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Abstract

In the preceding chapters, we have looked at the design of a synthetic cell from a global point
of view, with a scope on energy and osmotic homeostasis. Next we investigated osmoregulation
on the protein level by the structural characterisation of a key protein: the ABC-transporter
OpuA. Finally, we have paved the way to perform single-molecule FRET for analysis of
protein dynamics on OpuA. In this chapter, we present perspectives on the future of the
research discussed in the preceding chapters and the field of synthetic biochemistry as a
whole.
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6.1. Introduction
This chapter covers what we believe to be "the upcoming episode" in the areas of research

related to the work described in this thesis. We will briefly discuss the synthetic cell (chapters

1 and 2), with the sidenote that chapter 1 already covers many of its perspectives. Then we

move on to the importance of the 2
nd

messenger cyclic-di-AMP, osmotic regulation of the

the ABC-transporter OpuA (chapter 3 and 5), and outline what remains to be done in further

studies. Finally, we dedicate a small section to speculate on the future of (synthetic) biology

and what we expect to be the next breakthroughs in the field.

6.2. Synthetic cell
We briefly discuss the future of the synthetic-cell field guided by the series of open questions

that concluded chapter 1.

6.2.1. Energy and other requirements

• How much ATP is required for polymer synthesis and maintenance processes in small

cell-like systems?

• Is the interconversion of ATP and electrochemical ion gradients via ATPsynthase

hydrolase essential for life?

One of the most important design elements of any system is the conservation of energy. In

chapter 1 we provide an estimate on the amount of ATP minimally needed for the operation

of a (synthetic) cell. Even though these are ballpark estimates, the actual amount is highly

dependent on the design of the cell. The design of the cell’s (energy) facilities by itself leads

to interesting research questions as well. Of which one is formulated above, as far as we

know all cells make use of the ATP synthase system for the interconvertion of ATP and

electrochemical ion gradients. Would a system without this system be viable? It is hard to

imagine that there are no other ways to acchieve the same result with other components, the

question is if the path of evolution ever lead to any other solution. Regardless of the answer

it is important to keep an open-minded view and not to limit it to the boundaries of what is

already available in nature.

6.2.2. Pysicochemical- and other constraints

• What is the lower limit in size for a cell?

• What are the physicochemical limits for life of e.g. ionic strength, pH, osmolality and

macromolecular crowding?

These two questions lay at the foundation of the phenomenon life. What are the lower limits

for life as we know it, e.g. what criteria do we have to meet to create a cell that is able to

devide, respond to its environment and maintain physicochemical homeostasis. The smallest

free-living cells known today are about 400 nm in diameter [1], but is this the limit? What is
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the minimal space required to fit the minimal set of components that make a free living cell?

To provide a definite answer to these questions we have to bridge the gap between top-down

and bottom-up approaches. Until then we may or may not find a smaller organism or take a

top-down approach, strip all unnecessary components and modify the compartmentalization

machinery to try to reduce the volume. Systematically studying the effect of modified internal

and external conditions, pH, osmolality, crowding and ionic strength on cells may provide

us a with a multi-dimensional parameter-space in which cells operate, or in other words,

the operation boundaries of cells. Comparing this data to genetic lineage gives insight in

adaptability and evolution, two concepts without which life as we know it today would not

exist.

6.2.3. Building the synthetic cell and startup
• How can we increase the efficiency of membrane reconstitution and molecule encap-

sulation to build more complex cell-like systems?

An important aspect in building a synthetic cell is the assembly of the different modules into

one system and to boot it up. At the time of writing there are different methods for creating

vesicles, Microfluidics, for example provides extremely monodisperse liposomes, with great

control over the inside composition, but is limited to extremely stable transmembrane proteins

like pores [2]. A method that works well with membrane proteins, detergent-mediated

membrane reconstitution and extrusion provides a heterogeneous mixture of differently sized

liposomes [3]. Currently there are no better methods to reconstitute complex membrane

proteins and encapsulate enzymes efficiently. Hence, better methods need to be developed. A

major challenge lies in the combination of different modules and incorporation of enzymes

and solutes to physiological concentrations. Ultimately microfluidic approaches may permit

reconstitution of (any)membrane proteins, or alternativelymethods as genome transplantation

[4] may be suitable to boot the first custom-made synthetic cell, by designing and synthesizing

the desired genome of the synthetic cell, and transplanting that into a recipient cell.

6.2.4. Bridging the gap
• How big is the gap between bottom up and top down and how can we bridge it?

• How many unknown components are there still to be discovered?

The gap between the bottom up and the top down approach is decreasing. We gain under-

standing in molecular components and how they work together in a cellular environment.

On the other side, minimal organisms with less than 500 genes [5, 6] have been shown to

be viable. The interesting question is what lies still in the gap. How many components or

systems are essential for viability of an organism that are still unknown, and how to overcome

the challenges, stated in the previous subsection, to boot a cell from scratch.

6.2.5. Bio-orthogonal expansion
• How can we use bio-orthogonal systems in living systems?
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After the previous question of the unknown components that are there to be discovered

we may ask if that is all. There is a vast number of bio-orthogonal systems that are not

synthesized in vivo but can be used together with biological systems, e.g. polymers or non-

ionic surfactants for compartmentalization [7, 8] or in vitro synthesized molecules. Obtaining

a deeper understanding, and subsequent engineering of enzymes can provide the opportunity

to synthesize new (bio-orthogonal) components.

The next section focusses on the second messenger cyclic-di-AMP and complex regulation in

cells. And is a key example from which we can learn essential design principles of complex

regulation.

6.2.6. Cyclic-di-AMP and osmoregulation

Cyclic-di-AMP, the essential poison [9], is a second messenger synthesized in many bacteria

and archaea but this molecule is also present in eukaryotic cells where it fulfills important

functions in host-immune responses [10]. Like cyclic-di-GMP and cyclic-AMP-GMP [11],

cyclic-di-AMP is a signalling molecule that is responsible for the regulation of numerous

cellular processes. Where cyclic-di-GMP is linked to a range of functions, including biofilm

formation, virulence and the cell cycle (See [12] for an overview), cyclic-di-AMP has been

shown to signal DNA integrity, central metabolism and importantly osmotic stress [13–19].

Cyclic-di-AMP is essential for survival of bacteria in normal growth medium, as a Listeria
monocytogenes ∆DacA strain devoid of cyclic-di-AMP was only able to grow in minimal

osmotically-balanced medium [20]. On the other hand high concentrations of the molecule

are also toxic and lead to growth defects and decreased virulence. [21–26].

Higher eukaryotes do not synthesize cyclic-di-AMP but the ER adapter protein (ERAdP)

binds the molecule, which triggers a NF-κB-induced inflammatory cytokine release [10].

Herewith, the innate immune system detects invading microbes through the presence of 2
nd

messengers such as cyclic-di-AMP, which also explains the attenuation in virulence with

increased c-di-AMP levels [21].

Cyclic-di-AMP is synthesized by diadenylate cyclases and degraded by phosphodiesterases

[25]. The membrane-bound diadenylate cyclase CdaAR complex has been linked to the

osmotic stress response of bacteria, presumably by controlling the activity of transporters

such as OpuA [27] and the influx and efflux of potassium ions [28, 29].

A large amount of work lies in the unraveling of the complex regulation of cyclic-di-AMP,

both on a cellular and molecular level. The next section zooms in on the role of cyclic-di-AMP

and osmoregulation on the protein level, focussing on the ABC-transporter OpuA.

6.3. OpuA
We have paved the way to the elucidate the mechanism of transport and regulation of the

ATP-binding casette transporter OpuA. Important clues on the mechanism of ionic strength

sensing and regulation by the 2
nd

messenger cyclic-di-AMP were found after obtaining

high-resolution structures of the protein in different conformations (Chapter 3). Important

methodological advances were made to facilitate various smFRET experiments, including a

method to find labeling positions (Chapter 5)). In the next subsections we will outline the

research plan to uncover the full mechanism of transport and regulation.



6

152 6. Perspectives

6.3.1. Single-molecule FRET

As described in chapter 5 and [30, 31], ligand binding properties of different substrate-

binding domain/protein (SBD) classes have been studied, including the SBDs of OpuA. A

double cysteine architecture in the SBD and stochastic labeling with a fluorescence donor

and acceptor molecule provide important information on ligand binding, either by measuring

conformational equilibria with smFRET in solution (ALEX measurements see chapter 5) or

by confocal scanning microscopy of the SBD attached to a surface to visualise transitions

between conformational states [30, 31]. The next step is to use the full-length protein to

perform smFRET measurements and get insight in the dynamics of the full transporter. The

methodologies developed in chapters 5 can be used to make donor/acceptor-labeled OpuA

embedded in lipid nanodiscs. Surface immobilization and analysis of the conformational

dynamics of nanodisc-reconstituted transporters has been demonstrated by recent studies on

the vitamin B12 transporter BtuCD [32]. Similar strategies have proven effective for studying

membrane proteins in detergent [33]. Next to the SBD mutants to probe opening and closing

of the SBD, the following questions can be addressed by smFRET studies on full-length

transporters.

• Where are the CBS domains when the transporter is in an inactive state, or more general,

in all states where c-di-AMP is not bound? We have full-length OpuA structures

with cyclic-di-AMP bound (Chapter 3), but we lack information on the role of the

CBS domains in the absence of cyclic-di-AMP, apart from binding cyclic-di-AMP.

Moreover, using single cysteine mutants on the CBS domain we can determine under

which conditions cyclic-di-AMP is able to bind and possibly unbind (Figure 6.1A).

• In chapter 3 we speculate that the CBS can interact with the cationic patch on the

NBD as part of a more complex sensing mechanism involving ion strength and the 2
nd

messenger cyclic-di-AMP. Therefore, we propose measurements with fluorophores on

both CBS as NBD to determine the relative movements of the ionic strength sensor on

the NBD and the CBS domain as a function of salt and cyclic-di-AMP concentration

(Figure 6.1B).

• To study the ionic strength regulation in detail and to elucidate the effect of anionic

lipids on the interaction between the sensor and the membrane, we propose to use a

single cysteine in the CBS or in the sensor of the NBD and a quenching lipid (Figure

6.1C). Measurements in low and high salt can be done to elucidate the proximity of the

NBD and CBS to the membrane surface upon activation. The introduction of mutants

can give information on important residues (Figure 6.1D).

• To get insight in the kinetics of substrate binding and translocation plus the cooperativity

of the substrate-binding domains in solute translocation [34], we propose to use

double cycsteine mutants in heterodimeric OpuA (see also chapters 5,4) for intra-

SBD dynamics (Figure 6.1E). Double cysteine mutants with one fluorophore on the

SBD and one fluorophore on the TMD in heterodimeric OpuA can be used for inter-

SBD dynamics. Alternatively, a donor on the SBD and a quencher in the membrane

to obtain a decreased fluorescence signal when the labelled SBD approaches the

TMDs/membrane. This could already be done in homodimeric OpuA (Figure 6.1F).
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Figure 6.1 | Cysteine mutants in OpuA to determine (A) dimerization of the CBS domain, (B) the role of the ionic
strength sensor, (C) the role of the CBS domain in ionic strength sensing in wt OpuA and (D) mutants, (E) opening
and closing dynamics of the SBD, (F) docking of the SBD to the TMD, (G) opening and closing of the TMD, (H)

movement of specific domains with respect to static domains

This kinetic data is crucial to understand the previously observed cooperativity and

the role of dual SBDs.

• To probe the dynamics between domains, e.g. opening and closing of the TMD or

NBD, we propose stochastic labelling of the two TMDs or the two NBDs domains in

homodimeric OpuA (Figure 6.1G). Not only the opening and closing events would be

of interest, but also the degree of opening as the EM-structures show various opening

angles (chapter 3);

• Finally to allow measurements on specific aspects of the translocation and gating

dynamics we propose to use heterodimeric OpuA and stochastic labelling of a core

translocator domain and a regulatory domain (CBS or putative ionic strength sensor

on the NBD) (Figure 6.1H).

6.3.2. Cryo-Electron microscopy

In chapter 3 we have obtained multiple full-length structures of OpuA: substrate-free (apo)

OpuA, OpuA in its closed conformation and OpuA with cyclic-di-AMP bound at the interface

between the two CBS domains.

We have no information on the position(s) of the CBS domains in the apo and closed

conformation. When isolated as a soluble protein, the tamdem domains are in the natively-

disordered state (without cyclic-di-AMP) and in monomeric form the 17.3 kDa proteins

migrate on a size-exclusion column with an apparent molecular weight of around 40 kDa [35].

smFRET is well suited to provide information on the structural dynamics of (intrinsically)

disordered domains or proteins [36]. moreover, we cannot exclude that ordered conformations
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exist that can be important clues for the ionic strength sensing mechanism. The following

CryoEM structures will add to a further understanding of the transport mechanism;

• The structure of OpuA in a low salt and thus in the inactive state will shed light on the

role of the CBS domain and the ionic-strength sensor in the regulation of transport

(Figure 6.2A).

• Structures of OpuA in nanodiscs with different lipid compositions, possibly with

different nanodisc systems to facilitate larger amounts of lipids per disc, will allow

determination of the role of lipids in the gating of transport.

• The structure of the OpuA E190Q mutant in the presence of Mg-ATP alone will give

insight in the sequence of events of glycine betaine binding and ATP binding. As

demonstrated in chapter 3, OpuA does not adopt an outward facing conformation

upon binding of glycine betaine alone; we do not know if ATP alone can lead to this

conformation. (Figure 6.2C).

• A structure in the presence of Mg-ATP, glycine betaine plus cyclic-di-AMP, combined

with already availalble structures, may reveal the mechanism that allows substrate-

dependent ATPase activity in the cyclic-di-AMP inhibited conformation. (Figure

6.2I);

• More data on the conditions of which structures are available may resolve the ligands

and transient states better, which is important for the understanding of the transport

mechanism (Figure 6.2E,G)

6.4. A brief view on the future of the field

Finally, a short section dedicated to the latest developments and expected breakthroughs

in the fields of synthetic and structural biology. The field of stuctural biology was shaken

up by the resolution revolution [37] in Cryo-EM with the latest breakthrough even being

atomic resolution (1.5 angstrom) of apoferritin [38]. On the other side of the field, the

number of structures resolved by X-ray crystallography is growing steadily [39] and the latest

developments in serial crystallography and photocaging [40] allow in principle for obtaining

structural information on protein dynamics at non-cryogenic temperatures. Developments in

cryo-electron tomography may make it possible to observe single proteins in the context of a

real cell.

Details on structure and function of proteins are not sufficient to understand how cells function.

The ’omics’ fields e.g. proteomics and metabolomics provide information on the proteins

and metabolites, respectively, that are present at a specific time and given volume. It is not

trivial to get data for these fields on the single cell level. When the cell cycle of cells is not

synchronized an assembly of cells will have the data averaged. However, recent advances

in proteomics such as single-molecule protein sequencing [41] pave the way to single cell

proteomics, see also [42] for an overview. Single cell time-dependent information on protein

and metabolite concentrations, may elucidate the flow of metabolites and provide a wealth of

information on complex cellular regulation. Taken together with the understanding of how
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Figure 6.2 | Adapted from chapter 3, schematic of the proposed transport cycle of OpuA. In short: low ionic

strength renders OpuA inactive (A), due to interaction of the ionic strength sensor (cationic residues of HTH) with

the anionic membrane (A inset). The transport cycle starts with a flexible inward-facing (IF) conformation (B).
We propose the substrate to bind (D), and the SBD to dock, leading to a transient conformation where ATP can

bind (G) or is bound already (C). Translocation of the substrate into the hydrophobic occluded space inside the

outwardly-oriented TMD leads to (F). ATP-hydrolysis returns OpuA to the IF state (E), pushing the substrate into
the intracellular environment. We hypothesize that a sufficient opening angle undocks the SBD and resets the cycle

to (B). In the inhibition cycle, the CBS domains of OpuA dimerize by the binding of cyclic-di-AMP leading to an

inhibited conformation (H). ATP hydrolysis is still possible, therefore an ATP-bound state must exist (I). Green
squares indicate states with structural information available, whereas red squares indicate states that need to be

determined.

the proteins function it can provide the level of understanding that is minimally required to

design synthetic systems.

The aforementioned techniques give us the possibility to collect unimaginable amounts of

data on processes, key proteins and metabolites in cells. Next to the technology to obtain the

data, the next challenge is to put all this information together, and to structure the information

to understand the cell on a global level. Likely, in silico approaches as molecular dynamics,

protein folding (See [43, 44] for reviews) and modelling of systems biology data will be key

in obtaining and understanding a more complete picture of the cell. Artificial inteligence,

machine learning but also classical approaches such as systems of simple differential balance

equations together with rapidly growing computational power allow for more and better

predictions of the structure and dynamics of the cell. Then, perhaps one day we will be able

to model a complete (minimal) cell to the extent that we currently are able to model single

proteins.
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