1). The presence of additional bands aside of the target
proteins is clear and most probably, the majority of these bands correspond to contaminating
proteins from the bacterial cell. In Section 5.3.3 we performed a series of sedimentation assays
with the purified proteins. The results were analyzed in an SDS-PAGE and it was still possible
to observe these extra bands (Figure 5.3), especially in the lanes where the supernatant was
analyzed. For example, in lanes 1 and 4 of Figure 5.3 A, additional bands between the 55 and
70 kDa marks can be seen as well as in lanes 2 and 5 between the 20 to 25 kDa and right below
the 55 kDa mark, close to the assigned eGFP-MinD band. Also, in lane 6, extra bands can be
observed around the region of the 25 kDa mark and right on the 70 kDa mark. In Figure 5.3
B, where only the purified eGFP-MinD was assayed, it is possible to observe a similar pattern
to lanes 2 and 5 in Figure 5.3 A, while in Figure 5.3 C the pattern of additional bands is quite
ubiquitous and especially clear in the lanes 11 to 14.

Another explanation for the existence of additional bands could be the presence of truncated
proteins generated during their expression inside the host cell. Because all the purified Min
proteins contain a 6-histidine tag at their N-terminal position, we might see truncated proteins
at the C-terminus that purified together with the target protein. These truncations might in
the pellet lanes (Figure 5.3 A-C) if they still retain the capacity to interact with another
membrane protein. For example, in Figure 5.3 B the extra group of bands around 55 kDa
responded to the presence or absence of ATP in the same manner as the target protein e GFP-
MinD did (marked with asterisk (*)). This behavior could be explained if this group of bands
were truncated versions of the complete eGFP-MinD. We can conclude that there is an obvious
contamination with non-target proteins from the host cell.

5.4.1.2 Concentration measurements

In order to measure the concentration of the purified proteins, we utilized two different
methods, a Bradford assay?*® and a fluorescence spectrometry approach. In the latter case, we
only measured the stock solutions containing eGFP-MinC and eGFP-MinD. The results of
these assays can be seen in Table 5.7. The calculated concentrations show, in one hand, that
both methods disagree regarding the concentration of eGFP-MinD, while in the other the
concentration of MinE is high when compared with the rest of the proteins.
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A plausible explanation for the high value obtained for the purified MinE might rest on the
employed technique. The Bradford assay is based on the binding of the dye Coomassie Brilliant
Blue G-250 to the carboxyl group of the aminoacidic chain of the proteins present in the
sample?®®, Thus, a correlation between the absorbance in the wavelength of the color of the
sample and the concentration of the target protein can be established through the production
of a standard curve with a protein of known concentration. In all our Bradford assays, we made
used of the bovine serum albumin (BSA) as standard protein. BSA molecular weight is
approximately 69 kDa. This would mean that only target proteins that are closer to this
molecular weight would make a good estimation. Since the purified protein MinE has an
estimated molecular weight of 14 kDa, we may obtain an inaccurate measure. In the case of
the purified protein MinC, the estimated molecular weight lays around 29 kDa so we should
expect less bias, while eGFP-MinC and eGFP-MinD have a molecular weight fairly close to the
standard protein (Table 5.7).

Additionally, the level of purity that we have seen in Section 5.3.2 influences the results
observed with the Bradford assay. The presence of contaminant proteins will add up to the
measured mass, and therefore increase the calculated concentration. In order to have an
estimation of the proportion of contaminant proteins, we measured the protein carry over for
each purified protein (Table 5.7) from the pooled fractions SDS-PAGE (Figure 5.1). For MinE,

we found that only 36 % of the total protein mass constituted this protein.

In the other hand, fluorescence spectrometry measurements were also performed only with the
purified proteins eGFP-MinC and eGFP-MinD (Section 5.3.2). The results obtained can be
seen in Table 5.7 and present some differences with the Bradford assay measurements. For
example, the concentration of eGFP-MinD obtained with the fluorescence spectrometry
method is two times lower (36 pM) than with the Bradford assay (64 uM), and the
concentration of eGFP-MinC obtained with the fluorescence spectrometry method (176 pM)
is significantly higher than the one obtained with the Bradford assay (127 uM). One factor
influencing the accuracy of the results is the path length, which in our case was of 0.1 cm. A
possible measure to take is to use cuvettes with longer path length. However, we did not
consider this approach because we would have needed to use a high volume of the stock
proteins while diluting the stock protein into the right volume would lead to a protein
concentration that is too low to detect.

As we can see, both methods, the Bradford assay and the fluorescence spectrometry, have
limitations. Nonetheless and despite the differences, the concentrations obtained with both
methods were in the same range. Because the Bradford assay could be applied to the four
purified Min proteins, we decided to use these measures as the working concentrations.

5.4.1.3 Implications of purity and concentration of Min proteins in activity
assays

The purity of the stock solutions of the purified proteins as well as their calculated
concentration might have implications in future assays.

If we assume the presence of C-terminal truncated Min proteins, they might have an impact
in activity assays. A truncated protein might be able to interact with a partner, but unable to
carry out a particular enzymatic reaction. This would lower the efficiency of the system and
virtually abolish it in extreme cases. For example, MinE contains roughly two distinct protein
domains. First, the N-terminal domain (;-32MinE) which mediates the interaction with MinD
and is able to release the MinCD complex from the cell membrane. And second, the C-
terminal domain (MinEss-ss), responsible for homodimerization of MinE. Importantly, the
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total absence or even mutations in the MinE3;-5s domain lead to Min- phenotypes in vivo?*>23°,
As can be seen, the presence of a hypothetical truncated MinE might still conserve the capacity
to interact with MinD but a MinCD-E-3; might promote the production of abnormal proteins
dynamics.

Additionally, the presence of contaminant proteins has implications regarding the accuracy of
the concentration measurements. While this might not be a problem concerning the general
activity of the system, it is nonetheless important to count with an accurate description of the
conditions. If the real concentration of the purified proteins greatly differs from the calculated
one, we would find it difficult to compare our results with previous literature. Another way in
which this mismatch might influence future experiments is in the planning of activity assays
with synthesized proteins. For example, if we have overestimated the concentration of our
purified stock, we might believe, erroneously, that replicating the results with a synthesized
protein is impossible due to the low protein yield typically obtained with IVTT’s.

5.4.2 Min protein interactions in sedimentation assays

Sedimentation assays with the purified proteins MinC, eGFP-MinD and MinE were performed
in order to test whether these purified proteins retained the capacity to interact with each other
and with a lipidic membrane.

All sedimentation assays were carried out with 2 pM of MinC, 4 uM of eGFP-MinD and 6 pM
of MinE, both when assayed alone and in combination of two or three proteins. It has been
calculated that there are approximately 400, 2000 and 1400 molecules of MinC, MinD and
MinE respectively per E. coli cell?36247248123, Taking into account that a standard E. coli cell can
be considered to occupy a volume equivalent to 1 fL, the concentrations for MinC, MinD and
MinE would be 0.65 pM, 3.3 uM and 2.3 pM, respectively. The chosen concentrations for
eGFP-MinD and MinE in the in vitro sedimentation assays are close to the ones exhibited in
vivo by E. coli. However, their ratio was slightly modified in order to better match previous
literature where Min waves were observed on SLBs'**2°0132 Additionally, we increased the
concentration of the purified MinC four times, compared to the in vivo value, to facilitate its
detection in the SDS-PAGE. The composition of the large multilamellar vesicles (LMVs) was
the E. coli polar lipids mix. There are several publications where successful reconstitution of
the Min system were established on E. coli polar lipid SLBs*!12133:249_ Finally, we decided to
use reaction buffer as medium. The use of a more complex background like the PURE system
would increase the economic cost.

With the performed sedimentation assays (Section 5.3.3), we showed that the purified proteins
MinC, eGFP-MinD and MinE retained the capacity to interact with each other and with the
membrane in the expected manner. First, we confirmed that the purified eGFP-MinD is able
of membrane binding in the presence of ATP (Figure 5.3 D and E). In fact, the fraction of
eGFP-MinD found in the pellet was similar to the 56% reported in literature!'?. Second, we
showed that the presence of the purified protein eGFP-MinD increased the sedimentation
levels of MinC up to a 21% (Figure 5.3 F), indicating the formation of a MinCD-membrane
complex. Third, we observed how the presence of the purified protein MinE reduced the
sedimentation levels of eGFP-MinD down to a 16% (Figure 5.3 G), showing that MinE was
able to promote eGFP-MinD’s ATPase enzymatic activity and subsequent membrane release.
Both the decrease in sedimentation levels as well as the actual levels are in line with
literature!'>?%°. Finally, we obtained the expected sedimentation pattern when the three

purified proteins MinC, eGFP-MinD and MinE were assayed together (Figure 5.3 H).
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Below, we will analyze some details regarding the sedimentation assays and will place them in
context with previous literature.

5.4.2.1 Sedimentation levels of MinC and MinE in the absence of e GFP-

MinD were higher than expected
According to literature, we should expect only MinD to bind to the membrane but not MinC
or MinE!122#.267 Yet, Figure 5.3 D shows that the fraction of purified MinC and MinE found
in the pellet was of around 10% when assayed alone.

Although unexpected, this result could be explained by the procedure employed. First of all,
only 80% of the supernatant fraction is loaded into the SDS-PAGE wells. This was done to
avoid overfilling and sample leaking out of the wells, as well as to assure that all samples
contained the same amount of supernatant. Therefore, the real sedimentation levels for all
samples should be slightly lower, albeit still close to the reported 10%. Second, it is possible to
have a contamination of supernatant during the recovery of the pellet fraction despite the
washing steps. This would increase the fraction of protein in the pellet for all samples regardless
of the ability of the Min proteins to bind to the membrane.

Alternatively, MinC and MinE might have acquired the ability to bind to the membrane,
directly or not. Hsieh et al.?*' found that physiologically active MinE interacts with
phospholipids in in vitro assays, reaching bound-to-membrane percentages as high as 16% and
that this interaction is essential to generate effective Min oscillations in vivo. However, this was
done under no salt conditions. In fact, they found that under the same salt concentration as
we used in this chapter (150 mM KCI), the percentage of protein in the pellet dropped below
5% and was virtually undetectable under 200 mM KCI. For MinC, a direct, specific binding
mechanism is highly unlikely because there are no membrane targeting sequences in this
protein. Still, it is possible that a subfraction of the MinC population exhibits unstructured,
misfolded or hydrophobic regions on its surface. In turn, these regions might unspecifically
integrate in the phospholipid membrane or even aggregate and sediment under centrifugal
force. In this case, artifacts might be created when activity assays on SLBs will be carried out.
In Section 5.4.1.1 we have also discussed the presence of contaminant proteins both in the
SDS-PAGE visualization of the pooled fractions as well as in the pellet fraction of the
sedimentation assays. Therefore, there is still the possibility that a certain contaminant protein
would interact with the membrane and with MinC or MinE, as a sort of linking molecule.
Finally, there is also the possibility of rupture and fusion of vesicles. When this happens,
proteins might get encapsulated inside the LMVs and increase the overall signal of the pellet
fraction.

Therefore, the levels of around 10% exhibited by the purified proteins MinC and MinE when
assayed alone, can be considered background levels.

5.4.2.2 Membrane binding of MinD in the absence of ATP was significant

MinD contains a membrane targeting sequence (MTS) that mediates its recruitment to the
phospholipid membrane. This MTS is unstructured when in solution and transposes into a a-
helix upon internalization into the membrane?®. This poses MinD in a dynamic membrane-
cytoplasmic equilibrium. However, the affinity of a single MTS to the membrane is relatively
low and therefore the equilibrium is heavily shifted towards the cytoplasmic state?®s.
Interestingly, MinD dimerizes in the presence of ATP, forming a bivalent MTS. As a
consequence, the affinity for the membrane increases significantly, pushing the equilibrium
towards the membrane-bound state!'22%8, For this reason, we included 1 mM of ATP in most
of our sedimentation assays. In Section 5.3.3.1 and Figure 5.3 C and D, we showed how the
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purified eGFP-MinD sedimented in a greater extent (51-61%) than the purified MinC and
MinE (about 10%). Similar percentages (50%-60%) have been reported in literature
before!'22%8, When ATP was absent in our assays, the sedimentation levels of eGFP-MinD
dropped to 36% (Figure 5.3 D). However, this value is higher than the 15% reported in
literature!'224,

As discussed in Section 5.4.2.1, we must consider the experimental procedure to explain part
of the eGFP-MinD signal observed in the absence of ATP. There, we resolved that around
10% of the total protein mass will unspecifically contribute to the pellet fraction and can be
considered as background signal. Taking this into account, we arrive at a more realistic
sedimentation value of 25% for eGFP-MinD in the absence of ATP. Still, this significantly
exceeds the 15% previously reported?*!'2, Another possible cause for the relatively high
sedimentation percentage might lie on the presence of the fused eGFP tag at the N-terminus
of eGFP-MinD. In fact, it is known that eGFP tends to dimerize?!®. Consequently, the presence
of the fused fluorescence protein might shift the monomer-dimer equilibrium towards the
dimerized state, even in the absence of ATP. In turn, the recruitment of eGFP-MinD to the
membrane is increased.

5.4.2.3 Sedimentation levels of MinC were lower than expected when

assayed together with purified e GFP-MinD
As seen in Figure 5.3 E, the fraction of MinC in the pellet when in the presence of eGFP-
MinD was higher (21%) than when only MinC or MinC plus MinE were assayed (13% and
7%, respectively). In the latter two cases, this percentage stayed in the range of what we
considered as background signal. This result was expected due to the capacity of MinC to
interact with MinD. As a consequence, the local concentration of MinC on the membrane
must be indirectly increased. However, in the experiments carried out by Lackner et al.!'> and
under similar conditions, they observed a striking sedimentation percentage for MinC of 86%.

A plausible explanation for the discrepancy of our results and the ones obtained by Lackner et
al. could be the MinC:MinD ratio. Lackner et al. noticed that they were already at saturation
levels for the 1:4 MinC:MinD) ratio they assayed. In our case, we performed the experiment
at a 1:2 MinC:eGFP-MinD) ratio. Therefore, in our case, a higher proportion of MinC is
expected to be found in the supernatant compared to literature. Alternatively, the fraction of
active MinC protein might be significantly lower than the one used by Lackner et al.''? Some
of this non-active protein might have lost the ability to interact with eGFP-MinD. And finally,
not all the LMVs should be expected to precipitate with the pellet. Indeed, Lackner et al.!'2
obtained a consistent 2 to 8% of lipids in the supernatant during similar experiments.

5.4.2.4 MinCDE shows the expected interaction pattern

In Figure 5.3 H and Section 5.3.3.5 we reported the results of a sedimentation assay where the
three purified proteins MinC, eGFP-MinD and MinE were assayed together. There, we
observed a dramatic reduction in the fraction of eGFP-MinD (20%) in the pellet with respect
to the value obtained when it was assayed alone (51-61%), and only slightly higher than when
it was assayed together with MinE (16%). This reduction in the pellet levels of eGFP-MinD
was expected due to the presence of the purified protein MinE. In a similar experiment,
Lackner et al.'"? reported a 21% of MinD found in the pellet. This percentage is in line with
our results.

In the other hand, the values obtained for MinC (7%) and MinE (7%) are slightly lower than
background levels. For example, MinC showed a 13% when assayed alone. In principle, we
should see a positive correlation in the levels of sedimentation between MinC and eGFP-
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MinD. This means that a decrease in the percentage of eGFP-MinD should be also
accompanied by a decrease in the levels of MinC, as long as they are assayed together. Such a
decrease was observed in our experiment (from 21% to 7% for MinC when MinE was
included), but we did not expect the signal to drop below background levels. Lackner et al.''?
obtained also very similar results. In their study and under comparable experimental
conditions, they observed a 13% of MinC sedimentation when all the three proteins were
assayed together. As mentioned in Section 5.4.2.3, in our experiments MinC is in excess with
respect to eGFP-MinD which means that a significant fraction of MinC will end up in the
supernatant. Yet, the percentage that we obtained for MinC (7%) is only slightly lower than
the value obtained by Lackner et al. (13%). For MinE, the percentage in the pellet (7%; Figure
5.3 E) was also slightly below the obtained when MinE was assayed alone (11%; Figure 5.3 A).
In this case, we must consider the ability of MinE to perform two opposite functions. In one
hand, MinE requires MinD to be membrane recruited, but in the other, it triggers MinD’s
ATPase activity which in turn dislodges MinD from the membrane. As a consequence, MinE
should be expected to be short lived in the membrane, and therefore the levels of protein in
the pellet should remain very low. In fact, Lackner et al. found only residual amounts of MinE
in the pellet when the three proteins were assayed together.

Regardless the causes, the described decrease in the proportion of MinC found in the pellet
into background levels when assayed together with eGFP-MinD and MinE, might have
implications in experiments concerning the implementation of a purified Min system. Of
course, the generation of waves will not be affected. However, the absence of a transient
presence of MinC on the membrane would hinder the production of FtsZ waves on SLBs or
liposome membranes'?. Still, our sedimentation assay might not be sensitive enough to detect
a low, but important subfraction of membrane bound MinC, capable of creating FtsZ waves in
at least some areas of the membrane.

In conclusion, the purified Min proteins interact with each other and the membrane as
expected. As explained above, a few differences with literature were found regarding the
membrane levels of eGFP-MinD in the absence of ATP, or MinC when assayed together with
eGFP-MinD. Nonetheless, we considered that the purified proteins exhibited qualitatively the
expected activity, which prompted us to investigate their dynamic self-organization on SLBs.

5.4.3 Wave morphology and dynamics

In Section 5.3.4 and Section 5.3.5, we carried out a series of activity assays on SLBs with the
Min proteins. Time-lapse fluorescence microscopy allowed us to observe the self-organization
and spatiotemporal pattern formation of both the purified and synthesized Min proteins.

First, we established a working system with the purified proteins eGFP-MinD and MinE.
Under the background of the simple reaction buffer we readily observed the formation of a
type of spatiotemporal pattern that we named chaotic travelling waves (Section 5.3.4.1). Then,
we tested our MinDE working system under the background of PUREfrex and succeeded to
obtain similar waves as long as an extra amount of ATP was supplemented (Section 5.3.4.2).
Furthermore, we succeeded to emulate the patterns observed with the purified proteins, with
the PUREfrex synthesized MinD and purified MinE (Section 5.3.5.1). Next, we tested two
PUREfrex synthesized proteins at the same time, MinD and MinE,,. In this case, we did not
detect the presence of any Min protein dynamics until we synthesized minEs, together with the
chaperone DnaK and included GroE in the activity assay solution (Section 5.3.5.3).
Interestingly, the morphology of the waves changed from the mentioned chaotic waves to the
most common travelling waves described in literature. Finally, we combined the co-synthesized
proteins MinD and MinE,, with the purified eGFP-MinC. Here, we observed the formation
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of travelling waves, indicating that the purified eGFP-MinC was able to interact and follow the
patterns created by MinD and MinE.

5.4.3.1 MinCDE waves with purified proteins

Under regular conditions, the typical Min waves obtained in literature consist of extended,
parallel fronts (Figure 1.7 A, page 24). These waves propagate at a constant velocity, with a
consistent wavelength, period and direction'?*172256.13% Sometimes, it is possible to observe
areas showing a spiral morphology (Figure 1.7 B, page 24). As a whole, this kind of waves have
been named travelling waves.

The experiments with purified proteins that we have conducted in Section 5.3.4 have fully
captured the basic features of the Min waves. The waves we generated showed the presence of
a clear front and a direction, followed by the rear of the wave (characterized by a decrease in
the membrane signal of eGFP-MinD). This indicates that the purified eGFP-MinD and MinE
are able to carry out the most important functions. Yet, there are obvious differences with
literature. In one hand, the chaotic travelling waves seemed to be confined to a number of
isolated regions on the membrane, compared to the massive areas that the Min waves span in

literature?>%>, And in the other, the waves did not present extended parallel fronts with a
defined direction!3*172:256.134,

Although the most common Min waves observed in literature are travelling waves, these are
not the only spatiotemporal patterns obtained with the Min proteins. Under various
conditions, it is possible to obtain different morphologies. The most straightforward way to
alter the morphology and dynamics of the Min waves is to change the MinD:MinE ratio'*.
Kretschmer et al.!®> observed that a reduction in the total concentration of MinE and therefore
a change in MinD:MinE ratio, led to a loss in the organization of the wave front population.
In other words, the wave fronts became not parallel to each other and did not span as much
as before. Additionally, other modifications like depriving MinE of its MTS rendered similar
results in this regard, as seen again by Kretschmer et al. This was especially clear when they
mutated the hydrophobic leucine in position 3 or 4 to code for a glutamic acid!®.

Schweizer et al.?? explored other ways of wave perturbation. They performed a set of
experiments where obstacles were place on the planar membrane. They found that the larger
in size the obstacles, the more distorted were the waves. For example, when the obstacles
presented a size larger than the wavelength, independent spirals were formed in between these
obstacles. In contrast, when the obstacles were similar in size to the wavelength, the waves
became irregular.

Moreover, Ivanov et al.'? found that under some conditions, the MinDE patterns organize in
the form of what they called amoebas. These patterns were formed by a MinD core surrounded
by a ring of MinE. Amoebas did not stay static but were able to grow, shrink and move over the
membrane. In fact, they were able to disappear if they become too small, or even divide by E-
ring septation if they became too large. These structures were mostly seen on membranes with a
lipid head composition similar to the E. coli membrane but with a synthetic mixture of 70%
double-unsaturated and 30% of mono-unsaturated aliphatic tail groups at a temperature of
20-22 °C or 100% mono-unsaturated aliphatic tail groups at 25 °C. Ivanov et al. also observed
that when the density of amoebas grew large, sometimes this pattern transitioned into what they
called a mesh. This pattern is similar to the amoebas in that they exhibited a core of MinD
surrounded by a MinE ring. However, they were static and highly packed.

Probably, the results presented in this thesis resemble the most to the ones obtained with an
increased MinD:MinE ratio (low concentration of MinE) and to the ones obtained with the
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reduced membrane-interacting MinEi-gs, MinE 3 or MinE 4£"*°. This would point out to our

purified MinE as responsible for the production of the chaotic waves. Perhaps, its actual
concentration is much lower than what we measured. In Section 5.4.1.2 we discussed the
accuracy of the protein concentration measurements. Compared to the other proteins, the
purified MinE showed a rather high concentration of 445 uM using the Bradford assay (Section
5.3.2). The fraction of carry over (36%) as well as its low molecular weight (14 kDa) with respect
to the standard protein used in the Bradford assay (69 kDa) might rise suspicion that the actual
concentration is much lower. Additionally, the percentage of active protein could be lower
than expected. Perhaps, MinE is much more prone to misfold during or after translation. In
fact, synthesized MinE was not able to sustain Min waves until we supplemented the expression
reaction and the activity assay solution with DnaK and GroE, respectively. Another possibility,
not related directly with MinE, is the presence on the membrane of some type of irregularities
such as regions with different lipid composition or fluidity, as well as physical obstacles of some
kind. This would explain why the Min waves are confined to some areas of the membrane and
present an irregular morphology, similarly to the waves observed by Schweizer et al.??

5.4.3.2 Purified versus synthesized

Following the assays with the purified eGFP-MinD and MinE proteins, we sought to assay the
activity of the synthesized MinD together with the purified MinE. As can be seen in Figure 5.6,
the overall morphology and dynamics of the waves were very similar to the patterns obtained
with purified proteins. Strikingly, this time the Min waves occurred outside the bright patches.
This observation can be related to the lipid membrane composition employed (DOPC:DOPG),
since when a similar experiment with an E. coli lipid membrane composition was realized, we
observed the presence of patches (Figure 5.4 B, C and D). Here, it is also interesting to notice
the presence, for the first time, of a travelling wave (Figure 5.6 E). We also obtained Min waves
with the co-synthesized MinD and MinE proteins. Remarkably, most of the patterns obtained
in this case were travelling waves that followed classic morphology and dynamics. The waves
were able to organize in extended fronts of parallel waves with a clear and consistent direction
(Figure 5.7). This is much more similar to the waves obtained in literature!32133135172.256,

Such a result seems to indicate that the source of the chaotic waves originated from the purified
proteins MinE and perhaps also eGFP-MinD, or from the storage solution of the purified
proteins. Additionally, the use of an E. coli SLB might aggravate the effect. In Section 5.4.1.3
we already discussed the influence that contaminant proteins might have on the formation of
the spatiotemporal patterns of the Min system. It is possible that some contaminant proteins
interact with the purified eGFP-MinD, MinE or with the membrane, causing the patches or
chaotic waves. One way to exclude that the stock solution is contaminated with interfering
proteins would be to perform a second purification step. If there were any contaminant
proteins causing the formation of patches or chaotic waves, the canonical travelling waves
should be restored.

Additionally, the fusion protein eGFP-MinD might be a source of anomalous patterns.
Although the eGFP-tag is located at the N-terminus to minimize the interference with the
MinD membrane binding, it might still affect protein dimerization. Aggregation of eGFP
molecules is known to occur?’®, which could lead to persistent dimerization. This might
explain, at least in part, the unexpectedly high membrane binding of eGFP-MinD in the
absence of ATP in the sedimentation assays (Figure 5.3 D). Additionally, the eGFP-tag could
have an effect on MinD protein folding, leading to an aberrant MinD activity in the complex
background of the PURE system. The influence of the eGFP-tag could be minimized by
combining a non-tagged, wild-type MinD with the purified eGFP-MinD during the assays. For
example, a 1:9 eGFP-MinD:MinD mol ratio should be sufficient for protein visualization as
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seen in Section 5.3.5.1, where only 100 nM of eGFP-MinD was used for visualization purposes
(also, Zieske and Schwille used a 10% of eGFP tagged MinD in their experiments?®).
Alternative fluorescent protein tags are also available for protein visualization, such as the
yellow fluorescent protein (YFP) and the cyan fluorescent protein (CFP). However, these
proteins are color mutants of GFP and are thus likely to have similar disadvantages?!®2%8,
Organic fluorescent dyes are another possibility, of which many types are commercially
available. Dyes used for Min protein visualization include BODIPY, Alexa Fluor dyes'** and
Cy5%7.

5.4.4 Use of the PURE system and its optimization

With the grand goal of building an artificial cell in mind, it was mandatory for us that we tested
and optimize the Min proteins to function in the complex context of the PURE system. We
started by assaying the Min proteins in a simple buffer (Section 5.3.3), with the purpose of
ruling out protein malfunction. However, we quickly moved on to use PUREfrex, both as buffer
solution, as well as the in vitro transcription and translation (IVTT) machinery (Section 5.3.4).
From that point on, we observed several differences in protein activity and general Min system
functioning that are worth discussing.

5.4.4.1 Formation of eGFP-MinD patches and chaotic waves on SLBs as a

consequence of the use of the PURE system.

PUREfrex is a complex mix of enzymes (T7 RNA polymerase, ribosomes, energy regeneration
enzymes, aminoacyl-tRNA synthetases, etc.), translation factors, tRNA, amino acids, energy
sources in the form of nucleotides and creatine phosphate, and buffer and salt components
like Hepes-KOH, potassium glutamate, magnesium acetate, spermidine and others!?*!40,
Therefore, it is reasonable to expect that Min protein dynamics in the PURE system might not
be the same as in reaction buffer. Additionally, the PURE system is limited in the protein yield,
it lacks a precise control in the final protein concentration, and it shows a higher risk of protein
misfolding of said protein both during and after translation compared to expression in cells.

Nonetheless and unlike with cell extracts, the PURE system is an IVTT platform with a very-
well defined and characterized composition. Additionally, it allows for the synthesis of proteins
in situ, right in the place where they will be tested and avoiding the tedious process of
purification. This opens the possibility to synthesize wild-type, non-tagged proteins directly on
top of SLBs or inside liposomes. We have exploited this feature in a number of instances during
this thesis. The in situ expression of proteins is clearly advantageous with some recalcitrant
proteins like ZipA (Section 2.3.3, page 46) and/or FtsA (Section 2.3.4, page 50)*%°. Also, a
combination of these PURE system features might explain why the synthesized MinD and
MinE,, produced canonical travelling waves in the PURE system background (as discussed in
Section 5.4.3.2), instead of the chaotic waves obtained with purified proteins.

5.4.4.2 Use of chaperones in the PURE system for the synthesis of active
MinE

In Section 5.3.5.2 we described our efforts in the synthesis of a fully functional synthesized
MinE protein. Despite control experiments with purified proteins in the PUREfrex
background, which showed the formation of at least chaotic waves, the synthesized MinE was
unable to generate spatiotemporal protein patterns. The lack of expression of the minE,, DNA
constructs was ruled out as shown by SDS-PAGE (Figure 5.6), suggesting that the synthesized
MinE might be misfolded. Although lowering the expression temperature failed to generate
waves, (Section 5.3.5.2), we successfully promoted correct protein folding with the chaperones
DnaK (during expression) and GroE (after expression; Section 5.3.5.3 and Figure 5.7 A).
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Chaperones as the one mentioned above are not present in the standard PUREfrex solutions.
This makes the PURE system prone to generate misfolded proteins. To solve it, a sound
alternative is to systematically complement the reaction with chaperones?™.

5.4.4.3 Customizing the buffer conditions of the PURE system with the

addition of extra ATP allows the protein MinD to be active
In Section 5.3.4 we carried out a set of assays on SLBs with purified proteins. We tested the
influence of PUREfrex on the generation of spatiotemporal patterns on the membrane. We
found that supplementing the solution with fresh ATP was necessary to form waves (Figure 5.4
C). This is an important result, raising the question whether the initial amount of NTPs
present in the PURE system could be insufficient for the activity of other nucleotide-

dependent proteins, e.g. for the GTP-dependent polymerization of FtsZ in Section 2.3.2 (page
46) or Section 3.3.3 (page 72).

5.4.5 Future steps of a cell-free synthesized Min system and outlook

The reconstitution of the Min system dynamics on SLBs with purified proteins started in 2008
with the publication of Loose et al.!®3. In this thesis, we have shown, through a combination
of PURE system and DNA construct optimization, that the cell-free expression of active, fully
functional Min components is possible. This synthetic version of the Min system opens the
door for a range of different possibilities.

On SLBs, the next natural step would consist on the synthesis of a functional, fully synthesized
Min system. This implies that not only MinD and MinE, but also MinC should be cell-free
synthesized. In Section 5.3.3.3 we showed that purified MinC is able to interact with purified
eGFP-MinD in sedimentation assays, and in Section 5.3.5.4 to follow the Min waves generated
by the co-synthesized MinD and MinE,,. A synthetic version of MinC should offer similar
functionality. For example, an activity assay on SLB could be envisioned where the synthetic
MinC is placed together with a tracing amount of purified eGFP-MinC for visualization
purposes, in a background of co-synthesized MinD and MinE,,. If the synthetic MinC is able
to interact with the MinDE waves, we should still observe the generation of MinC waves on
the membrane. There are other possibilities. Since the Min system is designed to work in close
relationship with the divisome in vivo, of which the proteins FtsZ is the link between them?"!,
MinC should be able to depolymerize FtsZ filaments on SLBs. Martos et al.!?? already showed
how the purified MinCDE is able to generate FtsZ antiphase waves on SLB. In Chapter 2 we
have shown many examples of the filament networks exhibited by both purified and
synthesized FtsZ on sZipA-SLBs. Therefore, the next step would be to emulate these results
using a cell-free synthesized MinC in the background of the PURE system. Such an
achievement would clearly indicate that the synthesized MinC retains the basic functionality
of the in vivo protein, without the need to use any purified eGFP-MinC.

Finally, the in-vesicle synthesis of the Min proteins could be tried. Others have assayed the
purified Min proteins both from the outside of liposomes as well as the inside of droplets or
liposomes!!>13%138, In literature, the range of protein dynamics obtained varied from lumen-
to-membrane pulses to travelling waves in round vesicles'’? and oscillations similar to the in
vivo dynamics in stretched liposomes'?8. A working strategy to emulate these studies would
involve first the encapsulation of our purified eGFP-MinD and MinE with the goal of
establishing a working system in liposomes, in the same manner we proceeded with the SLB
assays. Next, the combination of a synthesized MinD with a purified MinE (and vice versa)
should follow. These last steps should serve as check points to validate the functionality of each
synthesized protein, separately, inside liposomes. Once the single synthesized protein assays
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have been successful, co- or tri-synthesis (this is, the simultaneous in-vesicle synthesis of the
three Min proteins) could follow. In the latter case, a residual amount of purified eGFP-MinC
or eGFP-MinD should be added for visualization purposes. Some factors could be traded off
to optimize the protocol. In one hand, the lipid composition of the liposomes could be
changed to compositions designed to obtain a high yield during the natural swelling phase.
The new lipid composition should be compatible with the activity of the Min proteins.
Additionally, the liposomes could be externally reshaped through a variety of methods to adopt
stretched forms. For example, the presence of 1,2-dimyristoyl (C14:0) phospholipids in the
liposome membrane is known to deform and elongate liposomes thanks to the tendency of
this phospholipid to change shape under thermal expansion?”%. Also, some type of biological
polymer, like for example microtubules, could be used inside the liposomes. When tubulin
assembles, it is capable of pushing away the liposome membrane, successfully stretching the
vesicle?”. Nonetheless, the most simple and straight forward method would be the direct use
of microfluidics with elongated trapping chambers. Regardless the methodology employed,
such liposome deformations would facilitate the generation of in wvivo-like Min protein
oscillations with cell-free synthesized Min proteins.

5.4.6 Conclusions

The main goal of the study presented in this chapter, was the cell-free synthesis of a functional
Min system and its reconstitution on SLBs. The use of an IVTT like the PURE system was
essential in our case, not only due to the novelty of the research (this has not been done yet to
the best of our knowledge), but also in the bigger endeavor of building an artificial cell. In this
study, we have achieved two of the most important milestones, i.e. the optimization of the
PURE system to support the activity of the Min system, and the cell-free synthesis of the Min
proteins responsible of the oscillatory activity. These results impart important lessons regarding
the use of the PURE system, with general impact for other research lines with a different
protein repertoire. Furthermore, these achievements open the door for exciting research paths
such as the in-vesicle synthesis of Min proteins and their interaction with FtsZ.
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5.5 Supplementary information
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Figure SI 5.8 SDS-PAGE visualization and quantification of a sedimentation assays with Min
proteins assayed separately

A and B correspond to two independent repeats of the sedimentation assays performed on the
Min proteins assayed alone. In all SDS-PAGE (A and B, /ef), the asterisk (*) indicates the
corresponding band of MinC (right below 25 kDa), eGFP-MinD (~55 kDa) and MinE (~15 kDa).
Left, SDS-PAGE visualization of the sedimentation assays. In A and B, Right, quantification of the
fraction of protein found in the pellet (%) for each protein.
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Figure SI 5.9 Dynamics of purified Min proteins

TIRFM time-lapse images of purified Min proteins on SLBs. Time at the upper left corner in
seconds, except in C, where the lapsed time is undefined. Scale bars: 10 pm. A) Montage of the
activity assay performed on a £ colipolar lipids membrane with the purified proteins eGFP-MinD
(2 uM) and MinE (3 pM) in reaction buffer plus T mM ATP. The presence of bright patches is
marked with white arrow heads. B) Time-lapse montage of the activity assay performed on a £
coli polar lipids SLB with the purified proteins eGFP-MinD (4 pM) and MinE (3 uM) in PUREfrex.
Typical image of the membrane under these conditions did not exhibit the presence of protein
dynamics. C) Montage of the activity assay performed on a £ colipolar lipids SLB with the purified
proteins eGFP-MinD (4 uM) and MinE (3 uM) in reaction buffer plus 2 mM of ATP. White arrows
represent the movement direction of the front of the waves. Time in the upper-left corner is
undefined although the time difference between snapshots is around 10 seconds.
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5 - The cell-free synthesized Min system on SLBs

Figure SI 5.10 Activity assays of synthesized MinD

TIRFM images. Both panels correspond to different regions of the same activity assay. Time in the
upper-left corner of the images (seconds). White arrows indicate the progression of the wave
front. Magenta arrows indicate the withdrawal of the wave rears. This activity assay was performed
on an £ coli lipids SLB with synthesized MinD, 100 nM of purified eGFP-MinD for visualization
purposes and 3 pM of purified MinE in PURE frex. All scale bars: 10 pm. A) Time-lapse montage of
a bright patch exhibiting dynamic protein patterns in the form of chaotic waves. B) Bright patch
exhibiting the most canonical travelling wave so far in our experiments.
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Figure SI 5.11 Activity assay with synthesized MinD and MinE

TIRFM microscopy images. Time in seconds in the upper-left corner when applies. All panels
correspond to the same activity assay performed on a DOPC:DOPG (80:20 mol%) membrane with
synthesized MinD and synthesized MinE plus 100 nM of eGFP-MinD for visualization purposes in
PUREfrex 2.0. White arrows represent progression of wave front. Magenta arrows indicate the
withdrawal of the wave rear. Scale bars: 10 uM A) Some regions of the membrane showed the
presence of static patterns. AVG image. B) Time-lapse of a travelling wave crossing two regions
with static patterns. C) Time-lapse montage of a region showing the canonical travelling waves (at
the left part of the montage) and static patterns (right region of the montage; white arrows
indicate two examples of static patterns).
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5 - The cell-free synthesized Min system on SLBs

Figure SI 5.12 Spiral motive on SLBs with co-synthesized MinD and MinE,,

TIRFM images. Scale bar: 10 um. Time in the upper-left corner in seconds. White arrows indicate
the progression of the wave front. Time-lapse montage activity assay performed on a DOPC-
DOPG (80:20 mol%) SLB with co-synthesized MinD and MinEy, plus 100 nM of eGFP-MinD for
visualization purposes in PUREfrex 2.0.
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Figure SI 5.13 Activity assay with synthesized MinD and synthesized MinE

TIRFM images. Time in seconds in the upper-left corner of each image. White arrows indicate
progression of the wave front. Magenta arrows indicate the withdrawal of the wave rear. Both
panels belong to the same activity assay. The assay was carried out on a DOPC:DOPG (80:20 mol%)
with synthesized MinD and MinEg, plus 100 nM of eGFP-MinD and 2 uM of eGFP-MinC in PURE frex
2.0. Scale bars: 10 uym. A) Spiral motive on the SLB. B) Time-lapse montage of two waves
progressing in opposite directions and collapsing.
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5 - The cell-free synthesized Min system on SLBs

Figure SI 5.14 Activity assay of synthesized MinD and MinE,, with purified MinC

TIRFM images. Time in seconds in the upper-left corner of each image. White arrows indicate
progression of the wave front. Magenta arrows indicate withdrawal of the wave rear. Time-lapse
montage of synthesized MinD and MinE,, plus 1 uM of purified MinC on a DOPC:DOPG (80:20
mol%) SLB in PUREfrex 2.0. The presence of travelling waves indicates that the purified MinC
interacts with the synthesized MinDE complex. Scale bar: 10 ym.
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Chapter 6

General conclusions

“Omnis cellula e cellula.”

— Aphorism popularized by Rudolf Virchow. Originally by Francois-Vincent Raspail, in
Annales des Sciences Naturelles.


https://todayinsci.com/R/Raspail_Francois/RaspailFrancois-Quotations.htm

division machinery? Can this artificial system be spatiotemporally regulated with yet

another engineered artificial protein network?! These were the two main questions that
we asked ourselves at the beginning of this thesis. These questions, or perhaps we should say
challenges, have been only partially answered. What a humbling truth. It reminds us how little
we know about biochemistry, cell division and the fundamental principles of life. What can
we conclude?

( : an we engineer an artificial division system for minimal cells, based on the bacterial

6.1 The PURE system is a versatile tool and its use should be
continued in the development of minimal cells

The PURE system has been without a doubt the lens throughout all experiments of this thesis
have been conceived upon. As the vertebral metabolic machinery of our model minimal cell,
each one of the chapters explored this technology for the cell-free synthesis of proteins. The
PURE system proved itself extraordinarily versatile. For example, in Chapter 2, we showed that
lowering down the expression temperature of wild-type ZipA improved the formation of
FtsZ/ZipA bundles on SLBs. Although these structures were not as spectacular as the obtained
with the soluble version of ZipA (sZipA) or purified sZipA, they might reflect better the
physiological state of FtsZ in the cell. The addition of molecular chaperons or enzymes to the
expression reaction or to the activity assay buffer, was as well a significant optimization of the
PURE system. In Chapter 2, we observed that addition of peptidyl-tRNA hydrolase, an enzyme
involved in the recycling of aborted translation products?™ that potentially could improve the
efficiency of translation, seemed to increase the repeatability of our results with synthesized
ZapA. Even more significant was the addition in Chapter 5 of DnaK and GroE to the
expression reaction and the assay buffer of synthesized MinE experiments, respectively, since
they were required to observe activity.

Other optimizations, perhaps not related with the correct folding of the proteins but with
providing a permissive environment for protein activity, were demonstrated. For example, in
Chapter 5 we showed that synthesized MinD required extra ATP to operate in a PURE system
environment, despite the fact that PUREfrex contains 3 mM of this nucleotide. Presumably,
the available levels of ATP were too low for an efficient MinD activity in a working PURE
system. In Chapter 3, in the other hand, we found that an increase of around 15% in the basal
concentration of K*and Mg%, lowered the threshold for the formation of FtsZ bundles inside
vesicles. This was key to generate protein filaments that deformed the liposomes. Other type
of optimization involved the expression of proteins at low temperature. In Chapter 2, we
showed that synthesis of full-length ZipA at 25 °C allowed the formation of FtsZ/ZipA
structures on the membrane, while standard expression at 37 °C failed to generate them.
Finally, the PURE system proved versatile as well regarding the site of protein synthesis. In
Chapter 2, we exploited the in situ expression of FtsA and ZipA directly on top of planar
membranes. FtsA and ZipA contain a membrane targeting sequence for phospholipid
interaction, which can make difficult both purification and cell-free synthesis in batch mode.
This is especially true in the case of ZipA because this targeting sequence is a hydrophobic
transmembrane domain located at the N-terminus of the protein. Such a feature implies that
nascent proteins expose first a highly hydrophobic domain, which might promote aggregation
with other nascent, or partially folded ZipAs.

Despite its versatility, the PURE system is limited by the low protein yield obtain in comparison
to other cell-free extracts?” and of course expression in vivo. A newly developed PUREfrex,
named PUREfrex 2.0, aimed to improve expression efficiency. Indeed, PUREfrex 2.0 has been
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GTP-FtsZ

Min proteins FtsZ-mts

Figure 6.1 Co-reconstitutions of FtsZ filament networks and Min system with biomimetic
membrane models

A) Co-reconstitution of FtsZ/ZipA with the Min system on SLBs. The Min waves generated an
FtsZ/ZipA wave in antiphase. Panel adapted from reference'’2. B) Co-reconstitution of FtsZ-YFP-
MTS with the Min system in lipid interfaced droplets. Pole-to-pole Min oscillatory patterns
promoted an antiphase, symmetric FtsZ-YFP-MTS pattern. Scale bar: 10 uym. Adapted from
reference’’.

shown to increase the yield of its predecessor by a factor of ~5 and the operational life-span
by a factor of two!®’. However, this is still far from being sufficient to provide an autonomous
metabolic system in artificial cells. Research on this topic cannot but keep improving. Taking
all together, we can conclude that the PURE system has been an invaluable tool for the de novo
synthesis of proteins. Its versatility allows for optimization, its purity for a high level of
interpretability of the results, and its defined composition for the rational design of model
artificial cells.

6.2 Synthesized E. coli division-related proteins can be
implemented in artificial cells

Throughout this thesis, we have shown that synthesized FtsZ, FtsZ-His, FtsZ-A, FtsA, sZipA
and ZapA supported the formation of cytoskeletal structures on

planar membranes, even in co-synthesis conditions (FtsZ/ZapA and FtsZ-His/ZapA). In
liposomes, we have demonstrated FtsZ expression and liposome deformation. And finally, we
have shown spatiotemporal patterns generated by synthesized MinD and MinE on planar
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membranes. With these data we can conclude that the synthesis of functional E. coli related
division proteins is possible. However, we have not attempted the co-reconstitution of both
systems yet.

In 2015, Martos et al'”? reconstituted on planar membranes MinCDE waves together with
FtsZ-sZipA networks. They confirmed that FtsZ waves were formed in antiphase with the Min
waves (Figure 6.1 A). Moreover, they reported that the modulation value of the FtsZ waves, i.e.
the difference between the fluorescence on the waves and the fluorescence outside the waves,
was dependent on the membrane density of ZipA. They also found that the modulation value
was positively correlated with the crowded environment. This could be of relevance in our
minimal division machinery (MDM) model, since the generation of high values would help a
strong positioning of the Z-ring at midcell. In vesicles, an interesting example was reported by
Zieske and colleagues'”. They addressed the generation of patterns with reconstituted
MinCDE and FtsZ-YFP-MTS inside lipid-interfaced droplets. Indeed, they observed a
sustained antiphase oscillation of FtsZ-YFP-MTS and MinCDE (Figure 6.2 B).

As done in the above-mentioned studies, we could address the same questions with synthesized
proteins, both in SLBs and in vesicles. Something to take into account is the relatively low yield
of the PURE system. This implies that the synthesis of a 5-protein system is probably not in
the reach of the current technology. Yet, the use of small protein-synthesizing compartments
might be key in this regard, since it has been shown that some of these vesicles favor the
production of de novo synthesized proteins?’”®. Nonetheless, a mixed approach with both
purified and synthetic proteins could be tried. Reconstitution of the Min waves could be done
with purified MinC and synthesized MinD and MinE, as long as extra ATP and a suitable
chaperon was added to the mix. As for FtsZ, since it is a soluble protein, it would be probably
best to use it purified. This way, FtsA could be synthesized in vesicle to avoid difficulties in the
encapsulation of this protein by natural swelling. By using two purified proteins (FtsZ and
MinC), the PURE system could be still in reach of synthesizing the other three. Of course,
other synthesized-purified combinations should be explored. An important consideration is
the stoichiometry of the DNA templates. It could be expected that with increasing number of
genes, the interaction of the protein synthesis machinery and the DNA templates becomes
highly complex. Optimization will require to adjust the copy number of each gene, or to group
the different genes under the same operon to ensure a correct stoichiometry.

6.3 A new minimal machinery model arises

In Chapter 1 (page 11), we proposed an idealized minimal cell model, whose function was to
guide our research in the consecution of an evolving, self-maintaining, self-reproducing
artificial cell. We described as well an idealized model of an MDM. After the data gathered and
discussed in this thesis, a new, extended minimal division machinery (EMDM) model emerges

(Figure 6.2).

Here, as in the MDM model, FtsZ occupies a central position. FtsZ’s role is to assemble at
midcell, forming a constricting protein ring. In this task, FtsZ is aided by ZapA or ZapC, small
FtsZ crosslinkers that help the condensation of FtsZ protofilaments in coherent bundles. Since
the FtsZ to Zap ratio is important for the generation of bundles, in the EMDM model, artificial

148



6 - General conclusions

[ ]
[ ]
O
FtsZ — o
. ring P A Min
° A system| g
@
. ?
T 4 PURE Chaperones e
& o YSTEM
% A
K* 2
° Membrane
ATP R’ / 4
@ Genome o ~Alnverse-cone
) lipids

Extended minimal
divisome machinery
model

Figure 6.2 Extended minimal divisome machinery model

In Figure 1.1 , (page 12), we presented our minimal division machinery (MDM) model. This
consisted in an idealized vision of a division machinery to be implemented in artificial cells.
Throughout this thesis, this model has been expanded. In our extended minimal divisome
machiner (EMDM) model, FtsZ occupies a central role. After expression by the PURE system, FtsZ
assembles at midcell into a constricting ring-like structure (red). FtsZ is aided in this by Zap's
proteins, which promote the cohesion of the ring (violet). The FtsZ/Zap assembly is anchored to
the membrane by FtsA or ZipA, thus a constriction force can be transmitted to the membrane.
The location of the FtsZ-ring at midcell is guided by the Min system (green). In the EMDM model,
the media is rich in K*, Mg?* and ATP. Chaperones are synthesized as well to ensure that MinE is
functional. Finally, to facilitate Min system oscillations, the cell is elongated through the insertion
on the membrane of inverse-cone lipids.

chromosomes containing a different copy number per gene are used. The FtsZ-Zap structure
is anchored to the membrane through FtsA and ZipA, and guided to the midcell by the
MinCDE system. To allow correct expression of ZipA, the optimal temperature is 25 °C. In
the other hand, the media is rich in K*, Mg? and ATP to reduce the FtsZ bundling threshold
(K*, Mg?) and to permit the activity of MinD (ATP). DnaK or other suitable molecular
chaperone are synthesized in the cell as well, to ensure the correct folding and activity of MinE.
Finally, the liposome membrane contains a proportion of inverse-cone lipids to promote the
elongation of the cell to recreate Min pole-to-pole oscillatory patterns.
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Appendix

DNA constructs and sequences



7.1 DNA sequences for expression of Min proteins in E. coli.

All sequences were kindly provided by the laboratory of Petra Schwille in the Max-Plank-
Institute of Biochemistry, Germany. All genes are inserted in pET28-a. Here, only the region
between the promoter and terminator of each gene is shown. A schematic of the following
DNA constructs can be seen in Figure 7.1. The color and symbol code for the DNA sequences
can be seen in Table 7.1.

Table 7.1 Code of colors and symbols for the DNA sequences for expression of Min proteins

in E. coli.
Genetic part Color and symbol code
Promoter (t7) red
Operator (lacO) orange
Ribosome binding site sequence purple
Start codon CAPITALS
Thrombin cleavage site underlined
T7 leader sequence brown

Wild-type DNA sequence of target blue

protein

egfp green

6 histidine tag DNA sequence dark blue

Stop codon CAPITALS

Terminator (t7) red
7.1.1 minC

taatacgactcactataggooaattgtgagcgoataacaattccectctagaaataattttgttaactttaagaaggagatataccATGgge
agcagecatcatcatcatcatcacageageggectggtgecgegeggeagecatatggetageatgactggtggacageaaatgggtegegga
tccgaattcagcaacacgecaatcgagettaaaggeagtagetteactttatetgtggtteatctgeatgaggeagaacctaaggttatecatea
ggcgetggaagacaaaatcgetcaggeccecgeatttttaaaacatgeceecgttgtactcaacgtcagtgeactggaagacceggtaaactgg
tcagcgatgeataaggeggtttcggeaaccggtttgegggttattggegtaagtggctgcaaagatgegeaacttaaagecgaaattgaaaaga
tggggctgectatectgacggaaggaaaggaaaaagegecacgtecagetceccacaccgeaggetccagegeaaaatacaacgecggteac
aaaaacgcgtttaatagataccccggtgegttccggteagegtatttatgetccacaatgtgatetgattgttacaagecacgttagegetggggc
cgaattgattgccgatgggaacattcatgtctatggeatgatgegeggtegtgcgetggeaggggcaagtggtgaccgggaaacgeaaatatttt
gtacgaacctgatggcggaactggtgtecatcgeaggtgaatactggetgagtgatcaaatcccageagaattttatggcaaageggegegact
gcagttagtcgaaaacgcetttgaccgttcaaccgttaaat T GAgtegageaccaccaccaccaccactgagatecggetgctaacaaagec
cgaaaggaagctgagttggetgetgecaccgetgageaataactageataaccecttggggectctaaacgggtcttgaggggtttttty

7.1.2  egfp-minC

taatacgactcactataggooaattgtgagcgoataacaattccectctagaaataatttegtttaactttaagaaggagatataccATGagg
catcatcatcatcatcatcacagtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaa
ttttctgtcagtggagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgeactactggaaaactaccetgtteccatggcca
acacttgtcactactttcgegtatggtcttcaatgetttgegagatacccagatcatatgaaacageatgactttttcaagagtgecatgeccgaa
ggttatgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaagtttgaaggtgatacccttgttaatag
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aatcgagttaaaaggtattgattttaaagaagatggaaacattcttggacacaaattggaatacaactataactcacacaatgtatacatcatgg
cagacaaacaaaagaatggaatcaaagttaacttcaaaattagacacaacattgaagatggaagegttcaactageagaccattatcaacaaa
atactccaattggegatggecctgtecttttaccagacaaccattacctgtccacacaatctgeectttcgaaagatcccaacgaaaagagaga
ccacatggtccttcttgagtttgtaacagetgetgggattacacatggeatggatgaactatacaagggtgeagegggtgaattcagcaacacge
caatcgagcttaaaggeagtagettcactttatctgtggttcatctgeatgaggeagaacctaaggttatccatcaggegetggaagacaaaatc
gctcaggeccccgeatttttaaaacatgeccecgttgtactcaacgteagtgeactggaagacccggtaaactggtcagegatgeataaggegy
tttcggeaaccggtttgegggttattggegtaagtggetgcaaagatgegeaacttaaagecgaaattgaaaagatggggcetgectatectgacg
gaaggaaaggaaaaagcgecacgtecageteccacaccgeaggetecagegeaaaatacaacgecggtcacaaaaacgegtttaatagata
ccecggtgegttecggtecagegtatttatgetccacaatgtgatctgattgttacaagecacgttagegetggggccgaattgattgecgatggga
acattcatgtctatggeatgatgegeggtegtgegetggeaggggcaagtggtgaccgggaaacgcaaatattttgtacgaacctgatggegga
actggtgtccatcgeaggtgaatactggetgagtgatcaaatcccageagaattttatggecaaageggegegactgeagttagtcgaaaacgct
ttgaccgttcaaccgt T AAattgagtcgagcaccaccaccaccaccactgagatccggetgetaacaaageccgaaaggaagetgagttgg
ctgctgecaccgetgageaataactageataaccecttggggectctaaacgggtettgaggggttettty

7.1.3  egfp-minD

taatacgactcactataggooaatigtgagcgoataacaaticccctctagaaataattetgtttaactttaagaaggagatataccATGgge
agcagccatcatcatcatcatcacagcageggectggtgccgegeggcagecatatggctageatgactggtggacagcaaatgggtegegga
tccgtgageaagggegaggagetgttcaccggggtggtgcccatectggtcgagetggacggcgacgtaaacggecacaagttcagegtgtcee
ggcgagggcgagggcgatgecacctacggcaagetgaccctgaagttcatctgcaccaccggcaagetgecegtgecctggeccaccctegty
accaccctgacctacggegtgeagtgettcagecgetacceccgaccacatgaageageacgacttcttcaagtecgecatgeccgaaggetac
gtccaggagegeaccatcttcttcaaggacgacggcaactacaagacccgegecgaggtgaagttcgagggegacaccectggtgaaccgeat
cgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagcetggagtacaactacaacagecacaacgtctatatcatgg
ccgacaagcagaagaacggceatcaaggtgaacttcaagatccgecacaacatcgaggacggeagegtgeagetcgecgaccactaccagea
gaacacccccatcggegacggecccgtgctgetgeccgacaaccactacctgageacccagtecgecctgagcaaagaccccaacgagaag
cgcgatcacatggtectgctggagttcgtgaccgecgecgggatcactctcggeatggacgagetgtacaaggaattcgcacgeattattgttgt
tacttcgggcaaagggggtgttggtaagacaacctccagegeggecatcgecactggtttggcccagaagggaaagaaaactgtcgtgataga
ttttgatatcggectgegtaatctcgacctgattatgggttgtgaacgecgggtegtttacgatttcgtcaacgtcattcagggegatgcaacgcta
aatcaggcgttaattaaagataagcgtactgaaaatctctatattctgecggeatcgcaaacacgegataaagatgecctcacccgtgaagggg
tcgeccaaagttettgatgatctgaaagegatggattttgaatttatcgtttgtgactccccggeagggattgaaaccggtgcgttaatggeactceta
ttttgcagacgaagecattattaccaccaacccggaagtctectcagtacgegactctgaccgtattttaggeattctggegtcgaaatcacgec
gcgcagaaaatggcgaagagectattaaagagcacctgctgttaacgegctataacccaggecgegtaagcagaggtgacatgctgageatg
gaagatgtgctggagatcctgegeatcaaactegteggegtgatcccagaggatcaatcagtattgegegectctaaccagggtgaaccggtea
ttctcgacattaacgecgatgegggtaaagectacgcagataccgtagaacgtctgttgggagaagaacgtectttccgettcattgaagaaga
gaagaaaggcttecteaaacgcttgticggagea TAAaagettgeggecgeactcgageaccaccaccaccaccactgagatecggetgct
aacaaagcccgaaaggaagctgagttggetgetgecaccgetgageaataactagcataaccecttggggectctaaacgggtettgaggget
tttttg

7.1.4 minE
taatacgactcactataggogaattotoagcgoataacaattccectctagaaataattttgtttaactttaagaaggagatataccATGgge
agcagccatcatcatcatcatcacageageggectggtgecgegeggcagecatatggctageatgactggteggacageaaatgggtcgcgga
tccgaattegeattactegatttctttctetcgeggaagaaaaacacagecaacattgecaaaagaacggctgeagattattgttgctgaacgecg
tcgeagegatgeagaaccgeattatctgecgeagttgcgtaaagatattettgaggteatttgtaaatacgtacaaattgatcctgagatggtaac
cgtacagcttgagcaaaaagatggcgatatttctattcttgagetgaacgtgaccttaccggaageagaagagctgaaa T AAaagettgegg
ccgeactcgageaccaccaccaccaccactgagatccggetgetaacaaageccgaaaggaagetgagttggctgctgccaccgetgageaa
taactagcataaccecttgggecctctaaacgggtettgageggtttttty
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Figure 7.1 Schematic of DNA constructs used in this thesis for expression in E. coli.

5333

7.2 DNA sequences for expression in the PURE system

All sequences are inserted in pET11-a except the optimized sequences minDyand minE,, which
are inserted in pCC1 and pUC57, respectively. Here, only the region between the promotor
and terminator of each gene is shown. A schematic of the following DNA constructs can be
seen in Figure 7.2 (divisome proteins), Figure 7.3 (min proteins) and Figure 7.4 (other
sequences). The color and symbol code can be seen in Table 7.2.
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Table 7.2 Code of colors and symbols for DNA templates for the cell-free expression in the
PURE system.

Genetic part Color and symbol code
Promoter (t7) red
Operator (lacO) orange
Ribosome binding site sequence purple
Start codon CAPITALS
DNA sequence of target protein blue
6 histidine tag DNA sequence dark blue
FtsA membrane targeting sequence dark green
Stop codon CAPITALS
Terminator (t7) red

7.2.1 ftsZ

taatacgactcactatagggoaattgtgagcgoataacaattccectctagaaataattetgtttaactttaagaaggagatatacatATGreet
gaaccaatggaacttaccaatgatgacgcggtgattaaagtcatcggegteggeggeggeggeggtaatgctgttgaacacatggtgegegag
cgcattgaaggtgttgaattcttcgeggtaaataccgatgeacaagegetgegtaaaacageggttggacagacgattcaaatcggtageggta
tcaccaaaggactgggegetggegetaatccagaagttggecgeaatgeggctgatgaggatcgegatgeattgegtgeggegetggaaggtg
cagacatggtctttattgctgegggtatgggtggtggtaccggtacaggtgeageaccagtegtcgetgaagtggcaaaagatttgggtatectg
accgttgctgtcgtcactaagectttcaactttgaaggcaagaagegtatggeattcgeggageaggggatcactgaactgtccaageatgtgg

actctctgatcactatcecgaacgacaaactgetgaaagttetgggecgeggtatcetecctgetggatgegtttggegeagegaacgatgtactg
aaaggcgctgtgeaaggtatcgetgaactgattactcgtecgggtttgatgaacgtggactttgcagacgtacgcaccgtaatgtctgagatggg
ctacgcaatgatgggttctggegtggegageggtgaagaccgtgeggaagaagetgctgaaatggetatctettetecgetgctggaagatate

gacctgtetggegegegeggegtgctggttaacatcacggegggcttcgacctgegtetggatgagttcgaaacggtaggtaacaccatecgtg
catttgcttcegacaacgegactgtggttatcggtacttetettgacccggatatgaatgacgagetgegegtaaccgttgttgcgacaggtatcg
geatggacaaacgtectgaaatcactctggtgaccaataageaggttcageagecagtgatggategetaccageageatgggatggetecge
tgacccaggagcagaagecggttgctaaagtcgtgaatgacaatgegecgeaaactgegaaagagecggattatctggatateccageattee
tgcgtaageaagetgat TAAggatecggctgetaacaaageccgaaaggaagetgagttggctgctgecaccgetgageaataactageat
aaccccttggggectctaaacgggtettgaggggtttttty

7.2.2  ftsZ-his

taatacgactcactatagggoaattgtgagcgoataacaattccectctagaaataattetgtttaactttaagaaggagatatacatATGreee
gaaccaatggaacttaccaatgacgeggtgattaaagtcatcggegteggeggeggeggeggtaatgetgttgaacacatggtgcgegagege
attgaaggtgttgaattcttcgeggtaaataccgatgcacaagegetgegtaaaacageggttggacagacgattcaaatcggtageggtatca
ccaaaggactgggegetggcgetaatccagaagttggecgeaatgeggetgatgaggategegatgeattgegtgeggegctggaaggtgcag
acatggtctttattgctgegggtatgggtggtggtaccggtacaggtgcageaccagtegtegetgaagtggeaaaagatttgggtatectgacc
gttgctgtcgtcactaagectttcaactttgaaggcaagaagegtatggeattcgeggageaggggatcactgaactgtccaageatgtggacte
tctgatcactatccegaacgacaaactgetgaaagttetgggecgeggtatcteectgetggatgegtttggegeagegaacgatgtactgaaag
gegctgtgcaaggtatcgetgaactgattactegtecgggtttgatgaacgtggactttgeagacgtacgeaccgtaatgtetgagatgggctac
gcaatgatgggttctggegtggcgageggtgaagaccgtgcggaagaagetgctgaaatggctatetettctecgetgetggaagatatcgace
tgtctggegegegeggegtgctggttaacatcacggegggcttcgacctgegtetggatgagttcgaaacggtaggtaacaccateegtgeattt
gettcegacaacgegactgtggttatcggtacttetettgacceggatatgaatgacgagetgegegtaaccgttgttgegacaggtatcggeat
ggacaaacgtcctgaaatcactctggtgaccaataageaggttcagcagecagtgatggatcgetaccageageatgggatggetecgetgac
ccaggagcagaagecggttgctaaagtcgtgaatgacaatgegecgcaaactgegaaagagecggattatetggatateccageattectgeg
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taagcaagetgatcatcaccatcatcaccat T AAggatccggetgctaacaaageccgaaaggaagetgagttggctgetgecaccgetga
gcaataactagcataaccecttggggectctaaacgggtettgaggggttttttg

723 ftsZ-a
taatacgactcactataggooaattgtgagcggataacaattcccctctagaaataattttgtttaactttaagaaggagatatacatATGeet
gaaccaatggaacttaccaatgacgceggtgattaaagtcatcggegtcggcggeggeggcggtaatgetgttgaacacatggtgcgegagege
attgaaggtgttgaattcttcgeggtaaataccgatgcacaagegetgegtaaaacageggttggacagacgattcaaatcggtageggtatca
ccaaaggactgggegcetggegctaatccagaagttggecgeaatgeggctgatgaggatcgegatgeattgegtgeggegetggaaggtgcag
acatggtctttattgctgegggtatgggtegtggtaccggtacaggtgcageaccagtcgtcgctgaagtggcaaaagatttgggtatcctgace
gttgcetgtcgtcactaagectttcaactttgaaggcaagaagegtatggeattcgeggageaggggatcactgaactgtccaageatgtggacte
tctgatcactatcccgaacgacaaactgetgaaagttctgggecgeggtatctecctgetggatgegtttggegcagegaacgatgtactgaaag
gegcetgtgcaaggtatcgctgaactgattactcgtecgggtttgatgaacgtggactttgcagacgtacgecaccgtaatgtctgagatggectac
gcaatgatgggttctggegtggegageggtgaagaccgtgcggaagaagetgctgaaatggctatctettctecgetgctggaagatatcgace
tgtctggegegegeggegtgctggttaacatcacggegggcttcgacctgegtetggatgagttcgaaacggtaggtaacaccatecgtgeattt
gcttecgacaacgegactgtggttatcggtacttctcttgacccggatatgaatgacgagetgegegtaaccgttgttgegacaggtatcggeat
ggacaaacgtcctgaaatcactctggtgaccaataageaggttcageagecagtgatggatcgetaccageageatgggatggetecgetgac
ccaggagcagaagecggttgctaaagtegtgaatgacaatgegecgeaaactgegaaagagecggattatctggatatcccageattectgeg
taagcaagctoatggetegtggatcaagegactcaatagttggetgegaaaagagttt T AAggatccggctgctaacaaageccgaaagg
a

7.2.4  zpA
taatacgactcactatagggeaattgtgagcggataacaattccectctagaaataatttegtttaactttaagaaggagatatacatATGatg
caggatttgcgtctgatattaatcattgttggegegategecataategetttactggtacatggtttctggaccagecgtaaagaacgatetecta
tgttccgegatcggccattaaaacgaatgaagtcaaaacgtgacgacgattettatgacgaggatgtcgaagatgatgagggcgttggtgaggt
tegtgttcaccgegtgaatcatgecccggcetaacgcteaggageatgaggetgctegtecgtegecgcaacaccagtaccaaccgecttatgcg
tetgegeagecgegtcaaccggtccageagecgectgaagegeaggtaccgecgeaacatgetccgeatecagegeagecggtgcageagee
tgcctatcagecgeagectgaacagecgttgeageagecagtttcgccacaggtegegecagegecgeagectgtgcattcageaccgeaace
ggcacaacaggctttccagectgeagaacccgtageggeaccacagectgagectgtageggaacctgctecagttatggataaaccgaageg
caaagaagcggtgattatcatgaacgtcgeggegcatcacggtagcgagetaaacggtgaactgcttcttaacageattcaacaageggectte
atttttggcgatatgaatatttaccatcgteatcttageccggatggcagegeccegecgttattcagectggcgaatatggtgaaaccgggaac
ctttgatcctgaaatgaaggatttcactactccgggtgteactatctttatgeaggtaccgtcttacggtgacgagetgcagaacttcaagetgat
gctgcaatctgcgeageatattgecgatgaagtggecggtategtacttgacgatcagegecgtatgatgactccgcagaaattgegegagtac
caggacatcatccgegaagtcaaagacgecaacgec T GAggatccggetgetaacaaageccgaaaggaagetgagttggctgctgccac
cgctgagcaataactagcataaccecttggggectctaaacgggtettgaggegttttity

7.2.5 szpA
taatacgactcactataggogaattotoagcgoataacaattccectctagaaataatettgtttaactttaagaaggagatatacatATGeat
caccatcatcaccatcatggtttctgeaccagecgtaaagaacgatettctatgttccgegatcggecattaaaacgaatgaagtcaaaacgtg
acgacgattcttatgacgaggatgtcgaagatgatgagggegttggtgaggttcgtgttcaccgegtgaatcatgecccggetaacgetcagga
gcatgaggctgctegtecgtegecgcaacaccagtaccaaccgecttatgegtctgcgeagecgegtcaaccggtecageagecgectgaage
gcaggtaccgccgeaacatgetecgeatecagegeagecggtgeageagectgectatcagecgeagectgaacagecgttgecageagecag
tttcgecacaggtegegecagegecgeagectgtgeattecageaccgeaaccggeacaacaggcttteccagectgeagaaccegtageggeac
cacagcctgagectgtagcggaacctgctecagttatggataaaccgaagegeaaagaageggteattatcatgaacgtcgeggcgeatcacy
gtagcgagcetaaacggtgaactgcttcttaacageattcaacaagcgggcttcatttttggcgatatgaatatttaccatcgtcatcttageecgg
atggeageggcccggegttattecagectggegaatatggtgaaaccgggaacctttgatectgaaatgaaggattteactactecgggtgteact
atctttatgecaggtaccgtcttacggtgacgagetgcagaacttcaagetgatgctgcaatctgcgcageatattgecgatgaagtggecggtat
cgtgettgacgatcagegeegtatgatgactecgeagaaattgegegagtaccaggacatcatecgegaagtcaaagacgecaacgec T GA
ggatceggetgetaacaaageccgaaaggaagetgagttggetgctgecaccgetgageaataactageataaccecttgggeectctaaacy
ggtcttgaggggttttttg
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Appendix - DNA constructs and sequences

T7 promoter Shine-Dalgarno sequence
l Y

| I Lac operator T T7 terminatar D Coding sequence

ftsZ

ftsZ

ftsZ-his

ftsZ | 6-his

ftsZ-a

ftsZ Ift&qﬂﬂf%:>--

ZipA

SZipA

6-his

ftsA

ftsA

HDHI%RHHH
T33P 3D

zapA

ZapA

Figure 7.2 Schematic of £. colidivisome DNA constructs for cell-free expression in the PURE
system.

7.2.6  ftsA

taatacgactcactatagg cctctagaaataatttegtttaactttaagaaggagatatacatAT Gate
aaggcgacggacagaaaactggtagtaggactggagattggtaccgegaaggttgecgctttagtaggggaagttctgeccgacggtatggte
C

°C

aatatcattggcgtgggcagcetgeccgtcgegtggtatggataaaggcggggtgaacgacctcgaatccgtggtcaagtgegtacaacgegec

attgaccaggcagaattgatggcagattgtcagatctcttcggtatatctggegetttctggtaagcacatcagetgecagaatgaaattggtatg
o .

gtgcctatttctgaagaagaagtgacgcaagaagatgtggaaaacgtegtecataccgegaaatceggtgegtgtgcgegatgageategtgtgc

tgcatgtgatcccgeaagagtatgegattgactatcaggaagggatcaagaatccggtaggactttcgggegtgcggatgcaggcaaaagtgc

acctgatcacatgtcacaacgatatggcgaaaaacatcgtcaaageggttgaacgttgtgggctgaaagttgaccaactgatatttgecggact
ggcatcaagttattcggtattgac ccgtttatac
cggtggggcattgcgecacactaaggtaattecttatgetggeaatgtcgtgaccagtgatatcgettacgectttggeacgecgecaagegacg

55

ygaagatgaacgtgaactgggtgtctgcgtegtegatatcggtggtggtacaatggatatcgecy

¢ y
5S¢ 555 <3
a a
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ccgaagegattaaagttcgecacggttgtgegetgggttecategttggaaaagatgagagegtggaagtgecgagegtaggtggtegtecgec
acggagtctgeaacgtcagacactggeagaggtgatcgagecgegetataccgagetgctcaacctggtcaacgaagagatattgeagttgea
ggaaaagcttcgecaacaaggggttaaacatcacctggeggeaggeattgtattaaccggtggegeagegeagatcgaaggtettgeagectg
tgctcagegegtgtttcatacgeaagtgegtatcggegegecgetgaacattaccggtttaacggattatgetcaggageegtattattegacgg
cggtgggattgcttcactatgggaaagagtcacatcttaacggtgaagetgaagtagaaaaacgtgttacageatcagttggetegtggatcaa
gcgacteaatagtiggetgegaaaagagttt T AAggatccggetgctaacaaageccgaaaggaagetgagttggetgetgecaccgetga
gcaataactagcataaccecttggggectctaaacgggtettgaggggttettty

1.2.7 zapA
taatacgactcactataggguaattgtgagcgoataacaattccectctagaaataattetgtttaactttaagaaggagatatacatATGeet
geacaacccgtcgatatccaaatttttggecgtteactgegtgtgaactgeccgectgaccaaagggatgegttgaatcaggeageggacgate
tgaaccaacggttgcaagatctgaaagaacgeactagagtcacaaatactgaacagttggtctteattgecgeattgaatatcagetatgagtta
gcgreaagaaaaagcaaagactcgtgactacgeggeaagtatggaacagegtattcggatgetgeageagaccatagaacaagegttacttga
acaaggtcgeatcaccgaaaaaactaaccaaaactttgaa | GAggatccggetgetaacaaageccgaaaggaagetgagttggetgcty
ccaccgetgageaataactageataaccecttggggectctaaacgggtettgaggggttetttg

7.2.8 minD
taatacgactcactataggggaattgtgageggataacaattceectctagaaataattttgtetaactttaagaaggagatatacatATGge
acgcattattgttgttacttcgggcaaagggggtgttggtaagacaacctccagegeggecatcgecactggtttggcccagaagggaaagaaa
actgtcgtgatagattttgatatcggectgegtaatctcgacctgattatgggttgtgaacgecgggtegtttacgatttcgtcaacgtcattcagg
gcgatgcaacgctaaatcaggegttaattaaagataagegtactgaaaatctetatattctgecggeatcgcaaacacgcgataaagatgecct
cacccgtgaaggggtcgecaaagttettgatgatctgaaagegatggattttgaatttatcgtttgtgactccccggeagggattgaaaccggtg
cgttaatggcactctattttgcagacgaagccattattaccaccaacccggaagtctectcagtacgegactctgaccgtattttaggeattctgg
cgtcgaaatcacgccgegeagaaaatggcgaagagectattaaagageacctgetgttaacgegctataacccaggecgegtaageagaggt
gacatgctgagcatggaagatgtgctggagatcctgegeatcaaactegteggegtgatcccagaggatcaatcagtattgegegectctaace
agggtgaaccggtcattctcgacattaacgecgatgegggtaaagectacgcagataccgtagaacgtetgttgggagaagaacgtectttecg
ctteattgaagaagagaagaaaggcttectcaaacgettgtteggagea T AAggateeggetgetaacaaageccgaaaggaagetgagtt
ggctgcetgecaccgetgageaataactageataaccecttgggocctctaaacgggtcttgaggggtttttty

7.2.9 minD,,
taatacgactcactataggoeaattgtgagcgeataacaattccectctagaaataattttgtttaactttaagaaggagatatacatATGgcg
cgtattattgttgttaccagcggeaagggeggcgttggeaagaccaccageagegeggcgattgegaccggectggegeagaagggcaagaa
aaccgtggttatcgacttcgatattggtctgcgtaacctggacctgatcatgggctgcgagegtegtgtagtttacgactttgtgaacgtaattcag
ggtgatgegacectgaaccaggegctgatcaaggataaacgtaccgagaacctgtatattctgecggcgagecagacccgtgacaaagatgeg
ctgacccgtgaaggcgtggegaaggttctggacgatctgaaagegatggacttegagtttatcgtgtgegatageccggegggtattgaaaccg
gcgegetgatggegetgtacttcgeggacgaggcgatcattaccaccaacccggaagtgageagegtgcgtgacagegategtatectgggtat
tctggcgagcaagagecgtegtgcggagaacggcgaggaaccgatcaaagaacacctgctgctgaccegttataatccgggtegtetgagecy
tggcgacatgctgageatggaggatgttctggaaatectgegtattaaactggtgggtgtgatcceggaggaccagagegtgctgcgtgcgage
aaccaaggtgaaccggttatcctggacattaacgeggatgegggeaaagegtacgcggatacegttgaacgtetgctgggcgaggaacgtccg
tttcgttttattgaagaagagaagaaggotttcctgaagegtetgtttoocoec T AAggatecggctgctaacaaageccgaaaggaagetg
agttggctgctgccaccgetgageaataactagcataaccccttgggecctctaaacgggtcttgaggggtttttty

7.2.10 minE
taatacgactcactataggogaattgtgagcgeataacaattccectctagaaataattttgtetaactttaagaaggagatatacatAT Ggc
attactcgatttctttctctcgeggaagaaaaacacagecaacattgcaaaagaacggetgeagattattgttgetgaacgecgtegeagegatg
cagaaccgcattatctgecgeagttgegtaaagatattettgaggtcatttgtaaatacgtacaaattgatcctgagatggtaaccgtacagettg
ageaaaaagatggcgatatttetattettgagetgaacgtgaccttaccggaageagaagagetgaaa TAAggatecggctgctaacaaag
cccgaaaggaagetgagttggetgctgecaccgetgageaataactageataaccecttgggecctctaaacgggtettgaggogtttttty
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Appendix - DNA constructs and sequences

7.2.11 minE,,
taatacgactcactataggguaattgtgagcgoataacaattcccctctagaaataattttgtttaactttaagaaggagatatacatATGecg
ctgctggatttetttctgagecgtaagaaaaacaccgegaacatcgegaaagagegtetgcaaatcattgttgeggagegtcgtegtagegaty
cggaaccgeactacctgecgeagetgegtaaagatatcctggaagtgatttgcaagtatgttcaaattgacccggagatggtgaccgttcaget
ggaacaaaaggacggtgatatcageattctggagetgaacgttaccctgecggaageggaggaactgaag T AAggatccggetgetaaca
aagcccgaaaggaagcetgagttggetgctgecaccgetgageaataactageataaceccttggggcctctaaacgggtcttgaggggttettt
g

7.2.12 p3-phi29
taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaagaaggagatatacatAT Ggeacgeagee
cgcgeatccgeatcaaagataacgacaaagecgaatacgeccgectggtgaaaaatacgaaagetaaaatcgeacgtaccaagaaaaaatat
ggcgtggatctgacggctgaaattgacatcccggatctggactcatttgaaacccgegegeagttcaataaatggaaagaacaagetagetctt
ttacgaaccgtgcgaatatgcgctatcagttcgagaaaaacgectacggtgtggttgcatcgaaagctaaaattgeggaaatcgaacgtaacac
caaagaagttcaacgcctggtcgatgaaaaaatcaaagecatgaaagacaaagaatattacgcaggeggtaaaccgeagggeacgattgaac
aacgtatcgcecatgacctcaccggeacatgtgacgggtatcaaccgteccgeacgattttgacttcagtaaagttcgeagttactcccgtetgege
accctggaagaatccatggaaatgcgeacggatccgeagtattacgaaaagaaaatgattcagetgecaactgaattttatcaaaagegtcgaa
ggctcatttaactcgttcgatgeggecgacgaactgattgaagaactgaagaaaattccgecggatgacttttatgaactgttectgegtattage
gaaatctcttttgaagaattcgattctgaaggcaacaccgtcgaaaatgtggagggtaacgtttacaaaattctgtcgtatctggaacaatatcgt
cgtggtgattttgatctgtegetgaaagecttc TAAtageataaccecttggggectctaaacgggtcttgaggegttettty

7.2.13 eyfp
aagatttaggtgacactatagaatacaagcttgggctgeagegegaaattaatacgactcactatagggagaccacaacggtttcectctagaa
ataattttgtttaactttaagaaggagatatacatAT Gegggottetcateatcateatcatcatggtatggctageatgactggtggacagea
aatgggtcggoatctgtacgacgatgacgataaggatccgatggtgagcaagegcgageagctgttcaccggggtggtegcceatectggtcga
gctggacggegacgtaaacggecacaagttcagegtgtecggegagggcgagggcgatgecacctacggeaagetgaccctgaagtteatet
gcaccaccggeaagctgeccgtgecctggeccaccetegtgaccacctteggctacggectgeagtgcttcgeecgetaccecgaccacatga
agcagcacgacttcttcaagtccgecatgeccgaaggetacgtccaggagegeaccatcttettcaaggacgacggcaactacaagaccegeg
ccgaggtgaagttcgagggcgacacectggtgaaccgeatcgagetgaagggeatcgacttcaaggaggacggeaacatectggggeacaag
ctggagtacaactacaacagccacaacgtctatatcatggecgacaageagaagaacggeatcaaggtgaacttcaagatecgecacaacat
cgaggacggeagegtgeagetcgeegaccactaccageagaacacccccatcggegacggeccegtgctgetgeccgacaaccactacctga
gctaccagtccaagetgageaaagaccccaacgagaagegegatcacatggtectgetggagttcgtgaccgeecgecgggateacteteggea
tggacgagetgtacaag TAAaagettcecgggaaagtatatatgagtaaagatatcoa cocancigaatgnanigoionaguacouoticca
gptotgoctocticgucagtgcagcettottgagtagagtotoagctccgtaactagicgcotcgatatccccgggetageataaccecttggggc
ctctaaacgggtcettgaggggttttttaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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T7 promoter Shine-Dalgarno sequence
' r N
| I Lac operator T T7 terminator D Coding sequence

minD .C

w .

minDop .C _‘W
minE C _._@I

minEop _c_l_‘_@l

Figure 7.3 Schematic of £. co/i min system DNA constructs for cell-free expression in the
PURE system

T7 promater Shine-Dalgarno sequence
‘ A

T T7 terminator > Coding sequence

p3-phi29 Q‘EI
eyfp -C.-G-his eyfp)I

Figure 7.4 Schematic of DNA constructs for cell-free expression in the PURE system for
control experiments
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Summary

The creation of artificial cells with the minimal set of components to exhibit self-maintenance,
self-reproducibility and evolvability (in other words, to be considered alive) is one of the most
exciting areas within the field of synthetic biology. Such entities, here called minimal cells, are
constructed by either the top-down or bottom-up approach. The top-down approach attempts
to realize a minimal cell starting from an already existing unicellular organism and stripping
down non-essential genes. In the bottom-up approach, separate biochemicals, such as
phospholipids, DNA and proteins are assembled from scratch to reconstitute cell-like
functions. On the way to tackle this curiosity-driven building challenge, we also expect to learn
more about the most fundamental processes that define a living cell.

In the Christophe Danelon lab, we propose to build a minimal cell using a bottom-up synthetic
biology approach. The scaffold consists of three core modules. First, a liposome is used as a
compartment model that defines the minimal cell as a physical entity. Its phospholipid
membrane controls the exchange of matter and energy. Second, the information about the
composition of the cell (lipid, RNA, protein) is encoded in DNA in the form of genes. Third,
the protein synthesis using recombinant elements system, or PURE system, is implemented as
a metabolic machinery to synthesize proteins from DNA templates. We believe that such a
minimal cell model has the potential to ultimately meet the requirements for being recognized
as living.

One of the essential processes required for achieving self-reproduction is division. In this thesis,
we asked two questions: can we engineer a division system for liposome-based minimal cells by
mimicking the bacterial division machinery? Can this reconstituted division apparatus be
spatiotemporally regulated with yet another engineered protein network inspired from
bacteria? To answer these questions, our strategy involved the in-vesicle synthesis of a carefully
selected, Escherichia coli division protein set. In E. coli, division starts with the polymerization
of the cytosolic protein FtsZ into a ring-like structure positioned at midcell. This FtsZ ring is
anchored to the inner membrane by the partner proteins FtsA and ZipA. On time, the FtsZ
ring constricts until division is completed as a binary fission event. Proper localization of the
division ring is ensured by a three-protein system, the Min system, that dynamically self-
organizes and specifically enables formation of the FtsZ ring at midcell. We hypothesize that,
in analogy to cellular division, synthesis of FtsZ, FtsA, ZipA and the Min system will stimulate
formation of an active FtsZ ring that will eventually split our minimal cell in two. This gene set
and associated protein functionality is what we call the minimal division machinery model.

In order to implement this minimal division machinery model, we began by exploring the
potential of the cell-free synthesized E. coli division proteins FtsZ, FtsA and ZipA to recapitulate
basic cytoskeletal properties. Protein activity was assayed on planar supported membranes. We
found that Ficoll70, a general macromolecular crowder, was necessary to trigger formation of
filament networks with the purified proteins FtsZ and ZipA under the tested conditions. More
importantly, the cell-free synthesized FtsZ, FtsA and ZipA were able to self-organize into
filaments of distinct morphologies, curved with FtsA and straight with ZipA. To bypass the
need of Ficoll70, we demonstrated that cell-free expressed ZapA, a natural FtsZ crosslinker, was

able to trigger bundling of FtsZ filaments when mixed with purified or cell-free synthesized
FtsZ.

Next, we sought to reconstitute an FtsZ-based membrane deforming machinery inside
liposomes. We first tested the dynamics of encapsulated purified FtsZ. While in standard
conditions we were unable to detect in-vesicle FtsZ polymerization, we found that increasing
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K* and Mg¥ concentrations mediated assembly of FtsZ into straight bundles. This new
condition was also compatible with filament assembly of synthesized FtsZ. Next, we quantified
the shape of FtsZ filament-containing liposomes, and revealed that internal FtsZ filaments are
capable of deforming liposomes into elongated and lemon-shapes.

To reduce the load of the PURE system’s metabolic machinery, we designed and studied the
activity of two chimeric versions of FtsZ, engineered to target phospholipid bilayers in the
absence of its native membrane-anchoring proteins FtsA and ZipA. We found that our
chimeric proteins could be recruited to planar membranes and self-organize into dynamic
cytoskeletal structures. Dynamical behaviours included condensation of filaments and
constriction of protein rings. These artificial structures could also form on the outer leaflet of
free-standing liposome membranes. However, no activity was detected when the chimeric FtsZ
proteins were synthesized in vesicles.

Finally, we attempted to reconstitute a functional Min system on planar membranes with the
ultimate goal of spatially and temporally regulating FtsZ polymerization in synthetic cells. We
found that cell-free synthesized Min proteins resumed reaction-diffusion-like patterns on
planar membranes, granted an optimization of the ATP concentration, gene sequence and
presence of suitable chaperones.

In conclusion, this work provides experimental evidence for DNA-directed production and
functional assembly of key E. coli division proteins. Many of the typical properties of FtsZ, FtsA,
ZapA and Min proteins have been validated when expressed and assayed on supported lipid
bilayers. In liposomes, we have demonstrated the link between FtsZ expression and membrane
deformation. Yet, the anchoring of cellfree synthesized FtsZ to the inner leaflet of the
liposomes, the organization into a contractile division ring and its dynamic positioning by in
situ expressed Min proteins are specific goals that remain to be achieved. In light of the
presented results, we propose a new picture of our minimal division machinery model.
Specifically, we suggest to extend the chosen set of genes to include chaperons that will assist
the correct folding of synthesized proteins, as well as one of the proteins of the Zap family, like
ZapA, for FtsZring condensation. Additionally, increasing the concentration of K* and Mg?*
may facilitate FtsZ filament formation by lowering the FtsZ polymerization critical
concentration, while an increase of ATP concentration will ensure sustained functioning of
the Min system. We believe that implementation of the above conditions in future experiments
will bring us closer to an FtsZ-based dividing liposome.
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Samenvatting

Het creéren van artificiéle cellen die met een minimale set componenten zichzelf in stand
kunnen houden, kunnen reproduceren en evolueren, (met andere woorden als levend
beschouwd kunnen worden), is een van de meest veelbelovende onderwerpen op het terrein
van de synthetische biologie. Dergelijke entiteiten, hier ‘minimale cellen’ genoemd, worden
volgens een top-down of bottom-up benadering geconstrueerd. Bij de top-down benadering
wordt getracht een minimale cel te verwezenlijken door niet-essentiéle genen te verwijderen uit
een al bestaand eencellig organisme. Bij de bottom-up benadering worden afzonderlijke
biomoleculen zoals fosfolipiden, DNA en eiwitten vanaf de basis opgebouwd en geassembleerd
tot een eenheid met celachtige eigenschappen. In de loop van dit door nieuwsgierigheid
gedreven, uitdagende onderzoek, verwachten we ook meer inzicht te verwerven in de meest
fundamentele processen eigen aan een levende cel.

In het laboratorium van Christophe Danelon stellen we voor om een minimale cel te bouwen
met een bottom-up benadering. Het frame bestaat uit drie kernmodules. Ten eerste wordt een
liposoom gebruikt als compartimentmodel om de minimale cel te definiéren als een fysieke
onathankelijke eenheid. Het fosfolipidemembraan van het liposoom reguleert de uitwisseling
van materiaal en energie. De tweede module betreft de informatie over de samenstelling van
de cel (lipide, RNA, eiwit): deze informatie is als genen geéncodeerd in DNA. De derde module
omvat het metabole netwerk om eiwitten te synthetiseren op basis van de code in het DNA.
Hiervoor wordt het PURE (protein synthesis using recombinant elements) systeem gebruikt.
Dit minimale cel model heeft volgens ons het potentieel om uiteindelijk aan de voorwaarden
van leven te voldoen.

Een van de essentiéle processen voor reproductie is deling. In deze thesis komen twee vragen
aan de orde: kunnen we een delingssysteem voor liposomen ontwerpen door het bacteriéle
systeem voor celdeling na te bootsen? Kan dit geassembleerde delingsapparaat vervolgens in
ruimte en tijd gereguleerd worden door een ontworpen eiwitnetwerk dat ook gebaseerd is op
bacterién? Om deze vragen te kunnen beantwoorden, hanteerden we als strategie de in-vesikel
synthese van een zorgvuldig geselecteerde set van delingseiwitten van Escherichia coli. In E.
coli begint de celdeling met de polymerisatie van het cytosolische eiwit FtsZ tot een ringvormige
structuur in het midden van de cel. Deze FtsZ-ring wordt dankzij de eiwitten FtsA en ZipA
verankerd in de binnenmembraan. Constrictie van de FtsZ-ring deelt de cel uiteindelijk in
twee. Een drieledig eiwitsysteem, het Min-systeem, garandeert de correcte localisatie van de
delingsring. De dynamische zelf-organisatie van het Min-systeem zorgt specifiek voor de
assemblage van de FtsZring in het midden van de cel. Onze hypothese is dat, in analogie met
celdeling, synthese van FtsZ, FtsA, ZipA en het Min-systeem de vorming van een actieve FtsZ-
ring zal stimuleren, wat uiteindelijk de minimale cel in twee deelt. De verzameling van deze
genen en hun eiwitfuncties noemen we het minimale delingsapparaatmodel (minimal division
machinery model).

Voor de implementatie van dit minimale delingsapparaatmodel onderzochten we eerst de
mogelijkheden van de cel-vrij gesynthetiseerde delingseiwitten FtsZ, FtsA en ZipA van E. coli
om een basaal cytoskelet te vormen. De eiwitactiviteit werd gevolgd op vlakke membranen
onder de microscoop. We ontdekten dat onder de door ons geteste condities Ficoll70, een
algemeen macromoleculair vulmiddel (crowding agent), nodig was om de vorming van
filamentnetwerken van opgezuiverd FtsZ en ZipA te initiéren. Belangijker nog, de cel-vrij
gesynthetiseerde FtsZ, FtsA en ZipA waren in staat om zelf te assembleren tot filamenten met
een specifieke morfologie, gebogen met FtsA en recht met ZipA. We toonden aan dat door het
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toevoegen van cel-vrij gesynthetiseerd ZapA, een natuurlijke crosslinker van FtsZ, Ficoll70 niet
nodig was om bundels van opgezuiverde of cel-vrij gesynthetiseerde FtsZ-filamenten te vormen.

Vervolgens wilden we een op FtsZ gebaseerd membraan vervormend moleculair apparaat in
liposomen reconstrueren. We hebben eerst de dynamiek van ingekapseld opgezuiverd FtsZ
getest. Hoewel we in standaardomstandigheden geen FtsZ-polymerisatie in het blaasje konden
detecteren, vonden we dat toenemende concentraties K* en Mg?* de assemblage van FtsZ tot
rechte bundels veroorzaakten. Deze nieuwe conditie was ook compatibel met de assemblage
van gesynthetiseerde FtsZ tot filamenten. Vervolgens kwantificeerden we de vorm van FtsZ-
filamenten bevattende liposomen en onthulden we dat interne FtsZfilamenten liposomen
kunnen vervormen tot langwerpige en citroen-vormen.

Om de belasting van de metabole machines van het PURE-systeem te verminderen, hebben we
de activiteit van twee chimerische versies van FtsZ ontworpen en bestudeerd, ontworpen om
dubbellagse fosfolipide te binden in afwezigheid van de native membraan verankerende
eiwitten FtsA en ZipA. We ontdekten dat onze chimere eiwitten konden binden aan vlakke
membranen en zichzelf in dynamische cytoskeletstructuren organiseren. Dynamisch gedrag
zoals condensatie van filamenten en vernauwing van eiwitringen werd door de eiwitten
vertoont. Deze kunstmatige structuren kunnen zich ook vormen op de buiten kant van vrije
liposoommembranen. Er werd echter geen activiteit gedetecteerd wanneer de chimere FtsZ-
eiwitten in blaasjes werden gesynthetiseerd.

Ten slotte probeerden we een functioneel Min-systeem op vlakke membranen te reconstrueren
met het uiteindelijke doel om FtsZ-polymerisatie in synthetische cellen ruimtelijk en tijdelijk
te reguleren. We vonden dat celvrij-gesynthetiseerde Min-eiwitten reactie-diffusie-achtige
patronen op vlakke membranen toonden, als de ATP-concentratie, gensequentie en
aanwezigheid van geschikte chaperones geoptimaliseerd waren.

Concluderend biedt dit werk experimenteel bewijs voor DNA-gerichte productie en
functionele assemblage van belangrijke E. coli-divisie-eiwitten. Veel van de typische
eigenschappen van FtsZ-, FtsA-, ZapA- en Min-eiwitten zijn gevalideerd wanneer ze tot expressie
worden gebracht en getest op ondersteunde lipidemembranen. In liposomen hebben we het
verband aangetoond tussen FtsZ-expressie en membraanvervorming. Toch zijn de verankering
van celvrij gesynthetiseerde FtsZ eiwitten aan de binnenkant van de liposomen, de organisatie
in een contractiele scheidingsring en de dynamische positionering door in situ tot expressie
gebrachte Min-eiwitten specifieke doelen die nog moeten worden bereikt. In het licht van de
gepresenteerde resultaten stellen we een nieuw beeld voor van ons model met een minimale
divisie apparaat. Specifiek stellen we voor om de gekozen set genen uit te breiden met
chaperons die helpen bij het correct vouwen van gesynthetiseerde eiwitten, evenals een van de
eiwitten van de Zap-familie, zoals ZapA, voor FtsZ-ringcondensatie. Bovendien kan het
verhogen van de concentratie van K* en Mg?* de vorming van FtsZ-filamenten vergemakkelijken
door de kritieke concentratie van de FtsZ-polymerisatie te verlagen, terwijl een toename van de
ATP-concentratie zal zorgen voor een duurzame werking van het Min-systeem. Wij geloven dat
de implementatie van de bovenstaande voorwaarden in toekomstige experimenten ons dichter
bij een op FtsZ gebaseerd scheidend liposoom zal brengen.
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