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Monitoring the Response of Multiple Signal Network
Components to Acute Chemo-Optogenetic Perturbations in

Living Cells

Manuela Kowalczyk*,” Dominic Kamps*,” Yaowen Wu," Leif Dehmelt,*® and

Perihan Nalbant*?!

Cells process information via signal networks that typically
involve multiple components which are interconnected by
feedback loops. The combination of acute optogenetic pertur-
bations and microscopy-based fluorescent response readouts
enables the direct investigation of causal links in such networks.
However, due to overlaps in spectra of photosensitive and
fluorescent proteins, current approaches that combine these
methods are limited. Here, we present an improved chemo-
optogenetic approach that is based on switch-like perturbations

Introduction

Many cellular functions require dynamic cell shape changes. For
example, migrating cells generate segregated subcellular
domains that drive cell protrusion and cell contraction.
Furthermore, in critical steps during embryonic development,
cells generate local contractile pulses that drive multi-cellular
rearrangements.!" These dynamic processes are coordinated in
space and time by signal networks with multiple components
that are interconnected by feedback regulation. Investigations
of such signal networks are challenging because causal relation-
ships are ambiguous, as interlinked components in feedback
loops act both downstream and upstream of one another.” To
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induced by a single, local pulse of UV light. We show that this
approach can be combined with parallel monitoring of multiple
fluorescent readouts to directly uncover relations between
signal network components. We present the application of this
technique to directly investigate feedback-controlled regulation
in the cell contraction signal network that includes GEF-H1, Rho
and Myosin, and functional interactions of this network with
tumor relevant RhoA G17 mutants.

investigate such signal networks, measurements of dynamic
responses to acute perturbations are very valuable.

Optogenetic tools enable rapid, light-induced triggering of
such acute perturbations. However, combining fluorescent
readouts with standard optogenetic techniques is limited due
to the overlap between their activation spectra and typical
wavelengths used for fluorescence excitation. To overcome
these limitations, we recently developed a generic photo-
chemical dimerization approach that we termed molecular
activity painting.”

This perturbation approach is triggered by irreversible
photo-uncaging with a single UV light pulse, and it enables
acute targeting of signal molecules to the plasma membrane
with um precision.®* The perturbation follows simple pseudo-
first order association kinetics, which facilitates a clean inter-
pretation of dynamic fluorescent response readouts. This
allowed investigations of signal processing in the GEF-H1, Rho,
Myosin cell contraction signal network by fitting the observed
perturbation and response kinetics to simulations of network
dynamics.” However, these established implementations only
allowed the simultaneous readout of the response of one signal
network component and were therefore limited in their
application to directly investigate, how multiple interconnected
signal network components influence each other in response to
an acute perturbation.

Here, we extended the molecular activity painting approach
to enable parallel readout of the perturbation kinetics together
with the response kinetics of two distinct signal network
components. We applied this approach to investigate relations
between multiple interconnected components in Rho GTPase
signal networks: a) The feedback-controlled interplay between
the GTPase Rho and its effector Myosin-lla after acute
perturbation with the Rho activator GEF-H1 and b) the
interactions of the tumor related Rho G17E and G17V mutants
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with these signal network components. With these two
examples we demonstrate the general applicability of this
method to investigate causal links between signal network
components in their natural, cellular environment, and to study
the molecular mechanisms, by which such signal networks are
perturbed during cancer progression.

Results and Discussion

The original molecular activity painting approach is based on
light-based triggering of a rapid and irreversible increase in the
local concentration of a protein of interest at the plasma
membrane.”! The technique is particularly tailored to cell
biological questions that are related to signals at or near the
plasma membrane, such as growth factor receptor signaling or
regulators of cytoskeletal dynamics. Rapid plasma membrane
targeting is triggered by uncaging of a photodimerizer, that is
covalently bound to an artificial receptor. Diffusion of the
uncaged photodimerizer is prevented by an interaction be-
tween antigen epitopes at the extracellular domain of the
artificial receptor with surface-immobilized antibodies. The
original antibody surface immobilization protocol, that was
based on DNA-directed immobilization, was subsequently
simplified by using surface-adsorbed biotinylated Poly-L-lysine
as a linking agent.”” The method is limited to perturbations that
can be introduced by increasing the local concentration at the
plasma membrane, and due to the irreversible nature of the
approach, control of the perturbation dynamics is limited.
However, as the method only requires a single pulse of light,
technical challenges related to local, continuous illumination or
phototoxicity are alleviated.

The original molecular activity painting system consists of
three components, each of which was labeled with a distinct
fluorescent protein suitable for prolonged live cell imaging:
mCitrine on the artificial receptor, mTurquoise2 on the protein
used to induce the perturbation, and mCherry on the response
read-out protein. However, to use molecular activity painting, it
is sufficient to monitor the perturbation and response proteins,
but it is not necessary to detect the artificial receptor. We
therefore reasoned that mCitrine could be used to monitor a
second response read-out in a system with unlabeled or blue
fluorescent protein tagged artificial receptors (Figure 1A).
Unfortunately, artificial receptors that simply lack a fluorescent
protein or that contain the common monomeric blue fluores-
cent protein (mTagBFP2) were not efficiently expressed at the
plasma membrane and accumulated in internal cellular struc-
tures, presumably due to inefficient folding or inefficient
processing through the secretory pathway. Consequently, these
receptors performed very poorly, as their proper localization is
critical for efficient plasma membrane targeting. The fluorescent
protein moxBFP was developed for optimal folding®™ and could
thereby facilitate the processing and plasma membrane target-
ing of artificial receptors. Flanking of protein domains by a short
coiled-coil linker motif can provide additional stability in fusion
proteins. Indeed, artificial receptors that are labeled with coiled-
coil flanked moxBFP were efficiently expressed at the plasma
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Figure 1. Direct investigation of signal processing in cell contraction
regulation via acute GEF-H1 perturbation and parallel Rho activity and
Myosin response readouts. (A) Schematic representation of an improved
variant of molecular activity painting that enables parallel readout of two
response kinetics following an acute signal network perturbation. Light
induced uncaging of a NvocTMP-Cl photo-dimerizer covalently linked to the
HaloTag (HT) on immobilized artificial receptors, leads to plasma membrane
targeting of an eDHFR fusion protein. Here, these components were co-
expressed in U20S cells to investigate cell contraction regulation: Light-
induced plasma membrane targeting of the RnoGEF GEF-H1 activates the
small GTPase Rho and recruits the downstream effector Myosin-lla. The
change in Rho activity is detected by measuring the plasma membrane
translocation of the GTPase-binding domain (GBD) of Rhotekin. (B-D) TIRF-
microscopy based analysis of the Rho activity and Myosin-lla response
dynamics in a representative U20S cell after acute GEF-H1 perturbation.
Color merged images in (B) and (C) show the Rho activity sensor (green) and
Myosin-lla (magenta). (B) TIRF images of the stable GEF-H1 perturbation and
Rho activity sensor and Myosin-lla plasma membrane recruitment response
3 minutes after illumination (See also Supporting Information Movie 1). (C)
Kymographs corresponding to the yellow line shown in (B). (D) Perturbation
and response kinetics measured in the yellow circle in (B). The increase of
the fluorescent signal in percent above initial values is shown. (E-G)
Temporal cross-correlation analysis of Myosin-lla and Rho activity after GEF-
H1 perturbation (n =9 cells from three independent experiments). (E) Cross-
correlation function of Myosin-lla and Rho activity sensor signal (mean with
SEM). (F-G) Time shifts with maximal correlation (F) or maximal anti-
correlation (G) between the Myosin-lla and the Rho activity sensor responses
obtained from individual cells (mean with SEM). It should be noted that the
maximum (+70s) and minimum (-20s) in the average cross-correlation
function for all cells (E) are not necessarily the same as the corresponding
average of values obtained on the single cell level (F: 4227 +/-89 s and G:
—28+/-4s). (H) Schematic of a proposed negative feedback loop between
Rho and Myosin that was derived from the interpretation of correlated
response dynamics indicated in bottom panels of (F-G).
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membrane and their performance was indistinguishable from
mCitrine-labeled receptors (Figure S1).

Next, we used this approach to study the perturbation-
response dynamics of a signal network that controls cell
contraction.” We introduced perturbations into this signal
network by acute photochemical targeting of the Rho activator
GEF-H1 to the plasma membrane. We combined this perturba-
tion with the parallel readout of the activity state of
endogenous Rho using the activity sensor that is based on the
Rhotekin GTPase-binding domain (GBD) and plasma membrane
recruitment of the Rho effector Myosin-lla (Figure 1A). To avoid
competition between the GBD and endogenous Rho effectors,
we expressed this molecule at very low levels using a truncated
promotor,” and we used a sensitive EMCCD camera to detect
these small sensor amounts.

As both the perturbation and the two responses are based
on the translocation of proteins from the cytosol to the plasma
membrane, total internal reflection fluorescence microscopy
(TIRF—M) was used to measure their kinetics in living cells. This
enabled us to investigate the relationship between these three
components in the cell contraction signal network. Interest-
ingly, we found that the dynamics of these two components
are antiphasic and overlap only minimally in space and time
(Figure 1B-D, Figure S2 and Supporting Information Movie 1).

Our improved molecular activity painting method enables
us to perform analysis in individual cells, and we were thus able
to extract additional information about cell-to-cell variability.
First, comparison of the overall strength of the two responses
by measuring the area under the curves above background
signals, showed that Myosin activity is dependent on the dose
of Rho activity (Figure S3A). This observation is in agreement
with the well-accepted idea that Myosin-lla is activated by Rho
effectors.”” In addition, we performed cross-correlation analyses
to investigate the relation between the temporal response
profiles. These analyses revealed a weak positive correlation of
Myosin-lla plasma membrane targeting with a relatively long
time shift of 2274-/—89 s after Rho activity (Figure 1EF). This
time shift shows that the activation of Myosin-lla after Rho
activation is a relatively slow process with a high cell-to-cell
variability (Figure 1E,F). The single cell analyses also revealed a
strong anti-correlation with a short time shift for Myosin-lla
plasma membrane targeting before Rho activity, which was less
variable and much shorter with an average value of 28+/—4s
(Figure 1E,G). This anti-correlation primarily reflects the anti-
phasic activity dynamics of Rho and Myosin between the
activity maxima of these components (Figure 1D). This shows
that increased Myosin signal precedes a decrease in Rho
activity, which supports the idea that Myosin-lla can somehow
inhibit Rho activity. This could for example be mediated by the
inhibitory interaction between Myosin-lla and the DH domain
of GEF-H1.”! Importantly, clear anti-correlation was observed in
all cells (Figure S3B), showing that this effect is robust against
cell-to-cell variability.

Together, the activation of Myosin by Rho and the inhibition
of Rho by Myosin close a negative feedback loop, via which Rho
can inhibit its own activity (Figure 1H). Interestingly, the single-
cell analyses show that this inhibitory action is very rapid and
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robust. Such a robust inhibitory action of Myosin-lla on its
upstream activator Rho might represent a safeguard mecha-
nism that prevents unrestrained cell contraction, which might
otherwise interfere with normal cell function.

Next, we investigated the molecular mode of action of Rho
GTPases that carry tumor-associated mutations, in particular the
RhoA G17E mutant."” Previous reports suggested that this
mutant might have a dominant negative effect on Rho activity
and might thereby inhibit a potential tumor suppressor
function of wild-type Rho."®'" However, the mechanism of this
dominant negative effect was not well understood and direct
evidence in living cells was lacking. Using the molecular activity
painting method, we introduced perturbations by locally
increasing the level of RhoA mutants, and simultaneously
measured both the activity state of these mutants, using the
Rho activity sensor and their interaction with the upstream
activator GEF-H1 (Figure 2A). Using this approach, we found
that acute, light-triggered plasma membrane targeting of RhoA
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Figure 2. RhoA G17E is inactive and acts as a dominant negative mutant by
sequestering GEF-H1. (A) Schematic representation of plasma membrane
targeting of wild-type or mutant RhoA lacking its CAAX box membrane
anchor (ACAAX) via light-induced uncaging of the NvocTMP—CI photo-
dimerizer. NvocTMP-C| was located to the plasma membrane via the KRas
CAAX box linked to HaloTag (HT). Co-recruitment of upstream GEF activator
and the downstream effector GTPase-binding domain (GBD) was measured
in parallel to the perturbation. (B) Co-recruitment kinetics in U20S cells that
express the constructs depicted in A. The increase of the fluorescent signal
in percent above initial values is shown. Measurements were performed in
small areas of the plasma membrane indicated by white circles in Figure S4A
(n=17-20 cells from 3-4 independent experiments. Error bars represent
SEM). Blue lines connect individual measurements, red lines represent non-
linear fits of the perturbation kinetics to obtain indicated decay half-times,
which are primarily due to lateral diffusion of the uncaged dimerizer on
CAAX box linked to HaloTag (see Supporting Information for details).
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G17E does not co-recruit the Rho activity sensor, showing that
this mutant is inactive. However, this mutant very efficiently co-
recruited the Rho activator GEF-H1, showing that these proteins
strongly interact with each other in living cells (Figure 2B and
Figure S4B; Supporting Information Movie 2). This interaction
could sequester GEF-H1 and prevent it from activating
endogenous wild-type RhoA, and thereby explain the proposed
dominant negative effect of RhoA G17E. Similar observations
were made with the well-established dominant negative RhoA
mutant T19 N.'? This was in contrast to local RhoA wild-type
(wt) perturbations, which triggered a robust local increase in
Rho activity levels and only a modest increase in GEF-H1
(Supporting Information Movie 3). This modest increase is
presumably due to the PH domain, which is known to bind
active Rho.*"¥ Another tumor associated RhoA G17 variant, the
G17V mutant, also co-recruited GEF-H1. However, this mutant
still showed some residual effector binding indicating that it is
not fully inactive.

Next, we investigated if the RhoA G17E mutant indeed acts
dominant negative in cells and can inhibit the activation of
endogenous Rho by endogenous GEF-H1. To test this, we
capitalized on an assay that we established previously, in which
we acutely released endogenous, sequestered GEF-H1 by
depolymerizing microtubules with the pharmacological com-
pound nocodazole*™ This treatment increases local Rho
activity dynamics via a signal network that includes a positive
feedback between GEF-H1 and RhoA and a myosin-dependent
negative feedback.™® The increased local activity dynamics of
endogenous Rho can be monitored in living cells using the Rho
activity sensor.”” Indeed, in cells that co-express the control
plasmid (EGFP) or EGFP-fused wild-type Rho (Figure 3A-C),
nocodazole treatment strongly stimulated local Rho activity. In
contrast, co-expression of RhoA G17E (Figure 3A-C) completely
inhibited GEF-H1 stimulated Rho activity dynamics. This shows
that RhoA G17E strongly suppresses endogenous wild-type Rho
activity dynamics downstream of GEF-H1. Furthermore, RhoA
G17E also inhibited the formation of strong stress fibers
downstream of nocodazole-stimulated GEF-H1 release (Fig-
ure 3D,E).

Therefore, RhoA G17E inhibits Rho activity dynamics in a
dominant negative fashion by sequestering GEF-H1 to prevent
amplification of wild-type Rho activity. Combined with the lack
of effector interaction, this dominant negative function might
interfere with the proposed tumor suppressive role of Rho wild-
type and thereby promote tumor progression."®'"

In conclusion, we present an improved version of molecular
activity painting, which is easily implemented, and enables
parallel readout of multiple response dynamics after acute,
light-triggered perturbations in individual, living cells. We show
that such parallel readouts enable direct investigations of
precise temporal relations between interconnected signal net-
work components. Due to cell-to-cell variability, such relations
are not accessible with other methods that rely on averaging of
dynamic measurements from multiple cells.

The presented acute perturbation and response analysis
directly reveals a causal relationship between the GEF-H1
perturbation and the Rho and Myosin-lla response, and the
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Figure 3. Dominant negative inhibition of endogenous Rho activity dynam-
ics by Rho G17E. U20S cells co-expressing the Rho activity sensor (mCherry-
Rhotekin-GBD) and EGFP-fused RhoA wild-type or mutants were treated with
nocodazole (30 uM; 45-90 min). This treatment stimulates Rho activity
dynamics via the release of GEF-H1 from microtubules. EGFP alone was used
as control. (A-C) TIRF-microscopy based analysis of Rho activity dynamics in
U20S cells co-expressing the indicated constructs. (A) Representative color-
coded TIRF images of Rho activity in U20S cells at t =45 min after
nocodazole addition (see also Supporting Information Movie 4). Scale bar:
20 um. (B) Normalized Rho activity signal (% increase above initial values),
measured in the white boxes in A. Time points are indicated relative to
addition of nocodazole. (C) Local Rho activity pulse frequency (n=24-34
cells from three independent experiments); ***, P < 0.001; paired t-test. (D-E)
Modulation of stress fiber formation by RhoA mutants. Cells expressing RhoA
wild-type or mutants were treated either with DMSO as vehicle control or
nocodazole. After treatment, cells were fixed and co-stained with rhod-
amine-phalloidin and DAPI to visualize filamentous actin (F-actin; grey) and
nuclei (blue). (D) Quantification of cells with enhanced stress fiber formation
(see methods). (E) Confocal images of representative cells (maximum
projections). Lower panels depict magnifications of boxed regions in the
corresponding upper panels. Transfected cells are indicated with green
asterisks. (n=151-362 cells from three independent experiments; *, P < 0.05;
**, P <0.01; ***, P <0.001; One-way ANOVA).

strong and reproducible anti-correlation between the Myosin-
lla and Rho responses additionally suggest that Myosin-lla
might inhibit Rho. It is important to note, that this analysis does
not directly prove an inhibitory role for Myosin-lla, as other
components with similar response kinetics might act in parallel.
Indeed, Rho and myosin are involved in many cellular
processes, and highly divergent signal network topologies were
proposed in various systems that include both negative and
positive feedback. Our investigation focuses on the cell-
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substrate adhesion area of U20S cells, in which a role for
myosin in mediating negative feedback regulation of Rho
activity is supported by previous results,*® but other systems
might include different mechanisms of feedback control.™ To
investigate the particular molecular mechanisms in more detail,
the presented acute perturbation-response analysis could be
combined with additional manipulations, such as small mole-
cule inhibitors, RNA interference or gene editing.

In another example, we show how molecular activity
painting can directly be used to investigate complex molecular
mechanisms in living cells. In particular, we measure multiple
interactions of small GTPases in parallel in individual, living
cells, and we used this information to derive the molecular
mechanism by which the tumor-related Rho G17E mutant
inhibits endogenous Rho activity and myosin contraction.

These examples demonstrate the general applicability of
molecular activity painting to study dynamic signal networks,
and the wide range of possibilities for its application to
investigate their role in cell function and disease.
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