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ARTICLE

Subcellular optogenetic inhibition of G proteins
generates signaling gradients and cell migration

Patrick R. O'Neill? and N. Gautamab

3Department of Anesthesiology and ®Department of Genetics, Washington University School of Medicine, St. Louis,

MO 63110

ABSTRACT Cells sense gradients of extracellular cues and generate polarized responses
such as cell migration and neurite initiation. There is static information on the intracellular
signaling molecules involved in these responses, but how they dynamically orchestrate polar-
ized cell behaviors is not well understood. A limitation has been the lack of methods to exert
spatial and temporal control over specific signaling molecules inside a living cell. Here we
introduce optogenetic tools that act downstream of native G protein-coupled receptor
(GPCRs) and provide direct control over the activity of endogenous heterotrimeric G protein
subunits. Light-triggered recruitment of a truncated regulator of G protein signaling (RGS)
protein or a GPy-sequestering domain to a selected region on the plasma membrane results
in localized inhibition of G protein signaling. In immune cells exposed to spatially uniform
chemoattractants, these optogenetic tools allow us to create reversible gradients of signaling
activity. Migratory responses generated by this approach show that a gradient of active G
protein ai and By subunits is sufficient to generate directed cell migration. They also provide
the most direct evidence so for a global inhibition pathway triggered by Gi signaling in direc-
tional sensing and adaptation. These optogenetic tools can be applied to interrogate the
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mechanistic basis of other GPCR-modulated cellular functions.

INTRODUCTION

A cell’s function often depends on its ability to sense gradients of
external cues and generate a polarized response such as directed
migration or neurite initiation. There is a limited understanding of
how dynamic networks of intracellular signaling molecules generate
polarized cell behaviors. Network motifs have been proposed that
can give rise to some of the features of cell migration, such as direc-
tional sensing, adaptation, and amplification of an external gradient
(Xiong et al., 2011; Wang et al., 2012). However, existing experi-
mental methods have provided mostly static information on the rel-
evant signaling molecules, making it difficult to examine whether
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and how specific molecular interactions map onto these dynamic
network motifs. In particular, there has been a lack of methods to
exert spatial and temporal control over the activity of select signal-
ing molecules inside a cell.

Optical manipulation of signaling presents an attractive approach
for achieving such control (Toettcher et al., 2011). We recently used
color opsins to spatially confine G protein—coupled receptor (GPCR)
activity to a selected region of a single cell and gain optical control
over immune cell migration (Karunarathne et al., 2013b) and neurite
initiation and extension (Karunarathne et al., 2013a). The opsin ap-
proach optically activates an entire signaling pathway to orchestrate
cell behavior, but new tools that provide optical control of down-
stream signaling molecules are required to dissect the network of
dynamic interactions triggered inside a cell.

Here we create new optogenetic tools that enable light-triggered
inhibition of endogenous G protein subunits in a selected region of
a cell. We use them to generate reversible intracellular signaling
gradients in cells exposed to a uniform extracellular stimulus. We
apply this approach to study cell migration in a macrophage cell
line, RAW 264.7.

GPCRs control migration of a wide variety of cell types, but the
dynamic roles of the G protein a and By subunits in directing cell
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FIGURE 1: Generating intracellular signaling gradients by localized optical inhibition. (A) Optical
recruitment of an RGS protein to a spatially confined region of the plasma membrane generates
localized GAP activity, resulting in deactivation of the o subunit and the By complex. (B) Local
inhibition of By signaling by optical recruitment of a By-sequestering peptide. Both approaches
provide spatial control over G protein subunit activity downstream of uniform GPCR activation.

migration remain unclear. Signaling by By subunits is generally rec-
ognized as a requirement for GPCR-stimulated chemotaxis (Bagorda
and Parent, 2008), and multiple By effectors have been implicated in
cell migration (Li et al., 2003; Yan et al., 2012; Runne and Chen,
2013). However, it is unknown whether a gradient of active By is suf-
ficient to trigger a directional response. Recent work in neutrophils
suggests that By signaling may be primarily involved in controlling
the motility rather than the directionality of a migrating cell
(Kamakura et al., 2013). Meanwhile, there have been conflicting re-
ports on the requirement of G protein oi subunit signaling in
chemotaxis (Neptune et al., 1999; Kamakura et al., 2013), and there
remains the possibility that GPCR activation of non-G protein path-
ways also contributes to chemotaxis (Neptune et al., 1999; Van
Haastert and Devreotes, 2004).

Here we use our new optogenetic tools to address fundamental
questions about chemotaxis: can a gradient of heterotrimeric G pro-
tein subunit activity stimulate all of the processes required for GPCR
mediated chemotaxis, or is there an additional requirement for a
gradient of G protein-independent signaling stimulated by the re-
ceptor? Is a gradient of By activity sufficient for directional sensing?
Does G protein subunit activity at one end of a cell lead to inhibition
of responses such as increased phosphatidylinositol (3,4,5)-trisphos-
phate (PIP3) and lamellipodia formation at the opposite end?

RESULTS

Creating intracellular signaling gradients using uniform
ligand stimulation and confined optical inhibition

The general scheme used in our experiments is shown in Figure 1.
We combined spatially uniform stimulation of GPCRs by a chemoat-
tractant with confined optical inhibition of G protein signaling on
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one side of a cell. We applied two ap-
proaches: light-triggered acceleration of
GTP hydrolysis on the o subunit, and optical
recruitment of a By-sequestering domain.

Design of an optically controlled
GTPase-accelerating protein
GTPase-accelerating proteins (GAPs) act al-
losterically on G protein o subunits to ac-
celerate the transition from active oGTP to
inactive aGDP (Ross and Wilkie, 2000). Spa-
tially localized acceleration of GTP hydroly-
sis at the o subunit can potentially reduce
signaling by both the o and By subunits be-
cause deactivated oGDP rapidly rebinds
the By complex and prevents its interaction
with effectors (Lin and Smrcka, 2011). We
sought to gain optical control over regulator
of G protein signaling 4 (RGS4), which has
GAP activity on both the ai and oq subunit
types (Berman et al., 1996; Hepler et al.,
1997). In yeast, exogenously expressed
RGS4 has been shown to localize to the
plasma membrane and inhibit the GPCR-
regulated mating pathway (Srinivasa et al.,
1998). A truncated mutant, RGS4(A1-33),
did not localize to the plasma membrane
and did not exhibit GAP activity. Its func-
tion, however, was rescued by addition of
an alternative, C-terminal membrane—tar-
geting domain (Srinivasa et al., 1998). These
results suggested that it might be possible
to gain optical control over the GAP activity of RGS4 by replacing its
native membrane-targeting domain with a light-induced mem-
brane-targeting domain.

The CRY2PHR and CIBN domains from Arabidopsis thaliana
proteins cryptochrome 2 (CRY2) and CIB1 exhibit blue light-depen-
dent binding and can be used for light-triggered recruitment of a
CRY2-fused protein to the plasma membrane (Kennedy et al.,
2010). We fused CRY2PHR-mCherry to RGS4(A1-33) to make CRY2-
mCh-RGS4A. We then coexpressed this construct in HelLa or RAW
264.7 cells with a construct containing CIBN fused to the plasma
membrane-targeting C-terminal domain from KRas (CIBN-CaaX;
Idevall-Hagren et al., 2012). We found that CRY2-mCh-RGS4A
translocated from the cytosol to the plasma membrane on photo-
activation with 445-nm light (Figures 2 and 3).

W ePcr

M. Activated GPCR
(O Inactive G protein
® Go-GTP

W Free Gpy

Optical control over the GAP activity of an RGS protein

can be demonstrated using a G protein By subunit
translocation assay

We used a By subunit translocation assay to test whether light-acti-
vated recruitment of CRY2-mCh-RGS4A to the plasma membrane
could regulate its GAP activity in a living cell. This assay leverages
the oGDP-dependent plasma membrane targeting of By subunits to
detect changes in the relative amounts of aGTP and oGDP in a
living cell.

We previously showed that By subunits translocate reversibly
from the plasma membrane to intracellular membranes upon GPCR
activation (Akgoz et al., 2004; Azpiazu et al., 2006; Saini et al., 2007,
Karunarathne et al., 2012). In unstimulated cells, G protein o. and By
subunits are primarily found as heterotrimers anchored to the plasma
membrane by the lipid modifications on the o and y subunits

Molecular Biology of the Cell
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detected as a loss of YFP fluorescence from
the plasma membrane (Figure 2, B and C).
Localized optical activation (OA) of CRY2 re-
sulted in localized accumulation of CRY2-
mCh-RGS4A at the plasma membrane. This
was accompanied by an increase of YFP-y9
at the region proximal but not distal to the
optically activated area. The light-triggered
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reverse Py translocation occurred in the
presence of continued receptor activity. No
reverse Py translocation was observed when
CRY2-mCh lacking the RGS4 domain was
optically recruited to the plasma membrane
(Supplemental Figure S1). Thus the spatially
confined reversal of By translocation de-
tected here is consistent with optical recruit-
ment of CRY2-mCh-RGS4A to the plasma
membrane being able to locally trigger its
GAP activity on a-GTP and thereby increase
the concentration of o-GDP in that region.
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Optically generated Gi protein
signaling gradients direct migration

of RAW 264.7 macrophage cells

The foregoing results showed that local op-
tical activation of CRY2-mCh-RGS4A can
trigger deactivation of ai-GTP and GBy in a

+ 150

YFP-9

+ 100

0 100

FIGURE 2: Optical control of GTP hydrolysis with CRY2-mCh-RGS4A. (A) CXCR4 activation by
SDF-1o. triggers G protein activation, dissociation, and By translocation to intracellular
membranes. OA of CRY2-mCh-RGS4A recruits it to the plasma membrane, where it can
accelerate GTP hydrolysis on the o subunit. The increased concentration of oGDP at the plasma
membrane results in reverse By translocation due to reformation of heterotrimers. (B) Live-cell
imaging of a Hela cell transiently transfected with CRY2-mCh-RGS4A, CIBN-CaaX, and YFP-Y9.
Activation of endogenous CXCR4 receptors with 50 ng/ml SDF-10. triggered 9 translocation
from the plasma membrane to intracellular membranes. Photoactivation-stimulated
translocation of CRY2-mCh-RGS4A to the plasma membrane. There it catalyzed hydrolysis of
oGTP to aGDP, leading to reverse translocation of Y9 back to the plasma membrane due to the
reformation of heterotrimers. Scale bar, 10 pm. (C) Time course of plasma membrane intensity

for CRY2-mCh-RGS4A and YFP-y9 in the photoactivated region.

(Wedegaertner et al., 1995). GPCR activation triggers nucleotide
exchange on the o subunit, resulting in dissociation of the aGTP
and By subunits (Bondar and Lazar, 2014). The prenylated C-terminal
domain of the y subunits provides By subunits some membrane af-
finity, but it is insufficient for permanent anchoring in a membrane
(O'Neill et al., 2012). As a result, free By subunits diffusively translo-
cate to intracellular membranes (Saini et al., 2007; O'Neill et al.,
2012). When receptors are deactivated, rebinding of By to aGDP
results in their return to the plasma membrane.

Because reverse translocation of By subunits to the plasma mem-
brane occurs through rebinding to aGDP, accelerating GTP hydrolysis
on the o subunit should be capable of triggering reverse By transloca-
tion even if the receptors remain activated. We leveraged this feature
of By translocation to test whether optical recruitment of CRY2-mCh-
RGSA4A to the plasma membrane can control its GAP activity.

We measured By translocation in Hela cells by imaging a yellow
fluorescent protein (YFP)-tagged version of v9, a fast-translocating
subunit (Figure 2). Consistent with previous observations (Karunara-
thne et al., 2012; O'Neill et al., 2012), activation of endogenous
CXCR4 receptors with 50 ng/ml SDF-1a. triggered By9 translocation
from the plasma membrane to intracellular membranes, which was
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Time (s) selected area of a cell. This capability pro-
vides a way to create an intracellular G pro-
tein subunit activity gradient and examine
polarized cell behaviors. We used it to ex-
amine the migratory response in RAW 264.7
macrophage cells. RAW cells are known to
exhibit GPCR stimulated chemotaxis (Wiege
et al., 2012), and we found that their low
basal motility compared with commonly
studied HL-60 neutrophils and Dictyostel-
ium cells simplifies the use of localized OA
to control membrane recruitment of CRY2
constructs.

Directionally responsive spatial gradients
of PIP3 are believed to be one of the mediators of chemotaxis (Cai
and Devreotes, 2011; Weiger and Parent, 2012). We examined
whether local inhibition of G protein subunit activity could be used
to direct the formation of PIP3 gradients in RAW cells exposed to a
uniform extracellular stimulus. We examined the PIP3 response in
RAW cells transfected with CRY2-mCh-RGS4A, CIBN-CaaX, PH(Akt)-
Venus, and CXCR4. PIP3 dynamics in a live cell can be measured by
imaging the translocation of a PH(Akt)-Venus sensor from the cyto-
sol to the plasma membrane (James et al., 1996; Meili et al., 1999).
We used the chemokine receptor CXCR4 to activate G proteins
globally, since activation of this receptor by a gradient of the
chemokine SDF-Ta: stimulates migration in many cell types (Bleul
et al., 1996; Klein et al., 2001; Molyneaux et al., 2003).

First, we used localized OA to recruit CRY2-mCh-RGS4A to the
plasma membrane at one side of a cell and followed this with global
CXCR4 activation using 50 ng/ml SDF-1o. (Figure 3). Before receptor
activation, localized plasma membrane recruitment of CRY2-mCh-
RGS4A did not produce any detectable PIP3 generation or cell
shape changes. On receptor activation, cells responded by generat-
ing PIP3 gradients and initiating migration in the direction opposite
to the CRY2-mCh-RGS4A gradient (Figure 3A and Supplemental

Optical inhibition of G protein subunits | 2307
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mental Figure S2). The same directional
control was observed when OA was applied
after the uniform extracellular stimulus, with
migration being initiated at the time of OA
(Supplemental Movie S2). Furthermore, the
direction of PIP3 accumulation and lamelli-
podia formation could be reversed by
switching the location of OA to the opposite
side of the cell (eight of eight cells) (Supple-
mental Figure S3).

Cells did not exhibit any of these direc-
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(D)

mCh construct containing the cDNA for a
glycolytic enzyme, PGK1, was expressed
(CRY2-mCh-PGKT1; Figure 3, B and D, and
Supplemental Figure S4). These cells exhib-
ited uniform PIP3 responses (29 of 36 cells)
or polarized spontaneously in directions that
did not depend on the side of OA with ref-
erence to the cell (7 of 36 cells). Compared
to neutrophils, spontaneous polarization in
response to a uniform stimulus appears to
be much less common in RAW macrophage
cells. This is consistent with their general
lack of basal polarization and their greatly
reduced basal motility compared with neu-
trophils. These controls show that the direc-
tional responses observed with CRY-mCh-
RGS4A are due to localized inhibition of ai
and By subunit activity by RGS4A rather than
a nonspecific effect due to localized OA or
accumulation of the CRY protein at the
membrane.

We performed identical experiments us-
ing activation of endogenous C5 receptors
to ensure that the migratory response in-
duced by localized GAP activity was not pe-

[ S 1 S

13:20

I T
2:06 4:35

»
Time (min:sec) OA  SDF-1o.

I I
2:05 4:35
OA SDF-1a

Cell migration driven by localized Gi protein inhibition. (A) Image sequence of a live
RAW 264.7 cell transiently transfected with CRY2-mCh-RGS4A, CIBN-CaaX, PH(Akt)-Venus, and
CXCR4. Local OA was applied to generate a CRY2-mCh-RGS4A gradient before uniform
addition of SDF-1a. Scale bar, 10 pm. (B) Negative control expressing CRY2-mCh-PGK1 instead
of CRY2-mCh-RGS4A. (C, D) The t-stacks corresponding to the data in A and B. Localization of
the RGS construct, but not the PGK construct, results in a PIP3 gradient, directional cell
protrusions, and migration. White boxes correspond to OA regions. Yellow boxes show regions

selected for generating the corresponding t-stacks.

Movie S1). Of 43 cells that provided a PIP3 response, all exhibited
PIP3 gradients and directed lamellipodia. Of these, seven migrated
at least 1 cell diameter in 15 min, 10 migrated between 1/2 and
1 cell diameter, and 26 migrated <1/2 cell diameter. Of those that
migrated <1/2 cell diameter, five extended the front by at least 1/2
cell diameter but did not retract the back, and five initiated migra-
tion before snapping back to their initial positions, perhaps due to
strong adhesion to the uncoated glass surface.

The directional responses were not due to unintended SDF-1a.
gradients, because two cells in close proximity could be made to

2308 | P R.O'Neilland N. Gautam

Time (min:sec)

v

culiar to the CXCR4 receptor or due to over-
expression of a GPCR. The anaphylatoxin
C5a is known to stimulate chemotaxis of all
myeloid cell lineages (Gerard and Gerard,
1994), and it has been shown to induce
chemotaxis of RAW 264.7 cells (Wiege et al.,
2012). We activated endogenous C5a re-
ceptors with 10 pM FKP-(D-Cha)-Cha-r, a
peptide derived from the C-terminus of the
full-length, 74-amino acid C5a. It has been
reported to be a full agonist of the C5a re-
ceptor, eliciting responses comparable to
those of full-length C5a in several assays, including chemotaxis
(Konteatis et al., 1994). Localized OA of CRY2-mCh-RGS4A with uni-
form activation of endogenous C5a receptors generated directional
responses similar to those seen with uniform activation of trans-
fected CXCR4 (Supplemental Figure S5).

The ability to locally inhibit G protein signaling and generate a
migratory response in immune cells showed that an internal gradi-
ent of ai and By activity is sufficient to direct cell migration in the
absence of an external gradient. The results with endogenous C5a
receptors showed that these internal gradients are sufficient to drive

Molecular Biology of the Cell
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Localized Gy inhibition directs PIP3 gradients and lamellipodia. (A) Light-triggered recruitment of CRY2-
mCh-GRK2ct to the plasma membrane allows for spatially confined inhibition of By signaling. (B) Live-cell imaging of a
RAW cell expressing CRY2-mCh-GRK2ct, CIBN-CaaX, PH(Akt)-Venus, and CXCR4. (C) The t-stack corresponding to the
data in B. Localization of the GRKct construct generates reversible lamellipodia and PIP3 responses.

cell migration at levels of signaling activity normally achieved within
a cell.

Gpy signaling gradients generated by CRY2-mCh-GRK2ct
direct PIP3 gradients and lamellipodia formation

To further dissect the roles of G protein subunits in cell migration,
we sought to develop an optogenetic tool to specifically inhibit By
signaling. We created a CRY2-mCh-GRK2ct construct that could be
optically recruited to one side of a cell to produce a gradient of By
activity (Figure 4A). The C-terminal domain of G protein—coupled
receptor kinase 2 (GRK2ct) is capable of inhibiting responses down-
stream of By without inhibiting those generated by o subunit effec-
tors (Koch et al., 1994). It has been widely used to sequester GBy
and inhibit its activity, but this is the first time it was used asymmetri-
cally within a single cell to study a polarized cell behavior.

In RAW cells transiently transfected with CRY2-mCh-GRK2ct,
CIBN-CaaX, PH(Akt)-Venus, and CXCR4, spatially confined OA
resulted in localized recruitment of CRY2-mCh-GRK2ct from the
cytosol to the plasma membrane. Subsequent activation of
CXCR4 receptors with 50 ng/ml SDF-1a resulted in generation
of a PIP3 gradient and lamellipodia toward the side of the cell
that was opposite to the location of the OA (40 of 50 cells; Figure
4B). The direction of the lamellipodia and the PIP3 gradient
could be reversed by switching the location of OA with reference
to the cell (6 of 12 cells; Figure 4, B and C, and Supplemental
Movie S3).

Volume 25 August 1, 2014

To ensure that these responses occurred due to localized se-
questration of By and not some peculiar effect of GRK2ct, we per-
formed identical experiments with a homologue, GRK3ct. GRK3ct
binds to By subunits in biochemical (Daaka et al., 1997) and live-cell
imaging assays (Hollins et al., 2009). GRK2 and GRK3 sequences are
85% identical, but their By-binding regions are only 52% identical
(Daaka et al., 1997). The CRY2-mCh-GRK3ct construct was capable
of producing similar directional (15 of 19 cells) and reversible (9 of
13 cells) responses (Supplemental Figure S6). The ability of both
CRY2-GRKct constructs to elicit these directional responses, but not
CRY2-mCh or CRY2-mCh-PGK1, confirmed that the directional re-
sponses occurred due to sequestration of GBy. Similar CRY2-mCh-
GRKct directed responses were also observed when endogenous
Cb5a receptors were activated with 10 uM FKP-(D-Cha)-Cha-r
(Supplemental Figure S7).

Whereas the CRY2-mCh-GRKct constructs were capable of gen-
erating PIP3 gradients and directional lamellipodia similar to those
generated by the CRY2-mCh-RGS4A construct, none of these cells
exhibited appreciable cell migration. This difference could poten-
tially be due to different magnitudes of By inhibition achieved by the
GRKct versus RGS constructs, or it could it be that a gradient of ai
activity is additionally required for migration. We suspect that the
latter explanation is more likely, given that recent studies using a
variety of cell types reported roles in chemotaxis for ai subunit inter-
actions with proteins such as GIV (Ghosh et al., 2008), ELMO1/
Dock180 (Li et al., 2013), and AGS3/mInsc (Kamakura et al., 2013).

Optical inhibition of G protein subunits | 2309
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Local optical inhibition of Gi activity after adaptation to uniform stimulus. (A) Image sequence showing a
RAW cell transfected with CRY2-mCh-RGS4A, CIBN-CaaX, PH(Akt)-Venus, and CXCR4. Addition of uniform SDF-1a.
(2:05) resulted in PIP3 accumulation and generation of cell protrusions (3:20). After several minutes, the PIP3 level and
cell shape resembled those seen before the uniform stimulus (11:40). Localized OA of CRY2-mCh-RGS4A (12:55) was
applied in this adapted state to inhibit Gi activity at one end of the cell. This resulted in the generation of a PIP3
gradient and cell migration directed toward the far side of the cell. Scale bar, 10 pm. (B) An illustration of the expected
time dependence of an activator (A), inhibitor (1), and downstream response (R) in a LEGI model (Xiong et al., 2010) in
which Gi signaling generates both A and I. Uniform activation of Gi signaling produces a transient downstream response
that returns to the basal level due to the delayed increase in I. Subsequent optical inhibition of Gi signaling at the back
causes a reduction in the level of lgon: but not Ago: due to the differential movement of | and A throughout the cell.
This leads to an increase in R at the front of the cell, resulting in directional migration.

Overall, these results suggest that a gradient of activated Gy sub-
units stimulated by endogenous receptors is sufficient to elicit direc-
tional PIP3 responses and cell protrusions in the absence of an ex-
ternal gradient.

Generating light-triggered gradients in cells that have
adapted to a uniform stimulus: evidence of global inhibition
mediated by G protein subunits

Directional sensing in migratory cells is believed to be intimately
related to their ability to adapt to a spatially uniform stimulus (Parent
and Devreotes, 1999; Van Haastert and Devreotes, 2004; Levchenko
and Iglesias, 2002). In this context, adaptation refers to a cell’s ability
to generate transient responses that return to near-basal levels after
a uniform increase in chemoattractant concentration. This occurs
through a mechanism other than desensitization, and it allows a cell
to sense gradients over a wide range of background chemoattrac-
tant concentrations. The mechanisms that control adaptation in mi-
gratory cells are not fully understood.

An incoherent feedforward loop (IFFL) has been identified as a
signaling motif capable of generating adaptive responses (Ma et al.,
2009). In the IFFL, the input signal generates an activator with fast
kinetics and an inhibitor with slower kinetics that converge on a
downstream response such as PIP3. At short times after application
of the stimulus, the activator generates an increase in PIP3 levels,
but over time, the rising level of the inhibitor causes the PIP3 to
decay back to its prestimulus level. Recent studies show that an IFFL

2310 | P R. O'Neilland N. Gautam

can explain adaptation of PIP3 and Ras responses in Dictyostelium
(Takeda et al., 2012; Wang et al., 2012)

A local-excitation global-inhibition (LEGI) mechanism that incor-
porates the IFFL motif has been proposed that can account for both
adaptation and directional sensing (Parent and Devreotes, 1999;
Levine et al., 2006). In the LEGI model, the activator signals locally,
while the inhibitor diffuses throughout the cell to signal globally. As
a result, downstream responses adapt to a uniform stimulus but ex-
hibit sustained intracellular gradients in response to a gradient stim-
ulus. Several models of chemotaxis incorporate the LEGI motif to
account for directional sensing and adaptation, combining it with
motifs that account for additional features of chemotaxis, such as
basal motility, cell shape changes, or amplification of the external
gradient (Xiong et al.,, 2011; Wang et al., 2012; Shi et al., 2013).
However, a specific global inhibitor has not yet been identified. It is
not known whether an inhibitor is generated by Gi signaling or by an
independent pathway triggered by the GPCR.

We designed an experiment to determine whether Gi signaling
by itself leads to global inhibition (Figure 5, Supplemental Figure
S5, and Supplemental Movie S4). First we exposed RAW cells to a
uniform chemoattractant, either 50 ng/ml SDF-1a to activate trans-
fected CXCR4 or 10 uM FKP-(D-Cha)-Cha-r to activate endogenous
Cb5a receptors. This resulted in translocation of PH(Akt) to the plasma
membrane and generation of cell protrusions. After the cells had
adapted, as indicated by PH(Akt) returning to the cytosol and the
cell protrusions subsiding, CRY2-mCh-RGS4A was optically recruited
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to one side of the cell to induce localized inhibition of ai and By ac-
tivities. This resulted in the formation of a PIP3 gradient and initia-
tion of cell migration in a direction that was opposite to the location
of the OA (seven of eight cells).

The ability to generate responses at the front of a cell simply by
inhibiting G protein activity at the back provides direct evidence
that Gi signaling can act at a distance to inhibit “frontness” signaling
pathways. This result is consistent with a LEGI model in which both
the local activator and the global inhibitor are generated by Gi sig-
naling. Figure 5B shows schematic plots that illustrate the time de-
pendence of the activator, the inhibitor, and the downstream re-
sponse. Application of a uniform input initially leads to rapid
generation of the activator and the downstream response. The de-
layed accumulation of the inhibitor causes the response to return to
its prestimulus level. The levels of both activator and inhibitor re-
main high throughout the cell in the adapted state. When the cell is
in this state, applying localized OA to inhibit Gi signaling causes the
levels of activator and inhibitor to decrease on one side of the cell.
Because the inhibitor acts globally, the cell encounters the reduced
level of inhibitor over its entire space. In contrast, the level of activa-
tor is only reduced on one side. As a result, the level of activator
overwhelms that of the inhibitor on one side of the cell, leading to
the generation of downstream signaling gradients that drive cell
migration.

DISCUSSION

Optical control of cell signaling by inhibition of endogenous
proteins

Most of the current information about signaling molecules involved
in cell migration comes from genetic manipulations that establish
whether a given protein is required for migration and biochemical
studies that identify its relevant interactions. Imaging methods have
provided additional information about the localization of several
signaling molecules to the front or back of a migrating cell. This in-
formation is valuable, but new kinds of information are required in
order to understand how a network of dynamic interactions shapes
the cellular response. Obtaining this kind of information has been
limited due to a lack of methods to exert spatial and temporal con-
trol over the activity of intracellular signaling molecules.

Here we developed optogenetic tools that provide such control
by locally inhibiting the activity of specific G protein subunits. We
showed that light-triggered membrane recruitment of a truncated
RGS4 can be used to spatially localize G protein subunit activity
within a cell. We also showed that similar optical recruitment of
GRK2ct to a spatially confined region of the plasma membrane can
locally inhibit GBy-signaling activity. We combined the capabilities
of these optogenetic tools with spatially uniform activation of GP-
CRs to generate intracellular gradients of G protein subunit activity.

An advantage of the optical inhibition approach used here is that
it enables spatial and temporal control over the activity of endoge-
nous untagged proteins. Inhibition is achieved by expression of a
CRY2-tagged protein, but the cellular response is elicited by a path-
way that is entirely in its native state at the distal end of the cell with
reference to the site of OA. This ensures that the targeted protein re-
tains all of its native signaling properties. It also provides control over
intracellular signaling at levels that reflect those driving native cell be-
havior because all of the signaling is done by endogenous proteins.

A gradient of G protein ai and By activity is sufficient

to drive cell migration

Inhibition by pertussis toxin showed that Gi signaling is required for
cell migration toward many different chemoattractants (Spangrude
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et al., 1985; Hartmann et al., 1997). However, the dynamic roles for
the ai and By subunits are not known, and it has not been possible
to test whether a gradient in the activity of ai and By subunits is suf-
ficient to generate cell migration. There have been suggestions that
other G protein subunit types may also be required. For example, in
N-formyl-methionyl-leucyl-phenylalanine (fMLP)-stimulated neutro-
phil chemotaxis, it has been reported that Gi signaling regulates
“frontness,” whereas G12/13 regulates “backness” pathways (Xu
et al., 2003). Cell migration could additionally require gradients of
GPCR-triggered but G protein-independent signaling (Ge et al.,
2003). It could also potentially require interactions between ligand-
bound GPCRs and accessory proteins that modulate G protein—
mediated signaling, for example by bringing specific effector mole-
cules closer to the activated G protein (Ritter and Hall, 2009).

Here we activated receptors that couple to Gi heterotrimers. By
breaking spatial symmetry downstream of the receptor, directly at
the level of the Gi protein, we were able to identify molecular and
cellular responses generated by a gradient of oi and By activity. The
ability of optically localized CRY2-mCh-RGS4A to generate direc-
tional cell migration shows that a gradient of ai and By activity is
sufficient to elicit the entire gamut of migratory responses, including
generation of lamellipodia at the front of a cell, retraction of the
back, directional changes, and ability to respond directionally after
adapting to a uniform stimulus.

Directional sensing by a Gy signaling gradient

[t has been shown that By inhibition by sequestering proteins
(Arai et al., 1997; Neptune and Bourne, 1997) or small molecules
(Lehmann et al., 2008; Kang et al., 2014) suppresses chemotaxis in
many cell types. It was unknown, however, which features of cell
migration are controlled by By signaling. Some reports implicated By
signaling in directional sensing, whereas others proposed that it is
primarily involved in controlling cell motility (Kamakura et al., 2013).
Our results with CRY2-mCh-GRK2ct and CRY2-mCh-GRK3ct show
that a gradient of activated By is sufficient to generate a PIP3 gradi-
ent and lamellipodia formation directed toward the side with a
higher level of By activity. This directly demonstrates a role for By
signaling in directional sensing.

Overall these results with CRY2-RGS and CRY2-GRKct suggest
that in immune cells sensing a chemoattractant gradient, the occur-
rence of a gradient of activated G protein subunits is sufficient to
initiate directionally sensitive migration.

Adaptation of cell migratory responses involves
Gi-mediated global inhibition

There is limited understanding of the molecular interactions that
allow eukaryotic migratory cells to adapt to uniform stimulation.
Dynamic control over receptor activation using microfluidics pro-
vides evidence that these cells use an IFFL network motif for adapta-
tion (Takeda et al., 2012; Wang et al., 2012). Examining whether and
how specific signaling molecules map onto the IFFL motif can be
aided by methods that provide acute control over their activities
within a living cell.

Previously it had not been possible to test directly whether Gi
activity generates the inhibitory signaling that is required for adap-
tation in a migratory cell. It was only known that an inhibitory path-
way should be present downstream of the receptor. Our results
show that Gi signaling is capable of triggering a delayed inhibitory
pathway that acts throughout the entire space of a cell. The ability
to generate a postadaptation PIP3 gradient by local suppression of
oi and Py activity shows that Gi stimulates a signaling pathway ca-
pable of inhibiting PIP3 globally. The response is reflected at the
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cellular level, because the cells demonstrate directional migration.
Many downstream responses have been observed to adapt, and
there is evidence that pathways acting in parallel to PIP3 signaling
are involved in controlling cell migration. The ability of local Gi inhi-
bition in an adapted cell to elicit a directional migratory response
suggests that all of the relevant pathways are under control of G
protein oi and By subunit activity.

G proteins remain active when downstream responses adapt
A fluorescence resonance energy transfer—based G protein sensor
in Dictyostelium indicated that G protein heterotrimers remain dis-
sociated after transient downstream responses such as PIP3 have
adapted (Janetopoulos et al., 2001). This suggested that adaptation
does not require deactivation of G protein subunits. There are ex-
amples, however, such as the response to mating pheromone in
yeast, in which adaptation occurs at the level of the G protein (Cole
and Reed, 1991). In the case of mammalian migratory cells, it has
not been clear whether G protein subunit deactivation plays a role
in adaptation. It has not been directly tested whether G protein sub-
unit activity continues after an immune cell adapts to a uniform sig-
nal (Iglesias, 2012). Here, in immune cells that have adapted to a
uniform stimulus, asymmetric G protein deactivation triggered a di-
rectional migratory response. This showed that in a fully adapted
cell, G protein subunits continue to be in the activated state.

Optical control over G protein subunits to dissect their
dynamic signaling roles

GPCRs have been implicated in other polarized cell behaviors, such
as yeast budding (Bi and Park, 2012), neurite outgrowth (Fricker
et al., 2005; Georganta et al., 2013), and orientation of asymmetric
cell divisions (Yoshiura et al., 2012). The ability of our optogenetic
tools to locally inhibit G protein subunits can be used to help deter-
mine their dynamic roles in these polarized responses.

G protein subunits were classically believed to carry out all of
their signaling functions at the plasma membrane, but mounting
evidence suggests that they can have signaling activities at other
locations within a cell (Hewavitharana and Wedegaertner, 2012).
There is a lack of methods to determine the functions of G protein
subunit signaling at intracellular locations. Existing methods to inter-
fere with G protein signaling act over an entire cell. Optical recruit-
ment of the CRY2-RGS to specific intracellular locations could be
achieved through the use of appropriately targeted CIBN constructs.
This could provide a means to acutely perturb G protein subunit
activity at different locations within a cell. This could help dissect the
functions of GPCR stimulated signaling at different locations of a
cell. For example, signaling can be perturbed at a growth cone or a
synapse. It can also be used to examine the temporal role of GPCR
signaling in cell differentiation or development by inhibiting it at
specific time points.

MATERIALS AND METHODS

Reagents

SDF-10/CXCL12 (S190; Sigma-Aldrich, St. Louis, MO) was dissolved
to 10 pg/ml in 1x phosphate-buffered saline (PBS) containing 0.1%
bovine serum albumin and stored as aliquots at —20°C. The C5a
receptor agonist FKP-(D-Cha)-Cha-r (65121; Anaspec, Freemont,
CA) was dissolved to 2.5 mM in 1x PBS containing 0.1% albumin
and stored as aliquots at —20°C.

DNA constructs
CRY2PHR-mCh was obtained from AddGene (Cambridge, MA) (plas-
mid #26866). CIBN-CaaX was a kind gift from the lab of P. Di Camilli
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(Boyer Center for Molecular Medicine, Yale School of Medicine, New
Haven, CT) (Idevall-Hagren et al., 2012). CXCR4 was a kind gift from
the lab of I. Schraufstatter (Torrey Pines Institute for Molecular Stud-
ies, San Diego, CA) (Zhao et al., 2006). YFP-y9 has been described
before (Saini et al., 2007). A PCR product of PGK1 (3807 1; Addgene)
was inserted into the Kpnl and Xbal sites of CRY2PHR-mCh to create
CRY2-mCh-PGK1. A PCR product of GRK2ct (Irannejad and Wede-
gaertner, 2010) was inserted into the Kpnl and Xbal sites of CRY-
2PHR-mCh to make CRY2-mCh-GRK2ct. A PCR product of GRK3ct
(Hollins et al., 2009) was inserted into the Kpnl and Xbal sites of
CRY2PHR-mCh to make CRY2-mCh-GRK3ct. A PCR product of RGS4
lacking residues 1-33 was inserted into the Kpnl and Xbal sites of
CRY2PHR-mCh to make CRY2-mCh-RGS4A. PH(Akt)-green fluores-
cent protein (GFP; 18836; Addgene) was cut with BamHI and Xbal to
release GFP, and a PCR product of Venus was inserted in its place to
make PH(Akt)-Venus.

Tissue culture

Hela cells were obtained from ATCC and cultured in MEM (CellGro
10-010-CM) supplemented with 10% dialyzed fetal bovine serum
(FBS; Atlanta Biologicals) and 1x antibiotic-antimycotic solution
(CellGro) at 37°C and 5% CO,. RAW 264.7 cells were obtained from
the Washington University Tissue Culture Support Center and cul-
tured in DMEM supplemented with 10% dialyzed FBS and 1x anti-
biotic-antimycotic solution at 37°C and 5% CO,. RAW cells ranging
from passage 3 to passage 12 were used for experiments.

Transfections

Hela cells were transfected using Lipofectamine 2000. Cells were
plated at 2 x 10° cells/dish in 29-mm glass-bottom dishes (In Vitro
Scientific) 1 d before transfection. RAW cells were transfected by
electroporation using Cell Line Nucleofection Kit V (Lonza) with a
Nucleofector Il device (Amaxa). For each sample, 2 x 10° cells were
pelleted by spinning at 90 x g for 10 min, resuspended in 100 pl of
Nucleofection solution containing between 0.2 and 2.5 ug of each
plasmid DNA, depending on the specific construct (0.2 pg of
PH(Akt)-Venus, 2 ug of CXCR4, and 2.5 pg of others), and electropo-
rated using program D-032. Immediately after electroporation,
500 pl of prewarmed medium was added to the cuvette, and this
was split among 29-mm glass-bottom dishes (8-10 dishes) contain-
ing 500 pl of prewarmed medium in the center well. After transfec-
tion, dishes were kept in a 37°C, 5% CO, incubator until imaging.

Live-cell imaging and optical activation

All imaging was performed using a spinning-disk confocal imaging
system consisting of a Leica DMI6000B microscope with adaptive
focus control, a Yokogawa CSU-X1 spinning-disk unit, an Andor
iXon electron-multiplying charge-coupled device camera, an Andor
fluorescence recovery after photobleaching—photoactivation unit,
and a laser combiner with 445-, 448-, 515-, and 594-nm solid-state
lasers, all controlled using Andor iQ2 software. This system allows
live-cell imaging to be combined with localized OA within a selected
region of the sample that can be redefined in between images in a
sequence. For OA of CRY2, the 445-nm laser was used at 5 yW and
scanned across the selected region at a rate of 0.9 ms/um?. This was
performed once every 5 s. Solid-state lasers with wavelengths of
515 and 594 nm were used for excitation of Venus and mCherry,
respectively. Emission filters were Venus 528/20 and mCherry 628/20
(Semrock). All images were acquired using a 63x oil immersion ob-
jective. A single confocal plane was imaged at a rate of 1 frame/5 s.
All imaging was performed inside a temperature-controlled cham-
ber held at 37°C. Imaging of Hela cells was performed 1 d after
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transfection with Lipofectamine 2000. Imaging of RAW 264.7 cells
was performed 2-10 h after electroporation. Before imaging, the
culture medium was replaced with 500 pl of Hank’s balanced salt
solution supplemented with 1 g/l glucose (HBSSg). An equal vol-
ume of agonist in warm HBSSg was added at the time specified in
the figures to achieve the final concentration given in the corre-
sponding figure legends. Only cells that exhibited a detectable PIP3
response were included in the analysis. Approximately 10% of the
cells did not exhibit any detectable PIP3 response to SDF-1a. This
was true regardless of which CRY construct was expressed.
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