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Contractile actomyosinnetwork flows are crucial for many cellular processes including cell
division and motility, morphogenesis and transport. How local remodeling of actin
architecture tunes stress production and dissipationrad regulateslarge-scale networkflow
remains poorly understood. Here, we generate contractilactomyosinnetworks with rapid
turnover in vitro, by encapsulating cytoplasmicenopusegg extractsintocels i zed - 6 wat er
inoi Il 6 dropl et s. n&Wwotkhireach ardynamictsteashstatetwithe
continuous inward flow. The networks exhibit homogenous, densityndependent
contraction for a wide range of physiological conditions, indicating that the myosin
generated stress driving contraction is proportionato the effective network viscosity. We
further find that the contraction rate approximately scales withthe network turnover rate,
but this relation breaks down in the presence of excessive crosslinking or branching. Our
findings suggesthat cells use dverse biochemical mechanismi& generate robust, yet
tunable, actin flows by regulating two parameters: turnover rate and network geometry.



The dynamic organization of cellular actin networks emeigas the collectiveactivitiesof a

host ofactinassociategroteins, including factors thatimulateactin assembly and

disassembly, various crosslinkers ditimentbinding proteins which define the local network
architectureandmyosin motorghatgeneratecontractile force 13, Myosin activity can drive

global contraction and generatentractile actimetworkflows, which play a kcial role in cell
division, polarization and movement. For example, cell division is driven by the contraction of
the cytokinetic ring, which is a quasD contractileactomyosimetwork®. Contractileflows in

the actin cortexare essential for cell polarizati8pwhile bulkactinnetworkflows are crucial for
localization of cellular components during the early stagesniiryo developmerit Continuous
retrogradeactin networkflows werefurthershown to be the basis for amoeboid cell mgtilihe
primary mode of motility observed vivofor cells moving in a confined 3D geometfry. While

it appears fronall these examplabatrapidactinturnoveris necessary to sustain continuous
stress generaticemddrive persistennetwork flow; there is limited quantitative understanding of
whatdetermineshe contractilebehaviorof these networksand in particular whajoverns the

rate of network flowBoth the force generation withiactomyosimetworks and their

viscoelastic properties depd in nonrtrivial ways on the architecture and turnover dynamics of
the networlé1>. Conversely, the network architecture and dynamics are influenced by the stress
distribution in the netwdx and the flows it generaté®®. As such, nderstanding howhe
microscopiadynamics of actin and its associated proteins shptargescalestructure and

flow of contractile networksemains an outstanding challenge.

The study oftontractile actin networks hasimarily focused orthe interplay between myosin
motor activity anchetwork connectivity? 16 19 In vitro reconstitution allows considerable
control of the mechanohemical conditionswhichis difficult to achieven vivo. Indeed,
experiments withreconstitutedhetworks asembled from purified actin, crosslinkers and myosin
motorsestablishedhe conditionsequired folargescale global contractioff: 18 2%24 However,
thesein vitro actin networkghat werereconstitutedising purifiedproteinsdisplayednegligible
rates of disassemblwhich areorders of magnitude slower than actin turnover riatesvo>. In

the absence of rapid turnover, myosiotor activity led tdransientand essentially irreveaide
contractionthisis very different from the persistent actin flows in living celldichundergo
continuous recycling afietworkcomponentsRecent theoretical modeling and simulation

studieshave started to explore haapidturnoverinfluencesforce production, dissipation and
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the dynamicspatiotemporalorganizatiorof contractileactomyosimetworks 3 142527 |n
particular,thesesimulationssuggest thatapid turnover is essential fgeneratng persistent
flows, allowing the network toontinwously producective stresand dissipte elastic stress

while maintainingts structural integrity'>.

Experimentalefforts to studycontractile actin networksndergoingapid turnovehavebeen
hampered by thiack of a suitablemodelsystem In vitro reconstitutedontractile networks
typically havelimited turnover, sincactin disassembliyn pure solutionss slowin the absence
of additionaldisassemblyactors®, whereasstudies on contractile networksvivo arelimited by
thedifficultiesof measuringactin dynamics in complex cell geometraexdthe ability to control
and varysystem parameterklere weleveragethe unique benefitsf anin vitro reconstituion
system based on cell extracts thaividesboth myosin activity and physiologicattinturnover
rates, tanvestigatehow the interplay between actin assembly and disassembly, myosin motor
activity andnetwork connectivity, determine largeale structure and dynamics of contractile
actin networkslmportantly, therapidturnover in our system allows the reconstitutetiorks

to attain a dynamisteadystatecharacterized bpersistentontractilenetworkflow and a slf-

organized, radially symmetraensitydistribution

Using thisin vitro system weareable to quantitatively characterize actin netwnkoverand

flow, andsystematically investigatite largescaleemerging properties aontractile actin
networks We find thatundera broad range gfhysiologicalconditions, the netwodcontract
homogenouy, despite large spatial variationsnetworkdensity Theemergencef a density
independent contracticateis surprising since the internal force generatioadtin networks
andtheir viscoelastigroperties are strongly dependent on network deisit§ 2° Theoretical
model ing using 6act ithekomaggenbus,tdéngipdeperidens uggest s t
contraction arises fromsxaling relation between the active stress and the effective viscosity in
these selbrganized networkdNe furtherfind thatthe contraction ratés roughly proportional to

the networkurnover rateas we vary the dynamics of the systenthgngingts composition

This scalingrelationbreaks down with excessive branchingrsslinking Together, these
resultsshowhow physiological rates adctinturnoverinfluence force production and dissipation
in cellularactomyosin networkslemonstratinghat the rate of network flodepends both otine

actinturnover rate andn the locahetworkarchitecture.



Resultsand Discussion

To generate contractile actin networkge encapsulatcytoplasmicXenopusegg extract in
waterin-oil emulsion droplet§®3*2. Endogenouactinnucleation activities indudie formation
of a bulk networkwhich undergoes myosidriven contractiort® %3 Within minutes after droplet
formation, the system assumedymamicsteadystate chaacterized byan inward network flow
and a stationargetworkdensity thatlecreasetoward the periphery (F&1, S1; Movie 1). This
steadystateis made possible by the rapid actin turnovethmsystemsuch thatheinward
network fluxis balanced bw diffusive flux of disassembledetwork components back to the
periphery.The inward network velocity approaches zero atitendary of thelense spherical
0 e x ¢ | u s whicim formsatrihe éenter of the dropléthisexclusion zonappears within
minutes,asthe network contracts armatcumulagsparticulates from the (crude) extract
condenmg this materiainto a spheroidFig. 1b, S19.

The simple geometry and persistent dynarofabis systenfacilitate quantitative analysis of

actin netvark turnover and flowThe networks labeledusing a low concentration of GFP

Lifeact which does not significantly alter the netwgske Methods)andimaged bytime-lapse
spinning disk confocahicroscopy. Images are acquiredra midplaneof the dropletswhere
thenetwork flow is approximately planar due to the symmetry of the set up. The network density
and flowhave asphericallysymmetricpattern(Fig. 1b,c), which remairs at steadystate for

more tharhalf anhour (Fig. S1).

Interestingly theinward flow velocity V, increasesearlylinearly as a function of distance from
theinner boundaryV ° k( r rb) , with k a constant; the radial coordinat@ndrothe radius

of the exclusion zongFig. 1e). A linearvelocity profilewith V ~ - kr is asignature ofiniform
globalcontractionin a homogenously contracting network the relative velocity between two
points is directly proportional to their distance, sordmial networkflow velocity depends
linearly on the radial distance from the stationary contraction cégerSupplementary
Information) The contraction rate in this case can be determined from the slopdiné#rdit

for theinward radial velocity as a function of distancegas equal t&=0.65 +0.15min*



(meanzstdN=39). This constant ratef contraction isa global characteristiof the self

organized network dynamicandis not dependent ahe geometry of thdroplet(Fig. &).

In general, herelatiorship between theetwork contractiomateandthe networkdensityis nori
trivial, since the active stress driving contraction ands/ibeoelastiqroperties of the network
are both densitgdependent! 28 22 Qur observatios herg thatthe self-organized dynamics

the systentead toalocal contractiorrate thats uniform across the systermdespite large spatial
variations in network densitys thus surprisingAs shown belowhomogenousetwork
contraction ibserved for a range different physiologicatonditions suggesting thahe
densityindependent contraction rate isnanifestation of minherenscaling relationn the
system, rather than the resoftfine-tuningof parameters.

We caninfer the net rate of actin turnoviaking into acountthe conservation of actin subunits

described byhe continuity equation%+ DX net turnove, where ! is the network density

V is the network velocityj = rVis the network fluxFig. 1f), and the net turnover quantifies
the local changes to network density due to actin assembly and disassemblyTéxargsvork
density and velocit§ieldsin our system aret steadystate(Fig. S1) sothe net turnovefi.e. the
difference between local assembly and disassemiillype equal tahe divergence of the
networkflux. Using the measured network density and f(&¥g. 1d,e) wecan thusletermine

the spatial distribution of network turnoved 6(r) ; Fig. 1g). We findthat the network

undergoesietdisassemblyi.e. D @ @) closer to the contraction cenfarregions with higher
network densityand netassemblyi.e. ® @& ©) towardthe peripherwhere the network is
sparseThe net turnover can also be plotted as a function of the local network dsingwyng
thatdisassemblyncreases witmetwork densityfFig. 1h) We canapproximatehe relation

between network turnover and density by a lineafitd(r )~ a - 4 (Fig. 1h). Thislinear

relationdescribeshe simplesmodelfor actin turnoverwith aconstant assembtgrmand
disassembly that isroportional to local network densityhe netturnoverrate,b, can be
estimatedrom the slope of thénear fit to thedivergence of network flux as a function of
network densityFig. 1h; see Methodswhichis equal tch= 1.4+0.3 min’t (N=39).



The network dynamics can be modifieddupplementing the extract wittariouscomponents
of the actin machinernActin disassembly can lnhancedyy the combined action of the
severingdepolymerizingprotein Cofilin together with Coronin and Aipl, which haeeently
been shown tavork in concert teenhancectin disassemblin vitro evenunder assembly
promoting conditionsg.g, physiological conditions withigh actin monomer concentratioas
present in our system*. Our results show thaiddition ofthese three protein€CA: Cofilin,
Coronin, and AIP1) together in the reconstituted sygtam 2a;Movie 2)induces a ~1.5-fold
increase irthe netactin turnover(b= 2.1+0.3mint, N=7). Addition of Cofilin, Coronin, or
Aip1l individually doesnot enhance turnover (Fi§3), illustrating that their combined activity is
required for promoting disassembly under physiological conditions. The preseDCAa@fiso
leadsto faster network contraction (FigaR Undertheseconditiors the network still contrast
homogenously, witlalinear velocity profile butatan increased contraction ratek= 1.3+0.15
mint (N=7). Similar effectsareobservedvhenactin assemblis restricted withtCapping Protein
thatcaps free barbed en(lsig. S4), whereas stabilizingctinfilaments by adding phalloidihas
the opposite effedFig. S5a).

Actin assembly can benhancedby adding nucleatiopromoting factorgFig. 2cg; Movie 3).
Addingincreasingamounts of ActA, which activateke Arp2/3 complexto nucleate branched
actinfilaments has adramaticeffecton actin network distribution and flowhe rateof
contractiongraduallydecreasgwith increasingconcentrations of ActAuntil at high
concentrations (1.5uM) the contraction nearly stigfig. 2b,d,e). The slowercontraction also
leadsto an increase ithe extent of the networkp that at high ActA concentrations the network
nearlyfills the entire droplefFig. 2b). The netturnoverrate remainlargely unchanged (Fig.
S6a).

Supplementing the extract withDial, which nuclatesunbranchedctin filaments, haa
gualitatively different effect (Figzc,g). The dependence of the contraction rate on the
concentration omDial becomesion-monotonic adding mDialup toaconcentratiorof 0.5 uM
leadsto a small decrease in the contraction rate, but furthtiaw of the nucleator reversdse
trend anl the contraction rate increase&t high mDial concentrations (~1.5 pMhge
contraction rateeturns tovalues close to theontrolsample butthe network appearanas very

different,with astrongdiffuse background signdlkely due to the presence wfanyfilaments



which are not associated with the network. Agdie, riet turnover rate remailargely
unchangedKig. S6H).

The qualitativedifference between the two typeknucleators is likelyelated to the inherent
difference in the connectivity of the nucleated filanseArp2/3 mediated nucleation creates a
new actin filamenthatis physicallyconnected to an existing flamehtrougha branchunction

In contrast, mDial nucleates new filaments in soluvbich must subsequentlye crosslinked

to other filaments ttoecome associated with the netwadkk such, high levels dirp2/3
activationgeneraténighly connected netwoslconsising of densilybranched filaments, whereas

enhanced mDial activityesults inmany unconnected actin filaments.

Our results(Figs. 22) demonstrat¢hatconfinedcontractie actinnetworkswith rapid turnover
canattaina dynamic steadgtateover awide range of parameter&chieving asteadystatedoes

not require finguning of system parameters; rather the system dynamically adapts the overall
assembly/disassembly ratesbe equale.g.by varying the fraction gbolymerizedactin). Our
results shows thathe netactindisassembly increases with network density at a roughly constant
rate(Fig. 1h) While we cannot measure actin assembly and disassembly separateiydsere,
findingssuggest thaheactin turnoverateis relatively irsensitive to the myosimduced stress.

In this scenarictheactin disassembly rate is roughly fixeyg the turnover machineryhe

system reaches a steady state by tuning the actin monomer concentsatiooth thdraction of
actin associated with thmeetworkand the assembly rathange fothe system to reach steady
state (and will depend on the disassembly rate¢.characteristics ahe steadystates obtained
vary considerablyas a function of system compositjevherebythe rateof network contraction
andor theturnoverratecanshift over a fewfold rangeby adding different components of the
actin machineryFigs. 2,S3-S5. Surprisingly the networkflow maintairs anearlylinear

velocity profileundera variety of differentonditiors. Thus, while theate ofnetwork

contraction depends on the composition of the system, the local contraction rate for a given

condition is homogenouagcrossarange of network densities.

To understand the origin of this homogenous conteabghavior we turned to modeling using
active gel theory® 3¢ Thenetworkis described asn activeisotropicactomyosirgel

characterized by a density and a velocityield V. The network dynamics are governed by two



equationspnefor mass conservation (continuity equation) ané formomentum conservation

(force balance equatiort steadystate thdorce balance equation can be written as

bO® =0 §)+ f,, wheres, is the active stress, . is theeffectivevisccelastic

network stress, and, is the friction with thesurroundindluid. Theviscoelastic contribution is

dominated by the viscowstresgSupp. Information)and stimatesndicate thathe friction with
the fluid is negligiblgSupp.Information). Hence, he force balance equation candescribedas

a balance between the myogjenerated active stress which drives contraction, andgbeus
network stress resistiig ® 5, %) 0. Assuming that the actomyosin gekis isotropic

compressible viscous continuum in a spherieafijnmetric systenthe forcebalance equation
. E:! M ..V B
has the following formﬁa@A +2 mﬁ + /& O4 4r=m(-j 0, wherea-andy are the bulk and
(; -

shear network viscosities, respectivélyThe periphery of the network at largglii typically
does not reach the watell interface and the friction with the cytosol is negligible, so we take
stress free boundary conditiolos the outerim of the network.Integrating over and taking

into accountthis stressfree boundary condition &rger, we obtain s, +wﬁ(r2\/) 23

2

r W
. Thelocal contraction rate (and hence ttedocity profile) in this caselepends di onthe ratio

between the myosigenerated active stress and the effective viscosity of the network,

- iﬁ(ﬁ\/) = A Both the active stress and the network visiEssitre expected to vary

re 2m +/

considerablysincethe network density is spatially vabla. However, if the ratio between time

sa(r)
2mr)+ Ar)

c : . .
(rz\/): € -V :5{,andthenetwork will contract homogenously withcantraction

remainsconstant, =c, the velocity profile will bdinear

EN
reu
rateequal tok = ¢/3. This analysisndicatesthatwhentheactive stress and the effective
viscosities scalsimilarly with density the local contraction rate becongemnsityindependent
and the network contracts homogenoudbspite largspatialdensity variationsasobserved
(Figs.X2). The most likely scenario is that both the active stress and the network viscosities
increase linearly with network density, so their ratio remains con&aséd on outheoretical



analysis we can use the measured velocity prdabldeducehe ratio between the active stress

and the effective viscosi,tyzs_A/, whichis found to be of order 1min* for the different
m

conditions examined

This analysis also indicates that titeservation of aonlinearcontractionvelocity profile
impliesthatthe ratio between the active stress and the effective visa@sigs in space and is
hence densitgependentiWe find such behaviovhen we supplement the extract with
sufficiently high concentration afrosslinkes s u c-Actinia &ig.3; Movie 4). We can infer
the densitydependence dheratio between the active stress and the viscdsity the spatial
variation in the local contractiorelocity (Fig. 3e). We find that the ratio betwedheactive
stress and the viscositipr high U-Actinin concentrationX4uM), decreasewith density
indicatingthat nonlinear contributionss a function of densiiy the active stress, the effective
viscosity, or both becomemportant.Addition of the filament bundldfascinhad adifferent
effect Actin network contractionemained homogenous but at a reduced(Fate S5b), andthe
netturnoverrate was lowerT h e di f f e r eActmia and Fasciv i Bkaly rdlated to
their different actin bindi ng-Aginnaonpreasesi es, s ug

network viscosity in a netinear fashion.

The addition offifferent actin regulators (e.g. nucleation promoting factors, die#sly factors,
bundlers or crosslinking proteina) concentrations comparable to their physiological
concentratiort®, allowed us to explore contractile network behavior @aetde range of
physiologicallyrelevantconditions(Fig. 4). The networldynamicsarecharacterizedy two
time scales, (1) the contraction time®), and(2) the actin turnover timef{ "), which have the
same order of magnitude (~1 miihe diffusion time across the system provides a third
timescale (, ~ R?/6D, whereRis the droplet radius an® ~15/m7 /s is the diffusion
coefficient ofactin monomer# the cytosof®). However, br dropletsin the size range
considered here (R&Gum), the diffusion time is < 1minln this casediffusionis sufficientto

redistribute network componerdsross the systerandthe behavior of the systempsimarily
governed byhe contraction and turnovéime scales

We consider the characteristic time scales for network dynaowetherange of physiological
conditions examined (Fig. 4) h€contractiorrate andhe turnoverateare determinetrom the
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slopes of thelinear fits of thevelocity as dunction of distanc€k) and the neturnoveras a
function of density(b), respectivelyFig. 4a,b).For many conditions (e.g. addition of CCA,
Fascin, mDialCapping Protei)) thenetwork contraction rat®ughlyscale with thenet
turnoverrate(dashed line; Figdc), such that their ratio remanearly constantis a resultthe
density profiles of the contracting netwokk®similar, and thenaindifferencebetween
different conditionss thefaster or slowedynamics(Fig. 4d). Simulationstudies show thah

the presence of rapid turnover, viscous dissipation in the netibitde dominated by filament
breaking and network turnovepthe effective viscositys expected to bmversely proportional
to theturnoverrate'® “© This is consistent with our results, siramording to the modésee
above)the contraction ratshould banversely proportional tthe effective viscosityThus, if
the viscosity is inversely proportional to the turnover ridie contraction rateill scale withthe
turnover rateas observeddddingc r o s s | iActikird or enhahdihg branching activity
(ActA) leadsto large deviations in the ratio between the turnover rate and contraction rate, which
arereflected by largescale changes imetworkstructure Fig. 4); Faster contraction results in a
compact network concentrated around the contraction center asexbagtivU-Actinin,
whereas slower contractioasults in a more extended networke localmodificationsin
network architecturgeneratedby increasing thelensityof flamentbranchjunctionsor

crosslinksare thugranslated tglobalchanges in the overall netwoskucture

The behavior of contractil@ctomyosimetworksarises from the interplay between the active
stress generated within the network émelviscous stresef the network Both the force

generation and the dissipation depend in atnieral manner on the microscopic detailsthe
network organizatiomhich are determined by the activity of a host of actin regulatory proteins,
including assembly and disassembly promotaxjors, various crosslinkers and actin binding
proteins as well as myosin motors. We have developed an experimental system where we can for
the first time systematicaliyvestigatehe emergent behavior of contractile networks at steady
state and quanétively characterize network flow and turnowethe presence of physiological
rates of actin turnove©ur findings suggest thathe active stress and the effectiatwork

viscosity scaldinearly with network densityso their ratio becomes densitydependentleading

to homogenous network contractioWe further show that the contractiate scales with the

actin turnover rate and depeywh the local network architecturEhese observationsovide

new insights intdherelatiorshipbetween netwd contraction and densitg vivo, whichhas
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been studie@.g.in thecontext of thecytokineticring #. Our results suggest that a constant ring
constriction rate can arise, even if the network density changes over timegyridduetion and
dissipation of internal stress in the cytokinetic ring scale thigtdensity as observed here
Furthermorethe rate of constriction would decrease when actin disassembly processes are
slowed downas observed experimentafty More generally, e ability to studycontractile
networks with physiological actin turnoveatesin vitro, as demonstrated hegnprovide
furtherinsight intothe behavior octomyosin networki vivoand promote&uantitative
understandingf cellular dynamics
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Materials and Methods

Cell extracts, Proteins and Reagents

Concentrated Mphase extracts were prepared from freshly ¥Xadopus laevieggs as

previously describedf33. Briefly, Xenopudrogs were injected with hormones to induce
ovulation and laying of unfertilized eggs for extract preparation. The eggs from different frogs
werepooled togetheand washed with 1x MMR (100 mM NacCl, 2 mM KCI, 1ImM Mg

mM CaCh, 0.1 mM EDTA, 5 mM Hepes, pH 7.8, at°6 The jelly envelope surrounding the
eggs was dissolved using 2% cysteine solution (in 100 mM KCI, 2 mM Mg 0.1 mM

CaCb, pH 7.8). Finally, eggs werwashed with CSKXB 10 mM K-Hepes pH 7.7, 1060M KClI,

1 mM MgClz, 5mM EGTA, 0.1mM CaCh, and 50mM sucrose containgiprotease inhibitors

(10 pg/mleach of leupeptin, pepstatin and chymostatin). The eggs were then packed using a
clinical centrifuge and crushdxy centrifugation at 150009 fds minutes a4 °C. The crude
extract (the middle yellowish layer out of three layers) was collected, supplementé&d witid
sucrose containing protease inhibitors (10 pg/ml eaddupfeptin, pepstatin and chymostatin)
flash frozen a4 0 pl aliquots and stored a80°C. Typically, for each extract batch a few
hundred aliquots were madPBifferent extracbatchesexhibit similar behaviorqualitatively,but

the values of the contrion rate and disassemhigtevary (Fig. S7) . All comparative analysis

between conditions was donsingthe same batcbf extract.

ActA-His was purified from straidAT0840f L. monocytogeng@ gift from Julie Theriot,
Stanford University) expressing a truncated actA gene encoding amino s@&idsvith a
COOHterminal sixhistidine tag replacing the transmembrane dopasrdescribed it 32

Purified proteins weraliquoted, snajirozen in liquid N, and stored aB0°C until use.

CorlB and AIP1 were expressed and purified from transfected HEK293T cells (ATCC). Cells

were grown orplates at 37°C under a humidified atmosphere containing5% GO Dul becc o 0
modi fied Eagl eds medi um ( DME M)nactivatad foetdl movment e d
serum, glucose (4.5 g/l), penicillin (100 units/ml) and streptomycin (100 pg/ml). &&&340%

confluence were transiently transfected using 25 kDa linear polyethylenimine (Polysciences,
Warrington, PA). 72 h podtansfection, cells were harvested in PBS, pelleted by centrifugation

at 1,000 >g for 5 min, and lysed by repeated fregkawing in 20 mM Tris/HCI pH 7.5, 150
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mM NacCl, 1% (v/v) Triton X100 and a standard cocktail of protease inhibitors (Roche,
Germany). After a 30 min incubation on ice, cell lysates were cleared by centrifugation at 20,000
x g at 4°C using an eppendorf tabletmgntrifuge and incubated with TiNTA beads (Qiagen,
Valencia, CA) for 90 min at 4°C in the presence of 20 mM imidazole. After washing with Buffer
A (20 mM Tris pH 7.5, 300 mM NacCl, 50 mM imidazole and 1 mM DTT), proteins were eluted

in Buffer A supplemsted with 250 mM imidazole, concentrated, and purified further on a
Superose 6 gel filtration column (GE Healthcare Biosciences, PittsiRiglequilibrated in

Buffer B (20 mM Tris pH 8.0, 50 mM KCIl and 1 mM DTT). Purified proteins were

concentrated, aligpted, snaffrozen in liquid N, and stored aB0°C until use.

HumanCofilin-1 (Cofl) was expressed in BL21 (DEB) coliby growing cells at 37°C in TB
medium to | og phase, then ind}rking expression
thiogalactopyranoside (IPTG) 48°C for 16 h. Cells were harvested by centrifugation and stored
at-80°C, then lysed by sonication in 20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT and protease
inhibitors. Lysates were cleared by centrifugation at 30,09@ox 20 min in a Fiberlite F1:3

14X50CY rotor (Thermo Scientific, Rockport, Illinois), and applied to a 5 ml HiTrap HP Q

column (GE Healthcare Biosciences). The flhwough containing Cofl was collected and

dialyzed into 20 mM Hepes pH 6.8, 25 mM NaCl and 1 mM DTT. Next, the protein whsdap

to a 5 ml HiTrap SP FF column (GE Healthcare Biosciences) and eluted with a linear gradient of
NaCl (25 to 500 mM). Fractions containing Cofl were concentrated and dialyzed into Buffer B,

aliquoted, snafirozen in liquid N, and stored aB0°C untiluse.

U-Actinin was purchased from Cytoskeleton Inc., and reconstituted to final concentration of
40uM with water Fascinwas purchased from Prospec, dialyzed against Hepes pH 7.5 and

reconstituted to final concentration of 20uM in XB buffer with 50mM Hepe

Actin networls werelabeledwith GFR Lifeact (gift from Chris Fields The purified protein was
concentrated ta final concertation of 252uM in 200mM KCL, 1mM MgCI2, 0.1mM CacCl2,
1mM DTT and 10% Sucrose.

Emulsion preparation

An aqueousnix was prepared by mixing the followingpiL crude extract).5 uL20x ATP
regenerating mix (150mM creatine phosphate, 20mM ATP, 20mM MgCI2 and 20mM EGTA)

13



0.5uM GFRLifeactand any additional proteins as indicatéde final volume was adjusted to
10 pL by adding XB(10 mM Hepes, 5 mM EGTA, 100 mM KCI, 2 mM Mg¢0.1 mM Cadl
at pH 7.8) The concentration of the components of the actin machinghg mixcan be
estimated based 6f The total actin concentratiis estimatedo be ~2QuM. The ATP

regeneration mix enables the systeradntinuously flowfor more tharl-2 hours.

Emulsions were madsy adding 13% (v/v) extractmix to degased mineral oil (Sigma)
containing 4% Cetyl PEG/PR®)/1 Dimethiocone (Abil EM90, Evnok Industries) and stirring
for 1 min on ice The mix waghen incubated for an additional 10 min on ice to allow the
emulsions to settl&Samples were made in chambers assembledtimarpassivateaoverslis
separated by 30 puthick double stick tape (3M$ealed with vaseline:lanolin:paraffin (at 1:1:1)
and d@tached to a glass slideassivations done by incubating cleaned coverslips in silanization
solution (5% dichlorodimethylsilane in heptane) for 20 minutes, washing in heptemeating
twice in DDW for 5 minutesind oncen ethanol for 5 mintes, anddryingin an oven at 100C.

Droplets with rads in the range of 265 um were imaged.0-60 min aftersamplepreparation
Microscopy

Emulsions were imaged on a 3l spinning disk confocal microscope running Slidebook software,
using a 63x oil objective (NA=1.4). Images were acquired using 488nm laser illumination and
appropriate emission filteet room temperaturémages were collectaxzh the spinning disk
confocalwith an EMCCD (QuantEM; Photometrix). Time lapse movies of emulsions were
taken at the equatorial plane, so tleéworkvelocity is within the imaging plane.

Analysis

The steadystate density and velocity distributions wdetermined from the lapse moviesf
contracting networks. The movies were taketina¢ intervas of2.510 seqdepending on
network speedyith 512x512 pixelgper frame a0.2054 micron/pixelBackground subtraction
and corrections for uneven illumination field were done by subtracting the mean intensity of
images of droplets without a fluorescent probe, @gmling by anormalized image ahe
illumination field distribution To determine thdlumination field distribution,we imagedvery
large droplets (larger than the field of viewith uniform probe distributiogenerated by

inhibiting actin polymerization witl6.6 uM CappingProtein and no ATP regeneration mix.
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Bleach correction was doiy dividing the entire image by a constant factor determined from an
exponentiafit to thetotalimageintensityas a function of timen addition, hedifferences in the
refractive index of the oil and the extradgthin thedroples, distorts thantersity near the edge

of the droplets. To correct for this, we measured the fluorescent intagstjunction of

distance from the edder droplets with uniform probe distribution (as abovid)e correctioras

a function of distance from the edge of thepdet was determined by averaging theasured
intensitynear the edge for50 droplets. Th8uorescent signahtensity was corrected for edge
effects by dividing the intensity his correctionfunction

The velocity distribution (Fig.d) wasextractedusingdirect crosscorrelation analysis based on
PIViab code*? written in matlalbwith modifications The movies weréirst preprocessed to
enhance contrasising contrast limited adaptive histogram equalizaf@lpAHE) and high pass
filter in Matlah. Crosscorrelation was done awerlappingregions30x30 pixels insize,on a

grid with 10 pixelintervals To avoid artefactassociated witppadding the boundaries in the
correlation analysis, the 30x30 correlataralysisvasdone usingg0x60 windovs from the
original imagesand no paddingvas usedThe correlation functisifrom paiis of consecutive
images from the movieas averaged over tinfbetweerb-40 consecutive image pa)tsThe

peak of thaime-averageaorrelation function was determined by fitting a 2D Gaussiad the
local velocity in each correlatioregionwas determined from thehift of theGa u s speakn 6 s
from the origin. To automatically exclude spurious correlatiaresconsidered only regioins
which the fit was to a Gaussian with a single peak that is more than 3 pixels away from the
window boundaryhasa peak amplitude that is larger ti&20% (depending on the conditisn
used)of the average correlation peak valaed has a widtfat 70% heighfwhich is less than

20 pixels.To further remove spurious correlationdaageradii (where the network density is
close to background levgland hence the correlation signal is weak excludedvelocity
vectorswhose angular component wasgler than a threshald@ he radial velocityvas

determined byveragng the velocitiess a function of distance from the contraction center, for
radii for which the velocity was determined for more than halfétevantgrid points. The
radiusof the inner boundarfro) was determineds the intersection point tfe linear fitto the
velocity withthe xaxis. The contaction rate for each droplet was determined from the slope of

the linear fit to the radial velocity as a function of distainoe the contraction center.
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Thenetwork densitwasdetermined by averagirtfe corrected fluorescence sigoakr

different angles and ovéime (typically 2040 frames) to obtain the probe density distribution as
a function of distance from the contraction center. The measureddgisbileutionreflectsthe

sum of thesignal emanating from theetwork bound probe aritbm the diffusing probeTo
approximate the network bound probe density we subtracted the measured signal near the
periphery of thalroplet,which is equivalent tassuming that the network density approaches

zero near the periphery and that the diffusing probe is distrilmesety uniformly.
Analysis ofnetturnoverof the networks based on the continuity equatiorstgadystate
D @ net turnove. The network fluxs the product of the network density anelocity,

J(r)=3(r)E = (r)V (r)r . The divergence of the flfor thesphericaly-symmetic case is

1 d(rzr(r)v(r))
r? dr

equal tob G(r) . Thedivergence of the fluwasalsoplotted as a

function of the measured density distribution and the disassembly rate waeterminedrom

the slope ofhebestfit linear approximatio® &(r) % +.
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Figure 1. Quantitative analysis of actin network flow and turnover.Bulk contractile actin
networks are formedid ar t i f imade&rdmXenaplidxteadétencapsulated withiwaterin-

oil droplets The systemmeaches a dynamic steadtate characterized by a sphericaiynmetric

inward flow. (a) Schematic of the actin network inside a wiat@il droplet, illustrating the actin
turnover dynamics and myosdriven contraction.l) Top: Spinning disk confocamage of the
eqguatorial cross section ohatwork labeled with GFRifeact. Bottom: Brightfield images of a

droplet showing the aggregate of particulates that forms the exclusion zone around the contraction
center.(c) The network velocity field for thdroplet shown in (b), as determined by correlation
analysis of the timdapse movie (Movie 1). (d) Thectin networldensity as a function of distance

from the contraction center. The thin lines depict data from individual droplets, and the thick line

is the averagéensity profile The density is normalized to have a peak intensity =1. (e) The radial

20



velocity as a function of distance from the contraction center. The inward velocity increases
linearly with distance(f-h) Analysis of net actin network tumver. (f) Schematic illustration
showing that at steaeltate, the divergence of tlaetin network flux is equal to the net network

turnover rate. The network flux is equal to the product oldbal network density and velocity

J(r)= r)V(r). (g) Thedivergence of the network flu® 6(r) , Is plotted as a function of distance

from the contraction center, showing the spatial distribution of the net turnover. Negative values
(at smalér r valueg correspond to net disassembly, while positive valires ar t he dr op
periphery indicate net assembly. (h) The divergence of the networkislyotted as a function

of the local actin network densitp (). The net turnovedecreases roughly linearly with actin

network density.
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Figure 2. Influence of assembly and disassembly factors on actin network architecture, flow

and turnover. Contractile actin networks are generaiadd ar t i f i lnyieachpsulatend | s 6
Xenopusextract supplemented with different assembly and disassembly factors. In all cases, the
system reaches a steastate within minutes. The inward contractile flow and actin network
density were measured (as in Fig. 1)c)& he steadytate network behamr is shown for samples
supplemented with (a) 13uM Cofilin, 1.3uM Coronin and B uM Aip1 (see Movie 2)(b) 1.5uM

ActA (see Movie 3)(c) 0.5uM mDial. For each condition, a spinning disk confocal fluorescence
image of the equatorial cross section of tie#work labeled with GFRIifeact (left) is shown,
together with graphs depicting the radial network flow and density as a function of distance from

the contraction center (midd|gnd the neactinturnover as a function of network density (right).
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