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Abstract 23 

Reaction-diffusion coupling (RDc) generates spatiotemporal patterns, including two 24 
dynamic wave modes: traveling and standing waves. Although mode selection plays a 25 
significant role in the spatiotemporal organization of living cell molecules, the mechanism 26 
for selecting each wave mode remains elusive. Here, we investigated a wave mode 27 
selection mechanism using Min waves reconstituted in artificial cells, emerged by the RDc 28 
of MinD and MinE. Our experiments and theoretical analysis revealed that the balance of 29 
membrane binding and dissociation from the membrane of MinD determines the mode 30 
selection of the Min wave. We successfully demonstrated that the transition of the wave 31 
modes can be regulated by controlling this balance and found hysteresis characteristics in 32 
the wave mode transition. These findings highlight a novel role of the balance between 33 
activators and inhibitors as a determinant of the mode selection of waves by RDc and 34 
depict a novel mechanism in intracellular spatiotemporal pattern formations. 35 

 36 
Teaser 37 

Activator-inhibitor balance determines whether a nonlinear wave in live cells becomes a 38 
traveling wave or standing wave. 39 
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 41 
MAIN TEXT 42 
 43 
Introduction 44 

Spatiotemporal patterns of molecules in living cells are formed by the self-organization of 45 
molecules. A striking mechanism that induces this self-organization is reaction-diffusion 46 
coupling (RDc). RDc induces two types of self-assembly: static and dynamic patterns. 47 
Examples of RDc static patterns in living cells are PAR protein patterns, which determine 48 
the anterior and posterior poles in the eukaryotic embryo(1, 2), and Cdc42 polarization, 49 
which contributes to the determination of the budding position of budding yeast(3, 4). 50 
Dynamic patterns due to RDc are observed as waves of molecular transport. For example, 51 
Actin/PIP3/PTEN waves are related to the motility of amoeba cells(5-8), the Rho/F-actin 52 
wave is related to the cell division of animal cells(9, 10), and the Min wave is related to 53 
the determination of the cell division plane of bacteria(11, 12).  54 
 55 
Dynamic patterns caused by RDc are divided into two modes of waves: traveling waves 56 
that propagate spatially, and standing waves that oscillate at a fixed point. Both wave 57 
modes have been observed in living cells. For example, the actin waves described above 58 
are traveling waves(9, 13), and the Min wave is considered as a standing wave in living 59 
cells(14, 15). The modes of the RDc wave are related to its intracellular function. Actin 60 
waves guide the direction of cell movement by wave propagation on the membrane(6, 16), 61 
and the Min wave restricts the initiation of cell division at the cell division plane by 62 
enriching the cell division inhibitor at the cell poles through oscillation between the cell 63 
poles of the inhibitor(11, 14). Therefore, elucidating the mechanism of mode selection 64 
between standing and traveling waves is essential for understanding spatiotemporal 65 
patterning in cells. Physical picture of the mode selection has been studied in specific 66 
systems such as fluid convection of binary mixtures (17, 18) and CO oxidization on 67 
Pt(19). However, the underlying mechanism remains elusive. 68 
 69 
Because RDc dynamic waves emerge under nonlinear and far from equilibrium 70 
conditions, experiments using defined factors are indispensable for elucidating the 71 
mechanism of their spatiotemporal pattern formation. In this regard, the Min system, 72 
which uses the Min wave, is a promising material for elucidating the mechanism of wave 73 
mode selection for the following two reasons: i) Min waves show both wave modes under 74 
certain conditions and ii) the Min wave is the only intracellular RDc wave that can be 75 
reconstituted using defined factors in both in vitro (20-25)and artificial cells(26-29). The 76 
Min system consists of MinC, MinD, and MinE, and the RDc of MinDE generates Min 77 
waves(11, 20, 30). The molecular mechanism is well understood and is shown in Fig. 1A. 78 
MinD binds to the membrane in an ATP-dependent manner (31, 32)and is recruited to the 79 
membrane as a positive feedback loop(33-35). MinE, which senses the membrane-binding 80 
MinD, binds to the membrane and stimulates the ATPase activity of MinD(36). 81 
Hydrolyzing ATP bound to MinD triggers the dissociation of MinD from the 82 
membrane(32). MinE are detached from the membrane after lingering on the membrane 83 
for a short time(24, 33). Although MinC, which inhibits the polymerization of FtsZ that 84 
forms a cytokinetic Z-ring as a cell division initiator(37), is not involved in the formation 85 
of RDc waves, it co-localizes with MinD to prevent cell division at the cell poles(11, 14). 86 
Previous studies have shown that MinD, MinE, and ATP are sufficient for the 87 
reconstitution of traveling waves on 2D phospholipid membranes(20). 88 
 89 
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The reconstituted system illuminated not only the molecular mechanism, including the 90 
effect of the conformational equilibrium of MinE on Min waves(38, 39), but also the 91 
importance of physicochemical environments, such as salt environments and lipid 92 
compositions(40). Furthermore, the reconstitution of Min waves in artificial cells revealed 93 
that the cell-sized space works as a regulator that determines the emergent conditions and 94 
properties of the Min waves(28). These cell-sized space effects, derived from closed 95 
geometry, the finite-size effect, and the large ratio of the membrane surface to cytosolic 96 
bulk volume, indicate that experiments using artificial cells are required to verify the 97 
mechanism of the mode selection of dynamic waves. 98 
 99 
To date, both standing and traveling waves have been observed in artificial cells (Fig. 1B). 100 
For example, a previous study reported that the behaviors of Min proteins spontaneously 101 
transit between traveling and standing waves(27, 28). As a determinant of wave mode 102 
selection, studies using 2D planar membrane chambers that mimic rod-shaped bacteria 103 
have proposed that geometry is key to the emergence of standing waves(22, 23). However, 104 
even in the case of a typical 2D planar membrane, standing waves have also been 105 
observed in the case of a MinD mutant(41) or MinD depletion(24), and both standing 106 
waves and traveling waves have been observed in living cells regardless of the 107 
geometry(42, 43). This suggests that factors other than geometry are also involved in the 108 
mode selection of RDc waves. 109 
 110 
Here, we investigated the mechanism of mode selection between standing and traveling 111 
waves using Min waves reconstituted in artificial cells. We found that the dominant Min 112 
wave mode changes depending on the concentration ratio of MinDE and reaction 113 
constants, such as the membrane binding affinity of MinE and ATPase activity of MinD. 114 
Furthermore, we showed that the transition of the wave mode can be regulated by 115 
changing these parameters and successfully recapitulated the results using theoretical 116 
analysis. Our results showed that the balance between membrane binding and the 117 
dissociation of MinD determines the mode selection of Min waves, implying that the 118 
balance between positive and negative feedbacks determines the mode selection of 119 
dynamic RDc waves. 120 

 121 
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 122 

Fig. 1. Two dynamic modes of Min waves. (A) Molecular mechanism of the Min 123 
system. (B) The proposed molecular dynamics underlying the traveling and the 124 
standing waves. The green arrows indicate the dynamics of Min waves. (C) Two 125 
modes of Min waves emerged in artificial cells encapsulating 0.1 μM msfGFP-126 
MinC, 1 μM MinD, 1 μM MinE, and 2.5 mM ATP with 100 mg/mL BSA. Scale 127 
bars: 10 μm. 128 

 129 
 130 
Results  131 

Dominant Min wave mode changes depending on MinE concentration 132 
Our previous study indicated that the Min wave initially showed a pulsing localization 133 
between the membrane and cytosol, transited to the standing wave, and finally settled in 134 
the traveling wave(28). This Min wave mode transition suggests that the traveling wave is 135 
the most stable mode in spherical cells. However, it has been reported that standing waves 136 
appear even in spherical cells shaped by the inhibition of the cytoskeleton(42). We first 137 
assumed that this inconsistency is a consequence of the difference between our 138 
reconstitution system and intracellular conditions, such as the concentration ratio of MinD 139 
and MinE and/or the fluorescent protein fused to MinDE. MinD and MinE had the same 140 
concentration in our reconstituted system(28), while the concentration of MinD was 1.4 141 
times that of MinE in living cells(44). Fusion of the fluorescent protein to MinDE possibly 142 
affects RDc characteristics because of changes in the molecular diffusion rate. In 143 
particular, the fusion of fluorescent proteins to the C-terminus of MinE has been suggested 144 
to inhibit its function(45). Therefore, in this study, we used MinDE without a fluorescent 145 
tag, and instead, the Min waves were tracked by a small amount of msfGFP-MinC, which 146 
binds to MinD, whose concentration was 1/5th or less of the MinD concentration.  147 
 148 
Under the 1 μM MinDE condition, Min waves were found in approximately 90% of the 149 
artificial cells, and both standing and traveling waves were observed (Fig. 1C). Because 150 
almost all the Min waves observed were traveling waves in our previous study(28), the 151 
removal of the fluorescent tag was considered as the cause of the appearance of the 152 
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standing waves. The period of the Min wave was 93 ± 9 s for the traveling wave and 54 ± 153 
8 s for the standing wave, which was approximately half the period of the previous study 154 
(~ 2 min) (28)and closer to the standing wave period in living cells(14, 46).  155 
 156 
Next, we investigated the effect of the MinDE concentration on the wave modes. MinE 157 
concentration was varied in the range of 0.7-2.5 μM while fixing MinD concentration at 1 158 
μM. In this case, MinD localization was tracked using msfGFP-MinC, as described above. 159 
Similar to previous studies(28, 29), we classified MinC localization into six patterns: 160 
cytosol localization (cytosol), homogeneous localization on the membrane (membrane), 161 
inhomogeneous patterning on the membrane (inhomogeneous), pulsing between the 162 
membrane and the cytosol (pulsing), traveling wave, and standing wave. The ratio of these 163 
patterns varied significantly depending on the MinE concentration (Fig. S1). The 164 
probability of the appearance of a Min wave decreased as the MinE concentration 165 
increased, and MinC was localized in the cytosol for almost all the artificial cells at the 166 
MinE concentration of 2.5 μM. However, standing waves became dominant as the 167 
concentration of MinE increased for artificial cells with Min waves. A plot of the 168 
proportion of standing waves in the artificial cells with Min waves (standing wave/Min 169 
wave ratio) showed that the proportion of standing waves was less than 30% at a MinE 170 
concentration of 1.5 μM or less, whereas it was more than 60% for MinE concentration 171 
over 1.7 μM and almost all Min waves were standing waves at the MinE concentration of 172 
2.2 μM MinE (Fig. 2A, movie S1). These results suggest that the MinE concentration 173 
determines the mode selection of the Min wave. 174 
 175 

 176 

Fig. 2. Min protein concentration regulates Min wave modes. (A-C) The standing 177 
wave/Min wave ratio at various MinE concentrations (A), its time development 178 
(B), and its value at various MinD concentrations (C). (A, C) The data of the 179 
number of artificial cells where Min waves appear are obtained from the 180 
observation of more than 150 artificial cells (Figs. S1 and S3). The fitting lines are 181 
sigmoidal curves. (B) Time development of the standing wave/Min wave ratio at 182 
0.5, 1, and 1.5 μM MinE (top). The data of the artificial cells with Min waves were 183 
obtained from the observation of more than 90 artificial cells (Fig. S2). The 184 
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experiments were performed by encapsulating ADP, creatine kinase, and creatine 185 
phosphate instead of ATP. Kymographs of msfGFP-MinC around the membranes 186 
of artificial cells at each MinE concentration are shown (bottom).  187 

 188 
Shift in the MinE concentration changes initial transition of Min wave mode after 189 
wave emergence  190 
Next, we tested whether the MinE concentration shift affects the transition of the Min 191 
wave mode. However, in our first trial, we failed to observe the wave emergence using the 192 
procedure from our previous study(28). We assumed that this was because the period of 193 
the Min wave was shorter than the preparation time of the samples for microscopy. 194 
Therefore, we used an ATP regeneration system to generate Min waves. In this 195 
experiment, ADP was converted to ATP using a creatine kinase-creatine phosphate system 196 
in artificial cells. In the regeneration system, ATP reaches a sufficient concentration for 197 
Min wave generation after sample preparation for microscopy. Using this system to 198 
observe the initial under the MinE concentrations of 0.5, 1, and 1.5 μM showed that the 199 
transition of wave modes was different among the three conditions. Under the MinE 200 
concentration of 0.5 μM, the traveling wave appeared just after Min wave emergence in 201 
13% of the artificial cells. In the other artificial cells, the standing wave appeared at the 202 
initial stage of the Min wave and quickly transformed into the traveling wave (Fig. 2B and 203 
Fig. S2A and Movie S2). Under the MinE concentration of 1 μM, the standing wave 204 
appeared at the initial stage of the Min wave in all the artificial cells, and approximately 205 
70 % of the standing waves transformed into traveling waves (Fig. 2B and Fig. S2B, 206 
Movie S3). Analysis of kymographs showed that the standing wave transitioned to the 207 
traveling wave after approximately four oscillations under the 1 μM MinE condition (Fig. 208 
2B, bottom). The standing wave remained for more than 30 min without transitioning into 209 
traveling wave for the MinE concentration of 1.5 μM MinE (Fig. 2B and Fig. S2C and 210 
Movie S4). These results showed that the MinE concentration determines the Min wave 211 
mode, including the wave mode transition.  212 
 213 
Mode selection of Min wave also depends on MinD concentration 214 
Because the RDc of MinD and MinE causes Min waves, it is plausible that the MinD and 215 
MinE concentrations affect the wave mode. Therefore, MinD concentration was varied in 216 
the range of 0.5-1.5 μM while MinE concentration was fixed at 1 μM. The dynamics of 217 
MinD were tracked using msfGFP-MinC, and Min waves were classified into six patterns 218 
as indicated in the MinE experiments. Consequently, the probability of standing waves 219 
increased as the MinD concentration decreased in contrast to the MinE case (Fig. 2C and 220 
Fig. S3). The proportion of standing waves was 40-60% of the total patterns at low MinD 221 
concentrations (0.5, 0.7 μM MinD) and that of the traveling waves was more than 80% at 222 
MinD concentrations of 1.2 μM or more (Fig. S3). When the MinD concentration was 223 
low, most of the artificial cells without the standing wave showed cytosolic localization 224 
(Fig. S3), similar to the condition of high MinE concentration (Fig. S1). Furthermore, the 225 
relationship between MinD concentration and the standing wave/Min wave ratio clearly 226 
showed that the standing wave was dominant at low MinD concentrations and that the 227 
traveling wave was dominant at high MinD concentrations (Fig. 2C and Movie S5). In 228 
other words, the mode of the Min wave also depends on the MinD concentration and is not 229 
determined by the concentration of either MinD or MinE only but by both concentrations.  230 
 231 
Regulation of the Min wave mode by the activity of Min proteins 232 
Because MinDE concentrations are inversely associated with dominant mode selection, 233 
the above results suggest that the concentration ratio of MinDE, rather than their absolute 234 
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concentration, is important for mode selection. To clarify this point, we focused on the 235 
RDc mechanism of the Min system (Fig. 1A). Previous studies have indicated that the 236 
membrane binding of MinD(41) and MinE(40), self-interaction of MinD(35), and MinDE 237 
dissociation from the membrane via the ATPase activity of the MinDE complex (47, 238 
48)are related to concentrations of MinD and MinE. The rates of these reactions were 239 
determined by the MinDE concentrations and their reaction constants. Therefore, changes 240 
in the reaction constants also act as the concentration shift of MinDE. To verify this 241 
hypothesis, we focused on the salt concentration and temperature, which have been shown 242 
to affect the membrane binding affinity of MinE and ATPase activity of the MinDE 243 
complex, respectively. 244 
 245 
First, we investigated the effect of salt concentration on the Min wave mode. The previous 246 
study reported that salt concentration changes the membrane binding affinity of MinE by 247 
adjusting the electrostatic interaction between the negative charge of the lipids and 248 
cationic region of MinE(40). Therefore, a high salt concentration was expected to have a 249 
similar effect on reducing the MinE concentration (Fig. 3A, left). The concentration of 250 
GluK added as salt was varied from 50 to 500 mM, and the wave modes were 251 
investigated. Consequently, standing waves became dominant at low salt concentrations, 252 
and the percentage of traveling waves increased as the salt concentration increased (Fig. 253 
3A and Fig. S4 and Movie S6). Almost all Min waves were traveling waves at GluK 254 
concentrations of 300 mM or more (Fig. 3A). These results clearly indicate that the mode 255 
selection of Min waves can be varied by altering the membrane binding affinity of MinE.  256 
 257 
Second, we examined whether the ATPase activity of the MinDE complex affects the 258 
mode of the Min wave. Although temperature affects various parameters in the RDc of 259 
Min waves, previous studies have pointed out that the ATPase activity of the MinDE 260 
complex is the most sensitive reaction to temperature(47, 48). To verify this, the ATPase 261 
activity of the MinDE complex was measured at our typical observation temperature for 262 
Min waves (25°C), and at 29 and 37°C. ATPase activity increased as the temperature 263 
increased (Fig. S5), and the activation energy was calculated as 7.0 kcal/mol. To verify the 264 
effect of increasing the temperature on ATPase activity in the Min wave mode, we varied 265 
the Min wave observation temperatures (29, 34, and 37°C). The phase diagram depicted 266 
by the dynamics of msfGFP-MinC over the MinE concentration range of 0.3-2 μM 267 
showed that an increase in the observation temperature shifts the MinE concentration 268 
range that induces the same spatiotemporal pattern (Fig. 3B and Fig. S6). Furthermore, as 269 
a result of the calculation of the standing wave/Min wave ratio, the ratio of standing waves 270 
increased as the temperature increased at the same MinE concentration (Fig. 3B). In 271 
particular, more than 90% of all artificial cells showed standing waves for a MinE 272 
concentration of 1 μM MinE at 29°C (Fig. S6). These results demonstrate that the 273 
relationship between the MinE concentration and mode of the Min wave shifts depending 274 
on the temperature. Even at low MinE concentrations, the behaviors of Min waves under 275 
high-temperature conditions were similar to those at high MinE concentrations under low 276 
temperature conditions, suggesting that the ATPase activity of the MinDE complex also 277 
contributes to the mode selection of the Min wave. 278 
 279 
The changes in the dominant mode of the Min wave with temperature indicate that the 280 
wave mode can be controlled by shifting the temperature. To verify this point, we 281 
observed the effect of the temperature shift on Min wave selection for a MinE 282 
concentration of 0.7 μM MinE, where traveling and standing waves are dominant at 29°C 283 
and 37°C, respectively (Fig. 3B). As expected, traveling waves were mainly observed at 284 
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29°C, and increasing the temperature increased the number of standing waves. We 285 
successfully observed the transition by raising the temperature in the same artificial cells 286 
(Movie S7). Raising the temperature from 37°C to 29°C transformed 61% of the traveling 287 
waves into standing waves (Fig. 3C, left, and Movie S8). It should be noted that this 288 
transition is in the opposite direction of the spontaneous transition of the Min wave mode 289 
shown in Fig. 2B and observed in our previous study(28). Cooling the same artificial cells 290 
to 29°C returned the dominant wave mode to the traveling wave mode (Fig. 3C, Movie 291 
S8). However, this wave mode return was observed in approximately half of the artificial 292 
cells that had standing waves (Fig. 3C, middle), suggesting that the wave mode selection 293 
has hysteresis characteristics.  294 
 295 

 296 

Fig. 3. Activities of Min proteins regulate Min wave modes. (A) Schematic illustration 297 
of the effect of K+ concentration on membrane the binding affinity of MinE (left) 298 
and changes of the standing wave/Min wave ratio at various K+ concentrations 299 
(right). The data of the number of artificial cells where Min waves appear were 300 
obtained from observing more than 130 artificial cells (fig. S3). The fitting line is a 301 
sigmoidal curve. (B) Changes in the standing wave/Min wave ratio at various 302 
temperatures under a MinE concentration of 0.7 μM (left). Phase diagram of the 303 
dynamics of msfGFP-MinC against MinE concentration and the temperature 304 
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(right). Each square represents the most abundant pattern under each condition. 305 
Description of “Traveling/Standing” shows the case of that waves frequently is 306 
near a half (0.35-0.65 standing wave/Min wave ratio). The detailed data of all the 307 
artificial cells observed are shown in Fig. S5. The color code of the standing 308 
wave/Min wave ratio is shown on the right. (C) The transition of the frequencies of 309 
each pattern induced by temperature shifts. Spatiotemporal patterns of msfGFP-310 
MinC in artificial cells encapsulating 0.2 μM msfGFP-MinC, 1 μM MinD, 0.7 μM 311 
MinE, and 2.5 mM ATP with 100 mg/mL BSA are shown on the left(150 artificial 312 
cells were counted from three independent experiments.). Only artificial cells 313 
where traveling wave emerged at the first temperature (29°C) were counted. The 314 
probabilities of each type of spatiotemporal pattern transition in the same artificial 315 
cells are shown in the middle (calculated from the same data set as the bar graph. 316 
50 artificial cells, N = 3). Time-lapse images and kymographs of representative 317 
pattern transitions are shown on the right. Standing waves are highlighted with 318 
white arrows. Time intervals for the time-lapse images are 20 s (traveling waves) 319 
and 10 s (standing waves). Scale bar: 20 μm.  320 

 321 
Hysteresis of Min wave mode analyzed by a protein expression system 322 
Finally, we investigated whether the Min wave mode transition has hysteresis 323 
characteristics by MinE concentration shift using a protein expression system. As shown 324 
in Fig. 2A, the MinE concentration is a determining factor of the dominant Min wave 325 
mode. Therefore, an increase in the MinE concentration in artificial cells was expected to 326 
change the dominant wave mode for a Min wave mode transition if the Min waves do not 327 
have hysteresis characteristics. To test this hypothesis, MinE was synthesized in artificial 328 
cells by co-encapsulating a reconstituted transcription-translation system, the PURE 329 
system, and DNA encoding MinE with Min proteins in artificial cells (Fig. 4A). 330 
 331 
Because our previous study demonstrated that Min waves reconstituted in artificial cells 332 
disappear when an excess amount of MinE is synthesized(29), adjusting the MinE 333 
synthesis level was necessary. To control protein synthesis levels, we decreased the 334 
amount of amino acids required for protein expression. To confirm the reliability of this 335 
strategy, NanoLuc, which shows high sensitivity and specificity for quantification, was 336 
used as a reporter gene. Consequently, we observed that the concentration of amino acids 337 
in the reaction mixture regulated the limited levels of protein synthesis (Fig. S7). Then, we 338 
replaced the NanoLuc gene with the MinE gene and analyzed the effect of the increase in 339 
the MinE concentration on the Min wave mode. The concentration of the Min proteins 340 
contained was set to 1 μM MinD and 0.7 μM MinE, where the traveling wave is dominant. 341 
When using amino acids mixtures at 1.25 μM or 1.5 μM each (corresponding to the final 342 
MinE concentration synthesized by the protein expression) was supplied, the traveling 343 
wave continued and did not transition to a standing wave although the wave width 344 
gradually shortened with the synthesis of MinE (Fig. 4B and Movie S9). In contrast, 345 
increasing the amino acid concentration to 2 μM each also decreased the wave width in a 346 
shorter time, and simultaneously, the traveling wave disappeared after 20 min of the 347 
reaction, and the localization of msfGFP-MinC transited to the cytosol (Fig. 4B and Movie 348 
S10). The traveling waves did not transition to a standing wave during this process. These 349 
results suggest that the mode of the Min wave exhibits hysteresis characteristics.  350 
 351 
 352 
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 353 

Fig. 4. Behaviors of Min waves with MinE synthesis in artificial cells. (A) A schematic 354 
illustration of the experimental system. In addition to purified msfGFP-MinC, 355 
MinD, and MinE, a cell-free transcription and translation system (PURE system) 356 
with DNA encoding MinE were encapsulated. (B) Time-lapse images of the 357 
dynamics of msfGFP-MinC. MinE was synthesized from 1 nM DNAminE in 358 
artificial cells containing 0.1 μM msfGFP-MinC, 1 μM MinD, 0.7 μM MinE, and 359 
amino acids mixtures at 1.5 μM or 2.0 μM each. Relative band widths at each time 360 
of the traveling wave normalized by the initial band width are shown. Scale bars: 361 
10 μm.  362 

 363 
Theoretical analysis to capture the relationships between the Min wave mode and 364 
parameters 365 
To clarify the mechanism of mode selection between standing and traveling waves, we 366 
analyzed the reaction-diffusion equations for the Min system. We used the model that was 367 
studied in our previous study (28)(see Materials and Methods). The model includes MinD 368 

binding on the membrane from the cytosol D  and recruitment of MinD dD  and MinE 369 

E  from the cytosol by membrane-bound MinD. In the model, the ADP/ATP exchange   370 

of the MinD in the cytosol after the ATP hydrolysis of MinD (49) and the persistent 371 
binding of MinE on the membrane (43) generate the wave. The latter effect is 372 

supplemented by the binding of MinD and MinE ed  on the membrane. We also included 373 

spontaneous MinE binding on the membrane from the cytosol. This effect is described by 374 

a different term eE  from the previous study because we are interested in the dependence 375 

of wave selection on the concentration of MinE. Spontaneous MinE binding did not 376 
change the qualitative features of the phase diagram of the wave states. Without 377 
spontaneous MinE binding, the standing waves occur at higher concentrations of MinE, 378 
lower concentrations of MinD, and a larger recruitment rate of MinE from the cytosol. 379 
Nevertheless, spontaneous MinE binding prevents wave generation at higher 380 
concentrations of MinE, resulting in a uniform cytosol state. 381 
 382 
Figs. 5A and 5B show the state diagram in the parameter spaces of the MinD and MinE 383 

concentrations and the recruitment of MinE( E )-MinD( dD ). When the concentration of 384 

MinE was low, MinD accumulated at the membrane and MinE was mainly in the cytosol 385 
(Fig. 5C). On the other hand, at higher MinE concentrations, MinD was present in the 386 
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cytosol. At intermediate concentrations of MinE, both traveling and standing waves 387 
appeared depending on the MinDE concentration ratio. When the recruitment of MinE and 388 
MinD was varied, the state diagram was qualitatively identical to that of the MinE-MinD 389 
concentrations. Standing waves appeared for higher recruitment of MinE and lower 390 
recruitment of MinD. In the current model, we added the spontaneous binding of MinE to 391 

the membrane. Therefore, waves appear even at 0E  . In both state diagrams, standing 392 

waves appeared when MinE frequently attached to the membrane and MinD detached 393 
from the membrane, as suggested by the experiments. Conversely, traveling waves 394 
dominated when MinD remained attached to the membrane. 395 
 396 
To model the effect of ATPase activity, we used different rates of MinD binding to the 397 

membrane ,de m (48). Following the experimental measurements of ATPase activity at 398 

25 °C and 37 °C (Fig. S5), we set , 1de m   and , 1.6de m  , respectively. In both state 399 

diagrams of the MinE-MinD concentrations and recruitment, the region where the 400 
standing waves occurred broadened with larger ATPase activity. In Fig. 5A, the traveling 401 

wave appears at MinD=0.8 and MinE=0.6 when , 1de m   (Fig. 5C). At stronger ATPase 402 

activity, , 1.6de m  , the standing wave occurred at the same concentrations of MinD and 403 

MinE (Fig. 5D). Thus, the model reproduced the same tendency for the selection of the 404 
traveling and standing waves. 405 
 406 
We also studied the wave transitions under dynamic parameter changes. Following the 407 

temperature change and MinE synthesis, we dynamically varied ,de m  and the 408 

concentration of MinE, respectively. We applied a stepwise change in ,de m  from 500t   409 

to 1000t  . After the initial relaxation, the traveling wave switched to the standing wave 410 

and returned to the traveling wave at , 5.0de m   (Fig. 5E). Even after ,de m  was set to the 411 

original value, the standing wave remained for some time. This result demonstrates the 412 

hysteresis of the transition between the traveling and standing waves. At , 1.6de m  , the 413 

transition did not occur, although the width of the wave became narrower. Next, we varied 414 

the MinE concentration. From 500t  , MinE was added to the cytosol at a constant rate 415 

(see Materials and Methods). When the final concentration of MinE was 1.0, the system 416 
remained in the traveling wave mode (Fig. 5F). On the other hand, when the final 417 
concentration was increased to 1.5 (>1.4), the transition to the standing waves occurred 418 
(Fig. 5F). Note that in the state diagram in Fig. 5A, a standing wave should appear at 419 
MinE > 0.65. Even at a concentration larger than the threshold, the system remained in the 420 
traveling wave mode. Together with the experimental result that showed that the traveling 421 
wave appears despite a dynamic increase in MinE concentration (Fig. 4B), the results of 422 
the theoretical analysis also demonstrate hysteresis of wave mode selection. 423 
 424 
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 425 

Fig. 5. Selection of standing and traveling waves in our theoretical model. (A, B) State 426 
diagrams of the generated waves under varying MinE-MinD concentrations (A), 427 
and recruitment of MinE-MinD (B). (C, D) Spatial distribution of MinD (green), 428 
MinE (red), and MinDE (blue) on the membrane at the selected points in the state 429 
diagram (A) at (C) and (D). Each distribution from left to right corresponds to the 430 
dashed circle in (A) from lower to higher concentrations of MinE. (E, F) Dynamic 431 
change of the waves under varying and the concentration of MinE.  432 

 433 
Discussion  434 
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Nonlinear waves generated by RDc exhibit two dynamic wave modes: standing and 435 
traveling waves. However, the mechanism underlying mode selection has not yet been 436 
clarified. Furthermore, the regulation and elucidation mode selection have not been 437 
achieved even with Min waves, which show both modes in living cells (14, 42, 43)and 438 
reconstitution systems(20, 24, 27, 28). In our study, using Min waves reconstituted in 439 
artificial cells and theoretical analysis, we found that traveling waves were dominant under 440 
the conditions of i) a weak inhibitory effect of MinE (shown by MinE (Figs. 2A and 5A)) 441 
and salt concentration dependence (Figs. 3A and 5B)) and ii) an increase in the membrane 442 
binding rate of MinD (shown by MinD concentration (Figs. 2C and 5A)) (Fig. 6). In 443 
contrast, standing waves were dominant under the conditions of i) a strong MinE 444 
inhibitory effect (shown by MinE and salt concentration dependence (Figs. 3A and 5B)) 445 
and ii) facilitating the membrane dissociation rate of MinD (shown by temperature 446 
dependence (Figs. 3B and 5, A and B)) (Fig. 6). Our conclusion is that the balance 447 
between the membrane binding and dissociation of MinD, which is determined by the 448 
concentration ratio of MinDE and the activities of Min proteins, regulates the Min wave 449 
mode (Fig. 6). Our findings imply that the balance between activators and inhibitors is a 450 
factor that determines the RDc dynamic wave. 451 
 452 
 453 

 454 
 455 

Fig. 6. Summary of the results in this study. “on” and “off” denote the membrane 456 
binding and dissociation from the membrane of MinD, respectively. Parameters 457 
involved in membrane binding and dissociation from the membrane of MinD and 458 
its regulation of the spatiotemporal pattern generated by Min proteins are shown.  459 

 460 
 461 
In the reconstitution system, both directions of spontaneous mode transition were 462 
observed: from the standing wave to the traveling wave and vice versa(27, 28). The 463 
present study shows that this is because the dominant Min wave mode is sensitive to the 464 
Min protein. However, this sensitivity is not preferable for living cells, which requires a 465 
standing wave for normal cell division under various external environments. In fact, a 466 
standing wave is observed in living cells even if the temperature is changed, although the 467 
period of the wave changes depending on the temperature(47). Geometry might be the 468 
reason the Min wave mode is not sensitive to parameters in living cells, unlike the 469 
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reconstitution system, as previously proposed(22, 23). Min waves reconstituted in 470 
nonspherical artificial cells will provide an answer to this point in the future. 471 
 472 
In this study, we also elucidated that the Min wave mode is controllable, and based on the 473 
findings, we achieved wave mode switching in artificial cells (Movies S7 and S8). 474 
Although the Min wave mode selection finding indicates that the process is deterministic, 475 
both experimental and theoretical results of cooling to the original temperature after 476 
increasing the temperature (Figs. 3C and 5E) and the dynamic increase in MinE 477 
concentration (Figs. 4B and 5F) suggest that the Min wave mode has hysteresis 478 
characteristics. The hysteresis is due to the non-linearity of the RDc systems, and its 479 
underlying mechanism is not clarified in the present study. A possible explanation of the 480 
origin of hysteresis is the multistability of the Min wave mode, as reported in previous 481 
studies(25, 50, 51). However, further analysis is needed to reveal the physical mechanisms 482 
underlying the phenomenon. Elucidation of the physical mechanism will provide a novel 483 
paradigm of the pattern formation theory for RDc and develop methods for further precise 484 
control of the wave modes. 485 
 486 
Controlling Min wave mode selection can be used to expand the use and varieties of 487 
artificial cells. The time-averaged distribution was different between the two wave modes. 488 
The traveling wave generates a homogenous time-averaged distribution of MinD on the 489 
membrane, while the standing wave generates a minimum time average concentration of 490 
MinD at the center of living cells. In living cells, the cell division plane is determined by 491 
the difference in the time-averaged distribution. This is because MinC, which inhibits FtsZ 492 
polymerization for cell division initiation, does not localize at the minimum, and cell 493 
division starts at the center of the cell(11). Therefore, finding stable generation conditions 494 
for the standing wave will contribute to the reconstitution of bacterial cell division 495 
machinery in artificial cells. Moreover, because these two RDc wave modes are linked to 496 
cellular functions, such as motility (6)and cell division(9, 10), the transition between the 497 
traveling and standing wave modes of Min waves could be utilized as a cue to the 498 
switching dynamics of artificial cells in response to environmental signals. Hence, the 499 
findings of this study pave the way for the construction of molecular robots with flexible 500 
function switches using the mode transition of RDc waves.  501 
 502 
Finally, we discuss the physiological significance of the elucidation of the mechanism Min 503 
wave mode selection in artificial cells. We showed not only the geometry, but also the 504 
parameters involved in the mode selection of Min waves. This finding explains why both 505 
standing and traveling waves have been observed in rod-shaped and spherical cells. 506 
Furthermore, the findings will lead to an understanding of the mechanism of 507 
spatiotemporal pattern formation using RDcs other than Min waves. For example, in mast 508 
cells, the traveling wave of actin is the dominant wave mode, but the standing oscillation 509 
of actin also appears due to the oscillation of PI(4,5)P2, which accompanies the oscillation 510 
of cytosolic calcium(52). Changes in parameters may influence the generation of this 511 
standing oscillation of actin waves, similar to the Min waves. As another example, our 512 
findings predict that standing waves can appear in the traveling wave of Rho and actin 513 
waves, in which no standing waves have been observed so far. To address these points in 514 
the future, we will illuminate novel roles for RDc waves in living cells. 515 

 516 
Materials and Methods 517 
 518 

Expression and purification of Min proteins 519 
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Escherichia coli BL21-CodonPlus(DE3)-RIPL cells (Agilent Technologies, Santa Clara, 520 
CA, USA) were transformed with either pET15-MinD, pET29-MinE, or pET15-msfGFP-521 
MinC and cultivated in LB medium with ampicillin (MinD and msfGFP-MinC) or 522 
kanamycin (MinE) at 37°C. The proteins were expressed by 1 mM IPTG at OD600 = 0.8 523 
(MinD) or at OD600 = 0.2 (MinE and msfGFP-MinC) and the cells were further cultivated 524 
for 1.5 h (MinD) or for 3-4 h (MinE and msfGFP-MinC), respectively. The cells were 525 
collected by centrifugation at 8000 × g for 2 min at 4°C, resuspended in the lysis buffer 526 

[50 mM Tris-HCl (pH7.6)，300 mM NaCl，1 mM PMSF, 10 mM imidazole, and 1 mM 527 

DTT], and sonicated using Sonifier250 (Branson, Danbury, CT, USA). In the case of His-528 
MinD, imidazole concentration of the lysis buffer was 20 mM and 0.1 mM ADP was 529 
added to the lysis buffer. The soluble fraction in the lysate was fractionated by 530 
centrifugation at 20000 × g for 30 min at 4°C. The supernatant was filtered by HPF Millex 531 
HV (Merck Millipore, Billerica, MA, USA) and mixed with 1 mL Ni Sepharose 6Fast 532 
Flow (Cytiva, Tokyo Japan) (MinD) or cOmplete His-Tag Purification Resin (Roche, 533 
Basel, Switzerland) (MinE and msfGFP-MinC). After shaking for 30 min at 4°C, the 534 
mixture was loaded to a Poly-Prep Chromatography Column (Bio-Rad, Hercules, CA, 535 

USA) and washed by adding 25 mL wash buffer [50 mM Tris-HCl (pH7.6)，300 mM 536 

NaCl，1 mM PMSF, 0.1 mM EDTA, 20 or 25 mM imidazole, and 10% Glycerol]. Then, 537 

His-tagged proteins were eluted with 2 mL elution buffer [50 mM Tris-HCl (pH7.6)，300 538 

mM NaCl，1 mM PMSF, 0.1 mM EDTA, 250 or 500 mM imidazole, and 10% Glycerol]. 539 

The elution buffer was exchanged to the storage buffer [50 mM HEPES-KOH (pH7.6)，540 

150 mM GluK，0.1 mM EDTA, 10% Glycerol, 0.1 mM ADP in the case of MinD] by 541 

repeating the ultrafiltration using an AmiconUltra-4 3K (MinE) or 10K (MinD and 542 
msfGFP-MinC) (Merk Millipore) and the addition of the storage buffer. The proteins were 543 
separated by SDS-PAGE and the concentration was estimated by quantifying the band 544 
intensity after CBB staining using Fiji software (National Institutes of Health, Bethesda, 545 
MD, USA). 546 
 547 
Self-organization assay inside microdroplets covered with lipids 548 
25 mg/mL E.coli polar lipid in chloroform (Avanti, Alabaster, AL, USA) was dried by 549 
gentle Argon gas flow and dissolved in mineral oil (Nacalai Tesque, Kyoto, Japan) to a 550 
lipid concentration of 1 mg/mL in glass tubes. The lipid mixture was sonicated for 90 min 551 
at 60°C using Bransonic (Branson), and mixed by vortexing for 1 min.  552 
In the case of the standard condition, the inner solution consisted of 0.1 μM His-msfGFP-553 
MinC, 1 μM His-MinD, 1 μM MinE-His, 2.5 mM ATP and 100 mg/mL BSA in the 554 
reaction buffer [25 mM Tris-HCl (pH 7.6), 150 mM GluK, 5 mM GluMg]. Prior to 555 
preparation of the mixture, BSA (A6003, Sigma-Aldrich, St. Louis, MO, USA) was 556 
dissolved in water and washed with the reaction buffer by using AmiconUltra-0.5 50K 557 
(Merck Millipore), and the concentration was quantified by Pierce BCA Protein Assay kit 558 
(Thermo Fisher Scientific, Waltham, MA, USA). The concentrations of each component 559 
were varied as indicated. 1 μL of the inner solution was added to the 50 μL lipid mixture 560 
in microtubes, and the microdroplets were obtained by tapping microtubes. 20 μL of the 561 
droplets mixture was placed into two glass coverslip slits. The self-organization of Min 562 
proteins inside the droplets was observed using fluorescent microscope (AxioObserver Z1; 563 
Carl Zeiss, Jena, Germany). The time-lapse images obtained were processed by using Fiji 564 
software. 565 
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In the case of the investigation of the effect of temperature, a glass heating stage (Tpi- 566 
SQFTX, Tokai Hit, Shizuoka, Japan) was set on the microscope, and the prepared slide 567 
was placed on the glass heating stage immediately after sample preparation.  568 
In the case of the observation of the early stage of Min wave emergence, 10 mM creatine 569 
phosphate, 0.1 μM creatine kinase and 2 mM ADP were added to the inner solution 570 
instead of ATP. After making the prepared slide of microdroplets mixture, the self-571 
organization of Min proteins was observed immediately.  572 
 573 
Protein synthesis by the PURE system in microdroplets and in test tubes 574 
PUREfrex ver. 1.0 (Gene Frontier, Chiba, Japan) was used to synthesize proteins. For the 575 
investigation of the regulation of the amount of protein synthesized, the mixture of small 576 
molecules [20 mM HEPES-KOH (pH7.6), 30 ng/μL tRNA, 10 μg/mL 10-577 
formyltetrahydrofolate, 20 mM creatine phosphate, 2 mM dithiothreitol (DTT), 180 mM 578 
potassium glutamate, 2 mM spermidine, and 14 mM magnesium acetate at final], 20 579 
amino acids mixture, NTPs mixture [2 mM ATP, 2 mM GTP, 1 mM CTP and 1 mM UTP 580 
at final], 1 nM DNA encoding NanoLuc at final were added to the solution II and Ⅲ of 581 
PUREfrex ver. 1.0 in the test tubes. The concentrations of 20 amino acids were varied as 582 
indicated. After the 4 h reaction at room temperature, the concentration of NanoLuc was 583 
quantified by Nano-Glo Luciferase Assay System (Promega, Madison, WI, USA). In the 584 
case of the self-organization assay with MinE synthesis inside microdroplets, the mixture 585 
of 0.1 μM His-msfGFP-MinC, 1 μM His-MinD, 0.7 μM MinE-His, 100 mg/mL BSA, 586 
small molecules described above, 20 amino acids mixture, NTPs mixture, 1 nM DNA 587 
encoding MinE and the solution II and Ⅲ of PUREfrex ver. 1.0 was encapsulated in 588 
microdroplets. The microdroplets encapsulating the inner solution were obtained as 589 
described above and placed into two glass coverslip slits. The change of the dynamics of 590 
self-organized Min proteins during incubation was observed using fluorescent microscope.  591 
 592 
ATPase assay 593 
For the investigation of the temperature dependence of ATPase activity of MinD, ATPase 594 
activity of MinD at various temperatures was tracked by measuring the increase 595 
in inorganic phosphate (Pi) concentration. To prepare small unilamellar vesicles (SUVs) 596 
used as lipids, 25 mg/mL E.coli polar lipid in chloroform was dried under gentle Argon 597 
gas flow. The lipid film was further dried in a desiccator for 3 h at room temperature. The 598 
reaction buffer for the Min wave observation was added to the lipid film to adjust the lipid 599 
concentration of 4 mg/mL and incubated at room temperature overnight. The lipid solution 600 
was vortexed for 1 min and extruded by using Avanti Mini Extruder (Avanti). In the 601 
extrusion process, the lipid solution was passed through polycarbonate membranes with 602 
pore size 1.0 μm, 0.4 μm, and 0.05 μm, in this order, to obtain the SUVs. The reaction 603 
mixture for ATPase assay consisted of 1 μM His-MinD, 1 μM MinE-His, 2.5 mM ATP, 604 
and 1 mg/mL SUVs solution in the reaction buffer. The mixture was incubated at 25°C, 605 
29°C, and 37°C for 0-30 min after 5 min incubation at 25°C. The concentration of Pi of 606 
each reaction mixture incubated under three temperature conditions from 0 min to 30 min 607 
was quantified by using BIOMOL Green (Enzo Life Science, Farmingdale, NY, USA). 608 
ATPase rates were calculated from the slope of the increase in Pi with time. 609 
 610 
Theoretical model 611 
We performed numerical simulations of the model based on the previous works(28, 43, 612 
49). ATP-MinD, ADP-MinD, and MinE concentrations inside a spherical membrane with 613 

its radius, R , were denoted by DTc , DDc , and Ec , respectively. Concentrations of MinD, 614 

MinE, and their complex (MinDE) bound to a membrane were denoted by dc , dec , and ec , 615 
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respectively. Each reaction shows a rate,  , specified by its subscript. Recruitment of 616 

MinD onto the membrane from the cytosol is given by D  and dD , where in the latter 617 

reaction, membrane-bound MinD recruits MinD in the cytosol. Recruitment of MinE in 618 

the cytosol by membrane-bound MinD is described by E . The binding rate ed of MinD 619 

and MinE on the membrane is assumed to be fast. Attachment and detachment of MinD 620 

from/to the cytosol are described by eE  and e , respectively. We assumed the same 621 

diffusion constants for proteins bound to the membrane, and set them to be unity without 622 
loss of generality. We also assumed that the bulk diffusion constants of unbound proteins 623 

are the same, and are denoted by D . The time scale was normalized by 1/ e . The model 624 

is given by the following equations: 625 

    t DT DD DT DDc c D c c      (1) 626 

 2

1
t DD DDD cc


 

  
 

     (2) 627 

 Et Ecc D    (3) 628 

  t s DT D dD d E Ed d edd e dc c cc c c c c           (4) 629 

  630 

,t s E E d ed e d de m dede decc c c c c c        (5) 631 

 ,t s eE E de m ed e d ee e dec c cc c c c         (6) 632 

Here,   and s  denote the Laplacian operator in three-dimensional bulk space and the 633 

Laplace-Bertrami operator on the two-dimensional surface, respectively. The boundary 634 
conditions of Eqs.(1) are 635 

    DD DT DD dDT d deD c cc c c        (7) 636 

 DD deccD      (8) 637 

 E E d eE eE Ec c cD c c      (9) 638 

The length scale associated with ATP hydrolyzation is denoted by /D   where   is 639 

the rate of ATP hydrolyzation. We set 1  . Eqs. (1)-(5) are solved using the software of 640 

the Finite Element method, COMSOL. To compute wave generation in a broad range of 641 
parameters, we used a two-dimensional system in which the cytosol is inside the disk, and 642 
the membrane is on a circle. We have confirmed that the same results are obtained at the 643 
selected data points in three dimensional systems. We mainly chose the parameters as 644 

100D  , 0.1D  ,  5.0dD  , 0.1E  , 100ed  , , 1.0de m  , and 0.04eE  (28), and 645 

varied dD , E , and , ,de m  in the text. In the parameter space of dE D  , each parameter 646 

was discretized in 21 mesh points. We also used the same data points in the parameter 647 
space of MinE-MinD. For each parameter set, we perform the simulations for the time 648 

2000T  . The initial condition was chosen to be the Gaussian random distribution in the 649 

cytosol. The wave generation occurred around 100t   as a standing wave, and then the 650 

wave switched to the traveling wave when the parameters are at its state. After the 651 

relaxation time 1000T  , the wave states were estimated. 652 

 653 
Inhomogeneity of the concentration field was expressed by the amplitude of each mode in 654 

the expansion of the concentration dc  by the Fourier expansion in the polar coordinates 655 

 ,r   as 656 
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c c t et 




    (10) 657 

For example, the uniform distribution of MinD on a membrane was expressed by the l=0 658 

mode and its norm, ,0dc ,  whereas the first mode (l = 1) corresponds to the 659 

inhomogeneous concentration field of a single wave, which is characterized by the norm 660 
2 2

, 1 , 1 , 1d d dc c c    . The state diagram was drawn by the following criteria: The wave 661 

state is at , 1 0.( ) 1d tc    and , 1 , 1max mi (n 1( ) ) 0.d dtc tc   , where   denotes the 662 

average over time. The traveling and standing waves were detected by the dynamics of the 663 

phase 1
, 1 ,1( ) t /an d dct c 
  of MinD on the membrane. When 664 

max ( ) min ( ) 3 / 2t t    , the wave is traveling wave, whereas the standing wave is at 665 

max ( ) min ( ) 3 / 2t t    . 666 

 667 

When we varied the parameter ,de m , we applied the stepwise change from 500t   to 668 

1000t  , that is, ,de m  is larger at 500 1000t  , while , 1de m   otherwise. The 669 

parameter change was performed continuously with a time width of 1. When we varied the 670 
concentration of MinE, we added the source term in the right-hand side of Eq.(3). From 671 

500t  , we added 0.001 at each time until the total MinE became the target value (either 672 

MinE=1.0 or MinE=1.5). This procedure implies that the MinE concentration in the 673 
cytosol changes linearly in time. 674 
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 676 
References 677 

1. B. Goldstein, I. G. Macara, The PAR Proteins: Fundamental Players in Animal Cell 678 
Polarization. Dev Cell 13, 609-622 (2007). 679 

2. C. Hoege, A. A. Hyman, Principles of PAR polarity in Caenorhabditis elegans 680 
embryos. Nat Rev Mol Cell Biol 14, 315-322 (2013). 681 

3. A. B. Goryachev, A. V. Pokhilko, Dynamics of Cdc42 network embodies a Turing-682 
type mechanism of yeast cell polarity. FEBS Lett 582, 1437-1443 (2008). 683 

4. E. Bi, H. O. Park, Cell polarization and cytokinesis in budding yeast. Genetics 191, 684 
347-387 (2012). 685 

5. T. Killich et al., The locomotion, shape and pseudopodial dynamics of unstimulated 686 
Dictyostelium cells are not random. J Cell Sci 106, 1005-1013 (1993). 687 

6. M. G. Vicker, Eukaryotic cell locomotion depends on the propagation of self-688 
organized reaction-diffusion waves and oscillations of actin filament assembly. Exp 689 
Cell Res 275, 54-66 (2002). 690 

7. G. Gerisch et al., Self-organizing actin waves as planar phagocytic cup structures. 691 
Cell Adh Migr 3, (2009). 692 

8. Y. Arai et al., Self-organization of the phosphatidylinositol lipids signaling system for 693 
random cell migration. Proc Natl Acad Sci USA 107, 12399-12404 (2010). 694 

9. W. M. Bement et al., Activator-inhibitor coupling between Rho signalling and actin 695 
assembly makes the cell cortex an excitable medium. Nat Cell Biol 17, 1471-1483 696 
(2015). 697 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 11, 2022. ; https://doi.org/10.1101/2022.01.10.475761doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.10.475761
http://creativecommons.org/licenses/by-nc-nd/4.0/


10. A. B. Goryachev, M. Leda, A. L. Miller, G. von Dassow, W. M. Bement, How to 698 
make a static cytokinetic furrow out of traveling excitable waves. Small GTPases 7, 699 
65-70 (2016). 700 

11. V. W. Rowlett, W. Margolin, The bacterial min system. Curr Biol 23, R553-R556 701 
(2013). 702 

12. B. Ramm, T. Heermann, P. Schwille, The E. coli MinCDE system in the regulation of 703 
protein patterns and gradients. Cell Mol Life Sci 76, 4245-4273 (2019). 704 

13. T. Bretschneider et al., Dynamic Actin Patterns and Arp2/3 Assembly at the 705 
Substrate-Attached Surface of Motile Cells. Curr Biol 14, 1-10 (2004). 706 

14. D. M. Raskin, P. A. J. De Boer, Rapid pole-to-pole oscillation of a protein required 707 
for directing division to the middle of Escherichia coli. Proc Natl Acad Sci USA  96, 708 
4971-4976 (1999). 709 

15. Z. Hu, J. Lutkenhaus, Topological regulation of cell division in Escherichia coli 710 
involves rapid pole to pole oscillation of the division inhibitor MinC under the control 711 
of MinD and MinE. Mol Microbiol 34, 82-90 (1999). 712 

16. G. Gerisch et al., Mobile actin clusters and traveling waves in cells recovering from 713 
actin depolymerization. Biophys J 87, 3493-3503 (2004). 714 

17. E. Knobloch, Oscillatory convection in binary mixtures. Phys Rev A 34, 1538-1549 715 
(1986). 716 

18. W. Schopf, W. Zimmermann, Convection in binary fluids: Amplitude equations, 717 
codimension-2 bifurcation, and thermal fluctuations. Phys Rev E 47, 1739-1764 718 
(1993). 719 

19. A. M. Zhabotinsky, M. Dolnik, I. R. Epstein, Pattern formation arising from wave 720 
instability in a simple reaction‐diffusion system. J Chem Phys 103, 10306-10314 721 
(1995). 722 

20. M. Loose, E. Fischer-friedrich, J. Ries, K. Kruse, P. Schwille, Spatial Regulators for 723 
Bacterial Cell. Science 320, 789-792 (2008). 724 

21. J. Schweizer et al., Geometry sensing by self-organized protein patterns. Proc Natl 725 
Acad Sci USA  109, 15283-15288 (2012). 726 

22. K. Zieske, P. Schwille, Reconstitution of pole-to-pole oscillations of min proteins in 727 
microengineered polydimethylsiloxane compartments. Angew Chem Int Ed 52, 459-728 
462 (2013). 729 

23. K. Zieske, P. Schwille, Reconstitution of self-organizing protein gradients as spatial 730 
cues in cell-free systems. eLife 3, 1-19 (2014). 731 

24. A. G. Vecchiarelli et al., Membrane-bound MinDE complex acts as a toggle switch 732 
that drives Min oscillation coupled to cytoplasmic depletion of MinD. Proc Natl Acad 733 
Sci USA  113, E1479-E1488 (2016). 734 

25. F. Wu et al., Multistability and dynamic transitions of intracellular Min protein 735 
patterns. Mol Sys Biol 12, 873-873 (2016). 736 

26. K. Zieske, G. Chwastek, P. Schwille, Protein Patterns and Oscillations on Lipid 737 
Monolayers and in Microdroplets. Angew Chem Int Ed 55, 13455-13459 (2016). 738 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 11, 2022. ; https://doi.org/10.1101/2022.01.10.475761doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.10.475761
http://creativecommons.org/licenses/by-nc-nd/4.0/


27. T. Litschel, B. Ramm, R. Maas, M. Heymann, P. Schwille, Beating Vesicles: 739 
Encapsulated Protein Oscillations Cause Dynamic Membrane Deformations. Angew 740 
Chem Int Ed  57, 16286-16290 (2018). 741 

28. S. Kohyama, N. Yoshinaga, M. Yanagisawa, K. Fujiwara, N. Doi, Cell-sized 742 
confinement controls generation and stability of a protein wave for spatiotemporal 743 
regulation in cells. eLife 8, e44591-e44591 (2019). 744 

29. A. Yoshida, S. Kohyama, K. Fujiwara, S. Nishikawa, N. Doi, Regulation of 745 
spatiotemporal patterning in artificial cells by a defined protein expression system. 746 
Chem Sci 10, 11064-11072 (2019). 747 

30. P. A. J. de Boer, R. E. Crossley, L. I. Rothfield, A division inhibitor and a topological 748 
specificity factor coded for by the minicell locus determine proper placement of the 749 
division septum in E. coli. Cell 56, 641-649 (1989). 750 

31. Z. Hu, J. Lutkenhaus, A conserved sequence at the C-terminus of MinD is required 751 
for binding to the membrane and targeting MinC to the septum. Mol Microbiol 47, 752 
345-355 (2003). 753 

32. L. L. Lackner, D. M. Raskin, P. A. J. De Boer, ATP-dependent interactions between 754 
Escherichia coli Min proteins and the phospholipid membrane in vitro. J Bacteriol 755 
185, 735-749 (2003). 756 

33. M. Loose, E. Fischer-Friedrich, C. Herold, K. Kruse, P. Schwille, Min protein 757 
patterns emerge from rapid rebinding and membrane interaction of MinE. Nat Struct 758 
Mol Biol 18, 577-583 (2011). 759 

34. L. Wettmann, K. Kruse, The min-protein oscillations in Escherichia coli: An example 760 
of self-organized cellular protein waves. Philos Trans R Soc B: Biol Sci 373, 761 
20170111-20170111 (2018). 762 

35. T. Heermann, B. Ramm, S. Glaser, P. Schwille, Local Self-Enhancement of MinD 763 
Membrane Binding in Min Protein Pattern Formation. J Mol Biol 432, 3191-3204 764 
(2020). 765 

36. Z. Hu, J. Lutkenhaus, Topological regulation of cell division in E. coli: 766 
Spatiotemporal oscillation of MinD requires stimulation of its ATPase by MinE and 767 
phospholipid. Mol Cell 7, 1337-1343 (2001). 768 

37. Z. Hu, A. Mukherjee, S. Pichoff, J. Lutkenhaus, The MinC component of the division 769 
site selection system in Escherichia coli interacts with FtsZ to prevent polymerization. 770 
Proc Natl Acad Sci USA 96, 14819-14824 (1999). 771 

38. J. Denk et al., MinE conformational switching confers robustness on self-organized 772 
Min protein patterns. Proc Natl Acad Sci USA 115, 4553-4558 (2018). 773 

39. S. Kohyama, K. Fujiwara, N. Yoshinaga, N. Doi, Conformational equilibrium of 774 
MinE regulates allowable concentration ranges of a protein wave for cell division. 775 
Nanoscale, 12, 11960-11970 (2020). 776 

40. A. G. Vecchiarelli, M. Li, M. Mizuuchi, K. Mizuuchi, Differential affinities of MinD 777 
and MinE to anionic phospholipid influence Min patterning dynamics in vitro. Mol 778 
Microbiol 93, 453-463 (2014). 779 

41. S. Kretschmer, T. Heermann, A. Tassinari, P. Glock, P. Schwille, Increasing MinD’ s 780 
membrane affinity yields standing wave oscillations and functional gradients on flat 781 
membranes. ACS Synth Biol, 10, 939-949 (2021). 782 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 11, 2022. ; https://doi.org/10.1101/2022.01.10.475761doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.10.475761
http://creativecommons.org/licenses/by-nc-nd/4.0/


42. Y. L. Shih, I. Kawagishi, L. Rothfield, The MreB and Min cytoskeletal-like systems 783 
play independent roles in prokaryotic polar differentiation. Mol Microbiol 58, 917-784 
928 (2005). 785 

43. M. Bonny, E. Fischer-Friedrich, M. Loose, P. Schwille, K. Kruse, Membrane Binding 786 
of MinE Allows for a Comprehensive Description of Min-Protein Pattern Formation. 787 
PLoS Comp Biol 9, e1003347 (2013). 788 

44. Y. L. Shih, X. Fu, G. F. King, T. Le, L. Rothfield, Division site placement in E.coli: 789 
Mutations that prevent formation of the MinE ring lead to loss of the normal midcell 790 
arrest of growth of polar MinD membrane domains. EMBO J 21, 3347-3357 (2002). 791 

45. N. Palanisamy, M. A. Öztürk, B. D. Ventura, C-terminal eYFP fusion impairs 792 
Escherichia coli MinE function. Open Biology, 10, 200010 (2020). 793 

46. D. M. Raskin, P. A. J. De Boer, MinDE-dependent pole-to-pole oscillation of division 794 
inhibitor MinC in Escherichia coli. J Bacteriol 181, 6419-6424 (1999). 795 

47. A. Touhami, M. Jericho, A. D. Rutenberg, Temperature dependence of minD 796 
oscillation in Escherichia coli: Running hot and fast. J Bacteriol 188, 7661-7667 797 
(2006). 798 

48. J. Halatek, E. Frey, Highly Canalized MinD Transfer and MinE Sequestration Explain 799 
the Origin of Robust MinCDE-Protein Dynamics. Cell Rep 1, 741-752 (2012). 800 

49. K. C. Huang, Y. Meir, N. S. Wingreen, Dynamic structures in Escherichia coli: 801 
spontaneous formation of MinE rings and MinD polar zones. Proc Natl Acad Sci USA 802 
100, 12724-12728 (2003). 803 

50. P. Glock et al., Stationary Patterns in a Two-Protein Reaction-Diffusion System. ACS 804 
Synth Biol 8, 148-157 (2019). 805 

51. F. Brauns et al., Bulk-surface coupling identifies the mechanistic connection between 806 
Min-protein patterns in vivo and in vitro. Nat Commun 12, 3312 (2021). 807 

52. M. Wu, X. Wu, P. De Camilli, Calcium oscillations-coupled conversion of actin 808 
travelling waves to standing oscillations. Proc Natl Acad Sci USA  110, 1339-1344 809 
(2013). 810 

 811 
 812 

 813 
Acknowledgments 814 

We thank Prof. Miho Yanagisawa (The University of Tokyo) for helpful discussion and an 815 
advice on the manuscript. 816 
 817 
Funding:  818 
JSPS KAKENHI Grant Number JP20H01875. (NY, KF) 819 
JSPS KAKENHI Grant Number JP20H04717. (KF) 820 
JSPS KAKENHI Grant Number JP20K03874. (NY) 821 
 822 
 823 
Author contributions:  824 
 Conceptualization: KF 825 

Methodology: ST, NY, KF 826 
Formal analysis: ST, NY, KF 827 
Funding acquisition: NY, KF 828 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 11, 2022. ; https://doi.org/10.1101/2022.01.10.475761doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.10.475761
http://creativecommons.org/licenses/by-nc-nd/4.0/


 Investigation: ST, NY, KF 829 
Visualization: ST, NY 830 
Project administration: KF 831 

 Supervision: NY, ND, KF 832 
 Writing—original draft: ST, NY, KF 833 
 Writing—review & editing: ST, NY, ND, KF 834 
 835 
Competing interests: All other authors declare they have no competing interests. 836 
 837 
Data and materials availability: All data are available in the main text or the 838 
supplementary materials. 839 

 840 
Figures and Tables 841 

Fig. 1. Two dynamic modes of Min waves. (A) Molecular mechanism of the Min 842 
system. (B) The proposed molecular dynamics underlying the traveling and the 843 
standing waves. The green arrows indicate the dynamics of Min waves. (C) Two 844 
modes of Min waves emerged in artificial cells encapsulating 0.1 μM msfGFP-845 
MinC, 1 μM MinD, 1 μM MinE, and 2.5 mM ATP with 100 mg/mL BSA. Scale 846 
bars: 10 μm. 847 

Fig. 2. Min protein concentration regulates Min wave modes. (A-C) The standing 848 
wave/Min wave ratio at various MinE concentrations (A), its time development 849 
(B), and its value at various MinD concentrations (C). (A, C) The data of the 850 
number of artificial cells where Min waves appear are obtained from the 851 
observation of more than 150 artificial cells (Figs. S1 and S3). The fitting lines are 852 
sigmoidal curves. (B) Time development of the standing wave/Min wave ratio at 853 
0.5, 1, and 1.5 μM MinE (top). The data of the artificial cells with Min waves were 854 
obtained from the observation of more than 90 artificial cells (Fig. S2). The 855 
experiments were performed by encapsulating ADP, creatine kinase, and creatine 856 
phosphate instead of ATP. Kymographs of msfGFP-MinC around the membranes 857 
of artificial cells at each MinE concentration are shown (bottom).  858 

Fig. 3. Activities of Min proteins regulate Min wave modes. (A) Schematic illustration 859 
of the effect of K+ concentration on membrane the binding affinity of MinE (left) 860 
and changes of the standing wave/Min wave ratio at various K+ concentrations 861 
(right). The data of the number of artificial cells where Min waves appear were 862 
obtained from observing more than 130 artificial cells (fig. S3). The fitting line is a 863 
sigmoidal curve. (B) Changes in the standing wave/Min wave ratio at various 864 
temperatures under a MinE concentration of 0.7 μM (left). Phase diagram of the 865 
dynamics of msfGFP-MinC against MinE concentration and the temperature 866 
(right). Each square represents the most abundant pattern under each condition. 867 
Description of “Traveling/Standing” shows the case of that waves frequently is 868 
near a half (0.35-0.65 standing wave/Min wave ratio). The detailed data of all the 869 
artificial cells observed are shown in Fig. S5. The color code of the standing 870 
wave/Min wave ratio is shown on the right. (C) The transition of the frequencies of 871 
each pattern induced by temperature shifts. Spatiotemporal patterns of msfGFP-872 
MinC in artificial cells encapsulating 0.2 μM msfGFP-MinC, 1 μM MinD, 0.7 μM 873 
MinE, and 2.5 mM ATP with 100 mg/mL BSA are shown on the left(150 artificial 874 
cells were counted from three independent experiments.). Only artificial cells 875 
where traveling wave emerged at the first temperature (29°C) were counted. The 876 
probabilities of each type of spatiotemporal pattern transition in the same artificial 877 
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cells are shown in the middle (calculated from the same data set as the bar graph. 878 
50 artificial cells, N = 3). Time-lapse images and kymographs of representative 879 
pattern transitions are shown on the right. Standing waves are highlighted with 880 
white arrows. Time intervals for the time-lapse images are 20 s (traveling waves) 881 
and 10 s (standing waves). Scale bar: 20 μm.  882 

Fig. 4. Behaviors of Min waves with MinE synthesis in artificial cells. (A) A schematic 883 
illustration of the experimental system. In addition to purified msfGFP-MinC, 884 
MinD, and MinE, a cell-free transcription and translation system (PURE system) 885 
with DNA encoding MinE were encapsulated. (B) Time-lapse images of the 886 
dynamics of msfGFP-MinC. MinE was synthesized from 1 nM DNAminE in 887 
artificial cells containing 0.1 μM msfGFP-MinC, 1 μM MinD, 0.7 μM MinE, and 888 
amino acids mixtures at 1.5 μM or 2.0 μM each. Relative band widths at each time 889 
of the traveling wave normalized by the initial band width are shown. Scale bars: 890 
10 μm.  891 

Fig. 5. Selection of standing and traveling waves in our theoretical model. (A, B) State 892 
diagrams of the generated waves under varying MinE-MinD concentrations (A), 893 
and recruitment of MinE-MinD (B). (C, D) Spatial distribution of MinD (green), 894 
MinE (red), and MinDE (blue) on the membrane at the selected points in the state 895 
diagram (A) at (C) and (D). Each distribution from left to right corresponds to the 896 
dashed circle in (A) from lower to higher concentrations of MinE. (E, F) Dynamic 897 
change of the waves under varying   and the concentration of MinE.  898 

Fig. 6. Summary of the results in this study. “on” and “off” denote the membrane 899 
binding and dissociation from the membrane of MinD, respectively. Parameters 900 
involved in membrane binding and dissociation from the membrane of MinD and 901 
its regulation of the spatiotemporal pattern generated by Min proteins are shown.  902 

 903 
 904 

 905 
Supplementary Materials 906 

This PDF file includes: 907 
Figs. S1 to S7 908 
Movie S1 to S10 909 
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