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Scope of this thesis
This thesis covers multiple aspects of (synthetic) biochemistry. Starting from a global point

of view and then going deeper into signalling on the single protein level. It provides insight

into the state-of-the-art (synthetic) biochemistry and showcases the importance by zooming

in on details and zooming out to see the broader context.

The first chapter provides a detailed analysis of important design principles of synthetic

cells. The focus lies on the energy balance of the cell. We discuss several systems to

(re)generate metabolic energy and give an estimation on how much energy in terms of ATP

is needed to maintain a (synthtetic) cell.

In chapter 2 we use one of the systems that was presented in chapter 1 in the context

of a cell-like environment. We have developed a system in liposomes that is able to use

external arginine as a fuel to regenerate ATP on the inside of the vesicle. We show basic

physicochemical homeostasis and use the ATP that is produced to fuel one of the key proteins

in osmoregulation, the ABC transporter OpuA. In case of an osmotic upshift, OpuA is

activated by ionic strength and is able to import the compatible solute glycine betaine against

large concentration gradients, which is powered by ATP.

In chapter 3 we focus on this protein. With use of single particle cryo-electron microscopy

we have obtained a number of structures of OpuA in multiple conformations that help in

understanding the transport mechanism. We also show that OpuA is regulated by the second

messenger cyclic-di-AMP, which acts as an emergency brake.

Chapters 4 and 5 focus on methodological advances towards single-molecule FRET

studies on OpuA. First we demonstrate how we turned OpuA from a homodimeric into a

heterodimeric protein complex (chapter 4). When homodimeric proteins are labeled with

probes for e.g. smFRET or DEER spectroscopy, any mutation introduced in one protomer

also arises in the subunit of the dimer. Transforming the protein into an apparent heterodimer,

by tagging the two identical subunits differently, circumvents this problem.

Then, in chapter 5 we introduce an in silico approach to find new positions for labeling

that can be used for smFRET or DEER spectroscopy. The approach uses two or more crystal

structures as input and then systematically assesses all possible residue pairs and filters out

positions with suitable accessiblility and spacing.

The final chapter (chapter 6) places the work presented in this thesis into perspective and

provides a view on the possible future of the research.

xiii
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2 1. Cell Fuelling and Metabolic Energy Conservation in Synthetic Cells

Abstract

We are aiming for a blue print for synthesizing (moderately complex) subcellular systems from
molecular components and ultimately for constructing life. However, without comprehensive
instructions and design principles, we rely on simple reaction routes to operate the essential
functions of life. The first forms of synthetic life will not make every building block for
polymers de novo according to complex pathways, rather they will be fed with amino acids,
fatty acids and nucleotides. Controlled energy supply is crucial for any synthetic cell, no
matter how complex. Herein, we describe the simplest pathways for the efficient generation of
ATP and electrochemical ion gradients. We have estimated the demand for ATP by polymer
synthesis and maintenance processes in small cell-like systems, and we describe circuits to
control the need for ATP. We also present fluorescence-based sensors for pH, ionic strength,
excluded volume, ATP/ADP, and viscosity, which allow the major physicochemical conditions
inside cells to be monitored and tuned.
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1.1. Introduction
Life is not just about replication; it is also a coupling of chemical reactions —

exergonic ones that release energy and endergonic ones that utilise it, preventing

the dissipation of energy as heat [2].

1.1.1. Synthetic life
“What is life” is one of the most intriguing and difficult questions to answer, even at the

cellular scale. At the molecular level, however, it is well established that life is a system of

selfsustained chemical processes. Biochemical networks direct cell growth and division, and

through the uptake of nutrients, the conservation of metabolic energy and the excretion of

waste, they maintain a dynamic state far from thermodynamic equilibrium. Other features of

life-like systems are that they are kinetically controlled (orchestrated through feedback loops),

self-organized and compartmentalized, which enables active, adaptive and autonomous

behaviour. Such properties are present even in the simplest forms of life.

The prospect of creating synthetic life has inspired people for many years. The Venter

Institute, for instance, has demonstrated that a de novo-synthesized genome containing less

than 500 genes can lead to viable cells [3, 4]. Although creating a reduced cell by selectively

removing components from a wildtype genome is an impressive achievement, this top-down

approach leads to a minimal cell with a reduced set of biomolecules, but it does not reveal

how the remaining gene products act together to create life, neither does it capture the links

between metabolism, compartmentalization and the information contained in DNA. As a

result, it has not yet been possible to rationally design and construct, by using a bottom-up

constructive approach, a simple form of life based on a limited number of molecular building

blocks (see, e.g., ref. [5]). Although our fundamental understanding of the individual building

blocks of life is rapidly growing, putting a minimal set of components together such that

life-like properties emerge remains a formidable, yet exciting challenge.

In our view, a true understanding of “molecular life” requires the design and synthesis

of systems with increasing complexity from scratch. This bottom-up assembly by using

molecular components has been referred to as synthetic biochemistry [6]. Fostered by the

fields of biophysics and biochemistry and the need for quantitative studies of molecular

building blocks, there has been rapid progress in the reconstitution and quantitative under-

standing of complex biological systems and processes, such as complex membranes and

transport systems [7], sophisticated DNA processing machineries [8, 9], complex cytoskeletal

systems [10], self-organized spatial protein patterns [11] and cell-free gene expression [12].

In addition, the possibilities for genome engineering have exploded with the development of

powerful DNA assembly methods and CRISPR [13, 14].

In the first part of this chapter, we focus on the construction of cell-like systems from

molecular building blocks, that is, the assembly and engineering of the components that

enable a cell-like system to form ATP and generate electrochemical ion gradients and achieve

energy homeostasis. This is one of the crucial networks that is essential for any life-like

system, as cells need both chemical and electrochemical fuel to enable endergonic reactions

to occur. We describe systems already pioneered but also propose alternative pathways for

metabolic energy conservation on the basis of known strategies employed by simple microbes.
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In the second part, we quantify the amount of ATP needed for a (minimal) synthetic cell to

reproduce itself, while maintaining the same concentration of biomolecules in mother and

daughter cells. We find that the majority of the metabolic energy of our model cell is needed

for protein synthesis and maintenance processes. In the third part, we describe vesicle-based

systems for encapsulating the metabolic networks for energy conservation, and the real-time

monitoring of the internal conditions by fluorescence-based sensors. We also indicate where

hurdles are expected in the construction of ever more complex systems.

1.1.2. Coupling of exergonic and endergonic reactions and measure of energy

status

All known forms of life use two forms of energy currency: ATP and electrochemical ion

gradients. The amount of free energy released upon hydrolysis of ATP to ADP plus inorganic

phosphate is the same as that of other nucleoside triphosphates such as GTP, CTP, UTP or

TTP, but ATP (and to a lesser extent GTP) is predominantly used when chemical energy

needs to be coupled to endergonic reactions or processes (i.e., to shift the equilibrium). The

energy stored in ATP is given by the phosphorylation potential (∆Gp [Eq. 1.1] or ∆G0′/F
[Eq. 1.2]):

∆Gp =∆G0′+2.3RT l og
[ADP ][Pi ]

[AT P ]
[k Jmol−1] (1.1)

or

∆Gp

F
= ∆G0′

F
+ 2.3RT

F
l og

[ADP ][Pi ]

[AT P ]
[mV ] (1.2)

Similarly, electrochemical proton or sodium ion gradients are most often used to drive

membrane-bound processes, even though other types of ion and solute gradients exist. The

F0F1- ATP synthase/hydrolase interconverts the free energy of the phosphorylation potential

into an electrochemical proton gradient, hereafter referred to as proton motive force (∆p)
[Eq. 1.3]:

∆p =∆ψ+ 2.3RT

F
log

[H+]i n

[H+]out
=∆ψ−Z∆pH [mV ] (1.3)

where 2.3RT/F equals 58 mV (at T=298 K) and is abbreviated as Z; F is the Faraday

constant, R the gas constant and T is the absolute temperature. ∆G0′
= 30.5 kJmol

−1
, and

typically ∆Gp ranges from 50 to 65 kJmol
−1

(or ∆Gp /F varies from 520 to 670 mV). A

sodium motive force (∆s) can be formed in a similar manner [Eq. 1.4]:

∆s =∆ψ+ 2.3RT

F
l og

[N a+]i n

[N a+]out
=∆ψ−Z∆pN a[mV ] (1.4)

From a control perspective it can be desirable to connect ATP and ion fluxes through a

single enzyme such as F0F1-ATP synthase/hydrolase, but there are no fundamental principles

that prohibit the two forms of energy to be formed and regulated independent of each

other. As far as we are aware there are no known free-living forms of life without ATP

synthase/hydrolase, but a few bacterial obligate endosymbionts lack the enzyme complex

[15] and rely on substrate-level phosphorylation for their ATP production [16].
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1.2. Cell fueling systems

Respiratory organisms use the F0F1-ATP synthase to formATP, whereas fermentative bacteria

use the enzyme to hydrolyse part of their ATP obtained in catabolic reactions to generate an

electrochemical ion gradient. At thermodynamic equilibrium, the phosphorylation potential

equals the proton motive force times the number of protons (n) translocated per ATP. In

formula [Eq. 1.5]:

∆Gp

F
= n∆p (1.5)

This number is determined by the c-ring stoichiometry of ATP synthase/hydrolase and

varies from 2.7 to 5, depending on the specific enzyme [17]. Some organisms exploit an

F0F1-ATP synthase/hydrolase that translocates sodium ions instead of protons, hence the

formation or utilization of a sodium motive force (∆s). In addition, most forms of life exploit

so-called sodium-proton antiporters to interconvert ∆p and ∆s.
The F0F1-ATP synthase complex is one of the engineering masterpieces in the cell. We

briefly discuss two important aspects of the complex, first the c-ring stoichiometry and

second the regulation. The architecture of the c-ring, that is, specifically the copy-number of

the c-subunit differs per organism from 8 copies for bovine mitochondria [18] to 15 copies

in Spirulina platensis [19]. This leads to different proton-to-ATP ratios (Eq. 1.5). From an

engineering point of view the high-speed gear (low copy-number) works well in organisms

that are continuously exposed to a high proton motive force, like in the bovine mitochondria.

A high copy number leads to a high torque gear, essential when the proton motive force is

low, or variable [20].

Because the magnitude of the∆p and∆Gp varies and a cell needs both forms of metabolic

energy above some threshold value, it is important to have regulation in place to restrict

the directionality of operation. An important regulator of the bacterial F0F1-ATP synthase

complex is the ε subunit. Structural data for this domain exists for two distinct conformations

in different organisms [21, 22]. Tsunoda et al. [23] have used cross-links to trap the ε subunit

in both of these conformations in E. coli. They have then shown that in one conformation the

synthase works in both directions, whereas in the other conformation the synthesis of ATP

remains functional but the ATP hydrolysis is inhibited. Meyrat and von Ballmoos [24] have

shown that high ATP/ADP ratios inhibit the ATP synthesis, preventing the proton motive

force to be drained completely. These two regulatory mechanisms prevent futile cycling of

the ATPase in either direction.

In heterotrophs, the oxidation of organic carbon yields CO2 plus reducing equivalents

such as NADH and FADH2. The subsequent oxidation of NADH and FADH2 results in

the formation of an electrochemical proton gradient by the respiratory chain. The usage of

the ∆p by the F0F1-ATP synthase results in the synthesis of ATP, and the overall process

is known as oxidative phosphorylation. This route to ∆p and ATP formation is complex

and requires numerous enzymes and cofactors. Nature offers alternative mechanisms to

conserve metabolic energy through simple metabolic conversion (deamination of amino

acids, oxidation of carboxylic acids) or the use of light. In the following sections we discuss

a number of alternatives to oxidative phosphorylation for the synthesis of ATP. We focus on

simple systems to ease application in synthetic cells.
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Figure 1.1 | Arginine breakdown pathway Metabolic energy conservation by breakdown of arginine. (A) Schematic

of the arginine breakdown pathway. ArcA, arginine deiminase; ArcB, ornithine transcarbamylase; ArcC, carbmate

kinase; ArcD, arginine/ornithine antiporter. For every molecule of arginine imported, one molecule of ATP is

produced, while the product ornithine is exchanged for arginine; NH3 (formed from NH4
+
) and CO2 diffuse out

passively. (B) Structures of arginine, citrulline and ornithine at pH 7.

1.2.1. Arginine breakdown pathway
Deamination of arginine yields citrulline plus NH

+
4 , which is catalyzed by the enzyme arginine

deiminase. Subsequent phosphorolysis of citrulline by ornithine carbamoyltransferase yields

ornithine plus carbamoyl phosphate, a reaction that is thermodynamically unfavorable (Keq

10−5
) but proceeds when the reaction products are drained. Carbamate kinase converts

carbamoyl phosphate plus ADP into CO2, NH
+
4 and ATP (Fig. 1.1A) and thereby conserves

a large fraction of energy dissipated in the breakdown of the amino acid. Since the substrate

arginine and product ornithine are structurally related (Fig. 1.1B), they can be transported by

one and the same protein via a so-called antiport mechanism [25]. This property of coupling

substrate and product fluxes is also possible in many other pathways and aids in keeping

the reaction networks away from equilibrium. The arginine breakdown pathway has been

reconstituted in liposomes with ATP/ADP and pH sensors (Table 1.2) in the vesicle lumen to

report the synthesis of ATP and to monitor the changes in internal pH [26]. The system can

sustain a constant level of ATP for many hours even when the load on the system is varied by

the consumption of ATP for the uptake of solutes. The overall reaction equation indicates

that protons are consumed in the breakdown of arginine but in the vesicle system the actual

internal pH is determined by (i) the rate of ATP production and consumption; (ii) the relative

flux through the entire pathway and a futile route leading to citrulline; (iii) the diffusion of

NH3 out of the cell, leaving a proton behind for every NH
+
4 produced; and (iv) the fate of

CO2.

1. The synthesis of ATP is given by ADP
3−

+ HPO
2−
4 + H

+ → ATP
4−

+ H2O. Thus, a

proton is consumed in the synthesis and produced in the hydrolysis of ATP.

2. The antiporter is not entirely specific for ornithine but also exchanges arginine for

citrulline (not shown in the figure), creating a futile deamination route through the
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Figure 1.2 | Decarboxylation pathways Metabolic energy conservation by decarboxylation of carboxylic acids (and

amino acids, see Table 1.1). (A) Schematic of theoxaloacetate decarboxylase Na
+
pump. For every molecule of

oxaloacetate converted into pyruvate, 2 Na
+
ions are pumped out, while one H

+
is imported. The system thus

generates an electrochemical sodium gradient (∆Ψ plus ∆pNa) and in theory a pH gradient inside acid relative

to the outside. Since the outside volume is typically very large, the inverse ∆pH will only be formed if the cell

density is high and the external buffering capacity is low. B, Biotin. (B) Schematic of the malolactic fermentation

pathway. The decarboxylation of malate
1−

consumes a H
+
, while the product, lactic acid, can be either exchanged

for malate
1−

(top) or diffuse passively across the membrane (bottom). Both malate
1−

/lactic acid exchange (top) and

malate
1−

uniport (with lactic acid diffusion) (bottom) generate a ∆Ψ (inside negative relative to the outside) and

∆pH (inside alkaline relative to the outside).

action of ArcA and ArcD.

3. NH3 can leave the vesicles by passive diffusion, which will leave a proton behind; the

base/conjugated acid reaction of ammonia (NH
+
4 ↔ NH3 + H

+
; pKA of 9.1) is fast.

4. CO2 can leave the vesicles by passive diffusion, but a high concentration of inorganic

phosphate allows the formation of HCO
−
3 and a proton, even in the absence of carbonic

anhydrase.

Because the import of arginine and efflux of ornithine are coupled and NH3 and CO2

can diffuse out, the membranereconstituted arginine breakdown pathway constitutes an open

system that enables long-term synthesis of ATP. A similar pathway can be envisaged in

vesicles by employing the enzymes that convert agmatine into putrescine, CO2 plus 2 NH
+
4 ,

which also yields one ATP per substrate metabolized.

1.2.2. Decarboxylation pathways
The free energy released in the decarboxylation of dicarboxylic acids and amino acids is

around -20 kJ/mol (Table 1.1) [27], which is too little to directly make ATP from ADP plus

inorganic phosphate (vide supra). The free energy change of a decarboxylation reaction can

be stored in the form of an electrochemical ion gradient, which subsequently can be used to

synthesize ATP (Eq. 1.5).

Biochemical studies of decarboxylation reactions have shown two different mechanisms

of energy conservation. In the first, the decarboxylation energy is converted directly into an



1

8 1. Cell Fuelling and Metabolic Energy Conservation in Synthetic Cells

Substrate Product Transport mechanism Reference
Malonate

2−
Acetate

1−
Electrogenic Na+ pump [28]

Oxaloacetate
2−

Pyruvate
1−

Electrogenic Na+ pump [29]

Succinate
2−

Propionate
1−

Electrogenic Na+ pump [30]

Oxalate
2−

Formate
1−

Antiport [31, 32]

Malate
2−

Lactate
1−

Antiport H-Malate- [33]

Uniport + lactic acid diffusion [34, 35]

Arginine
1+

Agmatine
2+

Antiport [36]

Glutamate
1− γ-amino butyric acid

0
Antiport [37, 38]

Histidine
0

Histamine
1+

Antiport [39]

Lysine
1+

Cadaverine
2+

Antiport [40]

Ornithine
1+

Putrescine
2+

Antiport [40]

Tyrosine
0

Tyramine
1+

Antiport [41]

Table 1.1 | Overview of decarboxylation systems. Antiport refers to the exchange of the indicated substrate and

product. The net predominant charge of the molecules at pH 7 is indicated.

electrochemical Na+ gradient (Fig. 1.2A), as first shown for oxaloacetate decarboxylation

by Peter Dimroth [29]. In the second mechanism, the substrate is decarboxylated and the

substrate and product are exchanged across the membrane (Fig. 1.2B) [31, 33]. Since the

substrate and product carry a different net charge (Table 1.1), the antiport reaction generates a

membrane potential. The chemistry of the decarboxylation reaction requires a proton, hence

the formation of a pH gradient when the reaction is performed in confinement, i.e. inside

a vesicle system. In a variation on this mechanism, it was demonstrated that monoanionic

malate is taken up by uniport and the formed lactic acid leaves the vesicles by passive

diffusion (Fig. 1.2B). In general, biological membranes are highly permeable for weak acids

and passive fluxes are considerable, even when the ambient pH is 2- 3 pH units higher than

the pKA of the relevant conjugate acidbase pair [42]. The energetics of the antiport and

uniport is the same, but kinetically it can be advantageous to use an antiport mechanism as

the product gradient contributes to the driving force for the influx of substrate and vice versa.

We have purified the malate/lactate antiporter and malolactic enzyme from Lactococcus
lactis and reconstituted the system in synthetic lipid vesicles. A pH gradient and membrane

potential are formed when the vesicles are supplied with L-malate. The co-reconstitution of

the decarboxylation pathway together with the arginine breakdown pathway would represent

two orthologous routes for metabolic energy conservation, allowing the synthetic cell to use

both ATP and a proton motive force without the involvement of an ATP synthase/hydrolase.

Table 1.1 shows that substrate/product antiport or exchange always involves a product that is

more positively charged than the substrate, hence the ∆Ψ formed is inside negative relative

to outside. The decarboxylation reaction inside the vesicles results in a ∆pH inside alkaline

relative to outside. The arginine breakdown pathway can lead to acidification when citrulline

is formed, but by combining the arginine breakdown pathway with the decarboxylation

pathway it should be possible to better maintain a neutral to slightly alkaline internal pH.
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1.2.3. Artificial photosynthetic cells
Numerous groups have co-reconstituted F0F1-ATP synthase with bacteriorhodopsin to control

the synthesis of ATP by light. A disadvantage of this system is that the orientation of the

proteins in the membrane is difficult to control. Recently, more advanced systems have

been built with the aim of maintaining and controlling the electrochemical proton gradient.

Shin and colleagues used the ATP synthase with two photoconverters, a photosystem II and

proteorhodopsin [10]. The three proteins were reconstituted in small lipid vesicles (“artificial

organelles”) with the F1 domain of the ATP synthase on the outside (Fig. 1.3). Upon activation

of photosystem II by red light protons are pumped into the vesicles (the interior becomes

positive and acidic), and the ∆p drives the synthesis of ATP. Activation of proteorhodopsin

by green light dissipates the ∆p or even reverses the polarity of the electrochemical proton

gradient, which impedes the synthesis of ATP. The artificial organelles were encapsulated in

giant vesicles to provide them with ATP and drive endergonic reactions, such as pyruvate

carboxylase-mediated carbon fixation and actin polymerization.

In another study, ATP synthase and bacteriorhodopsin were incorporated in small vesicles

and used to drive protein synthesis in giant-unilamellar vesicles [43]. Remarkably, part of the

de novo synthesized bacteriorhodopsin and ATP synthase were integrated into the artificial

photosynthetic organelle and thereby enhanced the energetic capacity of the system. The

proteins are synthesized by the components of the PURE system, but the machinery (Sec,

YidC) for insertion of proteins into the membrane is missing. It remains to be established how

the membrane proteins are (spontaneously) inserted in the artificial organelle membrane.

1.2.4. Molecular rheostat

In the arginine breakdown pathway, a remarkable degree of energy homeostasis is achieved,

but the actual ATP level is influenced by the amount of ATP demanding reactions [26].

Bowie and colleagues have described a molecular rheostat that accounts for the ATP demand

through switching between an ATP-generating and non-ATP-generating pathway according

to the concentration of inorganic phosphate (Fig. 1.4, taken from [6]). The system is based

on fourteen purified enzymes in a cell-free system and used to produce in solution isobutanol

from glucose. The breakdown of glucose is branched at the level of glyceraldehyde-phosphate

dehydrogenase (GAPdh) to make the use of NADH and ATP stoichiometrically balanced. In

brief, in one branch the glyceraldehyde-3-phosphate (G3P) is metabolized via GAPdh and

phosphoglycerate kinase (PGK), yielding ATP and reducing equivalents. In the other branch

G3P is converted via a non-phosphorylating glyceraldehyde dehydrogenase (GapN). GapN

eliminates the production of ATP and generates NADPH rather than NADH, which is needed

for the production of 2-ketoacid isobutanol. The relative flow through the ATP-generating

branch is set by the concentration of inorganic phosphate, which is a substrate of GAPdh

but not of GapN. Hence, the rheostat responds to the depletion of ATP and restores the ATP

level by switching between the branches.



1

10 1. Cell Fuelling and Metabolic Energy Conservation in Synthetic Cells

Figure 1.3 | Artificial photosynthetic cells Schematic of artificial photosynthetic cell. Upon illumination, the vesicle

synthesizes ATP by the coordinated activation of two complementary photoconverters (photosystem II, PSII and

proteorhodopsin, PR) and an ATP synthase. PSII is activated by red light and acidifies the vesicle lumen, which

allows the synthesis of ATP from ADP plus inorganic phosphate to take place on the outside. PR is activated by

green light, which at low pH generates an electrochemical proton gradient, inside alkaline and negative, and thus

impedes the synthesis of ATP. Figure taken with permission from [10].
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Figure 1.4 |Molecular rheostat to control the ATP and NAD(P)H levels Schematic of the operation of the molecular

rheostat. Left panel: at low Pi concentrations and high levels of ATP, the GapN pathway is used which generates no

additional ATP. Right panel: at high Pi concentrations (resulting from the hydrolysis of ATP), the mGapDH– PGK

pathway is used to restore the ATP level. G3P, glyceraldehyde-3 phosphate; 3PG, 3-phosphoglycerate; 1,3-BPG,

1,3-bisphosphoglycerate. Figure taken with permission from [6].
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1.3. Compartmentalization and vesicle systems

1.3.1. Building blocks for membranes

One of the hallmarks of living species is compartmentalization, which implies that membrane-

bounded systems may have arisen early on in the emergence life [44]. Compartmentalization

in the form of vesicles allows molecules to concentrate, interact and coevolve, which is a

conditio sine qua non for life. Vesicle structures can form spontaneously from fatty acids, as

first reported in 1973 [45], and such membranes may have surrounded the first cells. Fatty

acid-based vesicles are capable of growth and division when the appropriate components

are added to the medium or the right physical conditions are imposed [46, 47], but they are

less stable and more permeable to small molecules than conventional phospholipid-based

membranes. Fatty acidphospholipid blended membranes display increased stability but still

maintain permeability for small (charged) solutes. They may have formed an intermediate in

protocellular evolution, which allowed membrane passage without transporters [48].

Well-sealed, stable membranes can also be formed from block copolymers [49], but the

functional incorporation of integral membrane proteins is challenging, especially when the

proteins require specific lipids as cofactors. The majority of successful reconstitutions in non-

native-amphiphile membranes involve relatively stable membrane pores or channels that do

not undergo large conformational changes in the membrane [50]. Functional reconstitution

of more complex enzyme systems has been achieved by using a blend of phospholipids

and a block copolymer to stabilize the activity of the protein [51]. Today’s biological

membranes are mostly composed of lipids, in which proteins are embedded. Even if the

reconstitution of complex membrane proteins in a block copolymer lipid blend would be

possible, the synthesis (and incorporation) of block copolymers in a growing cell would

require biochemical machinery that does not exist in organisms know today. Most vesicle

systems for functional reconstitution use phospholipids.

We have studied numerous membrane transporters, both ATPand electrochemical ion

gradient-driven, and find that anionic lipids (phosphatidylglycerol or phosphatidylserine)

and the nonbilayer lipid phosphatidylethanolamine are generally required for activity [52].

Many eukaryotic proteins require sterols for full functionality and cholesterol (mammalian),

ergosterol (yeast) or plant-based sterols can be included in the reconstitution mixture [53].

For the hydrophobic chains we typically use 1,2- dioleoyl (diC18:1 ∆9-cis) or 1-palmitoyl-

2-oleoyl (C16:0, C18:1 ∆9-cis), thus DOPX and POPX, respectively. DOPX membranes

have a lower phase transition temperature and are less stable and more permeable for small

molecules than POPX membranes [42]. Both at the level of lipid mixtures and at the level of

blends between lipids and fatty acids or block copolymers, there is still a lot to be learned to

enable (more) complex reconstitution of synthetic cell-like systems.

1.3.2. Membrane crowding

Biological membranes are highly crowded with proteins and thus the lipid-to-protein ratios

are low; in the plane of the membrane only a few lipids separate individual protein complexes.

For example, the weight-based lipid-to-protein ratio of the plasma membrane is about 1 [54],

which leaves about fifty lipids per leaflet to cover the perimeter of a 70 kDa protein. Given
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that membrane proteins perturb the dynamics of lipids, a crowded biological membrane will

be more rigid and less fluid than that of “dilute” liposomes, in which proteins are typically

present at lipid-toprotein ratios of 10 to 1000 (w/w), corresponding to molar ratios of 1000

to 100,000. In synthetic vesicles with 2000 rather than 10,000 or more phospholipids per

membrane protein (complex), the diffusion coefficient of lipids is already reduced by 20%

and that of polytopic membrane proteins by 50% [55], which is indicative of a lower fluidity

or higher lipid order in the membrane. A lower fluidity may impact the (detergent-mediated)

insertion of a protein into the membrane, which is the commonly used method of membrane

reconstitution [52, 56]. In fact, we find that the activity of membrane transport proteins does

not increase proportionally with the amount of protein used for the reconstitution when the

lipid-to-protein ratios fall below 2000 (mol/mol) [57]. This ratio corresponds to about 1500

proteins per µm
2
[55] and compares to 25,000 proteins per µm

2
in native plasma membranes.

Apparently, not all proteins are correctly inserted into the membrane when the lipid-to-protein

ratio drops below 2000.

Thus, our reconstitution technology may become a bottleneck in the bottom-up construc-

tion of synthetic cells when (multiple) proteins need to be incorporated at high concentrations.

Ultimately, we will need protein insertion machineries like Sec [58] rather than detergent-

destabilization of vesicles to build more complex systems.

1.3.3. Vesicle systems

Cell-sized aqueous compartments for synthetic cells range from submicrometer (large unil-

amellar vesicles, LUVs) to micrometer (giant-unilamellar vesicles, GUVs). Procedures have

been developed to incorporate integral membrane proteins or lipidanchored proteins into the

membrane and to include enzymes and small molecules into the vesicle lumen. We typically

form LUVs via detergent-mediated reconstitution [52], which is based on a method originally

developed by Jean-Louis Rigaud [56]. We have produced sub-micron and micrometer size

proteoliposomes with up to 50 mg/ml of protein or cell lysate in the vesicle lumen [59],

but technically it is challenging to achieve in vivo-like crowding levels (200-300 mg/mL)

[60]. By increasing the outside osmolality the vesicles shrink due to water efflux and the

luminal contents are concentrated. The shrinking of the vesicles is reversible, which occurs

when osmolytes are taken up or the outside osmolality is reduced [26]. In this way one can

study synthetic metabolic networks under varying conditions of crowding, ionic strength

and osmotic pressure. The sub-µm size lipid vesicles are robust and suitable for ensemble

measurements of solute import, cargo release, and single-liposome analysis of vesicle size

and swelling [61], and recently LUVs have been used to reconstitute a metabolic network

for energy and physicochemical homeostasis [26]. Although LUVs are small, they have

dimensions similar to that of small, free-living bacteria such as Pelagibacter, and thus their

volume should not pose a hurdle for accommodating all the essential components of a cell

(see section 1.4). The µm-size GUVs are more fragile but offer the advantage that they

can be used for patch clamp and light microscopy studies. Membrane domain formation,

the dynamics of individual molecules and their possible interaction with other membrane

components can be tracked [62]. In the context of bottom-up synthetic biology GUVs have

been used as platform to develop artificial photosynthetic organelles [10], synthetic beta-cells

[63] and motile light-guided synthetic cells [64].
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1.3.4. A metabolic network for energy and physicochemical homeostasis

Any living cell maintains the pH, ionic strength, osmotic pressure, macromolecular crowding

and ∆Gp within limits to allow the enzymes and other components to function near their

optimum. Hence, the importance to obtain physicochemical homeostasis in cell-like systems.

The arginine breakdown pathway has been co-reconstituted with an ionic strength-gated

ATP-driven osmolyte transporter to allow vesicle expansion and restoration of the physical

chemical conditions upon exposure to osmotic stress [26]. When the vesicles are exposed

to an increasing medium osmolality, they shrink and the ionic strength increases and the

concentrations of the internal components are increased. Under these conditions the pathway

functions suboptimally and the enzymes are gradually inactivated. However, when the ionic

strength reaches a critical value, the ATP-driven osmolyte transporter is activated and glycine

betaine is pumped inside, which is accompanied by passive influx of water into the vesicles.

This increases the volume, reduces the ionic strength and stabilizes the internal pH and thus

enables basic physicochemical homeostasis.

1.3.5. Sensors to measure the energy and physicochemical status of cells

Several genetically encoded sensors and chemical probes are available to monitor the energy

and redox status and physicochemical conditions of synthetic cells. Here, we describe some

generic sensors used in our synthetic biochemistry program; numerous solute-specific sensors

are described in references [65, 66]. ATP: The ATeam sensors are FRET based and consist

of two fluorescent proteins (FPs), which are connected by the ε-subunit of the F0F1-ATP

synthase from Bacillus subtilis [66]. Upon binding of ATP the ε-subunit adopts a compact

conformation and draws the two fluorophores closer together, increasing the FRET ratio.

Three variants are available with high and low affinity for ATP, and a version that does

not bind ATP. A single fluorophore variant has been developed in which the readout is

provided by a single circular permutated FP [67]. PercevalHR binds ATP and ADP with

similar, micromolar affinities. At physiological levels of adenine nucleotides PercevalHR

is practically fully saturated with ligand and therefore reports the ATP to ADP ratio rather

than the absolute concentration of ATP or ADP [68]. As in the Queen sensors, a circular

permutated FP allows ratiometric readout. Lastly, based on Queen, an intensiometric ATP

sensor was developed which can be bound to the membrane[69]. NAD(P)H: SoNar is a

ratiometric genetically encoded sensor that reports the NAD+ to NADH ratio [70]. iNap is

a derivative of SoNar and reports the NADPH concentration instead of the ratio between

NADP+ and NADPH [69]. pH: pHluorin and pHred are protein-based pH sensors [71, 72].

pHluorin is based on GFP and has spectral properties in the yellow and green region. pHred

is based on mKeima and is, owing to its large stokes shift, compatible with the ATP sensor

PercevalHR. In addition to proteinbased sensors, chemical probes are available like pyranine

and BCECF [73, 74]. These are commercially available and allow imaging for longer periods

of time than the protein-based sensors. Methyl-ester derivatives of BCECF readily permeate

the plasma membrane, and in the cytosol the molecules become trapped upon hydrolysis of

the ester bond (esterase activity). Given the value of the external pH, measurements of the

internal pH enable calculation of the magnitude of the ∆pH across the membrane. Membrane

potential: The membrane potential (∆Ψ) is measured by chemical probes, like diSC3-5 [75].

The exact mechanism of how diSC3-5 reports changes in the ∆Ψ is not fully understood, but
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Parameter Name Fluorophore Read-out excitation (nm) emission (nm) Comments
ATP Ateam CFP mVenus Ratiometric FRET 435 475 527 Moderately pH sensitive

ATP Queen cpEGFP Ratiometric 400 494 513 Moderately pH sensitive

ATP/ADP PercevalHR cpmVenus Ratiometric 420 500 515 pH sensitive

ATP iATPSnFR cpSFGFP Intensiometric 490 512 Ratiometric when fused to mRuby, moderately pH sensitive

NAD+/NADH SoNar cpYFP Ratiometric 420 485 530 pH insensitive

NADPH iNAP cpYFP Ratiometric 420 485 530 pH insensitive

pH pHluorin GFP Ratiometric 410 470 535 Intensiometric variant available

pH pHred mKeima Ratiometric 440 585 610 Compatible with PercevalHR

pH pyranine Arylsulfonate Ratiometric 400 450 510 Commercially available

pH BCECF fluorescein Ratiometric 439 490 530 Commercially available

Ionic Strength I-sensor Cerulean Citrine Ratiometric FRET 420 475 525 Different designs available

Excluded volume Crowding sensor Cerulean Citrine Ratiometric FRET 420 475 525 Sensors differing in crowding sensitivity are available; different designs available

Excluded volume Synthetic crowding sensor Atto488 Atto565 Ratiometric FRET 470 555 512 630 Not commercially available

Membrane Potential DiSC3-5 carbocyanine Intensiometric 653 676 Commercially available

Viscosity Various Various classes available, including ratiometric variants

K+ KIRIN1 mCerulean3 cpVenus Ratiometric FRET 410 475 530 Selective for K
+
over Na

+
K+ KIRIN-GR Clover mRuby2 Ratiometric FRET 470 520 600 Small FRET change

K+ GINKO1 EGFP Ratiometric 400 500 520 Sensitive to high concentrations of Na
+

Table 1.2 | Sensors to measure the energy and physicochemical status of cells. Several genetically encoded sensors

and chemical probes are available to monitor the energy and redox status and physicochemical conditions of synthetic

cells. Here, we describe some generic sensors used in our synthetic biochemistry program; numerous solute-specific

sensors are described in references [65, 83].

its fluorescent intensity increases upon interaction with lipid membranes. This fluorescence

is quenched upon polarization of the membrane. The magnitude of the proton motive force

is obtained by combining the ∆Ψ & ∆pH, according to Equation 1.3. Ionic strength: The

ionic strength is measured with a FRET sensor that consists of two fluorescent proteins

joined by a flexible linker and two α-helices with opposite charges [76]. The FRET signal

is high when the ionic strength is low, and the signal is low when a high ionic strength of

the solution shields the charges of the α-helices. Excluded volume: The excluded volume

or so-called macromolecular crowding sensors have a similar design as the ionic strength

sensor, except that the same charge pairs are present on both α-helices. Here, the excluded

volume drives a more compact state of the sensor, which is observed as an increase in FRET

signal [77, 78]. A similar crowding-sensing principle was used in a synthetic sensor; here,

two chemical fluorophores forming a FRET pair are connected by a polyethylene polymer

linker [79]. Viscosity: Viscosity is measured by fluorescent molecular rotors. These rely on

intra-molecular rotation, which is suppressed by a high viscosity, which results in increased

fluorescence. Fluorescent molecular rotors are available as intensio- and ratiometric sensors

[80, 81]. Potassium: KIRIN1/KIRIN-GR and GINKO1 are potassium ion sensors that are

based on the same K
+
binding protein, but differ in the fluorescent proteins used. The two

KIRIN sensors use different FRET pairs, whereas GINKO1 has only one circular permutated

FP [82]. They report potassium concentrations in the low millimolar range.

1.4. How much ATP does a synthetic cell need?

One of the essential design factors of synthetic cells is the amount of energy required for

the cell to perform its (core) functions. As an example, in E. coli the ATP turnover is a few

million molecules per second, given that the ATP pool is turned over 4 to 7.5 times per

second [84], a volume of 1 fL [85] and an internal ATP concentration of 10 mM [85]. In this

section, we elaborate on the energy requirements of a hypothetical synthetic cell, focusing on

the quantification of the ATP-consuming reactions. First, we list important energy requiring

processes, and in the second part we make a quantification of the ATP equivalents needed

to operate a synthetic cell. We list all energy used by a cell in terms of ATP equivalents

(Table 1.3) as it takes one ATP to regenerate GDP (or any other nucleotidediphosphate) to
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the triphosphate form by a nucleosidediphosphate kinase. We estimate that of all nucleotides

turned over about 80% is in the form of ATP.

1.4.1. Synthesis of proteins
In bacteria, the vast majority of all ATP (around 75%) is used for the synthesis of proteins

[86]. Most of that energy is used for the synthesis of ribosomes and formation of the peptide

bond. The energy that is used for synthesis of amino acids, can be minimized by taking

up amino acids in the form of di- or tripeptides, followed by internal digestion through

peptidases. The membrane transporter DtpT takes up virtually every di- or tripeptide together

with one or multiple protons, driven by ∆p [87]. An alternative broad specificity transporter

Opp, belonging to the ABC superfamily, imports oligopeptides with lengths between 4 - 35

amino acids [88], likely using 2 ATP equivalents per oligopeptide. Digestion of these di, tri

or oligopeptides into amino acids can then be done by amino- and endopeptidases, without

additional energy cost. This lowers the metabolic energy cost for synthesis of amino acids to

less than 1 ATP per amino acid. Forming a new peptide bond however requires approximately

4 ATP equivalents. Two ATP equivalents for amino acid activation, one ATP equivalent for

aminoacyl-tRNA binding to the elongation factor and finally one ATP equivalent for the

translocation reaction, where the peptidyl-tRNA is translocated from the A-site to the P-site

[89, 90].

1.4.2. Synthesis of information carriers

Nucleotides for information carriers can be synthesized de novo, using approximately 50

ATP equivalents per nucleotide [91]. The energy costs are lower when a simpler route is

used (Fig. 1.5) and the necessary amino acids are imported (section 1.4.1). The energy cost

of the simplified pathway is around 10 ATP equivalents per nucleotide (Fig. 1.5). Here,

the conversion of ribose-5-Pi, carbamoyl phosphate and amino acids to the final products

(ATP, GTP UTP and CTP) requires around 20 enzymatic steps, which is manageable from

an engineering perspective. The main drawback of de novo nucleotide synthesis is that it

comes with the complex regulation of pathways and the underlying biochemistry of different

components.

An even simpler solution than outlined in Figure 1.5 is to take up the nucleotides directly

from the environment, a solution used by pathogens that lost their ability to synthesize their

nucleotides [92]. By for example using a combination of the nucleotide carriers PamNTT3

and PamNTT5, the nucleotides UTP, GTP and ATP can be taken up with ∆p as a driving force

[93]. UTP can then be converted into CTP, using one ATP equivalent in a single enzymatic

step. After the nucleotide-triphosphates are converted by nucleoside-diphosphate kinase into

nucleotide-diphosphates, they can then be turned into their respective deoxyribonucleotides

analogues. Using this strategy, the nucleotides can be produced by a minimal set of enzymes

requiring less than 3 ATP equivalents per nucleotide. dUMP can be converted into dTMP by a

thymidylate synthetase, after which dTMP is converted into dTTP. Apart from the metabolic

energy cost for synthesis or and import of nucleotides, the formation and maintenance of

DNA and RNA have additional energy costs. For DNA, the error correction is estimated to

require one ATP equivalent per built-in nucleotide [91]. For mRNA, the degradation rate

needs to be considered, as the lifetime of for instance mRNA is shorter than the cell cycle.
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Figure 1.5 | Building blocks for information carriers Synthesis of nucleotide triphosphates. (A) Simplified reaction

diagram for the synthesis of ATP, GTP, UTP and CTP. After ribose-5-phosphate is converted into phosphoribosyl

pyrophosphate (PRPP), it is converted in ten steps into inosine monophosphate (IMP) to form ATP and GTP. PRPP

plus orotate yields orotidine 5’-monophosphate (OMP), which is converted in two steps into UTP and CTP. Gln,

glutamine; Glu, glutamate; Asp, aspartate; THF, tetrahydrofolate. (B) Chemical structures of PRPP, OMP and IMP.

When mRNA is degraded, the nucleotides can be recycled, which takes 2 ATP equivalents

per nucleotide [91].

1.4.3. Lipid synthesis for compartmentalization

The minimal lipid composition of a synthetic cell consists of 50% DOPE (1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine) plus 50% DOPG (1,2-dioleoyl-sn-glycero-3-phospho-

(1’-rac-glycerol)). This lipid composition supports high rates of transport of the bacterial

transporters that we have studied; for eukaryotic membrane proteins a sterol and some specific

lipids may be required (see section 4.1), which we do not consider here. Synthesis of these

lipids, or similar ones with different acyl chains (e.g. POPE and POPG), can be performed

by combining a set of around ten enzymes [94]. Starting from oleic acid and glycerol, the

intermediate CDP-DAG is formed in four enzymatic steps, after which further conversion

yields either DOPE or DOPG (Fig. 1.6). Coenzyme A is required for the lipid synthesis but

is also regenerated by FadD. The initial amount of coenzyme A can be synthesized de novo

from pantothenate, or imported using an acetyl-CoA transporter, e.g. ACATN1 [95]. In total

the synthesis of DOPE and DOPG by this pathway takes 7 and 8 ATP equivalents per lipid,

respectively. Adding a lipid scramblase would enforce the lipids to distribute over both the

inner and outer leaflets [96].
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Figure 1.6 | Lipid biosynthesis Synthesis of two major phospholipids, DOPG and DOPE. (A) Reaction diagram for

the synthesis of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPG) and 1,2-dioleoyl-sn-glycero-3-phospho-

(1’-rac-glycerol) (DOPG) from the precursors glycerol, oleic acid and serine. Both glycerol and oleic acid (OA) can

diffuse across the membrane, after which they are converted into glycerol 3-phosphate (G3P) and acyl-coenzyme A

(acyl-CoA), respectively. Two molecules of acyl-CoA react with G3P to form 1,2-dioleoyl-sn-glycero-3-phosphate

(DOPA), from which DOPE and DOPG can be formed in three steps. CDP-DAG, cytidine diphosphate diacylglycerol.

Phospholipids with alternative acyl chains can be synthesized by feeding the synthetic cell with the appropriate

fatty acids. (B) Chemical structures of glycerol and oleic acid (OA).

1.4.4. Membrane transport for osmotic, ionic and pH control

Growing (synthetic) cells should maintain their osmolarity, ionic strength, and pH in order to

keep the cellular machinery active and maintain a stable, out-of-equilibrium state. Therefore,

import of ions, compatible solutes and inorganic phosphate (Pi) is crucial. The most abundant

ions in cells are K
+
(30-300 mM) and Mg

2+
(30-100 mM) as cations, and inorganic and

organic phosphates ( 100 mM), glutamate (100mM), RNA, DNA and proteins as anions [85].

Except for RNA, DNA and proteins these ions need to be taken up by membrane transporters,

mostly driven by ∆p e.g. the phosphate transporters of the PiT family [97]; ATP e.g. the high

affinity potassium uptake system Kdp [98]; or both e.g. the Trk potassium uptake system

[99]. Here, for simplicity we count one ATP per ion that is taken up.

1.4.5. Maintenance energy

Maintenance costs cover the energy that is spent on anything that is not directly related to

growth. For example: energy loss in futile cycling of enzymes, leakage of compounds over

the membrane or processes like adaptation, e.g. pH and osmoregulation to keep the cytosolic

conditions right. The maintenance energy can be estimated from the energy (uptake) at

various growth rates by extrapolation to zero growth. Measurement or quantification of this

parameter is not straightforward, since it varies depending on the specific metabolism. Feist

et al. report, based on a metabolic reconstruction of aerobically growing E. coli cells, a
nongrowth associated maintenance (NGAM) of 8.4 ATP/gDW/h, while the growth associated
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energy costs are 59.8 ATP/gDW/h [100]./ If we take the weight of one E. coli to be 1 pg

[85] the ATP consumption for NGAM of a single cell is 4.8x109
ATP equivalents per hour

compared to 3.4x1010
ATP equivalents for the growth-associated costs.

1.4.6. Quantification of ATP demand of minimal synthetic cell

To quantify the energy requirement of a synthetic cell, we assume a spherical cell with a

diameter of 400 nm and a volume of 0.03 fL, a size comparable to the size of the smallest

free-living micro-organisms known today [101]. To estimate the protein content, we assume

that the crowding is comparable to that of e.g. E. coli, which has approximately 3x106

proteins per µm3
and a volume of about 1 fL [85]. A synthetic cell with a volume of 0.03 fl

would thus contain 105
proteins. The average protein has a length of 300 amino acids and

costs 5 ATP equivalents per amino acid. If we assume that the lifetime of a protein is longer

than the cell cycle then the synthesis of all proteins takes 1.5x108
ATP equivalents.

We quantify the DNA replication and transcription by taking a genome size of 500 genes,

similar to the genome of JCVI-syn 3.0 [4]. We take an average gene length of 900 base pairs

(300 amino acid protein and minimal intergenic DNA) and thus the genome would consist of

4.5x105
base pairs. Taking 3 ATP equivalents per nucleotide, the total energy cost for the

genome would be 3.6x106
molecules of ATP.

The cost of transcription depends on the total RNA level, which forE. coli can be estimated

at 103
-104

copies per cell [85]. Following the same calculation, we estimate the synthetic

cell to have 20-200 copies per cell, based on the aforementioned protein concentration and a

doubling time of an hour. Since this would mean less than one transcript per protein we take a

number of 500 copies per cell, which is equal to the protein number. If we take a degradation

rate of 10−3
copies s

−1
the total ATP consumption would be 4.6x106

ATP equivalents [91].

For rRNA and tRNA we take 1.0x103
and 1.3x104

copies [85] leading to an energy cost of

1.4x107
and 3.4x106

ATP equivalents, respectively.

The synthetic cell, spherical with a diameter of 400 nm, has a surface area of 5x105
nm

2

requiring a bilayer of 1.5x106
phospholipids, assuming an area per lipid of 0.7 nm

2
. The

lipid synthesis starting from fatty acids, takes 7.5 ATP equivalents per lipid if we take a

composition of 50% DOPE plus 50% DOPG. Thus, it would take 1.1x107
ATP equivalents

to synthesize all lipids.

ATP required for transport and maintenance can be estimated as follows. If we sum all

ions and solutes needed for maintaining the internal osmotic pressure, ionic strength and

metabolite pool (260-600 mM) and assume that uptake of each molecule costs one ATP, then

a cell with a volume of 0.03 fL would consume 0.5–1.1x107
ATP equivalents. A single E. coli

uses 4.8x109
ATP per hour for non-growth associated maintenance (see above). Assuming

that this scales with cell volume, the synthetic cell requires 30 times less: 1.6x108
ATP

equivalents

We think that the amount of ATP required for cell division is small compared to that

of the other processes considered. The absolute amount of ATP is difficult to estimate,

FtsZ being a dynamic system [102]. Taking estimations from Dr. DJ Scheffers (personal

communication), 20.000 FtsZ per E. coli with a turnover of 1.5 GTP/min gives 7.5x105
GTP

(or ATPequivalents) per doubling (25 minutes.). For our synthetic cell with a doubling time

of an hour and a volume that is 30 times smaller we estimate 6.0x104
ATP equivalents.
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Process Synthetic cell (ATP equivalents) E. coli (mmol/g dry wt) E. coli (ATP equivalents)
Protein

- Uptake of amino acids 3.0 10
7
(8%)

- Glucose to amino acids 1.4 8.0 10
8

- Translation 1.2 10
8
(34%) 19.1 1.1 10

10

DNA 3.6 10
6
(1%) 1.1 6.3 10

8

RNA 4.4 3.3 10
9

- mRNA 4.6 10
6
(1%)

- tRNA 3.4 10
6
(1%)

- rRNA 1.4 10
7
(4%)

Lipids 1.1 10
7
(3%) 0.1 5.7 10

7

Transport (other than amino acids) 1.1 10
7
(3%) 5.2 3.0 10

9

Maintenance 1.6 10
8
(45%) 4.8 10

9 ∗
Division 6.0 10

4
(0%) 7.5 10

5 ∗∗

Table 1.3 | ATP requirements of the major cellular processes. The data for E. coli in mmol/gram dry weight were

taken from [103] and converted into ATP equivalents per cell, asuming a cytoplasmic volume of 1 fL. The synthetic

cell data are based on a spherical cell-like system with a volume 0.03 fL. The quantification of the ATP costs for

this system is described in section 1.4.
∗
Maintenance from [100]

∗∗
Estimation by Dr. DJ Scheffers (see text).

In Table 1.3 we compare the categorized ATP consumption of our hypothetical synthetic

cell with that of E. coli [103]. We find as expected that a major fraction of the ATP is needed

for the synthesis of protein, and surprisingly a similar amount of ATP is used for maintenance.

In the synthetic cell the ATP needed for maintenance is based maintenance in E. coli, which
is a much more complex organism than the synthetic cell, therefore scaling only to volume

might well lead to an overestimation.

1.5. Outlook and perspectives

The construction of a living cell from molecular components is one of the major challenges of

today’s chemistry and life sciences, as one is crossing the border from the ‘dead’ molecules

of chemistry to the living systems of biology. It has not yet been possible to rationally design

and construct, using a bottom-up constructive approach, a simple form of life based on a

limited number of molecular building blocks. While our fundamental understanding of the

individual building blocks of life is rapidly growing, putting a minimal set of components

together such that life-like properties emerge remains a formidable, yet exciting challenge.

Non-equilibrium systems are driven by the continuous flow of energy and matter and can

develop into a multitude of states, e.g. when the flow of matter is perturbed. Nature is an

assemblage of many of such open systems, each of which can take its own path. The challenge

is to construct and control such systems. In this paper, we have presented an overview of the

simplest systems one could envisage to sustainably supply a cell with fuel in the form of ATP

and/or electrochemical ion gradients. By coupling the energy feed to product export, it is

possible to maintain a continuous flow of in the pathways for ATP or ion gradient formation.

One of the bottlenecks in current systems is that one or a few components, for instance ATP,

runs out, leading the system to equilibrium. We have recently shown that it is possible to

use the provision and consumption of ATP for physicochemical homeostasis in synthetic

vesicles. The next challenge is to couple the metabolic energy conservation to synthetic

modules for e.g. lipid, protein, and nucleic acid synthesis (Fig. 1.5), yet maintain energy

and physicochemical homeostasis. Ultimately, the synthesis of the components needs to be
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directed by a synthetic genome, and we need to coordinate DNA replication with growth and

division. In the next section we present a series of outstanding questions on fuel supply and

homeostasis of metabolic energy in synthetic cells.

1.6. Open questions
1. Is the interconversion of ATP and electrochemical ion via ATP synthase hydrolase

essential for life?

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

cell-like systems?

3. What is the lower limit in size for a cell?

4. What are the physicochemical limits for life of e.g. ionic strength or macromolecular

crowding?

5. How can we increase the efficiency of membrane reconstitution and molecule encap-

sulation to build more complex cell-like systems?

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

7. How many unknown components are there still to be discovered?

8. How can we use bio-orthogonal systems in living systems?
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Abstract

One of the grand challenges in chemistry is the construction of functional out-of-equilibrium
networks, which are typical of living cells. Building such a system from molecular compo-
nents requires control over the formation and degradation of the interacting chemicals and
homeostasis of the internal physical-chemical conditions. The provision and consumption of
ATP lies at the heart of this challenge. Here we report the in vitro construction of a pathway
in vesicles for sustained ATP production that is maintained away from equilibrium by control
of energy dissipation. We maintain a constant level of ATP with varying load on the system.
The pathway enables us to control the transmembrane fluxes of osmolytes and to demonstrate
basic physicochemical homeostasis. Our work demonstrates metabolic energy conservation
and cell volume regulatory mechanisms in a cell-like system at a level of complexity minimally
needed for life.
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2.1. Introduction
The generation and consumption of ATP lies at the heart of life. Complex networks of

proteins, nucleic acids and small molecules sustain the essential processes of gene expression

and cell division that characterize living cells, but without ATP they are non-functional.

Herein lies one of the major challenges in the construction of synthetic cell-like systems.

Other processes, such as achieving tunable DNA replication, efficient transcription and

translation, and vesicle division [2, 3] are essentially secondary to the solution of a controlled

energy supply. Metabolic energy conservation is a prerequisite for synthetic systems no

matter how complex. Energy is critical not just for (macro)molecular syntheses but also for

maintaining the cytoplasm in a state compatible with metabolism through control over pH,

ionic strength and solute composition. Here we have addressed that issue and show that we

can control ATP production and ionic homeostasis in synthetic vesicles.

The bottom-up construction of synthetic cells from molecular components [4] differs in

concept and strategy from the top–down approach to engineer minimal cells, pioneered by

the J. Craig Venter institute [5]. Yet, both approaches address what tasks a living cell should

minimally perform and how this can be accomplished with a minimal set of components.

New biochemical functions and regulatory principles will be discovered as we make progress

toward constructing a minimal cell. In the field of bottom-up synthetic biology (perhaps better

called synthetic biochemistry), work is progressing toward establishing new information

storage systems [6], replication of DNA by self-encoded proteins [7], the engineering of

gene and protein networks [8, 9], formation of skeletal-like networks [10], biosynthesis of

lipids [11–13], division of vesicles [14, 15], development of non-lipid compartment systems

[16, 17] and chemical homeostasis through self-replication [18, 19]. Protein synthesis has

been realized using recombinant elements [20], which have been incorporated into vesicles

[21, 22] or water-in-oil droplets [17]. However, long-term sustained synthesis of chemicals is

a bottleneck in the development and application of synthetic celllike systems [23, 24]. At the

root of the poor performance of reconstituted systems are challenges that relate to sustained

production of nucleotides, import of substrate(s) and export of waste product(s), control of

the internal physicochemical conditions (pH, ionic strength, crowding) and stability of the

lipid-bounded compartment, all of which require constant energy dissipation.

Inspired by the challenges of the bottom-up construction of a living cell, we focus on the

development of new open vesicle systems that sustain nucleotide levels and electrochemical

gradients to allow further functionalities to be integrated. ATP is especially crucial, not

only as a source of metabolic energy for most biological processes, but also as a hydrotrope,

influencing the viscosity and possibly the structure of the cytosol [25]. Energy consumption

in a growing cell is dominated by polymerization reactions and maintenance processes [26],

so regeneration of ATP is required to keep the cell running. Recent developments in the

field of synthetic biochemistry have started to address the issue of ATP homeostasis. A

cell-free molecular rheostat for control of ATP levels has been reported, employing two

parallel pathways and regulation by free inorganic phosphate [27], but the system has not

been implemented in vesicles. Photosynthetic artificial organelles have been constructed that

form ATP on the outside of small vesicles, encapsulated in giant vesicles, allowing optical

control of ATP dependent reactions [28, 29]. Here, we present the construction of a molecular

system integrated into a cell-like container with control of solute fluxes and tunable supply
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of energy to fuel ATP-requiring processes. We have equipped the vesicles with sensors for

online readout of the internal ATP/ADP ratio and pH, allowing us to conclude that the system

enables long-term metabolic energy conservation and physicochemical homeostasis.

2.2. Results

2.2.1. A system for sustained production of ATP

The conversion of arginine into ornithine, ammonia plus carbon dioxide yields ATP in

three enzymatic steps (Fig. 2.1A) [30]. For sustainable energy conservation in a compart-

mentalized system, the import of substrates and excretion of products have to be efficient,

which can be achieved by coupling the solute fluxes. The antiporter ArcD2 facilitates the

stoichiometric exchange of the substrate arginine for the product ornithine (Fig. 2.1B) [31],

which is important for maintaining the metabolic network away from equilibrium. The

thermodynamics of the arginine conversion under standard conditions are given in (Fig.

2.1C). The equilibrium constant of the conversion of citrulline plus phosphate into ornithine

plus carbamoyl-phosphate is highly unfavorable, but the overall standard Gibbs free energy

difference (∆G0
) of the breakdown of arginine is negative. Since the actual ΔG is determined

by ∆G0
and the concentration of the reactants, the antiport reaction favors an even more neg-

ative ∆G by maintaining an out-to-in gradient of arginine and in-to-out gradient of ornithine

(Fig. 2.1D). We anticipate that NH3 and CO2 will passively diffuse out of the cell.

2.2.2. Engineering of the metabolic network for ATP

To construct the system for ATP regeneration, we purified and characterized arginine deim-

inase (ArcA), ornithine transcarbamoylase (ArcB), carbamate kinase (ArcC1), and the

arginine/ornithine antiporter ArcD2. Their kinetic and molecular properties are summarized

in Fig. 2.2A. The enzymatic network is enclosed with inorganic phosphate and Mg-ADP in

vesicles composed of synthetic lipids, while ArcD2 is reconstituted in the membrane. The

concentration and number of reporters, ions and metabolites per vesicle is given in Table

2.5. The lipid composition of the vesicles is based on general requirements for membrane

transport (bilayer and nonbilayer- forming lipids, anionic and zwitterionic lipids), which is

tuned to our needs (see below; ref. [32]). The vesicles obtained by extrusion through 400

and 200 nm filters have an average radius of 84 nm (SD = 59 nm; n = 2090) and 64 nm

(SD = 39 nm; n = 2092) respectively (Fig. 2.2B and Supplementary Fig. 2.3), as estimated

from cryo-electron microscopy images. The average internal volumes of the vesicles center

around radii of 226 nm (SD = 113 nm) and 123 nm (SD = 49 nm), respectively (Fig. 2.2C).

Although a fraction of the vesicles is multi-lamellar, it is likely that all layers of the vesicles

are active because we reconstitute the membrane proteins in liposomes prior to the inclusion

of the enzymes, sensors and metabolites (protocol A1). The encapsulation of the luminal

components is done by five freeze-thaw cycles, which induce content exchange between

vesicles and homogenize the membranes. The vesicles obtained by extrusion through 200

nm filters are more homogenous in size (Fig. 2.2B,C) but contain a smaller number of

components (Fig. 2.2A and Table 2.5), yet the performance of the metabolic network is

similar in both types of compartments (see below).
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Figure 2.1 | Layout and thermodynamics of the system. (A) Schematic representation of the arginine breakdown

pathway. (B) Structures of arginine, citrulline and ornithine at neutral pH. (C)) Thermodynamics of arginine

conversion for the reactions of ArcA, ArcB, and ArcC1. G0
values were calculated for pH 7.0 and an ionic strength

of 0.1 M using eQuilibrator 2.2. (D)) Thermodynamics of the arginine/ornithine antiport reaction. G values were

calculated at varying concentration gradients of arginine (outside to inside) and ornithine (inside to outside). When

the arginine and ornithine gradients are opposite, that is, [Arg]i n < [Arg]out and [Orn]i n > [Orn]out , then a

negative (and thus favorable) G value is obtained. Four scenarios for the product of the arginine and ornithine

gradients are indicated.



2

36 2. A synthetic metabolic network for physicochemical homeostasis

Figure 2.2 | Characterization of the components of the system. (A) Molecular and kinetic properties of the enzymes;

Keq was calculated as in Fig. 2.1C. The KM values of a given substrate were determined under conditions of excess

of the other substrate. The number of molecules per vesicle was calculated from the internal concentration of the

enzymes and the average size of the vesicles, for 400 nm (left column) and 200 nm (right column) extruded vesicles.

Kinetic parameters of ArcB are given for the back reaction. The kinetic parameters of ArcD2 were estimated from

measurements in cells [33], assuming that ArcD2 constitutes 1% of membrane protein; the data for OpuA are from

[34]. (B) Distribution of the radius of lipid vesicles extruded through a 400 nm (blue bars) and 200 nm (black bars)

polycarbonate filter as estimated from CryoTEM micrographs (Supplementary Fig. 2.3). The diameter of 2090

vesicles (400 nm filter) and 2092 vesicles (200 nm filter) were measured using ImageJ. (C) Distribution of the

internal volume, based on the distribution of radii, assuming that all vesicles are spherical. (D) Kinetics of arginine
uptake in proteoliposomes with 1 mM (blue circles) and 0.1 mM (black squares) ornithine on the inside (protocol

B2);
14
-arginine concentration of 10 µM. Inset: influence of a membrane potential (∆ψ) on arginine uptake with

1 mM ornithine on the inside. Data from replicate experiments (n = 2) are shown, error bars indicate standard

deviation. (E) Kinetics of arginine uptake in proteoliposomes with 10 mM (blue circles) and 1 mM (black squares)

citrulline on the inside (protocol B2);
14
-arginine concentration of 10 µM. Inset: influence of a membrane potential

(∆ψ) on arginine uptake with 10 mM citrulline on the inside (n = 2). Source data of are provided as a Source Data

file.
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Figure 2.3 | Representative micrographs showing vesicles extruded through a (A) 400 nm polycarbonate filter and

(B) 200 nm polycarbonate filter; the yellow lines indicate the size measurements. Some of the shapes are somewhat

distorted, most likely due to the interaction of the vesicles with the grid.
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We first characterized ArcD2 in lipid vesicles without the enzymatic network and demon-

strated exchange of arginine for ornithine (Fig. 2.2D). ArcD2 transports arginine in and

ornithine out in both membrane orientations, which is a property of this type of secondary

transporter. The direction of transport is determined by the concentration gradients of the

amino acids, not by the orientation of the protein. The arginine/ornithine antiport reaction is

not affected by an imposed membrane potential (∆ψ) (Fig. 2.2D, inset). Surprisingly, we

also detect that ArcD2 exchanges arginine for citrulline, albeit at a much lower rate than the

arginine/ornithine antiport (Fig. 2.2E). The arginine/ citrulline antiport is electrogenic (Fig.

2.2E, inset), which agrees with arginine (and ornithine) being cationic and citrulline being

neutral at pH 7 (Fig. 2.1B).

The turnover number (kcat ) and equilibrium constant (Keq ) of the enzymes were used to

guide the initial design of the pathway, and the enzymes were incorporated in the vesicles

at a copy number well above the stochastic threshold (Fig. 2.2A). The ArcD2 protein

is reconstituted at a lipid-to-protein ratio of 400:1 (w/w), yielding on average 62 and 19

antiporters per vesicle with radii of 226 and 123 nm, respectively. Since arginine is imported

when a counter solute is present on the inside, we include L-ornithine in the vesicles to

enable the metabolism of arginine. For readout of ATP production, we enclosed PercevalHR

[35], a protein-based fluorescent reporter of the ATP/ADP ratio (Fig. 2.4A); the calibration

and characterization of the sensor are shown in Supplementary Fig. 2.5. Upon addition

of arginine, the vesicles produce ATP. Thus, after an initial, rapid, increase in the ratio of

the excitation maxima at 500 nm and 430 nm (representing an increase in ATP/ADP ratio)

the ratio unexpectedly declines after 30 min (Fig. 2.4B, blue trace). The ATP/ADP ratio

increases again and stabilizes (Fig. 2.4B, black trace) in the presence of the protonophore

carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), suggesting that arginine

conversion by the metabolic network changes the internal pH of the vesicles (see below).

The drop in fluorescence signal without FCCP is explained by the pH-dependent binding of

nucleotides to PercevalHR (Supplementary Fig. 2.5B and 2.5C). The decrease in F500/430

signal suggests that the internal pH is decreasing, because the fluorescence of PercevalHR

increases with increasing pH (Supplementary Fig. 2.5B).

We found that, in the initial design of the pathway, a substantial amount of citrulline

is formed on the outside, which is due to residual binding of ArcA to the outer membrane

surface even after repeated washing of the vesicles; control experiments rule out that ArcA

is binding to ArcD2 or OpuA or due to a high or low concentration of anionic lipid. We

thus inactivated external ArcA by treatment of the vesicles with the membraneimpermeable

sulfhydryl reagent p-chloromercuribenzene sulfonate (pCMBS). To avoid inhibition of the

antiporter ArcD2, we engineered a cysteine-less variant that is fully functional and insensitive

to sulfhydryl reagents (Supplementary Fig. 2.6). This optimized system is used for further

characterization and application.

2.2.3. Arginine breakdown and control of futile hydrolysis and pH
The breakdown of arginine, in the lumen of the vesicle, is givenby the reaction equation:
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Figure 2.4 | Generation of ATP and pH changes. The internal composition of the vesicles at the start of the

experiment is given in Fig. 2.2A (enzymes) and Table 2.5 (ions, metabolites) and the preparation of vesicles is given

in protocol A1, unless specified otherwise. (A) Schematic representation of PercevalHR; modification of cartoon in

[35]. (B) Effect of FCCP on the fluorescence readout of PercevalHR (protocol A1); the ratio of the fluorescence

peaks at 500 nm and 430 nm is shown. In the absence of FCCP, the fluorescence readout declines 30 min after

addition of 10 mM arginine (at t = 0) due to changes in the internal pH (addition of FCCP after 2 h increases the

signal, indicated by the black arrow). The fluorescence signal is constant for several hours in the presence of 10 µM

FCCP (n = 2). (C) External pH change (protocol B5) of arginine-metabolizing vesicles in outside medium with 10

mM KPi pH 7.0 plus 355 mM KCl. The ATP production was started by adding 5 mM arginine at t = 0. d Schematic

representation of the pH effects caused by ammonia and carbon dioxide diffusion. (E) Internal pH change (protocol

B4) of arginine-metabolizing vesicles with either 50 mM (blue trace) or 15 mM KPi plus 40 mM KCl, pH 7.0 on

the inside (protocol A2; black trace). 5 mM arginine was added at t = 0 (n = 2).
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Figure 2.5 | Fluorescence-based ATP/ADP ratio sensor PercevalHR. Fluorescence spectrum, calibration and pH

dependency of PercevalHR measured in a FP-8300 spectrofluorimeter (Jasco, Inc.). (A) Excitation spectrum from

400 nm to 510 nm of PercevalHR encapsulated in the lipid vesicles with an emission wavelength of 550 nm, at

equimolar ATP to ADP (2.5 mM each). The spectrum was corrected for background fluorescence. (B) Effect of pH
on the readout of PercevalHR fluorescence. The ratio of the excitation peaks at 500 nm and 430 nm was measured

for different ATP to ADP ratios, measured in 50 mM KPi pH 7.6 (blue circles), pH 7.4 (black squares), pH 7.2 (pink

triangles), pH 7.0 (yellow diamonds), pH 6.8 (green circles), and pH 6.6 (red squares), each supplemented with 5.5

mM MgSO4. (C) Plot of the start and end values against pH in 50 mM KPi, as fitted with Eq. 2.3. (D) Calibration
of PercevalHR inside thelipid vesicles. The ratio of the excitation peaks at 500 nm and 430 nm changes when the

ATP to ADP ratio is varied. Error bars indicate the standard deviation of two independent encapsulations. The data

points were fit with the Hill equation (black line), as described in the methods (n = 1, k= 3.02, start = 0.46, end =

1.30).
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Figure 2.6 | pCMBS does not inhibit arginine/ornithine transport by ArcD2∆C. Radiolabeled arginine uptake by (A)
wild-type ArcD2 and (B) cysteine-less ArcD2 (ArcD2∆C) in the absence (blue circles) and presence (black squares)
of 25 µM of pCMBS. The pCMBS was added 45 minutes prior to the start of the measurement to allow for the

binding reaction to occur. The proteoliposomes were loaded with 0.5 mM L-ornithine and the final
14
C-L-arginine

concentration was 20 µM for the wild-type and 10 µM for the cysteine-less ArcD2. The presented data are obtained

from a single experiment, but similar measurements (optimization of assay and labeling) were done multiple times.

L− Ar g i ni ne +H2O +HPO4
2−+M g − ADP 1−+3H+ →

L−Or ni thi ne +M g − AT P 2−+2N H 4
++CO2 (2.1)

The external pH increases upon the addition of arginine (Fig. 2.4C), which is in ac-

cordance with Eq. 2.1 when the reaction products (except for ATP) end up in the outside

medium (Fig. 2.4D). Unexpectedly, the vesicle lumen acidifies over longer timescales, that is,

after an initial increase of the internal pH (Fig. 2.2E, blue line; pyranine calibration shown in

Supplementary Fig. 2.7); the transient in the internal pH is more evident when the internal

buffer capacity is decreased (Fig. 2.2E, black line). The acidification of the vesicle lumen

cannot be readily explained if arginine is solely converted into ornithine (Eq. 2.1). Indeed,

we found citrulline as an end product in addition to ornithine (Fig. 2.7A).

What is the basis for the futile hydrolysis of arginine? Since external ArcAwas inactivated

by pCMBS, we infer that part of the citrulline is not metabolized further but exported and

accompanied by diffusion of NH
3
through the membrane. This side reaction is possible if

steps in the pathway downstream of ArcA are limiting the breakdown of arginine (Fig. 2.7B,

bold arrow) and when citrulline is exchanged for arginine (Fig. 2.7B, dashed arrow). In the

vesicles with the full arginine breakdown pathway, citrulline will compete with ornithine

for export, when the internal citrulline concentration is high. The equilibrium constant of

the reaction catalyzed by ArcB (Keq = 8.5 × 10
−6
, see Fig. 2.2A) predicts high citrulline-to-

ornithine ratios in the vesicles. Indeed, we find that the internal citrulline-to-ornithine ratio

increases from 0 to more than 10 when arginine is converted for 1 h. Thus, the Keq values of

the reactions of citrulline formation and breakdown (Fig. 2.2A), and the substrate promiscuity

of ArcD2 (Fig. 2.2D, E) enable arginine/citrulline in addition to arginine/ ornithine antiport.
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Figure 2.7 | Control of futile hydrolysis of arginine and pH homeostasis. The internal composition of the vesicles at

the start of the experiment is given in Fig. 2.2A (enzymes) and Table 2.5 (ions, metabolites) and the preparation of

vesicles is given in protocol A1, unless specified otherwise. (A) External concentration of metabolites (protocol

B6): arginine (blue circles), citrulline (pink triangles), ornithine (yellow diamonds), and NH3 (black squares),

as measured by HPLC in vesicles treated with 25 µM pCMBS. Five millimolar arginine was added at t = 0. (B)
Schematic representation of arginine breakdown; the futile hydrolysis of arginine and arginine/citrulline exchange

are depicted by bold and dashed arrows, respectively. (C) Stopped-flow fluorescence measurements to determine

the permeability of the vesicles for NH4Cl (blue trace), NH4-acetate (black trace), potassium phosphate (pink trace)

and sodium acetate (yellow trace); pyranine inside the vesicles was used as pH indicator (n ≥ 2). (D) Internal pH
change (protocol B4) of arginine-metabolizing vesicles with either 5 mM Mg-ADP (protocol A1; blue trace) or 15

mM Mg-ADP on the inside (protocol A3; black trace). Five millimolar arginine was added at t = 0 (n = 2). (E)
Homology model of OpuA and structure of the compatible solute glycine betaine. Glycine betaine import via OpuA

consumes the ATP as indicated in B.
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How do the side reactions of the arginine breakdown pathway lead to acidification of

the vesicle lumen? The pKA of NH
+
4 ↔ NH3 + H

+
is 9.09 at 30

◦
C [36], and thus at pH 7.0

the fraction of NH3 is small, but the base/conjugated acid reaction is fast. If NH3 diffuses

across the membrane, it will leave a proton behind in the vesicle lumen. Since the external

volume is large compared with the internal one, there will be a net flux of NH3 from the

vesicle lumen to the medium. Using stopped-flow fluorescence-based flux measurements to

probe the permeability of the vesicles for small molecules, we confirmed that NH3 diffuses

out rapidly, but that the membrane is highly impermeable for inorganic phosphate, K
+
, and

Cl
−
ions (Fig. 2.7C). CO2 also diffuses rapidly across the membrane, down its concentration

gradient, but only NH3 leaves behind protons, therefore it is this that causes the pH change

in the vesicle lumen. Finally, the breakdown of arginine to ornithine plus NH
+
4 and CO2 is a

dead-end process, which reaches equilibrium if the produced ATP is not utilized; the system

runs out of ADP in about 30 min. The production of NH
+
4 from the conversion of arginine to

citrulline then takes over, and the accompanying diffusion of NH3 out of the vesicles leads to

a net acidification of the vesicle lumen (Fig. 2.7D). Indeed, in Fig. 2.7D we show that the

vesicles acidify significantly less when the vesicles are loaded with a higher concentration of

ADP and the ATP synthesis is extended.

2.2.4. Load on the metabolic network

Cell growth is impacted by the solute concentration of the environment. Control of osmolyte

import and export under conditions of osmotic stress allows cells to maintain their volume

and achieve physicochemical homeostasis [37–39]. Potassium is the most abundant osmolyte

in many (micro)organisms, but excessive salt accumulation increases the ionic strength,

which diminishes enzyme function. To control the volume, internal pH, and ionic strength,

bacteria modulate the intake of potassium ions. When needed, they replace the electrolyte

for so-called compatible solutes, like glycine betaine, proline and/or sugars [40]. Compatible

solutes like glycine betaine not only act in volume regulation but also prevent aggregation of

macromolecules by affecting protein folding and stability [41, 42].

The energy produced by the ATP breakdown pathway has been used to modulate the

balance of osmolytes in the vesicles via activating the ATP-driven glycine betaine transporter

OpuA (Fig. 2.7E). To this end we co-reconstituted OpuA with the components of the

metabolic network for ATP production. OpuA transports solutes into the vesicle lumen when

the protein is oriented with the nucleotide-binding domains on the inside. It happens to

be that we reconstitute OpuA for more than 90% in this desired orientation [32, 34], but

any protein in the opposite orientation is non-functional because ATP is only produced

inside the vesicles. In vesicles with 13 mol% DOPG [1,2-dioleoyl-sn-glycero-3-phospho-
(1

′
-rac-glycerol)] OpuA is constitutively active and imports glycine betaine at the expense

of ATP (Fig. 2.8A), albeit at a low rate [43]. OpuA is ionic strength-gated and more active

when sufficient levels of anionic lipids are present in the membrane [32, 43], which is the

physiologically more relevant situation; for this, we use 38 mol% DOPG and an internal ionic

strength below 0.2 M to lock OpuA in the off state. By increasing the medium osmolality

with membraneimpermeant osmolytes (KPi or KCl), the vesicles shrink due to water efflux

(Fig. 2.8B) until the internal osmotic balance is achieved, which occurs on the timescale

of < 1 s. Thus, the pressure exerted by the addition of KPi or KCl is dissipated by lowering
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Figure 2.8 | ATP/ADP homeostasis and long-term transport. The internal composition of the vesicles at the start of

the experiment is given in Fig. 2.2A (enzymes) and Table 2.5 (ions, metabolites) and the preparation of vesicles

is given in protocol A1, unless specified otherwise. (A) Effect of external glycine betaine (GB) on the ATP/ADP
ratio measured by PercevalHR (protocol B3) in unshocked arginine-metabolizing vesicles (made with 13 mol% of

DOPG; protocol A7), in the presence (black trace) and absence (blue trace) of 180 µM glycine betaine, added at t =

-0.5 h. Five millimolar arginine was added at t = 0 (n = 2). (B) Schematic representation of the effect of osmotic

upshift and partial volume restoration through glycine betaine uptake are shown. (C) Comparison of glycine betaine

uptake (protocol B1) driven by ATP formed in the arginine breakdown pathway from 400 nm extruded vesicles

(blue circles), 200 nm extruded vesicles (protocol A4; black squares), and the creatine-phosphate/kinase system

(protocol A5; pink triangles) (n = 2)

Buffer ArcA ArcB ArcC1
50 mM KPi 2.9 ± 0.3 233.3 ± 52.3 362.9 ± 22.8

300 mM KPi 4.8 ± 2.9 128.9 ± 49.7 135.0 ± 76.8

Table 2.1 | Enzyme activities for data presented in Fig. 2.10B. All values are given in µmol min
−1

mg
−1

. Errors

indicate standard deviation.

the volume-to-surface ratio of the vesicles. The accompanying increase in internal ionic

strength activates OpuA and glycine betaine is imported to high levels (Fig. 2.8C, blue

circles). The vesicles now possess an interior that is a mixture of glycine betaine and salts.

The consumption of ATP by the gated import of glycine betaine is shown in Fig. 2.10A. Most

remarkably, the gated import continues for hours when the internal ionic strength remains

above the gating threshold and the pH is kept constant (Fig. 2.8C, blue circles). The open

system, with arginine feed and product drain, performs at least an order of magnitude better

than closed systems for ATP regeneration, where the substrate for ATP synthesis is present

on the inside and cannot be replenished, as exemplified by the creatine-phosphate/ kinase

system (Fig. 2.8C, pink triangles) [34]. Comparable results were obtained when smaller, yet

more homogenous vesicles were formed by extrusion through 200 nm polycarbonate filters

(Fig. 2.8C, black squares, see also Supplementary Fig. 2.9).

To determine the fraction of vesicles with a fully functional arginine breakdown pathway,

we compared the rates of transport of glycine betaine in our synthetic cell system with those

of OpuA vesicles containing 10 mM of ATP. With our synthetic network transport only

occurs when ATP is formed, which requires the presence of each of the enzymes well above

the stochastic threshold. When the metabolic pathway reaches steady state, the ATP and
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Figure 2.9 | ATP production and pH changes in arginine-metabolizing vesicles obtained by extrusion through 200

nm polycarbonate filters. (A) Analogous to Fig. 2.10A, the effect of glycine betaine (GB) import on ATP production

as measured by PercevalHR fluorescence (protocol B3) in arginine-metabolizing vesicles exposed to an osmotic

upshift (addition of 250 mM KCl) in the presence (black trace) and absence (blue trace) of 180 µM glycine betaine

(added at t = 0.5 h); 5 mM arginine was added at t = 0 (n=2). (B) Analogous to Fig. 2.10D, the effect of glycine
betaine on the internal pH measured by pyranine (protocol B4) in arginine-metabolizing vesicles exposed to an

osmotic upshift (250 mM KCl) in the presence (black trace) and absence (blue trace) of 180 µM glycine betaine

(added at t = 0.5 h); 5 mM arginine was added at t = 0 (n=2).

ADP concentrations are about 3.3 and 1.7 mM, respectively (see Table 2.5, ATP/ADP ratio

of 2), and under these conditions we determined the rate of transport via OpuA. The KM

value for ATP is 3 mM and the KI for ADP is 12 mM (taken from [44]). From these numbers

we compute the V/VM AX for transport in the synthetic vesicles. For the OpuA vesicles

with 10mM ATP there is negligible formation of ADP when initial rates of transport are

determined, and the V/VM AX is calculated similarly. From the ratio of the V/VMAX in the

vesicles with full pathway over the V/VM AX in the OpuA vesicles (Fig. 2.8C), we obtain a

lower limit for the fraction of active vesicles of 70%.

2.2.5. Physicochemical homeostasis

Next, we tested how the physicochemical homeostasis is sustained when the vesicles are

osmotically challenged. Figure 2.10A shows the evolution in time of the ATP/ADP ratio

upon addition of arginine to vesicles that were exposed to an increased medium osmolality

30 min before the addition of arginine; FCCP was added to avoid pH effects on the readout of

PercevalHR (Supplementary Fig. 2.5B). In the absence of glycine betaine the ATP/ADP ratio

peaks at 1 h and decreases over the next 4–5 h (Fig. 2.10A, blue line), which indicates the

presence of futile ATP hydrolysis when the internal salt concentration is high. Intriguingly,

when glycine betaine was added 0.5 h after arginine (Fig. 2.10A, black line), the ATP/ADP

ratio drops instantly, but then remains stable for 6 h. Glycine betaine therefore has two

effects: its accumulation provides a ‘cytosol’ that is more compatible with enzyme function

(Fig. 2.10B,C), but it also provides a metabolic sink for ATP through its OpuA-mediated

transport. The decrease in ATP/ADP ratio in the absence of glycine betaine can be explained

by inhibition of enzymatic activity at high ionic strength (Fig. 2.10B), combined with futile
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Figure 2.10 | Physicochemical homeostasis of arginine-metabolizing vesicles. The internal composition of the

vesicles at the start of the experiment is given in Fig. 2.2A (enzymes) and Table 2.5 (ions, metabolites) and the

preparation of vesicles is given in protocol A1, unless specified otherwise. (A) Effect of glycine betaine (GB) on
the ATP/ADP ratio measured by PercevalHR (protocol B3) inside arginine-metabolizing vesicles exposed to an

osmotic upshift (addition of 250 mM KCl externally) in the presence (black trace) and absence (blue trace) of 180

µM glycine betaine, added at t = 0.5 h. Five millimolar arginine was added at t = 0 (n = 3). (B) Activity of ArcA
(left), ArcB (middle), and ArcC1 (right) in 50 mM KPi, pH 7.0 (black bar), and 300 mM KPi, pH 7.0 (blue bar)

as determined from the production of citrulline (ArcA, ArcB) or ATP (ArcC1). The activities were normalized

to those in 50 mM KPi, pH 7.0, the absolute activities are given in Supplementary Table 2.1; error bars indicate

standard deviation (n = 2). (C) Stability of ArcA (top), ArcB (middle), and ArcC1 (bottom) in 50 mM KPi, pH 7.0

(left), and 300 mM KPi, pH 7.0 (right) at 30
◦
C, in the presence (black squares) and absence (blue circles) of 200

mM glycine betaine (n = 2). (D) Effect of glycine betaine on the internal pH measured by pyranine (protocol B4)

inside arginine-metabolizing vesicles exposed to an osmotic upshift (250 mM KCl) in the presence (black trace) and

absence (blue trace) of 180 µM glycine betaine, added at t = 0.5 h. Five millimolar arginine was added at t = 0 (n =

3). (E) Schematic representation of the synthetic metabolic network in the cell-like container with the intermediates:

arginine (red squares), ornithine (blue circles), citrulline (orange triangles), carbamoyl-phosphate (pink triangles),

and glycine betaine (yellow ovals). NH3 and CO2 are not shown. Source data of are provided as a Source Data file.
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hydrolysis of ATP. Accordingly, the decrease in ATP/ADP ratio is much less in vesicles in

which the ionic strength is kept low (Fig. 2.8A); compare Figs. 2.8A and 2.10A. Finally, we

report ATP/ADP ratios because the absolute concentrations change when the vesicles are

osmotically shrunk and subsequently regain volume. In most experiments, the initial adenine

nucleotide (= ADP) concentration was 5 mM but increases when the vesicles are exposed to

osmotic stress. In Fig. 2.8A, we report data of unshocked vesicles and here the ATP/ADP

ratios of 2–3 correspond to 3.33–3.75 mM of ATP, respectively, which is in the range of

concentrations in living cells.

Importantly, the introduction of an ATP-consuming process stimulates the full pathway

at the expense of citrulline formation, and hence should stabilize the internal pH. Indeed,

our results show that the system is better capable of maintaining the internal pH relatively

constant when ATP is utilized (Fig. 2.10D, black line). Under these conditions the arginine-

to-citrulline conversion is diminished relative to full pathway activity. We therefore propose

that the stabilizing effect of glycine betaine accumulation originates from a lowering of the

ionic strength (partial restoration of the vesicle volume), a chaperoning effect on the proteins

and the maintenance of the internal pH, hence reflecting what compatible solutes do in living

cells [40].

In summary and perspective: we present the in vitro construction of a cell-like system that

maintains a metabolic state far-from-equilibrium for many hours (Fig. 2.10E). This is one of

the most advanced functional reconstitutions of a chemically defined network ever achieved,

which allows the development of complex life-like systems with adaptive behavior in terms

of lipid and protein synthesis, cell growth and intercellular communication. We show that

ATP is used to fuel the gated transport of glycine betaine, which allows the synthetic vesicles

to maintain a basic level of physicochemical homeostasis. We have recently postulated

alternative mechanisms for metabolic energy conservation [45] by coupling substrate/product

antiporters to substrate decarboxylation, allowing the formation of a proton or sodium motive

force. Combining such a pathway with the here-developed network for ATP would allow an

even greater control of the physicochemical homeostasis.

Maintenance of the ATP/ADP ratio, internal pH, and presumably ionic strength are

crucial for any metabolic system in the emerging field of synthetic biochemistry [24, 27]. We

expect that our metabolic network will find wide use beyond membrane and synthetic biology,

as biomolecular out-of-equilibrium systems will impact the development of next generation

materials (e.g. delivery systems) with active, adaptive, autonomous, and intelligent behavior.

2.3. Materials and methods

2.3.1. Materials

Common chemicals were of analytical grade and ordered from Sigma-Aldrich Corporation,

Carl Roth GmbH & Co. KG or Merck KGaA. The lipids were obtained from Avanti Polar

Lipids, Inc. (> 99% pure, in chloroform): 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE) [850725C], 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) [850375C], and

1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) [840475C]. n-dodecyl-β-D-
maltoside (DDM) [D97002] was purchased from Glycon Biochemicals GmbH and Triton

X-100 [T9284] from Sigma-Aldrich Corporation.
14
C-glycine betaine was prepared enzymat-
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Primer Sequence (5′ -> 3′)
arcA-Fw AAACCATGGGTATGAACAATGGAATTAAATGTTAACTCAGAAATTGGG

arcA-Rv ATAAGGATCCCAAATCTTCACGCCAAAGTGGTTGTGAC

arcB-Fw AAACCATGGGTATGACATCACCACTTATTACAAAAGCAGAAGTAAAC

arcB-Rv ATAAGGATCCTTTAAAATCTTCAGGAACTGCTGGGATAAATAAATTAC

arcC1-Fw ATGGTGAGAATTTATATTTTCAAGGTGTAAAACGTATTGTTGTAGCCC

arcC1-Rv TGGGAGGGTGGGATTTTCATTAAGGAACAATTCTTGTTCCACTAC

arcD2-Fw ATGGGTGGTGGATTTGCTATGGAAAACAAGAAAACAAAAGGG

arcD2-Rv TTGGAAGTATAAATTTTCGTAGCCTAGTAATCCCCG

arcD2∆C-1 AGCTGTAATUATGATTACTTATGCTTTGGTTGGAGC

arcD2∆C-2 AGACCAGAAUTGCTAAAACTCCTAGTAAGG

arcD2∆C-3 ATTCTGGTCUTGATTACTGGCGCAAAATCAGGAAC

arcD2∆C-4 AATTACAGCUGTTGCCATATAAATAAAGAC

Table 2.2 | Primers used for cloning

ically from
14
C-choline-chloride (American Radiolabeled Chemicals, Inc. [ARC 0208, 55

mCi mmol
−1
]) as described [32].

14
C-arginine was purchased from Moravek, Inc. [MC-137,

338 mCi mmol
−1
],

14
C-citrulline from American Radiolabeled Chemicals, Inc. [ARC 0508,

55 mCi mmol
−1
], and

3
H-ornithine hydrochloride from PerkinElmer Health Sciences, Inc.

[NET1212, 21.4 Ci mmol
−1
].

2.3.2. Construction of expression strains
The arcX genes were PCR-amplified from the genome of Lactococcus lactis IL1403 with
primers arcX-Fw and arcX-rev (see Supplementary Table 2.2), using Phusion HF DNA

polymerase (Thermo Fisher Scientific, Inc.). The arcA and arcB PCR inserts, and the

pNZcLICoppA vector [46], were digested with NcoI and BamHI and subsequently ligated
to yield pNZarcA and pNZarcB. These vectors contain the corresponding genes under the
control of the nisin-inducible PN I S promoter [47] and the genes have a cleavable 6His-tag at

the N-terminus.

The arcC1 and arcD2 PCR inserts were used for ligation-independent cloning as described

in [48]. This yielded pNZarcC1 and pNZarcD2 with the genes under the control of the PNIS
promoter and with a cleavable 10His-tag at the N- and C-terminus, respectively. To construct

the cysteine-less variant of arcD2 (arcD2∆C), two mutations were made, namely C395T

and C487T. The arcD2 gene was PCR-amplified from pNZarcD2 with uracil-containing

primers (arcD2∆C-X), using PfuX7 DNA polymerase [49]. The two amplified fragments

were ligated with USER enzyme (New England Biolabs, Inc.) to create the pNZarcD2∆C
vector.

The pNZarcA, pNZarcB, and pNZarcC1 vectors were transformed into L. lactis NZ9000
[47], while pNZarcD2 and pNZarcD2∆C were transformed into L. lactis JP9000 ∆arcD1D2
[33] (Supplementary Table 2.3). The pRsetB-PercevalHR plasmid was a gift from profes-

sor Gary Yellen (Addgene plasmid #49081, [35]) and transformed into E. coli BL21-DE3
(Supplementary Table 2.3).
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Strain Genotype Vector Reference
L. lactis NZ9000 MG1363 with nisRK in pepN locus [50]

L. lactis NZ9000-A pNZarcA This study

L. lactis NZ9000-B pNZarcB This study

L. lactis NZ9000-C1 pNZarcC1 This study

L. lactis JP9000 MG1363 with nisRK in pseudo_10 locus [33]

L. lactis JP9000-D2 pNZarcD2 This study

L. lactis JP9000-2∆C pNZarcD2∆C This study

E. coli BL21(DE3) F
− ompT gal dcm lon hsdSB (r−B m−

B ) pRsetBPercevalHR This study

λ(DE3 [lacI lacUV5-T7 ind1 sam7 nin5])

L. lactis OPU401 NZ9000 ∆opuA pNZopuAHis [34]

Table 2.3 | Strains used in this study

Buffer Composition
A 100 mM KPi, pH 7.0

B 50 mM KPi, pH 7.0

C 50 mM KPi, pH 7.0 with 200 mM NaCl

D 50 mM KPi, pH 7.0 with 100 mM NaCl

E 25 mM KPi, pH 8.0 with 500 mM NaCl plus 5% (v/v) glycerol

F 50 mM KPi, pH 7.0 with 200 mM KCl

G 100 mM KPi, pH 7.0 with 0.5 mM ornithine

H 50 mM NaPi, pH 7.0

I 100 mM KPi, pH 7.0 with 250 mM KCl

Table 2.4 | Buffers used in this study

2.3.3. Expression of genes

L. lactis cells were grown in rich medium [2% (w/v) Gistex from Brenntag AG], 65 mM

NaPi, pH 7.0, 1% (w/v) glucose) with 5 µg mL
−1

chloramphenicol at 30
◦
C with stirring

(200 rpm). The strains for ArcA, ArcB, and ArcC1 production were grown as 3 L cultures in

5 L flasks and induced at an optical density at 600 nm (OD600) of 0.5 with 0.05% (v/v) of

culture supernatant from a nisin A-producing strain [47]. In contrast, the strains for ArcD2

and OpuA were grown as 2 L cultures in a 3 L bioreactor stirred at 200 rpm with pH control

(kept above pH 6.5 with 4 M KOH) and induced at an OD600 of 2.0 with 0.05% (v/v) of

culture supernatant from a nisin A-producing strain. After induction, all strains were grown

for an additional 2 h before harvesting. Harvesting and washing was done by centrifugation

(15 min, 6000 × g, 4
◦
C) and resuspension of the cells in ice-cold 100 mM KPi, pH 7.0

(buffer A, Table 2.4). Finally, cells were centrifuged again and resuspended to an OD600 of

100 in ice-cold 50 mM KPi, pH 7.0 (buffer B), flash-frozen in liquid nitrogen in aliquots of

50 mL and stored at -80
◦
C.
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2.3.4. Preparation of cell lysates and membrane vesicles

The preparation of cell lysate and membrane vesicles was done as follows. After cells were

thawed on ice, 100 µg mL
−1

DNAse and 2 mM MgSO4 were added. Cells were lysed by

high-pressure disruption (Constant Systems, Ltd.) with two passages at 39 kpsi and 4
◦
C.

After lysis, 5 mM Na2-EDTA (pH 8.0) and 1 mM PMSF (100 mM stock in isopropanol)

were added and cell debris was removed by centrifugation (15 min, 22,000 × g, 4
◦
C). Next,

the supernatant was centrifuged for 90 min at 125,000 × g at 4
◦
C. For ArcA, ArcB, and

ArcC1, the supernatant (containing cell lysate) was flash-frozen in liquid nitrogen in 10

mL aliquots and stored at -80
◦
C. For ArcD2 and OpuA, the pellets (containing membrane

vesicles) were resuspended in ice-cold buffer B [with 20% (v/v) glycerol for OpuA], to a 10

mg mL
−1

protein concentration before flash-freezing (2 mL aliquots) and storage.

E. coli BL21-DE3 pRsetB-PercHR cells were grown in lysogeny broth (LB) with 100

µg mL
−1

ampicillin. In total, 0.5 L cultures were grown in 5 L flasks at 30
◦
C with shaking

(200 rpm) to an OD600 of 0.7, after which they were cooled to 22
◦
C, induced with 100

µM isopropyl β-D-1-thiogalactopyranoside (IPTG) and grown for an additional 72 h before

harvesting as described in [35]. Harvesting and washing was done by centrifugation (15

min, 6000 × g, 4
◦
C) and resuspension in ice-cold 50 mM NaPi, pH 7.0 with 100 mM NaCl.

Finally, cells were centrifuged again and resuspended to an OD600 of 100 in ice-cold 20 mM

NaPi, pH 7.0 with 100 mM NaCl, flash-frozen in liquid nitrogen in 50 mL aliquots and stored

at -80
◦
C. Cell lysate was prepared by adding 250 µg of DNAse to thawed cells, after which

they were lysed by high-pressure disruption in a single passage at 25 kpsi and 4
◦
C. After

lysis, 0.1 mM PMSF was added and cell debris was removed by centrifugation for 60 min

at 145,000 × g at 4
◦
C. The supernatant (containing cell lysate) was flash-frozen in liquid

nitrogen in 15 mL aliquots and stored at -80
◦
C.

2.3.5. Purification of ArcA, ArcB, and ArcC1
All protein purification and handling steps were performed on ice or at 4

◦
C, except when

specified otherwise. Ni
2+
-Sepharose resin was pre-equilibrated in 50 mM KPi, pH 7.0,

with 200 mM NaCl (buffer C) with either 10 mM imidazole for ArcA and ArcB or 5 mM

imidazole and 10% (v/v) glycerol for ArcC1. Cell lysate was thawed on ice, added to the

Ni
2+
-Sepharose resin (0.5 mL bed volume per 10 mg total protein) and nutated for 1 h. The

mixture was poured over a poly-prep column (Bio-Rad Laboratories, Inc.), after which the

resin was washed with 20 column volumes of buffer C with 50 mM imidazole [plus 10% (v/v)

glycerol for ArcC1]. Proteins were then eluted with three column volumes of buffer C with

500 mM imidazole [plus 10% (v/v) glycerol for ArcC1]. The most concentrated fractions

were run on a Superdex 200 Increase 10/300 GL size-exclusion column (GE Healthcare)

in 50 mM KPi, pH 7.0 with 100 mM NaCl (buffer D) [plus 10% (v/v) glycerol for ArcC1].

Protein containing fractions were pooled and concentrated to 4–5 mg mL
−1

in a Vivaspin

500 (30,000 kDa) centrifugal concentrator (Sartorius AG), after which they were aliquoted,

flash-frozen in 100 µL aliquots and stored at -80
◦
C.

In addition, ArcA, ArcB, and ArcC1 have been purified in 50 mM NaPi, pH 7.0 instead

of 50 mM KPi pH 7.0 to allow reconstitutions devoid of potassium ions (protocol A6, see

below); the system is also fully functional in sodium ion-based buffers.
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2.3.6. Purification of PercevalHR
PercevalHR was purified in a manner similar to ArcA, ArcB, and ArcC1, except that different

buffers were used. Ni
2+
-Sepharose resin was pre-equilibrated in 25 mM KPi buffer, pH 8.0

with 500 mM NaCl with 5% (v/v) glycerol (buffer E) plus 10 mM imidazole. The resin was

washed with buffer E plus 25 mM imidazole and protein was eluted with buffer E plus 250

mM imidazole. The most concentrated fractions were run on a Superdex 200 Increase 10/300

GL size-exclusion column (GE Healthcare) in 10 mM NaPi, pH 7.4 with 150 mM NaCl and

5% (v/v) glycerol. Protein containing fractions (1–2 mg mL
−1
) were aliquoted in volumes of

50 µL, flash-frozen and stored at -80
◦
C.

2.3.7. Enzymatic assays for ArcA and ArcB

Activity of ArcA and ArcB was measured with the COLDER assay [51]. In brief, either 2

µg mL
−1

ArcA, or 0.25 µg mL
−1

ArcB was incubated in buffer B at 30
◦
C for 3 min, in a

total volume of 275 µL. To start the reaction, varying concentrations of either L-arginine for

ArcA (0–480 µM L-arginine), or L-ornithine plus carbamoyl-phosphate for ArcB (0–10 mM

L-ornithine plus 0–10 mM carbamoyl-phosphate) were added. Two hundred microliters of

COLDER solution (20 mM 2,3-butanedione monoxime, 0.5 mM thiosemicarbazide, 2.25 M

phosphoric acid, 4.5 M sulfuric acid and 1.5 mM ammonium iron(III) sulfate) was pipetted

into each well of a 96-well flat-bottom transparent polystyrene plate (Greiner Bio-One

International GmbH), to which 50 µL of reaction mixture was added at given time intervals

to stop the enzymatic conversion. In addition, a set of calibration samples with citrulline

concentrations from 0 to 250 µM was added into the wells in the plate. To allow color

development, the plate was sealed with thermo resistant tape (Nalge Nunc International) and

incubated at 80
◦
C for 20 min in a block heater (Stuart). Afterward, the plate was cooled

down to room temperature for 30 min, the condensate was centrifuged (1 min, 1000 × g, 20
◦
C) and the absorbance of the solutions in the wells was measured at 540 nm in a platereader

(BioTek Instruments, Inc.). Enzyme activity (in nmol citrulline min
−1

mg protein
−1
) was

determined by the formula:

Actenz = ∆enz

∆cal
∗ 1

Cenz ∗Volrmx
(2.2)

where ∆enz and ∆cal are the slopes of the enzyme and calibration curves, respectively, in

AU min
−1

and AU nmol
−1

citrulline; Cenz is the final concentration of enzyme in mg mL
−1

and V ol r mx is the volume of the reaction mixture in mL.

Stability measurements of ArcA and ArcB were performed as described above, with

minor adjustments. In brief, ArcA and ArcB were diluted in either buffer B or 300 mM KPi,

pH 7.0, with and without 200 mM glycine betaine, and incubated at 30
◦
C for 0, 1, 3, and 5

h. To start the reaction, either 150 µM arginine (for ArcA) or 5 mM carbamoyl-phosphate

plus 5 mM citrulline (for ArcB) were added.

2.3.8. Enzymatic assays for ArcC1

The activity of ArcC1 was measured from changes in ATP/ADP ratio with PercevalHR. In

all, 3.3 µg mL
−1

ArcC1 was incubated in buffer B supplemented with 5 mM of MgSO4 and
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10 µg mL
−1

of purified PercevalHR in 105.250-QS cuvettes (Hellma Analytics) in a FP-8300

spectrofluorometer (Jasco, Inc.). ADP was added in varying concentrations (0.1–10 mM) and

the mixture was incubated at 30
◦
C for 5 min. To start the reaction, carbamoyl-phosphate was

added in varying concentrations (0.2–10 mM). The fluorescence spectrum of PercevalHR

was measured by excitation from 400 ± 5 to 510 ± 5 nm, while the emission was recorded at

550 ± 5 nm. As the pH of the reaction mixture changes in time and PercevalHR is sensitive

to pH, it was necessary to measure the pH changes and correct the PercevalHR readout

accordingly. In the pH experiments PercevalHR was substituted with 0.1 µM pyranine and

the fluorescence spectrum of pyranine was measured by excitation from 380 ± 5 to 480 ± 5

nm, while the emission was recorded at 512 ± 5 nm. Pyranine was calibrated as described

under internal pH measurements with pyranine (see below).

The PercevalHR signal was calibrated at a sensor concentration of 10 µg mL
−1

in buffer

B with varying pH values (from 6.6 to 7.6), containing a mixture of ATP and ADP at a total

concentration of 5 mM and a total MgSO4 concentration of 5 mM. The ATP/ADP ratio was

plotted against the ratio of the two excitation peaks at 430 and 500 nm and were fitted using

the Hill equation:

F500nm

F430nm
= start+ (end− start)

( ATP
ADP

)n

kn + ( ATP
ADP

)n (2.3)

where k is the apparent affinity constant; n is the Hill coefficient; start and end refer to

the y-values at the vertical asymptotes. The Hill coefficient was constrained to 1. When the

parameters of datasets recorded at varying pH values were compared, it was evident that only

start and end were affected by pH, k remained constant. The start and end values were plotted

against the pH and were fitted by using the following logistic equations (Supplementary Fig.

2.5C):

start = y0 + A×eR0×pH, end = y0 + A×eR0×pH
(2.4)

where y0, A, and R0 are the fit parameters. The resulting equations were incorporated

into Eq. 2.3 to yield a formula in which the ATP/ADP ratio is dependent on the pH of the

solution and the ratio of the excitation peaks at 430 and 500 nm of PercevalHR:

ATP

ADP
= 4.11× ( F500nm

F430nm − (−0.021+2×10−6 ×e1.76×pH
))(−1.15+3.5×10−3 ×e0.96×pH

)− F500nm
F430nm

(2.5)

Stability measurements of ArcC1 were performed as described above, with minor adjust-

ments. In brief, ArcC1 was diluted in buffer B or 300 mM KPi, pH 7.0, with and without 200

mM glycine betaine, and incubated at 30
◦
C for 0, 1, 3 and 5 h. After incubation, 5 mM of

ADP, 5 mM of MgSO4 and either PercevalHR or pyranine were added. After 5 min of incu-

bation at 30
◦
C, the reaction was started with the addition of 5 mM of carbamoyl-phosphate.

For the experiments performed in 300 mM KPi pH 7.0 a new calibration of both PercevalHR

and pyranine was performed, resulting in the following equation:

ATP

ADP
= 6.59× ( F500nm

F430nm − (−0.214+8.2×10−5 ×e1.29×pH
))(−0.52+6.3×10−4 ×e1.15×pH

)− F500nm
F430nm

(2.6)
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2.3.9. Purification of ArcD2 and OpuA
Membrane vesicles were quickly thawed and diluted to a total protein concentration of 3 mg

mL
−1

for OpuA and 7 mg mL
−1

for ArcD2 in 50 mM KPi, pH 7.0 plus 200 mM KCl (buffer

F) containing 20% (v/v) glycerol in case of OpuA. 0.5% (w/v) n-dodecyl-β-D-maltoside

(DDM) was added to the vesicles for solubilization and the mixture was nutated for either

30 min (ArcD2) or 60 min (OpuA). Unsolubilized material was removed by centrifugation

(20 min, 270,000 × g, 4
◦
C). Ni

2+
-Sepharose resin (0.5 mL of Ni

2+
-Sepharose resin per

20 mg total protein for OpuA or 0.25 mL of Ni
2+
-Sepharose resin per 10 mg total protein

for ArcD2) was pre-equilibrated in buffer F with 10 mM imidazole plus 0.03% (w/v) DDM.

The supernatant was diluted 1.6× fold (ArcD2) or 2.5× fold (OpuA) to reduce the DDM

concentration and then added to the Ni
2+
-Sepharose column material and nutated for 1 h at

4
◦
C. The mixture was poured into a poly-prep column, after which the resin was washed

with 20 column volumes of buffer F containing 50 mM imidazole plus 0.02% (w/v) DDM

and 20% (v/v) glycerol in case of OpuA. Proteins were eluted in 3 column volumes of buffer

F with 500 mM imidazole plus 0.02% (w/v) DDM and 20% (v/v) glycerol in case of OpuA.

2.3.10. Light scattering for oligomeric state determination

Ni
2+
-Sepharose/size-exclusion chromatography-purified fractions of ArcA, ArcB, ArcC,

and ArcD2 were analyzed on a second Superdex 200 Increase 10/300 GL size-exclusion

column (GE Healthcare) in buffer D [with 0.02% (w/v) DDM for ArcD2], which was coupled

to a multi-angle light scattering system with detectors for absorbance at 280 nm (Agilent

Technologies, Inc.), static light scattering (Wyatt Technology Corporation) and differential

refractive index (Wyatt Technology Corporation). Data analysis was performed with the

ASTRA software package (Wyatt Technology Corporation), using a value for the refractive

index increment (dn/dc)protein of 0.180 mL mg
−1

and (dn/dc)detergent of 0.143 mL mg
−1

50.

2.3.11. Co-reconstitution of ArcD2 and OpuA
Synthetic lipids were mixed from chloroform stocks in the ratio of either 50 mol% DOPE,

12 mol% DOPC, and 38 mol% DOPG or 50 mol% DOPE, 37 mol% DOPC, and 13 mol%

DOPG. Lipids were dried in a rotary vacuum setup (Büchi Labortechnik AG), dissolved in

diethyl ether, dried again and rehydrated in buffer B to a final lipid concentration of 20 mg

mL
−1
. Dissolved lipids, cooled with ice water, were sonicated with a tip sonicator (Sonics

and Materials, Inc.) (15 s on, 45 s off, 70% amplitude, 16 cycles), frozen-thawed three times,

alternating between liquid nitrogen and (a water bath at) room temperature, and extruded

13 times through a 400 nm pore size polycarbonate filter (Avestin Europe GmbH) to obtain

liposomes. Using an established protocol [43], ArcD2 and OpuA were co-reconstituted in

preformed liposomes at a protein to lipid ratio of 1:2:400 (w/w), respectively. The liposomes

were first diluted five times to a final concentration of 4 mg mL
−1

in buffer B with 25% (v/v)

glycerol [final concentration 20% (v/v)] and then destabilized by a stepwise titration with

10% (v/v) Triton X-100, until the membrane was saturated with detergent (Rsat; [52]), after

which the membrane proteins were added. The purified proteins and destabilized liposomes

were mixed for 15 min at 4
◦
C, after which detergent was removed by adding SM2 biobeads
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(600 mg per 20 mg of lipids) in three equal aliquots with 15 min incubation in between each

addition. After the third addition, the mixture was incubated overnight, which was followed

by one additional addition (200 mg per 20 mg of lipids) of SM2 biobeads and incubation for

1 h. Finally, the proteoliposomes were collected by centrifugation (2 h for 38% (w/w) DOPG

lipids or 4 h for 13% (w/w) DOPG lipids, 125,000 × g, 4
◦
C) and resuspended in 200 µL per

20 mg of lipids, yielding a final lipid concentration of 100 mg mL
−1
. For the

14
C-arginine

transport assay (see transport assays), reconstitution was done similarly as above, except

that ArcD2 was reconstituted at a protein to lipid ratio of 2:400 (w/w). In addition, the

proteoliposomes were diluted in buffer B without glycerol and centrifugation was done for

30 min, 325,000 × g, 4
◦
C.

Vesicles with a radius of 226 nm have 1.8 × 10
6
lipids per vesicle. Hence, a protein-to-

lipid ratio of 400:1 (w/w) or 2.9 × 10
4
(mol/mol) for ArcD2 and 200:1 (w/w) or 5.7 × 10

4

(mol/mol) for OpuA yield 62 molecules of ArcD2 and 31 molecules of OpuA per vesicle.

2.3.12. Encapsulation of the arginine breakdown pathway
Protocol A1: The ArcD2- and OpuA-containing vesicles used for most studies were composed

of 50 mol% DOPE, 12 mol% DOPC plus 38 mol% DOPG. The proteoliposomes (66 µL,

6.6 mg of lipid) containing ArcD2 and OpuA were mixed in buffer B with 1 µM ArcA,

2 µM ArcB, 5 µM ArcC1, 5 mM ADP, 5 mM MgSO4, 0.5 mM ornithine and optionally

1.6–2.9 µM PercevalHR or 100 µM pyranine in a total volume of 200 µL; the final liposome

concentration is 33 mg of lipid mL
−1
. This yields a final buffer of 50 mM KPi pH 7.0

plus 25 mM NaCl (carried over with the purified ArcA, ArcB, and ArcC1) or 40 mM NaCl

when PercevalHR is also included (see Table 2.5). The enzymes, metabolites and dyes were

encapsulated by five freeze-thaw cycles in a 0.5 ml Eppendorf tube, alternating between

liquid nitrogen and a 10
◦
C water bath, with vortexing of the tube before freezing. Next, the

vesicles were extruded 13 times through a 400 nm pore size polycarbonate filter; the extruder

was pre-washed in buffer A with 0.5 mM ornithine (buffer G). This procedure homogenizes

the vesicles further and makes it likely that necessary components are present in all layers

and compartments. The vesicles with encapsulated pyranine were then separated from free

pyranine by running them over a 22 cm long Sephadex G-75 (Sigma) column in buffer G at

4
◦
C. To remove the residual external compounds, the vesicles were diluted to 6 mL in buffer

G, collected by centrifugation (20 min, 325,000 × g, 4
◦
C) and washed with buffer G (6

mL), after which the vesicles were centrifuged and resuspended in 40 µL per 6.6 mg of lipid,

yielding a final concentration of 165 mg of lipid mL
−1
. Vesicles were kept on ice before

subsequent measurements. Importantly, the ratio of the components inside the vesicles is

very similar to the ratio in solution prior to encapsulation (Supplementary Fig. 2.11).

Protocol A2: Like protocol A1 except that the proteoliposomes were mixed with internal

components in 60 mM KCl, yielding a final buffer of 15 mM KPi pH 7.0 plus 25 mM NaCl

and 40 mM KCl.

Protocol A3: Like protocol A1 except that the vesicles were loaded with 15 mM ADP

plus equimolar concentrations of MgSO4.

Protocol A4: Like protocol A1 except that the vesicles were extruded through a 200 nm

pore size polycarbonate filter.

Protocol A5: Like protocol A1 except that the vesicles were loaded with 10 mM ATP, 10
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Figure 2.11 | SDS-Polyacrylamide gel electrophoresis of purified and encapsulated proteins. (A) On the left,

encapsulation mixture containing 0.94 µg of ArcA, 2.4 µg of ArcB and 1.8 µg of ArcC1. On the right, the vesicles

with encapsulated proteins and coreconstituted ArcD2 and OpuA. OpuA consists of two separate proteins: OpuABC,

containing the transmembrane domain fused to the substrate-binding domain; and OpuAA, the nucleotidebinding

domain fused to a regulatory domain. Although ArcB and ArcD2 have a different monomeric molecular weight

(40.9 and 56.7 kDa respectively), ArcD2 migrates at a similar position as ArcB, which has been observed for many

other membrane proteins [53]. The purification of his-tagged ArcC1 (ArcC1-His) always yields a small amount

of wild type ArcC1 (ArcC1-WT), because the cell expresses ArcC1-WT at a basal level and heterooligomers are

formed; the two proteins do migrate at a different position. (B) Quantification of the ratio of the ArcA, ArcB

and ArcC1 before (encapsulation mixture) and after reconstitution (inside the vesicles) as analyzed with ImageJ

(standard deviation from analyzing 4 independent loadings is 0.1). The ratio inside the vesicles does not differ

significantly from that of the encapsulation mixture.

Compound Internal concentration Molecules per vesicle (84 nm radius) Molecules per vesicle (225 nm radius)
Ornithine 0.5 mM 740 14,500

ADP 5 mM 7400 144,600

Mg
2+

5 mM 7400 144,600

Pyranine 100 µM 150 2900

PercevalHR 2.9 µM 4 83

Phosphate 50 mM 73,700 1,446,200

K
+

50 mM 73,700 1,446,200

Na
+

25/40 mM 36,800/59,000 723,100/1,157,000

Cl
−

25/40 mM 36,800/59,000 723,100/1,157,000

ATP/ADP ratio of 3 (without GB uptake) 3.75/1.25 mM 5500/1800 108,500/36,200

ATP/ADP ratio of 2 (with GB uptake) 3.33/1.67 mM 4900/2500 96,400/48,200

Glycine betaine (imported) 50 mM 73,700 1,446,200

Table 2.5 | Average number of molecules per vesicle
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mM MgSO4, 24 mM creatine-phosphate, and 2.4 mg mL
−1

creatine kinase in buffer B [34].

Protocol A6: Like protocol A1 except that the proteoliposomes containing ArcD2 and

OpuA were first diluted in 6 ml of 50 mMNaPi, pH 7.0 (buffer H), collected by centrifugation

(20 min, 325,000 × g, 4
◦
C) and resuspended in 66 µl of buffer H. They were then mixed in

buffer H with the components mentioned above and the ArcA, ArcB, and ArcC1 purified in

50 mM NaPi instead of 50 mM KPi. In addition, the extruder was pre-washed and vesicles

were resuspended in buffer H with L-ornithine. This encapsulation yields only sodium and

no potassium ions inside the vesicles.

Protocol A7: Like protocol A1 except that the vesicles consisted of 50 mol% DOPE, 37

mol% DOPC plus 13 mol% DOPG.

2.3.13. Cryo-EM analysis of vesicles

The vesicles with encapsulated enzymes, metabolites (and sensors) were vitrified and imaging

was done on a FEI Tecnai T20, 200 keV; Cryo-stage Gatan model 626. Samples were

prepared under isosmotic conditions and images were recorded under low-dose conditions

[54]. Approximate diameters of the vesicles were measured in ImageJ. The diameters were

converted to internal volume by assuming spherical vesicles, multiplication by abundance

and re-normalization.

2.3.14. Transport assays
Protocol B1: The vesicles with encapsulated enzymes and metabolites were diluted to a final

concentration of 1.67 mg mL
−1

in buffer A with 250 mM KCl (buffer I). Glycine betaine was

added at a final concentration of 18 µM, of which 2% (mol/mol) was
14
C-radiolabeled. The

mixture was incubated for 30 min at 30
◦
C. The internal ATP production was then started by

addition of 20 mM arginine and samples of 50 µL were taken at given time intervals. Samples

were diluted in 2 mL of ice-cold buffer I and filtered over 0.45 µm pore size cellulose nitrate

filters to stop the transport assay. The filter was then washed with another 2 mL of buffer

I. Radioactivity on the filter was quantified by liquid scintillation counting using Ultima

Gold MV scintillation fluid (PerkinElmer) and a Tri-Carb 2800TR scintillation counter

(PerkinElmer). The pore size of the filters is larger than the diameter of the vesicles, but the

filters retain more than 99% of the vesicles and allow for rapid filtration [43].

Protocol B2: The transport of
14
C-arginine was measured similarly, except that prote-

oliposomes (66 µL, 6.6 mg of lipid) with only ArcD2 in the membrane, and L-ornithine

or L-citrulline (100 µM, 1 mM, or 10 mM) in buffer B in the vesicle lumen, were used

(encapsulation was done by five freeze-thaw cycles in a total volume of 200 µL). The pro-

teoliposomes were first extruded 13 times through a 400 nm pore size polycarbonate filter,

then 13 times through a 200 nm filter and diluted to 6 mL in buffer B with or without the

same concentration of L-ornithine or L-citrulline as on the inside. Proteoliposomes were

collected by centrifugation (20 min, 225,000 × g, 4
◦
C) and either washed with buffer B (6

mL), centrifuged again and resuspended in 30 µL buffer B per 6.6 mg of lipid, or directly

resuspended in buffer B with the appropriate concentration of L-ornithine or L-citrulline,

yielding a final concentration of 220 mg of lipid mL
−1
. For the transport assay, proteolipo-

somes were diluted to a final concentration of 2.2 mg of lipid mL
−1
, in buffer B with 10 µM

arginine, of which 10% (mol/mol) was
14
C-radiolabeled, and 100 µL samples were taken at
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given time intervals. To impose a membrane potential, proteoliposomes in buffer B, were

diluted 100-fold in 50 mM NaPi (∆Ψ = -120 mV), pH 7.0; 48.15 mM NaPi plus 1.85 mM

KPi, pH 7.0 (∆Ψ = -80 mV); or 39.6 mM NaPi plus 10.4 mM KPi, pH 7.0 (∆Ψ = -40 mV),

each supplemented with 1 µM of the potassium ionophore valinomycin.

2.3.15. Internal ATP:ADP ratio measurements with PercevalHR

Calibration: Purified PercevalHR and nucleotides (ATP and ADP) were encapsulated in

liposomes. The encapsulation mixture contained liposomes at 7.5 mg of lipids mL
−1
, 1.6–2.9

µM PercevalHR, 5 mM of nucleotides in varying ratios, and 5 mM MgSO4 in buffer B.

The samples were frozen-thawed five times, extruded 13 times through a 400 nm pore size

polycarbonate filter, centrifuged twice (20 min, 225,000 × g, 4
◦
C) and finally resuspended

in buffer B to a concentration of 167 mg mL
−1
. The liposomes were diluted in buffer

I with 10 µM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) to a final

concentration of 3.34 mg lipids mL
−1

in 105.250-QS cuvettes (Hellma Analytics) in a FP-

8300 spectrofluorometer (Jasco, Inc.) and incubated for 3 min at 30
◦
C. The fluorescence

spectrum of PercevalHR was measured by excitation from 400 ± 5 to 510 ± 5 nm, while the

emission was recorded at 550 ± 5 nm. The encapsulated ATP/ADP ratio was plotted against

the ratio of the peaks at 500 and 430 nm. Equation 2.3 was re-written with n = 1, to obtain

the following equation:

ATP

ADP
= k ∗ ( F500nm

F430nm − start
)

end− F500nm
F430nm

(2.7)

By fitting Eq. (7) to the data points (Supplementary Fig. 2.5D) the following values were

obtained: k = 3.02, start = 0.46, end = 1.30.

Protocol B3: The vesicles with encapsulated enzymes, metabolites and PercevalHR were

diluted in buffer I with 10 µM FCCP to a final concentration of 3.34 mg of lipid mL
−1
in

105.250-QS cuvettes (Hellma Analytics) in a FP-8300 spectrofluorometer (Jasco, Inc.) and

incubated for 30 min at 30
◦
C. To start ATP production, 5 mM arginine was added, and after

30 min of incubation glycine betaine (0, 180 µM or 3.6 mM) was added. The fluorescence

spectrum of PercevalHR was measured continuously, as described above. The ATP/ADP ratio

was obtained from the ratio of the peaks at 500 and 430 nm, using Eq. 2.4. Representative

traces are shown in the figure panels, but replicate experiments have been performed multiple

times (n); n values are given in the figure legends.

2.3.16. Internal pH measurements with pyranine

Calibration: 100 µM pyranine was encapsulated in liposomes at varying pH between 6.0

and 8.0 in 50 mM KPi. The samples were frozen-thawed five times, extruded 13 times

through a 400 nm pore size polycarbonate filter, and run over a 22 cm long Sephadex G-75

(Sigma) column. The vesicles were collected by centrifugation (20 min, 325,000 × g, 4
◦
C),

washed once, centrifuged and resuspended to a concentration of 167 mg of lipid mL
−1
. The

liposomes were diluted in 50 mM KPi at varying pH to a final concentration of 3.34 mg

lipids mL
−1

in 105.250-QS cuvettes (Hellma Analytics) in a FP-8300 spectrofluorometer

(Jasco, Inc.) and incubated for 3 min at 30
◦
C. The fluorescence spectrum of pyranine was
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measured by excitation from 380 ± 5 to 480 ± 5 nm, while the emission was recorded at 512

± 5 nm. The fluorescence spectrum of 0.1 µM pyranine in solution at varying pH between

6.0 and 9.0 in 50 mM KPi was also measured. The data points from encapsulated pyranine

in unshocked vesicles overlapped perfectly with the in-solution data, therefore the pH in

solution was plotted against the ratio of the peaks at 450 and 405 nm and fitted using the

following logistic function:

y = L

1+e−k×(x−x0)
(2.8)

where L is the curve’s maximum value; k is the logistic growth rate and x0 is the x-value

of the sigmoid’s midpoint. Equation 2.8 was re-written with the following parameters: x =

pH and y = F450nm/F405nm to obtain the following equation:

pH = ln
(
L× F405nm

F450nm −1
)

−k
+x0 (2.9)

By fitting Eq. 2.8 to the data points in 50 mM KPi (Supplementary Fig. 2.12B), the

following values were obtained: L = 3.60, k = 2.38, and x0 = 7.84.

When vesicles are exposed to an osmotic upshift by the addition of 250 mM KCl, the

internal KPi concentration increases to ∼300 mM. The high salt concentration shifts the

calibration of pyranine, and therefore additional calibration curves were made with pyranine

in 300 mM KPi at pH values ranging from 6.0 and 9.0. This data was fitted to Eq. 2.8

(Supplementary Fig. 2.12B), as above, to obtain the following values: L = 3.70, k = 2.21, and

x0 = 7.57. The calibration is also shifted when the vesicles were encapsulated with 15 mM

Mg-ADP instead of 5 mM Mg-ADP (see protocol A3). Therefore, we also made calibration

curves with pyranine in 300 mM KPi plus 15 mMMg-ADP at pH values ranging from 6.0 to

7.5 (with 15 Mg-ADP and 300 mM KPi the salts precipitated above pH 7.5). This data was

fitted to Eq. (8) (Supplementary Fig. 2.12C) to obtain the following values: L = 3.22, k =

2.16, and x0 = 7.56.

Protocol B4: The vesicles with encapsulated enzymes, metabolites and pyranine were

diluted in buffer I to a final concentration of 3.34 mg lipids mL
−1

in 105.250-QS cuvettes

(Hellma Analytics) in a FP-8300 spectrofluorometer (Jasco, Inc.) and incubated for 30 min

at 30
◦
C. To start the ATP production, 5 or 20 mM arginine was added and after 30 min of

incubation, glycine betaine was added at a concentration of 0 or 180 µM. The fluorescence

spectrum of pyranine was measured as indicated above, and the internal pH was obtained

from Eq. 2.9. Representative traces are shown in the figure panels, but replicate experiments

have been performed multiple times (n); n values are given in the figure legends.

2.3.17. External pH measurements with pyranine

Calibration: The fluorescence spectrum of pyranine was measured by excitation from 380 ±
5 to 480 ± 5 nm, while the emission was recorded at 512 ± 5 nm. The fluorescence spectrum

of 0.1 µM pyranine in solution at varying pH between 6.0 and 8.5 in 10 mM KPi plus 355

mM KCl was measured. The pH in solution was plotted against the ratio of the peaks at 450

and 405 nm and fitted using Eq. 2.8 (Supplementary Fig. 2.12D), from which the following

values were obtained: L = 3.27, k = 2.23 and x0 = 7.48.
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Protocol B5: The vesicles with encapsulated enzymes and metabolites were diluted in

10 mM KPi pH 7.0 plus 355 mM KCl to a final concentration of 3.34 mg of lipids mL
−1

in

105.250-QS cuvettes (Hellma Analytics) in a FP-8300 spectrofluorometer (Jasco, Inc.) and

incubated for 30 min at 30
◦
C. To start the ATP production, 5 mM arginine was added. The

fluorescence spectrum of pyranine was measured as indicated above, and the internal pH was

obtained from Eq. 2.9. Representative traces are shown in the figure panels, but replicate

experiments have been performed multiple times (n); n values are given in the figure legends.

2.3.18. Amino acid and ammonia analysis

Protocol B6: The vesicles with encapsulated enzymes and metabolites were diluted in buffer

I, with or without glycine betaine, to a final concentration of 3.34 mg of lipid mL
−1

and

incubated for 30 min at 30
◦
C. The assay was started by addition of 5 mM arginine and

samples of 75 µL were taken at regular time intervals. Vesicles were removed from the

samples by centrifugation (20 min, 225,000 × g, 4
◦
C) to stop the conversion of external

amino acids. Subsequently, 50 µL of supernatant was mixed with 87.5 µL of 1 M boric acid,

pH 9.0 (adjusted with 4 M KOH) and kept on ice before derivatization. In total, 37.5 µL of

99.8% methanol and 1.5 µL of 42 mM diethyl ethoxymethylenemalonate (DEEMM) were

added to the samples for derivatization, after which the samples were incubated for 30 min

in a sonication bath at room temperature, followed by 2 h of incubation in a heat block at 70
◦
C. The protocol for reverse-phase HPLC was adapted from [55]. Amino acid samples were

analyzed on a Shimadzu prominence HPLC system, containing a DGU-20A5R degassing

unit, a LC-30AD solvent delivery unit, a SIL-30AC autosampler, a CTO-20AC column oven,

and an SPD-M20A UV-VIS/Photodiode Array detector. A Shimadzu XR-ODS 3 × 75 mm

C18 column was used to run the binary gradient with a flow rate of 0.9 mL min
−1

and an

injection volume of 5 µL. Eluent A was 25 mM acetate, pH 5.8, supplemented with 0.02%

(w/v) Na-azide. Eluent B was an 8:2 (v/v) mixture of acetonitrile and methanol. The gradient

was as follows (all percentages are volume-based): start was at 94% Eluent A and 6% B;

87% A and 13% B at 2 min; 83% A and 17% B at 10 min; 71% A and 29% B at 11 min; 67%

A and 33% B at 16 min; 40% A and 60% B at 16.1–18 min; 94% A and 6% B at 18.1 min

toward the end of the protocol at 20 min. The compounds were identified based on retention

times and quantified using the external standard method (Supplementary Fig. 2.13).

2.3.19. Membrane permeability with stopped-flow fluorescence

Principle of the method: To determine the permeability of solutes through the vesicle

membrane, two independent and complementary fluorescence-based kinetic assays were

used as described in [56]. The first assay reports volume changes of vesicles by means

of calcein self-quenching fluorescence [32]. The second assay monitors the pH variation

in the vesicle lumen using the ratio-metric fluorophore pyranine [57]. Both assays exploit

the out-of-equilibrium relaxation kinetics of the vesicles after the increase of the external

osmotic pressure (osmotic upshift), i.e., the addition of a solute to the vesicle solution. After

the osmotic upshift, the thermodynamic equilibrium is re-established by (i) water efflux (to

re-equilibrate the chemical potential of water) and/or (ii) solute influx (to dissipate the solute

concentration gradient). The contribution of the two fluxes to the recovery kinetics depends

on the relative permeability of water and the solute as described in [56].
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Figure 2.12 | Calibration of pyranine inside lipid vesicles. (A) Excitation spectrum from 380 nm to 480 nm of

pyranine inside the lipid vesicles with an emission wavelength of 512 nm, at pH 7.0. (B) Pyranine was measured at

varying pH in 50 mM KPi (blue circles), inside the lipid vesicles containing 50 mM KPi (black squares) and in 300

mM KPi (pink triangles), using a FP-8300 spectrofluorimeter (Jasco, Inc.). The ratio of the excitation peaks at 450

nm and 405 nm changes as a function of pH. The data points in 50 and 300 mM KPi were fit with a logistic function

(blue and pink traces), as described in the methods (50 mM KPi: L = 3.60, k = 2.38, x0 = 7.84; 300 mM KPi: L =

3.70, k = 2.21, x0 = 7.57). The data points inside the unshocked lipid vesicles perfectly match those in 50 mM KPi.

(C) Similar to panel B, pyranine was measured at varying pH in 300 mM KPi with 15 mM Mg-ADP (blue circles)

and 300 mM KPi (pink triangles). Data points in 300 mM KPi plus 15 mM Mg-ADP were fit (blue trace) to obtain:

L = 3.22, k = 2.16 and x0 = 7.56. (D) Similar to panel B, pyranine was measured at varying pH in 10 mM KPi plus

355 mM KCl (blue circles). Data points in 10 mM KPi plus 355 mM KCl were fit (blue trace) to obtain: L = 3.27, k

= 2.23 and x0 = 7.48.
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Figure 2.13 | Raw spectra from HPLC chromatograms. Representative chromatograms of amino acids and ammonia

produced by the vesicles containing the arginine breakdown pathway. Chromatograms were recorded at 269 nm.

As expected, at t = 0 only 5 mM arginine is detected (at retention time = 4 min). Citrulline, NH3 and ornithine (at

retention time 3.8; 6.8 and 14 min, respectively) appear at the expense of arginine in the chromatograms of samples

taken at 2 and 6 hours. Inset: Truncated chromatograms of standard solutions containing 5 mM of a single amino

acid or NH3. Such chromatograms were used to determine the retention time and to calibrate the signals.
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Osmolyte solutions: The 1 M stock solutions of Na-acetate, NH4Cl, and NH4-acetate

were prepared by dissolving the salts into 100 mM KPi buffer; the pH was adjusted to 7.0

using 4 M NaOH. An empirical linear relation between concentration and osmolality for

each solution was determined as described in [56]. The stock solutions were then diluted to

an osmolality of ca. 300 mosmol kg
−1

by mixing with the liposome solution (yielding 95

mM Na-acetate, 110 mM NH4Cl, and 110 mM NH4-acetate).

Liposome preparation: Liposomes were prepared as described under internal pH mea-

surements with pyranine (see above), with minor adjustments. Calcein was added to the

vesicle solution (2 mg of lipid in buffer A in a total volume of 1 mL) at a self-quenching

concentration of 10 mM and enclosed by three cycles of freezing and thawing, alternating

between liquid nitrogen and a 40
◦
C water bath. Pyranine (300 µM pyranine, final concen-

tration) was encapsulated similarly. Next, the liposomes were extruded 13 times through a

200 nm pore size polycarbonate filter and run over a 22 cm long Sephadex G-75 (Sigma)

column in buffer A. Vesicles were collected and diluted to a total volume of 12 mL in buffer

A. Empty liposomes for blank correction were prepared using the same procedure without

addition of calcein or pyranine.

Stopped-flow fluorescence measurements: The permeability of the liposomes for KPi,

KCl, Na-acetate, NH4Cl, and NH4-acetate was assessed by monitoring the quenching of the

fluorescence of calcein and by determining the changes in the internal pH using pyranine as

a probe. A stopped-flow apparatus (SX20, Applied Photophysics Lim., Leatherhead, Surrey,

UK) was used to measure fluorescence intensity kinetics upon imposition of an osmotic

upshift to the liposomes filled with calcein or pyranine. The osmolyte (ca. 300 mosmol kg
−1

after mixing) and the liposome solutions (pre-equilibrated with 250 mM KCl) were loaded

each in two distinct syringes, forced through the mixer (1:1 mixing ratio and 2 ms dead

time) and into the optical cell (20 µl volume and 2 mm path length). The temperature was

set at 20
◦
C using a water bath. The white light emitted by a Xenon arc lamp (150 W) was

passed through a high precision monochromator and directed to the optical cell via an optical

fiber. The band pass of the monochromator was optimized and set to 0.5 nm (for calcein)

or 1.4 nm (for pyranine) to prevent fluorophore photobleaching during the experiment. The

fluorophores were excited at 495 nm (for calcein) or at both 405 and 453 nm (for pyranine).

The emitted light, collected at 90
◦
, was filtered by a Schott long-pass filter (cut-off wavelength

at 515 nm) and detected by a photomultiplier tube (Hamamatsu R6095) with 10 µs time

resolution. The voltage of the photomultiplier was automatically selected and kept constant

during each set of experiments. The fluorescence intensity kinetics after the osmotic shock

was recorded with logarithmically spaced time points to better resolve faster processes. For

noise reduction, multiple acquisitions (three for slow kinetics and nine for fast kinetics) were

performed for each experimental condition. Complete stopped-flow settings and acquired

data processing are described in [56].
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Abstract

(Micro)organisms are exposed to fluctuating environmental conditions and adaptation to
stress is essential for survival. Increased osmolality (hypertonicity) causes outflow of water
and loss of turgor, and is dangerous if the cell is not capable of rapidly restoring its volume.
The osmoregulatory ATP-binding cassette transporter OpuA restores the cell volume by
accumulating large amounts of compatible solute. OpuA is gated by ionic strength and
inhibited by the 2nd messenger cyclic-di-AMP, a molecule recently shown to affect many
cellular processes. Despite the master regulatory role of cyclic-di-AMP, structural and
functional insights on how the 2nd messenger regulates (transport) proteins on the molecular
level is lacking. Here, we present high-resolution cryo-EM structures of OpuA and in vitro
activity assays that show how the osmoregulator OpuA is activated by high ionic strength,
and how cyclic-di-AMP acts as a backstop to prevent unbridled uptake of compatible solutes.
We discuss the implications of this dual regulatory mechanism, which is new and relevant for
other transport proteins.
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3.1. Introduction
Hypertonic stress of bacteria triggers a rapid uptake of K

+
ions and uptake or synthesis of

compatible solutes, which restores the turgor [2]. The opposite stress, hypotonicity, can lead

to cell lysis, which is mitigated by membrane tension-gated mechanosensitive channels that

rapidly expel osmolytes and reduce the turgor [3]. Compatible solute transporters that respond

to hypertonic stress are gated by ionic strength or K
+
ions [4–7], but recent studies have shown

that the 2
nd

messenger cyclic-di-AMP can also act as a key regulator of osmoregulatory

transport [8–10]. OpuA is a type I, ATP-binding cassette (ABC) transporter [11] that belongs

to a large family of osmoregulatory proteins, named BusA, OpuA, OpuC, OtaA or ProU,

present in bacteria and archaea. OpuA from Lactococcus lactis, the best-studied member,

mediates ATP-driven import of the compatible solute glycine betaine and is gated by ionic

strength [12, 13], but mechanistic insights are still elusive.

Cyclic-di-AMP was first discovered as a messenger involved in the initiation of DNA

damage checkpoints [14], but is also involved in central metabolism, cell wall metabolism

and, importantly, crucial for the response of bacterial cells to osmotic stress [8, 15–18]. While

cyclic-di-AMP is essential for survival of bacteria, high concentrations of the molecule are

toxic. 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 [19].

Herewith, immune cells detect invading microbes through the presence of 2
nd

messengers

such as cyclic-di-AMP. Cyclic-di-AMP inhibits the transcription of genes of osmoregulatory

transporters including those of the opuA operon [20], and binds to a subset of cystathionine-

β-synthase (CBS), RCK and USP domains of osmoregulatory proteins [9, 10, 17], indicating

distinct levels of regulation. Although those studies have shown the importance of cyclic-di-

AMP as a signaling molecule, and structures of isolated CBS domains have been determined

[9, 10]. no structure of any transporter in complex with cyclic nucleotides is yet available.

3.2. Results

3.2.1. Functional properties of OpuA
OpuA is a homodimeric protein complex, wherein each protomer is composed of two polypep-

tide chains, with the transmembrane domain (TMD) fused to the substrate-binding domain

(SBD) and the nucleotide-binding domain (NBD) fused to a tandem cystathionine-β-synthase

domain (CBS1 and CBS2). (Fig. 3.1A). To mimic a native-like lipidic environment, OpuA

was reconstituted in MSP1D1 nanodiscs for functional characterization and single-particle

cryo-EM analysis. Different OpuA to MSP1D1 to lipid ratios were tested and a ratio of

1:10:500 was found optimal, using a lipid composition of 50 mole% DOPE, 38 mole% DOPG

and 12 mole% DOPC. The ATPase activity of the transporter was determined with a coupled

enzyme assay, where the ATP hydrolysis is stoichiometrically coupled to NADH oxidation

(Fig. 3.1B). In this lipid composition, OpuA is fully functional and gated by ionic strength

(Fig. 3.1C-F) [12]. The ATPase activity of OpuA is tightly dependent on the presence of

glycine betaine (Fig. 3.1C), indicating that the activities in distant protein domains are mech-

anistically tightly coupled. The apparent half maximum effect of glycine betaine on ATPase

activity of 5.4 ± 0.7 µM is very similar to the reported KM of 1.9 µM in proteoliposomes
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Figure 3.1 | (Domain organization of OpuA and activity in nanodiscs. A) Left: SDS-PAGE analysis of OpuA in

nanodiscs; right: domain organization of OpuA protomers. (B) Schematic of the coupled enzyme assay to monitor

ATPase activity as shown in panels C to F. LDH, lactate dehydrogenase; PK, pyruvate kinase. For panels C to F, the

standard assay mixture was composed of 50 mM K-HEPES pH 7.0, 450 mM KCl, 4 mM phospoenolpyruvate, 600

µM NADH, 2.1-3.5 units pyruvate kinase plus 3.2-4.9 units lactate dehydrogenase. (C) ATPase activity of OpuA in

nanodiscs in the presence of 10 mM ATP with (black circles) and without (blue triangles) 10 µM cyclic-di-AMP. (D)
ATPase activity of OpuA in nanodiscs as a function of ionic strength (generated by addition of KCl) in the presence

of 100 µM glycine betaine plus 10 mM ATP with (black circles) and without (blue triangles) 10 M cyclic-di-AMP.

(E) ATPase activity of OpuA in nanodiscs as a function of the cyclic-di-AMP concentration in the presence of 100

µM glycine betaine plus 10 mM ATP. (F) ATPase activity of OpuA as a function of the ATP concentration in the

presence of 100 µM glycine betaine. We normalized the ATP hydrolysis activities as described in the Methods

section. The error bars represent the SD of three technical replicates.

[21]. The activation by ionic strength [12] is reflected by an increase in ATPase activity at

increasing KCl concentration (Fig. 3.1D). OpuA is also regulated by cyclic-di-AMP (Fig.

3.1C-E), with an apparent half maximum effect for cyclic-di-AMP on the ATPase activity in

the low micromolar range (Fig. 3.1E). Furthermore, the apparent KM for ATP hydrolysis of

4.5 ± 0.5 mM (and cooperativity upon ATP binding with a Hill coefficient of 1.4 ± 0.1) (Fig.

3.1F) is comparable to the KM of 3 mM reported for proteoliposomes [22]. We conclude

that OpuA retains full functionality after reconstitution in lipid nanodiscs.

3.2.2. Architecture of OpuA
To gain insight into the transport cycle, we have determined structures of full-length OpuA in

nanodiscs in different conformations by single particle cryo-EM. In the absence of substrate

and at high ionic strength an inward-facing (IF) conformation of wild-type OpuAwas captured

at 3.3 Åresolution, representing an apo state (Fig. 3.3A and Fig. 3.2). This IF conformation

shows variable spacing between the two NBDs (the different opening angles for different

classes are visible in Fig. 3.2D), hinting at a dynamic sampling of distinct degrees of NBDs

opening in the apo state. As expected, the SBDs and CBS domains are not resolved in this
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state, most likely due to their high flexibility in the absence of the substrate glycine betaine

and the CBS ligand cyclic-di-AMP.
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Figure 3.2 | Processing of apo inward-facing conformation of OpuA. (A) Zoom-in of a representative cryo-EM

image. (B) Representative 2D class averages. (C) Angular distribution plot of the final C2 symmetrized 3D

reconstruction. (D) Image processing workflow. (E) Local resolution estimation of the final reconstruction by

Relion. (F) Final model, see Table S1 for validation parameters. (G) FSC plot used for resolution estimation and

model validation. The gold-standard FSC plot between two separately refined half-maps is shown in dark blue and

indicates a final resolution of 3.3 Å. The FSC model validation curves for FSCsum , FSCwor k and FSC f r ee , as

described in material and methods, are shown in light blue, light grey and dark grey, respectively. A thumbnail of

the mask used for FSC calculation overlaid on the map is shown in the upper right corner. Dashed lines indicate

the FSC thresholds used for FSC of 0.143 and for FSCsum of 0.5. (H) Estimation of anisotropy by the 3DFSC

webserver. The calculated sphericity was 0.969. FSC curves along x,y and z axes are shown in blue, green and red,

respectively. The global FSC is shown in yellow.

An occluded conformation, with the transmembrane helices in an outward oriented fashion,

was obtained in the presence of 10 mM MgATP, 100 µM glycine betaine and at high ionic

strength, when the catalytic glutamic acid in the NBD was mutated to a glutamine (E190Q)

(Fig. 3.3B and Fig. 3.4). The structure reveals that one of the SBDs is docked onto the

transmembrane domain. It disrupts the two-fold symmetry of the transporter, resulting in a

cryo-EM map at a global resolution of 3.4 Å, but allows an unambiguous modeling of the

SBD and the respective anchoring helix. Excluding the SBD and imposing a C2-symmetry

during image processing further improved the resolution to 3.2 Åin the remaining regions.

The ATP-bound NBDs are arrested in a dimerized closed state, incapable of hydrolyzing the

nucleotide due to the E190Q mutation (Fig. 3.3C). The CBS domains remain flexible and

are therefore not resolved in the occluded state, which is consistent with the finding that a

large part of the CBS domain is natively disordered and connected to the NBD via a linker

region [23]. The belt protein MSP1D1 wraps tightly around OpuA (Fig. 3.5A), yet OpuA is

fully active with comparable kinetics as in proteoliposomes (Fig. 3.1C-F), indicating that the

nanodiscs do not perturb transport function.
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Figure 3.3 | Conformational states of OpuA during the transport cycle. (A) Cryo-EM map of the apo inward-facing

conformation of wildtype OpuA at high ionic strength (50 mM KPi pH 7.0, 200 mM KCl, pH 7.0) in the absence of

glycine betaine. The NBDs are highly flexible exposing different opening angles, as emphasized by the grey arrow.

The SBD and CBS domains are not resolved. (B) Cryo-EM map of the substrate-loaded occluded conformation of

OpuA (E190Q) in the presence of 100 µM glycine betaine, high ionic strength (20 mM HEPES pH 7.0, 300 mM

KCl) plus 10 mM Mg ATP. The CBS domains are not resolved. A-B: The color-code of the individual domains

of one protomer is the same as in Figure 3.1, and membrane boundaries are indicated by black lines. (C) ATP
(blue sticks with phosphates in orange) bound to the NBD in the occluded conformation. Walker A, Walker B and

signature motifs are shown in yellow (WA), red (WB ) and green (C motif), respectively (density around ATP shown

as mesh at 6σ). Glutamine-190 is shown as stick. (D) Superposition of the scaffold that is covalently linked to the

transmembrane domain of OpuA of both the IF (yellow) and occluded (green) conformation. (E) Single-molecule

FRET measurements by alternating laser excitation of Alexa555 and Alexa647 labeled OpuA (S24C) in 20 mM

K-HEPES pH 7.0 at high ionic strength [+300 mM KCl]; low ionic strength; turnover conditions [300 mM KCl, 10

mM MgATP, 1 mM glycine betaine (GB)]; and turnover-inhibited conditions [300 mM KCl, 10 mM MgATP, 1 mM

glycine betaine, 100 µM cyclic-di-AMP]. Dashed line marks the peak of the FRET signal. (F) Comparison of the

X-ray structures of the soluble/isolated OpuA-SBD in an open (yellow, PDB-ID: 3L6G) and a closed substrate-loaded

conformation (green, PDB-ID: 3L6H) to the docked conformation as seen in the full-length occluded structure (blue).

(G) Comparison of the substrate entry point in the TMD seen from the extracellular side, for the IF conformation

(left panel) and the occluded conformation (right panel), with residues F142 and M233 presumably closing the

substrate entry. (H) G seen from the membrane plane, showing F166 and M227 as well. Unassigned density found

in the occluded space of the TMD of the occluded conformation is shown in red (density shown as mesh at 6σ).
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Figure 3.4 | Processing of OpuA (E190Q) structure in occluded conformation. (A) Zoom-in of a representative

cryo-EM image. (B) Representative 2D class averages. (C) Angular distribution plot of the final 3D reconstruction.

(D) Image processing workflow. (E) Local resolution estimation of the final reconstruction by Relion. (F) Final
model, see Table 3.1 for validation parameters. (G) FSC plot used for resolution estimation and model validation.

The gold-standard FSC plot between two separately refined half-maps is shown in dark blue and indicates a final

resolution of 3.4 Åfor C1, and the same FSC for the C2 symmetrized map is shown in green (3.2 Å). The FSC

model validation curves for FSCsum , FSCwor k and FSC f r ee , as described in material and methods, are shown in

light blue, light grey and dark grey, respectively. A thumbnail of the mask used for FSC calculation overlaid on the

map is shown in the upper right corner. Dashed lines indicate the FSC thresholds used for FSC of 0.143 and for

FSCsum of 0.5. (H) Estimation of anisotropy by the 3DFSC webserver. The calculated sphericity was 0.969. FSC

curves along x,y and z axes are shown in blue, green and red, respectively. The global FSC is shown in yellow.

A unique structural feature found in the cryo-EM maps is a domain that surrounds the TMD,

hereafter referred to as the scaffold (Fig. 3.1A and 3.3D). It is covalently linked to the

TMD and consists of two amphipathic α-helices that are lying on top of the outer membrane

leaflet and two transmembrane-spanning helices that serve as lipid membrane anchors. By

contrast, topology prediction programs located the amphipathic α-helices on the intracellular

side. To exclude a reconstitution artifact, we labeled OpuA in intact cells by introducing

cysteine residues in the amphipathic α-helices and used Cys-325 in the NBD as negative

control. We find that Cys-23 and Cys-24 in the first amphipathic α-helix of the scaffold

are accessible for the membrane-impermeable fluorescein-5-maleimide, whereas Cys-325

is not, indicating that the amphipathic helices are, as revealed by the structures, indeed

present on the outside (Fig. 3.5B). Guided by the sequences of homologous proteins with and

without the scaffold, we deleted this domain but found OpuA inactive (Fig. 3.5C). Next, we

analyzed by single-molecule FRET if the scaffold undergoes conformational changes during

the transport cycle. We stochastically labeled Cys-24 with Alexa555 and Alexa647 maleimide

dyes and used Alternating Laser Excitation (ALEX) of OpuA nanodiscs in solution [24] to

monitor the FRET signal, which provides a measure for the distance between the residues.

The FRET signals were virtually identical for all tested conditions: (i) high salt; (ii) low

salt; (iii) turnover conditions; and (iv) turnover conditions in the presence of cyclic-di-AMP

(Fig. 3.3E). Further, no significant structural differences in the scaffold were found when

comparing the IF and occluded conformation (Fig. 3.3D). We therefore hypothesize that the

scaffold has a static role and might provide stability, be involved in the docking of the SBD

or thin the membrane locally [24] to facilitate wider IF conformations and enable the NBD

or CBS domain to interact with the membrane.

3.2.3. Substrate loading of OpuA
From X-ray structures of the isolated SBD domain from OpuA [25] and other proteins, it is

known that the SBD changes its conformation upon substrate binding from open to closed

(Fig. 3.3F) and subsequently docks onto the TMD. However, our cryo-EM studies of OpuA in

the presence of glycine betaine, indicate that the substrate alone is not enough to trap the SBD

in a (stable) docked state (Fig. 3.6). Furthermore, in the occluded conformation, we do not

find density for glycine betaine in the SBD. We observe a twist like-conformational change in

the open-docked SBD, similar to the distortion in MetQ upon docking and substrate release

in the methionine ABC transporter MetNI [26]. This results in a disruption of the cation-π
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Figure 3.5 | MSP wrapping and scaffold domain (A) Cryo-EM reconstruction of substrate-free, apo OpuA, refined

without a mask, showing clear densities for the two MSP1D1 helices wrapped around OpuA, forming the nanodisc

assembly. (B) Coomassie brilliant blue-stained (top) and in gel fluorescence (bottom) of an SDS-PAGE gel showing

wildtype OpuA, OpuA-scaffold mutants S24C, T23C and T25C, and the control NBD mutant Q325C, after in vivo

labeling with membrane-impermeable fluorescein-5-maleimide (see Methods). Cys-23 and Cys-24 are accessible

on the external surface of the cell for labeling by the membrane-impermeable fluorescein-5-maleimide, which is in

agreement with the location of the amphipatic helices of the scaffold domain in the cryo-EM structures of OpuA.

Cys-25 and Cys-325 (inside of cell) show background labeling comparable to the Cys-less wildtype OpuA. (C) In
vivo glycine betaine (GB) uptake by wildtype OpuA (blue) and OpuA with the scaffold domain deleted (OpuAδSD)

(black).

interactions between the three tryptophan residues in the binding pocket of the SBD and

glycine betaine (Fig. 3.3F), potentially squeezing the substrate out of the SBD into a pocket

in the TMD. At the entry to the TMD, we find two highly conserved phenylalanines and two

methionines that might interact with glycine betaine during translocation (Fig. 3.3G). In the

IF conformation, these residues are pointing upward, spaced by 10Å, potentially allowing

glycine betaine to be coordinated in between, whereas in the occluded conformation, they

are turned by 90 degrees, closing the putative substrate entry point.
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Figure 3.6 | Processing of OpuA structure in the presence of glycine betaine. (A) Zoom-in of a representative

cryo-EM image. (B) Representative 2D class averages. (C) Angular distribution plot of the final C2 symmetrized 3D

reconstruction. (D) Image processing workflow. (E) Local resolution estimation of the final reconstruction by Relion.

(F) FSC plot used for resolution estimation. The gold-standard FSC plot between two separately refined half-maps

is shown in blue and indicates a final resolution of 4.5 Å. A thumbnail of the mask used for FSC calculation overlaid

on the map is shown in the upper right corner. Dashed lines indicate the FSC thresholds used for FSC of 0.143 and

for FSCsum of 0.5. (G) Estimation of anisotropy by the 3DFSC webserver. The calculated sphericity was 0.805.

FSC curves along x,y and z axes are shown in blue, green and red, respectively. The global FSC is shown in yellow.

We then examined the occluded conformation for other substrate-binding pockets and found

indication for an occluded space in the TMD, just below the extracellular boundary of the

membrane. The occluded space is surrounded by phenylalanine, isoleucine and methionine

residues, resulting in a highly hydrophobic environment that coincides with an unassigned

density, likely that of glycine betaine (Fig. 3.3H). We reason that the hydrophobic nature of

the binding pocket prevents tight interactions with glycine betaine, similar to what has been

proposed for the vitamin B12 importer BtuCD-F [27] but different from the solvent-filled

cavity in the membrane domain of the maltose importer MalFGK-E [28]. Thereby, substrate

release into the cytoplasm is facilitated, allowing the formation of large concentration gradi-

ents and the required accumulation of osmolyte to (sub)molar levels under hypertonic stress

[29].

3.2.4. Regulation of OpuA by ionic strength

A multiple sequence alignment on different ABC importers, guided by the OpuA structure,

shows that the NBDs of OpuA contain a helix-turn-helix motif (HTH), which is not present

in homologues that are not regulated by osmotic stress (Fig. 3.7A). The motif is located

in close proximity to the membrane, consists of two short α-helices and contains a series

of positively charged residues that are conserved among osmosensing homologues (Fig.

3.7A,B). Moreover, the number of positively charged residues close to the membrane in the

ABC transporters ProU and OpuA (Fig. 3.7A) correspond qualitatively to the ionic strength

activation threshold of the proteins [7, 30]. The ionic gating in OpuA requires anionic lipids

and is thus dependent on the surface charge of the membrane [7, 12, 23, 31]. As revealed

by the cryo-EM structures, we speculate that the positively charged residues on the HTH

interact with the negatively charged lipids, in contrast to the CBS domains as initially assumed

[12]. To test this hypothesis, we constructed a mutant in which the positively charged KRIK

motif was mutated to AAIA and compared the in vivo glycine betaine uptake activity over a

wide range of osmotic (ionic strength) conditions. Indeed, we find that the mutant has close

to maximal activity at low ionic strength and is much less affected by hypertonicity than

wildtype OpuA (Fig. 3.7C).

We have previously shown that truncation of the CBS module [12] and mutagenesis of

cationic residues on the surface of the CBS domains [23] affect the ionic strength gating of

OpuA and to some extent the anionic lipid dependence of transport. We have, thus, postulated

that the ionic strength sensor would reside in the CBS [12]. However, below we show that the

CBS domains with bound cyclic-di-AMP are too distant from the membrane surface to act as

anionic lipid-dependent ionic strength sensor. Yet, we consider it possible that in the absence

of cyclic-di-AMP, when a large part of the CBS is natively disordered [23], the CBS may
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interact with the membrane or with the helix-turn-helix motif on the NBD. Future smFRET

studies may explain the apparent role of the CBS module in ionic strength gating. We now

propose that the cationic patch of the HTH in conjunction with an anionic membrane surface

form the osmosensor of OpuA. The interaction between these two partners is modulated by

the ambient ionic strength and sets the on/off state of the transporter.

3.2.5. Regulation of OpuA by cyclic-di-AMP

The persistent question on how cyclic-di-AMP regulates the activity of OpuA remains

unanswered. We have shown that cyclic-di-AMP stimulates the ATPase activity, while

retaining the same dependency on the substrate glycine betaine (Fig. 3.1C). We also show

that cyclic-di-AMP has no impact on the ATPase activity at low ionic strength (less than 250

mM KCl) (Fig. 3.1D). To elucidate the regulatory effect of cyclic-di-AMP, we reconstituted

OpuA in vesicles together with a system for long-term metabolic energy conservation (Fig.

3.8A) [32]. This approach allows us to monitor the impact of cyclic-di-AMP on substrate

translocation, instead of ATPase activity alone. Strikingly, while we show that cyclic-di-AMP

stimulates ATPase activity (Fig. 3.1E), we find that the same messenger inhibits glycine

betaine uptake (Fig. 3.8B).

To obtain insights into the transport-inhibited state(s), we determined the structure of the

full-length wild-type OpuA under turnover-like conditions [33], namely at high ionic strength

and in the presence of glycine betaine, AMP-PNP plus cyclic-di-AMP (Fig. 3.8D and Fig.

3.9). We find one of the SBDs docked onto the TMD in a substrate-bound (Fig. 3.9H)

closed conformation, different from the open-docked state seen for SBD on the occluded

state (Fig. 3.3B). Although AMP-PNP is bound (Fig. 3.9I), the transporter is stuck in an

inward-facing state, rather than the outward oriented conformation as found for the occluded

state of the E190Q mutant trapped in presence of ATP. Further, we unambiguously resolve

the structure of the CBS domain, with cyclic-di-AMP bound at the interface between the two

CBS domains (Fig. 3.8C) via a V-type interaction [17], which is different from the O-type

interaction seen for the isolated CBS domain of the carnitine transporter OpuC [9, 10]. The

CBS domains are dimerized via a crossover of the polypeptides, whereby the CBS domain

of chain 1 interacts with the NBD of chain 2 and vice versa. Importantly, we now find that

the NBDs do not dimerize but are in close proximity, presumably kept in this state by the

CBS domain crossover (Fig. 3.8D).
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Figure 3.7 | Ionic strength sensor and ionic gating of OpuA. (A) Sequence alignment of part of the NBD with

the putative ionic strength sensor. The top three sequences are OpuA homologues that are regulated by ionic

strength; the bottom three sequences are non-regulated Type 1 ABC importers. KRIK residues are shown in the blue

box. Numbering based on the OpuA sequence. Uniprot IDs for the alignment: Ll-OpuAA: Q9KIF7, Bs-OpuAA:

P46920, Lm-GbuA: Q9RR46, Ec-ProV: P14175, Ec-MetN: P30750, Cs-ArtN:Q8RCC2, Ec-MalK: P68187. (B)
Helix-turn-helix (HTH) region of the NBD in the occluded conformation. The basic residues of KRIK are shown

in stick representation in blue. (C) In vivo 14
C-glycine betaine uptake by wildtype OpuA (blue triangles) and the

KRIK to AAIA mutant (black circles) as a function of osmotic stress (sucrose addition to L. lactis cells), which
increases the internal ionic strength. Error bars represent the SD of three independent experiments.
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Figure 3.8 | Regulation of OpuA by cyclic-di-AMP and proposed mechanism. (A) Schematic representation of

OpuA reconstituted in vesicles together with the ATP-regenerating system described by [32]. (B) Uptake of glycine
betaine by OpuA in the vesicles in the presence (blue triangles) or absence (black circles) of 200 µM cyclic-di-AMP.

The ATP/ADP ratio is kept constant (with ATP 6.5 mM) by the co-reconstituted arginine breakdown pathway

[32]; error bars represent the SD of three independent experiments. (C) Binding site of cyclic-di-AMP in the

substrate-bound cyclic-di-AMP-inhibited IF conformation of OpuA. Density around cyclic-di-AMP is shown as

mesh at 6σ. We find one molecule of cyclic-di-AMP coordinated between both CBS domains. (D) Cryo-EM map of

the substrate-bound inward-facing cyclic-di-AMP-inhibited conformation of OpuA in 20 mM K-HEPES pH 7.0

at high ionic strength (+300 mM KCl) and in the presence of 10 µM cyclic-di-AMP, 10 µMMg AMP-PNP plus

100 µM glycine betaine. (E) Cryo-EM map of the IF cyclic-di-AMP-inhibited conformation of OpuA in 50 mM

KPi pH 7.0 at high ionic strength (+200 mM KCl) and in the presence of 10 µM cyclic-di-AMP. (F) Schematic of

the proposed transport cycle of OpuA. At low ionic strength OpuA is in an inactive state. Ionic strength ( 0.2M)

breaks the interaction of the sensor (cationic residues of HTH) with the anionic membrane and activates OpuA

(gray shaded area). The transport cycle starts with a flexible IF. The substrate is bound by the SBD (blue), which

docks onto the IF conformation. The substrate is translocated into the hydrophobic occluded space inside the

outwardly-oriented TMD (green). ATP hydrolysis returns the transporter to the IF conformation and the substrate is

pushed into the intracellular environment. The SBD undocks, resetting the transport cycle (unshaded area). In the

inhibition cycle, the CBS domains (red) of OpuA dimerize by the binding of cyclic-di-AMP (green). This state

leads to the substrate-dependent futile hydrolysis of ATP, as shown in Figure 3.1C,D and inhibition of transport as

shown in Figure 3.7D.
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Figure 3.9 | Processing of OpuA structure in the presence of glycine betaine, cyclic-di-AMP and AMP-PNP. (A)
Zoom-in of a representative cryo-EM image. (B) Representative 2D class averages. (C) Angular distribution
plot of the final 3D reconstruction. (D) Image processing workflow. (E) Local resolution estimation of the final

reconstruction by Relion. (F) Final model, see Table S1 for validation parameters. (G) FSC plot used for resolution

estimation and model validation. The gold-standard FSC plot between two separately refined half-maps is shown in

blue and indicates a final resolution of 3.5 Åfor C1, and the same FSC for the C2 symmetrized map is shown in

green (3.3 Å). The FSC model validation curves for FSCsum , FSCwor k and FSC f r ee , as described in material and

methods, are shown in light blue, light grey and dark grey, respectively. A thumbnail of the mask used for FSC

calculation overlaid on the map is shown in the upper right corner. Dashed lines indicate the FSC thresholds used

for FSC of 0.143 and for FSCsum of 0.5. (H) Binding site of glycine betaine in the SBD, and (I) binding site of
AMP-PNP in the NBD of OpuA in the presence of glycine betaine, cyclic-di-AMP and AMP-PNP. Density around

ligands are shown as mesh at 6σ. (J) Estimation of anisotropy by the 3DFSC webserver. The calculated sphericity

was 0.958. FSC curves along x,y and z axes are shown in blue, green and red, respectively. The global FSC is shown

in yellow.

Finally, we determined another structure of OpuA at high ionic strength, in the presence of

cyclic-di-AMP alone at 4.2 Åresolution (Fig. 3.8E and Fig. 3.10). As expected, the SBDs are

not resolved, but we find cyclic-di-AMP bound and the two NBDs in the same semi-closed

inward-facing state as observed in the presence of glycine betaine and AMP-PNP. We propose

that the increased ATPase activity in the presence of cyclic-di-AMP (Fig. 3.1E) is caused

by the close proximity of the NBDs. Yet, the CBS domain dimerization does not allow the

transporter to open up completely to the intracellular side, which might be required to release

the substrate and or to allow for the SBD to undock and reset the transport cycle, explaining

the inhibition of transport by cyclic-di-AMP (Fig. 3.8B).
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Figure 3.10 | Processing of OpuA structure in the presence of cyclic-di-AMP. (A) Zoom-in of a representative

cryo-EM image. (B) Representative 2D class averages. (C) Angular distribution plot of the final C2 symmetrized

3D reconstruction, with C2 symmetry imposed. (D) Image processing workflow. (E) Local resolution estimation of

the final reconstruction by Relion. (F) Final model, see Table S1 for validation parameters. (G) FSC plot used for

resolution estimation and model validation. The gold-standard FSC plot between two separately refined half-maps

is shown in blue and indicates a final resolution of 4.2 Å. The FSC model validation curves for FSCsum , FSCwor k
and FSC f r ee , as described in material and methods, are shown in light blue, light grey and dark grey, respectively.

A thumbnail of the mask used for FSC calculation overlaid on the map is shown in the upper right corner. Dashed

lines indicate the FSC thresholds used for FSC of 0.143 and for FSCsum of 0.5. (H) Estimation of anisotropy by

the 3DFSC webserver. The calculated sphericity was 0.833. FSC curves along x,y and z axes are shown in blue,

green and red, respectively. The global FSC is shown in yellow.

3.2.6. Transport cycle of OpuA and conclusions

Using single-particle cryo-EM, complemented with smFRET studies and functional assays,

we provide new insights into the structure, transport cycle and regulation of OpuA, which is

likely representative for other osmoregulatory ABC transporters [30, 34–36]. The transport

cycle starts with docking of the substrate-bound SBD to a transient narrow OF conformation.

Binding of ATP and dimerization of the NBDs leads to an outward-open state, where glycine

betaine loads into a hydrophobic pocket in the TMD. Subsequently, ATP hydrolysis leads to a

separation of the NBDs, which induces the transition to an inward-facing state. Full opening

to the IF conformation releases the substrate to the cytoplasm and undocks the SBD, resetting

the cycle (Fig. 3.8F). The latter step is blocked by the 2
nd

messenger cyclic-di-AMP (Fig.

3.8F).

Remarkably, OpuA activity is controlled by a double brake on different sites, that is, ionic

strength and cyclic-di-AMP. Hypertonicity increases the ionic strength inside the cell, which

weakens the electrostatic interaction of the cationic HTH with the anionic membrane surface.

Under these conditions, OpuA is stimulated which can lead to a massive accumulation

of osmolytes, restoring the turgor and allowing the cell to cope with severe hypertonicity.

However, once isotonic conditions have been reached, further uptake of osmolytes needs to

be stopped to avoid that the internal osmotic pressure reaches lytic values. In fact, it has been

shown that uncontrolled OpuA can be lethal under low osmolality conditions [8], indicating

that regulation by ionic strength might not be precisely fine-tuned or too slow to stop uptake

to (sub)molar levels. Here, cyclic-di-AMP acts as a second gate to prevent unbridled uptake

of glycine betaine and rescues the cell from lysis.

3.3. Materials and methods

3.3.1. Materials

Common chemicals were of analytical grade and ordered from Sigma-Aldrich Corporation,

Carl Roth GmbH & Co. KG or Merck KGaA. The lipids were obtained from Avanti Polar

Lipids, Inc. (>99 % pure, in chloroform): 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE) [850725C], 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) [850375C] and

1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) [840475C]. n-dodecyl-β-D-
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Table 3.1 | Cryo-EM data collection, refinement and validation statistics

maltoside (DDM) [D97002] was purchased from Glycon Biochemicals GmbH and Triton

X-100 [T9284] from Sigma-Aldrich Corporation.
14
C-glycine betaine was prepared enzy-

matically from
14
C-choline-chloride (American Radiolabeled Chemicals, Inc. [ARC 0208,

55 mCi mmol
−1
]) as described previously [7].

3.3.2. Expression of OpuA and preparation of membrane vesicles

L. lactis Opu401 containing pNZOpuAhis was cultivated semi-anaerobically at 30
◦
C in a

rich medium containing 2% (w/v) gistex LS (Strik BV, Eemnes, NL), 65 mM Potassium

phosphate pH 7.0, supplemented with 1% (w/v) glucose and 5 µg mL
−1

chloroamphenicol

in a 10-liter bioreactor. The pH was kept at 6.5 with 4M potassium hydroxide. At an OD600

of 2 the nisA promotor was activated by adding 0.05% (v/v) of the supernatant of a nisin

producing strain (NZ9700) [37]. After 2 hours of induction, the cells were harvested by

centrifugation (15 minutes, 6000 × g, 4
◦
C) and resuspended in ice-cold 100 mM KPi pH

7.0. The cells were centrifuged again and resuspended in 50 mM KPi pH 7.0 to a final OD of

100 and stored at -80
◦
C.

The cells were broken by two passes at 29k psi through a high-pressure device (Constant

Systems) in the presence of 2 mM MgSO4 plus 100 µg mL
−1

deoxyribonuclease (DNAse),

followed immediately by the addition of 5 mM Na2-EDTA (pH 8.0) plus 1 mM PMSF.

Cell debris was removed by centrifugation (15 minutes, 22000 × g, 4
◦
C) after which the

membranes were spun down in an ultracentrifugation step (90 min, 125000 × g, 4
◦
C). The

membranes were resuspended to a total protein concentration of 10 mg mL
−1

in 50 mM KPi

pH 7.0 with 20% (w/v) glycerol, flash-frozen in liquid nitrogen and kept at -80
◦
C.
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3.3.3. Purification of OpuA
Membrane vesicles containing OpuA were thawed and diluted to a total protein concentration

of 3 mg mL
−1
. OpuA was solubilized at 4

◦
C with 0.5% DDM for 60 minutes after which

the insoluble material was spun down (20 min, 270,000 × g, 4
◦
C). 0.5 mL column volume

of Ni
2+
-Sepharose resin was equilibrated with 12 column volumes of water and 2 column

volumes of buffer (50 mM potassium phosphate pH 7.0, 200 mM KCl, 15mM imidazole plus

0.02% DDM). The supernatant was diluted 2.5 times and incubated with the equilibrated

resin for 1 hour at 4
◦
C. The column was then poured, drained and sequentially washed with

20 column volumes (50 mM potassium phosphate pH 7.0, 200 mM KCl, 20% glycerol, 50

mM imidazole and 0.02% DDM). The protein was eluted in 0.6 column volume for the first

and 0.4 column volumes for the sequential fractions with elution buffer (50 mM potassium

phosphate pH 7.0, 200 mM KCl, 20% (w/v) glycerol, 500 mM imidazole and 0.02% DDM).

The purified protein was directly used for reconstitution in nanodiscs or liposomes.

3.3.4. Labeling of OpuA and accessibility of scaffold domain

A small 30 mL M17 culture (with 2% (w/v) glucose plus 5 µg/ml chloroamphenicol) was

inoculated with L. lactis Opu401 containing pNZOpuAhis with one of the following cysteine
mutations in the OpuA gene: Cys-325 in the NBD; or Cys-23, Cys24 or Cys-25 in the first

amphipathic helix of the scaffold domain. The cells were induced at an OD600 of 0.5-0.6

with 0.05% (v/v) of the supernatant of a nisin A producing strain (NZ9700) [37]. The culture

was grown for another hour and collected by centrifugation (15 minutes, 6000 × g, 4
◦
C),

washed with 100 mM KPi pH 7.5, 150 mM KCl plus 20 mM DTT, and centrifuged again

(15 minutes, 6000 × g, 4
◦
C). The cells were resuspendend in 1 mL of the same buffer. For

labeling the cells were transferred to 2 mL Eppendorf tubes and centrifuged (3 min, 10,000

× g, 4
◦
C) and washed twice in the same buffer without DTT. 2 mM fluorescein-5-maleimide

in DMSO was added (final DMSO concentration 5%) and incubated at room temperature for

30 minutes. The reaction was stopped by addition of 20 mM DTT and cells were collected

by centrifugation (3 min, 10,000 × g, 4
◦
C) and resuspended in 100 mM KPi pH 7.5, 150

mM KCl plus 20 mM DTT. Cells were lysed with glass beads in a TissueLyser (QiaGen) for

5 minutes at 50 Hz. Lysed cells were diluted 4x with 100 mM KPi pH 7.5, 150 mM KCl plus

20 mM DTT and membrane fractions were collected by ultracentrifugation (15 min, 264,000

× g, 4
◦
C), resuspended in 1 mL of the same buffer and loaded on a 12.5% SDS-PAGE gel.

The gel was imaged on a LAS3000 imager.

3.3.5. Purification of MSP1D1

The pMSP1D1 vector was freshly transformed into E. coli BL21 DE3. The cells were grown

aerobically in 1-liter baffled flasks using LB broth [1% (w/v) NaCl, 1% (w/v) bacto tryptone

plus 0.5% (w/v) bacto-yeast extract with 30 /mug/ml kanamycin]. At an OD600 of 0.8

the cells were induced with 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside). After

induction the cells were allowed to grow for 3.5 hours, after which they were harvested by

centrifugation (15 min, 6000 × g, 4
◦
C). The pellet was resuspended in 100 mM KPi pH 7.8

and centrifuged again (15 min, 6000 × g, 4
◦
C). After resuspending in the same buffer, the

cells were stored at -80
◦
C.
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Cells were thawed on ice and supplemented with 100 µg/mL deoxyribonuclease (DNase)

plus 1 mM PMSF. The cells were broken by sonication (70% amplitude, total on-time: 6 min,

5s on, 5s off). 1% (w/v) Triton X-100 was added to the lysate and stirred at room-temperature

for 10 minutes. Unsolubilized material was spun down by centrifugation (30 min, 30000 ×
g, 4

◦
C). 7.5 mL column volume of Ni

2+
-Sepharose resin was equilibrated with 4 column

volumes of water and 4 column volumes of buffer (50 mM potassium phosphate pH 7.8). The

resin was incubated together with the supernatant for 1h at 4
◦
C. The column was poured,

drained and washed sequentially with 4 column volumes of the following buffers: i) 40 mM

Tris/HCl pH 8.0, 300 mM NaCl plus 1% Triton X-100; ii) 40 mM Tris/HCl pH 8.0, 300 mM

NaCl, 50 mM Na-cholate plus 20 mM imidazole; iii) 40 mM Tris/HCl pH 8.0, 300 mM NaCl,

50 mM imidazole. MSP1D1 was eluted in 12 fractions of 2 mL with elution buffer (40 mM

Tris/HCl pH 8.0, 300 mM NaCl plus 500 mM Imidazole) and dialyzed over-night at 4
◦
C

against 20 mM Tris/HCl, 100 mM NaCl plus 0.5 mM EDTA. MSP1D1 was then aliquoted,

flash frozen and stored at -80
◦
C.

3.3.6. Reconstitution of OpuA in MSP1D1 nanodiscs

For reconstitution in nanodiscs, different OpuA to MSP to lipid ratios were tested. For

optimal conditions 8.6 µM of the purified OpuA was mixed with 86 /muM purified MSP1D1

scaffold protein plus 4.3 mM lipids (with composition 50% DOPE, 12% DOPC, 38% DOPG)

in 75 mM potassium phosphate, pH 7.0, with 7% (v/v) glycerol plus 12 mM DDM to a total

volume of 700 µL. After nutating the mixture for an hour at 4
◦
C, 500 mg of SM2-Biobeads

(Bio-rad) were added to adsorb the detergent. The mixture was then allowed to incubate

overnight. In the morning the supernatant was separated from the Biobeads and the OpuA

nanodiscs were purified by size-exclusion chromatography using a Superdex 200 increase

10/300 GL column in 50 mM potassium phosphate, 200 mM KCl or 20 mM K-HEPES pH

7.0 plus 300 mM KCl.

3.3.7. ATPase activity assays
As detailed in [13]: the ATPase activity of the transporter was determined by a coupled

enzyme assay where the NADH absorbance decrease at 340 nm is stoichiometrically coupled

to the ATPase activity. The NADH absorbance is coupled to the ATP hydrolysis by the

reactions catalyzed by pyruvate kinase and lactate dehydrogenase (3.1B); the enzymes in

terms of activity were present in excess of OpuA. The assay was performed in 96-well plates.

A Teacan Spark 10m plate reader was used to measure the NADH absorbance over time.

Each well contains 50 mM HEPES pH 7, 4 mM phosphoenolpyruvate, 600 µM NADH,

2.1-3.5 units of pyruvate kinase plus 3.2-4.9 units of lactate dehydrogenase. The wells were

then supplemented with 100 µM glycine betaine, 300 mM KCl, 10 /muM cyclic-di-AMP

plus 10 mM Mg-ATP unless specified differently. The 10 mM MgATP was used to start

the reaction. In the case of variable ATP concentrations, the assay was started by titrating

in 100 µM glycine betaine. We normalized the ATP hydrolysis activities, and a value of 1

corresponds to 200-1200 nmol of ATP hydrolyzed per min x nmol of OpuA, depending on

the efficiency of nanodisc reconstitution; for each set of experiments the ATPase activity was

normalized to one condition that was identical in all biological replicates.
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3.3.8. Cryo-EM sample preparation and data acquisition

Freshly prepared OpuA nanodiscs were concentrated to at least 1 mg mL
−1

using a Vivaspin

500 (50 kDa cut-off) concentrator. Prior to freezing OpuA was diluted to 1 mg mL
−1

and

respective additives were added. (e.g. 100 µM glycine betaine, 10 µM cyclic-di-AMP, 10 µM

MgAMP-PNP or 10 mM MgATP). Holey-carbon grids (Quantifoil, Au R1.2/1.3, 300mesh)

were glow-discharged for 20 seconds at 5 mA. 2.8 µl sample was applied on the grids, after

which they were blotted for 3-5 seconds in a Vitrobot Mark IV (Thermo Fisher) at 15-22
◦
C

and 100% humidity and plunge frozen into a liquid ethane/propane mixture. The grids were

then stored in liquid nitrogen until further use.

Data collection was performed in-house on a 200 keV Talos Arctica microscope (Thermo

Fisher Scientific) equipped with a K2 and a post-column BioQuantum energy filter (Gatan)

operated in zero-loss mode, with a 20-eV slit, and a 100 µm objective aperture. Automatic

collection was done at a calibrated magnification of 49407 × (1.012 Åpixel size) and a

nominal defocus range from -0.8 to -1.9 µm using EPU (Thermo Fisher Scientific). Holes

were selected with help of an in-house written script that calculates ice thickness within

Digital Micrograph (Gatan) (manuscript in preparation). Each movie consisted of 60 frames

with a total exposure time of 9 s and a dose of 53 electrons/ Å
2
(0.883 e

−
/Å

2
/frame). FOCUS

software [38] was used for on-the-fly quality control and settings were adjusted if necessary.

3.3.9. Image processing

See Fig. 3.2,3.4,3.6,3.9,3.10 for a graphical overview on respective datasets. The following

detailed description applies for the cryo-EM dataset acquired for the OpuA apo inward-facing

sample but a similar workflow was used for the other datasets. 2,861 movies were recorded,

and on the fly data assessment was conducted using FOCUS 1.1.0 [38]. MotionCor2_1.2.1

[39] was used to correct for beam-induced motion and ctffind4.1.8 [40] for estimation of

the CTF parameters. Micrographs containing ice or aggregates, micrographs with a low-

resolution estimation of the CTF fit (>4 Å) and micrographs out of the defocus range of 0.5-2

µm were discarded. The remaining 2,196 micrographs were used for further processing.

First, Cryolo 1.3.1 [41] was used to automatically pick 1,383,502 particles using a loose

threshold. Particle coordinates were imported in RELION 3.0.8 [42] and the particles were

extracted with a box-size of 256 pixels and binned 2x, yielding a pixel-size of 2.024. 786,018

particles were selected after several rounds of 2D, to exclude false positives. For this dataset

an initial reference was generated in RELION. The particle set was further cleaned by several

rounds of 3D classifications using the then current best maps, low pass filtered to 40 Å, as

references in an iterative fashion. Both, 2D and 3D classification, were performed ignoring

the CTF until the first peak. The resulting 434,607 particles from the best class(es) were

re-extracted with a box-size of 256 pixels and a pixel-size of 1.012 and used for 3D auto-

refinement with the unbinned 3D class as reference, and for later refinements the refined

map as reference, yielding a 4.0 Åmap. A final 3D classification without image alignment

was performed to separate different opening angles, now with the reference low-pass filtered

to 20 Å. 78,021 high-quality particles were used for 3D-autorefinement. This refinement was

continued as a focused refinement with a mask, excluding most of the lipid bilayer and the

MSP1D1 belt protein, improving the resolution to 3.5 Åat convergence. C2 symmetry was

imposed during the latter auto-refinement and the obtained maps were used as subsequent
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references (low-pass filtered to 40 Å) in an iterative fashion. Post-processing was done to

mask and sharpen the final map, yielding a resolution of 3.5 Å. Sequentially, several rounds

of CTF refinement [42] were performed, using per-particle CTF estimation, increasing the

resolution to 3.3 Å. Local resolutions were determined using the RELION local resolution

algorithm. The 0.143 cut-off criterion [43] was applied for all resolution estimations, using

gold-standard FSC (Fourier Shell Correlation) between both independently refined half-maps

[44]. The 3DFSC web-server [45] was used to estimate directional resolution anisotropy of

the density maps.

Similar approaches were taken for the other datasets. In short: for the occluded dataset

2,759 movies were recorded, 2,608 were used to select 572,496 particles. Several rounds of

2D and 3D classifications yielded 479,186 and 90,870 high quality particles, respectively.

After sequential 3D-autorefinement, CTF-refinement and post-processing without imposed

symmetry, the resolution was 3.4 Å. A 3D classification without image alignment was

performed to separate two different orientations of the SBD that were otherwise merged

together. Both classes were independently refined (3.5 Åand 3.6 Å, respectively), after which

the nanodisc density was removed using particle subtraction. Both sets were recombined and

used for a final refinement and post-processing with a mask (3.4 Å). Notably. the docking of

a single SBD disrupts the two-fold symmetry of the transporter. While, the unsymmetrized

cryo-EM map at a global resolution of 3.4 Åallows an unambiguous modeling of the SBD

and the respective anchoring helix, excluding the SBD by focused refinement and imposing

a C2-symmetry during image processing, further improved the resolution to 3.2 Åin the

remaining regions.

For the glycine-betaine only dataset 1,713 movies were recorded, 901 were used to select

615,299 particles. Several rounds of 2D and 3D classifications yielded 172,260 and 30,077

high quality particles, respectively. After sequential 3D-autorefinement and post-processing

with imposed C2 symmetry the resolution was 4.5 Å. CTF refinement did not improve the

resolution further.

For the cyclic-di-AMP inhibited inward-facing, SBD docked dataset 8,804 movies were

recorded, 7,788 were used to select 1,344,075 particles. Several rounds of 2D and 3D classi-

fications yielded 303,810 and 110,161 high quality particles, respectively. After sequential

3D-autorefinement, CTF-refinement and post-processing without imposed symmetry, the

resolution was 3.5 Å, processing without the SBD and C2 symmetry applied yielded a 3.3

Åmap.

For the cyclic-di-AMP inhibited inward-facing dataset 1,517 movies were recorded, 1,066

were used to select 657,116 particles. Several rounds of 2D and 3D classifications yielded

133,761 and 13,520 high quality particles, respectively. After sequential 3D-autorefinement,

CTF-refinement and post-processing with imposed C2 symmetry, the resolution was 4.2 Å.

3.3.10. Model building

The model building was done in COOT [46]. The resolutions of the maps were of sufficient

quality to unambiguously build the model (Fig. 3.2,3.4,3.6,3.9,3.10, Table 3.1).The TMD

was de-novo built while for the SBD known crystal structures (PDB: 3L6G, 3L6H) were

used as reference [25]. For the NBD, the structure of the homolog methionine transporter

MetNI (PDB: 6CVL) was used as starting point [26]. The CBS domain was built with the
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carnitine transporter OpuCA CBS domain (PDB: 5KS7) as reference [9]. The models were

optimized by iterative rounds of Phenix real-space-refinement [47], and manual inspection

and corrections of the output models against the map in COOT.

Fourier shell-cross correlation (FSCsum) between model and map was used to determine the

quality of the fit. To prevent potential overfitting, random shifts (up to 0.5 Å) were applied to

the coordinates of the final model, followed by refinement against the first unfiltered half map.

This provided FSCwork, and the FSC against the second half map, which was not used at any

point during refinement, FSCfree, should have a marginal gap between them, indicating no

overfitting of the model. MolProbity [48] was used to validate the chemo-physical properties

of the final model. Images were prepared with the PyMOL Molecular Graphics System,

Version 2.0 Schrödinger, LLC., Chimera [49] and ChimeraX [50]. And the The SBGrid [51]

software package tool was used to manage the software packages.

3.3.11. Labeling of OpuA for single-molecule FRET

Stochastic labelling was performed with the dyes Alexa555 and Alexa647 maleimide (Ther-

moFisher). 5-10 nmol OpuA was first treated with 10 mM (dithiothreitol) DTT for 10 min to

fully reduce oxidized cysteines. After dilution of the protein sample to a DTT concentration

of 1 mM the reduced protein was immobilized on 200 µl Ni2+-Sepharose resin and washed

with 2 ml of buffer A (20 mM K-Hepes pH 7.0, 300 mM KCl) to remove the DTT. The resin

was incubated in 1 ml buffer A supplemented with 50 nmol Alexa555 plus 50 nmol Alexa647

for 2-4 h at 4
◦
C. Subsequently, unbound dyes were removed by washing the column with 3

to 4 ml of buffer A. Elution of the proteins was done by supplementing buffer A with 200

mM imidazole. The labelled protein was further purified by size-exclusion chromatogra-

phy (Superdex 200, GE Healthcare) using buffer A. Sample composition was assessed by

recording the absorbance at 280 nm (protein), 559 nm (Alexa555), and 645 nm (Alexa647)

to estimate the labelling efficiency. The labelling efficiency was typically about 70%.

3.3.12. Single-molecule FRET

Solution-based smFRET and alternating laser excitation (ALEX) [52] experiments were

carried out at 5-25 pM of labelled protein at room temperature in buffer A supplemented

with additional reagents as stated in the text and previously described [53]. Microscope

cover slides (no. 1.5H precision cover slides, VWR Marienfeld) were coated with 1 mg

mL
−1

of BSA for 30-60 s to prevent fluorophore and/or protein interactions with the glass

material. Excess BSA was subsequently removed by washing and exchange with buffer A.

All smFRET experiments were performed using a home-built confocal microscope. In brief,

two laser-diodes (Coherent Obis) with emission wavelength of 532 and 637 nm were directly

modulated for alternating periods of 50 µs and used for confocal excitation. The laser beams

were coupled into a single-mode fibre (PM-S405-XP, Thorlabs) and collimated (MB06,

Q-Optics/Linos) before entering an oil immersion objective (60X, NA 1.35, UPlanSAPO

60XO, Olympus). The fluorescence was collected by excitation at a depth of 20 µm. Average

laser powers were 30 µW at 532 nm ( 30 kW/cm
2
) and 15 µW at 637 nm ( 15 kW/cm

2
).

Excitation and emission light were separated by a dichroic beam splitter (zt532/642rpc,

AHF Analysentechnik), which is mounted in an inverse microscope body (IX71, Olympus).

Emitted light was focused onto a 50 /mum pinhole and spectrally separated (640DCXR, AHF



3.3. Materials and methods

3

97

Analysentechnik) onto two single-photon avalanche diodes (TAU-SPADs-100, Picoquant)

with appropriate spectral filtering (donor channel: HC582/75; acceptor channel: Edge Basic

647LP; AHF Analysentechnik). Registration of photon arrival times and alternation of the

lasers was controlled by an NI-Card (PXI-6602, National Instruments).

Analysis of the photon arrival times were done as described by [54]. In brief, to identify

fluorescence bursts a ‘dual-channel burst search’ [55] was used as done previously [54]. Three

photon counts per burst were measured: ND A (acceptor emission upon donor excitation),

NDD (donor emission upon donor excitation) and NA A (acceptor emission upon acceptor

excitation) and assignment are based on the excitation period and detection channel [52].

The photon counts were corrected for background, as done previously [56]. The apparent

FRET efficiency was calculated as ND A / (ND A + NDD ) and the Stoichiometry S by (ND A

+ NDD ) / (ND A + NDD + NA A) [52]. Binning the detected bursts into 2D apparent-FRET

versus Stoichiometry histograms allowed the selection of the donor and acceptor labeled

molecules and reduce artifacts arising from fluorophore bleaching [52]. The selected 1D

apparent-FRET histograms were fitted with a Gaussian distribution, using the method of

least squares, to obtain a 95% confidence interval for the mean.

3.3.13. Co-reconstitution of ArcD2 and OpuA in liposomes

Based on the method described in [57], synthetic lipids were mixed from chloroform stocks

in the ratio of 50 mole% DOPE, 12 mole% DOPC plus 38 mole% DOPG, after which

they were dried in a rotary vacuum setup (Büchi Labortechnik AG). The dried lipids were

dissolved in diethylether, dried again and rehydrated in 50 mM KPi pH 7.0 with 200 mM

KCl. Finally, the mixture was sonicated using a tip-sonicator (Sonics and Materials, Inc.) (16

cycles, 70 % amplitude, 15 s on, 45 s off) and frozen-thawed 3 times in liquid nitrogen. The

liposomes were diluted 5 times to a final lipid concentration of 4 mg mL
−1

after which they

were destabilized by titrating with 10% Triton, until 60% of the initial absorbance after Rsat

was reached [57]. The proteins and destabilized liposomes were mixed to obtain a protein to

lipid ratio of 1:2:400 (w/w). After 15 minutes of mixing at 4
◦
C, the detergent was removed

by adding four portions of 200 mg SM2 Biobeads (10 mg SM2 biobeads/mg lipids) after

15, 30, 45 minutes and overnight incubation. The last addition was followed by two hours

incubation at 4
◦
C, after which the proteoliposomes were collected by ultracentrifugation

(2h, 125.000 × g, 4
◦
C). The proteoliposomes were resuspended to a final lipid concentration

of 100 mg mL
−1

in 50 mM KPi pH 7.0.

3.3.14. Encapsulation of the arginine breakdown pathway
The enzymes needed for arginine breakdown and ATP (re)generation were incorporated

in the vesicles as described [32]. In short: The proteoliposomes (66 µL, 6.6 mg of lipid)

containing ArcD2 and OpuA were mixed in 50 mM KPi pH 7.0 with 1 µM ArcA, 2 µM

ArcB, 5 µM ArcC1, 5 mM ADP, 5 mM MgSO4, 0.5 mM ornithine and optionally 10 /muM
cyclic-di-AMP in a total volume of 200 /muL; the final liposome concentration was 33

mg of lipid mL
−1
. The final internal medium was composed of 50 mM KPi pH 7.0 (plus

25 mM NaCl carried over with the purified ArcA, ArcB and ArcC1) [32]. The enzymes

and metabolites were encapsulated by five freeze-thaw cycles in liquid nitrogen. After that,

the vesicles were extruded 13 times through a 400 nm pore size polycarbonate filter with
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a pre-washed extruder in 100 mM KPi pH 7.0 supplemented with 0.5 mM ornithine. The

vesicles were collected by centrifugation (20 min, 325.000 × g, 4
◦
C), resuspended in 100

mMKPi pH 7.0 supplemented with 0.5 mM ornithine and centrifuged again (20 min, 325.000

× g, 4
◦
C). Finally, the vesicles were resuspended to a final concentration of 165 mg of lipid

mL
−1

and kept on ice before use in the transport assays.

3.3.15. In vitro transport assays
As described in [32]: the vesicles with encapsulated enzymes and metabolites were diluted

to a final concentration of 1.67 mg mL
−1

in 100 mM KPi pH 7.0 supplemented with 250

mM KCl plus 180 µM glycine betaine, of which 2 % (mol/mol) was
14
C-radiolabeled. The

mixture was incubated for 30 min at 30
◦
C and a time zero point was taken. The internal

ATP production was then started by addition of 20 mM arginine and samples of 50-100

µL were taken at given time intervals (0-5h). Samples were immediately diluted in 2 mL

of ice-cold quenching buffer (100 mM KPi pH 7.0) and filtered over 0.45 µm pore size

cellulose nitrate filters to stop the reaction. The filters were then washed with another 2 mL

of the same buffer. Radioactivity on the filter was quantified by liquid scintillation counting

using Ultima Gold MV scintillation fluid (PerkinElmer) and a Tri-Carb 2800TR scintillation

counter (PerkinElmer). Even though the pore size of the filters is larger than the diameter of

the vesicles, more than 99 % of the vesicles are retained [12].

3.3.16. In vivo transport assays
For in vivo uptake assays, cells from strain L. lactis Opu401 carrying the pNZOpuAHis or

pN ZOpu Ahi sK 16R17K 19A plasmid were grown in M17 supplemented with 1% glucose and

5 µg mL
−1

chloramphenicol. Moderate OpuA expression was induced for 1 hour with 1 10
−3

% (vol/vol) of the supernatant of a nisin producing strain (NZ9700) [37]. Afterwards, the

cells were washed twice with, and subsequently diluted to an OD600 of 50 in, ice-cold 50 mM

HEPES; pH 7.3. To get linear uptake curves, cells diluted to 0.4 mg of total protein mL
−1

were pre-energized for 5 minutes at 30
◦
C in buffer supplemented with 10 mM glucose.

14
C-

glycine betaine uptake was initiated with prewarmed 50 mM HEPES; pH 7.3, supplemented

with 10 mM glucose,
14
C-glycine betaine (1 mM end concentration) and the required sucrose

concentration. Acquisition of data points was done like what is described for the liposome

uptake measurements. Note that, quenching of each reaction is done in an ice-cold isotonic

buffer. Afterwards, left over of the cells were broken by shaking in the presence of glass

beads (0.1 mm diameter). Approximately 20 µg of the total protein fraction was loaded on

gel. To get the membrane fraction, the broken cells were spun down for 12 minutes at 14,202

× g and at 4
◦
C. The membrane fraction of 0.45 mg of total protein was loaded on gel.

3.4. Data availability
All data is available in the main text or supplementary materials. All data, code, and materials

used in the analysis are available upon request to the lead author. The five Cryo-EM density

maps: OpuA apo inward-facing, OpuA (E190Q) occluded, OpuA in the presence of glycine

betaine inward facing, OpuA inhibited inward-facing and OpuA inhibited inward-facing
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SBD docked have been deposited in the Electron Microscopy Data Bank under accession

numbers EMD-11782, EMD-11783, EMD-11785, EMD-11784, EMD-11786, respectively.

The deposition includes the cryo-EM map, both half-maps and the mask used for final FSC

calculation. Raw cryo-EM data will be deposited in in the Electron Microscopy Public Image

Archive (EMPIAR). Coordinates of four models: OpuA apo inward-facing, OpuA (E190Q)

occluded, OpuA inhibited inward-facing and OpuA inhibited inward-facing SBD docked

have been deposited in the Protein Data Bank with accession numbers 7AHC, 7AHD, 7AHE,

7AHH, respectively.
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Abstract

Many proteins have a multimeric structure and are composed of one or more identical
subunits. While this can be advantageous for the host-organism, it can be a challenge when
targeting specific residues in biochemical analyses. In vitro splitting and re-dimerization to
circumvent this problem is a tedious process that requires stable proteins. We present an in
vivo approach to transform homodimeric proteins into apparent heterodimers, which then
can be purified using a 2-step affinity-tag purification. We show that expression conditions
are key for the formation of heterodimers and that the order of the differential purification
and reconstitution of the protein into nanodiscs is important for a functional ABC-transporter
complex. We demonstrate that the heterodimer obtained with this technique retains activity
after reconstitution into nanodiscs.



4.1. Introduction

4

107

4.1. Introduction
Most proteins exist as multimeric complexes, often as symmetric homomers with all subunits

derived from the same gene, a feature that confers advantages for the cell as described by [1, 2].

First of all, large complexes have a smaller surface-area to volume ratio, which increases

stability and may reduce protein denaturation and promiscuous interactions. Second, multiple

small proteins are easier to fold than big ones, and these big complexes not only increase

the chance for allosteric modulation of protein activity but also the frequency of substrate

encounters. Moreover, homomultimeric proteins have additional advantages as error control

in synthesis, and more efficient use of genomic space than heteromultimeric complexes,

thereby saving metabolic energy [1, 2].

The study of homomultimeric proteins can be a challenge as any mutation will be replicated

in the complex, which can be problematic if one aims to label specific sites with probes

for fluorescence (e.g. single-molecule Förster Resonance Energy Transfer, smFRET) or

electron spin resonance (e.g. Double Electron-Electron Resonance measurements, DEER).

For smFRET a fluorescence donor and acceptor need to be introduced at specific sites,

which is often done by introducing Cys or non-natural amino acids that can be labeled with

the appropriate probe [3]. However, the introduction of two mutations already introduces

four sites for labeling in homodimeric proteins, which complicates the spectroscopy. To

circumvent the problem, one could purify the protein, separate the subunits and subsequently

mix differentially labeled subunits and reassemble the protein complex. We have previously

taken this approach in the study of the ATP-binding cassette (ABC) transporter OpuA from

Lactococcus lactis [4]. The OpuA complex in the detergent-solubilized state falls apart when

the glycerol concentration is less than 15-2% (v/v), but the dissociation of the complex is

reversible. In this way we were able to create apparent heterodimeric complexes in which

one of the membrane subunits was engineered and the other one not. Similar methods have

been used for e.g. the membrane proteins GltPh , VcINDY and BetP [5, 6]. However, this

approach is not generally applicable, especially for proteins that are not stable in a detergent

environment. We therefore sought for a more generic method to specifically label one subunit

of homomultimeric protein complexes.

Here, we present a genetic approach to form apparent heteromultimeric from homomulti-

meric proteins. Again we use OpuA as a test case, which is an homodimeric membrane

protein composed of two membrane subunits (OpuABC) and two nucleotide-binding subunits

(OpuAA). OpuABC forms the transmembrane domain (TMD), surrounded by a scaffold

and connected to the extracytoplasmic substrate-binding domain (SBD). We reasoned that it

should be possible to form apparent heteromultimeric complexes by duplicating the opuABC
gene and making constructs in which one of the subunits has a metal-affinity and the other a

streptavidin tag for purification, named OpuABC-H and OpuABC-S, respectively. In vivo, the

following protein complexes will form: (OpuAA)2-(OpuABC-H)2, (OpuAA)2-(OpuABC-S)2

and (OpuAA)2-(OpuABC-H)-(OpuABC-S), theoretically in a ratio of 1:1:2 if the OpuABC-

H and OpuABC-S subunits are formed in equal amounts (Fig. 4.1). Differential affinity

chromatography can subsequently be used to enrich for (OpuAA)2-OpuABC-H-OpuABC-S.

In this paper we present the different strategies to form apparent heterooligomeric OpuA

complexes in L. lactis and the methodology to purify the protein.
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Figure 4.1 | Schematic representation of various OpuA constructs used in the present study. The wild type transporter

OpuA is composed of two tandem cystathionine-β-synthase (CBS) domains (red), two copies of the ATP-binding

subunit OpuAA (orange), two copies of the transmembrane domain (TMD) (green), including the scaffold domain

(yellow) and two copies of the substrate-binding domain (SBD) (blue). (A) Homodimeric OpuA-H, the wild-type

OpuA, with a His-tag (cyan circle) linked to the SBD; (B) Homodimeric OpuA-S, OpuA tagged with a StrepII-tag

(pink hexagon) linked to the SBD; (C) Homodimeric OpuA-SS, OpuA containing a TwinStrepII-affinity tag (double

pink hexagon) linked to the SBD; (D) Heterodimeric OpuA-HS, OpuA containing a His-tag in one SBD and a

StrepII-tag in the second SBD; (E) Heterodimeric OpuA-HSS, OpuA composed of one SBD tagged with His-tag

and another one with TwinStrepII-tag; (F) Schematic representation of OpuA-HSS in nanodiscs; lipids and MSP1D1

scaffolding protein are shown as grey disc.
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4.2. Results
We first constructed a series of vectors and evaluated the expression and purification of

homodimeric OpuA variants with three different affinity tags (Fig. 4.1): His-tag, StrepII-tag

and TwinStrepII-tag. Each of the tags is present at the C-terminus of the OpuABC subunit.

The genes are present in an operon in the order opuAA-opuABC and they are cloned under

the control of the tightly regulated nisin-inducible pNi s A promoter, using the medium-copy

number vector pNZ8048 (Cm
Res

, pSH71 origin of replication; Fig. 4.2A) and pIL253

(Ery
Res

, pAMβ1 origin of replication; Fig. 4.2A). The pNZ8048 vector has a so-called

pSH71 rolling-circle type of replication [7], whereas the pAMβ1-derived vector pIL253 is a

theta-replicating plasmid [8]. Both vectors are compatible with each other and can thus be

used for co-expression of proteins in the same host [9].

4.2.1. Verification of activity with different affinity tags

To avoid recombination with wild-type opuA genes, the plasmids were transformed into L.
lactis Opu401, an opuA deletion strain that was derived from L. lactis NZ9000 [10]. SDS-
PAGE analysis shows the successful purification of OpuA with the three different affinity

tags. Both subunits (OpuAA and OpuABC are present in an approximate 1:1 ratio) (Fig.

4.2B) [4, 10–12]. We obtained approximately 110 mg of membrane vesicles per 2L culture

for all the three strains. However, the OpuA yield was very different depending on the affinity

tag used, the His-tag being the most efficient with a yield of 18% of purified OpuA per total

amount of protein, followed by TwinStrepII-tag with a 9% yield and StrepII-tag with a 2.5%

yield.

The ATP hydrolysis activities of homodimeric OpuA with either His-tag, StrepII-tag or

TwinStrepII-tag were verified in the nanodisc environment. OpuA was reconstituted in

MSP1D1 nanodiscs with the lipid composition of 38 mol % DOPG, 12 mol % DOPC and

50 mol % DOPE and a reconstitution ratio of OpuA/lipids/MSP1D1 of 1:20:2000 [11].

The size-exclusion chromatography profiles of the three homodimeric OpuA complexes are

very similar (Fig. 4.2C). SDS-PAGE analysis (Fig. 4.2D) illustrates the presence of the

OpuAA (47 kDa) and OpuABC (63 kDa) subunits and the scaffold protein MSP1D1 (25

kDa). The ATPase activity with and without the substrate glycine betaine was determined

using a coupled enzyme assay consisting of limiting amounts of OpuA in nanodiscs and an

excess of pyruvate kinase and lactate dehydrogenase activity. The glycine betaine-dependent

hydrolysis of ATP by OpuA was not significantly influenced by the different affinity tags

(Fig. 4.2E).

4.2.2. Heterodimer formation

Next, we transformed pNZopuAHis in combination with either pILopuAS or pILopuASS
into L. lactis Opu401, to obtain heterodimers with different affinity tags. Theoretically

this approach yields three different species: His-tagged homodimeric OpuA (OpuA-H),

Strep-tagged homodimeric OpuA (OpuA-S) and heterodimeric OpuA containing both a His

and a Strep-tagged subunit (OpuA-HS; Fig. 4.3A). To solely select and purify the desired

heterodimeric protein we apply a two-step affinity chromatography (summarized in Fig.
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Figure 4.2 | Characterization of three differently tagged homodimeric OpuA constructs. (A) Schematic plasmid

maps of the expression vectors. opuAA, gene encoding the ATPase subunit and CBS domains of OpuA; opuABC,
gene encoding the TMD and SBD of OpuA; PNi s A , nisin inducible promoter; H, His-tag; S, StrepII-tag; double

S, TwinStreptII-tag; bent arrows and lollipop symbols represent the promoters and terminators, respectively. (B)
SDS-PAGE analysis (12.5% polyacrylamide) of affinity purifications of the three homodimeric OpuA constructs

(OpuA-H, OpuA-S and OpuA-SS). The indicated proteins were purified from crude membrane extracts as explained

in the text. The fractions tested were membrane vesicles (V), column flow through (FT), wash (W) and elution

fractions (E). (C) Size-exclusion chromatography profiles of homodimeric OpuA nanodiscs, using a Superdex 200

increase 10/300 GL column. The chromatograms were normalized to the highest peak. The peak fractions used for

further analysis are indicated in gray. (a) and (b) represent the peak fractions of aggregated and empty nanodiscs,

respectively. (D) Typical peak fraction of nanodiscs analyzed by 12.5% SDS-PAGE, showing the presence of

OpuAA, OpuABC and the scaffold protein MSP1D1. (E) ATPase activity in the presence (black bars) and absence

(white bars) of 62 µM glycine betaine. Error bars represent the standard deviation of independent triplicates.
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4.3B,C).

The initial protocol to purify hetero OpuA-HS mutant (Fig. 4.1) was based on a Ni
2+
-

Sepharose purification to remove Strep-tagged homodimers (OpuA-S) followed by a Strep-

tactin purification to remove His-tagged homodimers (OpuA-H) or vice versa. Finally,

size-exclusion chromatography was used for further purification and quality control (degree

of monodisperse protein). However, no or little protein was obtained after the two purification

steps, therefore either the heterodimeric species was not formed or lost in the purification

process.

4.2.3. Homologous recombination

The pNZopuAHis and pILopuAS vectors are compatible and have different antibiotic markers,

but both carry homologous opuA sequences (Fig. 4.2A) that may recombine and jeopardize

heterodimer formation. RecA is the major protein involved in homologous recombination

and DNA repair in L. lactis [13–15]. We therefore constructed a L. lactis Opu401 ∆recA
strain (Table 4.1). We transformed both plasmids and applied the same purification protocol

as described above, but the yield of heterodimeric OpuA was negligible (data not shown),

suggesting that RecA homologous recombination is not a main problem.

4.2.4. Optimization of induction

Overproduction of proteins can activate stress responses, which has been shown to influence

protein expression in L. lactis [16] and other (micro)organisms [17–19]. One strategy to

minimize this effect is to slow down the protein production by decreasing the amount of

inducer or lowering the post-induction temperature. To optimize the induction conditions we

performed small-scale (50ml) induction tests. After reaching a cell density of OD600 = 0.5, we

induced with 0.05%, 0.02%, 0.01% or 0.002% of nisin A, and the post-induction temperature

was either kept at 30
◦
C or lowered to 21

◦
C for 2, 4 or 8 hours. For each condition membrane

vesicles were obtained and OpuA was purified by a single Ni
2+
-Sepharose purification step,

obtaining a mixture of His-tagged homodimers (OpuA-H) and heterodimers (OpuA-HS)

(Fig. 4.3 and 4.4). The fraction of OpuA-HS was then quantified by Western-blotting with

monoclonal antibodies raised against the StrepII-tag. Indeed, a lower induction temperature

led to higher amounts of heterodimer, albeit at the expense of cell biomass to purify protein

from.

Based on the induction test we selected two conditions for further experiments: (i) induction

with 0.05% (v/v) culture supernatant of a nisin producing strain for 2 hours and (ii) induction

with 0.001% (v/v) culture supernatant of a nisin producing strain for 4 hours, both with

a post-induction temperature of 21
◦
C. Large-scale cultures were induced and membrane

vesicles were prepared as described in materials and methods. The decrease in the post-

induction temperature reduced the final membrane vesicle protein yield from 55 to 37.5 mg/L

but the amount of heterodimeric OpuA was increased by at least 2-fold. The purification of

OpuA-HS from the best induction condition (0.01% nisin; 21
◦
C; 4 hours) was analyzed by

SDS-PAGE and Western-blotting (Fig. 4.5). We also observed that the yield of heterodimeric

OpuA is dependent on the order of the purification steps. A strep-tactin purification followed

by a Ni
2+
-Sepharose purification yields a recovery of 0.008% (75 mg of total protein yields

6.4 µg of heterodimer). A Ni
2+
-Sepharose purification followed by a Strep-tactin purification
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Figure 4.3 | Schematic representation of the protocol for the purification of the heterodimeric OpuA. (A) L. lactis
Opu401 strain carrying plasmids pNZopuAHis and pILopuASS was grown in glucose-M17 broth and the genes were

expressed under optimal conditions (0.05% nisin A; 21
◦
C; 4 hours). Three possible OpuA variants are formed in

the cell: OpuA-H, OpuA-S and OpuA-HSS. (B) Solubilization of membrane vesicles were carried out as described

in the Methods section. (C) Three different purification methods were tested by varying the order of the different

purification steps. Dotted light grey squares frame the less efficient protocols.
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Figure 4.4 | Optimization of the heterodimer formation under different induction conditions. (A) L. lactis Opu401
strain, harboring plasmids pILopuAS and pNZopuAHis, was propagated at 30 ◦

C in glucose-M17 broth as described

in the text. When cultures reached an OD600 of 0.5, they were induced at four different nisin A concentrations:

0.05% (I, green square), 0.02% (II; red diamond), 0.01% (III; orange triangle) and 0.002% (IV; blue circle). Cultures

(50 ml) were then incubated at two different temperatures, 21
◦
C or 30

◦
C, and induction times of 2, 4 and 8 hours

were tested. (B) Membrane vesicles were obtained and proteins were purified with Ni
2+

-Sepharose resin. To check

the presence of the heterodimeric OpuA variant, final elution fractions were analyzed by Western blot analysis,

using monoclonal antibodies directed against the StrepII-tag.

yields a recovery of 0.12% (75 mg of total protein yields 88 µg of heterodimer). Despite

the improvements in the conditions, the low efficiency and recovery yield prohibited further

studies, e.g. reconstitution of heterodimeric OpuA for functional analyses.

4.2.5. TwinStrepII-tag
Fusion proteins containing two copies of StrepII-tag, i.e. TwinStrepII-tag, have higher affinity

for Strep-tactin compared to those containing only a single StrepII-tag, thus allowing more

efficient protein purification, as we showed for the homodimeric complex (Fig. 4.2B). To

increase the yield of heterodimeric OpuA, we switched from pILopuAS to pILopuASS, which
contains the C-terminal TwinStrepII-tag sequence. After two steps of purification, the yield

of heterodimeric OpuA was indeed higher and increased to approximately 0.4% recovery

(19 mg of total protein yielded 80 µg of heterodimer).

The four times higher recovery yield, now allowed for continuation with further experiments.

Moreover, the TwinStrepII-tagged OpuA subunit (OpuABC-SS) not only allowed obtaining
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Figure 4.5 | SDS-PAGE (upper panel) and Western blot (two lower panels) analysis of the 2-step affinity purification

of OpuA. L. lactisOpu401 (pNZopuAHis, pILopuAS) was grown and induced under optimal conditions (0.01% nisin;

21
◦
C; 4 hours). Membrane vesicles were obtained as described in the Methods section, and after solubilization of

the membranes with 0.5% DDM, the lysate was subjected to two affinity purification steps: Ni-Sepharose followed

by Strep-tactin (left panel) or vice versa (right panel). The following fractions were tested: vesicles (V), flow through

(FT), wash (W), and elution fractions (E). Monoclonal antibodies directed against the His-tag and StrepII-tag were

used, as indicated in the left side of the immunoblots.

a higher protein yield, but also migrates differently than the his-tagged subunit (OpuABC-H)

on a SDS-PAGE (see example on Fig. 4.7), allowing easy visualization of the extent of

heterodimer formation on SDS-PAGE. Heterodimeric OpuA-HSS was reconstituted into

nanodiscs, however, SDS-PAGE analysis of SEC chromatograms profiles showed dissociation

of the nucleotide-binding domain (OpuAA) from the OpuA complex, explaining the lack of

ATP hydrolysis activity (data not shown).

4.2.6. Optimization of reconstitution

Two sequential affinity tag purifications require the protein to be stable in the detergent-

solubilized state for up to 12 hours, which is problematic for OpuA as the complex readily

dissociates, especially in low glycerol concentrations [4]. We therefore proceeded by perform-

ing the reconstitution in between the two purification steps. Thus, the OpuA complexes are

purified by metal-affinity chromatography and then immediately incorporated into MSP1D1-

based nanodiscs, which yields a population of homodimeric OpuA-H and heterodimeric

OpuA-HSS nanodiscs. Within the membrane environment of the nanodiscs OpuA is much

more stable and the glycerol concentration can be lowered to 4%, which increased the strep-

tactin purification efficiency. Furthermore, to improve the quality of the OpuA nanodiscs, we

varied the lipid:protein stoichiometry during the self-assembly process (Fig. 4.6). We found

that a combination of higher concentration of OpuA (4.32 µM) and a ratio of 1:20:1000,

yields a more separated peak fraction during size-exclusion chromatography and a higher

ATPase activity (Fig. 4.6B).

4.2.7. Purification of the OpuA-HSS heterodimer

Cells were induced under optimal condition (21
◦
C, 4 hours, 0.01% nisin) and 24 mg of

membrane vesicles were subjected to Ni
2+
-Sepharose purification, yielding a total of 3.8 mg
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Figure 4.6 | Optimization of OpuA reconstitution in nanodiscs. Homodimeric OpuA-SS was purified and reconsti-

tuted in nanodiscs formed at different molar ratios and concentrations. (A) Size-exclusion chromatography profile

of nanodiscs formed at a OpuA:MSP1D1:lipid ratio of 1:20:2000 (dotted line) and 1:20:1000 ratio; in the latter case

we used a 6-times higher concentration of OpuA. Star represents the peak fraction with active OpuA-SS nanodiscs.

(B) ATPase activity of OpuA-SS reconstituted in nanodiscs formed at a ratio of 1:20:2000 ratio (I) and 1:20:1000

(II). Black and white bars represent activity in the presence and absence of 62 µM glycine-betaine, respectively.

Error bars represent the standard deviation of triplicates.

of his-tagged homodimers and heterodimers (OpuA-H and OpuA-HS). This mixture was

reconstituted into nanodiscs and purified by SEC. The chromatogram showed a well-separated

peak fraction (Fig. 4.7B) and the consequent SDS-PAGE analysis showed a comparable

intensity for both subunits (Fig. 4.7A), suggesting that both OpuAA and OpuABC were

present in the same concentration. Next, the selected peak fraction was purified on a Strep-

tactin resin, yielding a total of 50 µg of heterodimeric OpuA in nanodiscs, which corresponds

to a recovery of 0.2%. Moreover functionality of the protein was demonstrated by ATPase

activity measurements (Fig. 4.7C). We attribute the lower activity of the heterodimer to the

loss of a fraction of the OpuAA subunit as can be seen on SDS-PAGE gels (Figure 4.7A).

4.3. Discussion
One of the crucial steps in the in vivo formation of heterodimers is for the two differently

tagged subunits to meet and dimerize. As mentioned before, there is also the probability of

identical subunits to encounter each other and form homodimers. It is important to know

what factors influence this process to tweak the dimerization in favor of heterodimers.

4.3.1. Spatial separation
Spatial separation is one of the most trivial factors that can influence multimer formation. For

luciferase in E. coli it was shown that the efficiency of dimerization of its subunits (LuxA and
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Figure 4.7 | Purification and characterization of the heterodimeric OpuA-HSS. (A) Membrane vesicles containing a

mixture of OpuA-H, OpuA-SS and OpuA-HSS were obtained as described in the Methods section and subjected to a

series of purification steps: (i) Ni-sepharose purification; (ii) Nanodisc reconstitution: (iii) SEC: and (iv) Strep-tactin

purification. (A) Comassie-stained 12.5% SDS-PAGE samples of the different stages of the purification process.

The fractions tested were flow through (FT), wash (W), elutions (E) and the peak fraction containing nanodiscs

(N). Note that OpuABC-H and OpuABC-SS can be distinguished by their different migration in 12.5% SDS-PAGE

gels. (B) Size-exclusion chromatography profile of the OpuA-H and OpuA-HS nanodiscs. Star represents the peak

fraction used for further studies. (C) ATPase activity in the presence (black bar) and absence (white bar) of 62 µM

glycine-betaine. Error bars represent the standard deviation of independent triplicates.
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LuxB) decreases when transcribed from distant chromosomal sites [20]. In a different study

[21] it was found that 9 out of 12 hetero-oligomeric protein complexes from S. cerevisiae
assemble cotranslationally and the other 3 make use of chaperones, illustrating that assembly

of oligomers is not a trivial process. Membrane proteins have a slower diffusion [22] and are

restricted to a two dimensional space. It is very well possible that dimerization for membrane

proteins has an even stronger dependence on location in the cell where the polypeptide is

synthesized.

4.3.2. Multimerization interface

Many homomeric proteins have an enrichment for protein contacts towards the C-terminus

[23]. We reason that, provided a structure is available, the formation heterodimers can

enhanced by modification of the interaction region. Alternatively, expressing the protomers

in close proximity (perhaps on the same mRNA) could enhance the heterodimer formation.

4.3.3. Expression conditions
Overproduction of membrane proteins induces stress (vide supra). And many interactions

are temperature dependent. Moreover, diffusion scales linearly with temperature, thus,

temperature directly or indirectly influences many processes in the cell. Where there are

countless factors potentially influencing the formation of heterodimers, we chose a systematic

approach to vary temperature and production conditions and found the best conditions to be

at lower temperature (21
◦
C) and a long induction period (4h).

We have paved the way to in vivo heterodimer formation and show an efficient way of purifying

the formed heterodimers. This in vivo approach is compatible with instable proteins by the

possibility of keeping the protein stable in a native environment in the form of nanodiscs.

Further research may lead to a further increase in the ratio of hetero- over homodimers.

4.4. Materials and methods

4.4.1. Materials

Common chemicals were ordered from Sigma-Aldrich or Merck. The pMSP1D1 plas-

mid was purchased from Addgene [20061]. The lipids: 1,2-dioleoyl-sn-glycero-3- phos-
phatidylcholine (DOPC) [850375C], 1,2-dioleoyl-sn-glycero-3-phos- phatidylethanolamine

(DOPE) [850725C], and 1,2-dioleoyl-sn-glycero- 3-phosphatidylglycerol (DOPG) [840475C]
were purchased from Avanti Polar Lipids, Inc (>99% pure, in chloroform). n-dodecyl-β-D-
maltoside (DDM) [D97002] was purchased from Glycon Biochemicals GmbH.

4.4.2. Construction of strains and growth conditions
The bacterial strains, plasmids and primers used in the present study are listed in 4.1. Plasmids

were propagated in Lactococcus lactis strain Opu401 [10] (which is L. lactisNZ9000 with the
OpuA genes deleted). To construct the OpuA Strep-tagged homodimer, the PNi s A promoter

[24] and the opuABC genes were PCR-amplified from pNZopuAHis [10] with primers 6428
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Strain Reference
L. lactis Opu401 [10]

L. lactis NZ9700 [25]

L. lactis 401∆recA This work

E. coliMG1655 [26]

plasmid
pNZopuAHis [10]

pILOpuAS This work

pILOpuASS This work

pCS1966 [27]

pCS1966-RecA This work

pIL253 [8]

pMSP1D1 Addgene

Oligonucleotide Sequence
6494 AATCGATAAGCTTGGCTGCAG

6493 AACGAAGTGAGGGAAAGGCTAC

6429 AAACTGCGGAUGAGACCAAGCAGAACGACCCTCAATGGATCC

6428 AGCTCCAAGAUCTAGTCTTATAAC

6430 ATCCGCAGTTUGAAAAATAATAATTGGATTAGTTCTTGTGGTTACG

6431 ATCTTGGAGCUTCCATGTAATCGGGTTCTTC

7288 AATCAATCAUGAACCTGCTCCTC

7287 ATGATTGATUGGATTAGTTCTTGTGGTTACG

7234 AATTCCCAAGUTAGTCATTCTGACTG

7233 ACTTGGGAATUCGTCAAGTTTCAACGGAATTAG

7038 AGGCTACACTAGUTCTAGAGCG

7039 AGGTTGTCCACUCGGTACCCAG

7037 ACTAGTGTAGCCUTCAAGATCCTAGTCAGCATTCC

7036 AGTGGACAACCUATAGAAGCCACTTATCCAAG

Table 4.1 | Strains, plasmids and oligonucleotides used in the present study

and 6429. The backbone of the pIL253 vector [8] was amplified with primers 6430 and 6431,

which contained the StrepII-tag sequence. The two amplified fragments were ligated to create

the pILopuAS vector. The OpuA TwinStrepII-tagged homodimer was constructed using the

pILopuAS vector as a template, where the StrepII-tag polypeptide sequence (SA-WSHPQFEK)

was exchanged for the TwinStrepII-tag (WSHPQFEKGGGSGGGSGGS-SAWSHPQFEK),

yielding the pILopuASS vector. As a result, the three vectors contained the opuABC genes

under the control of the nisin-inducible PNi s A promoter and the recombinant genes produce

proteins with an affinity tag at the C-terminus of the OpuABC subunit. The strains producing

the heterodimeric OpuA contained two possible combination of plasmids: pNZopuAHis with
pILopuAS or pNZopuAHis with pILopuASS.
To construct the recA deletion strain L. lactis 401∆recA, the flanking regions of opuA were

amplified using primers 7036 and 7037. The pCS1966 vector [27] was amplified with primers

7038 and 7039. These two fragments were ligated obtaining the pCS1966-RecA vector. The

pCS1966 derivative was obtained and maintained in Escherichia coli K-12 strain MG1655
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[26]. The pCS1966-RecA vector was introduced in L. lactis 401 cells and positive colonies

were selected in SA medium plates [28] supplemented with 20 µg/ml 5-fluoroorotic acid

hydrate.

All the constructs were engineered by the ligation-free uracil-excision based-technique

USER cloning method [29]. The PCR-amplifications were carried out by the PfuX7 DNA

polymerase [30] with uracil-containing primers and the amplified fragments were ligated with

USER enzyme (New England Biolabs, Inc). Plasmid DNA was isolated using the Macherey-

Nagel NucleoSpin Plasmid QuickPure Kit (Thermo Fisher Scientific, Netherlands). DNA

clean-up was performed with the Macherey-Nagel NucleoSpin Gel and PCR Clean-up Kit

(Thermo Fisher Scientific). Constructs were checked by PCR amplification and subsequent

sequencing analysis by Eurofins Scientific (Netherlands).

The strains were routinely cultivated semi-anaerobically at 30
◦
C in M17 broth (Oxoid,

Germany) supplemented with 1% (w/v) glucose (Sigma-Aldrich, Nederland). When needed,

the media were supplemented with 5 µg/ml of erythromycin and/or chloramphenicol.

4.4.3. Expression of opuABC genes

L. lactis OpuA-producing strains were grown in 2L or 10L pH-controlled bioreactors. Cells

were propagated in M17 broth supplemented with 1% (w/v) glucose plus 5 µg/ml of the

appropriate antibiotic at 30
◦
C with stirring (200 rpm). A constant pH of 6.5 was kept

by titrating the culture with 4 M KOH. Unless specified otherwise, cultures were induced

at an OD600 of 2 with 0.05% (v/v) of culture supernatant of the nisin A producing strain

L. lactis NZ9700 [24] to initiate the transcription of the nisA promoter and the addition

of additional 1% (w/v) glucose to obtain higher growth yields. To promote heterodimer

formation the temperature of the culture was gradually decreased to 21
◦
C by cooling the

fermentor with ice-cold water, simultaneously with addition of the inducer. Cells were

harvested by centrifugation (15 min, 6,000 x g, 4
◦
C) after 2 hours of induction, washed

twice and resuspended to an OD600 of 100 in ice-cold 50 mM KPi pH 7.5 buffer, flash-frozen

and stored at -80
◦
C.

4.4.4. Optimization of the induction conditions

In order to promote the heterodimer formation in the cell, different induction conditions

were tested, that is, nisin A concentration, the post-induction temperature and induction time

were varied. For this purpose, L. lactis Opu401, carrying pNZopuAHis and pILopuAS was

grown in a 2L flask containing M17 broth, supplemented with 1% (w/v) glucose, 5 µg/ml

erythromycin plus 5 µg/ml chloramphenicol, at 30
◦
C with stirring (200 rpm). When the

culture reached an OD600 of 0.5, it was divided into smaller cultures of 50 ml each, and

induced with 0.05%, 0.02%, 0.01% or 0.002% (v/v) of nisin A. The cultures were then

incubated at 21
◦
C or 30

◦
C for induction times varying from 2 to 8 hours. Cells were

harvested by centrifugation (15 min, 6,000 x g, 4
◦
C), washed twice and resuspended to an

OD600 of 34 in ice-cold 50 mM KPi, pH 7.5. Samples of 1.5 ml were mixed with 400 mg of

0.1 mm glass beads (Sigma-Aldrich) and lysed with a TissueLyser LT (Qiagen) for 5 min at

high speed. Glass beads and cellular debris were removed by centrifugation (15 min, 25,000

x g, 4
◦
C). Pellets were discarded and membrane vesicles were collected by centrifugation

(20 min, 267,000 x g, 4
◦
C) and resuspended in 1.8 ml of ice-cold 50 mM Kpi pH 7.5
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supplemented with 20% glycerol. Then, membrane vesicles were solubilized with 0.5% (w/v)

DDM and nutated for 2 hours at 4
◦
C, after which Ni

2+
-Sepharose purification was carried

out as described below. The presence of the heterodimer was analyzed by immunoblotting

the elution samples with antibodies against StrepII-tag.

4.4.5. Isolation and preparation of membrane vesicles

The isolation and preparation of membrane vesicles was performed as described in [31] with

minor changes. Cell pellets were thawed on ice and supplemented with 2mMMgSO4 plus 100

µg/ml DNAse. Cells were lysed by double passage through a cell disruptor (Constant Systems

Ltd.) at 39 KPsi. After lysis, 1 mM PMSF plus 0.05 M EDTA (pH 8.0) were immediately

added to avoid protein degradation. The cell debris was removed by centrifugation (15

min, 12,000 x g, 4
◦
C), and the membrane vesicles were collected by ultracentrifugation (1

hour, 267,000 x g, 4
◦
C) and resuspended in ice-cold buffer A (50 mM KPi, pH 7.5, 20%

(v/v) glycerol). Aliquots were flash frozen and stored at -80
◦
C. Protein concentration was

determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

4.4.6. Purification of OpuA
The purification process of OpuA was divided in a series of steps, of which the order

was determined by the type and number of affinity tags of the final construct. Hence, the

homodimeric forms of OpuA were subjected to a single affinity purification depending on the

affinity tag, that are Nickel-Sepharose or Strep-tactin purification, followed by reconstitution

in nanodiscs and size-exclusion chromatography on a Superdex 200 increase 10/300 GL

column. However, the heterodimeric forms of OpuA required a two-step purification process

that could be conducted in different order as described in the “Results” section. Below,

we independently described all the required steps for the purification of any of the OpuA

constructs, but note that the order may vary for each of them.

Solubilization of membrane vesicles

Prior to Ni
2+
-Sepharose affinity purification, membrane vesicles were quickly thawed and

diluted to a final protein concentration of 5 mg/ml in 50 mM KPi pH 7.0, 200 mM KCl, 20%

(v/v) glycerol plus 10 mM imidazole. When Strep-tagged protein samples were intended to

be purified, membrane vesicles were harvested (20 min, 267,000 x g, 4°C) and pellets were

dissolved in 50 mM Tris-HCl pH 8.0, 150 mM NaCl plus 20% (v/v) glycerol at a protein

concentration of 5 mg/ml. Then, membrane vesicles were solubilized with 0.5% (w/v) DDM

and nutated for 1 hour at 4
◦
C. Supernatant was collected by ultracentrifugation (20 min,

267,000 x g, 4
◦
C).

Ni
2+
-Sepharose affinity purification of his-tagged proteins

Ni
2+
-Sepharose resin (GE Healthcare) (0.5 ml of resin per 10 mg total protein) was pre-

equilibrated with 12 column volumes (CV) of distilled water followed by 4 CV of wash

buffer (50 mM KPi pH 7.0, 200 mM KCl, 0.02% (w/v) DDM plus 20% (v/v) glycerol)

supplemented with 10 mM imidazole (pH 7.5). To decrease the detergent concentration,

solubilized membrane vesicles were diluted five-fold in ice-cold buffer (50 mM KPi pH

7.0, 200 mM KCl, 20% (v/v) glycerol plus 10 mM imidazole), and then incubated with the
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Ni
2+
-Sepharose resin under rotation for 2 hours at 4

◦
C. The mixture was poured into a

column, and the resin was washed with 20 CV of wash buffer supplemented with 50 mM

imidazole. Proteins were eluted with 2.5 CV of wash buffer supplemented with 500 mM

imidazole. Protein concentration in the elution fractions was determined by absorbance

measurements at 280 nm.

Reconstitution in lipid bilayer nanodiscs

Reconstitution was performed as described previously [11], with some modifications. Syn-

thetic lipids were mixed in a ratio of 50 mol % DOPE, 12 mol % DOPC and 38 mol %

DOPG and the preformed liposomes were prepared as described by [32]. The mixture was

then extruded 13 times through a 400 nm polycarbonate filter (Avestin Europe GmbH) to

obtain large unilamellar vesicles and then solubilized with 12 mM DDM followed by heavy

vortexing. The standard procedure for the reconstitution of OpuA in nanodiscs was at an

OpuA/MSP1D1/liposomes ratio of 1:20:2000 (w/w), respectively, in a final volume of 700

µL giving the following composition: 50 mM KPi pH 7.0, 12 mM DDM, 4% (w/v) glycerol,

0.72 /muM OpuA, 14.3 µM MSP1D1 plus 1.43 mM lipid. To optimize the method, we

tested an OpuA/MSP1D1/lipid ratio of 1:20:1000 (w/w), starting with a 6-times higher

concentration of OpuA, having a final composition of: 50 mM KPi pH 7.0, 12 mM DDM, 4%

(v/v) glycerol, 4.32 µM OpuA, 85.8 µM MSP1D1 plus 4.29 mM lipid. When needed, OpuA

samples were concentrated in 0.5 ml 30,000 kDa concentrators (Vivaspin). The reconstitution

mixture was nutated for 1 hour at 4
◦
C, after which detergent was removed by adding 500

mg of SM2 Biobeads and incubating overnight at 4
◦
C with gentle agitation. Biobeads and

protein aggregates were carefully removed by transferring the sample with a syringe to a new

Eppendorf tube and subsequent centrifugation (25,000 x g, 10 min, 4
◦
C).

Size-Exclusion chromatography

The reconstitution mixture was fractionated by size exclusion chromatography (SEC), using

a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated with 50mM KPi

pH 7.0 supplemented with 200 mM KCl. Protein-containing fractions were pooled and stored

at 4
◦
C until further use.

Purification of strep-tagged OpuA proteins

Strep-Tactin superflow high capacity resin (IBA LifeSciences) (1 ml resin per 10 mg/ml

protein) was pre-equilibrated with 4 CV of buffer W1 [50 mM Tris-HCl pH 8.0, 150 mM

NaCl supplemented with 20% (v/v) glycerol plus 0.02% (w/v) DDM, for membrane vesicles

samples] or with buffer W2 [50 mM Tris-HCl pH 8.0, 150 mM NaCl supplemented with 4%

(v/v) glycerol, for samples containing OpuA nanodiscs]. Samples were incubated with the

pre-equilibrated resin and nutated for 1 hour at 4
◦
C. The flow through was slowly passed

twice through the column by gravity, and the column was then washed 5-times with 3 CV of

buffer W1 or W2. Proteins were eluted with 0.5 CV of buffer W1 or W2, both supplemented

with 10 mM of d-Desthiobiotin. After 5 minutes of incubation the elution was collected

and the procedure was repeated 4 times more. Protein concentration was determined in the

elution fractions by absorbance measurements at 280 nm.
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4.4.7. SDS-PAGE and Western blotting analysis

Samples from all the steps of the purification process were collected and analyzed by SDS-

PAGE using 12.5% poly-acrylamide gels. Pictures of the Coomassie-stained gels were taken

by a Fujifilm LAS 3000 Imaging system (Fujifilm). To confirm correct subunit composition,

Western blot analysis were carried out. Samples were resolved in a 12.5% SDS-PAGE and

transferred to a PVDF membrane with primary antibodies against StrepII-tag or 6xHis-tag

(Qiagen). Transfer of the proteins was done in 40 minutes at 0.08 Amp in a Trans-Blot SD

Semi-Dry Transfer system (Bio-Rad). Proteins were visualized by inducing chemilumines-

cence with the CDP-star kit (tropix, inc) in the LAS-3000 imaging system.

4.4.8. ATPase activity assay
The ATPase activity of OpuA reconstituted in nanodiscs was analyzed using a coupled

enzyme assay as described previously [11, 33]. In brief, the measurements were performed

at 30
◦
C in a 96-well plate using a Spark 10 M 96-well plate reader (Tecan). A standard

measurement solution of 200 µl/well contained 50 mM KPi (pH 7.0), 0.3 M KCl, 57 nM

OpuA reconstituted in nanodiscs, 4 mM sodium phosphoenolpyruvate, 0.3 mM NADH and

3.5 µl of pyruvate kinase/lactic dehydrogenase enzyme mixture from rabbit muscle in 50%

glycerol, with or without 62 µM glycine betaine. After incubation for 3 min at 30
◦
C, 10

mMMgATP pH 7.0 was added to each well and the absorbance of NADH at 340 nm was

monitored over a period of 15 min. The oxidation of NADH is stoichiometrically coupled to

the amount of ATP consumed, and the ATPase activity was expressed as the moles of ATP

hydrolyzed per min per mg of OpuA.
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Abstract

Obtaining (dynamic) structure related information on proteins is key for understanding their
function. Methods as smFRET and EPR that measure distances between labeled residues to
obtain dynamic information rely on selection of suitable residue pairs. Selection of pairs that
show sufficient distance changes upon activity of the protein, can be a tedious process. Here
we present an in silico approach that makes use of two or more crystal structures to filter
suitable residue pairs for FRET or EPR from all possible pairs. This method speeds up the
process of designing mutants, and because of its systematic nature, the chances of missing
promising candidates are reduced.
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5.1. Introduction
Years of X-ray crystallography, NMR and more recently CryoEM [1, 2] have made available

a wealth of structural data for (membrane) proteins. Eventhough all these techniques can

give information on protein dynamics, for instance using caged compounds and free-electron

lasers in serial crystallography [3], or imaging under turnover conditions in CryoEM [4],

transient states and continuous dynamics are not readily obtained. Double electron-electron

resonance (DEER) or Pulsed Electron-electron double resonance (PELDOR) can be used to

probe distance changes upon changiung conditions [5] and single molecule Förster Resonance

Energy Transfer (smFRET) can be used to obtain single molecule dynamics of proteins and

other macromolecular assemblies [6–10]. The latter two techniques make use of two labels

that are introduced for instance by attaching them to cysteine residues via maleimide [11] or

methanethiosulfonate chemistry [12] or introducing them as non-natural amino acids [13].

SmFRET even enables study of protein dynamics in vivo [12]. In vitro studies can provide
a wealth of dynamics information, for instance when smFRET is applied to determine the

dynamics of single-surface attached proteins upon addition of a ligand or e.g. photoactivation
[10].

There are a few difficulties in the application of the optical microscopy or electron spin

resonance (EPR) techniques. The most important being the selection of the labeling sites

and the selectivity of the modifications. Both smFRET and EPR detect a change in distance

between the labels, therefore naturally, the label should report a change in conformation.

But even when they do, there are more restrictions. For instance, FRET typically occurs at

spacings smaller than 8-10 nm, and the signal is the strongest when the distance is close

to R0 (Figure 5.1), which is a property of the used FRET-pair that is used [14]. On the

same note, the larger the distance change, the larger the change in FRET signal, thus when

selecting FRET pairs, one typically looks for pairs making large movements. Similarly,

PELDOR is sensitive for distance changes in the range from 1.6 - 8nm [5, 15]. Furthermore,

the site of labeling should be (solvent-)accessible, the label should be able to rotate freely to

prevent anisotropic artifacts and the modification should not affect the functionality of the

protein. In FRET, where a fluorescence donor and acceptor label are required, the labeling

efficiency makes the procedure if even more complicated. A typical labeling with donor

(D) and acceptor (A) yields 25% of DD, 25% of AA and therefore only half of the particles

are useful (25% of DA + 25% of AD). Alternating Laser EXcitation (ALEX) spectroscopy

[16] is a technique that allows FRET measurements corrected for the unwanted DD and AA

populations.

All these restrictions make the selection of labeling sites challenging. Hand picking is tedious

and one easily misses potentially useful sites because the approach is not systematic. We have

developed a systematic in silico method, that makes use of two or more crystal structures

that differ in conformation and applies distance and accessibilty restraints to all possible

residue pairs. This reduces the amount of possibilities drastically and allows to focus on the

biological restraints rather than the technical ones to obtain the best possible residue pairs.
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Figure 5.1 | (A) FRET efficiency against the distance between fluorophores. The Főrster radius (R0) is defined as

the distance where the FRET efficiency is 50%.

5.2. Results

5.2.1. The ABC-transporter OpuA
The protein that we use to showcase this in silico approach is the osmoregulatory ABC

transporter OpuA (See chapter 3). Its substrate-binding protein (OpuAC) undergoes a

conformational change upon binding of glycine betaine. Manually selected labeling positions

are already available for this protein, which have been used in previous smFRET studies ([10]).

Even though the used labeling sites (V360C/N423C) report large differences in distance

upon glycine betaine binding and do not affect the binding process, they affect the transfer

of substrate from the SBD to the membrane domain of OpuA. In fact, the V360 and N423

are present in the lobes of OpuAC that interact with the transmembrane domain (TMD) of

OpuA (Fig. 5.3C). Therefore, our aim was to find new residue pairs for smFRET that do not

interfere with the docking of OpuAC. We present a general procedure for selecting labeling

sites based on a minimum of two crystal structures. This method provides a screening of all

possible residue pairs and allows smart filtering, prior to performing the actual experiments.

The results can be inspected further manually, for instance by using knowledge of the activity

and structure of the entire protein complex. In our case we manually filtered out regions that

would affect the interaction of the substrate-binding domain (here OpuAC) with the TMD of

the OpuA complex.

5.2.2. In silico distance mapping

Crystal structures for OpuAC in the open (PDB: 3L6G) and ligand-bound closed (PDB: 3L6H)

conformation [17] were used as a starting point for the in silico distance mapping. In short, a

distance map plots the distance between each possible pair of residues, in this case between

the two centers of mass of the sidechains (Cal phas in case of glycine). This (dcon f or mati on A

dcon f or mati onB ) leads to a symmetrical (d1,2 = d2,1) area plot (Figure 5.2A,B). Next, a
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distance change map is generated by subtracting the distance map of the second conformation

(here the closed state of OpuAC) from the first one (open state) (Equation 5.1). This difference

map shows the distance shift for each residue pair upon the conformational change that is

elicited by the binding of glycine betaine (Figure 5.2C).

dcon f or mati on A −dcon f or mati onB =∆dcon f or mati on AB (5.1)

5.2.3. Filtering of the results
The three obtained maps (Figure 5.2A-C) contain all possible pairs of residues, which can

now be used to apply restraints in a mathematical way to the residue pairs. First, we select

for distances within the a predifined range (e.g. as set by the R0 value of the FRET pair), by

discarding pairs with distances that are larger or smaller than two threshold values (Equation

5.2,5.3). The resulting pairs are shown in Figure 5.2D.

dmi n < dcon f or mati on A < dmax (5.2)

dmi n < dcon f or mati onB < dmax (5.3)

We then establish a minimum threshold for the distance shift required for the smFRET

measurements (Equation 5.4). The resulting pairs are shown in Figure 5.2E.

∆dcon f or mati on AB ≥ dshi f t−thr eshol d (5.4)

Finally, the absolute accessible area is calculated using the DSSP program, which makes use

of the structure of the protein to calculate properties as secondary structure, bond and torsion

angles and water exposed surface area [18]. Using solvent exposed residues is important to

ensure accessibility for the probe to react but also to allow free-rotation of the label. The

total accessible area from the DSSP program is then divided by the theoretical total surface

area for that residue (used values are the calculated surface area for the aminoacid X in

a Gly-X-Gly tripeptide from ([19]), giving the relative surface accessibility (RSA). Pairs

containing residues with a sufficient RSA in both conformations are kept (Figure 5.2F), all

others are discarded. All of the defined thresholds can be adjusted to suit specific needs or to

reduce the number of remaining pairs. The methods section contains a customizable script.

In the case of OpuAC we use the following thresholds: dmi n = 40Å,dmax =
80Å,dshi f t−thr eshol d = 80Å,RS A = 60% to obtain 9 pairs, shown in Figure 5.3. These

pairs were exported to PyMOL for manual inspection, where we aimed for pairs located on

the sides of OpuAC that do not intefere with the docking of the SBD in the full-transporter

complex. We selected two pairs, one with a positive FRET change upon glycine betaine bind-

ing (D320C/K453C) and one with a negative FRET change upon binding (N414C/K566C).

We also include a pair (T504C/K521C) with a positive FRET signal and a low relative surface

accessibiliy (8-11% for Thr504). The parameters of all three mutants plus the original mutant

(V360C/N423C) are shown in table 5.1.
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residue pair ∆dAB dA dB RS A1B RS A2B RS A1A RS A2A

D320C/K453C 9.4 67.3 57.9 91.7 90.7 105.7 88.6

T504C/K521C 6.4 47.8 41.4 8.8 88.1 11.4 91.7

N414C/K566C -8.4 40.0 48.5 79.8 72.5 77.7 77.2

V360C/N423C 9.6 48.5 39.0 29.5 60.1 35.8 59.6

Table 5.1 | Distance and surface-accessibility parameters for the original and newly selected mutants. Where ∆dAB
is ∆dcon f or mati on AB in Å, dX is and dcon f or mati onX in Å, and RS AnX is the relative surface accesibility of

residue n in conformation X in %

Figure 5.2 | Maps, showing the distance between the centers of mass of the sidechains (Cal pha for glycine) of all

possible residue pairs in the (A) Open conformation (PDB: 3L6G) and (B) Closed liganded conformation (PDB:

3L6H) of OpuAC. Panel (C) shows the distance change when transitioning between the two conformations; the red

color indicates a decreasing distance upon binding of glycine betaine to the open conformation; the blue color shows

an increasing distance upon ligand binding. Panel (D) The same as panel C but now the pairs with an absolute

distance larger than 80 Åand smaller than 40 Åare filtered out. Panel (E), the same as panel D but now pairs with a

distance change smaller than 80 Åare filtered out. Panel (F), the same as panel E but now all residues that are less

than 60% surface-exposed are filtered out.
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Figure 5.3 | The 9 selected residue pairs shown in cartoon representation (from left to right, top to bottom:

N414C/K566C, D320C/N447C, N447C/K521C, D320C/K453C, Q369C/D450C, K391C/N426C, Q369C/K453C,

D450C/K521C and N426C/K517C). The location of the amino acid pairs for dye labeling are shown as spheres. (A)
Red spheres indicate a decreasing distance upon glycine betaine binding. (B) Blue spheres indicate an increasing
distance upon binding. (C) Shows the positions of the Cys residues (V360C/N423C) previously used for labeling
in OpuAC in the full-length protein (Chapter 3); labeling of these residues affects the docking of the SBDs and

therefore they cannot be used for smFRET studies of full-length OpuA.
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Figure 5.4 | (A) The three newly selected SBD mutation pairs that were constructed for OpuAC, Red:

(D320C/K453C), Black: (T504C/K521C) and blue: (N414C/K566C). (B) FRET change upon binding of glycine

betaine in the FRET pairs depicted in panel A, the color coding matches.

5.2.4. Mutations in OpuAC, the substrate-binding domain of OpuA

The three newly selected mutants (Table 5.1) were first constructed in the SBD of OpuA,

which were expressed as water-soluble proteins (named OpuAC) and purified to homogene-

ity. Glycine betaine titrations were performed to assure normal function of the mutant and

fluorophore-labelled proteins. OpuAC with double cysteines were labeled with the fluores-

cence donor (Alexa555) and acceptor (Alexa647), using maleimide derivatives of the dyes.

Glycine betaine titration of these labeled OpuAC mutants (Figure 5.4A) was monitored by

solution-based alternating laser excitation (ALEX) single-molecule FRET (Figure 5.4B).

Indeed, we see the FRET signal decreasing in OpuAC (N414C/K566C) and increasing in

the other two mutants. The mutant (T504C/K521C) that was predicted to be least surface

accessible (8-11%) also showed a glycine-betaine dependent conformational change, however,

the apparent KD of 38 µM is an order of magnitude higher than reported for the wildtype

protein and the (D320C/K453C) and (N414C/K566C) mutants ([10, 17]). Moreover, a low

surface accessibility may also influence the rotational freedom of the labels. Although we

cannot proof that the increased KD of OpuA is due to the labeling of the buried T504 position,

we believe that the RSA is a valuable parameter to restrain in the initial selection of labeling

sites. Perhaps when the options for pairs are too limited one can release the restraints to

obtain more sites, but the labeled protein should always be tested for functionality. The

(D320C/K453C) and (N414C/K566C) mutants show KD values in the same range (1-4 µM)

as reported for the wildtype protein and were used for further studies.
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Figure 5.5 | (A) SDS-PAGE gel showing OpuA nanodiscs of the three mutants and wild-type OpuA before (-) and

after (+) labeling with AMdiS (4-acetamido-4
′
-maleimidylstilbene-2,2

′
- disulfonic acid). (B) Normalized ATPase

activity of the same nanodiscs as shown in panel A. The ATPase activity was corrected for the A280 absorbance of

the nanodiscs (contribution from the OpuA subunits and the MSP1D1 scaffolding protein) and normalized against

the activity of unlabeled wild-type OpuA. Datapoints are shown as the average of two technical replicates. Error

bars represent the standard deviation.

5.2.5. Mutations in the full-length transporter OpuA

Next, we verified that the labeling positions do not intefere with the activity of the full-

length transporter. OpuA has two SBDs covalently linked to the transmembrane domain, and

therefore four cysteines per complex. The three mutant pairs were constructed in the full-

length transporter and purified and reconstituted in MSP1D1 nanodiscs. After reconstitution,

half of the nanodiscs were labeled with 4-acetamido-4’-maleimidylstilbene-2,2’- disulfonic

acid (AMdiS) and the other half of the sample was used as control. Like the fluorophores

used for smFRET, AmdiS is a relatively bulky water-soluble maleimide but unlike the dyes it

is affordable for large-scale protein labeling. We used SDS-PAGE gel electrophoresis to show

that the proteins are quantitatively labeled with AmdiS, which is apparent from a small but

significant shift in the migration of the OpuABC subunit of the OpuA complex (Figure 5.5A).

All fractions were then analyzed for ATPase activity using a coupled enzme assay (Figure

5.5B). The apparent increase (2 out of 3) or decrease (1 out of 3) in activity upon treatment

of the OpuA nanodiscs observed with AMdiS is significant but cannot be interpreted because

of uncertainties in the protein concentration. Nevertheless, we conclude that OpuA labeling

is better than 90% (unlabeled OpuABC is barely visible) and the glycine betaine-dependent

ATP hydrolysis activity of the labeled mutants is comparable to that of the wildtype protein.

5.3. Discussion
We describe a simple method to select sites for labeling of proteins for smFRET or DEER

measurements. One can use proteins similar to the one used to showcase the approach,

for instance, the receptor or substrate binding domains associated with ABC transporters,
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Figure 5.6 | (A) Stochastic labeling of a homodimer with 2 cysteine residues per protomer, leading to 24
possible

species. (B) Stochastic labeling of a homodimer with one cysteine residue per protomer to probe inter-protomer

distances. 22
possible species (because the 2 fold symmetry, both DA and AD species, thus 50% of all species, are

available for FRET) (C) Labeling of a single cysteine residue per protomer with a fluorescence donor, a fluorescnce

quencher is added to the lipid biayer.

tripartite tricarboxilate transporters (TTTs), tripartite ATP-independent periplasmic trans-

porters (TRAP), some ligand-gated ion channels (LGI), metabotropic receptors (GPCRs)

or 2-component regulatory systems ([20]). In these classes of proteins alone, already in

2016 (last structural classification [20]) there were over 500 structures available. However,

in principle, the method is not limited to these proteins, but can be used for any system,

provided the availability of at least two structures in different conformations.

Like OpuA, many of the above mentioned proteins are homodimeric with more than one SBD

per functional complex, hence multiple pairs of cysteine residues are present per complex,

complicating the smFRET analysis (figure 5.6A). By introducing a single cysteine per domain

and stochastic labeling, hence two cysteine residues per complex in case of a homodimeric

complex, it will be possible to observe interdomain movements (figure 5.6B), as has been

shown for the ABC-transporters MsbA [6] and McjD [7]. A similar approach has been used

in smFRET studies on BetP, a homotrimeric protein with three fluorophores per complex

[8]. Alternatively, one could label the protein with a fluorescence donor and introduce a

fluorescence quencher in the ligand or membrane to probe conformational dynamics. In

BtuCD, the cobalt ion in the ligand (vitamine B12) has been used for quenching to determine

transfer of the substrate from the SBD through the TMD [9]. By inserting a quencher in for

instance the membrane of vesicles or nanodiscs, and a fluorescence donor in the SBD, one

could determine the conditions under which the SBD gets closer to or further away from the

membrane (figure 5.6C).

To facilitate smFRET measurements in homodimeric proteins such as OpuA with multiple

identical subunits, it should be possible to create apparent heterodimeric complexes with e.g.

one protomer containing the double cysteine mutation and one protomer being cys-less (See

also Chapter 6). One can then probe the opening and closing of the SBD in the context of the

full-transporter and e.g. determine if the two SBDs of OpuA deliver substrates stochastically

or that a receptor domain once bound can deliver multiple substrates. In short, we describe

a systematic method to find candidates for FRET, DEER or other double mutation based

distance-reporting methods that can be used to make a pre-selection of suitable pairs using

relevant distance and solvent accessibility constraints.
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5.4. Methods

5.4.1. Construction of expression strains
The cysteines were introduced sequentially usingQuikchangeMutagenesis and theE.coli pRE-
OpuA His vector. Using restriction cloning (AlwNI and BamHI), the OpuAC region of the

gene, where the mutations were introduced was transferred into the L.lactis pNZOpuACHis
vector was used for expression of OpuAC and derivatives and the L.lactis pNZOpuAHis
vector for expression of wildtype OpuA and mutant derivatives. The resulting plasmids were

transformed into the OpuA deletion strain L.lactis Opu401.

5.4.2. Expression of genes
L.lactis Opu401 carrying pNZOpuAHis or pNZOpuACHis were cultivated semi-

anaerobically in a 2-liter bioreactor at 30
◦
C, in a rich medium with 2% (w/v) gistex LS (strik

BV, Eemnes, NL), 65 mM Potassium phosphate pH 7.0 supplemented with 1% (w/v) glucose

and 5 µg mL
−1

chloroamphenicol. The pH was kept constant at 6.5 by adjusting the medium

with 4M potassium hydroxide. The nisA promoter was activated at an OD600 of 2 by adding

0.05% (v/v) of the culture supernatant of the nisin producing strain NZ9700 [21]. The cells

were harvested by centrifugation (15 minutes, 6000 x g, 4
◦
C) after 2 hours of induction,

washed in 100 mM KPi pH 7.0, centrifuged again (15 minutes, 6000 x g, 4
◦
C), resuspended

in ice-cold 100 mM KPi pH 7.0 to a final OD of 100 and stored at -80
◦
C untill further use.

5.4.3. Isolation and purification of OpuAC
The cells were lysed by passing them twice through a high-pressure device at 29k psi (Constant

Systems) in the presence of 100 µg mL
−1

deoxyribonuclease (DNAse) and 2 mM MgSO4,

followed by the immediate addition of 5 mM Na2-EDTA (pH 8.0), 1 mM PMSF plus 1

mM DTT for the cysteine mutants after breaking. Cell debris and membrane vesices were

removed by centrifugation (90 min; 125,000 x g; 4
◦
C). The cell lysate was aliquoted in

samples of 20 ml and flash-frozen in liquid nitrogen and kept at -80
◦
C untill further use.

1 mL column volume of Ni
2+
-Sepharose resin was equilibrated with 12 column volumes of

water and 2 column volumes of buffer (50 mM potassium phosphate pH 7.0, 200 mM KCl,

15mM imidazole and 1 mM DTT). 40 mL of cell lysate was thawn rapidly and supplemented

with 10 mM imidazole, 1 mM DTT and the equilibrated resin. The column was poured,

drained and washed with 20 column volumes (50 mM potassium phosphate pH 7.0, 200 mM

KCl plus 1 mM DTT). The protein was eluted in 0.6 column volumes of elution buffer (50

mM potassium phosphate pH 7.0, 200 mM KCl, 500 mM imidazole plus 1 mM DTT) for the

first fraction and 0.4 column volumes of the same buffer for the later fractions.

5.4.4. Labeling of OpuAC for single-molecule FRET

100 µL column volume of Ni
2+
-Sepharose resin was equilibrated with 1-2 column volumes

of water and 1-2 column volumes of buffer (50 mM potassium phosphate pH 8.0, 200 mM

KCl and 1 mM DTT). 10 nmol of unlabeled OpuAC was added to the column and allowed to



5

138 5. A versatile in silico approach to find residues for FRET/EPR pairs

bind for 1 hour at 4
◦
C. Then, the column was washed with 10 volumes of 50 mM potassium

phosphate pH 8.0, 200 mM KCl to remove the DTT. The column was closed and 1 mL of

the same buffer was added. Next, 50 nmol of Alexa555 and Alexa647 were dissolved in

10 µL water free DMSO and added to the column. The labeling reaction was performed

O/N at 4
◦
C. The next day, the column was washed with 10 column volumes of buffer (50

mM potassium phosphate pH 8.0, 200 mM KCl) and eluted in 700 µL of the same buffer

supplemented with 500 mM imidazole.

5.4.5. Isolation and purification of OpuA
The cells were lysed by passing them twice through a high-pressure device at 29k psi

(Constant Systems) in the presence of 100 µg mL
−1

deoxyribonuclease (DNAse) and 2

mM MgSO4, followed by the immediate addition of 5 mM Na2-EDTA (pH 8.0), 1 mM

PMSF plus 1 mM DTT for the cysteine mutants after breaking. Cell debris was removed by

centrifugation (15 minutes; 22,000 x g; 4
◦
C) after which the membranes were harvested in

an ultracentrifugation step (90 min; 125,000 x g; 4
◦
C). The membranes were resuspended in

50 mM KPi pH 7.0 supplemented with 20% (w/v) glycerol plus 1 mM DTT for the cysteine

mutants to a total protein concentration of 10 mg mL
−1
, flash-frozen in liquid nitrogen and

kept at -80
◦
C untill further use.

0.5 mL column volume of Ni
2+
-Sepharose resin was equilibrated with 12 column volumes

of water and 2 column volumes of buffer (50 mM potassium phosphate pH 7.0, 200 mM

KCl, 15mM imidazole and 0.02% DDM). Membrane vesicles containing OpuA were thawn

quickly and diluted to a total protein concentration of 3 mg mL
−1
. The solubilization of

OpuA was performed at 4
◦
C with 0.5% DDM for 60 minutes followed by a centrifugation

step (20 min, 270,000 x g, 4
◦
C) to remove the insoluble material. The supernatant was

diluted 2.5 times and addded to the equilibrated resin, after which they were incubated for 1

hour at 4
◦
C. The column was poured, drained and washed with 20 column volumes of buffer

(50 mM potassium phosphate pH 7.0, 200 mM KCl, 20% glycerol, 50 mM imidazole plus

0.02% DDM). OpuA was eluted in 0.6 column volumes of elution buffer (50 mM potassium

phosphate pH 7.0, 200 mMKCl, 20% (w/v) glycerol, 500 mM imidazole and 0.02%DDM)for

the first fraction and 0.4 column volumes of the same buffer for the later fractions. The

obtained protein was used immediately for reconstitution in nanodiscs.

5.4.6. Reconstitution of OpuA in MSP1D1 nanodiscs

The reconstitution procedure was similar to [22]. In short: 1.4 µM of the purified OpuA was

mixed with 14 µM purified MSP1D1 scaffold protein and 1.4 mM lipids (lipid composition:

50% DOPE, 12% DOPC, 38% DOPG) in 50 mM potassium phosphate pH 7.0, 4 % (v/v)

glycerol, 10 mM DDM plus 1 mM DTT to a total volume of 2 mL and was nutated for an

hour at 4 °C. Then 2 g of SM2-Biobeads (Bio-rad) were added to adsorb the detergentand this

mixture was allowed to incubate overnight. In the morning the supernatant was separated

from the Biobeads with a syringe.
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5.4.7. Labeling of OpuA for ATPase assay

Two times 200 µL column volume of Ni
2+
-Sepharose resin was equilibrated with 1 to 2

column volumes of water and 1-2 column volumes of buffer (50 mM potassium phosphate

pH 8.0, 200 mM KCl and 1 mM DTT). The reconstitution mixture was split in two samples

of 2 mL. The mixture was let to bind to the column (1hr 4
◦
C). which then was washed with

10-20 column volumes of buffer without DTT (50 mM potassium phosphate pH 8.0 plus 200

mM KCl). Then, 1 mL of the same buffer supplemented with 1 mM AMdiS (4-acetamido-4’-

maleimidylstilbene-2,2’- disulfonic acid) was added and let to react for 1 hour at 4
◦
C. The

columns were washed with 10 to 20 column volumes of buffer (50 mM potassium phosphate

pH 8.0, 200 mM KCl plus 1 mM DTT). 500 µL of the same buffer supplemented with 500

mM imidazole was added, the columns were closed and left O/N. The next day the elution

was collected and immidiately used for the ATPase activity assay.

5.4.8. ATPase activity assays
As described in detail in [22]. In short: we used a coupled enzyme assay with pyruvate

kinase (PK) and lactate dehydrogenase (LDH) to determine the ATPase activity, which is

then stoichiometrically coupled to the NADH absorbance decrease at 340 nm. The enzymes

PK and LDH were present in excess over OpuA in terms of activity. The NADH absorbance

was followed in 96-well plates using a Teacan Spark 10M plate reader. Each well contains

50mM KPi pH 7, 300 mM KCl, 4 mM phosphoenolpyruvate, 62 µM glycine betaine, 300

µM NADH, 2.1-3.5 units of pyruvate kinase and 3.2-4.9 units of lactate dehydrogenase. The

wells were then supplemented with 100 µL of the elution fraction after labeling. The reaction

was started by the addition of 10 mM Mg ATP.

5.4.9. Single-molecule FRET

Solution-based smFRET and alternating laser excitation (ALEX) experiments were carried

out at 5-25 pM of labelled protein at room temperature in 50 mM KPi pH 7 supplemented

with 1 mM Trolox and 10 mM MEA for photostabilization plus the reported glycine betaine

concentrations. Microscope cover slides (no. 1.5H precision cover slides, VWR Marien-

feld) were coated with 1 mg/mL of BSA for 30-60 s to prevent fluorophore and/or protein

interactions with the glass material. The excess BSA was then removed by washing and

exchanged with 50 mM KPi. All smFRET experiments were performed with a home-built

confocal microscope. In brief, two laser-diodes (Coherent Obis) with emission wavelength

of 532 and 637 nm were directly modulated for alternating periods of 50 µs and used for

confocal excitation. The laser beams were coupled into a single-mode fibre (PM-S405-XP,

Thorlabs) and collimated (MB06, Q-Optics/Linos) before entering an oil immersion ob-

jective (60X, NA 1.35, UPlanSAPO 60XO, Olympus). The fluorescence was collected by

excitation at a depth of 20 µm. Average laser powers were 30 µW at 532 nm ( 30 kW/cm
2
)

and 15 µW at 637 nm ( 15 kW/cm
2
). Excitation and emission light were separated by a

dichroic beam splitter (zt532/642rpc, AHF Analysentechnik), which is mounted in an inverse

microscope body (IX71, Olympus). Emitted light was focused onto a 50 µm pinhole and

spectrally separated (640DCXR, AHF Analysentechnik) onto two single-photon avalanche

diodes (TAU-SPADs-100, Picoquant) with appropriate spectral filtering (donor channel:
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HC582/75; acceptor channel: Edge Basic 647LP; AHF Analysentechnik). Registration of

photon arrival times and alternation of the lasers was controlled by an NI-Card (PXI-6602,

National Instruments).

Analysis of the photon arrival times were done as described before [10]. In short, a ‘dual-

channel burst search’ [23] was used to identify fluorescence bursts. The NDA (acceptor

emission upon donor excitation), NDD (donor emission upon donor excitation) and NAA

(acceptor emission upon acceptor excitation) photocounts were measured per burst and

assignments are based on the excitation period and detection channel [24]. The photon counts

were corrected for background, where the background counts were estimated by calculating

the mean count rate over all bins with more than 20 counts. The apparent FRET efficiency

was calculated as NDA / (NDA + NDD) and the Stoichiometry S by (NDA + NDD) / (NDA +

NDD + NAA) [24]. Binning the detected bursts into 2D histograms with the apparent-FRET

versus Stoichiometry allowed the selection of the donor and acceptor labeled molecules and

reduce fluorophore bleaching artifacts [24]. The selected 1D apparent-FRET histograms

were fitted, using the method of least squares, with a Gaussian distribution, yielding a 95%

confidence interval for the mean.

5.4.10. Python code for automatization

The following Python script can be used to automate the approach discussed in this chapter.

1 # impor t l i b r a r i e s
2 impo r t prody as pr

3 impo r t numpy as np

4 impo r t m a t p l o t l i b . p y p l o t a s p l t

5 g e t _ i p y t h o n ( ) . r u n_ l i n e _mag i c ( ’ m a t p l o t l i b ’ , ’ i n l i n e ’ )

6

7 #Genera te a d i s t a n c e ma t r i x from t h e AtomMap
8 de f d i s t a n c em a t r i x (AtomMap ) :

9 c o o r d i n a t e s =np . a r r a y ( [ [ 0 , 0 , 0 ] ] )

10 f o r p i i n AtomMap . s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) :

11 # check f o r e x i s t a n c e o f s i d e c ha i n , i f e x i s t s , t a k e c e n t e r o f mass
o f s i d e c ha i n , i f not , t a k e c e n t e r o f mass o f ca lpha (= ca lpha )

12 i f t yp e (AtomMap . s e l e c t ( ’ s c and resnum ’+ s t r ( p i ) ) ) == t ype ( None ) :

13 c o o r d i n a t e s =np . c o n c a t e n a t e ( ( c o o r d i n a t e s , [ p r . c a l cC e n t e r (AtomMap .

s e l e c t ( ’ c a l p h a and resnum ’+ s t r ( p i ) ) ) ] ) )

14 e l s e :

15 c o o r d i n a t e s =np . c o n c a t e n a t e ( ( c o o r d i n a t e s , [ p r . c a l cC e n t e r (AtomMap .

s e l e c t ( ’ s c and resnum ’+ s t r ( p i ) ) ) ] ) )

16 c o o r d i n a t e s =np . d e l e t e ( c o o r d i n a t e s , 0 , a x i s =0)

17 d i s t a n c em a t r i x = pr . b u i l dD i s tM a t r i x ( c o o r d i n a t e s , c o o r d i n a t e s )

18 r e t u r n d i s t a n c em a t r i x

19

20 #Find t h e d i s t a n c e pa rame t e r s f o r user−d e f i n e d p a i r s
21 de f f i n dR e s P a i r ( pdbA , pdbB , r e s n l i s t ) :

22 #Get e n t r i e s from PDB
23 p = pr . parsePDB ( pdbB )

24 q = pr . parsePDB ( pdbA )

25 # Execu t e DSSP c a l c u l a t i o n f o r downloaded PDB f i l e s
26 pr . execDSSP ( pdbB+ ’ . pdb . gz ’ )

27 pr . execDSSP ( pdbA+ ’ . pdb . gz ’ )

28 t p =pr . parseDSSP ( pdbB+ ’ . d s sp ’ , p )

29 t q =pr . parseDSSP ( pdbA+ ’ . d s sp ’ , q )
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30 # A l i gn s equenc e s
31 pm=pr . matchAl ign ( tp , tq , t a r s e l = ’ p r o t e i n ’ ) [ 1 ]

32 qm=pr . matchAl ign ( tp , tq , t a r s e l = ’ p r o t e i n ’ ) [ 2 ]

33 #Genera te d i s t a n c e ma t r i c e s
34 confA= d i s t a n c em a t r i x (qm)

35 confB= d i s t a n c em a t r i x (pm)

36 d i f f =confA−confB
37

38 #Get t h e s o l u t i o n s t h a t are non z e ro and d e f i n e an o u t p u t l i s t
39 s o l u t i o n = np . t r a n s p o s e ( np . nonze ro ( d i f f ) )

40 s o l u t i o nR e s i d u e s = [ ]

41 s o l u t i o nR e s i d u e s . append ( " r e s i d u e p a i r d i s t a n c e change d i s t a n c e

confA d i s t a n c e confB surfAccRes1ConfB surfAccRes2ConfB

surfAccRes1ConfA surfAccRes2ConfA " )

42

43 # Search f o r p ro v i d ed r e s i d u e p a i r s and append them t o t h e o u t p u t l i s t
44 f o r r e s n i n r e s n l i s t :

45 r e s n i , r e s n j = r e s n

46

47 f o r i , j i n s o l u t i o n :

48 i f pm . s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ i ] == r e s n i and pm . s e l e c t ( ’

c a l p h a ’ ) . getResnums ( ) [ j ] == r e s n j :

49 s o l u t i o nR e s i d u e s . append ( s t r (pm . s e l e c t ( ’ c a l p h a ’ ) . ge tResnames

( ) [ i ] ) + s t r (pm . s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ i ] ) +" wi th "+ s t r (qm . s e l e c t (

’ c a l p h a ’ ) . ge tResnames ( ) [ j ] ) + s t r (qm . s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ j ] ) +"

"+ s t r ( d i f f [ i , j ] ) +" "+ s t r ( confA [ i , j ] ) +" "+ s t r ( confB [ i , j ] ) +"

"+ s t r (pm . s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ i ] ) +" "+ s t r (pm . s e l e c t (

’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ j ] ) +" "+ s t r (qm . s e l e c t ( ’ c a l p h a ’ ) .

g e tDa t a ( ’ d s sp_acc ’ ) [ i ] ) +" "+ s t r (qm . s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’

d s sp_acc ’ ) [ j ] ) )

50 f o r i i n s o l u t i o nR e s i d u e s :

51 p r i n t ( i )

52

53 #Find new p a i r s based on user−d e f i n e d pa rame t e r s
54 de f f i n dR e s P a i r s ( pdbA , pdbB , d i s t a n c eChange =7 , d i s t a n c eAb s o l u t eUpp e r =80 ,

d i s t a n c eAb so l u t eLowe r =40 , a c c _ t h r e s h o l d =40) :

55 #Get e n t r i e s from PDB
56 p = pr . parsePDB ( pdbB )

57 q = pr . parsePDB ( pdbA )

58 # Execu t e DSSP c a l c u l a t i o n f o r downloaded PDB f i l e s
59 pr . execDSSP ( pdbB+ ’ . pdb . gz ’ )

60 pr . execDSSP ( pdbA+ ’ . pdb . gz ’ )

61 t p =pr . parseDSSP ( pdbB+ ’ . d s sp ’ , p )

62 t q =pr . parseDSSP ( pdbA+ ’ . d s sp ’ , q )

63 # A l i gn s equenc e s
64 pm=pr . matchAl ign ( tp , tq , t a r s e l = ’ p r o t e i n ’ ) [ 1 ]

65 qm=pr . matchAl ign ( tp , tq , t a r s e l = ’ p r o t e i n ’ ) [ 2 ]

66 #Genera te d i s t a n c e ma t r i c e s
67 confA= d i s t a n c em a t r i x (qm)

68 confB= d i s t a n c em a t r i x (pm)

69 d i f f =confA−confB
70 # app l y d i s t a n c e c o n s t r a i n t s
71 r e s i d = d i f f . copy ( )

72 r e s i d [ np . abs ( d i f f ) < d i s t a n c eChange ]=0

73 r e s i d [ confA<d i s t a n c eAb so l u t eLowe r ]=0

74 r e s i d [ confA> d i s t a n c eAb s o l u t eUpp e r ]=0

75 r e s i d [ confB < d i s t a n c eAb so l u t eLowe r ]=0
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76 r e s i d [ confB > d i s t a n c eAb s o l u t eUpp e r ]=0

77 #Get t h e s o l u t i o n s t h a t are non z e ro and d e f i n e an o u t p u t l i s t
78 s o l u t i o n = np . t r a n s p o s e ( np . nonze ro ( np . t r i u ( r e s i d ) ) )

79 s o l u t i o nR e s i d u e s = [ ]

80 s o l u t i o nR e s i d u e s . append ( " r e s i d u e p a i r d i s t a n c e change d i s t a n c e

confA d i s t a n c e confB surfAccRes1ConfB surfAccRes2ConfB

surfAccRes1ConfA surfAccRes2ConfA " )

81

82 #Genera te a PyMol f i l e f o r easy v i s u a l i z a t i o n
83 ou t p u t = open ( " Outpu t_ "+pdbA+" . pml " , "w" )

84 o u t p u t . w r i t e ( ’ f e t c h ’+pdbA+ ’ \ n h i d e e v e r y t h i n g \ n show ca r t oon , ’+pdbA+ ’

\ n c o l o r green , ’+pdbA+ ’ \ n ’ )

85

86 # loop over p a i r s t h a t were l e f t a f t e r d i s t a n c e c o n s t r a i n t s , i f w i t h i n
DSSP c o n s t r a i t s append t o o u t p u t l i s t and PyMol f i l e

87 f o r i , j i n s o l u t i o n :

88 i f pm . s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ i ] > a c c _ t h r e s h o l d and

qm . s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ i ] > a c c _ t h r e s h o l d and pm .

s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ j ] > a c c _ t h r e s h o l d and qm . s e l e c t ( ’

c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ j ] > a c c _ t h r e s h o l d :

89 s o l u t i o nR e s i d u e s . append ( s t r (pm . s e l e c t ( ’ c a l p h a ’ ) . ge tResnames ( ) [ i

] ) + s t r (pm . s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ i ] ) +" wi th "+ s t r (qm . s e l e c t ( ’

c a l p h a ’ ) . ge tResnames ( ) [ j ] ) + s t r (qm . s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ j ] ) +"

"+ s t r ( r e s i d [ i , j ] ) +" "+ s t r ( confA [ i , j ] ) +" "+ s t r ( confB [ i , j ] ) +"

"+ s t r (pm . s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ i ] ) +" "+ s t r (pm . s e l e c t (

’ c a l p h a ’ ) . g e tDa t a ( ’ d s sp_acc ’ ) [ j ] ) +" "+ s t r (qm . s e l e c t ( ’ c a l p h a ’ ) .

g e tDa t a ( ’ d s sp_acc ’ ) [ i ] ) +" "+ s t r (qm . s e l e c t ( ’ c a l p h a ’ ) . g e tDa t a ( ’

d s sp_acc ’ ) [ j ] ) )

90 i f r e s i d [ i , j ] < 0 :

91 o u t p u t . w r i t e ( ’ c r e a t e p a i r s _n eg , ’+pdbA+ ’ and ( r e s i ’+ s t r (pm

. s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ i ] ) + ’ o r r e s i ’+ s t r (pm . s e l e c t ( ’ c a l p h a ’ ) .

getResnums ( ) [ j ] ) + ’ ) and name ca , 0 , −1\n ’ )
92 i f r e s i d [ i , j ] > 0 :

93 o u t p u t . w r i t e ( ’ c r e a t e p a i r s _ po s , ’+pdbA+ ’ and ( r e s i ’+ s t r (pm

. s e l e c t ( ’ c a l p h a ’ ) . getResnums ( ) [ i ] ) + ’ o r r e s i ’+ s t r (pm . s e l e c t ( ’ c a l p h a ’ ) .

getResnums ( ) [ j ] ) + ’ ) and name ca , 0 , −1\n ’ )
94 e l s e :

95 r e s i d [ i , j ]=0

96 r e s i d [ j , i ]=0

97

98 #Close PyMol f i l e
99 ou t p u t . w r i t e ( ’ show sphe r e s , p a i r s _ p o s ’+ ’ \ n c o l o r b lue , p a i r s _ p o s ’+ ’ \ n

show sphe r e s , p a i r s _ n e g ’+ ’ \ n c o l o r red , p a i r s _ n e g ’+ ’ \ n ’ )

100 o u t p u t . c l o s e ( )

101

102 # p r i n t and v i s u a l i z e t h e s o l u t i o n p a i r s
103 p r i n t ( s t r ( l e n ( s o l u t i o nR e s i d u e s ) −1)+ ’ p a i r s found ! ’ )

104 f i g u r e = p l t . f i g u r e ( f i g s i z e = (18 , 3 ) )

105 f , a x a r r = p l t . s u b p l o t s ( 1 , 4 , s h a r e y = ’ row ’ )

106 f . s u b p l o t s _ a d j u s t ( wspace =0 . 05 )

107 p l t . r cParams [ ’ svg . f o n t t y p e ’ ] = ’ none ’

108 p l t . r cParams [ ’ pdf . f o n t t y p e ’ ] = 42

109 p l t . r cParams [ ’ ps . f o n t t y p e ’ ] = 42

110 p l t . r cParams [ ’ f i g u r e . dp i ’ ]= 300

111 f . s e t _ f i g h e i g h t ( 2 0 )

112 f . s e t _ f i gw i d t h ( 2 0 )

113
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114 a x a r r [ 0 ] . s e t _ t i t l e ( pdbA )

115 a x a r r [ 0 ] . imshow ( confA , cmap= ’ B lue s ’ )

116 a x a r r [ 1 ] . s e t _ t i t l e ( pdbB )

117 a x a r r [ 1 ] . imshow ( confB , cmap= ’ B lue s ’ )

118 a x a r r [ 2 ] . s e t _ t i t l e ( ’ D i f f e r e n c e ’ )

119 a x a r r [ 2 ] . imshow ( d i f f , vmin=−np . max ( np . abs ( d i f f ) ) , vmax=np . max ( np . abs (

d i f f ) ) , cmap= ’RdBu ’ )

120 a x a r r [ 3 ] . s e t _ t i t l e ( ’ P i cked P a i r s ’ )

121 a x a r r [ 3 ] . imshow ( r e s i d , vmin=−np . max ( np . abs ( d i f f ) ) , vmax=np . max ( np . abs (

d i f f ) ) , cmap= ’RdBu ’ )

122

123 a x a r r [ 0 ] . s e t _ y l a b e l ( ’ r e s i d u e number ’ )

124 f o r i i n r ange ( 4 ) :

125 a x a r r [ i ] . s e t _ x l a b e l ( ’ r e s i d u e number ’ )

126 a x a r r [ i ] . s e t _ x t i c k s ( np . a r ange (pm [ 0 ] . getResnum ( )−pm [ 0 ] . getResnum ( ) ,

pm[ −1 ] . getResnum ( )−pm [ 0 ] . getResnum ( ) , s t e p =20) )

127 a x a r r [ i ] . s e t _ y t i c k s ( np . a r ange (pm [ 0 ] . getResnum ( )−pm [ 0 ] . getResnum ( ) ,

pm[ −1 ] . getResnum ( )−pm [ 0 ] . getResnum ( ) , s t e p =20) )

128 a x a r r [ i ] . s e t _ x t i c k l a b e l s ( np . a r ange (pm [ 0 ] . getResnum ( ) , pm[ −1 ] .

getResnum ( ) , s t e p =20) )

129 a x a r r [ i ] . s e t _ y t i c k l a b e l s ( np . a r ange (pm [ 0 ] . getResnum ( ) , pm[ −1 ] .

getResnum ( ) , s t e p =20) )

130 f . s a v e f i g ( ’ o u t p u t ’+pdbA+ ’ . pdf ’ , f o rma t = ’ pdf ’ )

131 f o r i i n s o l u t i o nR e s i d u e s :

132 p r i n t ( i )

133

134 #Example OpuAC in open and c l o s e d con f o rma t i o n w i t h minimum d i s t a n c e change
o f 8A and a c c e s s i b i l i t y t h r e s h o l d o f 125

135 f i n dR e s P a i r s ( ’ 3L6G ’ , ’ 3L6H ’ , d i s t a n c eChange =8 , a c c _ t h r e s h o l d =125)

136 #Example f i n d pa rame t e r s f o r r e s i d u e p a i r s 504−521 , 320−453 and 414 ,566 i n
OpuAC

137 f i n dR e s P a i r ( ’ 3L6G ’ , ’ 3L6H ’ , [ [ 5 0 4 , 5 2 1 ] , [ 3 2 0 , 4 5 3 ] , [ 4 1 4 , 5 6 6 ] ] )
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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.
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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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7.1. Scientific summary

Living cells are out-of-equilibrium systems that perform a set of functions, including biochem-

ical reactions and sensing of the environment, that allow the cells to grow, divide and sustain

themselves. A continuous supply of energy is required to keep the system out-of-equilibrium.

We aim to create a blueprint for (moderately complex) subcellular systems from molec-

ular components and ultimately for constructing life. However, without comprehensive

instructions and design principles, we rely on simple reaction routes to operate the essential

functions of life. The first forms of synthetic life will not make every building block for

polymers de novo according to complex pathways, rather they will be fed with amino acids,

vitamins, fatty acids and nucleotides. Controlled energy supply is crucial for any synthetic

cell, no matter how complex. Herein, we describe the simplest pathways for the efficient

generation of ATP and electrochemical ion gradients. Furthermore, we have estimated the

demand for ATP by polymer synthesis and maintenance processes in small cell-like systems,

and we describe circuits to control the need for ATP. We also list available fluorescence-based

sensors for pH, ionic strength, excluded volume, ATP/ADP, and viscosity, which allow the

major physicochemical conditions inside cells to be monitored and tuned.

One of these pathways for the generation of ATP has been studied by us in great detail. As

a proof of principle, we have developed a system in vesicles that uses external arginine as

a fuel to regenerate internal ATP. We incorporated one of the key proteins for cell volume

regulation, the ABC transporter OpuA, into the membrane of the vesicles and demonstrate

basic physicochemical homeostasis. Increased osmolality (hypertonicity) causes outflow of

water and loss of turgor, and is dangerous if the cell is not capable of rapidly restoring its

volume. In case of such an osmotic upshift, OpuA is activated by elevated ionic strength and

imports the compatible solute glycine betaine against large concentration gradients, at the

expense of ATP. We thus coupled the generation of ATP by a metabolic reaction network to

the consumption of ATP by a transport protein that allows the synthetic cell to expand and

respond to osmotic changes in the environment.

Next to a blueprint of the system on a global level, detailed information on the individual

components is key. With use of cryo-electron microscopy we have obtained five high-

resolution structures of the ABC transporter OpuA, in multiple conformations that help

in understanding the transport mechanism. We have found interesting structural features,

among which a scaffold surrounding the protein and a binding site for the 2
nd

messenger

cyclic-di-AMP. With use of biochemical assays, we show that this 2
nd

messenger regulates

OpuA by acting as an emergency brake that prevents the cell from lysing when the internal

osmotic pressure gets too high

Next to the 3D structure of OpuA we have obtained information on the protein dynamics

by using single-molecule Förster resonance energy transfer (FRET). To facilitate smFRET

measurements, two methodological barriers had to be overcome. First, we have turned OpuA

from a homodimeric into a heterodimeric protein complex, making it possible to attach

probes to a specific protomer. We tagged the two identical subunits differently, allowing

for a sequential purification to obtain the heterodimers. We demonstrate that the activity is

retained after reconstitution into lipid nanodiscs. Second, we have developed a computational

approach to find suitable positions for the probes. Two or more crystal structures are used as

input for a script that then systematically assesses all possible residue pairs and filters out
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positions with suitable accessibility and spacing for the smFRET measurements.
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7.2. Wetenschappelijke samenvatting

Levende cellen zijn uit evenwicht systemen die een aantal functies vervullen, waaronder

biochemische reacties en het waarnemen van de omgeving, wat de cellen in staat stelt te

groeien, zich te delen en zichzelf in stand te houden. Een continue toevoer van energie is

nodig om het systeem uit evenwicht te houden.

We streven naar een blauwdruk voor (matig complexe) subcellulaire systemen bestaande

uit moleculaire componenten en uiteindelijk voor de opbouw van leven. Echter, zonder

uitgebreide instructies en ontwerpprincipes zijn we aangewezen op eenvoudige reactieroutes

om de essentiële functies van het leven uit te voeren. De eerste vormen van synthetisch leven

zullen niet alle bouwstenen via complexe routes maken, maar kunnen worden gevoed met

tussenproducten als aminozuren, vitaminen, vetzuren en nucleotiden. Een gecontroleerde

energietoevoer is cruciaal voor elke (synthetische) cel, hoe complex ook. Hier beschrijven

we de eenvoudigste routes voor de efficiënte opwekking van ATP en elektrochemische

ionengradiënten. Verder hebben we een schatting gemaakt van het ATP verbruik tijdens

polymeersynthese en onderhoudsprocessen in kleine celachtige systemen, en we beschrijven

schakelingen om het ATP verbruik te controleren. We geven ook een lijst van beschikbare

fluorescentie-gebaseerde sensoren voor pH, ionensterkte, uitgesloten volume, ATP/ADP en

viscositeit, die het mogelijk maken om de belangrijkste fysisch-chemische condities in de

cellen te controleren en af te stemmen.

Een van deze routes voor het genereren van ATP is door ons in detail bestudeerd. We hebben

een systeem in liposomen ontwikkeld dat externe arginine gebruikt als brandstof voor de

regeneratie van interne ATP. We hebben een van de belangrijkste eiwitten voor de regulering

van het celvolume, de ABC-transporter OpuA, in het membraan van de liposomen opgenomen

en demonstreren de fundamentele fysisch-chemische homeostase. Verhoogde osmolaliteit

(hypertonaliteit) veroorzaakt uitstroom van water en verlies van turgor, en is gevaarlijk als de

cel niet in staat is om snel zijn volume te herstellen. In het geval van een dergelijke osmotische

upshift, wordt OpuA geactiveerd door de verhoogde ionische sterkte en importeert het de

compatibele oplosstof glycine betaïne tegen grote concentratiegradiënten in, ten koste van

ATP. We hebben dus de generatie van ATP door een metabool reactienetwerk gekoppeld aan

de consumptie van ATP door een transporteiwit dat de synthetische cel in staat stelt om uit

te zetten en te reageren op osmotische veranderingen in het milieu.

Naast een blauwdruk van het systeem op globaal niveau is gedetailleerde informatie over de

afzonderlijke componenten van groot belang. Met behulp van cryo-elektronenmicroscopie

hebben we vijf hoge-resolutie structuren van de ABC-transporter OpuA in meerdere con-

formaties verkregen, die helpen bij het begrijpen van het transportmechanisme. We hebben

interessante structurele kenmerken gevonden, waaronder een raamwerk rond het eiwit en

een bindingsplaats voor de 2
e
boodschapper cyclic-di-AMP. Met behulp van biochemische

analyse laten we zien dat deze 2e boodschapper OpuA reguleert door te fungeren als een

noodrem die voorkomt dat de cel lyseert als de interne osmotische druk te hoog wordt.

Naast de 3D-structuur van OpuA hebben we informatie over de eiwitdynamiek verkregen

door gebruik te maken van single-molecule Förster resonance energy transfer (FRET). Om

smFRET-metingen mogelijk te maken, moesten twee methodologische barrières worden

doorbroken. Ten eerste hebben we OpuA van een homodimerisch in een heterodimerisch

eiwitcomplex veranderd, waardoor het mogelijk is om labels aan een specifiek protomeer
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te bevestigen. We hebben de twee identieke subeenheden verschillend gelabeld, waardoor

een sequentiële zuivering mogelijk is om de heterodimeren te zuiveren. We tonen aan dat

de activiteit behouden blijft na reconstitutie in lipide-nanodiscs. Ten tweede hebben we een

computationele methode ontwikkeld om geschikte posities voor labeling te vinden. Twee

of meer kristalstructuren kunnen worden gebruikt als invoer voor een script dat vervol-

gens systematisch alle mogelijke residuparen beoordeelt en posities uitfiltert met geschikte

toegankelijkheid en afstand voor de smFRET-metingen.
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7.3. Popular summary

What is life? A question that has been asked by many and will continue to be asked by many.

We know that a plant, an animal or a cell is alive. But what makes them alive? And where is

the boundary between alive and inanimate? How does a cell or an organism work? In this

thesis we are working on the creation of a synthetic cell, i.e. a cell built in the laboratory. If

this succeeds in a number of years, the result may be able to answer some of the pressing

questions in biology and chemistry. However, what is equally important is the path towards

this result. On this road there is a lot to learn about all the building blocks of the cell, how

these systems work together and what can go wrong.

To be able to build a synthetic cell it is good to know exactly what a cell is. All organisms

consist of cells. Sometimes they consist of a single cell, for example fungi such as yeast, or

bacteria such as the lactic acid bacterium, Lactococcus lactis, and in other cases they consist

of multiple cells, for example plants and animals. A human has between 10,000,000,000,000

and 100,000,000,000,000 cells. Cells have many functions, such as absorbing nutrients,

reacting to changes in the environment, communicating with other cells and being able to

split themselves into two (almost) equal copies.

A cell is a small compartment surrounded by a double layer of lipids, which we call the

membrane. Because the membrane is not permeable for nutrients, the cell needs systems

to transport nutrients across the membrane. In addition, the cell needs systems to convert

nutrients into usable building blocks (catalysts, named enzymes) and perform other functions

as communication and division. The machines that are used to accomplish these tasks mainly

consist of folded proteins. Proteins are long chains of different amino acids, which, depending

on the sequence and type of amino acids, fold into molecular machines. There are 20 natural

amino acids and for a protein with a length of 5 amino acids there are more than 3 million

possible sequences, a bacterial protein has an average length of 320 amino acids therefore

the amount of possible sequences is 213,598,703,592,091,008,239,502,170,616,955,211,460

,270,452,235,665,276,994,704,160,782,221,972,578,064,055,002,296,208,693,657,600,00

0,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0

00,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,

000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,00

0,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0

00,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,

000,000.

The blueprints for proteins lie on the DNA of the cell. When damage in the DNA or an error

in the production of proteins occurs, it can happen that wrong amino acids are built in. This

often leads to misfolding of the protein. Wrongly folded proteins can cause various diseases.

By modifying the DNA in the laboratory we can change the order of the amino acids and

with that the folding or function of the protein.

The protein that we study extensively in this dissertation is a membrane protein called OpuA

that is involved in regulation of the volume of the cell. Because water can diffuse through

the membrane, the volume of the cell must be accurately maintained. When the cell shrinks

because water flows out, OpuA is activated and will transport a molecule (glycine betaine)

inwards, which attracts water by means of osmosis. This restores the volume of the cell. This

transporter uses ATP, the universal energy carrier of every living cell.
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In order to better understand how OpuA works, we used electron microscopy to determine

its three-dimensional structure (or 3D-fold). We have discovered that OpuA is also regulated

by a signal molecule: cyclic-di-AMP. In the structure we see where this molecule binds to

the protein. We also placed the protein, after isolating it, back in a (synthetic) membrane to

study its function in an environment that resembles the environment in the cell membrane.

For this purpose we developed a simplified system that uses an external nutrient to regenerate

the fuel ATP on the inside of a cell (membrane).

In short, we investigated the energy supply for a synthetic cell and studied an important

transport protein that controls the volume of living cells and our synthetic cell. In the coming

years research will continue into other important proteins and methods will be optimised

with the aim of building the next generation synthetic cell in the laboratory.
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7.4. Samenvatting voor leken

Wat is leven? Een vraag die door velen is gesteld en door velen gesteld zal blijven worden. We

weten dat een plant, een dier of een cel leeft. Maar wat maakt ze levend? En waar ligt de grens

tussen levend en levenloos? Hoe werkt een cel of een organisme? In dit proefschrift werken

we aan de creatie van een synthetische cel, dat wil zeggen een cel die in het laboratorium

wordt gebouwd. Als dit over een aantal jaren lukt, kan het resultaat wellicht een aantal

prangende vragen in de biologie en de chemie beantwoorden. Maar wat even belangrijk is, is

de weg naar dit resultaat toe. Op deze weg is veel te leren over alle bouwstenen van de cel,

hoe deze systemen samenwerken en wat er mis kan gaan.

Om een synthetische cel te kunnen bouwen is het goed om te weten wat een cel precies

is. Alle organismen bestaan uit cellen. Soms bestaan ze uit één enkele cel, bijvoorbeeld

schimmels zoals gist, of bacteriën zoals de melkzuurbacterie, Lactococcus lactis, en in andere
gevallen bestaan ze uit meerdere cellen, bijvoorbeeld planten en dieren. Een mens heeft

tussen de 10.000.000.000.000 en 100.000.000.000.000 cellen. Cellen hebben vele functies,

zoals het opnemen van voedingsstoffen, het reageren op veranderingen in de omgeving, het

communiceren met andere cellen en het zich kunnen splitsen in twee (bijna) gelijke kopieën.

Een cel is een klein compartiment, omgeven door een dubbele laag lipiden, die we het

membraan noemen. Omdat het membraan niet doorlaatbaar is voor voedingsstoffen, heeft

de cel systemen nodig om voedingsstoffen over het membraan te transporteren. Daarnaast

heeft de cel systemen nodig om voedingsstoffen om te zetten in bruikbare bouwstenen

(katalysatoren, genaamd enzymen) en andere functies als communicatie en deling uit te

voeren. Demachines die worden gebruikt om deze taken uit te voeren bestaan voornamelijk uit

gevouwen eiwitten. Eiwitten zijn lange ketens van verschillende aminozuren, die afhankelijk

van de volgorde en het type van de aminozuren opvouwen tot moleculaire machines. Er zijn

20 natuurlijke aminozuren en voor een eiwit met een lengte van 5 aminozuren zijn er meer

dan 3 miljoen mogelijke sequenties, een bacterieel eiwit heeft een gemiddelde lengte van

320 aminozuren dus de hoeveelheid mogelijke sequenties is 213,598,703,592,091,008,239,5

02,170,616,955,211,460,270,452,235,665,276,994,704,160,782,221,972,578,064,055,002,

296,208,693,657,600,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,00

0,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0

00,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,

000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,00

0,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0

00,000,000,000,000,000,000,000.

De blauwdrukken voor eiwitten liggen op het DNA van de cel. Wanneer er schade in het DNA

of een fout in de productie van eiwitten optreedt, kan het gebeuren dat er verkeerde aminozuren

zijn ingebouwd. Dit leidt vaak tot een verkeerde vouwing van het eiwit. Verkeerd gevouwen

eiwitten kunnen verschillende ziekten veroorzaken. Door het DNA in het laboratorium aan

te passen kunnen we de volgorde van de aminozuren en daarmee de vouwing of functie van

het eiwit veranderen.

Het eiwit dat we in dit proefschrift uitgebreid bestuderen is een membraaneiwit genaamd

OpuA dat betrokken is bij de regulatie van het volume van de cel. Omdat water door het

membraan kan diffunderen, moet het volume van de cel nauwkeurig worden bijgehouden.

Wanneer de cel krimpt omdat er water uitstroomt, wordt OpuA geactiveerd en zal een
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molecuul (glycine betaine) naar binnen worden getransporteerd, dat water aantrekt door

middel van osmose. Hierdoor wordt het volume van de cel hersteld. Deze transporteur maakt

gebruik van ATP, de universele energiedrager van elke levende cel.

Om beter te begrijpen hoe OpuA werkt, hebben we gebruik gemaakt van elektronenmicrosco-

pie om de driedimensionale structuur (of 3D-vouwing) te bepalen. We hebben ontdekt dat

OpuA ook gereguleerd wordt door een signaalmolecuul: cyclisch-di-AMP. In de structuur

zien we waar dit molecuul zich bindt aan het eiwit. Ook plaatsen we het eiwit, na isolatie,

in een (synthetisch) membraan om de functie te bestuderen in een omgeving die lijkt op de

omgeving in het celmembraan. Hiervoor hebben we een vereenvoudigd systeem ontwikkeld

dat gebruik maakt van een externe voedingsstof om de brandstof ATP te regenereren aan de

binnenkant van een cel (membraan) .

Kortom, we onderzochten de energievoorziening van een synthetische cel en bestudeerden

een belangrijk transporteiwit dat het volume van levende cellen en onze synthetische cel regelt.

De komende jaren zal het onderzoek naar andere belangrijke eiwitten worden voortgezet en

zullen de methoden worden geoptimaliseerd met als doel de volgende generatie synthetische

cellen in het laboratorium te bouwen.
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7.5. Резюме для неспециалистов
Что такое жизнь? Вопрос, который задавали и будут задавать многие. Мы знаем, что

растение, животное или клетка живы. Но что делает их живыми? И где граница меж-

ду живым и неживым? Как работает клетка или организм? В этой диссертации мы

работаем над созданием синтетической клетки, то есть клетки, построенной в лабора-

тории. Если это удастся через несколько лет, то в результате мы сможем ответить на

некоторые насущные вопросы биологии и химии. Однако не менее важным является

и путь к этому результату. На этом пути можно многое узнать обо всех строительных

блоках клетки, о том, как эти системы работают вместе и что может пойти не так.

Для того, чтобы построить синтетическую клетку, необходимо точно знать, что клетка

из себя представляет. Все организмы состоят из клеток. Иногда они состоят из одной

клетки, например, грибы, такие как дрожжи, или бактерии, такие как молочнокислые

бактерии Lactococcus lactis, а в других случаях они состоят из нескольких клеток,

например, растения и животные. Человек имеет от 10 000 000 000 до 100 000 000

000 клеток. Клетки обладают многими функциями, такими как поглощение питатель-

ных веществ, реагирование на изменения в окружающей среде, общение с другими

клетками и возможность разделить себя на две (почти) равные копии.

Клетка - это маленькое отделение, окруженное двойным слоем липидов, который

мы называем мембраной. Поскольку мембрана не проницаема для питательных ве-

ществ, клетке нужны системы для их переноса через мембрану. Кроме того, клетке

нужны системы для преобразования питательных веществ в полезные строительные

блоки (катализаторы, названные ферментами) и выполнения других функций, таких

как коммуникация и деление. Машины, которые используются для выполнения этих

задач, в основном построены из белков. Белки представляют собой длинные цепоч-

ки различных аминокислот, которые в зависимости от последовательности и типа

аминокислот складываются в пространстве в молекулярные машины. Существует 20

базовых аминокислот, которые используются для синтеза белков. Таким образом для

белка с длиной 5 аминокислот существует более 3 миллионов возможных вариаций

последовательности, а поскольку бактериальный белок имеет среднюю длину 320 ами-

нокислот, то количество возможных последовательностей составляет 213,598,703,59

2,091,008,239,502,170,616,955,211,460,270,452,235,665,276,994,704,160,782,221,972,5

78,064,055,002,296,208,693,657,600,000,000,000,000,000,000,000,000,000,000,000,000,

000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,00

0,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0

00,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,

000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,00

0,000,000,000,000,000,000,000,000,000,000,000.

Информация о белке хранится в ДНК клетки. Повреждение ДНК или нарушение в

продукции белкамогут привести к встраиванию ошибочных аминокислот в цепь белка,

и в результате аминокислотная цепочка может свернуться неправильно. Неправильно

свернутые белки являются причиной различных заболеваний. Модифицируя ДНК в

лаборатории, мы можем изменить порядок аминокислот и с тем пространственную

упаковку или функцию белка.

Белок, который мы подробно изучаем в этой диссертации - это мембранный белок
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под названием OpuA, который участвует в регуляции объема клетки. Поскольку вода

может проникать через мембрану, объем клетки должен точно поддерживаться. Ко-

гда клетка сжимается из-за вытекания воды, OpuA активируется и переносит внутрь

клетки молекулу (глицин бетаин), которая притягивает воду с помощью осмоса, в ре-

зультате чего объем клетки восстанавливается. В качестве топлива OpuA использует

АТФ – универсальный энергоноситель каждой живой клетки.

Чтобы лучше понять, как работает OpuA, мы использовали электроннуюмикроскопию

для определения его трехмерной организации (структуры). Мы обнаружили, что ра-

бота OpuA также регулируется сигнальной молекулой: cyclic-di-AMP. В структуре мы

видим, где эта молекула связывается с белком.Мы также поместили белок, после того,

как его выделили, обратно в (синтетическую) мембрану для изучения его функции в

среде, напоминающей среду в клеточной мембране. Для этого мы разработали упро-

щенную систему, которая использует питательное вещество извне для регенерации

топлива АТФ внутри клетки (на внутренней стороне мембраны).

Таким образом, в рамках этой диссертации мы исследовали энергообеспечение синте-

тической клетки и изучили важный транспортный белок, который контролирует объем

живых клеток и нашей синтетической клетки. В ближайшие годы будут продолжены

исследования других важных белков и оптимизированы методы с целью создания в

лаборатории синтетической клетки следующего поколения.
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