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ABSTRACT 20 

Self-regenerating trigger waves can spread rapidly through the crowded cytoplasm without 21 

diminishing in amplitude or speed, providing consistent, reliable, long-range communication. 22 

The macromolecular concentration of the cytoplasm varies in response to physiological and 23 

environmental fluctuations, raising the question of how or if trigger waves can robustly operate 24 

in the face of such fluctuations. Using Xenopus extracts, we found that mitotic and apoptotic 25 

trigger wave speeds are remarkably invariant. We derived a model that accounts for this 26 

robustness and for the eventual slowing at extremely high and low cytoplasmic concentrations. 27 

The model implies that the positive and negative effects of cytoplasmic concentration 28 

(increased reactant concentration vs. increased viscosity) are nearly precisely balanced. 29 

Accordingly, artificially maintaining a constant cytoplasmic viscosity during dilution abrogates 30 

this robustness. The robustness in trigger wave speeds may contribute to the reliability of the 31 

extremely rapid embryonic cell cycle. 32 

[141 words] 33 

 34 

  35 
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INTRODUCTION 36 

Frog eggs are large cells that are particularly well-suited to quantitative biochemical studies. 37 

The eggs are about 1.3 mm in diameter and 1 µL in volume, which makes them amenable to 38 

single-cell biochemical assays1. Moreover, they can be lysed with minimal dilution, and the 39 

undiluted cytoplasm can be recovered and studied2,3. These egg extracts self-organize into cell-40 

like compartments4, and like the cells from which they are derived, they can carry out rapid cell 41 

cycles2,5,6 and, under adverse conditions, die by apoptosis7,8. Indeed, Xenopus egg extracts have 42 

provided important insights into the regulation of both the cell cycle and apoptosis. 43 

 44 

The large size of the frog egg presents a challenge shared by other large cells and tissues: how 45 

to coordinate rapid processes like mitotic entry and apoptotic death across such large 46 

distances. Early modeling work on the cell cycle suggested that mitosis might spread through 47 

the egg via trigger waves of Cdk1 activity9. Trigger waves can occur in systems with positive 48 

feedback loops, and they spread faster over large distances than diffusion alone would 49 

allow10,11. Experimental work has shown that mitosis does spread through Xenopus cytoplasm 50 

via trigger waves5,12, at a speed of ~60 µm min-1, and apoptosis does as well, at about half that 51 

speed8. A growing body of evidence suggests that trigger waves may be a common way of 52 

transmitting signals over large distances in biological systems. Action potentials and calcium 53 

waves are familiar examples of trigger waves, as are intercellular cAMP waves in swarming 54 

Dictyostelium13–15 and intercellular ERK waves in wounded fish scales16 and mouse skin17. 55 

Recent work suggests that the remarkable regeneration of an amputated planarian depends 56 

upon signals transmitted from the wound site via intercellular trigger waves of ERK activation18.  57 

 58 

The cytoplasm is a crowded, spatially organized mixture of organelles, macromolecules, and 59 

small molecules. Protein concentrations in Xenopus extracts19–21 and mammalian cell lines22 are 60 

typically on the order of 75 mg mL-1, although it is higher in some cells, e.g. erythrocytes. It has 61 

been conjectured that the nominal cytoplasmic protein concentration maximizes the speed of 62 

important biochemical processes23. The extent to which this conjecture holds true for the cells 63 

awaits experimental investigations. Conversely, protein concentration is dynamic; it falls by 64 
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~15% when cells enter mitosis24,25 and by ~50% when cells become senescent26. Cells change in 65 

volume when attaching to substrates of different stiffnesses27,28, and recent work indicates that 66 

neutrophils swell by ~15% in response to chemoattractants, and that the swelling facilitates 67 

rapid migration29. The extent to which changes in volume, and changes in cytoplasmic 68 

concentration, impact the biochemistry of living cells is as yet poorly understood.  69 

 70 

Here we ask how long-range communication via trigger waves is affected by changes in the 71 

concentration of cytoplasmic Xenopus egg extracts. We show that both mitotic and apoptotic 72 

trigger waves can be generated and propagated over a wide range of cytoplasmic 73 

concentrations. The wave speeds are maximal or near maximal at a 1x cytoplasmic 74 

concentration, in line with Dill’s conjecture that the nominal 1x concentration maximizes the 75 

speeds of critical biochemical processes21,23, and in the case of apoptotic trigger waves the 76 

speed is almost invariant over concentrations from 0.1x to 2x. We derive a simple general 77 

equation for trigger wave speed as a function of cytoplasmic concentration, which shows how 78 

balanced opposing effects are responsible for this robustness, and show that the equation 79 

satisfactorily accounts for our experimental observations. Finally, we show that disrupting the 80 

balance by maintaining a constant viscosity when diluting the extracts makes trigger wave 81 

speed highly sensitive to cytoplasmic concentration. 82 

 83 

 84 

RESULTS 85 

Mitotic trigger waves in concentrated and diluted extracts 86 

Mitosis is brought about by a complex, interconnected regulatory system centered on a protein 87 

kinase, cyclin B-Cdk1, and two opposing phosphatases, PP1 and PP2A-B55 (Fig. 1a). Several 88 

positive feedback and double-negative feedback loops are embedded in this regulatory system; 89 

for example, active cyclin B-Cdk1 turns on its activator Cdc25, and cyclin B-Cdk1 and PP2A-B55 90 

antagonize each other via intertwined double-negative feedback loops (Fig. 1a). The net result 91 

of these feedback loops is that the system functions as a bistable switch30,31, and this bistability 92 

is key for the propagation of the mitotic state as a trigger wave12. 93 
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To see how robust mitotic trigger waves are to changes in the concentration of the 94 

cytoplasm, we began by making either a 1x cytoplasmic extract or a concentrated extract on a 95 

Microcon spin column. From 4 independent preparations, the 1x cytoplasmic protein 96 

concentration was 57.9 ± 3.4 mg mL-1 (mean ± S.E.M., n = 4; Fig. 1c), in line with other 97 

estimates19–21, and not far from the protein concentrations measured for three common 98 

mammalian cell lines (~75 mg mL-1)22. The concentrated extract was 116 ± 6.0 mg mL-1 (mean ± 99 

S.E.M., n = 6; Fig. 1c); hereafter we will refer to it as a 2x retentate. The flow-through, which we 100 

will refer to as the filtrate, from the spin column had a protein concentration of less than 0.01 101 

mg mL-1 (Fig. 1c). 102 

We then diluted the 1x extract or 2x retentate to various extents. In other recent work 103 

we used filtrate for the dilutions21. Here we have used XB buffer without sucrose rather than 104 

filtrate, which allowed us to produce larger volumes of diluted extracts, and we verified that 105 

the behaviors of the buffer-diluted and filtrate-diluted extracts were similar (Supplementary 106 

Fig. 1). 107 

We added demembranated sperms and SiR-tubulin to the extracts and dilution buffers, 108 

made the dilutions, and aspirated extracts into ~100 µm or ~300 µm inside-diameter 109 

polytetrafluorethylene (PTFE) tubes under gentle vacuum. The tubes were placed under 110 

mineral oil and followed by fluorescence video microscopy. Fig. 1d, left panel, shows a typical 111 

result. At the first time point shown here, the extract was in interphase with stable 112 

microtubules throughout the length of the tube. Within a few minutes, mitosis began near the 113 

bottom of the tube and at a locus about 4 mm up the tube. As judged by the depolymerization 114 

of the fluorescent interphase microtubules, mitosis spread outward from these two loci in a 115 

linear fashion (Fig. 1d). Mitotic exit followed about 12 min after mitotic entrance, and it also 116 

spread linearly outward from the same two locations. Fig. 1d, right panel, shows the same data 117 

where instead of imaging the whole tube, we recorded SiR-tubulin fluorescence intensity along 118 

a line down the middle of the tube and then assembled the data into a kymograph. In either 119 

representation, the trigger wave character of mitotic propagation is apparent, and the speed of 120 

the mitotic front was 60.2 ± 3.2 µm min-1 (mean ± S.E.M., n = 9), similar to previously reported 121 

mitotic wave speeds5,12,32. 122 
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Next we examined how the cell cycle period and the speed of the mitotic waves were 123 

affected by changes in cytoplasmic concentration. Fig. 1e shows examples of kymographs from 124 

a diluted 1x extract and diluted 2x retentate. The periods of the first cycles and the wave 125 

speeds were calculated and are summarized in Figs. 1f and 1g, which include multiple 126 

experiments and more dilutions. Several general trends are apparent. First, the wave speeds 127 

were similar for 1x extracts and 2x retentates diluted back to 1x, but the periods were different, 128 

with the diluted 2x retentates having longer cell cycle periods than the corresponding 1x and 129 

diluted 1x extracts. Second, the cell cycle periods tended to be longer in diluted extracts than in 130 

concentrated extracts (Fig. 1f). Third, the diluted extracts tended to live longer than the 131 

concentrated extracts; a wave of apoptosis, which destroys the microtubule fluorescence, can 132 

be seen in the second and in fourth kymographs (Fig. 1e). Fourth, the most concentrated 133 

extracts tended to arrest in mitosis with depolymerized microtubules (Supplementary Fig. 2; cf. 134 

Fig. 1e, where the extract did not arrest in mitosis). And finally, the speeds of the mitotic waves 135 

were relatively invariant, with only the extracts at greater than 1x showing some slowing of the 136 

waves. Diluting the extract below 1x slightly increased the wave speed (by ~10%). For 137 

comparison, if the wave speed were determined by a bimolecular reaction, decreasing the 138 

extract from 1x to 0.5x might be expected to decrease the wave speed by 75%. Both the cell 139 

cycle frequency and mitotic wave speed were at or near their maximal values at 1x cytoplasmic 140 

concentration, consistent with Dill’s conjecture23. 141 

 142 

Apoptotic trigger waves in concentrated and diluted extracts 143 

Apoptosis is mediated by a complex system of regulators that bring about the activation of 144 

caspases 3 and 7, so-called executioner caspases that cleave diverse cellular proteins and bring 145 

a halt to the basic processes of life (Fig. 2a). There are several potential positive feedback loops 146 

in the apoptotic control system (Fig. 2a), raising the possibility that caspase activation could 147 

spread via trigger waves. In many cell types, apoptosis spreads through the cytoplasm in a 148 

wave-like manner33–35, and in Xenopus egg extracts, where it is easy to obtain length scales over 149 

which the distinction between diffusive spread and trigger wave spread is unambiguous, it is 150 

clear that the fronts of caspase activation represent trigger waves that propagate without 151 
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slowing down or decreasing in amplitude8. The manipulability of extracts allowed us to assess 152 

the sensitivity of the apoptotic trigger wave speed in such extracts to cytoplasmic 153 

concentration, and to tease out the contributing effects quantitatively. 154 

 155 

Interphase Xenopus egg extracts were prepared and were mixed with a rhodamine-based 156 

fluorogenic sensor of caspase 3/7 activation, (Z-DEVD)2-R110, and a proteasome inhibitor (MG-157 

132), which decreased the background level of R110 fluorescence and hence improved the 158 

signal-to-noise ratio of the experiment. The extracts were then loaded into thin (~100 µm 159 

diameter) PTFE tubes (Fig. 2b). Apoptosis was induced by briefly dipping one end of the tube 160 

into a reservoir of apoptotic extract, prepared by adding cytochrome c (2 µM) to fresh extract 161 

and incubating at room temperature for 30 min. The induced tubes were then immersed in 162 

heavy mineral oil in custom-made imaging chambers and imaged at 2 min intervals at room 163 

temperature. 164 

 165 

Fig. 2b shows the results of a typical experiment. Apoptosis, as detected by bright R110 166 

fluorescence, first initiated at the dipped end of the tube and then spread toward the other 167 

end. The propagation speed in this experiment was 29.6 µm min-1; average speeds from 25 168 

independent experiments were 27.5 ± 0.8 µm min-1 (mean ± S.E.M.), This is similar to the 169 

speeds seen in the cycling extracts that underwent apoptosis in Fig. 1E (28.1 and 27.7 µm min-170 

1) and agree well with previous reports8. 171 

 172 

We then altered the cytoplasmic concentration of the egg extract by diluting either a 1x extract 173 

or a 2x retentate. We verified apoptotic wave speed responds similarly to 3 different diluents 174 

(Supplementary Fig. 3) and chose XB buffer without sucrose as the primary diluent for further 175 

experiments. Fig. 2c shows kymographs of R110 fluorescence as a function of time for the 176 

original 1x extract and a 0.5x obtained by dilution, and for a 2x extract and a 1x extract 177 

reconstituted from the 2x extract by dilution; Fig. 2d shows data from 9 independent 178 

experiments, including additional extract concentrations. Overall, the apoptotic wave speed 179 

was almost invariant (Fig. 2d). There was no measurable change over a concentration range of 180 
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0.5x to 1x, and the speed decreased by only about 15% as the concentration increased to 2x 181 

(Fig. 2d). Thus, apoptotic wave speed is highly robust to variations in cytoplasmic concentration. 182 

 183 

Deriving an expression for wave speed as a function of cytoplasmic concentration 184 

To try to understand these trends, and in particular to understand how wave speed can be so 185 

insensitive to cytoplasmic concentration, we derived an expression for wave speed as a 186 

function of cytoplasmic concentration based on a simple model of a reaction-diffusion trigger 187 

wave system. We began by assuming that the complicated reaction schemes shown in Fig. 1a 188 

(for mitosis) and Fig. 2a (for apoptosis) can be approximated by simple one-species, bimolecular 189 

autocatalytic processes, as shown in Fig. 3a and in Eq. 1: 190 

 191 

 !"!"#$%&
!#

= 𝑘𝐶$%#&'(𝐶&)$%#&'(, [Eq 1] 192 

 193 

where 𝐶$%#&'( denotes the concentration of active Cdk1 or caspase 3/7, 𝐶&)$%#&'(  is the 194 

concentration of inactive Cdk1 or caspase 3/7, and 𝑘 is a rate constant. We can eliminate one of 195 

the time-dependent variables by assuming that the total concentration of Cdk1 or caspase 3/7 196 

is constant, and substituting as follows: 197 

 198 

 !"!"#$%&
!#

= 𝑘𝐶$%#&'((𝐶#*#$+ − 𝐶$%#&'(). [Eq 2] 199 

 200 

This ordinary differential equation can be solved in closed form: 201 

 202 

 𝐶$%#&'( =
"#'#!(

,-.
)#'#!(*)'

)'
/(*)#'#!(+#

, [Eq 3] 203 

 204 

where 𝐶0 is 𝐶$%#&'((𝑡 = 0). Eq. 3 is a logistic equation, identical in form to the equation that 205 

describes the growth of bacteria in the face of limited resources. The time course is a sigmoidal 206 

curve, where the steepness of the curve is determined by 𝐶#*#$+𝑘 and the time lag is 207 

determined by 𝐶#*#$+ , 𝐶0, and 𝑘. 208 
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 209 

To test whether it was reasonable to be replacing the complicated reaction schemes for Cdk1 210 

and caspase 3/7 control with the simple rate equation shown in Eq. 2, we asked whether Eq. 3 211 

could be fitted to time course data for Cdk1 activation and caspase 3/7 activation in extracts. 212 

For Cdk1 activation (Fig. 3a), we made use of previously published data on the time course of 213 

Cdk1 activity, measured by H1 kinase assays, in Xenopus extracts36. As shown in Fig. 3b, the 214 

time course was well approximated by a logistic function until Cdk1 activity began dropping 215 

during late mitosis. Cdk1 activity fell after reaching its maximum because of the activation of 216 

the APC/C and the destruction of cyclins, which causes the cycling system to exit mitosis. 217 

 218 

To measure the time course of caspase 3/7 activation, we encapsulated a mixture of 10% 219 

apoptotic extracts and 90% fresh interphase extract, plus (Z-DEVD)2-R110, in squalene37, and 220 

monitored the increase in R110 fluorescence as a function of time in individual droplets (10 – 221 

100 µm diameter; Fig. 3c, d). The time course for one such droplet is shown in Fig. 3e. The time 222 

course of caspase 3/7 activation could be inferred by assuming irreversible production of R110 223 

fluorescence by active caspase 3/7 and a nonspecific background process. As shown in Fig. 3f, 224 

the time course was well-approximated by a logistic function. Estimated caspase activities fell 225 

after reaching the maximum due to depletion of the fluorogenic substrate. 226 

 227 

The fact that the logistic function describes the early time course justifies the use of Eq. 2 to 228 

replace the complex, multivariable reactions of the full system. This makes our reaction-229 

diffusion model equivalent to the Fisher-Kolmogorov-Petrovsky-Piskunov (FKPP) model38,39, 230 

which was originally formulated to describe the spreading of favorable genetic alleles through a 231 

population in space and time. For the one-dimensional case of trigger wave propagation in a 232 

thin tube, the resulting equation is: 233 

 234 

 !"!"#$%&
!#

= 𝐷 !,"!"#$%&
!1,

+ 𝑘𝐶$%#&'((𝐶#*#$+ − 𝐶$%#&'(), [Eq 4] 235 

 236 

where 𝐷 is the diffusion coefficient for the autocatalytic species. 237 
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 238 

In the FKPP model, the minimum speed of propagation, which is the trigger wave speed, is 239 

given by: 240 

 𝑣 = 2.𝑘𝐶#*#$+𝐷. [Eq 5] 241 

 242 

This is equivalent to Luther’s equation, proposed in 1906 to account for the speed of chemical 243 

waves40,41. 244 

 245 

Note that all three of the variables under the square root sign might vary with the overall 246 

cytoplasmic concentration 𝜙. This can be expressed as: 247 

 248 

 𝑣(𝜙) = 2.𝑘(𝜙)𝐶#*#$+(𝜙)𝐷(𝜙) [Eq 6] 249 

 250 

We assume 𝐶#*#$+(𝜙) is simply proportional to the overall cytoplasmic concentration 𝜙: 251 

 252 

 𝐶#*#$+(𝜙) = 𝜙𝐶,, [Eq 7] 253 

 254 

where 𝐶, denotes total caspase 3/7 or Cdk1 concentration at 1x cytoplasmic concentration. 255 

This assumption leaves two functions, 𝐷(𝜙) and 𝑘(𝜙), to be experimentally determined. 256 

 257 

For mitotic trigger waves, likely mediators of the spatial spread include cyclin B-Cdk1, Cdc25, 258 

and Gwl, proteins with molecular weights of ~100 kDa. For apoptosis, plausible mediators 259 

include activated caspase 3 and 7 heterotetramers (~60 kDa) and cytochrome c (12 kDa). 260 

Therefore, we chose a similarly-sized probe, Alexa Fluor 488-labeled bovine serum albumin 261 

(AF488-BSA; ~67 kDa), for diffusion measurements. We measured its diffusion coefficient as a 262 

function of cytoplasmic concentration by fluorescence correlation spectroscopy (FCS). The 263 

diffusion mode of AF488-BSA was fairly close to Brownian in XB buffer without sucrose (α ≈264 

0.9) and more subdiffusive in extracts (α ≤ 0.8; Fig. 4a, Supplementary Fig. 4). These 265 

observations are consistent with previous reports42–45. The effective diffusion coefficient 266 
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𝐷(22(𝜙), which is calculated assuming Brownian motion rather than subdiffusive motion, 267 

decreased exponentially with cytoplasmic concentration (Fig. 4b) (R2 = 0.953), as predicted by 268 

Phillies’ law46,47. The fitted effective diffusion coefficients in XB buffer without sucrose (𝜙 = 0) 269 

and 1x extract (𝜙 = 1) were 32 and 15 µm2 s-1 (Fig. 3b), respectively, again consistent with 270 

previous measurements42. We can therefore express the scaling of the effective diffusion 271 

coefficient 𝐷322(𝜙) as: 272 

 273 

 𝐷(22(𝜙) = 𝐷0𝑒45-6 [Eq 8] 274 

 275 

where 𝐷0 is 𝐷(22(0) and 𝑔7 is a dimensionless scaling factor with a fitted value of 0.765.  276 

 277 

The remaining contributor to Eq 6 is 𝑘(𝜙), the rate constant for the bimolecular autocatalysis 278 

reaction. We do not have a good way of experimentally assessing this parameter for Cdk1 279 

activation, since we are inferring Cdk1 activity indirectly from microtubule polymerization, but 280 

the more direct probes for caspase activation allow this relationship to be determined. To infer 281 

enzyme activities from fluorescence data, we first constructed an ordinary differential equation 282 

(ODE) model for how (Z-DEVD)2-R110 dynamics depend upon caspase activity. We assumed 283 

that fluorescent rhodamine 110, designated 𝑅, is produced by caspase 3/7 and degraded by 284 

some unspecified enzyme, and that both production and degradation are approximated by 285 

mass action kinetics: 286 

 287 

 !8
!#
= 𝑘8𝐶(𝑅#*#$+ − 𝑅) + 𝑘9:(𝑅#*#$+ − 𝑅). [Eq 9] 288 

 289 

Here 𝑅#*#$+  is the total concentration of (Z-DEVD)2-R110 and its fluorescent product R110, 𝑘8  290 

the rate constant for caspase 3/7 cleaving (Z-DEVD)2-R110, and 𝑘9:  is the first-order rate 291 

coefficient for background/nonspecific production of R110. Eq 9 can be solved to obtain an 292 

expression for 𝑅(𝑡): 293 

 294 
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𝑅(𝑡) = 𝑅#*#$+ − (𝑅#*#$+ − 𝑅0) :
".

"#'#!(
(𝑒;)"#'#!(# − 1) + 1;

4+/+) 𝑒4;01#, [Eq 10] 295 

 296 

with 𝑅0 representing the fluorescent rhodamine 110 concentration and 𝐶0 the concentration of 297 

the apoptotic mediator at 𝑡 = 0. For clarity, we use 𝑘"  to represent the bimolecular rate 298 

constant for caspase 3/7 autocatalysis, making it equivalent to 𝑘 in Eqs 4, 5, and 6. 299 

 300 

There are 4 adjustable parameters in Eq 10; namely, 𝑘" , 𝐶0, 𝑘8, and 𝑘9: . We experimentally 301 

determined 𝑘8  as a function of cytoplasmic concentration (Supplementary Fig. 5), thereby 302 

eliminating one adjustable parameter from Eq 10. We then experimentally measured the rate 303 

constant 𝑘"  for the cleavage of (Z-DEVD)2-R110 by caspase 3/7 in Xenopus egg extracts by 304 

quantifying the sensor cleavage as a function of time at each point in the tube, aligning the time 305 

courses, and fitting the model to the aligned traces (Fig. 4d). This procedure was then repeated 306 

for various cytoplasmic concentrations. 307 

 308 

One might expect 𝑘"(𝜙) to be roughly constant since most enzymes operate far from the 309 

calculated Smoluchowski limit for diffusion control. However, 𝑘"(𝜙) decreased exponentially 310 

with increasing cytoplasmic concentration (R2 = 0.901; Fig. 4e). We can therefore express the 311 

scaling of 𝑘"(𝜙) as:  312 

 313 

 𝑘"(𝜙) = 𝑘0𝑒45+6 [Eq 11] 314 

 315 

where 𝑘0 ≡ 𝑘<(𝜙 = 0) and 𝑔; is the scaling factor, which were empirically estimated to be of 316 

0.0022 nM-1 min-1 and 0.531, respectively. We can then rewrite Luther’s equation to explicitly 317 

include the three concentration dependencies:  318 

 319 

 𝑣(𝜙) = 2.𝑘0𝐶,𝐷0𝜙𝑒4(5+-5-)6 [Eq 12] 320 

 321 

We can further simplify Eq 12 by defining: 322 
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 323 

𝐴 ≡ 𝑘0𝐶,𝐷0 324 

𝑔 ≡ 𝑔; + 𝑔7 325 

 326 

and arrive at the following expression: 327 

 328 

 𝑣(𝜙) = 2.𝐴𝜙𝑒456 [Eq 13] 329 

 330 

where 𝐴, the speed factor, determines the magnitude of the trigger wave speed, and 𝑔, the 331 

cytoplasmic concentration scaling factor, determines how steeply the speed decreases at high 332 

cytoplasmic concentration. Using A and g as adjustable parameters, Eq 13 fits well to the 333 

experimental data for apoptotic wave (Fig. 5a). We can also compare the fitted parameters to 334 

the quantities that contribute to them as estimated by experiments. Both 𝑔; and 𝑔7 were 335 

individually measured (Fig. 4b, f), and their sum is close to the fitted value of g (Fig. 5b). The 336 

product of the experimentally estimated values of 𝑘0, 𝐶,, and 𝐷0 was also in reasonable 337 

agreement with the fitted value (Fig. 5b). The agreement between the directly measured values 338 

for these parameters and the values inferred from the trigger wave speed measurements is 339 

reassuring. 340 

 341 

Note that Eq 13 also predicts that at low cytoplasmic concentrations the wave speed should 342 

decrease, a trend that was not apparent in the initial experimental data (Fig. 5a). To test this 343 

prediction, we repeated the experiment over very low cytoplasmic concentrations, and, as 344 

shown in Fig. 5c, the low concentration data agreed well with curve fitting carried out on the 345 

higher concentration (0.5x to 2x) results alone. Taken together, these findings show that 346 

combining the FKPP expression for trigger wave speed and Phillies’ equation for the 347 

concentration dependence of diffusion-limited enzyme activities yields an equation that 348 

accounts for the dependence of trigger wave speed on cytoplasmic concentration, including the 349 

near-maximal speed at 1x concentration, the robustness of the trigger wave speed over a wide 350 
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range of cytoplasmic concentrations, and the fall-off in speed at very high and very low 351 

concentrations. 352 

 353 

Eq 13 could also be fitted well to the mitotic wave speed data (Fig. 5d). The fitted 𝑔 value was 354 

larger (1.54 vs. 1.34), which accounts for the observation that the wave speed fell more steeply 355 

with increasing cytoplasmic concentration. 356 

 357 

Mechanism of the robust apoptotic trigger wave speed 358 

The robustness of the trigger wave speed appears to arise because one factor that influences 359 

wave speed, the concentration of the diffusible apoptotic mediator 𝐶#*#$+, increases with 360 

increasing cytoplasmic concentration, whereas the autocatalytic rate constant 𝑘"  and diffusivity 361 

𝐷(22 decrease. Perfect robustness would arise if the competing trends canceled exactly. Here 362 

we examine in more detail how close to exact the cancelation is and why it breaks down at very 363 

high and very low cytoplasmic concentrations. 364 

 365 

We first expressed these functions in relative terms: 366 

 367 
  𝑣?(+(𝜙) ≡

'(6)
'(6@,)

, 368 

  𝐶?(+(𝜙) ≡
"#'#!((6)

"#'#!((6@,)
, 369 

  𝑘?(+(𝜙) ≡
;)(6)

;)(6@,)
, 370 

  𝐷?(+(𝜙) ≡
7&22(6)

7&22(6@,)
. 371 

 372 

Defining these relative quantities allows us to focus on the dependencies on cytoplasmic 373 

concentration 𝜙 while the proportionality constants 𝐶,, 𝑘0, and 𝐷0 cancel out. We can also 374 

express Eq 6 in relative terms:  375 

 376 

 𝑣?(+(𝜙) = .𝑘?(+(𝜙)𝐶?(+(𝜙)𝐷?(+(𝜙), [Eq 14] 377 

 378 
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If we take the logarithm, then the individual factors combine additively rather than 379 

multiplicatively: 380 

 381 

 log 𝑣?(+(𝜙) =
,
A
(log 𝑘?(+(𝜙) + log 𝐶?(+(𝜙) + log𝐷?(+(𝜙)),  [Eq 15] 382 

 383 

A robust trigger wave speed means 𝑣?(+(𝜙) should be close to 1 for a range of cytoplasmic 384 

concentration 𝜙. With log-transformation applied, a robust speed should have log 𝑣?(+(𝜙) close 385 

to 0, meaning that the right-hand side of Eq 15 should also be close to 0:  386 

 387 

 log 𝑘?(+(𝜙) + log 𝐶?(+(𝜙) + log𝐷?(+(𝜙) ≈ 0. [Eq 16] 388 

 389 

From 0.5x to 1x cytoplasmic concentration, the decrease in log𝐷?(+(𝜙) and log 𝑘?(+(𝜙) 390 

combined (blue and green bars, respectively) is nearly equal to the gain in log 𝐶?(+(𝜙) (red bars, 391 

plotted as negative to aid visual comparison; Fig. 6a). This explains why the apoptotic wave 392 

speed is almost constant over that range of concentrations. At higher cytoplasmic 393 

concentrations, the negative factors (log𝐷?(+(𝜙) and log 𝑘?(+(𝜙)) are larger in magnitude than 394 

the positive factor (log 𝐶?(+(𝜙)), and so the wave speed decreases with increasing cytoplasmic 395 

concentration, and at very low cytoplasmic concentrations, the opposite is true (Fig. 6a). Thus, 396 

the robustness of the trigger wave speed arises from the precise balancing of opposing kinetic 397 

and biophysical quantities over a range of cytoplasmic concentrations. 398 

 399 

Artificially maintaining diffusivity abrogates trigger wave speed robustness 400 

One strong prediction is that if we could dilute an extract without increasing its diffusivity, the 401 

robustness of the trigger wave speed would be compromised. Toward this end we tested two 402 

viscogens, sucrose and BSA, and determined what concentrations would yield buffer solutions 403 

with diffusion coefficients equal to those seen in 1x cytoplasm. Using FCS and AF488-BSA, we 404 

found that 0.8 M sucrose (Fig. 6b) and 150 mg mL-1 BSA (Fig. 6e) yielded diffusivities equivalent 405 

to that of 1x cytoplasm. We then diluted 1x cytoplasmic extracts with these buffers and asked 406 

whether trigger wave speed was no longer robustly maintained. As shown in Fig. 6c, f, trigger 407 
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wave speed was now dependent upon cytoplasmic concentration over this range. Intermediate 408 

concentrations of the viscogens yielded intermediate wave speed results (Fig. 6d, g). Thus the 409 

exact balancing of the effects of cytoplasmic diffusivity and reactant concentration is the basis 410 

for the robustness in trigger wave speed. 411 

 412 

DISCUSSION 413 

The robustness of trigger wave speeds 414 

Over the past several years it has become increasing clear that trigger waves are a recurring 415 

theme in both intracellular8,12 and intercellular13–18 communication. Unlike diffusive spread, 416 

trigger waves allow signals to propagate without diminishing in amplitude or slowing in speed. 417 

Trigger waves are complex, systems-level phenomena; they require biological reactions that 418 

include positive feedback loops, plus a spatial coupling mechanism. Any system as complicated 419 

as this is bound to have vulnerabilities. Here we have examined how vulnerable two 420 

intracellular trigger waves, apoptotic waves and mitotic waves, are to variation in the 421 

cytoplasmic concentration, a basic cellular property that differs from cell type to cell type, and 422 

even varies in individual cells as they proceed through mitosis. We found that even though a 423 

priori one might expect that a bimolecular reaction’s speed would vary as the square of the 424 

cytoplasmic concentration, both apoptotic and mitotic wave speeds were nearly constant when 425 

extracts were diluted down from 1x to lower concentrations, and fell modestly at higher-than-426 

physiological concentrations. We derived a simple model that accounts for both the robustness 427 

of trigger wave speed and the slowing seen at very high and very low cytoplasmic 428 

concentrations. The model implies that the robustness arises from canceling effects of 429 

cytoplasmic concentration: increasing cytoplasmic concentration should increase the speed by 430 

increasing the concentrations of the reactants, but should also decrease the speed by 431 

increasing viscosity and hence slowing both the local coupling process (diffusion) and the rate 432 

constants for the positive feedback reactions. This implies that if one were to change 433 

cytoplasmic concentration without changing viscosity, by diluting cytoplasm with buffer 434 

supplemented with the appropriate concentration of a viscogen, the wave speed should cease 435 

to be invariant, and indeed this was found to be the case. For large cells, such as the Xenopus 436 
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eggs, the robustness of the mitotic wave speed could contribute to the reliability of the 437 

extremely rapid embryonic cell cycles in face of the physical stresses expected when an oocyte 438 

proceeds from the isotonic environment of the ovary to the hypotonic environment of the 439 

pond. 440 

 441 

As mentioned above, recently it has been shown that some biological signals propagate as 442 

intercellular trigger waves in cell culture and in living tissues. Our theoretical framework may 443 

apply to tissue-level signal relay with appropriate generalization, with an intercellular process 444 

taking the place of intracellular diffusion as the local coupling mechanism. 445 

 446 

This work adds to our burgeoning understanding of how physical properties of the cytoplasm 447 

constrain the operation of fundamental cellular processes. The present work also highlights the 448 

power of the Xenopus egg extract for studying the emergent regulatory functions that come 449 

from the differential responses of complex, coupled physical and biochemical processes.  450 

 451 

Limitations of the study 452 

We relied on several approximations to access the analytical power of Luther’s and FKPP 453 

equations. Experimentally, we approximated diffusivity for caspase 3/7 and mitotic machines 454 

(CDK1/CycB and PP2A/B55 complexes) with AF488-BSA. Based on size, we may slightly over- or 455 

underestimate the scaling factor 𝑔7, respectively. For diffusivity, we approximated anomalous 456 

diffusion with effective Brownian diffusion at a short distance range. Depending on the true 457 

length scale of diffusive mixing in trigger wave propagation, we may slightly over- or 458 

underestimate protein mobility. Model-wise, we approximated the overcoming of bistable 459 

switches (both mitotic and apoptotic onset are considered bistable transitions) as logistic 460 

growth processes. We may slightly underestimate the true rate coefficient depending on the 461 

true magnitude of ultrasensitivity. By adopting a combined positive feedback loop approach, 462 

we were not able to resolve the exact steps at which apoptosis or mitosis are limited by 463 

molecular crowding. Despite these limitations, our prediction error for apoptotic trigger wave 464 

speed was around 20% from the measured values, suggesting a good overall approximation. 465 
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Better experimental approximation and further developments in the theoretical treatments for 466 

anomalous diffusion and traveling waves in bistable media should improve the prediction 467 

accuracy and provide more detailed understandings to this topic.  468 

 469 

METHODS 470 

Key resource table 471 

Chemicals, Peptides, and Recombinant 

Proteins 

Source Identifier 

Pregnant mare serum gonadotropin Fisher Scientific 50-893-505 

Chorionic gonadotropin human Sigma CG10-10VL 

L-cysteine Sigma 168149 

A23187 Sigma C7522 

Leupeptin Sigma L2023 

Chymostatin Sigma C7268 

Pepstatin A Sigma P5318 

Cytochalasin B Sigma C6762 

MG-132 Selleckchem S2619 

Cycloheximide Sigma 01810 

cOmplete protease inhibitor cocktail, 

EDTA-free 

Sigma 5892953001 

Sucrose Sigma S8501 

Bovine serum albumin Sigma A3294 

SiR-Tubulin Cytoskeleton, Inc.  CY-SC002 

(Z-DEVD)2-R110 AAT Bioquest 13430 

Alexa Fluor 488 labeled bovine serum 

albumin 

Thermo Fisher A13100 

Cytochrome c purified from equine heart Sigma C2867 

Experimental model: Organisms/strains Source Identifier 

Xenopus laevis females and eggs NASCO LM00531 

Xenopus laevis males and sperms NASCO LM00715 

Reagents and materials   

Mineral oil, heavy Sigma 330760 

PTFE tubes Cole Parmer EW-06417-72 
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10 kDa molecular weight cut-off filter Sigma UFC501096 

Bio-Rad protein assay dye concentrate Bio-Rad 5000006 

SimplyBlue SafeStain Thermo Fisher LC6065 

Software and Algorithms Source Identifier 

ZEN Zeiss N/A 

Igor Pro, version 6 WaveMetrics https://www.wavemetrics.com/ 

FIJI / ImageJ,  FIJI https://imagej.net/software/fiji/ 

R, version 4.0.2 The R project https://www.r-project.org/ 

SAEMIX CRAN https://cran.r-

project.org/web/packages/saemix/index.html 

Mathematica, version 13.2 Wolfram 

Research  

https://www.wolfram.com/mathematica/ 

Resource availability 472 

Lead contact 473 

Further information and requests for resources and reagents should be directed to and will be 474 

fulfilled by the lead contact. 475 

 476 

Material availability 477 

Materials used in this study will be made available upon request.  478 

 479 

Data and code availability 480 

Datasets and custom-written codes generated in this study will be made available upon 481 

request.  482 

 483 

Experimental model and subject details 484 

Xenopus laevis 485 

The animal work adhered to relevant national and international guidelines and received 486 

approval from the Stanford University Administrative Panel on Laboratory Animal Care (APLAC 487 

protocol 13307). Xenopus laevis females, aged over 3 years, were prepared by dorsal cavity 488 

injection of 100 U of pregnant mare serum gonadotropin (PMSG) at least 3 days prior to, but 489 

typically no more than 2 weeks before ovulation. Ovulation was induced through dorsal cavity 490 
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injection of 200 U of human chorionic gonadotropin (hCG). These induced females were then 491 

housed in separate chambers containing egg-laying buffer (100 mM NaCl, 2 mM KCl, 1 mM 492 

MgSO4, 2.5 mM CaCl2, 500 µM HEPES, 100 µM EDTA, pH 7.4). 493 

 494 

Preparation of demembranted Xenopus sperm chromatin 495 

Demembranated Xenopus laevis sperm chromatin was prepared as described by Murray48. 496 

Typical experiments with cycling extracts included sperm nuclei, which serve as pacemakers for 497 

mitotic waves, at ~100 nuclei per µL extract. 498 

 499 

Preparation of Xenopus egg extracts 500 

We followed previously established procedures49 to prepare Xenopus egg extracts with slight 501 

adaptations. Specifically, eggs were collected approximately 22 hours post hCG injection, 502 

selecting high-quality eggs with consistent pigment distribution and a well-defined white spot 503 

on the animal pole. The jelly coats were removed by incubation with dejellying buffer (20 mg 504 

mL-1 L-cysteine, pH 7.8) for no more than 5 min. Subsequently, the eggs underwent a minimum 505 

of three washes in 0.2× Marc’s modified Ringer’s solution (0.2× MMR; 20 mM NaCl, 400 µM KCl, 506 

400 µM CaCl2, 200 µM MgCl2, 1 mM HEPES, 20 µM EDTA, pH 7.8). 507 

For cycling extracts, the eggs were activated with calcium ionophore A23187 (0.5 µg 508 

mL-1) in 0.2× MMR prior to packing and crushing. The A23187-containing buffer was promptly 509 

removed upon egg activation, generally within 2 min, determined by the contraction of the 510 

animal pole. In the case of interphase-arrested extract, the activation step was omitted. After 511 

activation, the eggs were thoroughly washed with crushing buffer (50 mM sucrose, 100 mM 512 

KCl, 100 µM CaCl2, 1 mM MgCl2, 10 mM HEPES-KOH, pH 7.7) at least twice before packing 513 

through low-speed centrifugation (200 g for 1 minute, followed by 600 g for 30 s). After 514 

packing, care was taken to remove excess crushing buffer above the eggs to minimize dilution. 515 

Importantly, for cycling extracts, we waited at least 20 min post-activation to ensure meiotic 516 

exit was completed before transferring the packed eggs to ice, followed by subsequent 517 

centrifugation. 518 
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The eggs were subsequently crushed using a centrifugal force of 16,000 g at 4°C for 15 519 

min. The resulting cytoplasmic fraction was collected as Xenopus egg extract and kept on ice. 520 

Peptidase inhibitor mix (10 µg mL-1 leupeptin, 10 µg mL-1 pepstatin, 10 µg mL-1 chymostatin) 521 

and actin polymerization inhibitor cytochalasin B (10 µg mL-1) were added into the extract. In 522 

the case of interphase-arrested extract, cycloheximide (CHX; 100 µg mL-1) was included to 523 

prevent cyclin B translation and, thus, entry into mitosis. CHX was excluded from cycling 524 

extracts. The extracts underwent one or two additional rounds of centrifugation at 16,000 g at 525 

4°C for 5 min to eliminate impurities before further use. 526 

 527 

Dilution, concentration, and reconstitution of Xenopus egg extracts 528 

We used XB buffer without sucrose (100 mM KCl, 100 µM CaCl2, 1 mM MgCl2, 10 mM HEPES-529 

KOH, pH 7.7) as the primary diluent for adjusting cytoplasmic concentration. In experiments 530 

involving viscogens, sucrose or BSA were titrated in XB buffer without sucrose to the required 531 

concentrations from stocks with the same salt content as the basal XB buffer. We concentrated 532 

the extracts using a 10 kDa molecular weight cut-off centrifugal filter. We could achieve a 2-fold 533 

concentration by centrifuging three times for 10 min at 4°C (a total of 30 min), homogenizing 534 

the extracts between each spin with gentle pipetting. Dilution and reconstitution were carried 535 

out by mixing extracts with the appropriate diluents to reach the desired volume fraction. 536 

 537 

Determination of protein concentration 538 

Protein concentration was determined using the Bio-Rad protein assay, a method based on the 539 

Bradford assay. Briefly, undiluted extract was first diluted 200-fold in XB buffer without sucrose 540 

and then quantified in accordance with the manufacturer's instructions, measuring absorbance 541 

at 595 nm. The retentate was first diluted two-fold and quantified in the same manner as the 542 

undiluted extract. We also determined the protein concentration in the filtrate (flow-through) 543 

during the concentration process. The filtrate was directly assessed using the Bio-Rad assay, 544 

without additional dilution or processing. 545 

 546 

Measurements of apoptotic and mitotic trigger wave speeds 547 
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Experimental setup  548 

To monitor apoptotic and mitotic trigger waves, we mixed extracts with biosensors and filled 549 

PTFE tubes (~100 µm inner diameter) for subsequent time-lapse fluorescent microscopy. We 550 

used interphase-arrested extracts for apoptotic trigger wave propagation. Caspase 3/7 activity 551 

was monitored using (Z-DEVD)2-R110 at 2 µM, unless otherwise specified. To enhance the 552 

signal-to-noise ratio, we included 200 µM MG-132 to inhibit the proteasomal cleavage of (Z-553 

DEVD)2-R110. Following tube filling, we let the extract-filled tubes stand at room temperature 554 

for 30 min before inducing apoptosis. Apoptosis was initiated by briefly dipping the tube end 555 

into a reservoir of apoptotic extract, which was prepared by adding 2 µM cytochrome c to fresh 556 

extract and incubating at room temperature for 30 min. The induced tubes were placed in 557 

custom-made imaging chambers, submerged in heavy mineral oil, and imaged at 2-min 558 

intervals at room temperature. 559 

To monitor mitotic trigger waves, cycling extracts were used. We tracked the dissolution 560 

of microtubules during mitosis as an indicator of mitotic activity, with SiR-tubulin (200 nM) 561 

serving to visualize polymerized microtubules. Following the filling of PTFE tubes (~100 or ~300 562 

µm in diameter), the tubes were immersed in heavy mineral oil within custom-made imaging 563 

chambers and imaged at 2 to 3-minute intervals at room temperature. 564 

For each cytoplasmic concentration, we typically had several biological replicates 565 

(independent samples), which involved extracts prepared from different clutches of eggs 566 

obtained from different females. Within each biological replicate, several tubes (up to 5) were 567 

monitored as technical replicates. Typically, 1 to 2 waves per technical replicate were observed 568 

for apoptotic wave experiments, while more than 2 waves per technical replicate were typical 569 

for mitotic wave experiments. 570 

 571 

Measurement of wave speeds from kymographs 572 

Kymographs were constructed from time-lapse videos capturing the propagation of trigger 573 

waves within PTFE tubes using Multi Kymograph in FIJI/ImageJ, with the width parameter set to 574 

3 pixels. The dimensions and signal intensity of the kymographs were adjusted to optimize 575 

visual inspection. To facilitate speed measurements of mitotic waves, we increased the contrast 576 
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of the SiR-tubulin signal for better visualization. For apoptotic waves, images were binarized 577 

with a consistent signal cut-off by applying a unique global signal threshold to each image. 578 

Subsequently, straight lines were manually fitted to the linear segments of the propagating 579 

waves, and wave speed was determined from the slopes of these fitted lines. 580 

Each biological replicate (independent sample) included up to 5 tubes as technical 581 

replicates. A median speed was initially calculated for each tube (tube median), followed by the 582 

determination of a median speed for a given biological replicate (biological replicate median) 583 

from the tube medians. Means and S.E.M. for each condition were then computed from the 584 

biological replicate medians. 585 

 586 

Measurement of protein diffusivity by FCS in Xenopus egg extract 587 

FCS measurements in Xenopus egg extract were analyzed following a previously described 588 

method42. In brief, interphase-arrested extracts were prepared, and cytoplasmic concentration 589 

was adjusted as mentioned earlier. We included the EDTA-free cOmplete protease inhibitor 590 

cocktail at a 1:50 (v/v) ratio, 30 min prior to the addition of 25 nM Alexa Fluor 488 labeled BSA 591 

(AF488-BSA) to the extracts. FCS data were acquired using an inverted Zeiss LSM 780 592 

multiphoton laser scanning confocal microscope at room temperature (22°C). The microscope 593 

setup and the calibration step were described previously42. 594 

The confocal spot was focused 30 – 40 µm above the dish surface. Each data point 595 

represented the average of at least 3 randomly selected positions within the extract field. At 596 

each position, fluorescence intensities were acquired for 60 s.  Autocorrelation functions were 597 

calculated directly by the ZEN 2.3 SP1 FP3 310 (Black) software (version 14) (Zeiss) controlling the 598 

microscope.  An anomalous diffusion model or a Brownian diffusion model were used to fit the 599 

autocorrelation functions: 600 

 601 

 𝐺(𝜏) = ,

BC,-C 33-
D
4
DEC,- 5

6,
C 33-

D
4
D

, [Eq S1] 602 

 603 
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where 𝐺(𝜏) denotes the autocorrelation function, 𝛼 signifies the diffusion-mode parameter as 604 

defined by the mean squared displacement (MSD) equation	𝑀𝑆𝐷(𝑡) ∝ 𝑡F, 𝜏7 represents the 605 

characteristic diffusion time, 𝑁 corresponds to the particle number, and 𝑠 stands for the 606 

structural parameter of the optics. The Brownian diffusion model is identical to the anomalous 607 

model except for the 𝛼 value, which is set to 1. 608 

Consistent with prior reports42, protein diffusion in Xenopus egg extract displayed 609 

weakly subdiffusive behavior, akin to cultured mammalian cells, and was better described by 610 

the anomalous diffusion model. Nevertheless, an effective diffusion coefficient can be 611 

calculated from 𝐷(22 = 〈𝑟A〉/(4𝜏7) where 𝑟 is the radius of the confocal spotsize. 612 

 613 

Logistic dynamics approximation of mitotic and apoptotic activities 614 

CDK1 activity in cycling Xenopus egg extract 615 

Measurements of CDK1 activity in the cycling Xenopus egg extract were made previously by 616 

Pomerening et al36. We focused on data points corresponding to the onset and exit of mitosis 617 

(60 to 90 min). The relative CDK1 activity was renormalized, and a logistic curve was fitted to 618 

the data within the selected time range up to the point when maximal activity was reached. 619 

 620 

Caspase 3/7 activation in encapsulated extract droplets  621 

For encapsulating interphase extract in oil, we followed the method outlined by Good and 622 

Heald37. In brief, we mixed 10% (v/v) apoptotic extract with fresh extract to induce the onset of 623 

apoptosis. Additionally, we included 10 µM (Z-DEVD)2-R110 to monitor caspase 3/7 activity. A 624 

low concentration of TexasRed-labeled dextran was added as a soluble marker for extract 625 

volume during image analysis. Subsequently, we added 1:20 volume of extract into squalene 626 

supplemented with 5% (v/v) Cithrol DPHS-SO-(AP) and agitated the tube with force to create an 627 

emulsion of encapsulated extract droplets. These droplets were then imaged at 10-second 628 

intervals using an epifluorescence microscope. The increase in fluorescence in the droplets was 629 

individually tracked using ImageJ. 630 

We estimated active caspase 3/7 concentration over time by employing a set of 631 

ordinary differential equations (ODEs) as described in the main text (Eqs 2, 3, 9, and 10; see 632 
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below). Essentially, caspase 3/7 activation was analyzed as an irreversible, bimolecular reaction 633 

following mass action principles. The cleavage of (Z-DEVD)2-R110 by caspase 3/7 was similarly 634 

modeled as an irreversible, bimolecular reaction based on mass action principles, while its 635 

nonspecific background cleavage in the extract was represented as an irreversible, first-order 636 

reaction following mass action. 637 

 638 

Estimation of caspase 3/7 activation rate coefficient 639 

Model for caspase 3/7 activation and (Z-DEVD)2-R110 cleavage 640 

We deduced caspase 3/7 activation kinetics from the cleavage kinetics of (Z-DEVD)2-R110. To 641 

do this, we constructed a simple model with two ordinary differential equations (ODEs) based 642 

on two key approximations. First, we approximated caspase 3/7 activation kinetics with logistic 643 

growth. Second, we approximated caspase 3/7 activation and (Z-DEVD)2-R110 cleavage at the 644 

pixel resolution using the following ODE: 645 

 646 

 !"
!#
= 𝑘"𝐶(𝐶#*#$+ − 𝐶). [Eq S2] 647 

 648 

Here, 𝐶 denotes concentration of active caspase 3/7, 𝐶G*#$+  the total concentration of inactive 649 

and active caspase 3/7, and 𝑘"  the rate coefficient for the activation of caspase 3/7 through 650 

positive feedback. Logistic growth can be described in the following closed-form expression: 651 

 652 

 𝐶(𝑡) = "#'#!(".
".-("#'#!(4".)(*+))#'#!(#

, [Eq S3] 653 

 654 

where 𝐶0 denotes caspase 3/7 concentration at 𝑡 = 0. Activated caspase 3/7 and nonspecific 655 

background activity consume (Z-DEVD)2-R110 and release fluorescent rhodamine 110 (R110): 656 

 657 

 !8
!#
= 𝑘8𝐶(𝑅#*#$+ − 𝑅) + 𝑘9:(𝑅#*#$+ − 𝑅), [Eq S4] 658 

 659 
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Here 𝑅 denotes free, fluorescent R110, 𝑅#*#$+  the total concentration of (Z-DEVD)2-R110 and 660 

R110, 𝑘8  the rate coefficient of caspase 3/7 cleaving (Z-DEVD)2-R110, and 𝑘9:  the first-order 661 

rate coefficient of background cleavage. To reduce the number of fitting parameters in the 662 

equation, we experimentally determined 𝑘8  for cytoplasmic concentration ranging from 0.5x to 663 

2x (see below). We found a solution to 𝑅(𝑡): 664 

 665 

 𝑅(𝑡) = 𝑅#*#$+ − (𝑅#*#$+ − 𝑅0) :
".

"#'#!(
(𝑒;)"#'#!(# − 1) + 1;

4+/+) 𝑒4;01#, [Eq S5] 666 

 667 

with 𝑅0 representing fluorescent R110 concentration at 𝑡 = 0.  668 

 669 

Determination of the apparent (Z-DEVD)2-R110 cleavage rate coefficient 670 

We measured (Z-DEVD)2-R110 cleavage rate in freshly prepared, fully apoptotic extracts. 671 

Briefly, apoptosis was induced by introducing 2 µM cytochrome c to interphase extracts and 672 

incubated for 30 min at room temperature to fully activate caspase 3/7. Subsequently, 5 µM (Z-673 

DEVD)2-R110 was introduced to the apoptotic extracts, mixed vigorously by high-speed vortex, 674 

and the fluorescence increase was promptly recorded. Maximal cleavage rates were 675 

determined from the initial time points using linear fitting (R2 ³ 0.99). The apparent second-676 

order rate coefficients were then calculated from these maximal rates. 677 

We made two assumptions. First, we assumed that caspase 3/7 concentration is linearly 678 

proportional to the overall cytoplasmic concentration and is 200 nM in 1x extracts. Second, we 679 

assumed a negligible decrease in (Z-DEVD)2-R110 during the early time points. 680 

 681 

Estimation of (Z-DEVD)2-R110 cleavage kinetics from image brightness 682 

The same kymographs employed for trigger wave speed measurements were utilized here. 683 

Signals were scaled, and the signal intensity was subsequently correlated with the nominal 684 

concentration of R110. To estimate the signal intensity asymptote, we employed a two-685 

component Gaussian mixture model on the kymograph, with the larger component 686 

conveniently providing an estimate of the asymptote. Subsequently, we subtracted the 687 

background intensity and adjusted the signal accordingly. The signal intensity at 𝑡 = 0, 688 
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therefore, also provided an estimate of 𝑅0, the initial rhodamine 110 concentration, reducing 689 

the parameters to be fitted to just three: 𝐶0, 𝑘" , and 𝑘9: . 690 

 691 

Model fitting 692 

The fitting process was complicated by the spatial and temporal order of caspase 3/7 activation 693 

due to the propagation of apoptotic waves. To mitigate this effect, we aligned the trajectories 694 

of (Z-DEVD)2-R110 (with respect to time) and defined a relative time (also in units of minutes). 695 

We again utilized the two-component Gaussian mixture model fit and established a threshold 696 

at which the rhodamine 110 signal was 1000 times more likely to fall within the greater 697 

component than the lesser one. All trajectories were aligned to the first time point to pass this 698 

threshold, and a time window of 60 min around this time point was selected. The model 699 

described above was fitted to the R110 concentration within this time window. For this fitting, 700 

we employed the SAEMIX package in R, which is a stochastic approximation-based mixed-effect 701 

model approach. The SAEMIX algorithm is more robust and time-efficient than the commonly 702 

used nonlinear least square (NLS) algorithm for this purpose. 703 

The mixed-effect model decomposes a “population” of varied observations into a 704 

population-level mean effect and individual-level random effects. We reported the population-705 

level 𝑘"  and only considered individual-level 𝑘"  when demonstrating the individual-level fit. As 706 

in wave speed measurements, we calculated medians from observations within the same tube 707 

and then from tubes of the same biological replicate. The means and S.E.M.s were reported 708 

from all biological replicates. 709 

 710 

List of parameters and variables 711 

Name Meaning Value Unit Source 

𝑅(𝑡) Free, fluorescent Rhodamine 110 concentration  nM Measured 

𝑅7879: Total concentration of (Z-DEVD)2-R110 and 

Rhodamine 110 

2000 nM Nominal 

𝑅; Initial concentration of Rhodamine 110  nM Estimated 

𝐶(𝑡) Active caspase 3/7 concentration  nM Fitted 

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

The copyright holder for this preprintthis version posted December 25, 2023. ; https://doi.org/10.1101/2023.12.22.573127doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.22.573127
http://creativecommons.org/licenses/by-nc-nd/4.0/


𝐶7879: Total concentration of inactive and active 

caspase 3/7 

100 – 400 nM Assumed 

𝐶; Initial concentration of active caspase 3/7  nM Fitted 

𝑘< Rate coefficient for (Z-DEVD)2-R110 cleavage by 

caspase 3/7 

 nM-1 min-1 Measured 

𝑘=  Rate coefficient for inactive caspase 3/7 

activation by active caspase 3/7 

 nM-1 min-1 Fitted 

𝑘>?  Rate coefficient for background nonspecific 

cleavage of (Z-DEVD)2-R110 

 min-1 Fitted 

 712 

Model fitting for scaling relationships  713 

We fitted a linear model to the log-transformed means of the effective diffusion coefficient, 714 

𝐷(22, and the rate coefficient,	𝑘" . Additionally, we employed the generalized Luther’s equation 715 

to fit the means of trigger wave speed. In the case of the generalized Luther’s equation, fitting 716 

was carried out using the NLS algorithm within the stats package in R.  717 
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 733 

Figure 1. Mitotic trigger wave speed is robust to change in cytoplasmic concentration.  734 

a Schematic view of the mitotic control network. Note the multiple interconnected positive and 735 

double-negative feedback loops. b Preparation of cycling Xenopus egg extracts and the 736 

workflow of monitoring spontaneous mitotic trigger waves in thin PTFE tubes by 737 

epifluorescence microscopy. c Measurements of protein concentrations in the original and 738 

concentrated extract (retentate) as well the filtrate from the ultrafiltration filters. d A montage 739 

(left) and its corresponding kymograph (right) of a single tube undergoing 3 rounds of mitosis in 740 
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the course of ~2 hours. The bright signal is polymerized microtubules stained with SiR-tubulin 741 

and the dark bands correspond to the mitotic state in which most microtubules are 742 

depolymerized. e Representative kymographs (right column) of extracts of different 743 

cytoplasmic concentrations prepared from 1x extracts (top 2 rows) or from 2x retentate 744 

(bottom 3 rows). Left column shows the volume fractions of buffer (XB buffer without sucrose) 745 

and extracts that went into the samples. f Duration of the first completely observable cell cycle 746 

under the microscope, starting from interphase. Means ± S.E.M. are shown, n = 3 (three 747 

independent experiments). g Speeds of mitotic trigger waves at different cytoplasmic 748 

concentrations. Means ± S.E.M. are shown. Data is compiled from 8 independent experiments.  749 
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 751 

Figure 2. Apoptotic trigger wave speed is robust to change in cytoplasmic concentration.  752 

a Schematic view of the apoptotic control system. Note the multiple positive feedback loops. b 753 

A representative montage of an apoptotic trigger wave in a PTFE tube induced from the lower 754 

end. Bright signal is rhodamine 110 released by caspase 3/7 cleavage of (Z-DEVD)2-R110, which 755 

reports the activation of caspase 3/7. c Representative kymographs (middle and right columns) 756 

of extracts at different cytoplasmic concentrations prepared from either 1x extract (top 2 rows) 757 

or retentate (bottom 3 rows). Rhodamine 110 fluorescence is shown in grey scale (middle 758 

column) or pseudo-color (right column). Pseudo-coloring demonstrates that a range of 759 

fluorescence thresholds would give very similar estimates of trigger wave velocity. d Speeds of 760 

apoptotic trigger waves at different cytoplasmic concentrations. Means ± S.E.M. are shown. 761 

Data is compiled from 9 independent experiments. 762 
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 764 
Figure 3. Mitotic and apoptotic activities are well-approximate by the logistic equation.  765 

a Mitotic control system can be conceptualized more simply as a single, combined positive 766 

feedback loop controlling CDK1/CycB at the onset of mitosis. b Relative CDK1 activity at mitotic 767 

onset, as measured by H1 kinase activity assay, can be well-fitted by a logistic model. Data are 768 

taken from Pomerening et al36. c The apoptotic control system can also be conceptualized as a 769 

single, combined positive feedback loop onto caspase 3/7. d Apoptosis in droplets of 770 

encapsulated extract. Extract containing added (Z-DEVD)2-R110 plus apoptotic extract and a 771 

cytoplasmic marker (TXRed) were encapsulate in squalene plus 5% (v/v) Cithrol DPHS-SO-(AP). 772 

Fluorescence was followed as a function of time by microscopy. e Kinetics of (Z-DEVD)2-R110 773 

cleavage. Open circles are data at each time point. The red curve is based on the ODE model for 774 

caspase 3/7 activation and (Z-DEVD)2-R110 cleavage (Eqs 9 and 10) fitted to the data. f Kinetics 775 

of caspase 3/7 activation. Open circles are concentrations of active caspase 3/7 calculated 776 

based on the ODE model (Eqs 9 and 10). Red curve is the logistic growth curve fitted to the 777 

data. 778 
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 780 
Figure 4. The effective diffusion coefficient of AF488-BSA and apparent autocatalytic rate 781 

constant of caspase 3/7 decrease exponentially with cytoplasmic concentration. 782 

a Representative fluorescence correlation spectroscopy (FCS) autocorrelation functions for 783 

AF488-BSA in extracts with different cytoplasmic concentrations. 𝐺(𝜏) is the autocorrelation 784 

function and 𝜏 is the time delay. b Effective diffusion coefficient of AF488-BSA at different 785 

cytoplasmic concentrations. Effective diffusion coefficients were calculated by fitting the 786 

autocorrelation data from FCS measurements to a Brownian diffusion model. A 60 s 787 

fluorescence intensity time course was registered for each FCS measurement. Means ± 90% CI 788 

calculated from 3 measurements are shown. Solid black curve is an exponential curve fitted to 789 

the means. c (Z-DEVD)2-R110 cleavage kinetics can be monitored as apoptotic trigger waves 790 

sweep through a tube of extract. In this example, fluorescence from cleaved (Z-DEVD)2-R110 at 791 

11 positions (left) are shown on the right. Fluorescence from the cleaved (Z-DEVD)2-R110 was 792 

normalized to the maximal value at each location. d (Z-DEVD)2-R110 cleavage kinetics in a 793 

kymograph (upper) can be represented as a series of traces (lower). e Traces shown in (d) were 794 
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aligned by time (upper) and the model for caspase 3/7 activation and (Z-DEVD)2-R110 cleavage 795 

was fitted to the data. Individual fitted traces are shown in the bottom panel. f The apparent 796 

autocatalytic rate constant 𝑘"  at different cytoplasmic concentrations was extracted from the 797 

fitted model. Shown are means ± S.E.M. compiled from the same 9 experiments as the ones 798 

shown in Fig. 2d. The black solid curve is an exponential curve fitted to the means.  799 
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 801 
Figure 5. Mitotic and apoptotic trigger wave speeds at different cytoplasmic concentrations 802 

follow the generalized Luther’s equation.  803 

a Apoptotic wave speeds at different cytoplasmic concentrations as shown in Fig. 2D. The solid 804 

black curve is the generalized Luther’s equation fitted to the means. b The value of 𝐴, 805 

calculated as the product of the experimentally-determined parameters 𝑘0, 𝐷0, and 𝐶,, is 806 

compared to the fitted value (left panel). Likewise, the value of 𝑔 calculated as the sum of the 807 

experimentally-determined parameters 𝑔; and 𝑔7, is compared to the fitted value (right panel). 808 

𝑘0, 𝐷0, 𝑔;, and 𝑔7 are from the exponential fit shown in Fig. 4. Error bars are S.E.M.s calculated 809 

directly from the fittings or propagated from the individual experimentally-determined 810 

parameters. c Apoptotic wave speeds at low cytoplasmic concentrations. Dashed line shows the 811 

same fitted curve as in (a), which was obtained from only higher concentration data. Shown are 812 

means ± S.E.M. from 3 independent samples. d Mitotic wave speeds at different cytoplasmic 813 

concentrations, replotted from Fig. 1g and fitted to the generalized Luther’s equation (black 814 

curve). 815 
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 817 
Figure 6. Opposing kinetic and physical effects give rise to robustness in trigger wave speeds. 818 

a Comparing the effect sizes of changes in rate constant, effective diffusion coefficient, and 819 

concentration. Effect size is defined as fold change relative to 1x cytoplasmic concentration. For 820 

simplicity, the data for cytoplasmic concentrations < 0.3x, where the concentration effect 821 

dominates, are omitted. b, e Effective diffusion coefficients of AF488-BSA in XB buffers of 822 

various sucrose concentrations (b; no BSA present) or BSA concentrations (e; no sucrose 823 

present) as determined by FCS. AF488-BSA diffusion in 1x extract can be mimicked by ~0.8 M 824 

sucrose or ~150 mg mL-1 BSA. c, f Apoptotic trigger wave speeds with extracts diluted with 825 

buffer (black data points) or a viscogen (red data points), and compared with theoretical curves 826 

(dashed lines). Crowding effects are quantified by the parameter 𝑔. For apoptotic trigger waves, 827 

𝑔 is ~1.3 (Fig. 5b) and is 0 if crowding effects are absent. We note that, in the case of 𝑔 = 0, 828 

wave speed 𝑣 follows the square root of total caspase 3/7 concentration .𝐶?(+. Means ± S.E.M. 829 

(n = 3) are shown for sucrose-containing buffers (c). Means (n = 2) are shown for BSA-830 

containing buffers (f). The curves were set to pass through wave speeds at 1x cytoplasmic 831 
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concentration for both sucrose-containing and BSA-containing buffers. Apoptotic wave speeds 832 

at 0.5x cytoplasmic concentration are also plotted. We note the scaling can be approximated by 833 

a horizontal line for 𝑔 = 1.3 between 0.5x and 1x cytoplasmic extract, whereas for 𝑔 = 0, a 834 

straight line with a positive slope. d, g Apoptotic trigger wave speeds are plotted for a range of 835 

sucrose-containing (d) or BSA-containing buffers (g) at different cytoplasmic concentrations. 836 

Means ± S.E.M. (n = 3) are shown for sucrose-containing buffers (d) whereas means (n = 2) are 837 

shown for BSA-containing buffers (g). Straight lines were fitted to each sucrose (d) or BSA (g) 838 

concentration. Only buffer without sucrose or BSA manifest straight lines with slightly negative 839 

slopes. Viscogen-containing buffers, be it sucrose or BSA, manifest positive slopes.  840 
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 842 
 843 

Supplementary Figure 1, related to Fig. 1. Mitotic trigger wave speed is robust to dilution 844 

using either filtrate or buffer.  845 

Speeds of mitotic trigger waves at different cytoplasmic concentrations. The cycling extracts 846 

were diluted using either filtrate, XB buffer without sucrose, or water. Note that dilution with 847 

filtrate and buffer produced comparable wave speeds, whereas dilution with water resulted in 848 

a drop in speed. For extracts diluted with water below 0.6x, cycle progression was not 849 

observed. Means ± S.E.M. compiled from 3 independent samples are shown. 850 
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 852 

 853 
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Supplementary Figure 2, related to Fig. 1. Cell cycle and mitotic trigger waves at different 854 

cytoplasmic concentrations.  855 

a, b Representative kymographs depict cell cycle and mitotic trigger waves at various 856 

cytoplasmic concentrations, prepared from 2x retentate (a) and 1x extract (b). c Two additional 857 

instances showcase 0.5x extracts prepared from 2x retentate, highlighting the variability in the 858 

first complete cell cycle across different extracts. d In contrast to the continuous cycling 859 

observed in Fig. 1e, these two examples of 2x retentate underwent mitotic arrest, occurring 860 

either in the first mitosis or the second. 861 
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 863 
 864 

Supplementary Figure 3, related to Fig. 2. Apoptotic trigger wave speed is robust to dilution 865 

using filtrate, buffer, and water. 866 

Speeds of apoptotic trigger wave at different cytoplasmic concentrations. The interphase 867 

extracts were diluted using either filtrate, XB buffer without sucrose, or water. Means from 2 868 

independent samples are shown. 869 

  870 

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

The copyright holder for this preprintthis version posted December 25, 2023. ; https://doi.org/10.1101/2023.12.22.573127doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.22.573127
http://creativecommons.org/licenses/by-nc-nd/4.0/


 871 
 872 

Supplementary Figure 4, related to Fig. 4. Anomalous diffusion fit to AF488-BSA diffusion in 873 

extracts. 874 

a, b FCS autocorrelation functions of AF488-BSA in extracts analyzed using the anomalous 875 

diffusion framework. Diffusion time 𝜏7 (a) and anomalous diffusion exponent 𝛼 (b) at different 876 

cytoplasmic concentrations. 877 
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 879 
 880 

Supplementary Figure 5, related to Fig. 4. Measuring (Z-DEVD)2-R110 cleavage rate coefficient 881 

𝒌𝑹. 882 

a Kinetics of (Z-DEVD)2-R110 cleavage in freshly prepared apoptotic extracts at various 883 

cytoplasmic concentration. These extracts were prepared from 1x extract (top) or 2x retentate 884 

(bottom). b Cleavage rates of (Z-DEVD)2-R110 at different cytoplasmic concentrations were 885 

estimated based on the initial timepoints. c Second-order rate coefficients at different 886 

cytoplasmic concentrations were computed by accounting for (Z-DEVD)2-R110 concentration 887 

and nominal active caspase 3/7 concentrations. Means ± S.E.M. compiled from 3 independent 888 

samples are shown. 889 
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