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comprised of dynamic microtubulaments whose spati@
organization is highly plastic. Specialized microtubule architg
are optimized for derent cell types and remodel with the
oscillatory cell cycle. These spatially distinct microtubule netwi
are thought to arise from the activity and localizatio

cell-like system to manip@latnd spatially pattern the
organization of cytoskeletal components in real-time, providing

an opportunity to build distinct spatial structures and to determine how they are shaped by or reshape cell boundaries.

constructed a system for induced spatial patterning of protein components within cell-sized emulsion compartments and used
drive microtubule network organization in real-time. We controlled dynamic protein relocalization using small molecules and Ii
and slowed lateral dsion within the lipid monolayer to create stable micropatterns with focused illumination. By fusing
microtubule interacting proteins to optochemical dimerization domains, we directed the spatial organization of microtub
networks. Cortical patterning of polymerizing microtubules leads to symmetry breaking and forces that dramatically reshape
compartment. Our system has applications in cell biology to characterize the contributions of biochemical components and phy
boundary conditions to microtubule network organization. Additionally, active shape control has uses in protocell engineering
for augmenting the functionalities of synthetic cells.

KEYWORDS:microtubule network, patterned cytoskeleton, minimal cell, boundary conditions, optochemical dimerization,
synthetic cell morphology

INTRODUCTION associated proteins (MAPS) for regulation of the cytoskeletal

Microtubule polymers play an essential role in cell functioff Critecture. | |
crotubule polymers play an essential role In cell functio ' Microtubule architectures vary among eukaryotic cells,

including in chr_om_osome seg_reg_at!on, mtracell_ular tranSpO(Fitépending on cell type and cell cycle stage. Cytoplasmic
organelle positioning, and efientiation. The microtubule microtubules are polarizddments assembled fronand
cytoskeleton is spatially distinct irecént cell types, and cells tubulin dimers and are highly dynamic. Filament dynamics are
have adapted a variety of strategies to construct and spatigiytrolied by MAPS that bind the ends or walls of the
organize the microtubule network. For asymmetric Celhicrotubule. Plus-end binders such as End-binding 1 (Ebl)
divisions, microtubules anchor and bias the position of cgjfotein and cytoplasmic linker protein (CLIP170) track the
division machinery to direct cytokiné&ﬂajch is required for dynamic growing or shrinking ends of microtubUMAPs
healthy embryo development and renewal of adult tissuesat bind to the wall of théament, including Tau, play a role in
During di erentiation of some cell types, microtubules remodeficrotubule stabilization, polymerization, and buridling.
for example from a central astral array to cortical framework to

provide durability to the exterior of efientiated keratino- Received: November 14, 2020

cytes:® Microtubules also dynamically modulate membrane

shape, such as during platelet actiaiioaxon elongatioh.

However, owing to the complexities and redundant systems

present in a living cell, it is challenging to dissect the

contributions of the positioning and activities of microtubule-
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Figure 1.Optochemical dimerization relocalizes a target protein in space and time within a cell-like compartment. (A) Schematic of dR
optochemical dimerization system. (B) Scheme for light-inducible cortical recruitmerfRBGFREY) system to a His-RIFRBP (BAIT)

anchored to NTA lipid in the emulsion boundary. (C) Representative confocal microscopy images offaBideBieRlization to the emulsion
boundary upon 5 s of 405 nm laser illumination. Aqueous phase coMt&ir$P2FKBP, 1.5M GFP FRB, and 1M dRap. (D) Representative

line scan of the 488 nm channel through widest diameter of emulsion before and after 405 nm illumination. (E) Fold enricHeRt of GFP
(PREY) at the emulsion boundary in the dark versus illuminated\staie§F) Kinetics of GFPFRB (PREY) relocalization. Maximum PREY
recruitment set relative to fractional recruitment of HisfREBP (BAIT) to the emulsion bounday= 6. (G) Quantitation of PREY recruitment

to compartment boundary normalized to rapamycin induced dimehNzatbridRap uncaging achieves 66.4% of maximum.

Specic regulators of Tau-tubulin interaction, such as thendimproper keratinocyte morphogenesis leading to loss of skin
proline-rich region of Tau (TauPRR), and their role inbarrier functiodwhile faulty expression of spindle positioning
regulating microtubule architecture remain to be explored factors is linked to errors in cell division and improper cell-fate
depth’ specication:® *®

Microtubule networks arise from complex interactions of Separate from microtubule regulatory proteins, the physical
motor proteins, MAPs, and polymerized tubulin in thedimensions of a cell contribute to the spatial organization of
cytoplasm, associated with microtubule organizing centers,nuicrotubules through carement? It can often be dicult to
anchored to the cell cortex. Simple higher order arrays can distinguish and separate theots of spatially patterned MAPs
formed by motor proteins and associated complexes suchfiasn other self-organizing forces in a microtubule network. To
dynein-dynactin and kine§i! Microtubule motors travel —address this, a minimal system with cell-like geonoetty the
along the microtubule or tightly bind to the wall of microtubule®pportunity to build microtubule networks from the ground up,
when their motor activity is mutated (e.g., dhKinEsiftral with well-dened biochemical components and tement
assemblies of microtubules arise from a localized microtubuatenditions. Various microtubule patterns can be generated by
organizing center, microtubule bundles, or interactions betwesmanipulating the concentrations of kinesin and cross-linking
microtubules and MAPs, and these are important for control efjent preseftinterestingly, microtubule architectures can also
cell shape, rigidity, and mobility. A cell must tightly regulate thee dictated or remodeled by the presence of a physical boundary.
dynamics, stability, and positioning of microtubule network#jicrotubule asters camed in polydimethylsiloxane (PDMS)
mutation of MAPs are associated with several human diseasesls are repositioned and stabilized by the presence of dynein
Improper regulation of microtubule stability has been linked tmotor protein, demonstrating that physical forces asiesu
neurodegenerative disédsstem cell over proliferatith; to shape the organization of mesoscale microtubulé’arrays.
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Figure 2.Reduced lipid dusion enables stable protein anchoring. (A) Chemical composition of branched chain, unsaturated, and saturated lipi
tested inFigure 2 (B) Schematic of photobleaching outcomes for His-tagged GFP anchored to DGS-NTA(Ni) in the emulsion boundary. (C)
Representative images of His-GFP recovery after photobleaching comparing lipid monolayers composed of DPPC versus DOPC. 3.8% NTA/S
DPPC or 3.8 mol % NTA/96.2 mol % DOPC. Aqueous phase contdiG$P-DHFR. Scale bar =fh. (D) Quantitation ofuorescence recovery

for lipid monolayers composed of DPHPC, POPC, DOPC, and®PBCE) Half time of recovery from photobleaching for His-GFP anchored to
monolayers of various lipid composition.

The complexity of a living cell often obfuscates the minimalbn nement, the motor protein kinesin-14 can generate either
set of components scdient to drive the organization of cortical or astral arrangements of microtubules in small and large
microtubule networks. Biochemical studies are necessaryetaulsions respectivély.
characterize the activities of motors and the collective behavioffo understand the dynamic nature of microtubule network
with MAPs and microtubules, and e@ment in microwells, reorganization, it is necessary to perturb its organization in real-
emulsions, and other compartments can be used to approximiatee. Recent studies using real-time manipulation of micro-
the size, shape, and cortical tension of cells. For example tidyules and motor proteins have provided exciting new insights
encapsulating pueid microtubules, motors and MAPs, or cell-on cytoskeletal network organizatioBptogenetic systems
free cytoplasm in cell-size water-in-oil emulsions asuch as light-oxygen-voltage 2 (LOV2) have been demonstrated
vesicles?*® #° it is possible to mimic a cell-like context. invivo and optimized in vitro to exhibit 160binding a nity
Con nement of microtubule structures in microwells andunder light conditiori$?®In cells, optogenetics tools are useful
emulsions has shown that compartment geometry alone dan altering the local concentration of proteins and recruiting
in uence microtubule size, orientation, and positiGiigen proteins to microtubule ends or the cell bouridayA few
examining the combinedeet of biochemical reactions and limitations of these optogenetic tools are that they require
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Figure 3Localized, light-induced micropatterning of a protein to the compartment boundary. (A) Schematic for localized recruitiiit of GFP
(PREY) to the cortex of the cell-like compartment using focused 405 nm laser. (B) Representative images show localized recruitment of PRE®
micrometer-size spot upon 1 s of illumination with 405 nm ILAS2 laser. (C) Imaris 3D render of localized recruitrf@&B PEER') 60 s after

targeted illumination. (D) Local fold-enrichment of PREY normalized to the neighboring control region. (E, F) Quantitation of rapid relocalizatic
and stable association of micropatterned BRB (PREY), relative to His-RAKBP (BAIT), for individual droplet$.= 3. Aqueous phase

contains 2M RFP FKBP, 1.5M GFP FRB, and 1M dRap. (G, H) Photopatterning larger regions of the emulsion boundary. Aqueous phase
contains 2M RFP FKBP, 0.75M GFP FRB, and 4M dRap. (G) Photopatterned arc of prey recruitment. (H) Sequential two-step recruitment to
separate spatial regions of boundary, indicated by white arrows. Schematic of illumination time course.

continuous illumination to maintain dimerization and areénduction without requiring continuous illuminatioy

di cult to reconstitute in vitro with high light responsivenesscontrolling proteinprotein interactions using light, it is feasible

Engineered iLID/SspB does nut fully dimerize in light statto manipulate the spatial patterning of components after

without raising components concentrations, which leads tmcapsulatioh>* Previously, we demonstrated light-inducible

background activation in the darkstate’® Systems such as recruitment of proteins from the lumen to the cortex of an

Pif/PhyB are dicult to activate with light in vitro and require emulsion using a photocaged TMP-haloligand diniérizer.

several minutes to dimerize. Here, we used a photocaged rapamycin (dRap) optochemical
Optochemical dimerization toolseo advantages for system that enables single-pulse irreversible uncaging and

biochemically reconstituted systems, including high dynanpeotein dimerizationKg(light) = 12 nM; Kp(dark) = 26

range of binding in the OFF and ON states and irreversibleM).® By connecting these tools to microtubule interacting
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domains and slowing the lateraludion of lipids, we induced recruitment is nearly comparable to the maximum
demonstrate spatial reorganization of microtubules within possible relocalization based on pretreatment with constitutive
minimal cell system. dimerization via rapamyckidure G, Figure S1¢

In this study, we built a platform for stable spatial patterning of Stable Protein Recruitment via Reduced Di usion in
components within cell-like compartments and used it tthe Lipid Monolayer Boundary. Lipids rapidly diuse
remodel microtubule networks in real-time. We anchored a béaterally within a lipid bilayer membrane and the lipid monolayer
protein to create a synthetic cortex and used chemogeneticafran emulsion boundafy*? Such rapid dusion would
optical inputs to trigger cortical relocalization of a proteimuickly dissipate any induced spatial patterns of protein
present in the compartment lumen. To achieve stable photrecruitmentpainted optically on the compartment boundary.
patterning of protein localization, we slowed latetadiah Therefore, we sought to slow theudion of DGS-NTA(Ni)
within the lipid monolayer. Additionally, we demonstratedipid within the monolayer boundary by testing various lipids.
stable protein micropatterning using focused light. To contraWe characterized a variety of phosphotidylcholine derivatives,
microtubule network organization, we fused microtubulincluding those that are saturated, unsaturated, and contain
interacting proteins to the optochemical domains. Wenethylated acyl chairiddure A). Because we were primarily
demonstrate that induced repositioning of microtubuleinterested in the ects of slowing lipid dision on protein
interacting proteins reorganizes the spatial structure of micraachoring, we measured the dynamicsarEscent protein
tubule networks. Intriguingly, cortical patterning of polymerizecovery from photobleachingiglre B and Movie S}
ing microtubules breaks network symmetry, and the collectiis10-GFP protein was anchored to 3.8% DGS-NTA(Ni) lipid
forces dramatically reshape the compartment boundafgyesent in the emulsion monolayer composed of 96.2%
reminiscent of the reorganization of the microtubule margingandidate lipids. Emulsion boundaries containing DOPC
band in platelets. This systenars a biomimetic platform for showed very rapid dision, reaching 50% recovery from
cell biology to characterize the contributions of biochemic@hotobleaching within 7 $igure £ E). Although the
components and physical boundary conditions to microtubutgethylated acyl chains on DPHPC promote increased lateral
network organization. Additionally, active shape control hasteractions among lipid tails in a bil&yéney did little to
applications in protocell engineering and for the construction efgni cantly increase the protein recovery time for anchored

synthetic cells. GFP Figure E). We next tested a saturated lipid, DPPC, whose
gel phase transition temperature is signily above room
RESULTS AND DISCUSSION temperature. Emulsions stabilized with DPPC displayed half
Rapid, Light-Inducible Protein Relocalization in Cell-  times of recovery from photobleaching of approximately 13 min

Like Compartments. To spatially pattern protein networks (Figure £ E). Thus, by slowing dision within the
inside a minimal, cell-like system, we implemented the dR&@@mMpartment boundary, we reasoned that stable optical
optochemical dimerization system inside water-in-oil emulsiopatterning of cytoskeletal networks was feasible.
surrounded by a lipid monolayer boundary. A beh¢his Localized Photopatterning of Proteins to a Compart-
optochemical tool is that it uncages in response to just secoridi€nt Boundary. To test whether our system would enable
of 405 nm illumination, generating rapamycin that dimerizes ttigal-time spatial control of protein localization, we used a
FRB and FKB proteingigure A).”® To image the dynamic targeted laser to generate polarized patterns of cortical
protein relocalization, we fused FRB to gremescent protein  recruitment ffigure 3). Such a strategy of focusing light can
(GFP); FKBP was fused to ragbrescent protein (RFP) and a generate micrometer- and submicrometer-size foci of dimerized
His10 tag that anchors this half of the optochemical pair to protein>* We encapsulated the recombinant proteins and dRap
DGS-NTA(NI) lipid present in the emulsion monolayer(e inside emulsions stabilized by a DPPC lipid monolayer
1B). These recombinant proteins, GFRB (‘Prey) and containing DGS-NTA(N) lipid. We then optically uncaged
His10 RFP FKBP (Bait), and photocaged dimerizer, dRap, dRap within a small region (area = 3 pixels, t%of the
constituted the inner aqueous phase that was encapsulal@gindary using targeted laser illumination. Within just a few
inside water-in-oil emulsions, stabilized by DOPC lipid irseconds, we observed localized protein enrichment within a
decane in the outer continuous phase. Such cell-size companeall microdomair-{gures B, C,Figure S1 The prey was
ments, 1025 m in diameter, are highly stable and have beetocally enriched nearly threefold compared to a neighboring
used previously to encapsulate cytoskeletal networks’th vitrazontrol region that was not illuminatéa(re ®) and could

We found that the dRap system was extremely responsived® patterned quickly, on the order of tens of seconds. Using
405 nm illumination, eciently and rapidly converting an DPPC in the emulsion monolayer, the localized enrichment of
optical input into a biochemical output. In the dark state, almogirey protein was sustained over moderately long time scales,
no prey was recruited to the emulsion boundary. Upon 5 s of 40&creasing only 15% from the maximum level of enrichment
nm illumination, GFP-FRP rapidly was rapidly depleted frorafter 10 min Eigures B, F). In contrast, when a DOPC
the lumen and translocated to HisRGP FKBP bait monolayer was used and bait protein wasibie, focused
anchored to the lipid monolayé&igure € D, Figure S1A illumination led to only transient localized recruitment. Bait and
Movie S). After illumination, the boundary enrichment prey protein quickly dised around the boundary, dissipating
increased from 1.4 to 5.Fiqure E), and the ratio of any polarized micropatterfsgure S1E
boundary-localized prey to bait increased to B¢ F), Using focused light to uncage dRap and promoteiesit
whereas the levels of anchored bait (HRE® FKBP) dimerization, we achieved multiple types of localized protein
remained constant-igure S1B A lower bound for the patterning to emulsion boundary. In addition to micrometer-
normalized rate of prey relocalization was minimally 0.3802 size foci, we generated larger patches of recruiteBigrey (
(Figure E). Such rapid relocalization is orders of magnitud€G). Additionally, we generated multiple distinct patches
faster than thatachieved previously to relocalize large portionstobugh sequential focused illumination of spatially distinct
luminal components inside a cell-size comparthisght- boundary regions~{gure 8). Thus, combining the dRap
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Figure 4.Induced spatial reorganization of microtubules. (A, B) Schematic for inducible relocalization of microtubules from lumen to compartme
boundary. (C) Imaris 3D render of GTP microtubules in droplet lumen in absence of dimerizer or anchored to the compartment boundary in t
presence of dimerizer. Segmented microtubules: Green: within 6f4smulsion boundary. Yellow: further than Gmi&om the emulsion

boundary. Aqueous phase containd RFP FKBP, 300 nM dhKinesiGFP FRB, 1 M dRap, 1 mM GTP, and 60/ soluble tubulin. (D)

Quanti cation of fraction of GTP microtubules (segmented in Imaris) localized to the compartment boundary in the presence of dhKinesin al
rapamyciN = 7.**** P-value 0.0001. When present, Rap was added to the aqueous phase prior to encapsulation. (E) Representative images of
emulsion boundary before and 45 min after addition bf dpamycin to the hydrophobic phase after droplets are generated. ScalgBpr 5
Averaged line scan (& thick) of rhodamine-labeled tubulin across the boundary before and after rapamycdih-adit{@). Quantication of

fold enrichment of rhodaminbulin at the boundary with rapamycin indudien10.*** P-value 0001. (H) Representative confocal images of
light-induced reorganization of the microtubule network before and after in the dark versus 5 s illumination of dRap using the DAPI lamp. Aque
phase contains M FKBP, 300 nM dhKinesi®&FP FRB, 2.5M dRap, 1 mM GTP, 1 mM ANPPMP, and ®80soluble tubulin. Hydrophobic

phase contains 10 mg/mL NTROPC in decane. Scale ban®t (1) Quanti cation of fold enrichment of rhodamitbulin at the compartment

boundary in the dark versus 5 s DAPI lamp illuminbitie. per condition®* P-value 0.01.
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Figure 5. Cortical anchoring of polymerizing microtubules deforms the compartment boundary. (A, B) Schematic of induced cortical recruitment
microtubules and contribution of cortical microtubule polymerization to deformation of the emulsion boundary. (C) Representative images show
emulsion shape after 28 min, comparing no dimerizer control to cortical microtubule array in the presence of dimerizer. Aqueous phase contains
FKBP, 300 nM dhKinesi®&FP FRB,2 M DMSO or Rap, 1 mM GTP, 1 mM ANPPMP, and&oluble tubulin. (D) Quantitation of emulsion

shape in the presence of DMSO and rapamycin over time; roundregsasiigk areal/[ X Lyajor axd- N = 20 per condition. (E) Quantitation of
compartment aspect ratio over time. Each data point is an individual étitilBiealue 0.0001. (F) Representative images showing deformation

of emulsion boundaries containing NIND&RPC versus NINTAPOPC. (G) Quantitation of NINTADPPC and NiNTA POPC compartment
roundness at 16 min. Each data point is an individual enftdsi®wvalue 0.0001. (H) Schematic: contribution of microtubule localization and
stable anchoring to deformation of emulsion compartments.

optochemical dimerization system with a slowlgidg lipid Induced Spatial Recon guration of Microtubule Net-

monolayer inside cell-size emulsions enables rapid optit4grks- Our goal at the outset of the study was to generate
de ned spatial patterns of cytoskeletal networks within a

triggering, relocalization of components from the lumen tg,i inal cell-like systenfrigure A). To achieve this, we
cortex, and sustained polarized spatial patterns. fused microtubule interacting proteins to our optical dimerizer
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bait prey system inside emulsions loaded with stable or Cortical Tethering of Dynamic Microtubules Deforms
dynamic microtubule§igure 8). We selected as candidates Compartment Boundaries. Microtubules grown inside cell-

a variety of microtubule interacting domains, including thossize water-in-oil emulsions whose persistence lengths are larger
that bind and cluster microtubules, in hopes of spatialihanthe compartment diameter curve around the boundary, and
partitioning microtubules. We chose domains with tight bindingstral arrays conform to size and shape of the compartments due
a nities for microtubules, including the proline-rich region ofo sti ness of the bounddr’® We wondered whether a

Tau (TauPRR), with an apparent tubulin bindimgts (k) of polymerizing microtubule array anchored to the cortex rather
900 nM? and deadhead Kinesin (dhKinesin), a rigor mutant othan localized to the lumen would generateisnt forces to
kinesin-1?which in its ATP-free form has00 nM a nity for deform the compartment. We chose a reactioguwaion in
microtubule$®We puri ed recombinant GFFERB constructs ~ Which dimerizer was included at the outset because this ensured
fused to TauPRR and dhKinesin. As expected, both GEpearly 90% of encapsulated GTP microtubules would localize to
FRB TauPRR and dhKinesiBFP FRB coated the surface of the cortex igure ®). Notably, when relocalization was
GMPCPP and GTP microtubules. To test their functionality afiggered after generating the emulsion compartments, we did
spatially patterning microtubule networks, we encapsulated i achieve full cortical repositioning of the cytoskeleton, in
microtubule-binding constructs along with microtubules ant@rge part because luminal microtubules grew and some become
the His10 FKBP anchor and noncaged rapamycin inside celpart of a static array that_ hindered their induced repositioning.
sized emulsion&igure B). We expected that such a strategy To determine the functional consequences of growing cortical

would reveal constitutive spatial patterns that could be achieVgjfrotubule arrays, we imaged emulsions containing GTP
in our system. P P microtubules and boundary-anchored dhKineé&iR FRB

In the absence of binding partners, encapsulated microtubL$§r time, with and without chemogenic anchdfiggre 3.).

freely diuse within a cell-size emulsion or form a central lumindl i 10 min of microtubule relocalization, network growth
array. We found that when GFRB TauPRR was recruited ecome anisotropic, generating forces thlat dramatically
to the compartment boundary in the presence of rapamycin, formed the normally spherical qompa(tméwgsr(e B). .
reproducibly recruited stable GMPCPP microtubules along wi is eect was sped to anchoring microtubules with

it (Figure S2A,)BIn the absence of dimerizer, only a small
fraction of microtubules interacted with the boundary. Use of

dhKir_u?sin (dhKinesin—GFFRB) was even moree&;tive at min, those with induced localization of dhKin€shP FRB
recruiting microtubule§igure S2¥and could be paired with to bbundary—anchored bait were much less r&iga¢ B)
longer, dynam:(c STP m'%Ot%bUIethq generg;e Iuvmv;]nal VeISHRd had a sigrdantly elevated aspect ratio due to elongation of
cortﬁx ndeLWOdrhs . (gure ,h andrigure b n d en %?e or more axesrigure k). Emulsions with boundary-
anchored by dhKinesin to the compartment boundary, at eaily.jizeq dhKinesiGFP FRB started visibly deforming at 8
time points, these growing microtubules conformed their shapé, and reached max deformation around 26Hiiore B, E
to contours of the emulsion compartment. Importantly, undetpqrigure SR Intriguingly, compartment deformation appears
chemogenic-induced dimerization to localize the (r)nlcrotubu{g be dependent both on cortical localization of microtubules
interacting protein to the cortex, more tha8% of  ang stable anchoringigure 5). Deformation was signi
encapsulated GTP microtubules are recruited to the boundaggnﬂy reduced when POPC lipid was used in place of DPPC
compared to only 24% in the absence of dimefiger¢ D). (Figure ¥, G), suggesting that a uive dhKinesin anchor

To trigger real-time relocalization of dhKin€SFP FRB,  prevents collective force generation. These structural transitions
we pipetted 10M rapamycin into the hydrophobic lipid and oil jn compartment shape, tied to bundling of a cortical array of
phase after the emulsions were formed and observed thdfcrotubules, are reminiscent of the repmation of the
microtubules could be inducibly reorganized to the cortearginal band in platelets, where a balance of forces between the

(Figure £). Our estimates, based on partitioningcieat of cell cortex and microtubule cytoskeleton determine platelet and
rapamycifi; are that at equilibrium, emulsions would containmarginal band shaéé*®

approximately 1. rapamycin, which is scient to trigger
massive dimerization of bait and prey and relocalization of CONCLUSIONS

microtubules. Upon chemogenic-induced relocalization, We this study, we present an approach to pattern stable
observed 1.83-fold enrichment of rhodantitelin - uo- microtubule network architectures inside a cell-size biomimetic
rescence along the boundary compared to 1.16-fold Wystem, a novel platform for interrogating regulators of
noninduced dropletp ( 0.01) Figure &, G). Similarly, we  cytoskeletal assembly and for synthetic cell applications. We
could induce relocalization of microtubules using light to uncag@monstrate a combined approach to optochemically control
dRap Figure #). After photoinduction, rhodamirtebulin - protein diusion and tethering to the minimal cell cortex and
uorescence was enrichell5-fold at the boundarfifure  sjow lipid diusion to stabilize spatial cgarations on a time
41). Higher fractional recruitment of microtubules at the corteXcale of minutes. By linking optochemical dimerization to
upon induction could likely be achieved if our microtubules dighicrotubule interaction domains, we demonstrate that cortically
not polymerize so quickly, providing a narrow window foarrayed and stably anchored GTP microtubules transmit
triggering. Rapid polymerization after encapsulation leads togglymerization forces to large-scale deformation of compart-
array of microtubules that are no longer freelgitlle, limiting  ment boundaries.
the number that can relocalize to the emulsion boundary. WeEncapsulation of cytoskeletal components in cell-like geo-
conclude that inducible recruitment of microtubule-interactingnetries reveals the contribution and competition between
proteins to the cortex is stient to spatially recagure atleast  biochemical interactions and physical forces from the compart-
a portion of the minimal tubulin cytoskeleton in cell-sizenent boundary?***° In contrast to previous studies that
emulsions. characterized luminal networks and found that emulsion

Kinesin, as control emulsions lacking &y dimerization
did not contain anchored cortical microtubule arrays and did not
form Figures 6 E,Movie S} Comparing emulsions at 28
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boundaries can deform reconstituted cytoskeletal polymers, theusands of polymerizing microtubule ends. Our images
demonstrated the feasibility of spatial patterning growirghow just upward of dozens of microtubules in an0
microtubules and that cortical positioning of this network isliameter emulsion, which suggests that the deformations cannot
su cient to deform the interfaces of water-in-oil emulsionsimply be explained by collective end polymerization forces.
Compartmentalization of nematic networks built from microThere may be additional forces to consider from #ut @f
tubules and motor proteins has illustrated how emergetowding proteins on lipid monolayers or bilayers, as others have
properties and forces arise from the addition of boundamalculated for vesicles using the Carn&tarling equatiotf.
conditions around enzymatic reactions containing polymeiternatively, large bundles of microtubules with high bending
networks>>*>? Here, we demonstrate the converse: that byrigidity may contribute to deformation of the lipid monolayer
cortically anchoring microtubule binding proteins in otherwisito a lower energy state through the presence of a large number
isotropic compartments, the polymerizing microtubule networf contact sites with stably anchored dhKinesin.
will become anisotropic and deform the compartment We propose that these tools and our new platform can be
boundary. broadly applied to studies of compartmentalized cytoskeletal
Spatial micropatterning of proteins inside cells and cell-likestworks and to formation of force-generating ultrastructures
compartments can be achieved through the embedding iakide synthetic cells. The ability to pattern a cytoskeletal cortex
optogenetic or optochemical dimerization domains. A numbean provide rigidity against compression or generate forces
of excellent optochemical dimerizer systems have been useduocient to reshape the compartment boundaries. The
pattern proteins on supported lipid bilayers, or to localizeombination of this system with nematic networks could be
proteins to the plasma membrane in Tellight-regulated  used to control the direction of symmetry breaking and motility
anchoring of adaptors for microtubule motors isient to in emulsion systems. Further, these tools could be embedded
generate pulling forces to orient or relocalize microtubule astgyihin cell-free transcription-translation systems to control the
in cells*>* A strength of the optogenetic approach includesartitioning of components inside synthetic compartments.
reversibility of switching between on ansltates using light.  Microtubule networks have been used to partition factors for
However, a challenge of these systems is that they requiign-natural amino acid incorporafioe suggest that a
continuous illumination for stable dimerization in cells and argimilar strategy could be implemented to segregate or colocalize

di cultto implement biochemically in vitro using recombinantranslational components to the boundary of a synthetic
proteins. In this study, we built upon an optochemical dimerizebmpartment.

system whose binding constant switches by many orders of
magnitude between dark and illuminated states and requires \,ETHODS
only a short pulse of light to irreversibly control protein _ _ .
interactions> Combining photocaged rapamycin with FRB- 2.1. Molecular Cloning, Protein Expression, and
and FKBP-tagged microtubule binding domains, we demoRuri cation. Constructs were cloned into bacterial expression
strated chemogenic or optical protein patterning in a syntheti€ctors pRSETa (Thernsher Scientt) and pETARA®
cell-free system. Further, we demonstrated optical patterningd®¥SETa was moed to contain an N-terminal 10-Histidine
micrometer-size foci and larger patches using targeté&d. PETARA contains an N-terminal glutathione-S-transferase
illumination. (GST) fusion tag with a TEV protease cleavable linker. For
A challenge that arose in our manipulation of microtubulERAP assessment of lipid monolayedity, His10-GFP-
network organization was ensuring that the network remain&HFR was generated by ligation-based cloning of DHFR from
dynamic and dussive throughout the period of time in which to PERB260 (a gift from the lab of Michael Lampson, University of
inducibly recruit microtulmsinteracting proteins to the Pennsylvania) into His10-GFP vector. For light-inducible
boundary. Encapsulated microtubules polymerized quickfglocalization experiments, we generated HREFOFKBP
becoming static, thereby reducing the pool of freely availafBAIT) and GST GFP FRB (PREY). FKBP and FRB
microtubules that can localize to the boundary. In the best cademains were ampd from FRBWASP and FKBRCdc42
scenario, we included dimerizer in the reaction mix, which led fgifted by Michael Rosen, University of Texas, Southwestern)
rapid cortical recruitment of a majority of the microtubules upoand cloned into modéd pRSETa vector containing RFP and a
formation of the emulsion&igure &). In contrast, when PETARA vector containing GFP, respectively. HRHP
emulsions were formed prior to induced microtubule locaFKBP was designed to include a 10-mer disordered linker
ization, internal networks assembled in the period of timgSGGGSGGGGS) between RFP and FKBP domains. For
preceding illumination or chemogenic induction, limiting oumicrotubule relocalization experiments, @G&P FRB
ability to relocalize the majority of them. Future studies coulfauPRR and GSThKinesin-GFPFRB were assembled.
improve this system by including photocaged GTP to supprefau was ampled by Phusion (NEB) from a Tau plasmid
microtubule growth until spatial patterning of the microtubulégifted by the lab of Elizabe Rhoades, University of
binding prey is achieved. Pennsylvania) and deadhead Kinesin plasmid (gifted by the
Itis intriguing to consider potential physical models to explailab of Yale Goldman Lab, University of Pennsylvania) and
how cortically localized GTP microtubules generatéesti assembled into destination plasmids by InFusion cloning
forces to deform the compartment boundary. Water-in-o{Clontech). All vector constructs were generated in XL1-Blue
emulsions have st boundaries than lipid bilayer vesicles duestrains, selected by carbenicillin resistance, ard fagrDNA
to high interfacial tension. Surface tension values for watgquencing.
emulsions in a continuous phase of phospholipid and decane areor recombinant protein expression, plasmid constructs were
in the range of a few mN/mUWUsing the law of Laplace, we can transformed intd. coliRosetta 2 cells (Novagen). Cultures
estimate the force required to deform the compartment to theere grown in LB with carbenicillin and chloramphenicol at 37
aspect ratios observedFimure B. The 18 pN of force °C to an ODG600 of 0.4, temperature shifted t€X6r 25 min,
required would necessitate the collective action tens ahd induced at an OD600 between 0.5 and 0.7 using 0.5 mM
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IPTG. Cultures were grown overnight at’@6for a total His10-GFP-DHFR was diluted in emulsiomb(25 mM Tris-
expression time of approximately 20 h. HCI, 150 mM NacCl, pH 7.8) and encapsulated withir &0

To purify proteins from cell pellets, cells transformed witleach of the four derent lipid mixtures. Droplets were
His10 GFP DHFR and His1ORFP FKBP were resus- transferred to custom acrylic gaskets glued to cover glass for
pended in lysis bar (150 mM NacCl, 25 mM Tris-pH 7.8, FRAP and imaging. For light-inducible boundary recruitment
5% glycerol), lysed with three cycles of sonication and freezand microtubule reorganization experiments, emulsions were
thaw, repeated twice, and ctatiby centrifugation at 16 000 prepared and imaged as above, except that we used 3.8 mol %
rpm for 20 min. The supernatant was incubated with Ni-NTAGS-NTA(Ni) and 96.2 mol % DPPC dissolved at 10 mg/mL
agarose supew resin (Qiagen) for 1 h at@. After extensive in decane oil. Hydrophobic phase containing DPPC was
washing, proteins were eluted with NTA elutioer{600 mM preheated in a 5C dry bath (above its liquid order transition
NaCl, 25 mM Tris, 250 mM imidazole pH 8, 10% glycerol)temperature). Additionally, the quality of all lipids was analyzed
Proteins were dialyzed overnight°&t ihto a standard protein  for nonspect interaction with GSTGFP FRB prey before
bu er (150 mM NacCl, 25 mM Tris-pH 7.8, 10% glycerol) for use.
aliquoting and storage. For constructs containing GST-tags22.3. Protein Relocalization Experiments, Encapsulated
GST GFP FRB cultures were resuspended in lysés bad Reaction Mixtures.For light-inducible protein recruitment to
GST GFP FRB TauPRR and GSThKinesin-GFPFRB the droplet boundary, a 20 reaction mixture was prepared
were resuspended in high-saleb500 mM NaCl, 25 mM  containing of 2 M His1l0 RFP FKBP plus DMSO, Rap
Tris-pH 7.8, 5% glycerol). All GST-containing cultures wer€Tocris), or dRap and 1.53M GFP FRB in emulsion ber.
lysed with three cycles of sonication and one cycle of freezélisl0 RFP FKBP protein was incubated with equimolar
thaw, repeated twice, and then ddriby centrifugation at DMSO, Rap, or dRap for 15 min at room temperature to allow
16 000 rpm for 20 min. Supernatants were bound to glutathioténding. Emulsions containing this agueous reaction mixture
agarose resin (Pierce). G&IFP FRB and GSTGFP were generated by transferring 2.®f the aqueous phase
FRB TauPRR were eluted with GST elutionelo(15 mM within 50 L of the NTA-DPPC mixture and repeatedly
glutathione, 150 mM NacCl, 25 mM Tris-HCI pH 8) and pipetting until appropriate emulsions sizes were achieved.
dialyzed overnight af@ into a standard protein kar. GST 2.4. GMPCPP Microtubule Relocalization Experi-
dhKinesin GFP FRB was cleaved -bead by incubating ments, Encapsulated Reaction Mixtures.To generate
beads with tobacco etch protein (TEV) protease (850 microtubule seeds for use within emulsions, 1:1000 rhod-
TEV protease per mL of beads) in high-sa#rbwith 10 mM amine-labeled:unlabeled soluble tubulin was incubated with 1
DTT at RT and further pured by anion exchange (Resource mM Guanosine-§( , )-methyleno]triphosphate (GMPCPP)
Q) into size exclusion ber (25 mM Tris, 150 mM NacCl, 10% (Jena Bioscience) ik BRB80 buer (80 mM PIPES, 1 mM
glycerol). The purity of all pueid proteins was vezd by MgCh, 1 mM EGTA, pH 6.8 with KOH) on ice for 5 min.
sodium dodecyl sulfate-polyacrylamide gel electrophoreMgcrotubule mixture was incubated in &@3Water bath for 10
(SDS-PAGE) gels stained with Coomassie before gel imagingn to allow polymerization to occur. Microtubules were spun
For long-term storage, proteins were supplemented with 2 miidwn at 14 000 rpm for 15 min to remove excess GMPCPP,
tris(2-carboxyethyl)phosphine (TCERjsh-frozen, and kept resuspended in ber three times, and then resuspended in 30
at 80°C. L of 1 mM GMPCPP in BRB8O0 har. After incubation of 2

2.2. Preparing Water-in-Oil EmulsionsTo generate cell- M His10 RFP FKBP with DMSO/Rap/dRap for 15 min at
sized emulsions, a hydrophilic phase consisting of solulbem temperature, a reaction mixture was prepared containing
proteins in aqueous ler solution were pipetted in a 300 nM GFPFRB TauPRR or dhKinesitGFP FRB, 4%
continuous hydrophobic phase composed of lipids dissolvB&A (to minimize honspecbinding to boundary), and 1 mM
in decane. Generally, to prepare water-in-oil emulsidnpf.5 GTP; at the last step, 2L of 1:10 diluted GMPCPP
an aqueous phase mixture was pipetted up and down to breakiitrotubule suspension was added. Finally, the aqueous
apart into smaller droplets within 50 of an oil phase, reaction mixture was encapsulated within a prewarmed oil
stabilized by a lipid surfactant. To generate the hydrophohigixture (pulled from a 3C dry bath) that contained 3.8 mol %
phase, various lipid mixtures in chloroform were dried undemGS-NTA(Ni)/96.2 mol % DPPC dissolved in decane.
nitrogen stream, placed under vacuum fér i at room 2.5. GTP Microtubule Relocalization in Droplets.To
temperature, and then dissolved at 10 mg/mL in decane via 8@nerate guanosine triphosphate (GTP) microtubules for de
min sonication in a 58C bath. Undissolved lipid was spun novo polymerization in droplets, 1:1000 rhodamine-label-
down at 2000 rpm for 11 min. Lipid preparations were purgeed:unlabeled soluble tubulin was incubated with 1 mM GTP
with nitrogen gas and stored in glass vials sealed with para  (Thermo sher) in X BRB80 buer on ice for 5 min. After
a container with dri-rite at temperature 20 °C. To ensure  incubation of 2 M His10 FKBP with 2 M DMSO/Rap/
high activity and low nonspecbinding, lipid mixtures in oil dRap, areaction mixture was prepared with 300 nM dhKinesin
were used for only up to one week after preparation. GFP FRB, 4% BSA (to minimize nonspeddinding to

For encapsulation of aqueous reaction mixtures, the followibgundary), 1 mM GTP, 1 mM ANPPMP, along with 90
conditions were used. For droplet boundary FRAP experimertighulin. The mixture was incubated iAG@ry bath for 15 s to
3.8 mol % 1,2-dioleoghglycero-3-[(N-(5-amino-1- facilitate later polymerization. The aqueous phase was then
carboxypentyl)iminodiacetic acid)succinyl] (DGS-NTA(Ni)) encapsulated within a prewarmed oil mixture (pulled from a 50
(Avanti Polar Lipids) was mixed with 96.2 mol % 1-palmitoyl-2C dry bath) that contained 3.8 mol % DGS-NTA(Ni)/96.2 mol
oleoylsnglycero-3-phosphocholine (POPC), 1,2-dicdeocyl- % DPPC dissolved in decane.
glycero-3-phosphocholine (DOPC), 1,2-dipalnsitglicero- For chemogenetic induction of microtubule network
3-phosphocholine (DPPC) or 1,2-diphytasnglycero-3-  reorganization, droplets were prepared by mixingL2.5
phosphocholine (DPHPC), with total lipid mixture at 25 mg/ aqueous phase containingM His10 FKBP FKBP, 200
mL in decane. To generate emulsions for FRAR, &8 M nM dhKinesinGFP FRB, 2 M DMSO or Rap, 4% BSA, 1
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mM GTP, 1 mM ANPPMP, and 481 tubulin (preheated at50 recovery was calculated Hying a nonlinear one-phase
°C for 10 s) in a 45L oil mixture containing DGS-NTA(Ni) association curve to DOPC, POPC, and DPHPC FRAP curves.
lipid and DPPC dissolved in decane. To induce chemogeriior DPPC, half-time to recovery by lindéaand calculating
microtubule reorganization, we added\l@apamcyin to the  time to half a verage recovery plateau (based on DOPC, POPC,
oil phase. Based on the logP for rapamycin (4.8, octanol:watddpHPC data) for DPPC FRAP curves.
we expected approximately M#apamycin to partition to the For light-inducible protein relocalization via uncaging with
aqueous phase. For light-induced microtubule netwonkidespread 405 nm illumination, partitioning of GRB
reorganization, droplets were prepared as for chemogendB&REY) signal was estimated for the entire volume of the droplet
induction, except that 2.M dRap was used in place of Rap, from a single slice through the widest diameter. Percent
and 50 M tubulin was used. boundary-localized protein was calculated by dividing total
2.6. Droplet Deformation Experiments. For droplet uorescence in a region within @2 m from boundary by
deformation and light-inducible microtubule recruitment to théhe total uorescence in the entire droplet, as described
droplet boundary, HislRFP FKBP or Hisl0FKBP previously: Fold enrichment at the boundary was calculated
(BAIT) was incubated with DMSO (negative control), Rapas the ratio between background-subtrasbeescence before
(noncaged dimerizer), or dRap (photocaged dimerizer) for 18nd after 405 nm illumination.
min at room temperature. Aqueous mixture was prepared usindror localized protein enrichment, several z-stacks were
1.32 L of bait dimerizer mixture at 15 M ( nal analyzed for each emulsion. Background-subtracies-
concentration: 2 M bait and 2 M dimerizer), 300 nM  cence at the protein-enriched region was normalized to a
dhKinesin GFP FRB, 4% BSA, 1 mM ANPPMP, 94 neighboring control region along the boundary. Fold enrich-
tubulin (1:200 rhodamine-labeled), and 1 mM GTP in BRB8@nent was calculated as the ratio between enriched region and
bu er. Emulsions were generated as described above amtrol region.
transferred to custom gaskets chambers for immediate imagindror microtubule relocalization, the following calculations
2.7. lllumination and Imaging with Confocal Micros- were performed. For rhodamine-labeled GMPCPP microtubule
copy. Customized imaging gaskets were prepared by UWvelocalization, percent of 561 nmrescence at the boundary
bonding laser cut acrylic and Aquapel-treated glass covers¥igs quanted at 10 min after droplets were formed using the
using Norland Optical Adhesive. Twenty microliters of water-isame percent boundary-recruited calculation used for GFP
oil emulsion mixture was transferred to custom gaskets f6RB, as described previot&or analysis of GTP microtubule
imaging. Emulsions settled to bottom of wells and were imagg@atial relocalization, microtubules were segmented using 488
using a 100 oil objective via 488 nm (1.29 mW) and 561 nm nm in 3D using Bitplane Imaris software with a 0.265
(1.255 mW) laser illuminati on an inverted confocal Gaussiansmoothiniger, 0.3 m background subtraction, and a
microscope (Olympus IX81) containing a spinning disk healfireshold of above 285. The emulsion boundary was segmented
(Yokogawa X1). Images were acquired using an EM-CCEsing a 0.8 m Gaussian smoothinfier and a threshold of
(Andor iXon3) camera and MetaMorph acquisition software.above 340. We deed two populations of microtubules based
Photo-uncaging of dRap was achieved using the followiag their distance from the wuary. Shortest distance
illumination strategies. For widespread uncaging withiro& calculation was used to label microtubules within .46
view at 108 magnication, samples were illuminated with 5 sthe droplet boundary dsoundary MTsand microtubules
using the 405 nM laser at 100% intensity (4.14 mW). Fofurther than 0.75m of the droplet boundary“asminal MTS.
targeted photo-uncaging to spatial subregions, we used an iLEB[® allowed for recoloring of microtubules based on position.
illuminator system (Roper Scietitiequipped with a 405 nm For emulsion deformation by microtubules, geometries were
laser (CrystaLaser LC, mo#éeDL405-050-0). A region of analyzed as follows. Droplet cross-sectional images were
interest for targeted illumination was controlled using the iLaggalyzed in ImageJ. Each image was autothresholded using the
software module within MetaMorph. 0% laser power (0.021riangle method to remove background signal and outline the
mW) and 500 repetitions, totaling 1 s of illumination, were usegircumference of the droplet. Roundness and aspect ratio were
for local dRap uncaging. Higher laser power led to bleachingneasured for each slice using Analyze Particle. Roundness is
For cortical light-inducible recruitment, cross-sectionale ned as—4*2®2_ Aspect ratio is the ratio of he,ior axidO
images through the widest region of each droplet were collected * Lajoraxs
once before illumination and every 2 s after illumination. FJR€ Lminor axis :
FRAP experiments in droplets with lipid-disordered lipids, a 2-9- Statistical AnalysisAll data was graphed and analyzed
single cross-sectional image along the widest emulsion plane gagStatistical sigriance in Prism. Unpairadtests for
collected every 1 s for 30 min, and for liquid-order lipids, eveg,gmcance were performed in Prism and depicted on plots

10 s for 1 min for 8 min. For droplet deformation experiment{th* (P 0.05)** (p  0.01)*** (p 0.001)"** (p
(Figures 554, cross-sectional images were collected every 20001), or N.S. (not signant).

min for 28 min. Stacks feigures B,4E, andbC were collected
in both channels at thest and last time points at 0.2h N ASSO(?IATED CQNTENT
intervals. Supporting Information

2.8. Image Analysis. Emulsions were segmented from The Supporting Information is available free of charge at
uorescence image stacks using ImageJ software. Quantitatiéns://Pubs.acs.org/doi/10.1021/acssynbio.0c00575
was always performed on multiple sets of images and Figure S1, light-induced protein recruitment to compart-
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