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formation†
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We report the construction of a single-component optogenetic Rac1 (opto-Rac1) to control actin

polymerization by dynamic membrane recruitment. Opto-Rac1 is a fusion of wildtype human Rac1 small

GTPase to the C-terminal region of BcLOV4, a LOV (light-oxygen-voltage) photoreceptor that rapidly

binds the plasma membrane upon blue-light activation via a direct electrostatic interaction with anionic

membrane phospholipids. Translocation of the fused wildtype Rac1 effector permits its activation by GEFs

(guanine nucleotide exchange factors) and consequent actin polymerization and lamellipodia formation,

unlike in existing single-chain systems that operate by allosteric photo-switching of constitutively active

Rac1 or the heterodimerization-based (i.e. two-component) membrane recruitment of a Rac1-activating

GEF. Opto-Rac1 induction of lamellipodia formation was spatially restricted to the patterned illumination

field and was efficient, requiring sparse stimulation duty ratios of ∼1–2% (at the sensitivity threshold for

flavin photocycling) to cause significant changes in cell morphology. This work exemplifies how the dis-

covery of LOV proteins of distinct signal transmission modes can beget new classes of optogenetic tools

for controlling cellular function.

Introduction

Light-oxygen-voltage (LOV) flavoproteins1–3 comprise the most

ubiquitous class of photosensory proteins described to date.4,5

Their modularity in sensor-effector topology has given rise to

great diversity in their photosensory signal transmission

modes,5–12 and in turn, the discovery of LOV proteins with dis-

tinct signal transmission modes can beget new optogenetic

modules for light-activated control over cell physiology.13,14

Recently, we reported one such novel class, the fungal

(Regulator of G-protein Signaling) RGS-associated LOV proteins

(RGS-LOV),5 whose members possess a directly blue light-regu-

lated and high-affinity interaction with anionic phospholipids

and are reversibly recruited to the plasma membrane upon

illumination in transducing cells as a result of this long-range

electrostatic interaction.15

Inducible translocation of a cytosol-sequestered protein to

the plasma membrane is commonplace in optogenetics16–20 to

initiate signaling at the membrane by a fused effector (and

likewise is commonplace with chemically induced dimeriza-

tion (CID)).21,22 To the best of our knowledge, reported

systems lack a direct interaction with the plasma membrane

itself like RGS-LOV proteins, and instead rely on heterodimeri-

zation pairs that typically require multiple fluorescent protein

tags and plasmids to titrate expression level for robust

function.23–26 Conversely, single-component membrane

recruitment-based tools can be engineered with RGS-LOV, for

example, as we recently demonstrated with opto-DHPH,27

which is a fusion of BcLOV4 from Botrytis cinerea15 and the

DHPH (Dbl-homology Pleckstrin-homology) domain of the

Cdc42 selective Intersectin GEF (guanine nucleotide exchange

factor) to stimulate actin-mediated filopodial protrusions.28–31

Here, we report the creation of opto-Rac1, a single-com-

ponent tool for optogenetic induction of actin-mediated lamel-

lipodial protrusions by membrane recruitment of human Rac1

small GTPase (Fig. 1). Unlike existing optogenetic and chemo-

genetic tools that allosterically modulate constitutively active

(CA) GTP-bound Rac132,33 or alter the subcellular localization

of CA-Rac134,35 or Rac1-selective GEFs36,37 by heterodimeriza-

tion-based membrane recruitment, opto-Rac1 modulates wild-

type Rac1 by recruiting the inactive GDP-bound form to the

membrane, where it is activated by GEFs38 and initiates down-

stream actin polymerization through WAVE (WASP-family ver-

prolin-homologous) protein-scaffolded interaction with Arp2/3

(actin-related proteins) regulatory complex.39–41 The use of this
†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c9pp00434c

Department of Bioengineering, University of Pennsylvania, 210 South 33rd Street,

Philadelphia, PA 19104, USA. E-mail: bchow@seas.upenn.edu

This journal is © The Royal Society of Chemistry and Owner Societies 2020 Photochem. Photobiol. Sci.

P
u
b
li

sh
ed

 o
n
 0

5
 F

eb
ru

ar
y
 2

0
2
0
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
si

ty
 o

f 
P

en
n
sy

lv
an

ia
 L

ib
ra

ri
es

 o
n
 2

/1
2
/2

0
2
0
 2

:4
1
:1

7
 P

M
. 

View Article Online

View Journal



wildtype or non-constitutively active effector minimized basal

Rac1 activity in the dark, while still permitting effective photo-

induction of lamellipodia formation that was spatially

restricted to the illumination field and required relatively

sparse epochs of illumination.

Materials and methods
Genetic constructs

Domain arrangement combinations of Rac1, BcLOV4, and

mCherry (with a flexible (GGGS)2 linker between each domain

pair) were assembled by Gibson cloning using NEB HiFi DNA

Assembly Master Mix (E2621) into the pcDNA3.1 mammalian

expression vector under the CMV promoter. BcLOV4 and

mCherry were amplified from their reported fusion (Addgene

plasmid 114595).15 The DNA sequence of Rac1 (Genbank ID

AAH04247.1) was human codon-optimized using the

Integrated DNA Technologies (IDT) Codon Optimization Tool

and ordered as a gBlock®, with a single C-terminal leucine

residue (of the “CAAX”-motif ) removed to prevent prenylation

and membrane localization in dark-adapted fusions. The full

sequence is available in ESI (ESI Fig. 1†). The Rac1 constitu-

tively active mutant was generated by QuikChange site-directed

mutagenesis (Q665L, E695H, and N696H) based on previously

reported mutations.33 All genetic constructs were transformed

into competent E. coli (New England Biolabs, C2984H). The

DNA sequence of mKoKappa was human codon-optimized,

ordered as a gBlock®, and assembled with BcLOV4 as

described above. All sequences were verified by Sanger

sequencing.

Mammalian culture and transduction

HEK293T (ATCC, CRL-3216) cells were cultured in D10 media

composed of Dulbecco’s Modified Eagle Medium with

Glutamax (Invitrogen, 10566016), supplemented with 10%

heat-inactivated fetal bovine serum (FBS) and penicillin–strep-

tomycin at 100 U mL−1. Cells were maintained in a 5% CO2

water-jacketed incubator (Thermo/Forma 3110) at 37 °C. Cells

were seeded onto poly-D-lysine-treated glass bottom dishes

(MatTek, P35GC-1.5-14-C) or into 24-well glass bottom plates

(Cellvis, P24-1.5H-N) at 15–20% confluency. Cells were trans-

fected at ∼30–40% confluency 24 hours later using the

TransIT-293 transfection reagent (Mirus Bio, MIR2700) accord-

ing to manufacturer instructions. Cells were imaged 24–48 h

post-transfection.

Trypan blue staining

24 hours after transfection, cells were washed with PBS and

incubated with 0.2% Trypan Blue solution (diluted 1 : 1 with

PBS from 0.4% stock solution) for one minute. Trypan Blue

solution was then aspirated, and cells were fixed with 4% par-

aformaldehyde for 10 minutes at room temperature. After fix-

ation, plates were rinsed three times with PBS with agitation

for five minutes per wash. Cells were then imaged at 20× mag-

Fig. 1 Optogenetic Rac1 (Opto-Rac1) photoinduction of lamellipodia formation by single-component dynamic membrane recruitment using

BcLOV4. In the dark or absence of blue light, wildtype human Rac1 fused to BcLOV4 remains cytosolically sequestered and its GDP-bound inactive

form. Upon illumination, BcLOV4 is directly recruited to the membrane through its light-regulated interaction with anionic membrane phospholipids.

Rac1 is activated to its GTP-bound form by local GEF proteins, consequently initiating lamellipodia formation through interactions with the WAVE

(scaffold) and Arp2/3 regulatory complex for actin polymerization.
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nification with brightfield illumination for three FOV per

sample × 2 plates to count the number of stained vs. unstained

cells for each construct.

Optical hardware for cellular assays

Fluorescence microscopy was performed on an automated

Leica DMI6000B fluorescence microscope under Leica

MetaMorph control, with a sCMOS camera (pco.edge), an LED

illuminator (Lumencor Spectra-X), and a 63× oil immersion

objective. Aligned excitation was filtered at the Lumencor for

mCherry imaging (λ = 575/25 nm) and GFP imaging or for

wide-field BcLOV4 stimulation (λ = 470/24 nm). mCherry-fused

proteins were imaged with Chroma filters (T585lpxr dichroic

and ET630/75 nm emission filter). Camera exposure times

ranged from 0.2–0.5 s. Cells were imaged in CO2-independent

media (phenol-free HBSS supplemented with 1% L-glutamine,

1% penicillin–streptomycin, 2% essential amino acids, 1%

nonessential amino acids, 2.5% HEPES pH 7.0, and 10%

serum).

The custom spatially patterned illuminator was (DMD)

digital micromirror device-based and constructed from a

digital light processor (DLP, Digital Light Innovations

CEL5500), based on a design by others42 (ESI Fig. 2†). All

optics and optomechanics were from ThorLabs unless stated

otherwise. A liquid light guide-coupled source (Mightex

LCS-0455-3-22) was collimated into the DLP. The DLP output

was infinity corrected with an additional lens, and coupled

through a side auxiliary port window of the microscope to gain

direct access to the back of the objective, by using a custom K

Type laser cube (Nuhsbaum, Inc.) with a shortpass dichroic

mirror (λ < 900 nm). Digital masks were drawn in the DLP

Light Commander software.

Fluorescence imaging and optogenetic assays

For dynamic membrane recruitment assessments, prenylated

GFP was co-transfected as a membrane marker with Rac1::

BcLOV4 fusions as previously described.15 Following mCherry

fluorescence imaging to assess the expression level and localiz-

ation of the fusion proteins in the dark-adapted state, cells

were illuminated with 5 s-long blue-light pulse whole-field to

stimulate BcLOV4, and mCherry fluorescence images were cap-

tured every 200 ms to monitor membrane association of the

protein during this stimulation epoch. GFP fluorescence was

imaged immediately afterwards to visualize the marked mem-

brane. mCherry fluorescence (500 ms excitation exposure)

images were then captured every 5 s in the absence of blue

light to monitor protein dissociation from the membrane

under thermal reversion. Membrane localization was

measured by line section analysis and correlation with preny-

lated GFP in ImageJ and MATLAB as previously described.15

For assays using spatially patterned illumination (see sche-

matic protocol in ESI Fig. 3†), mCherry fluorescence was

imaged every 15 s for up to 10 min. During this time, cells were

periodically stimulated with DLP-patterned illumination (typi-

cally 25 μm-wide squares, ∼25% cell area illuminated) with a

0.8–5% duty ratio range (or 0.25–1.5 s-long pulses once every

15–30 s). In the cases of mechanistic controls: for actin

polymerization inhibition, cytochalasin D (5 mg mL−1 in

DMSO, Millipore Sigma C2618) was added to cell media for a

final concentration of 500 nM, 30 minutes prior to imaging; for

Rac1-GEF inhibition, NSC23766 (Millipore Sigma SML0952) in

phosphate-buffered saline (PBS) was added to cell media for a

final concentration of 50 μM, one hour prior to imaging.

For normal handling, cells were passaged, transfected,

incubated and transported under standard laboratory lighting

conditions, and then microscopy-based assays were conducted

with room lights off after an initial 10-minute dark-adaptation

period. All data reported were acquired under the normal

handling conditions.

Under “stringent” conditions discussed in text, the cells

were handled during all steps as prescribed by others for

PA-Rac1 to reduce basal optogenetic activity.32 Cell culture was

performed under red safe-light conditions. Cells were trans-

ported in completely opaque carriers. Assays were performed

in dark rooms with all light-sources turned off or baffled,

including electronic displays and monitors.32

Data analysis

Each data point was derived from an independent video, with

N = 19–37 independent videos per condition. For each video, a

cell within the illuminated region was selected and segmented

(ImageJ) from the frame imaged at 0 seconds post-illumination

and 120 seconds post-illumination. The researcher was

blinded during segmentation to experimental condition to

prevent bias. To compute the distance the cell had moved

between the two timepoints, the average distance between seg-

mented cell borders was calculated via a custom analysis

Python script (schematized in ESI Fig. 3†). Statistical signifi-

cance was assessed by the non-parametric Mann–Whitney U

test, uncorrected for multiple comparisons.

Results and discussion

In heterologous expression systems, BcLOV4 is dynamically

recruited to the plasma membrane through a long-range

electrostatic interaction between anionic membrane phospho-

lipids and a polybasic amphipathic helix located between the

LOV Jα-helical linker and its C-terminal domain of un-

identified function (DUF).15 To engineer opto-Rac1, we

screened domain arrangement orderings of mammalian

codon-optimized BcLOV4, human Rac1, and a mCherry visual-

ization tag, with a glycine/serine-rich flexible linker, (GGGS)2,

between the respective domain pairs (Fig. 2, ESI Fig. 4†). To

enable cytosolic sequestration of the Rac1 effector and limit

membrane localization of BcLOV4-fusion proteins in the dark-

adapted state, a single leucine residue was truncated from the

Rac1 C-terminal prenylation site (“CLLL” or more generally

“CAAX”).43 These domain combinations were then screened in

transfected HEK cells for protein expression uniformity, rela-

tive expression level, and light-activated translocation

efficiency in response to whole-field illumination with blue
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light (Fig. 3). In all experiments herein, cells were blue light-

stimulated with a 15 mW cm−2 irradiance, which is the half-

saturation for flavin photocycling of BcLOV4-mCherry.

BcLOV4-Rac1-mCherry was chosen as opto-Rac1. This par-

ticular domain arrangement was uniformly distributed

throughout the cytosol in the dark-adapted state (Fig. 2b, ESI

Fig. 2 Molecular engineering of opto-Rac1. (a) Domain arrangement combinations of BcLOV4, wildtype human Rac1, and mCherry visualization tag

that were tested. Domains were separated by flexible (GGGS)2 linkers. Candidates were tested for relative expression level and translocation

efficiency vs. BcLOV4-mCherry in transfected HEK cells. BcLOV4-Rac1-mCherry was ultimately selected as opto-Rac1 based on its uniform localiz-

ation profile in the dark-adapted state and similar translocation efficiency to BcLOV4-mCherry. (b) Fluorescence micrographs showing representa-

tive expression patterns of the six arrangements in the dark-adapted state. (c) Dynamic membrane localization of opto-Rac1 is reversible under

whole-field illumination. Top = Fluorescence micrograph, scale = 10 µm. Bottom = Line section pixel intensity.

Fig. 3 Population analysis of domain arrangement combinations. (a) Relative expression level vs. BcLOV4-mCherry control with no effector. (b)

Ratio of membrane-localized vs. cytosolic protein for the engineered arrangements (normalized vs. BcLOV4-mCherry control) in the dark-adapted

and blue light-illuminated state. N = 25–35 each. Mean ± standard error.
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Fig. 4†), retained its ability to be reversibly recruited to the

membrane upon illumination (Fig. 2c) with similar efficiency

to the BcLOV4-mCherry reference protein (Fig. 3b). Other

domain arrangements were not considered viable because

their inducible membrane recruitment capabilities were

reduced and they displayed undesirable expression profiles,

evidenced by poor cell health (e.g. round morphology in

domain arrangement iv), permanent localization to membrane

or trans-Golgi network in the dark, or nuclear sequestration,

the latter potentially from exposure of the Rac1 nuclear shut-

tling sequence44 that is possible with disrupted prenylation.45

The observed nuclear sequestration was unlikely to depend on

cell cycle phase,46 since it is the dominant phenotype observed

in an unsynchronized population for domain arrangements ii

and iii (ESI Fig. 4†).

The membrane localization in the dark-adapted state

observed when BcLOV4 is at the C-terminus of the chimera

(domain arrangements v. and vi.) suggests that such configur-

ations are disfavored when engineering fusion proteins. A

similar “permanently lit”-like phenotype was seen when only a

fluorescent protein was placed at the N-terminus as a mem-

brane signaling-inert fusion partner (mKoκ-BcLOV4, ESI

Fig. 5†). It is possible that fused N-terminal effectors may

disrupt the known dark-state inhibition of lipid-binding by the

N-terminal region of BcLOV4.15 Future work in high-resolution

structures of BcLOV4 may reveal how certain configurations

differ in their exposure of motifs (nuclear localization, lipid

binding, etc.) that impact their respective distribution patterns.

It should be noted that opto-Rac1 could not be solubly pro-

duced by bacterial overexpression.

Next, to test optogenetic function for spatially precise

induction of lamellipodia formation, cells expressing opto-

Rac1 were stimulated with spatially patterned blue light using

a digital micromirror device (Fig. 4 and 5) to emulate a sensory

activation gradient. Because BcLOV4 undocks from the mem-

brane within approximately one minute in the dark,15,47 cells

Fig. 4 Spatially precise induction of lamellipodia formation by opto-Rac1 (a) Fluorescence micrographs of three different transfected HEK cells and

a BcLOV4 control. Protrusions are rapidly formed in the patterned illumination field for opto-Rac1, and remain largely restricted to the field even

many minutes after reaching the edge. Opto-Rac1 also accumulates selectively within the field in an actin network-dependent manner (refer also to

Fig. 6). No protrusions are observed for the effector-less control. Scale = 10 µm. (b) Region of interest (ROI) selection around the illumination field

of view after 10 minutes of pulsatile stimulation show sheet-like protrusions. Indices i–iv correspond to those in panel a, with auto-adjusted levels

for the ROI. White box = illumination field. Dotted yellow line = mask of original cell boundary. (a–b) λ = 455 nm @ 15 mW cm−2, 1.6–5.0% duty

ratio.
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were provided a brief stimulation pulse every 30–60 seconds.

Sprawling sheet-like lamellipodial protrusions were rapidly

and selectively initiated in the blue light-illuminated field and

remained largely confined to the spatial field upon reaching

the boundary (Fig. 4 and ESI Video 1†). Thus, opto-Rac1 induc-

tion of lamellipodia formation is spatially restricted.

We assessed the phenotypic response to different stimu-

lation duty ratios to gauge the functional efficiency of opto-

Rac1 and guide experimental parameters for future use. Duty

ratio (ϕ) was chosen as the “sensitivity” parameter because it is

easier to precisely control optical stimulation timing than

intensity over time. The 15 mW cm−2 irradiance was chosen as

it is sufficient to saturate flavin photocycling, but this photo-

chemical threshold at the protein-level was not exceeded to

avoid photobleaching or compensating for inefficient optoge-

netic function at the cell signaling level. We quantified the

extent of induced lamellipodia formation (Fig. 5) as the

average movement of the stimulated cell boundary over the

first two minutes, since protrusions were clearly observable

during this initial post-induction period and the spatial con-

finement of lamellipodia induction to the illumination field

decreases the average movement over longer periods. Opto-

Rac1 performed consistently at ϕ = 1.6% duty ratio, which for

context is in the low end of the duty ratio range of ϕ ∼

2.5–20% that has been reported for related tools for small

GTPase signaling with blue light photoreceptors.29–31,37,48

Thus, the optogenetic efficiency of opto-Rac1 is sufficient to

perform reliably on commonplace microscopy setups without

major photobleaching risks.

To confirm that the wildtype Rac1 domain can be recruited

to the membrane in its inactive GDP-bound form as proposed,

we performed the spatially patterned induction experiments in

the presence of a Rac1-GEF inhibitor NSC 23 766,49,50 with a

high ϕ = 5% to ensure robust photochemical activation. Opto-

Rac1 still selectively bound the membrane in the illumination

field, but lamellipodia formation was suppressed by this

pharmacological inhibition (Fig. 6). This finding confirms that

its membrane recruitment is GEF-independent and indicates

that the wildtype effector domain is in its inactive or GDP-

Fig. 5 Efficient opto-Rac1 induction of lamellipodia formation.

Lamellipodia formation in response to stimulation duty cycles, with irra-

diance fixed at the saturation threshold for flavin photocycling.

Phenotypic response was quantified by average distance of cell border

movement in the illumination field after two minutes. N = 19–37 inde-

pendent videos each. Mann–Whitney U test: (*) p < 0.05, (**) p < 0.01 vs.

BcLOV4-mCherry control (no Rac1 effector). λ = 455 nm @ 15 mW

cm−2.

Fig. 6 Pharmacological inhibition of opto-Rac1 activity to confirm mechanism of optogenetic control. Optogenetic signaling proceeds by GEF-

activation of GDP-bound wildtype Rac1 upon membrane localization, followed by downstream actin polymerization. (a–b) Fluorescence micro-

graphs of transfected HEK cells expressing opto-Rac1, treated with the (a) Rac1-GEF inhibitor NSC23766 and (b) the actin polymerization inhibitor

cytochalasin D. Opto-Rac1 accumulates at the membrane within the patterned illumination field (box) but does not induce lamellipodia formation. λ

= 455 nm @ 15 mW cm−2, 5% duty ratio. Scale = 10 µm. (c) Population level data to quantify pharmacological suppression of opto-Rac1 activity.

Mann Whitney U test (*) p < 0.05. N = 31 (+NSC23766), N = 30 (+cytochalasin D) independent videos each. Untreated samples represent the same

data as in Fig. 5.
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bound form when opto-Rac1 is initially recruited to the mem-

brane. This signaling mode is consistent with single-molecule

tracking studies showing that membrane localization of Rac-

GDP precedes GEF-activation in natural Rac1 signaling, and is

sufficient for actin polymerization.38

Lamellipodia formation was also inhibited in the presence

of the actin polymerization inhibitor cytochalasin D,51 con-

firming that the cytoskeletal rearrangements were actin-

mediated and not a spurious byproduct of other Rac1 signal-

ing pathways or protein accumulation at the inner leaflet

(Fig. 6). Opto-Rac1 did not accumulate strongly in the illumi-

nation field in the presence of either inhibitor, unlike when

actin polymerization is possible (Fig. 4), and thus the latter

observed accumulation stems from opto-Rac1 binding to a

polymerized actin network.

The opto-Rac1 signaling mechanism is distinct from pre-

viously reported genetically encoded approaches for inducible

Rac1 activity, which have used Rac1-activating GEFs or consti-

tutively active (CA) proteins mutated to eliminate inhibitory

interactions with GDI (guanosine nucleotide dissociation

inhibitor) and GAPs (GTPase-activating protein).32–37 While

membrane recruitment systems have not yet been reported

using wildtype Rac1 effector (vs. CA-Rac1 or indirect Rac1-

GEFs), its use clearly permits effective opto-Rac1 signaling

and suggests that basal GEF levels are sufficient to support

signaling in response to rapid increases in membrane con-

centration of GDP-bound Rac1. It should be noted that

mutation of the Rac1 domain in opto-Rac1 to CA-Rac133

(corresponding to the GDI-interaction site, Q61L, and the

GAP-interaction sites, E91H and N92H) was toxic with evi-

dence of basal activity (ESI Fig. 6†). Thus, the use of wildtype

Rac1 effector contributes to the optogenetic efficacy, possibly

by reducing basal activity of opto-Rac1, which was negligible

under normal laboratory condition (without precautions for

blue light-exposure other than brief assay dark-adaptation

period) that were less stringent than reported precautions

needed to limit basal activity of PA-Rac1, where all cell hand-

ling and assays are conducted in darkness (including baffling

electronic displays).32

Opto-Rac1 contributes to the overall optogenetic toolbox for

controlling Rac1 signaling, whose members differ in their

respective GEF-input signal integration and their consequent

downstream effects.36,52,53 For example, optogenetic GEF-

induced signaling is biased by the native preferences of the

effector, whereas the wildtype Rac1 effector integrates multiple

GEF inputs and conversely, a chimeric CA-Rac1 effector drives

downstream processes in a direct GEF-independent manner.

Further, the gain-of-function by an engineered GEF saturates

at the endogenous GTPase concentration, whereas the

maximum for an engineered GTPase itself corresponds to the

enhanced GTPase concentration net of overexpression.54 Thus,

expanding the toolbox offers tailored approaches to probe

Rac1 signaling. Opto-Rac1 here perhaps recapitulates increases

in concentration (e.g. by transcriptional up-regulation, nuclear

export, etc.) on very rapid timescales while still integrating

natural GEF inputs that influence its output.

Conclusion

In summary, we have created a single-component optogenetic

Rac1 that potently initiates actin polymerization and highly

focal lamellipodia formation by blue light-activated membrane

recruitment of wildtype Rac1 GTPase itself. This work demon-

strates how BcLOV4 as a protein technology is a versatile and

powerful module for engineering chimeric optogenetic tools to

control signaling of membrane-associated proteins, and high-

lights the importance of establishing the structure–function of

novel signal transmission modes, such as the foundational

light-regulated protein-lipid interaction described here, that

are employed by the ubiquitous and inherently modular LOV

domain photoreceptors.
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