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Summary‌ ‌ 
Studies‌ ‌applying‌‌well-mixed‌‌cytosolic‌‌extracts‌‌found‌‌the‌‌mitotic‌‌network‌‌centered‌‌on‌‌cyclin-dependent‌‌kinase‌‌                         
(Cdk1)‌ ‌performs‌ ‌robust‌ ‌relaxation‌ ‌oscillations‌ ‌with‌ ‌tunable‌ ‌frequency‌ ‌[1–6].‌ ‌However,‌ ‌recent‌ ‌work‌ ‌also‌‌                         
highlighted‌ ‌the‌ ‌importance‌ ‌of‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌nuclear‌ ‌translocation‌ ‌in‌ ‌mitotic‌ ‌timing‌ ‌[7,‌ ‌8].‌ ‌How‌ ‌nuclear‌‌                             
compartmentalization‌‌affects‌‌the‌‌oscillator‌‌properties‌‌and‌‌the‌‌accurate‌‌ordering‌‌of‌‌mitotic‌‌events,‌‌especially‌‌in‌‌                           
embryos‌ ‌lacking‌ ‌checkpoints,‌ ‌remains‌ ‌elusive.‌ ‌Here‌ ‌we‌ ‌developed‌ ‌a‌ ‌Förster‌ ‌resonance‌ ‌energy‌ ‌transfer‌‌                         
(FRET)‌‌biosensor‌‌for‌‌analyzing‌‌Cdk1‌‌spatiotemporal‌‌dynamics‌‌in‌‌synthetic‌‌cells‌‌containing‌‌nuclei‌‌compared‌‌to‌‌                           
those‌ ‌without.‌ ‌We‌ ‌found‌ ‌cellular‌ ‌compartmentalization‌ ‌significantly‌ ‌impacts‌ ‌clock‌ ‌behaviors.‌ ‌While‌ ‌the‌‌                       
amplitude-frequency‌‌dependency‌‌measured‌‌in‌‌the‌‌homogeneous‌‌cytoplasm‌‌showed‌‌highly‌‌tunable‌‌frequency‌‌                     
for‌‌a‌‌fixed‌‌amplitude,‌‌confirming‌‌predictions‌‌by‌‌non-spatial‌‌models‌‌[4],‌‌the‌‌frequency‌‌remains‌‌constant‌‌against‌‌                             
cyclin‌‌variations‌‌when‌‌nuclei‌‌are‌‌present,‌‌suggesting‌‌a‌‌possible‌‌buffering‌‌mechanism‌‌of‌‌nuclear‌‌compartments‌‌                           
to‌ ‌ensure‌ ‌robust‌ ‌timing.‌ ‌We‌ ‌also‌ ‌found‌ ‌all‌ ‌cyclin‌ ‌degrades‌ ‌within‌ ‌similar‌ ‌mitotic‌ ‌durations‌ ‌despite‌ ‌variable‌‌                               
interphase‌ ‌cyclin‌ ‌expression.‌ ‌This‌ ‌scalable‌ ‌degradation‌ ‌of‌ ‌cyclin‌ ‌may‌ ‌further‌ ‌promote‌ ‌the‌ ‌precise‌ ‌mitotic‌‌                           
duration.‌‌Simultaneous‌‌measurements‌‌revealed‌‌Cdk1‌‌and‌‌cyclin‌‌B1‌‌cycle‌‌rigorously‌‌out‌‌of‌‌phase,‌‌producing‌‌a‌‌                             
wide‌ ‌orbit‌ ‌on‌ ‌their‌ ‌phase‌ ‌plane,‌ ‌essential‌ ‌for‌ ‌robust‌ ‌oscillations.‌ ‌We‌ ‌further‌ ‌mapped‌ ‌mitotic‌ ‌events‌ ‌on‌ ‌the‌‌                                 
phase-plane‌ ‌orbits.‌ ‌Unlike‌ ‌cytoplasmic-only‌ ‌cells‌ ‌showing‌ ‌delayed‌ ‌Cdk1‌ ‌activation,‌ ‌nucleus-containing‌ ‌cells‌‌                     
exhibit‌ ‌steady‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌nuclear‌ ‌accumulation‌ ‌until‌ ‌nuclear‌ ‌envelope‌‌breakdown‌‌(NEB)‌‌followed‌‌by‌‌an‌‌                           
abrupt‌ ‌cyclin-independent‌ ‌activation‌ ‌to‌ ‌trigger‌ ‌anaphase.‌ ‌Thus,‌ ‌both‌ ‌biphasic‌ ‌activation‌ ‌and‌ ‌subcellular‌‌                       
localization‌ ‌of‌ ‌Cdk1‌ ‌ensure‌ ‌accurate‌ ‌ordering‌ ‌of‌ ‌substrates.‌ ‌ 
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Results‌ ‌&‌ ‌Discussion‌‌ ‌  
‌ 

EKAREV‌ ‌FRET‌ ‌biosensor‌ ‌was‌ ‌modified‌ ‌for‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌activity‌ ‌monitoring‌ ‌ 
A‌ ‌Cdk1‌ ‌FRET‌ ‌biosensor‌ ‌was‌ ‌previously‌ ‌developed‌ ‌based‌ ‌on‌ ‌a‌ ‌polo-box‌ ‌domain‌ ‌(PBD)‌ ‌of‌ ‌Plk1‌ ‌as‌ ‌the‌‌                                 
phospho-binding‌‌domain‌‌and‌‌the‌‌autophosphorylation‌‌site‌‌from‌‌human‌‌cyclin‌‌B1‌‌[9]‌‌and‌‌applied‌‌in‌‌mammalian‌‌                             
cells‌ ‌[8–10]‌ ‌and‌ ‌‌Drosophila‌ ‌embryos‌ ‌[11].‌ ‌However,‌ ‌it‌ ‌did‌ ‌not‌ ‌perform‌ ‌well‌ ‌in‌ ‌our‌ ‌system‌ ‌using‌ ‌‌Xenopus‌‌                                 
extracts,‌ ‌probably‌ ‌due‌ ‌to‌ ‌the‌ ‌varied‌ ‌sensor‌ ‌domain‌ ‌specificity‌ ‌in‌ ‌different‌ ‌species‌ ‌as‌ ‌the‌ ‌trough-to-peak‌‌                             
FRET/CFP‌‌ratio‌‌was‌‌worse‌‌in‌‌‌Xenopus‌‌(less‌‌than‌‌1%)‌‌(Figure‌‌S1B)‌‌and‌‌‌Drosophila‌‌(6%)‌‌[11]‌‌compared‌‌to‌‌the‌‌                                   
mammalian‌‌system‌‌(10-15%)‌‌[9].‌‌The‌‌poor‌‌solubility‌‌of‌‌this‌‌protein‌‌expressed‌‌in‌‌‌E.‌‌coli‌‌is‌‌another‌‌challenge‌‌of‌‌                                   
using‌ ‌this‌ ‌sensor‌ ‌in‌ ‌cell-free‌ ‌systems‌ ‌[12].‌ ‌A‌ ‌modified‌ ‌version‌ ‌by‌‌replacing‌‌PBD‌‌with‌‌the‌‌FHA2‌‌domain‌‌was‌‌                                   
also‌‌reported‌‌in‌‌Hela‌‌cells‌‌but‌‌showed‌‌substantial‌‌cell-to-cell‌‌variability‌‌in‌‌the‌‌emission‌‌ratio‌‌[12].‌‌On‌‌the‌‌other‌‌                                   
hand,‌ ‌an‌ ‌optimized‌ ‌backbone‌ ‌structure‌ ‌has‌ ‌been‌ ‌demonstrated‌ ‌to‌ ‌significantly‌ ‌reduce‌ ‌the‌‌basal‌‌FRET/CFP‌‌                           
ratio‌ ‌and‌ ‌increase‌ ‌the‌ ‌gain‌ ‌of‌ ‌various‌ ‌intramolecular‌ ‌FRET‌ ‌biosensors,‌ ‌including‌ ‌the‌ ‌extracellular‌‌                         
signal-regulated‌ ‌kinases‌ ‌(ERK)‌ ‌FRET‌ ‌sensor.‌ ‌The‌ ‌key‌ ‌components‌ ‌that‌ ‌make‌ ‌this‌ ‌structure‌ ‌superior‌ ‌to‌ ‌the‌‌                             
prototype‌ ‌biosensors‌ ‌are‌ ‌a‌ ‌long,‌ ‌flexible‌ ‌EV‌ ‌linker‌ ‌and‌ ‌the‌ ‌optimized‌ ‌FRET‌ ‌donor‌ ‌and‌ ‌acceptor‌ ‌pairs.‌ ‌To‌‌                                 
design‌‌a‌‌new‌‌Cdk1‌‌sensor‌‌with‌‌an‌‌improved‌‌signal-to-noise‌‌ratio,‌‌we‌‌adapted‌‌as‌‌a‌‌template‌‌an‌‌existing‌‌ERK‌‌                                   
FRET‌ ‌biosensor‌ ‌that‌ ‌has‌ ‌been‌ ‌optimized‌ ‌with‌ ‌an‌ ‌EV‌ ‌linker‌ ‌(EKAREV)‌ ‌[13,‌ ‌14]‌ ‌and‌ ‌modified‌ ‌its‌ ‌substrate‌‌                                 
sequence‌ ‌to‌ ‌visualize‌ ‌a‌ ‌mitotic‌ ‌signal.‌ ‌The‌ ‌resulting‌ ‌sensor‌ ‌(hereafter‌ ‌named‌ ‌Cdk1-EV)‌ ‌includes‌ ‌a‌‌                           
donor-acceptor‌ ‌fluorescent‌ ‌protein‌ ‌pair‌ ‌with‌ ‌optimized‌ ‌energy‌ ‌transfer‌ ‌efficiency‌ ‌(SECFP‌ ‌and‌ ‌YPet),‌ ‌a‌‌                         
phosphorylation‌ ‌sequence‌ ‌from‌ ‌Cdc25C,‌ ‌a‌ ‌substrate‌ ‌of‌ ‌Cdk1‌ ‌(sensor‌ ‌domain),‌ ‌the‌ ‌WW‌ ‌domain‌ ‌as‌ ‌the‌‌                             
phosphopeptide‌ ‌binding‌ ‌domain‌ ‌(ligand‌ ‌domain),‌ ‌and‌ ‌flexible‌ ‌116‌ ‌amino‌ ‌acid‌ ‌EV‌ ‌linker‌ ‌(Figure‌ ‌1A).‌ ‌The‌‌                             
substrate‌ ‌sequence‌ ‌from‌ ‌Cdc25C‌ ‌serves‌ ‌as‌ ‌a‌ ‌consensus‌ ‌phosphorylation‌ ‌site‌ ‌for‌ ‌Cdk1‌ ‌[15,‌ ‌16]‌ ‌and‌ ‌is‌‌                               
phosphorylated‌‌in‌‌the‌‌mitotic‌‌phase‌‌[17].‌‌Upon‌‌cyclin‌‌B1-Cdk1‌‌activation,‌‌the‌‌sensor‌‌domain‌‌is‌‌phosphorylated‌                             
by‌ ‌Cdk1‌ ‌and‌ ‌bound‌ ‌by‌ ‌the‌ ‌ligand‌ ‌domain,‌ ‌thereby‌ ‌inducing‌ ‌a‌ ‌conformational‌ ‌change‌ ‌that‌ ‌alters‌ ‌the‌ ‌FRET‌‌                                 
efficiency‌ ‌between‌ ‌fluorescent‌ ‌proteins‌ ‌that‌ ‌can‌ ‌be‌ ‌quantified‌ ‌by‌ ‌calculating‌ ‌ratio‌ ‌values‌ ‌of‌ ‌the‌ ‌donor‌ ‌to‌‌                               
acceptor‌‌emission‌‌fluorescence‌‌intensities.‌‌To‌‌improve‌‌the‌‌specificity‌‌for‌‌the‌‌Cdk1‌‌kinase‌‌activity,‌‌we‌‌removed‌‌                             
the‌ ‌ERK-specific‌ ‌binding‌ ‌sequence‌ ‌FQFP‌ ‌peptide‌ ‌from‌ ‌the‌ ‌sensor‌ ‌domain‌ ‌of‌ ‌Cdc25C‌ ‌(Figure‌ ‌1B).‌ ‌ 
‌ 

The‌ ‌biosensor‌ ‌is‌ ‌specific‌ ‌to‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌kinase‌ ‌activity‌ ‌ 
To‌ ‌test‌ ‌the‌ ‌Cdk1-EV‌ ‌FRET‌ ‌biosensor,‌ ‌we‌ ‌purified‌‌the‌‌protein‌‌by‌‌bacterial‌‌overexpression‌‌system‌‌to‌‌apply‌‌to‌‌                                 
Xenopus‌‌cycling‌‌egg‌‌extract‌‌before‌‌encapsulating‌‌them‌‌in‌‌cell-sized‌‌microemulsion‌‌droplets‌‌via‌‌a‌‌microfluidic‌‌                           
device‌ ‌[18–20]‌ ‌(Figure‌ ‌1C).‌ ‌We‌ ‌observed‌ ‌that‌ ‌the‌ ‌FRET/CFP‌ ‌emission‌ ‌ratio‌ ‌changed‌ ‌periodically‌ ‌in‌ ‌each‌‌                             
droplet‌ ‌(Figure‌ ‌1D,‌ ‌Top‌ ‌row;‌‌Figure‌‌1E,‌‌Blue;‌‌Video‌‌S1)‌‌despite‌‌an‌‌overall‌‌decay‌‌of‌‌the‌‌baseline‌‌(Figure‌‌1E,‌‌                                     
Red).‌‌The‌‌baseline‌‌decay‌‌was‌‌likely‌‌caused‌‌by‌‌photobleaching‌‌rather‌‌than‌‌some‌‌intrinsic‌‌signal‌‌reduction,‌‌as‌‌it‌‌                                 
was‌ ‌also‌ ‌seen‌ ‌in‌ ‌the‌‌phospho-dead‌‌TA‌‌mutant‌‌(Figure‌‌S1A,‌‌Red)‌‌and‌‌under‌‌Cdk1‌‌inhibitor-treated‌‌condition‌‌                               
(Figure‌ ‌1G,‌ ‌Yellow).‌ ‌After‌ ‌baseline‌ ‌correction,‌ ‌the‌ ‌FRET/CFP‌ ‌ratio‌ ‌reports‌ ‌12‌ ‌undamped,‌ ‌self-sustained‌‌                         
oscillations‌‌between‌‌active‌‌and‌‌inactive‌‌states‌‌of‌‌Cdk1‌‌(Figure‌‌1F).‌‌The‌‌emission‌‌ratio‌‌from‌‌trough‌‌to‌‌peak‌‌of‌‌                                   
this‌ ‌Cdk1-EV‌ ‌biosensor‌ ‌was‌ ‌above‌ ‌20%,‌ ‌better‌ ‌than‌ ‌the‌ ‌reported‌ ‌values‌ ‌for‌‌the‌‌Plk1-cyclin‌‌B1-based‌‌Cdk1‌‌                               
FRET‌‌sensor‌‌in‌‌mammalian‌‌cells‌‌(10-15%)‌‌[9]‌‌and‌‌‌Drosophila‌‌embryos‌‌(6%)‌‌[11].‌‌We‌‌also‌‌compared‌‌the‌‌two‌‌                                 
sensors‌‌side-by-side‌‌in‌‌our‌‌cell-free‌‌system‌‌prepared‌‌from‌‌the‌‌same‌‌batch‌‌of‌‌eggs.‌‌While‌‌the‌‌Cdk1-EV‌‌sensor‌‌                                 
reported‌ ‌clear‌‌oscillations‌‌(Figures‌‌S1B-C,‌‌Blue),‌‌the‌‌Plk1-cyclin‌‌B1-based‌‌Cdk1‌‌sensor‌‌could‌‌not‌‌regardless‌‌                           
of‌ ‌its‌ ‌original‌ ‌linker‌ ‌(Figure‌ ‌S1B,‌ ‌Red)‌ ‌or‌ ‌a‌ ‌long,‌ ‌flexible‌ ‌EV‌ ‌linker‌ ‌(Figure‌ ‌S1C,‌ ‌Red).‌ ‌These‌ ‌extracts‌‌                                   
themselves‌‌are‌‌oscillatory‌‌as‌‌the‌‌reconstituted‌‌nucleus‌‌can‌‌undergo‌‌periodic‌‌nuclear‌‌envelope‌‌breakdown‌‌and‌‌                           
reformation‌ ‌(Figures‌ ‌S1A-C,‌ ‌Right‌ ‌panels).‌ ‌ 
‌ 

To‌‌demonstrate‌‌Cdk1-EV‌‌sensor‌‌responds‌‌only‌‌to‌‌cyclin‌‌B1-Cdk1‌‌kinase‌‌activity,‌‌we‌‌treated‌‌the‌‌same‌‌extract‌‌                               
with‌‌DMSO‌‌(positive‌‌control),‌‌1‌‌μM‌‌Cdk1/2‌‌inhibitor‌‌III‌‌(CAS‌‌443798-55-8),‌‌or‌‌1‌‌μM‌‌PD0325901‌‌MEK‌‌inhibitor‌‌                                 
before‌‌encapsulation.‌‌In‌‌contrast‌‌to‌‌oscillations‌‌observed‌‌in‌‌the‌‌DMSO‌‌control‌‌(Figure‌‌1G,‌‌Blue),‌‌the‌‌emission‌‌                               
ratio‌ ‌in‌ ‌the‌ ‌Cdk1‌ ‌inhibited‌ ‌droplets‌ ‌was‌ ‌completely‌ ‌suppressed‌ ‌to‌ ‌a‌ ‌constantly‌ ‌low‌ ‌level,‌ ‌as‌ ‌expected‌ ‌from‌‌                                 
inactive‌ ‌Cdk1‌ ‌(Figure‌ ‌1D,‌ ‌Bottom‌ ‌row;‌ ‌Figure‌ ‌1G,‌ ‌Yellow).‌ ‌Nevertheless,‌ ‌MEK‌ ‌inhibition‌ ‌did‌ ‌not‌ ‌terminate‌‌                             
oscillations‌‌(Figure‌‌1G,‌‌Red).‌‌It‌‌is‌‌plausible‌‌that‌‌it‌‌showed‌‌a‌‌longer‌‌period‌‌than‌‌the‌‌control‌‌because‌‌ERK‌‌is‌‌one‌‌                                       
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of‌‌the‌‌pivotal‌‌kinases‌‌for‌‌cell‌‌cycle‌‌progression‌‌[21].‌‌Moreover,‌‌we‌‌did‌‌not‌‌observe‌‌spontaneous‌‌ratio‌‌change‌‌in‌‌                                   
interphase‌ ‌as‌ ‌EKAREV‌ ‌reported‌ ‌in‌ ‌human‌ ‌culture‌ ‌cells‌ ‌[17,‌ ‌22].‌‌These‌‌results‌‌indicate‌‌the‌‌Cdk1-EV‌‌sensor‌‌                               
specifically‌ ‌measures‌ ‌the‌ ‌Cdk1‌ ‌kinase‌ ‌activity‌ ‌with‌ ‌higher‌ ‌sensitivity‌ ‌than‌ ‌the‌ ‌previously‌ ‌reported‌ ‌sensor.‌ ‌ 
‌ 

Cell‌ ‌cycle‌ ‌behaves‌ ‌as‌ ‌a‌ ‌period-tunable,‌ ‌amplitude-constant‌ ‌oscillator‌ ‌in‌ ‌non-compartmentalized‌‌ 
cytoplasm‌ ‌ 
With‌‌this‌‌sensor,‌‌we‌‌first‌‌examined‌‌the‌‌cell‌‌cycle‌‌amplitude-frequency‌‌dependency‌‌in‌‌these‌‌droplet‌‌cells.‌‌The‌‌                               
frequency‌ ‌and‌ ‌amplitude‌‌are‌‌functionally‌‌essential‌‌properties‌‌of‌‌biological‌‌clocks.‌‌While‌‌it‌‌is‌‌hard‌‌for‌‌a‌‌single‌‌                                 
negative‌ ‌feedback‌ ‌loop‌ ‌(e.g.,‌ ‌Goodwin‌ ‌oscillator)‌ ‌to‌ ‌vary‌ ‌its‌ ‌frequency‌ ‌without‌ ‌affecting‌ ‌its‌ ‌amplitude,‌‌                           
theoretical‌‌studies‌‌suggested‌‌positive‌‌feedback‌‌can‌‌allow‌‌a‌‌broad‌‌frequency‌‌tuning‌‌for‌‌a‌‌constant‌‌amplitude,‌‌a‌‌                               
phenomenon‌‌called‌‌frequency‌‌tunability‌‌shared‌‌by‌‌various‌‌oscillators‌‌like‌‌heartbeats‌‌and‌‌neuronal‌‌spiking‌‌[4].‌‌                           
Although‌ ‌the‌ ‌Cdk1‌ ‌network‌ ‌dissection‌ ‌in‌ ‌‌Xenopus‌ ‌extracts‌ ‌has‌ ‌identified‌ ‌interlinked‌ ‌positive‌ ‌feedback‌ ‌of‌‌                           
Cdk1/Wee1/Cdc25‌ ‌[23,‌ ‌24]‌ ‌and‌ ‌negative‌ ‌feedback‌ ‌of‌ ‌Cdk1‌ ‌with‌ ‌the‌ ‌anaphase-promoting‌ ‌complex‌ ‌or‌‌                         
cyclosome‌ ‌(APC/C)‌ ‌[2,‌ ‌3,‌ ‌5,‌ ‌25],‌ ‌there‌ ‌have‌ ‌been‌ ‌no‌ ‌such‌ ‌measurements‌ ‌to‌ ‌date‌ ‌to‌ ‌confirm‌ ‌its‌ ‌frequency‌‌                                   
tuning‌ ‌decouples‌ ‌from‌ ‌amplitude.‌ ‌Bulk‌ ‌extracts‌ ‌cannot‌ ‌precisely‌ ‌recapitulate‌ ‌the‌ ‌relation‌ ‌as‌ ‌the‌ ‌ensemble‌‌                           
average‌ ‌may‌ ‌blur‌ ‌the‌ ‌individual‌ ‌dependencies.‌ ‌ 
‌ 

Our‌ ‌microfluidic‌ ‌system‌ ‌enables‌ ‌statistical‌ ‌single-cell‌ ‌amplitude-period‌ ‌measurements‌ ‌by‌ ‌manipulating‌ ‌and‌‌                     
tracking‌ ‌oscillations‌ ‌in‌ ‌hundreds‌ ‌of‌ ‌cell-like‌ ‌droplets‌ ‌per‌ ‌position.‌ ‌In‌ ‌an‌ ‌unperturbed‌ ‌system,‌ ‌we‌ ‌observed‌‌                             
initially‌ ‌synchronized‌ ‌oscillations‌ ‌among‌‌individual‌‌droplets‌‌were‌‌gradually‌‌dephasing‌‌over‌‌the‌‌cycles‌‌(Figure‌‌                         
1H),‌ ‌possibly‌ ‌contributed‌ ‌by‌ ‌both‌ ‌the‌ ‌partitioning‌ ‌effects‌ ‌during‌ ‌encapsulation‌‌[6,‌‌26]‌‌and‌‌the‌‌random‌‌phase‌‌                               
diffusion‌ ‌due‌ ‌to‌ ‌free-energy‌ ‌dissipation‌ ‌per‌ ‌cycle‌ ‌[27].‌ ‌The‌ ‌oscillation‌ ‌period‌ ‌elongated‌ ‌significantly‌ ‌from‌‌                           
roughly‌‌50‌‌to‌‌300‌‌min‌‌(Figure‌‌1I),‌‌which‌‌we‌‌attributed‌‌to‌‌energy‌‌depletion‌‌[18],‌‌while‌‌the‌‌amplitude‌‌of‌‌the‌‌Cdk1‌‌                                       
FRET/CFP‌ ‌emission‌ ‌ratio‌ ‌remains‌ ‌relatively‌ ‌constant,‌ ‌decreasing‌ ‌slightly‌ ‌from‌ ‌0.25‌ ‌to‌‌below‌‌0.2‌‌throughout‌‌                           
the‌ ‌experiment‌ ‌spanning‌ ‌about‌ ‌30‌ ‌hours‌ ‌(Figure‌ ‌1J).‌ ‌The‌ ‌trend‌ ‌is‌ ‌better‌ ‌visualized‌ ‌in‌ ‌an‌ ‌amplitude-period‌‌                               
log-log‌ ‌plot‌ ‌(Figure‌ ‌1K),‌ ‌showing‌ ‌a‌ ‌significantly‌ ‌greater‌ ‌fold‌ ‌change‌ ‌in‌ ‌period‌ ‌than‌ ‌in‌ ‌amplitude.‌ ‌The‌ ‌slight‌‌                                 
slope‌‌may‌‌be‌‌associated‌‌with‌‌changes‌‌in‌‌energy‌‌or‌‌other‌‌complicated‌‌factors‌‌over‌‌time‌‌that‌‌affect‌‌the‌‌system‌‌                                   
status‌ ‌globally,‌ ‌but‌ ‌not‌ ‌a‌ ‌direct‌ ‌amplitude-period‌ ‌coupling.‌‌ ‌  
‌ 

To‌ ‌confirm,‌ ‌we‌ ‌explicitly‌ ‌tuned‌ ‌the‌ ‌frequency‌ ‌by‌ ‌systematically‌ ‌perturbing‌ ‌the‌ ‌endogenous‌ ‌cyclin‌ ‌B‌ ‌mRNA‌‌                             
translation‌ ‌using‌ ‌morpholinos‌ ‌(MOs),‌ ‌antisense‌ ‌oligonucleotides‌ ‌against‌ ‌the‌ ‌isoforms‌ ‌of‌ ‌‌Xenopus‌ ‌cyclin‌ ‌B1‌‌                         
and‌‌B2‌‌mRNA‌‌species.‌‌We‌‌co-injected‌‌the‌‌MOs‌‌and‌‌a‌‌purified‌‌BFP‌‌as‌‌a‌‌MO‌‌concentration‌‌indicator‌‌into‌‌one‌‌                                     
inlet‌‌of‌‌a‌‌two-channel‌‌tuning‌‌microfluidic‌‌device‌‌before‌‌extract‌‌encapsulation,‌‌creating‌‌a‌‌broad‌‌spectrum‌‌of‌‌MO‌‌                               
concentrations‌ ‌across‌ ‌the‌ ‌droplets‌‌(Figure‌‌2A).‌‌These‌‌droplet‌‌cells‌‌displayed‌‌different‌‌patterns‌‌of‌‌oscillations‌‌                           
(Figure‌ ‌2B),‌ ‌having‌ ‌fewer‌ ‌cycles‌ ‌(Figure‌ ‌2C),‌ ‌steadily‌ ‌increased‌‌rising‌‌periods‌‌(Figure‌‌2D,‌‌Blue),‌‌and‌‌stable‌‌                               
falling‌ ‌periods‌ ‌(Figure‌ ‌2D,‌ ‌Red)‌ ‌for‌ ‌increased‌‌MO‌‌concentration.‌‌However,‌‌both‌‌rising‌‌and‌‌falling‌‌amplitudes‌‌                             
were‌‌almost‌‌uniform‌‌across‌‌a‌‌broad‌‌range‌‌of‌‌MO‌‌concentrations‌‌(Figure‌‌2E).‌‌The‌‌amplitude-period‌‌log-log‌‌plot‌‌                               
showed‌‌a‌‌zero-slope‌‌relation,‌‌with‌‌MO-independent,‌‌narrowly-distributed‌‌amplitude‌‌versus‌‌a‌‌widely‌‌distributed‌‌                       
period‌ ‌that‌ ‌depends‌ ‌on‌ ‌MO‌ ‌concentration‌ ‌(color-coded‌ ‌by‌ ‌the‌ ‌BFPintensity)‌ ‌(Figure‌ ‌2F),‌ ‌indicating‌ ‌the‌‌                           
decoupled‌ ‌frequency‌ ‌tuning‌ ‌from‌ ‌the‌ ‌amplitude.‌‌ ‌  
‌ 

We‌ ‌also‌ ‌tuned‌ ‌up‌ ‌the‌ ‌speed‌ ‌by‌ ‌adding‌ ‌human‌ ‌cyclin‌ ‌B1‌ ‌mRNAs‌ ‌(0,‌ ‌10,‌ ‌25,‌ ‌50‌ ‌ng/μL)‌ ‌to‌ ‌the‌ ‌MO-treated‌‌                                       
extracts‌ ‌with‌ ‌endogenous‌ ‌‌Xenopus‌ ‌cyclin‌ ‌B‌ ‌silenced‌ ‌and‌ ‌found‌ ‌the‌ ‌Cdk1‌ ‌activity‌ ‌waveform‌ ‌is‌ ‌closely‌‌                             
dependent‌ ‌on‌ ‌the‌ ‌exogenous‌ ‌mRNA‌ ‌concentration‌ ‌(Figure‌ ‌2G).‌ ‌With‌ ‌increased‌ ‌human‌ ‌cyclin‌ ‌B1‌ ‌mRNA‌‌                           
concentration,‌ ‌we‌ ‌observed‌‌cycle‌‌numbers‌‌increased‌‌(Figure‌‌2H),‌‌rising‌‌periods‌‌decreased‌‌(Figure‌‌2I,‌‌Blue),‌‌                           
and‌‌falling‌‌periods‌‌invariant‌‌(Figure‌‌2I,‌‌Orange).‌‌The‌‌amplitude‌‌was‌‌kept‌‌within‌‌a‌‌similar‌‌range‌‌across‌‌different‌‌                                 
mRNA‌ ‌concentrations‌ ‌(Figure‌ ‌2J),‌ ‌resulting‌ ‌in‌ ‌a‌ ‌flat‌ ‌amplitude-period‌ ‌dependency‌ ‌(Figure‌‌2K).‌‌Interestingly,‌‌                         
tuning‌‌the‌‌system‌‌outside‌‌of‌‌the‌‌physiological‌‌range‌‌by‌‌excessive‌‌amounts‌‌of‌‌cyclin‌‌B‌‌MO‌‌(Figure‌‌S2A,‌‌Red)‌‌                                   
or‌ ‌mRNA‌ ‌(Figure‌ ‌S2A,‌ ‌Blue)‌ ‌will‌ ‌arrest‌ ‌the‌ ‌system‌ ‌at‌ ‌a‌ ‌stable‌ ‌steady-state‌ ‌of‌‌inactive‌‌Cdk1‌‌(emission‌‌ratio‌‌                                   
below‌ ‌1)‌ ‌or‌ ‌active‌ ‌Cdk1‌ ‌(emission‌ ‌ratio‌ ‌above‌ ‌1.2),‌ ‌respectively.‌‌ ‌  
‌ 
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Together,‌ ‌these‌ ‌measurements‌ ‌revealed‌ ‌consistent‌ ‌clock‌ ‌behaviors‌ ‌across‌ ‌all‌ ‌different‌ ‌experimental‌‌                     
conditions,‌ ‌e.g.,‌ ‌highly‌ ‌tunable‌ ‌interphase‌ ‌duration,‌ ‌robust‌ ‌mitotic‌‌phase‌‌duration,‌‌and‌‌constant‌‌amplitude‌‌of‌‌                           
Cdk1‌‌activity.‌‌These‌‌are‌‌intrinsic‌‌properties‌‌associated‌‌with‌‌the‌‌Cdk1‌‌coupled‌‌positive‌‌and‌‌negative‌‌feedback‌‌                             
topology,‌ ‌as‌ ‌predicted‌ ‌by‌ ‌the‌ ‌mathematical‌ ‌models‌ ‌[4].‌ ‌Our‌ ‌amplitude-period‌ ‌measurements‌ ‌in‌ ‌the‌‌                         
cytoplasm-only‌ ‌cells‌ ‌provide‌ ‌the‌ ‌first‌ ‌explicit‌ ‌experimental‌ ‌evidence‌ ‌for‌ ‌this‌ ‌long-speculated‌ ‌theory.‌ ‌ 
‌ 

Nuclear-cytoplasmic‌ ‌compartmentalization‌ ‌promotes‌ ‌robust‌ ‌mitotic‌ ‌timing‌‌ ‌  
However,‌ ‌recent‌ ‌studies‌ ‌have‌ ‌identified‌ ‌spatial‌ ‌positive‌ ‌feedback‌ ‌that‌ ‌drives‌ ‌abrupt‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌nuclear‌‌                           
translocation‌ ‌upon‌ ‌activation‌ ‌[7],‌ ‌raising‌ ‌the‌ ‌question‌ ‌of‌ ‌whether‌ ‌the‌ ‌oscillator‌ ‌properties‌ ‌revealed‌ ‌in‌ ‌the‌‌                             
spatially‌ ‌homogeneous‌ ‌extracts‌ ‌still‌ ‌hold‌ ‌in‌ ‌cells‌ ‌containing‌ ‌nuclei.‌ ‌To‌ ‌understand‌ ‌the‌ ‌impact‌ ‌of‌ ‌cellular‌‌                             
compartmentalization,‌ ‌we‌ ‌supplied‌ ‌cycling‌ ‌extracts‌ ‌with‌ ‌demembranated‌ ‌sperm‌ ‌chromatin‌ ‌before‌‌                   
encapsulation‌‌to‌‌induce‌‌the‌‌self-assembly‌‌of‌‌nuclei‌‌in‌‌droplets.‌‌Due‌‌to‌‌random‌‌encapsulation‌‌following‌‌Poisson‌‌                             
statistics,‌‌droplets‌‌prepared‌‌from‌‌the‌‌same‌‌bulk‌‌extracts‌‌may‌‌or‌‌may‌‌not‌‌contain‌‌a‌‌nucleus,‌‌providing‌‌a‌‌unique‌‌                                   
system‌‌to‌‌compare‌‌side-by-side‌‌the‌‌clock‌‌dynamics‌‌when‌‌nuclei‌‌are‌‌absent‌‌or‌‌present‌‌(Figure‌‌3A;‌‌Video‌‌S2).‌‌                                 
We‌ ‌detect‌ ‌nuclei‌ ‌in‌ ‌droplets‌ ‌using‌ ‌a‌ ‌nuclear‌ ‌maker,‌ ‌protein‌ ‌of‌ ‌nuclear‌ ‌localization‌ ‌signal‌ ‌(NLS)‌ ‌fused‌ ‌with‌‌                                 
mCherry‌‌(Figure‌‌3A,‌‌Rows‌‌2‌‌and‌‌4).‌‌Since‌‌activated‌‌cyclin‌‌B1-Cdk1‌‌immediately‌‌translocates‌‌into‌‌the‌‌nucleus‌‌                               
rapidly‌‌and‌‌irreversibly‌‌until‌‌nuclear‌‌envelope‌‌breakdown‌‌(NEB)‌‌[7,‌‌8],‌‌we‌‌also‌‌tagged‌‌the‌‌FRET‌‌biosensor‌‌by‌‌                                 
NLS‌ ‌to‌ ‌visualize‌ ‌nuclear-specific‌ ‌Cdk1‌ ‌activation‌ ‌efficiently.‌ ‌In‌ ‌both‌ ‌droplets‌ ‌with‌ ‌and‌ ‌without‌ ‌a‌‌nucleus,‌‌we‌‌                               
observed‌ ‌Cdk1‌ ‌kinase‌ ‌activity‌ ‌oscillations‌ ‌with‌ ‌period‌ ‌elongation‌ ‌over‌ ‌the‌ ‌cycles‌ ‌(Figure‌ ‌3A,‌ ‌Row‌ ‌1‌ ‌and‌ ‌3;‌‌                                 
Figure‌ ‌3B).‌ ‌However,‌ ‌the‌ ‌nucleus-containing‌ ‌droplet‌ ‌showed‌ ‌a‌ ‌shorter‌ ‌period‌ ‌in‌ ‌each‌ ‌cycle‌ ‌than‌ ‌the‌‌                             
cytoplasm-only‌ ‌droplet,‌ ‌despite‌ ‌that‌ ‌they‌ ‌came‌ ‌from‌ ‌the‌ ‌same‌ ‌bulk‌ ‌extracts.‌ ‌This‌ ‌difference‌ ‌is‌ ‌statistically‌‌                             
significant‌‌(Figure‌‌3C).‌‌One‌‌possible‌‌explanation‌‌for‌‌this‌‌observation‌‌may‌‌be‌‌the‌‌nucleus‌‌concentrating‌‌effect‌‌                             
since‌ ‌the‌ ‌abrupt‌ ‌translocation‌ ‌of‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌from‌ ‌the‌ ‌cytoplasm‌ ‌into‌ ‌the‌‌nucleus‌‌can‌‌effectively‌‌make‌‌it‌‌                                 
more‌ ‌concentrated,‌ ‌which‌ ‌in‌‌turn‌‌promotes‌‌Cdk1's‌‌nuclear‌‌substrate‌‌phosphorylation‌‌and‌‌accelerates‌‌mitotic‌‌                         
entry.‌ ‌However,‌ ‌this‌ ‌would‌ ‌not‌ ‌be‌ ‌as‌ ‌effective‌ ‌if‌ ‌cyclin‌ ‌B‌ ‌is‌ ‌excessive‌ ‌in‌ ‌the‌ ‌system.‌‌ ‌  
‌ 

As‌‌a‌‌test,‌‌we‌‌supplied‌‌exogenous‌‌human‌‌cyclin‌‌B1‌‌mRNAs‌‌in‌‌addition‌‌to‌‌the‌‌endogenous‌‌mRNAs‌‌in‌‌extracts‌‌                                   
and‌ ‌found‌ ‌the‌ ‌difference‌ ‌in‌ ‌the‌ ‌periods‌ ‌of‌ ‌nuclear-containing‌ ‌droplets‌ ‌and‌ ‌their‌ ‌cytoplasmic-counterparts‌ ‌is‌‌                           
reduced‌‌as‌‌the‌‌exogenous‌‌cyclin‌‌B1‌‌mRNA‌‌concentration‌‌increases‌‌(from‌‌5‌‌ng/μL‌‌to‌‌10‌‌ng/μL)‌‌until‌‌the‌‌order‌‌                                   
switched‌‌(20‌‌ng/μL)‌‌(Figures‌‌3D‌‌and‌‌3E).‌‌Intriguingly,‌‌while‌‌cyclin‌‌B‌‌can‌‌easily‌‌tune‌‌the‌‌frequency‌‌of‌‌the‌‌Cdk1‌‌                                     
oscillator‌ ‌in‌ ‌a‌ ‌homogeneous‌ ‌cytoplasmic‌ ‌environment‌ ‌(Figure‌ ‌3E,‌ ‌Columns‌ ‌2,‌ ‌4,‌ ‌6),‌ ‌a‌ ‌frequency-tunability‌‌                           
phenomenon‌ ‌as‌‌observed‌‌before‌‌(Figure‌‌2I),‌‌we‌‌found‌‌the‌‌system‌‌hardly‌‌reacts‌‌to‌‌the‌‌cyclin‌‌B‌‌variation‌‌and‌‌                                   
maintains‌ ‌an‌ ‌almost‌ ‌constant‌ ‌period‌ ‌when‌ ‌a‌ ‌nucleus‌ ‌is‌ ‌present‌ ‌(Figure‌ ‌3E,‌ ‌Columns‌ ‌1,‌ ‌3,‌ ‌5).‌ ‌This‌ ‌robust‌‌                                   
timing‌‌could‌‌be‌‌explained‌‌by‌‌the‌‌nuclear‌‌accumulation‌‌of‌‌cyclin‌‌B1-Cdk1‌‌against‌‌cytoplasmic‌‌fluctuations,‌‌such‌‌                             
that‌‌when‌‌cyclin‌‌B‌‌is‌‌dilute‌‌in‌‌the‌‌cytoplasm,‌‌nuclear‌‌concentrating‌‌promotes‌‌mitotic‌‌entry‌‌but‌‌excessive‌‌cyclin‌‌                                 
B‌‌cannot‌‌further‌‌accelerate‌‌mitotic‌‌entry‌‌if‌‌the‌‌nucleus‌‌imports‌‌a‌‌fixed‌‌amount‌‌of‌‌active‌‌cyclin‌‌B1-Cdk1‌‌before‌‌                                   
NEB.‌ ‌The‌ ‌cytoplasm‌ ‌in‌ ‌living‌‌cells‌‌is‌‌a‌‌highly‌‌fluctuating‌‌environment‌‌that‌‌can‌‌significantly‌‌reduce‌‌its‌‌density‌‌                                 
from‌ ‌mitotic‌ ‌swelling‌ ‌[28,‌ ‌29].‌ ‌Our‌ ‌results‌ ‌suggest‌ ‌the‌ ‌nucleus‌ ‌may‌ ‌provide‌‌spatial‌‌insulation‌‌from‌‌the‌‌noisy‌‌                                 
cytoplasm‌ ‌by‌ ‌compartmentalizing‌ ‌activated‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌from‌ ‌the‌ ‌rest‌ ‌of‌ ‌unbound‌ ‌and‌ ‌bound‌ ‌Cdk1‌‌                           
molecular‌ ‌species.‌‌ ‌  
‌ 

Nuclear-cytoplasmic‌ ‌compartmentalization‌ ‌facilitates‌ ‌biphasic‌ ‌activation‌ ‌of‌ ‌Cdk1‌ ‌and‌ ‌temporal‌‌ 
ordering‌ ‌of‌ ‌mitotic‌ ‌events​​‌ ‌ 
We‌‌also‌‌found‌‌that‌‌the‌‌oscillation‌‌profiles‌‌are‌‌qualitatively‌‌different‌‌between‌‌droplets‌‌with‌‌or‌‌without‌‌a‌‌nucleus.‌‌                                 
Cdk1‌ ‌in‌ ‌the‌ ‌cytoplasm-only‌ ‌droplet‌ ‌remains‌ ‌inactivated‌ ‌by‌ ‌Wee1‌ ‌throughout‌ ‌the‌ ‌interphase‌ ‌before‌ ‌a‌ ‌sharp‌‌                             
activation‌ ‌at‌ ‌mitosis.‌ ‌This‌ ‌delayed,‌ ‌spiky-shaped‌ ‌Cdk1‌ ‌activation‌ ‌is‌ ‌well-described‌ ‌in‌ ‌cell-cycle‌ ‌models‌‌                         
considering‌ ‌no‌ ‌spatial‌ ‌variability‌ ‌[5,‌ ‌30]‌ ‌(Figure‌ ‌3B,‌ ‌Gray).‌ ‌However,‌‌in‌‌the‌‌nucleus-containing‌‌droplet,‌‌Cdk1‌‌                             
steadily‌‌increased‌‌since‌‌the‌‌beginning‌‌of‌‌interphase‌‌to‌‌a‌‌moderate‌‌activity‌‌before‌‌a‌‌quick‌‌jump‌‌to‌‌a‌‌distinctively‌‌                                   
higher‌ ‌activity‌ ‌(Figure‌ ‌3B,‌ ‌Blue).‌‌ ‌  
‌ 
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To‌‌examine‌‌whether‌‌the‌‌biphasic‌‌activation‌‌of‌‌Cdk1‌‌may‌‌correlate‌‌with‌‌any‌‌of‌‌the‌‌downstream‌‌mitotic‌‌events,‌‌                                 
we‌ ‌investigated‌ ‌the‌ ‌temporal‌ ‌order‌ ‌of‌ ‌Cdk1‌ ‌activation‌ ‌dynamics,‌ ‌nuclear‌ ‌envelope‌ ‌formation‌ ‌(NEF),‌ ‌and‌‌                           
nuclear‌ ‌envelope‌ ‌breakdown‌ ‌(NEB).‌ ‌We‌ ‌developed‌ ‌an‌ ‌algorithm‌ ‌to‌ ‌automatically‌ ‌segment‌ ‌the‌ ‌nucleus‌ ‌and‌‌                           
analyze‌ ‌NLS-mCherry-NLS‌ ‌data‌ ‌of‌ ‌each‌ ‌droplet‌ ‌(Start‌ ‌Methods;‌ ‌Figure‌ ‌S3B,‌‌3C).‌‌From‌‌the‌‌time‌‌courses‌‌of‌‌                               
mCherry‌ ‌cytoplasmic/nuclear‌ ‌(C/N)‌ ‌ratio‌ ‌(Figure‌ ‌3F,‌ ‌Orange)‌ ‌and‌ ‌standard‌ ‌deviation‌ ‌(Figure‌ ‌3F,‌ ‌Gray),‌ ‌we‌‌                           
extracted‌‌the‌‌time‌‌of‌‌NEF‌‌(Blue‌‌dot),‌‌NEB‌‌Start‌‌(Green‌‌dot),‌‌and‌‌NEB‌‌End‌‌(Red‌‌dot).‌‌We‌‌found‌‌NEF‌‌started‌‌                                       
before‌‌Cdk1‌‌was‌‌fully‌‌inactivated,‌‌and‌‌the‌‌transition‌‌point‌‌of‌‌the‌‌two-phase‌‌Cdk1‌‌activation‌‌coincided‌‌with‌‌the‌‌                                 
end‌‌of‌‌NEB‌‌(Figure‌‌3G).‌‌The‌‌interphase‌‌Cdk1‌‌activation‌‌was‌‌roughly‌‌linear‌‌with‌‌time,‌‌rate-limited‌‌by‌‌cyclin‌‌B1‌‌                                   
production.‌‌Aligning‌‌all‌‌the‌‌individual‌‌cycles‌‌based‌‌on‌‌peak‌‌time,‌‌we‌‌found‌‌that‌‌the‌‌steepness‌‌of‌‌the‌‌first-phase‌‌                                   
Cdk1‌‌activation‌‌is‌‌highly‌‌variable,‌‌likely‌‌caused‌‌by‌‌the‌‌cyclin‌‌B‌‌mRNA‌‌variation‌‌(Figure‌‌3H).‌‌Yet,‌‌the‌‌activation‌‌                                   
slope‌‌is‌‌anti-correlated‌‌with‌‌the‌‌interphase‌‌period‌‌length,‌‌suggesting‌‌a‌‌robust‌‌threshold‌‌of‌‌Cdk1‌‌activity‌‌(Figure‌‌                               
S3D,‌ ‌S3E),‌ ‌beyond‌ ‌which‌ ‌may‌ ‌trigger‌ ‌a‌ ‌mitotic‌ ‌event,‌ ‌which‌ ‌we‌ ‌found‌ ‌is‌ ‌the‌ ‌NEB‌ ‌End‌ ‌(Figure‌ ‌3H,‌ ‌Red‌ ‌dot).‌‌ ‌  
‌ 

Interestingly,‌‌despite‌‌the‌‌large‌‌variability‌‌of‌‌interphase‌‌activation‌‌speed,‌‌the‌‌steepness‌‌in‌‌Cdk1‌‌second-phase‌‌                           
activation‌‌after‌‌NEB‌‌was‌‌uniform‌‌across‌‌all‌‌droplets‌‌and‌‌collapsed‌‌into‌‌one‌‌line‌‌after‌‌aligning‌‌all‌‌time-courses‌‌                                 
based‌‌on‌‌NEB‌‌End‌‌(Figure‌‌3I).‌‌The‌‌second‌‌activation‌‌is‌‌for‌‌only‌‌a‌‌brief‌‌period‌‌independent‌‌of‌‌cyclin‌‌B1‌‌(10-15‌‌                                       
min‌ ‌regardless‌ ‌of‌ ‌the‌ ‌interphase‌ ‌length),‌ ‌likely‌ ‌controlled‌ ‌by‌ ‌the‌‌firing‌‌of‌‌the‌‌positive-plus-negative‌‌feedback‌‌                             
loops‌ ‌(analogous‌ ‌to‌ ‌the‌ ‌abrupt‌ ‌discharging‌ ‌of‌ ‌a‌ ‌capacitor).‌ ‌It‌ ‌may‌ ‌also‌‌be‌‌contributed‌‌by‌‌active‌‌cytoplasmic‌‌                                 
Cdk1‌‌[8]‌‌accessible‌‌to‌‌NLS-tagged‌‌FRET‌‌sensors‌‌upon‌‌NEB.‌‌Regardless‌‌of‌‌which‌‌mechanism,‌‌it‌‌ensures‌‌the‌‌                               
temporal‌ ‌segregation‌ ‌of‌ ‌early‌ ‌mitotic‌ ‌events‌ ‌NEB‌ ‌and‌ ‌late‌ ‌mitotic‌ ‌events,‌ ‌such‌ ‌as‌ ‌APC/C‌ ‌activation.‌ ‌ 
‌ 

To‌‌summarize‌‌the‌‌main‌‌features‌‌of‌‌Cdk1‌‌activation‌‌affected‌‌by‌‌compartmentalization,‌‌we‌‌standardized‌‌all‌‌data‌‌                             
into‌‌250‌‌datapoint‌‌arrays‌‌(Star‌‌Methods).‌‌Without‌‌a‌‌nucleus,‌‌Cdk1‌‌remains‌‌a‌‌constant‌‌basal‌‌level‌‌throughput‌‌                               
interphase‌‌before‌‌a‌‌burst-like‌‌activation‌‌(Figure‌‌3J,‌‌Gray).‌‌With‌‌a‌‌nucleus,‌‌after‌‌a‌‌deeper‌‌deactivation‌‌at‌‌NEF,‌‌                                 
Cdk1‌ ‌undergoes‌ ‌gradual‌ ‌activation‌ ‌and‌ ‌a‌ ‌steeper‌ ‌activation‌ ‌separated‌ ‌by‌ ‌NEB‌ ‌(Figure‌ ‌3J,‌ ‌blue).‌ ‌This‌‌                             
two-phase‌‌activation‌‌of‌‌Cdk1‌‌has‌‌not‌‌been‌‌reported‌‌by‌‌the‌‌Plk1-cyclinB1‌‌based‌‌Cdk1‌‌FRET‌‌sensor,‌‌possibly‌‌                               
because‌ ‌of‌ ‌the‌ ‌relatively‌ ‌low‌ ‌sensitivity‌‌or‌‌blurred‌‌signal‌‌from‌‌shuffling‌‌of‌‌FRET‌‌sensor‌‌between‌‌the‌‌nucleus‌‌                                 
and‌ ‌cytoplasm,‌ ‌or‌ ‌system-specific‌ ‌difference.‌ ‌However,‌ ‌other‌ ‌studies‌ ‌also‌ ‌suggested‌ ‌that‌ ‌different‌ ‌levels‌ ‌of‌‌                           
Cdk1‌‌activity‌‌regulate‌‌orderly‌‌cell-cycle‌‌progression‌‌[31],‌‌and‌‌the‌‌level‌‌of‌‌Cdk1‌‌activity‌‌required‌‌for‌‌mitotic‌‌entry‌‌                                 
is‌‌not‌‌sufficient‌‌for‌‌later‌‌mitotic‌‌progression‌‌[32,‌‌33].‌‌A‌‌study‌‌on‌‌fly‌‌embryos‌‌also‌‌found‌‌that‌‌while‌‌chromosome‌‌                                     
condensation‌ ‌can‌ ‌occur‌ ‌in‌ ‌the‌ ‌absence‌ ‌of‌ ‌a‌ ‌detectable‌ ‌Cdk1‌ ‌activity,‌ ‌the‌ ‌prophase‌ ‌exit‌ ‌(NEB‌ ‌End)‌ ‌is‌ ‌a‌‌                                   
decision‌ ‌point‌ ‌and‌ ‌coincides‌ ‌with‌ ‌Cdk1‌ ‌activation‌ ‌[34].‌‌ ‌  
‌ 

Subcellular‌ ‌localization‌ ‌of‌ ‌Cdk‌ ‌can‌ ‌contribute‌ ‌to‌ ‌the‌ ‌correct‌ ‌ordering‌ ‌of‌ ‌phosphorylation‌ ‌of‌ ‌different‌ ‌mitotic‌‌                             
substrates‌ ‌[35–37].‌ ‌Our‌ ‌study‌ ‌also‌ ‌highlights‌ ‌the‌ ‌role‌ ‌of‌ ‌compartmentalized‌ ‌Cdk1‌ ‌in‌ ‌accurately‌‌ordering‌‌the‌‌                             
timing‌ ‌of‌ ‌different‌ ‌mitotic‌ ‌events.‌ ‌Active‌ ‌Cdk1‌ ‌initially‌ ‌accumulates‌ ‌in‌ ‌the‌‌nucleus‌‌to‌‌trigger‌‌NEB;‌‌after‌‌NEB,‌‌                                 
Cdk1‌ ‌switches‌ ‌to‌ ‌a‌ ‌higher‌ ‌level‌ ‌to‌ ‌trigger‌ ‌APC‌ ‌activation.‌ ‌Thus,‌ ‌both‌ ‌Cdk1‌ ‌subcellular‌ ‌localization‌ ‌(via‌‌                               
compartmentalization)‌‌and‌‌the‌‌activity‌‌regulation‌‌are‌‌critical‌‌factors‌‌for‌‌the‌‌correct‌‌order‌‌of‌‌downstream‌‌events.‌‌                             
These‌ ‌findings‌ ‌highlight‌ ‌the‌ ‌importance‌ ‌of‌ ‌cellular‌‌compartmentalization‌‌and‌‌the‌‌necessity‌‌of‌‌cross-checking‌‌                         
studies‌ ‌using‌ ‌well-mixed‌ ‌extracts‌ ‌and‌ ‌cells,‌ ‌where‌ ‌the‌ ‌same‌ ‌molecular‌ ‌network‌ ‌may‌ ‌behave‌ ‌differently.‌ ‌ 
‌ 

High-resolution‌ ‌mapping‌ ‌of‌ ‌mitotic‌ ‌events‌ ‌on‌ ‌phase‌ ‌plane‌ ‌trajectories‌ ‌  
The‌‌activation‌‌of‌‌APC/C‌‌by‌‌cyclin‌‌B1-Cdk1‌‌leads‌‌to‌‌cyclin‌‌B1‌‌destruction‌‌and‌‌Cdk1‌‌inactivation,‌‌completing‌‌an‌‌                                 
essential‌ ‌negative‌ ‌feedback‌ ‌loop.‌ ‌To‌ ‌sustain‌ ‌robust‌ ‌oscillations,‌ ‌the‌ ‌cyclin‌ ‌synthesis-degradation‌ ‌cycle‌ ‌and‌‌                         
Cdk1‌‌activation-deactivation‌‌cycle‌‌must‌‌go‌‌out‌‌of‌‌phase‌‌to‌‌form‌‌a‌‌wide‌‌loop‌‌in‌‌the‌‌phase‌‌plane‌‌of‌‌active‌‌Cdk1‌‌                                       
and‌‌cyclin‌‌B1‌‌abundance.‌‌The‌‌shape‌‌of‌‌the‌‌phase-plane‌‌orbit‌‌is‌‌crucial‌‌to‌‌understand‌‌the‌‌dynamic‌‌features‌‌of‌‌                                   
the‌ ‌system.‌ ‌Theoretical‌ ‌studies‌ ‌have‌ ‌predicted‌ ‌a‌ ‌wide‌ ‌triangular-shaped‌ ‌loop‌ ‌[4,‌ ‌38].‌ ‌Although‌ ‌it‌ ‌has‌ ‌been‌‌                               
tested‌ ‌experimentally‌ ‌in‌ ‌bulk‌ ‌extracts,‌ ‌the‌ ‌measurement‌ ‌was‌ ‌only‌ ‌for‌ ‌one‌ ‌cycle,‌ ‌and‌ ‌the‌ ‌shape‌ ‌could‌ ‌only‌‌                                 
reflect‌ ‌the‌ ‌average‌ ‌of‌ ‌orbits‌ ‌from‌ ‌an‌‌ensemble‌‌of‌‌oscillators‌‌[38].‌‌Here,‌‌we‌‌performed‌‌a‌‌real-time‌‌tracking‌‌of‌‌                                   
the‌‌phase-plane‌‌trajectories‌‌at‌‌the‌‌single-cell‌‌level‌‌for‌‌multiple‌‌cycles,‌‌to‌‌obtain‌‌a‌‌detailed‌‌picture‌‌of‌‌the‌‌Cdk1‌‌                                   
cycle‌‌in‌‌relationship‌‌to‌‌the‌‌cyclin‌‌cycle‌‌as‌‌well‌‌as‌‌their‌‌relations‌‌with‌‌the‌‌nuclear‌‌events.‌‌We‌‌supplied‌‌both‌‌the‌‌                                       

‌ 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 28, 2021. ; https://doi.org/10.1101/2021.07.28.454130doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.28.454130


human‌ ‌cyclinB1-mScarlet-i‌ ‌mRNA‌ ‌and‌ ‌Cdk1-EV‌ ‌biosensor‌ ‌in‌ ‌droplet‌ ‌cells‌ ‌with‌ ‌nuclei‌ ‌and‌ ‌simultaneously‌‌                         
measured‌‌the‌‌spatiotemporal‌‌dynamics‌‌of‌‌both‌‌cyclin‌‌B‌‌accumulation‌‌and‌‌Cdk1‌‌activity‌‌over‌‌time‌‌(Figure‌‌4A;‌‌                               
Video‌ ‌S3).‌‌We‌‌observed‌‌colocalization‌‌of‌‌Cdk1‌‌FRET‌‌and‌‌cyclin‌‌B1-mScarlet‌‌signals‌‌inside‌‌the‌‌nucleus‌‌until‌‌                               
NEB,‌‌consistent‌‌with‌‌the‌‌observations‌‌of‌‌nuclear‌‌localization‌‌of‌‌cyclin‌‌B1-Cdk1‌‌complex‌‌upon‌‌activation‌‌in‌‌the‌‌                               
late‌‌G2‌‌phase‌‌in‌‌mammalian‌‌cells‌‌[7,‌‌8].‌‌But‌‌in‌‌mammalian‌‌cells,‌‌cyclin‌‌B‌‌was‌‌localized‌‌in‌‌the‌‌cytoplasm‌‌until‌‌                                       
late‌ ‌G2,‌ ‌while‌ ‌we‌ ‌do‌ ‌not‌ ‌observe‌ ‌any‌ ‌enriched‌ ‌cytoplasmic‌ ‌localization‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌since‌ ‌the‌ ‌rapid‌ ‌early‌‌                                   
embryonic‌ ‌cycles‌ ‌skip‌ ‌the‌ ‌G1‌ ‌and‌ ‌G2‌ ‌gap‌ ‌phases.‌ ‌ 
‌ 

The‌‌peaks‌‌and‌‌troughs‌‌of‌‌cyclin‌‌B1‌‌expression‌‌are‌‌clearly‌‌out‌‌of‌‌phase‌‌with‌‌Cdk1‌‌activity‌‌(Figure‌‌4B),‌‌creating‌‌                                     
a‌‌wide‌‌loop‌‌for‌‌each‌‌cycle‌‌in‌‌the‌‌phase-plane‌‌(Figure‌‌4C).‌‌Cyclin‌‌B1‌‌peaks‌‌at‌‌the‌‌end‌‌of‌‌the‌‌first‌‌activation‌‌of‌‌                                           
Cdk1,‌ ‌but‌ ‌the‌ ‌degradation‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌is‌ ‌not‌ ‌detectable‌ ‌until‌ ‌Cdk1‌‌jumps‌‌to‌‌a‌‌peak,‌‌suggesting‌‌the‌‌second‌‌                                     
activation‌ ‌of‌ ‌Cdk1‌ ‌is‌ ‌required‌ ‌for‌ ‌activation‌ ‌of‌ ‌APC/C.‌ ‌The‌ ‌phase-plane‌ ‌trajectory‌ ‌features‌ ‌square-shaped‌‌                           
orbits,‌ ‌each‌ ‌containing‌ ‌four‌ ‌branches‌ ‌in‌ ‌temporal‌ ‌order:‌‌a‌‌slow‌‌phase‌‌of‌‌Cdk1‌‌first‌‌activation,‌‌which‌‌is‌‌rated‌‌                                   
limited‌‌by‌‌cyclin‌‌B1‌‌synthesis‌‌(Branch‌‌#1:‌‌bottom‌‌horizontal);‌‌an‌‌abrupt‌‌activation‌‌of‌‌Cdk1‌‌during‌‌which‌‌cyclin‌‌                                 
B‌‌has‌‌no‌‌change‌‌(Branch‌‌#2:‌‌right‌‌verticle);‌‌degradation‌‌of‌‌cyclin‌‌B‌‌during‌‌which‌‌Cdk1‌‌changes‌‌a‌‌little‌‌(Branch‌‌                                     
#3:‌‌top‌‌horizontal);‌‌a‌‌fast‌‌Cdk1‌‌inactivation‌‌(Branch‌‌#4:‌‌left‌‌vertical).‌‌The‌‌progression‌‌speed‌‌can‌‌be‌‌estimated‌‌                                 
by‌ ‌how‌ ‌long‌ ‌it‌ ‌is‌ ‌required‌ ‌to‌ ‌pass‌ ‌each‌ ‌phase‌ ‌(by‌ ‌the‌ ‌number‌ ‌of‌ ‌data‌ ‌points‌ ‌per‌ ‌branch‌ ‌for‌ ‌4‌ ‌min‌ ‌each),‌‌                                           
suggesting‌ ‌interphase‌ ‌(Branch‌ ‌#1)‌ ‌is‌ ‌the‌ ‌slowest‌ ‌and‌ ‌mitotic‌ ‌phases‌ ‌are‌ ‌fast‌ ‌(Branches‌ ‌#2-4).‌ ‌We‌ ‌also‌‌                               
mapped‌ ‌NEF‌ ‌(black‌ ‌triangles)‌ ‌and‌ ‌NEB‌ ‌(black‌ ‌asterisks)‌ ‌on‌ ‌the‌ ‌orbits‌ ‌to‌ ‌obtain‌ ‌the‌ ‌accurate‌ ‌temporal‌‌                               
correlation‌ ‌of‌ ‌key‌ ‌mitotic‌ ‌events‌ ‌with‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌dynamics.‌ ‌NEB‌ ‌occurred‌ ‌immediately‌ ‌after‌ ‌cyclin‌ ‌B1‌‌                             
reached‌ ‌its‌ ‌peak‌ ‌and‌‌before‌‌Cdk1‌‌second‌‌activation‌‌jumps.‌‌NEF‌‌happens‌‌when‌‌Cdk1‌‌activity‌‌drops‌‌below‌‌a‌‌                                 
threshold‌ ‌that‌ ‌is‌ ‌lower‌ ‌than‌ ‌the‌ ‌threshold‌ ‌for‌ ‌NEB.‌ ‌Interestingly,‌ ‌Cdk1‌‌inactivation‌‌continues‌‌even‌‌after‌‌NEF‌‌                               
and‌ ‌cyclin‌ ‌re-accumulation,‌ ‌an‌ ‌observation‌ ‌revealed‌ ‌by‌ ‌high-resolution‌ ‌mapping.‌ ‌ 
‌ 

Cyclin‌‌B1‌‌is‌‌a‌‌rate-limiting‌‌factor‌‌for‌‌interphase‌‌Cdk1‌‌activation,‌‌meaning‌‌that‌‌a‌‌slower‌‌cyclin‌‌synthesis‌‌usually‌‌                                 
gives‌‌a‌‌longer‌‌interphase‌‌period.‌‌However,‌‌we‌‌observed‌‌the‌‌period‌‌over‌‌the‌‌cycles‌‌elongated‌‌even‌‌though‌‌the‌‌                                 
cyclin‌‌B1‌‌synthesis‌‌rate‌‌did‌‌not‌‌decrease,‌‌resulting‌‌in‌‌increased‌‌cyclin‌‌B‌‌peak‌‌expression‌‌(Figure‌‌4B,‌‌Red)‌‌and‌‌                                   
right-shifted‌ ‌phase-plane‌ ‌orbit‌ ‌each‌ ‌cycle‌ ‌(Figure‌ ‌4C).‌ ‌We‌ ‌attributed‌ ‌this‌ ‌period‌ ‌elongation‌ ‌to‌ ‌a‌‌                           
harder-to-activate‌‌Cdk1‌‌by‌‌cyclin‌‌B1‌‌that‌‌requires‌‌a‌‌significantly‌‌larger‌‌threshold‌‌of‌‌total‌‌cyclin‌‌B‌‌in‌‌each‌‌cycle‌‌                                   
to‌‌reach‌‌the‌‌same‌‌Cdk1‌‌activity‌‌threshold‌‌for‌‌triggering‌‌NEB‌‌(Figure‌‌4C,‌‌Lower‌‌branches,‌‌and‌‌black‌‌asterisks).‌‌                                 
We‌‌previously‌‌predicted‌‌the‌‌right-shifted‌‌orbits‌‌and‌‌the‌‌increased‌‌threshold‌‌of‌‌Cdk1‌‌activation‌‌by‌‌cyclin‌‌B1‌‌via‌‌                                 
an‌‌energy‌‌consumption‌‌model‌‌[18],‌‌where‌‌the‌‌decreased‌‌ATP‌‌over‌‌time‌‌favors‌‌more‌‌unphosphorylated‌‌Wee1‌‌                             
(inhibitor‌ ‌of‌ ‌Cdk1)‌ ‌and‌ ‌less‌ ‌phosphorylated‌ ‌Cdc25‌ ‌(activator‌ ‌of‌ ‌Cdk1),‌ ‌causing‌ ‌less‌ ‌Cdk1‌ ‌activated‌ ‌for‌ ‌the‌‌                               
same‌ ‌cyclin‌ ‌B1‌ ‌accumulation.‌ ‌Our‌ ‌ability‌ ‌to‌ ‌trace‌ ‌multiple‌ ‌cycles‌ ‌of‌ ‌single-cell‌ ‌phase-plane‌ ‌trajectories‌ ‌in‌‌                             
real-time‌ ‌provides‌ ‌an‌ ‌essential‌ ‌experimental‌ ‌verification‌ ‌for‌ ‌the‌ ‌energy-depletion‌ ‌theory‌ ‌[18].‌‌ ‌  
‌ 

We‌ ‌further‌ ‌explored‌ ‌the‌ ‌impact‌ ‌of‌ ‌compartments‌ ‌on‌ ‌trajectory‌ ‌shapes.‌ ‌The‌ ‌nucleus-present‌ ‌cells‌ ‌showed‌‌                           
advanced‌ ‌mitotic‌ ‌entry‌ ‌than‌ ‌the‌ ‌nucleus-absent‌ ‌cells‌ ‌that‌ ‌have‌ ‌comparable‌ ‌cyclin‌ ‌B‌ ‌expression‌ ‌(Figure‌‌4D,‌‌                             
both‌ ‌with‌ ‌MO‌ ‌+‌ ‌10‌ ‌ng/μL‌ ‌human‌ ‌cyclin‌ ‌B1‌ ‌mRNA),‌ ‌consistent‌ ‌with‌ ‌Figure‌‌3B.‌‌Both‌‌showed‌‌square-shaped‌‌                                 
orbits,‌ ‌except‌ ‌for‌ ‌several‌ ‌different‌ ‌features‌ ‌in‌ ‌their‌ ‌lower‌ ‌branches‌ ‌(Figure‌ ‌4E).‌ ‌In‌ ‌the‌ ‌nucleus-containing‌‌                             
droplets,‌ ‌we‌ ‌observed‌ ‌an‌ ‌overshoot‌ ‌of‌ ‌Cdk1‌ ‌inactivation‌ ‌even‌ ‌after‌ ‌cyclin‌ ‌B1‌ ‌hits‌ ‌the‌ ‌trough,‌ ‌resulting‌ ‌in‌ ‌a‌‌                                   
lower‌ ‌basal‌ ‌Cdk1‌ ‌activity‌ ‌than‌ ‌the‌ ‌nucleus-absent‌ ‌droplet.‌ ‌Additionally,‌ ‌interphase‌ ‌Cdk1‌ ‌stays‌ ‌at‌ ‌a‌ ‌low‌‌                             
constant‌ ‌in‌ ‌the‌ ‌cytoplasm-only‌ ‌droplets‌ ‌but‌ ‌gradually‌ ‌increases‌ ‌with‌ ‌cyclin‌ ‌B‌ ‌in‌ ‌droplets‌ ‌containing‌ ‌nuclei,‌‌                             
resulting‌ ‌in‌ ‌flat‌ ‌(Red)‌ ‌versus‌ ‌oblique‌ ‌(Blue)‌ ‌branch‌ ‌#1.‌ ‌While‌ ‌droplets‌ ‌with‌ ‌nuclei‌ ‌gave‌‌shorter‌‌periods‌‌than‌‌                                 
those‌ ‌without‌ ‌for‌ ‌a‌ ‌comparable‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌(Figure‌ ‌4F,‌ ‌Blue‌ ‌left-shifted‌ ‌to‌ ‌Red),‌ ‌both‌ ‌showed‌‌                               
increasing‌ ‌cyclin‌ ‌peak‌ ‌intensities‌ ‌with‌ ‌period‌ ‌lengths,‌ ‌further‌ ‌supporting‌ ‌the‌ ‌idea‌ ‌that‌ ‌the‌ ‌rate-limiting‌‌factor‌‌                             
cyclin‌ ‌B‌ ‌alone‌ ‌cannot‌ ‌determine‌ ‌the‌ ‌oscillation‌ ‌speed‌ ‌and‌ ‌is‌ ‌subject‌‌to‌‌the‌‌Cdk1‌‌activation‌‌threshold,‌‌which‌‌                                 
itself‌ ‌can‌ ‌vary‌ ‌by‌ ‌energy‌ ‌availability.‌ ‌ 
‌ 

We‌‌also‌‌compared‌‌phase-plane‌‌orbits‌‌of‌‌different‌‌period‌‌lengths,‌‌displaying‌‌a‌‌wider‌‌loop‌‌and‌‌larger‌‌cyclin‌‌B1‌‌                                 
peak-value‌‌for‌‌a‌‌longer‌‌period‌‌(Figure‌‌4G;‌‌Figure‌‌S4A‌‌for‌‌all‌‌oscillations).‌‌Droplets‌‌with‌‌short‌‌periods‌‌have‌‌no‌‌                                   
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obvious‌‌branch‌‌#3,‌‌and‌‌Cdk1‌‌inactivates‌‌almost‌‌immediately‌‌following‌‌the‌‌degradation‌‌of‌‌cyclin‌‌B1,‌‌exhibiting‌‌                             
a‌ ‌roughly‌ ‌triangular-shaped‌ ‌orbit,‌ ‌supporting‌ ‌the‌ ‌previous‌ ‌model‌ ‌predictions‌ ‌[4,‌ ‌38].‌ ‌But‌ ‌the‌ ‌longer-period‌‌                           
droplet‌‌not‌‌only‌‌produces‌‌more‌‌cyclin‌‌B‌‌(a‌‌wider‌‌branch‌‌#1)‌‌but‌‌also‌‌has‌‌more‌‌to‌‌degrade‌‌before‌‌Cdk1‌‌starts‌‌                                       
to‌ ‌inactivate‌ ‌(a‌ ‌wider‌ ‌branch‌‌#3),‌‌suggesting‌‌that‌‌the‌‌excessive‌‌unbound‌‌cyclin‌‌B1‌‌was‌‌degraded‌‌before‌‌the‌‌                                 
bound‌‌cyclin‌‌B1.‌‌Thus,‌‌whether‌‌the‌‌orbit‌‌is‌‌triangular-‌‌or‌‌square-shaped‌‌depends‌‌on‌‌the‌‌amount‌‌of‌‌excessive‌‌                                 
unbound‌ ‌cyclin‌ ‌B1.‌ ‌Consistent‌ ‌with‌ ‌our‌ ‌findings,‌ ‌studies‌ ‌in‌ ‌mammalian‌ ‌cells‌ ‌also‌ ‌suggested‌ ‌that‌ ‌excessive‌‌                             
cyclin‌‌B1‌‌must‌‌be‌‌degraded‌‌by‌‌the‌‌time‌‌of‌‌anaphase‌‌onset‌‌because‌‌even‌‌a‌‌low‌‌level‌‌of‌‌nondegradable‌‌cyclin‌‌                                     
B1‌‌is‌‌sufficient‌‌to‌‌block‌‌the‌‌metaphase-anaphase‌‌transition‌‌[39].‌‌Meiosis‌‌of‌‌mouse‌‌oocytes‌‌also‌‌preferentially‌‌                             
degrades‌ ‌free‌ ‌cyclin‌ ‌B1‌ ‌[10].‌‌ ‌  
‌ 

To‌ ‌further‌‌understand‌‌the‌‌spatiotemporal‌‌dynamics‌‌of‌‌unbound‌‌and‌‌bound‌‌cyclin,‌‌we‌‌compared‌‌droplets‌‌with‌‌                             
distinguished‌ ‌cyclin‌ ‌B1‌ ‌expressions.‌ ‌In‌ ‌droplets‌ ‌of‌ ‌over-expressed‌ ‌cyclin‌ ‌B1,‌ ‌we‌ ‌observed‌ ‌puncta-like‌‌                         
structures‌‌that‌‌were‌‌not‌‌seen‌‌in‌‌the‌‌Cdk1‌‌FRET‌‌channel‌‌(Figure‌‌4H;‌‌Figure‌‌S4B,‌‌Video‌‌S4),‌‌suggesting‌‌these‌‌                                   
are‌‌unbound‌‌cyclin‌‌B.‌‌Similar‌‌punctate‌‌structures‌‌of‌‌cyclin‌‌B1‌‌were‌‌also‌‌observed‌‌in‌‌the‌‌cytoplasm‌‌of‌‌starfish‌‌                                   
oocytes‌‌that‌‌disappear‌‌upon‌‌activation‌‌of‌‌Cdk1‌‌[40].‌‌Other‌‌than‌‌the‌‌puncta‌‌distributed‌‌in‌‌the‌‌cytosolic‌‌region,‌‌                                 
we‌ ‌also‌‌observed‌‌a‌‌large‌‌bright‌‌structure‌‌localized‌‌right‌‌beside‌‌the‌‌nucleus,‌‌but‌‌not‌‌inside‌‌(Figure‌‌S4C).‌‌The‌‌                                   
small‌ ‌puncta‌ ‌remained‌ ‌in‌‌the‌‌cytoplasm‌‌until‌‌NEB‌‌when‌‌they‌‌rapidly‌‌aggregated‌‌towards‌‌the‌‌larger‌‌structure‌‌                               
before‌‌being‌‌degraded.‌‌Further‌‌experiments‌‌are‌‌required‌‌to‌‌understand‌‌this‌‌rapid‌‌aggregation.‌‌However,‌‌cyclin‌‌                           
B1‌‌is‌‌reported‌‌to‌‌localize‌‌to‌‌centrosomes,‌‌microtubules,‌‌chromatin,‌‌and‌‌kinetochores‌‌[41,‌‌42],‌‌and‌‌the‌‌sudden‌‌                               
contraction‌‌of‌‌cyclin‌‌B1‌‌punta‌‌upon‌‌NEB‌‌may‌‌be‌‌achieved‌‌via‌‌active‌‌microtubule‌‌transportation‌‌for‌‌localization‌‌                               
to‌ ‌kinetochores‌ ‌or‌ ‌chromatin‌ ‌DNA.‌‌ ‌  
‌ 

Despite‌ ‌the‌ ‌significantly‌ ‌different‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌in‌ ‌these‌ ‌droplets,‌‌it‌‌took‌‌a‌‌similar‌‌time‌‌for‌‌them‌‌to‌‌be‌‌                                     
completely‌‌degraded‌‌(Figure‌‌4I).‌‌Cyclin‌‌B1‌‌degradation‌‌is‌‌faster‌‌in‌‌the‌‌droplet‌‌with‌‌over-expressed‌‌cyclin‌‌B1.‌‌                               
But‌‌the‌‌relative‌‌degradation‌‌trend‌‌is‌‌similar‌‌(Figure‌‌4J),‌‌with‌‌a‌‌comparable‌‌half‌‌maximum‌‌time‌‌(the‌‌time‌‌taken‌‌                                   
to‌ ‌reach‌ ‌50%‌ ‌of‌ ‌the‌ ‌peak),‌ ‌implying‌ ‌that‌ ‌the‌ ‌degradation‌ ‌process‌ ‌is‌ ‌in‌ ‌a‌ ‌scalable‌‌manner‌‌regardless‌‌of‌‌the‌‌                                     
absolute‌ ‌amount‌ ‌of‌ ‌expressed‌ ‌proteins.‌ ‌Studies‌ ‌in‌ ‌different‌ ‌organisms‌ ‌have‌ ‌found‌ ‌that‌ ‌mitosis‌ ‌can‌ ‌insulate‌‌                             
itself‌ ‌from‌ ‌the‌ ‌highly‌‌variable‌‌interphase‌‌and‌‌remain‌‌constant,‌‌thanks‌‌to‌‌the‌‌positive‌‌feedback‌‌regulation‌‌[20,‌‌                               
43].‌‌Our‌‌finding‌‌of‌‌scalable‌‌degradation‌‌also‌‌provides‌‌an‌‌essential‌‌mechanism‌‌to‌‌ensure‌‌the‌‌droplets‌‌that‌‌have‌‌                                 
high‌ ‌variability‌ ‌in‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌and‌ ‌interphase‌ ‌durations‌ ‌still‌ ‌maintain‌ ‌robust‌ ‌mitosis.‌ ‌ ‌   
‌ 

As‌ ‌illustrated‌ ‌in‌ ‌Figure‌ ‌4K,‌ ‌our‌ ‌study‌ ‌provided‌ ‌a‌ ‌detailed‌ ‌mapping‌ ‌of‌ ‌phase-plane‌‌trajectories‌‌with‌‌a‌‌unique‌‌                                 
comparison‌ ‌between‌ ‌the‌ ‌presence‌ ‌and‌‌absence‌‌of‌‌a‌‌nucleus.‌‌In‌‌both‌‌cases,‌‌cell‌‌cycle‌‌functions‌‌as‌‌a‌‌typical‌‌                                   
relaxation‌ ‌oscillator,‌ ‌characteristic‌ ‌of‌ ‌a‌ ‌slow‌ ‌buildup‌ ‌(gradual‌ ‌cyclin‌ ‌synthesis,‌ ‌Blue)‌ ‌and‌ ‌a‌ ‌fast‌ ‌discharge‌‌                             
(switching‌ ‌of‌ ‌Cdk1‌ ‌in‌ ‌the‌ ‌robust‌ ‌mitotic‌ ‌phase,‌‌Red),‌‌analogous‌‌to‌‌a‌‌capacitor‌‌that‌‌is‌‌charged‌‌slowly‌‌(stress‌‌                                   
built-up)‌ ‌but‌ ‌discharged‌ ‌rapidly‌ ‌(stress‌ ‌relaxed).‌ ‌The‌ ‌nuclear‌ ‌compartment‌ ‌significantly‌ ‌impacts‌ ‌the‌ ‌Cdk1‌‌                         
response‌ ‌to‌ ‌cyclin‌ ‌during‌ ‌interphase,‌ ‌changing‌ ‌it‌ ‌from‌ ‌flat‌ ‌to‌ ‌an‌ ‌oblique‌ ‌increase‌ ‌(Blue).‌ ‌The‌‌                             
cyclin-independent‌ ‌overshoots‌ ‌of‌ ‌Cdk1‌ ‌inactivation‌ ‌beyond‌ ‌NEF‌ ‌and‌ ‌activation‌ ‌beyond‌ ‌NEB‌ ‌may‌ ‌feature‌‌                         
hysteresis‌ ‌and‌ ‌ensure‌ ‌irreversible‌ ‌decision-making‌ ‌at‌ ‌mitotic‌ ‌entry‌ ‌and‌ ‌mitotic‌ ‌exit.‌ ‌These‌ ‌overshoots‌ ‌and‌‌                           
compartmentalization‌ ‌of‌ ‌Cdk1‌ ‌together‌ ‌govern‌ ‌the‌ ‌temporal‌ ‌order‌ ‌of‌ ‌its‌ ‌downstream‌ ‌mitotic‌ ‌events.‌‌ ‌  
‌ 
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Figures‌ ‌and‌ ‌Figure‌ ‌Legends‌ ‌ 
‌ 

‌ 
‌ 

Figure‌ ‌1.‌ ‌The‌ ‌Cdk1-EV‌ ‌detects‌ ‌oscillations‌ ‌of‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌kinase‌ ‌activity‌ ‌specifically.‌ ‌ 
‌ 

(A)‌ ‌Scheme‌ ‌of‌ ‌Cdk1-EV‌ ‌FRET‌ ‌biosensor.‌ ‌The‌ ‌FRET‌‌efficiency‌‌increases‌‌by‌‌virtue‌‌of‌‌phosphorylation‌‌of‌‌the‌‌                               
substrate‌ ‌sequence‌ ‌of‌ ‌Cdk1.‌ ‌The‌ ‌phosphorylation‌ ‌state‌ ‌of‌ ‌the‌ ‌biosensor‌ ‌is‌ ‌reversible‌ ‌by‌ ‌the‌ ‌antagonistic‌‌                             
phosphatase‌ ‌(e.g.‌ ‌PP2A)​​.‌ ‌ 
‌ 

(B)‌ ‌The‌ ‌substrate‌ ‌sequence‌ ‌was‌ ‌modified‌ ‌from‌ ‌EKAREV‌ ‌by‌ ‌removing‌ ‌the‌ ‌ERK-specific‌ ‌binding‌ ‌domain.‌‌                           
Threonine‌‌(red)‌‌is‌‌a‌‌phosphorylation‌‌site‌‌by‌‌Cdk1.‌‌The‌‌biosensor‌‌was‌‌tagged‌‌by‌‌the‌‌C-terminus‌‌Histidine‌‌tag‌‌                                 
for‌ ‌protein‌ ‌purification.‌‌ ‌  
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(C)‌ ‌Top:‌ ‌Cycling‌ ‌‌Xenopus‌ ‌egg‌ ‌extracts‌ ‌were‌ ‌supplemented‌ ‌with‌ ‌recombinant‌ ‌Cdk1-EV‌ ‌FRET‌ ‌biosensor‌‌                         
protein.‌‌FluoroSurfactant-stabilized‌‌droplets‌‌were‌‌formed‌‌uniformly‌‌on‌‌a‌‌microfluidic‌‌device‌‌with‌‌fluorinated‌‌oil.‌‌                         
Bottom:‌ ‌A‌ ‌bright-field‌ ‌image‌ ‌was‌ ‌used‌ ‌for‌ ‌droplet‌ ‌segmentation‌ ‌in‌ ‌the‌ ‌image‌ ‌processing‌ ‌process.‌ ‌A‌‌                             
representative‌‌emission‌‌ratio‌‌image‌‌was‌‌shown‌‌in‌‌the‌‌intensity-modulated‌‌display‌‌(IMD)‌‌mode.‌‌The‌‌color‌‌bar‌‌                             
represents‌ ‌low‌ ‌(blue)‌ ‌to‌ ‌high‌ ‌(red)‌ ‌Cdk1‌ ‌activity.‌ ‌The‌ ‌scale‌ ‌bar‌ ‌is‌ ‌100‌ ‌μm.‌‌ ‌  
‌ 

(D)‌‌Representative‌‌droplets‌‌under‌‌positive‌‌control‌‌(WT,‌‌top‌‌row)‌‌and‌‌1‌‌μM‌‌Cdk1/2‌‌inhibitor‌‌III‌‌treated‌‌condition‌‌                                 
(Cdk1i,‌‌bottom‌‌row).‌‌The‌‌emission‌‌ratio‌‌images‌‌of‌‌WT‌‌in‌‌the‌‌mitotic‌‌phase‌‌(peak)‌‌and‌‌interphase‌‌(trough)‌‌were‌‌                                   
shown‌ ‌alternately.‌ ‌Cdk1i‌ ‌images‌ ‌were‌ ‌selected‌ ‌at‌ ‌the‌ ‌same‌ ‌frame‌ ‌as‌ ‌WT.‌ ‌ 
‌ 

(E)‌ ‌Raw‌ ‌emission‌ ‌ratio‌ ‌timecourse‌ ‌of‌ ‌the‌ ‌WT‌ ‌droplet‌ ‌shown‌ ‌in‌ ‌(D)‌ ‌(blue).‌ ‌A‌ ‌Cdk1‌ ‌activity‌ ‌baseline‌ ‌was‌‌                                   
estimated‌ ‌with‌ ‌trough‌ ‌values‌ ‌of‌ ‌Cdk1‌ ‌oscillations‌ ‌(red).‌‌ ‌  
‌ 

(F)‌ ‌Same‌ ‌as‌ ‌(E)‌ ‌with‌ ‌baseline‌ ‌decay‌ ‌corrected.‌ ‌Corrected‌ ‌data‌ ‌were‌ ‌used‌ ‌to‌ ‌quantify‌ ‌the‌ ‌amplitude‌ ‌of‌ ‌the‌‌                                   
rising‌ ‌and‌ ‌falling‌ ‌phases‌ ‌in‌ ‌later‌ ‌analysis.‌ ‌ 
‌ 

(G)‌ ‌Representative‌ ‌plots‌ ‌under‌ ‌inhibitor‌ ‌treatment‌ ‌conditions.‌ ‌1‌ ‌μM‌ ‌MEK‌ ‌inhibitor‌ ‌PD0325901‌ ‌(red),‌ ‌1‌ ‌μM‌‌                             
Cdk1‌ ‌inhibitor‌ ‌Cdk1/2‌ ‌inhibitor‌ ‌III‌ ‌(yellow),‌ ‌and‌ ‌DMSO‌ ‌(blue)‌ ‌as‌ ‌a‌‌vehicle‌‌of‌‌compounds‌‌were‌‌added‌‌to‌‌egg‌‌                                   
extract.‌ ‌FRET/CFP‌ ‌ratio‌ ‌decreased‌ ‌even‌ ‌though‌ ‌there‌ ‌was‌ ‌no‌ ‌oscillation‌ ‌under‌ ‌the‌ ‌Cdk1‌ ‌inhibitor‌ ‌added‌‌                             
condition.‌‌In‌‌MEK‌‌inhibitor‌‌treated‌‌droplets,‌‌the‌‌number‌‌of‌‌cycles‌‌was‌‌decreased‌‌and‌‌their‌‌periods‌‌were‌‌longer‌‌                                 
than‌ ‌the‌ ‌positive‌ ‌control‌ ‌condition.‌ ‌ ‌   
‌ 

(H)‌ ‌Raster‌ ‌plot‌ ‌of‌ ‌FRET/CFP‌ ‌ratio‌ ‌peaks‌ ‌over‌ ‌time‌ ‌for‌ ‌over‌ ‌300‌ ‌individual‌ ‌droplets‌ ‌combined‌ ‌from‌ ‌multiple‌‌                                 
positions.‌‌The‌‌droplets‌‌were‌‌initially‌‌synchronized‌‌and‌‌dephased‌‌at‌‌later‌‌cycles.‌‌The‌‌blue‌‌arrow‌‌indicates‌‌the‌‌                               
representative‌ ‌droplet‌ ‌shown‌ ‌in‌ ‌(D-F).‌ ‌ 
‌ 

(I,‌ ‌J)‌ ‌Period‌ ‌length‌ ‌(I)‌ ‌and‌‌amplitude‌‌(J)‌‌of‌‌Cdk1‌‌oscillation‌‌over‌‌peak‌‌time.‌‌The‌‌trend‌‌was‌‌shown‌‌by‌‌kernel‌‌                                       
density‌ ‌estimation‌ ‌(KDE)‌ ‌(red).‌‌ ‌  
‌ 

(K)‌ ‌The‌ ‌fold‌ ‌change‌ ‌of‌ ‌period‌ ‌length‌ ‌was‌ ‌greater‌ ‌than‌ ‌amplitude.‌ ‌The‌ ‌color‌ ‌bar‌ ‌represents‌ ‌the‌ ‌cycle‌ ‌number.‌‌ ‌  
‌   
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‌ 

‌ 

‌ 
Figure‌ ‌2.‌ ‌A‌ ‌period-tunable,‌ ‌amplitude-robust‌ ‌oscillator‌ ‌property‌ ‌was‌ ‌revealed‌ ‌by‌ ‌Cdk1-EV‌ ‌FRET‌‌                       
measurement.‌ ‌ 
‌ 

(A)‌‌Scheme‌‌of‌‌two-channel‌‌tuning.‌‌Mix‌‌1‌‌(Extracts‌‌plus‌‌Cdk1-EV‌‌biosensor)‌‌and‌‌Mix‌‌2‌‌(Mix‌‌1‌‌plus‌‌10‌‌μM‌‌MOs‌‌                                       
plus‌ ‌recombinant‌ ‌BFP‌ ‌as‌ ‌a‌ ‌dye‌ ‌indicator‌ ‌for‌ ‌MO‌ ‌concentration)‌ ‌were‌ ‌mixed‌ ‌in‌ ‌a‌ ‌microfluidic‌ ‌device.‌ ‌The‌‌                                 
emission‌ ‌ratio‌‌for‌‌Cdk1‌‌activation‌‌and‌‌BFP‌‌intensity‌‌of‌‌representative‌‌droplets‌‌were‌‌shown‌‌in‌‌IMD‌‌mode‌‌and‌‌                                 
gray-scale‌ ‌images.‌‌ ‌  
‌ 

(B)‌ ‌Representative‌ ‌Cdk1‌ ‌oscillation‌ ‌raw-data‌ ‌profiles‌ ‌for‌ ‌different‌ ‌morpholino‌ ‌concentrations.‌‌ ‌  
‌ 

(C)‌‌The‌‌distribution‌‌of‌‌the‌‌total‌‌cycle‌‌number‌‌of‌‌individual‌‌droplets‌‌was‌‌changed‌‌with‌‌MOs‌‌concentration.‌‌The‌‌                                 
maximum‌ ‌total‌ ‌cycle‌ ‌number‌ ‌decreased‌ ‌with‌ ‌MOs‌ ‌concentration.‌ ‌Each‌ ‌dot‌ ‌indicates‌ ‌a‌ ‌single‌ ‌droplet.‌ ‌MOs‌‌                             
concentration‌ ‌was‌ ‌estimated‌ ‌from‌ ‌BFP‌ ‌intensity.‌ ‌ 
‌ 

(D)‌‌Rising‌‌period‌‌(the‌‌time‌‌from‌‌a‌‌trough‌‌to‌‌the‌‌next‌‌peak,‌‌blue)‌‌and‌‌falling‌‌period‌‌(the‌‌time‌‌from‌‌a‌‌peak‌‌to‌‌the‌‌                                             
next‌ ‌trough,‌ ‌red)‌ ‌of‌ ‌Cdk1‌ ‌oscillation‌ ‌versus‌ ‌MOs‌ ‌concentration.‌‌ ‌  
‌ 

(E)‌ ‌Rising‌ ‌amplitudes‌ ‌(blue)‌ ‌and‌ ‌falling‌ ‌amplitudes‌ ‌(red)‌ ‌versus‌ ‌MOs‌ ‌concentration.‌‌ ‌  
‌ 

(F)‌ ‌Amplitude‌ ‌(calculated‌ ‌as‌ ‌the‌ ‌average‌ ‌of‌ ‌rising‌ ‌amplitude‌ ‌and‌ ‌falling‌ ‌amplitude)‌ ‌remains‌ ‌constant‌ ‌with‌ ‌a‌‌                               
wide‌ ‌range‌ ‌of‌ ‌period‌ ‌lengths.‌ ‌The‌ ‌color‌ ‌bar‌ ‌represents‌ ‌MOs‌ ‌concentration.‌‌ ‌  
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‌ 
(G)‌ ‌Raw‌ ‌Cdk1‌ ‌oscillation‌ ‌timecourses‌ ‌of‌ ‌representative‌ ‌droplets‌ ‌containing‌ ‌extracts‌ ‌treated‌ ‌with‌ ‌10‌ ‌μM‌‌                           
Xenopus‌ ‌cyclin‌ ‌B‌ ‌MOs‌ ‌and‌ ‌various‌ ‌amounts‌ ‌of‌ ‌manually‌ ‌added‌ ‌exogenous‌ ‌human‌ ‌cyclin‌ ‌B1‌ ‌mRNA.‌‌                             
Suppressed‌ ‌Cdk1‌ ‌oscillation‌ ‌by‌ ‌MOs‌ ‌was‌ ‌recovered‌ ‌by‌ ‌human‌ ‌cyclin‌ ‌B1‌ ‌mRNA.‌‌ ‌  
‌ 

(H)‌‌Cycle‌‌number‌‌on‌‌average‌‌is‌‌increased‌‌with‌‌the‌‌concentration‌‌of‌‌mRNA.‌‌Each‌‌dot‌‌represents‌‌the‌‌total‌‌cycle‌‌                                   
number‌ ‌of‌ ‌a‌ ‌single‌ ‌droplet.‌‌ ‌  
‌ 

(I)‌‌The‌‌falling‌‌period‌‌is‌‌constant‌‌across‌‌different‌‌exogenous‌‌mRNA‌‌concentrations.‌‌The‌‌rising‌‌period‌‌length‌‌is‌‌                               
dramatically‌ ‌shortened‌ ‌as‌ ‌the‌ ‌mRNA‌ ‌concentration‌ ‌increases.‌‌ ‌  
‌ 

(J)‌ ‌The‌ ‌range‌ ‌of‌ ‌amplitude‌ ‌was‌ ‌kept‌ ‌at‌ ‌a‌ ‌similar‌ ‌level‌ ‌across‌ ‌different‌ ‌mRNA‌ ‌concentrations.‌‌The‌‌color‌‌bar‌‌                                   
represents‌ ‌the‌ ‌cycle‌ ‌number.‌‌ ‌  
‌ 

(K)‌ ‌Amplitude-period‌ ‌log-log‌ ‌plot‌ ‌for‌ ‌clusters‌ ‌of‌ ‌droplets‌ ‌with‌ ‌different‌ ‌mRNA‌ ‌concentrations.‌‌ ‌  
‌   

‌ 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 28, 2021. ; https://doi.org/10.1101/2021.07.28.454130doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.28.454130
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‌ 

‌ 

Figure‌ ‌3.‌ ‌Nuclear‌ ‌compartmentalization‌ ‌affects‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌Cdk1‌ ‌activation‌ ‌and‌ ‌cell‌ ‌cycle‌ ‌period.‌ ‌ 

(A)‌ ‌A‌ ‌representative‌ ‌droplet‌ ‌having‌ ‌a‌ ‌nucleus‌ ‌(Bottom‌ ‌panel)‌ ‌or‌ ‌not‌ ‌(Top‌ ‌panel).‌ ‌Cdk1‌ ‌activity‌ ‌was‌ ‌represented‌‌ 
by‌ ‌FRET/CFP‌ ‌ratio‌ ‌IMD‌ ‌images.‌ ‌A‌ ‌nucleus‌ ‌was‌ ‌detected‌ ‌by‌ ‌recombinant‌ ‌NLS-mCherry-NLS‌ ‌proteins‌ ‌as‌ ‌a‌‌ 
bright‌ ‌spot‌ ‌in‌ ‌the‌ ‌nucleus-containing‌ ‌droplet.‌‌ ‌  

(B)‌ ‌Cdk1‌ ‌activity‌ ‌timecourses‌ ‌for‌ ‌droplets‌ ‌in‌ ‌(A),‌ ‌showing‌ ‌a‌ ‌single‌ ‌spiky‌ ‌Cdk1‌ ‌activation‌ ‌for‌ ‌the‌ ‌droplet‌ ‌with‌ ‌no‌‌ 
nucleus‌ ‌(gray)‌ ‌as‌ ‌compared‌ ‌to‌ ‌a‌ ‌gradual‌ ‌Cdk1‌ ‌activation‌ ‌followed‌ ‌by‌ ‌a‌ ‌spike‌ ‌for‌ ‌the‌ ‌droplet‌ ‌with‌ ‌a‌ ‌nucleus‌‌ 
(blue).‌ ‌Ratio‌ ‌value‌ ‌was‌ ‌normalized‌ ‌by‌ ‌division‌ ‌with‌ ‌the‌ ‌average‌ ‌of‌ ‌1st‌ ‌trough‌ ‌values‌ ‌of‌ ‌cytoplasm-only‌ ‌cells.‌‌ ‌  

(C)‌ ‌Period‌ ‌length‌ ‌of‌ ‌nucleus-containing‌ ‌droplets‌ ‌was‌ ‌shorter‌ ‌than‌ ‌that‌ ‌of‌ ‌cytoplasm-only‌ ‌droplets‌ ‌in‌ ‌each‌ ‌cycle.‌‌ 
The‌ ‌period‌ ‌is‌ ‌calculated‌ ‌based‌ ‌on‌ ‌the‌ ‌peak-to-peak‌ ‌time‌ ‌(Cycle‌ ‌2:‌ ‌1st‌ ‌and‌ ‌2nd‌ ‌peak,‌ ‌Cycle‌ ‌3:‌ ‌2nd‌ ‌and‌ ‌3rd‌‌ 
peak,‌ ‌Cycle‌ ‌4:‌ ‌3rd‌ ‌peak‌ ‌and‌ ‌4th‌ ‌peak).‌ ‌Later‌ ‌cycles‌ ‌had‌ ‌longer‌ ‌period‌ ‌durations.‌‌ ‌  

(D)‌ ‌Representative‌ ‌raw‌ ‌Cdk1‌ ‌activity‌ ‌of‌ ‌nucleus‌ ‌droplets‌ ‌(blue)‌ ‌and‌ ‌cytoplasm-only‌ ‌droplets‌ ‌(gray)‌ ‌with‌‌ 
additional‌ ‌human‌ ‌Cyclin‌ ‌B1‌ ‌mRNA.‌ ‌Periods‌ ‌of‌ ‌cytoplasm-only‌ ‌droplets‌ ‌were‌ ‌changed‌ ‌by‌ ‌additional‌ ‌mRNA‌‌ 
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concentration,‌ ‌but‌ ‌that‌ ‌of‌ ‌nucleus‌ ‌droplets‌ ‌was‌ ‌in‌ ‌a‌ ‌similar‌ ‌range.‌ ‌Also,‌ ‌a‌ ‌small‌ ‌jump‌ ‌just‌ ‌before‌ ‌the‌ ‌peak‌ ‌was‌‌ 
observed‌ ‌in‌ ‌nucleus‌ ‌droplets‌ ‌as‌ ‌we‌ ‌showed‌ ‌in‌ ‌(B).‌‌ ‌  

(E)‌ ‌Comparison‌ ‌of‌ ‌period‌ ‌length‌ ‌difference‌ ‌between‌ ‌nucleus-‌ ‌and‌ ‌non-nucleus-droplets‌ ‌under‌ ‌different‌‌ 
additional‌ ‌mRNA‌ ‌concentrations.‌ ‌Only‌ ‌the‌ ‌first‌ ‌oscillation‌ ‌was‌ ‌calculated.‌ ‌With‌ ‌5‌ ‌ng/μL‌ ‌mRNA‌ ‌added,‌ ‌nucleus‌‌ 
droplets‌ ‌had‌ ‌shorter‌ ‌cycles‌ ‌than‌ ‌non-nucleus‌ ‌droplets.‌ ‌However,‌ ‌with‌ ‌20‌ ‌ng/μL‌ ‌additional‌ ‌mRNA,‌ ‌it‌ ‌showed‌ ‌an‌‌ 
opposite‌ ‌feature.‌ ‌Statistical‌ ‌significance‌ ‌was‌ ‌not‌ ‌observed‌ ‌with‌ ‌10‌ ‌ng/μL‌ ‌mRNA.‌ ‌ 

(F)‌ ‌The‌ ‌nuclear‌ ‌region‌ ‌inside‌ ‌the‌ ‌droplet‌ ‌was‌ ‌segmented‌ ‌based‌ ‌on‌ ‌the‌ ‌standard‌ ‌deviation‌ ‌value‌ ‌of‌ ‌the‌ ‌nuclear‌‌ 
marker‌ ‌(gray)‌ ‌and‌ ‌the‌ ‌skewness‌ ‌of‌ ‌the‌ ‌nucleus‌ ‌marker‌ ‌intensity‌ ‌histogram‌ ‌(Figure‌ ‌S3A).‌ ‌The‌ ‌segmentation‌‌ 
results‌ ‌provided‌ ‌us‌ ‌the‌ ‌cytosolic‌ ‌to‌ ‌nuclear‌ ‌(C/N)‌ ‌ratio‌ ‌value‌ ‌of‌ ‌the‌ ‌nuclear‌ ‌marker‌ ‌(orange).‌ ‌When‌ ‌there‌ ‌is‌ ‌no‌‌ 
nucleus‌ ‌(after‌ ‌NEB‌ ‌and‌ ‌before‌ ‌NEF),‌ ‌C/N‌ ‌turns‌ ‌to‌ ‌be‌ ‌1.0.‌ ‌Based‌ ‌on‌ ‌this‌ ‌value,‌ ‌the‌ ‌time‌ ‌point‌ ‌of‌ ‌NEF‌ ‌(blue),‌‌ 
NEB‌ ‌Start‌ ‌(green),‌ ‌and‌ ‌NEB‌ ‌End‌ ‌(red)‌ ‌were‌ ‌defined‌ ‌as‌ ‌shown‌ ‌in‌ ‌representative‌ ‌images‌ ‌(Top‌ ‌panel,‌ ‌nuclear‌‌ 
marker:‌ ‌left,‌ ‌segmentation‌ ‌result:‌ ‌right).‌‌ ‌  

(G)‌ ‌Defined‌ ‌nuclear‌ ‌envelope-related‌ ‌events‌ ‌(NEF:‌ ‌blue‌ ‌dot,‌ ‌NEB‌ ‌Start:‌ ‌green‌ ‌dot,‌ ‌NEB‌ ‌End:‌ ‌red‌ ‌dot)‌ ‌were‌‌ 
plotted‌ ‌on‌ ‌Cdk1‌ ‌activity‌ ‌(blue‌ ‌line)‌ ‌and‌ ‌nuclear‌ ‌maker‌ ‌C/N‌ ‌ratio‌ ‌value‌ ‌(orange‌ ‌line).‌ ‌Short‌ ‌steeper‌ ‌Cdk1‌‌ 
activation‌ ‌started‌ ‌at‌ ‌the‌ ‌NEB‌ ‌End.‌ ‌Ratio‌ ‌value‌ ‌was‌ ‌normalized‌ ‌by‌ ‌division‌ ‌with‌ ‌the‌ ‌average‌ ‌1st‌ ‌trough‌ ‌value‌ ‌of‌‌ 
cytoplasm-only‌ ‌cells.‌‌ ‌  

(H)‌ ‌Cdk1‌ ‌activity‌ ‌aligned‌ ‌at‌ ‌the‌ ‌left‌ ‌peak‌ ‌(gray)‌ ‌was‌ ‌plotted‌ ‌with‌ ‌NEF‌ ‌(blue‌ ‌dot)‌ ‌and‌ ‌NEB‌ ‌End‌ ‌(red‌ ‌dot)‌‌ 
information.‌ ‌NEF‌ ‌was‌ ‌observed‌ ‌with‌ ‌similar‌ ‌ratio‌ ‌values‌ ‌around‌ ‌40-100‌ ‌min‌ ‌after‌ ‌the‌ ‌aligned‌ ‌peak‌ ‌regardless‌‌ 
of‌ ‌the‌ ‌period‌ ‌length.‌ ‌NEB‌ ‌End‌ ‌also‌ ‌observed‌ ‌similar‌ ‌ratio‌ ‌values‌ ‌among‌ ‌different‌ ‌period‌ ‌lengths.‌ ‌Ratio‌ ‌value‌‌ 
was‌ ‌normalized‌ ‌by‌ ‌division‌ ‌with‌ ‌the‌ ‌average‌ ‌1st‌ ‌trough‌ ‌value‌ ‌of‌ ‌cytoplasm-only‌ ‌cells.‌‌ ‌  

(I)‌ ‌Oscillation‌ ‌data‌ ‌shown‌ ‌in‌ ‌(H)‌ ‌were‌ ‌aligned‌ ‌at‌ ‌NEB‌ ‌End‌ ‌(red‌ ‌dot,‌ ‌vertical‌ ‌gray‌ ‌line)‌ ‌and‌ ‌their‌ ‌values‌ ‌were‌‌ 
normalized‌ ‌by‌ ‌the‌ ‌activity‌ ‌at‌ ‌NEB‌ ‌End.‌ ‌The‌ ‌steepness‌ ‌of‌ ‌the‌ ‌ratio‌ ‌change‌ ‌after‌ ‌NEB‌ ‌was‌ ‌similar‌ ‌among‌‌ 
droplets.‌‌ ‌  

(J)‌ ‌Cdk1‌ ‌activities‌ ‌of‌ ‌both‌ ‌conditions‌ ‌were‌ ‌transformed‌ ‌into‌ ‌250‌ ‌datapoint‌ ‌arrays‌ ‌and‌ ‌their‌ ‌average‌ ‌values‌ ‌and‌‌ 
their‌ ‌standard‌ ‌deviation‌ ‌values‌ ‌were‌ ‌plotted‌ ‌as‌ ‌solid‌ ‌line‌ ‌and‌ ‌shade.‌ ‌The‌ ‌time‌ ‌information‌ ‌of‌ ‌NEF‌ ‌(blue‌ ‌dot),‌‌ 
NEB‌ ‌Start‌  ‌(green‌ ‌dot),‌ ‌and‌ ‌NEB‌ ‌End‌ ‌(red‌ ‌dot)‌ ‌was‌ ‌also‌ ‌transformed‌ ‌and‌ ‌plotted‌ ‌with‌ ‌nucleus‌ ‌data‌ ‌(blue).‌ ‌After‌‌ 
NEB‌ ‌End,‌ ‌transformed‌ ‌data‌ ‌also‌ ‌changed‌ ‌its‌ ‌steepness.‌ ‌On‌ ‌the‌ ‌other‌ ‌hand,‌ ‌without‌ ‌a‌ ‌nucleus,‌ ‌droplets‌‌ 
remained‌ ‌flat‌ ‌in‌ ‌Cdk1‌ ‌activity‌ ‌in‌ ‌interphase‌ ‌before‌ ‌abrupt‌ ‌activation‌ ‌just‌ ‌before‌ ‌its‌ ‌peak‌ ‌(gray).‌ ‌In‌ ‌terms‌ ‌of‌ ‌the‌‌ 
inactivation‌ ‌of‌ ‌Cdk1‌ ‌activity,‌ ‌nucleus‌ ‌droplets‌ ‌were‌ ‌more‌ ‌deeply‌ ‌inactivated‌ ‌after‌ ‌mitotic‌ ‌exit‌ ‌than‌‌ 
cytoplasm-only‌ ‌droplets.‌ ‌Ratio‌ ‌value‌ ‌was‌ ‌normalized‌ ‌by‌ ‌division‌ ‌with‌ ‌the‌ ‌average‌ ‌1st‌ ‌trough‌ ‌value‌ ‌of‌‌ 
cytoplasm-only‌ ‌cells.‌‌ ‌  
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‌ 

‌ 
Figure‌ ‌4.‌ ‌Simultaneous‌ ‌measurements‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌and‌ ‌the‌ ‌Cdk1‌ ‌activity.‌ ‌ 

‌ 
(A)‌ ‌A‌ ‌representative‌ ‌droplet‌ ‌was‌ ‌shown‌ ‌with‌ ‌FRET/CFP‌ ‌ratio‌ ‌IMD‌ ‌images‌ ‌and‌ ‌cyclin‌ ‌B1-mScarlet-i‌ ‌expression‌‌ 
images.‌ ‌Images‌ ‌for‌ ‌Cdk1‌ ‌peak,‌ ‌Cdk1‌ ‌trough,‌ ‌and‌ ‌cyclin‌ ‌B1‌ ‌peak‌ ‌were‌ ‌selected.‌ ‌There‌ ‌was‌ ‌a‌ ‌time‌ ‌gap‌‌ 
between‌ ‌the‌ ‌peaks‌ ‌of‌ ‌Cdk1‌ ‌activity‌ ‌and‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌level.‌ ‌This‌ ‌droplet‌ ‌was‌ ‌treated‌ ‌with‌ ‌10‌ ‌μM‌ ‌MOs‌‌ 
and‌ ‌50‌ ‌ng/μL‌ ‌mRNA.‌ ‌Bright‌ ‌spot‌ ‌in‌ ‌the‌ ‌cyclin‌ ‌B1‌ ‌channel‌ ‌colocalizes‌ ‌with‌ ‌that‌ ‌in‌ ‌the‌ ‌NLS-tagged‌ ‌Cdk1-EV‌‌ 
FRET‌ ‌channel.‌ ‌ 
‌ 

(B)‌ ‌Both‌ ‌Cdk1‌ ‌kinase‌ ‌activity‌ ‌and‌ ‌cyclin‌ ‌B1-mScarlet-i‌ ‌expression‌ ‌were‌ ‌quantified‌ ‌simultaneously‌ ‌for‌ ‌multiple‌‌ 
cycles.‌ ‌The‌ ‌linear‌ ‌decay‌ ‌of‌ ‌FRET‌ ‌ratio‌ ‌value‌ ‌was‌ ‌corrected‌ ‌with‌ ‌linear‌ ‌baseline‌ ‌estimation‌ ‌shown‌ ‌in‌ ‌Figure1,‌‌ 
and‌ ‌the‌ ‌corrected‌ ‌signal‌ ‌value‌ ‌was‌ ‌divided‌ ‌by‌ ‌the‌ ‌average‌ ‌of‌ ‌1st‌ ‌trough‌ ‌values‌ ‌of‌ ‌cytoplasm-only‌ ‌droplets.‌ ‌ 
‌ 

(C)‌ ‌Quantified‌ ‌data‌ ‌in‌ ‌4B‌ ‌was‌ ‌plotted‌ ‌as‌ ‌a‌ ‌phase-plane‌ ‌trajectory‌ ‌with‌ ‌NEF‌ ‌(black‌ ‌triangle)‌ ‌and‌ ‌NEB‌ ‌End‌‌ 
(asterisk)‌ ‌marked.‌ ‌Colorbar‌ ‌indicates‌ ‌elapsed‌ ‌time‌ ‌from‌ ‌experiment‌ ‌start.‌ ‌Although‌ ‌peak‌ ‌and‌ ‌trough‌ ‌values‌ ‌of‌‌ 
Cdk1‌ ‌activity‌ ‌were‌ ‌similar‌ ‌among‌ ‌cycles,‌ ‌the‌ ‌phase-plane‌ ‌orbits‌ ‌shift‌ ‌to‌ ‌the‌ ‌right‌ ‌with‌ ‌time.‌‌ ‌  
‌ 
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(D)‌ ‌Representative‌ ‌droplets‌ ‌that‌ ‌had‌ ‌a‌ ‌similar‌ ‌cyclin‌ ‌B1-Katushka‌ ‌expression‌ ‌level‌ ‌(with‌ ‌10‌ ‌ng/μL‌ ‌mRNA‌‌ 
added).‌ ‌Emission‌ ‌ratio‌ ‌amplitude‌ ‌was‌ ‌also‌ ‌similar‌ ‌between‌ ‌spatially‌ ‌different‌ ‌environments.‌  ‌The‌ ‌period‌ ‌length‌‌ 
of‌ ‌the‌ ‌nucleus‌ ‌droplet‌ ‌(blue‌ ‌in‌ ‌upper‌ ‌panel,‌ ‌red‌ ‌in‌ ‌lower‌ ‌panel)‌ ‌was‌ ‌shorter‌ ‌than‌ ‌the‌ ‌nucleus-free‌ ‌droplet‌ ‌(gray).‌‌ 
The‌ ‌linear‌ ‌decay‌ ‌of‌ ‌FRET‌ ‌ratio‌ ‌value‌ ‌was‌ ‌corrected‌ ‌with‌ ‌linear‌ ‌baseline‌ ‌estimation‌ ‌shown‌ ‌in‌ ‌Figure1,‌ ‌and‌ ‌the‌‌ 
corrected‌ ‌signal‌ ‌value‌ ‌was‌ ‌divided‌ ‌by‌ ‌the‌ ‌average‌ ‌of‌ ‌1st‌ ‌trough‌ ‌values‌ ‌of‌ ‌cytoplasm-only‌ ‌droplets.‌ ‌ 
‌ 

(E)‌ ‌The‌ ‌shapes‌ ‌of‌ ‌phase-plane‌ ‌orbits‌ ‌were‌ ‌compared‌ ‌between‌ ‌spatially‌ ‌homogeneous‌ ‌(red)‌ ‌and‌‌ 
heterogeneous‌ ‌(blue)‌ ‌cellular‌ ‌environments.‌ ‌It‌ ‌was‌ ‌lower‌ ‌than‌ ‌that‌ ‌of‌ ‌nucleus-absent‌ ‌droplets‌ ‌(red)‌ ‌as‌‌ 
described‌ ‌in‌ ‌Figure‌ ‌3J.‌ ‌The‌ ‌path‌ ‌of‌ ‌Cdk1‌ ‌activation‌ ‌after‌ ‌NEB‌ ‌and‌ ‌cyclin‌ ‌B1-Cdk1‌ ‌inactivation‌ ‌by‌ ‌APC/C‌ ‌was‌‌ 
not‌ ‌different‌ ‌between‌ ‌conditions.‌ ‌The‌ ‌linear‌ ‌decay‌ ‌of‌ ‌FRET‌ ‌ratio‌ ‌value‌ ‌was‌ ‌corrected‌ ‌with‌ ‌linear‌ ‌baseline‌‌ 
estimation‌ ‌shown‌ ‌in‌ ‌Figure1,‌ ‌and‌ ‌the‌ ‌corrected‌ ‌signal‌ ‌value‌ ‌was‌ ‌divided‌ ‌by‌ ‌the‌ ‌average‌ ‌of‌ ‌1st‌ ‌trough‌ ‌values‌ ‌of‌‌ 
cytoplasm-only‌ ‌droplets.‌ ‌ 
‌ 

(F)‌ ‌Period‌ ‌length‌ ‌and‌ ‌maximum‌ ‌intensity‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌were‌ ‌linearly‌ ‌correlated.‌ ‌When‌ ‌droplets‌ ‌had‌‌ 
similar‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌levels‌ ‌under‌ ‌different‌ ‌nucleus‌ ‌conditions,‌ ‌nucleus‌ ‌droplets‌ ‌showed‌ ‌shorter‌ ‌periods‌‌ 
as‌ ‌we‌ ‌observed‌ ‌in‌ ‌Figure‌ ‌3C.‌ ‌ 
‌ 

(G)‌ ‌Representative‌ ‌phase-plane‌ ‌orbits‌ ‌of‌ ‌different‌ ‌period‌ ‌lengths‌ ‌were‌ ‌plotted‌ ‌for‌ ‌droplets‌ ‌with‌ ‌a‌ ‌nucleus.‌‌ 
Phase‌ ‌plane‌ ‌orbits‌ ‌shifted‌ ‌right‌ ‌and‌ ‌became‌ ‌wider‌ ‌as‌ ‌period‌ ‌length‌ ‌increased.‌ ‌A‌ ‌plateau‌ ‌high‌ ‌Cdk1‌ ‌activity‌‌ 
was‌ ‌observed‌ ‌from‌ ‌the‌ ‌Cdk1‌ ‌activity‌ ‌peak‌ ‌until‌ ‌the‌ ‌onset‌ ‌of‌ ‌Cdk1‌ ‌inactivation‌ ‌in‌ ‌a‌ ‌longer‌ ‌period‌ ‌droplet.‌ ‌The‌‌ 
linear‌ ‌decay‌ ‌of‌ ‌FRET‌ ‌ratio‌ ‌value‌ ‌was‌ ‌corrected‌ ‌with‌ ‌linear‌ ‌baseline‌ ‌estimation‌ ‌shown‌ ‌in‌ ‌Figure1,‌ ‌and‌ ‌the‌‌ 
corrected‌ ‌signal‌ ‌value‌ ‌was‌ ‌divided‌ ‌by‌ ‌the‌ ‌average‌ ‌of‌ ‌1st‌ ‌trough‌ ‌values‌ ‌of‌ ‌cytoplasm-only‌ ‌droplets.‌ ‌ 
‌ 

(H)‌ ‌Representative‌ ‌droplets‌ ‌that‌ ‌expressed‌ ‌cyclin‌ ‌B1-mScarlet-i‌ ‌protein‌ ‌with‌ ‌or‌ ‌without‌ ‌puncta‌ ‌in‌ ‌the‌ ‌cytosolic‌‌ 
region‌ ‌under‌ ‌10‌ ‌ng/μL‌ ‌added‌ ‌condition.‌ ‌Puncta‌ ‌were‌ ‌observed‌ ‌in‌ ‌a‌ ‌higher‌ ‌cyclin‌ ‌B1‌ ‌expressed‌ ‌droplet.‌ ‌The‌‌ 
required‌ ‌time‌ ‌for‌ ‌complete‌ ‌degradation‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌was‌ ‌comparable‌ ‌between‌ ‌different‌ ‌conditions.‌ ‌Contraction‌‌ 
of‌ ‌cyclin‌ ‌B1‌ ‌was‌ ‌observed‌ ‌after‌ ‌NEB‌ ‌(yellow‌ ‌square).‌ ‌The‌ ‌Time‌ ‌interval‌ ‌of‌ ‌the‌ ‌montage‌ ‌was‌ ‌4‌ ‌min.‌‌ ‌  
‌ 

(I)‌ ‌Degradation‌ ‌trajectory‌ ‌of‌ ‌puncta‌ ‌droplets‌ ‌(blue)‌ ‌and‌ ‌without‌ ‌puncta‌ ‌droplets‌ ‌(red).‌ ‌Both‌ ‌droplets‌ ‌showed‌ ‌a‌‌ 
similar‌ ‌background‌ ‌intensity‌ ‌after‌ ‌the‌ ‌complete‌ ‌degradation‌ ‌of‌ ‌cyclin‌ ‌B1.‌‌ ‌  
‌ 

(J)‌ ‌Normalized‌ ‌cyclin‌ ‌B1‌ ‌degradation‌ ‌trend‌ ‌of‌ ‌puncta‌ ‌droplets‌ ‌(blue)‌ ‌and‌ ‌without‌ ‌puncta‌ ‌droplets‌ ‌(red).‌ ‌Both‌‌ 
types‌ ‌of‌ ‌droplets‌ ‌had‌ ‌a‌ ‌similar‌ ‌trend.‌‌ ‌  
‌ 

(K)‌ ‌Summary‌ ‌of‌ ‌Cdk1‌ ‌activity‌ ‌and‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌dynamics‌ ‌that‌ ‌were‌ ‌observed‌ ‌in‌ ‌this‌ ‌study.‌‌ ‌  
‌ 
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Star‌ ‌Methods‌ ‌ 
‌ 

KYE‌ ‌RESOURCES‌ ‌TABLE‌ ‌ 
‌ 

‌ 

REAGENT‌ ‌or‌ ‌RESOURCE‌ ‌  SOURCE‌ ‌  IDENTIFIER‌ ‌ 

Bacterial‌ ‌strains‌ ‌  ‌  ‌ 

E.coli‌ ‌BL21(DE3)‌ ‌  New‌ ‌England‌ ‌BioLabs‌ ‌  C2527H‌ ‌ 

E.coli‌ ‌DH5α‌ ‌  New‌ ‌England‌ ‌BioLabs‌ ‌  C2987H‌ ‌ 

Chemicals,‌ ‌Peptides,‌ ‌and‌ ‌Recombinant‌ ‌Proteins‌ ‌  ‌  ‌ 

KOD‌ ‌one‌ ‌  TOYOBO‌ ‌  KMM-101‌ ‌ 

Ligation‌ ‌High‌ ‌ver.2‌ ‌  TOYOBO‌ ‌  LGK-201‌ ‌ 

Calcium‌ ‌ionophore‌ ‌A23187‌ ‌  Sigma-Aldrich‌ ‌  C7522‌ ‌ 

Chymostatin‌ ‌  Sigma-Aldrich‌ ‌  C7268‌ ‌ 

Cytochalasin‌ ‌B‌ ‌  MP‌ ‌Biomedicals‌ ‌  2195119‌ ‌ 

Leupeptin‌ ‌  Sigma-Aldrich‌ ‌  L2023‌ ‌ 

Pepstatin‌ ‌A‌ ‌  Sigma-Aldrich‌ ‌  P5318‌ ‌ 

His60‌ ‌Ni‌ ‌Superflow‌ ‌Resin‌ ‌  Takara‌ ‌bio‌ ‌  635660‌ ‌ 

IPTG‌ ‌  Invitrogen‌ ‌  15529019‌ ‌ 

Mini-PROTEAN®‌ ‌TGX™‌ ‌Precast‌ ‌Gels‌ ‌  BIO-RAD‌ ‌  4561096‌ ‌ 

EZBlue™‌ ‌Gel‌ ‌Staining‌ ‌Reagent‌ ‌  Sigma-Aldrich‌ ‌  G1041‌ ‌ 

2‌ ‌weight‌ ‌%‌ ‌008-FluoroSurfactant‌ ‌in‌ ‌HFE7500‌ ‌  Ran‌ ‌Biotechnologies‌ ‌ 
008-FluoroSurfactant-2wt‌
H-50G‌ ‌ 

Mineral‌ ‌oil‌ ‌  Macron‌ ‌Fine‌ ‌Chemicals‌ ‌  MK635704‌ ‌ 

Human‌ ‌Chorionic‌ ‌Gonadotropin‌ ‌  MP‌ ‌Biomedicals‌ ‌  2198591‌ ‌ 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane‌ ‌  Sigma-Aldrich‌ ‌  448931‌ ‌ 

Critical‌ ‌Commercial‌ ‌Assays‌ ‌  ‌  ‌ 

QIAquick‌ ‌Gel‌ ‌Extraction‌ ‌Kit‌ ‌  QIAGEN‌ ‌  28706‌ ‌ 

QIAprep‌ ‌Spin‌ ‌Miniprep‌ ‌Kit‌ ‌  QIAGEN‌ ‌  27106‌ ‌ 

Poly-Prep‌ ‌Chromatography‌ ‌Columns‌ ‌  BIO-RAD‌ ‌  7311550‌ ‌ 

Amicon®‌ ‌Ultra-4‌ ‌Centrifugal‌ ‌Filter‌ ‌Unit‌ ‌(10‌ ‌kDa)‌ ‌  Millipore‌  UFC801024‌ ‌ 

mMESSAGE‌ ‌mMACHINE‌ ‌SP6‌ ‌Transcription‌ ‌Kit‌ ‌  Ambion‌ ‌  AM1340‌ ‌ 

RNeasy‌ ‌Micro‌ ‌Kit‌ ‌  QIAGEN‌ ‌  74004‌ ‌ 

Masterflex‌ ‌TransferTubing‌ ‌  ColeParmer‌ ‌  EW-06417-11‌ ‌ 
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‌ 

WillCo-dish®‌ ‌Glass‌ ‌Bottom‌ ‌dishes‌ ‌  WillCo‌ ‌Wells‌ ‌  GWST-5040‌ ‌ 

Rectangle‌ ‌MiniatureHollow‌ ‌Glass‌ ‌Tubing‌ ‌  VitroCom‌ ‌  5012‌ ‌ 

Experimental‌ ‌Models‌ ‌  ‌  ‌ 

Xenopus‌ ‌laevis‌ ‌adult‌ ‌female‌ ‌  NASCO‌ ‌ 

https://www.enasco.com/c/E‌
ducation-Supplies/Xenopus-Fr‌

ogs‌ ‌ 

Xenopus‌ ‌laevis‌ ‌adult‌ ‌male‌ ‌  NASCO‌ ‌ 

https://www.enasco.com/c/E‌

ducation-Supplies/Xenopus-Fr‌
ogs‌ ‌ 

Xenopus‌ ‌laevis‌ ‌egg‌ ‌  Xenopus1‌ ‌  ‌ 

Oligonucleotides‌ ‌  ‌  ‌ 

Morpholino‌ ‌anti-Xenopus-CyclinB1‌ ‌(ccnb1_a):‌‌ 
ACATTTTCCCAAAACCGACAACTGG‌ ‌  Gene‌ ‌Tools,‌ ‌LLC‌ ‌  custom‌ ‌order‌ ‌ 

Morpholino‌ ‌anti-Xenopus-CyclinB1‌ ‌(ccnb1_b):‌‌ 
ACATTTTCTCAAGCGCAAACCTGCA‌ ‌  Gene‌ ‌Tools,‌ ‌LLC‌ ‌  custom‌ ‌order‌ ‌ 

Morpholino‌ ‌anti-Xenopus-CyclinB2‌ ‌(ccnb2_l):‌‌ 
AATTGCAGCCCGACGAGTAGCCAT‌ ‌  Gene‌ ‌Tools,‌ ‌LLC‌ ‌  custom‌ ‌order‌ ‌ 

Morpholino‌ ‌anti-Xenopus-CyclinB2‌ ‌(ccnb2_s):‌‌ 
CGACGAGTAGCCATCTCCGGTAAAA‌ ‌  Gene‌ ‌Tools,‌ ‌LLC‌ ‌  custom‌ ‌order‌ ‌ 

Recombinant‌ ‌DNA‌ ‌  ‌  ‌ 

pXL-6xHis-CDK1-FRET-JP‌ ‌  Gift‌ ‌from‌ ‌Dr.‌ ‌Xuedong‌ ‌Liu‌ ‌  [9]‌ ‌ 

pET21a-CDK1-FRET-JP-NLS‌ ‌  This‌ ‌study‌ ‌  ‌ 

pET21a-CDK1-FRET-JP-NLS-EV‌ ‌  This‌ ‌study‌ ‌  ‌ 

pPBbsr2-3594nls‌ ‌  Gift‌ ‌from‌ ‌Dr.‌ ‌Michiyuki‌ ‌Matsuda‌ ‌  [13]‌ ‌ 

PET21a-Cdk1-EV‌ ‌  This‌ ‌study‌ ‌  ‌ 

pET21a-Cdk1-EV-TAmut‌ ‌  This‌ ‌study‌ ‌  ‌ 

pCS2+-CyclinB-Katshuka‌ ‌  This‌ ‌study‌ ‌  ‌ 

pCS2+-CyclinB-mScarlet-i‌ ‌  This‌ ‌study‌ ‌  ‌ 

pET45b-EBFP2‌ ‌  This‌ ‌study‌ ‌  ‌ 

pET45b-NLS-mCherry-NLS‌ ‌  This‌ ‌study‌ ‌  ‌ 

Software‌ ‌and‌ ‌Algorithms‌ ‌  ‌  ‌ 

Fiji‌ ‌  ‌  https://imagej.net/Fiji‌‌ ‌ ‌[44]‌ ‌ 

MATLAB‌ ‌2019b,‌ ‌2020b‌ ‌  Mathworks‌ ‌  ‌ 
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‌ 

‌ 

RESOURCE‌ ‌AVAILABILITY‌ ‌ 
‌ 

Lead‌ ‌Contact‌ 
Further‌ ‌information‌ ‌and‌ ‌requests‌ ‌for‌ ‌resources‌ ‌and‌ ‌reagents‌ ‌should‌ ‌be‌ ‌directed‌ ‌to‌ ‌and‌ ‌will‌ ‌be‌ ‌fulfilled‌ ‌by‌ ‌the‌‌ 
lead‌ ‌contact,‌ ‌Qiong‌ ‌Yang‌ ‌(qiongy@umich.edu).‌ ‌ 

‌ 
Material‌ ‌Availability‌ ‌ 
Plasmids‌ ‌generated‌ ‌in‌ ‌this‌ ‌study‌ ‌can‌ ‌be‌ ‌obtained‌ ‌through‌ ‌the‌ ‌Lead‌ ‌Contact.‌ ‌ 

‌ 
Data‌ ‌and‌ ‌Code‌ ‌Availability‌ ‌ 
MATLAB‌ ‌code‌ ‌for‌ ‌droplet‌ ‌analysis‌ ‌will‌ ‌be‌ ‌made‌ ‌available‌ ‌by‌ ‌G.‌ ‌Maryu‌ ‌upon‌ ‌its‌ ‌publication.‌‌ ‌  
‌ 

EXPERIMENTAL‌ ‌MODEL‌ ‌AND‌ ‌SUBJECT‌ ‌DETAILS‌ ‌ 
Egg‌ ‌extract‌ ‌preparation‌ ‌ 

Cycling‌ ‌‌Xenopus‌ ‌egg‌ ‌extracts‌ ‌and‌ ‌sperm‌ ‌chromatin‌ ‌DNA‌‌were‌‌prepared‌‌as‌‌previously‌‌described‌‌[2],‌‌except‌‌                             
that‌ ‌eggs‌ ‌were‌ ‌activated‌ ‌with‌ ‌calcium‌ ‌ionophore‌ ‌A23187‌ ‌(200‌‌ng/μL)‌‌(Sigma-Aldrich)‌‌rather‌‌than‌‌an‌‌electric‌‌                             
shock‌ ‌[18].‌ ‌The‌ ‌cytosolic‌ ‌materials‌ ‌were‌ ‌extracted‌ ‌via‌ ‌two-step‌ ‌centrifugation‌ ‌at‌ ‌20,000g.‌ ‌Freshly‌ ‌prepared‌‌                           
extracts‌ ‌were‌ ‌mixed‌ ‌with‌ ‌extract‌‌buffer,‌‌demembranated‌‌sperm‌‌chromatin,‌‌energy‌‌mix,‌‌purified‌‌proteins,‌‌and‌‌                           
other‌ ‌reagents‌ ‌for‌ ‌specific‌ ‌experiments.‌ ‌In‌ ‌all‌ ‌experiments,‌‌the‌‌egg‌‌extract‌‌always‌‌accounted‌‌for‌‌70%‌‌of‌‌the‌‌                                 
total‌ ‌volume,‌ ‌and‌ ‌the‌ ‌amount‌ ‌of‌ ‌extract‌ ‌buffer‌ ‌was‌ ‌adjusted‌ ‌when‌ ‌mixing‌ ‌multiple‌ ‌reagents.‌ ‌ 

‌ 

METHOD‌ ‌DETAILS‌ ‌ 
Plasmids‌ ‌and‌ ‌molecular‌ ‌cloning‌ ‌ 

For‌‌the‌‌cloning‌‌and‌‌expression‌‌of‌‌recombinant‌‌protein‌‌in‌‌E.coli,‌‌the‌‌pET‌‌system‌‌was‌‌employed‌‌as‌‌a‌‌backbone‌‌                                   
vector‌ ‌(Novagen).‌ ‌The‌ ‌cDNA‌ ‌of‌ ‌NLS-mCherry-NLS‌ ‌and‌ ‌EBFP2‌ ‌were‌ ‌amplified‌ ‌by‌ ‌PCR‌ ‌and‌ ‌inserted‌ ‌into‌‌                             
pET-45b‌ ‌vector‌ ‌plasmid‌ ‌with‌ ‌restriction‌ ‌enzyme.‌ ‌EKAREV‌ ‌was‌ ‌a‌ ‌gift‌ ‌from‌ ‌Dr.‌ ‌Michiyuki‌ ‌Matsuda‌ ‌through‌‌                             
Addgene‌‌(Addgene,‌‌Cambridge,‌‌MA).‌‌All‌‌FRET‌‌biosensors‌‌in‌‌this‌‌study‌‌were‌‌developed‌‌by‌‌modification‌‌of‌‌this‌‌                               
biosensor.‌ ‌Therefore,‌ ‌all‌ ‌FRET‌ ‌biosensors‌ ‌were‌ ‌composed‌ ‌of‌ ‌the‌ ‌same‌ ‌elements‌ ‌except‌ ‌for‌ ‌the‌ ‌sensor‌‌                             
domain,‌‌ligand‌‌domain,‌‌and‌‌linker‌‌length.‌‌For‌‌replacement‌‌of‌‌sensor‌‌domain‌‌of‌‌EKAREV‌‌including‌‌FQFP‌‌ERK‌‌                               
binding‌ ‌domain‌ ‌removed‌ ‌ones‌ ‌and‌ ‌negative‌ ‌control‌ ‌TA‌‌mutation‌‌was‌‌developed‌‌with‌‌linker‌‌ligation‌‌fragment‌‌                             
that‌ ‌was‌ ‌annealed‌ ‌with‌ ‌double-stranded‌ ‌oligonucleotide‌ ‌and‌ ‌restriction‌ ‌enzymes.‌ ‌To‌ ‌utilize‌ ‌the‌ ‌same‌‌                         
fluorophores,‌‌NLS,‌‌and‌‌affinity‌‌tag,‌‌cDNA‌‌of‌‌sensor‌‌domain‌‌and‌‌ligand‌‌domain‌‌of‌‌existing‌‌Plk1-cyclin‌‌B1-based‌‌                               
Cdk1‌ ‌sensor‌ ‌was‌ ‌amplified‌ ‌by‌ ‌PCR‌ ‌and‌ ‌introduced‌ ‌into‌ ‌the‌‌EKAREV‌‌plasmid‌‌with‌‌restriction‌‌enzymes.‌‌The‌‌                               
coding‌ ‌region‌ ‌of‌ ‌the‌ ‌FRET‌ ‌biosensor‌ ‌in‌ ‌those‌ ‌plasmids‌ ‌was‌ ‌transferred‌ ‌into‌ ‌a‌ ‌pET-21a‌ ‌vector‌ ‌that‌ ‌has‌‌                                 
C-terminal‌ ‌6x‌ ‌His-tag‌ ‌by‌ ‌restriction‌ ‌enzymes.‌‌ ‌  

For‌‌mRNA‌‌purification‌‌by‌‌in‌‌vitro‌‌transcription,‌‌the‌‌pCS2+‌‌plasmid‌‌that‌‌has‌‌an‌‌SP6‌‌promoter‌‌region‌‌was‌‌used‌‌                                   
as‌ ‌a‌ ‌backbone‌ ‌vector.‌ ‌cDNA‌ ‌of‌ ‌Katushka‌ ‌and‌ ‌mScarlet-i‌‌were‌‌amplified‌‌by‌‌PCR‌‌and‌‌replaced‌‌with‌‌the‌‌YFP‌‌                                   

‌ 

Custom‌ ‌ImageJ‌ ‌macro‌ ‌for‌ ‌IMD‌ ‌  Dr.‌ ‌Yohei‌ ‌Kondo‌ ‌  ‌ 

Elveflow‌ ‌Smart‌ ‌interface‌ ‌  Elveflow,‌ ‌Paris,‌ ‌France‌ ‌ 

https://www.elveflow.com/m‌
icrofluidic-products/microflu‌
idics-software/‌ ‌ 

Micro-Manager‌ ‌v1.4.23‌ ‌  ‌  [45,‌ ‌46]‌ ‌ 
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protein‌ ‌region‌ ‌of‌ ‌pCS2-CyclinB-YFP‌ ‌that‌ ‌we‌ ‌used‌ ‌before‌ ‌[18].‌ ‌pmScarlet-i_C1‌ ‌was‌ ‌a‌ ‌gift‌ ‌from‌ ‌Dr.‌ ‌Dorus‌‌                               
Gadella‌ ‌through‌ ‌Addgene.‌ ‌ 

‌ 

Fluorescence-Labeled‌ ‌Reporters‌ ‌ 

NLS-mCherry-NLS‌ ‌protein,‌ ‌FRET‌ ‌biosensors,‌ ‌and‌ ‌EBFP2‌ ‌protein‌‌were‌‌expressed‌‌in‌‌BL21‌‌(DE3)‌‌competent‌‌                         
cells‌‌(New‌‌England‌‌Biolabs)‌‌that‌‌were‌‌induced‌‌by‌‌0.4‌‌mM‌‌IPTG‌‌(‌Invitrogen‌)‌‌overnight‌‌at‌‌18°C.‌‌After‌‌cells‌‌were‌‌                                   
corrected‌‌by‌‌centrifugation,‌‌they‌‌were‌‌suspended‌‌by‌‌ice-cold‌‌lysis‌‌buffer‌‌(25‌‌mM‌‌Na‌2‌HPO‌4‌,‌‌25‌‌mM‌‌NaH‌2‌PO‌4‌,‌‌                               
300‌‌mM‌‌NaCl,‌‌20‌‌mM‌‌Imidazole,‌‌1‌‌mg/mL‌‌Lysozyme,‌‌1‌‌mM‌‌PMSF)‌‌and‌‌then‌‌incubated‌‌in‌‌a‌‌cold‌‌room‌‌for‌‌an‌‌                                         
hour.‌‌Cells‌‌were‌‌also‌‌broken‌‌down‌‌to‌‌release‌‌protein‌‌through‌‌sonication‌‌(Branson).‌‌Sonication‌‌condition‌‌is‌‌as‌‌                               
follows,‌‌on‌‌ice,‌‌duty‌‌cycle:‌‌50%,‌‌output‌‌control:‌‌4,‌‌on:30‌‌sec‌‌off:30‌‌sec,‌‌and‌‌6‌‌cycles.‌‌His60‌‌Ni‌‌Superflow‌‌Resin‌‌                                       
(TakaraBio)‌‌and‌‌Poly-Prep‌‌Chromatography‌‌Columns‌‌were‌‌equilibrated‌‌by‌‌a‌‌wash‌‌buffer‌‌(25‌‌mM‌‌Na‌2‌HPO‌4‌,‌‌25‌‌                             
mM‌‌NaH‌2‌PO‌4‌,‌‌300‌‌mM‌‌NaCl,‌‌20‌‌mM‌‌Imidazole)‌‌beforehand.‌‌Target‌‌proteins‌‌were‌‌incubated‌‌overnight‌‌at‌‌4‌‌°C‌‌                                 
and‌‌eluted‌‌with‌‌a‌‌4‌‌mL‌‌elution‌‌buffer‌‌(25‌‌mM‌‌Na‌2‌HPO‌4‌,‌‌25‌‌mM‌‌NaH‌2‌PO‌4‌,‌‌300‌‌mM‌‌NaCl,‌‌300‌‌mM‌‌Imidazole)‌‌                                       
after‌ ‌three‌ ‌times‌ ‌wash‌ ‌by‌ ‌wash‌ ‌buffer.‌‌All‌‌purified‌‌proteins‌‌were‌‌filtered‌‌and‌‌concentrated‌‌by‌‌Amicon‌‌Ultra-4‌‌                                 
10kDa‌‌cutoff‌‌(Millipore).‌‌The‌‌quality‌‌of‌‌purified‌‌protein‌‌was‌‌checked‌‌by‌‌CBB‌‌staining‌‌with‌‌EZBlue‌‌Gel‌‌Staining‌‌                                 
Reagent‌‌(Sigma-Aldrich),‌‌and‌‌their‌‌concentration‌‌was‌‌measured‌‌by‌‌the‌‌Bradford‌‌method‌‌with‌‌a‌‌spectrometer‌‌                           
(DeNovix).‌ ‌The‌ ‌purified‌ ‌proteins‌ ‌were‌ ‌aliquoted,‌ ‌flash-frozen,‌ ‌and‌ ‌stored‌ ‌at‌ ‌-80°C‌ ‌until‌ ‌use.‌ ‌ 

All‌ ‌mRNAs‌ ‌were‌ ‌transcribed‌ ‌in‌ ‌vitro‌ ‌and‌ ‌purified‌ ‌using‌ ‌mMESSAGE‌ ‌mMACHINE‌ ‌SP6‌ ‌Transcription‌ ‌Kit‌‌                           
(Ambion)‌ ‌and‌ ‌RNeasy‌ ‌Micro‌ ‌Kit‌ ‌(QIAGEN).‌ ‌mRNA‌ ‌concentration‌ ‌was‌ ‌measured‌ ‌by‌ ‌a‌ ‌spectrometer.‌ ‌ 

‌ 

Droplet‌ ‌formation‌ ‌ 

Fresh‌‌egg‌‌cycling‌‌extract‌‌was‌‌mixed‌‌with‌‌a‌‌surfactant‌‌on‌‌a‌‌PDMS‌‌chamber‌‌that‌‌was‌‌designed‌‌in‌‌the‌‌previous‌‌                                     
study‌‌to‌‌form‌‌droplets‌‌[20].‌‌2%‌‌008-FluoroSurfactant‌‌in‌‌HFE7500‌‌(Ran‌‌Biotechnologies,‌‌Inc.)‌‌was‌‌used‌‌as‌‌the‌‌                               
oil‌ ‌phase‌ ‌for‌ ‌microfluidics.‌ ‌The‌ ‌oil‌ ‌and‌ ‌aqueous‌ ‌phase‌ ‌were‌ ‌driven‌ ‌with‌ ‌Elveflow‌ ‌OB1‌ ‌multi-channel‌ ‌flow‌‌                               
controller‌‌(Elveflow)‌‌and‌‌went‌‌through‌‌microbore‌‌PTFE‌‌tubings‌‌(ColeParmer)‌‌from‌‌vials‌‌to‌‌a‌‌PDMS‌‌device.‌‌For‌‌                               
the‌‌single-channel‌‌droplet‌‌formation,‌‌the‌‌air‌‌pressure‌‌of‌‌the‌‌aqueous‌‌phase‌‌is‌‌1.5‌‌psi,‌‌and‌‌the‌‌oil‌‌phase‌‌is‌‌2.0‌‌                                       
psi.‌‌The‌‌air‌‌pressure‌‌of‌‌the‌‌aqueous‌‌phase‌‌was‌‌controlled‌‌between‌‌0.05‌‌psi‌‌to‌‌1.5‌‌psi‌‌in‌‌the‌‌reverse‌‌phase‌‌for‌‌                                         
two-channel‌‌tuning‌‌to‌‌yield‌‌droplets‌‌with‌‌different‌‌concentrations‌‌of‌‌morpholino‌‌in‌‌a‌‌wide‌‌set‌‌continuous‌‌range.‌ ‌                               
This‌‌flow‌‌pump‌‌was‌‌controlled‌‌by‌‌Elveflow‌‌Software‌‌Interface.‌‌When‌‌droplets‌‌were‌‌generated‌‌and‌‌loaded‌‌into‌‌                               
glass‌‌tubes‌‌that‌‌were‌‌pre-coated‌‌with‌‌trichloro‌‌(1H,1H,2H,2H-perfluorooctyl)‌‌silane,‌‌the‌‌tubes‌‌were‌‌immersed‌‌                         
in‌ ‌a‌ ‌glass-bottom‌ ‌dish‌ ‌(WillCo‌ ‌Wells)‌ ‌filled‌ ‌with‌ ‌mineral‌ ‌oil‌ ‌(Macron‌ ‌Fine‌ ‌Chemicals)‌ ‌to‌ ‌prevent‌ ‌sample‌‌                               
evaporations.‌ ‌ 

‌ 

Live‌ ‌cell‌ ‌imaging‌ ‌ 

Imaging‌ ‌was‌ ‌performed‌ ‌with‌ ‌an‌ ‌inverted‌ ‌microscope‌ ‌IX83‌ ‌(Olympus)‌ ‌equipped‌ ‌with‌ ‌a‌ ‌UPlanSApo‌ ‌4x/0.16‌‌                           
objective‌ ‌lens‌ ‌(Olympus),‌ ‌an‌ ‌ORCA-Flash4.0‌ ‌V3Digital‌ ‌CMOS‌ ‌camera‌‌(Hamamatsu‌‌Photonics),‌‌X-Cite‌‌Xylis‌‌                       
Broad‌ ‌Spectrum‌ ‌LED‌ ‌Illumination‌ ‌System‌ ‌(Exelitas‌ ‌Technologies‌ ‌Corp.),‌ ‌and‌ ‌a‌ ‌motorized‌ ‌XY‌ ‌stage‌ ‌(Prior‌‌                           
Scientific‌ ‌Inc.)‌ ‌at‌ ‌room‌ ‌temperature.‌ ‌The‌ ‌microscope‌ ‌was‌ ‌controlled‌ ‌by‌ ‌Micro-Manager‌ ‌software‌ ‌[45,‌ ‌46].‌‌                           
Time-lapse‌ ‌images‌ ‌were‌ ‌recorded‌ ‌in‌ ‌bright-field‌ ‌and‌ ‌multiple‌ ‌fluorescence‌ ‌channels‌‌at‌‌a‌‌time‌‌interval‌‌of‌‌3-6‌‌                               
min‌ ‌up‌ ‌to‌ ‌2‌ ‌days.‌ ‌ 

‌ 

QUANTIFICATION‌ ‌AND‌ ‌STATISTICAL‌ ‌ANALYSIS‌ ‌ 
Image‌ ‌processing‌ ‌ 

‌ 
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Image‌ ‌processing‌ ‌for‌ ‌droplet-based‌ ‌images‌ ‌was‌ ‌performed‌ ‌using‌ ‌custom‌ ‌MATLAB‌ ‌(MathWorks)‌ ‌scripts‌ ‌as‌‌                         
described‌ ‌in‌ ‌a‌ ‌previous‌ ‌study‌ ‌[20].‌ ‌Bright-field‌ ‌images‌ ‌were‌ ‌used‌ ‌for‌ ‌the‌ ‌segmentation‌ ‌and‌ ‌tracking‌ ‌of‌‌                               
individual‌‌droplets.‌‌Fluorescent‌‌images‌‌of‌‌nuclear‌‌makers‌‌were‌‌used‌‌to‌‌define‌‌cellular‌‌compartments‌‌such‌‌as‌‌                             
nuclear‌ ‌and‌ ‌cytoplasm‌ ‌regions.‌ ‌The‌ ‌standard‌ ‌deviation‌ ‌of‌ ‌fluorescent‌ ‌intensity,‌ ‌skewness‌ ‌of‌ ‌intensity‌‌                         
histogram,‌‌and‌‌multiple‌‌thresholds‌‌were‌‌calculated‌‌in‌‌every‌‌time-point‌‌and‌‌every‌‌droplet‌‌(Figure‌‌S3A).‌‌Based‌‌                             
on‌ ‌standard‌ ‌deviation‌ ‌value‌ ‌and‌ ‌skewness,‌ ‌a‌ ‌certain‌ ‌threshold‌ ‌for‌ ‌the‌‌Otsu‌‌method‌‌was‌‌applied‌‌for‌‌nuclear‌‌                                 
segmentation.‌ ‌Based‌ ‌on‌ ‌segmentation‌ ‌results,‌ ‌we‌ ‌calculated‌ ‌the‌ ‌average‌ ‌ratio‌ ‌value‌ ‌of‌ ‌the‌ ‌cytosolic‌ ‌and‌‌                             
nuclear‌ ‌region‌ ‌intensities‌ ‌and‌ ‌defined‌ ‌the‌ ‌NEF,‌ ‌NEB‌ ‌Start,‌ ‌and‌ ‌NEB‌ ‌End‌‌points‌‌(Figure‌‌3F,‌‌S3B-3C).‌‌Mean‌‌                                 
intensities‌ ‌from‌ ‌all‌ ‌fluorescent‌ ‌channels‌ ‌were‌ ‌calculated‌ ‌for‌ ‌each‌ ‌subcellular‌ ‌region‌ ‌of‌ ‌tracked‌ ‌droplets‌ ‌to‌‌                             
obtain‌‌time‌‌course‌‌data.‌‌In‌‌the‌‌mitotic‌‌phase,‌‌the‌‌nuclear‌‌region‌‌and‌‌cytosolic‌‌region‌‌had‌‌the‌‌same‌‌area‌‌due‌‌to‌‌                                       
nuclear‌ ‌disappearance.‌ ‌ ‌   

Creation‌ ‌of‌ ‌FRET/CFP‌ ‌ratio‌ ‌image‌ ‌stack‌ ‌ 

To‌ ‌generate‌ ‌colored‌ ‌FRET/CFP‌ ‌ratio‌ ‌images‌ ‌shown‌ ‌in‌‌figures,‌‌image‌‌stacks‌‌of‌‌background-subtracted‌‌CFP,‌‌                           
FRET‌ ‌images‌ ‌were‌ ‌created‌ ‌with‌‌custom‌‌Fiji‌‌macro.‌‌After‌‌the‌‌creation‌‌of‌‌the‌‌FRET/CFP‌‌ratio‌‌image‌‌stack‌‌by‌‌                                   
image‌‌calculator‌‌function,‌‌its‌‌values‌‌were‌‌represented‌‌by‌‌the‌‌intensity-modulated‌‌display‌‌mode‌‌with‌‌custom‌‌Fiji‌‌                             
macro‌ ‌(gift‌ ‌from‌ ‌Dr.‌ ‌Yohei‌ ‌Kondo).‌‌ ‌  

Data‌ ‌analysis‌ ‌ 

Based‌ ‌on‌ ‌the‌ ‌calculated‌ ‌FRET/CFP‌ ‌ratio‌ ‌value‌ ‌and‌ ‌CFP‌ ‌intensity,‌ ‌peaks‌ ‌and‌ ‌troughs‌ ‌of‌‌Cdk1‌‌activity‌‌were‌‌                                 
detected‌‌by‌‌custom‌‌MATLAB‌‌scripts.‌‌All‌‌peak‌‌and‌‌trough‌‌data‌‌were‌‌screened‌‌manually.‌‌In‌‌this‌‌study,‌‌from‌‌one‌‌                                   
peak‌‌to‌‌the‌‌next‌‌peak‌‌is‌‌counted‌‌as‌‌a‌‌certain‌‌oscillation.‌‌Also,‌‌the‌‌rising‌‌period‌‌and‌‌falling‌‌period‌‌are‌‌defined‌‌                                       
by‌ ‌peaks‌ ‌and‌ ‌troughs‌ ‌data.‌ ‌With‌ ‌sperm‌ ‌chromatin‌ ‌DNA‌ ‌condition,‌ ‌some‌ ‌droplets‌ ‌contain‌ ‌a‌ ‌nucleus.‌ ‌We‌‌                               
defined‌ ‌the‌ ‌NEF,‌ ‌NEB‌ ‌Start,‌ ‌and‌ ‌NEB‌ ‌End‌ ‌with‌ ‌the‌ ‌cytoplasm/nuclear‌ ‌intensity‌ ‌value‌ ‌ratio‌ ‌of‌ ‌NLS-tagged‌‌                               
fluorescent‌‌protein.‌‌When‌‌the‌‌cycling‌‌extract‌‌did‌‌not‌‌have‌‌a‌‌nucleus‌‌including‌‌the‌‌mitotic‌‌phase,‌‌this‌‌ratio‌‌value‌‌                                   
must‌‌be‌‌1.0‌‌because‌‌the‌‌nuclear‌‌and‌‌cytosolic‌‌regions‌‌had‌‌the‌‌same‌‌area.‌‌Therefore,‌‌the‌‌time‌‌point‌‌when‌‌the‌‌                                     
ratio‌‌value‌‌turned‌‌to‌‌lower‌‌than‌‌1.0‌‌was‌‌defined‌‌as‌‌NEF,‌‌and‌‌the‌‌time‌‌point‌‌when‌‌it‌‌returned‌‌to‌‌1.0‌‌again‌‌was‌‌                                           
defined‌‌as‌‌the‌‌NEB‌‌End.‌‌To‌‌determine‌‌the‌‌NEB‌‌Start,‌‌we‌‌fitted‌‌the‌‌last‌‌10‌‌frame‌‌data‌‌from‌‌the‌‌Cdk1‌‌activation‌‌                                         
peak‌ ‌by‌ ‌the‌ ‌logistic‌ ‌function‌ ‌(Eq.1),‌ ‌and‌ ‌the‌ ‌1st‌ ‌timepoint‌ ‌that‌ ‌estimated‌ ‌value‌ ‌is‌ ‌larger‌ ‌than‌ ‌minimum‌‌                                 
asymptote‌ ‌was‌ ‌defined‌ ‌as‌ ‌the‌ ‌NEB‌ ‌Start‌ ‌(Figure‌ ‌S3B‌ ‌and‌ ‌3C).‌‌ ‌  

                                 ‌　‌　‌　‌　‌　‌　‌　‌　‌ ‌F (x) = D + (D−A)

(1+( ) )x
C

B (Eq.1)‌ ‌ 

For‌‌correction‌‌of‌‌decay‌‌trends‌‌of‌‌FRET/CFP‌‌ratio‌‌values,‌‌linear‌‌baselines‌‌were‌‌estimated‌‌in‌‌each‌‌droplet‌‌with‌‌                                 
its‌‌trough‌‌values.‌‌The‌‌amplitude‌‌of‌‌Cdk1‌‌activity‌‌was‌‌calculated‌‌by‌‌subtraction‌‌from‌‌the‌‌raw‌‌peak‌‌signal‌‌to‌‌the‌‌                                     
estimated‌ ‌baseline‌ ‌value‌ ‌at‌ ‌the‌ ‌time‌ ‌point‌ ‌of‌ ‌the‌ ‌peak.‌ ‌The‌ ‌average‌ ‌value‌ ‌of‌ ‌1st‌ ‌trough‌ ‌values‌ ‌of‌‌                                   
cytoplasmic-only‌‌droplets‌‌was‌‌used‌‌for‌‌data‌‌normalization‌‌for‌‌all‌‌droplets‌‌with‌‌both‌‌raw‌‌signals‌‌and‌‌corrected‌‌                               
signals.‌ ‌ 

To‌‌compare‌‌the‌‌Cdk1‌‌activation‌‌shape‌‌with‌‌nucleus‌‌droplets‌‌and‌‌cytoplasmic-only‌‌droplets,‌‌all‌‌oscillation‌‌data‌‌                             
were‌ ‌normalized‌ ‌into‌ ‌250‌ ‌data‌ ‌point‌ ‌vectors.‌ ‌A‌ ‌vector‌ ‌that‌ ‌had‌ ‌less‌ ‌than‌ ‌250‌ ‌original‌ ‌data‌ ‌points‌ ‌was‌‌                                   
interpolated‌‌by‌‌linearly‌‌estimated‌‌values.‌‌On‌‌the‌‌other‌‌hand,‌‌extra‌‌data‌‌points‌‌were‌‌expunged‌‌from‌‌more‌‌than‌‌                                 
250‌ ‌original‌ ‌data‌ ‌points‌ ‌vectors.‌‌ ‌  

‌ 
‌ 
‌ 

‌   

‌ 
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Supplemental‌ ‌Figures‌‌ 

‌ 

‌ 
‌ 

Figure‌ ‌S1.‌ ‌Scheme‌ ‌of‌ ‌design‌ ‌and‌ ‌representative‌ ‌plots‌ ‌for‌ ‌variants‌ ‌of‌ ‌the‌ ‌Cdk1‌ ‌biosensor.‌ ‌ 
‌ 

(A)‌ ‌A‌ ‌comparison‌ ‌result‌ ‌of‌ ‌Cdk1-EV‌ ‌(blue‌ ‌line)‌ ‌and‌ ‌the‌ ‌phospho-dead‌ ‌TA‌ ‌mutant‌ ‌of‌ ‌Cdk1-EV‌ ‌(red‌ ‌line).‌‌ 
Tyrosine‌ ‌residue‌ ‌in‌ ‌the‌ ‌sensor‌ ‌domain‌ ‌was‌ ‌replaced‌ ‌with‌ ‌Alanine‌ ‌as‌ ‌shown‌ ‌in‌ ‌the‌ ‌scheme.‌ ‌Although‌ ‌both‌‌ 
representative‌ ‌droplets‌ ‌passed‌ ‌the‌ ‌mitotic‌ ‌phase‌ ‌as‌ ‌the‌ ‌standard‌ ‌deviation‌ ‌value‌ ‌of‌ ‌the‌ ‌nuclear‌ ‌marker,‌‌ 
NLS-mCherry-NLS,‌ ‌showed‌ ‌(bottom‌ ‌right‌ ‌plot),‌ ‌the‌ ‌mutant‌ ‌didn’t‌ ‌show‌ ‌a‌ ‌FRET/CFP‌ ‌ratio‌ ‌change‌ ‌(bottom‌ ‌left‌‌ 
plot).‌‌ ‌  
‌ 

(B)‌ ‌A‌ ‌comparison‌ ‌result‌ ‌of‌ ‌response‌ ‌to‌ ‌Cdk1‌ ‌activity‌ ‌in‌ ‌‌Xenopus‌ ‌‌egg‌ ‌extract‌ ‌between‌ ‌purified‌ ‌Cdk1-EV‌ ‌(blue‌‌ 
line)‌ ‌and‌ ‌purified‌ ‌reported‌ ‌Cdk1‌ ‌FRET‌ ‌biosensor‌ ‌(red‌ ‌line).‌ ‌The‌ ‌ratio‌ ‌value‌ ‌of‌ ‌the‌ ‌reported‌ ‌Cdk1‌ ‌FRET‌‌ 
biosensor‌ ‌was‌ ‌less‌ ‌changed‌ ‌than‌ ‌Cdk1-EV‌ ‌(bottom‌ ‌left).‌ ‌Both‌ ‌droplets‌ ‌showed‌ ‌a‌ ‌cell‌ ‌cycle‌ ‌with‌ ‌a‌ ‌nuclear‌‌ 
marker‌ ‌channel‌ ‌(bottom‌ ‌right).‌ ‌The‌ ‌phosphorylation‌ ‌site‌ ‌was‌ ‌conserved‌ ‌between‌ ‌human‌ ‌and‌ ‌‌Xenopus‌,‌ ‌but‌ ‌the‌‌ 
first‌ ‌half‌ ‌of‌ ‌the‌ ‌cyclin‌ ‌B1‌ ‌peptide‌ ‌was‌ ‌different.‌ ‌This‌ ‌may‌ ‌relate‌ ‌to‌ ‌the‌ ‌specificity‌ ‌of‌ ‌Cdk1‌ ‌activation‌ ‌in‌ ‌‌Xenopus‌‌ 
egg‌ ‌extract.‌‌ ‌  
‌ 
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‌ 
(C)‌ ‌A‌ ‌comparison‌ ‌result‌ ‌of‌ ‌Cdk1-EV‌ ‌(blue‌ ‌line)‌ ‌and‌ ‌linker‌ ‌length‌ ‌modified‌ ‌reported‌ ‌Cdk1‌ ‌FRET‌ ‌biosensor‌ ‌(red‌‌ 
line).‌ ‌The‌ ‌linker‌ ‌length‌ ‌was‌ ‌changed‌ ‌from‌ ‌5‌ ‌amino‌ ‌acid‌ ‌sequence‌ ‌to‌ ‌116‌ ‌amino‌ ‌acid‌ ‌sequence‌ ‌to‌ ‌improve‌ ‌the‌‌ 
gain‌ ‌of‌ ‌the‌ ‌reported‌ ‌Cdk1‌ ‌FRET‌ ‌biosensor.‌ ‌However,‌ ‌we‌ ‌failed‌ ‌to‌ ‌observe‌ ‌the‌ ‌Cdk1‌ ‌activation‌ ‌with‌ ‌the‌ ‌linker‌‌ 
modified‌ ‌biosensor‌ ‌(bottom‌ ‌left),‌ ‌although‌ ‌both‌ ‌representative‌ ‌droplets‌ ‌showed‌ ‌a‌ ‌cell‌ ‌cycle‌ ‌with‌ ‌a‌ ‌nuclear‌‌ 
marker,‌ ‌NLS-mCherry-NLS‌ ‌(bottom‌ ‌right).‌ ‌ 
‌ 
‌ 

‌ 
‌ 

Figure‌ ‌S2.‌ ‌Other‌ ‌variations‌ ‌of‌ ‌Cdk1‌ ‌activity‌ ‌dynamics.‌ ‌ 
‌ 

(A)‌ ‌The‌ ‌cell‌ ‌cycle‌ ‌oscillator‌ ‌of‌ ‌a‌ ‌droplet‌ ‌that‌ ‌contained‌ ‌endogenous‌ ‌mRNA‌ ‌and‌ ‌25‌ ‌ng/uL‌ ‌exogenous‌ ‌human‌‌ 
cyclin‌ ‌B1‌ ‌mRNA‌ ‌kept‌ ‌high‌ ‌Cdk1‌ ‌activity‌ ‌after‌ ‌the‌ ‌2nd‌ ‌peak‌ ‌(blue).‌ ‌On‌ ‌the‌ ‌other‌ ‌hand,‌ ‌there‌ ‌was‌ ‌a‌ ‌single‌ ‌peak‌‌ 
and‌ ‌low‌ ‌ratio‌ ‌value‌ ‌with‌ ‌morpholino‌ ‌and‌ ‌no‌ ‌exogenous‌ ‌mRNA‌ ‌condition‌ ‌(red).‌ ‌ 
‌ 
‌ 

 ‌ ‌ 
‌ 

‌ 
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Figure‌ ‌S3.‌ ‌Nuclear‌ ‌segmentation‌ ‌and‌ ‌following‌ ‌analysis‌ ‌related‌ ‌nuclear‌ ‌envelope-related‌ ‌events.‌ ‌ 
‌ 

(A)‌ ‌Intensity‌ ‌histogram‌ ‌of‌ ‌bright‌ ‌nucleus‌ ‌droplet‌ ‌(left)‌ ‌and‌ ‌dim‌ ‌nucleus‌ ‌droplet‌ ‌(right).‌ ‌The‌ ‌color‌ ‌of‌ ‌inset‌ ‌droplet‌‌ 
images‌ ‌indicated‌ ‌relative‌ ‌brightness‌ ‌in‌ ‌the‌ ‌droplets.‌ ‌Bright‌ ‌nucleus‌ ‌droplets‌ ‌showed‌ ‌higher‌ ‌skewness‌ ‌values‌‌ 
with‌ ‌a‌ ‌long‌ ‌tail‌ ‌of‌ ‌histogram‌ ‌than‌ ‌dim‌ ‌ones.‌ ‌A‌ ‌different‌ ‌threshold‌ ‌value‌ ‌was‌ ‌applied‌ ‌based‌ ‌on‌ ‌the‌ ‌skewness‌ ‌in‌‌ 
each‌ ‌droplet‌ ‌for‌ ‌nuclear‌ ‌segmentation.‌‌ ‌  
‌ 

(B)‌ ‌Estimation‌ ‌of‌ ‌NEB‌ ‌Start‌ ‌points‌ ‌by‌ ‌logistic‌ ‌function‌ ‌fitting.‌ ‌The‌ ‌C/N‌ ‌ratio‌ ‌value‌ ‌of‌ ‌nuclear‌ ‌marker‌ ‌intensity‌‌ 
(blue)‌ ‌was‌ ‌fitted‌ ‌by‌ ‌logistic‌ ‌function‌ ‌(red).‌ ‌The‌ ‌first‌ ‌C/N‌ ‌ratio‌ ‌value‌ ‌above‌ ‌fitted‌ ‌value‌ ‌was‌ ‌defined‌ ‌as‌ ‌NEB‌ ‌start‌‌ 
as‌ ‌green‌ ‌dots.‌‌ ‌  
‌ 

(C)‌ ‌Representative‌ ‌droplets‌ ‌of‌ ‌NEB‌ ‌Start‌ ‌result.‌ ‌Almost‌ ‌all‌ ‌droplets‌ ‌started‌ ‌NEB‌ ‌2‌ ‌or‌ ‌3‌ ‌frames‌ ‌(10~15‌ ‌min)‌‌ 
before‌ ‌the‌ ‌NEB‌ ‌End.‌ ‌This‌ ‌result‌ ‌is‌ ‌consistent‌ ‌with‌ ‌previous‌ ‌studies‌ ‌that‌ ‌took‌ ‌time-lapse‌ ‌imaging‌ ‌of‌ ‌NEB‌ ‌with‌‌ 
human‌ ‌culture‌ ‌cells‌ ‌[S1,‌ ‌S2].‌‌ ‌  
‌ 

(D)‌ ‌Cdk1‌ ‌activities‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌3H‌ ‌were‌ ‌normalized‌ ‌with‌ ‌the‌ ‌ratio‌ ‌value‌ ‌at‌ ‌NEF.‌ ‌The‌ ‌ratio‌ ‌values‌ ‌at‌ ‌the‌‌ 
NEB‌ ‌end‌ ‌were‌ ‌similar‌ ‌among‌ ‌different‌ ‌period‌ ‌lengths.‌ ‌ 
‌ 

(E)‌ ‌Cdk1‌ ‌activities‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌3H‌ ‌were‌ ‌normalized‌ ‌with‌ ‌the‌ ‌ratio‌ ‌value‌ ‌at‌ ‌the‌ ‌trough‌ ‌of‌ ‌its‌ ‌cycle.‌ ‌The‌ ‌ratio‌‌ 
values‌ ‌at‌ ‌the‌ ‌NEB‌ ‌end‌ ‌were‌ ‌similar‌ ‌among‌ ‌different‌ ‌period‌ ‌lengths.‌ ‌ 
‌ 

‌ 

‌ 
‌ 

Figure‌ ‌S4.‌ ‌Phase-plane‌ ‌trajectories‌ ‌and‌ ‌cyclin‌ ‌B1‌ ‌puncta.‌ ‌ 
‌ 

(A)‌ ‌Phase-plane‌ ‌trajectories‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌expression‌ ‌and‌ ‌raw‌ ‌FRET/CFP‌ ‌ratio‌ ‌value.‌ ‌The‌ ‌color‌ ‌bar‌ ‌indicates‌‌ 
period‌ ‌length.‌ ‌This‌ ‌plot‌ ‌contains‌ ‌all‌ ‌cycles‌ ‌that‌ ‌were‌ ‌observed‌ ‌in‌ ‌different‌ ‌droplets,‌ ‌different‌ ‌cycles,‌ ‌and‌ ‌both‌‌ 
nuclear‌ ‌conditions.‌ ‌ 
‌ 

(B)‌ ‌Puncta‌ ‌structure‌ ‌is‌ ‌specifically‌ ‌observed‌ ‌in‌ ‌cyclin‌ ‌B1‌ ‌channel,‌ ‌not‌ ‌CFP‌ ‌channel‌ ‌for‌ ‌FRET‌ ‌biosensor.‌ ‌ ‌   
‌ 
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(C)‌ ‌Representative‌ ‌droplet‌ ‌which‌ ‌had‌ ‌a‌ ‌bright‌ ‌large‌ ‌structure‌ ‌localized‌ ‌right‌ ‌beside‌ ‌the‌ ‌nucleus.‌ ‌A‌ ‌sphere‌ ‌at‌‌ 
the‌ ‌center‌ ‌of‌ ‌the‌ ‌bright‌ ‌field‌ ‌image‌ ‌(left)‌ ‌is‌ ‌a‌ ‌nucleus.‌ ‌A‌ ‌bright‌ ‌structure‌ ‌and‌ ‌dim‌ ‌nucleus-like‌ ‌shape‌ ‌localization‌‌ 
were‌ ‌observed‌ ‌in‌ ‌the‌ ‌fluorescent‌ ‌channel‌ ‌(right).‌ ‌A‌ ‌nucleus‌ ‌position‌ ‌was‌ ‌indicated‌ ‌by‌ ‌a‌ ‌yellow‌ ‌circle.‌ ‌ 
‌ 
‌ 

Supplemental‌ ‌Video‌ ‌ 
‌ 

Video‌ ‌S1.‌ ‌Visualization‌ ‌of‌ ‌Cdk1‌ ‌oscillation‌ ‌in‌ ‌cell-sized‌ ‌microemulsion‌ ‌droplets‌ ‌without‌ ‌nuclei.‌ ‌ 
Droplets‌ ‌that‌ ‌contain‌ ‌‌Xenopus‌ ‌‌egg‌ ‌extract‌ ‌and‌ ‌purified‌ ‌Cdk1-EV‌ ‌protein‌ ‌were‌ ‌formed‌ ‌in‌ ‌a‌ ‌microfluidic‌ ‌device.‌‌ 
The‌ ‌color‌ ‌in‌ ‌droplets‌ ‌indicates‌ ‌Cdk1‌ ‌activity.‌ ‌The‌ ‌warm‌ ‌color‌ ‌indicates‌ ‌high‌ ‌activity‌ ‌and‌ ‌the‌ ‌cold‌ ‌color‌ ‌is‌ ‌for‌ ‌low‌‌ 
activity.‌ ‌The‌ ‌ratio‌ ‌range‌ ‌of‌ ‌this‌ ‌video‌ ‌was‌ ‌1.25-0.8.‌ ‌ 
‌ 
‌ 

Video‌ ‌S2.‌ ‌Visualization‌ ‌of‌ ‌Cdk1‌ ‌activity‌ ‌and‌ ‌nuclear‌ ‌maker‌ ‌in‌ ‌droplets‌ ‌with‌ ‌nuclei.‌ ‌ 
Sperm‌ ‌chromatin‌ ‌DNA‌ ‌was‌ ‌added‌ ‌to‌ ‌form‌ ‌nuclei‌ ‌in‌ ‌the‌ ‌droplets.‌ ‌Nuclear‌ ‌droplets‌ ‌and‌ ‌cytoplasmic-only‌‌ 
droplets‌ ‌were‌ ‌observed‌ ‌in‌ ‌the‌ ‌same‌ ‌field‌ ‌of‌ ‌view.‌ ‌By‌ ‌the‌ ‌benefit‌ ‌of‌ ‌NLS,‌ ‌Cdk1-EV‌ ‌localized‌ ‌in‌ ‌nuclei‌ ‌and‌‌ 
enabled‌ ‌us‌ ‌to‌ ‌measure‌ ‌nuclear‌ ‌Cdk1‌ ‌activity.‌ ‌Cdk1‌ ‌was‌ ‌activated‌ ‌not‌ ‌only‌ ‌in‌ ‌the‌ ‌mitotic‌ ‌phase‌ ‌but‌ ‌also‌‌ 
interphase.‌ ‌The‌ ‌ratio‌ ‌range‌ ‌of‌ ‌this‌ ‌video‌ ‌was‌ ‌1.1-0.65.‌ ‌ 
‌ 
‌ 

Video‌ ‌S3.‌ ‌Simultaneous‌ ‌imaging‌ ‌of‌ ‌Cdk1-EV‌ ‌and‌ ‌cyclin‌ ‌B1-mScarlet-i‌ ‌expression.‌ ‌ 
Expression‌ ‌and‌ ‌degradation‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌was‌ ‌visualized‌ ‌with‌ ‌Cdk1-EV.‌ ‌This‌ ‌video‌ ‌corresponds‌ ‌to‌ ‌Figures‌‌ 
4A-4C.‌ ‌The‌ ‌ratio‌ ‌range‌ ‌of‌ ‌this‌ ‌video‌ ‌was‌ ‌0.9-0.7.‌ ‌ 
‌ 
‌ 

Video‌ ‌S4.‌ ‌Comparison‌ ‌of‌ ‌cyclin‌ ‌B1‌ ‌degradation‌ ‌processes‌ ‌between‌ ‌droplets‌ ‌with‌ ‌or‌ ‌without‌ ‌puncta.‌ ‌ 
This‌ ‌video‌ ‌corresponds‌ ‌to‌ ‌Figure‌ ‌4H-4J.‌ ‌The‌ ‌time‌ ‌frames‌ ‌of‌ ‌these‌ ‌droplets‌ ‌were‌ ‌aligned‌ ‌at‌ ‌the‌ ‌NEB‌ ‌point‌‌ 
(00:00‌ ‌in‌ ‌the‌ ‌video).‌‌ ‌  

‌   
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