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Mechanochemical feedback loop drives 
persistent motion of liposomes

Meifang Fu    1,4,6, Tom Burkart    2,6, Ivan Maryshev    2, Henri G. Franquelim1,5, 
Adrián Merino-Salomón    1, María Reverte-López    1, Erwin Frey    2,3   & 
Petra Schwille    1 

Achieving autonomous motion is a central objective in designing artificial 
cells that mimic biological cells in form and function. Cellular motion often 
involves complex multiprotein machineries, which are challenging to 
reconstitute in vitro. Here we achieve persistent motion of cell-sized lipos
omes. These small artificial vesicles are driven by a direct mechanochemical 
feedback loop between the MinD and MinE protein systems of Escherichia 
coli and the liposome membrane. Membrane-binding Min proteins 
self-organize asymmetrically around the liposomes, which results in shape 
deformation and generates a mechanical force gradient leading to motion. 
The protein distribution responds to the deformed liposome shape through 
the inherent geometry sensitivity of the reaction–diffusion dynamics of 
the Min proteins. We show that such a mechanochemical feedback loop 
between liposome and Min proteins is sufficient to drive continuous motion. 
Our combined experimental and theoretical study provides a starting point 
for the future design of motility features in artificial cells.

Autonomous movement is considered one of the hallmarks of life and 
one of the critical features in constructing artificial cells1, as well as 
other man-made microrobotic objects. A plethora of propulsion strate-
gies have already been exploited for inorganic colloidal microparticles2, 
and there is a growing interest in implementing self-propulsion in soft 
and organic synthetic compartments, too, using strategies such as bub-
ble propulsion3, diffusiophoresis4,5, magnetic force6 and the Marangoni  
effect7. However, implementing cell-like motion by the functional 
in vitro reconstitution of active biological elements is challenging 
because it usually involves multiple mechanochemical feedback loops 
that span a wide range of timescales and length scales8–10.

The fundamental requirement for a system to exhibit cell-like 
motion is the conversion of molecular chemical energy into macro-
scopic mechanical work (mechanochemical coupling)11. Cell-sized 
liposomes, also referred to as giant unilamellar vesicles, are so far 
the best representations of biomimetic compartments12 to transfer 

biochemical energy into a mechanical response on the cellular scale. 
One possible strategy to couple a biological system to energy flow is 
through self-organizing reaction–diffusion systems, which are driven 
far from equilibrium due to the action of NTPases13. Here we use the 
MinDE protein system from Escherichia coli, which has received great 
attention as a paradigmatic biological reaction–diffusion system14–17, 
as a mediator between chemical and mechanical energy. In vitro, the 
formation of protein gradients and patterns on lipid membranes 
requires MinD, MinE and ATP14. On ATP binding, the ATPase MinD 
dimerizes and binds to the lipid membrane by two individually weak 
membrane-targeting sequences18,19. Above a critical local concentra-
tion, membrane-bound MinD recruits MinE to the membrane. MinE 
then catalyses the hydrolysis of ATP in MinD, resulting in the dissocia-
tion of both MinD and MinE from the membrane20,21.

On flat supported membranes, Min protein self-organization 
yields travelling22 or standing23,24 protein patterns without mechanically 
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liposome shapes, as we observed that the protein was largely excluded 
from the liposome–SLB contacting areas (Fig. 2a and Supplementary 
Fig. 1). This suggests that the adhesion is maintained by attractive 
electrostatic forces rather than a direct linking of the two membranes 
by (oligomeric) MinD sandwiched between them. This view is sup-
ported by the attraction of like-charged membranes immersed in a 
solution of multivalent oppositely charged ions34,35. Indeed, in our 
system, the liposomes and SLBs were fabricated with a negative net 
charge, whereas the Min buffer contains a high cation concentration 
(Methods). Importantly, MinD is simultaneously needed to flatten 
the liposomes (Fig. 2c), meaning that both membrane charge and Min 
protein binding were required to flatten the liposomes in our system.

Quasi-stationary MinDE patterns support 
liposome motion
Although the liposomes readily adhered to the SLB in the presence of 
MinD–ATP alone, they showed no dynamics. Dynamic deformation 
and sustained movement were only observed after the addition of 
MinE and the subsequent formation of protein patterns that create 
the required heterogeneous environment on a liposome-sized scale. 
Therefore, we determined which features of the Min patterns were 
associated with liposome motion. In general, depending on various 
experimental conditions14, Min proteins can exhibit both travelling 
waves22 and quasi-stationary patterns on SLBs23. Intriguingly, for travel-
ling Min waves, we found no evidence of a sustained mechanical effect 
on the liposomes that would support directional movement (Supple-
mentary Video 2). We hypothesize that the Min proteins must locally 
interact with the liposome membrane over a sufficiently long period of 
time—thereby building up a mechanical strain through adhesion—for 
the liposomes to start moving. Therefore, we established conditions 
for quasi-stationary Min patterns to develop, in which protein con-
centrations at a given position remain approximately constant over 
time (Methods)23.

We performed numerical simulations of molecular reaction–dif-
fusion models in realistic geometry to rationalize how the Min proteins 
interact with the liposomes, focusing on obtaining quasi-stationary Min 
patterns. One widely used model, the so-called Min skeleton model, can 
qualitatively reproduce the Min oscillations in vivo36,37 and in vitro16, but 
is insufficient to achieve the quasi-stationary Min patterns. From our 
experimental results, the concentration of MinE is high in regions where 
the concentration of MinD is low (Fig. 2e), which suggests that MinE 
can remain on the membrane after the MinD–MinE heterodimer has 
disassociated. This is not accounted for in the Min skeleton model16,36,37, 
where membrane-bound MinE only occurs as a part of the MinDE com-
plex, and the MinD concentration is always larger than that of MinE. 

affecting the membrane. In contrast, on free-standing membrane 
structures, such as liposomes, tubes and sheets, large-scale membrane 
deformations have been observed as a result of periodic protein bind-
ing and dissociation25,26. From a theoretical perspective, it is known 
that pattern formation on dynamic surfaces can induce large-scale 
deformations27,28. Existing models lack realistic protein dynamics—
particularly bulk–boundary interactions that were found essential 
for Min protein patterns17—because of the technical complexity of 
simultaneously simulating dynamic volumes and surfaces. Here we 
study how cell-sized liposomes susceptible to membrane deformations 
on flat supported membranes interact with dynamic Min protein pat-
terns on the supported membranes. Surprisingly, we observe that the 
liposomes engage in persistent cell-like motion in the presence of the 
pattern-forming Min protein system (Fig. 1a and Supplementary Video 
1), indicative of a mechanochemical feedback loop (Fig. 1c). Experi-
ments and simulations consistently demonstrate that the feedback 
mechanism between the liposome and self-organizing MinE proteins 
is based on geometric cues: spatial gradients of membrane-binding 
Min proteins induce a deformation of initially spherical liposomes 
into asymmetric shapes through spatially varying membrane adhesion 
linked to the distribution of Min proteins (Fig. 1b). This asymmetry 
yields mechanical force gradients resulting in directional liposome 
movement, which, in turn, causes a dynamic reorganization of the 
protein pattern due to the inherent geometry sensitivity of Min reac-
tion–diffusion dynamics29, closing the feedback loop (Fig. 1c).

MinD–ATP induces differential liposome 
adhesion to SLBs
To investigate how Min proteins mechanically affect the free-standing 
liposome membrane, we first examined the effect of MinD in the 
absence of MinE. When placing liposomes on supported lipid  
bilayers (SLBs), they maintain spherical shapes in the absence of Min 
proteins or with no ATP added (Fig. 2a,b). In the presence of MinD 
and ATP, allowing MinD to bind to the membrane, we observed that 
liposomes were symmetrically flattened into dome shapes (Fig. 2b), 
which can be characterized by contact angle θ (Fig. 2c).

As demonstrated earlier, liposome flattening on supported mem-
branes is not only induced by membrane-binding proteins but also 
by other factors, such as electrostatic interactions30 (Extended Data 
Fig. 1). The exact adhesion mechanism is determined by a complex 
interplay between these different factors at the biochemical level, 
including the reduction in membrane rigidity31, actual formation of 
oligomers linking the opposing lipid bilayers32 or a change in the local 
electrostatic potential of the membranes33. MinD is apparently not 
directly required at the adhesive interface to maintain the flattened 
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Fig. 1 | Persistent liposome motion driven by a mechanochemical feedback 
loop. a, A 3D image showing liposome motion in the presence of Min protein 
patterns. Two 3D images were superimposed to show the motion sequence 
indicated by the arrow (time interval, 1 h 22 min; dimensions of the 3D image, 
21.68 × 21.84 × 5.40 µm3). b, Schematic of the liposome motion driven by Min 

protein gradients. The MinE proteins asymmetrically accumulate at the flattened 
side of the liposome, and the liposome moves against the regions with MinE 
accumulation. c, Mechanochemical feedback loop that drives the liposome 
motion.
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Previous experimental and theoretical studies have proposed MinE 
persistent binding models, where MinE can remain on the membrane 
after the MinD dimer is disassociated, and membrane-bound MinE 
can capture and dissociate multiple membrane-bound MinD proteins  
(Fig. 2d)21,38–41. Inspired by this previous work and our experimental 
results, we extended the Min skeleton model to include MinE persistent 
binding and found that it then indeed exhibits quasi-stationary pat-
terns (Fig. 2e and Methods). In addition, fluorescence recovery after 
photobleaching measurements indicated that the diffusion of MinE is 
more than one order of magnitude slower than that of MinD on SLBs 
(Extended Data Fig. 2). To account for this observation, we reduced the 
diffusion constant of MinE (De) and found that only when De was at most 
about half as large as the diffusion coefficient of MinD, the resulting 
pattern reproduced the experimental results (Extended Data Fig. 3). 
The pattern becomes more pronounced on lowering De, with transient 
mesh patterns emerging when MinE diffusion is slower than MinD dif-
fusion by more than one order of magnitude (Supplementary Fig. 2).

A geometry effect induces asymmetric 
accumulation of MinE
Next, we wanted to quantify the effect of liposome membrane on 
the Min protein pattern. We first prepared quasi-stationary Min pat-
terns on SLBs and then added the liposomes. On settling down on 
the SLBs, the liposomes got quickly covered with MinD, but without 
MinE-induced pattern formation on the liposome, at least on the time-
scales of observation (Fig. 3a). In this way, Min pattern formation on 

SLBs could be separated from protein binding to the liposomes. Once 
the liposomes were in contact with the SLBs, SLB-associated MinE accu-
mulated at the edges of the liposome–SLB contact areas; because of 
the pattern-induced spatial variation of protein concentration on 
the surface, it adopted an asymmetric distribution on the liposome 
membrane in the contact area (Fig. 3a). In particular, this asymmet-
ric MinE distribution correlated with an asymmetric deformation  
of the liposomes, flattening them on the sides of high MinE concentra-
tion (Fig. 3a).

Without having to make assumptions about the interaction of 
MinE with the liposome membrane in the contact areas, our theoreti-
cal considerations suggest that a geometry effect may be responsible 
for a self-enhanced MinE accumulation at the liposome–SLB con-
tact edges. Here the term ‘geometry effect’ relates to the fact that 
in this region, the membrane-to-bulk ratio—which depends on the 
geometry—is strongly increased, which alters the reactive equilib-
ria42 and effectively reduces the MinD attachment rates per mem-
brane area29,43. As a result, a concentration gradient of MinD proteins 
emerges on the membrane, leading to a net flux of MinD, particularly 
MinDE complexes towards the contact edge (Fig. 3b). Due to persis-
tent MinE binding, individual MinE proteins are expected to remain 
on the membrane after triggering MinD dissociation (Fig. 2d), and 
MinE can accumulate at the liposome–SLB contact edges as the MinD 
concentration reduces (Fig. 3b). To test these heuristic arguments, we 
examined the Min protein dynamics in finite element simulations in a 
geometry emulating a liposome resting on an SLB. These simulations 
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Fig. 2 | MinD–ATP induces local liposome adhesion to SLBs. a, Schematic and 
experimental illustration of liposome flattening on SLBs (both grey) facilitated 
by MinD (magenta) membrane binding. MinD–ATP addition brings the liposomes 
close to the SLBs (top; the rows show snapshots with increasing time; the 
interaction is indicated by magenta curves), allowing the lipid membranes to 
adhere (centre; chain symbols). MinD proteins are excluded from the liposome–
SLB contact areas (bottom). Fluorescence snapshots show MinD (magenta) and 
liposome membrane (grey) at the subsequent stages of liposome attachment. 
Scale bar, 5 μm; b, Liposome flattening requires both MinD and ATP (right), 
and no flattening is observed when only MinD (left) or only ATP (centre) is 
present. Scale bar, 5 μm. c, Characterizing liposome flattening by contact angle 
θ (defined in b). The actual contact angle of an ideal sphere should be 180°, but 
due to limited image resolution, the measured contact angle of a perfect sphere 
would be around 155° (Methods). Liposomes did not substantially deform in 
Min buffers with different MgCl2 concentrations, Min buffer with ATP addition 

(2.5 mM) and Min buffer with MinD addition (2.5 µM). However, θ substantially 
decreased in the simultaneous presence of MinD (2.5 µM) and ATP (2.5 mM). 
From left to right, the database for the measurements is n = 19, one experiment; 
n = 45, three experiments; n = 44, two experiments; n = 73, four experiments; 
n = 35, two experiments; n = 60, three experiments. For the box figure, whiskers 
are 1.5× the interquartile range, the median is shown as a black line and the mean 
is shown as a red line. Formation of Min quasi-stationary pattern in vitro and in 
silico. d, Schematic of MinE persistent binding model21,38–41. MinD–ATP (magenta) 
autocatalytically binds to the membrane, where it can bind MinE (green). MinE 
induces the dissociation of MinD from the membrane. MinE is present on the 
membrane not only as a part of a MinDE complex ① but also as a MinE dimer 
isolated from MinD ②. e, Quasi-stationary MinD (left) and MinE (right) protein 
patterns as observed in experiments (top) and simulations (bottom; Methods). 
The simulations show the local protein concentration, whereas the experiments 
show the protein fluorescence intensity. Scale bar, 10 μm.
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confirmed that MinE accumulation is indeed biased towards regions 
of high membrane-to-bulk ratios, whereas the protein pattern remains 
unperturbed elsewhere (Fig. 3c,d). In addition, when the simulated lipo-
some was asymmetrically deformed, MinE preferentially accumulated 
at the flattened side (Fig. 3e). MinE binding, in turn, enhances further 
liposome flattening (Supplementary Fig. 3), which may arise from 
a change in membrane mechanical properties by several plausible 
mechanisms44,45. Once MinE is recruited by the membrane-bound MinD, 
the membrane-targeting sequence of MinE is exposed44,45. The inser-
tion of the membrane-targeting sequence into the lipid bilayer may 
induce a spontaneous membrane curvature, which has been suggested 
to account for pulsating shape deformations in osmotically deflated 
vesicles25. Moreover, it has been shown that helix insertion reduces 
membrane bending rigidity and enhances the adhesion of liposomes 
to substrates31. In addition, enhanced protein binding increases mem-
brane occupancy, decreasing protein diffusion on the membrane46. The 
reduced diffusivity of MinE enhances the pattern contrast (Extended 
Data Fig. 3), stabilizing the observed geometry sensitivity. There-
fore, we conclude that MinE accumulation and liposome deforma-
tion promote each other, suggesting a positive mechanochemical  
feedback mechanism.

Asymmetric MinE distribution induces liposome 
motion
Having established that the deformation of liposomes leads to the 
differential accumulation of MinE at the liposome–SLB contact edges, 
we asked how the patterns affect the movement of liposomes. To this 
end, we adopted a different experimental procedure where we first 
prepared the liposome–SLB membrane system and then added the 
Min proteins (Fig. 4a). We observed that MinE accumulation is cor-
related with liposome movement in a direction pointing away from 
the MinE accumulation sides (Fig. 4b and Supplementary Video 3). To 
quantify this effect, we inferred the motion direction by correlating 
the liposome and MinE centroids (Methods), which fits well with the 
observed direction even for curved liposome trajectories (Fig. 4c and 
Extended Data Fig. 4). From this, we conclude that the asymmetric 
MinE distribution drives the liposome motion, which was also con-
firmed through a fluorescence characterization (Extended Data Fig. 5). 
The Min protein concentrations used in our system are substantially 

higher than those used in physiological assays14 (Methods) to gener-
ate stable stationary patterns23. When sequentially decreasing MinE 
concentration, the MinE patterns turned into spots or lines instead of 
meshes or labyrinths. Under these conditions, motile liposomes were 
rarely observed (Supplementary Videos 4 and 5 and Supplementary 
Fig. 4). We assume that sufficient MinE binding or the continuity of 
zones of high MinE concentration is critical for sustaining liposome 
motion. When reducing MinD concentrations, the protein patterns are 
no longer stable (Supplementary Video 6), and no motile liposomes 
were observed (Supplementary Fig. 4).

During directional motion, the liposomes assume asymmetric 
shapes (Fig. 4b) that, in turn, promote asymmetric MinE distribu-
tion due to the geometry effect described above (Fig. 3b). Therefore,  
Min pattern reorganization and liposome motion set up a mechano-
chemical feedback loop (Fig. 4a). To test whether this feedback loop 
is sufficient to sustain persistent motion, we incorporated this feed-
back loop in a simplified two-dimensional (2D) simulation, where the 
liposome is represented by a 2D cross section on a one-dimensional 
membrane (Methods). Since the 2D system does not have rotational 
symmetry around the axis normal to the membrane, we neglect the 
asymmetric liposome shape in this simulation. In this reduced feedback 
loop, pattern reorganization induced by liposome motion emerges 
from the inherent geometry sensitivity of the Min reaction–diffusion 
dynamics in the persistent binding model (Fig. 3b). Since the biochemi-
cal details of the protein–membrane interactions that lead to liposome 
motion are presently not fully understood on a molecular level, we 
generically linked liposome movement to pattern reorganization in 
the sense that the simulated liposome was designed to move away 
from high MinE concentrations (Fig. 4b). Only by combining these two 
components, persistent liposome motion accompanied by a continu-
ous redistribution of MinE against the moving direction can be achieved 
(Fig. 4d). In contrast, when the mechanochemical feedback loop is 
interrupted, the liposome motion decays quickly (Extended Data  
Fig. 6). This shows that a conceptual self-regulating feedback loop 
between protein pattern reorganization and liposome motion is  
necessary and sufficient to drive persistent motion.

Note that the timescales of pattern formation and liposome move-
ment need to be comparable for the feedback loop to be effective. 
We numerically studied the cases where the liposome moves much 
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Fig. 3 | A geometry effect induces the asymmetric accumulation of MinE. 
a, Schematic (top) and experimental (bottom; MinD fluorescence is shown 
in magenta, MinE fluorescence is shown in green and SLB is indicated in grey) 
illustration of asymmetric MinE accumulation around the liposome–SLB contact 
edges. Liposomes were added to the preformed Min patterns on the SLBs (left), 
and then nearby SLB-associated MinE accumulated to the liposome–SLB contact 
edges (centre; pattern dynamics are indicated by the green arrow). Because of the 
preformed patterns, MinE adopted an asymmetric distribution on the liposome 
membrane, and the liposomes were asymmetrically deformed (right). Shortly 
before the liposome settles (t = 0 s), the shape appears distorted due to the high 
liposome velocity (compared with the image acquisition speed). The Min protein 
pattern was transiently affected because of the addition of liposome solution 
containing sucrose (Methods). The side views were obtained by slicing 3D images 

from the positions shown with the white dashed lines in the top-down images.  
The buffer contained 25 mM Tris (pH 7.5) and 100 mM KCl. Scale bar, 5 μm.  
b, Schematic of a narrow bulk volume close to the contact edges confined by the 
SLB and liposome lipid bilayers. The net protein concentration fluxes and protein 
(un-)binding are indicated by the magenta and black arrows, respectively. The 
high membrane-to-bulk ratio alters the reactive equilibria42 and reduces the MinD 
attachment rates per membrane area29,43. Slowly diffusing MinE can accumulate 
in this region on the membrane, whereas the MinD concentration is reduced. 
c, Symmetric MinE accumulation around a symmetrically deformed liposome 
(marked with a square) in a 3D simulation (top-down view) (top). A 3D image of 
the area marked in the top panel (bottom). The liposome shape is indicated as a 
grey hatched surface (Methods). d, Asymmetric MinE accumulation at the more 
flattened side of asymmetrically deformed liposomes.

http://www.nature.com/naturephysics


Nature Physics | Volume 19 | August 2023 | 1211–1218 1215

Article https://doi.org/10.1038/s41567-023-02058-8

faster or slower than the pattern adapts (Extended Data Fig. 7). This is 
achieved either by varying some of the reaction rates or by changing the 
manual coupling of the liposome movement to the pattern (Methods). 
No chemical asymmetry can be maintained when the pattern adapts 
too fast, and no liposome movement is observed in simulations. In 
contrast, when the pattern cannot adapt to the moving liposome in 
time, no persistent continuous motion is established, but instead, the 
liposome is observed to rapidly move between patches of high MinE 
accumulation (Extended Data Fig. 8). To some extent, this is reminis-
cent of the experimental observation that liposome motion seems to 
be strongly affected by the mesh pattern, where liposomes tend to hop 
between mesh cells rather than moving smoothly across the surface 
(Supplementary Video 1).

Membrane mechanical properties determine 
liposome motility
In general, a sustained imbalance of forces on the front and rear sides 
of the liposomes is required for directional motion. As evident from 
our experiments, this imbalance is induced by the asymmetric dis-
tribution of MinE around the liposomes. How exactly this chemical 
protein gradient translates into a force is a fascinating yet unsolved 
question. An in-depth theoretical investigation of this question would 
require detailed structural insights into the dynamics of Min protein 
binding and a new theoretical framework that should incorporate pat-
tern formation, dynamic and deformable geometries and adaptive 
mechanical properties47.

To still gain insights into the possible mechanisms of motility 
induction, we recorded the percentage of motile vesicles (Supplemen-
tary Fig. 4a) dependent on various plausible factors. During liposome 
motion, membrane trails were often left behind (Fig. 4b), consuming 
the membrane available for Min protein binding and thus increas-
ing membrane tension. Therefore, we first investigated the general 
importance of membrane deformability. We fabricated lipid mem-
branes onto silica beads (liposome beads), not allowing any membrane 
deformation. We found that these liposome-sized beads did not move 
(Supplementary Video 7), suggesting that membrane deformability is 
a crucial determinant of motion.

In the absence of sophisticated probe technology, such as optical 
or magnetic tweezers, a rough estimate of membrane deformation 
can be given by the liposome contact angle that reflects membrane 
mechanical properties, such as membrane tension48 and membrane 
bending rigidity31. Therefore, we tracked the contact angle at the rear 
part of moving liposomes to map changes in the membrane mechanical 
properties. Interestingly, liposome velocities decreased with increas-
ing contact angles (Extended Data Fig. 9). With increasing membrane 
adhesion (decreasing contact angle), lateral membrane tension is 
supposed to substantially increase48. Membrane tension consequently 
elevates the Laplace pressure and generates a positive outward pres-
sure, which can be balanced by a traction force generated by the SLBs48. 
Asymmetric MinE binding decreased the contact angle at the liposome 
rear (Extended Data Fig. 9), and the traction pressure difference is 
expected to drive liposome motion and affect the velocity. Therefore, 
the membrane mechanical properties characterized by the contact 
angles in our system affect liposome motility. In addition, we quanti-
fied the speed in relation to liposome size, and larger liposomes tend to 
move faster (Supplementary Fig. 5). Since the Laplace pressure counter-
acting deviations from an ideal sphere are inversely proportional to the 
liposome radius, large liposomes are generally more easily deformable 
than small ones. On the basis of these observations, we propose that 
larger liposomes may be more susceptible to structural asymmetries, 
thereby facilitating liposome motion.

Liposome sliding is probably mediated by 
membrane adhesion
Previous studies have shown that liposomes can either roll49 or slide50 
across substrates, which may at least hint at potential mechanisms 
of motion. To distinguish these two types of liposome movement, 
we fabricated phase-separated liposomes (Fig. 5a). We find that the 
relative position of non-labelled lipid-ordered (Lo) domains on the 
liposomes remained unchanged during directional motion, indicat-
ing liposome sliding (Fig. 5a and Supplementary Videos 8–11). The 
rolling of liposomes was observed only when the directional motion 
was restricted by obstacles, such as random membrane aggregates 
(Extended Data Fig. 10 and Supplementary Video 12). Liposome motion 
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(left) are indicated by the white dashed lines. Scale bars, 5 μm; 5,000 s.
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by sliding was suggested to arise from the kinetic trapping of cations at 
the liposome–SLB contact area50. This effect may also be responsible 
for liposome movement on Min protein patterns, which is supported 
by our observation that liposome flattening is mediated by membrane 
adhesion through charge interactions (Extended Data Fig. 1). In addi-
tion, at high MgCl2 concentrations, liposomes were constricted during 
motion (Supplementary Video 13), which may arise from higher mem-
brane adhesion. When there is no MgCl2 in the Min buffer, the liposomes 
could move without noticeable constriction (Supplementary Videos 1 
and 3), and reducing cation concentration facilitated the directional 
motion (Supplementary Fig. 6).

Liposome motion due to an adhesive gradient has been previously 
reported in the context of self-induced haptotaxis50. A similar effect 
may occur in our system, where we expect the negatively charged 
liposomes and SLBs to be linked through attractive electrostatic 
forces34,35. Since Min proteins are charged33, they could interfere with 
the electrostatic forces. In addition, it has recently been shown that 
MinDE complexes interact more strongly with the lipid membrane than 
MinD alone32. Consequently, MinE protein accumulation could locally 
change the mechanical membrane properties44,45 and interfere with the 
adhesive forces. Therefore, MinE proteins may be able to decrease the 
adhesive interactions at the rear and induce liposome drifting towards 
regions of higher adhesive energy50 (Fig. 5b). Another plausible sce-
nario is that the asymmetric MinE distribution on the liposome could 
locally change the membrane tension, which has been referred to as 
interfacial energy gradient51. The liposome membrane tension could 
then counteract the local deformation, leading to a retraction of the 
liposome-exposed tails and a lateral displacement of the liposome–SLB 
contact area away from regions of high MinE concentration (Fig. 5c).

Having established that membrane properties generally deter-
mine liposome motility, we further investigated how lipid composition 
affects liposome motion. The typical lipid composition in our system 
contains 30 mol% 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) 
(DOPG), as the negative charge of DOPG is critical to generate Min 
protein patterns14 (Methods). Changing the lipid composition simul-
taneously changes membrane adhesion and protein pattern forma-
tion, affecting liposome motion. At 10 mol% DOPG, both membrane 

adhesion and protein binding to the membrane33 are reduced. Under 
these conditions, the Min stationary patterns are no longer stable 
and transform into travelling waves over time, terminating liposome 
motion (Supplementary Video 14; two independent experiments). 
At 50 mol% DOPG, both membrane adhesion and protein binding to 
the membrane33 increase. Under these conditions, the yield of motile 
liposomes was reduced, but the velocity did not considerably change 
compared with 30 mol% DOPG (Supplementary Fig. 4).

Given the striking effects of MinDE protein patterns on large 
membrane structures such as vesicles, it is plausible to ask whether 
the reported transport phenomenon may serve a so far undetected 
physiological purpose. A cell’s healthy growth and homoeostasis rely 
on the precise spatial organization of molecules. Reaction–diffusion 
mechanisms can facilitate this organization not only on a molecular 
scale but also on a larger scale, as evidenced by ParA-directed plasmid 
movement and actin- or microtubule-based cargo transportation. 
These systems have previously been proposed to function through a 
filament-based mechanism52,53. However, non-filament-based mecha-
nisms for the transport and positioning of large cellular cargo have 
gradually been revealed. A previous study recapitulated the directed 
movement by the ParA system, which is well described by a diffusion 
ratchet mechanism, where the cargo dynamically establishes and 
interacts with a concentration gradient of the ATPase54. Another work 
demonstrated that the diffusive fluxes of MinDE can transport and 
sort functionally unrelated cargo on membranes via a diffusiophoretic 
mechanism55. These observations hint at an underappreciated cargo 
transport mechanism that does not rely on stable molecular assemblies 
but depends on weak and transient interactions between a sufficiently 
large number of ATPases and ATPase effectors. The system observed 
here accomplished directional liposome motion driven by dynamic 
interactions between ATPase MinD and its stimulator MinE, which 
further strengthens the possible relevance of non-filament-based 
mechanisms.

Compared with the above in vitro systems using beads54 or DNA 
origami55, our system further incorporated the mechanical factor of 
membrane deformation and demonstrates that a minimal mechano-
chemical feedback mechanism consisting of a deformable liposome 

5 µm 5 µm

Membrane, side t = 0 h 0 m

t = 2 h 13 m

MinE Membrane, top-down MinE Overlay

Lipid bilayer/Lo domain
Lipid bilayer/Ld domain

MinE
MinD

Adhesive force
Interfacial energy

a

b c

Adhesive force Interfacial energyAdhesive force gradient Interfacial energy gradientMotion and pattern
adaptation

Retraction and pattern
adaptation

Fig. 5 | Liposome sliding on SLBs driven by Min quasi-stationary pattern.  
a, Schematic and experimental illustration of phase-separated liposomes 
sliding on the SLBs with the non-labelled Lo domain remaining at the rear of 
the liposomes. Here Lo refers to the lipid-ordered domain (grey), whereas the 
lipid-disordered domain (Ld) is labelled in red. The rows show two subsequent 
snapshots of a liposome moving (arrows) in the presence of MinE (green). Scale 
bar, 5 µm. The buffer contained 25 mM Tris (pH 7.5) and 150 mM KCl. b, Schematic  
of the proposed force generation mechanisms. MinD binding flattens the 
liposomes, stabilizing the shape with an adhesive force (chain symbol). 

Asymmetrically distributed MinE proteins lead to an adhesion gradient, which 
leads to a horizontal force that displaces the liposome (grey arrow), and the 
asymmetry is maintained by pattern reorganization (green arrow). c, In another 
scenario, asymmetrically distributed MinE proteins lead to the deformation of 
the liposome. The deformation is counteracted by membrane surface tension 
(small arrows inside the liposome), resulting in a retraction of the rear part  
of the liposome and a displacement of the liposome–SLB contact area. Then, 
the MinE pattern adapts to the displaced liposome and maintains the interfacial 
energy gradient.
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and a non-equilibrium protein system is sufficient to realize persis-
tent and directional motion of cell-like objects. The pattern-forming 
reaction–diffusion system is a generic mechanism for continuously 
supplying a non-equilibrium system with energy56, which can then 
be transformed into directional motion or deformations. The reac-
tion–diffusion Belousov–Zhabotinsky system has been harnessed to 
directionally transport a CO2 bubble, which intermittently moves in 
the direction of chemical wave propagation57. In our system, liposomes 
move away from high MinE concentration, generating a MinE con-
centration gradient by using the setup of a flowcell41 may guide the 
liposome towards a specific direction. Mechanochemical coupling 
has recently been appreciated as an advanced strategy to achieve 
life-like properties of artificial cells in vitro58. Although uncovering 
the mechanical details that comprise this feedback loop on a molecu-
lar level remains an open research topic, we are confident that our 
system will serve as a modelling platform for designing artificial cells 
with advanced motion functions. Moreover, further studies of such 
mechanochemical feedback between reaction–diffusion systems and 
their effects on the mechanical properties of soft materials will greatly 
facilitate our understanding of complex life-like behaviours and the 
functional evolution of living organisms.
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Methods
Protein purification
The plasmids pET28a–His–MinD_MinE (ref. 22), pET28a–mCherry–
MinD, pET28a–MinE–KCK–His (ref. 41) and pET28a–MinE–His  
(ref. 41) were used for the purification of His–MinD, mCherry–MinD, 
MinE–KCK–His and MinE–His, respectively59. In brief, proteins were 
expressed in E. coli BL21 (DE3) and then purified via Ni-NTA affinity and 
size-exclusion chromatography in a storage buffer (50.0 mM HEPES/
KOH at pH 7.2, 150.0 mM KCl, 10% glycerol, 0.1 mM EDTA and 0.4 mM 
tris(2-carboxyethyl)phosphine). Proteins were snap frozen in liquid 
nitrogen and stored in small aliquots at –80 °C.

Protein concentration measurements
All the protein concentrations were determined via a linearized Brad-
ford assay60 using bovine serum albumin as a reference. Measurements 
were done in 96-well plates, measuring the absorbance at 595 nm using 
a TECAN plate reader (Tecan Group), and triplicates of each measured 
concentration were taken. A minimum of two different dilutions of the 
same protein stock were measured.

Protein labelling
The labelling of MinE–KCK–His with Atto488 maleimide (ATTO-TEC; 
order no. AD 488-41) was performed according to the dye manufac-
turer’s instructions. In brief, the protein stock solution was mixed with 
1.3-fold molar excess of reactive dye per sulfhydryl group in anhydrous, 
amine-free dimethylformamide under gentle shaking. The reaction 
mixture was incubated for 2 h at room temperature protected from 
light. A dialysis cassette (Thermo Scientific; prod. no. 66380) was used 
to remove most of the unbound dye, followed by an overnight dialysis 
against excess storage buffer.

SUV preparation
Here 20.0 mol% DOPE (Avanti, >99%; (Δ9-cis) PE; CAS, 4004-05-1), 
50.0 mol% DOPC (Avanti, 18:1 (Δ9-cis) PC; SKU, 850375P), 30.0 mol% 
DOPG (Avanti, 18:1 (Δ9-cis) PG, SKU: 840475 P) and 0.1 mol% Atto655–
PE were dissolved in chloroform. Chloroform was then evaporated 
under a nitrogen flow, followed by vacuuming for 2 h. The dry lipid film 
was rehydrated in phosphate-buffered saline (PBS) (1×, pH 7.4) (final 
lipid concentration, 1 mM). Lipid dispersions were sonicated to clarity 
(10 min). Small unilamellar vesicle (SUV) solutions are stored in −20 °C 
and sonicated for 10 min before usage.

SLB preparation
The sample well was plasma cleaned for 10 min and then 20 μl SUV 
solution and 60 μl Min buffer (25 mM Tris at pH 7.5, 150 mM KCl and 
5 mM MgCl2) were added. After incubation for 10 min at 37 °C, excess 
non-fused SUVs were washed away with PBS (1× PBS, pH 7.4) 10 times 
and then the PBS was replaced twice with the respective buffer.

Cell-sized liposome preparation
Cell-sized liposomes were produced by electro formation in PTFE 
chambers with Pt electrodes61. Then, 6 µl of lipid mixture (20.0 mol% 
DOPE, 50.0 mol% DOPC, 30.0 mol% DOPG and 0.1 mol% Atto655–PE) 
was spread onto two Pt wires and dried in a desiccator for 30 min. 
The chamber was filled with 350 μl sucrose (final lipid concentra-
tion, 1 mg ml−1), and the sucrose solution was mixed with an equal 
osmolality of the respective imaging buffer. An a.c. electric field of 2 V 
(r.m.s.) was applied at a frequency of 10 Hz for 1.0 h, followed by 2 Hz 
for 0.5 h. The liposomes were kept at 4 °C for achieving equilibrium 
of the negatively charged DOPG on both lipid leaflets61. Then, 5 µl 
of the liposome suspension (prediluted 1:50 in sucrose) was added 
into the imaging chambers. For phase-separated liposomes, a lipid 
composition of 40.0 mol% DOPC, 20.0 mol% DOPG, 20.0 mol% DSPC, 
20.0 mol% cholesterol and 0.1 mol% Atto655–PE was used (final lipid 
concentration, 1 mg ml−1). Atto655–PE was used to label the Ld domain. 

Further, the PTFE chambers were incubated within a temperature 
controller at 60 °C during electro formation. After electro formation, 
the phase-separated liposomes were slowly cooled down to room 
temperature overnight.

Reconstitution of the Min proteins on the SLB–liposome 
membrane system
Min proteins and ATP were premixed and added into the sample well 
containing SLB–liposomes. To test how the liposome membrane affects 
the Min protein patterns, we adopted another experimental procedure. 
We preformed Min protein patterns on SLBs and then added liposomes 
to the preformed Min pattern. For labelling, MinD was doped with 
20 mol% mCherry–MinD, and MinE was doped with 20 mol% Atto488–
KCK–MinE–His, if not stated separately. Mg–ATP solution (100.0 mM 
ATP and 100.0 mM MgCl2) was mixed with a final concentration of 
2.5 mM Min. Quasi-stationary patterns were achieved by moving the 
protein modification His tag of MinE from the N terminus (His–MinE) 
to the C terminus (MinE–His; this is referred to as MinE in the main text 
and Methods)23. For all the experiments, the final volumes were 100 μl. 
The concentrations of MinD and MinE were 2.5 and 5.0 µM, and the Min 
buffers contained 25 mM Tris at pH 7.5, 150 mM KCl and 5 mM MgCl2, 
if not stated separately.

Fabrication of silica-bead-supported liposomes
SUVs were prepared as above, but the dry lipid film was rehydrated in 
water instead of PBS. Then, 10 µl of the bead solution (Corpuscular; 
C-SIO-1.0; C-SIO-2.0; C-SIO-5.0 (ref. 62); 5 × 108 beads per ml) was mixed 
with 20 µl SUVs (1 mM), 20 µl NaCl (5 M) and Milli-Q water to a total 
volume of 100 µl. We have used silica beads of 1, 2 and 5 µm in size. 
Then, the beads were incubated at room temperature for 30 min with 
intermittent mixing (Eppendorf, ThermoMixer C, 400 r.p.m.). Then, 
1 ml Milli-Q water was added to wash off the excess unbound liposomes. 
Thereafter, the beads were spun at 260×g for 2 min at room tempera-
ture. The washing procedure was repeated three times. Subsequently, 
1 µl silica-bead-supported liposomes were added to SLB containing 
the imaging chambers. Min proteins were reconstituted as described 
above. For each size, two independent experiments were conducted.

Microscopy
All the images were taken on a Zeiss LSM800 confocal laser scanning 
microscope using a Zeiss C-Apochromat 40×/1.20 water-immersion 
objective (Carl Zeiss). The longer time series were acquired using 
the built-in definite focus system. Atto488–KCK–MinE–His was 
excited using a 488 nm argon laser; mCherry–MinD, using a 561 nm 
diode-pumped solid-state laser; and Atto655, using a 633 nm He–Ne 
laser. To reduce the interference of the laser on the Min proteins, an 
oxygen scavenger was applied (final concentrations of 3.7 U ml–1 pyra-
nose oxidase, 90.0 U ml–1 catalase and 0.8% glucose; all the reagents 
were purchased from Sigma).

Calibration of fluorescence intensity across SLBs and 
liposomes
In Fiji 70 (v1.51q) software, we marked circles with the same area on 
both liposome–SLB contact areas and SLBs. Then, we compared their 
fluorescence intensities, that is, the MinD intensity on the SLBs was 
1 and the calibrated MinD intensity of the contact area indicated the 
protein exclusion degree.

Fluorescence recovery after photobleaching measurement
We applied an exponential fit to determine the diffusion coef-
ficient, which would only accurately describe the recovery in 
diffusion-dominated systems opposed to a reaction-dominated sys-
tem63. Therefore, the fluorescence recovery after photobleaching 
results obtained here were just used to roughly compare the diffusion 
dynamics of Min proteins. For this measurement, MinE was doped 
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with 10 mol% Atto488–KCK–MinE–His. The bleaching sizes were 
31.95 µm × 31.95 µm. Two circles with the same area (diameter, 2 μm) 
were selected. One of the circles was bleached after recording 5 frames 
and then 45 frames were recorded (0.16 min per frame). To reduce any 
photoinduced protein aggregation, we used an oxygen scavenger for 
all the measurements and we reduced the photobleaching laser power 
for the MinE channel (25%).

Measurement of liposome motion speeds and contact angles
Liposome motion was detected by eye. The liposome–SLB contact areas 
were obtained from the ‘analyze particles’ function of ImageJ (Fiji 70,  
v1.51q). The images from the membrane channel were subjected to 
‘subtract background’, ‘median filter’ and ‘adjust threshold’ to obtain 
the liposome outlines. The TrackMate plugin in ImageJ was used to 
track the moving liposomes64,65. Using a Laplacian of Gaussian filter, 
the liposomes were identified and their trajectories were formed. 
The tracks with liposome collisions were eliminated. The LBADSA 
plugin was used to measure the contact angle66. The liposome radius 
was either manually measured or calculated by using chord length, 
c = 2Rsin(θ/2); the chord length was manually measured. Because a 
limited z-stack resolution was used for determining the contact angle, 
we did not measure liposomes smaller than 4 µm. Data collection and 
analysis were not performed blind to the conditions of the experi-
ments. No statistical methods were used to predetermine the sample 
sizes, but our sample sizes are similar to those reported in previous 
publications22,55. Data distribution was assumed to be normal, but this 
was not formally tested.

Inference of liposome movement direction from MinE 
distribution
We performed image processing in Mathematica 12.1. From a z-stack 
time series, the liposome outlines and centres were generated from the 
giant unilamellar vesicle equators of the MinD channel. All the images 
were preprocessed by applying Gaussian filtering and binarization to 
reduce noise and artifacts. The liposomes were identified as the largest 
ring-like objects (non-simply connected regions), which were subse-
quently converted to a simply connected region by setting the values 
of all the enclosed pixels to 1. The liposome centre was defined as the 
centroid of this region, where p is the pixel coordinates and I(p) is the 
binary intensity of the corresponding pixels. The MinE distribution in 
the vicinity of the vesicle was obtained by multiplying the MinE image 
data at the SLB with the binary liposome mask obtained from the MinD 
data in a pixel-wise manner. The resulting data were preprocessed as 
described above, allowing to extract the MinE centroid. The liposome 
motion directions were extracted from the liposome centroid between 
subsequent snapshots. The liposome motion was predicted from the 
offset between the liposome centroid and the MinE centroid, with the 
direction vector pointed away from the MinE centroid.

Partial differential equations of the Min persistent binding 
model
We used a reaction–diffusion approach to reproduce the Min patterns 
observed in vitro38. In brief, three cytosolic protein species (MinE (uE), 
MinD–ADP (uDD) and MinD–ATP (uDT)), as well as three membrane-bound 
species (MinE (ue), MinD (ud) and MinDE complexes (ude)) were included. 
In the cytosol, MinD–ADP is converted into MinD–ATP at rate λ, corre-
sponding to the nucleotide exchange. On the membrane, MinE forms 
complexes with membrane-bound MinD at rate ked. In addition, the 
protein cytosolic dynamics are coupled to the membrane dynamics 
via various attachment and detachment processes. Cytosolic MinD–
ATP is recruited to the membrane by membrane-bound MinD at rate 
kdD, and it can also bind to the membrane in an unassisted manner 
at rate kD. Similarly, cytosolic MinE is recruited to the membrane by 
membrane-bound MinD at rate kdE, forming a MinDE complex. The 
MinDE complexes split up at rate kde, releasing MinD–ADP into the 

cytosol, whereas MinE remains on the membrane (persistent binding). 
These isolated MinE proteins dissociate from the membrane at rate 
ke. The general corresponding partial differential equations for the 
persistent binding model read as follows:

∂tuDD = Dc∇2cuDD − λDD (1a)

∂tuDT = Dc∇2cuDT + λDD (1b)

∂tuE = Dc∇2cuE (1c)

∂tud = Dm,d∇2mud + fd (ud,ue, ũDT, ũE) (1d)

∂tude = Dm,de∇2mude + fde (ud,ude,ue, ũE) (1e)

∂tue = Dm,e∇2mue + fe (ud,ude,ue) (1f)

The three former equations represent the protein dynamics in 
the bulk volume, and the three latter equations represent the protein 
dynamics on the reactive boundary (SLB and parts of the liposome 
membrane). On the reactive membrane, the Min proteins interact 
with each other and form complexes according to the reaction terms:

fd (ud,ue, ũDT, ũE) = (kD + kdDud) ũDT − udkdEũE − kedudue (2a)

fde (ud,ude,ue, ũE) = udkdEũE − kdeude + kedudue (2b)

fe (ud,ude,ue) = kdeude − kedudue − keue (2c)

Here ũDT  and ũE correspond to the respective MinD and MinE bulk 
concentrations right on the membrane, that is, ũi = ui |m.

Finally, the bulk protein dynamics were coupled to the membrane 
dynamics through reactive boundary conditions, which are expressed 
by a net diffusive flux ∇nui|m, where ∇n represents a spatial derivative 
normal to the reactive boundary:

Dc∇n uDD|m = kdeude (3a)

Dc∇n uDT|m = − (kD + kdDud) ũDT (3b)

Dc∇n uE|m = −kdEudũE + keue (3c)

Geometry of static liposomes in simulation
Equations (1)–(3) were numerically solved in a three-dimensional (3D) 
box geometry using COMSOL Multiphysics 5.6. For simplicity and to 
ensure numerical stability, we used no-flux boundary conditions at 
the sides and top of the box. The bottom boundary (z = 0) represented  
the reactive membrane, obeying the reactive boundary conditions  
(equation (2)). We deformed the bottom boundary into a liposome- 
shaped geometry. In line with the observation that MinE only interacted 
with the SLB and the lower part of the liposome (Fig. 3a), we rendered 
the upper part of the deformed boundary inert. To simulate the sym-
metric vesicles, we chose a deformation that qualitatively resembled 
the experimental observation (Fig. 2a). In the simulation of the asym-
metric vesicles, we chose a deformation that qualitatively resembled 
the experimentally observed liposome shape (Fig. 3a).

Coupling liposome motion to MinE reorganization
In contrast to the simulations of a static liposome, where membrane 
deformation represented the liposome, we used a phase-field approach 
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to generate moving liposomes. The reactive boundary represents the 
SLB, whereas the volume occupied by the liposome is modelled as a 
localized repulsive potential V(x, y; t). Although this approach allows 
to dynamically change the liposome position, the Min proteins now 
cannot bind to the liposome membrane (excluded volume). However, 
as the excluded volume changes the local membrane-to-bulk ratio 
close to the liposome, the geometry effect leading to MinE accumula-
tion around the vesicle is still valid. Thus, the phase-field approach is 
sufficient to study the Min pattern–liposome interaction.

To couple the cytosolic protein dynamics to the liposomes, we 
included a drift term in the partial differential equations:

∂tuDD = Dc∇2c uDD − ∇c [(∇cV (x, y; t)) uDD ξ] − λDD (4a)

∂tuDT = Dc∇2cuDT − ∇c [(∇cV (x, y; t)) uDT ξ] + λDD (4b)

∂tuE = Dc∇2cuE − ∇c [(∇cV (x, y; t)) uE ξ] (4c)

Here ξ is a scaling factor, which determines the strength of the drift 
term. We chose ξ to be as large as possible without causing numerical 
instabilities, representing an impermeable liposome.

We simulated the pattern–liposome interactions in a simplified 
2D box geometry. We manually linked the MinE protein concentration 
close to the liposome (ue) to the liposome position along the reactive 
membrane (xV(t)), whose dynamics are defined by

∂txV (t) = −∫ds (s − xV (t)) ue (s) v S (x, t) , (5a)

where the integral kernel 𝒮𝒮 (x, t) limits the integral to the vicinity of the 
liposome (radius R):

S (x, t) = {
1 for xV (t) − R ≤ x ≤ xV (t) + R

0else
(5b)

The negative sign in equation (5a) stems from the experimental 
observation that the liposome (excluded volume) moves away from 
high MinE concentrations. The factor v is a phenomenological pro-
portionality constant representing the coupling strength between the 
MinE concentration gradient and the liposome speed. We manually 
broke the symmetry by imposing an exponentially decaying move-
ment to the excluded volume at the beginning of the simulation (first 
~2,000 s). This manual symmetry breaking was designed to move the 
excluded volume by exactly 1 μm, so that any additional displace-
ment of the excluded volume is a result of the coupling of the protein 
dynamics.

Simulation parameter dependence of liposome motion
The observed mechanochemical coupling depends—to a limited 
degree—on the reaction rates and, in a straightforward way, on the 
speed proportionality factor v, which we will discuss in the following. 
In general, distinct liposome motion characteristics are observed when 
the timescale of pattern formation does not match the timescale of 
liposome motion.

First, the reaction rates used in the default simulations were 
chosen such that stationary patterns form in 3D simulations of the 
Min system. Previous studies showed that the observed pattern type 
crucially depends on the Min concentrations in experiments14 and on 
the reaction rates in simulations36,38. Therefore, most parameters are 
not eligible for sweep focusing on the mechanochemical coupling, as 
this would entirely destroy the stationary pattern. However, the MinE 
detachment rate ke, which essentially determines the strength of the 
persistent binding, can be tuned over various orders of magnitude with-
out destroying the stationary pattern. On an abstract level, ke affects 
the timescale at which the pattern can adapt to a change in geometry. 

For lower ke, the pattern adapts more quickly to the liposome, so that 
the manually broken symmetry is not maintained and the liposome 
comes to a halt (Extended Data Fig. 8c). In contrast, for faster MinE 
detachment, the liposome moves faster than the pattern can adapt, 
meaning that the liposome ‘hops’ on the MinE pattern, changing the 
direction of movement whenever a high MinE concentration is encoun-
tered (Extended Data Fig. 8a).

Second, the characteristic timescale of the liposome motion 
is exclusively determined by the speed proportionality factor 
v. Intuitively, the liposome speed should be directly proportional 
to v, which we numerically confirm in the early phase of liposome 
motion (Extended Data Fig. 7). However, when the timescale of lipo-
some motion strongly deviates from the timescale of pattern forma-
tion, similar effects as for changing the MinE detachment rate are 
observed. In the approximate range of 5 × 10–4 s–1 < v < 10–2 s–1, persis-
tent motion is observed. For v ≲ 5 × 10–4 s–1, the liposome movement 
is too slow, and chemical symmetry is restored before the liposome 
can pick up speed. For v ≳ 10–2 s–1, the liposome moves faster than 
the pattern can adapt, resulting in similar ‘hopping’ characteristics 
as observed for fast MinE detachment. It should be noted that the 
speed proportionality factor is a phenomenological parameter, and 
the actual timescale of liposome motion needs to be deduced from a 
microscopic model of mechanical interaction between the liposome, 
SLB and Min proteins, which we do not specify here due to a lack of  
experimental evidence.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
Data that support the plots within this paper and other findings  
of this study are available via the Harvard Dataverse67 at https://doi.org/ 
10.7910/dvn/ahyyye and from the corresponding authors upon request.

Code availability
The code that supports the plots within this paper are described in the 
Methods and Supplementary Information and is available from the 
corresponding authors upon request.
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Extended Data Fig. 1 | MinD protein binding did not flatten the vesicle in the 
absence of SLBs. When the coverslip was passivated with PLL-PEG (Poly(L-
lysine)-graft-poly(ethyleneglycol), left column) and no SLBs formed, MinD 

protein binding (magenta) to the membrane (red) did not flatten the vesicle due 
to the lack of membrane adhesion. In contrast, vesicles flattened when an SLB was 
present (right column).
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Extended Data Fig. 2 | Diffusion of MinE is slower than that of MinD.  
a) The fluorescence intensity recovery of MinE is slow (around minutes),  
and the diffusion of MinE decreased further at higher MinD concentration  
(2 experiments; n = 13, 14, 19, 18, 14, 12 from left to right). We applied an 
exponential fit to determine the diffusion coefficient (right); b) Diffusion 

coefficients of MinD (2 experiments; n = 12, 18, 24, 12, 12, 12 from left to right). The 
diffusion coefficient of MinD also decreased at high MinD concentration. For all 
the box figures, whiskers are 1.5 x IQR (interquartile range), median is shown as a 
black line, mean is shown as a red line.
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Extended Data Fig. 3 | Quasi-stationary labyrinth patterns at different MinE 
diffusion constants in simulation. Snapshots of the stationary MinE patterns 
(total MinE concentration ue + ude shown in green) for varying MinE diffusion 
constants. All four simulations were initialized with the same initial conditions. 
Upon decreasing the MinE diffusion constant De with respect to that of MinD on 

the membrane, the protein patterns become more pronounced, meaning that 
low MinE diffusivity is needed to establish MinE protein patterns. From left to 
right: De = 0.013 μm2 s−1; De = 0.010 μm2 s−1; De = 0.008 μm2 s−1; De = 0.005 μm2 s−1. 
The diffusion constants for MinD is 0.013 μm2 s−1. Scale bar: 5 μm.
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Extended Data Fig. 4 | The inferred liposome motion direction fits well with 
the observed one during the whole motion process. The liposome motion 
directions were inferred by correlating the centroids of the liposome and the 
MinE distribution (Methods). The inferred motion direction is closely correlated 
to the actual direction, indicating that the asymmetric MinE distribution may 

cause the persistent liposome motion. The experimental conditions were:  
a) normal liposome at Min buffer without MgCl2, 100 mM KCl; b) phase-separated 
liposome at Min buffer without MgCl2, 150 mM KCl; c) phase-separated liposome 
at Min buffer without MgCl2, 150 mM KCl.
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Extended Data Fig. 5 | Fluorescence intensity change of the Min proteins 
during liposome motion. a) Snapshots of the liposome motion driven by the 
Min quasi-stationary pattern in a top-down view (top rows; MinD fluorescence 
shown in magenta, MinE shown in green) and from the side (bottom rows); b) The 
intensity of MinD at the liposome equator did not change notably after the initial 
binding process, indicating that the liposome dynamics did not result from the 
protein dynamics at the liposome body; c, d) At liposome-SLB contact areas, the 
protein intensities would increase during protein membrane binding as well as 

during membrane constriction (when membrane aggregated). To differentiate 
the fluorescence change during the time sequence, we calibrated the 
fluorescence intensities of Min proteins on the liposomes with that on the SLBs, 
and with that of the SLB membrane, that is, the protein intensities on one unit of 
SLB would not change with time and remained at 1. The calibrated intensities of 
MinD were the same at left and right sides of the liposome, but MinE accumulated 
faster on the left and drove the liposome to the right.
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Extended Data Fig. 6 | Kymograph of MinE protein pattern and liposome 
position. Kymograph indicating persistent liposome motion accompanied by 
a redistribution of MinE proteins (green) in a 2D phase-field simulation. White 
areas represent the excluded volume (liposome). a) Only when the liposome 
motion is coupled to the Min patterns and vice versa, persistent liposome motion 

is observed. b) When the liposome motion is uncoupled from the Min proteins 
(v = 0, ξ > 0), the liposome does not move, but Min proteins still accumulate at 
the liposome-SLB contact area; c) When the Min protein dynamics are uncoupled 
from the liposome (ξ = 0, v > 0), the liposome movement decays quickly and does 
not affect the Min pattern.
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Extended Data Fig. 7 | Liposome movement depends on the 
mechanochemical coupling strength. Simulated trajectories with different 
values of the speed proportionality factor v, and the default value is v0 = 0.005 
[1/s]. The data were obtained by tracing the liposome center xV (t) over the course 
of one simulation each. The initial conditions were identical for all simulations. a) 
Liposome position vs. rescaled time. The liposome trajectories approximately 

collapse upon rescaling time by the speed proportionality factor, t→ t ⋅ v/v0. 
The trajectories are cropped when the liposome leaves the simulated area [0 μm, 
60 μm]; b) For the same trajectories as in (a), the liposome speed vs. simulated 
time is plotted. No motion is observed for low proportionality factors, whereas 
quick movement is observed for large v. To improve the legibility, the trajectories 
are cropped before the speed becomes negative for the first time.
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Extended Data Fig. 8 | Liposome movement characteristics depends on 
patterning time scale. The liposome movement type changes when the Min 
pattern adapts to the liposome dynamic at different time scales. a) When MinE 
detachment rate is larger than the default value (ke = 10−3 [1/s]), the pattern 
cannot promptly adapt to the moving liposome, and the liposome “hops” 
between patches of high MinE concentration. This simulation result is in 
consistence with the experimental observation where the liposomes tend to hop 

between mesh cells rather than moving smoothly across the surface 
(Supplementary Video 1); b) At the default MinE detachment rate ke = 10−4 [1/s], 
persistent motion is observed; c) When MinE detachment rate is smaller than the 
default value (ke = 10−5 [1/s]), the pattern adapts to the moving liposome faster 
than the liposome can move, so that the chemical asymmetry is lost and no 
motion is observed.
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Extended Data Fig. 9 | Liposome motion speed in relation to contact angle. 
a) Schematic representation of a moving liposome. Asymmetric MinE binding 
decreased the contact angle of the liposome rear part and consequently 
different traction pressure would drive liposome motion. b) Contact angles at 
the rear and front of moving liposomes (5 moving liposomes were analyzed, in 
different experimental conditions. All angles are given in degrees. Liposome 1: 
contact angle pair rear:front = 109.456:140.621; normal liposome at Min buffer 
without MgCl2, 100 mM KCl, 2.5 µM MinD-5 µM MinE. Liposome 2: contact 
angle pair rear:front = 80.072:111.618; normal liposome at Min buffer without 
MgCl2, 150 mM KCl, 2.5 µM MinD-5 µM MinE. Liposome 3: contact angle pair 

rear:front = 110.925:122.579; normal liposome at Min buffer without MgCl2, 
100 mM KCl, 2.5 µM MinD-5 µM MinE; Liposome 4: contact angle pair rear:front 
= 83.244:103.342; normal liposome at Min buffer, 2.5 µM MinD-5 µM MinE); 
Liposome 5: contact angle pair rear:front = 97.928:124.056; normal liposome 
at Min buffer without MgCl2, 100 mM KCl, 2.5 µM MinD-5 µM MinE); For the box 
figure, whiskers are 1.5 x IQR (interquartile range), median is shown as a black 
line, mean is shown as a red line; c) The liposome velocities decreased with 
increasing contact angles (rear parts of moving liposomes) during liposome 
motion. Experimental conditions were all: normal liposome at Min buffer without 
MgCl2, 100 mM KCl, 2.5 µM MinD-5 µM MinE.
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Extended Data Fig. 10 | Rotation of phase-separated liposomes. When an 
obstacle (located at the right edge of the imaged region) hindered the directional 
motion, the liposome rotated without moving forward. The labeled Ld domain 

was represented as red while MinE was represented as green. The arrows indicate 
rotation of the Lo/Ld interface. The Min buffer contained 25 mM Tris, pH 7.5, 
150 mM KCl.
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