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Before cells divide, they need to define the site of cell division. In 
the bacterium E. coli, the precise placement of cytokinesis primarily 
depends on the Min system. The Min system is composed of the 
 proteins MinC, MinD and MinE, which oscillate between the two 
poles of the cell1–6, ensuring that polymerization of FtsZ, the initial 
event of cell division, only occurs at the middle of the cell.

The oscillation is driven by the ATPase MinD and its activa-
tor MinE7. MinC, which binds to membrane-bound MinD, is not 
required for the oscillation2,3,5,8 but is the actual inhibitor of FtsZ 
polymerization9,10. MinE and MinC bind to overlapping sites on 
MinD. In vitro co-sedimentation assays have shown that MinE is 
able to displace MinC from membrane-bound MinD before it stimu-
lates ATP hydrolysis by MinD and detachment of the proteins from  
the membrane11,12.

During one oscillation cycle, a complex of MinD and MinC homo-
genously covers the membrane of roughly one cell. In this polar cap, 
both proteins start to detach from close to midcell and then rebind 
in the opposite half. Although MinE is also seen on the entire MinD 
cap, the highest portion of this protein can be found at the rim of the 
shrinking polar MinCD cap in a prominent ring close to midcell, 
the so-called E-ring6. Consistent with the observation of the E-ring 
in vivo, the maximum density of MinE can be found at the rear of the 
wave in vitro, located behind the maximum density of MinD, where 
it delimits the propagating protein band13.

Biochemical oscillations only occur in nonlinear dynamical sys-
tems14,15. One source of nonlinearity required for the dynamic insta-
bility and oscillation of the Min system may be the initial cooperative 
binding of MinD to the membrane. This cooperativity is prob-
ably due, at least in part, to membrane-dependent dimerization of 

MinD11,16,17. The sharp decrease in protein densities at the end of 
the oscillation cycle also argues for collective effects during protein 
detachment from the membrane. Collective detachment of proteins 
is thought to be initiated by the E-ring, but how MinE can accumu-
late to form this ring at the rim of the shrinking MinCD zone is not 
well understood. Theoretical modeling of the Min oscillations has 
suggested that either cooperative binding of MinE13,18 or augmented 
binding of MinE to the rim of the MinD cap because of a high bind-
ing rate and slow cytoplasmic diffusion19 of MinE can give rise to 
the E-ring. Other theoretical models have suggested that the E-ring 
is generated by persistent binding of MinE to the MinD cap, either 
because of rapid rebinding20,21 or because of transient interaction 
with the membrane of MinE22. It has also been proposed that the  
E-ring represents dimerized MinE, whereas monomeric MinE would 
be present outside of the ring6,17. One reason for the large variety of 
mechanisms suggested for E-ring formation is that information about 
the spatiotemporal dynamics of Min proteins during pattern forma-
tion is difficult to obtain from bulk biochemical assays. Furthermore, 
simultaneous imaging of all three Min proteins in vivo and in vitro 
has not yet been achieved.

To better understand the mechanism by which the E-ring forms and 
to elucidate its role for Min protein pattern formation, we experimen-
tally studied the order of events during propagation of waves of all 
three Min proteins, MinD, MinE and MinC in vitro. Our data show 
that MinE accumulates toward the rear of the traveling wave by rapid 
rebinding to the membrane-bound layer of MinD, and not by coop-
erative binding or dimerization of MinE. As a result of MinE rebind-
ing, every MinD dimer located at the rear of the wave is present in an 
equimolar complex with its activator MinE. Furthermore, we found 
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In Escherichia coli, the pole-to-pole oscillation of the Min proteins directs septum formation to midcell, which is required for 
symmetric cell division. In vitro, protein waves emerge from the self-organization of MinD, a membrane-binding ATPase,  
and its activator MinE. For wave propagation, the proteins need to cycle through states of collective membrane binding and 
unbinding. Although MinD presumably undergoes cooperative membrane attachment, it is unclear how synchronous detachment 
is coordinated. We used confocal and single-molecule microscopy to elucidate the order of events during Min wave propagation. 
We propose that protein detachment at the rear of the wave, and the formation of the E-ring, are accomplished by two 
complementary processes: first, local accumulation of MinE due to rapid rebinding, leading to dynamic instability; and second,  
a structural change induced by membrane-interaction of MinE in an equimolar MinD–MinE (MinDE) complex, which supports  
the robustness of pattern formation.
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evidence that in this complex, the interaction 
of MinE with the membrane is required in 
order to exclude MinC from the membrane-
bound protein layer. We propose that these two processes are crucial 
for the acceleration of protein detachment at the rear of the wave, or 
at the end of an oscillation cycle, to efficiently clear the membrane 
of proteins.

RESULTS
In vitro reconstitution of MinCDE waves
MinE has been found to be able to displace MinC from the MinCD 
complex in a step that is independent of ATP hydrolysis11,12, demon-
strating that MinE first successfully competes for the binding site 
on MinD and then stimulates MinD detachment. However, with-
out simultaneous imaging of all three Min proteins, the spatial 
and temporal order of these events during pattern formation has 
remained unclear. To address these limitations, we incubated puri-
fied MinD (0.8 µM, with 10 mol % MinD labeled with Cy5) and 
MinE (1.2 µM, with 10 mol % MinE labeled with Cy3), together 
with MinC (0.08 µM, with 40 mol % of an eGFP–MinC fusion 
 protein) in the presence of ATP on a supported lipid bilayer13. 
This concentration ratio corresponds to the one found in vivo23,24. 
When incorporated into traveling Min-protein waves, MinC did 
not change the intensity profiles of MinE and MinD (Fig. 1a and 
Supplementary Video 1) and only led to a slightly larger period 
(68.1 ± 5.9 µm compared to 58.4 ± 9.9 µm; mean ± s.d., n = 9,  
P = 0.0225) and decreased velocity (0.69 ± 0.10 µm s−1 compared 
to 0.79 ± 0.12 µm s−1; mean ± s.d., n = 9, P = 0.0728) of the wave 
(Fig. 1b). The intensity profile of MinC within the protein band 
resembles that of MinE (Fig. 1c). After a transitory phase at the 
wave front, the MinC density increases linearly and then drops in 
a manner that is similar to MinE. However, compared to the MinE 
distribution, the sudden collapse of MinC density occurs 2–3 µm 
before membrane detachment of MinE from the membrane (2.55 ±  
0.80 µm, mean ± s.d., n = 5). Because the pattern in vitro is about 
ten times larger than in vivo13, this value corresponds to a width of 
0.2–0.3 µm in the E. coli cell. Our findings suggest that MinE does 
not inhibit initial binding of MinC to MinD, but that MinE forms a 
tight complex with MinD at the rear of the wave, causing collective 
MinC displacement from the membrane-bound MinD layer.

Accumulation of MinE precedes detachment of MinD and MinC
Using confocal microscopy, we could not observe a unique MinE 
 structure at the rear of the protein wave, which could explain how 
MinE can trigger simultaneous MinC detachment. To reduce the 

 background fluorescence from proteins not binding to the mem-
brane, we used total internal reflection fluorescence (TIRF) micro-
scopy, where the excitation light is restricted to a narrow region 
above the membrane. In TIRF micrographs, a narrow, bright band of 
MinE is readily observable at the trailing edge of the wave (Fig. 2 and 
Supplementary Video 2). This band of high intensity is also visible in 
corresponding kymographs (Fig. 2b,f). Starting from the wave front, 
the density of MinE increases linearly, and then peaks at the rear, 
before it suddenly collapses (red line in Fig. 2c,g). The signal of MinD 
increases faster than MinE and nonlinearly (see blue line in Fig. 2c).

By comparing the fluorescence intensities of the membrane-bound 
proteins to calibration standards, we could estimate the density of 
 membrane-bound proteins25. We found that the peak protein-surface 
density of MinD was 1.62 × 104 µm−2 ± 27.2% (s.e.m., n = 4), which was 
two times higher than the peak density of MinE (0.73 × 104 µm−2 ± 7.6%; 
s.e.m., n = 4; see Supplementary Fig. 1 and Supplementary Methods). 
Using these values to rescale the fluorescence intensity profiles of MinD 
and MinE, we could calculate the ratio of the protein densities [MinE]/
[MinD] within the protein band. We found that this ratio continuously 
rises and peaks at the rear of the wave at a value of about 0.9 (0.87 ± 
0.17, s.e.m., n = 4; see black curve in Fig. 2d inset), suggesting that at the 
maximum density of MinE, nearly every MinD dimer on the membrane 
is in an equimolar complex with its activator MinE.

To better understand how the changes in the densities of MinE and 
MinD relate to each other, we calculated the derivatives of the inten-
sity profiles (Fig. 2d). The derivative of the MinD profile shows that, 
starting from the wave front, accumulation of MinD on the membrane 
is initially fast, but then slows down until detachment of MinD from 
the membrane starts to dominate. We found it remarkable that the rate 
of MinD density change goes along with the change of the [MinE]/
[MinD] ratio, with the highest rate of MinD detachment coinciding 
with the maximum [MinE]/[MinD] ratio (Fig. 2d inset).

A comparison of the intensity profiles of MinC and MinE reveals 
that synchronous detachment of MinC coincides with the maximum 
density increase of MinE (Fig. 2h), indicating that, in this case, MinD 
and MinE form a tight membrane-bound complex, which efficiently 
excludes MinC from the protein band.

To summarize, these results illustrate that protein binding and 
detachment within the traveling protein band is governed by the 
ratio of MinE to MinD on the membrane. This ratio also dictates the 
directionality of wave propagation, because the ratio and the MinD 
detachment rate have their maxima at the rear of the wave.
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Figure 1 MinD, MinE and eGFP-MinC 
in traveling waves in vitro. (a) Confocal 
fluorescence micrographs showing waves of 
MinD (0.8 µM with 10 mol % MinD-Cy3), MinE 
(1.2 µM MinE with 10 mol % MinE-Cy5) and 
MinC (0.08 µM, with 40 mol % His-eGFP–
MinC) on a supported lipid membrane. (b) The 
influence of the presence of MinC on velocity 
and period of the protein waves. Error bars 
represent s.d., n = 9. (c) Fluorescence intensity 
profiles of MinD, MinE and MinC acquired from 
the rectangular region shown in a. Starting from 
the front of the wave (right), the density of MinC 
rises at a slope similar to that of MinE and also 
shows a similar sharp decrease at the rear of 
the wave. Note that the detachment of MinC is 
shifted toward the front of the wave.
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MinE accumulates because of wave propagation
How can the density of MinE increase toward the rear of the wave, 
while the density of its binding partner MinD is decreasing? It has 
been proposed that MinE forms the E–ring by dimerization; that is, 
MinE would first bind as a monomer to membrane-bound MinD 
and later dimerize, thereby increasing in density to give rise to the 
ring6,17. To test this possibility, we designed an experiment to measure 
the FRET efficiency between MinE monomers labeled with either 
Cy3 (donor) or Cy5 (acceptor). The fluorophores were attached to 
a residue located at the monomer-monomer interface in the MinE 
dimer (see Supplementary Fig. 2).

In the case of FRET, the donor fluorescence is quenched by energy 
transfer to the acceptor. Destroying the acceptor fluorophore by photo-
bleaching will result in a fluorescence increase of the donor fluoro-
phore26. We used MinE labeled with Cy3 and Cy5 to initiate pattern 
formation. After parallel surface waves had formed, we bleached a 
rectangular area of MinE-Cy5 (acceptor) and recorded the change in 
fluorescence of MinE-Cy3 (donor). As shown in Figure 3a,b, the fluo-
rescence intensity of the donor increased after the acceptor dye was 
bleached. Once we had aligned the corresponding intensity profiles, we 
calculated the efficiency of energy transfer E = (ID,pb – ID)/ID,pb across 
the wave, where ID and ID,pb, are the fluorescence intensities of the donor 
before and after bleaching, respectively (Fig. 3b, bottom). If MinE 
binds to MinD as a monomer and subsequently dimerizes to form the 
E-ring, the FRET efficiency would be low in the front and high in the 
rear of the wave. However, the FRET efficiency had a constant value 
of E = 0.274 ± 0.031 (s.d., n = 3) (Fig. 3b, bottom) along the whole 
width of the wave. We also tested if the monomer-dimer equilibrium 
of MinE is affected by the presence of membrane-bound MinD. We 
found no change in either the FRET efficiency at equilibrium or the 
rate of FRET-efficiency increase during equilibration (Supplementary 

Fig. 2, Supplementary Methods and Supplementary Discussion). In 
conclusion, our FRET experiments show that MinE binds to MinD as 
a dimer and, consequently, MinE accumulation and E-ring formation 
do not reflect MinE dimerization.

Another explanation for the accumulation of MinE is cooperative 
binding: that is, the idea that MinE binding is enhanced by MinE 
already present in the wave band13,18. We sought to examine this pos-
sibility by adding fluorescent MinE (MinE-Cy5) to traveling waves of 
nonfluorescent MinE and MinD (doped with MinD–Alexa 488) and 
monitoring the incorporation of fluorescent MinE into the wave. If 
MinE from the solution bound preferentially to regions of high MinE 
densities, the intensity would increase faster at the rear of the wave than 
at the front. However, we observed that the initial maximum in MinE 
fluorescence was located close to the wave front, just in front of the 
maximum MinD–Alexa 488 intensity, in all experiments (n = 4, data 
from one experiment in Fig. 3c). Subsequently, the shape of the profile 
changed so that the fluorescence intensity increased faster at the trailing 
edge than at the leading edge, such that the MinE profile finally assumed 
the maximum at the trailing edge described above (Fig. 3d). We also 
conducted an analogous experiment in which we bleached Cy5-labeled 
MinE in the middle of the wave and then monitored fluorescence recov-
ery during wave propagation (Fig. 3e and Supplementary Fig. 3 and 
Supplementary Discussion). Even though the fluorescence at the rear 
of the wave was not decreased right after bleaching, it dropped while the 
wave was moving forward. This suggests that the bleached molecules, 
which were initially located in the front and middle of the protein band, 
accumulate at the rear during wave propagation.

Together, these results argue against cooperative attachment of 
MinE. Instead, they imply that MinE binding is dependent on the 
density of free MinD on the membrane, and that MinE then accumu-
lates at the rear because of wave propagation.
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Figure 2 Dynamics of Min proteins and their relationships. (a) Typical TIRF microscopy micrographs of surface waves formed by MinD (0.8 µM with  
5 mol % MinD–Alexa 488) and MinE (1.2 µM MinE with 5 mol % MinE-Cy5). (b) Kymographs associated with rectangular regions in a. (c) Normalized 
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MinE accumulates by persistent binding
How does MinE pile up at the trailing edge of the moving protein ‘carpet’? 
To study the behavior of individual Min proteins, we conducted single-
molecule TIRF microscopy experiments. By decreasing the concentra-
tion of labeled protein to 10 nM, we could resolve single fluorescently 
labeled proteins on the membrane. Using Matlab-based single-particle 
tracking, we then analyzed the behavior of membrane-bound proteins.

We first measured the residence time and diffusion constant of MinD 
with no MinE present, when no waves were formed. We found that 
with increasing concentration of MinD, the mobility of the proteins 
was considerably reduced, from 0.425 ± 0.124 µm2 s−1 at 0.275 µM  
to 0.013 ± 0.003 µm2 s−1 at 1.1 µM (errors are ± s.d., n = 4; Fig. 4a,b). 
This low mobility at high densities argues for complete coverage of 
the membrane with MinD. Concurrently, the residence times of MinD 
increased from 11 s to 40.71 s. The later value is merely a lower limit 
of the residence times, because photobleaching occurred on a similar  
time scale. These findings suggest that at higher densities, inter-
molecular interactions become more likely, which allows MinD to 
bind more strongly to the membrane.

Next, we analyzed the behavior of single Min proteins in protein 
waves (Fig. 4c). While the waves were advancing, the proteins bound 
to the membrane, where they diffused and eventually detached  
(Supplementary Videos 3 and 4). We analyzed the attachment and 
detachment events of MinD, MinE and MinC in three different areas 
of the traveling protein band: in the leading 50% of the wave, in the 
middle and in the rear 20% of the wave (Fig. 4d and Supplementary 
Figs. 4 and 5). We found that for all proteins, binding dominates in the 
front and middle of the wave, whereas detachment dominates in the 

rear (Fig. 4e and Supplementary Fig. 6). This result further supports 
our arguments against cooperative MinE binding.

We then determined the diffusion constants of the proteins in 
the traveling wave. If the mobility of the proteins was the same 
everywhere in the wave, it would be described by a single Rayleigh 
distribution. However, we found large deviations from this distri-
bution, which indicated varying mobilities (Supplementary Fig. 5). 
When we assigned the proteins to different parts of the wave as 
before, we obtained good fits for each of the different segments. 
Furthermore, we found that all three Min proteins slowed down 
considerably when they reached the wave’s trailing edge (Fig. 4f, 
Supplementary Fig. 6). This is consistent with the observation that 
diffusivity decreases with increasing protein density in the absence 
of waves (Fig. 4a,b). This gradient of diffusivities suggests that 
MinD dimers bound to the membrane increasingly interact with 
each other, which leads to the formation of a focused, rather than 
blurred, protein band.

Next, we determined for how much time proteins remain bound 
to the membrane during wave propagation (Fig. 4g). Consistent with 
the extended residence times at higher protein densities in the homo-
genous state (Fig. 4a,b), we found that MinD, which detached from 
the rear of the wave, spent more time on the membrane than proteins, 
which detached from the middle or the front of the wave (8.72 ± 0.59 s,  
6.53 ± 0.301 s and 4.57 ± 0.32 s, s.e.m, n = 10). The residence times of 
MinE, which did not bind to the membrane in the absence of MinD, 
also increased with increasing MinD density toward the rear of the 
wave, and, unexpectedly, were significantly longer than for MinD in 
every segment of the wave: 12.36 ± 1.05 s, 8.69 ± 0.84 s, 6.32 ± 0.78 s  
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(s.e.m. n = 10, P = 0.0032, 0.0166, 0.0259). Although the observed 
difference between the residence times of MinE and MinD is small, 
it suggests that one MinE activates more than one MinD while it is 
part of the protein wave, a behavior we term ‘persistent binding’. As 
a consequence, MinE can accumulate on the MinD carpet until all 
MinD dimers are in complex with MinE. In contrast to MinE and 
MinD, the residence times of eGFP-MinC were the same in every 
part of the wave and much shorter (4.66 ± 0.26 s, 4.56 ± 0.27 s, 4.63 ±  
0.29 s), indicating a fast turnover of MinC (errors are ± s.e.m., n = 10 
(MinD, MinE) or 7 (MinC)) (Fig. 4g).

Persistent binding implies that MinE should be able to diffuse on 
an immobile MinD carpet—in other words, on a saturated layer of 
membrane-bound MinD. Indeed, under these conditions, where no 
pattern was formed, we found MinE to have a three times higher 
diffusion constant than MinD (Supplementary Fig. 7a) but similar 
residence times (>30 s). This finding indicates that MinE is able to 

quickly change binding partners in a saturated layer of MinD without 
visibly detaching from the membrane.

Together, these results support the view that MinE accumulates 
toward the rear of the wave by persistent binding to a layer of mem-
brane-bound MinD.

The role of MinE membrane interaction for pattern formation
Persistent binding of MinE could be realized either by transient mem-
brane binding22,27 or by fast rebinding before MinE is able to diffuse out 
of the interaction range with the membrane20,21. A recent study identified 
a mutant of MinE, termed MinE C1, which was shown to be fully capable 
of stimulating the MinD ATPase activity of MinD but to be deficient in 
membrane binding27. In vivo, the MinE C1 mutant was unable to support 
normal MinDE oscillation, implying that direct binding of MinE to the 
membrane plays a role during pattern formation of the Min system.

To investigate the role of membrane-binding for Min protein pattern 
formation, we tested MinE C1 in our in vitro assay. In agreement with 
the in vivo observations, we found that MinD and the MinE C1 mutant 
were unable to self-organize into a regular pattern of parallel surface 
waves. Instead, the pattern resembled a state transiently assumed by 
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wild-type proteins during synchronization toward parallel waves13 
(Fig. 5a and Supplementary Video 5).

Although the protein pattern was different, the fluorescence inten-
sity distributions of MinD and MinE C1 in these ripples were similar 
to the distributions found in parallel waves formed by MinD and WT 
MinE; that is, the surface density of MinE C1 increased while MinD 
was detaching from the membrane (Fig. 5a,b). Similarly to the wild-
type protein, the MinE C1 mutant diffused on an immobile layer of 
MinD (Supplementary Fig. 7a) and showed similar recovery behav-
ior after photobleaching (Supplementary Fig. 7b), indicating that 
membrane binding is not required for MinE to interchange binding 
partners in the MinD layer bound to the membrane.

Remarkably, MinE C1 did not show a peak before detachment as 
WT MinE did (Fig. 5b and Supplementary Fig. 7c). Because this 
peak appeared to be involved in the exclusion of MinC from the 
MinD carpet, we were interested in the general ability of MinE C1 
to displace MinC from MinD. After we added MinC to the traveling 
waves of MinE C1 and MinD, the protein waves disappeared and 
the proteins assembled into a homogeneous state, where only MinC 
and MinD were bound to the membrane, whereas MinE C1 was in 
solution. This finding was also confirmed in a sedimentation assay 
(Fig. 5c; see Supplementary Methods), where MinC co-sedimented 
with MinD and phospholipids despite the presence of MinE C1.

These data show that MinE C1 fails to displace MinC from MinD. 
One possible explanation for this could be that MinC displacement 
takes place because membrane binding by WT MinE leads to an 
allosteric transition that allows for a stronger interaction of MinE 
with MinD. We find it interesting that this interaction is appar-
ently not required for the stimulation of MinD ATPase activity27, 
MinE accumulation or the dynamic instability of the Min system. 
Nevertheless, membrane binding of MinE appears to contribute to 
the spatial and temporal robustness of pattern formation.

DISCUSSION
Based on our results, a picture for Min protein pattern formation 
emerges (Fig. 6). First, MinD binds cooperatively to the membrane 
and MinE dimers present in solution start to bind to membrane-
bound MinD. Here, at the front of the wave, the [MinE]/[MinD] 
ratio is low, MinD can still accumulate on the membrane and bind-
ing of MinC to MinD is not yet affected by MinE. Toward the rear 
of the wave, however, the [MinE]/[MinD] density ratio continu-
ously increases and detachment of MinD starts to dominate. The 
[MinE]/[MinD] ratio can further increase during MinD detach-
ment, because rapid rebinding of MinE to membrane-bound MinD 
allows MinE to remain in the protein wave, occupying more and 
more MinD dimers still bound to the membrane. This behavior 
eventually gives rise to a zone of equimolar stoichiometry of MinE 
and MinD located at the rear of the wave. Here, the interaction 
of MinE with the membrane can induce a conformational change 
of the MinDE complex, giving rise to higher protein density. This 
structural change results in the displacement of MinC from the 
MinD carpet before the MinD–MinE complex itself detaches from 
the membrane. Furthermore, this interaction is able to increase the 
stability of Min-pattern formation, possibly by creating a diffusion 
barrier, which confines the protein band and enhances the direc-
tionality of the traveling wave.

We propose that the E-ring in vivo is formed by two complementary 
mechanisms: accumulation of MinE by rapid rebinding, and mem-
brane interaction of MinE that induces a conformational change of 
the MinDE complex. Structural studies on the membrane-bound 
MinD–MinE complex could provide more information about how 
this is achieved on a molecular level.

What is the role of persistent binding of MinE in destabilizing the 
homogeneous distribution of Min proteins? As shown in Figure 2, the 
increase of the [MinE]/[MinD] ratio accelerates detachment of MinD. 

Figure 6 Model of Min-protein wave 
propagation. (a) Starting from the front of 
the protein wave (or at the beginning of an 
oscillation cycle, right), MinD-ATP starts to  
bind to the membrane. With increasing density, 
the MinD dimers bind longer to the membrane 
and diffuse more slowly (Fig. 4). MinE dimers 
bind to membrane-bound MinD, but the 
concentration of MinE is at first too low to result 
in membrane detachment becoming dominant.  
At a sufficiently high [MinE]/[MinD] ratio, 
protein detachment starts to dominate.  
Because of rapid MinE rebinding to MinD,  
the [MinE]/[MinD] ratio can continuously 
increase toward the rear of the wave. This 
behavior guarantees that eventually all 
membrane-bound MinD dimers are in  
complex with MinE. At a [MinE]/[MinD]  
ratio of about 1, interaction of MinE with the 
membrane induces a conformational change, 
which results in the displacement of all MinC 
(not shown here). Finally, all proteins rapidly 
leave the membrane. (b) Illustration of the order 
of events at the rear of the protein wave. Shown 
are top (left) and side (middle and right) views 
of Min proteins bound to the membrane. As seen 
in the side view, before detachment from the 
membrane, either MinE forms a complex with 
MinD, which is present in an altered conformation 
involving membrane binding by MinE (1), or MinE rebinds to a neighboring membrane-bound MinD, if available (2). Because the density of membrane-
bound MinD is higher toward the front of the wave, rebinding MinE is biased in this direction, giving rise to the local saturation of MinD with MinE. After 
detachment of MinC from MinD (3), MinE can occupy the overlapping binding site on MinD.
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Because MinE effectively remains bound to the MinD layer during 
MinD detachment, the [MinE]/[MinD] ratio rises further, additionally 
increasing the detachment rate of MinD. Accordingly, MinE would only 
detach when it cannot find an available MinD on the membrane. The 
overall result of these protein interactions is a positive feedback that 
accelerates protein detachment. A positive feedback is generally able 
to amplify small perturbations in a homogenous state15,28 and can also 
explain how fluctuations in the [MinE]/[MinD] ratio can initiate sym-
metry breaking, starting from a homogenous protein distribution13.

Theoretical studies have identified the cooperativity of MinD 
binding as a possible minimal requirement for dynamic instabil-
ity in the Min system29. However, to capture the parallel protein 
waves observed in vitro, additional cooperative effects of MinE 
binding had to be included in the theoretical description13. The 
results of our study do not favor cooperativity of MinE binding; 
instead, the positive feedback we identified might be the missing 
component required to reproduce the observed in vitro patterns. Our 
mechanism for collective protein detachment needs to be tested by  
theoretical analysis.

To conclude, we believe that self-organization in the Min system 
arises from an interplay of two opposing mechanisms: cooperative 
binding of MinD to the membrane, and accelerated MinD detachment 
due to persistent MinE binding. The Min system fulfills the minimal 
requirements for proteins to switch collectively and repetitively between 
membrane-bound and cytoplasmic states30–32. Persistent binding of an 
activator to its nucleotide-hydrolyzing partner protein might represent 
a general motif for the collective detachment of proteins from intra-
cellular membranes. This has also been proposed to be important for 
ParA-driven segregation of chromosomes in Caulobacter crescentus32 
and of low copy-number plasmids in E. coli33.

METhODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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ONLINE METhODS
Protein expression and purification. His-MinD and His-MinE were purified 
and fluorescently labeled13. To obtain pET28a-His-MinC, pZH101 (see ref. 2)  
(D. RayChaudhuri) was digested with EcoRI and SalI, and the MinC fragment was 
ligated into pET28a treated with EcoRI and XhoI. The resulting reading frame 
encoded for MinC connected to an N-terminal hexahistidine tag by a linker,  
a thrombin cleavage site and a T7 tag . To obtain pET28a-His-eGFP–MinC, a PCR 
fragment containing an N-terminal hexahistidine tag and the gene that encodes 
eGFP was amplified from pEGFP-N2 using the primers 5′-GGC CTG TCA TGA 
GAC ATC ATC ATC ATC ATC ATC ACG TGA GCA AGG GCG AGG AGC-3′ 
and 5′-GCG TGA ATT CAC CCG CTG CAC CCT TGT ACA GCT CGT CCA 
TGC CG-3′. This fragment was treated with BspHI and EcoRI and ligated into 
pET28a-His-MinC that was digested with NcoI and EcoRI. The resulting ORF 
was encoded for fusion protein of eGFP–MinC with an N-terminal hexahistidine 
tag. His-MinC was expressed and purified as His-MinD and His-MinE. For His-
eGFP–MinC expression, cells were induced with 1 mM IPTG at an optical density 
of 0.8 and grown overnight at 16 °C.

Self-organization assay. Self-organization experiments of Min proteins were 
conducted as previously described13. For studies on MinC, MinC was doped with 
30 mol % His-eGFP–MinC. For TIRF microscopy experiments, glass cover slips 
were rinsed with alcohol and cleaned in air plasma. The mica sheet was attached 
with immersion oil such that the exciting beam was reflected at the mica-water 
interface. A plastic ring was glued with ultraviolet-resistant glue directly onto the 
mica to form the incubation chamber. To observe single molecules, 0.01 mol % of 
labeled molecules were added (MinD or MinE labeled with Cy5 or eGFP-MinC). 
A high proportion of variously labeled molecules was added (in the case of Cy5-
labeled proteins, MinE or MinD was labeled with Alexa 488 and, in the case of 
eGFP-MinC, MinE or MinD was labeled with Cy5) to monitor wave propagation. 
Residence times of the proteins were assigned to a specific zone in the wave band 
according to where the protein detached from the membrane.

Diffusion constants and residence times of MinE and MinD were deter-
mined in the absence of MinC. Total protein concentrations for the single 
molecule experiments were MinD, 0.8 µM; MinE, 1.2 µM; and MinC, 0.05 µM. 
Photobleaching of the dye was reduced by adding an oxygen scavenger system 
(glucose oxidase (165 U ml−1) catalase (2,170 U ml−1), β-D-glucose (0.4% w/v) 
and Trolox (2 mM), all from Sigma). In the case of eGFP-MinC, 1 mM DTT was 
used instead of Trolox.

Imaging. Confocal imaging was conducted using a Zeiss LSM 510 microscope 
with a Zeiss C-Apochromat 40×, numerical aperture (NA) = 1.2, water-immersion 
objective, at 20 °C. The fluorescence signal was detected with a photomultiplier. 
TIRF microscopy experiments were carried out on a setup built around an Axiovert 
200 microscope (Zeiss). The 488-nm and 647-nm lines of an Innova70-Spectrum 
Argon/Krypton laser (Coherent), selected using an acousto-optical tunable 
 filter (AA Opto-Electronic), were used to excite fluorescently labeled proteins. 
Before entering the microscope, the laser beam passed through a combination 

of a polarizer and a λ/4-plate, and was focused at the back focal plane of a Zeiss 
α ‘Plan-Fluar’ 100× /1.45 oil immersion or α Plan-Apochromat 100× /NA  
1.46 oil immersion objective. Fluorescence light was separated from the laser 
lines using a FF497/661 dichroic filter (Semrock) and was split into two spectral 
channels using a W-View beam splitter (Hamamatsu), and directed to an Andor 
iXon EM-CCD camera. The camera resolution was 156 nm per pixel. Videos 
were recorded using a frame rate of 5 frames s−1 and an exposure time of 50 ms.  
Fluorescence intensity profiles were obtained using ImageJ (W.S. Rasband). 
Smoothing of intensity profiles was conducted using the Savitzky-Golay method 
implemented in Origin (OriginLab).

Single-molecule analysis. Videos of single Min proteins were analyzed  
using image analysis software written in Matlab, based on the IDL Particle 
Tracking software34 .

The Matlab routines for finding and tracking particles were developed by  
D. Blair and E. Dufresne (http://www.physics.georgetown.edu/matlab/). Raw 
images were background corrected with a boxcar average and convolved with a 
Gaussian kernel to suppress high-frequency noise. The program first identifies 
peaks in the pixel intensity values above a threshold brightness for a single frame 
of the video. Intensity peaks are assigned (x,y) position values by finding local 
intensity maxima in an image-to-pixel level accuracy. By fitting the intensity 
around each particle to a two-dimensional Gaussian curve, the position is deter-
mined to subpixel accuracy. For each intensity peak, the program calculates the 
position (xi,yi), the brightness and the square of the radius of gyration. Next, the 
program examines subsequent video frames and constructs trajectories from a list 
of particle coordinates determined at discrete times by a global minimization of 
the sum of the square of particle displacements between frames34. The maximal 
displacement between two successive frames was set to 9 pixels, which corres-
ponds to 1.422 µm. The program occasionally lost particles during tracking. To 
compensate for this error, we allowed particles to disappear for two frames while 
they were bound to the membrane. The minimum track length was four frames. 
To exclude stationary particles, those which were nonspecifically bound to the 
membrane, the average displacement of a particle during its entire stay on the 
membrane was required to be larger than 0.8 pixels, which is equal to 0.1248 µm.  
The remaining tracks comprise the dataset (x,y positions for each particle, and the 
corresponding frame number) for further analysis using a custom-written Matlab 
code. One independent experiment represents one individual self-organized 
 pattern formed on an individual supported membrane. During each experiment, 
5–15 videos were acquired. For each video (between 500 and 700 frames with a 
total run length of 100–140 s), a minimum number of 100 protein tracks were 
analyzed. Therefore, one experimental value represents the average of at least 
500 analyzed tracks for each of the three Min proteins. The averaged value of ten 
experiments represents at least 5,000 analyzed tracks.

34. Crocker, J. & Grier, D. Methods of digital video microscopy for colloidal studies.  
J. Colloid Interface Sci. 179, 298–310 (1996).
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