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Optical regulation of endogenous RhoA reveals
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SUMMARY

How protein signaling networks respond to different input strengths is an important but poorly understood
problem in cell biology. For example, RhoA can promote focal adhesion (FA) growth or disassembly, but
how RhoA activity mediates these opposite outcomes is not clear. Here, we develop a photoswitchable
RhoA guanine nucleotide exchange factor (GEF), psRhoGEF, to precisely control endogenous RhoA activity.
Using this optical tool, we discover that peak FA disassembly selectively occurs upon activation of RhoA to
submaximal levels. We also find that Src activation at FAs selectively occurs upon submaximal RhoA activa-
tion, identifying Src as an amplitude-dependent RhoA effector. Finally, a pharmacological Srcinhibitor reverses
the direction of the FA response to RhoA activation from disassembly to growth, demonstrating that Src func-
tions to suppress FA growth upon RhoA activation. Thus, rheostatic control of RhoA activation by psRhoGEF

reveals that cells can use signal amplitude to produce multiple responses to a single biochemical signal.

INTRODUCTION

A fundamental question in cellular computation is whether
different activation levels of a single biochemical signal can be
used to generate distinct functional outputs. For example, over-
expression of individual members of the Rho family of guanosine
triphosphate (GTP) hydrolases (GTPases) induces specific actin-
based structures, with Cdc42 promoting filopodium formation
and extension, Rac1 lamellipodium formation and extension,
and RhoA actinomyosin contractility (Nobes and Hall, 1995).
However, experiments with fluorescent reporters have shown
that, even within the same cell, individual GTPases are activated
at sites and times of seemingly opposite morphological re-
sponses. For instance, in migrating cells, RhoA is activated at
the leading edge, which is extending, and at the lagging edge,
which is retracting (Heasman and Ridley, 2010; Machacek
et al., 2009; Pertz et al., 2006; Wong et al., 2006). Similarly,
RhoA is required for focal adhesion (FA) growth in response to
various extracellular stimuli (Nobes and Hall, 1995; Parsons
et al., 2010) but has also been implicated in the reverse process
of FA disassembly (Lock et al., 2012; Yamana et al., 2006). Given
its apparent involvement in induction of opposing morphological
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changes, RhoA signaling to FAs could serve as a model system
for understanding how a single regulatory protein can produce
divergent downstream effects.

Although mechanisms from RhoA to FA assembly have been
extensively studied (Nobes and Hall, 1995; Parsons et al.,,
2010), much less is known about the mechanisms linking RhoA
to FA disassembly. FA formation is a reliable static outcome of
many extracellular stimuli, but FA disassembly has been studied
primarily in the context of cell migration, when FAs are continu-
ously assembled and disassembled (Parsons et al., 2010).
Indeed, localized FA disassembly allows cell regions to detach
from their environment and, thus, is of essential importance in
cell migration and cancer metastasis (Carragher and Frame,
2004). RhoA has been hypothesized to drive lagging edge retrac-
tion based on biosensor imaging in migrating cells (Heasman
and Ridley, 2010; Wong et al., 2006), but it is unclear whether
RhoA is responsible for FA disassembly during this process or
how such a function would be reconciled with the better under-
stood function of RhoA in FA growth.

Global loss-of-function techniques have been used to study
RhoA effectors in FA disassembly, but it is difficult to dissociate
primary from secondary phenotypes in such experiments.
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For example, dominant-negative constructs, RNAI, or chemical
inhibitors of the mDia and Rho-associated protein kinase
(ROCK) families of RhoA effectors (hereafter referred to collec-
tively as mDia and ROCK) produce trailing edge phenotypes in
migrating cells, suggesting functions in FA disassembly (Lock
et al., 2012; Webb et al., 2004; Yamana et al., 2006). However,
these global manipulations disrupt protein function throughout
the cell over long periods of time, and mDia and ROCK also
have well-characterized roles in FA assembly and growth at
the leading edge (Amano et al., 1997; Burridge and Guilluy,
2016; Meenderink et al., 2010; Oakes et al., 2012; Stricker
et al., 2013; Wolfenson et al., 2011). Any observed deficits in
FA disassembly in migrating cells upon interference with mDia
or ROCK function could thus be secondary to earlier deficits in
FA growth at the leading edge.

To clearly elucidate molecular mechanisms governing cell re-
sponses to specific protein activities, such as FA disassembly
in response to RhoA, a method to activate a specific protein
separately from other signaling pathways at a particular time
would be useful (Seong and Lin, 2021). Here we report the en-
gineering of a photoswitchable activator of endogenous RhoA,
psRhoGEF. We also develop a RhoA biosensor based on fluo-
rescence resonance energy transfer (FRET) with LSSmOrange
and mKate2 as a FRET pair to measure the RhoA activity
induced by psRhoGEF without spectral overlapping. By
applying different doses of light to psRhoGEF for rheostatic
RhoA activation, we find that RhoA activation induces FA
disassembly in an amplitude-dependent manner, peaking at
submaximal levels of RhoA activity. This RhoA-induced FA
disassembly is dependent on Src activation at FA because
we observe that Src activation at FAs occurs preferentially at
lower levels of RhoA activation, which also confirmed by
FRET-based Src biosensors. Inhibition of Src-family kinases
promotes FA growth in response to RhoA activation. These re-
sults thus elucidate a specific role of Src in RhoA-induced FA
disassembly and explain how a biochemical signal can produce
opposite outcomes depending on signal amplitude and
context. Our results also demonstrate how new optical control
of protein activity overcomes limitations of traditional methods
in investigating complex cellular behaviors.

RESULTS

Strategies for optical control of endogenous
RhoGTPases

Two general types of strategies have been devised previously for
optical control of Rho-family GTPase activity. The first strategy
involves expressing optically controllable forms of the Rho-fam-
ily GTPase itself. For example, RhoA fused to cryptochrome 2
(CRY2) is clustered by blue light, resulting in its activation by un-
known mechanisms (Bugaj et al., 2013). Alternatively, RhoA can
be sequestered to mitochondria via a protein-protein interaction
that occurs in the dark but not in blue light so that it can be
released throughout the cell upon illumination (Wang et al.,
2016). In another example, RhoA can be fused to BcLOV4 (Ber-
lew et al., 2021), a light-oxygen-voltage (LOV) domain that
interacts with phospholipid membranes after illumination. Light
allows the RhoA-BcLOV4 protein to accumulate at the plasma
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membrane, leading to RhoA activation (Glantz et al., 2018,
2019). Finally, although not yet demonstrated for RhoA control,
a precisely optimized fusion of a LOV domain to the N terminus
of Rac1 GTPase blocked its ability to interact with effectors until
illuminated (Wu et al., 2009).

However, this class of strategies involves introduction of exog-
enous RhoA over a background of endogenous expression. This
is a problem because addition of more copies of a Rho-family
GTPase can lead to unnatural phenotypes; e.g., by over-
whelming mechanisms that target endogenous GTPases to spe-
cific subcellular locations or by sequestering regulators such as
Rho guanine nucleotide dissociation inhibitors (GDls), which are
expressed at limited concentrations (Michaelson et al., 2001).
Specifically, it has been demonstrated that expression of any
Rho-family GTPase (Cdc42, Rac, and RhoA) competes with
endogenous Rho-family GTPases for binding to RhoGDI-family
proteins. Because RhoGDls sequester the guanosine diphos-
phate (GDP)-bound fraction of Rho-family GTPases and protect
them from degradation (Figure S1A), introduction of exogenous
Rho GTPases results in reduced levels of endogenous GTPases
and constitutive activation of the remaining fraction (Boulter and
Garcia-Mata, 2010; Bozza et al., 2015; Figure S1B). Thus, intro-
ducing additional GTPase molecules can produce artifactual ef-
fects on cellular behavior.

A different strategy that may produce fewer artifactual results
is to use light to control upstream activators of endogenous Rho-
family GTPases rather than introducing exogenous fusion pro-
teins of the GTPases themselves. Naturally, Dbl-family guanine
nucleotide exchange factors (GEFs) constitute the primary
means by which cells regulate the activity of each Rho-family
GTPase (Luo, 2000; Machacek et al., 2009). Various Dbl-family
GEFs catalyze activation of specific Rho-family GTPases by
converting the inactive GDP-bound to the active GTP-bound
form, which then binds to and activates downstream effectors
(Rossman et al., 2005). Indeed, RhoA function has been optically
modulated by using light-induced heterodimeric interactions
such as the N-terminal of Cry-interacting basic helix-loop-helix
protein 1 (CRY2-CIBN) to increase the concentrations of a
RhoGEF at the plasma membrane, where the functional subpop-
ulation of RhoA resides (O’Neill et al., 2016; Valon et al., 2017;
Wagner and Glotzer, 2016). However, this involves overexpres-
sion of an active form of a RhoGEF throughout the cytosol, which
may cause a nonspecific effect prior to light-induced membrane
recruitment (Valon et al., 2017).

Alternatively, a single-chain photoswitchable GEF can be
made by fusing a GEF catalytic domain to two copies of a photo-
dissociable variant of the green fluorescent protein Dronpa
(pdDronpa) so that the active site is caged in the dark (Zhou
etal., 2012, 2017). Cyan light induces dissociation of the fluores-
cent protein domains and restoration of GEF activity, after which
violet light can induce fluorescent protein domain re-association
and protein re-caging. This process is reminiscent of the natural
activation mechanism of some GEFs, in which an upstream
signal induces release of an intramolecular inhibitory interaction
(Rossman et al., 2005). By avoiding overexpression of RhoA and
the resulting titration of RhoGDIs stabilizing endogenous Rho-
family GTPases, this strategy may preserve more native-like
signaling states (Figure S1C).
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Development of a photoswitchable GEF for RhoA

We thus set out to construct a photocontrollable RhoA GEF.
A photoswitchable Cdc42 GEF (psCdc42GEF) has been con-
structed previously by fusing photodissociable dimeric Dronpa
(pdDronpaM) fluorescent protein domains to each end of the
Dbl-homology (DH) domain of intersectin, followed by a CAAX
sequence for localization to the plasma membrane (Zhou et al.,
2012, 2017). Baseline dimerization of pdDronpa sterically blocks
the intersectin active site, whereas illumination causes pdDronpa
dissociation and allows intersectin to bind to and activate Cdc42
(Zhou et al., 2012, 2017). We investigated whether this design
could be generalized by creating a photoswitchable RhoA GEF
based on the RhoA-specific activator PDZ (post-synaptic
density protein, Drosophila disc large tumor suppressor, and
zonula occludens-1 protein) RhoGEF (PRG) (Jaiswal et al.,
2011; Oleksy et al., 2006; Figures 1A and 1B).

Previous in vitro findings mapped specificity determinants to
only the PRG DH domain (Oleksy et al., 2006), so we first tested
constructs in which photodissociable Dronpa domains (tetra-
meric DronpaN or dimeric pdDronpaM) (Zhou et al., 2012,
2017) were attached to both termini of the PRG DH domain,
similar to psCdc42GEF. However, HEK293A cells expressing
these constructs produced a variety of responses to light,
including filopodium formation and cell spreading (Figure 1C),
suggestive of nonspecific responses from Cdc42 and Rac acti-
vation. These findings indicated that the DH domain alone in
PRG is not sufficient to impart specificity for RhoA over other
GTPases in cells, in contrast to the DH domain of the Cdc42
GEF intersectin.

We thus explored whether other elements in PRG could confer
RhoA specificity in cells. Although intersectins (ITSNs) specif-
ically bind to their substrates using only the DH domain (Snyder
et al., 2002), the crystal structure of the RhoA-PRG complex
shows the DH and pleckstrin homology (PH) domains of PRG
contacting RhoA (Bielnicki et al., 2011; Kristelly et al., 2004; Fig-
ure 1A). In addition, a “GEF switch” sequence immediately up-
stream of the PRG DH domain has also been suggested to
interact with RhoA and contribute to its activation (Bielnicki
et al.,, 2011). Indeed, constructs in which the GEF switch
sequence, DH domain, and PH domain were flanked by photo-
dissociable dimeric Dronpa (pdDronpaM or its higher-affinity de-
rivative pdDronpaV) (Zhou et al., 2017; Figure 1B) demonstrated
RhoA-specific effects upon illumination (Figure 1C). Finally,
we optimized linker lengths while testing the photodissociable
pairs of pdDronpaV-pdDronpaV, pdDronpal-pdDronpal, and
pdDronpai-pdDronpal N145K (Figure 1D), which form a series
with decreasing affinity (Zhou et al., 2017). pdDronpaV-PRG
DHPH-GSS+-pdDronpaV was most reliable in inducing cell
contraction (Figure 1D) and was designated psRhoGEF
(Figures 1B and 1E). psRhoGEF-induced acute RhoA activation
resultedin strong cellular contractionin HEK293A cells (Figure 1F;
Video S1). We further confirmed, by Rho GTPase pull-down
assay, that different light doses on psRhoGEF can induce
different levels of RhoA activation (Figure 1G).

For comparison, we also tested two other optobiochemical
systems for RhoA activation, OptoGEF-RhoA (Valon et al.,
2017) and photo-recruitable (PR)-GEF (Wagner and Glotzer,
2016). In OptoGEF-RhoA, a light-induced CRY2-CIBN interac-
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tion can increase the concentration of the functional domains
of PRG in the plasma membrane (Valon et al., 2017), and in
PR-GEF, the PDZ-LOVpep interaction recruits the DH domain
of leukemia-associated RhoGEF (LARG) to the plasma mem-
brane, thus allowing both to activate RhoA (Wagner and Glotzer,
2016; Figure S2A). OptoGEF-RhoA and PR-GEF mediated cell
shrinkage upon illumination (Figure S2B). Thus, all three optobio-
chemical systems functioned effectively. One point of difference
between the systems was reversibility; after illumination was
terminated, the light-induced localization of PR-GEF and Opto-
GEF-RhoA immediately reversed (Figures S2C-S2D). In
contrast, psRhoGEF remained in its uncaged conformation,
but 400 nm of illumination immediately returned it to its caged
state (Figures S2E-S2F). psRhoGEF was less affected by
expression conditions in our hands, and its single-chain nature
simplified co-expression with other constructs.

Development of a RhoA FRET biosensor compatible with
psRhoGEF

To examine RhoA activity in living cells expressing psRhoGEF,
we created a RhoA FRET biosensor that could be imaged
without interference by the cyan light used to activate psRho-
GEF. The large-Stokes-shift orange fluorescent protein
LSSmOrange and the far-red mKate2 are an appropriate FRET
pair; they are minimally excited at the 500-nm wavelengths
used to induce psRhoGEF (Figures 2A and 2B). Thus we created
a RhoA biosensor composed of LSSmOrange, the rhotekin RBD,
a long linker, mKate2, and RhoA (Figure 2A), modifying a previ-
ous design that had used cyan and yellow fluorescent proteins
(Fritz et al., 2013).

To test the activity and specificity of our RhoA biosensor, we
compared FRET levels in cells expressing ITSN-DH, Tiam-DH,
or PRG-DHPH. FRET was significantly higher in cells expressing
the PRG-DHPH domain (Figures 2C and 2D), indicating that this
sensor responds to RhoGEF with increased FRET (Figure 2A). In
contrast, the biosensor did not respond to ITSN-DH or Tiam-DH
domains (Figures 2C and 2D), confirming specificity for activa-
tion by RhoGEFs. The RhoA biosensor also responds in the pres-
ence of Dronpa; we observed that the FRET level of this
biosensor in cells expressing PRG DHPH fused to a monomeric
Dronpa domain, DronpaK, was significantly higher than in cells
expressing DronpaK only (Figure 2E). We also generated consti-
tutively active or inactive biosensors by introducing G14V or
T17N mutations in the RhoA of the biosensor, respectively,
and, as expected, the RhoA G14V biosensor exhibited a higher
FRET level than the RhoA T17N biosensor (Figures 2F-2H).

We next determined whether this RhoA FRET biosensor can
report RhoA activation by psRhoGEF in live cells. When the
RhoA biosensor was coexpressed with psRhoGEF (Figure 3A),
we observed a FRET increase of the RhoA biosensor after illumi-
nation on psRhoGEF (Figures 3B and 3C). We also found that
psRhoGEF with an inactivating R868G mutation (Jaiswal et al.,
2011; Oleksy et al., 2006) failed to induce a FRET response
upon illumination (Figures 3B and 3C), confirming that
biosensor induction upon psRhoGEF photoillumination required
psRhoGEF enzymatic activity. Next we introduced the wild-type
(WT) biosensor or negative mutant T17N biosensor together with
psRhoGEF. As expected, illumination caused increased FRET in
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Figure 1. Design and validation of photoswitchable RhoGEF

(A) Co-crystal structure of PDZ RhoGEF (PRG) and RhoA (PDB: 3T06).

(B) Photoswitchable RhoGEF comprises the PRG RhoA-interacting regions (GEF switch, DH domain, and PH domain) fused to a pdDronpaV domain at each end
with a C-terminal CAAX sequence.

(C) Distribution of responses to cyan illumination (11 J/cm?) by time-lapse microscopy of cells expressing psRhoGEF candidates. The designs tested were the
PRG DH domain only fused at each end to DronpaN or pdDronpaM on both termini with the right-side linker GSS, (n = 8 and 23) and the PRG DHPH domain fused
at each end to pdDronpaM or pdDronpaV on both termini with the right-side linker GSS3 (n = 21 and 27).

(D) Distribution of responses to cyan illumination (11 J/cm?) in cells expressing psRhoGEF candidates, comprising PRG DHPH fused at each end to Dronpa
variants with various right-side linker lengths. The designs tested were pdDronpaV on both termini with the right-side linker GSS4 (n = 18), GSS, (n = 17), or GSS3
(n = 19); pdDronpa1l on both termini with the right-side linker GSS4 (n = 32), GSS; (n = 32), or GSS; (n = 40); and pdDronpal on the N-terminus and pdDronpa1
N145K on the C-terminus with the right-side linker GSS4 (n = 33), GSS; (n = 22), or GSS;3 (n = 33).

(E) psRhoGEF sequence, colored as follows: gray, epitope tag or restriction enzyme site; green, pdDronpaV; orange, GEF switch, DH and PH domains from PRG;
red, GSS; linker; black, CAAX signal.

(F) Fluorescence of pdDronpa in psRhoGEF and Lifeact-mCardinal before and after 500-nm illumination. Right: enlarged view of the retracting edge. Dotted line,
original cell outline; asterisk, retracted region. Scale bars, 20 or 10 pm.

(G) Dose-dependent RhoA activation in psRhoGEF-expressing cells by RhoA-GTP pull-down (n = 4). Blue light-emitting diode (LED) light was applied at the
indicated energy densities. Error bars indicate standard error of the mean (SEM).
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A RhoA FRET biosensor

¢ CellP’ress

psRhoGEF stimulation
v

438 nm - 8
P mKate2 ﬁ o
T @
@ o i
LSS- 25
mOrange RhOA =
- GDP ey : — ‘
RBD 300 400 500 600 700 800
Wavelength (nm)
C ) D E
RhoA FRET biosensor
[ - < 0.0001
EGFP ITSN-DH Tiam-DH PRG-DHPH oy 17 p=307E05 So .
© - =
52 0.9 S5 09
ET o Q%
N v EL 08
N o N c
=% 07 NS o7
] '—:‘ o O
W k]
w5 08 WE 06
[T X o N
. & S
<& SR
S o
N 0& QQ‘Q\O
F G H
T17N or G14V RhoA FRET biosensor WT RhoA FRET T17N RhoA G14V RhoA °
biosensor FRET biosensor  FRET biosensor 8’@ 09
LSS-mOrange 1.0 g o 08
mKate2 H £ ®©
T17N or Uw) c 07
/ \ 7 G14V 2% 06
; E.a Y
m
W \‘\ RhoA i 25 05
RBD GDP
0.0

RhoA biosensor

Figure 2. The RhoA biosensor with LS§SmOrange/mKate2 as a FRET pair
(A) Schematic of the design of a RhoA biosensor with a FRET pair, LSSmOrange and mKate?2.

(B) Spectral profile of LSSmOrange and mKate2. Orange lines present the profile of LSSmOrange, and dark red lines show the profile of mKate2. The dotted and
solid lines are excitation and emission spectra, respectively. The cyan line shows the peak excitation wavelength of Dronpa for stimulation of psRhoGEF.

(C and D) Representative images (C) and average levels of FRET/LSSmOrange emission ratios (D) in cells expressing the RhoA biosensor together with p2A-
EGFP, EGFP-p2A-ITSN-DH, EGFP-p2A-Tiam-DH, or EGFP-p2A-PRG-DHPH domains (n = 26, 52, 64, or 90; p values were calculated by two-tailed Student’s
t test). Scale bar, 20 um.

(E) Mean FRET/LssmOrange emission ratios in cells expressing the RhoA biosensor together with DronpaK or DronpaK-PRG DHPH (n = 13 and 18; p values were
calculated by two-tailed Student’s t test).

(F) RhoA biosensor mutants containing dominant-negative (T17N) or constitutively active mutant (G14V) RhoA.

(G) Representative images of FRET/LSSmOrange emission ratios in cells expressing WT RhoA, T17N RhoA, or the G14V RhoA FRET biosensor. Scale bar, 20 um.
(H) Mean FRET/LSSmOrange emission ratios in cells expressing WT RhoA, dominant-negative T17N RhoA, or the constitutively active G14V RhoA biosensor.

Statistical significance was calculated by two-tailed Student’s t test (n = 37, 35, or 40). In all panels, error bars indicate SEM.

the WT but not T17N biosensor (Figure S3). These results
confirmed that the FRET response can report RhoA activation
induced by illumination of psRhoGEF in living cells.

The RhoA FRET biosensor can report different levels of RhoA
activation induced by illumination of different light intensities on
psRhoGEF (Figures 3D and 3E). When psRhoGEF is activated by
illumination, the intensity of Dronpa decreases (Figure 3A); thus,
we can also observe that the decrease in Dronpa intensity de-
pended on the light doses (Figure 3F). Thus, the RhoA FRET
biosensor can report the amplitude of RhoA activation induced
by psRhoGEF. The RhoA biosensor also confirmed that Dronpa
intensity upon illumination can represent the RhoA activation
states.

Dose-dependent effects of RhoA activation on FA
dynamics

RhoA has well-established functions in promoting FA formation,
but its potential role in FA disassembly is less clear. Following
early observations that microinjection of RhoA induces FA for-
mation in confluent fibroblasts (Nobes and Hall, 1995), multiple
experiments have established that RhoA and its effectors are
required for FA induction by extracellular stimuli such as LPA
or growth factors (Amano et al., 1997; Oakes et al., 2012; Ridley
et al., 1992). If FA disassembly is considered the reverse of FA
assembly, then it might be expected that RhoA activation would
inhibit FA disassembly. Indeed, chronic activation of RhoA has
been found to inhibit FA disassembly in fibroblasts, whereas
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Figure 3. A FRET biosensor reports RhoA activation by illuminated psRhoGEF

(A) Schematic of FRET-based measurement of psRhoGEF-induced RhoA activation.

(B and C) Representative images (B) and quantification (C) showing the changes in FRET ratios with or without cyan illumination (11 J/cm?) in cells co-expressing
psRhoGEF or the psRhoGEF R868G mutant (n = 22, 42, 14, or 21). Statistical significance is calculated by two-tailed Student’s t test. Scale bar, 20 um.

(D-F) Representative images (D) and changes in FRET ratios of the RhoA biosensor (E) in cells expressing psRhoGEF without or with different light doses of
illumination (p = 1.9 x 10~ '° by one-way ANOVA; n = 36, 38, or 34). Scale bar, 20 ym.

(F) The corresponding Dronpa intensity changes of psRhoGEF are shown for the indicated groups (n = 36, 38, or 34).

Error bars indicate SEM.

chronic inhibition of RhoA induced FA disassembly (Ren et al.,
2000). Acute pharmacological inhibition of ROCK or myosin I,
which is activated by ROCK, induces FA disassembly (Seong
et al., 2013; Wolfenson et al., 2011), consistent with a role of
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myosin in maintaining FAs. On the other hand, other experiments
suggest a function of RhoA activation in FA disassembly with
faster kinetics. Microinjection of RhoA induces rapid contraction
of subconfluent fibroblasts (Paterson et al., 1990). We also
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Figure 4. Dose-specific effect of psRhoGEF on FA responses
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(A) Representative psRhoGEF and paxillin-mCherry images before and after illumination with different light doses in U87-MG cells stably expressing psRhoGEF.

Scale bar, 10 um.

(B) Intensity changes of Dronpa in U87-MG cells stably expressing psRhoGEF without or with different doses of illumination (n = 20, 36, 56, 85).
(C and D) The changes in cell size (C) and total FA area (D) in U87-MG cells stably expressing psRhoGEF at a 30-min interval without or with different doses of
illumination (n = 20, 36, 56, 85). Focal adhesion (FA) area was calculated using the Focal Adhesion Analysis Server (FAAS) (Berginski and Gomez, 2013). Statistical

significance is calculated by two-tailed Student’s t test.
Error bars indicate SEM.

observed that photoinduction of psRhoGEF induced rapid
shrinkage of subconfluent HEK293A cells (Figure 1F).

We hypothesized that acute RhoA activation can induce FA
disassembly during cell retraction. To test this, we first
generated a stable cell line in U87-MG astrocytoma cells with
psRhoGEF-containing lentiviruses and visualized FAs with
mCherry-tagged paxillin before and after illumination with
500-nm light. As we hypothesized, acute RhoA activation can
induce FA disassembly at the retracted region (Video S2) but,
interestingly, in a dose-specific manner (Figure 4). lllumination
with 0.1 J/ecm? cyan light turns off ~30% of the Dronpa fluores-
cence in psRhoGEF, but no significant FA change was
observed (Figure 4). However, efficient FA disassembly was de-
tected after 1.2 J/cm? cyan light, which turns off ~70% of
Dronpa fluorescence (Figure 4). Unexpectedly, we found that
RhoA-mediated FA disassembly is less frequent with a stronger
light dose of 11 J/cm?, corresponding to switching off 90% of
Dronpa (Figure 4). In addition, localized FA growth could be
observed in some cells (Figure S4A), although the net FA
response in cells was still disassembly (Figure 4D).

To assure that these dose-specific FA changes were not due
to light alone, we also examined DronpaK-expressing cells after
illumination. These cells showed no changes in total cell area or
total FA area at each light dose (Figures S4B-S4D). To confirm
the results in psRhoGEF-expressing cells with a different FA
marker, we also performed experiments with mCherry-tagged
vinculin. mCherry-tagged vinculin also revealed that moderate,
not high, levels of psRhoGEF activation were optimal for FA
disassembly (Figure S5).

To confirm that this effect is due to RhoA activation and inde-
pendent of the optical control system, we also performed RhoA
activation by photoinduction of PR-GEF. We found that RhoA-
induced cell contraction and FA disassembly were again most
efficiently observed after the medium dose of light stimulation
on PR-GEF (Figure S6). This confirms our finding that submax-
imal levels of RhoA activity selectively induce FA disassembly.
The LOV switch in PR-GEF is sensitive to low doses of light.
Thus, rather than using different amounts of light, we applied
different duty cycles (short lit intervals alternating with dark in-
tervals). Compared with LOV domains, the relatively lower
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quantum vyield of photoswitching in pdDronpa (Zhou et al.,
2017) facilitates rheostatic activation of psRhoGEF levels by
applying different instantaneous powers of light for true ampli-
tude modulation.

Use of optically controllable RhoA activators thus reveals, un-
expectedly, that acute submaximal RhoA activation is most effi-
cient in inducing FA disassembly and cell contraction.

RhoA-mediated FA disassembly is dependent on Src
activation at FAs

We next investigated the downstream signaling pathways medi-
ating this dose-dependent function of RhoA on FA dynamics.
One effector of RhoA is mDial, which mediates recruitment to
FAs of Src kinase (Yamana et al., 2006), whose activity is neces-
sary for FA disassembly in migrating cells (Carragher and Frame,
2004; Yamana et al., 2006). Src phosphorylation of the FA com-
ponents p130Cas and cortactin has been shown to accelerate
their dissociation from FAs and to be required for FA turnover
in migrating cells (Miachiyama et al., 2014; Sawada et al., 2006;
Wang et al., 2011).

We thus investigated the effect of different RhoA levels on Src
activity at FAs after illumination of psRhoGEF-expressing cells
with different light doses. Performing immunostaining for Src
autophosphorylation at Tyr-416, we observed colocalization of
p-Src and paxillin-mCherry after illumination by 1 J/cm? cyan
light (Figure 5A), suggesting that psRhoGEF can induce the Src
activation at FAs. p-Src colocalization was lower after 5 J/cm?
illumination (Figure 5A), implying that a high level of RhoA activa-
tion is not optimal for Src activation at FAs.

We designed a FRET-based Src biosensor compatible with
psRhoGEF by replacing the enhanced cyan/yellow fluorescent
protein (ECFP/YPet) pair of the previously developed mem-
brane-targeted Src biosensor, called the Lyn-Src biosensor
(Seong et al., 2009, 2011), with LSSmOrange and mKate2 (Fig-
ure 5B). After validating that the emission ratio of FRET/
LSSmOrange can represent the Src activity in live cells (Fig-
ure S7; Video S3), we applied different light doses to cells ex-
pressing psRhoGEF and the FRET-based Src biosensor. Again,
we observed local Src activation at contracting cell edges when
~70% of Dronpa fluorescence in psRhoGEF was turned off by
1.2 J/cm? cyan light (Figures 5C-5E). In contrast, local Src acti-
vation was not observed after 11 J/cm? cyan light and 90%
Dronpa off-switching (Figures 5C-5E).

These results suggest that RhoA-mediated FA disassembly
may depend on dose-specific Src activation at FAs. To test
this hypothesis, we examined the effects of perturbing Src activ-
ity on the response of FAs to different levels of RhoA activation.
Indeed, FA disassembly induced by 1.2 J/cm? cyan light on
psRhoGEF was completely prevented by pretreatment with
the Src inhibitor PP2 (Figure 5F). In the context of high-dose
(11 J/cm?) activation of psRhoGEF, PP2 or dominant-negative
Src K295R enhanced centripetal growth of some FAs while
maintaining their attachment (Figures 5G and S8A; Video S4), re-
sulting in increased FA area per cell (Figure 5H). In contrast, aug-
menting Src activity with constitutively active Src Y527F during
strong RhoA activation resulted in faster cell shrinkage and FA
disassembly (Figures S8B-S8C). Thus, Src inhibition switches
outcomes of moderate RhoA activation to FA growth, whereas
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Src enhancement switches outcomes of high RhoA activation
to FA disassembly.

These results demonstrate that moderate levels of RhoA activ-
ity specifically enhance Src activity at FAs, which then drives FA
disassembly.

ROCK activity is required for FA assembly and
disassembly

Activated RhoA induces activation of the Rho-associated protein
kinase ROCK. We thus measured ROCK activation at different
light doses by phospho-ROCK immunostaining. As expected,
higher light doses applied on psRhoGEF induced stronger
ROCK activation (Figure 6A). We also observed increased actin
stress fibers and phosphorylation of myosin light chain (MLC),
which are downstream of ROCK, in a dose-dependent manner
(Figure S9). ROCK has well-established functions as a RhoA
effector mediating FA assembly and maturation (Burridge and
Guilluy, 2016). Indeed, we observed that FA size is significantly
reduced in cells treated with the ROCK inhibitor Y-27632 (Fig-
ure 6B), confirming the role of ROCK in FA assembly.

We then wanted to determine whether ROCK activity is
required for the FA disassembly observed after 1.2 J/cm? illumi-
nation of psRhoGEF. Time-lapse imaging of FA disassembly af-
ter RhoA activation revealed centripetal stretching of FAs prior to
their removal (Video S4), suggesting a role of actin contractility,
which ROCK promotes through myosin Il activation (Amano
et al.,, 2010). Indeed, inhibition of ROCK by Y-27632 inhibited
FA disassembly downstream of moderate RhoA activation
(Figures 6C and 6D), consistent with a role of contractility in FA
disassembly. However, because FAs are already small after
Y-27632 treatment, we cannot rule out that the remaining paxillin
signals label FA core elements that resist disassembly. FA re-
sponses after 11 J/cm? of illumination of psRhoGEF were also
not noticeably altered by ROCK inhibition (Figure 6E). This is
consistent with ROCK not simply counteracting Src-mediated
disassembly at higher RhoA levels, but, again, the small FAs
that remain after Y-27632 treatment may not be able to respond
by further disassembly.

Our results suggest a model for how different levels of RhoA
activation induce different downstream events (Figure S10).
With medium RhoGEF activation (1.2 J/cm?), Src induces FA
disassembly, and ROCK-mediated contractility assists in FA
removal, whereas, with high RhoGEF activation (11 J/cmz), Src
function is counteracted and ROCK stabilizes FAs (Figure S10).

DISCUSSION

In this study, we developed a single-chain photoswitchable acti-
vator of RhoA using a photodissociable dimeric variant of the
fluorescent protein Dronpa. Using psRhoGEF to rapidly and
selectively activate RhoA, we confirmed that acute RhoA activa-
tion can induce FA disassembly in a dose-specific manner and
dissected downstream pathways involved in this response. We
found that Src kinase is required for RhoA-induced FA disas-
sembly, but Src activation at FAs is selectively induced by sub-
maximal levels of RhoA. Finally, inhibition of Src activity can
switch the response of FAs to RhoA activity from disassembly
to enlargement. These results elucidate a specific role of Src in
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Figure 5. RhoA-mediated FA disassembly involves dose-specific Src activation at FAs

(A) Co-localization of paxillin-mTagBFP and p-Src after different levels of psRhoGEF illumination in U87-MG cells as assessed by immunostaining. Differences
between Pearson’s correlation coefficients were analyzed by two tailed Student’s t test (n = 15, 16, or 12). Representative images are shown on the right. Scale
bar, 10 pm.

(B) Schematic of a membrane-targeted Src biosensor (Seong et al., 2009) with LSSmOrange and mKate2 as a FRET pair. In the default state, strong FRET is
detected between LSSmOrange and mKate? (left). Activated Src phosphorylates the substrate peptide (labeled with a red Y), which then binds the SH2 domain,
causing a large conformational change and a FRET decrease.

(C) Representative time-lapse images of the Src biosensor in response to different illumination levels in U87-MG cells stably expressing psRhoGEF. Scale bar,
20 um.

(D) Mean LSSmOrange/FRET emission ratio changes (n = 14 and 16 for 1.2 and 11 J/cm?, respectively).

(E) Ratio changes at 10 min were compared between light doses by two-tailed Student’s t test.

(F) FA area change 30 min after 1.2 J/cm? of cyan light or no light in psRhoGEF-expressing cells pre-treated for 30 min with DMSO or 10 uM PP2 (p = 0.008, two-
tailed Student’s t test; n = 71, 26, 56, or 37). FA area was calculated using the FAAS (Berginski and Gomez, 2013).

(G) Representative images of FAs (paxillin-mCherry) in psRhoGEF-expressing U87-MG cells before and 30 min after 11 J/cm? cyan light, after 30-min pre-
incubation with 10 uM PP2. Peripheral FAs in the boxed areas are shown with higher magnification in the lower panels. Scale bars, 10 or 2 pm.

(H) FA area change 30 min after 11 J/cm? of cyan light or no light in psRhoGEF-expressing cells pre-treated for 30 min with DMSO or 10 uM PP2 (p = 0.024, two-
tailed Student’s t test, n = 26, 24, 25, or 23). Strong RhoA activation caused an increase in overall FA area.
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Figure 6. ROCK activity and actomyosin contractility are required for FA assembly and disassembly

(A) Levels of phosphorylated-ROCK2 (p-ROCK?2) in U87-MG cells expressing psRhoGEF before or after different light doses by immunostaining. Blue LED light
was applied at the indicated energy densities. pPROCK2 was quantified relative to ROCK2. ANOVA was performed, and statistical differences were calculated by
post-hoc Dunnett’s test (n = 4).

(B) Representative FA images labeled by paxillin-mCherry (top panels) and quantification of FA sizes (bottom panels) in psRhoGEF-expressing cells incubated
with DMSO or 10 uM ROCK inhibitor Y-27632 for 30 min. FA area was calculated using the FAAS (Berginski and Gomez, 2013). Statistical differences were calcu-
lated by two tailed Student’s t test (n = 18 or 23). Scale bar, 10 um.

(C) Representative images in psRhoGEF-expressing cells preincubated with DMSO or Y-27632 for 30 min at a 30-min interval without or with 1.2 J/cm? of
illumination. Scale bar, 10 um.

(D) Associated changes in total FA area (p = 0.008 by two-tailed Student’s t test; n = 71, 26, 23, or 21).

(E) Quantification of total FA change in psRhoGEF-expressing cells preincubated with DMSO or Y-27632 for 30 min at a 30-min interval without or with 11 J/cm? of
illumination (n = 26, 24, 23, or 22).

RhoA-induced FA disassembly and explain how a biochemical example, FAs shrink or disappear upon inhibition or depletion
signal can produce opposite outcomes depending on signal of ROCK or mDia (Burridge and Guilluy, 2016). The same pro-
amplitude and context. It has been suggested that RhoA has teins have been implicated in FA disassembly based on more
different affinity for each downstream effector; RhoA-mDia and  complex experiments examining rates of FA disassembly at
RhoA-ROCK complexes have dissociation constants of 6 and the lagging edge of migrating cells, where FA disassembly can
130 nM, respectively (Narumiya et al., 2009). Thus, submaximal  be reliably observed (Burridge and Guilluy, 2016; Lock et al.,
concentrations of active RhoA could selectively activate mDia  2012; Parsons et al., 2010; Webb et al., 2004; Yamana et al.,
signaling to Src to induce FA disassembly, whereas high RhoA  2006). However, ongoing migration requires polarization of cells
activity may preferentially activate ROCK to promote actomyosin  and FA assembly at the leading edge, processes that also
contractility and FA growth. This model suggests that, in addition  require RhoA effectors (Parsons et al., 2010). Thus, chronic
to RhoA signal amplitude, FA responses in a cell, or parts of a  and global manipulations of these pathways cannot unambigu-
cell, can be modulated by the activity of other regulators of Src  ously reveal direct roles of RhoA effectors in FA disassembly
and ROCK. versus secondary roles by affecting migration. In contrast to

Although functions of RhoA effectors such as ROCK and mDia  use of dominant-negative or constitutively active constructs
in FA growth are well characterized (Burridge and Guilluy, 2016), or stimulation by extracellular stimuli, optical induction of
their roles in FA disassembly have been much less studied. For psRhoGEF allows control of endogenous RhoA with tight
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temporal control and without activation of other signaling path-
ways. This allows immediate responses to RhoA activation to
be assessed without feedback or crosstalk.

Our observation that cells can convert rheostatic RhoA
signaling into opposite FA responses provides an example of
how the same signal can be used to create distinct outcomes
via amplitude encoding. Interestingly, RhoA may also be
involved in the ability of neurons to respond to different concen-
trations of the chemokine SDF-1a by either enhancing or inhibit-
ing axonal growth. While both responses require RhoA,
enhancement or inhibition requires mDia or ROCK, respectively
(Arakawa et al., 2003). However, in these earlier experiments, in-
dividual signaling proteins could not be specifically activated,
and biological pathways could only be activated by SDF-1a
application, whose downstream effects have not been compre-
hensively mapped. Thus, whether RhoA activity levels determine
the response switch or whether the SDF-1a. receptor CXCR4 en-
gages different signaling pathways depending on the size of the
activated receptor population could not be ascertained. In our
current experiments, by directly modulating RhoA activity levels,
we were able to determine that RhoA activity amplitude alone is
sufficient to drive a switch between two different outcomes.

Another case of opposing responses resulting from different
levels of activity of a single protein is provided by another family
of small GTPases, the Ras family. Here a low level of Ras activity
induces proliferation of mammalian cells through activation of
various effectors that promote protein synthesis and transcrip-
tion of growth-promoting genes, whereas a high level of Ras
activity caused by Ras mutation or amplification induces tran-
scription of the cell cycle inhibitor p16 and growth arrest (Di-
mauro and David, 2010). However, this switch in Ras function
occurs only upon mutation or amplification of Ras, a permanent
genetic change, and, thus, cannot be dynamically regulated. In
contrast, the amplitude modulation of RhoA function we
observed provides a mechanism by which pathway inputs can
dynamically select between alternative outputs. In other known
examples of amplitude-dependent outcomes, it has not yet
been demonstrated that amplitude modulation of a single intra-
cellular signal can select between two induced outcomes (as
opposed to a simple response versus a no-response decision).
For example, in mammalian chondrocytes and Xenopus em-
bryos, a low level of extracellular Wnt activates calcium release
from internal stores, whereas a high level activates the B-catenin
pathway (Kestler and Kuhl, 2011). However, the mechanism
behind this switch appears to be concentration-dependent utili-
zation of different Wnt receptors, and thus, response selection
occurs outside of rather than in the cell. In Drosophila embryos,
different concentrations of an epidermal growth factor homolog
produce different levels of Ras activity, leading to a binary choice
between transcription or no transcription (Sagner and Briscoe,
2017), but in this case, one of the outcomes is identical to the
default unstimulated state.

This study demonstrates that the design of the Dronpa-based
photoswitchable GEFs is generalizable from the previously
developed psCdc42GEF to psRhoGEF. These optobiochemical
tools should be broadly useful for investigating the functions of
endogenous small Rho GTPases. For example, experiments
comparing the functions of these GTPases can now be per-

¢ CellP’ress

formed with a consistent set of conditions. Photoswitchable
GEFs should also enable spatiotemporal control of the combina-
tion of Rho GTPases through expression of the corresponding
combination of photoswitchable GEFs. These single-chain
photoswitchable GEFs enable simpler experimental designs
compared with methods that utilize light-induced heterodimeri-
zation to recruit GEFs to the membrane (O’Neill et al., 2016; Va-
lon et al., 2017; Wagner and Glotzer, 2016). Unlike optically
controlled fusion proteins of Rho GTPases, these photoswitch-
able GEFs should avoid artifactual effects arising from titration
of a limiting number of RhoGDI molecules (Boulter and Garcia-
Mata, 2010). We thus expect that Dronpa-based design of pho-
toswitchable GEFs will be widely useful for investigating the
functions of Rho-family GTPases with high spatiotemporal spec-
ificity and minimal perturbation to signaling networks.

Limitations of the study

This study has demonstrated that RhoA signal amplitude can
specify different outcomes in FA morphology, and on the role
of Src in regulating the choice, but it primarily involves studies
in HEK293 cells and U87-MG cells. It remains to be determined
what other cell types also regulate FA growth and disassembly
using these mechanisms. The study also raises implications for
how Src inhibitors might decrease the metastatic potential of
cancer cells by altering adhesive strength, but these questions
remain to be answered. Finally, whether local amplitude regula-
tion of RhoA activation can be used to specifically induce FA
growth in one part of the cell and FA disassembly in another
part and therefore purposefully induce directional cell migration
is an interesting possibility that remains to be addressed.
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REAGENT or RESOURCE SOURCE
Antibodies
Mouse monoclonal anti-Rho

IDENTIFIER

EMD Millipore
Santa Cruz Biotechnology

Cat#05-778; RRID: AB_309989
Cati#tsc-47724; PRID: AB_627678
Cat#2101; RRID: AB_331697
Cat#A-11037; RRID: AB_2534095
Cat#ab228008

Cat#8236; RRID: AB_10829468

Mouse monoclonal anti-GAPDH

Rabbit polyclonal anti-phospho-Src (Tyr416) Cell Signaling Technology
Goat anti-rabbit IgG conjugated to Alexa-fluor 594 Thermo Fisher Scientific
Rabbit polyclonal anti-phospho-ROCK2 Abcam

Rabbit polyclonal anti-ROCK2 Cell Signaling Technology

Chemicals, peptides, and recombinant proteins

Non-essential amino acid (NEAA) Gibco Cat#11140-050
Penicillin-streptomycin solution Corning Cat#30-002-ClPe
FBS Hyclone Cat#SH30070.01
Cell lysis buffer Cell signaling Cat#9803S

Phenylmethanesulfonyl fluoride (PMSF) Sigma Aldrich Cat#P7626; CAS: 329-98-6
Sodium fluoride (NaF) Sigma Aldrich Cat#201154; CAS: 7681-49-4
Protease inhibitor cocktail Cytoskeleton, Inc Cat#PI1C02

Lipofectamine 2000 transfection reagent Invitrogen Cat#11668019

PP2 Sigma Aldrich Cat#529573; CAS: 172889-27-9
Y-27632 Sigma Aldrich Cat#Y0503; CAS: 146986-50-7
Fibronectin Bovine Protein Gibco Cat#33010018

DMSO Sigma Aldrich Cat#D2650

Critical commercial assays

Rho activation assay kit EMD Millipore Cat#17-294

Experimental models: Cell lines

HEK293A human embryonic kidney cell line Invitrogen Cat#R70507

U87-MG human glioblastoma cell line Korean Cell Line Bank Cat#30014

U87-MG psRhoGEF stable cell line This study N/A

Recombinant DNA

mCardinal-Lifeact-7 Addgene Plasmid #54663
DronpaN-PRG DH-GSS4-DronpaN This study N/A
pdDronpaM-PRG DH-GSS4-pdDronpaM This study N/A
pdDronpaM-PRG DHPH-GSS3-pdDronpaM This study N/A
pdDronpaV-PRG DHPH-GSS3-pdDronpaV This study N/A
pdDronpaV-PRG DHPH-GSS2-pdDronpaV This study N/A
pdDronpaV-PRG DHPH-GSS1-pdDronpaV This study N/A
pdDronpail-PRG DHPH-GSS3-pdDronpatl This study N/A
pdDronpai-PRG DHPH-GSS2-pdDronpat This study N/A
pdDronpal-PRG DHPH-GSS1-pdDronpatl This study N/A
pdDronpai-PRG DHPH-GSS3-pdDronpal N145K This study N/A
pdDronpal-PRG DHPH-GSS2-pdDronpal N145K This study N/A
pdDronpal-PRG DHPH-GSS1-pdDronpal N145K This study N/A
LSSmOrange-RBD-mKate2-WT RhoA This study N/A
LSSmOrange-RBD-mKate2-T17N RhoA This study N/A
LSSmOrange-RBD-mKate2-G14V RhoA This study N/A
p2A-EGFP This study N/A

(Continued on next page)
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EGFP-p2A-ITSN DH This study N/A

EGFP-p2A-Tiam DH This study N/A

EGFP-p2A-PRG DHPH This study N/A

Dronpa N145K This study N/A

PRG DHPH-Dronpa N145K This study N/A

pdDronpaV-PRG DH(R868G)PH-GSS1-pdDronpaV This study N/A

Paxillin-mTagBFP This study N/A

Paxillin-mCherry Addgene Plasmid #55114

Vinculin-mCherry Addgene Plasmid #55159

Lyn-LSSmOrange-SH2-Src substrate-mKate2 This study N/A

OptoGEF-RhoA and CIBN-CAAX Addgene Plasmid #89481, 79574

PR-GEF and Stargazin-GFP-LOVpep Addgene Plasmid #80407, 80406

Software and algorithms

GraphPad Prism 8 GraphPad software https://www.graphpad.com/scientific-software/prism/
NIS-Elements AR 4.5 (Advanced Research) Nikon https://www.microscope.healthcare.nikon.com/

products/software/nis-elements/nis-elements-
advanced-research

MetaMorph software Molecular Devices N/A
Image Lab 6.0 software Bio-Rad https://www.bio-rad.com/product/image-lab-software
Focal Adhesion Analysis Server (FAAS) (Berginski and Gomez, 2013) https://faas.bme.unc.edu/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jihye
Seong (jseong@Kkist.re.kr).

Materials availability
All unique materials generated in this study are available from the lead contact with a completed Materials Transfer Agreement as
applicable.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Cell culture and reagents

HEK293A cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 2 mM L-glutamine (GE Health-
care Life Sciences), 10% fetal bovine serum (FBS, GE Healthcare Life Sciences), 1 unit/mL penicillin (Corning), 100 g/mL strepto-
mycin (Corning), non-essential amino acid (NEAA, Life Technologies), and 1 mM sodium pyruvate (Life Technologies). U87-MG cells
were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 2 mM L-glutamine, 10% FBS, 1 unit/mL peni-
cillin, 100 g/mL streptomycin, and 1 mM sodium pyruvate. Cells were cultured in a humidified 95% air, 5% CO, incubator at 37°C. For
the transient transfection, we used Lipofectamine 2000 (Invitrogen) or lentiviruses which were prepared by KIST Virus Facility. Src
inhibitor PP2, ROCK inhibitor Y-27632 were purchased from Sigma.

DNA construction and plasmids

Plasmids were constructed by standard molecular biology methods such as polymerase chain reaction (PCR) and In-fusion cloning
(Clontech). Mutations for specific amino acids were generated by overlap-extension PCR. All cloning junctions and PCR products
were verified by sequencing process. The pcDNA3 vector was used for the expression in mammalian cells, and pLL3.7 vector
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was used for virus production at KIST virus facility. Full plasmid sequences are available upon request, and main constructs will be
available in Addgene after publication.

Live-cell imaging and analysis

For all imaging experiments, cover-glass-bottom dishes (SPL Life Sciences) were prepared by coating 10 pg/mL or indicated con-
centrations (for psRacGEF experiments) of fibronectin bovine protein (Gibco) for at least 2 h at 37°C. Cells expressing each construct
were cultured on fibronectin-coated cover-glass-bottom dishes and incubated in media with 0.5% FBS overnight before imaging
experiment. During imaging, cells were kept in the imaging chamber maintained with 5% CO, and 37°C (Live Cell Instruments). Im-
ages were collected by a Nikon Ti-E inverted microscope with Nikon C-LHGFI HG Mercury lamp and a cooled charge-coupled device
camera. Cell imaging videos were produced with MetaMorph program (Molecular Devices).

Dronpa variants were imaged with a 1/8 neutral density (ND8) filter, 482/35-nm excitation filter, 506-nm dichroic mirror, 536/40-nm
emission filter, and 200 ms of exposure time. mCardinal-tagged Lifeact was imaged with a 1/4 neutral density (ND 4) filter, 531/40-nm
excitation filter, 562-nm dichroic mirror, 593/52-nm emission filter, and 200 ms of exposure time. Time-lapse images of Lifeact were
obtained every one-minute, for 10 min before photoswitch and for 50 min after photoswitch. Dronpa variants were photoswitched off
by illumination on a 100x oil objective (numberical aperture 1.45, working distance 0.13 mm, Nikon) using the same excitation and
dichroic filters as for imaging but without a neutral density filter for 30 s. For different light doses, Dronpa was photoswitched by illu-
mination using a 100 x oil objective without a neutral density filter (full dose, ND1), 1/8 (ND8), or 1/32 neutral density (ND32) for 30 s or
10 s. Light doses of 0.06 mJ, 0.6 mJ, and 5.4 mJ were obtained with a photometer (Newport 843-R), then divided by an illumination
area of 0.05 mm? (measured empirically by photobleaching) to obtain energy density values. For illumination of cell populations
before immunostaining, blue LED light was applied to cell culture dishes. As the light spot was larger than the photometer sensor,
the energy measured was divided by the sensor area of 1 cm? to obtain energy density values.

For the FRET imaging, mKate emission from FRET was imaged by 438/24-nm excitation filter, 593-nm dichroic mirror, 641/75-nm
emission filter for 200 ms of exposure time. LSSmOrange emission image was collected with 438/24-nm excitation filter, 562-nm
dichroic mirror, 593/40-nm emission filter, for 200 ms of exposure time. After background-subtraction, the pixel-by-pixel ratio images
of FRET/LSSmOrange for RhoA biosensor and LSSmOrange/FRET for Src biosensor were calculated by the NIS program. The
average emission ratios in total or local cell area (R) or its relative change after stimulation (AR/R) were calculated for the statistical
analysis of FRET responses.

Total internal reflection fluorescence (TIRF) images of mCherry-tagged paxillin before and after psRhoGEF activation were ac-
quired under Nikon Ti-E inverted microscope equipped with fiber-coupled 488-nm and 561-nm lasers to excite Dronpa and mCherry,
respectively. NIS-elements software was used for image acquisition and analysis. Focal adhesion (FA) area for each cell at each time
point was automatically calculated using the Focal Adhesion Analysis Server (FAAS) (Berginski and Gomez, 2013). Cells were cate-
gorized as showing FA growth or FA shrinkage if total FA area change during the experiment was higher than the standard deviation in
the non-stimulated population.

Rho GTPase pull-down assay

U87-MG cells stably infected by lentiviral psRhoGEF were lysed with MLB buffer (EMD Millipore) containing 25 mM, 1mM sodium
orthovanadate, and protease inhibitor cocktail tablet (Roche). All samples were quantified and agitated overnight at 4°C with
23 pL of Rhotekin RBD agarose bead (EMD Millipore). Equal amounts of protein were subject to SDS-PAGE and blotted with anti-
Rho antibody (3 ng/mL, #05-778, EMD Millipore) or anti-GAPDH antibody (1:1000 dilution, #5C47724, Santa Cruz Biotechnology).
We developed western blot membranes with enhanced chemiluminescence (ECL) solution and images were captured with a lumi-
nescent image analyzer Amersham Imagequant 800 (Cytiva, USA).

Western blotting

U87-MG cells infected by psRhoGEF containing lentiviruses were cultured for around 30 h and then starved in 0.5% FBS media for
overnight. These cells were lysed with cell lysis buffer (Cell signaling) containing 1 mM PMSF, 5 mM NaF, and protease inhibitor cock-
tail (Cytoskeleton). Equal amounts of protein were subject to SDS-PAGE and blotted with polyclonal anti-phosphorylated ROCK2
antibody (1.3 ng/mL, #ab228008, Abcam) or polyclonal anti-ROCK2 antibody (1:1000 dilution, #8236, Cell Signaling Technology).
We developed western blot membranes with enhanced chemiluminescence (ECL) solution and images were captured with a lumi-
nescent image analyzer ChemiDoc (Bio-Rad, USA).

Immunostaining

Paxillin-mTagBFP and psRhoGEF co-expressed cells were fixed with 4% paraformaldehyde for 10 min, and permeabilized with 0.1%
Triton X-100 for 15 min. Cells were incubated in 5% BSA in PBS for 1 h, and then with rabbit anti-phospho Src Tyr416 (0.69 png/mL,
#2101, Cell Signaling) for overnight at 4°C. After three times of washing with PBS, cells were incubated with goat anti-rabbit antibody
conjugated to Alexa-fluor 594 (20 ung/mL, #A-11037, Thermo Fisher Scientific) for 1 h. After three times of washing with PBS for 10 min
each, the stained cells were mounted and observed under a TIRF microscopy. For quantifying of p-Src at focal adhesions, the TIRF
images of p-Src and paxillin-mTagBFP of the same cell were applied to the Pearson’s correlation test via NIS program (Nikon).
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QUANTIFICATION AND STATISTICAL ANALYSIS

p values were calculated using two-tailed Student’s t-test, the Dunnett’s multiple comparisons test, one-way ANOVA test or Tukey’s
multiple comparisons test (GraphPad Prism 8) for continuous variables, following confirmation of normality calculated by the Sha-
piro-Wilk test, or using Fisher’s exact test for categorical variables.
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