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Summary
Spatiotemporal organization is key to transforming a “bag of molecules” into a
functional cell capable of exerting complex tasks, such as chromosome segregation
and cell division. In bacteria, molecular transport and positioning relies on protein
systems centered around ParA-type ATPases, which serve as nucleotide-dependent
molecular switches. Of these systems, the Escherichia coli MinCDE system, which selforganizes by a reaction-diffusion mechanism, has been studied the most extensively.
Based on the ATPase MinD, its ATPase-activating protein MinE, the passenger protein
MinC and the membrane as a reaction matrix, this minimal oscillator defines the
midcell position in E. coli.
In this thesis, I set out to further refine the understanding of the MinDE selforganization mechanism and to decipher additional roles of the MinDE system,
by taking advantage of the established in vitro reconstitution assay of Min(C)DE
self-organization. By providing a detailed protocol for the in vitro reconstitution assay
and reviewing experimental approaches and insights on the MinCDE system in detail,
I further established the MinCDE system as a model for reaction-diffusion systems
and pattern formation in biology.
While the general mechanism of MinDE self-organization has been extensively
studied and is remarkably well understood, the nature of the autocatalytic step, the
cooperative MinD membrane binding, had remained elusive. To shed light on the
molecular mechanism of this step, I employed high-speed atomic force microscopy to
visualize MinDE oscillations on nanometer-sized membrane patches. Analysis of the
kinetics of MinDE oscillations dependent on protein concentrations and membrane
patch size revealed the different oscillation phases. Based on these results, I proposed
that MinD associates into higher order structures on the membrane, thereby enabling
high attachment and detachment cooperativity.
Moreover, in this thesis, I found that the ATP-consuming MinDE dynamics
may play a role beyond regulating MinC/FtsZ localization. Prior to this work, the
biological purpose of the MinDE oscillations had been exclusively attributed to the
spatiotemporal regulation of MinC, that passively follows the oscillations by binding
specifically to MinD. These oscillations result in a temporal concentration gradient
of MinC, which is an inhibitor of FtsZ polymerization, thereby restricting FtsZ
assembly to midcell. Taking advantage of the well-established in vitro reconstitution
assay of MinDE self-organization on planar supported lipid bilayers, I showed that
MinDE dynamics are able to spatiotemporally regulate membrane-bound molecules
by a non-specific mechanism that does not require binding of the components to
MinDE. MinDE self-organization induced patterns of membrane-bound molecules
that were anti-correlated to MinDE accumulation on the membrane. Regulation
occurred for a wide variety of different membrane-bound molecules, including
peripheral membrane proteins, lipid-anchored proteins and DNA molecules, as well
as for a wide range of MinDE patterns. Intriguingly, when the membrane-bound
molecules exhibited a long dwell-time on the membrane, i.e. were anchored via
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cholesteryl or via streptavidin to biotinylated lipids, the regulation by MinDE resulted
in large-scale gradients of these molecules on the membrane, indicative of a net
transport. When co-reconstituted in rod-shaped microcompartments MinDE poleto-pole oscillations drove counter-oscillations of these tightly attached molecules,
resulting in time-averaged protein gradients with maximum concentration at the
compartment middle. Heterologous expression of MinDE and model peripheral
membrane proteins in the fission yeast Schizosaccharomyces pombe demonstrated that
regulation of membrane proteins by MinDE also occurs in a physiologically more
relevant context, with cytoplasmic and membrane crowding. These findings imply
that MinDE is able to position a much larger set of proteins in E. coli than previously
known, thereby contributing, independent of MinC, to division site selection by
prepositioning divisome proteins to midcell. Applying this simplistic mechanism to
transport a synthetic cargo, i.e. highly controllable, membrane-anchored DNA origami
nanostructures, I characterized the phenomenon in more detail. By systematically
modifying the nature and number of membrane anchors of the DNA origami cargo, I
found that the membrane footprint of the DNA origami, akin to an interaction area,
is likely to determine the extent of the transport by MinDE. Using this knowledge, I
demonstrated that MinDE self-organization is able to spatially sort different DNA
origami nanostructures. Single particle tracking revealed that diffusion of DNA
origami in the presence of membrane-bound MinD was reduced, indicating that
they experience friction by directly colliding with MinD. Finally, by harnessing the
geometry sensitivity of the MinDE system and the unique properties of DNA origami
nanostructures, I could show that MinDE-induced transport can be directed and
applied to pattern membrane-bound molecules on the micron scale.
Taken together, the experiments presented in this thesis suggest that MinDE is
able to position, transport and sort membrane-bound molecules by a purely nonspecific physical interaction, which modulates the membrane binding/unbinding and
diffusion of these molecules. This previously unknown physicochemical transport
mechanism is based on two proteins only and is remarkably simple. Thus, I speculate
that also other bacterial or eukaryotic self-organizing systems are capable of regulating
a large set of proteins by a similar non-specific effect. The controllability together with
the non-specific nature of the effect highlight its applicability to bottom-up synthetic
biology and nanotechnology, where it could be harnessed to position and transport
membrane-bound molecular assemblies.
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Part I

Scientific Context

1

1

Pattern Formation

Pattern formation, or spatiotemporal organization, is a hallmark of living systems.
Its ubiquity is apparent even through simple observation of nature: the regular
stripes and dots on the skin and fur of many animals or the fractal-like growth of
plants such as the romanesco broccoli are particularly eye-catching examples (Fig.
1.1a, b). However, pattern formation in biology is not limited to the macroscopic
level, but occurs on all length scales. Spatiotemporal organization can arise between
individual organisms, such as when birds coordinate their flight to form large flocks
[1]. Pattern formation is also crucial on the level of individual cells, for example
during the aggregation of starving Dictyostelium amoebae (Fig. 1.1c) [2, 3]. On the
multicellular scale it is also especially important during development, for instance
morphogen gradients and gene expression patterns can be observed during the
development of the fruit fly Drosophila melanogaster [4]. On the intracellular level,
pattern formation is required to transform a "bag of molecules" into a cell capable of
performing complex tasks. Examples of such patterns are the assembly and turnover
of the cell cytoskeleton composed of actin, microtubule and intermediate filaments [5]
or the PAR protein gradient in the Caenorhabditis elegans zygote [6]. Pattern formation
is not limited to biology, but is also present in the inanimate world. For example, soil
and stones are often patterned in alpine regions and regular Bénard convection cells
appear when a thin layer of viscous oil is heated from below [1, 7, 8].
Patterns, especially on the level of multiple cells or organisms, can arise from
different mechanisms, such as adhering to blueprints or templates, following a recipe
or a well-informed leader, but also through self-organization [1]. Self-organization is
by far the most intriguing mechanism, as it allows the generation of order from an
initially homogeneous state, solely based on the interaction of the components of the
system in the absence of external control [1].
1.1

Concepts in Pattern Formation

Molecular patterns and structures are dominated by two different processes: selfassembly and self-organization [9, 10]. These two terms are often used interchangeably
or defined slightly differently, also depending on the specific field of study [1, 9, 11,
12]. For the purpose of this thesis, I use the definitions proposed by Halley and
Winkler [13] as basis. According to their definition, the concepts of self-assembly
and self-organization are closely linked to that of emergent properties, which are
3
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a result of both processes and differ between them. During self-assembly multiple
components interact to form an equilibrium structure that persists without external
energy input. Self-assembly is therefore a non-dissipative process and the emergent
properties of self-assembled structures are simple and can mostly be linearly deduced
from the properties of the individual components [13]. During self-organization
multiple components interact in a non-linear fashion to form structures and patterns
far from equilibrium. Thus, self-organizing systems constantly dissipate energy
which is why self-organized structures and patterns will disintegrate upon removal
of the energy source [13]. Self-organizing systems are open and patterns are formed
in interplay with the environment [10, 13]. In contrast to self-assembled systems the
emergent properties of self-organizing systems are complex and cannot be anticipated
from the properties of the individual components [1, 13]. The key characteristics
of self-organization are autocatalysis or positive feedback, negative feedback and
multiple interactions between the components which will give rise to amplification,
bifurcation and multistability in the pattern formation process [13].
1.2

a

d

Self-Organization via Reaction-Diffusion

b

c

2 cm

e

50 µm

50 µm

Figure 1.1. Examples of pattern formation. a Geometrical patterns on the leaves of Calathea
musaica. b Patterns found on a coral and the skin of a crab. c Patterns formed by aggregating
Dictyostelium discoideum [3]. d Wave patterns in the BZ reaction. e Patterns formed by
MinDE self-organization on planar SLBs in vitro (left: 0.75 µM MinD, 2 µM His-MinE;
right: 1 µM MinD, 1.5 µM MinE-His). Images were kindly provided by a Wolfgang Ott
and b Andreas Ott. c, d Images were reprinted c from [3] and d from Stephen Morris
(https://www.flickr.com/photos/nonlin/4297013382) under a CC BY 2.0 license (https:
//creativecommons.org/licenses/by/2.0/).
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One mechanism by which self-organized pattern formation can occur is by reactiondiffusion [14, 15]. In his work on the chemical basis of morphogenesis, Alan Turing
proposed in 1952 that as little as two chemical entities that react and have distinct
diffusion coefficients can give rise to a variety of different patterns from an initially
homogenous distribution [14]. This diffusion driven instability is triggered by random
perturbations in the initial homogenous state [14–16]. The novelty of this concept
can be grasped by considering that diffusion is usually a process that leads to the
equalization of concentrations in chemical equilibrium, but when combined with
reactions as in reaction-diffusion systems can lead to spatial inhomogeneities [15, 16].
A model system for self-organization via reaction-diffusion is the chemical BZreaction [17–20]. This reaction oscillates in stirred bulk solutions and forms propagating wave patterns when performed in thin, undisturbed layers, for example in a
petri dish (Fig. 1.1d). The reaction consists of a complex multi-step process involving
autocatalytic reactions in which an organic substrate, for example malonic acid, is
oxidized by bromate ions in the presence of a transition metal ion, such as cerium or
ferroin, as catalyst.
In biology, many intracellular pattern forming systems self-organize via reactiondiffusion. One such system has become a paradigm for reaction-diffusion and
self-organization in biology in general: the Escherichia coli MinCDE system [21–23]. In
this system only two proteins, the ATPase MinD and the ATPase-activating protein
(AAP) MinE, interact with each other and the membrane as a reaction matrix, leading
to spatiotemporal pattern formation [21–26]. The two proteins react, which in the case
of protein reaction-diffusion systems refers to transitions between nucleotide state,
conformational and oligomerization states and association with the membrane. Also
their diffusion differs between different states, when they are soluble, membranebound or associated in protein complexes. Thus, the interaction network of MinDE
can be used to describe the spatiotemporal pattern formation by MinDE in silico [16,
27]. Intriguingly, MinDE pattern formation can be experimentally observed both in
vivo where the proteins oscillate from pole-to-pole within the elongated bacterial cell
[22–24] and when reconstituted in vitro (see section 3), where the two proteins form a
variety of distinct patterns, traveling surface waves or quasi-stationary patterns, in
the form of dots and labyrinths (Fig. 1.1e) [25, 26].
In this thesis I contributed to a more detailed understanding of the molecular
mechanism of MinDE self-organization and demonstrated that this self-organizing
system cannot only form patterns itself, but can also induce patterns and net transport
of other proteins that react and diffuse, i.e. bind to or diffuse on the membrane, by a
purely non-specific mechanism.
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2

Spatiotemporal Organization of the
Bacterial Cell
Intracellular pattern formation in the form of self-assembly and self-organization is
crucial for the spatiotemporal organization of the cell interior, and thereby, its ability
to perform complex tasks such as motility, shape changes and cell division. Much
effort has and is still invested into the elucidation of mechanisms underlying the
organization of eukaryotic cells. Also, when thinking of intracellular organization to
most scientist the image of a eukaryotic cell with its complex cellular architecture will
come to their mind. Eukaryotic cells do not only contain membrane-bound organelles,
but also a cytoskeleton consisting of actin, mictrotubule and intermediate filaments
that in combination with motor proteins yield a self-organizing ensemble. This
cytoskeleton is capable to dynamically change its form allowing the cell to move and
undergo shape changes, but also to mediate intracellular transport and organization.
Bacterial cells, in contrast, have long been cast aside as a simple "bag of molecules"
without interior structures or organization. However, in recent years advances in
genome sequencing, fluorescent labeling and high-resolution imaging techniques
revealed that also bacteria possess a rather sophisticated intracellular organization
[28]. The surge in experimental studies with non-model bacteria also demonstrated
that the diversity of bacterial species that occupy every possible ecological niche is
also reflected in the diversity of the distinct mechanisms and proteins responsible for
organizing their cellular content and determining their shape [28, 29]. Nevertheless,
spatiotemporal organization in all bacterial species relies on similar principles and
the involved proteins belong to a set of recurrent protein families [28, 29].
2.1

Compartimentalization and Chromosome Organization

Unlike eukaryotes, most bacteria do not contain membrane-bound organelles even
though they exist in some specialized species. For example, magnetotactic bacteria
contain magenotosomes, membrane enveloped magnetite crystals [30]. Instead
of membrane-bound organelles some bacterial species contain so-called bacterial
microcompartments in which enzymes are compartimentalized by a self-assembling,
semi-permeable protein shell [31]. Bacteria also do not contain a membrane enveloped
nucleus, but their chromosome is nevertheless highly compacted and organized,
earning it the name nucleoid [32]. The organization is achieved by a combination
of physical factors, such as crowding and DNA supercoiling, and a variety of
7
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proteinaceous factors [28, 32, 33]. Among those proteins are nucleoid-associated
proteins that bind non-specifically to DNA, thereby, for example, wrapping the DNA
like the E. coli HU protein [32]. Other proteins bind to specific sequences in the
chromosome condensing them into a macrodomain, such as the E. coli MatP [34].
Bacteria also harbor structural maintenance of chromosomes (SMC) complexes that
organize the chromosome, presumably by actively extruding DNA into loops [28, 35,
36]. The nucleoid is not only highly organized, but serves as an organizing element
itself, for instance by dictating the polar localization of polysomes and large protein
assemblies through volume exclusion effects [37–41]. Importantly, the nucleoid also
serves as a reaction matrix for a variety of different ParA-type ATPases involved in
the positioning and transport of structures within the cell and the spatiotemporal
regulation of the division site (see section 2.4).
2.2

The Bacterial Membrane

Next to the bacterial nucleoid, the inner membrane of bacteria is the second dominant
large surface and thus a scaffold for organization [42]. As such, it is also linked
to the nucleoid, for example through co-transcriptional translation and protein
translocation (transertion) or membrane-bound transcription factors [43–46], and to
the surrounding cell wall through protein complexes that span the inner-membrane
and periplasmatic space, for example as part of the divisome (see section 2.5.1) [47].
Like their eukaryotic counterparts, bacterial membranes are heterogenous and harbor
lipid domains. For example, stains for anionic lipids/cardiolipin demonstrated
their preferential localization at the poles and nascent septa [42, 48, 49]. Membrane
organization, as well as the majority of the intracellular organization in bacteria rely
on the interaction of proteins with the lipid surface. Most of the key cytoskeletal
proteins in prokaryotes have been shown to either directly bind to membranes or be
tethered to membranes via other anchors (see section 2.3). Furthermore several of
them have also been demonstrated to recognize membrane curvature such as MreB
[50] and DivIVa [51, 52]. MreB does not only recognize curvature, but seems to
resemble the eukaryotic actin cortex in that it organizes lipid domains and regulate
membrane protein diffusion [53, 54] (see section 2.3). Furthermore, bacteria also
contain non-cytoskeletal proteins that recognize membrane curvature. For example,
SpoVM is a short peptide that forms an amphipatic helix and recognizes the positive
membrane curvature of the forespore in B. subtilis [55]. Similar to the nucleoid, the
inner membrane is the reaction matrix for nucleotide-dependent molecular switches,
such as the GTPase FlhF and the ParA-type ATPase FlhG, which together regulate
the correct localization and number of flagella in a variety of bacteria [56]. The inner
membrane is also the surface on which the E. coli MinCDE system, topic of this thesis,
self-organizes to determine the division site (see section 5.1).
2.3

The Prokaryotic Cytoskeleton

To maintain their shape, divide and to position molecules bacteria also harbor a variety
of different protein filaments that have been coined the "prokaryotic cytoskeleton"
[29]. These proteins do not only assume a similar role in the bacterial cell as actin,
tubulin and intermediate filaments in eukaryotic cells, but many are also homologs of
8
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these. Nevertheless, bacteria also harbor entirely novel protein classes to organize
their cellular content [29].
MreB, an actin homolog, is required for establishing and maintaining a defined
cell shape [57]. When MreB is deleted in E. coli, the cells loose their characteristic
rod-shape and become round [58], whereas point mutations can increase or decrease
the width of the rod-shaped cell or lead to branching phenotypes [57]. MreB forms
anti-parallel double protofilaments [59] that directly bind to the membrane via an
N-terminal amphipathic helix [60], but also interact with integral membrane proteins
MreCD and RodZ which link MreB to the cell wall synthesis machinery [57]. MreB
filaments rotate circumferentially around the cell and this movement is driven by
the processive activity of the cell wall synthesis machinery and not by treadmilling
of the filament [61, 62]. However, the localization and distribution of MreB in the
cell determines the site of cell wall synthesis presumably by recognizing the local
cell geometry [50]. Other actin homologs include MamK which forms filaments that
organize the aforementioned magnetosomes in magnetotactic bacteria, ParM involved
in segregation of plasmids (see section 2.5.4) [28, 63], or the oligomerizing FtsA that
serves as anchor for FtsZ [64, 65].
FtsZ is a tubulin homolog and orchestrates the bacterial cell division (see section
2.5.1) [66, 67]. Other tubulin homologs include the prokaryotic cytoskeletal proteins
TubZ and PhuZ that segregate plasmids and position bacteriophage DNA at midcell,
respectively [68–70].
Next to actin and tubulin homologs, also a variety of coiled coil filaments exist in
bacteria. For example, crescentin is required for maintaining the crescent and helical
shape of Caulobacter crescentus [71]. The protein assembles into filaments in vivo and
in vitro and its domain structure strongly resembles eukaryotic intermediate filaments
including the characteristic head and tail domains and the break in the heptad repeats
known as stutter [71]. The curved structure of the coiled coil protein DivIVa from
B. subtilis resembles eukaryotic BAR domains involved in curvature sensing [72].
Consequently, the protein also directly binds to membranes via its N-terminus and
recognizes the negative membrane curvature at the cell poles and nascent septa [51,
52].
Bacteria also contain a number of other filament forming proteins that are not
homologs to any known eukaryotic counterparts. For example, bactofilins are
widespread in bacteria and self-assemble into filaments in the absence of nucleotides
in vitro [73]. They seem to be involved in a variety of different tasks, for instance BacAB
mediate stalk formation in C. crescentus, BacM is required for shape maintenance in
Myxococcus xanthus, whereas BacNOP serve as a scaffold for the localization of the
proteins of the ParABS chromosome segregation system in the same organism [73–75].
Another cytoskeletal protein that is not related to any eukaryotic counterpart is PopZ,
which assembles into large complexes at the cell poles in C. crescentus and other
gram-negative bacteria [38, 76]. The protein is largely intrinsically disordered and
acts a signalling hub recruiting a variety of other proteins [77]. The polar localization
of PopZ is presumably due to volume exclusion effects by the nucleoid [38, 39] similar
to the polar localization of inclusion bodies in E. coli [40, 41]. Polar localization of
components in bacteria cannot only be mediated by the macromolecular crowding of
the nucleoid, but also through interplay with the cell membrane (see section 2.2).
Note, that so far no cytoskeletal motor proteins have been discovered in prokaryotes.
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Thus, transport processes in bacteria either rely purely on diffusion, pushing and
pulling through polymerizing filaments as described in this section or depend on a
class of proteins termed ParA-type ATPases discussed in the following section.
2.4

ParA-type ATPases Position and Transport Molecules in Bacteria

ParA-type ATPases have been described as proteins that "put things in their place"
in bacteria [78]. This is not without reason, as they are involved in all aspects of
the spatiotemporal organization of bacterial cells and are especially prominent in
the determination of the division site (see section 2.5.2) and the segregation and
positioning of the chromosome or low-copy components (see sections 2.5.3-2.5.5).
ParA-type ATPases belong to the phosphate binding loop (P-loop) NTPases of the
SIMIBI class (signal recognition particle, MinD, BioD) [79] that have also been termed
Walker A cytoskeletal ATPases [80].
ATPase
activating protein
ATPase

ATP
ADP

Pi

Matrix
Lipid bilayer or Nucleoid DNA

Figure 2.1. Schematic of the reaction cycle of ParA-type ATPases.

ParA-type ATPases are nucleotide-dependent molecular switches that dimerize
upon ATP binding, but are monomeric in their ADP-bound form [81–88]. They
harbor a common motif, the Walker A motif or P-loop, with the consensus sequence
GKGGhGK[ST] which coordinates the triphosphate group of the bound ATP, as well
as a more central Walker B motif, or Switch II region, with a conserved aspartate that
complexes the Mg2+ ion [79, 81, 89, 90]. ATP-binding and dimerization enables the
protein to bind to its respective matrix, the nucleoid DNA or the lipid membrane [82,
84, 85, 91, 92]. ParA-type ATPases generally hydrolyze ATP with low basal activity [82,
85–88, 92, 93]. This activity can usually be slightly stimulated by addition of either the
native matrix, DNA or phospholipid membranes, or the cognate ATPase-activating
protein (AAP), but is synergistically stimulated when both matrix and AAP are present
[82, 85–88, 92, 93]. In contrast to related GTPases, ParA-type ATPases spontaneously
exchange ADP for ATP in solution and thus do not require a specific cofactor for
catalysis of this step. In summary, the general reaction cycle for ParA-type ATPases
can be formulated: the ParA-type ATPase dimerizes upon ATP-binding, enabling
the binding to its respective matrix. When the cognate AAP binds to the ParA-type
ATPase on the matrix it stimulates the ATPase activity leading to monomerization and
detachment of the ParA-type ATPase from the matrix (Fig. 2.1). This interplay between
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ParA-type ATPase and AAP leads to gradient formation of the ParA-type ATPase on
the matrix, that powers the positioning and transport of the AAP-associated cargo.
While the structure and sequence of different ParA-type ATPases is largely
conserved, the AAP differ widely in their structure and sequence, as well as their
function, i.e. whether they are soluble, DNA-associated, self-assemble or possess
enzymatic activity [85, 94–97].
There have been several reports of ParA-type ATPases forming filaments or
oligomers in vitro [91, 98–101], but it remains unclear whether filament formation or
oligomerization occurs under physiological conditions and whether it is required for
the self-organization mechanism, and transport and positioning of cargo. In this thesis,
I present evidence for the ParA-type ATPase MinD associating into supramolecular
structures on the membrane: a potentially crucial step for self-organization and
molecular transport (see chapter 7).
2.5

Bacterial Cell Division

The need for spatiotemporal organization is especially aggravated during cell division.
During this step, the cell needs to ensure that two equally sized daughter cells with
similar molecular content and genetic material are produced. This entails transport of
macromolecular complexes and large-scale transformations such as the remodelling
of the cell wall and cell membrane as well as chromosome segregation and the
partitioning of other molecules. Thus, a variety of different protein systems have
evolved in bacteria to regulate and execute this process [28].
2.5.1

Divisome Formation in E. coli

Cell division in most bacteria initiates with the assembly of the so-called "FtsZ ring" at
the division site, commonly at midcell. The major constituent of this ring, the tubulin
homolog FtsZ, coordinates the assembly and action of the divisome, a multi-protein
machinery. For simplicity, this section refers to what is known about the E. coli
divisome which consists of over 30 proteins of which 12 are essential: FtsZ, FtsA,
ZipA, FtsE, FtsX, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI and FtsN [47]. FtsZ, a cytoskeletal
filament, polymerizes head-to-tail in a GTP-dependent manner [102]. The monomer
and filaments themselves do not interact with membranes, but require membrane
tethers. In E. coli those tethers are FtsA, an actin homolog with an amphipathic helix
for membrane binding which is highly conserved in bacteria and ZipA, a single-pass
transmembrane protein [64, 103–105]. FtsA has recently been shown to be a key
player as it mediates interactions with other divisome components such as FtsN, or
FtsQLB [106–109]. Other proteins that are recruited by FtsZ in early stages of divisome
formation are bundling proteins such as ZapA, which is also highly conserved in
other bacteria, or ZapC and ZapD [104, 110, 111]. Together, FtsZ, ZipA, FtsA and
the Zap proteins assemble into discontinuous filaments at the nascent division site,
the so-called Z-ring or protoring. Protoring formation is subject to spatiotemporal
regulation through different mechanisms (see section 2.5.2). After a delay of unknown
source, the remaining divisome components are recruited to the protoring, including
enzymes that catalyze the synthesis of the peptidoglycan cell wall, such as FtsI [104,
112, 113].
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How is cell division ensuing? One line of thinking is that the force needed
to generate cell constriction stems from FtsZ filaments themselves. FtsZ-FtsA cofilaments as well as FtsZ tethered artificially to the membrane via fusion to an
amphipathic helix, FtsZ-YFP-MTS, are able to deform and constrict membranes
in vitro [114–116]. FtsZ filaments are highly dynamic and FtsZ-FtsA co-filaments
have recently been shown to treadmill both in vivo [117, 118] and in vitro [119].
This treadmilling behavior originates from FtsZ polymerization dynamics as it is
dependent on the GTPase activity of FtsZ and also the above mentioned FtsZ-YFPMTS construct treadmills in vitro [120]. However, recent studies question the role
of FtsZ as a force generator, but instead suggest that force is generated by inward
peptidoglycan synthetis. FtsA-FtsZ co-treadmilling was shown to drive the directional
movement of peptidoglycan synthetases in vivo, ensuring homogenous incorporation
of peptidoglycan at the nascent septa [117, 118].
Independent whether FtsZ dynamics themselves generate the force for membrane
constriction, generate an initial invagination, or only act by recruiting the divisome
components and driving the motion of peptidoglycan synthetases, FtsZ is the key
player of the divisome.
2.5.2

Spatiotemporal Regulation of FtsZ Assembly

Even though the general principle of divisome assembly and subsequent division step
seems to be rather similar in most bacteria, the regulation that determines when and
where the cell divides differs substantially between species. Known regulators of FtsZ
ring formation can in general be classified as either positive or negative regulators.
Negative regulators inhibit assembly of FtsZ at unsuitable positions such as the poles
or over the chromosome and their inhibitory action omits the future division site.
Positive regulators in turn promote FtsZ assembly at the future division site.
Examples of negative regulators of FtsZ assembly are the so-called nucleoid
occlusion proteins, for example SlmA in E. coli [121] and Noc in B. subtilis [122]. These
DNA-binding proteins prevent FtsZ ring formation over the chromosome.
Another group of both positive and negative regulators of FtsZ assembly are
unified by the involvement of ParA-type ATPases (Fig. 2.2a-c). For example, the
MinCDE system is a negative regulator of FtsZ assembly in E. coli, inhibiting FtsZ
assembly at the cell poles thereby confining FtsZ ring formation to midcell [21–23, 123].
The ParA-type ATPase MinD, the AAP MinE, and the passenger protein MinC, which
is also an inhibitor of FtsZ, oscillate from pole-to-pole. These oscillations generate a
time-averaged protein gradient of MinC (and MinD) with maximum concentration
at the poles and minimal concentration at the cell center, thereby restricting FtsZ
polymerization to midcell (Fig. 2.2a) (see section 5.1 for a detailed introduction to the
MinCDE system) [124]. Another negative regulator of FtsZ assembly is the ParA-type
ATPase MipZ in C. crescentus (Fig. 2.2b) [84, 125]. MipZ forms a (bi)polar gradient
on the nucleoid through interaction with ParB. The same ParB serves as AAP in the
ParABS system mediating chromosome segregation in C. crescentus (see section 2.5.3).
However, the current model for MipZ/ParB interaction slightly deviates from the
canonical mechanism of ParA-type ATPases in that ParB does not serve as an AAP in
this case, but rather enriches MipZ [84]. ParB is localized to the poles via PopZ [77,
126], where it recruits MipZ monomers, thus increasing the local concentration of
MipZ which allows for efficient ATP-dependent dimerization. Dimerized MipZ is
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then able to bind to the chromosome where it slowly diffuses forming a gradient with
maximum concentration close to the ParB foci [84]. MipZ directly interacts with FtsZ,
inhibiting its assembly at the cell poles [84, 125]. An example of a positive regulator
of FtsZ assembly is the PomXYZ system in the proteobacterium M. xanthus (Fig. 2.2c)
[127, 128]. In this system the ParA-type ATPase PomZ binds to the nucleoid, where
it recruits a protein cluster formed by the two AAPs PomX and PomY. The PomXY
cluster stimulates ATP-hydrolysis and nucleoid detachment of PomZ, allowing PomZ
to position the PomXY cluster by a biased random walk to midcell. Once at midcell,
the cluster exhibits only constrained motion and stimulates FtsZ ring formation
presumably through direct recruitment of FtsZ [128].
Notably, most bacteria contain multiple, (partially) redundant mechanisms to
define the location and timing of FtsZ ring formation, underlining the importance of
the correct initiation of this process. For example, both E. coli and B. subtilis feature
both nucleoid occlusion as well as a Min system [121, 122, 124, 129]. E. coli has even
been recently suggested to harbor yet another regulatory mechanism whose molecular
components remain unknown [130].
2.5.3

Chromosome Segregation

Cell division in bacteria is tightly linked with chromosome segregation that needs to
be accomplished prior to septum closure. As in the case of chromosome organization
(see section 2.1), segregation of the chromosome is also driven by both physical factors
and specific protein machinery [28, 36, 131, 132]. Chromosome segregation and
organization are interlinked and so many protein factors cannot be strictly assigned
to one of these processes.
Nevertheless, most bacteria, but not E. coli, harbor a dedicated machinery for
chromosome segregation [133]: ParABS systems that are centered around the ParAtype ATPase ParA (see section 2.4). ParABS systems self-organize on the nucleoid
thereby mediating the segregation of newly duplicated origins of replication. ParA
binds non-specifically to the nucleoid DNA. The AAP ParB binds to short palindromic
DNA sequences, so-called parS sites, often located close to the origin of replication
(ori), from where it is capable to spread along the DNA, i.e. to also associate to
neighboring DNA regardless of its sequence, forming large nucleoprotein complexes
[32, 134, 135]. Intriguingly, ParB has recently been shown to be a CTPase and that CTP
binding and hydrolysis is essential for nucleoprotein complex formation in vivo [96,
97]. parS-bound ParB complexes interact with ParA and stimulate its ATPase activity
leading to its detachment from the nucleoid, and the formation of ParA gradients
thereon [32, 88, 98, 136]. After replication one of the ParB foci associated to the
ori remains at the initial location, the cell pole, whereas the other translocates over
the nucleoid following the retracting ParA gradient. ParB nucleoprotein complexes
are also required for loading of SMC complexes onto the chromosome involved in
chromosome segregation [137]. After the origins of the daughter chromosomes have
been positioned to opposing cell poles by ParABS, the segregation of the bulk of
the chromosome has been suggested to be mainly driven by entropic forces arising
from the self-exclusion of the two confined daughter chromosomes [32, 138]. The
final unlinking of the terminus region before the division is finalized requires DNA
translocases such as FtsK that "pump" the DNA into the respective daughter cell [28,
32, 131].
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Figure 2.2. ParA-type ATPase-based systems for the spatiotemporal regulation of the
division site and partitioning of low-copy components. a E. coli MinCDE oscillate from
pole-to-pole on the inner membrane, thereby creating a time-averaged protein gradient of
MinC which inhibits FtsZ assembly at the cell poles. Adapted from [124] under a CC BY 4.0
license (https://creativecommons.org/licenses/by/4.0/) b The ParA-type ATPase MipZ
is recruited to the nucleoid by ParB where it forms (bi)polar gradients that directly inhibit
FtsZ assembly. c The PomXYZ system is a positive regulator of FtsZ assembly in which the
ParA-type ATPase PomZ positions a cluster formed by the two AAPs PomXY to midcell. d
Plasmid segregation in ParABS system is driven by the nucleoid-guided ParA and the AAP
ParB which binds to parS sites on the plasmid cargo. e In S. elongatus carboxysomes are
positioned by the ParA-type ATPase McdA that oscillates on the nucleoid through interaction
with the carboxysome associated AAP McdB.

14

Chapter 2. Spatiotemporal Organization of the Bacterial Cell
How species like E. coli that lack ParABS systems achieve segregation is still
a matter of debate. For example, recently SMC proteins have been proposed to
self-organize on the nucleoid thereby positioning the origins of replication of the
chromosome in E. coli [132]. The process has also been suggested to be purely based
on entropic forces [138], transertion [43] or linked to the E. coli MinCDE system, as
strains in which the system has been deleted or manipulated exhibit chromosome
segregation defects that cannot be explained by mere cell division defects [139–145].
To explain this, MinD had been suggested to directly bind to DNA, thereby periodically
tugging on the chromosome and aiding chromosome segregation [145]. However,
in this thesis we could not detect binding of MinD to DNA in vitro, but instead
found that membrane-tethered DNA can be regulated by MinDE through non-specific
interactions.
2.5.4

Plasmid Partitioning

During cell division bacteria also need to ensure that components that are only
available in a low number within the cell, such as plasmids, are distributed equally
among the daughter cells.
Known plasmid partitioning systems in bacteria are composed of an ATPase or
GTPase powering the segregation and an adaptor protein that binds to a specific
DNA sequence, the so-called partition site (par) site, on the plasmid cargo [146]. The
systems can be grouped according to the nature of their NTPase: cytoskeletal filament
forming proteins or a ParA-type ATPase [146]. The former group achieves plasmid
segregation by means of protein polymerization into filaments and can be further
classified according to their major constituents that are either actin homologs, named
type II segregation systems, or tubulin homologs, named type III segregation systems.
Examples of these systems include ParMRC and TubZRC, respectively [68, 69, 146].
The most common segregation systems encode a ParA-type ATPase, and have
also been termed type I segregation systems, or ParABS systems [146]. Their mode of
action and composition is similar to that of ParABS systems involved in chromosome
segregation described above (see section 2.5.3). In short, the nucleoid-bound ParA
also forms dynamic gradients which are followed by ParB associated to parS-sites on
the plasmid cargo leading to oscillatory movements of both the plasmids and the
ParA gradients on the nucleoid (Fig. 2.2d).
2.5.5

Partitioning of Other Low Copy Components

Next to plasmids, bacteria also contain other components in low copy number
whose equal partitioning needs to be ensured during cell division. The known
machinery dedicated to localize and thus partition bacterial microcompartments and
chemoreceptors are also based on ParA-type ATPases (see section 2.4). Carboxysomes,
bacterial micrcompartments for carbon fixation, are equally spaced over the nucleoid
in the cyanobacterium Synechococcus elongatus (Fig. 2.2e) [87, 147]. This equal spacing
is mediated by a ParA-type ATPases McdA that binds to the nucleoid and its AAP
McdB that interacts with the shell proteins of the carboxysomes [87]. The interaction
of the two proteins results in McdA pole-to-pole oscillations on the nucleoid, spacing
out the carboxysomes. Conservation of McdAB in other cyanobacteria suggests that
ParA-type mediated segregation of carboxysomes is a ubiquitous mechanism [87].
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Another example of ParA-type ATPases involved in positioning and segregation
of low copy components is the localization of chemotaxis proteins [148, 149]. For
example in Rhodobacter sphaeroides the ParA-type ATPase PpfA binds to the nucleoid
and establishes the localization of cytoplasmic clusters of chemotaxis protein through
interaction with TlpT, which presumably acts as the AAP [149]. Similarly, in Vibrio
parahaemolyticus the ParA-type ATPase ParC and its presumed AAP ParP are required
for the polar localization of the chemotaxis cluster [148].
2.5.6 Models for the Mechanism Underlying Molecular Transport by ParA-type
ATPases
The majority of the nucleoid-guided ParA-type ATPases mentioned so far power
the positioning and transport of relatively large cargo: entire chromosomes (ParA),
plasmids (ParA), carboxysomes (McdA) or protein clusters (PomZ, PpfA). Similarly
large cargo in eukaryotes is usually transported by filament associated molecular
motors such as myosin, kinesin and dynein. While the mechanism underlying the
transport by these eukaryotic motor proteins has been investigated in detail, we still
lack a complete understanding how ParA-type ATPases generate the force required
for transport of such large cargos. In the last years several different models for the
mechanism underlying cargo transport have been proposed.
(1) Based on the observation that some ParA-type ATPases formed filaments in
vitro, a filament-pulling mechanism has been proposed [98, 150]. This mechanism is
reminiscent of the actin and tubulin homologs of the type II and III plasmid segregation
systems that form filaments in solution (see section 2.5.4). Analogous, ParA was
proposed to form filaments that depolymerize upon ATP-hydrolysis stimulated by
the ParB/parS cargo, thereby pulling the cargo along. However, this mechanism has
been strongly contested, as recent studies did not observe the formation of functional
filaments by ParA-type ATPases in in vivo or in vitro [88, 128, 136].
(2) The Brownian ratchet mechanism was put forward by Mizuuchi and coworkers
based on their in vitro studies of plasmid ParABS sytems [136, 151]. In this model,
ParA detaches from the nucleoid after ATP hydrolysis is stimulated by the ParB/parS
complex, but cannot immediately rebind to the nucleoid, as regeneration of the
ATP-bound form is slow. This time delay allows ParA to diffuse through the cell,
rebinding to the nucleoid at a distance whereby a ParA gradient is generated. Directly
around the cargo a depletion zone of the ParA-type ATPase is formed that is biased
to one side through brownian motion of the cargo. The cargo then moves to establish
more bonds between ParA/ParB, i.e. towards higher ParA concentrations, thereby
increasing the depletion zone in the rear (”burning its own bridges”).
(3) The so-called DNA-relay mechanism is based on in vivo studies and biochemical
characterization of the chromosomal ParABS system in C. crescentus [88, 152]. Diffusion
of the ParB/parS complex in vivo seemed too slow to support directed movement
along a ParA gradient. Thus, it was suggested that instead the chromosome dynamics
“relay” the ParB/parS cargo from one chromosome region to another along the external
ParA gradient. Recent studies highlight the dynamic nature of the E. coli chromosome
and suggest that its elasticity and dynamics may indeed play an important role in the
mechanism of the ParABS systems [153–155].
(4) A flux-based mechanism was proposed for the positioning of the PomXY cluster
to midcell by the nucleoid-guided ParA-type ATPase PomZ [128, 156]. In this model
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PomZ rapidly diffuses on the nucleoid, where it can interact with the cargo, the PomXY
cluster. The cargo stimulates ATPase acitvity of PomZ, leading to monomerization
and detachment of PomZ, thereby acting as a sink for nucleoid-bound PomZ. Similar
to the Brownian ratchet model PomZ, once detached, needs to exchange ADP for ATP
before it can rebind to the nucleoid introducing a time delay. These behaviors lead
to a difference in the flux of PomZ into the cluster, when the PomXY cluster is not
located in the middle of the nucleoid, but closer to one end: From the longer side of
the nucleoid more PomZ dimers arrive at the cluster than from the shorter side. The
increased concentration of PomZ dimers arriving at the cluster will bias the cargo
motion towards the longer side of the nucleoid. Once the cargo reached the center
of the nucleoid, the two fluxes are balanced. The actual force to move the cargo is
supposed to originate from the elasticity of PomZ dimers as well as the chromosome
similar to the DNA-relay mechanism.
In contrast to nucleoid-guided ParA-type ATPases the membrane-associated ParAtype ATPase MinD of the E. coli MinCDE system has so far only been shown to
transport a small cargo, the dimeric protein MinC [21–23, 123]. This transport is
achieved by MinC dimers binding to MinD dimers in a one-to-one complex on the
membrane, basically piggybacking the MinDE oscillations. However, in this thesis
I have found that MinDE dynamics are capable of positioning a variety of cargo
through purely non-specific interactions, thereby expanding the known mechanisms
for transport by ParA-type ATPases (see chapter 8).
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3

In Vitro Reconstitution for the Study of
Self-Assembling and Self-Organizing
Proteins
In vitro reconstitution experiments have long been part of classic biochemistry, accompanying and informing cell biology [157, 158]. The observation of tension building
up in muscle threads composed of actin and myosin [159] or the reconstitution of
DNA synthesis by purified DNA polymerase in a test tube [160], could be regarded as
the very first experiments of such kind. The combination of in vitro reconstitution
experiments with microscopy revealed the value of such a reductionist approach
by delivering crucial biological insights, from the first observation of the dynamic
instability of microbutules [161], the cell-free reconstitution of the actin-based propulsion of intracellular pathogens like Listeria monocytogenes [162] or the movement of
microtubules by single, surface-immobilized kinesin molecules [163]. The advent
of fluorescence microscopy and single-molecule techniques allowed to determine
detailed kinetics and clarify underlying mechanisms of biochemical processes in in
vitro reconstitution experiments. For instance, experiments in which an actin fragment
or a microsphere was attached to surface-immoblized F1 -ATPase allowed to directly
visualize its rotation and revealed the detailed kinetics of one of the most fundamental enzymes in biology [164, 165]. In another landmark study, single-molecule
fluorescence and optical tweezers revealed that myosin V walks hand-over-hand
on actin filaments [166, 167]. A process that could later also be directly visualized
using high-speed atomic force microscopy (HS-AFM) [168]. In recent years, in vitro
reconstitution strives towards more complexity, reconstituting entire cell functions,
such as cell division or cell signaling, involving more and more (protein) components.
For example, T-cell receptor signal transduction was recently reconstituted using 12
purified components [169]. For some, the ultimate goal of reconstitution efforts is to
construct an artificial cell from the bottom-up [170]. This quest is not only supposed
to give answers to the fundamental question what constitutes a living entity, but also
to generate a minimal chassis for biotechnological applications [170].
During the development towards more complex in vitro reconstitution experiments
there was a also a shift from reconstituting biochemical reactions in solution, towards
confining these reactions in 2D and 3D [157, 158, 171]. The confinement of biochemical
reactions imposes boundary conditions mimicking those present in their natural
environment in the cell. It is sometimes strictly required for surface-active proteins
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performing membrane or DNA-associated processes, and lastly facilitates observation
by microscopy [171]. Over the years a variety of different methods and strategies have
been developed to achieve such confinement. Addition of crowding agents such as
methylcellulose leads to sedimentation of protein filaments like actin, confining them
to the surface [172]. Proteins can also be adsorbed non-specifically to surfaces [166].
Alternatively, proteins or DNA can be tethered to surfaces passivated with bovine
serum albumin (BSA) or polyethylene glycol (PEG), for example by biotin-streptavidin
linkage [167]. The use of model membranes is naturally required if membrane-protein
interactions are to be reconstituted, but artificial membranes also allow for efficient
passivation of surfaces that resembles the cell interior, for easy attachment of molecules
via lipid headgroups or for restricting molecular diffusion in 2D.
Patterned supported lipid bilayer (SLB)

Supported lipid bilayer (SLB)
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PDMS microstructures

SLB on silica spheres
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Water in oil droplets
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Figure 3.1. Schematic of the most commonly employed model membrane systems for in
vitro reconstitution of self-organizing and self-assembling protein systems.

Several different model membrane systems have been established for in vitro
reconstitution experiments: SLBs, that can also be patterned, liposomes of different
sizes, as well as water-in-oil droplets with a lipid monolayer [173]. This variety allows
the experimenter to select the model membrane according to the specific experimental
questions and techniques and enables a systematic alteration of boundary conditions.
The most widely used model membrane system in reconstitution experiments is
the classic supported lipid bilayer (SLB), for which an artificial lipid membrane is
formed on a support, for example on glass, mica or polydimethylsiloxane (PDMS)
[173]. This so-formed bilayer is not only mechanically stable, but can also easily be
studied by optical microscopy, surface-probe techniques or label-free, surface-bound
measurement techniques such as quartz crystal microbalance or surface plasmon
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resonance. The SLB can also be sub-divided into corrals, for example by modifying the
underlying support, e.g. with chrome or gold barriers, thereby introducing boundary
conditions and enabling high-throughput analysis [174]. Another way to modify the
geometry of SLBs is to directly form them on substrates with a particular geometry,
e.g. silica beads or rods, or PDMS microstructures [175–177].
In contrast to SLBs, liposomes offer a model system with both free-standing
membranes as well as of a 3D geometry resembling those of cells. Smaller-sized
liposomes, such as small unilamellar vesicles (SUV) (<100 nm) and large unilamellar
vesicles (LUV) (100-1000 nm) have been used to study protein-membrane interactions
or curvature recognition, but are too small for visualization of dynamic processes by
optical microscopy [173, 178]. Giant unilamellar vesicless (GUVs), in turn, with their
size between 1-100 µm are both on the scale of living cells and amenable to optical
microscopy [178]. They also offer the possibility to encapsulate reactants inside the
vesicle lumen and therefore in a cell-like confinement. Thus, in recent years, a variety
of methods have been developed to generate GUVs of defined lipid composition and
properties, and even more importantly, of defined luminal content [179]. Water-in-oil
droplets with a lipid monolayer can also serve as a cell-sized container, but lack the
mechanical deformability provided by liposomes. In cases where neither membrane
deformability nor membrane interaction is crucial, molecules can also be encapsulated
into water-in-oil droplets stabilized by amphiphilic block copolymers, then termed
polymersomes [180].
Reconstitution efforts have largely focused on cytoskeletal and self-organizing
proteins of eukaryotic origin, whereas reconstitution of their prokaryotic counterparts
has only recently been attempted. This is despite the advantages prokaryotic protein
systems offer for in vitro reconstitution: they are usually composed of much fewer
components and the proteins involved are generally more amenable to purification,
since they are smaller and mostly lack posttranslational modifications. Moreover,
understanding the underlying principles of those simpler systems is not only a selfsufficient objective, but can also offer insights into eukaryotic systems due to extensive
homology and analogy. Starting with the recent experiments reconstituting DNA
segregation by the prokaryotic actin homologue ParM [63] and the self-organization
of the E. coli MinCDE system [25], several prokaryotic systems have been and are
expected to be reconstituted in vitro. These studies have and will generate insight on
the mechanisms of the molecular assemblies, reveal unexpected functionalities and
suggest that they could confer new functions to artificial cells [181].
In summary, in vitro reconstitution is a valuable tool for generating biological
insight. Perhaps their biggest advantage is that they allow precise control over all
experimental components, ranging from protein nature and concentration, over the
composition of the reaction environment to boundary conditions of the reaction by
restricting space and resources. Therefore, in vitro reconstitution offers to discern
what components are necessary and sufficient for a given function, a complicated
endeavour for mechanisms taking place in the context of a cell with its redundant
and interlinked pathways. Furthermore, in vitro experiments offer the possibility to
introduce entirely artificial components, that can be used to probe the specific system
or test predictions, such as DNA-coated beads or DNA origami as synthetic cargo in
transport processes [63, 182].
In this thesis I have used in vitro reconstitution of MinDE pattern formation on
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model membranes, to understand the self-organization and molecular transport of
other membrane-bound molecules by MinDE. To do so, a variety of different model
membrane systems were employed, and self-organization was observed using optical
microscopy and HS-AFM. Systematic changes to boundary conditions and assay
components, including artificial DNA origami cargo, allowed me to interrogate these
processes in detail.
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Objective of This Thesis

In this thesis, I set out to investigate mechanistic details of the MinDE self-organization
mechanism and to identify additional roles of MinDE dynamics, by exploiting the
established in vitro reconstitution assay of Min(C)DE self-organization.
The pattern formation of the E. coli MinCDE system has been reconstituted in vitro
more than ten years ago [25]. Since then, this assay has developed into a valuable
tool to understand MinDE self-organization, as it allows to precisely control most
aspects influencing pattern formation in the absence of the complexity of a living
cell (see section 6.1, for a detailed protocol of the method). The assay, in its original
form or adaptions of it, helped to elucidate molecular details of the self-organization
mechanism itself, such as the effect of MinC [183, 184], the role of MinE membrane
binding [185–187], MinE conformational switching [188] and MinE dimerization [187],
but also the interplay of MinDE self-organization with external factors, such as the
influence of salt concentration [189], membrane composition [184, 189], flow [189],
temperature [190], macromolecular crowding [190–192], and geometric boundaries
[184, 190, 191] on pattern formation. Thus, these in vitro studies, but also various
foregoing and accompanying in vivo and in silico studies, painted a rather detailed
picture of the MinDE mechanism [124] (see section 5.1, for a detailed review of the
MinCDE system).
Despite this detailed level of understanding, one crucial aspect of the mechanism
has remained elusive: the dynamics of the ATPase MinD, specifically, the nature of its
cooperative membrane binding. MinD has been shown to bind highly cooperatively
to membranes in the presence of ATP [92, 193]. So far, this cooperativity has generally
been attributed to the ATP-induced monomer-to-dimer transition of the protein.
However, almost all theoretical models of MinDE pattern formation require higher
order cooperativity which is implemented as either filament formation or "MinD
recruitment" by already membrane-bound MinD [27, 194, 195]. Earlier in vitro studies
that indeed reported filament formation by MinD in the absence of MinE [91, 101]
were deemed artifacts produced by artificially high protein concentrations. Moreover,
the established in vitro reconstitution assay of MinDE pattern formation on model
membranes is commonly observed by fluorescence microscopy, which did not reveal
obvious substructures [25]. However, due to the resolution limit of fluorescence
microscopy those experiments could not rule out that MinD oligomerizes or associates
into fine structures on the membrane. To interrogate the MinDE self-organization
mechanism with focus on MinD cooperative membrane binding, this thesis aimed at
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visualizing MinDE pattern formation in vitro by high-speed atomic force microscopy
(HS-AFM), a method with high spatial and temporal resolution [196] (see section 7.1).
The in vitro reconstitution assay has not only served to investigate the selforganization mechanism of MinDE, but also offers the possibility to gradually increase
complexity by adding more components. Initial studies of this kind limited themselves
to the addition of proteins that are functionally connected to the Min(C)DE system
through direct interactions. For example, it was shown that the third component of
the MinCDE system, MinC, passively follows the oscillations by directly binding to
MinD, but is not required for pattern formation itself [183, 184]. In E. coli, MinDEinduced oscillations of MinC, an inhibitor of the main divisome protein FtsZ, generate
a temporal concentration gradient of MinC, with maximum concentration at the
poles and minimal concentration at the center, thereby restricting FtsZ assembly to
midcell [21, 24, 123, 197, 198]. Thus, the biological purpose of MinDE oscillations has
been attributed to the positioning of MinC/FtsZ. In vitro experiments with MinDE
and MinC as well as membrane-tethered FtsZ indeed corroborated that MinC can
couple MinDE pattern formation to the spatiotemporal regulation of FtsZ [183, 184,
199, 200]. Next to this well-documented function of transporting MinC, which in
turn affects FtsZ polymerization, there have always been speculations whether the
energy-consuming and eccentric MinDE oscillations could play an additional role
inside the cell. For example, cells harbouring mutations or deletions of the minCDE
locus displayed chromosome segregation defects, suggesting a link between the
MinCDE system and chromosome segregation in E. coli [139–145]. Other in vivo
studies reported that MinDE oscillations are regulating the position or abundance
of membrane proteins [201, 202]. So far direct proof, as well as a mechanism, for
such functions have been lacking as detailed in vivo studies remain challenging.
Especially the severe cell division effects accompanying deletion or manipulation of
MinCDE in vivo and the small size of bacteria complicate in vivo analysis. Thus, the
second aim of this thesis was to identify additional roles of MinDE oscillations by
defined and controlled addition of other components in the in vitro reconstitution
assay, such as membrane proteins or DNA (see section 8.1). I found that MinDE
waves were capable of regulating and transporting completely unrelated membrane
proteins or membrane-tethered DNA in vitro by a non-specific mechanism. Next,
I set out to demonstrate that this non-specific regulation is also occuring under
more physiologically relevant conditions, by heterologously expressing both MinDE
and model peripheral membrane proteins in the fission yeast Schizosaccharomyces
pombe and observing their dynamics using fluorescence microscopy (see section
8.2). Subsequently, my goal was to demonstrate that this phenomenon is not limited
to MinDE traveling surface waves, but also occurs if MinDE form quasi-stationary
patterns when a more native MinE variant is used (see section 8.3). My final objective
was to gain a better understanding of the mechanism underlying the transport of
membrane-bound molecules by MinDE using a defined and highly-controllable cargo:
membrane-anchored DNA origami nanostructures (see section 8.4).
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Introduction to the MinCDE System
5.1

Publication P1: The E. coli MinCDE System in the Regulation of Protein Patterns
and Gradients

Associated publication P1 comprises a detailed review of the MinCDE system,
focussing on experimental developments and results. This review serves as a comprehensive introduction to the MinCDE system in this thesis and already comprises the
results presented within associated publication P3, P4 and P5 herein (see sections 7.1,
8.1 and 8.3).
In this review we first introduced the individual components of the MinCDE
system, MinD, MinC, MinE and the lipid membrane, subsequently describing how they
act together to form patterns. We then summarized the variety of different patterns
formed by MinDE in vivo and in vitro and what affects their defining parameters,
such as wavelength and oscillation period. Subsequently, we discussed one of the
most fascinating aspects of MinCDE self-organization, its geometry sensitivity. This
property does not only allow the MinCDE system to act as a ruler of cell size in vivo,
but can be harnessed in vitro to guide MinCDE oscillations and mimic their in vivo
behaviour. We then focussed on how MinCDE patterns can in turn induce patterns
of other proteins, thereby confering information: the positioning of FtsZ through
direct interaction of MinC and FtsZ, the non-specific patterning of membrane-bound
molecules by MinDE and the potential link between chromosome segregation and
the MinCDE system. Following a short comparison to other ParA-type ATPases, we
highlight the application of the MinCDE system for example in bottom-up synthetic
biology.
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Abstract
Molecular self-organziation, also regarded as pattern formation, is crucial for the correct distribution of cellular content.
The processes leading to spatiotemporal patterns often involve a multitude of molecules interacting in complex networks, so
that only very few cellular pattern-forming systems can be regarded as well understood. Due to its compositional simplicity,
the Escherichia coli MinCDE system has, thus, become a paradigm for protein pattern formation. This biological reaction
diffusion system spatiotemporally positions the division machinery in E. coli and is closely related to ParA-type ATPases
involved in most aspects of spatiotemporal organization in bacteria. The ATPase MinD and the ATPase-activating protein
MinE self-organize on the membrane as a reaction matrix. In vivo, these two proteins typically oscillate from pole-to-pole,
while in vitro they can form a variety of distinct patterns. MinC is a passenger protein supposedly operating as a downstream
cue of the system, coupling it to the division machinery. The MinCDE system has helped to extract not only the principles
underlying intracellular patterns, but also how they are shaped by cellular boundaries. Moreover, it serves as a model to
investigate how patterns can confer information through specific and non-specific interactions with other molecules. Here,
we review how the three Min proteins self-organize to form patterns, their response to geometric boundaries, and how these
patterns can in turn induce patterns of other molecules, focusing primarily on experimental approaches and developments.
Keywords Reaction–diffusion mechanism · Spatiotemporal regulation · ParA-type ATPase · Geometry sensing ·
Reconstitution · FtsZ

Introduction
One of the most intriguing phenomena found in nature is the
spontaneous generation of gradients, and thus, of spatial or
temporal order, from diffusible entities. This process, often
referred to as pattern formation, relies on the ability of the
system to dissipate energy, and is a hallmark of biological
systems. The concept of pattern formation in biology was
initially introduced to describe the translation of genetic
information into the spatial organization of differentiating
cells [1]. Patterns do not only occur during the segmental
organization of developing organisms [1, 2], but can be
found across all scales of life: from fish swarm behavior [3]
via molecular pathways determining patterning of feather
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arrays [4] to the organization of intracellular space as in
microtubule arrangement [5].
On a cellular level, two fundamentally different mechanisms are responsible for the emergence of spatial organization. The first one, known as molecular self-assembly,
describes the physical association of a set of components
into a stable structure without energy dissipation, leading
to an equilibrium state [6]. However, spatiotemporal order
required for life processes crucially depends on a second
phenomenon termed self-organization that takes place far
from equilibrium. In contrast to self-assembly, self-organization relies on nonlinear and transient interactions between
the individual components which consume energy from
sources like ATP or GTP [7]. Hence, self-organizing systems
acquire emergent properties that cannot be anticipated from
the function of the individual subunit [8]. Besides inherent
complexity, this allows for an even greater responsiveness
enabling, e.g., morphological changes [9].
The micrometer-scale patterns generated by self-organizing protein networks govern various essential cellular
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processes in both prokaryotes and eukaryotes. Two of the
best studied protein-based, self-organizing systems of
the eukaryotic cell are the determinants of cell shape and
polarity, the actin and microtubule cytoskeletons. In vitro
reconstitution of cytoskeletal filaments elegantly demonstrated the underlying self-organizing properties that enable their organization into in vivo-like asters, vortices and
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MinD
monomer

spindle networks even in a minimal system [10]. Next to
these active systems that consist of cytoskeletal filaments
and motor proteins, protein pattern formation can also be
based on reaction–diffusion mechanisms. Examples are
Cdc42 in Saccharomyces cerevisiae [11] or Par proteins
in Caenorhabditis elegans zygotes [12].

Chapter 5. Introduction to the MinCDE System

The E. coli MinCDE system in the regulation of protein patterns and gradients	
◂Fig. 1  Overview of the three Min proteins. a MinD can bind to the

membrane via its C-terminal MTS upon ATP-dependent dimerization
(residues forming the amphipathic helix are underlined). Schematic
view highlighting the structural motifs and their respective amino
acid sequences of E. coli MinD: Walker A and B and switch I motifs
required for ATP binding and M
 g2+ coordination. Crystal structure
of the dimeric MinD with ATP and the Mg2+ ion shown in black.
MTS location is indicated by schematic helices (PDB: 3Q9L [36]). b
Schematic view highlighting the structural motifs and their respective
amino acid sequences of E. coli MinE. MinE exists in a latent/closed
conformation in solution (crystal structure of Neisseria gonorrhoeae
MinE, PDB:2KX0 [51]). Upon “sensing” MinD on the membrane, it
transforms into a reactive/open conformation where the contact helices and MTS are exposed, freeing it to interact with MinD (crystal
structure of the E. coli MinDE complex, note that MinE 13-88 I24N
was used, PDB: 3R9J [52]). c Schematic view of E. coli MinC shows
that the protein consists of two domains that are connected via a flexible linker. Crystal structure of dimeric MinC from Thermotoga maritima (PDB: 1HF2 [53]). d MinC and MinE have overlapping binding
interfaces on MinD. Crystal structure of the Aquifex aeolicus MinD
monomer with helix 7 highlighted in blue and the C-terminal domain
of A. aeolicus MinC with the RSGQ motif displayed in yellow (left,
PDB: 4V02 [54], note that helix 3 of A. aeolicus is not shown as it
is absent in MinC of most bacterial species including E. coli [55]).
Crystal structure of the E. coli MinD monomer with helix 7 highlighted in blue and MinE with the contact helix displayed in yellow (right, PDB: 3R9J [52], note that only the monomer of MinE is
shown)

Similar to eukaryotic cells, reaction networks linking
self-organization and fundamental functions, such as signal
transduction, division or the organization of intracellular
space, are also found in prokaryotes. Due to their small size,
which allows for efficient space exploration by diffusion,
bacteria avail themselves much more of the reaction–diffusion systems. In such systems, as little as two molecules that
react with each other in networks of certain topology and
have different diffusive properties can give rise to a variety
of different patterns from an initially homogenous mixture
[13, 14]. As Alan Turing was the first to describe such systems to explain pattern formation in biology in 1952 [13],
such patterns have been coined “Turing patterns”. Intriguingly, several of the so-far-discovered nonlinear reaction
systems depend on catalytic environments, such as DNA
or lipid membranes, to transiently modulate their function.
These reaction matrices are especially important in reaction–diffusion systems as they act as modulators of diffusion coefficients or induce conformational changes between
active and inactive protein states. A prime example of a reaction–diffusion system self-organizing on lipid membranes is
the Escherichia coli MinCDE system, which is crucial for
the spatiotemporal localization of the division machinery to
mid-cell [15].
The E. coli MinCDE system was first identified by mutations of its corresponding genetic locus minB that led to the
formation of miniature, anucleate cells, in short: minicells
[16, 17]. 30 years ago, de Boer et al. identified the three
proteins encoded by minB: MinC, MinD and MinE [15].
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Gene expression studies of all three genes suggested that
MinC and MinD together act as an inhibitor of cell division,
while MinE confines this inhibitory activity to the cell poles,
operating as a topological specificity factor [15]. While this
basic model still holds true to this date, 30 years of research
in vivo, in vitro and in silico have revealed the detailed
molecular mechanism of the system. Especially, the first
in vivo visualization of the fascinating MinCDE pole-to-pole
oscillation sparked a flurry of research [18, 19]. Considerably later, the MinDE dynamics were reconstituted in vitro
[20], allowing for a controlled and quantitative interrogation of the underlying molecular mechanism and its potential
application for the design of minimal cells. Furthermore,
the MinCDE system has been subject to extensive mathematical modeling [20–26] to elucidate crucial aspects of
the molecular mechanism. We refer the reader to two excellent reviews and a book chapter with focus on the theoretical description of the phenomenon [27–29], as this review
will mostly focus on experimental approaches and insights.
We will describe the basic mechanism of MinCDE pattern
formation, how it results in a variety of patterns in vivo and
in vitro, and how these patterns are modulated by geometric
constraints. We further outline how MinCDE patterns can
induce downstream pattern formation, i.e., the positioning
of target molecules. Finally, we give an overview of systems
related to the E. coli MinCDE system and how this system
can be applied in synthetic biology and beyond.

The components of the E. coli MinCDE
system
To understand the molecular mechanism of the MinCDE
oscillation cycle, we first need to introduce the individual
components: the three proteins MinD, MinE and MinC as
well as the reaction matrix, the phospholipid membrane.

The ATPase MinD
MinD is a dimeric ATPase that belongs to the P-loop (phosphate binding loop) NTPases of the SIMIBI class (signal
recognition particle, MinD, BioD) [30]. Some members of
this family, MinD as well as nucleoid-guided ParA ATPases,
have also been termed Walker A cytoskeletal ATPases [31].
They are characterized by a conserved N-terminal Walker
A motif or P-loop (E. coli MinD: AA 10–17, GKGGVGKT)
and the more central Walker B motif or switch II region
(E. coli MinD: AA 118–121, DSPA), that coordinate the
triphosphate group of the ATP and complex the Mg2+ ion,
respectively (Fig. 1a) [32–35]. A third motif that participates
in nucleotide binding is termed switch I region and harbors
a conserved aspartate that probably coordinates the attacking, nucleophilic water molecule during ATP hydrolysis
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(E. coli MinD: AA 40–46, DIGLRN) [33, 34, 36]. In G
proteins, the switch I and II residues undergo nucleotidedependent conformational changes mediating interactions.
Similarly, in MinD, these motifs seem to mediate binding
and activation of MinC [37]. The Walker A motif of MinD
deviates from the classical motif in that it contains a signature lysine (E. coli MinD, K11) [30]. This lysine interacts
with an aspartate (E. coli MinD, D152) in the monomeric,
ADP-bound state, but this interaction is abrogated when the
protein binds ATP: the protein dimerizes and the signature
lysine then contacts the ATP of the other monomer [36,
38]. At the far C-terminus, MinD harbors an amphipathic
helix also termed membrane-targeting sequence (MTS) (E.
coli MinD: AA 256–270) [39, 40]. This amphipathic helix
has a rather weak membrane affinity and supports membrane binding only at higher valencies, i.e., when two or
more copies of the MTS are present [41, 42]. Hence, the
nucleotide state determines the localization of MinD acting
as a molecular switch: in its ADP-bound state, the protein
is monomeric and soluble, but dimerizes upon exchanging
the nucleotide for ATP which in turn enables membrane
binding [32, 33, 36, 43, 44] (Fig. 1a). MinD binds to the
membrane as a monomolecular layer of about 5 nm height
[45] and the binding process is highly cooperative [44–46].
Most mathematical models reproducing MinDE oscillations
either require MinD filament formation or incorporate a not
further specified “MinD recruitment”, where more MinD on
the membrane recruits additional protein from the cytosol
[23, 24, 28]. The observed cooperativity can only partly be
explained by the ATP-dependent dimerization that allows
for membrane binding. There have been several reports of
MinD forming filamentous structures in the presence of
phospholipids that could be disassembled by MinE [43,
47]. However, these filaments could only be observed at
high protein concentrations [43, 47]. A recent high-speed
atomic force microscopy study visualized MinDE dynamics at high spatial and temporal resolution: MinDE formed
higher-order structures that rapidly diffuse and disassemble
on the membrane, resembling a 2D crystal-like, but highly
dynamic packing of MinD dimers [45]. Another study supports the formation of higher-order MinD structures on
the membrane, as MinDE waves can displace fluorescent
proteins with the same membrane affinity as a MinD dimer
(mCherry fusion to two E. coli MinD MTS) [42]. Indeed
when the MinD density on the membrane is low in vitro,
individual MinD dimers are rapidly diffusing on the membrane and have a short membrane residence time [45, 48].
In contrast, increasing MinD densities reduce lateral diffusion and increase membrane residence time, thus supporting
the assumption of lateral interactions between MinD dimers
[45, 48]. Hence, for efficient membrane detachment, MinD
needs to return to the monomeric, ADP-bound state by ATP
hydrolysis. MinD itself possesses a low intrinsic ATPase
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activity [44, 49, 50]. However, when MinD is membrane
bound, this activity can be stimulated by MinE, enabling
monomerization and membrane detachment [44, 50].

The ATPase‑activating protein MinE
MinE is the cognate ATPase-activating protein of MinD. It
is a small protein of only 88 amino acids that is divided into
two functional domains: the anti-MinCD domain (E. coli,
AA 1–31), sufficient to suppress MinCD inhibitory activity in vivo, and the topological specificity domain (E. coli,
TSD, AA 32–88) that antagonizes the inhibitory activity of
the former only at midcell, restricting its activity to the cell
poles [56–58] (Fig. 1b). The anti-MinCD domain further
consists of two functional motifs: an N-terminal membranetargeting sequence (MTS) spanning residues 2–12 (E. coli
MinE) [59, 60], and the MinD contact helix located between
amino acids 13 and 31 (E. coli MinE) [52, 61] (Fig. 1b).
The TSD is in fact a dimerization domain that promotes
the formation of MinE homodimers. Genetic studies with
MinE mutants inducing minicell formation when expressed
in E. coli as well as yeast two-hybrid analysis suggested
strong self-interaction properties of the TSD [56, 57].
Indeed, MinE was shown to self-associate in vivo: simultaneous expression of wild-type and MinE 22–88 led to the
formation of heterodimers, and thus the inhibition of cell
division [62]. Shortly thereafter, the structure of the constitutive MinE dimer was released [58].
Similar to MinD, MinE possesses a membrane-targeting
sequence (MTS) which in contrast to MinD is located at the
N-terminus (E. coli, residues 2–12) [59, 60]. Biochemical
characterization of this motif suggests that it is composed of
an amphipathic helix, where the hydrophobic residues A2,
L4 and F6 insert into the lipid bilayer, and a sequence of positively charged amino acids R10, K11 and K12 electrostatically interact with the negatively charged phospholipid headgroups (referring to E. coli MinE) [59, 60]. To ensure a weak
affinity for the E. coli membrane in the absence of MinD,
the MTS and the neighboring contact helix are concealed in
the hydrophobic core of the MinE dimer, through interaction with the TSD [51, 52, 59] (Fig. 1b). Direct membrane
interaction is in principle not crucial for MinE to antagonize
MinD [24] and MinE mutants lacking the MTS support pattern formation in vitro, but with altered length-scale and
dynamics [63, 64]. However, several in vivo, in vitro and
theoretical studies demonstrated the necessity of the direct
MinE–membrane interaction for functional MinCDE oscillations in vivo [36, 48, 52, 59, 63–65].
The contact helix spanning amino acid positions 13–31
(E. coli MinE), is crucial for the MinE–MinD interaction and
confers the primary function of MinE to activate the ATPase
activity of MinD in the presence of phospholipid membranes
[50, 61]. Intriguingly, these residues only fold into an α-helix
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upon interaction with MinD [61]. MinE dimers switch
between a closed/latent state, composed of a 6-stranded,
anti-parallel β-sheet, and an open/active, 4ß-stranded conformation in complex with MinD [52] (Fig. 1b). The latent
state, in which also the MTS is sequestered, is able to freely
diffuse in the cytoplasm until the MinE dimer encounters an
ATP-bound MinD dimer on the membrane [66, 67]. Upon
interaction, MinE transforms into its open (4ß-strand) conformation through a multistep process, which releases the
MTS and the contact helix [66, 67].
The resulting MinDE complex is asymmetric, as the
MinE dimer is bound on only one side of the MinD dimer
[68]. In this complex, MinE stimulates ATPase activity of
MinD presumably by inducing a conformational change in
the E. coli MinD switch I residue N45 [44, 50, 68]. Despite
the asymmetry, MinE binding triggers ATP hydrolysis in
both MinD subunits, which induces MinD monomerization
and membrane detachment (Fig. 1b) [68].
After MinD has dissociated from the membrane, several
studies showed that MinE dimers “linger” bound to the lipid
bilayer, thus directing the de novo binding of MinD to the
opposing cell pole [48, 59, 69]. It was initially unclear why
MinE features a conformational switch rather than remaining
in its active form, but it was recently shown that the MinE
switch confers robustness to the Min oscillations sustaining
pattern formation over a wider concentration range [25, 64].
Despite our rather detailed knowledge about the structure
and the conformational freedom of MinE, the mode of action
in vivo remains unclear. Several different, but partly congruent mechanisms have been proposed [21, 24, 25, 70, 71].
One model has been termed the “Tarzan of the jungle”, in
the way that MinE acts as Tarzan moving ‘hand over hand’
from one membrane-bound MinD to the other as if they were
“vines” [52]. If lacking a binding partner in close proximity, MinE dissociates from the membrane. Thus, the fate of
MinE is determined by the local density of MinD, which
either ensures successful rebinding or the return to the inactive, 6-ß-stranded conformation [52]. Although it was also
assumed that there might be an intermediate state in which
MinE is transiently bound to the membrane without MinD,
this model does not emphasize free, membrane-bound MinE.
Another model explains the acceleration of protein detachment at the rear of the Min wave through a MinE-induced
positive feedback [48, 72]. This feedback originates from
MinE ability to perform two complementary actions: rapid
rebinding and persistent membrane binding [48]. A proposed
alternative is the so-called MinDE toggle switch, which
assumes that the local stoichiometry of MinDE on the membrane either promotes MinE-stimulated MinD recruitment
(MinD excess state) or the MinE-stimulated MinD release
(MinE excess state) [63]. That implies that the membranebound MinD is stabilized by MinE, recruits further MinD
until MinE tries to balance the concentration gradient and
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the MinDE complex is able to bind to another MinE, thus
inducing the dissociation of the complex formed by two
MinE and a MinD complex from the membrane [63].

The effector protein MinC
MinC is not participating in the MinDE dynamics, but can
be seen as the effector of the system. As an inhibitor of FtsZ
assembly, it confers the ability of the MinCDE system to
inhibit and position cell division (see below). MinC is a
dimeric protein, where each monomer further consists of
two domains connected by a flexible linker, which allows
free rotation of the N-terminal domains [53, 73] (Fig. 1c).
Both the N-terminal and C-terminal domain harbor FtsZ
inhibitory activity [74–76]. The C-terminal domain contains
the dimerization interface consisting of primarily hydrophobic residues [53, 54, 73]. It further comprises the conserved
residues, RSGQ (in E. coli MinC), that mediate the interaction with MinD [38, 54]. Dimeric, ATP-bound MinD binds
MinC and can thereby recruit MinC to the membrane in vitro
and in vivo [19, 44, 52, 77, 78]. MinC and MinE binding
sites on the MinD surface are overlapping [36, 55, 79]. Specifically, the RSGQ motif of MinC as well as the contact
helix of MinE interact with residues S148, D154 and I159
in helix 7 of MinD (referring to the E. coli MinCDE system)
[36, 79] (Fig. 1d). Thus, competition for the same binding
site enables MinE to displace MinC from membrane-bound
MinD [44, 77]. This shared binding site presumably also
explains how MinC can interfere with MinDE pattern formation in vitro: unusually high MinC concentrations can
disturb MinDE pattern formation in vitro, presumably by
outcompeting MinE binding to MinD [80].

The lipid membrane as a reaction platform
One of the most crucial determinants for MinDE pattern formation is the ability of MinDE to interact with the phospholipid bilayer interface via their MTS [41, 43, 59, 60]. Due to
this process, the diffusion constants of the proteins can be
significantly decreased, and in combination with molecular
interactions, enable the dynamic instability needed for selforganizing patterns [20, 48]. Remarkably, the membrane
can, thus, be considered as a heterogeneous catalyst for pattern formation, in the same way as platinum substrates for
CO oxidation [81]. For the interaction with the membrane,
MinDE oscillations require a specific anionic charge density
of the membrane, reflecting the nature of their positively
charged MTS [46, 69, 82]. Interestingly, anionic lipids such
as cardiolipin were shown to be concentrated at the cell
poles, and when cells are stained with dyes specific for anionic phospholipids such as cardiolipin, the resulting densities resemble MinD localization at the cell poles and nascent
septa [83, 84]. These findings led to the suggestion that the
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distribution of certain lipids acts as a spatial cue for MinDE
localization. However, it has been demonstrated that only the
net negative charge, rather than cardiolipin itself, influences
the formation of MinDE dynamics and that MinDE poleto-pole oscillations are a result of geometry sensitivity (see
below) [80, 82, 85]. MinDE dynamics are not only influenced by the membrane properties, but also they themselves
influence the membrane’s physical properties, a common
theme for amphipathic helices [86]. The MTS of both MinD
and MinE have been demonstrated to deform liposomes [43,
60, 87, 88], stabilize lipid domains [89], change the membrane viscosity in vitro [90] and even to induce waves of
labeled lipids [91]. Lipid membranes in vivo do not only
have characteristic physical properties, but also bear a (trans)
membrane potential. Although it has been suggested that the
MinCDE system is modulated by this membrane potential,
oscillations can be reconstituted in vitro in the absence of a
potential [92, 93].

Pattern formation by the MinCDE system
The three proteins MinCDE and the membrane act together
to form an oscillation cycle. In vivo, the proteins perform
pole-to-pole oscillations [18, 19], whereas on a planar
membrane in vitro, they form traveling surface waves and
other patterns (Fig. 2a, b) [20, 48, 63, 94]. These dynamics, even though of different appearances, share the same
basic mechanism (Fig. 2c). Note that MinC is not required
for pattern formation, but is only a passive passenger of the
MinDE dynamics. The first part of the mechanism is dominated by MinD cooperative membrane binding (Fig. 2d).
MinD dimerizes in an ATP-dependent fashion, enabling it
to bind to the membrane via its MTS [43, 44, 52]. At the
beginning of a MinDE wave or a MinDE oscillation cycle,
MinD density is low, and individual MinD dimers rapidly
diffuse on the membrane with short residence times [45,
48]. However, MinD membrane binding is highly cooperative, rapidly leading to an increase in MinD density
on the membrane towards the end of a MinDE wave or
a MinDE oscillation cycle [20, 44, 46, 48]. In this high
density region, lateral diffusion of MinD dimers is reduced
and membrane residence time is increased [45, 48]. This
behavior likely originates from the association of MinD
dimers into higher-order structures [42, 43, 45, 47]. MinC
dimers associate with membrane-bound MinD in a presumably 1:1 interaction, closely emulating MinD density
[19, 48, 78]. MinC is far less abundant than MinDE in the
cell; so for every MinC dimer, there would in principle be
10–30 MinD dimers available for binding (see Table 1).
However, MinC might not be homogenously distributed
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when attached to membrane-bound MinD (see discussion
on MinCD copolymers in section Positioning of FtsZ).
The second part of the mechanism is dominated by
MinE (Fig. 2e). The homodimeric MinE diffuses rapidly
in solution when in the closed/latent conformation [51,
52, 59, 66, 67]. Once this latent MinE senses a membrane-bound MinD, it switches into an open, reactive
conformation where both the MTS as well as the MinD
contact helix are exposed [66, 67]. This open/reactive conformation is able to bind to membrane-bound MinD via
the contact helix forming an asymmetric complex. If the
MinD dimer is bound by MinC, MinE displaces MinC into
solution [44, 77]. In the MinDE complex, MinE stimulates ATPase activity of MinD, triggering ATP hydrolysis
and monomerization [44, 50, 68], thereby weakening the
membrane attachment of MinD. Once the MinD monomers have detached, MinE has several possible modes
of action. (1) MinE could stay on the membrane, termed
persistent membrane binding, where it could re-associate
with other membrane-bound MinD dimers [48, 52, 67]. (2)
MinE also detaches, but before it switches back into the
latent conformation it rapidly binds to other membranebound MinD dimers, termed rapid rebinding [48]. (3)
MinE detaches and switches back into the latent conformation, which can rapidly diffuse away [66, 67]. These
three modes of action ensure the local accumulation of
MinE in high-MinD-density regions, which will trigger the
cooperative MinD detachment. It is important to note that
the individual molecules do not move directionally on the
membrane, but simply attach and detach in a coordinated
fashion governed by the molecular interactions described
above [20, 48].
As mentioned, MinC itself is not needed for the generation of patterns. MinDE oscillate in vivo and in vitro
without MinC, and the presence of physiological amounts
of MinC has a negligible effect on MinDE oscillations
[20, 48, 54, 74, 78]. However, in vivo, functional MinC
is required to prevent the minicell phenotype [15, 18].
For correct positioning of the division site to midcell, the
MinC oscillation powered by MinDE generates a timeaveraged protein gradient of MinC (as well as MinD) with
maximum concentration at the poles and minimal concentration at the cell center [21, 95]. This gradient acts
as a cue for the patterning of downstream targets (see
section The MinCDE system in the generation of downstream patterns). With MinC being an inhibitor of FtsZ,
the pole-to-pole oscillations confine the inhibitory activity of MinC to the cell poles, restricting FtsZ assembly to
midcell (Fig. 2f). However, also a strong MinD gradient
with maximum MinD density at the poles could potentially
position membrane proteins to midcell via a non-specific
mechanism.
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Table 1  Protein concentrations
of MinCDE and FtsZ in vivo
MinD
MinE
MinC
FtsZ

Proteins/cell
proteomics

Proteins/cell Western blotting

Concentration [µM] (assuming
E. coli volume of 4.3 fl [142])

4928 [142]
4004 [142]
163 [142]
7898 [142]

2000–3000 [49, 227]
1400 [227]
400 [228]
3200 [143], 5000 [144], 15,000 [145]

0.8–1.9
0.5–1.5
0.06–0.15
1.2–5.6

MinCDE oscillations in vivo
Through the mechanism described above, MinD and
thereby MinC oscillate from pole to pole within E. coli
(Figs. 2a, 3a) [18, 19, 78]. MinE drives this oscillation,
forming a high-density zone at the rim of the retreating
MinCD polar zones [71, 96]. This high-density MinE
region is also referred to as the MinE ring, and was originally thought to be a static and polymerized structure [70].
MinCDE pole-to-pole oscillations are crucial for the correct positioning of the division site to midcell. Hence, in
the complete absence of MinCDE, the typical minicell
phenotype occurs, where cells frequently divide asymmetrically, giving rise to anucleate minicells [15]. The
same is true for deletion of either MinC or MinD [15].
In contrast, somewhat counterintuitive, in the absence of
MinE or with MinE mutants defective for MinD interaction, cells become filamentous. No oscillations occur
and MinCD bind to the membrane over the entire length,
blocking cell division also at midcell [18, 61]. The same
effect can be produced in cells harboring MinD D40A as
a sole copy, a MinD mutant deficient for ATP hydrolysis,
or MinD D152A, a mutant whose ATPase activity cannot
be stimulated by MinE [36, 38]. These results demonstrate
that the MinDE pattern formation is crucial to induce a
MinC gradient capable of regulating cell division.
In general, oscillations can be characterized by the oscillation period T, the wavelength λ and the wave velocity v
(Table 2). The MinDE oscillation period has been extensively characterized in different strains and ranges between
40 and 120 s [18, 71, 78, 95, 96]. In a strain with a functional
sfGFP–MinD fusion at the native locus, it was measured
to be 68 s at 27 °C [95]. The period of the MinDE oscillation depends on several factors, such as concentration
ratios or temperature (Table 2). For instance, a temperature
increase was shown to accelerate the molecular dynamics,
hence decreasing the oscillation period [97]. Conversely,
high MinD/MinE ratios slow dynamics, thus increasing
the oscillation period and vice versa [18]. Also the level of
MinE-stimulated ATPase activity influences the oscillation
frequency, where lower levels of stimulation increase the
period [50]. However, a MinE version, found to be hyperactive in MinD ATPase stimulation, displayed significantly
slower MinDE oscillations in vivo [94]. This suggests that
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also other properties of MinE influence the oscillation period
[94].
In contrast to the oscillation period, the wavelength
has rarely been determined in vivo. The wavelength of an
oscillation is defined as the distance between two similar
points. As such, the distance between the maxima of a pole
to pole oscillation equals half a wavelength and the distance
between two peaks in filamentous long cells equals one
wavelength. Inferred from MinD maxima in filamentous
cells, the wavelength has been cited to be between 8 and
11 µm and seems to be unmodified by temperature [18, 97].
Interestingly, MinDE pole-to-pole oscillations are not
specific to E. coli. When MinDE from E. coli are expressed
in Bacillus subtilis, they also perform pole-to-pole oscillations, suggesting that MinDE pattern formation is independent of other proteinaceous factors [98]. Furthermore, also
other bacterial species harbor MinCDE homologues that
oscillate (see below).

In vitro reconstitution of the MinCDE system
For a long time, the unfavorable size of bacteria for optical microscopy and the severe cell division defects upon
MinCDE deletion or manipulation restricted the investigation of the MinDE pattern formation mechanism in vivo.
Hence, in vitro reconstitution of MinDE oscillations in 2008
represented a major breakthrough for the understanding of
MinDE self-organization [20]. Purified MinE and MinD, in
the presence of ATP, were shown to form traveling surface
waves on a supported lipid bilayer. These experiments demonstrated that MinD, MinE and a lipid membrane are necessary and sufficient for pattern formation [20]. Similar to the
in vivo situation, in the absence of MinE, or when MinD was
bound to the non-hydrolyzable ATP analog ATPγS, MinD
homogenously covered the membrane and no patterns were
formed [20, 48]. Likewise, increasing MinE concentrations
led to accelerated dynamics, thus reducing the MinDE wavelength and increasing wave velocity [20, 64, 82]. Similar to
the MinE ring in vivo, MinE accumulates at the rear of the
MinDE wave, driving the dynamics (Fig. 2b) [20, 48, 82].
Since its establishment, the in vitro reconstitution assay in
either its original form with an open well geometry [20, 99]
or in a flow-cell setup [63, 82], has elucidated various details
about the molecular mechanism of the MinDE oscillations
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in a controlled fashion: the influence of salt concentration
[82], membrane composition [80, 82], flow [82], temperature [100], crowding [100–102], the presence of MinC [48,
80], the role of MinE membrane binding [63, 64] and conformational switching [25]. It further served to demonstrate
the spatiotemporal regulation of FtsZ [80, 103] and other
membrane components [42, 91] by MinDE waves.
Besides traveling surface waves, a variety of different
dynamic patterns could be observed in the flow-chamber
setup (Fig. 3b) [63]. The observed patterns had different
dynamic appearances and were associated with distinct
membrane protein densities. From higher protein densities at the inlet of the flow cell to lower densities at the
outlet, patterns appeared that were categorized as amoebas,
traveling waves, more regular spiral waves, mushrooms and
bursts. Despite the different appearances, these patterns all
share the same basic characteristics with traveling surface
waves: MinE density peaks in time and space after the highest MinD density [63].
A recent study using the open well setup and a more
native MinE protein variant could further observe a variety of stationary patterns that closely resemble “Turing
patterns”: spots, mesh, inverse spots, labyrinths and intermediate patterns thereof (Fig. 3c) [94]. These patterns are
quasi-stationary, because once established, they usually only
undergo subtle and slow changes. However, as demonstrated
by FRAP, the MinDE proteins are constantly exchanging
within the pattern [94]. To our knowledge, these are the
first examples of “Turing patterns” occurring in a reconstituted protein system. Which type of pattern emerged was
dependent on protein concentration, but is likely influenced
by other parameters such as ionic strength or the nature of
the support. Intriguingly, also in these stationary patterns the
spatial separation between maximum MinD and maximum
MinE density can be observed. Furthermore, the assay demonstrated multistability, a fascinating aspect of the MinDE
system also observed in vivo (see below) [104]. Even though
the proteins were well mixed at the start, two different kinds
of patterns were often observed in the chambers that were
either spatially or temporally separated.
The time period of the dynamics in vitro is similar to the
oscillations in vivo and ranges between 40 and 120 s [20, 48,
64, 100, 102]. In contrast, the in vitro wavelength of the travelling surface waves was shown to be about 30–100 µm [20,
48, 64, 82, 100, 102], and hence is about 10 times larger than
in vivo. Similar to the in vivo oscillations, elevated temperatures accelerate MinDE dynamics, leading to increased wave
velocities and therefore shorter periods, but do only have a
minor impact on the wavelength [100]. Increasing amounts
of anionic lipids in the membrane such as DOPG or ardiolipin decrease wave velocity and wavelength [80, 82]. In
contrast, higher salt concentrations increase the wavelength
and wave velocity [82]. Limited protein amounts, such as in
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a flow-cell setup or in geometric confinement, seem to generally slow down the dynamics and decrease the wavelength
[82, 100]. The difference between the wavelength in vivo
and in vitro is likely due to different solution and membrane
diffusion of MinD and MinE in cells and buffer. Indeed,
increasing concentration of crowding agents in solution, or
proteins crowding the membrane also decreased the wavelength in vitro [42, 100, 101, 103]. In contrast, reconstitution
on free-standing bilayers with higher membrane fluidity further increased the wavelength of the MinDE traveling waves
[102]. That in vitro MinDE dynamics are also occurring on
a much smaller length-scale was recently demonstrated by
forming supported lipid bilayer patches of only 50–500 nm
in diameter [45]. On these patches, the lateral diffusion is
confined and the absolute amount of attaching proteins limited to the surface area. Nevertheless, quasi point oscillations
of MinDE occur on such a membrane that were imaged with
high-speed atomic force microscopy (Fig. 3d) [45].

The MinCDE system in interplay
with geometric boundaries
Over the years, several models have been proposed to
explain why MinCDE robustly oscillate from pole to pole
within the elongated E. coli. Possible explanations have been
specific cues at the poles, such as specific lipid composition
[46] or high membrane curvature [105], or simply the choice
of the longest possible distance in the cell as oscillation axis
[106]. Various in vivo and in vitro experiments have recently
demonstrated that geometry sensing is an intrinsic property
of the MinCDE system and originates from the self-organization mechanism itself.

The MinCDE system as a ruler of cell size
In short E. coli cells with a length smaller than 2.5–2.7 µm,
MinCDE exhibit stochastic fluctuations switching irregularly
between cell poles [95, 107]. In contrast, MinCDE reliably
oscillate from pole to pole in longer E. coli cells. Modeling
suggests that ATP consumption of the MinCDE system is
significantly lower for stochastic switching than for pole-topole oscillations. This indicates that the MinCDE system
only starts to oscillate prior to division in cells that have
reached a sufficient length to preserve energy in shorter cells
[107]. A second switch in the oscillation pattern seems to
occur shortly before or at the time of division. MinC and
MinD have been shown to frequently pause at the septum,
switching to a stable double oscillation directly before septum closure [19, 108, 109]. This behavior reflects the geometry sensitivity of the system and ensures equal partitioning
of MinCDE into both daughter cells [109]. The behavior of
pausing at the septum could also inhibit the over-initiation
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◂Fig. 3  Pattern formation by the MinCDE system. a MinCDE perform

pole-to-pole oscillations in vivo that lead to a time-averaged protein
gradient of MinC and MinD (adapted from [95] by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature,
Nature Nanotechnology [95], Copyright (2015)). b Patterns formed
by MinDE in a flow-cell setup in vitro (adapted from [63]). c MinDE
form traveling surface waves and a variety of stationary patterns in an
open well setup in vitro (adapted with permission from [94]. Copyright (2019) American Chemical Society.) d MinDE point oscillations on nanometer-sized membranes in vitro as observed with highspeed atomic force microscopy. Blue arrows indicate higher-order
structures. (adapted with permission from [45]. Copyright (2018)
American Chemical Society.)

of FtsZ close to the established septum, similar to what has
been reported for the B. subtilis MinCD/DivIVa/MinJ system (see below) [110, 111].
MinCDE oscillations have been shown to occur in a
variety of cellular geometries, exhibiting an array of different patterns. In normal-sized E. coli, the proteins form
pole-to-pole oscillations. In longer cells, in turn, MinCDE
form multi-node standing waves [18, 78] or traveling waves
[72]. In rodA deficient, round E. coli cells, MinCDE either
form traveling waves or oscillations with no preferential axis
[106]. In penicillin binding protein deficient, branched E.
coli cells with at least three poles, MinCDE oscillate in a
circular motion from one branch to the neighboring [112]. In
squeezed, aberrantly shaped E. coli, MinCDE adapt various
patterns [113]. To systematically investigate the geometry
sensitivity of the MinCDE system, a recent study molded
cells into defined shapes (Fig. 4a) [95]. For this purpose,
cells were grown in nanofabricated PDMS chambers and
treated with A22 and Cephalexin inhibiting rod-shape maintenance and cell wall constriction, respectively. Under these
conditions, the cells grew without division and adapted to
the shape of the PDMS chamber. The authors observed
MinCDE oscillations in diverse shapes: triangles, spheres,
rectangles and squares (Fig. 4a).
Intriguingly, MinCDE oscillations preferentially oriented
along the symmetry axis. In squares of increasing size, the
authors observed a change in the MinCDE oscillations from
a rotational movement to an oscillation along the diagonal
axis, to a side-to-side oscillation and a three-node standing wave pattern. In rectangular shapes, MinCDE reliably
oscillated along the long axis of the cell unless the width
was increased to more than 3.5 µm. In this case, MinCDE
displayed a second mode of oscillation along the short axis.
These two oscillation modes coexisted in a specific size
range (width 5 µm; length: 7–11 µm), demonstrating the
multi-stability of the system in vivo [104]. However, once
a certain oscillation mode was established in a cell, patterns rarely interconverted, despite perturbations occurring
during cell growth, demonstrating the robustness of cellular
MinCDE oscillations [104]. In rectangular shapes with an
aspect ratio similar to growing E. coli cells (width: < 3 µm,
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length: 3–6 µm), oscillations almost exclusively occurred
along the long axis and the resulting time-averaged gradient displayed a remarkable accuracy. Only above a length
of 7 µm, three-node standing waves emerged. This demonstrates that the intrinsic wavelength of the MinCDE system
can be adjusted to a certain degree to generate a gradient that
scales with cell length. In contrast, the temporal period was
largely invariant with respect to cell size. Using a previously
introduced model [24], the authors could further show that
the most important parameter for symmetry selection is the
MinD self-recruitment rate, a parameter describing the cooperative binding of MinD to the membrane [95]. In the future,
it would be interesting to see if MinCDE geometry sensitivity is disturbed in mutants impaired for self-interaction.
Until recently, it was not quite clear why cells employ an
oscillating Min system that is also capable of sensing the
geometry. This is especially intriguing knowing that also
rather static gradients of cell division inhibitors such as
ParA-type ATPases or the MinCDJ/DivIVa system in B. subtilis allow for a precise targeting of the divisome to mid-cell.
However, three recent studies demonstrate that the oscillating nature of the MinCDE system allows for the division of
longer and filamentous cells, ensuring proper distribution
of the genetic content. These studies examined cell division
and MinCDE oscillations in elongated cells. The first study
analyzed division in filamentous E. coli cells recovering
from stress by elevated temperatures, antibiotic treatment
or overexpression of SulA [114]. Similarly, another study
analyzed division in filamentous cells of the cyanobacterium Synechococcus elongatus recovering from stress of
growth under dim light conditions [115]. The third study
took advantage of a bacterial species that naturally occurs in
different lengths: the gram negative bacterium Vibrio parahaemolyticus that can differentiate into short swimmer cells
and longer swarmer cells [116]. They analyzed division in
the elongated swarmer cells.
All three studies found that the cells switch from symmetric cell division in normal-sized cells, resulting in two
equal-sized daughter cells, to asymmetric cell division in
elongated cells, typically resulting in normal sized and
longer cells. They further revealed that MinCDE oscillations defined the potential division sites in shorter and longer
cells alike. Intriguingly, the switch was shown to be induced
by a change of MinCDE dynamics from pole-to-pole oscillations in normally sized cells to multi-node standing waves
and traveling waves in longer cells (Fig. 4b, c). The resulting MinC minima coincided for short and long cells with
potential division sites.
In E. coli, the division machinery formed at all potential
division sites, i.e., in MinC minima, as visualized by FtsA
localization [114] (Fig. 4c). Division of these filamentous E.
coli cells also occurred apparently randomly at one of these
division sites, yielding two cells of normal size or multiples
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Table 2  Parameters defining MinCDE oscillations in vivo and in vitro
In vivo
Wavelength (µm)

8–11 µm [18, 97]

Oscillation period T (s) 40–120 s [18, 71, 78,
95, 96]; 68 s @27 °C
[95]
Wave velocity (µm/s)

Influences on parameter
in vivo

↑with high DE ratios ↑ with
lower ATPase stimulation
by MinE [50] ↓increasing
temperature [97]

thereof. When this division event or growth changed the
length of the cell, such that one MinC minimum more or less
would fit in, FtsA rings rapidly reorganized [114].
In contrast, in both S. elongatus and V. parahaemolyticus,
the division machinery only assembled in one of the MinC
minima, as visualized by FtsZ localization [115, 116]. This
single division site was usually found closest to one of the
two cell poles, approximately spaced one normal cell length
from the pole (red arrows in Fig. 4c). Correspondingly, both
V. haemolyticus and S. elongatus also divided at one of the
pole-proximal division sites, resulting in a normal-sized
and an elongated cell. For V. parahaemolyticus, it could be
shown that the limitation to one division site is presumably
due to a regulation of FtsZ levels. Short and long swarmer
cells had similar FtsZ levels, presumably only allowing one
FtsZ ring to form [116]. However, it is unclear why this single FtsZ ring forms and subsequent division occurs preferably at one of the pole-proximal sites. One explanation could
be the transient occurrence of traveling waves that have been
directly observed in S. elongatus [115], but have also been
previously reported for filamentous E. coli cells [72]. These
traveling MinCDE waves would only preserve one stable
MinC minimum at the pole where the waves originate.
These three studies demonstrate that the MinCDE system, in both short and long cells, is an efficient ruler of
cell size. This was beautifully visualized by the sudden
reorganization of FtsA-marked division sites upon cell
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In vitro on SLBs

Influences on parameters
in vitro

30–100 µm [20, 42, 48, 64,
80, 82, 100, 102]

↓ with crowding agents [100,
101, 103], ↑ with membrane fluidity [102], ↓ with
increasing MinE concentration [20, 64, 82], ↓with
limited protein amount
[82, 100], ↓with increasing
anionic lipid density [80,
82], ↑with increasing salt
concentration [82]

40–120 s [20, 42, 48, 64, 80,
100, 102]
0.1–0.6 [20, 42, 48, 64, 80,
82, 100, 102]

↑ with increasing MinE
concentration [20, 64, 82],
↑with increasing temperature [100]
↓with limited protein amount
[82, 100]
↓with increasing anionic lipid
density [80, 82]
↑with increasing salt concentration [82]

length changes due to growth or division [114]. Also in
elongated cells, the MinCDE system still lives up to its
name, preventing minicell formation: The MinCDE system protects cell poles from cell division and ensures the
generation of cells that are either of normal size or multiples thereof to maintain genomic integrity. Not only does
the switch in MinCDE oscillations ensure correct cell size
distribution, but also allows to maintain a population that
contains shorter and longer cells alike. This size plasticity
can be beneficial in the face of environmental stress or as
a virulence strategy [117].
The inherent geometry sensitivity of the MinCDE system
could also explain how MinCDE could have evolutionarily
adapted in bacterial cells with other shapes, e.g. in the round
cocci Neisseria gonorrhoeae [118, 119]. The MinCDE system further presents a likely candidate for FtsZ positioning
in the extraordinarily shaped species of the Marine Oligochaete and Nematode Thiotrophic Symbionts (MONTS)
cluster of Gammaproteobacteria. Some of these gammaproteobacteria are extremely elongated with a length of
45–120 µm [120], whereas others localize FtsZ and divide
along the longitudinal cell axis [121].
All in all, the oscillating behavior of the MinCDE system
and its geometry sensitivity support an efficient usage of
ATP in small cells, the equal partitioning of MinCDE into
daughter cells and division of normal-sized and filamentous
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cells alike. Geometry sensitivity might further allow the system to adapt to different cell geometries.

Geometry sensitivity of the MinDE system in vitro
The MinDE system’s geometry sensitivity in vitro has
been studied in depth. The first demonstration that it is
an inherent property of the MinDE system, and thus also
occurs in vitro, was the use of planar, but patterned supported lipid bilayers (Fig. 4d) [101]. Intriguingly, MinDE
traveling waves were shown to respond to the 2D boundaries by aligning to the shapes. Similar to MinDE waves in
cells that were molded into specific shapes [95], MinDE
waves in vitro also align to the diagonal on membrane
squares or rectangles with high aspect ratio. In contrast,
rectangular forms with an aspect ratio below 0.3 induced
an alignment to the long axis [101]. On membrane strips
shaped like an L or a serpentine MinDE waves could thus
be guided by the geometric form (Fig. 4d) [101]. These
experiments further indicated that the characteristic
in vivo pole-to-pole oscillations arise from an interplay
of the MinDE system with the cell’s geometry, but that
reproduction of this behavior requires spatial confinement.
Indeed, the MinDE system was shown to perform poleto-pole oscillations in vitro when confined in rod-shaped
microcompartments clad with a supported lipid bilayer
and with dimensions adjusted to the larger wavelength of
MinDE in vitro (10 × 30 µm) (Fig. 4e) [80, 85]. In these
compartments also the characteristic time-averaged gradient of MinC and MinD emerged, with highest concentrations at the compartment poles and minimal concentration
at the compartment middle [64, 80, 99]. Analogous to the
results of MinDE oscillations in molded cells [95], poleto-pole oscillations in vitro were the prevailing oscillation mode in the rod-shaped compartments with length
between 15 and 35 µm. This again demonstrated a certain
plasticity of the MinDE wavelength [80]. Only in even
longer microcompartments resembling filamentous cells,
MinDE formed multi-node standing waves that produced
several MinC minima [80, 85]. In round microcompartments mimicking spherical cells, MinDE oscillations
had no preferential oscillation axis [80, 85]. While these
compartments were closed by an air interface instead of a
bilayer, confinement of MinDE in 3D microcompartments
covered with a supported lipid bilayer produced similar
pole-to-pole oscillations when the aspect ratio and size of
the compartment matched those of an E. coli cell scaled
to the in vitro MinDE wavelength [100].
More recent studies have worked towards the reconstitution of MinDE oscillations in fully confined and nonsupported 3D geometries [88, 122]. In spherical waterin-oil droplets with a lipid monolayer or giant unilamellar
vesicles, MinDE exhibit distinct modes of oscillations: a
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pulsing mode, pole-to-pole oscillations, circling waves and
trigger waves [88, 122]. Deformation of these droplets and
vesicles towards more cell-like nonspherical geometry is
still a pending experimental goal.
In summary, in vitro the interplay of the MinCDE system
with geometric boundaries allows to guide MinDE traveling
waves and to mimic the pole-to-pole oscillations occurring
in vivo.

MinCDE system in the generation
of downstream patterns
Importantly, MinCDE patterns dictate the spatiotemporal
localization of target molecules: (1) MinDE oscillations
position MinC and thereby confine divisome formation to
midcell; (2) MinDE oscillations non-specifically regulate
other membrane proteins in vitro; (3) MinCDE oscillations
might participate in chromosome segregation.

Positioning of FtsZ
The E. coli divisome is a multi-protein machinery that is
coordinated by the tubulin homologue FtsZ [123–125].
Upon GTP binding, FtsZ polymerizes in a head-to-tail fashion [126]. Interestingly, the kinetic polarity of FtsZ filaments
has recently been reported to be opposite of microtubules:
In FtsZ filaments, incoming subunits seem to preferentially attach to the C-terminal domain of FtsZ (plus end in
FtsZ; minus end in microtubule) and not at the GTP-bound
N-terminal domain (minus end in FtsZ; plus end in microtubule) [127]. These protofilaments assemble at the future
division site in a ring-like structure, recruiting several other
components [123, 124]. FtsZ filaments are anchored to the
membrane via FtsA and ZipA, a multimeric, peripheral
membrane protein with a membrane-targeting sequence,
and a single-pass transmembrane protein, respectively [128,
129]. Both anchors interact with the C-terminal peptide of
FtsZ [130, 131]. On the membrane, FtsZ filaments treadmill in a GTP-dependent fashion in vivo and in vitro [132,
133]. Recently, the treadmilling activity has been shown to
drive the processive, circumferential movement of peptidoglycan synthetases around the septum, thereby ensuring
homogenous insertion of new peptidoglycan [133, 134].
FtsZ filaments have further been shown to deform membranes in vitro, which led to the suggestion that the filaments
themselves exert the force required for membrane constriction [135]. Regardless whether FtsZ itself provides force
for septum constriction or only indirectly assists by guiding
the septal cell wall synthetases, it is the key player and as
such, the target for spatiotemporal regulation of cell division (for detailed reviews on the divisome see [123, 124]).
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E. coli harbors two negative regulators of FtsZ assembly,
i.e., inhibitors, the MinCDE system discussed here and the
nucleoid occlusion system, where the nucleoid-associated
SlmA prevents FtsZ assembly over the chromosome [136].
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As discussed above, MinC itself is not needed for the
generation of patterns, but is as inhibitor of FtsZ assembly the actual biological agent of the system. The output
of the MinCDE pole-to-pole oscillations is a time-averaged

Chapter 5. Introduction to the MinCDE System

The E. coli MinCDE system in the regulation of protein patterns and gradients	
◂Fig. 4  The MinCDE system senses and adapts to geometric bounda-

ries. a MinDE oscillations in molded E. coli cells preferentially orient along a symmetry axis (adapted from [95] by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature,
Nature Nanotechnology [95], Copyright (2015)). b Visualization of
MinC oscillations in long V. parahaemolyticus cells. In the elongated
cells, MinCDE forms multi-node standing waves resulting in multiple
MinC minima and maxima (adapted from [116] under the Creative
Commons Attribution Non-Commercial NoDerivatives License CC
BY-NC-ND by permission from John Wiley & Sons Ltd, Copyright
(2018)). c Schematic representation comparing MinC oscillation and
time-averaged gradients in normal-sized and long cells. In E. coli the
division machinery assembles in all MinC minima. Blue arrows indicate positions where the single FtsZ ring in V. parahaemolyticus and
S. elongatus are formed. d MinDE patterns align to geometric boundaries on 2D gold-patterned supported bilayers (adapted from [101]). e
MinDE perform pole-to-pole oscillation in rod-shaped microcompartments lined with a supported lipid bilayer, forming the characteristic time-averaged gradient (adapted from [99] with permission from
JoVE)

gradient of this inhibitor with concentration maxima at the
poles and a minimum at the cell center, restricting FtsZ
assembly to midcell [21, 95]. But what is the molecular
mechanism of MinC antagonizing FtsZ? Overproduction of
MinC in the presence or absence of MinCDE inhibits the
assembly of FtsZ rings over the entire length of the cell,
causing cell filamentation [15, 74, 137]. In vitro, MinC
prevents sedimentation of FtsZ filaments by shortening the
length of protofilaments [74, 76, 138, 139]. Interestingly,
MinC does so without influencing GTPase activity of FtsZ
[74, 138, 139], but FtsZ filaments stabilized with a nonhydrolyzable GTP analog, GMPCPP, are not disassembled
by MinC [76, 139, 140]. This suggests that while MinC does
not affect GTPase activity of FtsZ, FtsZ still needs to be
GTPase active and hence, undergo dynamic subunit turnover
to be inhibited by MinC.
As MinC consists of two domains that both harbor
FtsZ inhibitory activity, researchers have analyzed the
individual domains to better understand the action of the
full-length, dimeric protein. The N-terminal domain of
MinC (MinC-N) alone behaves similar to MinC in vivo:
it inhibits cell division, leading to cell filamentation when
overexpressed both in the presence or absence of wild-type
MinCDE [73]. MinC-N also harbors the activity to prevent FtsZ sedimentation, i.e. shorten FtsZ protofilaments
in vitro [73, 138]. Mutational studies revealed that MinCN interacts with the helix 10 in the C-terminal domain of
FtsZ, which is part of the interface between subunits and
not solvent-accessible in GTP-bound FtsZ protofilaments
[126, 138, 141]. Subsequent studies showed that MinC-N
or MinC bind FtsZ–GDP monomers in a one-to-one complex in solution. This suggests that MinC sequesters FtsZ
monomers, thereby decreasing the assembly rate, which
leads to shorter filaments [139, 141]. However, under
physiological conditions within the cell, FtsZ monomers
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outnumber MinC at least 40-fold and MinC is tethered to
the membrane by MinD (see Table 1) [142–145]. Hence,
subsequent studies suggested MinC-N to interact with
FtsZ subunits where the helix 10 is accessible: with subunits where the C-terminal domain of FtsZ is exposed,
i.e., at the plus end of a filament, or with FtsZ–GDP
subunits located within the filament, where intersubunit
contacts might be weakened [138, 140, 141, 146]. Both
mechanisms seem to be plausible: FtsZ turnover regularly exposes filament ends in the FtsZ bundles, and FtsZ
protofilaments contain a significant portion of GDP-bound
subunits [140, 147]. Such an interaction could either block
the attachment of new FtsZ subunits to the plus end of the
filament, lead to the accelerated detachment of FtsZ–GDP
subunits, and/or break filaments at a binding site [138,
140, 141, 146]. Note that direct proof for a breakage of
filaments by MinC is still lacking.
In contrast to MinC-N, the C-terminal domain of MinC
(MinC-C) only induces filamentation when overproduced
in the presence of MinD or MinDE, but not in the absence
of MinD [75]. In vitro, MinC-C cannot prevent FtsZ sedimentation but has been reported to bind to GMPCPP-stabilized filaments and to prevent the lateral association of
filaments [76]. Indeed, when expressed at moderate levels
in the absence of MinE, MinC-C colocalizes with FtsZ rings
and recruits MinD [148, 149]. Furthermore, MinC-C poleto-pole oscillations in the presence of MinDE pause at the
FtsZ ring [148] and MinC mutants unable to inhibit FtsZ
assembly were recently shown to exhibit slowed pole-to-pole
oscillations [146]. Like FtsA and ZipA, MinC-C interacts
with the conserved C-terminal peptide of FtsZ (CCTP) [149]
and recruitment of MinC-C and MinD to the FtsZ ring has
been shown to displace the FtsZ anchor FtsA from the Z-ring
[149].
Notably, the activity of MinC-C in vivo largely depends
on MinD. Also, the inhibitory activity of full-length MinC
is strongly activated by MinD: MinC acts as a potent inhibitor of FtsZ when bound to MinD, which in the absence of
MinE leads to a block in cell division and cell filamentation
[15]. However, in the absence of MinD, MinC needs to be
overexpressed 25- to 50-fold to achieve a similar cell division defect [137]. Where does this activation come from?
One explanation is that through binding of MinD, MinC is
removed from the cytoplasm and recruited to the membrane,
thereby increasing its effective concentration in close proximity to the membrane-anchored FtsZ filaments [19, 78].
This explanation is supported by in vivo experiments where
MinC was directly targeted to the membrane via the MTS
of the B. subtilis MinD or the transmembrane domain of
ZipA, which impeded division even in the absence of MinD
[41, 150]. However, the inhibitory activity of the membranetethered ZipA–MinC fusion could further be increased by
coexpression of MinD [150]. This indicates that MinD not
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only enriches MinC on the membrane, but also activates
MinC via a second mechanism.
Recently, it was proposed that the MinD-dependent MinC
activation is caused by MinCD copolymer formation [54,
151]. MinCD copolymers are filaments formed in the presence of ATP in vitro, that consist of alternating MinD and
MinC dimers [54, 151]. Importantly, these polymers have
been shown to form in the absence of membranes in vitro,
but the presence of membranes reduced the protein concentrations required for polymerization [54, 151]. In contrast,
higher-order structures or filaments formed by MinD have
only been observed in the presence of membranes [43, 45,
47]. Addition of MinE to the MinCD copolymers in vitro
leads to their rapid disassembly, indicating that the proteins retain functionality [54, 151]. As MinDE oscillations
are largely unaltered by MinC under physiological conditions, these copolymers cannot play a role in the oscillatory
mechanism itself [19, 48, 54, 78]. Instead, it was suggested
that MinCD copolymers bind to FtsZ filaments with higher
affinity than to monomers, increasing the inhibitory activity
of MinC [54]. Such MinCD copolymers could also exist
in vivo as MinCD, in the absence of MinE, are not always
homogenously distributed along the membrane [19, 78], but
sometimes also display a patchy appearance [54, 148]. However, the importance of MinCD copolymers for the interaction with FtsZ has recently been questioned using MinC/
MinD heterodimers formed from wild-type monomers and
monomers deficient for copolymer formation [152]. When
expressed in conjunction with wildtype MinD/MinC, MinC
and MinD were still able to interact via one monomer subunit and efficiently complemented a minicell phenotype [152].
Instead of the necessity for copolymer formation the authors
found that the RGSQ motif of MinC and MinD likely form
the binding site for the CCTP, either by inducing a conformational change in MinC or directly providing the binding
interface [152].
Also in in vitro reconstitution experiments MinCDE
waves are able to spatiotemporally regulate membrane-tethered FtsZ filaments [42, 80, 103, 140]. Intriguingly, when
FtsZ is not anchored to the membrane, it follows MinCDE
waves [103], demonstrating the capability of MinC to tightly
bind FtsZ. MinC-dependent inhibition was also observed
when FtsZ-YFP-MTS was used, a chimera that does not harbor the CCTP and can hence bind to the membrane without
ZipA/FtsA [42, 80, 140]. In rod-shaped microcompartments,
MinCDE oscillations were also able to suppress FtsZ-YFPMTS assembly at the poles of the compartment (Fig. 5b)
[80]. However, MinCDE could only restrict FtsZ-YFP-MTS
polymerization to a broad zone in the compartment center. In
contrast, in vivo, FtsZ forms a sharp ring with small width,
indicating that the in vitro system lacks important factors.
Of course, the system is simplified and omits several layers
of complexity: (1) the used compartment was open at the
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top; (2) so far, only the FtsZ-YFP-MTS chimeric protein was
used, lacking the CCTP shown to be a target of full-length
MinC; (3) a nucleoid mimicry that would allow to establish
nucleoid occlusion and crowding is lacking; (4) accessory
divisome protein such as the bundling proteins ZapAB are
missing; (5) due to the use of FtsZ-YFP-MTS, the native
anchor proteins FtsA and ZipA are not present; (6) crowding
in solution and on the membrane is absent. The absence of
the FtsZ anchors and other membrane proteins in the assay
could have the biggest impact, as the potential enhancement
of FtsZ ring formation by non-specific regulation through
MinDE oscillation, as discussed in the next section, cannot
occur.
On the basis of the results discussed above, a model for
MinC inhibitory activity emerges. Full-length MinC in
solution can sequester FtsZ monomers, a scenario presumably occurring when MinC is heavily overexpressed causing cell filamentation [139, 141]. However, in wild-type
cells, MinC levels are low compared to FtsZ, rendering a
sequestration-based mechanism unlikely (see Table 1). In
this case, full-length MinC will be confined to the membrane
by the interaction of MinC-C with MinD that could involve
MinCD copolymers [38, 54]. This interaction does not only
increase the effective concentration of MinC, but also presumably forms the binding site of MinC-C for the CCTP
[152]. MinC-C binding to the CCTP will displace ZipA and
FtsA that anchor FtsZ filaments by also interacting with the
CCTP [149] and decrease the bundling of filaments presumably through steric hindrance [76]. The N-terminal part of
MinC in turn binds to the FtsZ subunits at the plus end of
the filaments or to FtsZ–GDP subunits within the filament,
where it might either break the polymer, increase FtsZ–GDP
detachment, and/or block binding sites for incoming monomers [138, 140, 141, 146].

Non‑specific patterning by MinDE
There have always been speculations whether MinCDE
oscillations in E. coli are involved in other tasks than generating a MinC gradient inhibiting FtsZ assembly. Several
in vivo studies point to a role in the positioning and regulation of inner membrane proteins. For example, the polar
localization of three foci-forming inner membrane proteins
TnaA, GroES and YqjD was disrupted in the absence of
MinCDE [153]. Furthermore, the FtsZ anchor ZipA was
reported to counter-oscillate to MinCDE, and this did not
occur when MinDE were deleted [154]. These counter-oscillations were explained by recruitment of ZipA to FtsZ filaments that are periodically depolymerized by MinDE-driven
MinC oscillations, but could as well be explained by a direct
positioning of ZipA by MinDE oscillations. A recent study
supports this hypothesis: when TIRF microscopy was used
to investigate FtsZ treadmilling dynamics, the overall FtsZ
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Fig. 5  The MinCDE system can induce patterns of other molecules.
a Scheme explaining the potential modes of action of MinC in filamentous cells, where MinC is heavily overexpressed and in wild-type
cells. b In vitro reconstitution of MinCDE pole-to-pole oscillations in
rod-shaped microcompartments confines FtsZ-YFP-MTS polymeriza-

tion to the middle zone of the compartment. (adapted from [80] under
the CC BY 4.0 license). c Spatiotemporal regulation of peripheral
(mCh-MTS) or permanently anchored membrane proteins (streptavidin bound to biotinylated lipids) by MinDE in vitro (adapted from
[42] under the CC BY 4.0 license)

dynamics was shown to change when MinCDE were deleted,
but not when only MinC was deleted [133]. This suggests
that MinDE oscillations change FtsZ dynamics independent of MinC, possibly through regulation of other divisome
components such as the FtsZ anchors ZipA and FtsA.
The first direct proof for the regulation of inner membrane proteins by MinCDE oscillations originated from a
quantitative proteomics study comparing the abundance

of peripheral membrane proteins of a ΔminCDE with a
wildtype E. coli strain [155]. This study identified several
proteins that had a decreased abundance in the absence of the
MinCDE system and demonstrated that they directly interacted with MinCDE. This strongly suggests a direct recruitment of these proteins to the membrane by MinCDE. For
proteins that were enriched on the membrane in the absence
of the MinCDE system, the authors proposed that MinCDE
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exclude these proteins from binding to the inner membrane.
They could further demonstrate that the abundance of several metabolites differed between the two strains, and that
these metabolites were produced by pathways involving the
peripheral membrane proteins regulated by MinDE [155].
Taking advantage of the well-established MinCDE
in vitro reconstitution assay, two independent studies
recently demonstrated that the MinCDE system is indeed
capable of regulating and transporting membrane proteins
in vitro [42, 91]. Independent of MinC, peripheral membrane proteins were shown to be spatiotemporally regulated
by MinDE waves both on planar SLBs as well as in rodshaped microcompartments. Intriguingly, these proteins
performed counter-oscillations to the MinDE oscillations
[42]. MinDE waves did not only dictate the localization of
the peripheral membrane proteins, but also decreased their
overall density on the membrane [42]. These experiments
support the previously suggested mechanism by Lee et al.:
MinDE displace other peripheral membrane proteins from
the membrane [155]. A very similar competition of peripheral membrane proteins, leading to the accumulation of the
strongest peripheral membrane proteins and the displacement of weaker peripheral membrane proteins, has been
observed in lipid droplet protein compositions in eukaryotes [156]. Interestingly, MinDE waves were also able to
displace model peripheral membrane proteins equipped with
two copies of the MinD MTS itself, suggesting that MinD
indeed assembles into higher-order structures, rather than
dimers, on the membrane [42].
Even more intriguingly, both studies showed that MinDE
waves can also spatiotemporally regulate permanently
attached membrane proteins, in this case lipid-anchored
streptavidin [42, 91]. MinDE dynamics established largescale streptavidin gradients on planar membranes, demonstrating that MinDE waves drive the directed transport
of membrane-attached proteins. Similarly, in rod-shaped
microcompartments, MinDE pole-to-pole oscillations drove
counter-oscillations of lipid-anchored streptavidin. In contrast to the regulation of peripheral membrane proteins, this
regulation established a time-averaged protein gradient of
lipid-anchored streptavidin. As the gradient was maximal at
the center of the compartments and minimal at the poles, the
protein is enriched at the compartment center over time [42].
Both studies indicate a unique molecular mechanism underlying this non-specific membrane transport [42, 91]: MinDE
waves on the membrane are of such high density, and/or
contain higher-order structures, that they represent a steric
obstacle to other diffusing membrane proteins. Because the
MinDE protein density translocates in a specific direction
on the membrane, it constitutes a propagating diffusion barrier that biases the diffusion of other membrane proteins in
the direction of wave propagation. MinDE waves were also
shown to shift labeled lipids albeit very weakly and without
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inducing large-scale gradients [91], which is in agreement
with earlier reports of MinDE altering the physical properties of membranes [43, 60, 87–90]. This suggests that the
MinDE oscillations might also affect membrane protein diffusion and binding by locally modifying the membrane properties, although the effect on lipids may be emphasized when
they carry a fluorescent dye. Thus, similar to the actin cortex
in eukaryotic cells [157], the circumferentially rotating actin
homologue MreB in bacteria [158, 159], or the StpABCD
diffusion barrier in the Caulobacter crescentus stalk [160],
MinDE oscillations locally modify the attachment and diffusion of membrane proteins, albeit in a dynamic fashion.
While the direct visualization of such a MinDE-dependent positioning of membrane proteins is still lacking in vivo,
this mechanism would have important implications for the
spatiotemporal organization of the cell. MinDE oscillations
would lead to the time-averaged accumulation of strongly
anchored proteins at the division site, e.g., ZipA and FtsA,
thus enhancing cell division. They would further increase
the turnover of monomeric peripheral membrane proteins,
leading to the mixing of membrane content prior to cell
division.
Furthermore, this finding also has implications for other
reaction–diffusion systems and intracellular dynamics. A
plethora of intracellular waves in eukaryotic cells have been
discovered, but their biological role and how these waves
confer information remain unclear [161]. These waves originate from positive feedback loops whereby membrane-bound
factors such as GTPases or curvature-recognizing proteins
and cortical actin rhythmically accumulate. The possibility
of MinDE-dependent membrane protein transport suggests
that both, the accumulated membrane proteins as well as the
cortical actin, could act as propagating diffusion barriers,
regulating and transporting other membrane proteins and
thereby mixing the cell membrane content.

A possible link between chromosome segregation
and the MinCDE system
Besides the positioning of target molecules by MinDE oscillations, the oscillations might be involved in the positioning
and segregation of the entire nucleoid. To date, it is unclear
how exactly E. coli segregates its chromosome (for a comprehensive review of the topic see [162]). E. coli contains
the SMC protein MukB, which together with MukEF, Topoisomerase IV and the Ter macrodomain organizing protein
MatP, arranges and decatenates the chromosome [163, 164].
However, these proteins are unlikely the sole players in chromosome segregation. Contrary to other bacterial species, E.
coli lacks any ParABS systems aiding chromosome segregation [165]. Thus, several other models for chromosome
segregation have been proposed: based on entropic repulsion [166], through co-transcriptional translation and protein
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translocation (transertion) [167] or through direct binding
of MinD to DNA [168]. MinD is the closest homologue
to ParA in E. coli, and several studies report chromosome
segregation defects in MinCDE deletions that cannot be
explained by mere cell division defects [168–173]. Most of
these reports compare ΔminB (deletion of minCDE) to wildtype strains, without being able to discern which of the three
proteins are important for effective chromosome segregation. However, two studies indeed indicate that intact MinDE
oscillations are important for chromosome segregation, as
cells showed impaired segregation when either MinE was
overexpressed [170] or when all three proteins were deleted,
but not when only MinC is deleted [168]. In addition, E. coli
strains deleted for the two subunits hupA and hupB of the
nucleoid-associated protein HU acquire secondary mutations
in the minCDE genes, suggesting a link between chromosome organization and the MinCDE system [174]. Interestingly, longitudinal density waves in hupA-stained E. coli
nucleoids have been observed that occur on the time-scale
of MinDE oscillations [175].
All these observations led to the suggestion that MinDE
oscillations drive chromosome segregation by direct DNA
binding of MinD [168]. A computer simulation considered
entropic repulsion of the chromosomes too weak for efficient
segregation, but showed that a gradient of DNA–membrane
tethering sites along the longitudinal axis of the cell would
bias the motion of the chromosome towards the cell poles
[168]. The study subsequently showed a weak, non-specific
DNA binding of MinD [168]. However, using the in vitro
reconstitution of MinDE, no recruitment of DNA to the
MinDE waves could be observed [42]. In contrast, DNA
targeted to the membrane via a cholesterol anchor or via
streptavidin biotin anchors, was spatiotemporally regulated
by MinDE, but accumulated in the minima of the MinDE
wave and did not co-localize with MinD [42]. These experiments cannot rule out that MinD binds to DNA in vivo,
as binding of MinD to DNA might be enhanced or there
might exist adaptor proteins linking MinD and the nucleoid
in vivo. However, these experiments suggest a twist to the
proposed mechanism: Not MinD itself forms the gradient
of DNA–membrane tethers, but rather MinDE oscillations
could regulate DNA–membrane tethers, thereby establishing oscillating gradients that aid chromosome segregation.
Such DNA–membrane tethers are manifold in E. coli, e.g.
membrane-bound transcription factors [176] or nucleoidmembrane contacts occurring during transertion [177]. The
latter had been suggested to be involved in chromosome
segregation [167]. Interestingly, a recent study showed that
in B. subtilis, MinD seems to be involved in chromosome
segregation during sporulation by directly interacting with
Soj the ParA ATPase of the chromosome segregation system ParABS [178]. In combination, all these studies provide
compelling evidence for a link between MinDE oscillations
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and chromosome segregation in E. coli, but the exact mechanism warrants further investigation.

Differences and similarities to other
ParA‑type ATPases
The Min system in other bacterial species
Homologues of all three E. coli Min proteins, MinCDE, are
conserved in several Gram-negative bacteria, suggesting that
these species also harbor oscillating protein systems [179].
Indirect proof for the presence of a functional and presumably oscillating MinCDE system arises from the recent surge
in the production of minicells for applications (see below),
e.g. in Salmonella typhimurium, Shigella flexneri and Pseudomonas aeruginosa, mutation or deletion of the MinCDE
locus cause minicell formation [180, 181]. Another species
potentially containing an oscillating MinCDE system is the
pathogenic coccus Neisseria gonorrhoeae, which requires
MinD and MinC for normal division and cell morphology
[119, 182]. Intriguingly, when expressed in E. coli, MinD
and MinE from N. gonorrhoeae are able to oscillate within
the cell [118]. Recently, MinCDE oscillations have been
shown to occur in a number of different bacterial species by
directly visualizing them inside those species. For example,
in the plant pathogen Xanthomonas citri, MinC displayed
the characteristic pole-to-pole oscillations and deletion of
MinC led to the classical minicell phenotype, defects in
chromosome segregation, and also to branching of cells
under certain media conditions [183]. Also in the rod-shaped
cyanobacterium S. elongatus, MinCDE oscillate and position FtsZ [115, 184], even though these cells contain complex intracellular thylakoid membranes. The study showed
that for robust oscillations to occur, a certain permeability
of the intracellular membranes and presumably a selective
binding of MinDE to the plasma membrane are required
[184]. These results indicate that MinCDE oscillations can
serve as a robust spatial cue even in more complex cellular
environments [184]. Interestingly, the division machinery of
chloroplasts is similar to those of bacteria, harboring homologues of FtsZ, MinD, MinE and a MinC-like inhibitor of
FtsZ, ARC3, but it is unknown if MinDE oscillate [185].
Also in the Gram-negative bacterium, Vibrio parahaemolyticus that can differentiate in long swarmer and shorter
swimmer cells, MinCDE oscillate, thereby preventing polar
FtsZ localization and thus, a minicell phenotype [116].
In contrast to all these species, in the multi-chromosomal
Vibrio cholerae, MinCD were shown to oscillate from pole
to pole without influencing the localization of FtsZ, which
was even frequently found at one cell pole. Indeed, deletion
of MinCDE in V. cholerae did not result in a strong minicell
phenotype or alter FtsZ localization [186]. While V. cholerae
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has retained an oscillating MinCDE system, the proteins are
not participating in divisome localization in this species,
suggesting an alternate role of these oscillations [186].
In most Gram-positive bacteria, only MinC and MinD
are conserved and the topological determinant is not MinE,
but DivIVa and MinJ that recruit MinCD to the cell poles
[187–190]. DivIVA seems to bind to negatively curved
membranes, i.e., the cell poles and nascent septa [191–193].
The protein is a coiled coil protein that resembles the curved
form of eukaryotic BAR domains and might sense membrane curvature in a similar fashion [194]. The integral
membrane protein MinJ is recruited to DivIVa, serving as
an adapter to further recruit MinD and thereby MinC [189,
190]. Accordingly, the B. subtilis Min system, like the E. coli
Min system, was believed to mainly inhibit FtsZ assembly
at the cell poles, just that MinCD do not oscillate. Instead,
they appear to be statically localized at the cell poles and
septa via DivIVA and MinJ, forming a protein gradient that
is minimal at the cell centre [187]. However, the concept of
a static MinCDJ/DivIVa system has been changing. DivIVa
primarily localizes at newly formed division sites and the
observed enrichments at the poles seem to be remnants from
former septa [111, 195]. Indeed, DivIVA as well as MinC
have been shown to dynamically relocate from the poles to
newly formed septa, with MinC arriving later and leaving
earlier [110, 111]. The B. subtilis MinD has been shown to
bind to the membrane via its conserved C-terminal MTS,
exhibiting dynamics that are consistent with diffusion on
the membrane and/or dissociation and association processes
[39, 196].
These observations suggest that in contrast to the E. coli
MinCDE system, MinCDJ/DivIVa in B. subtilis do not prevent FtsZ assembly at old poles, but rather prevent overinitiation, i.e., the formation of multiple neighboring septa
at the division site. Besides, the origin of the slow protein
dynamics and the role of the ATPase MinD in this system
remains elusive. If MinD were only to be a passive adapter
between MinC and DivIVa/MinJ, then why does the protein contain an amphipathic helix allowing it to bind to the
membrane by itself [39, 196] and why is its ATPase activity
crucial for the MinCDJ/DivIVa system [197]? Interestingly,
expression of MinD and MinE from E. coli in B. subtilis
in the absence of either MinC inhibited spore formation,
presumably through inhibition of polar septum formation
[98]. This suggests that an oscillating Min system is incompatible with spore formation, which could be either because
MinDE oscillations abrogate the interaction of MinD and
Soj involved in chromosome segregation during sporulation
[178], or MinDE oscillations spatiotemporally regulate other
membrane-bound divisome components as described above.
However, a close relative of B. subtilis, the Gram-positive
spore-forming bacterium Clostridium difficile, contains all
three proteins MinCDE and DivIVa, but no MinJ [198].
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When expressed in B. subtilis, C. difficile MinD and MinE
also performed pole-to-pole oscillations and inhibited spore
formation [199]. Furthermore, DivIVa and MinD from C.
difficile have been shown to directly interact, indicating that
an oscillating MinDE system and the presence of DivIVA do
not exclude each other [198]. Although the exact mechanism
of the MinCDJ/DivIVA system remains to be elucidated, it
might be based on an interplay of curvature recognition and
a reaction–diffusion-based mechanism.
Despite our rather detailed knowledge about prokaryotic
cell division, so far not much is known about how archaea,
representing the third domain of life, control and perform
cell division (for a detailed review see [200]). Depending on
the phylum, archaea harbor different homologues to either
eukaryotic (ESCRT-III) [201] or prokaryotic proteins (FtsZ)
[202, 203] that have been implicated in cell division. For
example in euryarchaeota, FtsZ homologues localize to the
future division site [204, 205]. Archaea belonging to this
phylum also encode homologues to the known regulators of
FtsZ in prokaryotes, MinD and ParA-type ATPases, indicating that division site selection could be similar. Indeed the
euryarchaeal rod-shaped archaeon Halobacterium salinarum
divides in a similar fashion to E. coli, according to the adder
principle [206]. Even more intriguingly the pleomorphic
archaea Haloferax volcanii and Haloarcula japonica, that
assume complex shapes such as triangles, have recently been
shown to divide at locations that can be predicted assuming
a MinCDE-like reaction–diffusion mechanism for division
site placement [205].

Nucleoid‑guided ParA‑type ATPases
It becomes increasingly evident that nucleoid-bound ParAtype ATPases lead to pattern formation and cargo transport
of proteins based on a similar mechanism as the MinCDE
system. While these systems display a variety of distinct patterns, the underlying mechanism is similar. The ParA-type
ATPase dimerizes upon ATP binding and is thereby enabled
to associate with the matrix, in this case the nucleoid. The
cognate ATPase-activating protein binds to, or is a structural
part of, the cargo and stimulates the ATPase activity of the
ParA-type ATPase upon contact. This interaction triggers
the monomerization and release of the ParA-type ATPase
from the DNA. How exactly the force for cargo transport
is generated is still a matter of debate and several models
have been proposed: (1) a filament-pulling mechanism [207,
208]; (2) a Brownian ratchet mechanism [209, 210]; (3) a
DNA-relay mechanism [211]; and (4) a flux-based mechanism [212]. Independent of the exact mechanism, a variety
of different nucleoid-guided ParA-type ATPases govern
almost all aspects of spatiotemporal organization inside bacteria by forming distinct patterns. Most prominent are the
plasmid and chromosome segregating ParABS systems that
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induce equal spacing of plasmids over the chromosome and
partitioning of the daughter chromosomes during cell division, respectively. The ParA ATPases have been shown to be
highly dynamic and oscillate over the nucleoid [213–215].
The cognate ATPase-activating protein is termed ParB and
binds to the parS sites on the plasmids or chromosome. Next
to segregation of nucleic components, ParA ATPases are
also positive and negative regulators of FtsZ. For instance,
the ParA-type ATPase MipZ from C. crescentus forms a
gradient on the nucleoid that inhibits FtsZ polymerization
[216]. The ParA-type ATPase PomZ from Myxococcus xanthus, in contrast, positions its cargo, a protein cluster formed
by the two ATPase-activating proteins PomX and PomY,
to midcell, which in turn stimulates divisome formation at
midcell [212]. Furthermore, nucleoid-guided ParA ATPases
also position other bacterial structures. For example, the
ParA-type ATPase PpfA segregates chemotactic clusters
in Rhodobacter sphaeroides [217]. Recently, it was shown
that the ParA-type ATPase McdA and its cognate ATPaseactivating protein McdB govern the equidistant positioning,
and presumably the size and ultrastructure of carboxysomes
in the cyanobacterium S. elongatus [218, 219].

FlhG, a close relative of MinD
The ATPase FlhG, also termed YlxH, FleN, MotR or MinD2
[220] is closely related to MinD and belongs to the same
subfamily of P-loop GTPases [30]. Like MinD, this protein
relies on the membrane as a matrix. FlhG, together with
the signal recognition particle GTPase FlhF, regulate the
flagellation pattern in a variety of bacteria (see Schumacher
et al. for a detailed review of the system [220]). For instance,
FlhG/FlhF evenly distribute around 25 basal bodies over the
cell surface in the peritrichously flagellated bacterium B.
subtilis [220, 221] and ensure the localization of the single polar flagella in the monotrichous bacteria Shewanella
putrefaciens and Vibrio alginolyticus [221, 222]. In the
amphitrichous bacterium Campylobacter jejuni, FlhF/FlhG
do not only regulate the two polar flagella, but deletion of
FlhG also results in a minicell phenotype [223]. Hence, FlhG
might serve as a regulator of cell division in this bacterium,
too [223]. While FlhF seems to be mainly responsible for
the correct localization of the flagella, FlhG appears to regulate the number of flagella. However, the reaction cycle of
both proteins is intertwined: FlhG, unlike MinD, contains
an N-terminal extension, termed activator helix, that directly
interacts with FlhF activating its GTPase activity [224]. Like
MinD, FlhG dimerizes in an ATP-dependent fashion allowing it to bind to the membrane via its C-terminal amphipathic
helix [221]. Moreover, ATPase activity of FlhG was shown
to be crucial for the correct flagellation pattern [222]. So far,
it is unknown whether FlhG has a cognate ATPase-activating
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protein that could stimulate ATPase activity and its release
from the membrane [221, 222].
The crystal structures of the MinD and FlhG dimers are
highly similar [36, 221]. However, the monomeric structures
differ: While the electron density of the MTS in the MinD
monomer from Pyrococcus furiosus and Archaeoglobus
fulgidus was absent [32, 33], the MTS is clearly visible in
the structure of the monomeric FlhG [221]. Interestingly,
in the FlhG monomer, the MTS is bound in a hydrophobic
groove on top of the molecule. ATP-dependent dimerization
leads to a conformational change that closes this hydrophobic groove, displaces the MTS, and enables it to bind to
the membrane. Thus, in FlhG, the MTS is occluded in the
monomer. In contrast, the missing electron density of the
MinD MTS in the monomer structures indicates that it might
always be solvent accessible in an open conformation. However, a monomer structure of the E. coli MinD has not been
solved yet, thus not excluding the presence of such a structural rearrangement. For FlhG, the conformational switch
of the MTS could be necessary to provide a more distinct
difference between the ADP/ATP state in case the protein
has no ATPase-activating protein, or simply due to the fact
that the membrane-targeting sequence of FlhG is stronger
than the MTS of E. coli MinD. Already a single copy of the
FlhG MTS allows targeting of GFP to the inner membrane,
whereas two copies of the E. coli MinD MTS are required
for efficient binding [41, 221]. Future research will reveal
more insights into this fascinating system, further highlighting similarities and differences to the MinCDE system.

Harnessing the MinCDE system
The simplicity of the MinDE system and its nevertheless
rich dynamics have made the Min system attractive for bottom–up synthetic biology. The MinCDE system will likely
be one of the key components of a minimal division machinery in artificial cells.
Considerable work has been conducted to improve the
control of MinCDE pattern formation. To this end, the
geometry sensitivity of the system is harnessed on patterned bilayers or in custom-shaped microcompartments
(see above) [80, 101]. Not only does the geometry control
MinDE pattern formation, but also MinDE patterns can be
seen as a biological sensor of cellular shape. More recently,
the modification of a MinE peptide with a photoisomerizable
crosslinker allowed optical manipulation of MinDE pattern
formation in vitro [225]. With this photoswitch, MinDE patterns could not only be turned on and off, but also periodically entrained [225]. The ability to control patterns by light
will not only allow to test mathematical models, but also has
the potential to act as a biological hard drive storing spatial
information in a biological system over several minutes.
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Another key research goal is the spatiotemporal positioning of other molecules through MinCDE pattern formation.
Reconstitution of MinCDE together with FtsZ-YFP-MTS in
rod-shaped microcompartments demonstrated the capability
of the system to position a simplified division machinery for
the creation of a life-like entity [80]. Moreover, the recent
discovery that MinDE in the absence of MinC can transport
and position arbitrary membrane molecules even increases
its applicability for the bottom–up construction of a minimal
cell [42, 91]. Spatiotemporal positioning is crucial for such
an endeavor, and the decoupling of the spatiotemporal positioning from the specific function of a protein, in this case
MinC, is advantageous. To create artificial cells, molecular machineries of prokaryotic, eukaryotic or entirely synthetic origin such as DNA origami will be combined. Such
machineries could now be positioned by MinDE patterns.
Another new mechanic aspect of MinDE oscillations was
recently discovered through encapsulation of the system in
giant unilamellar vesicles, leading to the shape deformation of the lipid interface and thus, a periodic beating or
bouncing of the vesicles [88]. These results might facilitate
the engineering of bioinspired “molecular robots” or active
vesicles [88].
In recent years, the production of minicells has regained
considerable interest [226]. The MinCDE system, which is
conserved in many bacterial species, constitutes one of the
best studied targets to achieve efficient minicell production.
Minicells are employed for cryo-electron tomography, where
their small size and lack of chromosomal DNA are advantageous in the visualization of molecular arrangements [226].
Additionally, minicells emerged as a powerful tool for the
personalized cancer medicine, due to their ability to shuttle chemotherapeutics and selectively target cancer cells via
bispecific antibodies [180, 181].
Hence, the MinCDE system is presently applied both,
in vitro and in vivo. In vitro, the MinCDE system is controlled by geometric and optical cues and used to spatiotemporally position not only its native target FtsZ, but also other
membrane-bound molecules, or to induce shape changes of
free-standing membranes. In contrast, in vivo, so far not
the action of the MinCDE system, but its total absence is
exploited for the production of minicells.

Conclusions
The compositional simplicity of the Min system, with
only two proteins required for the formation of complex
and oscillating patterns, makes it experimentally tractable
and renders it suitable to be understood in depth. As such,
MinDE have become a paradigm for pattern formation and
for reaction–diffusion mechanisms in particular. With all
tools in hands, in vivo observation and manipulation, in vitro
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reconstitution and in silico modelling, the field has thrived in
the last years. By now, countless studies in vivo, in vitro and
in silico deal with the MinCDE system, elucidating mechanistic details of the protein system itself, its coupling to pattern formation of downstream targets, or its applications. It
further serves as an exquisite testbed to refine mathematical
models by experimentalists and theoreticians teaming up.
The MinCDE system is closely related to nucleoid-guided
ParA-type ATPases involved in every aspect of spatiotemporal organization in bacteria, and will hence allow to
learn more about their mode of action, too. Furthermore,
the system shows parallels to intracellular waves occurring
in eukaryotes, that due to their compositional complexity
remain enigmatic [161]. The ability of the MinDE system to
spatiotemporally position other molecules through specific
or non-specific interaction is appealing for the bottom–up
construction of artificial cells.
Last but not least, it is also the mesmerizing dynamics
of the MinDE patterns themselves that explains why the
research on the MinCDE system has in the past years “kept
many bacteriologists and biophysicists off the street” [124].
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6

Methods - In Vitro Reconstitution of the
MinCDE System on Model Membranes
6.1

Publication P2: In Vitro Reconstitution of Self-Organizing Protein Patterns on
Supported Lipid Bilayers

Associated publication P2 represents a detailed protocol for reconstituting MinCDE
pattern formation on model membranes in vitro and serves as a general method
section for this thesis.
This publication includes details on protein purification, preparation of supported
lipid bilayers (SLBs), fabrication of polydimethylsiloxane (PDMS) microcompartments
and assay setup. It entails self-organization assays on planar SLBs, where the proteins
form traveling surface waves and other patterns, and self-organization assays in
rod-shaped PDSM microcompartments, where the proteins perform pole-to-pole
oscillations mimicking their behavior in vivo. This protocol should not only enable the
reader to conduct MinCDE self-organization assays in vitro without prior knowledge,
but the basic methods are also transferable to the in vitro reconstitution of other
protein systems that interact with membranes.
The written manuscript is accompanied by a video with a step-by-step demonstration and explanation of the protocol which is freely accessible online:
https://www.jove.com/video/58139
Furtermore, all plasmids, that are required for the production of proteins employed
in the in vitro reconstitution assay, have been made available on Addgene (see Table
6.1).
Table 6.1. List of plasmids available on Addgene (https://www.addgene.org/)
Plasmid

Protein

Source

Addgene plasmid #

pET28a-His-MinD_MinE
pET28a-eGFP-MinD
pET28a-MinE-His
pET28a-MinC
pET28a-mCherry-2xEcMTS
pET28a-2xMreBN-mCherry-His

His-MinD
His-EGFP-MinD
MinE-His
His-MinC
His-mCherry-2xEcMTS
2xMreBN-mCherry-His

[25]
[203]
[26]
[25]
[204]
[204]

133621
133622
133623
133628
133624
133626
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Abstract
Many aspects of the fundamental spatiotemporal organization of cells are governed by reaction-diffusion type systems. In vitro reconstitution of
such systems allows for detailed studies of their underlying mechanisms which would not be feasible in vivo. Here, we provide a protocol for the
in vitro reconstitution of the MinCDE system of Escherichia coli, which positions the cell division septum in the cell middle. The assay is designed
to supply only the components necessary for self-organization, namely a membrane, the two proteins MinD and MinE and energy in the form
of ATP. We therefore fabricate an open reaction chamber on a coverslip, on which a supported lipid bilayer is formed. The open design of the
chamber allows for optimal preparation of the lipid bilayer and controlled manipulation of the bulk content. The two proteins, MinD and MinE,
as well as ATP, are then added into the bulk volume above the membrane. Imaging is possible by many optical microscopies, as the design
supports confocal, wide-field and TIRF microscopy alike. In a variation of the protocol, the lipid bilayer is formed on a patterned support, on cellshaped PDMS microstructures, instead of glass. Lowering the bulk solution to the rim of these compartments encloses the reaction in a smaller
compartment and provides boundaries that allow mimicking of in vivo oscillatory behavior. Taken together, we describe protocols to reconstitute
the MinCDE system both with and without spatial confinement, allowing researchers to precisely control all aspects influencing pattern formation,
such as concentration ranges and addition of other factors or proteins, and to systematically increase system complexity in a relatively simple
experimental setup.

Video Link
The video component of this article can be found at https://www.jove.com/video/58139/

Introduction
Spatiotemporal patterns are essential in nature, regulating complex tasks both on the multicellular and cellular level, from morphogenesis to
1,2
regulated cell division . Reaction-diffusion systems play an important role in establishing these patterns, but are still not well understood. A
3,4,5,6,7
prime example of a reaction-diffusion system and the best characterized biological system so far is the Escherichia coli MinCDE system
.
The MinCDE system oscillates from cell pole to cell pole in E. coli to determine the middle of the cell as the future division site. This system is
8
based on the ATPase MinD, the ATPase activating protein MinE, and the membrane as a spatial reaction matrix . MinC is not part of the pattern
5,6
formation mechanism, but is the actual functional agent: an inhibitor of the main divisome protein FtsZ . MinC binds to MinD and therefore
follows the oscillations, resulting in a time-averaged protein concentration gradient that is maximal at the cell poles and minimal at the cell
9,10
middle, only allowing FtsZ to polymerize at midcell . The MinCDE system is part of the larger family of Walker A ATPases that are key to the
2
11
12
13
spatiotemporal organization in bacteria , for positioning and transporting protein complexes and plasmids and for regulating cell division
14
and chromosome segregation . Hence, the MinCDE reaction-diffusion system not only represents an archetypal reaction-diffusion system, but
has also attracted attention because of its relevance for the spatiotemporal organization in bacteria.
Detailed functional studies of the MinCDE system in vivo are complicated, as manipulation of proteins and gene deletion typically result in cell
15,16
division defects. Furthermore, changing the membrane composition or the properties of the cytosol in vivo is very challenging
. Changes
to the system and influencing factors are hard to interpret in the complex environment of the cell, even more so if it is disturbed in such an
essential function as cell division. We and others have therefore turned to an in vitro reconstitution approach, reducing the system to its core
6,17,18
components: MinD, MinE, ATP as an energy source, and the supported lipid bilayer as a reaction matrix
. This bottom-up approach allows
6
to probe the mechanism of self-organization in detail without the complexity of a living cell. The proteins form traveling surface waves and
17,19
other kinds of patterns
under these conditions, albeit with a wavelength that is usually about a magnitude larger than in vivo. The use of an
6
20
open chamber facilitates precise control over all aspects influencing pattern formation: protein concentrations , protein properties , membrane
10
6
21
composition , buffer composition, and ATP concentration , as well as addition of other factors such as crowding agents and other divisome
22
18,19,23
17,23
proteins . In comparison, the in vitro reconstitution of the MinCDE system in a flow-cell
can be used to probe the influence of flow
,
19
19
18
protein limiting conditions , membrane composition and full 3D confinement on protein patterns, but renders an exact control of protein/
component concentration and sequential component addition much more complicated.
Copyright © 2018 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License
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Using this open chamber, we also patterned the support of the planar lipid bilayers by which one can probe how geometrical boundaries
21
7
influence pattern formation , a phenomenon that has recently also been investigated in vivo using bacteria molded into microstructures . We
20
also employed this assay to investigate how defined mutations in MinE affect pattern formation of the system . Furthermore, the same basic
assay format has been employed to investigate how pattern formation can be controlled by light, introducing an azobenzene-crosslinked MinE
24
peptide into the assay, and imaging with TIRF microscopy .
We found that, in order to replicate the MinDE pattern formation observed in vivo in an in vitro system, confinement was key. Using rod-shaped
microcompartments, with dimensions adjusted to the larger wavelength of MinDE in vitro (10 x 30 µm), clad with a supported lipid bilayer allowed
10,25
the reconstitution of MinDE pole-to-pole oscillations and protein gradient formation
. In this assay, the supported lipid bilayers are deposited
on a patterned PDMS substrate that contains several hundred replicas of rod-shaped microcompartments that remain open on the top. By this,
the reaction can be set up in an open chamber, and subsequently the buffer is lowered to the rim of the microcompartments, thereby confining
the reaction to a small volume. Even though these compartments have an air-buffer interface on one side and hence do not represent a full 3D
10,25
confinement by membrane, the protein dynamics mimicked in vivo oscillations
. Compared to full 3D confinement, which shows very similar
18
results , the open microstructures assay is relatively simple and easy to handle and can also be performed by laboratories that are not equipped
with specialized microfluidics equipment and clean-room facilities.
Here, we present an experimental protocol for reconstituting MinCDE pattern formation on supported lipid bilayers in vitro using an open
chamber that allows for control of all components and easy access by optical microscopy and, with minor modifications, is also adaptable
26
for surface-probe techniques . Next to planar supported lipid bilayers, we also show how protein confinement can be obtained using simple
patterned supported lipid bilayers on rod-shaped PDMS microstructures. These assays, although optimized for the MinCDE system, can also be
27
28
transferred to other protein systems that interact in a similar way with the membrane, such as FtsZ or a minimal actin cortex .

Protocol

1. Protein Production
1. Protein expression
6
29
24
6
1. Transform E. coli BL21 (DE3) pLysS with the respective plasmid for expression of MinD , EGFP-MinD , mRuby3-MinD , MinE or
30
MinC . For plasmid maps, please see supplementary information.
2. Inoculate an overnight culture in LB medium with a single colony using the respective antibiotics (e.g.,100 µg/mL Ampicillin or 50 µg/mL
Kanamycin) and incubate at 37 °C for 14-16 h while shaking.
3. Inoculate 500 mL of TB medium containing the respective antibiotic with the overnight culture (1:200 dilution) and incubate culture at 37
°C while shaking at 180 rpm.
4. Induce protein expression by adding 0.5 mM IPTG when the culture reaches an optical density at 600 nm of 0.5-0.7. In case of EGFPMinD or mRuby3-MinD, shift cells to an incubator with 16 °C and grow cells for 14-16 h, and in case of MinC, MinD or MinE, grow cells
for 3-4 h at 37 °C after induction.
Note: Induction of MinC, MinD or MinE expression is toxic for the cells, as overexpression results in cell division defects; hence, it is
important that incubation time at 37 °C is kept below 4 h. If more protein is needed, increase the amount of culture, but not incubation
time.
5. After respective incubation time harvest cells by centrifugation at 4000 x g for 10 min and store the cell pellet at -80 °C until further use.
2. Protein purification
Note: Proteins can be purified either using prepacked Ni-NTA columns on an automated protein purification system or using Ni-NTA beads for
gravity-flow bench purification.
1. For purification with prepacked Ni-NTA columns on automated protein purification systems use buffer A1 (50 mM sodium phosphate
pH 8.0, 500 mM NaCl, 10 mM imidazole), buffer B1 (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 20 mM imidazole), and buffer
C1 (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 250 mM imidazole). For gravity-flow bench purification using Ni-NTA beads
use buffer A2 (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 mM imidazole), buffer B2 (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20
mM imidazole), and buffer C2 (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 250 mM imidazole). Supplement all buffers with 10 mM ßmercaptoethanol or 0.4 mM TCEP (tris(2-carboxyethyl)phosphine) as reducing agent right before use.
2. Resuspend cells in 20-30 mL of buffer A1 or A2 supplemented with EDTA-free protease inhibitor, 100 µg/mL lysozyme, ~250 U/mL
2+
2+
DNase and 0.2 mM Mg -ADP (Mg -ADP in case of MinD or EGFP-MinD purification only, from a 100 mM ADP stock in 100 mM
MgCl2 with pH adjusted to 7.5).
3. Lyse cells using a tip sonicator (30% amplitude, 2.5 min, 30 s pulse, 30 s off) while keeping the vial containing the cells in an ice bath.
4. Remove cell debris by centrifuging the cell lysate for 45 min at 25,000 x g and 4 °C.
5. Incubate the supernatant on Ni-NTA column or Ni-NTA beads.
1. For prepacked Ni-NTA columns, load the sample onto the column using the sample pump of an automated protein purification
system.
2. For bench-top purification, incubate the sample with Ni-NTA beads in a 50 mL reaction tube on a rotating shaker at 4 °C for 1 h.
For the subsequent steps, transfer the Ni-NTA beads into an empty column using a 25 mL pipette.
6.
7.
8.
9.
10.

Wash with at least 5 column volumes of buffer A1 or A2.
Wash with at least 5 column volumes of buffer B1 or B2.
Elute protein with buffer C1 or C2.
Assess protein purity via SDS-PAGE.
Optional: Further purify protein by applying it to a gel filtration column equilibrated in storage buffer (50 mM HEPES/KOH pH 7.2, 150
2+
mM KCl, 10% glycerol, 0.1 mM EDTA, 0.4 mM TCEP, (0.2 mM Mg -ADP in case of MinD)).
Note: Gel filtration is recommended for MinD to remove aggregated protein fraction.

Copyright © 2018 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License
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11. If no gel-filtration is employed, exchange Ni-NTA elution buffer to storage buffer (50 mM HEPES/KOH pH 7.2, 150 mM KCl, 10%
glycerol, 0.1 mM EDTA, 0.4 mM TCEP, (0.2 mM Mg-ADP in case of MinD)) using a gravity flow desalting column (see Table of
Materials).
12. Shock-freeze proteins in aliquots in liquid nitrogen and store at -80 °C until further use.
20
13. Measure protein stock concentration using Bradford Assay, and determine protein activity with an ATPase assay .
Note: Do not assess protein concentration using absorption at 280 nm. The presence of nucleotide during MinD purification and the
lack of tryptophans in MinE distort A280 concentration measurements. Use Bradford or BCA assays to measure protein concentrations
instead.
3. Protein labeling
Note: The fusion of a fluorescent protein to the small protein MinE induces major changes to its diffusive properties and function; hence,
chemical labeling of the protein (cysteine at position 51) is preferred over fusion to fluorescent proteins.
1. Dissolve 0.125 mg of maleimide-dye conjugate in 5-10 µL of DMSO (dimethyl sulfoxide) and add under shaking to a 0.5 mL MinE
aliquot in storage buffer at pH 7.2, prepared as detailed above.
2. Incubate for 2 h to overnight at 4 °C or 2 h at RT under gentle shaking or stirring.
3. Separate dye and protein using a gravity flow desalting column equilibrated with storage buffer (50 mM HEPES/KOH pH 7.2, 150 mM
KCl, 10% glycerol, 0.1 mM EDTA, 0.4 mM TCEP).
4. To further remove any unattached dye, dialyze the protein against an excess of storage buffer.
5. Verify successful labelling by measuring the extinction at the maximum for the respective dye and calculate the estimated labeling
efficiency. Please refer to the dye manufacturer’s instructions for a detailed protocol on estimating the degree of labeling. Analyze with
SDS-PAGE and determine total mass by mass spectrometry for further useful information about sample homogeneity and labeling
success.

2. Small Unilamellar Vesicle (SUV) Preparation
1. Generation of multilamellar vesicles
1. Calculate the amount of lipid(s) in chloroform for your desired mixture and final SUV volume. The concentration should be 4 mg/mL
of lipids in Min buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCl2). For a standard Min assay a mixture of 7:3 DOPC:DOPG
(mol percent) is recommended. When using E. coli polar lipid extract, use SLB buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl) for all
preparation steps.
Note: It is not recommended for first time users to use E. coli polar lipid extract as the generation of homogenous SLBs with this
mixture is much more challenging.
2. Using a positive displacement pipette with glass tips, mix the lipids in chloroform in a 1.5 mL glass vial.
1. Dry the lipids under a slight nitrogen stream while slowly turning the vial. Place the lipids under a stronger nitrogen stream for 10
to 20 minutes. Place the vial containing the dried lipid film in a vacuum desiccator and apply vacuum for at least 1 h.
3. Rehydrate the lipids in Min buffer by vortexing at room temperature until the mixture is homogeneously opaque.
Note: For generation of small unilamellar vesicles from multilamellar vesicles, lipids can either be extruded as described in 2.2. or
sonicated as described in 2.3. In general, extrusion yields a narrower size distribution which can help with formation of supported lipid
bilayers.
2. SUV preparation by extrusion
1. Break lipid aggregates and multilamellar structures and further solubilize lipids by freeze-thawing for 7 to 10 cycles.
1. Prepare a beaker with water at 70° C to 99° C on a hot plate and a container with liquid nitrogen.
2. Hold the vial in liquid nitrogen with large tweezers until the nitrogen stops boiling. Then transfer the vial to hot water until the
solution is completely thawed. Repeat these steps until the lipid mixture appears clear to the eye, depending on the mixture.
2. Assemble a lipid extruder and pre-rinse the system with Min buffer. Extrude the lipid mixture between 35 and 41 times through a
membrane of 50 nm pore size. Make sure to end on an odd number of passes to avoid aggregates that never traversed the membrane.
3. SUV preparation by sonication
1. To better dissolve lipids in the buffer, put the glass vial containing the solution in a heat block set to 37 °C and vortex every 20 minutes
for 1 minute. Incubate in total for about 1 h.
2. Immerse the bottom of the vial in a sonicator bath (in this work 1.91 L, 80 W) by attaching the vial onto a clamp stand at the required
height.
3. Set the water height in the sonicator bath so that the solution surrounding the vial is thoroughly agitated by the pulses and sonicate the
lipid mixture for about 20 minutes. Check for successful sonication by assessing the clarity of lipids.
4. SUVs can be stored at 4 °C for up to a week or frozen at -20 °C in small aliquots (~20 µL) and stored for several weeks. Thaw vials or
tubes at room temperature and sonicate again as described under 2.2.3 or 5.3 until the solution is clear before using SUVs for preparation
of supported lipid bilayers (SLBs). Please note that the narrow size distribution of SUVs obtained by extrusion is lost after freezing and
subsequent thawing and sonication.

3. Cleaning Glass Coverslips
Note: Cleaning and hydrophilization of glass coverslips is an important factor for homogenous and fluid supported lipid bilayers. Glass coverslips
can be cleaned using a piranha solution, made from a ratio of 7:2 sulfuric acid to 50% hydrogen peroxide (3.1), or with an oxygen plasma in a
plasma cleaner (3.2). Both methods yield similar results.
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1. Piranha cleaning of coverslips
1. Apply piranha solution
1. Distribute glass coverslips on an inverted glass Petri dish or other inert surface. With a glass pipette, add 7 drops of concentrated
sulfuric acid (98%) to the center of each coverslip.
CAUTION: Sulfuric acid is strongly acidic and corrosive. Work in a fume cupboard and with proper protective equipment only.
2. Add two drops of 50% hydrogen peroxide to the middle of the acid drops.
CAUTION: Hydrogen peroxide is corrosive to the eyes and skin.
3. Cover the reaction and incubate for at least 45 minutes.
Note: The maximum waiting time here is not critical for the outcome of the experiment and can be extended up to several days.
2. Wash piranha cleaned coverslips.
1. Pick up the coverslips individually using tweezers and rinse off acid with ultrapure water. Place the washed coverslips in nonstick holders or similar transportation device.
2. Rinse each coverslip extensively with ultrapure water and dry the surface with pressurized gas (nitrogen, air only if oil-free). Mark
the cleaned side of the coverslip with permanent marker.
2. Plasma cleaning of coverslips
1. Rinse coverslips with excess ethanol and afterwards with excess ultrapure water. Dry coverslips with pressurized gas. Assemble
chamber as described in 4.
2. After chamber assembly as described in 4 take the coverslips with attached chamber and place in plasma cleaner with oxygen as
process gas. Clean coverslips with plasma (in this work 30% power, 0.3 mbar oxygen pressure for 1 min was used). Do the cleaning
right before SLB formation as described in 5, as the hydrophilizing effect of plasma cleaning wears off over time.
Note: Timing and power of plasma cleaning should be optimized using fluorescently labeled membranes, as too little or excessive
plasma cleaning can both lead to immobile membranes or membranes with holes.

4. Chamber Assembly
1. With sharp scissors, cut off and discard the lid and the conical part of a 0.5 mL reaction tube. Apply UV-glue to the upper rim of the tube and
distribute evenly by using a pipette tip.
2. Glue the tube upside down to the previously cleaned coverslip. In case of piranha cleaning make sure to glue it to the cleaned side of the
glass. Cure the UV-glue by placing multiple chambers underneath a 360 nm lamp or LED for 5 to 15 minutes.

5. Supported Lipid Bilayer (SLB) Formation
1. Pre-heat heat block to 37 °C and incubate 2 mL reaction tubes with Min or SLB buffer, 1 tube per chamber.
2. Blow nitrogen into the assembled and cured chambers to remove any dust or other particles that may have settled during the UV curing and
assembly. Plasma clean as described in 3.2 if you have not cleaned your coverslips with Piranha solution (3.1). Place chambers on heat
block.
3. Dilute a 20 µL aliquot of clear lipids (at 4 mg/mL) with 130 µL of Min buffer or SLB buffer in case of E. coli polar lipid extract, yielding a
working concentration of 0.53 mg/mL. In case lipids were frozen, sonicate first by holding the tube into a bath sonicator before adding buffer,
then sonicate again with buffer.
4. Add 75 µL of lipid mixture to each chamber and set a timer to 3 minutes (for DOPC/DOPG mixtures; longer incubation may be necessary for
other lipid mixtures). In case of E. coli polar lipid extract, pipette CaCl2 from a 100 mM stock into the chamber to a final concentration of 3
mM. During the incubation time, the vesicles burst on the hydrophilic glass surface and fuse to form a coherent SLB.
5. After 60 seconds, add 150 µL of Min buffer to each chamber.
6. Washing the chambers: After another 120 seconds (3 minutes total) wash each chamber by adding 200 µL of Min or SLB buffer, carefully
pipetting up and down a few times, removing and adding another 200 µL.
1. After each chamber has been washed once, proceed to wash the first chamber thoroughly until the 2 mL of buffer are used up.
Washing of SLBs needs some experience to perfect the extent of motions in the chamber and find the correct washing intensity.
Note: Never remove all liquid from the chamber to avoid drying of the SLB.
Note: On top of washing, membrane properties will vary depending on many additional factors: Type of lipids and their relative
concentrations in lipid mixtures, preparation method for SUVs, surface treatment and prior cleaning of support.

6. Self-organization Assay
1. Adjust buffer volume in the chamber to 200 µL Min buffer minus the amount of protein and ATP solution, then add MinD, labeled MinD, MinE,
and, if desired, MinC. Gently mix components by pipetting. Example concentrations are 1 µM MinD (doped with 30% EGFP-MinD), 1 µM
6,10,20,30
MinE (doped with 10% chemically labeled MinE) and 0.05 µM MinC, but patterns form over a range of concentrations
.
2. Add 2.5 mM ATP (from 100 mM ATP stock in 100 mM MgCl2, pH 7.5) to start the self-organization of MinDE.
4
Note: The order of the component addition (MinD, MinE and ATP) can be varied and will not influence the final pattern outcome .
3. Observe MinDE self-organization on the fluorescence microscope (see Table of Materials). MinDE self-organization can also be observed
using TIRF microscopy. For imaging eGFP-MinD, use a 488 nm Argon laser or comparable diode laser (e.g., 490 nm). For imaging mRuby3MinD, it is best to employ a 561 nm diode laser.
17
Note: Avoid high levels of excitation for longer times as we and others have observed phototoxicity in the MinDE system, leading to
irreversible protein polymerization on the membrane.
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7. PDMS microstructures
Note: PDMS (polydimethylsiloxane) is a polymer that can be used for the production of microstructures and microfluidic devices. A patterned
silicon wafer serves as a mold for casting the PDMS structures. The PDMS structures then serve as a support for SLB formation and assay
setup.
31

1. Either produce silicon wafer with microcompartments yourself using photolithography (see Zieske and Schwille for a detailed protocol or
32
Gruenberger et al. for a video protocol ) or order your desired silicon wafer from a foundry. For the pattern of the wafer used herein please
see supplementary information.
2. Production of PDMS microstructures from patterned silicon wafers.
1. Use a plastic cup to weigh 10 g of PDMS base and 1 g of PDMS crosslinker. Either use a mixing device to mix and degas the PDMS
mixture or manually mix the PDMS and then degas under vacuum.
2. Use a pipette tip to drop a small amount of PDMS directly onto the structure on the silicon wafer.
Note: Be careful not to scratch the silicon wafer.
3. Immediately place a #1 coverslip onto the PDMS drop and take the upper end of a clean pipette tip to gently press the coverslip onto
the silicon wafer. The PDMS should be spreading thinly between the coverslip and the silicon wafer.
4. Place the wafer with the coverslips into an oven and cure the PDMS for 3-4 hours or overnight at 75 °C. Remove the wafer from the
oven and let it cool down to room temperature. With a razor blade, carefully remove the coverslip with the attached PDMS from SI
wafer.
Note: To prevent the silicon wafer from getting dirty or damaged, always cover the microstructures with PDMS and a coverslip.
However, PDMS ages, resulting in cracks in the microstructures, hence do not use PDMS structures that are older than two to three
weeks.

8. Self-organization in PDMS Microstructures
1.
2.
3.
4.
5.

Use coverslips with PDMS microstructures to attach a chamber as described under 4.
Clean and hydrophilize surface in an oxygen plasma cleaner as described under 3.2.2. Do not piranha clean PDMS substrates.
Setup a MinDE self-organization assay as described under 6.
After setting up the assay, check for regular MinDE pattern formation and properly formed microstructures on the fluorescence microscope.
When regular MinDE patterns have formed (10 - 30 min), gently pipette up and down twice to mix components and then remove the buffer
step by step by pipetting. Remove the large bulk of buffer using a 100 µL pipette and then carefully remove the rest using a 10 µL pipette.
Note: This step might need some practice. If too much buffer is taken out or the process takes too long, the microstructures will be dried out;
if too little is taken, the proteins will not be confined in the microstructures, but continue to form traveling surface waves.
6. Immediately close the chamber with a lid to avoid drying of the residual buffer in the microstructures.
7. To allow for longer imaging times, plug a moistened piece of sponge inside the chamber and then close with lid. Make sure the sponge does
not contact the surface of the coverslip.
8. Before imaging of the microstructures check on the surface that the buffer was lowered enough, so that in the surface above the
microstructures MinDE pattern formation has halted. Image MinDE oscillations in microstructures. Check that microstructures are not dried
out or are drying out during imaging.
Note: Discard coverslips with microcompartments after each use, as cracks in the PDMS form.

9. Analysis of MinDE pattern formation
1. Quantify wave length, wave velocity and wave profiles of the MinDE self-organization on planar supported lipid bilayers. FIJI with the
33
standard set of packaged plugins is sufficient for basic analysis .
2. Analyze pole-to-pole oscillations in microcompartments by obtaining kymographs and time-averaged protein concentration profiles. Basic
kymographs can be obtained by re-slicing a time series along a line selection in FIJI.

Representative Results
Protein purification following our protocol should yield Min proteins of adequate purity. As a reference, Figure 1 provides an SDS-PAGE image
of MinD, fluorescently labelled MinD, MinE, and MinC. The individual steps of the procedure to perform a MinDE self-organization assay on
non-patterned supported lipid bilayers are described in Figure 2. Using this protocol, regular MinDE traveling surface waves can be observed
throughout the chamber (Figure 3). The wavelength can vary slightly within the chamber, but in general patterns look similar. The edges of the
chamber should not be used for quantitative comparisons, as membranes that form on the UV glue seem to have different properties than on
the glass surface (see Figure 3C). The traveling surface waves can be analyzed by plotting the intensity along the propagation direction (Figure
3B). While MinD fluorescence plateaus rather fast from the leading edge of the wave and then sharply decreases at the trailing edge, MinE
fluorescence increases almost linearly from the start of the MinD wave and reaches its maximum after MinD at the trailing edge, where it falls off
6
markedly .
Next to protein quality, the quality of the supported lipid bilayers is most critical for a regular self-organization of MinCDE. On the one hand
if the membrane is washed too excessively or the underlying surface has been cleaned and thus charged too strongly, holes can form in the
membrane (Figure 6A, top). On the other hand if the membrane is not washed properly or the underlying surface is not cleaned/hydrophilized,
vesicles will stick to the membrane or the membrane fluidity will be compromised (Figure 6A, bottom). Even though not as apparent as when
observing the membrane directly via labeled lipids, these problems can also be detected from the MinD fluorescence signal, as patterns are not
regular and the fluorescence in the maxima is not homogenous but contains "holes" or bright spots as shown in the middle panel of Figure 6A.
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For the MinDE self-organization in rod-shaped PDMS microstructures the procedure is summarized in Figure 4. Several protocol steps do not
need to be repeated, as proteins and lipids can be reused. Like on non-patterned substrates, the substrate is cleaned and hydrophilized (by
plasma-cleaning), a supported lipid bilayer is formed on the PDMS and the self-organization assay is set up in a volume of 200 µL. To check
that a proper membrane has formed and MinDE self-organizes on the membrane, the chambers are imaged. When a proper membrane has
been formed, MinDE forms regular traveling surface waves on the surface of the PDMS between the individual microstructures and also selforganizes at the bottom of the microstructures as the waves can freely move over the entire membrane-covered surface (Figure 5A). After
buffer removal, the surface between the compartments should not show any propagating MinDE patterns (Figure 5B), as it should be entirely
dry. If MinDE patterns are still moving, more buffer needs to be removed. The proteins are now confined in the rod-shaped microcompartments
by the membrane-clad PDMS and by air on the upper interface (Figure 5C), in which they will self-organize. Under these conditions the two
proteins can perform pole-to-pole oscillations as shown in Figure 5D. As a fraction of MinD and MinE is always membrane-bound, also during
buffer removal, the concentrations after buffer removal are not comparable to input concentrations. Due to this effect the concentrations also
vary between individual microstructures on the same coverslip as they depend on the position of the patterns before buffer removal. Silicon
wafer production or PDMS molding from the silicon wafer can result in incomplete microstructures that cannot be used for analysis (Figure
6B). Furthermore, due to the buffer removal microstructures might dry out during the process, and hence, should be excluded from further
analysis (Figure 6B). As a result only a fraction of the microstructures in one chamber shows the desired pole-to-pole oscillations. To analyze
protein dynamics in the microstructures, a kymograph can be obtained by drawing a selection over the entire structure (Figure 5E). When
MinCDE oscillate from pole-to-pole, MinC and MinD will show a time-averaged concentration gradient with maximum concentration at the
compartment poles and minimal concentration in the middle of the compartment (Figure 5F).

Figure 1: SDS-PAGE showing the final products of protein purifications. His-MinD (33.3 kDa), His-eGFP-MinD (60.1 kDa), His-mRuby3MinD (59.9 kDa), His-MinE (13.9 kDa) and His-MinC (28.3 kDa) are shown in order. Please click here to view a larger version of this figure.
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Figure 2: Process flow diagram showing the individual steps and timing of the protocol for a self-organization on non-patterned
supported lipid bilayers (Steps 1-6). Dashed boxes indicate that one of these two options can be used for cleaning. Arrows marked by circles
indicate where the protocol can be paused and resumed later. Please click here to view a larger version of this figure.
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Figure 3: Imaging of MinDE assay by confocal microscopy. A) Regular Min spiral, from which wave propagation speed, intensity plot and
speed measurements can be obtained. Concentrations used: 0.6 µM MinD (30% eGFP-MinD), 1.8 µM His-MinE (30% His-MinE-Alexa647)
B) Example normalized intensity plot for the region marked in A. C) Overview of entire assay chamber (scale bar: 1 mm, same protein
concentrations as above). Spirals turning either direction as well as target patterns can be observed. The magnified region shows how wave
patterns differ on the UV-glue. Please click here to view a larger version of this figure.
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Figure 4: Process flow diagram showing the individual steps and timing of the protocol for self-organization in rod-shaped
microstructures (Steps 1-5, 7, 8). Grey boxes indicate steps where products can be reused from the protocol on non-patterned supported lipid
bilayers. Arrows marked by circles indicate where the protocol can be paused and resumed later. Please click here to view a larger version of
this figure.
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Figure 5: Representative results for MinDE pattern formation in rod-shaped PDMS microcompartments. A) MinDE self-organize on
the surface of the PDMS forming traveling surface waves (1 µM MinD (30% EGFP-MinD), 2 µM MinE and 2.5 mM ATP). B) After the buffer
is lowered to the height of the microstructures, the protein self-organization stops on the planar surface between the microcompartments.
C) Schematic of one rod-shaped microcompartment. D) Representative images of MinDE pole-to-pole oscillations after buffer removal. E)
Kymograph of the oscillations along the highlighted line shown in D). F) Image and profile of the average fluorescence intensity of the time-series
shown in D) clearly showing the protein gradient that is maximal at microcompartment poles and minimal at compartment middle. Please click
here to view a larger version of this figure.
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Figure 6: Examples of negative experimental outcomes. A) Over-washed membranes accumulate holes, while suboptimal vesicle
preparations and lipid compositions lead to sticking vesicles. The two center panels show a combination of both problems and how they
become visible when observing Min oscillations. Membranes were labelled with 0.05% Atto655-DOPE. (scale bars: 50 µm) B) Top panel:
Dried out microcompartments can be caused by too much buffer removal or when the buffer evaporates over time. Bottom panel: Incomplete
compartments can be formed during wafer production or PDMS molding. (scale bars: 30 µm) Please click here to view a larger version of this
figure.
Supplementary File 1: Plasmid map for His-MinD. Please click here to download this file.
Supplementary File 2: Plasmid map for His-EGFP-MinD. Please click here to download this file.
Supplementary File 3: Plasmid map for His-mRuby3-MinD. Please click here to download this file.
Supplementary File 4: Plasmid map for His-MinE. Please click here to download this file.
Supplementary File 5: Plasmid map for His-MinC. Please click here to download this file.
Supplementary File 6: CAD file for silicon wafer of rod-shaped microcompartments. Please click here to download this file.

Discussion
We have described a protocol for the in vitro reconstitution of MinCDE self-organization on planar supported lipid bilayers and in lipid bilayer
covered 3D structures, using the example of rod-shaped PDMS microstructures. In order to obtain valuable data from these assays, the most
important factors to control are protein and membrane quality.
To ensure protein quality, protein mass should be confirmed using SDS-PAGE and mass spectrometry. Furthermore, it should be verified that
proteins are soluble and not aggregated, by using analytical gel filtration or dynamic light scattering. Gel filtration can be used to remove any
aggregated fraction of proteins. Careful pH adjustment and quality of added nucleotides is critical, as the addition of non-adjusted or partially
degraded nucleotide to protein stocks or self-organizing assays is sufficient to eliminate protein activity, therefore abolishing self-organization.
Next to protein quality, membrane quality is most critical, and improper membrane formation is most often the cause for defective selforganization and the origin of artefactual surface structures.
When performing the protocol for the first time, it is helpful to label the supported lipid bilayers by including labeled lipids such as Atto-655DOPE or DiI at low molar percentages (0.05%). Thereby the properties and quality of the membrane can be judged directly. Using FRAP, the
fluidity of the membrane can be assessed. Furthermore, one can directly assess the quality of washing of the SLB, as there will either be too
many vesicles, no fluid membrane, or no membrane at all, if it has been washed off. The open chamber approach allows to rigorously wash
the membrane, and hence also to remove vesicles that are sticking on the surface of the SLB. The most crucial factors for obtaining fluid and
homogenous supported lipid bilayers are the cleaning and hydrophilicity of the support surface and the correct size and homogeneity of the
SUVs. It can be helpful to check SUV size and size distribution using dynamic light scattering. For narrow size distributions, we recommend
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extruding the vesicles rather than sonicating them. Other methods of cleaning coverslips, e.g., treatments with strong bases, basic detergents, or
using coverslips directly after rinsing with water, may yield good results, depending on the application and lipid mixture.
The first half of the protocol presented here, in vitro reconstitution on planar supported lipid bilayers in open chambers, has the advantage of
30
6
34
rendering the surface accessible for optical microscopies, such as TIRF microscopy , FRAP analysis , single-particle tracking , as well as
26
surface probe techniques such as atomic force microscopy . The large homogeneous area allows for better statistics at defined concentrations.
Furthermore the open chamber approach allows to precisely control protein concentration and a rapid and simple addition of further components,
20
hence permitting to titrate protein concentration in a single chamber . The assay can also be expanded by addition of other bacterial divisome
22,35
22
10,35
components such as FtsZ
, ZipA or the chimeric protein FtsZ-YFP-MTS
.
17,18,19

Other groups have taken a similar approach to reconstituting the Min system in vitro, but use a flow-cell instead of an open chamber
.
18
17,19,23
Flow-cells have certain advantages, in particular when a fully enclosed 3D environment is needed , the influence of flow
or membrane
23
19
composition on MinCDE patterns is investigated, or if protein patterns are to be observed under protein limiting conditions . Nonetheless,
local control of molecular concentrations is more difficult. Protein components, especially MinD, strongly bind to the membrane they first
18,19
encounter
. In our experience, the proteins frequently exhibit non-specific binding to tubing, inlets, syringes and other microfluidic parts.
18
Hence, local protein concentrations differ from input concentrations and also vary over the length of the flow-cell, resulting in a variety of
19
different protein patterns on the membrane between inlet and outlet, as observed by others .
The second half of the protocol presented here, the in vitro reconstitution in rod-shaped microstructures re-using the open chamber approach
on a patterned support covered by lipid bilayers allows for a simple mimic of in vivo protein behavior even though precise control over protein
concentrations is lost due to buffer removal. Note that because the wavelength of MinDE is about one order of magnitude larger in vitro than in
vivo the rod-shaped microcompartments are also about one order of magnitude larger (10 x 30 µm) than a rod-shaped E. coli cell.
Overall, this protocol allows for the precise control of all conditions including protein concentration, buffer composition and membrane properties.
The use of 3D structured supports enables the reaction to be studied under spatial confinement, mimicking in vivo behavior without the need for
complex microfluidics equipment.
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Materials
Name

Company

Catalog Number

DOPC

Avanti Polar Lipids

850375

DOPG

Avanti Polar Lipids

840475

E.coli polar lipid extract

Avanti Polar Lipids

100600

Adenosine 5′-triphosphate
disodium salt trihydrate

Roche

Adenosine 5′-diphosphate
monopotassium salt dihydrate

Sigma

A5285-1G

Sodium chloride

VWR

27810.295

Potassium chloride

Roth

6781.1

Tris-base

Sigma Aldrich

T1503-1kg

Hydrochloric acid

Roth

9277.1

TCEP-HCl

Termo Fisher Scientific

20491

Ethylene Diamine Tetraacetate

Merck Millipore

1.08418.1000

Sulfuric Acid 98%

Applichem

173163.1611

Hydrogen Peroxide 50%

Applichem

147064.1211

HEPES

Biomol

05288.1

dimethyl sulfoxide (DMSO)

Merck

102950

Glycerol 86%

Roth

4043.1

Isopropyl β-D-1thiogalactopyranoside (IPTG)

Roth

2316.x

Atto-655-DOPE

Atto Tec

AD 655-161

Ni-NTA agarose

Qiagen

30210

PDMS base

Dow Corning Corporation

PDMS crosslinker

Dow Corning Corporation

Comments

Reagents

Uvasol

TB medium

SYLGARD 184

Materials
UV Glue

Norland Products

Coverslips #1.5 24x24 mm

Menzel Gläser

6801

Coverslips #1 24x24 mm

Menzel Gläser

0.5 ml reaction tube

Eppendorf

0030123301

culture flask 2L

Corning

e.g. 734-1905

His-Trap HP

GE Healthcare Life Sciences

used only for PDMS
microstructures
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Gelfiltration column: HiLoad
Superdex 75 PG or 200 PG

www.jove.com

GE Healthcare Life Sciences

Econo-Pac 10DG desalting column Biorad
prepacked column

7322010

dialysis device: Slide-A-Lyzer
Dialysis Cassettes, 3.5K MWCO,
0.1 - 0.5 mL or 0.5-3 mL

66333 or 66330

Termo Fisher Scientific

razor blade
Instruments
ultrapure water: Milli-Q Type 1
Ultrapure Water Systems

Merck

automated protein purification
system: Äkta Pure

GE Healthcare Life Sciences

bath sonicator

Branson

ARE-250 mixer

Thinky Corporation

Plasma cleaner Zepto

Diener electronic

use oxygen as process gas

positive displacement pipettes

Brand

Transferpettor models with glass
tips

LSM780 confocal laser scanning
microscope

Zeiss

Fitted with Zeiss C-Apochromat
40X/1.20 water-immersion
objective

pET28a-His-MinD_MinE

Department of Cellular and
Molecular Biophysics, MPI of
Biochemistry, Prof. Schwille

plasmid encoding His-MinD and
non-tagged MinE to improve yield

pET28a-His-MinE

Department of Cellular and
Molecular Biophysics, MPI of
Biochemistry, Prof. Schwille

plasmid encoding His-MinE

pET28a-His-EGFP-MinD

Department of Cellular and
Molecular Biophysics, MPI of
Biochemistry, Prof. Schwille

plasmid encoding His-EGFP-MinD

pET28a-His-mRuby3-MinD

Department of Cellular and
Molecular Biophysics, MPI of
Biochemistry, Prof. Schwille

plasmid encoding His-mRuby3MinD

pET28a-His- MinC

Department of Cellular and
Molecular Biophysics, MPI of
Biochemistry, Prof. Schwille

plasmid encoding His-MinC

e.g. Model 1510

Plasmids
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7

Mechanistic Study of the MinDE System

In associated publication P3 we analyzed MinDE oscillations on nanometer-sized
membrane patches using high-speed atomic force microscopy (HS-AFM) to dissect the
pattern formation mechanism. This study was performed in close collaboration with
Atsushi Miyagi and Simon Scheuring (Department of Anesthesiology and Department
of Physiology and Biophysics, Weill Cornell Medicine).
To enable HS-AFM imaging of MinDE oscillations we first adapted the conventional
in vitro reconstitution assay to the needs of HS-AFM imaging. HS-AFM imaging
delivers height information that requires a reference point. As MinDE traveling
surface waves on large planar SLBs are much larger than the possible scan area of
the HS-AFM, minima and maxima of MinDE wave could not be imaged at the same
time. Thus, we generated SLB patches with diameters of 50-500 nm, allowing us to
assign the bare bilayer height in reference to the underlying mica surface. Remarkably,
MinDE performed quasi-point oscillations on these membrane patches, associating
and dissociating in a monomolecular layer of about 5 nm height. By analyzing the
MinDE oscillatory kinetics by the 4 parameters ton , to f f , va and vd , dependent on
protein concentration and membrane patch size, we discerned the different phases
in the oscillatory cycle. Both the association and dissociation are highly cooperative
processes and cross between remarkably long lasting states in which the membrane
was either fully protein covered or empty. Cooperativity was especially clear during
dissociation from the membrane where entire subdomains of protein lifted off the
membrane, indicative of higher-order association of the proteins. Based on our results,
we proposed that association and dissociation represent the two directions of a single
allosteric switch leading to MinD filament formation or quasi 2D crystal formation
and depolymerization.
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ABSTRACT: The MinDE protein system from E. coli has recently been
identiﬁed as a minimal biological oscillator, based on two proteins only: The
ATPase MinD and the ATPase activating protein MinE. In E. coli, the system
works as the molecular ruler to place the divisome at midcell for cell division.
Despite its compositional simplicity, the molecular mechanism leading to protein
patterns and oscillations is still insuﬃciently understood. Here we used highspeed atomic force microscopy to analyze the mechanism of MinDE membrane
association/dissociation dynamics on isolated membrane patches, down to the
level of individual point oscillators. This nanoscale analysis shows that MinD
association to and dissociation from the membrane are both highly cooperative but mechanistically diﬀerent processes. We
propose that they represent the two directions of a single allosteric switch leading to MinD ﬁlament formation and
depolymerization. Association/dissociation are separated by rather long apparently silent periods. The membrane-associated
period is characterized by MinD ﬁlament multivalent binding, avidity, while the dissociated period is deﬁned by seeding of
individual MinD. Analyzing association/dissociation kinetics with varying MinD and MinE concentrations and dependent on
membrane patch size allowed us to disentangle the essential dynamic variables of the MinDE oscillation cycle.
KEYWORDS: MinD, MinE, pattern formation, atomic force microscopy, cooperativity

S

MinE are necessary and suﬃcient for pattern formation.10
MinC merely follows MinD-oscillations and serves as FtsZ
polymerization inhibitor.20 The time-averaged MinC concentration is minimal at midcell and maximal at the poles inhibiting
FtsZ everywhere except at midcell.21,22 In vitro reconstitution
of MinDE with ATP on supported lipid bilayers showed
formation of parallel traveling waves exhibiting, however, much
larger wavelengths than in vivo.10,12,23
Despite its paradigmatic relevance, the molecular mechanism
of MinDE oscillation generation is still not suﬃciently
understood.24 Especially the nature of the cooperative attachment25,26 or recruitment of MinD to the membrane and the
subsequent detachment of MinDE from the membrane remain
elusive or highly debated. Attachment cooperativity has been
largely attributed to dimerization or in earlier studies to
ﬁlament formation,19,27 where the former might not be able to
explain the strong cooperativity observed and the latter has
been disregarded because of the use of high MinD
concentrations. For the cooperativity in MinDE membrane
detachment several competing models exist: rapid MinE

patiotemporal pattern formation is a hallmark of living
systems, regulating essential processes on both multicellular
and cellular levels. Examples on the multicellular scale are
morphogen gradients in Drosophila embryos1 or the establishment of stripes in zebraﬁsh.2 In single cells, pattern formation is
necessary for the establishment of polarity, determination of the
division plane, and positioning of macromolecular complexes.3
In bacteria, many of these functions are executed by ParA/
MinD systems, typically consisting of an ATPase, an ATPase
Activating Protein (AAP) and a spatial matrix, such as the
membrane. Together these three components (with ATP as
energy source) form a reaction-diﬀusion system capable of
nonequilibrium dynamics.4 Example systems are ParA involved
in plasmid segregation,5 PpfA involved in protein complex
positioning,6 and MipZ (MinD in Escherichia coli) involved in
midcell deﬁnition for cell division.7
The E. coli MinCDE system has become a paradigm for
pattern formation, and has been studied extensively in vivo,8,9
in vitro,10−12 and in silico.13,14 It oscillates from cell-pole to
cell-pole positioning the FtsZ-ring, the primary component of
the divisome at midcell. The ATPase MinD has a C-terminal
membrane targeting sequence (MTS, Figure S1a).15,16 Upon
ATP-dependent dimerization, MinD binds to the membrane
and recruits the AAP MinE (Figure S1b), which in turn induces
MinD ATPase-activity causing MinD-detachment from the
membrane in its monomeric ADP-bound form.17−19 MinD and
© 2017 American Chemical Society
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Figure 1. HS-AFM analysis of MinDE association/dissociation cycles on membrane patches. (a) Schematic of the experimental setup. Membrane
patches are deposited on a mica sample support. The ﬂuid cell contains reaction buﬀer, ATP, and the two proteins MinD and MinE. HS-AFM
imaging captures the dynamics of the two proteins on the membrane patches. (b) HS-AFM image frames (acquisition time is displayed in the upper
left corner of each image) from a longer HS-AFM movie displaying the association and dissociation of MinDE on two membrane patches (Image
size, 500 nm; scale bar, 100 nm; frame size, 300 pixels; image acquisition speed, 1020 ms/frame). Imaging conditions: 1.0 μM MinD, 1 μM MinE,
and 2.5 mM ATP. At 44.9 s, both patches (labeled 1 and 2) are fully covered with MinD. At 53.0 s, MinD dissociates from patch 2, reaching full
dissociation at 61.2 s. Some molecules remained at the rim of the patch (white arrows). MinD reassociated, 63.2 s and covered the entire right patch
again at 65.3 s. During the period from 74.5 to 103.0 s, patch 1 showed the same behavior, an entire MinD dissociation/association cycle. (c)
Height/time traces of patches 1 (black line with black triangles) and 2 (red line with red circles) shown in (b). The dashed lines with numbers
indicate the image acquisition times of the frames shown in (b). (d) HS-AFM image from a longer movie showing several membrane patches
(labeled A, B, C, and D) of decreasing size (image size, 500 nm; scale bar, 100 nm; frame size, 200 pixels; image acquisition speed, 680 ms/frame).
Imaging conditions: 1 μM MinD, 1 μM MinE, and 2.5 mM ATP. (e) Height/time traces of membrane patches A, B, C, and D shown in (d). The
protein covered (height, ∼10 nm) and the bare lipid bilayer (height, ∼5 nm) states are clearly discernible in the traces.

rebinding,23 cooperative binding of MinE to MinDE,10
persistent MinE binding,18,28 and the MinDE toggle switch.29

Employing high-speed atomic force microscopy (HS-AFM30)
with high spatial and temporal resolution, we analyzed MinDE
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Figure 2. MinDE membrane state and association/dissociation kinetics. (a) Schematic height/time trace (top) and its derivative (bottom)
illustrating the deﬁnition of the parameters ton, toff, va, and vd. (b) Raw data MinDE height/time trace averaged over a membrane patch (top) and its
derivative (bottom). The positive and negative peaks in the derivative trace correspond to the maximum height-changing velocities averaged over a
membrane. (c) The durations of MinDE membrane association ton (red) and of bare bilayer state toff (blue) (average duration times ± standard
deviations obtained from a height vs time trace of an individual patch) as a function of membrane patch area and at three MinD concentrations (0.5,
1.0, and 2.0 μM; MinE 1 μM). At low MinD concentration (0.5 μM), large patches display an unanticipated long dissociation dwell-time toff (arrow).
At high MinD concentrations (2 μM), large patches remain protein-covered during the entire (>10 min) HS-AFM imaging (stars). (d) The duration
of ton for a patch of 20 × 104 nm2 area (top), the slope of the ton increase with patch size (middle), and the duration of toff (bottom) as a function of
290

DOI: 10.1021/acs.nanolett.7b04128
Nano Lett. 2018, 18, 288−296

81

Chapter 7. Mechanistic Study of the MinDE System

Letter

Nano Letters
Figure 2. continued

MinD concentration (0.5, 1.0, and 2.0 μM) (mean values and standard deviation from data in c). (e) The height change velocities of the fast
cooperative MinD membrane association va (green) and dissociation vd (magenta) (average ± standard deviations obtained from a height vs time
trace of an individual patch) as a function of membrane patch area and at three MinD concentrations (0.5, 1.0, and 2.0 μM; MinE 1 μM). (f)
Averages of the velocities of MinD membrane association va (green) and dissociation vd (magenta) as a function of MinD concentration (0.5, 1.0,
and 2.0 μM) (mean values and standard deviation from data in (e). (g−j) Panels document the same experiments as shown in (c−f) but with varying
MinE concentration, i.e., 0.5, 1.0, and 2.0 μM, while the MinD concentration is maintained constant 1.0 μM.

Table 1. Values of the Key Parameters tOFF, va, ton, vd, and Aon=0s as a Function of MinD and MinE Concentrations
MinD concentration (1 μM MinE)
concentration
toff (s)
va (nm/s)
ton[20,000 nm2 patch] (s)
ton (s/log(nm2))
vd (nm/s)
Aon=0s (nm2)

0.5 μM
29.9
0.7
24.8
20.4
−0.8
1231

± 10.5
± 0.2
± 4.2
± 0.3

1 μM
7.6
1.3
33.7
20.9
−0.9
487

± 1.3
± 0.2
± 1.0
± 0.1

5.8
1.4
36.0
23.3
−0.9
565

± 1.6
± 0.3
± 5.8
± 0.1

0.5 μM
7.6
1.4
118.4
68.5
−0.8
376

± 1.1
± 0.2
± 9.0
± 0.1

1 μM
7.6
1.3
33.7
20.9
−0.9
487

2 μM

± 1.3
± 0.2
± 1.0
± 0.1

14.1
1.6
33.1
16.0
−0.9
156

± 3.0
± 0.2
± 2.6
± 0.1

point oscillations on membrane patches of 50−500 nm
diameter, whereas ﬂuorescence microscopy observed traveling
waves with wavelength of 50−100 μm on continuous supported
lipid bilayers.10,23,29 Moreover, the data obtained here is
topographical and reports on the coverage of a monomolecular
layer, whereas the ﬂuorescence microscopy signal is a
convoluted intensity sum over a large area. We further detail
similarities and diﬀerences in the Supporting Information.
MinDE Dwell-Times, Rates, and Association/Dissociation
Velocity. Several variables to characterize the MinDE system
were extracted from the membrane height/time traces obtained
by HS-AFM (Figure 1e). The dwell-times with and without
protein ton and toff were derived from the durations of the ∼10
nm and ∼5 nm high states, respectively (Figure 2a,b, top).
From the sharp slopes in the height/time traces between states,
the velocities of the fast, cooperative association va and
dissociation vd processes were calculated through derivation
of the height/time traces (Figure 2a,b, bottom).
We quantitatively analyzed toff (Figure 2c, blue) and ton
(Figure 2c, red) as a function of membrane patch size at three
diﬀerent MinD concentrations 0.5, 1.0, and 2.0 μM, while
keeping MinE constant at 1.0 μM. toff does not scale with patch
size but is inversely dependent on MinD concentration (Figure
2d, bottom); in contrast, ton scales with the logarithm of the
patch size but this scaling is MinD concentration independent
(Figure 2d, middle). However, ton weakly scales with MinD
concentration, as visible when plotting ton for patches of equal
size (Figure 2d, top).
The velocities of association va (Figure 2e, green) and
dissociation vd (Figure 2e, magenta) are both patch size
independent and (as expected) va increases with MinD
concentration (Figure 2f, green), while vd is MinD concentration independent (Figure 2f, magenta).
Taken together, the variables va, vd, and toff impose a rather
direct interpretation in the framework of a binary reaction
between MinD and the membrane: toff is shorter with increased
MinD concentration because the membrane is seeded faster at
higher bulk concentrations. Similarly, va increases with MinD
concentration because the membrane can recruit new
molecules faster from a concentrated bulk. vd is MinD bulk
concentration independent, as it solely depends on detachment
of membrane-bound MinD. In contrast, the interpretation of ton
is more complicated; in particular, the patch-size dependence of

oscillations on mica-adsorbed membrane patches with three
variables, MinD concentration, MinE concentration, and area of
the membrane patches.
HS-AFM Visualizes MinDE Nanoscale Association/
Dissociation Dynamics. HS-AFM30 imaging was performed
on supported E. coli lipid membrane patches, the native matrix
of MinDE (Figure 1a). With MinD, MinE, and ATP in
solution, individual membrane patches displayed varying height
as a function of time. Neighboring patches displayed out-ofphase height variations (Figure S2), indicating that each patch
represented an individual system despite experiencing the same
bulk environment (Figure 1b, Movie 1). The height of the
membrane patches varied between ∼5 and ∼10 nm (Figure
1c). On the basis of comparison with supported lipid bilayer
(SLB) height,31−33 control experiments on pure lipid bilayers
(Figure S3a,b) and membrane patches decorated with MinD in
the absence of MinE (Figure S3c,d), we assigned the ∼5 nm
state as protein-free membranes and the ∼10 nm state as
MinD-decorated membranes. The height diﬀerence of ∼5 nm
is in excellent agreement with the height of the MinD
structure18,34 (Figure S1a). Hence, MinD associates to the
membrane as a monomolecular layer. The ∼5 nm-state features
some molecules that remain at the rim of the membrane
patches (see other ﬁgures and Supporting movies). These
proteins exhibit only very little dynamics. As bilayer edges are
highly curved, micelle-like structures,35,36 we reason that both
MinD and MinE have a higher aﬃnity to curved membranes
and thus a tendency to remain at the rim.
Because of the size distribution of vesicles for patch
formation, the bilayer patches displayed varying areas (Figure
1d, Movie 2). Taking advantage of this, HS-AFM with
nanometer resolution allowed the direct analysis of MinDE
membrane association/dissociation cycles on patches with sizes
ranging from ∼50 to ∼500 nm in diameter over extended
periods (>10 min). Plotting height against time, the periodicity
of the cycles was visibly longer on larger than on smaller
patches (Figure 1e). Notably, visual inspection readily indicates
that it is the protein-associated dwell-time ton (∼10 nm) that
increases with area, while the intervals without protein coverage
toff (∼5 nm) seem rather constant (Figure 1e). The oscillations
on nanometer-sized membrane patches observed here diﬀer
from the traveling surface waves observed by ﬂuorescence
microscopy in former in vitrostudies: by HS-AFM we observe
291
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Figure 3. Morphological diﬀerences of the association and dissociation processes: implication of MinD ﬁlaments. HS-AFM time series (top) and
corresponding height value histograms of an (a) association and (b) dissociation cycle on a large membrane patch at 1 μM MinD and 1 μM MinE.
The association process appears to be a homogeneous process where the membrane is ﬁlled up with fast diﬀusing and dispersed molecules that lead
to the presence of pixels with intermediate height (star in histogram at t = 10 s). During dissociation, entire subdomains composed of several
proteins detach simultaneously and residual proteins remain in stable patches leading to a bidistribution of height values (stars in histograms at t = 50
s and t = 55 s). Average (bold line) and standard deviation (shaded) of association (c) and dissociation (d) height/time traces at 1 μM MinD and 1
μM MinE (n = 12). (e) High-resolution movie frames of MinD ﬁlaments on membrane patches during the dissociation process. (f) Membrane
patches after incubation with 1 μM MinD and 0 μM MinE (with 2.5 mM ATP). Patches are MinD-covered as reported by the section analysis
(right) showing a patch height of ∼10 nm. (g) After 30 min, membranes patches were found neighbored by ﬁlamentous structures, and section
analysis (right) reported that the patches lost their MinD-coverage and displayed a height of ∼5 nm. (h,i) High-resolution HS-AFM topographs of
the MinD ﬁlaments.

ton is at ﬁrst surprising. Notably, ton comprises the part of the
reaction cycle where MinE intervenes and activates MinD. In
order to shed light on this part, we complemented our matrix of
experiments, this time varying the MinE concentration 0.5, 1.0,
and 2.0 μM, while keeping MinD constant at 1.0 μM.
We ﬁnd that toff is consistently patch size independent
(Figure 2g, blue) but increases with MinE concentration
(Figure 2h, bottom). Interestingly, ton patch size-dependence
(Figure 2g, red) is strongly enhanced with decreasing MinE
concentration (Figure 2h, middle), as is the dwell-time for
patches of equal size (Figure 2h, top). These results indicate
that MinE plays a critical role for ton patch size-dependence. In
contrast, association and dissociation velocities, va (Figure 2i,j,
green) and vd (Figure 2i,j, magenta), are both patch size and
MinE independent. These results indicate that the patch-size
dependent activation barrier for initiation of MinD dissociation,
meaning the duration of ton, is MinE dependent.
All quantitative values are summarized (Table 1) and some
limits where oscillation stalls are discussed (Supporting
Information).
Morphological Diﬀerences of the Association and
Dissociation Processes. When observing MinDE oscillations
on larger membrane patches, a stark morphological diﬀerence
between association (Figure 3a, top) and dissociation (Figure
3b, top) processes is apparent (Movie 3). The association
process (Figure 3c) is accompanied by a gradual increase of a
single peak in the height distribution of all pixels over the entire
patch (Figure 3a, bottom). The broad distribution at

intermediate height (t = 10 s) is characteristic of fast diﬀusing
and dispersed molecules that are contoured and neighbored by
pixels of transitional height (between ∼5 and ∼10 nm). In
contrast, during dissociation (Figure 3d) the height distribution
splits into two well-deﬁned peaks (at ∼5 and at ∼10 nm) that
interconvert in amplitude as a function of time (Figure 3b,
bottom, t = 50 s and t = 55 s), representing bare and fully
covered membrane patch subareas in corresponding frames.
Even though it has long been suspected that MinDE
detachment is highly cooperative, the structural nature of the
dissociation process could not be monitored with diﬀractionlimited optical methods used so far. The nanometer spatial
resolution of the dissociation process obtained here using HSAFM imaging demonstrates that MinDE detachment does not
occur through individual proteins or small oligomers detaching
from the membrane but through a coordinated detachment of
MinD from large membrane subareas. It has been reported that
MinD can form ﬁlamentous structures on membranes.19,27,37
The detachment of MinDE ﬁlaments from the membrane could
explain the patchy detachment process observed herein. To test
this hypothesis, we acquired high-resolution movies of the
dissociation process, and even though the proteins are very
dynamic and despite the high protein density ﬁlamentous
structures can be clearly detected in individual images (Figure
3e; Movie 4).
In order to get higher resolution information on the MinD
ﬁlaments, we imaged MinD in the absence of MinE (Figure 3f),
hypothesizing that without MinE, MinD can form stable
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Figure 4. Framework of the MinDE association/dissociation cycle on membrane patches. HS-AFM characterizes parameters toff (shaded in blue), ton
(shaded in red), va (green arrow), and vd (magenta arrow) of the MinDE oscillation cycle. kon(D) = 1/toff characterizes the slow MinD patch seeding
until a critical 2D concentration for nucleation is reached upon which the fast cooperative attachment ka = va/hD takes place. kon(E) = 1/ton
characterizes the slow MinE binding to the patch until a critical MinD-activation in the membrane-associated MinD-ﬁlaments occurs, which is
characterized by kd = vd/hD. Sketches illustrate the structural states of the system during the major steps of the cycle: MinD(ATP) are illustrated in
red, MinD(ADP) in green, and MinE in blue.

oligomeric structures. When we incubated only MinD on
membrane patches, the patches were densely covered with
MinD at the start of the experiments (∼10 nm height) (Figure
3f). After a prolonged incubation of 30 min, the patches were
found empty (5 nm height) and linear MinD ﬁlaments could be
detected next to the membrane patches (Figure 3g−i; Movie
5). It is important to note that we never detected MinD
ﬁlament formation on mica, even though the protein always
binds to mica in the background (e.g., Figure 3a). Hence, the
ﬁlaments observed in the absence of MinE are likely to have
formed on the membrane patches during the incubation period
and have then been pushed oﬀ the membrane with the HSAFM cantilever, allowing us to obtain high-resolution images.
The ﬁlament width was ∼10 nm indicating lateral annealing of
MinD dimers. The ﬁlaments appeared highly ﬂexible and
exhibited a persistence length of 27.1 ± 9.6 nm, which
corresponds to a length of about 7 MinD dimers. In conclusion,
the cooperative MinD-dissociation from the membrane

implicates MinD supramolecular structures in the form of
linear polymers or a 2D crystal-like organization of MinD
dimers. Both association and dissociation processes are highly
cooperative with steep association (Figure 3c) and dissociation
(Figure 3d) curves, reporting the attachment/detachment of
several hundreds of molecules within a few seconds after dwellperiods of tens of seconds with the association process being
slightly faster but the two processes are morphologically very
diﬀerent.
Framework of the Reaction Cycle. Our full set of
experiments (Figures 2 and 3) disentangle the parameters toff,
va, ton, and vd, which are key for understanding the oscillation
cycle (Figure 4).
The ﬁrst half of the cycle is dominated by MinD membrane
association, characterized by toff (Figure 4, blue area) and va
(Figure 4, green arrow). The data classiﬁes this process as a
standard protein−substrate binding with the membrane being
the substrate. Thus, increasing MinD concentration leads to
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the patch size-dependence of ton is MinD concentration
independent. In contrast, the slope increased by a factor of
∼3 when dropping the MinE concentration from 1.0 to 0.5 μM.
The fast dissociation process is characterized by vd, hence the
fast detachment rate kd can be deﬁned as kd = vd/hD,
analogously to ka. kd solely depends on the detachment of
MinD from the membrane and is both MinD and MinE bulk
concentration independent. During fast dissociation, entire
MinD subdomains, that is, supramolecular structures, unbind
from the membrane indicating high cooperativity. The process
takes only about 6 s to completely remove hundreds of
molecules and discharge membrane patches.
Among the proposed mechanisms of the detachment process
were (i) cooperative MinE binding to MinDE complexes,10 (ii)
rapid MinE rebinding to MinD on the membrane,23 and (iii)
direct MinE membrane binding.18,28 It was recently also
suggested that (iv) MinE acts as a toggle switch, where low
concentrations of MinE recruit MinD to the membrane and
high MinE concentration lead to the detachment of MinD.29
The latter model is not supported by our experiments.
Attachment of proteins (va) is independent of MinE bulk
concentration speaking against a model where MinE is
recruiting MinD to the membrane. Furthermore, as we do
not detect any dependence of the detachment process on the
bulk MinE concentration, we can ﬁrmly conclude that no
further contributions from MinE that are not already on the
membrane is necessary during the process, in disfavor of the
ﬁrst two proposed mechanisms. All four mechanisms cannot
explain the coordinated detachment of several hundreds of
molecules from the membrane observed herein.
Instead, we propose that the cooperativity in the detachment
process of MinDE is due to an allosteric destabilization of
MinD-ﬁlaments. We show that MinD forms ﬁlaments on
membranes and that large MinD patches in membrane subareas
simultaneously leave the membrane in the presence of MinE,
which likely represent MinD ﬁlamentous structures. The
multivalent high avidity membrane binding of the MinD
ﬁlaments, attached with (probably hundreds) MTS to the
membrane surface, leads to a long lifetime on the membrane.
Upon activation of some MinD(ATP) to MinD(ADP) through
MinE, individual MinD(ADP) might still remain attached to
the membrane as they are stabilized by lateral contacts in the
MinD-ﬁlaments. However, the activated MinDs weaken the
overall avidity of membrane binding, explaining the MinE
concentration dependence of ton. Throughout ton the ﬁlaments
are continuously stabilized by remaining MinD(ATP),
analogous to the GTP tubulin cap in microtubule ﬁlament
dynamics.40 Once the amount of MinD(ATP) falls below a
certain threshold concentration, a “catastrophic” event due to
allosteric destabilization41 leads to the complete detachment
and depolymerization of the ﬁlament as a whole.
This model could well explain the logarithmic patch-size
dependence of ton, as the time for crossing the energy barrier of
unbinding would be expected to be longer for a more strongly
attached structure than for a weaker bonded one.42 Hence, on
large patches where the average ﬁlament length is expected to
be larger than on small patches, the multivalency and thus the
avidity of the membrane binding is higher than on smaller
patches, increasing the average lifetime ton of a ﬁlament on the
membrane until the threshold of unbinding is reached. Indeed,
the smallest patches analyzed here, that is, area A of ∼3000 nm2
with a radius r of ∼25 nm, are of order of the persistence length
of the MinD ﬁlaments (27.1 ± 9.6 nm) and hence patch size

faster association dynamics, that is, shortening of toff and
increase of va.
toff is characterized by the empty-membrane state with initial
MinD dimers seeding the membrane. We deﬁne the on-rate
kon(D) = 1/toff as the rate until a critical MinD 2D-concentration
on a patch is reached. This process is very slow. For example, at
0.5 μM MinD toff lasts 30s. Larger patches recruit proportionally more molecules than smaller patches, hence all reach the
critical 2D concentration after the same dwell-time, resulting in
patch size independence of toff. The slight increase of toff at high
MinE concentration indicates that MinE is able to activate and
dissociate some ﬁrst seeding MinD, and hence reaching the
critical MinD membrane concentration takes slightly longer
when MinE is more abundant.
Upon reaching a critical local MinD concentration on the
membrane, when ﬁlaments have been nucleated, a phase of fast
cooperative membrane coverage by MinD begins, characterized
by va. We deﬁne the fast cooperative association rate ka = va/hD
with hD being the height of the MinD monomolecular layer (or
structure) of 5 nm. va scales with MinD but not MinE
concentration, establishing that the fast cooperative association
depends on MinD recruitment from the bulk and that MinE
binding and activity is temporally separated or negligible. This
result is similar to former ﬂuorescence-microscopy based in
vitro studies where ﬂuorescence intensity proﬁles showed that
while MinD and MinE start binding to the membrane at the
same time, MinE binding is slower, and MinE-induced MinDdetachment only sets in much later.23,29 While kon(D) may take
tens of seconds to bring a few MinD onto the membrane, ka is
fast and covers membrane patches that accommodate several
hundreds of molecules within about 4 s, hence we estimate ka is
several orders of magnitude larger than kon(D). The switch of
regimes from kon(D) to ka can be inscribed into the larger
framework of a nucleation and “crystal” growth process.38 In
biology, it may be compared to microtubule assembly, where
nucleation, that is, initial oligomer assembly, is slow and is
followed by rapid elongation.39 During nucleation (kon(D))
MinD binds and unbinds the membrane and rapidly diﬀuses on
the membrane. With increasing MinD density on the
membrane, lateral interaction between dimers prolong their
lifetime on the membrane, as has been shown by single-particle
tracking experiments.23 Once a critical concentration has been
reached, newly binding MinD dimers are quickly arrested by
several lateral contacts, practically abolishing koff(D) and leading
to rapid ﬁlament growth (ka).
The second half of the cycle, the dissociation of MinD and
MinE from the membrane, is characterized by ton (Figure 4, red
area) and vd (Figure 4, magenta arrow). ton is the timespan
during which we continuously measure the topographical
presence of MinD and no change in height. Hence, we are not
yet observing detachment of MinD, but the duration of MinE
association and its stimulation of MinD ATPase activity. We
deﬁne the on-rate kon(E) = 1/ton as the period preceding MinEinduced MinD-detachment. The topographical data does not
allow us to directly monitor these two processes due to the
small size and high mobility of MinE on the membrane-bound
MinD “carpet”.23 However, ton changes as a function of several
parameters, allowing us to disentangle its dependence. Like toff,
ton is very long, of order of tens of seconds, depending on the
conditions. ton is almost constant for MinD and shorter at
higher MinE concentrations, respectively, corroborating that
during ton additional MinD attachment is negligible and ton
duration is determined by MinE concentration. The slope of
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may limit ﬁlament growth. It is also notable that the patch size
dependence of ton is most dramatic for small patches and that
ton “saturates” for patches >75,000 nm2 (radius >155 nm)
comparable to MinD patches in vivo8,9 (Figure S4). Hence,
rapid dissociation of small MinD patches may represent a
regulation mechanism for the establishment of relevant MinD
waves in vivo.
One can imagine that the dissociation of jointed MinDdimers in ﬁlaments occurs in a zipper-like manner, a hypothesis
that would oﬀer an interesting structure−function relationship
of the MinD-ﬁlaments in that ﬁlaments provide for an
allosteric-like chain-reaction of MinD dissociation from the
membrane.
Here, we used HS-AFM to study MinDE oscillations on
small membrane patches. This combination showed many
unanticipated but highly advantageous characteristics. The fact
that HS-AFM works on unlabeled proteins abolishes the
presence of any dye-induced dynamics and at the same time
increases the resolution to the molecular scale. This allowed
unambiguous disentanglement of the diﬀerent phases in the
protein self-organization cycle of membrane bound and
unbound states that are stable over tens of seconds, and
revealed dramatic changes during cooperative association and
dissociation phases where hundreds of proteins bind and
unbind within seconds. We show that the two cooperative
processes are morphologically diﬀerent, though they may
represent the two directions of a single allosteric switch where
MinD interactions favor the formation of ﬁlaments during the
association process and the same allosteric bias is removed
when the MinD ﬁlaments are activated and dissociate.
Observing the lifetime of these ﬁlaments on the membrane
on diﬀerent nanometer-sized membrane patches (50−500 nm)
allowed us to directly monitor the increase of avidity in
membrane binding.
HS-AFM monitoring unlabeled proteins at work at nanometer resolution in real time presents itself as an ideal tool for
the study of membrane association, self-assembly, and
dissociation processes.31,43 Doubtlessly, further HS-AFM
experiments may decipher the entire functional cycle of the
MinCDE/FtsZ cell-division machinery.
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2014, 5, 5341.
(38) De Yoreo, J. J.; Gilbert, P. U. P. A.; Sommerdijk, N. A. J. M.;
Penn, R. L.; Whitelam, S.; Joester, D.; Zhang, H.; Rimer, J. D.;
Navrotsky, A.; Banfield, J. F.; Wallace, A. F.; Michel, F. M.; Meldrum,
F. C.; Cölfen, H.; Dove, P. M. Science 2015, 349, aaa6760.
(39) Rice, L. M.; Montabana, E. A.; Agard, D. A. Proc. Natl. Acad. Sci.
U. S. A. 2008, 105, 5378−5383.
(40) Brouhard, G. J. Mol. Biol. Cell 2015, 26, 1207−1210.
(41) Geyer, E. A.; Burns, A.; Lalonde, B. A.; Ye, X.; Piedra, F.-A.;
Huffaker, T. C.; Rice, L. M. eLife 2015, 4, e10113.
(42) Evans, E.; Ritchie, K. Biophys. J. 1997, 72, 1541−1555.
(43) Miyagi, A.; Chipot, C.; Rangl, M.; Scheuring, S. Nat.
Nanotechnol. 2016, 11, 783−790.

296

DOI: 10.1021/acs.nanolett.7b04128
Nano Lett. 2018, 18, 288−296

87

Chapter 7. Mechanistic Study of the MinDE System

Supporting Information
High-speed AFM reveals the inner workings of the MinDE
protein oscillator
Atsushi Miyagi1,2,3#, Beatrice Ramm4#, Petra Schwille4 & Simon Scheuring1,2,3*
1

3

U1006 INSERM, Aix-Marseille Université, Parc Scientifique et Technologique de Luminy, 13009 Marseille, France.
2
Department of Anesthesiology, Weill Cornell Medicine, 1300 York Avenue, New York, NY 10065, USA.
Department of Physiology and Biophysics, Weill Cornell Medicine, 1300 York Avenue, New York, NY 10065, USA.
4
Max Planck Institute of Biochemistry, Am Klopferspitz 18, D-82152 Martinsried, Germany.
#

These authors contributed equally to this work.
•
Correspondence to Simon Scheuring:
Email: sis2019@med.cornell.edu
Phone: +1 646-962-2565
FAX: +1 212 746 8563

S1

88

Chapter 7. Mechanistic Study of the MinDE System

Methods
Protein expression and purification
The plasmids for purification of His-MinD, and His-MinE (His stands for histidine tag) were
previously described and proteins were expressed in E. coli 1,2. Purification of the proteins was
performed essentially as described earlier 1. In brief, proteins were purified via Ni-NTA affinity
chromatography. Afterwards the buffer was exchanged to storage buffer (50mM HEPES, pH 7.25,
150mM KCl, 10% Glycerol, 0.1mM EDTA) using gel filtration chromatography. Proteins were quick
frozen and stored in aliquots at -80°C until further use.

Sample preparation
E. coli polar lipid extract (Avanti Polar Lipids, Alabaster, AL) was dried under nitrogen and residual
solvent was removed under vacuum. Subsequently the lipid was rehydrated in Millipore water at a
concentration of 1 mg/ml and small unilamellar vesicles (SUVs) were generated through sonication of
the lipid suspension. To generate circular membrane patches on freshly cleaved mica supports, 1 µl
of the SUVs were briefly incubated (<1 min) before the support was repeatedly washed with buffer
(10mM HEPES, pH 7.4, 150mM NaCl, 2mM CaCl2) to remove excess of lipids. Measurements were
performed in a total volume of 120 µl reaction buffer (25mM Tris-HCl pH 7.5, 150mM KCl,
5mM MgCl2). ATP (pH 7.5) was added to a final concentration of 2.5mM. All experiments were
conducted using 0.5, 1.0 or 2.0 µM MinD and 0.5, 1.0 or 2.0 µM MinE.

High-speed atomic force microscopy (HS-AFM)
All images were taken by HS-AFM (RIBM, Japan) in amplitude modulation mode. Short, 7 µm long
cantilevers (NanoWorld, Switzerland), featuring an electron beam deposition (EBD) tip, with spring
constant kc=0.15Nm-1, resonance frequency fr=0.6 MHz, and a quality factor in aqueous solution
Qc=~1.5 were used. In all HS-AFM experiment, free cantilever oscillation amplitude A0=1nm and
setpoint amplitude As=0.9nm were used. Under these conditions the energy transferred from AFMtip to the sample in each tap is estimated to be about 0.6kBT, following:
 = 1 −  ×  −  ⁄2 
Eq. 1
Where kB and T are Boltzmann constant and absolute temperature of 300K, and the amplitude
reduction through frequency shift α is 0.5. The low energy input of the cantilever oscillation into the
system never lead to protein detachment, showing that the energy provided is far below the energy
provided by ATP hydrolysis. For further imaging stabilization, a free amplitude stabilizing circuit was
integrated into the HS-AFM 3.

Data analysis
All data was analyzed in Igor Pro. HS-AFM movies were loaded into Igor Pro as image stacks with
x, y, z and t dimension in nm, nm, nm and s, respectively. From these image series the average height
z over entire patches was plotted as a function of t. A threshold at 7.5nm height was used to define
the durations of ton and toff in height/time traces. The association and dissociation velocities va and vd
were obtained through derivation of the height/time traces and subsequent peak searches and
averaging of the peak values.
The persistence length of the filaments was determined by tracing the highest topography of the
filaments in the HS-AFM image frames. From these idealized traces, we plotted the square of the
end-to-end separation of any element as a function of the length along the trace of the same
element (called contour length). The resulting plot was fitted following:
〈 〉 = 4  1 −





1 −  !−


"#$


Eq. 2

where  is the square of the end-to-end separation,  is the contour length and  is the
persistence length 4.
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Supplementary text
Limits of MinDE oscillations
We extrapolated the ton/log(patch size) slopes to the hypothetical patch area where ton would be
0s, and thereby derived areas Aon=0s where MinDE would stop oscillating (Table 1). This critical area is
MinD and MinE concentration dependent, but is of the order to accommodate some tens of MinD
dimers (patches with radius r<25nm). Interestingly, this is of the order of the persistence length of
27.1 +/- 9.6 nm of the MinD filaments. Hence, we hypothesize that on such small patches MinD is
unable to form filaments or that the filaments would be so short that their binding strength was
insufficient to warrant for a stable ton period (Figure 3g,h). We detected two other limits: First, when
the MinD concentration is low (0.5µM) and the patch is large (d ≥ 500nm), toff becomes very long and
irregular in length (Figure 2c, black arrow). We interpret the behavior under these conditions as
difficulties to reach a ‘critical seeding/nucleation concentration’ on the membrane, i.e. 2Dconcentration of first adsorbed MinDs, which can initiate the fast cooperative association process.
Second, when the MinD concentration is high (2.0µM) and the patch is large (d ≥ 500nm), the
proteins remained permanently associated (Figure 2c, star). We propose that on very large patches
and a high bulk MinD concentration the strength of the bound filament and the replenishment of
MinD(ATP) from the bulk is high, outperforming detachment of MinD(ADP), while on smaller patches
oscillatory behavior is preserved, because the cooperative detachment (Figure 3) of MinD filaments
(Supplementary Figure S4) affects a significant percentage of patch coverage.

ATP-recharging of MinD in the bulk is not a limiting factor
In the past the rate of nucleotide exchange, i.e. the ATP-recharging of MinD, has been implicated
in the delayed reattachment of MinD to the membrane (length of toff)5,6. We dismiss this hypothesis
in our experimental setup for two reasons: First, a conservative estimate of the number of MinD in
the HS-AFM fluid chamber (~120µl) outnumbers the possible surface-adsorbed molecules (if the
entire 1.5mm mica disk was covered at the same time) by about 3 orders of magnitude, and
therefore, for one dissociating ADP-bound MinD exist at least a thousand ATP-loaded MinD in
solution. Second, imaging several neighboring patches at the same time showed out-of phase
association/dissociation behavior of patches that almost touch each other (Figure 1,
Supplementary Figure S2), proving that there are enough ATP-loaded MinDs in the vicinity of all
patches. In in vitro assays on large SLBs the formation of the travelling waves was not influenced by
the ATP concentration, further corroborating the view that the nucleotide exchange rate is negligible
in in vitro assays with non-limiting MinD and MinE concentrations1.

Comparison with fluorescence microscopy-based in vitro assays
To properly understand how the point oscillations observed herein are connected to former in
vitro studies1,7,8 of the MinDE system it is important to understand the differences between the
assays. First, by HS-AFM we observe point oscillations on nanometer-sized membrane patches, while
former fluorescence microscopy studies have been conducted on continuous supported lipid
bilayers, where the two proteins MinDE formed traveling surface waves or other patterns on the tens
of micrometer length scale1,7,8. Second, the data obtained here reports topography changes between
an empty bilayer and a monomolecular protein layer, whereas previous fluorescence microscopy
studies observe oscillations of fluorescence intensity convoluted by the optical microscopy pointspread function.
Comparison of HS-AFM height/time traces with fluorescence intensity profiles
To be able to compare the height/time traces obtained here with the fluorescence intensity
profiles from former in vitro studies, it is necessary to understand what parameters are probed in
both assays.
The topographical data herein, the height/time traces of the oscillations are height increases over
the area of an entire membrane patch. The ~5nm and ~10nm high states represent the empty and
the fully covered membrane, respectively. The slopes between these two states, va and vd represent
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the transition between these two states, i.e. the filling or emptying of the patches. We define the
fully covered ~10nm state as the duration during which no further average height increase or
decrease is detected. Given the flatness of the overall height vs time traces during this period, we do
not think that any significant change of molecular density takes place during this period. In contrast
the MinDE profiles of travelling surface waves were obtained by fluorescence microscopy, hence
they reflect the protein fluorescence intensity vs time (or distance with respect to the travelling wave
when they are measure as profiles) of all molecules within the range of the optical resolution at a
given position on the membrane.
In HS-AFM, the association process is subdivided into two sub-processes: During toff MinD is slowly
seeding the membrane without measurable height increase. During va very fast attachment of
molecules to the membrane is observed with a steep positive slope in the height vs time traces,
followed by a long period that is flat in the height vs time traces. In the fluorescence intensity vs time
traces or intensity vs distance profiles, the association process is represented by a saturation curve
that increases up to a turning point where it reaches the maximum intensity. While HS-AFM does not
detect a height increase during toff due to the fast lateral diffusion of the MinD molecules,
fluorescence microscopy readily monitors an increasing fluorescence signal.
In conclusion, while both traces can in principle be regarded as density vs time traces, both the
biological systems, point oscillator vs travelling wave, and the techniques, nanoscale single molecule
detection vs ensemble measurement, are so different that they can difficultly be compared, but
provide complementary information. The most likely interpretation is that fluorescence microscopy
is more sensitive to the overall average number of molecules at a given time point at a given
location, while HS-AFM is sensitive to the transition of the dynamics from fast diffusing to
polymerization. Similarly, during the dissociation period, optical microscopy monitors the overall
number of unbinding molecules, while HS-AFM detects the local nanoscale unbinding resulting in the
nanoscale co-existance of empty (~5nm) and cover (~10nm) membrane sub-area.
Membrane patches show individual point oscillations that are not coupling
Schweizer et al. have shown by optical microscopy that MinDE pattern formation on large
supported lipid bilayers is able to couple over small gaps 9. Traveling MinDE surface waves with
periodicity of ~50µm aligned on membrane patches of 30µm square separated by ~3µm. In contrast
in HS-AFM, no coupling between neighboring patches of size ~100nm separated by ~20nm is
observed (see Figure 1b; Supplementary Figure 2; Supplementary Movie S1). To explain this
phenomena it is obviously important to consider the scale of the two experiments.
Indeed, the length scale is about 100-1000 fold reduced in the HS-AFM experiment. We do not
observe directionality of attachment or detachment of proteins (waves), but true point oscillations.
While traveling surface waves on large supported lipid bilayers form protein gradients in solution
stretching over several tens of micrometers 9, these gradients are not formed in the HS-AFM
experiment for two reasons. First individual membrane patches herein only host about 80-8000
molecules with a large excess of molecules in bulk. Second, the diffusion in the bulk wipes out any
concentration gradient created by binding to such small patches immediately.

S4

91

Chapter 7. Mechanistic Study of the MinDE System

Supplementary figures

10

Figure S1) a) Crystal structure of the MinD dimer (PDB 3Q9L) , and b) crystal structure of the MinD dimer in complex with
11
MinE (PDB 3R9J) . One MinD monomer is colored in teal, the other in violet, MinE is colored in green in b). Bound ATP is
shown in red. Two schematic helices represent the membrane targeting sequences (MTS) that are not resolved in the
crystal structure.
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Figure S2) Bulk recharging of MinD with ATP is not a limiting factor for toff. Two patches with center-to-center distance of
about 120nm, and border-to-border distance of ~30nm display out-of-phase MinD association of 7 seconds despite
experiencing the same bulk environment (see also Figure 1 in the main manuscript).
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Figure S3) Control experiments: assignment of the protein-free and protein-covered membrane states. a) and b) control
experiment at 0µM MinD for verification of the bare bilayer assignment: a) Schematic of the experimental setup. Without
MinD in solution, the bilayer patches should remain bare and display a height of ~5 nm. b) HS-AFM topography (left)
showing the smooth surface of a bare bilayer patch and section analysis (right) across the patch shown in a) (dashed line)
showing a height of ~5 nm. c) and d) control experiment at 1µM MinD and 0µM MinE for verification that the ton dwell-time
and the membrane-dissociation process are indeed due to MinE ATPase activity stimulation in MinD: c) schematic of the
experimental setup. Without MinE in solution, the bilayer patches remain MinD covered with a height of ~10 nm for
extended periods of time. d) HS-AFM topography (left) showing the surface of a MinD-covered bilayer patches and
height/time trace (right) showing that in absence of MinE, the patch remains MinD-covered for >500 s.
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Figure S4) Patch size dependence acts at smaller scale than the dominant in vivo wave. Plot of ton as a function of patch
2
size (linear scale). Patch size dependence is strong for very small patches (<25,000nm , diameter <180nm), while the wave
in vivo has a size of ~310nm in diameter (75,000nm2). This indicates that too small MinD associations are not generating
waves in vivo due to their shortened lifetime.
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Supplementary movie captions
Movie 1) HS-AFM movie of E. coli lipid patches displaying MinDE oscillation cycles; corresponding to image frames shown
in figure 1b.
Image size: 400nm, frame size: 150pixels, image acquisition rate: 1020ms/frame, scale bar: 100nm.
Imaging conditions: 1µM MinD, 1µM MinE, 2.5mM ATP.
HS-AFM movie of two membrane patches show repeated protein association and dissociation.
Movie 2) HS-AFM movie of several membrane patches of different surface area displaying MinDE oscillation cycles;
corresponding to image frames shown in figure 1d.
Image size: 500nm, frame size: 200pixels, image acquisition rate: 680ms/frame, scale bar: 100nm.
Imaging conditions: 1µM MinD, 1µM MinE, 2.5mM ATP.
Overview HS-AFM movie of several membrane patches of different size. All membrane patches show similar oscillation
behavior as shown in supplementary movie 1, but the oscillation frequency and notably the protein-associated dwell-time
appears to depend on membrane patch size.
Movie 3) HS-AFM movie of a large membrane patch displaying clear morphological differences of the association and
dissociation processes; corresponding to image frames shown in figure 3a,b.
Image size: 750nm, frame size: 200pixels, image acquisition rate: 1000ms/frame, scale bar: 100nm.
Imaging conditions: 0.5µM MinD, 1µM MinE, 2.5mM ATP.
HS-AFM movie showing the morphological difference between the fast cooperative association and dissociation processes.
During the association process, the membrane coverage is gradually densifying with fast two-dimensional diffusion of
proteins. During the dissociation process, proteins detach from the membrane as filaments or clusters leaving entire
subareas protein free.
Movie 4) HS-AFM movie of MinD filaments on membrane; corresponding to image frames shown in figure 3c.
Image size: 450nm, frame size: 120pixels , image acquisition rate: 1000ms/frame.
Imaging conditions: 0.5µM MinD, 1µM MinE, 2.5mM ATP.
HS-AFM movie showing MinD filaments during the unbinding processes. Right movie panel: time average over 2
subsequent frames.
Movie 5) HS-AFM movie of MinD filaments; corresponding to image frames shown in Figure 3g-i.
Image size: 750nm, frame size: 200pixels, image acquisition rate: 1000ms/frame, scale bar: 100nm.
Imaging conditions: 1µM MinD, 0µM MinE, 2.5mM ATP.
HS-AFM movie after 30 min from sample incubation in the absence of MinE, filamentous structures are found around
membrane patches, indicating that MinE is required to dissolve MinD filaments.
Movie 6) HS-AFM movie showing the out-of-phase oscillation of membrane patches in very close (10nm) proximity;
corresponding to image frames shown in Supplementary figure S2 (subarea from a larger movie).
Original movie size: 750nm, frame size: 200pixels, image acquisition rate: 1000ms/frame, scale bar: 100nm.
Imaging conditions: 1µM MinD, 1µM MinE, 2.5mM ATP.
HS-AFM movie showing a phase difference of the oscillation cycle between two patches located only 120 nm away from
each other (center-to-center distance) and separated by only about 10nm (edge-to-edge distance). The patches show a 7
seconds oscillation phase difference of the starting association. This result shows that the bulk recharging of MinD with ATP
is not a limiting factor for the toff dwell time.
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8

The MinDE System Positions, Transports
and Sorts Membrane-Bound Molecules
This chapter comprises results demonstrating that MinDE self-organization is capable
of positioning, transporting and sorting membrane-bound molecules by a non-specific
mechanism in vitro and when heterologously expressed in S. pombe.
Motivated by reports of potential additional roles of MinDE oscillations besides
positioning of MinC, e.g. a link to chromosome segregation [139–145] and regulation
of membrane proteins [201, 202], I first set out to identify additional functions of
MinDE in our established in vitro reconstitution assay. In associated publication P4
I found that MinDE self-organization is able to spatiotemporally regulate a variety
of functionally unrelated membrane proteins in vitro (see section 8.1). Not only
did MinDE traveling surface waves regulate the position and abundance of model
peripheral membrane proteins, but they also regulated lipid-anchored streptavidin
which resulted in large-scale gradients indicative of a MinDE-induced net transport.
When co-reconstituted in rod-shaped microcompartments, where MinDE oscillate
from pole-to-pole mimicking their in vivo dynamics, MinDE drove counter-oscillations
of the unrelated membrane-bound proteins. These dynamics resulted in time-averaged
gradients of the lipid-anchored proteins that are minimal at compartment poles,
indicating protein enrichment in the compartment middle. I further demonstrated
that MinDE self-organization is capable of regulating membrane-anchored DNA, short
oligonucleotides and longer strands. Based on the obtained results I proposed that
MinDE is regulating and transporting membrane-bound molecules by a non-specific
mechanism: MinDE covers the membrane at such high densities and potentially
forms higher order structures on the membrane (see previous section 7.1) that it forms
a propagating diffusion barrier outcompeting other peripheral membrane proteins
for binding and biasing the diffusion of permanently anchored membrane proteins in
the direction of the traveling wave. Next, I wanted to explore whether spatiotemporal
positioning of membrane proteins by MinDE also occurs in a more physiologically
relevant context. The preliminary results in section 8.2 show that MinDE oscillations
can be reconstituted in a eukaryotic cell, in the fission yeast S. pombe, and that MinDE
regulate a model peripheral membrane protein in these cells. Associated publication
P5 demonstrates that MinDE, when a more native MinE version is employed, are
capable of forming a much larger variety of patterns in vitro, closely resembling
"Turing patterns" (see section 8.3). Next to the known traveling surface waves, MinDE
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also exhibited quasi-stationary patterns, such as labyrinth or spot patterns. Which
patterns were formed was dependent on protein concentration and ratios, as well
as assay conditions. I then demonstrated that the spatiotemporal positioning of
membrane-bound molecules by MinDE also occurs, when MinDE form these quasistationary patterns. As MinD and MinE localization is distinct in quasi-stationary
patterns, I could infer from these experiments that the positioning effect is mainly
caused by membrane-bound MinD. Finally, in section 8.4 I set out to interrogate the
mechanism underlying the transport and regulation by MinDE in detail. To this end
I employed highly-controllable, membrane-anchored DNA origami nanostructures
as synthetic cargo for MinDE-dependent transport. Through systematic variation
of the nature and number of membrane anchors of the DNA origami cargo, I found
that the membrane footprint of the DNA origami, akin to an interaction area, is
presumably mainly determining the extent of the transport by MinDE. Applying this
knowledge, I could further demonstrate that MinDE self-organization can spatially
sort DNA origami nanostructures with different number of anchors. Analysis of
DNA origami diffusion by single particle tracking revealed that diffusion of DNA
origami is slowed in the presence of membrane-bound MinD, suggesting that the DNA
origami experience friction by directly colliding with MinD. Moreover, I harnessed
the geometry sensitivity of the MinDE system to direct MinDE-dependent transport
and sorting of DNA origami in a defined manner. Finally, taking advantage of the
unique properties of DNA origami, I explored how MinDE-dependent transport can
be applied for patterning of molecules on membranes on the micron scale.
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Publication P4: The MinDE System is a Generic Spatial Cue for Membrane
Protein Distribution In Vitro
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The E. coli MinCDE system has become a paradigmatic reaction–diffusion system in biology.
The membrane-bound ATPase MinD and ATPase-activating protein MinE oscillate between
the cell poles followed by MinC, thus positioning the main division protein FtsZ at midcell.
Here we report that these energy-consuming MinDE oscillations may play a role beyond
constraining MinC/FtsZ localization. Using an in vitro reconstitution assay, we show that
MinDE self-organization can spatially regulate a variety of functionally completely unrelated
membrane proteins into patterns and gradients. By concentration waves sweeping over the
membrane, they induce a direct net transport of tightly membrane-attached molecules. That
the MinDE system can spatiotemporally control a much larger set of proteins than previously
known, may constitute a MinC-independent pathway to division site selection and chromosome segregation. Moreover, the here described phenomenon of active transport through
a traveling diffusion barrier may point to a general mechanism of spatiotemporal regulation in
cells.
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ree energy-driven spatiotemporal organization is key to
transforming a pool of molecules into a functional cell
capable of exercising complex tasks characteristic of life,
such as metabolism and self-replication.
The establishment of spatiotemporal cellular patterns and
structures in higher organisms is predominantly mediated
through active mechanisms that involve cytoskeletal ﬁlaments
and motor proteins. Bacteria with their small size and lack of
organelle
substructures,
however,
largely
rely
on
reaction–diffusion to orchestrate molecular transport and
positioning1,2. In particular the MinD/ParA ATPase family is
essential for plasmid and chromosome segregation3, the positioning of FtsZ4,5 and other protein complexes6. The most prominent representative of this protein family is the Escherichia coli
MinCDE system, which has become a model reaction–diffusion
system in biology, extensively studied in vivo7,8, in vitro9–11, and
in silico9,12,13. The MinCDE proteins oscillate from pole-to-pole
within the rod-shaped bacterial cell, positioning FtsZ, the scaffold
protein for cell division, at midcell7,14,15. The ATPase MinD
dimerizes upon ATP binding, which enhances its afﬁnity via a Cterminal membrane-targeting sequence (MTS) for the spatial
reaction matrix, the membrane16. Membrane-bound MinD
recruits MinE, which in turn stimulates the ATPase activity of
MinD causing MinDE membrane detachment17. MinC is not
needed for pattern formation, but merely follows the MinDE
oscillations9,14,18. Thereby, a steady-state concentration gradient
of MinC is established with a concentration minimum at midcell12. Since MinC inhibits FtsZ polymerization, its spatiotemporal patterning restricts FtsZ ring formation to midcell19–21.
The oscillatory mechanism for positioning FtsZ by the MinCDE system in E. coli is not conserved across prokaryotes. For
instance, Bacillus subtilis uses a static, polarly localized MinCD
system22. So why does E. coli employ such an eccentric and
energy-consuming mechanism? And could the MinDE oscillations have additional roles apart from positioning MinC23–25?
Several studies reported that MinCDE deletion leads to chromosome segregation defects that cannot be explained by impaired
division only26–28. In fact, E. coli lacks any ParABS system that
other bacteria employ for active chromosome segregation, and
how exactly E. coli segregates its chromosomes is highly
debated24,29,30. MinD is the closest homolog to ParA in E. coli
and thus has been suggested to act as driving force for chromosome segregation by direct DNA binding24. Another hint for
additional roles of the MinCDE system came from the analysis of
the E. coli inner membrane proteome in ΔminCDE and wildtype
strains that showed that the abundance of peripheral membrane
proteins is regulated by MinCDE25. Interestingly, these studies
mostly implicate MinDE oscillations, but not MinC, as contributing factors.
Despite these cues, further experimental proof for the extent as
well as the underlying mechanism of how MinDE mediate these
processes is still lacking. Since MinCDE deletions or manipulations in vivo immediately affect cell division, an unbiased, differentiated functional analysis is nearly impossible. We have
therefore turned to an in vitro approach reconstituting MinDE
oscillations on supported lipid bilayers (SLBs)9, where the proteins form traveling surface waves, and in rod-shaped microcompartments10, where the proteins perform pole-to-pole
oscillations mimicking their behavior in vivo. Reducing the system to its core components, MinDE, ATP and the membrane, we
directly address MinDE function without the side-effects of
component deletion or modiﬁcation obtained in vivo.
Here, by reconstituting MinDE oscillations in vitro, we
demonstrate that their ability of redistributing membraneattached proteins into steady-state gradients is not limited to
direct interaction partners of MinDE. Rather, ATP-driven MinDE
2

self-organization may constitute a dynamic diffusion barrier,
causing directed transport of functionally completely unrelated
lipid-anchored proteins. Our results imply a much more fundamental role of MinDE in division site selection and chromosome
segregation in E. coli than simply establishing a MinC gradient
and provide the framework for positioning of molecules in artiﬁcial cells. Furthermore, our study poses the question whether
related reaction–diffusion systems, such as ParABS systems1,
Cdc4231 and PAR32 proteins, are also capable of regulating a large
set of proteins by similar nonspeciﬁc interactions. This may point
to a so far unknown generic mechanism of coupling large-scale
molecular rearrangements and gradient formation to ATP
consumption.
Results
MinDE regulate a model peripheral membrane protein. To test
the hypothesis that MinDE oscillations are involved in spatiotemporal positioning of chromosomes and membrane proteins,
we used our well-established in vitro reconstitution assay on large
planar SLBs, where MinDE form traveling surface waves9. We
ﬁrst evaluated the simplest scenario: regulation of monomeric,
peripheral membrane proteins by MinDE. We designed a model
peripheral membrane protein, mCh-MTS(BsD), consisting of the
monomeric, ﬂuorescent protein mCherry33 and a C-terminal
amphipathic helix, the MTS from B. subtilis MinD. This MTS is
well-characterized and localizes other ﬂuorescent proteins to the
inner membrane in E. coli, but is unlikely to speciﬁcally interact
with MinDE16,34. When we added this protein to negatively
charged SLBs, we observed homogenous membrane coverage
(Fig. 1a). Intriguingly, mCh-MTS(BsD) also formed traveling
surface waves when co-reconstituted with MinDE. These waves
were perfectly anticorrelated with the traveling MinDE waves
(Fig. 1a, b, Supplementary Movie 1). When the ﬂuorescence
intensity of mCh-MTS(BsD) on the membrane is compared in
the presence and in the absence of MinDE, intensities are lower in
the presence of the MinDE waves (Fig. 1c). To quantify this effect,
we analyzed the mean ﬂuorescence intensity of mCh-MTS(BsD)
images for three regions: the full image, and the pixels located in
the minima and maxima of the MinDE wave (Fig. 1d, Methods
section). Indeed, MinDE waves reduced the overall membrane
density of mCh-MTS(BsD), and in particular in the wave maxima
(Fig. 1e). Importantly, this spatial regulation of mCh-MTS(BsD)
is unlikely to be caused by speciﬁc interactions with MinDE
(unlike the spatiotemporal regulation of FtsZ ﬁlaments by MinDE
waves that include MinC20,35) and can thus be considered
generic.
Regulation of peripheral membrane proteins is robust. To
demonstrate that the spatiotemporal regulation of peripheral
membrane proteins by MinDE is generic, we designed a set of
mCherry model membrane proteins (mCh-MTS) with amphipathic helices from different proteins endogenous in E. coli:
MreB, FtsA and FtsY (MTS(1×MreB)-mCh, MTS(2×MreB)mCh36, mCh-MTS(FtsA)37, MTS(FtsY)-mCh38) (Fig. 2a). All
mCh-MTS constructs bound to the membrane (Supplementary
Fig. 1a, b) and were susceptible to spatial regulation by the
MinDE wave, resulting in an anticorrelated mCherry wave on the
membrane (Fig. 2b, Supplementary Movie 2). In contrast, the
control containing His-mCh, unable to bind to the membrane
(Supplementary Fig. 1a, b), showed no spatiotemporal regulation.
MTS(1×MreB)-mCh also weakly bound to the membrane and
was regulated by MinDE, although in the past no membrane
binding of a similar construct could be detected in vivo36. To
exclude photoinduced artefacts we imaged MTS(2×MreB)-mCh
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Fig. 1 MinDE can spatiotemporally regulate a model peripheral membrane protein. a mCh-MTS(BsD), mCherry fusion to the C-terminal amphipathic helix
of B. subtilis MinD, homogenously covers SLBs in the absence of MinDE (1 µM mCh-MTS(BsD)). In the presence of MinDE and ATP mCh-MTS(BsD) forms
traveling surface waves that are anticorrelated to the MinDE wave (1 µM mCh-MTS(BsD), 1 µM MinD (30% EGFP-MinD), 1 µM MinE). Scale bars: 50 µm.
b Kymographs of the line selections shown in a. Scale bars: 50 µm and 100 s. c Intensity proﬁles of the line selections shown in a. mCh-MTS(BsD)
ﬂuorescence (magenta) on the SLBs in the presence of MinDE is reduced and shows clear maxima in the minima of the MinDE waves (min(MinD)) and
clear minima in the MinDE wave maxima (max(MinD)). d Schematic of the analysis process. EGFP-MinD images are segmented to generate two binary
masks that are subsequently multiplied with mCh-MTS(BsD) images to obtain average intensities for the full image and in the minimum and maximum of
the MinDE wave. e Intensity ratio of the average ﬂuorescence of mCh-MTS(BsD) in the presence over in the absence of MinDE. Intensity ratios are shown
mChMTSðBsDÞ
mChMTSðBsDÞ
for the average intensity of the full image (I mChMTSðBsDÞ ), in the MinDE minimum (I minðMinDÞ
) and in the MinDE maximum (I maxðMinDÞ
). Each data
point (exp 1–3) is generated from at least one time series consisting of 75 images in one sample chamber. Cross and error bars depict the mean values and
standard deviations from three independent experiments

with non-labeled MinDE and observed the same traveling surface
waves for MTS(2×MreB)-mCh (Supplementary Fig. 2a).
The membrane afﬁnity and the extent of spatial regulation
differed quite drastically between mCh-MTS constructs (Fig. 2b).
To quantify this effect, we analyzed the mCherry and EGFPMinD ﬂuorescence intensity for the whole image, as well as in
the minima and maxima of the MinDE wave (Supplementary
Fig. 3) as described (Fig. 1d). We furthermore determined
the contrast of the resulting mCh-MTS waves, deﬁned as
the average signal in the mCherry maximum above the
mChMTS
mChMTS
background (Imin
ðMinDÞ  ImaxðMinDÞ ) divided by the background
mChMTS
intensity (ImaxðMinDÞ ) (Fig. 2c). We assume that the background
mChMTS
intensity Imax
ðMinDÞ is a measure for the overall binding strength

mChMTS
of the mCh-MTS binders (Fig. 2d). Imax
ðMinDÞ increases from
(MTS(1×MreB)-mCh) to (MTS(2×MreB)-mCh), predicted to
have the weakest and strongest membrane afﬁnity, respectively
(Fig. 2d). Interestingly, the contrast did not directly depend
on the binding strength, but the constructs with the highest
contrast, mCh-MTS(FtsA) and mCh-MTS(BsD), displayed intermediate background intensity. These two constructs contain a Cterminal MTS like MinD, whereas all other constructs contain an
N-terminal MTS. The two termini of mCherry might differ in
their ﬂexibility, changing the properties of the mCh-MTS
constructs.
Contrary to MinDE pattern formation regulating mCh-MTS
constructs on the membrane, MinDE patterns themselves were
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MinD/MinE ratios (10–0.1) (Supplementary Fig. 5a, b), for all
mCh-MTS/MinDE ratios, as high as 30 and as low as 0.1
(Supplementary Fig. 6), and also at the lowest equimolar MinDE
concentration that still supported self-organization in our assay
(MinDE = 0.4 µM) (Supplementary Fig. 5c-e), albeit with varying
strength.
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Fig. 2 MinDE regulate a variety of peripheral membrane proteins to different extents. a Overview of the model peripheral membrane proteins employed. All
amphipathic helices were fused to mCherry at their endogenous terminus. b Representative images of the MinDE wave (upper panel) and the
anticorrelated mCh-MTS wave with two different brightness settings (middle and lower panels) on the membrane (1 µM mCh-MTS, 1 µM MinD (30%
EGFP-MinD), 1 µM MinE). All images in one row were acquired and displayed using the same instrumental settings. Fluorescence intensity line plots of the
corresponding images (EGFP-MinD ﬂuorescence in green, mCh-MTS ﬂuorescence in magenta) show the difference in the extent of the spatial regulation
(lowest panel). c mCh-MTS constructs with a C-terminal amphipathic helix exhibit highest contrast. Box plot of the contrast of mCh-MTS constructs, lines
are median, box limits are quartiles 1 and 3, whiskers are 1.5× interquartile range (IQR) and points are outliers. d mCh-MTS intensity in the MinDE
mChMTS
maximum (I max
ðMinDÞ ) normalized to His-mCh and corrected for the ﬂuorescent protein fraction. Each data point (square, sphere, triangle) corresponds to
one independent experiment (exp 1–3) and was generated from at least one tile scan (7 by 7) in one sample chamber (number of images NHis-mCh = 343,
NMTS(1×MreB)-mCh = 294, NmCh-MTS(FtsA) = 490, NMTS(FtsY)-mCh = 392, NmCh-MTS(BsD) = 390, NMTS(2×MreB)-mCh = 265). Cross and error bars represent the
mean value and standard deviation of the three independent experiments. Scale bars: 50 µm

Next, we designed two constructs harboring two copies of the E.
coli MinD MTS, mCh-MTS(2×MinD) and mCh-Jun-MTS(1×MinD),
which both strongly bound to the membrane (Supplementary
Fig. 1a, c). Intriguingly, they were also efﬁciently regulated by
MinDE (Supplementary Fig. 7, Supplementary Movie 3). These
two proteins should have a similar membrane afﬁnity as the
alleged MinD species on the membrane, a MinD dimer. This
suggests that MinDE membrane binding involves higher-order
recruitment or oligomerization. Membrane binding of mCh-MTS
(1×MinD), containing a single copy of the E. coli MinD MTS,
could not be detected in agreement with previous reports16
(Supplementary Fig. 1a, c). Thus regulation by MinDE was also
negligible (Supplementary Fig. 7).
Taken together, we show that MinDE spatiotemporally
regulates model peripheral membrane proteins over a wide range
of concentrations through a nonspeciﬁc mechanism independent
of the speciﬁc amphipathic helix employed. This regulation can
be rationalized by a competition for membrane binding sites
between MinDE and mCh-MTS constructs.
MinDE is a spatial sorter for lipid-anchored proteins. Next, we
asked whether MinDE dynamics could also regulate proteins that,
unlike mCh-MTS constructs, are unable to dissociate from the
membrane, similar to transmembrane proteins in vivo. Full transmembrane proteins are static on SLBs, because they are in contact
with the support35. Thus, to mimic a diffusible transmembrane
protein in our assays, we used Alexa647-labeled streptavidin coupled to biotinylated lipids in the SLB (Fig. 3b). The tetrameric
streptavidin binds two to three biotinylated lipids simultaneously
rendering the dissociation of streptavidin negligible on the timescale
of the MinDE waves, while the lipid-anchoring ensures diffusive
mobility in the membrane39. The resulting streptavidin membrane
density was about 6.6 × 103/µm2 and, assuming a streptavidin
footprint of 25 nm2, covers about 17% of the total available membrane area (Supplementary Fig. 12)39. Upon initiating MinDE selforganization by ATP addition, an anticorrelated, directional
movement of streptavidin was observed (Fig. 3a, c, Supplementary
Movie 4, Supplementary Fig. 8). The kymograph of streptavidin
movement differed from those obtained with mCh-MTS constructs
in that streptavidin amassed in MinDE minima (compare Figs. 3c
and 1b). Even more strikingly, over time streptavidin accumulated
in areas where MinDE waves were colliding, or at the edges of
MinDE spirals, whereas centers of MinDE spirals were depleted in
streptavidin after longer incubation (Fig. 3d, Supplementary Fig. 8).
Fluorescence intensity line plots through these stable spirals
revealed that streptavidin depletion is correlated with MinDE
enrichment and vice versa (Fig. 3d). Regulation of streptavidin and
gradient formation was also evident if non-labeled MinDE were
used or when dyes were exchanged to mRuby3-MinD and
Alexa488-streptavidin (Supplementary Fig. 2b, c). Hence, MinDE
self-organization establishes directional mass transport into largescale streptavidin gradients on the membrane, beyond streptavidin

merely following the MinDE pattern. To test whether this gradient
formation is reversible and maintained by the MinDE self-organization, and not due to other effects such as streptavidin 2D crystal
formation40, we used sodium orthovanadate (Na3VO4), a generic,
competitive phosphatase inhibitor. Addition of Na3VO4 to an assay
with established MinDE spirals led to MinDE detachment from the
membrane (Fig. 3e), followed by the equalization of small scale
streptavidin patterns within seconds. The large-scale streptavidin
gradients disappeared only after several hundreds of seconds,
reestablishing a homogenous distribution (Fig. 3e, Supplementary
Movie 5, Supplementary Fig. 8). Hence, MinDE self-organization
spatiotemporally regulates membrane-bound streptavidin, establishing directional mass transport and maintaining large-scale
concentration gradients. In summary, MinDE self-organization
represents a molecular sorting system for membrane-anchored
molecules.
MinDE regulate proteins when mimicking in vivo conditions.
Having found that MinDE regulates unrelated proteins in vitro,
we asked whether this could be a relevant phenomenon in vivo.
First, we conﬁrmed that MinDE also spatiotemporally regulate
both mCh-MTS(BsD) and lipid-anchored streptavidin on
membranes made from E. coli polar lipid extract (Supplementary Fig. 9). Second, as MinC is an integral part of the MinCDE
system in vivo, we showed that the regulation of mCh-MTS
(BsD) and lipid-anchored streptavidin is independent of MinC
addition (Supplementary Fig. 10). Third, we determined the
membrane densities of MinD and MTS(2×MreB)-mCh for four
different MinDE concentrations using Fluorescence Correlation
Spectroscopy based image calibration (Supplementary Figs. 11,
12, Supplementary Methods). At standard conditions
([MinDE] = 1 µM), peak MinD-membrane densities were high
(1.3 × 104/µm2) (Supplementary Fig. 13). However, when protein concentrations were lowered to the limit where selforganization still occurred ([MinDE] = 0.4 µM) (Supplementary Fig. 5c-e), peak MinD densities (1.8 × 103/µm2) were
similar to MTS(2×MreB)-mCh membrane densities (2.0–2.6 ×
103/µm2) and on the same order of magnitude as the estimated
in vivo densities of about 1 × 103/µm2 (Supplementary Fig. 13,
Supplementary Note 1). Hence, our in vitro assay allows to
observe spatiotemporal positioning of membrane proteins by
MinDE without the interference of a complex cellular environment, while keeping central conditions comparable to the
in vivo situation.
MinDE induce generic protein gradients in microcompartments. We subsequently visualized MinDE pole-to-pole oscillations in rod-shaped microcompartments in the presence of the
two model membrane proteins, mCh-MTS(BsD) and lipidanchored streptavidin (Fig. 4a). In the past, we demonstrated
that conﬁnement of MinDE in microcompartments leads to
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Fig. 3 MinDE spatiotemporally position a lipid-anchored protein resulting in large-scale concentration gradients. a MinDE self-organization
spatiotemporally regulates lipid-anchored streptavidin. Representative time series of MinDE self-organization on a SLB with Biotinyl-CAP-PE-bound
streptavidin (1 µM MinD, 1 µM MinE, streptavidin-Alexa647). ATP is added at t = 0 s to start self-organization. Scale bars: 50 µm. b Schematic of the
experimental setup. Tetrameric streptavidin is anchored to the SLB by binding two to three Biotinyl-CAP-PE lipids and MinDE and ATP are added.
c Kymograph of the line selections shown in a. Scale bars: 50 µm and 10 min. d MinDE self-organization leads to large-scale concentration gradients of
streptavidin. Representative images of streptavidin distribution in MinDE spirals after >1 h of MinDE self-organization on SLBs. Fluorescence intensity line
plots of EGFP-MinD and streptavidin distribution of selections shown in the respective images. Scale bars: 50 µm. e Large-scale streptavidin gradient
formation by MinDE is reversible. Representative images and kymograph (1) of a running MinDE assay in the presence of anchored streptavidin. Addition
of sodium orthovanadate (Na3VO4) leads to MinDE detachment which in turn leads to homogenization of streptavidin ﬂuorescence on the membrane.
Fluorescence intensity of streptavidin (cyan) and EGFP-MinD (green) is plotted over the duration of the time-lapse in the center (2) and at the rim of the
MinDE spiral (3). Scale bars: 50 µm and 300 s. All experiments were performed independently three or more times under identical conditions

pole-to-pole oscillations similar to the observations in vivo10,
albeit on a larger length scale. Indeed, MinDE spatially regulated
streptavidin and mCh-MTS(BsD) in microcompartments
(Fig. 4b, e, Supplementary Movie 6, 7). Similar to the behavior of
the different protein waves on large SLBs, the difference in the
resulting counter-oscillations in microcompartments was also
evident. Whereas mCh-MTS(BsD) ﬂuorescence was decreased in
MinDE occupied areas, but was otherwise homogenously distributed, the streptavidin ﬂuorescence accumulated at the rear of
6

the MinDE wave (Fig. 4b, e). When MinDE oscillate from poleto-pole in vivo, a time-averaged concentration gradient of MinD
is established. MinC, antagonist of FtsZ assembly that passively
follows MinD oscillations, shows the same time-averaged concentration gradient. We analyzed the time-averaged concentration gradient of MinD and, in agreement with our previous
study10, in both cases the MinD concentration showed the
characteristic proﬁle with maxima at the compartment poles and
minima at mid-compartment, featuring a pronounced dip
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Fig. 4 MinDE induce oscillatory and time-averaged concentration gradients of model membrane proteins in microcompartments. a Experimental setup:
PDMS-microcompartments are lined with an SLB and covered by air to conﬁne the proteins. b Representative time-lapse images and kymographs of MinDE
oscillations and streptavidin counter-oscillations in the compartments (1 µM MinD, 2 µM MinE, streptavidin-Alexa647). Brightness of the streptavidin
channel was corrected for bleaching using histogram matching in Fiji. Scale bars: 10 µm. c Time-averaged ﬂuorescence intensity proﬁles of MinDE (green)
and streptavidin (cyan) oscillation in b showing clear concentration gradients for both MinD and streptavidin. d Time-averaged ﬂuorescence intensity
proﬁles (gray lines) for EGFP-MinD and streptavidin aligned and projected to a unit box (see Supplementary Fig. 14 for details). Bold, colored lines
represent the mean proﬁles, generated from three independent experiments with N = 35 microcompartments. e Representative time-lapse images and
kymographs of MinDE oscillations and mCh-MTS(BsD) counter-oscillations in PDMS microcompartments (1 µM MinD (30% EGFP-MinD), 2 µM MinE,
0.5 µM mCh-MTS(BsD)). Scale bars: 10 µm. f Time-averaged ﬂuorescence intensity proﬁles of MinDE (green) and mCh-MTS(BsD) (magenta) oscillations
in e showing a clear protein gradient for MinD and homogenous protein distribution of mCh-MTS(BsD). g Time-averaged ﬂuorescence intensity proﬁles
(gray lines) for EGFP-MinD and mCh-MTS(BsD) aligned and projected to a unit box. Bold, colored lines represent the mean proﬁles, generated from three
independent experiments with in total N = 45 microcompartments. h Schematic explaining how the MinDE system positions lipid-anchored streptavidin
and mCh-MTS constructs in rod-shaped microcompartments. MinDE oscillations drive counter-oscillations of lipid-anchored streptavidin and mCh-MTS
constructs, thereby establishing a time-averaged concentration gradient of lipid-anchored streptavidin with maximal concentration in the geometric center,
but no concentration gradient of mCh-MTS
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using the same instrumental settings. b Kymographs of the line selections shown in a. The kymograph for FtsZ-YFP-MTS is displayed for unprocessed
images (middle panels) and preprocessed images (see Methods) (right panels). c MinC increases the regulation of FtsZ-YFP-MTS. Box plot of the contrast
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Fig. 6 MinDE spatiotemporally regulate membrane-anchored DNA. a MinDE self-organization can regulate short membrane-anchored DNA fragments.
Representative images and kymograph of a time-series of MinDE self-organization in the presence of 30 bp P1 dsDNA bound to the membrane by a
cholesterol anchor (1 µM MinD (30% EGFP-MinD), 1 µM MinE, 10 nM TEG-cholesterol-dsP1). b Representative images and kymograph of a time-series of
MinDE self-organization spatiotemporally regulating 300 bp long dsDNA bound to lipid-anchored streptavidin (1 µM MinD (30% EGFP-MinD), 1 µM MinE,
300 bp lambda DNA, streptavidin). c Representative images and kymograph of a time-series of MinDE self-organization spatiotemporally regulating 2000
bp long dsDNA bound to lipid-anchored streptavidin. All experiments were performed independently two (c) or three (a, b) times under similar conditions.
Scale bars: 50 µm

(average proﬁle depth of 0.61 ± 0.28 and 0.44 ± 0.24, compare to
Supplementary Fig. 14) (Fig. 4c, d, f, g). We further analyzed the
time-averaged concentration proﬁles of the respective model
membrane proteins. Streptavidin showed a clear time-averaged
concentration proﬁle with a negative proﬁle depth of −0.42 ±
0.35, indicating enrichment in the middle of the microcompartment (Fig. 4c, d, Supplementary Fig. 14). In contrast, the timeaveraged concentration of mCh-MTS(BsD) was almost homogenous along the long axis of the compartment (average proﬁle
depth of −0.06 ± 0.13) (Fig. 4f, g, Supplementary Fig. 14). Hence,
MinDE spatially regulate model peripheral and membraneanchored proteins in rod-shaped microcompartments and
induce steady-state concentration gradients of membraneanchored proteins with concentration maxima at midcompartment (Fig. 4h).
We propose this to be of relevance in E. coli. So far, division site
selection by the MinCDE system was considered to only depend on
the inhibitory action of MinC on FtsZ. However, FtsZ does not bind
to the membrane by itself, but via two distinct membrane anchors,
ZipA and FtsA. ZipA, a single-pass transmembrane protein41,
cannot be reconstituted on SLBs preserving its mobility35. Hence, it
is also not regulated by MinDE in vitro35, but could potentially be
enriched at midcell by MinDE in vivo. FtsA, in turn, is binding to
the membrane via its C-terminal amphipathic helix37, and would
thus be expected to behave like its corresponding mCh-MTS
construct mCh-MTS(FtsA) (Fig. 2b). However, while full-length
FtsA was regulated by MinDE, the kymograph of the regulation was
more similar to lipid-anchored streptavidin than to mCh-MTS
(FtsA) (compare Supplementary Fig. 15, Supplementary Movie 8 to
Figs. 1b and 3c). This suggests that FtsA rather behaves like a
permanently membrane-attached protein than a monomeric
peripheral membrane protein, which is in agreement with previous
reports of FtsA oligomerization42–44. Hence, we propose that FtsA
is counter-oscillating to MinDE in vivo, and depending on the
oligomerization state, would possibly be enriched at midcell.

MinC enhances MinDE-dependent regulation of FtsZ-YFPMTS. The capability of MinDE to enrich permanently anchored
proteins in the middle of rod-shaped compartments and to
position the FtsZ anchor FtsA, opened the question for the
additional role of MinC. In vivo MinC is strictly required for
correct placement of the division site to prevent a minicell
phenotype7,15 and inhibits FtsZ polymerization in vivo and
in vitro19–21. Nevertheless, slow FtsZ oscillations were shown to
depend on MinCDE oscillations45 and FtsZ treadmilling
dynamics in vivo were slightly altered in ΔminCDE strain, but not
in a ΔminC strain46. To evaluate whether MinDE alone can
inﬂuence FtsZ dynamics and what contribution MinC has in the
positioning of FtsZ, we revisited previous experiments, i.e., the
co-reconstitution of MinCDE with FtsZ-YFP-MTS. FtsZ-YFPMTS is a chimeric protein, consisting of the ﬂuorescent protein
YFP, a truncated E. coli FtsZ (1–366) and the MinD MTS47. This
protein binds to the membrane without its adaptor proteins, FtsA
and ZipA, greatly simplifying the system. Under high free Mg2+
conditions, FtsZ-YFP-MTS forms thick, treadmilling ﬁlament
bundles10,20,48, whereas under low free Mg2+ conditions48, it
forms dynamic chiral vortices similar to native FtsZ and FtsA49.
Hence, we co-reconstituted MinDE and FtsZ-YFP-MTS with high
and low free Mg2+ concentration and in the presence or absence
of MinC. The spatiotemporal regulation of thick FtsZ-YFP-MTS
bundles formed at high free Mg2+ in solution (~5 mM Mg2+) was
hardly detectable if only MinDE were present in the assay, but
very strong when MinC was supplied, in agreement with our
previous reports10,20. (Fig. 5a, b, Supplementary Movie 9). In the
case of low free Mg2+ (~1 mM Mg2+), FtsZ-YFP-MTS forms
dynamic rings that were also visibly regulated by MinDE alone,
but also here the regulation was drastically increased in the
presence of MinC (Fig. 5a, b, Supplementary Movie 9). The
contrast of the FtsZ-YFP-MTS regulation (Fig. 5c) increased with
the amount of FtsZ-YFP-MTS on the membrane (Fig. 5d) and
decreased with the amount of MinD on the membrane (Fig. 5e).
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Fig. 7 MinDE-driven dynamics of model membrane proteins in vitro suggest that MinDE form a propagating diffusion barrier. a Representative images and
kymographs of colliding MinDE waves in the presence of mCh-MTS(BsD) and lipid-anchored streptavidin bound to biotinylated lipids (1 µM MinD (30%
EGFP-MinD), 1 µM MinE, 1 µM mCh-MTS(BsD) or streptavidin-Alexa647). Scale bars: 50 µm. b Schematic of the underlying protein behavior resulting in
spatiotemporal regulation of model peripheral and membrane-anchored proteins. While mCh-MTS and MinDE can also attach and detach to and from the
membrane, streptavidin can only diffuse laterally on the membrane. Schematic density proﬁles and protein localization on the membrane (magenta: mChMTS, green: MinD, orange: MinE, cyan: lipid-anchored streptavidin). The MinDE wave propagates directionally, even if individual proteins show a random
movement on the membrane. Both model peripheral and membrane-anchored proteins show a wave propagation in the direction of the MinDE wave. mChMTS while more abundant in the MinDE minima covers the membrane homogenously. In contrast the resulting secondary wave of streptavidin shows an
inhomogeneous proﬁle and results in a net transport of the membrane-anchored protein

This is consistent with previous results that at high Mg2+ concentration, FtsZ-YFP-MTS density on the membrane is higher
and individual monomers have a longer residence time on the
membrane compared to low free Mg2+ concentration48, while
MinC leads to depolymerization of FtsZ-YFP-MTS reducing its
density on the membrane20. Images acquired with higher magniﬁcation showed that neither the large FtsZ-YFP-MTS bundles
nor the small dynamic vortices were laterally moved by MinDE,
unlike lipid-anchored streptavidin (Supplementary Fig. 16, Supplementary Movie 10). Both, FtsZ-YFP-MTS ﬁlaments and
dynamic rings, are also not diffusing laterally on the membrane,
independent of the presence of MinDE20,48. Hence, it can be
concluded that for lateral transport of membrane-anchored
proteins by MinDE, diffusive mobility is a prerequisite. Instead,
FtsZ-YFP-MTS ﬁlaments and dynamic vortices varied in intensity
in the MinDE minima and maxima suggesting that MinDE are
10

regulating the membrane binding of FtsZ-YFP-MTS. Interestingly, MinDE waves were patterned, showing a negative image of
the FtsZ-YFP-MTS ﬁlaments and rings (Supplementary Fig. 16),
indicating that MinDE can spatiotemporally regulate proteins,
even while coupling over small membrane gaps50 or in this case
immobile obstacles.
In summary, we show that MinDE-dependent regulation of
FtsZ-YFP-MTS increases with decreasing FtsZ-YFP-MTS density
on the membrane and is drastically enhanced by MinC.
MinD regulates DNA-membrane tethers. Several studies report
a defect in chromosome segregation when MinCDE are deleted in
E. coli26–28. Based on simulations that showed that chromosome
segregation can be achieved by static or oscillatory gradients of
chromosome-membrane tethers, MinD was suggested to drive
chromosome segregation by direct, but transient DNA binding24.
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In light of our results, we hypothesized that any DNA-membrane
tether could be spatially regulated by the MinDE system. Different chromosome-membrane contacts have been reported in E.
coli, such as transertion30,51, which itself has been suggested to
aid chromosome segregation30.
To model chromosome membrane tethering sites in the most
simplistic fashion in our in vitro setup, we employed dsDNA with
a ﬂuorescence label and a TEG-cholesterol moiety for membrane
binding on opposite ends. As the DNA sequence, we chose a 30bp-long fragment from the P1 promoter of the minB operon in E.
coli, shown to bind to MinD24. When cholesteryl-tagged P1
fragments were included in a MinDE self-organization assay, the
oligonucleotides formed traveling waves on the membrane that
were anticorrelated to the MinDE waves and not correlated as
would be expected for direct DNA binding by MinD (Fig. 6a,
Supplementary Fig. 8, Supplementary Movie 11). The P1
fragments showed a phenomenologically similar behavior as the
streptavidin-lipid conjugate, accumulating at sites were waves
collide. This can be explained by the strong binding of TEGcholesteryl oligonucleotides to membranes (KD = 16 nM, koff =
6 × 10−4/s)52, rendering MinDE-induced dissociation unlikely.
To rule out that the membrane-anchoring of the DNA mask
binding to MinD, we performed control experiments with soluble
P1 DNA fragments. We turned to TIRF microscopy (TIRFM) to
be able to monitor even transient recruitment of DNA to the
MinDE wave. Although the spatiotemporal positioning of
membrane-anchored P1 fragment was clearly visible, we could
not observe modulation of ﬂuorescence intensity in the DNA
channel with soluble P1 fragments under the same settings, nor
with increased laser irradiation or DNA concentrations (Supplementary Fig. 17). Thus, we could not detect any recruitment or
binding of DNA to MinDE waves. While these experiments
cannot fully rule out that DNA binds to MinD, this interaction
would be very weak.
If MinDE would indeed participate in chromosome segregation
by regulating DNA-membrane tethers, the system needed to be
capable of transporting larger cargo. Thus, we performed
experiments with longer DNA molecules bound to streptavidin
as a spacer. The 300 and 2000 bp long DNA strands were labeled
with Cy5-ﬂuorophore and biotin for immobilization on lipidanchored streptavidin (mass: 185 kDa and 1.2 MDa, contour
length: 100 and 640 nm). MinDE spatially organized the
streptavidin-bound DNA in both cases (Fig. 6b, c, Supplementary
Fig. 8, Supplementary Movie 12, 13). In summary, our results
show that MinD is unlikely to bind DNA directly, but MinDE are
able to regulate DNA-membrane tethers in vitro.
Discussion
Here we showed that the MinDE reaction–diffusion system can
dictate the localization of membrane proteins in a spatiotemporal
manner without speciﬁc molecular interactions in vitro. These
proteins apparently establish a generic, nucleotide-dependent
transport mode for membrane-bound diffusive molecules based
on a moving diffusion barrier. This in turn implies a more fundamental role of MinDE in division site selection and chromosome segregation in vivo and may in the future be applied to
position and transport molecules in artiﬁcial cells.
The spatiotemporal positioning by MinDE in vitro is independent of (1) the target’s membrane anchoring (amphipathic
helix, lipid anchor or cholesterol anchor), (2) the nature of the
target (protein or DNA), (3) the oligomerization state of the
target protein, and (4) the target’s dwell-time on the membrane
(transiently or permanently bound). We hence conclude that
MinDE can act as a generic spatial cue for the distribution of
functionally unrelated membrane-bound molecules in vitro.

While sensitive to aspects such as diffusive mobility and membrane dwell-time of the regulated components, the observed
MinDE-mediated dynamics likely reﬂect a common underlying
mechanism. Comparing the spatiotemporal regulation of the two
model membrane proteins that represent the distinct cases,
transiently bound mCh-MTS and permanently attached lipidanchored streptavidin, a stark difference in the effect is evident
(Fig. 7a, Supplementary Movie 14). MinDE cannot induce largescale gradients of mCh-MTS, suggesting that MinDE locally affect
the attachment and/or detachment of these proteins by competition for membrane binding sites (Fig. 7b), explaining the overall
reduction of mCh-MTS density on the membrane in the presence
of MinDE. In contrast, MinDE induce large-scale gradients of the
lipid-anchored streptavidin that can only laterally diffuse on the
membrane. Hence, the moving MinDE wave front must lead to a
directionally biased diffusion of streptavidin on the membrane
and thus induce a net protein transport (Fig. 7b). Oligomerized
peripheral membrane proteins, such as FtsA, have increased
membrane dwell-times and are thus similarly regulated as permanently anchored proteins. In all cases, lateral mobility is a
prerequisite for being positioned by MinDE. Consequently, static
FtsZ-YFP-MTS networks, which do not diffuse on the membrane,
are not subject to a net transport by MinDE. However, a weak,
MinDE-induced regulation of protein abundance can be
observed.
Further, MinDE drove counter-oscillations of both
mCh-MTS(BsD) and lipid-anchored streptavidin in rod-shaped
microcompartments. However, only the regulation of streptavidin
resulted in a steady-state concentration gradient, where the protein was enriched at midcell. Hence, gradient formation in
microcompartments is related to the occurrence of large-scale
gradients on planar SLBs.
Based on these observations, we propose that MinDE surface
waves constitute a propagating diffusion barrier. Although individual MinDE proteins do not move in a directed fashion on the
membrane, but simply attach and detach9,18, the MinDE wave
front as a whole translocates directionally. This sliding concentration wave forms a mobile diffusion obstacle that directionally biases the diffusion of tightly membrane-attached
proteins and outcompetes other peripheral membrane proteins
during attachment. The detailed biophysical features of this
nonspeciﬁc molecular transport process will be subject of further
investigations.
MinDE membrane binding is a highly cooperative process53–55,
which is commonly attributed to the monomer-dimer transition of
MinD during ATP binding16. However, MinD, sometimes in
conjunction with MinC, was shown to assemble into higher-order
structures on the membrane, similar to a 2D ﬁlament network55–58.
Strikingly, MinDE also regulated mCh-MTS(2×MinD) and the
dimerizing mCh-Jun-MTS(1×MinD) with similar membrane afﬁnity as a MinD dimer (Supplementary Fig. 7), further corroborating
the existence of higher-order recruitment or oligomerization during
MinD-membrane binding.
Additionally, MinDE have been shown to modify membranes
and to preferentially bind to anionic lipids (Supplementary
Note 2)53,57. It will thus be interesting to investigate to what
extent MinDE surface waves alter the local membrane properties,
like viscosity or lipid content, to control attachment and diffusion
of other membrane proteins in a more direct way.
Irrespective of the mechanistic details, the mobile diffusion
barrier generated by MinDE in vitro is reminiscent of the rather
static actin cortex in eukaryotes and the circumferentially rotating
actin homolog MreB in bacteria, known to organize lipid domains
and regulate protein diffusion59–61. We therefore propose that
this mechanism is also relevant in vivo. The sole purpose of the
MinDE oscillations was long assumed to be the positioning of the
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FtsZ-inhibitor MinC, although it seemed counterintuitive that
such an energy-consuming process would not be utilized more
efﬁciently by the cell. Several studies provided hints that MinDE
oscillations inﬂuence chromosome segregation and the distribution and abundance of membrane proteins in vivo (Supplementary Table 1)25–28,46,62,63. However, a differentiated and unbiased
analysis in vivo remains challenging because: (1) MinCDE
manipulations cause cell division defects; (2) observation of
membrane dynamics in bacteria is complicated due to their small
size, unfavorable optical properties and insufﬁcient labeling
strategies. Circumventing these problems, our in vitro assay plays
to the strength of a reduced-complexity approach, allowing us to
probe the inﬂuence of MinDE dynamics on membrane-bound
proteins without the interference of a complex cellular environment. This reduction in complexity entails that MinDE selforganization in vitro and in vivo differ with respect to MinDE
membrane densities and wavelength. Nevertheless, we conﬁrmed
that MinDE-mediated positioning of membrane proteins also
occurs when the in vitro assay is closely mimicking in vivo
conditions (Supplementary Figs. 9, 10, 13).
Consequently, MinDE might also drive counter-oscillations of
membrane proteins in E. coli. Considering the results obtained
here, it is, however, unlikely that all inner membrane proteins
would be regulated. Proteins that are not freely diffusing on the
membrane, such as streptavidin crystals (Fig.7a, Supplementary
Movie 14) or thick FtsZ-YFP-MTS bundles (Supplementary
Fig. 16), cannot be moved laterally by the MinDE system. Hence,
any protein that is anchored to the cell wall or whose diffusion is
conﬁned, e.g., by interaction with MreB ﬁlaments59, would be
exempt. Furthermore, depending on the exact mechanism of
regulation, transmembrane proteins with none or small cytosolic
domains, or proteins that favor a certain lipid composition, e.g.
anionic phospholipids, may not be regulated or subject to other,
stronger spatial cues.
Proteins potentially organized by MinDE in vivo include
monomeric peripheral membrane proteins, whose abundance
would be decreased by MinDE (Supplementary Fig. 18). This
MinDE-induced decrease has already been observed for several
such proteins in vivo, among them FtsY whose corresponding
mCh-MTS construct was also regulated in vitro (Fig. 2, Supplementary Table 1)25.
Furthermore, we did not detect direct DNA binding of MinD
in our assay, which was proposed to explain the chromosome
segregation defects occurring in ΔminCDE strains (Supplementary Table 1)24,26–28. Instead we suggest that MinDE, as the
closest homolog of ParABS systems mediating chromosome
segregation in other bacteria, inﬂuence the spatiotemporal organization of DNA-membrane tethers, which are manifold in E.
coli30,51.
Finally, regulation of mobile transmembrane proteins and
strongly membrane-bound oligomeric proteins, would result in
their enrichment at midcell. The two FtsZ anchors, ZipA and
FtsA, represent such protein classes and hence would be prepositioned at the future division site (Supplementary Fig. 18).
Indeed, ZipA and MinCDE counter-oscillate in vivo, so far
accredited to recruitment of ZipA to FtsZ, that is periodically
depolymerized by MinC64. Several other observations also point
towards such a mechanism (Supplementary Table 1). The presence of MinC strongly enhances division site selection, as
demonstrated by the strong increase in regulation of the chimeric
FtsZ-YFP-MTS when MinC was supplied (Fig. 5). However, both
processes may be intertwined: MinC depolymerizes FtsZ and
hence might free its membrane anchors to be positioned by
MinDE.
In summary, the MinDE-dependent regulation of membranebound molecules by a propagating diffusion barrier can be seen as
12

an archetypal physicochemical mechanism based on two proteins
only. Our data suggest that this reaction–diffusion system is
capable of spatially regulating a much larger set of proteins than
previously known. Other factors such as MinC augment the
system by providing protein speciﬁcity.
Without doubt, our in vitro results will motivate future in vivo
studies to discern to what extent MinDE is regulating nonspeciﬁc
spatiotemporal organization of membrane proteins. We speculate
that also other reaction–diffusion systems, such as ParABS1,
Cdc4231, and PAR32 proteins may be capable of regulating various proteins on their respective matrix. Moreover, our work lays
the foundation to apply this simplistic regulatory mechanism for
positioning artiﬁcial division machineries and chromosomes in
constructing a synthetic cell from the bottom up. The ability to
control MinDE waves by geometric cues and light will potentially
allow a precise and controlled spatiotemporal targeting of any
membrane-bound molecule50,65.
Methods
Plasmids. A list of all plasmids and primers used in this study and their construction can be found in the Supplementary Information (Supplementary Table 2
and 3, Supplementary Methods).
Protein puriﬁcation. Puriﬁcation of His-MinD, His-EGFP-MinD, His-mRuby3MinD, His-MinC, and His-MinE was performed essentially as described earlier9.
For a detailed protocol see Ramm and Glock et al66. In brief, proteins were puriﬁed
via Ni-NTA afﬁnity puriﬁcation. Protein was further puriﬁed using gel ﬁltration
chromatography in storage buffer (50 mM HEPES, pH 7.25, 150 mM KCl, 10%
Glycerol, 0.1 mM EDTA). Proteins were quick-frozen and stored in aliquots at
−80 °C until further use.
Puriﬁcation of FtsA was performed similar as described earlier49. FtsA was
expressed as His-SUMO-Gly5 fusion from plasmid pML6049 in E. coli
OverExpress™ C41(DE3) pLysS (Sigma-Aldrich, St. Louis, USA) in autoinduction
medium (ZYM5052)67. Cells were lysed in lysis buffer (50 mM Tris-HCl pH 8.0,
500 mM NaCl, 10 mM MgCl2, 10 mM imidazole, 0.4 mM TCEP, 1 mM ADP and
10 mM CHAPS, EDTA-free complete plus protease inhibitor (Roche, Basel,
Switzerland), 10 U/ml DNase 1, 100 µg/ml lysozyme) by sonication with a tip
sonicator (2.30 min, 30 s pulses, 30% amplitude). After centrifugation to clear cell
debris (30 min, 25,000 × g, 4 °C) the lysate was incubated with Ni-NTA agarose
(Qiagen, Hilden, Germany) for 30 min. The agarose beads were washed thrice with
wash buffer (50 mM Tris-HCl pH 8.0, 500 mM KCl, 10 mM MgCl2, 20 mM
imidazole, 0.4 mM TCEP, 1 mM ADP), subsequently protein was eluted (50 mM
Tris-HCl pH 8, 500 mM KCl, 10 mM MgCl2, 200 mM imidazol, 1 mM CHAPS, 0.4
mM TCEP, 1 mM ADP). Buffer was exchanged to labeling buffer (50 mM HEPES/
NaOH pH 7.5, 500 mM KCl, 10 mM MgCl2, 10 mM CaCl2, 10% glycerol, 0.4 mM
TCEP, 1 mM ADP) using a Econo-Pac 10DG desalting column (Biorad, Hercules,
USA). About 50 µM SUMO-Gly5-FtsA was incubated with 1 µM SenP2, 50 µM
Sortase A (highly efﬁcient mutant)68, 0.3 mM Cy5-LPETGG in labeling buffer for
2–3 h. Cy5-LPETGG was produced by solid-phase peptide synthesis using Fmoc
chemistry. Cy5-FtsA was separated from SenP2, Sortase, non-reacted peptide and
non-cleaved protein by gel-ﬁltration chromatography on a 16/600 Superdex 200 pg
column (GE Healthcare, Pittsburgh, USA) equilibrated in storage buffer (50 mM
HEPES/NaOH pH 7.5, 500 mM KCl, 10 mM MgCl2, 10% glycerol, 0.4 mM TCEP,
1 mM ADP). Protein aliquots were quick-frozen and stored at −80 °C.
All mCh-MTS constructs were expressed in E. coli BL21 (DE3) (Agilent
Technologies, Santa Clara, USA) in TB medium. Medium was inoculated from an
overnight culture and cells were grown to an OD600 of 0.5–0.8 at 37 °C.
Subsequently cells were induced with 0.5 mM IPTG and shifted to 16 °C for protein
expression. After 12–16 h, cells were harvested by centrifugation and cell pellets
were stored at −20 °C until further use. For puriﬁcation, cell pellets were
resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 mM
Imidazole, 0.4 mM TCEP, EDTA-free complete plus protease inhibitor (Roche), 10
U/ml DNase 1, 100 µg/ml lysozyme) and lysed by sonication with a tip sonicator
(2.30 min, 30 s pulses, 30% amplitude). After centrifugation to clear cell debris (45
min, 25,000 × g, 4 °C), the lysate was incubated with Ni-NTA agarose (Qiagen,
Hilden, Germany) for 1 h. Beads were washed with wash buffer thrice (50 mM
Tris-HCl pH 8.0, 300 mM NaCl, 20 mM imidazole, 10% glycerol, 0.4 mM TCEP)
and subsequently the protein was eluted with elution buffer (50 mM Tris-HCl pH
8.0, 300 mM NaCl, 250 mM imidazole, 10% glycerol, 0.4 mM TCEP). Purity was
assessed with SDS-PAGE and buffer was exchanged to storage buffer (50 mM
HEPES/NaOH pH 7.25, 150 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.4 mM
TCEP) using a Econo-Pac 10DG desalting column (Biorad, Hercules, USA).
Aliquots were snap-frozen and stored until further use at −80 °C.
FtsZ-YFP-mts protein was puriﬁed as previously described48 according to a
protocol from Osawa et al.47 Brieﬂy, the protein was expressed in E. coli BL21
(DE3) (Laboratory of German Rivas, CIB, CSIC, Madrid, Spain). Cells were grown
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until OD600 of 0.8 and then protein expression was induced by addition of 0.5 mM
IPTG and cells were shifted to 20 °C. After growth for 14–16 h cells were harvested
by centrifugation at 3200 rpm and 4 °C. Subsequently, FtsZ-YFP-MTS was
precipitated from the supernatant through 30% ammonium sulfate and a 20 min
incubation on ice while slowly shaking. After centrifugation (3200 rpm, 4 °C) and
re-suspension of the pellet, the protein was puriﬁed by anion exchange
chromatography using a 5 × 5 ml Hi-Trap Q-Sepharose column (GE Healthcare,
Chicago, USA).
Purity and integrity of all proteins was assessed using SDS-PAGE and mass
spectrometry. All protein concentrations were measured using Bradford assay and
the ﬂuorescent fraction of every protein was determined by absorption
spectroscopy using a V-650 spectrophotometer (Jasco, Pfungstadt, Germany).

Preparation of supported lipid bilayers. Coverslides were rubbed and rinsed with
EtOH and ddH2O and a plastic ring was glued on top to generate a sample
chamber. The slide was further cleaned in a plasma cleaner (model Zepto, Diener
electronic, Ebhausen, Germany) for 1 min at 30% power and 0.3 mbar with oxygen
as process gas. All lipids were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Small unilamellar vesicles were prepared at a concentration of 4 mg/ml in
buffer A (25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCl2) for DOPC/DOPG
mixtures or buffer B (25 mM Tris-HCl pH 7.5, 150 mM KCl) for E. coli polar lipid
extract. Unless otherwise noted the lipid composition was 70 mol % DOPC and 30
mol % DOPG, previously shown to yield similar MinDE behavior as on E. coli
polar lipid extract10,11. Lipids dissolved in chloroform were dried under a nitrogen
stream and vials were placed in a desiccator to remove residual chloroform for at
least 30 min. Afterwards lipids were slowly rehydrated in Buffer A or B and SUVs
were generated by sonication in a sonicator bath until the solution appeared clear.
To generate supported lipid bilayers (SLB) SUVs were added to the reaction
chamber at a concentration of 0.5 mg/ml in buffer A for DOPC/DOPG mixtures or
buffer C (25 mM Tris-HCl pH 7.5, 150 mM KCl, 3 mM CaCl2) for E. coli polar
lipid extract. After 4 min incubation on a 37 °C warm heating block, the SLB was
washed 10 times with a total of 2 ml buffer B to remove excess vesicles. Before selforganization assays, the buffer in the chamber was exchanged with reaction buffer
(25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCl2).

Self-organization assays. Self-organization assays were performed similar as
described earlier9,66. Self-organization assays were performed on preformed SLBs
in 200 µl reaction buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCl2)
supplemented with 2.5 mM Mg-ATP (stock: 100 mM ATP in 100 mM MgCl2,
adjusted to pH 7.5) and at a constant room temperature of 23 °C. MinD and MinE
were used at 1 µM protein concentration each unless otherwise noted. MinC if
included was used at a ﬁnal concentration of 0.05 µM. For labeling MinD was
doped with 30 mol % of EGFP-MinD/mRuby3-MinD in each case. For experiments with mCh-MTS constructs, all proteins were added to the sample chamber
ﬁrst (order MinD, MinE, (MinC), mCH-MTS) and then the reaction was started by
addition of Mg-ATP. Sample chambers were mixed by pipetting, lidded and
incubated for 1 h before image acquisition. For z-stack acquisition to determine
membrane binding of mCh-MTS constructs, mCh-MTS was incubated at 1 µM
ﬁnal concentration in the absence of MinDE on labeled, preformed SLBs (70 mol %
DOPC, 30 mol % DOPG, 0.05 mol % ATTO655-PE) in reaction buffer for more
than 1 h before image acquisition.
Experiments with FtsA were conducted at 0.4 µM ﬁnal concentration in 200 µl
reaction buffer 2 (pH 7.5, 12.5 mM Tris-HCl, 25 mM HEPES/KOH, 325 mM KCl,
5% glycerol, 7.5 mM MgCl2). FtsA was added directly after MinDE and before ATP
addition, samples were mixed, lidded and reaction was started with 2.5 mM ATP
directly before image acquisition.
Self-organization assays in the presence of FtsZ-YFP-MTS were performed in
200 µl reaction buffer. Proteins were added to the chamber ﬁrst (1 µM MinD (30%
mRuby3-MinD), 1 µM MinE, with and without 0.05 µM MinC, 0.5 µM FtsZ-YFPMTS). Samples were mixed and lidded and self-organization of MinDE and FtsZYFP-MTS was started by addition of 2.5 mM Mg-ATP and 0.4 or 4 mM GTP, for
high and low free Mg2+ concentrations, respectively. Image acquisition was started
after 10 min of incubation with ATP and GTP.

Streptavidin-bound membranes. All three streptavidin forms used (non-labeled,
Alexa647-labeled or Alexa488-labeled) were purchased from ThermoFisher Scientiﬁc (Waltham, USA). For experiments involving streptavidin anchored to biotinylated lipids SLBs were prepared as described above with the lipid composition
of 69 mol % DOPC/30 mol % DOPG/1 mol % Biotinyl-CAP-PE or E. coli polar
lipid extract doped with 1 mol % of Biotinyl-CAP-PE. After formation of SLBs the
buffer was exchanged to 200 µl reaction buffer and streptavidin was added at
concentration of 1 µg/ml. Chambers were incubated for 30–60 min at room temperature. Subsequently unbound streptavidin was removed from the chambers by
washing ﬁve times with a total volume of 1 ml reaction buffer. MinD and MinE
were added at 1 µM each in a total of 200 µl reaction buffer and the reaction was
started directly before imaging by addition of ATP to a ﬁnal concentration of 2.5
mM.

Inducing MinDE detachment with sodium orthovanadate. Na3VO4 stock solution was prepared from powder (Merck, Darmstadt, Germany) at a concentration
of 200 mM. The solution was adjusted to pH 10 and heated alternatingly until the
solution remained clear and colorless. MinDE self-organization in the presence of
streptavidin was set up as described above. Self-organization of MinDE in the
presence of streptavidin was imaged using deﬁnite focus. After several images, the
scan head of the microscope was lifted to add Na3VO4 to the reaction at a ﬁnal
concentration of 2.5 mM. The opening of the scan head during the addition of
Na3VO4 resulted in black images.
PDMS microcompartment preparation. Positive resist master molds of about 8
µm thickness were produced on a 4 inch silicon wafer (University Wafer) using
ma-P 1275 (Microresist technology GmbH, Berlin, Germany) and a chrome mask
(Compugraphics Jena GmbH, Jena, Germany), according to the manufacturer’s
data sheet and developed in ma-D531 (Microresist technology GmbH)10. We then
spin-coated 200 µl of 1:20 Cytop CTL-809M in CTsolv.100E (both from Asahi
Glass Co. Ltd., Japan) onto the master to ease later PDMS replica-molding. For this
the Cytop dilution was directly pipetted onto the featured sections and spin-coated
at 3000 rpm for 1 min, using a 500 rpm/s ramp. The wafer was then hard-baked for
30 min at 453 K on a hot plate to covalently anchor the coating, before being
allowed to slowly cool down to room temperature by turning off the hot plate.
PDMS base and curing agent (Sylgard 184, Dow Corning Corporation,
Michigan, USA) were mixed at a ratio of 10:1 in an ARE-250 mixer (Thinky
Corporation, Tokyo, Japan). A drop of about 1–2 µl of PDMS was carefully placed
on the master. Then a coverslide (thickness #1) was dropped on top and gently
pressed down to squeeze the PDMS into a thin ﬁlm. The wafer was then placed into
an oven at 75 °C for at least one hour. Using a razor blade the coverslides with
attached PDMS were removed from the Si wafer and a plastic sample chamber was
glued onto the PDMS-covered slide. Directly before preparation of supported lipid
bilayers the PDMS covered slide was placed into an oxygen plasma cleaner (Zepto,
Diener electronic) and cleaned (1 min, 30% power, 0.3 mbar).
Self-organization assay in PDMS microcompartments. Self-organization assays
in microcompartments were performed essentially as described earlier10,66. The
self-organization assay was set up in 200 µl reaction buffer with 2.5 mM ATP, 1 µM
MinD and 2 or 3 µM MinE. 0.5 µM mCh-MTS(BsD) was used for experiments
with peripheral membrane proteins. In the case of lipid-anchored streptavidin
membranes were prepared as described in streptavidin-bound membranes. After
regular MinDE wave patterns formed on the surface of the PDMS, the volume of
the buffer was lowered to the rim of the compartments by carefully removing
buffer with a pipette. Hence, protein concentration inside the microcompartments
are likely to be higher than original concentrations and are not comparable even
between microcompartments in the same reaction chamber. A piece of sponge
moistened in reaction buffer was plugged inside the reaction chamber to avoid
drying of microcompartments and the chamber was sealed with a lid.
Cholesterol-anchored and soluble P1 dsDNA fragments. The DNA oligonucleotides FW_P1_30bp_sol, RV_P1_30bp_Al647 and FW_P1_30bp_chol were
purchased from Euroﬁns Genomics (Ebersberg, Germany) and Sigma-Aldrich (St.
Louis, USA), respectively. For DNA duplex formation oligonucleotides were dissolved in ddH2O at 100 µM. The complimentary oligonucleotides were mixed in
buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 50 mM NaCl) at a concentration of
10 µM each. They were annealed by slow cooling from 95 °C to room temperature
in a heating block yielding 10 µM DNA duplexes. DNA duplex were added to selforganization assays at a ﬁnal concentration of 10 or 100 nM, directly after MinDE
addition. The sample was mixed by pipetting, lidded and incubated for more than
1 h before image acquisition.
DNA anchored to lipid-anchored streptavidin. The 300 and 2000 bp linear DNA
fragments were generated by amplifying the ﬁrst 300/2000 bp of lambda DNA
(NEB, Ipswich, USA) by PCR using the forward primer BR215_Cy5_tetO_lambda_fw and the reverse primers BR120_5′BiotinTEG_l300_rev and BR122_5′
BiotinTEG_l2000rev (Sigma-Aldrich), respectively. The resulting PCR products
were biotinylated and labeled with Cy5 on opposite ends. PCR products were
puriﬁed and purity and labeling was assessed by gel electrophoresis. SLBs were
generated as described under streptavidin-bound membranes using non-labeled
streptavidin. After removal of surplus streptavidin from the reaction chamber,
reaction buffer was added to a volume of about 50 µl and 6 pmol/2 pmol of the 300
bp/2000 bp long PCR product was added. DNA containing chambers were incubated for 2–3 h, then unbound DNA was removed by gently washing three times
with a total of 600 µl reaction buffer. To start self-organization 1 µM MinD with
30% mol EGFP-MinD, 1 µM MinE, and 2.5 mM ATP in a total of 200 µl reaction
buffer were added.
Microscopy. All images unless otherwise mentioned were taken on a Zeiss LSM780
confocal laser scanning microscope using a Zeiss C-Apochromat 40x/1.20 waterimmersion objective (Carl Zeiss AG, Oberkochen, Germany). Longer time-series
were acquired using the built in deﬁnite focus system. All two-color images were
acquired with alternating illumination to avoid cross-talk. EGFP-MinD was excited
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using the 488 nm Argon laser, mCh-MTS constructs using the 561 nm DPSS laser
and streptavidin-Alexa647 or Cy5-DNA using the 633 nm He–Ne laser. Images
were typically recorded with a pinhole size of 1 Airy unit, 512 × 512 pixel resolution, and a scan rate of 1.58 µs per pixel. Time-series for EGFP-MinD and mChMTS constructs were acquired with ~4 s intervals, EGFP-MinD and streptavidinAlexa647 with ~5 s intervals.
Images in total internal reﬂection ﬂuorescence (TIRF) microscopy were
acquired on a custom-built TIRF microscope69 using a NIKON SR Apo TIRF
100x/1.49 oil-immersion objective, constructed around a Nikon Ti-S microscope
body (both Nikon GmbH, Düsseldorf, Germany). Two laser lines (490 nm (Cobolt
Calypso, 50 mW nominal) and 640 nm (Cobolt 06-MLD, 140 mW nominal, both
Cobolt AB, Solna, Sweden)) were controlled in power and timing (AOTF,
Gooch&Housego TF-525-250, Illminster, UK) and spatially ﬁltered (kineFLEX-P3-S-405.640-0.7-FCS-P0, Qioptiq, Hamble, UK). The beam was further collimated,
expanded (3×) and focused on the objective’s back aperture by standard
achromatic doublet lenses. The TIRF angle was controlled by precise parallel offset
of the excitation beam (Q545, PI, Karlsruhe, Germany). For detection, two
channels were separated by a dichroic mirror (Chroma T555lpxr-UF1), bandpass
ﬁltered (Chroma ET525/50m and ET670/30m, all Chroma Technology
Cooperation, Bellow Falls, VT) and re-positioned on two halves of the EMCCD
camera (Andor iXon Ulta 897). Images were recorded with Andor Solis (Ver. 4.28,
both Andor Technologies, Belfast, UK).

quadratic function to locate the maximum more precisely. The positions of the
located maxima are deﬁning the edges of a unit box, onto which the proﬁles of both
spectral channels were projected. We were seeking an easy way to classify the
proﬁles in this unit box and therefore decided to ﬁt the proﬁles with a quadratic
function f ðxÞ¼ax2 þb (black dashed lines in Supplementary Fig. 14a), where 2a
represents the overall curvature and hence the steepness of the proﬁle and b
accounts for the offset. As we projected the proﬁles onto a unit box of length 1, the
depth of the proﬁle and the curvature are identical, except for a constant prefactor,
and are thus interchangeable terms. Homogenously distributed ﬂuorescence
corresponds to a curvature of a≈0. A spatial distribution with enrichment in the
center of the compartment yields a<0, whereas proteins that are on average less
likely to be found in the center will be classiﬁed with a curvature a>0. In this
classiﬁcation, the MinD proﬁle has a curvature a>0.

Data availability
Data supporting the ﬁndings of this manuscript are available from the corresponding
author upon reasonable request. The custom-written code for the analysis of the timeaveraged ﬂuorescence proﬁles in microcompartments can be found on github (https://
github.com/BeaRamm/intensity_proﬁles). All other code is available from the corresponding authors upon reasonable request.

Received: 2 February 2018 Accepted: 10 August 2018
Image analysis. All images were processed using Fiji70 (version v1.51q) or Matlab
(R2016a, The MathWorks, Natick, USA). Brightness or contrast adjustments of
displayed images were applied homogenously.
Analysis of mean ﬂuorescence intensities. Dual color time-series or tile scans
were imported into Fiji and split into two separate image stacks. The EGFP-MinD
stack was used to segment the MinDE waves in the images. To this end we used a
custom-written ImageJ macro where the image from the EGFP-MinD channel was
ﬁltered using a median ﬁlter with radius 3–6 pixels, subsequently a “Pseudo-ﬂat
ﬁeld correction” (BioVoxxel macro, Jan Brocher) with radius 75 pixels was applied
to remove unequal illumination. The resulting image was thresholded using the
Huang method or in the case of experiments with FtsZ-YFP-MTS or MinDE
titration with the Li method, to generate the binary mask of the MinDE wave. This
mask was also inverted to generate the complimentary mask.
The original non-modiﬁed images from the two spectral channels and the two
complementary binary masks were imported into Matlab (R2016a, The
MathWorks, Natick, USA) and analyzed using a custom-written Matlab code. The
average ﬂuorescence intensity in the mCherry/FtsZ-YFP-MTS (I mChMTS /
I FtsZYFPMTS ) and EGFP-MinD/mRuby3-MinD (I EGFPMinD /I mRuby3MinD )
spectral channel was obtained by pooling the means of individual images from one
independent experiment.
To obtain theaverage ﬂuorescence intensity in the

mChMTS EGFPMinD
mChMTS EGFPMinD
MinDE minima IminðMinDÞ
=IminðMinDÞ
/ImaxðMinDÞ ) the
and maxima (ImaxðMinDÞ

binary masks were multiplied with the original images of the respective spectral
channels, all zero values were removed and the mean was taken. All means from
one independent experiment and condition were pooled together. All ﬂuorescence
intensity values from one experimental set were normalized to the ﬂuorescence
intensity values obtained for His-mCherry for experiments with mCh-MTS and to
a ﬂuorescent standard for experiments with FtsZ-YFP-MTS. The contrast of the
resulting protein waves was calculated for every individual image as the difference
between the average intensity in the MinDE minima and MinDE maxima (
protein
protein
IminðMinDÞ  ImaxðMinDÞ ) divided by the average intensity in the MinDE maxima (
protein
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Supplementary Figure 1: Model peripheral membrane proteins, mCh-MTS constructs, bind to the membrane.
a) Schematic explaining the experimental setup. Z-stacks of an assay chamber with a fluorescently labeled
supported lipid bilayer (cyan) and the corresponding mCh-MTS constructs (magenta) are acquired (supported
lipid bilayer (SLB): 70 mol % DOPC, 30 mol % DOPG, 0.05 mol % Atto655-PE, 1 µM mCh-MTS). If no binding occurs,
the fluorescence intensity signal of the mCh-MTS construct reaches its maximum spatially above the signal from
the labeled SLB, when the confocal volume fully entered the solution. If weak binding occurs the maximum of
the fluorescence intensity signal of the mCh-MTS coincides with the maximum of the SLB signal, as some of the
protein is located on the membrane. If strong binding occurs and the mCh-MTS construct accumulates on the
membrane, the signal of the mCh-MTS construct is higher on the membrane than in solution. b) Representative
z-stacks of mCh-MTS constructs confirming binding of all mCh-MTS constructs except His-mCh. c) Representative
z-stacks of mCh-MTS constructs harboring the E. coli MinD membrane targeting sequence (MTS). No binding can
be detected for mCh-MTS(1xMinD), but strong binding for mCh-MTS(2xMinD) and mCh-Jun-MTS(1xMinD). mChMTS fluorescence (magenta triangles) is normalized to the first two values below the membrane and the last two
values in solution. Atto-655-PE fluorescence (cyan spheres) is normalized to the minimal and maximal values.
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Supplementary Figure 2: Spatiotemporal regulation of MinDE is not a photoartifact. a) Positioning of
MTS(2xMreB)-mCh by MinDE in the absence of labeled MinD/MinE (1 µM MinD, 1 µM MinE, 1 µM MTS(2xMreB)mCh, 2.5 mM ATP). b) Regulation of Alexa647-streptavidin anchored to biotinylated lipids by MinDE in the
absence of labeled MinD/MinE (1 µM MinD, 1 µM MinE, Alexa647-streptavidin) c) Positioning of Alexa488streptavidin by MinDE (1 µM MinD (30 % mRuby3-MinD), 1 µM MinE, Alexa488-streptavidin). Experiments were
performed independently two (b and c) or three (a) times under identical or similar conditions.
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Supplementary Figure 3: mCh-MTS constructs have different membrane affinities, but do not influence the
membrane density of EGFP-MinD. a)-c) mCh-MTS intensity on the membrane, i.e. membrane affinity, increases
from MTS(1xMreB)-mCh to MTS(2xMreB)-mCh. a) Average mCh-MTS intensity of the full image normalized to
His-mCh and corrected for the fluorescent protein fraction (〈𝐼〉mCh−MTS ). b) Average mCh-MTS intensity in the
MinDE wave minimum normalized to His-mCh and corrected for the fluorescent protein fraction (〈𝑰〉mCh-MTS
𝐦𝐢𝐧(𝐃) ). c)
Average mCh-MTS intensity in the MinDE wave maximum normalized to His-mCh and corrected for the
fluorescent protein fraction (〈𝑰〉mCh-MTS
𝐦𝐚𝐱(𝐃) ) (as shown in Fig. 2d). d)-f) EGFP-MinD intensity, i.e. density, on the
membrane is not influenced by the addition of mCh-MTS constructs. d) Average EGFP-MinD intensity of the full
image normalized to the fluorescence in the presence of His-mCh (〈𝐼〉EGFP−MinD ). e) Average EGFP-MinD intensity
in the MinDE wave minimum normalized to the fluorescence in the presence of His-mCh (〈𝑰〉EGFP-MinD
). f) Average
𝐦𝐢𝐧(𝐃)
EGFP-MinD intensity in the MinDE wave maximum normalized to the fluorescence in the presence of His-mCh
(〈𝑰〉EGFP-MinD
𝐦𝐚𝐱(𝐃) ). Each data point (squares, spheres, triangles) (exp1-3) was generated from at least one tile scan (7
by 7) in one chamber. Cross and error bars represent the mean value and standard deviation of the three
independent experiments with in total N images (NHis-mCh = 343, NMTS(1xMreB)-mCh = 294, NmCh-MTS(FtsA) = 490, NMTS(FtsY)mCh = 392, NmCh-MTS(BsD) = 390, N MTS(2xMreB)-mCh = 265).
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Supplementary Figure 4: The presence of model peripheral membrane proteins, mCh-MTS, does not change
the wavelength or velocity of MinDE waves. a) Box plot of wavelength of the MinDE waves in the presence of
the different mCh-MTS constructs. Box limits are quartiles 1 and 3 and whiskers are 1.5 x IQR, median is shown
as a black line, mean is shown as a red line, points are outliers. (Data from three independent experiments shown
in Figure 2b, with in total N measurements (NHis-mCh = 333, NMTS(1xMreB)-mCh = 292s, NmCh-MTS(FtsA) = 487, NMTS(FtsY)-mCh =
392, NmCh-MTS(BsD) = 360, NMTS(2xMreB)-mCh = 265). b) Velocity of MinDE waves in the presence of different mCh-MTS
constructs. Line and error bars represent mean and standard deviation from three independent experiments
shown in Figure 2 with measurements from N different time-series (NHis-mCh = 5, NMTS(1xMreB)-mCh = 6, NmCh-MTS(FtsA) =
5, NMTS(FtsY)-mCh = 4, NmCh-MTS(BsD) = 6, NMTS(2xMreB)-mCh = 4).
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Supplementary Figure 5: MTS(2xMreB)-mCh is spatiotemporally regulated over a wide concentration range of
MinD and MinE. a) MTS(2xMreB)-mCh is spatiotemporally regulated at different MinD/MinE ratios (1 µM MinD
(30 % EGFP-MinD), 0.1 - 10 µM MinE, 1 µM MTS(2xMreB)-mCh). Representative images of MinDE selforganization (upper panel, green) in the presence of MTS(2xMreB)-mCh (middle panel, magenta). Fluorescence
intensity line plots along the selection shown in the corresponding images (not necessarily full selection) (lowest
panel). All images in one row were acquired and displayed using the same instrumental settings. Scale bars: 50
µm. b) Kymograph along the line selections shown in a). Scale bars: 100 s and 50 µm. c) MTS(2xMreB)-mCh is
spatiotemporally regulated at all MinDE concentrations where MinDE are reliably self-organizing on the
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membrane (>0.4 µM MinD and MinE). Representative images of MinDE self-organization in two different
brightness settings (two upper panels) in the presence of MTS(2xMreB)-mCh (lower panel). Fluorescence
intensity line plots along the selection shown in the corresponding images (not necessarily full selection) (lowest
panel). All images in one row were acquired and displayed using the same instrumental settings (0.1 - 0.5 µM
MinD (30 % EGFP-MinD), 0.1 - 0.5 µM MinE, 1 µM MTS(2xMreB)-mCh). Scale bars: 50 µm. d) Kymograph along
the line selections shown in c) Scale bars: 100 s and 50 µm. e) MinDE only reliably self-organize at concentrations
equal or higher than 0.4 µM MinDE. Representative tile scan of chambers containing 0.3 µM and 0.4 µM MinDE
and 1 µM MTS(2xMreB)-mCh. At 0.3. µM MinDE patterns only form transiently in certain areas of the chamber,
whereas at 0.4 µM MinDE patterns form reliably and also spatiotemporally regulate MTS(2xMreB)-mCh.
Brightness/contrast settings are not comparable between images. Scale bars: 500 µm. All experiments were
performed independently two times under similar or identical conditions.

Supplementary Figure 6: MTS(2xMreB)-mCh is spatiotemporally regulated by MinDE over a wide
MTS(2xMreB)-mCh/MinDE ratio. a) Representative images of the MinDE wave (upper panel, green) and the
anticorrelated MTS(2xMreB)-mCh waves (lower panel, magenta) on the membrane (30 µM, 10 µM, 1 µM or 0.1
µM MTS(2xMreB)-mCh, 1 µM MinD (30 % EGFP-MinD), 1 µM MinE). All images in one row were acquired using
the same imaging settings, MTS(2xMreB)-mCh brightness/constrast settings were optimized for each image and
are not comparable. Fluorescence intensity line plots along the selection shown in the corresponding images (not
necessarily full selection) (lowest panel). Scale bars: 50 µm. b) Kymograph along the line selections shown in a),
but with line width 10 instead of the displayed line width 50. Scale bars: 100 s and 50 µm. Experiments were
performed independently three times under identical conditions.
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Supplementary Figure 7: Model membrane proteins containing two copies of the E. coli MinD amphipathic
helix are spatiotemporally regulated by MinDE. a) Overview over the mCherry fusions to the E. coli MinD MTS.
b) Representative images of the MinDE wave (upper panel, green) and the mCh-MTS constructs in two different
brightness settings (middle and lower panels, magenta) on the membrane (1 µM mCh-MTS, 1 µM MinD (30 %
EGFP-MinD), 1 µM MinE). All images in one row were acquired and displayed using the same instrumental
settings. Fluorescence intensity line plots along the selection shown in the corresponding images (not necessarily
full selection) show the difference in the extent of the spatial regulation (lowest panel). Scale bars: 50 µm. c)
Kymograph along the line selections shown in b). Scale bars: 100 s and 20 µm. d) mCh-MTS constructs with two
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copies of the E. coli MinD MTS exhibit a high contrast. Box plot of the contrast of mCh-MTS constructs, lines are
median, box limits are quartiles 1 and 3, whiskers are 1.5 x IQR and points are outliers, generated from three
independent experiments with in total N= 294 images per condition. Blue line marks no difference between the
intensities in the minima and maxima of the MinDE wave (zero contrast). e) mCh-MTS intensity in the MinDE
maximum (〈𝑰〉mCh-MTS
max(MinD) ) normalized to His-mCh and corrected for the fluorescent protein fraction. f) Average
EGFP-MinD intensity of the full image normalized to the fluorescence in the presence of His-mCh (〈𝑰〉EGFP-MinD ).
EGFP-MinD intensity, i.e. density, on the membrane is not influenced by the addition of mCh-MTS constructs.
Each data point (squares, spheres, triangles) (exp1-3) was generated from 98 images in one sample chamber.
Cross and error bars represent the mean value and standard deviation of the three independent experiments
with in total N=294 images per condition.
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Supplementary Figure 8: Composite image of all separate channels shown in the main text involving
streptavidin bound to biotinylated lipids. a) Composite image of MinDE self-organization (magenta) on a SLB
with Biotinyl-CAP-PE-bound streptavidin (cyan) (1 µM MinD, 1 µM MinE, streptavidin-Alexa647) shown in Figure
3a. ATP is added at t=0 s to start self-organization. Scale bars: 50 µm. Kymograph along the line selection. b)
MinDE self-organization leads to large scale concentration gradients of streptavidin. Representative composite
images of streptavidin distribution in MinDE spirals after >1h of MinDE self-organization on SLBs as shown in
Figure 3d. Scale bars 50 µm. c) Large scale streptavidin gradient formation by MinDE is reversible. Representative
composite images and kymograph of a running MinDE assay in the presence of anchored streptavidin as shown
in Figure 3e. Addition of sodium orthovanadate (Na3VO4) leads to MinDE detachment which in turn leads to
homogenization of streptavidin fluorescence on the membrane. Scale bars: 50 µm. d) Streptavidin cannot
dissociate in solution and is moved laterally on the membrane leading to accumulation on collision interfaces
and depletion in spiral centers. Representative composite image of colliding MinDE waves in the presence of
streptavidin bound to biotinylated lipids (1 µM MinD (30 % EGFP-MinD), 1 µM MinE, Alexa647-streptavidin) as
shown in Figure 7a. Kymographs along the selection shown in the images. Scale bars: 50 µm. e) MinDE selforganization can regulate short membrane-anchored DNA fragments. Representative composite images and
kymograph of a time-series of MinDE self-organization (magenta) in the presence of a 30 bp P1 dsDNA (cyan)
bound to the membrane by a cholesterol anchor (1 µM MinD (30 % EGFP-MinD), 1 µM MinE, 10nM TEGcholesterol-dsP1) shown in Figure 6a. Scale bars: 50 µm. f) Representative composite images and kymograph of
a time-series of MinDE self-organization regulating 300 bp long dsDNA bound to lipid-anchored streptavidin (1
µM MinD (30 % EGFP-MinD), 1 µM MinE, 300 bp lambda DNA, streptavidin) shown in Figure 6b. Scale bars: 50
µm. g) Representative composite images and kymograph of a time-series of MinDE self-organization regulating
2000 bp long dsDNA bound to lipid-anchored streptavidin shown in Figure 6c. Scale bars: 50 µm.
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Supplementary Figure 9: MinDE position model membrane proteins on supported lipid bilayers made from E.
coli polar lipid extract. a) Representative images and kymograph of the MinDE wave and the anticorrelated mChMTS(BsD) waves on SLBs made from E. coli polar lipid extract (1 µM MinD (30 % EGFP-MinD), 1 µM MinE, 1 µM
mCh-MTS(BsD)). b) Representative images and kymograph of MinDE regulating Alexa647-streptavidin on SLBs
made from E. coli polar lipid extract doped with 1 % Biotinyl-CAP-PE (1 µM MinD (30 % EGFP-MinD), 1 µM MinE,
Alexa647-streptavidin). Experiments were performed independently three (b) or two (a) times under similar or
identical conditions. Scale bars: 50 µm
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Supplementary Figure 10: Positioning of model membrane proteins by MinDE is independent of MinC. a)
Representative images and kymograph of MinDE regulating mCh-MTS(BsD) in the presence or absence of MinC
(1 µM MinD (30 % EGFP-MinD), 1 µM MinE, with and without 0.05 µM MinC, 1 µM mCh-MTS(BsD)) b)
Representative images and kymograph of MinDE positioning lipid-anchored streptavidin in the presence of MinC
(1µM MinD (30 % EGFP-MinD), 1 µM MinE, 0.05 µM MinC, Alexa647-streptavidin). Experiments were performed
independently three (a) or two (b) times under identical conditions. Scale bars: 50 µm
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Supplementary Figure 11: Flowchart describing the Fluorescence Correlation Spectroscopy (FCS)-based image
calibration performed to obtain EGFP-MinD and MTS(2xMreB)-mCh densities on the membrane.
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Supplementary Figure 12: Validation of the FCS-based quantification of surface densities. a) Representative
autocorrelation curves for varying concentrations of streptavidin labeled with Alexa Fluor 488 freely diffusing in
3D. The experimental autocorrelation curves were fitted by a 3D diffusion model with a triplet contribution. b)
The particle numbers obtained from the fit in a) are related to the corresponding fluorescence signal (black
circles, mean±std) of a separately taken 100x100 pixel image (1 pixel corresponds to 420 nm). This data set is
fitted by a line through the origin, yielding a calibration line, which relates the fluorescence signal in one pixel to
the number of particles in the respective detection volume. Note the double-logarithmic scales. The linear
relation adequately describes the experimental data over at least two orders of magnitude. The particle number
𝟑

−𝟏

𝑵 is easily translated into a 3D concentration via the relation 𝒄𝟑𝐃 = 𝑵 (𝝅𝟐 𝒘𝟑𝟎 𝑺) , where 𝒘𝟎 and 𝑺 are obtained
from the initial calibration experiment on freely diffusing dye (compare step 1 in Supplementary Fig. 11). To
validate the approach outlined in Supplementary Fig. 11, we imaged SLBs containing varying fractions of
biotinylated lipids, which recruit the fluorescently labelled streptavidin. From the molar fraction of these lipids,
their density and the streptavidin-biotin valency1 the mean number of particles in the detection volume can be
estimated (here 7.8, 78, and 778 particles per detection volume). A 100x100 pixel image (1 pixel corresponds to
420 nm) of the SLB was taken, and the pixel values divided by √𝟐 (compare Supplementary Fig. S11). The
corresponding pairs of fluorescence signal (mean±std) and the expected particle number (blue squares) were
superimposed on the calibration curve, showing good agreement, and thus validate the proposed approach.
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Supplementary Figure 13: MinDE waves spatiotemporally regulate MTS(2xMreB)-mCh at MinD densities on
the order of magnitude occurring in vivo. a) Representative images used for density quantification (upper
panels), temporal density profiles along the 20 by 100 pixel selection shown in the images. Scale bars: 50 µm b)
Boxplots of density values in a 100 by 100 pixel region in the center of all images for b) MTS(2xMreB)-mCh in the
MinD minimum, c) MTS(2xMreB)-mCh in the MinD maximum, d) MinD in the MinD minimum, e) MinD in the
MinD maximum. Box limits are quartiles 1 and 3 and whiskers are standard deviation, median is shown as a black
line, mean is shown as a red line. Data from two independent FCS/image calibrations.
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Supplementary Figure 14: Quantification of time-averaged fluorescence intensity profiles. a) Normalized, timeaveraged fluorescence intensity profiles of EGFP-MinD (blue) and streptavidin (red). Vertical lines indicate the
maxima of the EGFP-MinD profile that define the edges of the unit box, i.e. a box of length 1. Thus, every profile
is projected from its physical extent onto the unit box, ranging from -1/2 to 1/2. Dashed lines indicate the
quadratic function fit to the profiles in the unit box to determine the profile depth. The curvature a is a direct
measure for the depth of the profile. b) Box plot of the depth of the fluorescence intensity profile for mChMTS(BsD) and streptavidin with the respective EGFP-MinD one. Box limits are quartiles 1 and 3 and whiskers are
1.5 x IQR, median is shown as a black line, mean is shown as a red line, points are outliers. (Data from three
independent experiments with mCh-MTS(BsD) = 45 and streptavidin = 35 individual microcompartments). c)
Depths of individual fluorescence intensity profiles of mCh-MTS(BsD) and streptavidin plotted against the depth
of the EGFP-MinD fluorescence intensity profile. mCh-MTS(BsD) profile depth is close to zero independent of
EGFP-MinD profile depth. Streptavidin profile depth of individual fluorescence intensity profiles is correlated
with EGFP-MinD profile depth, indicating a strong regulation of membrane-anchored proteins by MinDE.
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Supplementary Figure 15: MinDE spatiotemporally regulates FtsA. a) Representative images of time series of
MinDE self-organization in the presence of FtsA (0.4 µM Cy5-FtsA, 1 µM MinD (30 % EGFP-MinD), 1 µM MinE).
ATP is added at t=0 s to start self-organization. Scale bars: 50 µm. b) Kymograph along the line selection shown
in a). Experiment was performed independently two times under similar or identical conditions. Scale bars: 50
µm and 600 s
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Supplementary Figure 16: MinDE cannot move filaments and dynamic rings of FtsZ-YFP-MTS laterally.
Representative images of MinDE self-organization in the presence of FtsZ-YFP-MTS with high and low free Mg2+
and with and without MinC (1 µM MinD (30 % EGFP-MinD), 1 µM MinE, 0.5 µM FtsZ-YFP-MTS, with and without
0.05 µM MinC) at high magnification. Brightness/contrast settings are not comparable between images. For low
Mg2+ conditions images were acquired with a line average of 4 for better resolution. Scale bars: 10 µm
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Supplementary Figure 17: Binding of soluble P1 dsDNA fragment to MinD cannot be observed in TIRF. a)
Spatiotemporal positioning of TEG-cholesterol anchored P1 DNA fragment by MinDE is clearly visible in TIRF
microscopy images (1 µM MinD (30 % EGFP-MinD), 1 µM MinE, 10 nM TEG-cholesterol dsP1). No modulation in
the fluorescence intensity signal of soluble P1 dsDNA fragment can be observed for b) 10 nM or c) 100 nM P1
dsDNA, when added to MinDE self-organization assays (1 µM MinD (30 %E GFP-MinD), 1 µM MinE, 10 or 100 nM
soluble P1). Images were acquired at two different laser powers. Experiments were performed independently
two times under identical conditions. Scale bars: 50 µm
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Supplementary Figure 18: Schematic model of how the MinCDE system could influence positioning of major
divisome proteins FtsZ, ZipA and FtsA. MinC, antagonist of FtsZ assembly, whose time-averaged concentration
is highest at the cell poles confines FtsZ polymerization to midcell. MinDE oscillations might establish a timeaveraged concentration gradient of the transmembrane protein ZipA and the oligomerized FtsA that is maximal
at midcell. MinDE might establish counter-oscillations of monomeric peripheral membrane proteins decreasing
protein abundance on the membrane.
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Supplementary Table 1
List of observations possibly linked to MinDE-mediated regulation of membrane proteins
Possible target
FtsY, UspE, PfkA, Pgk,
YciG
ZipA
ZipA

Differential regulation
of FtsA, FtsA*
FtsZ anchors, ZipA
and FtsA
FtsZ anchors, ZipA
and FtsA
B. subtilis membranebound division
proteins
TnaA, GroES, YqjD
chromosome
chromosome
chromosome
chromosome

Observation
Abundance of peripheral membrane proteins is decreased in the
presence of MinCDE as compared to a ΔminCDE strain
ZipA and MinCDE counteroscillations; no counteroscillation in a
ΔminCDE strain
ZipA although essential in E. coli can be bypassed by mutations in
other divisome proteins and thus has been suggested to enhance
cell division.
FtsA mutant (FtsA*) impaired for self-interaction can bypass ZipA.
Monomeric FtsA has been suggested to recruit other divisome
proteins.
Slow FtsZ oscillations on the timescale of MinDE oscillations; no
detectable slow FtsZ oscillations in a ΔminCDE strain
Similar FtsZ dynamics for WT and ΔminC strains, but altered
dynamics in a ΔminCDE strain
E. coli MinDE oscillate in B. subtilis and impair sporulation by
inhibiting polar septum formation in the absence of both E.coli and
B. subtilis MinC
Polar localization of three foci-forming inner membrane associated
proteins is disrupted in ΔminCDE strain
Abnormal nucleoid distribution and anucleate rod-shaped cells in
MinCDE mutants
Strains deleted for the histone-like protein HU acquire secondary
mutations in minCDE
Overexpession of MinE impairs nucleoid segregation
Disturbed chromosome segregation in ΔminCDE strains
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Supplementary Table 2
List of plasmids
Vector

Protein name

Reference or Source

pET28a-His-MinD_MinE

MinD

18

pET28a-His-EGFP-MinD

EGFP-MinD

19

pET28a-His-MinE

MinE

18

pML60

Sumo-Gly5-FtsA

20

pLVX-mCherry-C1

Clontech

pCoofy1-mCherry

His-mCh

Lei Kai

pET28a-BsMTS-mCherry-His

BsMTS-mCherry

This study

pET28a-mCherry-GGBsMTS

mCh-MTS(BsD)

This study

pET28a-MreBN-mCherry-His

MTS(1xMreB)-mCh

This study

pET28a-2xMreBN-mCherry-His

MTS(2xMreB)-mCh

This study

pET28a-mCherry_FtsA

mCh-MTS(FtsA)

This study

pET28a-FtsY_mCherry

MTS(FtsY)-mCh

This study

pET28a-mCherry_EcMTS

mCh-MTS(1xMinD)

This study

pET28a-mCherry_2xEcMTS

mCh-MTS(2xMinD)

This study

pET28a-mCherry-Jun-EcMTS

mCh-Jun-MTS(1xMinD)

This study

pET28a-mRuby3-MinD

mRuby3-MinD

21

pET11b-FtsZ-YFP-MTS

FtsZ-YFP-MTS

22

22
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Supplementary Table 3
List of primers
Primername

Sequence 5’ to 3’

21_ YFP_for

ATGGTGAGCAAGGGCGAG

22_ YFP_rev

CTTGTACAGCTCGTCCATGC

23_ YFP_MinD_for

CATGGACGAGCTGTACAAGGAATTCGCACGCATTATTGTTG

24_ pET_YD_rev

CTCGCCCTTGCTCACCATGGATCCGCGACCCATTTG

64_BSMTS-mCH_fw

AATCAAATCTTTCTTCGGTTCTTCTGGTTCTTCTGGTATGGTGAGCAAGG
GCGAG

65_BSMTS-pET_rev

GAACCGAAGAAAGATTTGATTTTAGCCATCATACCTTTACTGCTGCCCAT
GGTATATCT

68_His-mcherry_rev

TGGTGGTGGTGGTGCTCGACTCCAGATCCACCCTTGTACAGCTCGTCCAT
G

pET28a_fw

GTCGAGCACCACCACCA

19_mCherry_fw

TCAGGTGGAAGTCCTAGGATGGTGAGCAAGGGCGAG

20_pET28a_rev

CCTAGGACTTCCACCTGAA

50_BsMTS-pET

GTATGATGGCTAAAATCAAATCTTTCTTCGGTGTTCGTTCTTAAAAGCTT
GCGGCCGCA

61_BsMTS_mCh_rev

ATTTGATTTTAGCCATCATACCTTTGCCAGATCCCTTGTACAGCTCGTCCA
TGCC

80_MreBN-mCherry_fw

AAATTCCGTGGTATGTTCCGTGGTTCTGGTTCTTCTGGTTCTTCTGGT

81_MreBN-pET_rev

ACGGAACATACCACGGAATTTTTTCAGCATGGTATATCTCCTTCTTAAAG
TTAAA

78_MreBN2x-pEt28a_rev

CAGAACCACCGAACATACCACGGAATTTTTTCAGCATGGTATATCTCCTT
CTTAAAGTTAAA
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79_MreBN2x-mCherry_fw

AACAGCAGCTGAAAAAATTCCGTGGTATGTTCCGTGGTTCTGGTTCTTCT
GGTTCTTCTGGT

BR200_mCherry_FtsA_for

ATTGAGTCGCTTGATCCACGAGCCGCCAGATCCCTTGTACAGC

p11_MTSftsA_rev

AGTTGGCTGCGAAAAGAGTTTTAAGGATCCGGCTGCTAACAAAG

BR201_fw_FtsY_mCherry

CCTGTTAAAAACCAAAGAAAATCTCGGTCGTGGTTCTGGTTCTTCTGGTT

BR202_FtsY_mCherry_rev

CTGCGTTTCAGGCGCGCGAACATGGTATATCTCCTTCTTAAAGTTAAAC

BR234_tandemMinD_fw

TAAAAGCTTGCGGCCGCACTC

BR235_tandemMinD_rev

TCCTCCGAACAAGCGTTTGAGGAAGCCTTTCTTCTCTTCTTCAATagatccg
ccTCCTCCGAACAAGCGTTTGAGGA

43_mut_Kan_fw

TGAAACATGGCAAAGGTAGCGT

93_mCh-EcMTS_fw

AGCTGTACAAGGGATCTGGCATTGAAGAAGAGAAGAAAGGCTTCCTC

94_GSG_mCh_rev

GCCAGATCCCTTGTACAGCTCG

44_mut_Kan_rev

GCTACCTTTGCCATGTTTCAGAAA

472_Lin-RV

GCCAGATCCCTTGTACAGC

473_Lin-FW

ATTGAAGAAGAGAAGAAAGGC

474_Jun-FW

CTGTACAAGGGATCTGGCCGTATCGCTCGTCTGGAA

475_Jun-RV

TTTCTTCTCTTCTTCAATAGAACCTCCTCCACCGTAGTTCATAAC

LP2_fw

CGCCATTAACCTGATGTTCTGGGG

FW_P1_30bp_chol

GAATCAGCGCCATTTATCACAGAATAGACT-CHOLESTEROL

FW_P1_30bp_sol

GAATCAGCGCCATTTATCACAGAATAGACT

RV_P1_30bp_Al647

AGTCTATTCTGTGATAAATGGCGCTGATTC-ALEXA647
AGACATCCCTATCAGTGATAGAGACGCGGGTTTTCGCTATTTATGAAAAT

BR215_Cy5_tetO_lambda_fw

TTTC

BR120_5'BiotinTEG_l300_rev

TAAAGCACCTCATTACCCTTGCCAC

BR122_5'BiotinTEG_l2000rev

ATCGTCGTGGCGGCC
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Supplementary Note 1
In vivo MinDE densities. MinD and MinE concentrations in E. coli have been determined to be about
2000-3000 molecules per cell by western-blotting23,24. Assuming that almost all proteins bind to the
membrane and do so only at one pole at a time, and an average inner membrane area of about 6 µm2,
the density of MinD on the membrane can be estimated to about 1 x 103 µm-2. Furthermore, a large
fraction of the total membrane surface in vivo is occupied (~60%) by transmembrane proteins25,
further reducing the available membrane area and potentially increasing the local MinDE density.
Supplementary Note 2
MinDE change the physical properties of membranes. The MTS of both MinD and MinE are
amphipathic helices, known to change the physical properties of membranes26. They insert into the
membrane leading to deformation of liposomes27–29, change the membrane viscosity in vitro30,
preferentially bind to anionic lipids31–33 and can stabilize lipid domains34. Interestingly, stains for
membrane properties, such as cardiolipin density, resemble the MinD localization at cell poles and
nascent septa35,36, which led to the suggestion that MinDE self-organization relies on certain lipid
distributions as a spatial cue37. However, this hypothesis has been disproved by showing that geometry
sensing is an intrinsic property of the MinDE system31,38–40.
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Supplementary Methods
Estimation of protein surface densities
We estimated the surface concentration from confocal fluorescence images based on a multistep
procedure, as outlined in Supplementary Fig. 11. In essence, this approach relies on a combined
confocal Fluorescence Correlation Spectroscopy (FCS)41–43 and imaging-based calibration, which relates
the pixel values to the number of particles in this pixel. Similar approaches have been introduced
before. 44–46
3

In an initial step (box 1 in Supplementary Fig. 11), the effective detection volume 𝑉eff = 𝜋 2 𝑤03 𝑆 was
calibrated based on the diffusion coefficient of a known dye, which has spectral properties similar to
the fluorescent tag whose density needs to be determined later. Here, 𝑤0 is the lateral width of the
Gaussian detection volume Ω(𝑥, 𝑦, 𝑧) = Ω0 exp (−2

𝑥 2 +𝑦 2
𝑧2
) exp (−2 (𝑆𝑤 )2 )
𝑤02
0

and 𝑆 is the structure

parameter, which describe the elongation of this volume. In this work, ATTO488-COOH and Alexa Fluor
546-NHS freely diffusing in water were used to calibrate the detection volumes for measurements on
EGFP and mCherry, respectively. The corresponding diffusion coefficients at 25°C are D = 405 µm2 s-1
for ATTO488 (unpublished data) and D = 364 µm2 s-1 for Alexa Fluor 546.47 The temperature at the
objective was monitored by a thermocouple and the diffusion coefficient was corrected for the
respective temperature 𝑇 using the Stokes-Einstein-Smoluchowski relation 𝐷 ∝ 𝑇/𝜂(𝑇).48–50 The
acquired autocorrelation curves were fitted by a model function for combined 3D diffusion and
blinking:
𝑓

𝜏

𝜏

𝑇

𝐷

−1

𝐺(𝜏) = 𝑁 −1 (1 + 1−𝑓 exp(− 𝜏 )) (1 + 𝜏 )

−

𝜏

(1 + 𝑆 2 𝜏 )
𝐷

1
2

(1)

Here, 𝑓 is the fraction of molecules in a dark state, e.g. triplet, and τT is the associated characteristic
𝑤2

decay time. As 𝜏𝐷 = 4𝐷0 and 𝑆 are obtained from the fit, 𝑉eff can be readily calculated. Moreover, the
number of fluorescent particles 𝑁 in the detection volume is obtained. This calibration was performed
on a daily basis and for each spectral channel separately.
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Next (boxes 2-5 in Supplementary Fig. 11), a relation between image brightness and the number of
particles in one pixel, which corresponds to one detection volume, was determined. Therefore, a
solution of the protein of interest was prepared, e.g. EGFP-MinD or mCh-MTS above a non-charged
supported lipid bilayer (100 mol % DOPC). In a first step, another FCS measurement in solution was
performed. From the autocorrelation curve and its fit (eq. 1), the number of particles 𝑁 was obtained
and corrected for uncorrelated background.51 Subsequently, a fluorescence image was taken in
solution and background corrected. Thus, the mean signal 𝐼 in this image was connected to a number
of particles 𝑁. This approach was repeated for several concentrations to map the relation 𝑁 vs. 𝐼,
which was fitted by a linear function (compare Supplementary Fig. 11). Importantly, the imaging
settings were identical for the FCS measurements, the corresponding imaging and all subsequent
images, which relied on the determined relation 𝑁 vs. 𝐼.
To estimate surface concentrations, the sample of interest, e.g. MinDE forming patterns on an SLB,
was prepared and imaged with the membrane being in focus. To determine the effective background
of fluorescently labelled protein that was not membrane bound, we took another image in solution far
above the membrane. For a simplified system with no axial concentration gradient, the signal
measured in solution corresponds to twice the background signal of an image taken on the membrane,
because in this scenario, only the upper half of the detection volume collects fluorescence from the
solution. The resulting pixel values cannot directly be translated into particle numbers via the
previously determined relation 𝑁 vs. 𝐼, because particles that are on the membrane have a higher
average apparent brightness 𝑄̅ than identical particles diffusing in 3D. This effect results from the
restriction to two dimensions, which implies that all particles are always perfectly in focus, i.e. in the
axial maximum of the 3D Gaussian Ω. Consequently, the average apparent brightness 𝑄̅ in 2D and 3D
reads:

𝑄̅2D ∝

1
𝑥2 + 𝑦2
𝑧2
∫ 𝑑𝑥 ∫ 𝑑𝑦 exp (−2
exp
)
(−2
)
(𝑆𝑤0 )2
𝑉eff
𝑤02
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𝑄̅3D ∝

1
𝑥2 + 𝑦2
𝑧2
∫ 𝑑𝑥 ∫ 𝑑𝑦 ∫ 𝑑𝑧 exp (−2
exp
)
(−2
)
(𝑆𝑤0 )2
𝑉eff
𝑤02
𝑄̅2D
= √2
𝑄̅3D

Thus, the membrane-bound particles appear a factor of √2 brighter than in solution. After correction
for this factor, the previously determined relation 𝑁 vs. 𝐼 was applied to determine the particle
number in each pixel. Since 𝑤0 was initially determined, the obtained 𝑁 in each pixel can be converted
into a surface concentration 𝐶 =

𝑁
.
𝜋𝑤02

Further, this surface concentration was corrected for the

fluorescent fraction of proteins used (box 13 Supplementary Fig. 11). To validate this approach, we
determined Alexa488-streptavidin densities bound to SLBs containing different amounts of
biotinylated lipids (70 mol % DOPC, 30 mol % DOPG, 0.01/0.1/1 mol % Biotinyl-CAP-PE), prepared in
the same way as described in the methods section (Supplementary Fig. 12). To determine the densities
of MTS(2xMreB)-mCh and EGFP-MinD on the membrane, the images were first calibrated as described
above. We further generated the binary masks of the MinDE wave from the original EGFP-MinD as
described (Analysis of mean fluorescence intensities in MinDE wave minima and maxima). The
calibrated images were multiplied with the binary masks and all zero values were removed. All pixels
located in a centered 100 x 100 pixel region from all images of one condition were pooled to obtain
the box plot and average protein densities on the membrane in the MinDE minima ((MTS(2xMreB)mCh densitymin(MinD)/MinD densitymin(MinD)) and maxima ((MTS(2xMreB)-mCh densitymax(MinD)/MinD
densitymax(MinD)).
Cloning methods
For cloning all plasmids were propagated in E. coli OneShot TOP10 (Invitrogen, Thermo Fisher
Scientific, Waltham, USA). We used seamless assembly for the cloning of larger DNA fragments into
vectors. DNA fragments and vector backbones were amplified by PCR with primers that contained 1528
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20 bp overlaps between adjacent fragments. The PCR products were then combined using GeneArt
Seamless Cloning and Assembly Enzyme Mix (Thermo Fisher Scientific, Waltham, USA) according to
manufacturer’s instruction.
We used blunt end cloning for the introduction of point mutations or small peptide sequences. The
entire vector was amplified with two primers extended by the sequence to be introduced. After PCR
the product was digested with DpnI to remove plasmid template. The blunt ends of the PCR products
were phosphorylated using T4 Phosphokinase and subsequently ligated with T4 DNA Ligase (Thermo
Fisher Scientific).
The plasmids for the purification of His-MinD18, His-EGFP-MinD19, His-MinE18 and FtsA (pML60)20 have
been described previously.
pET28a-BsMTS-mCherry-His encodes the N-terminal fusion of the Bacillus subtilis MTS
(KGMMAKIKSFFGSSGSSG (AA 254-265 of B.subtilis MinD) to mCherry and a C-terminal His-Tag. The
coding region for mCherry was amplified by PCR from the plasmid pLVX-mCherry-C1 (Clontech,
Mountain View, CA, USA) using the primers 64_BSMTS-mCH_fw/68_His-mcherry_rev and the
backbone was amplified from pET28a using the primers pET28a_fw/65_BSMTS-pET_rev. The two PCR
products overlap and were assembled using seamless assembly. pET28a-mCherry-GGBsMTS encodes
for the C-terminal fusion of the B. subtilis MinD MTS (GSGKGMMAKIKSFFGVRS; AA 254-268 of B.
subtilis MinD) to mCherry and an N-terminal His-Tag (mCh-MTS(BsD)). mCherry coding region was
amplified from pLVX-mCherry-C1 (Clontech) using primers 19_mCherry_fw/61_BsMTS_mCh_rev and
the backbone was amplified from pET28a with the primers 20_pET28a_rev/50_BsMTS-pET. PCR
products were combined using seamless assembly. pET28a-MreBN-mCherry-His encodes for the Nterminal fusion of the E. coli MreB MTS (MLKKFRGMFRGSGSSGSSG; AA 1-9 of E. coli MreB) of mCherry
with a C-terminal His-Tag (MTS(1xMreB)-mCh). The construct is designed analogously as the MreBMTS fusion of EGFP in pFE35652. mCherry coding region was amplified from pET28a-BsMTS-mCherryHis with primers 68_His-mcherry_rev/80_MreBN-mCherry_fw and the backbone was amplified from
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pET28a with primers pET28a_fw/81_MreBN-pET_rev. Both PCR products were subsequently
combined using Seamless Assembly. pET28a-2xMreBN-mCherry-His encodes for an N-terminal fusion
of two copies of the E. coli MreB MTS (MLKKFRGMFGGSEQQLKKFRGMFRGSGSSGSSG) to mCherry with
a C-terminal His-Tag (MTS(2xMreB)-mCh). The construct was analogously constructed to the 2xMreBMTS fusion of EGFP in plasmid pJS111.52 The plasmid was amplified from pET28a-MreBN-mCherry-His
with primers 78_MreBN2x-pEt28a_rev/79_MreBN2x-mCherry_fw and ligated using blunt end cloning.
pET28a_mCherry_FtsA codes for a C-terminal fusion of the FtsA MTS to mCherry with an N-terminal
His-Tag (mCh-MTS(FtsA)) (GSGGSWIKRLNSWLRKEF; AA 406-420 of E. coli FtsA) analogously to the GFPFtsA-MTS fusion in plasmid pSEB295.53 The mCherry coding regions from plasmid pET28a-mCherryGGBsMTS

were

amplified

with

primers

BR200_mCherry_FtsA_for/p11_MTSftsA_revA

and

subsequently religated using blunt end cloning. pET28a_FtsY_mCherry encodes the N-terminal fusion
of

the

FtsY-MTS

to

mCherry

with

a

C-terminal

His-Tag

(MTS(FtsY)-mCh)

(MFARLKRSLLKTKENLGRGSGSSGSSG; AA 196-211 of E. coli FtsY) and was designed analogously to the
NG+1-Trx fusion.54 It was constructed by amplification of the mCherry coding region from pET28aMreBN-mCherry-His

using

primers

BR201_fw_FtsY_mCherry/BR202_FtsY_mCherry_rev

and

recombined with blunt end cloning. pET28a-mRuby3-MinD was cloned from a sequence-optimized,
custom-ordered mRuby355 DNA fragment that was inserted in place of EGFP on pET28a-EGFP-MinD
using primers 21_ YFP_for, 22_ YFP_rev, 23_ YFP_MinD_for and 24_ pET_YD_rev and Seamless
Assembly. pET28a_mCherry_EcMTS codes for a C-terminal fusion of the E. coli MinD MTS to mCherry
(mCh-MTS(1xMinD)) with an N-terminal His-tag (GSGIEEEKKGFLKRLFGG; AA 256 – 270 of E. coli MinD)
analogously to the fusion to GFP in plasmid in pTS1456. It was constructed by amplification of the
mCherry coding region from plasmid pET28a-mCherry-GGBsMTS using primers 94_GSG_mCh_rev/
44_mut_Kan_rev and of the E. coli MTS sequence from plasmid pET28a-EGFP-MinD using primers
43_mut_Kan_fw/93_mCh-EcMTS_and assembly using seamless assembly.
pET28a_mCherry_2xEcMTS codes for a C-terminal fusion of two copies of the E. coli MinD MTS to
mCherry

(mCh-MTS(2xMinD))

with

an

N-terminal

His-tag
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(GSGIEEEKKGFLKRLFGGGGSIEEEKKGFLKRLFGG; AA 256 – 270 of E. coli MinD) analogously to the fusion
to GFP in plasmid in pSLR9256. It was constructed by amplification of the mCherry coding region from
pET28a_mCherry_EcMTS using primers BR234_tandemMinD_fw/BR235_tandemMinD_rev and
recombined using blunt end cloning. pET28a-mCherry-Jun-EcMTS encodes for C-terminal fusion of the
E. coli MinD MTS to an mCherry Jun leucine zipper fusion construct (mCh-Jun-MTS(1xMinD)) with an
N-terminal His-tag (GGGGSIEEEKKGFLKRLFGG; AA 256 – 270 of E. coli MinD) analogously to pTS3756. It
was constructed by amplification of the mCherry coding region from plasmid pET28a_mCherry_EcMTS
using primers 472_Lin-RV/473_Lin-FW and the coding region Jun from a custom ordered gene
sequence using primers 474_Jun-FW/475_Jun-RV that were combined using seamless assembly.
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8.2 Spatiotemporal Regulation of Model Peripheral Membrane Proteins by MinDE
in Schizosaccharomyces pombe
This section contains results showing that E. coli MinDE self-organization can be
reconstituted in a eukaryotic cell, the fission yeast Schizosaccharomyces pombe. Moreover,
MinDE dynamics spatiotemporally regulated model peripheral membrane proteins
in this physiologically more relevant context, in the presence of cytoplasmic and
membrane crowding.
For the results presented in this section Katharina Nakel assisted with cloning of
the expression plasmids and Samson Glaser assisted with transformation of S. pombe
and initial experiments.
8.2.1

Introduction

The MinDE system is a remarkably robust and minimal pattern forming system: Not
only can MinDE self-organization be reconstituted in vitro with nothing more than
the two proteins MinD and MinE, a membrane and ATP as an energy source, but
these patterns also form over a wide range of conditions and protein concentrations
[25, 183, 185, 186, 188, 189]. Consequently, the in vitro reconstitution assay of MinDE
self-organization has been employed for mechanistic studies, but also to understand
how this system spatiotemporally regulates other proteins [25, 183–186, 188, 189,
204]. In general, MinDE self-organization in vitro reproduces all features of their
behavior in vivo (see section 5.1 for details), however, there is one major difference:
MinDE patterns in vitro occur on an approximately 10 times larger length-scale than
the oscillation in vivo. This discrepancy has cast doubt on the relevance of the in
vitro assay for mechanistic studies and posed the question whether the non-specific
regulation of membrane proteins by MinDE discovered in this thesis (see section 8.1)
is in fact an in vitro artefact and would not occur in vivo.
The main difference between in vitro assay and in vivo behavior, the observed
difference in wavelength, could be caused by several different factors: a difference in
lipid composition or differences in crowding on the membrane and in solution. While
lipid composition affects MinDE dynamics, it is not responsible for the in vivo/in vitro
difference. Even if the anionic density of lipids is increased to levels much higher
than the regular composition of the E. coli plasma membrane, MinDE wavelength
in vitro is still significantly larger than the in vivo wavelength [184, 189]. Theoretical
models of MinDE self-organization indicated that the length-scale of the patterns is
smaller when the diffusion coefficient of MinDE in solution or on the membrane is
decreased [25]. In agreement with this suggestion, the MinDE wavelength in vitro
shrank, when the bulk solution was artificially crowded, but never reached the in vivo
wavelength [191, 200]. Similarly, I demonstrated that MinDE wavelength decreases
for high membrane densities of lipid-anchored streptavidin, suggesting that crowding
on the membrane might be a crucial factor influencing the wavelength of the patterns
(see section 8.1). Thus, the different physico-chemical conditions in vivo and in vitro,
specifically the crowding in solution and on the membrane, might constitute the
source of the different length scales.
This hypothesis is further supported by the observation that MinDE perform
pole-to-pole oscillations on the same length scale as in E. coli, when the two proteins
are heterologously expressed in B. subtilis, a gram-positive bacterium of similar
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size [207]. However, B. subtilis might still be too closely related to E. coli to rule
out interactions of its proteome with the heterologously expressed MinDE. This is
especially clear when considering that B. subtilis features a Min system of its own.
Although the system is different in protein composition and is statically localized
at the cell poles, B. subtilis nevertheless harbors conserved MinC and MinD (see
section 5.1 for details). Furthermore, the reconstituted E. coli MinDE oscillations in B.
subtilis inhibited polar septum formation during sporulation, even in the absence of
endogenous or E. coli MinC [207], indicating that either MinDE interact with other B.
subtilis proteins or position other membrane-bound proteins through the non-specific
mechanism described in this thesis (see section 8.1).
In order to test whether the difference in wavelength between in vitro and in vivo is
caused by distinct physico-chemical parameters, I expressed MinDE as well as model
peripheral membrane proteins heterologously in the fission yeast S. pombe. In the,
from E. coli evolutionary distant, fission yeast, other proteins can be seen as close to
inert in regard to the E. coli MinDE proteins. In addition the larger size and higher
protein levels in S. pombe facilitate detection of protein dynamics by fluorescence
microscopy.
Here, I present results showing that E. coli MinDE self-organization can be reconstituted in a eukaryotic cell, the fission yeast S. pombe. Moreover, I show that MinDE
dynamics in S. pombe are capable of spatiotemporally regulating model peripheral
membrane proteins, demontrating that the non-specific regulation discovered in this
thesis, is also occurring under conditions that are more physiological relevant.
8.2.2

Methods

Plasmids and Strains
A list of all primers used for the construction of the plasmids in this section can
be found in table A.1 in the appendix. Plasmids for heterologous co-expression of
MinD and MinE, as well as model peripheral membrane proteins, were constructed
analogously to a plasmid system devised for co-expression of heterologous proteins
by Terbush et al. [208]. pREP41X and pREP42X, and the leucine and uracil auxotroph
S. pombe strain FY61 [h- ura4-D18 leu1-32] were a kind gift from Susan Forsburg,
University of Southern California [209].
For all constructs, DNA fragments and vector backbones were amplified by PCR
or obtained by restriction enzyme digestion so that they contained 15-20 bp overlaps
between adjacent fragments. The DNA fragments were then combined using the
GeneArt Seamless Cloning and Assembly Enzyme Mix (Thermo Fisher Scientific,
Waltham, USA) according to manufacturer’s instruction. pREP41X-sfGFP-MinD
encodes the E. coli MinD with an N-terminal fusion of sfGFP under the control of the
inducible nmt1* promoter. The sfGFP-MinD coding region was amplified from pMBLsfGFP-MinDMinE [26] using primers BR223/BR224 and the backbone was obtained
by digesting pREP41X with BamHI. pREP42X-MinE encodes the E. coli MinE under
the control of the inducible nmt1* promoter. The MinE coding region was amplified
from pMBL-sfGFP-MinDMinE [26] using primers BR225/BR226 and the backbone
was obtained by digesting pREP42X with BamHI. pREP41X_coex_sfGFP-MinD_MinE
encodes sfGFP-MinD under the control of the inducible nmt1* promoter and MinE
under the same promoter that is duplicated on the plasmid. It was generated by
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amplifying the backbone from pREP41X-sfGFP-MinD with primers KN_646/KN_647
and the fragment encoding MinE from pREP42X-MinE with primers R229/BR230.
pREP42X-mCherry-BsMTS encodes the C-terminal fusion of the B. subtilis MinD membrane targeting sequence (MTS) (GSGKGMMAKIKSFFGVRS; AA 254-268 of B. subtilis
MinD) to mCherry under the control of the inducible nmt1* promoter. The mCherryBsMTS coding region was amplified from plasmid pET28a-mCherry-GGBSMTS
[204] using primers BR227/BR228 and the backbone was obtained by digesting
pREP42X with BamHI. pREP42X-mCherry encodes mCherry under the control of
the inducible nmt1* promoter. The plasmid was obtained by amplifying two regions
from pREP42X-mCherry-BsMTS using primers KN_294/BR64 and KN_312/KN_644.
pREP42X-mCherry-2xEcMTS encodes the C-terminal fusion of two copies of the E. coli
MinD MTS to mCherry (GSGIEEEKKGFLKRLFGGGGSIEEEKKGFLKRLFGG; AA 256
– 270 of E. coli MinD) under the control of the inducible nmt1* promoter. The plasmid
was obtained by amplifying two regions from pREP42X-mCherry-BsMTS [204] using
primers KN_294/KN_647 and KN_312/KN_646 and the insert was amplified from
pET28a-mCherry-2xEcMTS (Addgene # 133624) [204] with primers KN_645/BR227.
Media
Yeast extract with supplements (YES) media was prepared from yeast extract (5 g/l),
glucose (30 g/l) and supplemented with the amino acids adenine, histidine, leucine,
uracil and lysine (each 225 mg/l). Selective medium was prepared from EMM broth
(Formedium, Norfolk, Great Britain) supplemented with the amino acids adenine,
histidine, leucine, uracil and lysine (each 225 mg/l) from which either leucine, uracil
or both were omitted for selection of S. pombe carrying pREP41X, pREP42X or both
pREP41X and pREP42X, respectively. Solid medium was prepared with 2% Difco
Bacto Agar.
Transformation
S. pombe strain FY61 [h- ura4-D18 leu1-32] was transformed with all plasmids. A 5
ml YES media pre-culture was inoculated with FY61 cells from a glycerol stock and
grown at 30 °C, 220 rpm for 16 h. A 50 ml YES culture was inoculated 1:200 from the
pre-culture and grown at 30 °C, 220 rpm for 30-48 h until an OD600 of ∼ 0.5. Cells
were pelleted by centrifugation at 4 °C and 4000 g for 10 min and washed once with 25
ml 1x TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). After another centrifugation
step, cells were resuspended in 1 ml LiAC/1xTE buffer (10 mM Tris-HCl pH 7.5, 1
mM EDTA, 100 mM Lithium Acetate pH 7.5) and incubated for 30 min at 30 °C. 200
µl of the cell supsension was transferred into a new reaction tube and gently mixed
with 20 µl of sonicated salmon sperm DNA (10 mg/ml, Agilent Technologies, Santa
Clara, USA) as carrier and 1 µg of the respective plasmid and subsequently incubated
at room temperature for 10 min. Afterwards 1.2 ml of PEG/LiAc/TE buffer was
added (40% PEG, 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 100 mM Lithium Acetate
pH 7.5) and the mixture was incubated for 3 min at 30 °C and 250 rpm. DMSO was
added to a final concentration of 5%, before heatshock for 15 min at 42 °C. Cells were
pelleted at 7000 g for 30 s, resupended with 300 µl TE buffer and spread on plates
with the respective selective medium. Plates were incubated for 3-5 days at 30 °C,
before colonies were picked and striked out to obtain pure clones. After another 3-5
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days of incubation at 30 °C, individual clones were picked and grown in 5 ml cultures
of selective medium to generate glycerol stocks (50% glycerol).
Culture and Image Acquisition
For image acquisition S. pombe cells were inoculated from glycerol stocks and grown
in 5 ml of the respective, selective medium for 48-72 h at 30 °C. Cover slides were
rinsed with ethanol and ddH2 O, and further cleaned in a plasma cleaner (model
Zepto, Diener electronic, Ebhausen, Germany) for 30-60 s at 45-50% power and 0.3
mbar with oxygen as process gas. Subsequently Grace Bio-LABs reusable culture well
gaskets (GBL103240, Sigma-Aldrich), with wells of 9 mm diameter, were attached
to the cleaned cover slides. 0.01% Poly-L-lysine solution (P4707, Sigma-Aldrich, St.
Louis, USA) was added to the wells and incubated for more than 30 minutes. Wells
were washed with the respective media once, before 10-40 µl of cell suspension was
added and incubated for ∼5 min. All image-acquisition was performed at room
temperature on a Zeiss LSM780 confocal laser scanning microscope equipped with
a Zeiss C-Apochromat 40x/1.20 water-immersion objective or a Plan-Apochromat
60x/1.4 DIC oil-immersion objective (Carl Zeiss AG, Oberkochen, Germany). Longer
time-series were acquired using the built-in definite focus system. All two-color
images were acquired with alternating illumination to avoid cross-talk.
Image Analysis
All images were analyzed using ImageJ (version 5.12p) [210]. Kymographs were
obtained from line selections with the width of the full cell (40-55 pixel). To obtain
the wave velocity, kymographs were selected that showed traveling waves, and the
slopes were obtained by manually fitting lines. The wavelength was obtained from
kymopgraphs by either measuring the horizontal distance between two peaks of
pole-to-pole oscillations or between to fluorescent peaks of traveling wave fronts.
8.2.3

Results and Discussion

MinDE Self-Organize in the Fission Yeast S. pombe
To test whether MinDE self-organize in the fission yeast S. pombe, I first devised
a stragey for the co-expression of E. coli MinD and MinE in S. pombe. To this end
I designed a plasmid where the inducible nmt* promoter is duplicated, allowing
the expression of two genes under the same inducible promotor, analogous to a
co-expression system devised by Terbush et al. (Fig. 8.1a) [208]. The plasmid
complements leucin auxotrophy and could thus be selected for in the uracil/leucin
auxotroph S. pombe strain used herein.
S. pombe cells harboring the plasmid for co-expression of sfGFP-MinD and MinE,
harbored bright green foci in the cell interior (Fig. 8.1b). Upon closer inspection these
fluorescent spots were not static, but dynamic. Individual cells displayed a variety
of dynamics, such as pole-to-pole oscillations, circular dynamics, traveling waves,
but also more complex ones (Fig. 8.1c). As a control that the observed dynamics
were indeed ascribable to MinDE self-organization, I expressed sfGFP-MinD in the
absence of MinE in S. pombe (Fig. 8.1e). As expected, sfGFP-MinD seemed to localize
to the same intracellular membranes, but the overall distribution was much more
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Figure 8.1. MinDE self-organize in the fission yeast S. pombe at a similar spatiotemporal
scale as in E. coli. a Schematic of the plasmid employed for co-expression of sfGFP-MinD
and MinE. b Representative images of S. pombe cells harboring the co-expression plasmid
for sfGFP-MinD and MinE, display bright green foci in the cell interior. c MinDE perform a
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oscillation pattern. d Analysis of the wave velocity and wavelength of MinDE dynamics in S.
pombe cells. Lines represent the median and standard deviation. e sfGFP-MinD fluorescence
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homogeneous and showed no obvious dynamics. Thus, MinDE self-organization can
be reconstituted in a eukaryotic cell, further corroborating that MinD and MinE are
both necessary and sufficient for pattern formation.
MinDE Self-Organize in S. pombe with Similar Spatial and Temporal Scales as in its
Native Host E. coli
Analysis of kymographs of cells with regular pole-to-pole oscillations, as well as
traveling waves, allowed us to obtain an estimate of the wavelength of the MinDE
dynamics in S. pombe. Intriguingly, the wavelength of MinDE dynamics in S. pombe
of (7.5±2.6) µm (Fig. 8.1d) was similar to the wavelength that has been reported for
MinDE dynamics in E. coli of about 8-11 µm [22, 124, 211]. Hence, the wavelength
in S. pombe is very similar to the wavelength in E. coli and deviates of the in vitro
wavelength by a factor of 10 [25, 124, 183, 189]. This results suggests, that the larger
wavelength in vitro is not caused by a missing protein factor, but is indeed due to
physico-chemical differences in the reaction environment, presumably differences in
crowding on the membrane and the cytoplasm.
To determine the average wave velocity, I analyzed kymographs of cells with
MinDE traveling waves. The obtained velocity of (0.04±0.03) µm s−1 (Fig. 8.1d) is
lower than the values that have been reported for wave propagation on SLBs in vitro
of about 0.1-0.6 µm s−1 [25, 124, 183, 186, 189, 190]. For the regular pole-to-pole
oscillations in E. coli, only the oscillation period has been reported, but not the wave
velocity. For better comparison, I therefore estimated the oscillation period in the
fission yeast S. pombe, from the wave velocity and wavelength obtained herein, to be
about 184 s. The oscillation period is thus slightly larger than the one reported for the
dynamics in E. coli and in vitro on SLBs of about 40-120 s [22, 24, 25, 124, 183, 189].
This deviation could be caused by differences in temperature, protein levels, density
of anionic lipids, factors all reported to influence the velocity of wave propagation
and thus the oscillation period in vitro or in E. coli (see Table 2 in section 5.1) [93, 124,
189, 190, 211].
Appearance of MinDE Dynamics in S. pombe Differs from that in E. coli
While the quantitative parameters of MinDE dynamics, wavelength and wave velocity,
in S. pombe resembled those in E. coli, the appearance of the dynamics in the two
organisms differed: (1) MinDE oscillations in S. pombe were much more chaotic
and exhibited various modes, whereas MinDE commonly perform regular poleto-pole oscillations in E. coli (Fig. 8.1c); (2) MinDE seemed to preferably bind to
and perform dynamics on intracellular membranes in S. pombe, thus propagating
through the cell interior. In contrast, in E. coli, which does not contain any membraneenveloped organelles, MinDE strictly localize to the plasma membrane and thus the
cell circumference [22–24].
One explanation for the various oscillation modes observed in S. pombe is that
the wavelength of MinDE dynamics in both organisms is similar, but that despite
their similar rod-shape, S. pombe is much wider and longer than E. coli (S. pombe:
3.5 µm x 8-14 µm [212]; E. coli: 0.7-1 µm x 2.6-4.0 µm [213]). The MinDE system is
highly sensitive to geometry which has been demonstrated in E. coli as well as in
vitro [24, 177, 191]. In regular-sized E. coli cells MinDE usually perform pole-to-pole
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oscillations [22, 23]. When E. coli cells are elongated, but maintain regular width,
MinDE usually exhibit multi-node standing waves [22], whereas traveling waves
only rarely occur [214]. However, when the shape of E. coli is greatly altered by
mutations or custom shaping in microstructures, MinDE display a variety of distinct
patterns, such as traveling waves, circular oscillations, or more complex patterns [24,
215, 216]. Hence, the larger size of the fission yeast presumably alters the geometric
boundary conditions resulting in various patterns. A similar mismatch between
MinDE wavelength and dimensions of the reaction container have been made in the
in vitro reconstitution assay. The wavelength of MinDE dynamics can be artificially
decreased in vitro by introducing specific mutations into MinE [186]. When MinD and
these MinE mutants were reconstituted in microcompartments that were designed to
fit the larger wavelength of the wildtype proteins in vitro, MinDE performed unusual
dynamics, such as circular rotations and traveling waves [186].
Another explanation for the non-canonical behavior of MinDE in S. pombe is
the presence of intracellular membranes in these cells. When closely inspecting the
fluorescent images, it becomes apparent that MinDE preferably bound to intracellular
membranes in S. pombe (Fig. 8.1). This is especially clear when sfGFP-MinD was
expressed in the absence of MinE (Fig. 8.1e). Also when MinDE were co-expressed
with mCherry constructs, MinDE accumulation on the internal membranes was clearly
visible (Fig. 8.2c-e and Fig. 8.2.3). These intracellular membranes do not only have an
overall different geometry than the hollow cylinder of the E. coli plasma membrane, but
presumably also a much larger overall surface area. Thus, the presence of intracellular
membranes in S. pombe also alters the boundary conditions, presumably impacting
the self-organization of MinDE.
The internal membranes that are bound by MinDE had a vesicular shape and, thus,
are most likely vacuoloes. S. pombe usually contains about 40-80 small vacuoles with
an average diameter of about 0.5 µm [217]. In order to ascertain that these structures
are indeed vacuoloes, future experiments should be conducted in which vacuoles are
visualized by the dyes FM 4-64 and CDCFDA, for staining the vacuolar membrane or
lumen, respectively [218, 219]. For better visualization, one could also subject S. pombe
to a hypoosmotic shock to induce vacuolar fusion, resulting in a few large vacuoles
per cell [219]. Also other intracellular membranes, such as mitochondria, the nuclear
envelope and the endoplasmatic reticulum should be stained, to assess co-localization
with MinDE. Why does MinDE seem to prefer binding to intracellular membranes
over the plasma membrane in S. pombe? This is especially interesting knowing that
the model peripheral membrane proteins, even the one habouring a tandem repeat of
the MinD MTS, bound to both sets of membranes (Fig. 8.2c-d). Potential explanations
for the binding preference of MinD might be the higher membrane curvature of
intracellular membranes or distinct lipid compositions of the organelles [220, 221].
Also the fluidity of vacuolar membranes is presumably much higher than that of the
cell-wall supported plasma membrane, as has been shown for the related budding
yeast S. cerevisae [220]. Furthermore, vacuolar membranes, even though they also
habour membrane proteins, are presumably much less crowded with proteins than
the plasma membrane, thus offering more binding sites for MinDE [222].
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MinDE Regulates Model Peripheral Membrane Proteins in the Fission Yeast S.
pombe
Having shown that MinDE self-organize in S. pombe and, more importantly, do so with
a similar wavelength as in their native host E. coli, I wondered whether MinDE could
also spatiotemporally regulate peripheral membrane proteins under these conditions,
a mechanism so far only demonstrated to occur in vitro, where the wavelength of
MinDE is much larger (see section 8.1) [204, 223]. To this end I constructed a second
expression plasmid, which allows for complementation of uracil auxotrophy and can
thus be maintained next to the co-expression plasmid for sfGFP-MinD/MinE in the
uracil/leucine auxotroph S. pombe strain. I constructed three different versions of
this plasmid encoding one of three different mCherry versions under the control of
the inducible *nmt promoter: soluble mCherry (mCh), mCherry fused to the MTS
of the B. subtilis MinD (mCh-MTS(BsD)) and mCherry fused to a tandem repeat of
the MTS of the E. coli MinD itself (mCh-MTS(2xMinD)) (Fig. 8.2a). Apart from the
purification tag, these three mCherry proteins are identical to those used for the
in vitro reconstitution experiments which initially demonstrated the spatiotemporal
regulation of peripheral membrane proteins by MinDE (see section 8.1).
When I expressed these three proteins separately in the fission yeast S. pombe,
mCh-MTS(BsD) and mCh-MTS(2xMinD) bound to cellular membranes, whereas the
soluble mCherry exhibited a cytoplasmic localization (Fig. 8.2b-d). Interestingly,
mCh-MTS(BsD) and mCh-MTS(2xMinD), unlike sfGFP-MinD, seemed to bind to
both, intracellular membranes as well as the plasma membrane. This highlights that
MinD membrane binding is different than that of a simple peripheral membrane
protein. It indicates the high cooperativity in MinD membrane binding that might be
caused by MinD forming supramolecular structures on the membrane (see sections
7.1 and 8.1, and section 9.1 for a detailed discussion).
When I co-expressed sfGFP-MinDE with either one of the three mCherry versions, I found that all proteins exhibited similiar behavior as when expressed on
their own: MinDE self-organized on intracellular membranes, mCh-MTS(BsD) and
mCh-MTS(2xMinD) bound to membranes, whereas mCh remained cytoplasmic (Fig.
8.2e-g). Intriguingly, careful inspection of the fluorescent images revealed, that the
fluorescent intensity of mCh-MTS(BsD) and mCh-MTS(2xMinD) was reduced in
areas where MinD fluorescence was high (Fig. 8.2f,g). This was even more apparent
in the kymographs. Wherever fluorescence intensity of MinDE was high, the intensity
of mCh-MTS(BsD) and mCh-MTS(2xMinD) was reduced and vice versa. In contrast,
when MinDE was co-expressed with mCh, no such changes in fluorescence intensity
were observed (Fig. 8.2e). Hence, MinDE-dependent spatiotemporal regulation of
model peripheral membrane proteins also occurs, when MinDE are reconstituted
in S. pombe. Also other bacterial self-assembling and self-organizing proteins have
been introduced in S. pombe and displayed similar behavior as in their native hosts,
such as the curvature recognizing protein DivIVa from B. subtilis or cyanobacterial
and chloropast FtsZ [224–226]. Hence, these experiments are suggest, that MinDE
might also be capable of spatiotemporally regulating peripheral membrane proteins
in E. coli itself. Nevertheless, to ascertain the existence of this phenomena in E. coli,
experiments performed in this organism are of course required. In future experiments
with S. pombe it would be interesting to determine whether MinDE could also affect
endogeneous S. pombe membrane proteins.
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regulates model peripheral membrane proteins e mCh-MTS(BsD) and f mCh-MTS(2xMinD),
but not e mCh. Scale bars: 5 µm.
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ABSTRACT: Patterns formed by reaction-diﬀusion mechanisms are crucial for the development or sustenance of most
organisms in nature. Patterns include dynamic waves, but are
more often found as static distributions, such as animal skin
patterns. Yet, a simplistic biological model system to
reproduce and quantitatively investigate static reactiondiﬀusion patterns has been missing so far. Here, we
demonstrate that the Escherichia coli Min system, known for
its oscillatory behavior between the cell poles, is under certain
conditions capable of transitioning to quasi-stationary protein
distributions on membranes closely resembling Turing
patterns. We systematically titrated both proteins, MinD and
MinE, and found that removing all puriﬁcation tags and linkers from the N-terminus of MinE was critical for static patterns to
occur. At small bulk heights, dynamic patterns dominate, such as in rod-shaped microcompartments. We see implications of this
work for studying pattern formation in general, but also for creating artiﬁcial gradients as downstream cues in synthetic biology
applications.
KEYWORDS: pattern formation, self-organization, in vitro reconstitution, min proteins, reaction-diﬀusion system, stationary pattern

P

activity of MinD. MinE thus features its own, MinD-dependent
switch. In the active conformation, a small MTS is formed that
is hidden in the latent conformation. MinD shows a strong
local positive feedback during membrane binding, recruiting
further MinD, while MinE negatively regulates MinD
membrane binding. Together, this network of interlinked
switches promotes stable pattern formation in a large range of
concentrations.11
The in vitro reconstitution of this system has been used to
investigate the dependence of the formed patterns on several
parameters, such as membrane charge and buﬀer composition,12 geometry,13−15 and the molecular features of Min
proteins.11,16,17 In all of these investigations, Min proteins were
mostly found to self-organize into traveling concentration
waves on the surface.9,12 While smooth, directionally moving
wavefronts can be primarily observed under steady state
conditions on homogeneous membranes, additional dynamic
patterns have been observed in a ﬂow cell setup.16,18 However,
despite a decade of reconstitution eﬀorts, stationary patterns
with ﬁnite wavelength or “Turing” patterns19,20 have not been
reported for the Min system. As it is known that in reactiondiﬀusion systems, even relatively minor changes in system
parameters can sometimes cause dramatic, qualitative changes
in the observed patterns, it was our intention to explore

attern formation, the emergence of patterns in initially
spatially homogeneous systems, is at the basis of biological
systems. It often relies on reaction-diﬀusion mechanisms, as in
the patterning of animal skin1 and on multiple occasions in the
development of animals.2,3 Hence, understanding reactiondiﬀusion mechanisms in detail is important in the context of
cell and developmental biology, but it is mandatory for any
fundamental approach toward the emergence of biological
systems and for the bottom-up construction of artiﬁcial cells.
A prominent candidate for a simple model system to probe
reaction-diﬀusion mechanisms is the Min system of Escherichia
coli. The Min proteins perform pole-to-pole oscillations to
determine the middle of the cell and future division site. This
dynamic behavior results from reaction and diﬀusion of only
two proteinsMinD and MinEin the presence of and
catalyzed by a lipid membrane. Due to its relevance for the
intracellular organization of bacteria the system has been
studied in depth in vivo.4−6 Its apparent simplicity also
facilitated the development of multiple mathematical models7,8
as well as the reconstitution of the protein dynamics in vitro.9
The combined eﬀorts resulted in a widely accepted hypothesis
for the basic mechanism (Figure 1a): MinD is an ATPase that
dimerizes in its ATP-bound state. This renders the membrane
aﬃnity of MinD with its weak membrane targeting sequence
(MTS) suﬃciently high to attach to the membrane, turning the
MinD monomer−dimer transition into a membrane switch.10
The second protein, MinE, exhibits a latent cytosolic
conformation and an active conformation in the presence of
membrane-bound MinD, which in turn stimulates the ATPase
© 2018 American Chemical Society
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Figure 1. (a) Simpliﬁed schematic of Min protein self-organization. MinD (purple) is cytosolic in its ADP-bound state, but attaches to the
membrane upon ATP-dependent dimerization. Membrane-bound MinD locally enhances self-recruitment, but also recruits MinE, which activates
ATP-hydrolysis and thereby detaches MinD. (b) Experimental setup used: SLB is formed at the bottom of a round plastic chamber glued to a
cleaned glass coverslip. Min proteins, ATP, and buﬀer solution together constitute the bulk volume of 200 μL. (c) Freeing the N-terminus of MinE
leads to the formation of stationary patterns in reconstitution assays: Representative images for each pattern are shown. Top left: Traveling waves,
observed at 0.5 μM MinD, 1.2 μM MinE-His. Top middle: Spots, here at 1.3 μM MinD, 4 μM MinE-His. Top right: Labyrinth (1.25 μM MinD,
2.5 μM MinE-His). Bottom left: Inverse spots (0.5 μM MinD, 0.125 μM MinE-His). Bottom middle: MinE-mesh (1.5 μM MinD, 3 μM MinEHis). Bottom right: no pattern (0.2 μM MinD, 1 μM MinE-His). (Scale bar: 50 μm, MinD: magenta, MinE-His: cyan; proteins were ﬂuorescently
labeled by doping MinD with 30% Alexa647-KCK-MinD and MinE-His with 30% Atto488-KCK-MinE-His, membrane prepared from 2:1
DOPC:DOPG).

closely resemble Turing patterns.19,20 Thus, while the in vitro
Min system was believed to be well understood, this new
phenomenon of static patterns in such an easily accessible
biological reaction-diﬀusion system oﬀers many exciting
perspectives for both experimentalists and theoreticians.

whether such a transition from dynamic to static Min patterns
could be evoked simply by titration.
Because most protein constructs used for in vitro
applications carry additional modiﬁcations due to the need
for puriﬁcation, special attention was paid to the inﬂuence of
such tags, particularly for MinE, which is the smaller protein.
Previously, placement of the His-tag at the N- and C-terminus
of MinE showed similar results with respect to pattern
formation, although this was examined only at one speciﬁc
experimental condition.9 We therefore revisited our standard
MinE construct, which was cloned with an N-terminal His-tag
and linker, and systematically investigated pattern formation
while titrating the concentrations of MinD and MinE.
Strikingly, moving this N-terminal attachment to the Cterminus, or cleaving it oﬀ to obtain the wild type protein had
an astonishing eﬀect on the observed dynamics in our in vitro
assay, and opens up a big spectrum of intriguing patterns that

■

RESULTS AND DISCUSSION
Reconstituting MinD and MinE-His on a DOPC:DOPG (2:1)
supported lipid bilayer in the presence of ATP resulted in a
diverse set of patterns (Figure 1c). Traveling surface waves and
spirals with the same characteristics as described for His-MinE
could be obtained under some conditions. We classiﬁed the
other, newly observed patterns as spots, labyrinths, inverse
spots, and (MinE−) mesh, respectively. At low MinD
concentrations, there are regimes where no patterns emerge
and the membrane is mostly free of MinD and MinE (Figure
1c, last panel). Intriguingly, all patterns except the already
149
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Figure 2. Pattern formation with MinE-His (a) diﬀers considerably from patterns using the previously described His-MinE (b) construct. Varying
amounts of MinD (doped with 30% Alexa647-KCK-MinD) and either MinE-His or His-MinE were reconstituted on 2:1 (DOPC:DOPG) SLBs.
Pattern formation was assessed in well-mixed chambers after 1h incubation with the proteins and 2.5 mM ATP. The overlaid graphics represent
schematic drawings to ease perception of the overall diﬀerence between the constructs. Observed patterns are depicted by the symbols described in
the legends (top right). Data points depict single observations in separately prepared assay chambers.

reminiscent of the in vivo MinE-ring formation and patterns
reported by the Mizuuchi lab.18 For a separate representation
of the membrane distribution of the two proteins in Figure 1c,
please refer to Figure S1.
To systematically map out the occurrence of the various
patterns as a function of Min protein concentrations, we
titrated MinD and MinE-His and summarized the results in a
phase diagram (Figure 2a). The striking diﬀerence between the
two MinE constructs becomes apparent when this plot is
compared to a similar diagram compiled from our formerly
used protein construct, His-MinE (Figure 2b). Whereas HisMinE, as previously described, self-organizes into traveling

described traveling waves are static, and have a strong
resemblance to Turing patterns.19,20 Importantly, we solely
state a qualitative similarity, without drawing conclusions
about the mechanism or underlying instability. Gradual small
changes can be seen in the patterns (Movie S1), which recover
rapidly when photobleached (Movie S2). This shows that,
while the overall protein distribution in the large scale pattern
is mostly static, there is constant reaction and diﬀusion
occurring, where proteins remain mobile and frequently bind
and unbind the membrane. Looking at MinD and MinE
separately reveals a diﬀerential distribution in the static
patterns, often with MinE occupying the rim of MinD zones,
150

168

DOI: 10.1021/acssynbio.8b00415
ACS Synth. Biol. 2019, 8, 148−157

Chapter 8. The MinDE System Positions, Transports and Sorts Membrane-Bound
Molecules

Research Article

ACS Synthetic Biology
surface waves in a broad range of concentrations on glass
supported lipid bilayers, and does not systematically show
additional patterns, MinE-His forms waves only in a narrow
range of MinD and MinE concentrations. The newly described
patterns occupy most of the area in the phase diagram. The
schematic regions depicted on top of the plotted values are
simpliﬁed representations, where the sharp boundaries
between types of patterns are drawn to guide the eye and do
not reﬂect the situation in our assays. Rather, two phenomena
should be highlighted speciﬁcally: First, the assays show
multistability, a phenomenon already reported for axis
selection and the number of nodes in conﬁned oscillating
Min reactions.21 Thus, we commonly observe two adjacent
patterns within the same chamber, either separated spatially
within the chamber (Figure S3), or temporally with one
pattern following minutes to hours after another. This timedependent pattern switch can even happen multiple times
within the same, well-mixed assay. Second, while there are
strong diﬀerences between the individual pattern types (spots,
labyrinth, inverse spots, mesh), the transitions between the
static patterns show gradual changes, and intermediate patterns
are often observed (see also Figure S4). The phase diagram
will shift by varying parameters such as membrane
composition, buﬀer ingredients, or support of the lipid bilayer.
However, the overall shape of the pattern space is expected to
stay the same. We did some experiments using E. coli polar
lipid extract to form the membrane, since this mixture has been
used in the original publication. Similar to our results with the
DOPC:DOPG (2:1) mixture, traveling waves forming with
MinE-His occurred at lower MinD/MinE compared to the
conditions giving rise to stationary patterns (two conditions
found in Figure S5).
To exclude the possibility that static patterns are caused by
the C-terminal His-tag, we also generated MinE as it is found
in the cell, by expressing it as a His-SUMO-MinE fusion and
cleaving it to retrieve the native protein via a selective SUMO
protease. The wild type protein produces the same spectrum of
patterns as MinE-His, conﬁrming that His-MinE shows a
markedly reduced diversity of obtainable patterns relative to
wild type MinE and MinE-His (Figure 3). It is important to
note that the scale of the patterns varies slightly between
assays, even when using the same protein concentrations.
Given the stark diﬀerence in pattern diversity between the
two MinE constructs, we wondered what kind of dynamic
behavior the two proteins show in vivo compared to wildtype
MinE. We expressed MinD tagged with superfolder GFP, and
either His-MinE, MinE-His, or MinE wt under control of a lac
promoter on a low-copy plasmid in ΔminDE cells. Analysis of
the time-lapse data acquired with these constructs shows that
all three constructs support MinD pole-to-pole oscillations in
vivo. However, the oscillation periods observed with His-MinE
were signiﬁcantly longer and their spread vastly bigger than
measured with wild type MinE or MinE-His (Figure 3b, see
also Movie S3). On average, cells were also more elongated
with His-MinE compared to MinE wt, hinting at a cell division
phenotype as a consequence of the altered Min system.
Since the His-tag and linker in His-MinE are directly
attached to the MTS, we suspected that a diﬀerence in
membrane binding might be responsible for the reported
changes. Therefore, we performed measurements of MinE
binding to a membrane on a quartz crystal microbalance with
dissipation monitoring (QCM-D). The data obtained indicate
very similar membrane binding by both His-MinE and MinE-

Figure 3. MinE-His and MinE-wt exhibit the same pattern diversity,
whereas His-MinE is characterized by impaired pattern diversity in
vitro and slower pole-to-pole oscillation in vivo. (a) Comparison of
diﬀerent MinD and MinE concentrations for all three MinE
constructs. Top: 0.5 μM MinD, 1.3 μM MinE. Second row: 1 μM
MinD, 3 μM MinE. Third row: 1.5 μM MinD, 1 μM MinE. Bottom
row: 1.5 μM MinD, 0.5 μM MinE. (Scale bars: 50 μm. All images
except left and middle panel in the last row were recorded at the same
scale. MinD doped with 30% Alexa647-KCK-MinD in each case.) (b)
In vivo oscillation periods at room temperature relative to cell length
induced by the diﬀerent MinE constructs and superfolder GFP-MinD
when expressed in Δ(minDE) background under IPTG induction.
Number of cells measured: MinE wt (n = 104), MinE-His (n = 143),
and His-MinE (n = 189). The full plot containing all outliers can be
found as Figure S11, and single plots of MinE-His and MinE-wt in
Figures S12 and S13.

His as well as untagged MinE (Figure 4a). We therefore
conclude that the changes in pattern diversity in vitro and
oscillation period in vivo are not due to diﬀerential membrane
binding of the MinE constructs.
To test whether the linker placement aﬀects the rate of ATP
hydrolysis by stimulated MinD, we performed ATPase
measurements. And indeed, an NADH-coupled measurement
of the ATPase rates revealed that the two MinE constructs lead
to a diﬀerent stimulation of MinD ATPase activity. While the
ATPase rate in the presence of His-MinE was measured at
roughly 46 nmol ATP per minute and mg (MinD), it was only
about two-thirds as high (28.8 nmol ATP per minute and mg
(MinD)) in the presence of MinE-His and MinE wt. This
shows that, in comparison to MinE wt, His-MinE is not
impaired but hyper-active, which might be the cause for it to
151

DOI: 10.1021/acssynbio.8b00415
ACS Synth. Biol. 2019, 8, 148−157

169

Chapter 8. The MinDE System Positions, Transports and Sorts Membrane-Bound
Molecules

Research Article

ACS Synthetic Biology

conformational switch was looked at from a dual theoryexperiment perspective.11 By using the MinE(I24N) mutant
which is permanently locked in the 4β-conformation, the
impact of MinE conformational switching on Min protein
pattern formation was investigated. If addition of the Nterminal tag and linker would severely impact switching,
similarly compromised pattern formation as with I24N would
be expected for His-MinE. Instead, we observed a diﬀerent
phenotype where traveling waves are the only observed mode.
We speculate that the higher ATPase rate and diﬀerent phase
diagram of MinE-His in comparison with His-MinE could be
attributed to a slower return of the His-linker-MinE from the
(reactive) 4β to the (latent) 6β-conformation. This would
render MinE hyperactive and lead to a higher ATP turnover.
As a further conﬁrmation that the diﬀerence between the
MinE constructs is not due to membrane binding, MTSdeﬁcient (missing amino acids 2−12) versions of His-MinE
and MinE-His show slightly diﬀerent self-organization
characteristics in our in vitro assay, while the ATPase rate of
both constructs remains the same. In particular, while both the
ΔMTS MinE-His and ΔMTS His-MinE constructs displayed a
reduced wavelength compared to the WT under wave
conditions, we also noticed a diﬀerence in the patterns’ spatial
scale between the N- and C-terminally tagged ΔMTS
constructs at the tested concentrations (Figure S5).
Having noticed all those discrepancies between the diﬀerentially tagged versions of MinE (see also Figure S6), we
wondered whether important features of in vitro Min patterns
established with His-MinE could also be observed with MinEHis and, conversely, if experiments with MinE-His could
provide additional insights. Therefore, we thoroughly revisited
several key, past experiments.
First of all, the overall shape of the MinD- and MinEdensities along a traveling wave proﬁle remain unchanged by
the new construct (Figure S7), consistent with results obtained
by the Mizuuchi lab,12 who use MinE-His for their experiments. MinE accumulates over the course of a wave and
reaches maximal density where MinD density is already
decaying. Rapid rebinding of MinE in the traveling wave has so
far only been shown with the N-terminally tagged MinE, and
should possibly be conﬁrmed with C-terminally tagged MinE
by future experiments.16,24 However, as highlighted by our
phase diagrams (Figure 2), both His-MinE and MinE-His form
Min patterns in a similar, broad range of MinE concentrations.11
The reconstitution of Min proteins in PDMS microstructures was the ﬁrst assay to mimic the rod shape of
bacterial cells with simultaneous reaction conﬁnement. While
the oscillations diﬀer from in vivo oscillations in scale, due to a
larger wavelength and reaction volume, they nevertheless
reproduce key aspects of in vivo behavior.25 Brieﬂy, an SLB is
formed on a micropatterned PDMS support. MinD, MinE, and
ATP are added into the large bulk volume, and selforganization is ﬁrst observed everywhere on the membrane
without lowering the buﬀer level. Once regular waves are
running on top of the wells, the buﬀer is lowered, so that
individual microcavities become isolated and the proteins and
ATP conﬁned within. His-MinE oscillates under these
conditions with a very similar time-averaged protein
concentration proﬁle as observed in vivo. Performing the
same assay with MinE-His also resulted in oscillating
microcompartments when choosing MinD and MinE concentrations that lead to traveling waves in the bulk assay (Figure

Figure 4. All MinE constructs with MTS bind the membrane with
similar aﬃnity, but MinE wt and MinE-His show reduced MinD
ATPase stimulation compared to His-MinE. (a) QCM-D measurements of His-MinE, MinE wt, and MinE-His binding to membranes
show no apparent diﬀerence in membrane binding and unbinding
between the constructs. (b) ATPase rates of MinD plus diﬀerent
MinE constructs was measured in an NADH-coupled assay. Data are
combined from two independent assays of triplicates for each
condition. Error bars represent standard deviation; data points are
overlaid.

support dynamic rather than stationary patterns (Figure 4b).
Furthermore, we tested versions of MinE without the MTS,
with the His-tag on either end of MinE, and found no
signiﬁcant diﬀerence between ATPase rate stimulation by
those constructs at the tested concentrations. This further
supports the notion that the His-tag does not impede MinE
membrane binding.
Recent studies have generated new insights into the
conformational dynamics of MinE by employing CD spectroscopy and hydrogen−deuterium exchange coupled to mass
spectrometry.22,23 The authors suggest that there is no
equilibrium between MinE’s 6β-stranded and 4β-stranded
version. Instead, within the 6β-stranded form, MinE transiently
releases its MTS along with a loop segment connecting the
MTS to the β-sheet. In this state, the switch from the 6βstranded latent state to the 4β-stranded reactive state is
subsequently triggered if MinE encounters, or “senses”,6 a
membrane-bound MinD dimer. In a recent publication, MinE’s
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5a). Intriguingly, MinE-His also supports pole-to-pole
oscillations and other dynamic patterns when the buﬀer is

Figure 5. Reaction conﬁnement leads to dynamic oscillations both
under wave (a) and static conditions (b). Microchamber assays were
performed, and pattern formation was observed before lowering the
buﬀer. Irrespective of the observed pattern before buﬀer-removal,
oscillations were observed in isolated microcompartments. (Concentrations: top 0.75 μM MinD, 2 μM MinE-His, bottom: 1.3 μM MinD,
4 μM MinE-His, 20% Alexa647-KCK-MinD in each, scale bars in
overview images: 50 μm).

lowered at conditions that initially form static patterns, such as
labyrinths or spots (Figure 5b). Thus, there is only a minor
diﬀerence in behavior between His-MinE and MinE-His under
conditions where the bulk volume is limited. This is further
supported by measurements in a ﬂow cell, where almost
exclusively dynamic patterns with MinE-His are observed,
presumably due to the much lower bulk volume.12,16,18
In a recent study, we showed that the MinDE system can act
as a generic cue to position other membrane-bound or
membrane-associated factors.26 Probing the same eﬀect with
MinE-His conﬁrmed the results obtained with His-MinE: The
Min system can position model peripheral and lipid-anchored
membrane proteins (Figure 6, Movies S5 and S6). The extent
of regulation is similar where MinD and MinE-His form
traveling waves (Figure S8). Additionally, the newly observed
static patterns strongly exclude other proteins from areas where
the membrane-bound MinD levels are high. Importantly, since
the distributions of MinD and MinE are distinct in these static
patterns, we can now clearly state that membrane-bound MinD
alone is responsible for the observed positioning eﬀect. The
static patterns can therefore be used as a novel cue to position
other membrane-associated proteins in vitro.
On top of this, the static patterns themselves oﬀer intriguing
possibilities for all kinds of in vitro investigations. Since the
main diﬀerence in diﬀusion of the Min components depends
on membrane-binding upon dimerization, the absolute size
and bulk diﬀusion of either component are not crucially
important. For example, ﬂuorescent proteins have been added
to both MinD and MinE in vivo without disturbing Min
oscillations.4,27 Thus, attaching for instance functional
secondary proteins to a fraction of MinDs is not likely to
impact pattern formation to a relevant degree. This is further
evidenced by many of our previous experiments where 20 to
30% of MinDs were tagged with the ﬂuorescent proteins eGFP
or mRuby3.11,17,28 One could therefore imagine assays where
the Min system merely positions factors in a self-organized
manner, which is especially compelling in a case where spots

Figure 6. MinD and MinE-His are able to spatiotemporally regulate
model peripheral and lipid-anchored proteins. (a) MinDE spot
patterns formed with MinE-His exclude the model peripheral
membrane protein mCh-MTS(BsD) (0.75 μM MinD (30% EGFPMinD). Two μM MinE-His, 1 μM mCh-MTS(BsD)). Kymographs of
the respective line selection. (b) MinDE static patterns formed in the
presence of MinE-His are spatiotemporally regulating lipid-anchored
streptavidin, forming a static inverse streptavidin pattern. Time-series
of the establishment of MinDE labyrinth pattern and inverse
streptavidin pattern (1 μM MinD (30% EGFP-MinD); 2 μM
MinE-His, Alexa647-Streptavidin, 69 mol % DOPC/30 mol %
DOPG/1 mol % Biotinyl-CAP-PE). Kymograph along the line
selection shown at time = 0 s.

are rendered sparse by adding more MinE-His (Figure S9).
These new stationary patterns could be used for example to
anchor polymerizing or depolymerizing factors for cytoskeletal
proteins like actin or tubulin onto model membranes to create
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other researchers by sharing all plasmids and detailed
protocols.31

new active systems. Another interesting experiment would be
to tether any component essential for protein production to
the MinD foci and thereby locally produce proteins via cellfree protein production.
Early experiments on mica as a support showed static
patterns with His-MinE under certain conditions. These were
not further investigated, however.9 It is puzzling also to us that
the spectrum of intriguing patterns observed with MinE-His
has not been reported before, but we have to assume that
researchers using similar (large available bulk volume) setups
previously tested MinE-His only under conditions of
(eﬀectively) low MinD concentration, where it forms traveling
waves as observed with His-MinE. In the original paper’s
supplement, MinE-His is mentioned in that exact context, and
no diﬀerence to His-MinE was found.9 Similarly, Vecchiarelli et
al. ﬁnd that MinE-His forms traveling waves in their ﬂow-cell
setup, likely because the bulk height or the total protein
amounts are more limited.12 This once again highlights how
easily discoveries are overlooked and how important it is to
test reconstituted systems under multiple conditions. This is
particularly important in the case of self-organizing reactiondiﬀusion networks that are inherently sensitive to changes in
parameter values due to the underlying nonlinearity of the
molecular interactions. Overall, as also indicated by Figure 3,
we are conﬁdent that under traveling wave conditions, MinEHis, His-MinE, and MinE-wt show similar characteristics,
which validates our past results for the dynamic Min system.
The reported static patterns are unlikely to play a major role
for the Min system in live E. coli. However, there are many
Gram-positive bacteria, such as B. subtilis, that contain a static
Min system29,30 that in the light of our results might also form
their patterns through a highly dynamic reaction-diﬀusion
mechanism tuned to yield a quasi-static protein distribution.
Additionally, static Min patterns show multiple aspects of
relevance:
First, their existence is proof of the big versatility of
biological reaction-diﬀusion systems. On the basis of relatively
simple physical principles and very few components, they can
regulate complex tasks eﬃciently, while forming entirely
diﬀerent patterns in another context. This, in turn, highlights
how important not just the concentration of a protein can
become, but also the total available bulk volume, and thus
particle number within an enclosure. Positive feedback in
MinD recruitment ampliﬁes this eﬀect.
Second, the emergence of static patterns signiﬁcantly
enlarges the functionality toolbox provided by the Min system,
making it more attractive for research on reaction-diﬀusion
mechanisms and to use it for designing spatiotemporal cues in
bottom-up synthetic biology. Requiring only two proteins,
ATP and a membrane makes the system easily accessible, and
naturally limits the complexity of mathematical models.
Experimentalists interested in pattern formation have so far
mostly turned to chemical reactions, like the Belousov−
Zhabotinsky or the chloride-iodide-malonic-acid (CIMA)
reaction. Both involve too many components and intermediates to hope for comprehensive modeling or simulating full
complexity. In contrast the Min system is truly biological and
therefore biocompatible, the proteins can be engineered in
countless ways, and the reaction runs stably for many hours,
even days without buﬀer exchanges. Intentional disturbances
(example in Movie S4) can be introduced via a recently
published photoswitch.28 With this in mind, we have recently
increased our eﬀorts to make this versatile system available to

■

METHODS
Plasmid Design and Cloning. pET28a-MinE-His,
pET28a-MinE-His(ΔMTS), pET28a-MinE-KCK-His and
pET28a-His-KCK-MinD were generated via homologous
recombination in E. coli. For more details on the cloning
procedure, including primers and all in vivo plasmids, please
refer to the Supporting Information. A plasmid map for
pET28a-His-MinE has recently been published.31
Proteins were expressed and puriﬁed as published
previously.31 Expression of His-SUMO-MinE was done
similarly, but protein in elution buﬀer (50 mM Tris-HCl pH
8, 300 mM NaCl, 250 mM imidazole, 10% glycerol, 10 mM 2mercaptoethanol, EDTA-free protease inhibitor) was dialyzed
against ﬁnal storage buﬀer (50 mM HEPES pH 7.25, 150 mM
KCl, 10% glycerol, 0.1 mM EDTA) while adding 1:100 parts of
SUMO protease (His6-SenP2). Protease and cleaved tag were
removed by adding excess Ni-NTA Agarose beads, incubating
for 1−2 h on a rotating shaker at 4 °C and taking the
supernatant.
Protein Concentration Measurements. Protein concentrations were all determined via a linearized, improved
Bradford assay, as described here.32 Measurements were
done in 96-well plates, and triplicates of each measured
concentration were taken. A minimum of two diﬀerent
dilutions of the same protein stock were measured.
Concentration determination of multiple proteins was done
in the same assay where critical for comparison (all the MinE
proteins used for ATPase rate comparison in Figure 4b).
Labeling and Determination of Degree of Labeling.
Labeling of Min proteins was performed according to the dye
manufacturer’s instructions. A ratio of 3:1 dye to protein was
found suﬃcient to achieve the desired labeling eﬃciency. A
PD-10 buﬀer exchange column was used to remove most of
the unbound dye, followed by overnight dialysis against excess
storage buﬀer.
Cleaning of Coverslips. Twenty-four × 24 mm #1.5
coverslips (obtained from Menzel) were piranha cleaned by
adding 7 drops of sulfuric acid plus two drops of 50% hydrogen
peroxide to the center of each coverslip. The reaction was
incubated on the coverslips for at least 45 min before
thoroughly rinsing with ultrapure water. For experiments
showing the positioning of membrane proteins by MinDE the
coverslips were plasma-cleaned with oxygen as a process gas
instead of piranha-cleaning.
Assay Chamber Assembly. The bottom half and lid of
0.5 mL reaction tubes were cut oﬀ with sharp scissors. UV-glue
(Norland optical adhesive #68) was applied with a pipet tip to
the upper rim of the tube. The tube was then glued upside
down onto the clean coverslip and cured under a UV lamp
(365 nm) for 10 min.
Lipid Preparation. DOPC and DOPG as well as E. coli
polar lipid extract (EPL) were obtained from Avanti and
dissolved in chloroform at 25 mg/mL. Lipids were mixed in a
1.5 mL glass vial and the lipid ﬁlm was dried on the lower rim
of the glass under a slight nitrogen stream. The lipid ﬁlm was
further dried by applying vacuum for at least 1 h. Dried lipid
ﬁlms were rehydrated in Min buﬀer (150 mM KCl, 25 mM
Tris-HCl pH 7.5, 5 mM MgCl2) at 4 mg/mL by vortexing,
then further processed by freeze−thawing for 8−10 cycles in
liquid nitrogen/90 °C hot water. The obtained unilamellar
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subtracted from the apparent ATPase rates. Only the linear
parts of the measured values were used to obtain the ATPase
rate. Note: ATPase rates reported here should only be
interpreted as a relative comparison between MinE constructs.
There is a large batch-to-batch variation in MinD’s ATPase
activity.
Bacterial Transformation and Agar Pads for Microscopy, Imaging. Live-cell imaging was performed with strain
HL1 (ΔminDE zcf117::Tn10 recA::cat.33 HL1 was transformed
with the plasmids pMLB_sfGFP_MinDMinE, pMLB_sfGFPMinD N-His-linker MinE and pMLB_sfGFP-MinD MinE.
Cells were inoculated from glycerol stocks and grown
overnight in LB medium supplemented with ampicillin and
tetracycline for 14−16 h at 37 °C and 270 rpm. Subsequently
cells were diluted 1:200 in 20 mL fresh M9 medium (1×
Gibco M9 minimal Salts (Thermo Fisher Scientiﬁc, Waltham,
USA), 0.2% casamino acids (Amresco, Solon, Ohio), 0.4%
glycerol, 2 mM MgSO4, 0.1 mM CaCl2) supplemented with
ampicillin and grown at 37 °C. When the cells reached an
OD600 of ∼0.1, MinD and MinE expression was induced by
addition of 50 μM IPTG. Cell were grown for another 2−3 h
until they reached an OD600 of ∼0.3. They were then diluted
in fresh M9 medium to an OD600 of 0.1 and 1 μL of the cell
suspension was spotted on agar pads and dried for at least 20
min at room temperature, before the agar pads were ﬂipped
onto a glass-bottom dish (ibidi), that was lidded for imaging.
Imaging settings and time intervals were optimized for each
strain to acquire the maximum amount of oscillations with
least bleaching.
Twenty-two by 22 mm coverslips were cleaned with 99%
ethanol and ddH2O. For preparation of agarose pads M9
media with 1.5% (w/v) UltraPure Low Melting Point Agarose
(Life Technologies, Carlsbad, CA) was heated in the
microwave and then allowed to cool before addition of the
appropriate antibiotics and 50 μM IPTG. 800 μL of the liquid
agarose mixture was pipetted onto a 22 by 22 mm coverslip
positioned on a dime. Another coverslip was immediately
placed on top yielding an evenly thick agarose coverslip
sandwich. Pads were covered and left to solidify at room
temperature for about 60 min. The top coverslip was removed
and the pad was cut into 16 evenly sized, squared pads with a
razor blade.
Analysis of bacterial oscillations using MicrobeTracker34 and
MATLAB is described in the Supporting Information.

vesicles were extruded through a membrane with 50 nm pore
size for 37 passes. EPL vesicles were prepared as described
previously.17 Vesicles were then used, stored in the fridge for
up to 2 weeks or frozen in liquid nitrogen, in which case they
were brieﬂy sonicated before use.
SLB Formation. Vesicles were diluted by adding 130 μL of
Min buﬀer to a 20 μL aliquot of clear lipids at 4 mg/mL. 75 μL
of this mixture were added to a chamber situated on a heat
block at 37 °C. After 1 min, 150 μL of Min buﬀer was added.
After 2 min (total time: 3 min), chambers were washed by
adding 200 μL of prewarmed Min buﬀer, mixing a few times
and removing 200 μL into liquid waste. This procedure was
repeated until 2 mL of buﬀer per chamber had been used up.
Washed SLB chambers were transferred from 37 °C to room
temperature. For experiments shown in Figure S5, cover slides
were piranha cleaned as above, and SLBs then prepared as
described.17
PDMS Microstructures. PDMS microstructures were
prepared as previously described.15 For a more detailed
protocol including a wafer blueprint please refer to a more
recent publication.31
Microscopy. Images were acquired on a commercial Zeiss
LSM 780 microscope with Zeiss 40× W NA 1.2 PlanApochromat objective and 10× objectives. All live-cell images
were taken on a custom-built TIRFM (total internal reﬂection
ﬂuorescence microscopy) setup as described.28
Image Manipulations (FIJI). Microscopic images used in
the ﬁgures and videos presented in the main text and
Supporting Information were adjusted for brightness and
contrast, and if necessary for presentation merged from two
separately or concurrently recorded channels (e.g., MinD and
MinE in Figure 1, MinD and membrane binders in Figure 6).
Spatiotemporal Regulation of Peripheral and LipidAnchored Proteins by MinDE. Experiments were performed
as described.26 In short, SLBs were formed with 70%/30%
DOPC/DOPG and in case of streptavidin with 1% BiotinylCAP-PE. For experiments with peripheral membrane proteins
MinD and MinE-His with 1 μM mCh-MTS(BsD) were
incubated on SLBs for 1 h before image acquisition. For lipidanchored streptavidin, streptavidin was bound to BiotinylCAP-PE SLBs, and excess streptavidin was removed by
washing with buﬀer. The self-organization of MinDE was
started by addition of ATP and a time-series was acquired.
Acquisition and analysis of QCMD data are described in the
Supporting Methods.
ATPase Assay, NADH Coupled. ATPase rate was
measured in an NADH-coupled assay, whereby the decrease
in NADH concentration is monitored, and ATP concentration
stays constant. To achieve this, phosphoenolpyruvate (PEP) (2
mM) and NADH (0.5 mM) were added to the proteins (all at
2 μM) in Min buﬀer (25 mM Tris-HCl pH 7.5, 150 mM KCl,
5 mM MgCl2). Vesicles at 50 nm diameter (via extrusion)
were added at a ﬁnal concentration of 0.2 mg/mL. Additionally, 4.5 μL per well of a commercial enzyme mix containing
pyruvate kinase (600−1000 U/mL) and lactate dehydrogenase
(1000−1400 U/mL) were added to facilitate the reaction of
ADP with PEP to pyruvate and ATP, and the reduction of
pyruvate using NADH to L-lactate and NAD+. A 96-well plate
format at 150 μL assay volume was used to measure all
conditions concurrently and in triplicates. Decrease in
absorption at 340 nm was measured to calculate the ATPase
activity. NADH decomposition due to reasons other than
ATPase activity was measured each time in control wells and
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Fig. S1. MinD and MinE-His show differential distributions on the membrane From top to bottom, each MinD distribution is presented next to the corresponding fluorescence
recorded for MinE-His. Travelling waves, observed at 0.5 µM MinD, 1.2 µM MinE-His. Spots, here at 1.3 µM MinD, 4 µM MinE-His. Labyrinth (1.25 µM MinD, 2.5 µM MinE-His).
Inverse spots (0.5 µM MinD, 0.125 µM MinE-His). MinE-mesh (1.5 µM MinD, 3 µM MinE-His). (Scale bar: 50 µm, MinD: magenta, MinE-His: cyan, proteins were fluorescently
labelled by doping MinD with 30 percent Alexa647-KCK-MinD and MinE-His with 30 percent Atto488-KCK-MinE-His)
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Fig. S2. Phase diagram for MinE-wt. Data points depict single observations.
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Fig. S3. Spots and waves coexist within the same experiment Two adjacent field of views, stitched together from a bigger tilescan, are shown. 1 µM MinD (doped with 30%
Alexa647-KCK-MinD), 4 µM MinE-His, scalebar 50 µm
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Fig. S4. : Intermediate patterns between the named patterns in Figure 1 are often observed. top left: 0.5 µM MinD, 0.5 µM MinE-His. top middle: 0.5 µM MinD, 0.5 µM
MinE-His. top right: 1 µM MinD, 1 µM MinE-His. bottom left: 1 µM MinD, 1 µM MinE-His. bottom middle: 1 µM MinD, 2 µM MinE-His. bottom right: 1 µM MinD, 2.5 µM MinE-His.
(scalebar: 50 µm, same scale for all images. MinD doped with 30% Alexa647-KCK-MinD)
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Fig. S5. MinE-His forms static patterns also on E. coli polar lipid extract (second panel). Deleting the entire membrane targeting sequence reveals additional differences
between His-MinE and MinE-His. Microscopy images of self-organization assays containing 1 µM MinD, doped with 20% eGFP-MinD and 1 µM or 2 µM of the indicated MinE
proteins. (scalebars: 50 µm)
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Fig. S6. His-MinE carries a disproportionally large linker at the N-terminus. Schematic representation of the MinE proteins used in this publication. The length of each section
corresponds to the number of amino acids present in the protein primary structure. Total length of MinE-wt is 87 AA, MinE-His 99 AA, His-MinE 123 AA.
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Fig. S7. Wave profiles of travelling Min waves with MinE-His look similar to wave profiles with His-MinE. Plotted on the right is the fluorescence intensity normalized to the
maximal value of the selection marked on the left. MinE-His, like previously shown for His-MinE, accumulates over the course of a travelling wave and reaches its maximum
after MinD intensity drops. (scalebar: 50 µm)
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Fig. S8. MinD and MinE-His waves are able to spatiotemporally regulate model peripheral and lipid-anchored proteins. a) MinDE waves formed with MinE-His exclude the
model peripheral membrane protein mCh-MTS(BsD) (0.5 µM MinD (30% EGFP-MinD), 1 µM MinE-His, 1 µM mCh-MTS(BsD)). Kymographs of the respective line selection.
b) MinDE waves formed in the presence of MinE-His spatiotemporally regulate lipid-anchored streptavidin. Time-series of the establishment of MinDE waves and inverse
streptavidin patterns (0.75 µM MinD (30% EGFP-MinD), 2 µM MinE-His, Alexa647-Streptavidin, 69 mol% DOPC/ 30 mol % DOPG/1 mol % Biotinyl-CAP-PE). Kymograph along
the line selection shown at time = 0 s.
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Fig. S9. Reaction-diffusion pattern formed by MinD and MinE-His at high MinE concentration (1 µM MinD, doped with 30% Alexa647-KCK-MinD, 7 µM MinE-His). This sparse
spots pattern could become useful in positioning proteins or molecules of interest for in vitro experiments, creating distinct foci. (scalebar: 50 µm)
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Fig. S10. Scatter plot depicting mean (n =3) Koff and Kon values ± SD as determined in our QCM-D experiments, in relation to the concentration of His-MinE (blue circles),
MinE-His (grey squares) or MinE WT (green triangle). The mean value of Koff and Kon over the whole concentration range, is depicted as dotted line in the representative color
of every construct.
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Fig. S11. In vivo oscillation periods at room temperature relative to cell length induced by the different MinEs and superfolder GFP-MinD when expressed in delta(minDE)
background under IPTG induction. The complete plot containing number of cells: MinE wt (n=104), MinE-His (n=143) and His-MinE (n=189) is shown with all outliers.
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Fig. S12. In vivo oscillation periods at room temperature relative to cell length induced by the different MinEs and superfolder GFP-MinD when expressed in delta(minDE)
background under IPTG induction. Only MinE wt (n=104) and His-MinE (n=189) are shown with all their outliers, while MinE-His has been separately plotted in Supplementary
Figure 13.
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Fig. S13. In vivo oscillation periods at room temperature relative to cell length induced by the different MinEs and superfolder GFP-MinD when expressed in delta(minDE)
background under IPTG induction. Only MinE-His (n=143) and His-MinE (n=189) are shown with all their outliers, while MinE-wt has been separately plotted in Supplementary
Figure 12.
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Table S1. Determined second signature (S2) values for the evaluation of the QCM-D system performance during analysis of MinE-His, HisMinE and MinE WT membrane binding affinity. S2 values are indicated and the percentage deviation from the reference values for harmonics
3, 5, 7, 9, 11 and 13 (2.45, 2.5, 2.49, 2.45, 2.46 and 2.47, respectively) is stated (1).
overtone

MinE-His

His-MinE

MinE WT

1
3
5
7
9
11
13
1
3
5
7
9
11
13
1
3
5
7
9
11
13

replicate 1
S2
deviation
[%]
2,13
2,39
2,45
2,38
4,8
2,38
4,42
2,38
2,86
1,8
26,83
3,19
29,15
2,08
2,43
0,82
2,44
2,4
2,5
0,4
2,51
2,45
2,64
7,32
2,73
10,53
2,18
2,46
0,41
2,45
2
2,48
0,4
2,45
0
2,47
0,41
2,45
0,81

replicate 2
S2
deviation
[%]
1,9
2,45
0
2,47
1,2
2,46
1,2
2,43
0,82
2,44
0,81
2,44
1,21
2,23
2,44
0,41
2,4
4
2,43
2,41
2,41
1,63
2,44
0,81
2,42
2,02
2,11
2,4
2,04
2,4
4
2,46
1,2
2,43
0,82
2,44
0,81
2,44
1,21

replicate 3
S2
deviation
[%]
2,18
2,39
2,45
2,37
5,2
2,45
1,61
2,4
2,04
2,41
2,03
2,39
3,24
2,09
2,46
-0,41
2,41
3,6
2,47
0,8
2,45
0
26,04
958,54
2,4
2,83
2,13
2,48
1,22
2,44
2,4
2,5
0,4
2,47
0,82
2,47
0,41
2,46
0,4

Supplementary Table 1.
Supplementary Videos.
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Supplementary Movie 1. Gradual small changes happen in the otherwise static patterns. The video has been sped up 333x relative to real time to make it easier to visualize
changes. (MinD, doped with 30% Alexa647-KCK-MinD, magenta; MinE, doped with 30% MinE-KCK-His Atto488, cyan, scalebar:50 µm)
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Supplementary Movie 2. Static patterns recover rapidly upon photobleaching. Data was recorded at 1.21 seconds per image, and is replayed at 15 fps. (0.6 µM MinD, doped
with 30% mRuby3-MinD, 1 µM MinE-His, scalebar:50 µm)
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Supplementary Movie 3. His-MinE oscillates slower in vivo than MinE wild type and MinE-His Three timelapse recordings of cells expressing superfolder GFP and either
MinE-wt, MinE-His or His-MinE are played next to each other at the same relative speed. (scalebar: 20 µm)
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Supplementary Movie 4. Static patterns formed with MinE-His can be externally modified by using the Min photoswitch peptide. Here, a triangular region was photoactivated
with the 405 nm scanning laser of a laser scanning microscope. (0.6 µM MinD (30% Alexa647-KCK-MinD), 0.75 µM MinE-His, 2 µM photoswitch peptide (cis-stable azobenzene
version), scalebar:100 µm).
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Supplementary Movie 5. MinDE spot patterns formed with MinE-His exclude the model peripheral membrane protein mCh-MTS(BsD) (0.75 µM MinD (30% EGFP-MinD). 2
µM MinE-His, 1 µM mCh-MTS(BsD))
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Supplementary Movie 6. MinDE static patterns formed in the presence of MinE-His are spatiotemporally regulating lipid-anchored streptavidin, forming a static inverse
streptavidin pattern. (1 µM MinD (30% EGFP-MinD). 2 µM MinE-His, Alexa647-Streptavidin, 69 mol % DOPC/ 30 mol % DOPG/1 mol % Biotinyl-CAP-PE).
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Supplementary Methods.
Details on cloning procedures:. Homologous recombination in E. coli was prepared by thawing an aliquot of chemically competent
TOP10 cells on ice. Between 50 ng and 200 ng (for big and small fragments) of fragments containing complementary nucleotide
overhangs between 15 and 22 nt (combined) were added to the cells and incubated for another 10 minutes on ice. Heat
shock was performed for 40 seconds at 42 °C and cells were immediately returned to ice. 200 µl of SOC medium was added
and bacterial outgrowth was performed by shaking at 37 °C, 300 rpm for 1 h on a thermoshaker. Dilutions (1:1 for difficult
recombinations, 1:10, 1:100) of the suspension were then plated on LB agar plates containing the respective antibiotics (for
pET28a and pET28M Kanamycin at 50 µg/mL, pMLB Carbenicillin/Ampicillin at 100 µg/mL).
In all cases, DpnI digests were used after PCR reactions to cut and disable the original plasmid based on its methylated status.
Bacterial colonies harboring recombined plasmid were verified via Sanger sequencing.
Plasmids

was generated via homologous recombination of two fragments in TOP10 cells. The vector plus His-tag was
amplified from pET28a-BsMTS-mCherry-His (primers PG7 and PG89). MinE plus linker was amplified from pET28a-MinE
using primers PG90 and PG92.
pET28a-MinE-His

was generated via homologous recombination of two fragments PCR-amplified from pET28a-MinEHis. One fragment was amplified using primers PG43 and pG109. The second fragment was amplified with primers PG44 and
PG89.
pET28a-deltaMTS-MinE-His

was recombined from pET28a-MinE-His using two PCR products. One half of the vector was amplified
using primers PG114 and PG43. The other half was amplified with primers PG115 and PG44. Fragments were then recombined
in TOP10.
pET28a-MinE-KCK-His

was made by amplifying pET28a-MinE using primers KN292 and KN293. The open vector was
then re-ligated with blunt ends, yielding the final plasmid.
pET28a-His-KCK-linker-MinE

was made in a similar fashion by amplifying from pET28a-MinD-MinE using primers KN252 and
KN253. Blunt re-ligation yielded the final plasmid.
pET28a-His-KCK-MinD-MinE

pET28M-N-SUMO1-MinE
was created via homologous recombination in TOP10 cells from two fragments. The vector fragment
was amplified from pET28M-SUMO1-GFP (EMBL: https://www.embl.de/pepcore/pepcore_services/cloning/sumo/) using primers
THE2 and THE3. The insert was amplified from pET28a-MinE using primers THE1 and THE4.

are based on plasmid pDR122 (Raskin and de Boer, 1999).
pVRb18_up1700 encoding sfGFP was a gift from Christopher Voigt (Addgene plasmid # 49712). pMLB_sfGFP_MinDMinE
encodes an N-terminal fusion of sfGFP to MinD with a short linker (Glu-Phe) and a wildtype MinE sequence. pMLB_sfGFPMinD N-His-linker MinE encodes for the same sfGFP-MinD fusion and a MinE that contains the same N-terminal His-linker as
on pET28a_His-MinE. pMLB_sfGFP-MinD MinE encodes for the same sfGFP-MinD fusion and a MinE that contains the
same C-terminal His-linker as on pET28a_MinE-His. pMLB_sfGFP_MinDMinE was generated by seamless assembly of three
PCR fragments: vector backbone from template pDR122 (BR30, BR31), sfGFP from template pVRb18_up1700 (BR53, BR33)
and the MinD and MinE coding region from plasmid pET28a_MinD_MinE (BR54,BR55). pMLB_sfGFP_MinD_N-His-linkerMinE was generated via homologous recombination of two fragments in TOP10 cells. The fragment containing the vector and
sfGFP-MinD as well as part of MinE was amplified from pMLB_sfGFP_MinDMinE using primers KN392 and KN393. The
N-terminal part of MinE as well as His-tag and linker were amplified from pET28a-MinE (primers KN391_MinE_Linker_FW
and BR55_MinE_rev). pMLB_sfGFP_MinD_MinE-His was generated from pMLB_sfGFP_MinDMinE via PCR with
overhangs and re-ligation in TOP10 cells. Primers KN390_MinE-chis_FW and KN389_MinE-chis_RV were used for the
amplification.
Plasmids for in vivo imaging of MinDE pole-to-pole oscillations

QCMD and analysis. Silicon Dioxide (SiO2) covered quartz crystal sensors (Biolin Scientific, Gothenburg, Sweden) were pre-treated
with piranha-solution (H2SO4:H2O2, 3:1; 1h), rinsed with ultrapure water and thoroughly dried under a stream of nitrogen.
Sensors were mounted in the flow modules of the QSense Analyzer (Biolin Scientific, Gothenburg, Sweden) and resonance
frequencies were obtained for both air and buffer (QSoft Version 2.5.36; Biolin Scientific, Gothenburg, Sweden). To qualitatively
review the systems performance, second signature, S2, values were calculated as indicated in Cho et al. (Supplementary Table
1) (Cho et al., 2010). After baseline stabilization, supported lipid bilayer formation (SLB) was induced through 1 mg/mL SUVs
(DOPC:DOPC, 70:30 mol %) in Min Buffer with 5 mM CaCl2 (flow rate: 0.15 mL/min). Succeeding lipid deposition, flow rate
was reduced to 0.1 mL/min and protein construct dilutions ranging between 0.25 µM and 65 µM (in Min Buffer) were adsorbed
and desorbed under constant flow. All measurements were conducted at 24 °C. If not indicated otherwise, all presented and
analyzed data sets correspond to the frequency changes of the 9th overtone. Raw data export was performed using QTools 3
Version 3.1.25.604 (Biolin Scientific, Gothenburg, Sweden). Further data analysis was executed using a customized MATLAB
R2018a (The MathWorks, Inc., Natick, USA) script to fit one-exponential kinetic models to the adsorption and the desorption
phase of each individual binding event. Data visualization was performed using GraphPad Prism 7.0d (GraphPad Software, La
Jolla, USA).
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Analysis of in vivo oscillations and cell lengths:. Series of fluorescent images of E. coli expressing superfolder GFP and the described

MinE constructs were analyzed using MicrobeTracker (Sliusarenko et al., 2011) and a custom MATLAB script (code available
from the authors upon request). In a first step, outlines of individual cells were manually defined using MicrobeTracker. If a
brightfield image was available, it was used to find the initial outlines. Otherwise, a replacement was created by time averaging
the entire stack of fluorescence images. A dynamically functional Min system localizes throughout the entire internal space and
membrane of the bacterial cell throughout the cell cycle, thus time averaging of the fluorescence signal corresponds to the
extension of the cell. Cell outlines were saved and then transferred to all images of a stack, assuming that the cells did not
move during acquisition. For each individual cell and time frame, the fluorescence signal along the longitudinal cell profile
was integrated over the cell width. In consequence, a time-resolved fluorescence intensity profile for each outlined cell in
the given image stack was obtained. The data was stored in a Matlab-compatible output file for each image stack. In the
custom-made Matlab procedure, kymographs for each cell were generated based on the time-resolved fluorescence intensity
profile. Kymographs of all outlined cells were displayed to the user in order to select only those cells for further analysis which
exhibited a regular oscillatory fluorescence pattern. For selected kymographs, cell length and oscillation period were detected.
The cell length simply corresponds to the width of the kymograph, whereas the oscillation period was determined by fitting
a trigonometric function to the intensity signal. Metadata such as file name and cell identifier number as well as the cell
length and oscillation period were exported to an excel output sheet from which Figure 4b and Supplementary Figure 10 were
generated.
Table S2. Primers used in this study
PG7_AC-pET_for
PG43_mut_KanR_fw
PG44_mut_KanR_rev
PG89_pET28a-start_rev
PG90_pET_MinEL_fw
PG92_MinE-His_rev
PG109_pET_MinEs_fw
PG114_li-KCK_fw
PG115_li-KCK_rev
BR30_pBL_rev
BR31_pMBL_fw
BR33_sfGFP_Rev
BR53_sfgfp_fw
BR54_MinD_fw
BR55_MinE_rev
KN252_MinDE_KCK_RV
KN253_MinDE_KCK_FW
KN292_MinE_KCK2_FW
KN293_MinE_KCK2_RV
KN389_MinE-chis_RV
KN390_MinE_chis_FW
KN391_MinE_Linker_FW
KN392_pMBL_lin_RV
KN393_pMBL_lin_FW
THE1_MinE_SUMO_fw
THE2_SUMO_MinE_rev
THE3_ pETM28M_MinE_fw
THE4_ MinE_pETM28M_rev

GTCGAGCACCACCACCA
TGAAACATGGCAAAGGTAGCGT
GCTACCTTTGCCATGTTTCAGAAA
CATGGTATATCTCCTTCTTAAAGTTAAACAA
TAAGAAGGAGATATACCATGGCATTACTCGATTTCTTTCTCTCGC
TGGTGGTGGTGGTGCTCGACTCCAGATCCACCTTTCAGCTCTTCTGCTTCCGGTAAG
TAAGAAGGAGATATACCATGAAAAACACAGCCAACATTGCAAAAG
GGATCTGGAGTCGAGAAATGCAAACACCACCACCACCAC
GTGGTGGTGGTGGTGTTTGCATTTCTCGACTCCAGATCC
ATGTATATCTCCTTCTTAAATCTAGAGGGGAATT
GCCCGCTGTAAAAGCGC
TTTGTAGAGCTCATCCATGCCATGT
AAGAAGGAGATATACATATGAGCAAAGGAGAAGAACTTTTCACTG
TGGATGAGCTCTACAAAGAATTCGCACGCATTATTGTTGTTACTTC
GCGCTTTTACAGCGGGCTTATTTCAGCTCTTCTGCTTCCGGT
AGCAGCGGCCTGGTG
TTTGCATTTGTGATGATGATGATGATGGCTGCT
CATTTGTGATGATGATGATGATGGCTG
CAAAAGCAGCGGCCTGGTG
CTCGACTCCAGATCCACCTTTCAGCTCTTCTGCTTCCG
CACCACCACCACCACCACTAAGCCCGCTGTAAAAGCG
TTGTTCGGAGGATAAGTTATGGGCAGCAGCCATC
TTATCCTCCGAACAAGCGTTTG
CGCAGCGATGCAGAACCGCATTATCTGCCGCAGTTGC
AACAAACCGGTGGAGCATTACTCGATTTCTTTCTCTCG
AAATCGAGTAATGCTCCACCGGTTTGTTCCTGGT
GAAGAGCTGAAATAAAAGCTTGCGGCCGCACTC
TGCGGCCGCAAGCTTTTATTTCAGCTCTTCTGCTTCCG

Supplementary Materials.

for MinE-His, His-MinE and MinE-wt (SUMO1-MinE), as well as His-KCK-MinE, MinE-KCK-His, MinE(deltaMTS)His, His-KCK-MinD-MinE and in vivo plasmids containing superfolder-GFP-MinD and MinE-wt, MinE-His or His-MinE can
be found in the Supplementary Materials.
Plasmid maps
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8.4

Molecular Transport and Spatial Sorting of Membrane-Bound DNA Nanostructures by the MinDE System

This section contains results showing that MinDE can pattern and transport a large,
synthetic cargo: membrane-bound DNA origami nanostructures in vitro. Varying the
number and the nature of membrane anchors on the DNA origami, I investigate the
influence of cargo properties on the spatiotemporal regulation by MinDE. I find that
the membrane footprint of the DNA origami species is likely to determine the extent
of the transport. Applying this knowledge, I demonstrate that MinDE can spatially
separate DNA origami according to the number of membrane anchors. I furthermore
show how MinDE-dependent transport of DNA origami can be directed on patterned
SLBs and applied to pattern membranes with arbitrary molecules.
In this chapter I present results from of a collaboration with Alena Khmelinskaia,
Philipp Blumhardt, Kristina Ganzinger (Physics of Cellular Interactions Group,
AMOLF), Hiromune Eto and Petra Schwille with the following author contributions:
B.R. and P.S. conceived the study. B.R. designed and performed all experiments.
A.K. designed DNA origami nanostructures. B.R. and A.K. prepared DNA origami
nanostructures. B.R., A.K., P.B. and K.G. analyzed the data. K.G. provided singleparticle tracking code. B.R. and H.E. prepared chrome patterned cover slides.
I would like to further acknowledge support from several other people. I would like
to thank Philipp Altpeter (Chair of Solid State Physics (N.N.), Ludwig-MaximiliansUniversität München) for help with setting up the chrome patterning of coverlides,
Sven Vogel for providing stabilized and biotinylated actin filaments and the MPIB
Core Facility for assistance in protein purification. Furthermore, I thank Andriy
Goychuk and Erwin Frey (Arnold-Sommerfeld-Center for Theoretical Physics and
Center for NanoScience, Ludwig-Maximilians-Universität München), Jonas Mücksch,
Michael Heymann, Philipp Glock, Henri Franquelim and Tamara Heermann for
valuable discussions.
8.4.1

Introduction

In section 8.1 I found that MinDE could spatiotemporally regulate membrane-bound
proteins [204]. In the case that these proteins were strongly attached to the membrane,
i.e. exhibited a long membrane dwell-time, this regulation resulted in their nettransport. I proposed that the mechanism underlying this transport is based on
MinDE interacting non-specifically with these proteins, thereby modulating the
diffusion on the membrane (see section 8.1) [204]. Hence, the extent of the molecular
transport by MinDE dynamics should depend on the properties of the transported
membrane-anchored molecule (hereafter: cargo). Specifically, the interaction of the
cargo with the membrane and the MinDE proteins is likely to influence the resulting
patterns. Two experimentally accessible properties of the cargo are its interaction area
or membrane footprint and its membrane diffusion. Thus, in order to probe MinDEdependent transport of cargo in a defined manner, these cargo properties should be
modifieable over a wide range, while keeping other parameters comparable. This
would be notoriously hard to achieve using commonly available proteins and lipids.
Shih and coworkers compared MinDE-induced spatiotemporal regulation of labeled
lipids with lipid-anchored streptavidin [223]. However, regulation of lipids was very
weak and qualitatively different from regulation of lipid-anchored streptavidin (see
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A.1.1 for more details). Thus, I turned to highly controllable biomolecules: DNA
origami nanostructures. These structures are not only fully addressable, but are also a
nanoscale building material and molecular scaffold [227, 228], unique properties that
can be harnessed for the application of MinDE-dependent transport. Furthermore,
binding and diffusion of DNA origami nanostructures on model membranes has
been characterized in detail, rendering them an ideal cargo for the detailed study of
MinDE-dependent transport [229–231].
Here, I set out to interrogate MinDE-induced transport of membrane-bound
molecules in a defined manner in the established in vitro reconstitution assay of
MinDE self-organization using DNA origami nanostructures as a synhetic cargo. I
show that the extent of the transport by MinDE is likely to depend on its membrane
footprint, akin to an interaction area. Finally, taking advantage of the geometry
sensitivity of MinDE and DNA origami properties, I show that MinDE-dependent
transport can be applied to nanotechnological purposes.
8.4.2

Methods

Plasmids and Proteins
The plasmids pET28a-His-MinD_MinE [25], pET28a-His-EGFP-MinD [203], pET28aHis-MinE [25] and pET28a-MinE-His [26] (see Table 6.1) were used for purification of
His-MinD, His-EGFP-MinD, His-MinE and MinE-His, respectively, as described in
detail in section 6.1 [205].
DNA Origami Nanostructures
The elongated DNA origami nanostructures has been designed and described previously [230]. The 20-helix bundle with hexagonal lattice is based on the M13mp18
7429-nucleotide long scaffold plasmid (p7429) (Bayou Biolabs, Metairie, LA, USA),
and was modified using CaDNAno [232]. Staple oligonucleotides (High purity salt
free, Eurofins MWG Operon, Ebersberg, Germany), 5’-Cy3B/Cy5-functionalized
oligonucleotides and 5’-cholesteryl-TEG/biotin-TEG functionalized oligonucleotides
were purchased or diluted in Milli-Q ultrapure water at a concentration of 100 µM
(see Table A.2). Origami structures with 1-15 anchors were based on the previous
design [230], which was further modified for functionalization with 42 anchors (Fig.
A.7). For the origami structure that could be polymerized origami with 2 biotin
anchors that can be polymerized (2bio-pol) by addition of polymerization staple
(14T, see Table A.2) DNA origami structures were folded with end staples that were
extended with 8A (see Table A.3). The assembly of the origami structure performed
in a one-pot reaction mix as described previously [230]. In brief, the components were
mixed at a final concentration of 20 nM p7429 scaffold plasmid and 200 nM staple
oligonucleotides in folding buffer (5 mM Tris-HCl, 1 mM EDTA, 20 mM MgCl2 , pH
8.0) and annealed in a thermocycler (Mastercycler, Eppendorf, Hamburg, Germany)
over a 41 h cooling scheme from 65 to 40 °C. Folded nanostructures were purified to
remove excess staple strands by centrifugation (14000 g, three cycles for 3 min, one
cycle for 5 min) in Amicon Ultra 100 kDa MWCO filters (Merck Millipore, Darmstadt, Germany) using reaction buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM
MgCl2 ). The concentration of folded Cy5-labeled origami structures was estimated
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by fluorescence intensity measurements using a one-drop measurement unit of a
Jasco FP-8500 spectrofluorometer (Tokyo, Japan) and subsequent comparison with
an intensity calibration curve obtained for free Cy5 dye corrected for the multiple
labeling of the origami. Non-labeled or Cy3B-labeled DNA origami concentration was
measured by absorption at 260 nm on a Nanodrop Spectrophotometer (ThermoFisher
Scientific, Waltham, USA) and related to Cy5-labeled structures of known concentrations. Cy3B/Cy5-labeled or biotin-top-labeled DNA origami structures contained 7
Cy3B/Cy5/biotin-labeled oligonucleotides attached to extended staples on the upper
facet. DNA origami with cholesteryl anchors contain single or multiple extensions
at defined positions on the lower facet that can hybridize with the complementary
5’TEG-chol-functionalized oligonucleotides (5’-chol-anchor, Table A.2) supplied in
the self-organization assay. DNA origami with biotin anchors contain single or
multiple extensions hybridized with complementary 5’Biotin-TEG-functionalized
oligonucleotides (5’biotin-anchor, Table A.2) at defined positions on the lower facet.
Preparation of Supported Lipid Bilayers
SLBs were prepared as described in detail above using plasma cleaning to clean the
cover slides (see section 6.1) [205]. All mentioned concentrations refer to the final
volume of 200 µl. To prepare chambers for origami with biotin anchors the SLB
was generated with a lipid composition of 69 mol% DOPC/30 mol% DOPG/1 mol%
Biotinyl-CAP-PE and subsequently incubated with non-labeled or Alexa568-labeled
streptavidin (ThermoFisher Scientific, Waltham, USA) at a final concentration of 1
µg/ml. After 5-10 min incubation unbound streptavidin was removed by washing 5
times with a total volume of 1 ml reaction buffer. The buffer was adjusted to 100 µl
volume and the origami was incubated at a final concentration of 0.1 nM for 10 min,
before the buffer was adjusted to the final volume of 200 µl. To prepare chambers
for origami with cholesteryl anchors I generated SLBs with the lipid composition of
70 mol% DOPC/30 mol% DOPG. The buffer was adjusted to 100 µl volume and the
cholesteryl oligonucleotide for anchoring 5’-chol-anchor (see Table A.2) was added at
a final concentration of 10 nM before adding the origami at a final concentration of
0.1 nM. After incubation for 10 min the buffer was adjusted to the final volume of 200
µl. For experiments involving more than one type of DNA origami, DNA origami
species were premixed in DNA LoBind tubes (Eppendorf, Hamburg, Germany) before
addition to the sample chamber at a final concentration of 50 pM for each DNA
origami, keeping the overall DNA origami concentration at 0.1 nM.
Self-Organization Assay
Self-organization assays were performed essentially as described above in detail (see
section 6.1) [205]. In short, they were performed on preformed SLBs in 200 µl reaction
buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCl2 ) supplemented with
2.5 mM Mg-ATP (stock: 100 mM ATP, in 100 mM MgCl2 , adjusted to pH 7.5) and
at a constant room temperature of 23 °C. MinD was typically used at 1 µM with
either 1.5 µM MinE-His to generate quasi-stationary, labyrinth patterns [26] or 5 µM
His-MinE [25, 26] to generate regular traveling surface waves. Time-series showing
the initial development of patterns were acquired by starting the self-organization
with Mg-ATP directly before image acquisition. Tile-scans used for quantification
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were acquired 30 – 60 min after the start of self-organization, in areas of the chamber
that had not been imaged previously. I excluded images from analysis were MinDE
patterns deviated from the standard pattern formed at the respective conditions. As
MinDE self-organization exhibits multi-stability, conditions that generally favour the
formation of labyrinth patterns sometimes also lead to MinDE forming traveling
surface waves [26].
Chrome Patterned Cover Slides
Patterned SLBs were obtained by forming SLBs on chrome patterned cover slides
[233, 234]. Chrome patterned slides were generated by photolithography and metal
evaporation. Cover slides (Menzel #1.5) were first cleaned by rinsing with pure
ethanol and ddH2 O and subsequently by oxygen plasma cleaning (20-60 s, 40-50%
power and 0.3 mbar). The vapour of Bis(trimethylsilyl)amine (HDMS) was deposited
on the cover slide for 2 min as adhesion promoter. Subsequently, positive photoresist
(AZ ECI 3027, MicroChemicals GmbH, Ulm, Germany) was spin-coated onto the cover
slide for 40 s at 4000 rpm with a start/stop acceleration of 2000 rpm/s, resulting in an
approximately 3 µm thick layer of photoresist on the cover slide. After pre-baking the
cover slides for 90 s at 90 °C the photoresist was patterned using UV-lithography (µPG
101, Heidelberg Instruments, Heidelberg, Germany) with a 10 mm write head, 35 mW
nominal output power at a wavelength of 375 nm, before passing a 45% attenuation
filter. Afterwards, the slides were post baked for 60 s at 110 °C before applying
developer (AZ 351B, NaOH based, diluted 1:4 (v/v), MicroChemicals GmbH) for
4 min. Finally, slides were rinsed with ddH2 O and dried with a nitrogen stream.
Chromium was deposited onto these slides by evaporation at 22-33 mA at a rate of
1-2 Å/s to a final thickness of about 30 nm. After chrome deposition the photoresist
was lifted off in acetone with sonication for 5 min in a sonicator bath. Afterwards
slides were rinsed with isopropanol and dried with a nitrogen stream. SLBs were
formed on these chrome patterned slides as described above (see section 6.1) [205].
Microscopy
Images, except for single-particle tracking, were taken on a Zeiss LSM780 confocal
laser scanning microscope using a Zeiss C-Apochromat 40x/1.20 water-immersion
objective (Carl Zeiss AG, Oberkochen, Germany). Longer time-series were acquired
using the built-in definite focus system. All two or three color images were acquired
with alternating illumination for the 488/633 nm and 561 nm laser lines to avoid
cross-talk. EGFP-MinD was excited using the 488 nm Argon laser, Cy3B-labeled
origami or Alexa568-streptavidin using the 561 nm DPSS laser and Cy5-labeled
origami using the 633 nm He–Ne laser. Images were typically recorded with a pinhole
size of 2.6-4 Airy unit for the EGFP and origami channels, and 1 Airy unit for the
streptavidin channel, 512x512 pixel resolution, and a pixel dwell time of 1.27 µs.
Time-series were typically acquired with about 14 s intervals. In order to perform
single particle tracking of DNA origami images were acquired on a custom-built total
internal reflection fluorescence microscope (TIRFM) [235] using a NIKON SR Apo
TIRF 100x/1.49 oil-immersion objective, constructed around a Nikon Ti-S microscope
body (both Nikon GmbH, Düsseldorf, Germany). Two laser lines (490 nm (Cobolt
Calypso, 50mW nominal) and 561 nm (Cobolt Jive, 50 mW nominal), Cobolt AB, Solna,
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Sweden)) were controlled in power and timing (AOTF, Gooch&Housego TF-525-250,
Illminster, UK) and spatially filtered (kineFLEX-P-3-S-405.640-0.7-FCS-P0, Qioptiq,
Hamble, UK). The beam was further collimated, expanded (10x) and focused on the
objective’s back aperture by standard achromatic doublet lenses. The TIRF angle
was controlled by precise parallel offset of the excitation beam (Q545, PI, Karlsruhe,
Germany). The emission light was notch filtered to remove residual excitation light,
spectrally separated by a diochroic beamsplitter (T555lpxr-UF1, Chroma Technology
Cooperation, Bellow Falls, VT), bandpass filtered, 525/50 and 593/46 (both Chroma),
respectively, and re-positioned on two halves of the EMCCD camera (Andor iXon
Ultra 897, Andor Technologies, Belfast, UK). Images were recorded with Andor Solis
(Ver. 4.28, Andor Technologies).
Single Particle Tracking
Single particle tracking of DNA origami was conducted at a concentration of DNA
origami and anchors that can be described as diluted, so that interaction between
individual DNA origami is minimized. Due to the superior brightness and photostability, single particle tracking was exclusively performed using Cy3B-labeled
DNA origami. DNA origami was diluted in DNA LoBind tubes (Eppendorf) and
added to a chamber at a final concentration of 0.1-1 pM. For tracking of biotin DNA
origami SLBs with 70 mol% DOPC/30 mol% DOPG/0.01 mol% Biotinyl-CAP-PE
were incubated with non-labeled streptavidin at a final concentration of 1 µg/ml for
1-2 min before washing as described above. For tracking of cholesteryl DNA origami
SLBs with 70 mol% DOPC/30 mol% DOPG were incubated with 5’-chol-anchor at a
final concentration of 0.1 nM, before addition of DNA origami.
FRAP of Membrane-Bound DNA Origami
For Fluorescence recovery after photobleaching (FRAP) experiments, I used chambers
that were set up for self-organization assays (DNA origami, MinDE supplied), but
before ATP addition. Time-series of a region of 35.42x35.42 µm were acquired at 1-3 s
intervals and a circular region of 100 pixel (7 µm) in diameter was bleached.
Polymerization of DNA Origami
To trigger polymerization of 2bio-pol I added polymerization staple (see Table A.2)
to the chamber at a final concentration of 17 µM and gently mixed the reaction by
pipetting. The large volume addition (40 µl) already induced changes to MinDE
patterns in some experiments. To further change the MinDE pattern, I subsequently
added 1.5 µM MinE-His, resulting either in MinDE traveling waves or detachment of
MinDE from the membrane.
Attachment of Molecules on DNA origami
For attachment of labeled streptavidin on origami with 2 cholesteryl anchors (2chol) I
first bound the DNA origami to the membrane via 5’-chol-anchor as described above.
Subsequently, the chamber was incubated with Alexa568-labeled streptavidin (ThermoFisher Scientific) at a final concentration of 1 µg/ml. After 5-10 min incubation
unbound streptavidin was removed by gently washing 3 times with a total volume of
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600 µl reaction buffer. Afterwards MinDE were supplied as described above, and the
self-organization assay was started by addition of ATP. After MinDE patterns established anti-correlated origami patterns, Alexa-647-Phalloidin-labeled, biotinylated
actin (produced as described before [236]) was added at a final concentration of 0.1
µM and allowed to bind to the DNA origami before image acquisition.
Image Analysis
All images were processed using Fĳi (version v1.52p) or Matlab (R2016a, The MathWorks, Natick, USA). FRAP curves were analyzed using Python. Brightness or
contrast adjustments of displayed images were applied homogenously.
Single Particle Tracking Analysis
Analysis of single particle tracking was conducted as described previously using
previously published code [237]. In brief, a custom-written MATLAB code [237] was
used to detect DNA origami fluorescence in each frame and extract their position.
Origami trajectories on the membrane were analyzed using jump-distance (JD) analysis
[238, 239]. The distances between particle locations between subsequent frames were
analyzed and diffusion coefficients of particle ensembles were obtained by fitting the
cumulative histograms. As usually some of the origami in the field of view were
immobile and did not diffuse, I fitted the cumulative histograms of obtained jump
distances with 2 components, where for the second component the upper boundary
was set to 0.1 µm2 s−1 , and usually resulted in diffusion coefficients of less than 0.01
µm2 s−1 .
Analysis of MinDE-Dependent Transport
Analysis of fluorescence intensities and contrast was essentially performed as described
earlier (see section 8.1) [204]. Tile scans were imported into Fĳi and split into two or
three separate image stacks. The EGFP-MinD stack was used to segment the MinDE
labyrinth patterns in the images. To this end I used a custom-written ImageJ macro
where the image from the EGFP-MinD channel was filtered using a median filter with
radius 3–6 pixels, subsequently a “Pseudo-flat field correction” (BioVoxxel macro,
Jan Brocher) with radius 75 pixels was applied to remove unequal illumination. The
resulting image was thresholded using the Default method to generate a binary mask
of the MinDE pattern. The original non-modified images from the two/three spectral
channels were analyzed based on the binary mask using a custom-written Matlab
code. The average fluorescence intensity in the origami-Cy3B or origami-Cy5 and
EGFP-MinD spectral channel was obtained by pooling the means of individual images
from one independent experiment. All means from one independent experiment
and condition were pooled together. All fluorescence intensity values from one
experimental set were normalized to the fluorescence intensity values obtained for the
respective origami with 1 anchor. The contrast of the resulting patterns was calculated
for every individual image as the difference between the average intensity in the
MinDE minima and MinDE maxima divided by the average intensity in the MinDE
maxima. The contrast of the MinDE patterns was calculated for every individual
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image as the difference between the average intensity in the MinDE maxima and
MinDE minima divided by the average intensity in the MinDE minima.
8.4.3

Results and Discussion

Extent of MinDE-Dependent Transport of DNA Origami Depends on the Number of
Membrane Anchors
In order to test the hypothesis that MinDE-dependent transport of cargo is modulated
by the cargo properties, I turned to highly controllable biomolecules, DNA origami
nanostructures. I employed an elongated 20 helix bundle with 42 addressable
positions at the bottom facet that can be modified with extensions for anchoring to
the membrane (110x16x8 nm) [230, 231] (Fig. 8.3a). For visualization by microscopy
the DNA origami nanostructures were functionalized with seven dyes on the upper
facet. First, I produced different DNA origami species by increasing the number of
membrane anchors (1, 2, 5, 15 and 42 anchors: 1bio, 2bio, 5bio, 15bio, 42bio) (Fig.A.8).
Anchoring of the DNA origami to the membrane was achieved by the incorporation
of biotinylated DNA oligonucleotides at the respective, chosen positions that in
turn bind to streptavidin which is coupled to biotinylated lipids on the SLB (Fig.
8.3b). FRAP experiments of the membrane-bound DNA origami revealed that the
number of anchors modulated the origami diffusion, where increasing number of
anchors increased the recovery time, similar to what has been previously described
for cholesteryl anchored DNA origami [230, 231, 240, 241]. While anchoring via 1 or 2
anchors resulted in a similar diffusion rate, origami equipped with 5, 15 and 42 anchors
exhibited considerably slowed dynamics (Fig. A.9). When MinDE self-organization
was started by addition of ATP in the presence of these membrane-bound DNA
origami or streptavidin only (no origami), also the DNA origami and the (anchoring)
streptavidin started to reorganize on the membrane, forming patterns from an initially
homogenous distribution (Fig. 8.3c, d, Fig. A.10). The DNA origami and streptavidin
patterns were superimposable and anti-correlated to MinDE patterns throughout the
process, from initiation of self-organization to the establishment of the quasi-stationary
labyrinth pattern (Fig. 8.3c, d, Fig. A.10)). In contrast, when MinE was omitted from
such an assay, MinD homogenously covered the membrane and also the origami
and streptavidin remained homogenously distributed (Fig. A.11). Thus, the spatial
heterogeneity of DNA origami is not caused by processes, such as simple crowding or
aggregation, but requires active MinDE self-organization and pattern formation. For
better comparability between assays I waited until the labyrinth patterns, that MinDE
primarily generate under the chosen conditions (1 µM MinD, 1.5 µM His-MinE),
were established. Once formed these quasi-stationary patterns only undergo minor
changes over time, even though MinD and MinE are constantly exchanging within
the patterns (see section 8.3) [26]. In these patterns it was apparent that the regulation
of DNA origami, and concurrently streptavidin, was drastically increased when the
origami in the assay contained 42 biotin anchors (Fig. 8.4). To quantify this effect,
I determined the contrast of the cargo patterns defined as the average fluorescence
intensity in the MinD minimum above the intensity in the MinD maximum, divided
by the intensity in the MinD maximum (Fig. 8.5a). The increase in contrast in origami
and streptavidin patterns for 42 biotin anchors was about 8-fold when compared to
an assay where origami with only 1 or 2 anchors were present (Fig. 8.5b, c). This
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Figure 8.3. DNA origami nanostructures are transported by MinDE. a Schematic of the
20 helix bundle DNA origami nanostructure illustrating the nomenclature and location of
the 42 possible sites for incorporation of membrane anchors and the location of the 7 dyes
for visualization. b Schematic of MinDE self-organization and origami membrane anchors
approximately drawn to scale. Biotinylated DNA extensions bind to streptavidin that is
anchored to the SLB by binding to 2-3 biotinylated lipids. c Representative images of MinDE
self-organization inducing patterns of DNA origami with 2 biotin anchors and of streptavidin
(1 µM MinD (30% EGFP-MinD), 1.5 µM MinE-His, 0.1 nM origami-Cy5 with 2 biotin anchors,
Alexa568-streptavidin). Scale bars: 50 µm d Kymographs of the line selection shown in c.
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was performed more than three times under identical conditions.
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was accompanied by an about twofold increase in the contrast of the MinDE patterns
themselves (Fig. 8.5d). Meanwhile, the fluorescence intensity, i.e. the membrane
density, of the origami, streptavidin and EGFP-MinD were relatively similar for all
assays with only a slight decrease in the abundance of origami that were equipped
with many anchors (15bio and 42bio) (Fig. A.12). The different origami species did
not only affect the contrast of MinDE patterns, but also changed the appearance of the
MinDE patterns. The size of the MinDE minima was smaller, when only streptavidin
was bound to the membrane as compared to when origami was also present in the
assay, and the size further increased for the presence of origami with many anchors
(15bio and 42bio) (Fig. 8.5e). Hence, MinDE dynamics dictate the localization of DNA
origami on the membrane, but are also impacted by the presence of the DNA origami.
That origami/streptavidin patterns are maintained and generated by MinDE pattern
formation was further corroborated, when I altered MinDE patterns through addition
of more MinE (Fig. A.13): changes in MinDE patterns were mimicked in the origami
and streptavidin channels exhibiting anti-correlated dynamics. In summary, MinDE
self-organization can induce relocation of DNA origami nanostructures, and the extent
of this transport depends on the number of their membrane anchors. Furthermore,
the experiments clearly indicate that the non-specific interaction between MinDE and
the DNA origami mutually influences their behavior.
MinDE Can Induce Spatial Sorting of Different DNA Origami Species
Given the difference in regulation of biotin origami species harboring little and many
anchors, I hypothesized that they might also be differentially influenced by MinDE
self-organization when present in the same assay. To test this idea, I labeled two
different origami species, 2bio and 42bio, with two distinct dyes (Fig. 8.6a). When
MinDE self-organization assays were started in the presence of these two DNA
origami, both started to reorganize on the membrane (Fig. A.14), similar to when only
one DNA origami species was present (Fig. 8.3c, d, Fig. A.10)). However, the resulting
patterns of 2bio and 42bio were not superimposable and while 42bio patterns seemed
to be anti-correlated to MinDE patterns, 2bio patterns were not. Instead, 2bio and
42bio accumulations on the membrane were spatially separated with 2bio density
peaking in between 42bio and MinD maxima in space and time (Fig. A.14). This
was even more clear in the final labyrinth pattern in which 42bio amassed in MinD
minima, but was framed by a high-density region of 2bio origami (Fig. 8.6b, c). Thus,
42bio exhibited binary partitioning highly similar to what was observed when it was
present on the membrane alone. In contrast, when comparing the distribution of
2bio when bound to the membrane alone to when in the presence of 42bio (compare
Fig. 8.4b with Fig. 8.6 c), the redistribution of 2bio in the presence of 42bio is clearly
evident. While when alone the majority of 2bio partitions into MinD minima, in the
presence of 42bio, the bulk of 2bio is located in the MinD maxima peaking at the edge
of the MinD pattern. The observed spatial separation of distinct origami species in the
presence of MinDE self-organization was not an artefact due to fluorescent channel
crosstalk or dye quenching, as when dyes were swapped on 2bio and 42bio, the same
behavior could be observed (Fig. A.15). The spatial sorting was also not caused
by the distinct dyes, as when otherwise identical DNA origami (either 2bio/2bio
or 42bio/42bio) were labeled with two different dyes, no spatial sorting could be
observed, and origami distributions were superimposable (Fig. A.16). Hence, MinDE
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Figure 8.6. MinDE spatially sorts DNA origami species with few and many anchors. a
Schematic of the experimental setup. Two origami species with a different number of
membrane anchors and fluorescent labels, 2bio-Cy3B and 42bio-Cy5, are incubated on an SLB
with non-labeled streptavidin. Pattern formation is induced by addition of MinDE. (1 µM
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self-organization is able to sort distinct origami species resulting in a clear spatial
separation on the membrane.
Cholesteryl-Anchoring of DNA Origami Yields Comparable Results
Alternative to the anchoring strategy via streptavidin-biotin interaction, I also directly
recruited the DNA origami nanostructures to the membrane: I incorporated DNA
extensions at the respective positions which can hybridize with oligonucleotides
modified with a TEG-cholesteryl moiety that inserts into the lipid bilayer (Fig.
A.17a) [230, 231]. FRAP analysis confirmed previous studies analyzing diffusion of
cholesteryl-anchored DNA origami [230, 231, 240, 241]: origami equipped with 1 or
2 cholesteryl anchors (1chol, 2chol) exhibited similar diffusion rates on membranes,
whereas origami with 5 or 15 cholesteryl anchors (5chol, 15chol) diffused much slower
(Fig. A.17b). Cholesteryl-anchored DNA origami were also regulated by MinDE and
formed anti-correlated patterns to the MinDE ones (Fig. A.17c). However, contrary to
the origami anchored via biotin/streptavidin the contrast of the cholesteryl-anchored
origami steadily increased from 1 over to 2 to 5 and finally to 15 anchors (Fig. A.18a).
The contrast of the MinDE patterns and the size of the MinDE minima followed the
same trend, but to a much lesser extent (Fig. A.18b, c). Concomitantly, I observed
an increase in DNA origami fluorescence intensity, and thus membrane density, for
increasing number of cholesteryl-anchors, while EGFP-MinD fluorescence intensity
was invariant independent of the presence or absence of origami (Fig. A.18d, e).
Increasing number of cholesteryl anchors have previously been shown to increase
membrane binding efficiency of DNA origami [231]. When comparing the line plots
(Fig. 8.4b and Fig. A.17c) of the patterns for biotin and cholesteryl origami (Fig.
A.17c), a stark difference in the regulation of the two origami classes is apparent. The
biotin origami only partially partition to the MinDE minima for a low number of
anchors (1bio, 2bio, 5bio) whereas 42bio origami are almost exclusively located in the
MinDE minima. In contrast, cholesteryl origami seem to exhibit binary partitioning
independent of the number of anchors. Of note, the contrast of 2chol patterns was
already about twice as high as for patterns formed by 1bio-15bio. This suggests
that the apparent contrast increase for cholesteryl origami with increasing number
of anchors is largely caused by the increasing membrane density: all cholesteryl
DNA origami that bound to the membrane also accumulated in the MinDE minima
independent of the number of anchors.
Curious whether also different cholesteryl origami species could be spatially
sorted by MinDE, I performed MinDE self-organization in the presence of 2chol and
15chol (Fig. A.19). The resulting patterns were similar to what I have described for
the biotin origami, in that the accumulation of origami with many anchors (15chol)
was again spatially separated from MinD maxima by the accumulation of origami
with few anchors (2chol) independent of origami labeling (Fig. A.19b, e). However,
unlike 2bio the majority of 2chol origami still partitioned into the MinD minima in
the presence of 15chol (Fig. A.19c, f). This difference in the sorting of biotin and
cholesteryl origami mirrored those observed in the regulation of just one origami
species. 2bio partially partition into MinD minima and retain the ability to colocalize
with MinD maxima, whereas 2chol already exhibits binary partitioning like 15chol
and 42bio (Fig. 8.4b and Fig. A.17). In summary, MinDE can differentially regulate
and sort DNA origami structures with few and many anchors independent of the
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anchoring strategy. Moreover, while behavior is qualitatively similiar for biotin and
cholesteryl origami, transport of cholesteryl origami seems to be much stronger than
that of biotin origami.
Interaction Area of the DNA Origami Influences its Transport by MinDE
The experiments in the previous sections demonstrated that different DNA origami
are influenced by MinDE self-organization to a different extent which manifests itself
in spatial sorting when two different DNA origami species are present at the same
time. But what is the cause for the differences in the regulation of distinct species
of the same class (e.g. 2bio compared to 42bio)? And why is there a difference in
behavior between the different origami classes (e.g. 2bio compared to 2chol)? The first
intuitive difference between origami of the same class is the rate of diffusion. Indeed,
the contrast of origami patterns, seems to be higher for slower diffusing origami
(42bio/15chol) than for faster diffusing origami (2bio/2chol). In line with this, when
origami species are mixed, the fast diffusing origami seem to localize in between
MinD maxima and the slowly diffusing origami. However, the explanation that the
diffusion of the cargo sets the extent of the transport cannot explain the differences in
the behavior between origami classes, biotin and cholesteryl origami: (1) the overall
stronger regulation of cholesteryl origami compared to biotin origami (e.g. 2chol and
2bio; (2) the stark difference in the extent of the regulation between 15bio and 42bio
even though their diffusion is similiarly slow (Fig. A.9); in contrast 15chol shows a
very strong regulation.
So what is the difference between 2chol and 2bio? One notable difference between
the two structures and thus origami classes is the height between the origami body and
the membrane surface. Both structures contain the same dsDNA as linker between
the origami body and the anchoring molecules (cholesteryl/biotin). The length of
this linker can be estimated to about 6.1 nm taking into account the rise per basepair
(bp) of 0.34 nm of B-DNA ([242]). In both cases the oligonucleotide is connected
to the anchoring moiety (biotin/cholesteryl) via TEG with a size of about 1.4 nm
[240]. In the case of the cholesteryl origami this linker of in total ∼7 nm is the only
spacer between origami body and membrane, as the cholesteryl moiety will insert
into the membrane (Fig. A.17a). As the persistence length of dsDNA is about 50 nm
([242–244]) the dsDNA linker is rigid. However, the connection to the DNA origami is
only single stranded giving the dsDNA linkers freedom for bending [231]. In contrast,
the biotin origami feature an additional spacer: the dsDNA linker carry a TEG-biotin
group that binds to lipid-anchored streptavidin. The height of membrane-bound
streptavidin was measured to be ∼4 nm [245] in good agreement with measurements
from EM/crystal structures [246, 247] (Fig. 8.3). Thus, the body of the biotin origami
towers presumably at least 5, maximally up to 11 nm, above the membrane. I further
know that during the self-organization process MinDE form a monomolecular layer
on the membrane with a height of about 5 nm (see section 7.1) [206]. Therefore, it can
be assumed that the physical contact of MinDE with the DNA origami differs between
different origami classes and species. In the case of the cholesteryl origami, the whole
origami body is presumably close enough to the membrane to be interacting with
MinDE thereon. In the case of biotin origami, however, membrane-bound MinDE
are likely to only be interacting with the streptavidin anchors, as the origami body
itself is located up to 11 nm above the membrane, potentially allowing MinDE to
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diffuse and locate underneath the origami. The biotin origami could be described as
diffusing on stilts (streptavidin) through the MinDE carpet. Thus, I suggest that the
parameter setting the extent of the regulation and the outcome of sorting by MinDE is
primarily the size of the area the cargo occupies on the membrane that is within the
interaction height of membrane-bound MinDE (∼0-5 nm from membrane surface).
This parameter is termed interaction area and resembles the membrane footprint of
the molecule. It can be related to a kind of friction/resistance the cargo molecules
experience when diffusing within the MinDE proteins on the membrane. That the
interaction area of the molecule influences the extent of the regulation can explain
the discrepancies mentioned above: (1) Cholesteryl origami are overall regulated
stronger than biotin origami presumably because the full lower facet is interacting
with MinDE independent of the number of anchors (interaction area: 110 nm x 16
nm = 1760 nm2 ). In turn, in biotin origami, presumably only the streptavidin that
is bound to the origami interacts with membrane-bound MinD and not the origami
body itself. Assuming a streptavidin footprint of 25 nm2 on the membrane [245, 248]
the area with which the biotin origami would interact with MinDE would maximally
sum up to 25 nm2 , 50 nm2 , 125 nm2 , 375 nm2 and 1050 nm2 for 1bio, 2bio, 5bio,
15bio and 42bio, respectively. It should be noted that this is of course an idealized
picture and most likely over-simplified such that a full theoretical description of the
interaction of MinDE and cargo might depend on additional parameters and not
directly on the interaction area/membrane footprint alone. Moreover, incorporation
efficiency of DNA staples into DNA origami nanostructures is imperfect averaging
to 84% [249] and also the tetravalency of streptavidin [248] presumably reduce the
number of streptavidin that is actually bound to the biotin origami, thereby reducing
their interaction area. Overall, the data presented herein is consistent with the
interaction area of the DNA origami nanostructures mainly determining the extent of
the molecular transport by MinDE.
Single Particle Tracking Reveals that Diffusion of DNA Origami is Slowed in the
Presence of Memrane-Bound MinD
If membrane-bound DNA origami structures were to indeed directly interact and
collide with membrane-bound MinDE, which would cause their transport and spatial
sorting, this should also be evident on the microscopic level. Thus, I turned to
single-particle tracking to assess the diffusion of membrane-bound DNA origami
nanostructures. I first tracked DNA origami diffusing on membranes at low density
and in the absence of MinDE or ATP to quantitatively describe their diffusion. The
diffusion coefficient I obtained for mobile DNA origami was (0.65±0.12) µm2 s−1
for 2bio, (0.06±0.02) µm2 s−1 for 42bio, (0.9±0.3) µm2 s−1 for 2chol and (0.24±0.04)
µm2 s−1 for 15chol (Fig. 8.7 and Table 8.1). In line with the FRAP results and earlier
studies on membrane diffusion of DNA origami [230, 231, 240, 241], the origami with
a low number of anchors are diffusing much faster than those with more anchors.
Nonetheless, diffusion of the cholesteryl origami (2chol and 15chol) was faster than
that of their biotin counterparts (2bio and 42bio), further undermining the hypothesis
that the diffusion coefficient is a determining factor for the molecular transport by
MinDE. Next, I performed experiments in which I imitated the conditions occurring
in the MinD maxima of MinDE patterns in the most simplistic fashion. To this end I
added 1 µM MinD and ATP to low-density, membrane-bound DNA origami. In the
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Figure 8.7. Membrane-bound MinD slows the diffusion of membrane-anchored DNA
origami. Representative kymographs of single DNA origami diffusing on the membrane
in a the absence of MinDE and b the presence of 1 µM MinD and ATP. Scatter plot of the
diffusion coefficients of different DNA origami nanostructures at low membrane density in c
the absence of MinDE and d in the presence of 1 µM MinD and ATP. Individual points are
diffusion coefficients obtained for one analyzed time-lapse, lines are mean and errobars are
standard deviation. N is the number of analyzed single particle tracks, TL the average track
length and MF the fraction of mobile DNA origami.
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presence of ATP, but absence of MinE, MinD homogenously covered the membrane,
but was unable to induce patterns of DNA origami on the membrane even if present
at high densities (Fig. A.11). This allowed me to track individual DNA origami
diffusing in presence of membrane-bound MinD without the added complexity of
MinDE patterns. The diffusion of 2bio, 2chol and 15chol was slowed drastically on
membranes covered with MinD resulting in diffusion coefficients that were smaller
by about one order of magnitude ((0.06±0.02) µm2 s−1 for 2bio, (0.044±0.012) µm2
s−1 for 2chol and (0.029±0.005) µm2 s−1 for 15chol). As 42bio already diffused very
slowly in the absence of MinD, its diffusion was hardly impacted by the presence of
MinD on the membrane resulting in a diffusion coefficient of (0.036±0.011) µm2 s−1 .
Thus the diffusion coefficient of all origami species is reduced to a similiar level in
the presence of membrane-bound MinD. Of note, the diffusion of the origami species
which are regulated stronger by MinD and also located the furthest from MinD
during sorting (15chol/42bio), was slightly lower than those of the less regulated
ones (2chol/2bio). This difference might point to the distinct friction experienced by
different DNA origami species diffusing within the MinDE-covered membrane. To
further tease out this difference, the diffusion coefficient of all DNA origami species
could be determined when diffusing on a membrane that is less crowded with MinD,
for example by employing only 0.5 µM MinD. In summary, DNA origami diffusion
on the membrane is reduced in the presence of membrane-bound MinD suggesting
that they experience friction by directly colliding with membrane-bound MinD.
Table 8.1. Diffusion coefficients of DNA origami nanostructures in absence and presence
of membrane-bound MinD. Values are mean and standard deviation

Origami

Diffusion coefficient (µm2 s−1 )

Diffusion coefficient (µm2 s−1 )
in presence of 1 µM MinD

2bio
42bio
2chol
15chol

0.65±0.12
0.06±0.02
0.9±0.3
0.24±0.04

0.06±0.02
0.036±0.011
0.044±0.012
0.029±0.005

MinDE Traveling Surface Waves Differentially Impact DNA Origami Species Based
on the Number of Membrane Anchors
MinDE self-organization is not only capable of producing labyrinth patterns, but
also a variety of other patterns in vitro depending on the exact nature of the proteins,
protein concentrations and assay setup [25, 26, 185]. So far most papers have treated
the regular waves formed by MinDE occurring at lower total protein concentrations
that also have a closer resemblance to the pole-to-pole oscillations and traveling waves
formed in vivo [23, 198, 214]. MinDE traveling surface waves in vitro often form spirals
with a stable center position from which MinDE waves continuously travel outward.
We and others have previously shown that these MinDE waves regulated lipidanchored streptavidin leading to large-scale gradients on the membrane: streptavidin
was depleted from spiral centers and accumulated were waves collided (see section
8.1) [204, 223]. I was interested whether also membrane-anchored DNA origami could
be transported and sorted by MinDE traveling waves. I chose conditions under which
217

Chapter 8. The MinDE System Positions, Transports and Sorts Membrane-Bound
Molecules
MinDE forms highly regular wave patterns, 1 µM MinD and 5 µM His-MinE [26]. The
His-MinD construct can be regarded as a hyperactive form of MinE when compared to
wildtype MinE and MinE-His (see section 8.3) [26]. Indeed, also when MinDE formed
regular wave patterns cholesteryl origami (2chol and 15chol) were transported by
MinDE resulting in large-scale gradients (Fig. 8.8a). The resulting gradients appeared
to be much stronger for 15chol than for 2chol recapitulating the results produced with
quasi-stationary MinDE patterns above. Similarly, when MinDE formed traveling
surface waves in the presence of differentially labeled 2chol and 15chol sorting was
evident: gradients of 15chol were much stronger and accumulations of 15chol were
framed by high densities of 2chol. Thus, the different extent in regulation and spatial
sorting of origami with few and many anchors demonstrated herein, can also be
obtained, when MinDE form dynamic patterns, traveling surface waves.
MinDE-Induced Transport of DNA Origami Can be Directed by Harnessing the
Geometry Sensitivity of the MinDE System
Having worked towards the better understanding of the biophysical mechanism
underlying the transport and sorting of DNA origami by MinDE, I wondered whether
this phenomenonon could be applied to nanotechnology. The ability of MinDE
traveling surface waves to transport and also sort membrane-bound molecules
establishing gradients on the scale of hundreds of micrometer (Fig. 8.8) or, when
a minimal MinE version is used [187], even on the millimeter scale (Fig. A.6) is
especially intriguing. However, the center position and extension of MinDE spirals
cannot be predicted or controlled and therefore the position of large-scale gradients
formed by cargo molecules is random. To obtain better control over the formation of
these large-scale gradients, I took advantage of the geometry sensitivity of MinDE
self-organization [24, 184, 191]. This well-described phenomenon manifests itself
amongst others in the ability of MinDE traveling surface waves to align on patterned,
planar SLBs [191]. I patterned cover slides with chrome [233, 234] yielding squared
and rectangular membrane patches of similar dimensions as previously described
[191] (Fig. 8.9a). As demonstrated before, MinDE waves aligned along the diagonal
axis of membrane squares and rectangles with an aspect ratio of 1 and 0.6, respectively,
even in the presence of membrane-bound DNA origami. Remarkably, DNA origami
transport could indeed be directed: a gradient of DNA origami formed along the
membrane patch, with the DNA origami accumulating in the corner of the membrane
patch in the direction of wave propagation (Fig. 8.9b-e).
When two origami species were present on these smaller membrane patches,
alignment of MinDE waves seemed to become more irregular, but accumulation of
both origami species was still correlated with the direction of wave propagation and
spatial sorting of the DNA origami structures along the direction of wave propagation
occurred. The order of accumulation mimicked what I observed for the labyrinth
patterns. Maximum density of 15chol was located in the far corner in the direction of
wave propagation, whereas 2chol accumulated before 15chol. Hence, MinDE waves
can spatially separate distinct DNA origami on membrane strips where origami with
a high number of anchors travel further than origami with a low number of anchors.
Thus, MinDE-dependent transport of DNA origami species can be directed by
exploiting the geometry sensitivity of MinDE pattern formation. These experiments
highlight the power of the novel form of active transport by MinDE discovered within
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Figure 8.8. MinDE traveling surface waves differentially regulate and sort cholesteryl
anchored origami. a Representative images of MinDE traveling surface waves and induced
large-scale gradients of DNA origami when anchored via 2 or 15 cholesteryl anchors (1 µM
MinD, 5 µM His-MinE, 0.1 nM 2chol-Cy3B or 15chol-Cy3B). Brigthness and constrast settings
of the images are comparable. Scale bars: 500 µm. b Representative images of traveling
surface waves and large-scale gradients of two different cholesteryl anchored DNA origami
(2chol and 15chol)(1 µM MinD, 5 µM His-MinE, 50 pM 2chol-Cy3B and 50 pM 15chol-Cy5).
Scale bars: 500 µm (top) and 50 µm (bottom).
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MinD and origami fluorescence on b a squared and d a rectangular SLB patch (1 µM MinD
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220

Chapter 8. The MinDE System Positions, Transports and Sorts Membrane-Bound
Molecules
this thesis. Through a combination of geometric cues, different self-organization
capabilities of different MinD and MinE mutants and potentially optogenetic control
[250], MinDE-dependent transport could be thoroughly controlled in the future and
adapted to a wide variety of scales and geometries.
MinDE-Dependent Transport Can be Applied to Control Patterning on the Micron
Scale
After demonstrating that transport and sorting by MinDE can be directed, I sought to
further exploit the fact that, because MinDE-dependent transport is non-specific, I
can employ DNA origami as its cargo.
MinDE self-organization can pattern membrane-bound cargo molecules. However,
cargo patterns are only stable as long as MinDE continue to self-organize, and follow
any changes of MinDE patterns (Fig. A.13). This is inconvenient for any downstream
applications, thus, it would be desirable to stabilize MinDE-induced cargo patterns.
Taking advantage of the various modes of assembling DNA origami nanostructures
[227, 228], the design of 2bio was altered by introducing 40 ssDNA extensions at
the right and left facets (see Table A.3). Addition of a polymerization staple to
this structures enabled polymerization in a head-to-tail fashion. In the absence of
polymerization staple, also this origami (2bio-pol) could be regulated by MinDE
resulting in anti-correlated patterns (Fig. 8.10). Addition of polymerization staple to
the assay fixed the DNA origami pattern on the membrane. Indeed, when I added
more MinE to the assay, the MinDE patterns changed, whereas the DNA origami
patterns retained their original form. Also in the streptavidin channel the original
pattern could still be observed, likely representing streptavidin that is bound to
2bio-pol, whereas the remaining free streptavidin exhibited anti-correlated dynamics
to the MinDE patterns. In contrast, in the control experiment with regular 2bio, which
does not contain the extensions for polymerization, addition of polymerization staple
could not stabilize the pattern: origami and streptavidin performed anticorrelated
dynamics to MinDE patterns upon addition of more MinE (Fig. A.20). In another
experiment, I polymerized 2bio-pol that was homogenously covering the membrane
prior to MinDE self-organization (Fig. A.21). When I started MinDE dynamics
by addition of ATP in the presence of these polymerized DNA origami, 2bio-pol
did not form any patterns, but remained homogeneously distributed, whereas the
steptravidin formed patterns that were anti-correlated to MinDE (Fig. A.21). This
experiment further demonstrates that the mechanism for the transport and sorting of
membrane-bound molecules by MinDE relies on the diffusion of the cargo molecule
on the membrane.
Being able to transport DNA origami nanostructures by MinDE is not only an
advantage because of its high controllability as a molecular building block, but
also because of its capacity as a molecular scaffold. Molecules can be attached on
DNA origami nanostructures in a precise manner and by a wide varity of different
chemistries [227, 228]. Furthermore, I have characterized the transport of DNA origami
nanostructures herein in detail (see above) and have shown that the regulation of
certain DNA origami nanostructures is very strong (15chol and 42bio). Thus, I can
now pick one of these structures and use them as a scaffold for the decoration with
arbitrary molecules, as long as they allow for free diffusion of the DNA origami
nanostructure. As a proof of concept I replaced the fluorescent dye staples on the
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Figure 8.10. MinDE-induced DNA origami patterns can be fixed on the membrane. Representative images and kymographs of DNA origami, EGFP-MinD and streptavidin patterns
after addition of polymerization staple and subsequent addition of MinE (initial conditions:
1 µM MinD, 1.5 µM MinE-His, 0.1 nM 2bio-pol, Alexa568-streptavidin; addition of 17 µM
polymerization staple and subsequently 1.5 µM MinE-His).
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upper facet of 15chol DNA origami with extensions that were biotinylated. This
functionalization allows to couple streptavidin to the upper facet of the DNA origami.
While lipid-anchored streptavidin itself can be transported by MinDE, the extent of its
regulation is much lower than that of 15chol (contrast of ∼1 and ∼10, respectively, Fig.
8.5 and Fig. A.18). Indeed, MinDE was also capable of transporting this streptavidinloaded DNA origami resulting in high-contrast, anti-correlated patterns (Fig. 8.11a).
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Figure 8.11. MinDE-dependent transport of DNA origami can be used to pattern
biomolecules on membranes a MinDE induces patterns of streptavidin-decorated 15chol
origami (1 µM MinD (30% EGFP-MinD), 1.5 µM MinE-His, 0.1 nM 15chol with biotin extension
on top facet, Alexa568-streptavidin). b Localized attachment of stabilized actin filaments to
MinDE induced patterns of streptavidin-decorated 15chol (1 µM MinD, 1.5 µM MinE-His,
0.1 nM 15chol with biotin extension, Alexa568-streptavidin, Alexa-647-Phalloidin-labeled,
biotinylated actin).

In the future, the DNA origami could be decorated with additional molecules
via biotin-streptavidin interaction, thus forming a modular platform for shuttling by
MinDE. Note, that molecule attachment needs to guarantee diffusive mobility of the
DNA origami, as otherwise the positioning will not occur. However, cross-linking
cargo, i.e. larger entities with multiple binding sites, such as protein filaments or beads,
can be used to decorate and fix patterns that have already been generated by MinDE.
When I added stabilized actin filaments to an assay where streptavidin-decorated
15chol origami had been patterned by MinDE, the actin filaments preferentially
attached to the areas enriched with streptavidin-decorated 15chol, that is the MinDE
minima (Fig. 8.11b). In summary, I have shown that by exploiting the unique
properties of the cargo DNA origami, MinDE-dependent transport can be applied for
patterning of molecules on membranes on the micron scale.
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9

Discussion and Future Perspectives

In this thesis I have contributed to the understanding of the MinDE self-organization
mechanism, specifically the nature of the cooperative membrane binding of MinD, and
have identified and analyzed a novel mechanism by which MinDE self-organization
can position, transport and sort membrane-bound molecules.
Having identified the cooperative membrane binding of MinD as a knowledge gap
in the self-organization mechanism of MinDE, I employed high-speed atomic force
microscopy to visualize MinDE pattern formation in vitro, demonstrating that MinD
is likely to associate into higher order structures on the membrane (see section 9.1).
I furthermore set out to look for additional roles of MinDE dynamics by reconstituting MinDE with other membrane-bound molecules in vitro. Thereby, I found
that MinDE are able to position, transport and sort membrane-bound molecules by a
completely non-specific mechanism (see section 9.2.1). I propose that the positioning
of membrane-bound molecules by self-organizing systems could contribute to the
observed hetereogeneity of cellular membranes (see 9.2.2) and discuss which other
biological systems might be capable of exerting such an effect (see 9.2.5). While I
have not conducted experiments in the native host of the MinCDE system, E. coli,
I speculate about the implications that the results presented herein could have for
the spatiotemporal organization of E. coli (see 9.2.3). Furthermore, I discuss how
the non-specific transport by MinDE could potentially allow to achieve better positioning of FtsZ in vitro (see 9.2.4). Finally, I discuss how the non-specific positioning
and transport by MinDE could be harnessed for bottom-up synthetic biology and
nanotechnological applications (see 9.2.6).
The two main results obtained in this thesis are intertwined. Higher orderassociation of MinD is likely the reason for the observed strong cooperativity in
membrane binding of MinDE and may thereby provide the density required for
spatiotemporal positioning of membrane-bound molecules by MinDE. In turn, the
non-specific interaction of MinD with other molecules on the membrane, might limit
the size of the higher order structures formed by MinD, thereby setting the wavelength
of the MinDE patterns (see section 9.3).
By publishing an open-acess, step-by-step protocol accompanied by an instructive
video of the in vitro reconstitution assay, and an in-depth review of MinCDE pattern
formation I have further established the MinCDE system as a model reaction-diffusion
system whose study in vivo, in vitro and in silico, does not only allow to discern
questions concerning the specific biology of this system, but also to identify general
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principles of self-organization.
Taken together, the results presented in this thesis, reveal the power of in vitro
reconstitution approaches, maintaining full control over components and the ability
to quantitatively analyze their behavior allows to decipher biophysical mechanisms in
detail. By increasing their complexity step by step, in vitro assays can reveal emergent
properties of self-organizing systems, that might easily be overlooked and hard to
disentangle in the complexity of living cells.
9.1

MinD Associates into Higher Order Structures on the Membrane

Self-organization processes usually comprise autocatalytic steps or positive feedback
loops [13]. The same is true for the mechanism of MinDE pattern formation, where
the autocatalytic step is implemented on the molecular level as highly cooperative
membrane binding of MinD [25, 91, 92, 193]. So far, the cooperative membrane binding
has been commonly attributed to the well-documented ATP-dependent dimerization
of MinD [83, 91, 92]. However, it is unlikely that dimerization is the sole source of
cooperativity. For example, theoretical models of MinDE pattern formation usually
require MinD filament formation or “MinD recruitment”, where more MinD on the
membrane recruits additional protein from the cytosol [27, 194, 195]. In this thesis I
found that the positive feedback loop also comprises higher order interactions of MinD
dimers presumably in the form of MinD filaments or 2D quasi-crystal formation.
In section 7.1 I used a label-free surface-probe technique with high temporal and
spatial resolution, HS-AFM, to interrogate the MinDE pattern formation mechanism
[206]. With this method MinDE quasi-point oscillations on nanometer-sized membrane patches could be observed. On these planar SLB patches MinDE formed a
monomolecular protein layer of about 5 nm height, an information that could not
be obtained from previous studies employing conventional fluorescence microscopy
[25, 183]. Furthermore, detailed analysis of the HS-AFM movies suggested that
MinD dimers are likely to associate into higher order structures. Evidence for filament formation stems from the analysis of the oscillatory kinetics in dependence on
membrane patch size and protein concentration. Central was the observation that
the time MinDE remained membrane-associated showed a logarithmic patch-size
depdendence, that was strongly aggravated with reduced MinE concentration. This
suggested a model in which during this time MinD dimers are forming higher order
structures due to weak and transient interactions between dimers (see section 7.1,
Fig. 4). Furthermore, HS-AFM imaging allowed to directly visualize the unbinding
process of MinDE from the membrane, during which entire subdomains of proteins
left the membrane simultaneously, and remaining MinDE on the membrane exhibited
a patchy, filamentous appearance. When the SLB patches were incubated with MinD
in the absence of MinE, MinD filaments could be directly detected on the mica surface
after prolonged incubation. This stable filament formation only occurred in the
absence of MinE and might be similiar to previous reports of filament formation
[91, 101]. In these studies filament formation of MinD was detected by electron
microscopy (EM) in presence and absence of membranes, but at relatively high MinD
concentrations and without MinE. In the absence of MinE, that periodically induces
turnover of MinD inside these structures, filaments might become stabilized and thus
more easily detectable.
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Further evidence for oligomerization of MinD dimers originates from the results
demonstrating spatiotemporal regulation of membrane-bound molecules by MinDE
described in chapter 8. In general it seems unlikely that, if MinD indeed only formed
dimer on the membrane, MinDE could regulate and even transport membrane-bound
molecules through the non-specific mechanism described herein (see section 9.2). One
key experiment further challenges the assumption, that membrane-bound MinD is
only dimeric: MinDE regulate a model peripheral membrane protein that has a similiar
membrane affinity as a MinD dimer (see section 8.1, Fig. S7) [204]. In congruence
with the generally accepted mechanism that ATP-dependent dimerization of MinD
promotes membrane binding [83, 91, 92, 251], model peripheral membrane proteins
with only one copy of the E. coli MinD MTS were hardly binding to the membrane. In
contrast, two copies allowed for efficient binding, independent of the construct nature
(mCh-MTS(2xMinD): tandem repeat; mCherry-Jun-EcMTS: leucine zipper). Coreconstitution of the latter constructs with MinDE, revealed that they were regulated
and thus displaced from the membrane by MinDE, therefore suggesting that the
membrane-bound MinD species has a higher membrane-affinity than what is conferred
by two MTS. Similarly, when I expressed sfGFP-MinD or mCh-MTS(2xMinD) in the
fission yeast S. pombe (see section 8.2), MinD accumulation on intracellular membranes
was much stronger than for mCh-MTS(2xMinD), indicative of stronger cooperativity
in membrane binding. Although it cannot be excluded that MinD harbors other
features that contribute to membrane binding apart from the MTS, these experiments
imply that MinD dimers oligomerize or polyermize on the membrane, which increases
the cooperativity during membrane binding.
Hence, the collective results in this thesis suggest that MinD associates into
filaments or 2D quasi-crystals on the membrane during MinDE self-organization.
The interaction between MinD dimers is likely to be much weaker than the canonical
ATP-dependent dimerization. As a consequence inter-dimer contacts will presumably
only form on the membrane, where confinement in 2D pre-orients the proteins and
increases their effective concentration. This is in good agreement with the observation
that the lifetime of individual MinD molecules on the membrane is increased with
higher MinD membrane density [183, 206]. The weak interactions may also provide
the non-linearity required for MinDE self-organization, the strong difference between
ADP- and ATP-bound state. Upon ATP-binding MinD dimerizes and binds to the
membrane. At non-productive sites on the membrane, i.e. regions with low protein
density, MinD turnover is high and poteins rapidly detach. In contrast, in regions in
which a certain number of MinD dimers has accumulated, MinD filaments will rapidly
grow as incoming MinD dimers further stabilize the ensemble on the membrane. At
the same time the weak inter-dimer contacts might allow MinE to antagonize MinD
accumulation on the membrane, so that the reaction cycle can proceed.
In the future it would be interesting to learn more about the molecular nature
of the inter-dimer contacts and to determine whether they are criticial for selforganization or, for example, only enhance the robustness of pattern formation, i.e.
the regime in which patterns occur. If the dimer-dimer interaction were indeed
as weak and transient that they only occur on membranes, this might explain why
they have not been detected by size-exclusion chromatography or structural studies,
which ascertained the ATP-dependent dimerization [83, 252–254]. Thus, in order to
determine the interface responsible for inter-dimer contacts more sensitive methods
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are required, such as cross-linking of MinD in the presence of membranes followed
by mass spectrometry [255] or the computational prediction of interfaces for example
by analysis of co-evolving residues [256, 257].
Another way of achieving more insight into the contribution of MinD molecular
dynamics to the self-organization mechanism are mutational studies, as have been
conducted for MinE [186–188]. Residues crucial for MinD function could be mutated
and their ability to exert or participate in MinDE self-organization in vitro could be
assessed. Potential sites for mutations are the MTS, the active site for ATP-binding
and hydrolysis, or if known the interface for the dimer-dimer interaction. Amongst
others, these studies could reveal whether supramolecular structures of MinD could
potentially be omitted from a minimal MinD/MinE system, or whether they are
indispensable for pattern formation. A related protein, FlhG that regulates the number
and localization of flagella, has recently also been shown to dimerize and bind to
membranes in an ATP-dependent manner [85]. Interestingly, in this protein the MTS is
bound in a hydrophobic groove on top of the protein in the ADP-bound state and only
accessible when the protein dimerizes upon ATP-binding [85]. The available MinD
structures suggest [83, 253, 254], even though no E. coli MinD monomer structure
has been solved, that MinD does not undergo such strong conformational changes
upon ATP-binding. Thus, occlusion of the MTS could potentially be an alternative
molecular motif to provide a more distinct molecular switch upon nucleotide binding
in the absence of oligomerization and polymerization.
Taken together the results presented in this thesis strongly suggest that MinD
associates into supramolecular structures on the membrane and imply that higher
order association of MinD dimers provides the non-linearity in membrane binding
and unbinding that is critical for MinDE self-organization.
9.2

MinDE Positions, Transports and Sorts Membrane-Bound Macromolecules

So far, the biological purpose of the MinDE oscillations has been accredited to
positioning MinC and thereby FtsZ. Here, I set out to look for additional roles of
MinDE dynamics using the established in vitro reconstitution assay, as it allows to
assess protein function in the absence of the complexity and redundancy of a cell.
Thereby, I found that MinDE is able to position, tranpsort and sort membrane-bound
molecules.
9.2.1 Proposed Mechanism for the Spatiotemporal Positioning of Membrane-Bound
Molecules by MinDE
In this thesis, I have worked towards understanding the mechanism underlying the
MinDE-dependent regulation of membrane-bound molecules by characterizting the
phenomenon in detail in an in vitro reconstitution assay of MinDE self-organization
(Fig. 9.1). I exploited the advantages of the assay to full extent: It allowed to
freely introduce a variety of different membrane-bound molecules, even of complete
synthetic nature, to control and vary many aspects influencing pattern formation, such
as lipid composition, protein concentrations and membrane geometry and enabled
quantitative imaging.
I observed the spatiotemporal regulation of a variety of different membrane-bound
molecules (hereafter: target): model peripheral membrane proteins, lipid-anchored
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streptavidin, treadmilling protein filaments (FtsZ-YFP-MTS), oligomerizing peripheral
membrane proteins (FtsA), or even DNA strands and DNA origami nanostructures
anchored to the membrane via cholesteryl or lipid-anchored streptavidin. Hence,
the effect robustly occurs over a wide range of target molecule properties: different
modes of membrane binding (amphipathic helix, cholesteryl- or lipid-anchored),
the nature of the target itself (protein, DNA strand or DNA origami nanostructure),
the oligomerization state of the target protein, the dwell time on the membrane
(transient attachment and permanent anchoring compared to the time-scale of MinDE
self-organization) and the size of the target (ranging from monomeric proteins (3-5
nm) to DNA origami nanostructures (110 x 16 x 8 nm)). Hence, spatiotemporal
positioning of membrane-bound molecules seems to be extremely robust. However,
MinDE could not regulate immobile structures on the membrane, such as permanently
attached, polymerized DNA origami structures (Fig. A.21). Thus, I conclude that
in order to be regulated by MinDE a target needs to exert membrane dynamics,
i.e. attach and detach to and from the membrane and/or laterally diffuse on the
membrane. The nature of these membrane dynamics seems to also set the outcome of
the regulation. When the target molecules are capable of attaching and detaching to
and from the membrane (model peripheral membrane proteins, FtsZ-YFP-MTS), these
proteins accumulate in the MinDE minima, resulting in a bimodal distribution, but no
large-scale or time-averaged gradients emerge. In contrast, when the target molecules
exhibit a long membrane dwell-time, i.e. can be regarded as permanently anchored
on the time-scale of MinDE dynamics, and thus only laterally diffuse (lipid-anchored
streptavidin, anchored DNA origami), they still exhibit a higher density in the MinDE
minima, but also accumulate on the membrane forming large-scale and time-averaged
gradients. The emergence of gradients is indicative a protein net transport, which is
why permanently anchored molecules are referred to as cargo hereafter.
I have also shown that MinDE can position and transport membrane-bound
molecules when forming a wide variety of patterns and dynamics: MinDE traveling
surface waves (see section 8.1), MinDE pole-to-pole oscillations in rod-shaped microcompartments (see section 8.1), as well as MinDE quasi-stationary patterns all induced
patterns of membrane-bound molecules (see sections 8.3 and 8.4). I found that the
relevant protein species for the spatiotemporal positioning by MinDE is MinD: (1)
MinD is much larger than MinE and therefore occupies a larger membrane fraction. (2)
MinE only switches from its latent conformation into an open/reactive conformation
in which the MTS and the contact helix are exposed upon sensing membrane-bound
MinD [95, 258, 259]. Thus, MinE membrane binding is a consequence of recruitment
to MinD. (3) The distribution of membrane-bound molecules in the patterns induced
by MinDE is anti-correlated to the MinD distribution and not to the one of MinE.
This is especially clear in quasi-stationary patterns, where peak MinD and MinE
densities do not largely overlap as in the traveling surface waves, but are usally
spatially separated on the membrane (see section 8.3) [26]. Nevertheless, MinE is
required for spatiotemporal patterning of membrane-bound molecules, as it is a
crucial component of the reaction cycle that drives MinDE pattern formation (see
section 5.1). Consequently, when MinD is incubated on membranes with ATP, but in
the absence of MinE, homogenous localization of MinD slows origami diffusion, but
cannot induce redistribution of membrane-bound DNA origami (see section 8.4, Fig.
8.7, Fig. A.11). Thus, in order to induce patterns and gradients of membrane-bound
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molecules, MinDE needs to form patterns, i.e. dissipate energy and perform concerted
membrane dynamics.
Model peripheral membrane proteins
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MinDE

Lipid-anchored Streptavidin

Model molecule
Membrane
Treadmilling FtsZ-YFP-MTS

Oligomerizing FtsA
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Figure 9.1. Graphical summary of MinDE-dependent regulation and transport of
membrane-bound molecules.

The nature of the MinDE dynamics also determines the outcome of the target
regulation. Independent of the specific MinDE dynamics target molecules always
accumulate in the MinDE minima. However, transport of permanently membraneanchored molecules, cargo, by MinDE can lead to distinct gradients. When MinDE
form traveling surface waves, large scale gradients of such cargo emerged with minima
at spiral centers and maxima at wave collision sites. Similarly, when these waves
were directed by geometric constraints on chrome-patterned SLBs, cargo accumulated
in the direction of the wave vector. MinDE pole-to-pole oscillations in rod-shaped
microcompartments led to time-averaged gradients of cargo, which were inverse to
those formed by Min(C)D, i.e. the cargo accumulated at the center of the compartment
over time. In the case of quasi-stationary MinDE patterns, the distribution of cargo
is at first sight indistinguishable to that of transiently attached molecules. However,
when two different cargos are present, they are spatially sorted by MinDE.
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Knowing what kind of phenomena emerge and what they depend on, I propose a
unifying mechanism for their explanation. Of note, MinDE themselves do not move
on the membrane in a directed fashion, but rather attach, detach, diffuse and react in
a concerted fashion leading to pattern formation [183]. The wide range of functionally
unrelated target molecules that can be positioned MinDE, as well as the fact that
the target molecules accumulate precisely in regions that have a low MinDE density,
rule out any mechanism based on specific interactions with either MinD or MinE.
Therefore MinDE molecules neither shuttle, pull nor push other membrane-bound
molecules based on specific protein-protein interactions. Consequently, transport
and positioning of targets is not similiar to the positioning of MinC which is based
on a one to one interaction of MinC and MinD [23, 92, 260]. It is also not analogous
to eukaryotic cytoskeletal motors, like kinesin or polymerization motors, such as
microtubule or ParM in bacteria, that all transport cargo through specific interactions
[28, 63, 261, 262].
Instead, I propose that MinDE spatiotemporally regulates targets and induces
transport of cargo based on a purely non-specific mechanism which modulates the
membrane dynamics of these molecules. I propose it is based on a physical interaction
between MinD (and potentially MinE) and the target. I suggest that MinDE crowd
the membrane so substantially and/or form higher order structures (see section 9.1)
in the patterns on the membrane that other molecules collide with MinDE on the
membrane. To rationalize this mechanism, it is helpful to relate it to the concept of a
diffusion barrier that is dynamic, as MinDE dissipate energy during self-organization.
In the case of dynamic MinDE patterns, while individual MinDE do not move in
the direction of the wave, the MinDE density translates and with this the diffusion
barrier propagates in the direction of the wave. In the quasi-stationary patterns
this analogy is more complex, as the overall pattern is stable over time. However,
individual MinDE proteins within the patterns are constantly exchanging (see section
8.3) [26]. Thus, while the overall density of MinDE is not translating, the individual
proteins constantly cycle to maintain the MinDE gradient, and in analogy the diffusion
barrier would also constantly change its exact property and location. Note, that it is
very likely that membrane-bound MinDE form obstacles on the membrane thereby
impacting the membrane dynamics of other proteins. However, it is not clear whether
the underlying mechanism is indeed much more complex than a simple diffusion
barrier. In the future a detailed theoretical description based on the experiments
conducted in this thesis will elucidate the detailed mechanism.
According to the proposed mechanism, the accumulation of transiently attached
molecules in the MinDE minima, would be caused by MinDE affecting the attachment
and/or detachment rates of proteins. The observed differences in the contrast of
the regulation of different peripheral membrane proteins by MinDE, that differ in
their membrane affinity, hints to MinDE indeed affecting membrane binding kinetics.
Similiarly, regulation and net transport of cargo, i.e. permanently bound proteins,
would be caused by MinDE modulating the diffusion of these proteins. Intriguingly,
diffusion of membrane-bound DNA origami was strongly reduced in the presence
of high MinD densities (Fig. 8.7 in section 8.4). Based on the hypothesis that
MinDE non-specifically interact with membrane-bound molecules by colliding with
them, a number of other predictions can be made. For example, MinDE should
affect diffusion of cargo in a size-dependent manner. Also here I have shown that
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MinDE-dependent transport of DNA origami nanostructures increases with increasing
membrane footprint, akin to an interaction area, of the origami (see section 8.4). The
effect should also heavily depend on the size and density of the molecules forming the
potential diffusion barrier. Indeed, spatiotemporal positioning of model peripheral
membrane proteins decreased with decreasing MinDE membrane densities (Fig. S5
and S13 in section 8.1).
Hence, the behavior of MinDE is reminiscent of the actin cortex in eukaryotic
cells, known to affect diffusion of lipids and membrane proteins, also in a size and
density-dependent manner [263–266], or of the actin-homologue MreB shown to
similiarly modulate membrane protein diffusion in bacteria [53, 54].
An alternative explanation for the positioning by MinDE is that MinDE simply
modify the physical properties of the membrane which in turn modulates attachment
and diffusion of target molecules. It is well documented that MinDE, which both
harbor an amphipathic helix, have strong effects on membranes (see Supplementary
Note 2 in section 8.1 and section 5.1). Amongst others they change the membrane
viscosity [267] or deform liposomes in vitro [91, 268, 269]. Most relevant to the
spatiotemporal positioning of membrane proteins by MinDE is that labeled lipids
also form very weak, anti-correlated traveling waves in the presence of MinDE, but
do not form large-scale gradients [223] (Fig. A.5 in section A.1.1). These lipid waves
could be an imaging artefact based on quenching of dye molecules by high MinDE
membrane densities. Alternatively, they might actually reflect a MinDE-inflicted
change in the physical property of the membrane. However, the lack of large-scale
lipid gradients already indicates that this cannot explain the phenomena observed in
this thesis in their entirety. Spatiotemporal modification of membrane properties by
MinDE could locally alter attachment, detachment and diffusion of membrane-bound
molecules and thus their localization. As both MinDE waves and the observed lipid
waves only exhibit a bimodal distribution, any membrane-bound molecule affected,
could also only recapitulate such bimodal distribution. This is the case for the model
peripheral membrane proteins investigated in section 8.1 in this thesis. It cannot,
however, explain the formation of gradients, and thus molecular transport, occurring
for permanently anchored proteins.
Similarly, a simple volume exclusion effect, i.e. that MinDE occupy a certain
membrane area which cannot be accessed by target molecules, can only explain an
anti-correlated, bimodal distribution of molecules, such as those of the peripheral
membrane proteins, but not the emergence of large scale gradients.
Thus, a simple bimodal distribution of model peripheral membrane proteins in the
presence of MinDE could be explained by either volume exclusion or local modification
of membrane properties. However, as mentioned above the observed differences in
the contrast of the MinDE-induced peripheral membrane protein patterns, already
implies that also in this case the underlying mechanism is more complicated and
presumably MinDE directly affect the binding and/or unbinding rate of the proteins
to and from the membrane. To shed light on this matter, future single molecule
experiments should determine the membrane binding and unbinding rates of these
proteins in absence and presence of MinDE, and in the latter in the MinDE minima
and maxima.
Within this thesis I have not only discovered the non-specific regulation of
membrane-bound molecules by MinDE, but also characterized the effect with various
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different target molecules and MinDE dynamics. Finally, I have turned to a highly
controllable cargo, DNA origami nanostructures, characterizing the influence of cargo
properties on MinDE-dependent transport and laying the groundwork for a detailed
theoretical descpription of the mechanism.
Intriguingly, spatiotemporal regulation of membrane-bound molecules by MinDE
has recently also been confirmed by two other groups [223, 269]. Shih et al. found
that MinDE traveling waves induced patterns and large-scale gradients of lipidanchored streptavidin similiar to the results reported here [204, 223]. Furthermore,
they observed waves of labeled lipids in presence of MinDE [223] (see A.1.1). Another
study observed FtsZ patterns that were anti-correlated to MinDE dynamics, when
full-length FtsZ was anchored to the membrane via FtsA and no MinC was supplied
[269].
To the best of my knowledge, the occurrence of a similiar mechanism of molecular
transport based on a non-specific interaction has not been reported for biological
systems. However, a chemical reaction-diffusion system, the BZ reaction, has been
shown to transport small objects in the direction of wave propagation [270]. Like in
the MinDE system, in the BZ reaction no movement of the bulk in the direction of
the wave occurs, but what propagates is the redox state of the catalyst [17–19]. Thus,
similiar as for the results presented in this thesis, it is surprising that BZ patterns
can perform mechanical work. Transport was explained by entrapment of the objects
in convective flows building up between regions of distinct redox states that have
distinct interfacial tension [270], but could potentially also be related to the mechanism
described herein.
The experiments within chapter 8 illustrate how the presence of a single selforganizing system, the MinDE system, can lead to completely unexpected and
surprising behavior, i.e. emergent properties, not only of the components of selforganizing system itself, but also of completely unrelated, supposedly passive bystander molecules.
Taken together, molecular transport and spatiotemporal positioning by MinDE
only occurs when the target molecules exert membrane dynamics and MinDE
forms patterns. The underlying mechanism is likely based on a purely non-specific,
physical interaction between membrane-bound target and MinD. This mechanism
is remarkably simple and enables a, to my knowledge undescribed, means of active
molecular transport in biological systems.
9.2.2

Non-Specific Regulation by MinDE in the Context of Other Membrane Phenomena

In contrast to simplified model membranes, cellular membranes are highly complex
and organized. They feature complex geometries ranging from almost planar to
vesicular, tubular and sheet like structures. They also harbor myriad different lipid
species that can be asymmetrically distributed in the two leaflets, and in the case of
eukaryotic cells be differentially accumulated in the membranes of different organelles
[271]. Lipid mixtures in vitro by themselves can exhibit complex behaviors, such as
phase separation [272]. On top of this, cellular membranes are, independent whether
they are of bacterial or eukaryotic origin, highly crowded with proteins: about 30-60%
of the total membrane area are suppossedly occupied by proteins [273, 274]. The
diversity of membrane proteins as well as their distinct modes of membrane binding
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further illustrate the complexity of these cellular surfaces. Taking all these features
into accout it comes of no suprise that cell membranes are laterally heterogeneous
in both lipids and proteins in prokaryotes and eukaryotes alike [42, 275, 276]. To
explain the organization of cellular membranes over the years a variety of different
phenomena and models have been evoked among them lipid rafts, phase separation
of membrane proteins, membrane curvature recognition and interaction with the
cytoskeleton, the actin cortex in case of eukaryotes and MreB in case of bacteria [53, 54,
266, 276–280]. While the interaction and behavior of individual membrane proteins
with lipid membranes has been studied in depth and provided valuable insights
[281], dedicated studies investigating the effect of protein crowding on membranes
have only more recently emerged [282]. In protein-crowded membranes, diffusion of
lipids as well as individual membrane proteins is slowed and can become anomalous
[282]. Protein membrane crowding has also been shown to have other curious effects,
such as induction of membrane bending and tubulation even when the proteins did
not have a particular shape or membrane anchor, but simply attached to lipid head
groups [283, 284]. So far, only a few selected reports have demonstrated the effect of
protein membrane crowding on the distribution and localization of other membrane
proteins. For example Kory et al., observed that during lipolysis the composition of
peripheral membrane proteins on intracellular lipid droplets changed [285]. They
found that in shrinking lipid droplets, the decreasing interface becomes increasingly
crowded with peripheral membrane proteins, which led to the displacement of those
with lower affinity [285]. In another study lateral crowding of membrane proteins
contributed to their size-dependent segregation at interfaces between lipid membrane
vesicles [286]. Similarly, it was recently shown in vivo that protein sorting occured on
the membrane invaginations of clathrin coated pits, where the number of proteins
with large disordered domains was much lower than those of smaller proteins [287].
It was proposed that the steric pressure generated by the larger proteins in the pit
overpowers the relatively weak affinity between cargo and adapter proteins, thereby
reducing their number.
These observations are similar to the non-specific regulation of proteins by MinDE
described in this thesis, but they originate from physical constraints on protein
binding and diffusion, a decreasing binding interface, a narrow interface between
two membranes or an otherwise introduced membrane curvature, respectively. In
contrast the spatiotemporal positioning of proteins induced by MinDE presented in
this work is driven by MinD gradients on the membrane, that in turn are maintained
by the dissipative self-organization of the MinDE system itself.
While regulation of membrane proteins by MinDE does not rely on external
physical factors, their presence might exacerbate or alter the effect. Therefore, in the
future it would be interesting to combine other means of membrane organization with
the ability of MinDE to regulate membrane-bound molecules. For example, I have
shown that by adjusting the large-scale geometry of artificial membranes, MinDE
dependent transport can be directed (see sections 8.1 and 8.4.3). However, it would
be interesting to observe how MinDE-dependent regulation of membrane proteins
would be influenced by geometric modulations of membranes on the submicron
scale, that by themselves have been shown to induce sorting of transmembrane
proteins [280]. Another idea, would be to observe MinDE and other membrane-bound
molecules on membranes made from phase-separating lipid mixtures. While this
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might be challenging to realize, as MinDE pattern formation would presumably also
be highly impacted by lipid phase separation, the modulation of protein diffusion and
interaction in the distinct phases, could lead to more interesting emergent phenomena,
such as MinDE-induced modulation of lipid phase separation. As complexity of
biological membranes does not only arise from the lipids, but also from the protein
components, I further suggest to increase the complexity by introducing more protein
components. For example, different kind of membrane proteins, such as the model
peripheral membrane proteins, as well as the lipid-anchored proteins could be coreconstituted with MinDE. Furthermore, it would be interesting to assess the effect
of multiple self-organizing and self-assembling systems on each other as well as on
passive bystander molcules. A potential candidate for co-reconstitution with MinDE
is the self-assembling FtsZ. In section 8.1 I have shown that MinDE self-organization
and FtsZ-YFP-MTS self-assembly on the membrane influence each other. Future
experiments could assess what behaviors can occurr when Min(C)DE, FtsZ-YFP-MTS
and other molecules are co-reconstituted together. Even more intrigiung would be,
to assess how MinDE interacts with other self-organizing systems, specifically other
reaction-diffusion systems (Potential candidates for such co-reconstitution are named
in section 9.2.5).
In summary, I suggest that self-assembling and self-organizing proteins that
establish gradients and thereby potentially impact the localization and dynamics
of other proteins, are another means by which cell membrane heterogeneity could
be accomplished. I further propose that through further increasing the complexity
of the in vitro reconstitution assay by introducing more physico-chemical factors
of membrane organization and protein components, even more distinct emergent
behaviors could be observed.
9.2.3

Implication for the Spatiotemporal Organization of E. coli

The here described ability of MinDE to position and transport membrane-bound
molecules is not only interesting from a mechanistic point of view, but also because of
its potential relevance for the spatiotemporal organization of E. coli. While the in vitro
reconstitution assay allowed us to uncover the existence of such an effect, something
that without prior knowledge would certainly be extremely difficult in a complex,
living cell, the assay is of course a crude simplification thereof. The reductionist nature
of the assay was advantageous for the characterization of the effect, but is also the
cause for the many differences between assay conditions and a cellular environment.
A good indicator of this difference, is the observed disparity in length scale between
in vitro and in vivo dynamics of MinDE (see section 9.3). Nonetheless, I argue that the
non-specific positioning by MinDE found and described in the in vitro assay might
also be occurring in E. coli and thus is of relevance for its internal organization, for
several reasons detailed below.
First, I made an effort of comparing and approximating the in vitro assay to
conditions occurring in E. coli. I did so by confirming spatiotemporal regulation of
membrane proteins by MinDE when the protein constituents of the in vitro assay are
more native. While MinC is not required for MinDE pattern formation, it is an integral
part of the system in vivo, and strictly required to prevent the minicell phenotype [21,
23, 198]. Thus, I verified that the spatiotemporal positioning of membrane proteins by
MinDE is indeed independent of MinC (see section 8.1) [204]. I further showed that
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MinDE can also regulate a native E. coli protein and potential target in vivo, namely
FtsA, in the in vitro assay (see section 8.1) [204]. Importantly, I also demonstrated
that the positioning and molecular transport by MinDE also occurs when a more
native MinE version is used in the assay (see section in 8.3) [26]. This MinE version
does not only behave identical to completely tag-less MinE, but also results in MinDE
forming a variety of different patterns in vitro: the known traveling surface waves, but
also quasi-stationary patterns such as spot, labyrinth and mesh patterns [26]. Thus,
non-specific regulation by MinDE is independent of the MinE version used and the
kind of patterns formed by MinDE.
Furthermore, when the reaction environment in the in vitro assay was adjusted to
be more similar to that of an E. coli cell, MinDE regulated and transported membrane
proteins. For example, the effect persisted when MinDE and membrane-bound
proteins were co-reconstituted on E. coli polar lipid extract, a lipid mixture directly
extracted from E. coli, instead of on the commonly employed, charge-mimicking lipid
mixture (DOPC:DOPG, 70:30) (see section 8.1) [204]. I further adjusted the geometry
of the in vitro assay by employing rod-shaped microcompartments, where the two
proteins perform pole-to-pole oscillations mimicking their behavior in vivo, albeit
on a larger length scale [177, 184]. Also under these conditions, MinDE oscillations
induced counter-oscillations of model peripheral membrane proteins, as well as
lipid-anchored proteins. Even more intriguingly, positioning of the lipid-anchored
protein, akin to its behavior on large SLBs, resulted in time-averaged protein gradients
with maximum concentration at the compartment center (see section 8.1) [204].
Spatiotemporal positioning by MinDE was also evident when protein concentrations and membrane crowding were adjusted to be more similar to their native levels.
A single E. coli cell harbors between 2000-5000 MinD proteins [288–290]. Assuming an
average inner membrane area of about 6 µm2 and that all MinD proteins bind to one
half of the cell during the oscillation cycle (MinD binds highly cooperatively) the MinD
membrane protein density would maximally amount to 0.6-1.6 x 103 µm−2 . While the
strength of the spatiotemporal positioning by MinDE in vitro was dependent on the
amount of MinD on the membrane, the effect could still be observed when I lowered
the MinDE concentration to the limit where pattern formation still occurs (0.4-0.5 µM
MinD and MinE) (see section 8.1) [204]. When I determined the MinD density under
these conditions, I found it to be on the same order of magnitude (1.8-3.3 x 103 µm−2 ) as
the estimated density in E. coli. Of course, one must consider that the inner membrane
of E. coli is different from the model membranes used in the in vitro assay in terms of
protein abundance: a large fraction (∼60%) of the total cellular membrane surface is
supposedly occupied by transmembrane proteins [273]. However, as MinDE patterns
can couple over membrane gaps [191] and immobile structures on the membrane that
cannot be laterally positioned by MinDE in vitro (see section 8.1 and Fig. A.21), they
might also do so in vivo. Thus, the membrane area available for MinDE binding in vivo
might be reduced in E. coli, increasing local protein densities. Furthermore, I would
like to stress that MinDE also regulated lipid-anchored streptavidin which crowds the
membrane quite substantially, occupying about 17% of the total membrane area [204,
248]. Regulation of lipid-anchored streptavidin even still occurred, when its density,
increased by MinDE, decreased the wavelength of MinDE (see Fig. 3d and 7a in
section 8.1), a good indicator that the model membrane approaches more in-vivo-like
properties (see 9.3).
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Hence, also when efforts are taken to more closely mimic conditions of a regular
E. coli cell, MinDE robustly regulate and transport membrane-bound molecules in
the in vitro reconstitution assay. Nevertheless, I cannot exclude that certain factors
inside the cell might after all abolish any effect of MinDE on membrane proteins in
vivo. For example, the number of MinD proteins bound to the membrane might be
much lower than estimated, as it is unknown which fraction of MinD is bound to the
membrane in vivo. We also lack an understanding of how a combination of crowding
in solution and on the membrane impacts MinDE dynamics, and thus spatiotemporal
regulation by MinDE, as both factors have so far only been investigated separately
in vitro [191, 200, 204]. Thus, future experiments in vitro should address how both
effects impact MinDE dynamics as well as the regulation of membrane proteins by
MinDE (see 9.3). It is also unknown whether the presence of a number of different
kind of membrane proteins affects their regulation by MinDE, which could also be
addressed in the in vitro reconstitution assay. For instance, both lipid-anchored and
peripheral membrane proteins could be reconstituted with MinDE at the same time.
Second, I demonstrated that spatiotemporal regulation by MinDE also occurs
when MinDE and model peripheral membrane proteins are reconstituted in the
fission yeast S. pombe, where MinDE resumed the wavelength they usually exhibit
in E. coli (see 8.2). Thus, positioning occurs when MinDE self-organize in a cellular
context, with cytoplasmic and membrane crowding. Also other self-organizing and
self-assembling systems of plant or bacterial origin have been reconstituted in the
fission yeast, preserving their natural behavior [224–226]. Nevertheless, this can only
be seen as a first hint as to the occurence of such a mechanism in E. coli. The positioning
effect by MinDE could be amplified in S. pombe, as protein levels of heterologously
expressed MinDE in S. pombe might exceed native levels in E. coli. Furthermore, S.
pombe and E. coli differ in a variety of factors, that have been shown to impact MinDE
self-organization (see Table 2 in section 5.1) [24, 124, 184, 189, 192, 204]. For example,
the intracellular organization of S. pombe with membraneous organelles changes
the volume-to-area ratio of the intracellular space [24, 184]. Furthermore, MinDE
self-organized, and thus also regulated other proteins, on intracellular membranes in
S. pombe, that are presumably quite distinct from the E. coli cell membrane in terms of
lipid composition, curvature and protein content [220, 222].
Third, a thorough review of the literature revealed that there are a variety of hints as
to the occurence of regulation of membrane proteins by MinDE in E. coli. For example,
ZipA, anchor of FtsZ and single-pass transmembrane proteins, has been reported to
counter-oscillate to MinCDE in E. coli and that these oscillations could not be detected
when MinCDE were deleted [291]. This behavior was explained by recruitment of the
anchor protein to FtsZ filaments, that are periodically depolymerized by MinCDE
oscillations. However, they might as well be explained by MinDE oscillations
positioning ZipA. In line with this is the detection of slow FtsZ dynamics (not caused
by FtsZ treadmilling) that were altered when MinCDE were deleted [118, 292]. A
number of other observations that could be linked to MinDE-dependent positioning
can be found in Supplementary Table 1 in section 8.1 [118, 201, 202, 207, 291, 292]. So
far, only one dedicated in vivo study exists that investigated the influence of MinCDE
oscillations on membrane proteins [202]. Quantitative proteomics revealed that the
presence of MinCDE in the cells reduces the abundance of a variety of peripheral
membrane proteins on the inner membrane, for example, the signal recognition
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particle receptor FtsY. It was proposed that membrane-bound MinCDE displaced
other peripheral membrane proteins from the membrane [202]. Intriguingly, these
results are in good agreement with my observation that MinDE can regulate peripheral
membrane proteins (also a version fused to the amphipathic helix of FtsY), and thereby
reduce their membrane density (see section 8.1).
Based on these considerations it is tempting to speculate which proteins could
be regulated in E. coli and what the outcome of such regulation would be. My in
vitro results show that MinDE is a generic cue for membrane proteins. Nonetheless,
this does not signify that the whole E. coli inner membrane proteome would counteroscillate to MinDE. As the mechanism relies on modulation of the target’s membrane
dynamics, proteins that do not attach/detach or freely diffuse on the membrane,
would be excluded from this effect (see 9.2.1). Hence, transmembrane proteins that
are not freely diffusing, because they are attached to the cell wall via their periplasmic
domains or are attached to larger filamentous structures such as MreB filaments
would not be positioned by MinDE. As the mechanism relies on the non-specific
interaction of the target molecule with MinD, transmembrane proteins lacking a
cytoplasmic domain would presumably also be exempt. Yet other proteins might
be underlying other stronger spatiotemporal cues, such as curvature recognition or
preference for a certain lipid composition. Furthermore, I cannot exclude that the
complexity of the cell, i.e. the presence of other self-organizing and self-assembling
systems, and physicochemical factors, such as membrane fluidity and curvature,
might alter the positioning effect (see section 9.2.2).
Based on my in vitro results and the hints from literature I suggest candiates for a
potential regulation by MinDE in vivo (Fig. 9.2). I propose that the anchors of FtsZ,
FtsA and ZipA, an oligomerizing peripheral membrane protein and a single-pass
transmembrane protein [64, 103–105], respectively, could be regulated by MinDE. Also
other diffusible divisome components, such as FtsK [293], could be positioned alike.
Their regulation would result in a time-averaged accumulation at the cell center, where
FtsZ assembles, which is subject to the concurrent regulation by MinC. The periodic
MinDE oscillations would furthermore increase the turnover of monomeric peripheral
membrane proteins, such as FtsY. This would result in their overall lower abundance
on the membrane. MinDE oscillations could thus be regarded as mixing the cell
membrane content prior to cell division. Through positioning of membrane-bound
proteins, MinDE could also affect chromosome segregation. A variety of in vivo
studies suggested a link between chromosome segregation and the MinCDE system
[139–142, 145] (for more details see section 5.1). To explain this, it was proposed that
MinCDE oscillations drive chromosome segregation through direct binding of MinD
to the chromosome [145]. However, I could not detect binding of MinD to DNA in the
in vitro self-organization assay, but instead found that MinDE dynamics could also
position membrane-anchored DNA strands and even larger DNA structures, such
as DNA origami (see sections 8.1 and 8.4) [204]. Therefore, I speculate that MinDE
oscillations potentially aid chromosome segregation by regulating chromosomemembrane tethers, such as membrane-bound transcription factors [45] or transertion
sites [44]. A recent study furthermore found that the macrodomain organizing protein
MatP localizes to the membrane just before cell division occurs, and suggested that
MinDE oscillations might drive the relocation of this protein from membrane to
chromosome through the mechanism proposed in this thesis [294].
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Figure 9.2. Schematic model of how the MinCDE system could influence membrane
proteins in E. coli. Adapted from [204] under a CC BY 4.0 license (https://creativecommons.
org/licenses/by/4.0/).

Future experiments should address the non-specific regulation of proteins by
MinDE directly in E. coli. Initial experiments could be performed with artificial
proteins, such as the model peripheral membrane proteins created in this thesis (see
section 8.1) [204], or fusions of fluorescent proteins to non-reactive transmembrane
segments, such as the one of ZipA. More complicated to realize experimentally,
but also more physiologically relevant, would be the demonstration that MinDE
could indeed position other divisome proteins, such as ZipA and FtsA. Due to
the interconnection of the MinDE system to FtsZ via MinC, and FtsZ to the other
proteins of the divisome, it might prove challenging to disentangle the contributions
of MinC-dependent inhibition of FtsZ, recruitment of other proteins to FtsZ and the
potential regulation of membrane-anchored proteins by MinDE (see section 9.2.4).
All in all, the results in this thesis suggest that this mechanism potentially also
occurs in E. coli which would have widespread implications for positioning of the
divisome and the intracellular organization of E. coli.
9.2.4

Gradient Sharpening by Combination of Specific and Non-Specific Patterning
by Min(C)DE

If MinDE indeed had the ability to induce time-averaged gradients of divisome
proteins with maximum concentration at the cell center (see above), the system would
be designated as a positive regulator of the division site. However, in the cell the
effector protein and passive passenger of MinDE oscillations, MinC, is present and
strictly required to prevent a minicell phenotype, which is why the MinCDE system
has been branded as a negative regulator of FtsZ ring formation [21, 23, 123, 198].
In vitro the regulation of lipid-anchored streptavidin by MinDE resulted in a very
broad time-averaged gradient at the center of the microcompartments (see section
8.1). Similarly, the regulation of the chimeric FtsZ-YFP-MTS by MinDE in presence of
MinC in vitro, resulted in the accumulation of the FtsZ filaments at the center of the
compartment, but not in a sharp ring as in E. coli, but in a rather broad band [184].
Of course the in vitro reconstitution in the mircocompartments is a crude sim239
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plification of an E. coli cell and several different factors might cause the inability of
FtsZ to form a discrete ring when regulated by MinCDE in the microcompartments
in vitro. The microcompartment in which the reaction is performed is open on the
upper side, which although irrelevant for the MinCDE oscillations, might hamper
FtsZ assembly and thus lead to broadening of the assembly zone. Analogously, the
lack of FtsZ accessory proteins, such as the bundling proteins ZapACD, might hamper
the condensation of FtsZ into a defined ring [104, 110, 111]. Furthermore, the in vitro
assay lacks a nucleoid mimicry which would allow for the installment of the second
negative regulator of Z-ring assembly in E. coli, the so-called nucleoid occlusion by
SlmA [121]. The compacted nucleoid in E. coli occupies a significant fraction of the cell
interior, substantially crowding it [28, 41]. This points to another difference between
the in vivo and the in vitro assay, the absence of molecular crowding in solution and on
the membrane in vitro. This absence might cause the increased wavelength of MinDE
dynamics in vitro (see section 9.3) and thus the mismatch in the length-scale of MinDE
patterns and FtsZ self-assembly. FtsZ retains its characteristic in vivo length-scale also
in vitro, assembling into vortices of about one micrometer in diameter [119, 120]. The
depth/sharpness of the time-averaged gradient of MinCD should be the same as in
vivo due to the adjusted compartment size, but this large size might hamper FtsZ
self-assembly broadening the FtsZ zone in vitro. Thus, future experiments should
work towards reduction of the MinDE wavelength and thus comparment dimensions
in vitro (see 9.3). Another potential factor contributing to the broadening of FtsZ
assembly in the microcompartments could be the use of the chimeric protein FtsZ-YFPMTS [184]. This protein is truncated and thus lacks the conserved C-terminal peptide
[114], one of the two active sites for MinC inhibitory activity [295]. What is more, this
construct is capable of binding to the membrane via the MinD MTS [114] and thus
does not require its native anchors ZipA and FtsA, which I proposed to potentially be
a main target of the non-specific regulation by MinDE in vivo (see 9.2.3). Importantly,
when I investigated regulation of this chimeric protein by MinDE with and without
MinC, I found that the contribution of MinDE-dependent regulation was very weak
(see section 8.1) [204]. FtsZ-YFP-MTS forms thick filaments on the membrane that
treadmill, i.e. individual monomers attach and detach to and from the filaments and
membrane, but do not diffuse [119, 120]. Thus, MinDE in the case of FtsZ-YFP-MTS
can only regulate attachment/detachment, but not diffusion, a prerequisite for net
transport by MinDE (see section 9.2.1).
Thus, I propose that through a combination of both, negative regulation of FtsZ
by MinC and positive regulation of anchored membrane proteins by MinDE, a
sharpening of the FtsZ gradient could be achieved in vitro, which might contribute to
the understanding of the complex regulation occurring in vivo (Fig. 9.3).
In the first layer, positive regulation of membrane-anchored, diffusible proteins
by MinDE, e.g. FtsA and ZipA, but also non-related proteins like lipid-anchored
streptavidin, would lead to the accumulation of these proteins at the center of the
compartment over time. This MinDE-induced, overall higher density of FtsZ anchors
at the compartment middle would increase available binding sites for FtsZ in this
area. Consequently, FtsZ polymerization would be enriched at midcell.
In the second layer, the negative regulation by MinCDE, the time-averaged gradient
of MinC would inhibit FtsZ polymerization everywhere except at the compartment
center [184]. Periodic FtsZ disassembly induced by MinCDE oscillations would
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Figure 9.3. Schematic model of how a combination of specific and non-specific patterning
by Min(C)DE and FtsA/FtsZ filaments could sharpen the gradient of FtsZ.

free FtsZ anchors from the polymerized structure, making them available for the
MinDE-dependent regulation which eventually leads to their accumulation at the
compartment center. Hence, these two layers are interlinked.
Interestingly, recently a third layer of regulation of the FtsZ ring has been suggested:
FtsZ/FtsA cofilaments recruit and enrich other diffusible divisome components
by a diffusion and capture mechanism [109]. Other divisome proteins, such as
FtsN or FtsQLB, have recently been shown to interact with FtsA in vivo and to be
recruited to FtsA/FtsZ cofilaments in vitro [106–109]. Local enrichment of divisome
components by the FtsA/FtsZ cofilaments was suggested to promote weak interactions
between divisome components triggering their activation [109]. Furthermore, FtsN
accumulation at FtsA/FtsZ cofilaments decreased FtsA turnover and thereby increased
FtsZ assembly [109]. Intriguingly, also this regulation layer could potentially be closely
linked to the regulation by Min(C)DE: MinDE-dependent regulation of divisome
components would increase the concentration at the compartment middle to begin
with, increasing the efficiency of the diffusion-and-capture mechanism of FtsA/FtsZ
filaments; MinC-dependent disassembly of FtsZ filaments at the compartment poles
will confine diffusion-and-capture of components to the compartment center (Fig.
9.3).
In order to disentangle the individual contributions of each regulation layer I
suggest to use the established in vitro reconstitution assay both on planar SLBs, but for
the observation of the time-averaged gradients also in rod-shaped microcompartments
[184] (see section 6.1 for protocols). Similiar to our previous experiments with chimeric
FtsZ-YFP-MTS (see section 8.1), contributions of MinDE-dependent versus MinCdependent positioning should be discerned by reconstituting the FtsZ anchors FtsA or
ZipA together with MinDE, with and without MinC, and with and without full-length
FtsZ under polymerizing conditions. Subsequently, the complexity could be further
increased by adding other diffusible divisome components, such as FtsN [109]. A first
step in this direction has recently been made, by demonstrating that full-length FtsZ
241

Chapter 9. Discussion and Future Perspectives
that is anchored via FtsA is also regulated by MinDE in the absence of MinC [269].
In summary, I propose that by combining specific and non-specific patterning
by Min(C)DE and FtsA/FtsZ filaments in the in vitro reconstitution a gradient
sharpening and defined accumulation of FtsZ and diffusible divisome components at
the compartment center could be achieved. Through these experiments we may gain
important insights into how the different means of regulation exerted by MinCDE
affect the divisome in vivo.
9.2.5 Other Systems Potentially Capable of Exerting Non-Specific Spatiotemporal
Regulation
Apart from a potential role for the spatiotemporal regulation of membrane poteins by
MinDE in E. coli, such a non-specific positioning mechanism could potentially be more
widespread in biology. The requirements for proteins to be capable of regulating and
transporting other molecules by this mechanism are sufficiently simple: the proteins
need to dissipate energy to form gradients of relatively high protein density on the
membrane; these gradients could be quasi-stationary, time-averaged or dynamic, as
all three cases have been shown to induce positioning by MinDE (see sections 8.1, 8.3
and 8.4).
Also a variety of other bacterial species harbor a conserved, oscillating Min system,
for example the cyanobacterium Synechococcus elongatus [296] (see section 5.1 for other
species), suggesting that MinDE could also act as a generic spatial cue for membrane
proteins in these bacteria. In contrast, the Min system of the gram-positive bacterium
B. subtilis is only loosely related to that in E. coli. The Min proteins in B. subtilis also
do not oscillate from pole-to-pole, but form a rather static gradient with maximal
concentration at poles and nascent septa [129]. However, recent studies demonstrated
that the proteins still undergo slow dynamics [297, 298], indicating that they might
be constantly exchanging to maintain the gradient, much like E. coli MinDE in the
quasi-stationary patterns formed in vitro [26]. Hence, also the B. subtilis Min system
might be capable of exerting the non-specific positioning effect observed herein.
Similar to the Min system in bacteria, the fission yeast S. pombe harbors a protein
termed Pom1 that forms gradients on the cell membrane to regulate entry into mitosis
[299, 300]. Gradient formation of Pom1 is based on reversible autophosphorylation
and interaction with the cell polarity landmark proteins Tea1 and Tea2 and like MinD
Pom1 binds to the membrane via an amphipathic helix [301, 302]. Therefore, I suggest
that also Pom1 could potentially position membrane-bound proteins by a similiar
non-specific mechanism as the one discovered in this thesis.
Other protein systems that could potentially exert such an effect are reactiondiffusion systems that induce polarity in eukaryotic cells [303, 304]. These systems
cycle between solution and the membrane and accumulate on the membrane based on
autocatalytic feedback loops [303, 304]. Examples include the Partitioning defective
(PAR) proteins that have been thoroughly investigated in the Caenorhabditis elegans
embryo [304] and the Rho GTPase Cdc42 [303, 305]. Cdc42 is part of the Ras
superfamily of small GTPases that are guanine nucleotide dependent molecular
switches [306]. Also other members of this family cycle between the cytosol and the
membrane, such as Rab and Arf protein that regulate vesicular transport. Recently
strides have been made to reconstitute the membrane dynamics of Cdc42 and Rab
GTPases in vitro [307, 308] paving the way for experiments investigating whether
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also these systems can modulate the attachment and diffusion of other membrane
proteins.
More recently a plethora of intracellular waves have been reported to occur
in a wide variety of eukaryotic cell types for instance in dictyostelium, yeast cells,
leukocytes and Xenopus embryos [309, 310]. While the exact molecular mechanisms
underlying most of these waves remain to be deciphered, the components that undergo
oscillations on the membrane usually comprise small GTPases, phosphatase and
tensin homologue (PTEN), curvature recognizing proteins such as F-BAR, and cortical
actin [309–311]. The purpose of these waves and how they are capable of information
transmission remain to be answered, even though they have been reported to act both
as negative and spatial cue [309, 310, 312]. The dynamic gradient formation of any of
the membrane-bound molecular components mentioned above could potentially also
affect membrane protein distribution by a non-specific mechanism.
So far I have only discussed systems that form gradients on the membrane.
However, also the chemical BZ reaction which forms patterns in solution can transport
small objects embedded in this solution [270]. Thus, it is possible that the mechanism
described herein extends beyond the membrane as a matrix. Proteins that self-organize
on the nucleoid could potentially exert such an effect, such as nucleoid-guided ParAtype ATPases (see 2.4). Self-organizing protein systems that form gradients on
matrices also form cytosolic gradients, that might, even though improbable, also be
capable of imposing gradients on other soluble proteins.
In summary, I speculate that the non-specific mechanism discovered within this
thesis could be more widespread in biology. Also other protein systems that form
gradients on membranes could be capable of transporting passive bystander proteins
on membranes, which might be revealed by the recent surge in the discovery and
reconstitution of such systems.
9.2.6

Spatiotemporal Positioning by MinDE Could be Harnessed for Bottom-Up
Synthetic Biology and Nanotechnology

Independent of its potential relevance in biological sytems, the here discovered, nonspecific mechanism might proove useful in the quest for the bottom-up construction
of artificial cells. One key functionality, that needs to be established in order to create
artificial cells, is the spatiotemporal organization of the intracellular space [170, 313].
This is especially crucial during self-replication, as like in living bacteria (see section
2.5.2), timing and location of division of artificial cells will need to be highly regulated
and the equal distribution of cellular content ensured, to create two viable daughter
cells.
So far the exploration of active matter for artificial cells has focussed on selfassembling and self-organizing systems that regulate and transport molecules by
specific interactions, such as the ParMRC system, actin, microtubule and motor
proteins, or even synthetic systems involving or entirely based on DNA origami
nanotechnology [63, 182, 313–315]. The MinCDE system has also been handled as a
potential positioning mechanism, but so far also only for its specific activity, positioning
MinC and thereby FtsZ [184]. This list of potential candidates for spatiotemporal
positioning and transport highlights an important characteristic of artificial cells, they
are likely to be orchestrated by functional modules from different origins, natural
and synthetic alike [170, 313]. Thus, it would be interesting to exploit the ability of
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MinDE to non-specifically position and transport membrane-bound molecules, as it is
not limited by the need for specific protein interactions. Arbitrary membrane-bound
molecules could be positioned, as long as they freely diffuse on the membrane (see
section 9.2.1).
In this thesis I have demonstrated the robustness of the effect for a wide variety
of cargos: diverse set of proteins and even large artificial molecules such as DNA
origami nanostructures (see section 8.1 and 8.4). Furthermore, I have shown that the
positioning also occurs on membranes resembling cellular geometry, in this case in rodshaped microcompartments, and that this positioning can establish a time-averaged
gradient of permanently anchored molecules that is maximal at the center of these
compartments (see section 8.1). Combining the non-specific positioning by MinDE
with the specific activity conferred by MinC inhibitory activity of FtsZ assembly,
positioning of an FtsZ-based artificial divisome could become more controlled and
robust, leading to a sharp accumulation of FtsZ (see section 9.2.4). First steps towards
the use of MinCDE for positioning in artificial cells have recently been made by us
and others by encapsulating an oscillationg Min(C)DE system into lipid vesicles [268,
269].
Like synthetic biology, nanotechnology has taken a sustained interest in harnessing
biological motors that are capable of transporting molecules, ever since the demonstration that these molecules can be reliably reconstituted in vitro, and controlled by
external cues, such as geometric confinement and optogenetic approaches [316, 317].
Similarly, pattern formation of the MinDE system can be controlled by geometric
cues [184, 191] and by light [250]. Our results that MinDE waves can also transport
membrane-bound molecules, may therefore be of interest to the nanotechnology
community. In a proof-of-concept experiment in section 8.4.3 I showed that the
MinDE-dependent transport of membrane-bound molecules could be directed on
patterned, but planar SLBs leading to the defined accumulation of cargo molecules
in the direction of the wave vector. The advantage and unique feature of MinDEbased transport is, as in the case for synthetic biology applications, that it is not
based on specific interaction. Thus, in theory also very large cargos, e.g. a bead,
could be transported, as long as the membrane-attachment is obtained at sufficiently
low valencies allowing for free diffusion. Because of the non-specific nature of
the effect, also DNA origami nanostructures can be employed as cargo for MinDEdependent transport (see section 8.4). Demonstrating that MinDE-induced DNA
origami patterns could be stabilized on membranes, and immobilizing streptavidin
as supercargo on top of the membrane-anchored DNA origami cargo (see section 8.4),
we have only begun to exploit the full nanotechnological potential that comes with
the ability to position DNA origami nanostructures. These structures are a highly
addressable molecular building block and scaffold [227, 228]. Moreover, the results
herein, highlight the potential of DNA origami nanostructures as a tool for precise
biophysical measurements, a concept that has only recently emerged [182, 318].
Not only the transport of membrane-bound molecules by MinDE, but also its
ability to sort membrane-bound molecules might be of interest for nanotechnological
applications (see 8.4). Also this behavior could be controlled by geometric cues in form
chrome-patterned SLBs. This process by which molecules are separated by the MinDE
self-organiztion, resembles other separation processes such as electrophorese where
molecules are separated in an electric field according to their electrophoretic mobility.
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While not yet very efficient, MinDE could thus be used to separate membrane-bound
biomolecules according to their membrane footprint (interaction area) in the future.
Thus, in this thesis I have shown that MinDE-dependent positioning, transport
and sorting has a potential application in the bottom-up construction of artificial cells,
as well as nanotechnology.
9.3

Boundary Conditions on the Membrane Influence MinDE Pattern Formation

In this thesis I found that boundary conditions in or on the membrane influence
MinDE pattern formation and might contribute to determine the length-scale of the
pattern. The wavelength of MinDE traveling surface waves on large planar SLBs in
vitro is about 10 times larger than the observed wavelength in E. coli in vivo [22, 25, 183,
211]. Thus, also when MinDE are reconstituted in rod-shaped microcompartments,
where the proteins oscillate from pole-to-pole, mimicking their in vivo behavior, the
compartment dimensions (10 x 30 µm) are far exceeding those of a regular bacterial
cell [177, 184]. This discrepancy could arise from a missing protein factor, a difference
in lipid composition, or a difference in crowding in solution and on the membrane.
A difference in lipid composition between cell and model membranes as source
of the wavelength discrepancy has been ruled out by testing various different lipid
compositions in vitro. While increasing the proportion of anionic lipids beyond the
levels measured to naturally occur in E. coli does decrease the wavelength, it also
never reaches the in vivo length scale [184, 189].
Against a missing protein factor as the cause for the larger in vitro wavelength
argues, that MinDE self-organization in vitro recapitulates all other characterics of
the in vivo dynamics quite precisely, such as time-scale, geometry sensitivity, and
protein distribution in the patterns [25, 124, 177, 183, 184]. This is further supported
by the observation that E. coli MinDE pole-to-pole oscillations can be reconstituted
in another similiar-sized bacterium, B. subtilis, by expressing just MinD and MinE
[207]. Similarly, when I introduced E. coli MinDE into the fission yeast S. pombe, they
exhibited dynamics with a similiar wavelength as in their native host E. coli (see
section 8.2). These results suggest that the change in wavelength between in vivo
(endogenous or heterologous expression), and in vitro is not due to missing factors,
but solely due to a distinct reaction environment. They also further corroborate that
MinD, MinE, a membrane and ATP are necessary and sufficient for pattern formation.
Theoretical description of MinDE self-organization suggested that the length-scale
of the patterns decreases when the diffusion coefficient of MinD and MinE in solution
or on the membrane are reduced [25]. Past studies addressed, whether a difference
in crowding between the cytoplasm of living cells and the aqueous buffer in the
reconstitution assay causes the discrepancy in length scales [191, 200]. By adding
artificial crowders to the buffer the wavelength could be reduced, but even at high
crowder concentrations the wavelength of MinDE patterns never reached the in vivo
length scale [191, 200]. This indicates that crowding in solution is not the exclusive
determinant of the wavelength.
MinDE dynamics can also occur on very small length scales (50-500 nm) in vitro,
when the available membrane area is limited to small membrane patches on a mica
surface (see section 7.1) [206]. In these experiments, the patch-size dependence of
the time MinDE remained membrane-associated directly indicated, that limiting the
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range and number of MinD-MinD contacts, in this case through available membrane
surface strongly affects pattern formation. In agreement with these results I found that
when MinDE are co-reconstituted on large planar SLBs with permanently membraneattached proteins such as lipid-anchored streptavidin on large planar SLBs, pattern
formation of MinDE not only regulates and transports these proteins, but is itself
influenced by their presence (see section 8.1) [204]. MinDE traveling surface waves
decreased in wavelength with increasing density of anchored streptavidin on the
membrane. Similiarly, the presence of DNA origami nanostructures on the membrane
altered MinDE quasi-stationary patterns (see section 8.4). Increasing membrane
footprint of the DNA origami led to MinDE patterns with higher contrast and
narrower MinDE maxima, thus also the wavelength of these patterns was reduced.
Unconstrained lipid bilayer
Long wavelength

Limit size of MinD supramolecular structures
Lipid bilayer patch
Smaller wavelength

Membrane crowding
smaller wavelength

Figure 9.4. Schematic of how boundary conditions on the membrane could limit size of
supramolecular structures on the membrane thereby influencing pattern formation.

Hence, in this thesis I have shown that the wavelength of MinDE patterns
decreases, when boundary conditions on the membrane are introduced, either by
directly limiting the available membrane surface or by introducing sufficient crowding
on the membrane. This effect can be rationalized by both cases limiting the size of the
supramolecular structures that MinD can form on the membrane. This in turn would
decrease the amount of MinE that is required to counteract MinD accumulation and
induce MinDE detachment (Fig. 9.4).
Furthermore, these results highlight that self-organizing systems are strongly influenced by their reaction environment. While geometry of the reaction compartment,
as well as crowding in solution have been recognized as important parameters influencing the behavior of these systems [124, 171, 191, 319], I advocate that the response
of these systems to membrane crowding should also be routinely investigated.
I propose that in the future through a combination of limited membrane area,
e.g. through reconstitution in rod-shaped microcompartmens of the actual size of E.
coli), crowding in solution and crowding on the membrane, the wavelength of MinDE
oscillations in vitro could be lowered to a simliar level as in vivo.
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A.1
A.1.1

Appendix to Section 8.1
Apparent Spatiotemporal Regulation of Labeled Lipids by MinDE

When observing MinDE self-organization on supported lipid bilayers that are doped
with a headgroup-labeled lipid, the labeled lipids seem to als form traveling surface
waves that are anti-correlated to MinDE waves (Fig. A.5). This observation has also
been reported by Shih and co workers [223]. The observed traveling surface waves
of labeled lipids could potentially be the visualization of MinDE-induced dynamic
changes to the physical properties of the membrane (see Supplementary Note 2 in
section 8.1 and section 5.1 for more details), such as changes in membrane viscosity
[267] or distribution of lipid species [320]. However, the observed waves are so weak,
that they could also simply represent an artefact caused by quenching of the labeled
lipids in regions with high MinD density.
MinD
Atto655-PE

EGFP-MinD

MinE

Atto655-PE

50 µm

Figure A.5. Apparent traveling waves of labeled lipids occur in the presence of MinDE
self-organization. Representative image of MinDE traveling surface waves and anti-correlated
waves of headgroup-labeled lipids (1 µM MinD (30% EGFP-MinD), 2 µM His-MinE, SLB: 70%
DOPC, 30% DOPG, 0.05% Atto-655-PE).

A.1.2

Spatiotemporal Positioning of Lipid-Anchored Streptavidin By Large MinD
Traveling Waves

When MinE is replaced with a minimal MinE version (MinE(1-31)-msfGFP), that only
consists of the membrane targeting sequence (AA: 2-12) and the MinD contact helix
(AA: 13-31), in the in vitro reconstitution assay, MinD and the minimal MinE form
traveling surface waves with a much larger wavelength [187]. Large traveling surface
waves, formed by MinD and MinE(1-31)-msfGFP1, also spatiotemporally regulate
lipid-anchored streptavidin, resulting in gradients on the millimeter scale (Fig. A.6).
1MinE(1-31)-msfGFP was kindly provided by Philipp Glock.
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Alexa568streptavidin

Alexa647MinD

BiotinylCAP-PE

MinE(1-31)-msfGFP

1 mm

MinD

MinE(1-31)msfGFP

Streptavidin
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Figure A.6. Spatiotemporal regulation and gradient formation of lipid-anchored streptavidin by large MinD/MinE(1-31)-msfGFP waves. Representative images of MinE(1-31)msfGFP and MinD self-organization on a SLB with Biotinyl-CAP-PE-bound streptavidin (2.5
µM MinD (20% Alexa647-MinD), 200 nM MinE(1-31)-msfGFP, Alexa568-streptavidin, SLB:
69% DOPC, 30% DOPG, 1% Biotinyl-CAP-PE, images performed in chambers made with
sticky-Slide VI 0.4 (ibidi GmbH, Gräfelfing, Germany)). Scale bars: 1 mm.
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Appendix to Section 8.2

A table of all primers used in section 8.2.
Table A.1. List of primers used for the cloning of plasmids in section 8.2
Name

Sequence 5’ to 3’

BR64
BR223
BR224
BR225
BR226
BR227
BR228
BR229
BR230
KN_294
KN_312
KN_644
KN_645
KN_646
KN_647

CTTGTACAGCTCGTCCATGCC
GTTAAATCATAccTCGAGGGATCCACCAtgaGCAAAGGAGAAGAACTTTTCAC
GACATTCCTTTTACCCGGGGATCCTTATCCTCCGAACAAGCGTTTGAG
GTTAAATCATACCTCGAGGGATCCACCATGGCATTACTCGATTTCTTTCTCTCG
GACATTCCTTTTACCCGGGGATCCTTATTTCAGCTCTTCTGCTTCCGGTAAG
GTTAAATCATACCTCGAGGGATCCACCATGGTGAGCAAGGGCGAG
GACATTCCTTTTACCCGGGGATCCTTAAGAACGAACACCGAAGAAAGATTTG
GATAATAATGGTTTCTTAGACGTGTCGATCGACTCTAGAGGATCAGAAAATTATC
GAAAAGTGCCACCTGACGTGCATTACTAATAGAAAGGATTATTTCACTTCTAATTACACAAATTCCG
CAGAAACGCTGGTGAAAGTAAAA
TTTTACTTTCACCAGCGTTTCTG
GCATGGACGAGCTGTACAAGTAAGGATCCCCGGGTAAAAGGAATGTC
TTCCTTTTACCCGGGGATCCCCGCAAGCTTTTATCCTCCGAACA
GGATCCCCGGGTAAAAGGAATGTC
GATCCCTCGAGGTATGATTTAAC

A.3
A.3.1

Appendix to Section 8.4
Additional Methods to Section 8.4

Table A.2. List of oligonucleotides employed in section 8.4

Name

Sequence 5’ to 3’

Supplier

staple oligonucleotides
Polymerization staple
5’-chol-anchor
5’-biotin-anchor
Cy3B-staple
Cy5-staple
Biotin-top-staple

[230]
TTTTTTTTTTTTTT
Chol-TEG-AACCAGACCACCCATAGC
Biotin-TEG-AACCAGACCACCCATAGC
Cy3B-GGGTTTGGTGTTTTTT
Cy5-GGGTTTGGTGTTTTTT
Biotin-TEG-GGGTTTGGTGTTTTTT

1
1
2
1
1
1
1

Supplier 1: Eurofins MWG Operon, Ebersberg, Germany; 2: Sigma-Aldrich, St. Louis,
USA
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Table A.3. List of lateral staples used for production of 2bio-pol
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Name

Sequence 5’ to 3’

L_00
L_01
L_02
L_03
L_04
L_05
L_06
L_07
L_08
L_09
L_10
L_11
L_12
L_13
L_14
L_15
L_16
L_17
L_18
L_19
L_20
L_21
L_22
L_23
L_24
L_25
L_26
L_27
L_28
L_29
L_30
L_31
L_32
L_33
L_34
L_35
L_36
L_37
L_38
L_39

GCTACAGGGCGCGTACAAAAAAAA
TCACCGCCTGGCCCTAAAAAAAA
TATGGTTGCTTTGACGAAAAAAAA
ACAGCTGATTGCCCTAAAAAAAA
TTAGAATCAGAGCGGGAAAAAAAA
GCGGTTTGCGTATTGAAAAAAAA
AGCTAAACAGGAGGCCAAAAAAAA
AACGCGCGGGGAGAGAAAAAAAA
CCTGAGAAGTGTTTTTATAAAAAAAAA
GGGAAACCTGTCGTGCAAAAAAAA
ATCAGTGAGGCCACCGAGTAAAAAAAA
TGCCCGCTTTCCAGTCAAAAAAAA
TGTAGCAATACTTCTTTGAAAAAAAAA
TAATGAGTGAGCTAACAAAAAAAA
TTAGTAATAACATCACTTGAAAAAAAA
TAAAGCCTGGGGTGCCAAAAAAAA
ATATCCAGAACAATATAAAAAAAA
CAATTCCACACAACAAAAAAAA
TACCGCCAGCCATTGCAAAAAAAA
TGAAATTGTTATCCGCTCAAAAAAAAA
ACCTACATTTTGACGCAAAAAAAA
CCCCGGGTACCGAGCTCGAAAAAAAAA
TCAATCGTCTGAAATGAAAAAAAA
CGACTCTAGAGGATAAAAAAAA
GTAATAAAAGGGACATTCTAAAAAAAA
TAAAACGACGGCCAGTAAAAAAAA
GGCCAACAGAGATAGAACCAAAAAAAA
CCCAGTCACGACGTTGAAAAAAAA
CAGACAATATTTTTGAATGAAAAAAAA
TGTGCTGCAAGGCGATAAAAAAAA
GCTATTAGTCTTTAATGCGAAAAAAAA
GCTGGCGAAAGGGGGAAAAAAAAA
GAACGAACCACCAGCAAAAAAAAA
AAGGGCGATCGGTGAAAAAAAA
GAAGATAAAACAGAGGAAAAAAAA
AGGCTGCGCAACTGTTGGGAAAAAAAA
CTGCAACAGTGCCACGAAAAAAAA
TCCGGCACCGCTTCTGGTGAAAAAAAA
CTGAGAGCCAGCAGCAAAAAAAAA
ACTCCAGCCAGCTTAAAAAAAA

G TA C G C G C C C T G TA G C G G C G C AT TA A G C G C G G C G G G T G T G G T G G T TA C G C G C A G C G T G A C C G C TA C A C T T G C C A G C G C C C TA G C G C C C G C T C C T T T C G C T T T C T T C C C T T C C T T T C T C G C C A C G T T C G
TG
CA
C TGAGGCATCTGT G
CT
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Figure A.7. Design of the elongated amphipathic 20-helix bundle DNA origami with 42
anchor positions. The dye-modified and connector oligonucleotides required for fluorescence
detection are highlighted in orange, the 42 possible positions with anchors for membrane
binding in purple, core staples in black and the M13 p7249 scaffold is colored in blue.
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Figure A.8. Schematic of DNA origami anchor positions. Schematic illustrating the position
of membrane anchors for origami with 1, 2, 5, 15 and 42 membrane anchors.
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Figure A.9. Diffusion of DNA origami structures on the membrane is decreased by
increasing number of membrane anchors. Representative FRAP curves of DNA origami
anchored via 1, 2, 5, 15 or 42 biotin anchors normalized to the fluorescence before start of
bleaching and corrected for bleaching during image acquisition (1 µM MinD (30% EGFPMinD), 1.5 µM MinE-His in absence of ATP, Alexa568-streptavidin, with 0.1 nM origami-Cy5
with either 1, 2, 5, 15 or 42 biotin anchors).
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Figure A.10. MinDE induces DNA origami/streptavidin pattern formation from an initially homogenous state. Representative time-series of MinDE pattern formation and
spatiotemporal regulation of DNA origami/streptavidin when a no origami or origami with
b 1, c 2, d 5, e 15 and f 42 biotin anchors are present. ATP is added to start self-organization
directly before t=0 s (1 µM MinD (30% EGFP-MinD), 1.5 µM MinE-His, Alexa586-streptavidin,
with or without 0.1 nM origami-Cy5 with either 1, 2, 5, 15 or 42 biotin anchors). Note, that
panel c is identical to Figure 8.3 c. Scale bars: 50 µm.
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Figure A.11. Pattern formation of DNA origami and streptavidin depends on active selforganization by MinDE. a Representative time-series of MinD membrane binding on SLBs
in the presence of membrane-bound DNA origami with 2 biotin anchors, but in the absence
of MinE (1 µM MinD (30% EGFP-MinD), 0.1 nM origami-Cy5 with 2 biotin anchors, Alexa568streptavidin, ATP). Scale bars: 50 µm. b Kymographs of the line selection indicated in a.
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Figure A.12. Membrane density of origami, streptavidin and MinD is similar independent
of the number of DNA origami membrane anchors. Average fluorescence intensity of a
DNA origami, b Alexa568-streptavidin and c EGFP-MinD of the full image, normalized to the
intensity of experiments containing origami with 1 biotin anchor, of patterns formed when
no origami (x), or origami with either 1, 2, 5, 15 or 42 biotin anchors is present. Cross and
error bars represent the mean value and standard deviation of two or more independent
experiments with in total N images (N(no origami)=32, N(1Bio)=80, N(2Bio)=64, N(5Bio) =80,
N(15Bio)=64, N(42Bio)=64).
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Figure A.13. Cargo patterns mimic changes to MinDE patterns. DNA origami and
streptavidin patterns are maintained by MinDE self-organization and reorganize when
MinDE patterns are altered. Representative time-series and kymograph showing how DNA
origami/streptavidin patterns (1 µM MinD (30% EGFP-MinD), 1.5 µM MinE-His, Alexa568streptavidin, origami-Cy5 with 1, 2, 5, 15, 42 biotin anchors) change in an anti-correlated
fashion to MinDE patterns upon addition of more MinE-His (addition of 1.5 µM MinE-His).
MinE addition directly before t = 0 s. Scale bars: 50 µm.
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Figure A.14. MinDE induces pattern formation of two distinct DNA origami species, 2bio
and 42bio, from an initially homogenous state. a Representative time-series of MinDE
pattern formation and spatiotemporal regulation of 2bio and 42bio. ATP is added to start
self-organization directly before t=0 s (1 µM MinD (30% EGFP-MinD), 1.5 µM MinE-His,
streptavidin, 50 pM 2bio-Cy3B, 50 pM 42bio-Cy5). Scale bars: 50 µm. b Kymographs of the
line selection shown in a.
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Figure A.15. Spatial sorting of 2bio and 42bio also occurs when dyes are swapped. a
Schematic of the experimental setup. Two origami species with a different number of
membrane anchors and fluorescent labels, 2bio-Cy5 and 42bio-Cy3B, are incubated on an
SLB with non-labeled streptavidin. Pattern formation is induced by addition of MinDE (1 µM
MinD, 1.5 µM MinE-His, 50 pM 2bio-Cy5, 50 pM 42bio-Cy3B, streptavidin). b Representative
images and c line plot of MinDE-induced sorting of DNA origami nanostructures. Experiment
was performed three times under identical conditions. Scale bars: 50 µm.
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Figure A.16. Spatial sorting is not caused by the labeling of DNA origami. MinDE-induced
distributions of differentially labeled, but otherwise identical DNA origami are superimposable.
Schematic of the experimental setup: Two origami species with same number of anchors,
but different fluorescent labels, a 2bio-Cy3B and 2bio-Cy5, and d 42bio-Cy3B and 42bio-Cy5,
are incubated on an SLB with non-labeled streptavidin. Pattern formation is induced by
addition of MinDE (1 µM MinD, 1.5 µM MinE-His, 50 pM 2bio-Cy5 or 50 pM 42bio-Cy5, 50
pM 2bio-Cy3B or 50 pM 42bio-Cy3B, streptavidin). Representative images and line plot of
pattern formation for b,c 2bio and e,f 42bio. Experiment was performed two times under
identical conditions. Scale bars: 50 µm.

261

a

MinD

MinE

ATP

b
Normalized intensity

8 nm

Pi

≲ 7nm

~5 nm
Supported
lipid bilayer

1.0
0.8
0.6
0.4

1chol
2chol
5chol
15chol

0.2
0

20

40
Time (s)

c
1 anchor

2 anchors

5 anchors

80

15 anchors

50 µm

Fluorescence intensity (a.u.)

Origami
Threshold
0-5000

Origami
Threshold
0-16000

EGFP-MinD

No anchor

60

20

20

20

20

20

10

10

10

10

10

0

0

20

0

0

20

0

0
20
Distance (µm)

0

0

20

0

0

20

Figure A.17. The extent of the MinDE-dependent transport of cholesteryl anchored DNA
origami depends on the number of anchors. a Schematic illustrating membrane binding
of cholesteryl anchored DNA origami. DNA origami are bound via hybridization of DNA
handles at the indicated positions with the complementary TEG-cholesteryl oligonucleotides
in the lipid membrane. b Representative FRAP curves of DNA origami anchored via 1, 2,
5 or 15 cholesteryl anchors normalized to the fluorescence before start of bleaching and
corrected for bleaching during image acquisition (1 µM MinD (30% EGFP-MinD), 1.5 µM
MinE-His in absence of ATP with or without 0.1 nM origami-Cy5 with either 1, 2, 5 or 15
cholesteryl anchors).c Representative images of established MinDE labyrinthine patterns and
anti-correlated DNA origami patterns (1 µM MinD (30% EGFP-MinD), 1.5 µM MinE-His, with
or without 0.1 nM of origami-Cy5 with either 1, 2, 5 or 15 cholesteryl anchors). Fluorescence
intensity line plots of the lines indicated in the corresponding images show the difference in
the extent of the spatial regulation. Experiment was performed three times under identical
conditions. Scale bars: 50 µm.
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Figure A.18. Quantification of MinDE-dependent transport of cholesteryl DNA origami.
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with which the origami is bound to the membrane, while b the contrast of the MinDE patterns
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