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Abstract

Non-linear biomolecular interactions on the membranes drive membrane remodeling that underlies fundamental bio-
logical processes including chemotaxis, cytokinesis, and endocytosis. The multitude of biomolecules, the redundancy
in their interactions, and the importance of spatiotemporal context in membrane organization hampers understanding
the physical principles governing membrane mechanics. A minimal, in vitro system that models the functional inter-
actions between molecular signaling and membrane remodeling, while remaining faithful to cellular physiology and
geometry is powerful yet remains unachieved. Here, inspired by the biophysical processes underpinning chemotaxis,
we reconstituted externally-controlled actin polymerization inside giant unilamellar vesicles, guiding self-organization
on the membrane. We show that applying undirected external chemical inputs to this system results in directed actin
polymerization and membrane deformation that are uncorrelated with upstream biochemical cues, indicating symme-
try breaking. A biophysical model of the dynamics and mechanics of both actin polymerization and membrane shape
suggests that inhomogeneous distributions of actin generate membrane shape deformations in a non-linear fashion,
a prediction consistent with experimental measurements and subsequent local perturbations. The active protocellular
system demonstrates the interplay between actin dynamics and membrane shape in a symmetry breaking context that
is relevant to chemotaxis and a suite of other biological processes.

Keywords Symmetry breaking, giant unilamellar vesicle (GUV), in vitro actin polymerization, cell-mimetic systems,
biochemical reconstitution, chemotaxis, spatiotemporal signaling regulation, chemically inducible dimerization (CID),
and synthetic biology.
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Introduction

Symmetry spans physics and biology. In physics, symmetry was first used to study crystalline structures.1 As the inter-
play between form and function has become more well-studied, applications of the concept of symmetry have broadened
to other fields of physics and to living biological matter.2–4 In biology, processes such as chemotaxis, cell division, phago-
cytosis, and cell-cell fusion are driven by actin polymerization-induced forces that move the plasma membrane in single
cells.5–7 Although the direction and magnitude of actin-generated forces can differ depending on the cellular processes
at hand, symmetry breaking—a process in which a symmetric system exhibits directed behavior due to a bifurcation—
has become a unifying hallmark of these processes.8–11 Asymmetric arrangement of actin, among other proteins, gives
rise to spatial patterns that ultimately regulate cellular differentiation and development.12–14 Understanding how actin-
induced asymmetries initiate and identifying their implications on function are foundational challenges that remain to be
addressed in biophysics.3,15,16

In eukaryotic cells, multiple regulatory mechanisms, including protein switches and allosteric regulation of signal trans-
duction, are known to amplify biomolecular asymmetries.17,18 To study actin-induced symmetry breaking, in vitro recon-
stitution using reduced, membrane-bound systems that lack the biological complexity found in cells have provided insight
into the components that regulate actin dynamics.19–22 Previous work has shown that cell-sized vesicles, placed in a
mixture of actin and its polymerization regulators, experience F-actin-exerted forces on the membrane.23–26 These stud-
ies found that symmetry was broken in this system only if either capping protein (CP) or myosin were also present.24,27,28

Although they have been informative, these experiments have been limited to cases where actin and its regulators were
external to the vesicles and in effectively infinite supply. Further, work with encapsulated molecules16,28–31 have under-
scored the potential for cell-mimetic approaches that regulate reactions in space and time, inspiring the opportunities to
perturb self-organization in a confinement32,33.

Here, we developed a synthetic platform for the programmable and chemically-inducible control of actin polymerization
in giant unilamellar vesicles (GUVs). Using chemical protein dimerization modules as both sensing and actuation units,
we show that rapamycin-induced recruitment of an engineered form of ActA, a potent Arp2/3-dependent actin nucleation
promoting factor, to the inner leaflet of GUVs activates Arp2/3 complexes, leading to polymerization of G- and F-actin
and generation of force on the membrane. We find that our platform couples biochemical cues to actin polymerization
and exhibits chemically-induced symmetry breaking, wherein actin polymerization and GUV membrane deformations
become asymmetric. Strikingly, when rapamycin is administered globally without a directional preference, the resulting
asymmetric actin distributions and membrane deformations are uncorrelated with ActA distributions across GUVs, indi-
cating symmetry breaking. Further microscopic analyses indicate that actin polymerization on the inner leaflets of GUVs
results in membrane deformations that impart substantial shape eccentricity to GUVs. Modeling the dynamics of actin
polymerization in GUVs, we find that the coupling of actin polymerization to asymmetrically-initiated actin nucleation
sites is consistent with the empirically observed spread of actin. Thin-shell modeling further suggests that observations
of GUV shape eccentricity are qualitatively consistent with the mechanical deformations imparted by an internal osmotic
pressure, with the eccentricity determined by the degree of actin asymmetry. Together, these results demonstrate a
synthetic biology platform and mechanistic model for the control of actin polymerization in GUVs, illustrating a tunable
approach to the study of symmetry-breaking in self-organization and elucidating the interplay between biological signal-
ing, actin dynamics, and thin-shell mechanics for shape generation.34

Results

Integrating sensing modules inside GUV protocells To develop a synthetic biology-based platform that al-
lows for control of actin polymerization and membrane remodeling in protocells in response to external chemical cues,
we designed a protein dimerization-based sensing and actuation module inside GUVs (Supplementary Figure 1). We
employed chemically-inducible dimerization (CID) based on FK506 binding proteins (FKBP) and FKBP-rapamycin bind-
ing domain (FRB) proteins, which heterodimerize in the presence of a small molecule derived from rapamycin. CID has
been predominantly used in cells to manipulate biochemical reactions on the surface of membranes,35 tether artificial
membranes,36 and mediate phase separation in emulsion,37 but to our knowledge has not been implemented inside
GUVs.

We first individually linked FRB and FKBP to cyan and yellow fluorescent proteins, respectively (6xHis-CFP-FRB and
6xHis-YFP-FKBP). We encapsulated 3.2 µM each of purified forms of these proteins inside GUVs composed of egg-
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conclusions may generalize beyond our experimental platform to offer physical insights into other processes, including
actin-dependent cell shape changes and cell motility.

In general, bottom-up approaches that rely on de novo assembly to understand biophysical principles have recently
gained traction in synthetic biology. Our work exemplifies these efforts on the molecular scale. The presented platform
provides insight on the spatiotemporal localization of the molecular components and elucidates the design principles
governing chemical signaling, actin assembly, and symmetry breaking. Our platform offers a novel GUV manipulation
technique61,62 and a versatile imaging pipeline to track the locality-specific concentration of biomolecules in a dynamic
GUV over time, complementing other realized modalities.63,64 Our developed image processing and statistical analysis
scheme enables probing the biomolecular and geometric features of symmetry breaking, a pipeline that is is applicable
to other GUV- and cell-based studies. By combining experiment and modeling, our results offer the ability to better
understand macroscopic cellular processes, including morphogenesis, motility, and division, that build on fundamental
biophysical and active matter principles to accomplish complex biological tasks.
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Reagents Rabbit skeletal muscle actin (AKL99), pyrene-labeled actin (AP05), Arp2/3 complex (RP01P), and GST-
WASP-VCA (VCG03-A) were purchased from Cytoskeleton. ATP for actin dialysis buffer was purchased from Gold
Biotechnology. All lipids (Supplementary Table 1) were purchased from Avanti Polar Lipids. Hexadecane (H6703) and
silicone oil (viscosity 20 cSt (25 °C), 378348) were purchased from Sigma Aldrich.

Statistical Analysis Symmetry breaking analysis from kymographs using correlation analysis, and principal com-
ponent analysis are detailed in Supplementary Materials. To verify our method, we applied our analysis pipeline to a
previously reported case of symmetry breaking in GUVs (Supplementary Figure 15).51 Please refer to the figure legends
for the description of sample size and the corresponding statistical methods used.

Supplementary Materials Included in a separate PDF file.
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Figure 1. Reconstitution of actuation inside protocells. A. Schematic of the GUVs containing the membrane-
anchored mCh-FKBP-MARKCS and luminal CFP-FRB proteins. Rapamycin-induced dimerization of FKBP and FRB
moves the CFP-FRB protein towards the membrane. B. Epi-fluorescence images of CFP-FRB (4.4 µM ) and mCh-
FKBP-MARKCS (7.8 µM ) in the symmetric GUVs containing POPC: POPS (4:1 mol%) in the inner lipid leaflet. The
initially luminal CFP-FRB protein switches localization to the membrane within minutes post-rapamycin administration.
C. Line scans of the mCherry and CFP fluorescence intensity across the vesicle show protein localization before and
after rapamycin addition (top). The luminal fluorescence intensity of the CFP-FRB (bottom) normalized by the average
of the initial values prior to rapamycin treatment is plotted, highlighting the minute-scale CFP-FRB translocation towards
the membrane only in the presence of rapamycin but not DMSO vehicle. The mCherry signal associated with the mem-
brane marker remains membrane-localized throughout the experiment. n=14 for both rapamycin and DMSO conditions.
Error bars represent standard deviation. The green box marks rapamycin presence.

15



Actin nucleation promoting factor

G-actin

F-actin

Arp2/3 Complex

With rapamycin ActA moves
 towards the membrane

ATP

Mg+2

ActA activates Arp2/3 complex at 
the membrane

+ Global
Rapamycin

Global actin
polymerization

F-actin

G-actin G-actin

Arp2/3
ActA

ATP

Mg+2

Arp2/3
ActA

Arp2/3

ActA ATP

Mg+2

Arp2/3

ActA

G-actin

Branched F-actin exerts 
forces on the membrane 

FKBP

FRB

Rapamycin

POPC
Ni-conjugated lipids

CFP
YFP
mCherry

Figure 2

chemical input 

mechanical output

6xHis-mCh-FKBP

ActA-FRB-CFP

AF488-Actin

+ Rapamycin

-15 8 16 47
   [min]

10 μm

A

B C

0 15 30 45 60
0

1

2

3

4

Time [min]

A
F4

88
-A

ct
in

 M
em

br
an

e/
Lu

m
en

 In
te

ns
ity

All 
- Rapamycin 
- Arp2/3
- ActA

+ Input 

Figure 2. Reconstitution of actin-induced force generation inside rapamycin sensing active protocell. A.
Schematic of the signaling pathway. ActA activates Arp2/3 complex on the membrane, where F-actin branches grow to
generate force. CID system modules coupled with ActA (1-183) transduce rapamycin sensing to force actuation. ActA
(1-183)-FRB-CFP, Arp2/3, and G-actin are initially diffuse in the lumen. mCherry-FKBP is anchored at the membrane.
B. Confocal images of symmetric POPC: DGS-NTA(Ni): PEG-PE (95:4:1) GUVs containing 6xHis-mCh-FKBP, ActA
(1-183)-FRB-CFP (2 µM ), Arp2/3 (150 nM ), G-actin (3 µM ), and ATP (1 mM ) in Mg2+ buffer. All protein constructs
except 6xHis-mCh-FKBP are luminal at t=0. With rapamycin (10 µM final concentration), ActA translocates to the
membrane and triggers F-actin forces. C. Time-course of mean actin localization in the presence of rapamycin and all
components of the signaling cascade, as well as negative controls where Arp2/3, ActA, or rapamycin are absent. n=6
for All, n=4 for -Arp2/3, n=9 for -ActA, and n=10 for DMSO conditions. Error bars indicate standard deviations (SDs).
Green area marks rapamycin presence.

16



Figure 3
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Figure 3. Symmetry breaking in biochemical and physical spaces on a local and global scale. A. Representative
confocal image of a GUV before and after rapamycin addition together with its corresponding kymographs tracking
enrichment of ActA and actin on the membrane in time. t=0 and the dashed black lines on the kymographs represent
the rapamycin addition timepoint. B. Tracking the Pearson correlation coefficient between biochemical parameters (ActA
and actin) over time highlights no correlation change upon rapamycin addition (top). The Pearson correlation coefficient
evolution for ActA and local curvature become further decorrelated upon rapamycin addition (middle). Similarly for actin
and local curvature, no correlation is observed (bottom). C. Mean-normalized fluorescence intensity profiles of ActA and
actin shown at two frames pre-rapamycin and 10 frames post-rapamycin addition. D. Plots of the entropy of boundary
parameters over time, highlighting that ActA entropy remains steady while those of actin and eccentricity both spike after
rapamycin addition. Error bars indicate SEM. E. Plots of mean ActA intensity, mean actin intensity, and eccentricity,
where the bulk correlation is computed over aggregated data from all GUVs for 18 frames pre-rapamycin and 35 frame
post-rapamaycin. For each plot, n= 18.
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Figure 4
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Figure 4. Biophysical modeling of the dynamics and mechanics of actin polymerization. A. Schematic of actin
dynamics predicted by the model, in which the volumetric rate of actin polymerization depends on the mechanical stress.
Actin polymerization is predicted to predominantly occur along the circumference (lateral expansion), then along the
GUV thickness (thickening). The actin is viewed as a thin elastic shell loaded by the internal turgor pressure, p. B. Plot
of the fold-change in mechanical stress, σ(ϕ)/σ0, where σ(ϕ) is the average maximum principal stress at the angular
coordinate ϕ and σ0 = pr0/2h0 is the principal stress where the thickness is h0. Results are shown for a polymerized
subtended angle of ϕ0 = π/4 and different thickness factors of f = 1, 2, 4 and 8. (Inset) Representative finite-element
simulation results. The maximum principal stress is visualized. C. Comparison of model predictions (red lines) with
experimental measurements (blue points) for the 18 GUVs analyzed in Fig. 3, for characteristic parameter values of
h0 = 0.1 µm, f = 2, � = 0.1 µm, r0 = 10 µm, v0 = 200 min−1, actin elastic modulus E = 0.1 GPa,66,67 actin Poisson’s
ratio ν = 0, and turgor pressure p = 1 atm. Rates were calculated as linear approximations; see Supplementary
Information for details. D. Plot of simulated GUV eccentricity values as a function of the polymerized subtended angle,
ϕ0, for the same parameter values as in C, corresponding to mechanical strains of pr0/Eh0 = 0.1 (black). A value of
p = 5 atm was also used in the simulations, corresponding to mechanical strains of 0.5 (blue).
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Figure 5. Reconstitution of spatially controlled localized actin deformation. A. Confocal images of GUVs during
rapamycin administration. Upon rapamycin release (marked by the pink Alexa fluor 647 dye signal), ActA first translo-
cates to the location marked by the white arrow. Local F-actin appears at the same site within ∼15 min. B. Kymographs
showing the evolution of the ActA and actin signal intensity on the membrane for the GUV presented in (A). The red
oval marks the effective high rapamycin concentration area. C. Comparison of the actin thickening versus spreading,
for GUVs of different radii. The area between the two lines highlights the effective rapamycin area. Scale bar is 20
µm. D. Similar to (B), but showing a kymograph of the signal accumulation for the 48 µm and 19 µm GUVs depicted
in (C). Time 0 corresponds to the rapamycin input addition. E. Plots of the entropy of boundary parameters over time,
highlighting that ActA entropy remains steady while that of actin and eccentricity both spike after rapamycin addition.
Error bars indicate SEM.
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Table 1 | Biomolecular modules used in the active protocells 

6xHis-mCherry-FKBP  
ActA-FRB-CFP                   
Arp2/3 complex               
G-actin

POPC       
DGS-NTA(Ni)    
PEG         

ATP    
MgCl2
KCl
Tris-HCl (pH 7.5)
sucrose      

chemical sensing  - membrane anchoring
chemical sensing  - Arp2/3 activation
actin nucleation
force generation

             9.5 µM
         2-8.5 µM
  0.15 - 0.5 µM
         1.5-3 µM

94 mol%
  5 mol%
  1 mol%

      1 mM
    <1 mM
  <50 mM
  >10 mM
  850 mM

Pr
ot

ei
n 

N
et

w
or

k 

biological membrane mimic
anchoring sensory modules
reducing unspecific lipid-protein interaction

energy source
actin stability and polymerization
physiological salt
pH stability
osmotic pressure balance

Li
pi

ds
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Part Function Concentration

Table 1
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Table 1. Molecular constituents of protocells.

20



Supplementary Materials

Synthetic control of actin polymerization and symmetry breaking in

active protocells

This PDF file includes:

• Supplementary Text
• Supplementary Figures 1 to 12
• Supplementary Tables 1 to 2
• Supplementary Movies 1 to 3 Captions

Other Supplementary Materials for this manuscript include the following:

• Supplementary Movies 1 to 3

1



Supplementary Text
Plasmid construction

Protein expression and purification
6xHis-YFP-FKBP (pET28a) ◦

OD600 μM ◦

mM
mM

μm
mM

mM
mM mM mM

mM
mM mM mM

◦

6xHis-CFP-FRB (pET28a)
◦

μM OD600
◦

g
g

g

6xHis-mCherry-FKBP (pBiEx) and 6xHis-mCherry-FKBP-MARCKS (pBiEx)
◦

◦

mM mM mM
g

6xHis-mActA (1-584)-FRB-CFP (pET28a)

◦ ◦

OD600 mM
◦ g ◦

mM mM mM mM

g ◦ μm

mM

mM mM



mM ◦

◦

2xstrep-ActA(1-183)-FRB-CFP (Twin-Strep-tag®-pET28)
mM mM

mM mM mM

mM mM mM mM
mM mM mM

Actin mM
mM mM mM mM 3

◦

Cap32/34 (pET14b)

FRET assay in the GUVs
μM μM

mM
mM

Pyrene assay

nm nm nm nm

mM
mM mM mM

μM nM
nM μM

nM nM

Image processing and analysis
Kymograph generation



−π π

Measurement of actin spreading rate

t′ t′

Correlation analysis

X(j) H(X(j)) =
∑

i pilog2(pi)

pi > 0 pi = P (X(j) = xi) X(j)

j



Principal component analysis

1
0.5L

Model of actin polymerization dynamics

(θ, ϕ) θ ∈ [0, 2π] ϕ ∈ [0, π]
V

(θ, ϕ)

dV (θ, ϕ, t)

dt
= �3v0e

σ(θ,ϕ,t)/σ0 .

�3 � v0
σ0

dh(θ, ϕ, t)/dt = �−2dV (θ, ϕ, t)/dt pr/h
r h

σ

σ = (σxx, σyy).

σxx σyy (x, y)



σ(θ, ϕ, t)/σ0

Determination of the mechanical stresses in an axisymmetric polymerizing actin shell

eσ(θ,ϕ,t)/σ0

v0

r h E
ν p h

σ ε (x, y)

σxx = σyy =
pr

2h
, σxy = 0, εxx = εyy =

σ

E
(1− ν) =

pr(1− ν)

2Eh
, εxy = 0.

h h
h θ h0

f f h(θ, ϕ, t) = h(ϕ, t) ϕ

h(ϕ, t) =

{
fh0 ϕ < ϕ0(t)

h0 ϕ ≥ ϕ0(t).

fh0 h0 ϕ0(t)

≈ fh0

ϕ � ϕ0(t), ϕ � ϕ0(t)

σxx = σyy = pr/2fh0 σxx = σyy = pr/2h

f ϕ0

ϕ = ϕ0

σ0 = pR/(2fh0)
ϕ ≤ ϕ0

σ(θ, ϕ, t)

σ0
≈

{
1 ϕ < ϕ0(t)

f ϕ = ϕ0(t).

f f

Determination of the lateral and normal actin polymerization rates

ϕ =
ϕ0 ef f � 1

fh0 σ(θ, ϕ, t)/σ0 = 1
ef−1

dV (θ, ϕ, t)

dt
≈

{
�3v0e

f ϕ = ϕ0(t)

�3v0e ϕ < ϕ0(t).



ϕ = ϕ0 θ

dA(θ, t)

dt
=

1

�

dV (θ, ϕ, t)

dt

∣∣∣∣
ϕ=ϕ0

≈ �2v0e
f ,

θ t

A(θ, t) = �2v0e
f t.

d 2πrd A(θ, t) θ ∈ [0, 2π]
t d(t) = �2v0e

f t/r
ϕ0(t) = −1[(r − d)/r] r r0

t ≤ ϕ−1
0 (π)

C(t) = Ci + 2πr × ϕ0(t)

π
= Ci + 2r −1

(
1− d(t)

r

)
= Ci + 2r −1

(
1− �2v0e

f t

r2

)
,

Ci ϕ−1
0 (π)

f � 1
ϕ < ϕ0

(θ, ϕ) ϕ < ϕ0(t)
dV (θ, ϕ, t)

dt
≈ �3v0e.

θ ∈ [0, 2π] ϕ ∈ [0, ϕ0(t)] t t

2π�3v0e

∫ t

t′=0

−1

(
1− �2v0e

f t′

r2

)
dt′,

2πrd

h(t) = hi +
�

ef−1t

∫ t

t′=0

−1

(
1− �2v0e

f t′

r2

)
dt′, t ≤ ϕ−1

0 (π),

hi = fh0 f � 1
h(t)/h0 f

f f

ϕ0 = π
d = 2r

h(t) = h′i +
π�3v0et

2r2
, t > ϕ−1

0 (π),

h′i = h(ϕ−1
0 (π))

Determination of the radial shrinkage rate during actin thickening

ε(t) =
pr(1− ν)

2Eh(t)
=

pr(1− ν)

2E(h′i + π�3v0et/(2r2))
≈ pr0(1− ν)

2E(h′i + π�3v0et/(2r20))
.



r r0

r(t)

r0
= 1 + ε(t).

Comparison to experimental data

C(t)

2πr
=

1

π
−1

(
1− �2v0e

f t

r20

)
, h(t) = h′i +

π�3v0et

2r20
(t > ϕ−1

0 (π)),
r(t)

r0
=

pr0(1− ν)

2Eh(t)
.

(t > ϕ−1
0 (π))

v0
−1

μ
f � 2

∼ ×

r
2πrs/t

s ∈ [0, 1] t
ϕ−1

0 (π)

h
Δh/Δt Δh

t t

f = 2 hi = � = 0.1 μ r0 = 20 μ

v0
v0 ≈ 200 −1

ϕ−1
0 (π) ∼

∼ h(t) ∼ ∼ μ

E = 0.1 ν = 0
p = 1 ∼

∼



Predicting eccentricity through mechanical deformations

∼ ϕ0

∼

1 30 × 30 θ, ϕ ∈ [0, 2π] × [0, π])
1 0.02

0.002 0.01



Supplementary Figures

530 nm

430 nm

Rapamycin induces

430 nm 480 nm

+ Rapamycin

a b

c

Before rapamycin treatment

10 min post-rapamycin treatment

FKBP

FRB

Rapamycin

Egg-PC
CFP
YFP

Supplementary Figure 1

d

  [25 μM] rapamycin

0 10 20 30 40
0

1

2

3

Time [min]

FR
ET

/C
FP

 [A
.U

.]

  [25  μM] rapamycin
  [40 μM] rapamycin

0 5 10 15

0

50

100

Time [min]

N
or

m
al

iz
ed

 F
RE

T/
C

FP
 

In
te

ns
ity

 [A
.U

.]

Rapamycin
DMSO

+ Input

  [40 μM] rapamycin

FRET signal post-rapamycin

CFP-FRB

CFP-FRB

YFP-FKBP

YFP-FKBP

Supplementary Figure 1. a.
μM

b. μM μM

μm c.

d.



Supplementary Figure 2

mCh-FKBP-MARCKS [15 μM] Fluorescein-Dextran dye

100% Egg-PC lipids

Supplementary Figure 2.



Supplementary Figure 3

75 
50 
37 

20 
25 

100 
ActA

(1-183)-F
RB-CFP

mCh-FKBP

6xHis FKBPN C
408mCherry

2xStrep FRBN C
618CFPActA(1-183)

b

GST-W
ASP-VCA

ActA
(1-584)-F

RB-CFP

150 
75 
50 
37 

20 
25 

a

Supplementary Figure 3. a.
b.



Supplementary Figure 4

a b

Supplementary Figure 4. a.

μM nM
nM b.

μM nM
nM



Supplementary Figure 5

a

b

Actin intensity along perimeter

11 22 33 44 55 66 77 88 99 110

100

200

300

400 0

500

1000

Actin intensity along perimeter

12 24 36 48 60 72 84 96 108 120

200

400

600 0

200

400

600

Supplementary Figure 5. a. μM
b.



Supplementary Figure 6
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Supplementary Figure 8
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Supplementary Figure 9
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Supplementary Figure 10
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Supplementary Figure 11
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Supplementary Tables

Supplementary Table 1

Fig. 1 
Figure Number Lea et mol%Lipid

inner POPC 16:0-18:1 80
POPS
Egg-PC
POPS
POPC
DGS-NTA(Ni)
PEG2000 PE
DPPC
DGS-NTA(Ni)
Egg-PC
POPC
DGS-NTA(Ni)

16:0-18:1
N/A
16:0-18:1
16:0-18:1
18:1-18:1
16:0-16:0
18:0-18:0
18:1-18:1
NA
16:0-18:1
18:1-18:1

20
80
20
94
5
1
93
7
100
93
7

outer

inner/outer

inner/outer

inner/outer
inner/outer

Figs. 2, 3, Supps. Figs. 4-6, 11

Fig. 5, Supp. Figs. 8-10

Supp. Fig. 1
Supp. Fig. 7

POPC: 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine
POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine

PEG2000 PE: 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]

Supplementary Table 1.



Supplementary Table 2

 

6xHis-mCherry-FKBP  
ActA-FRB-CFP                   
Arp2/3 complex               
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             8.5 μM
            150 nM
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Component

POPC       
DGS-NTA(Ni)    
PEG         

94 mol%
  4 mol%
  1 mol%

Global 

6xHis-mCherry-FKBP  
ActA-FRB-CFP                   
Arp2/3 complex               

DPPC       
DGS-NTA(Ni)             

             9.5 μM
           4.25 μM
            150 nM
             1.5 μM

93 mol%
  7 mol%
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Component

In
pu

t Rapamycin       
AF647 dye
Ethanol             

             500 μM
             100 μM
             10 vol%

Local  

Supplementary Table 2.



Supplementary Movies 1 to 3 captions

Movie S1. Time-lapse images of the CFP-FRB translocation towards mCh-FKBP-MARCKS upon rapamycin adminis-
tration.

Movie S2. Time-lapse images of rapamycin-induced global ActA translocation towards the membrane and the ensuing
actin polymerization that deforms the membrane into an asymmetric shape.

Movie S3. Time-lapse images of rapamycin-induced localized ActA translocation towards the membrane and the en-
suing local actin polymerization.
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