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Systems analysis of RhoGEF and RhoGAP
regulatory proteins reveals spatially organized
RAC1 signalling from integrin adhesions
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Rho GTPases are central regulators of the cytoskeleton and, in humans, are controlled by 145 multidomain guanine nucleotide
exchange factors (RhoGEFs) and GTPase-activating proteins (RhoGAPs). How Rho signalling patterns are established in dynamic
cell spaces to control cellular morphogenesis is unclear. Through a family-wide characterization of substrate specificities, inter-
actomes and localization, we reveal at the systems level how RhoGEFs and RhoGAPs contextualize and spatiotemporally control
Rho signalling. These proteins are widely autoinhibited to allow local regulation, form complexes to jointly coordinate their net-
works and provide positional information for signalling. RhoGAPs are more promiscuous than RhoGEFs to confine Rho activity
gradients. Our resource enabled us to uncover a multi-RhoGEF complex downstream of G-protein-coupled receptors controlling
CDC42-RHOA crosstalk. Moreover, we show that integrin adhesions spatially segregate GEFs and GAPs to shape RAC1 activity
zones in response to mechanical cues. This mechanism controls the protrusion and contraction dynamics fundamental to cell

motility. Our systems analysis of Rho regulators is key to revealing emergent organization principles of Rho signalling.

drive fundamental cell behaviours in all eukaryotes'”. Defects

in Rho signalling have been linked to cancer metastasis and
other diseases’. Rho proteins typically cycle between an inactive
GDP-bound form and an active GTP-bound form*. Following acti-
vation, they bind effector proteins to elicit cytoskeletal remodel-
ling. Their activity cycle is initiated by guanine nucleotide exchange
factors (RhoGEFs)*° and terminated by GTPase-activating pro-
teins (RhoGAPs)’. In addition, guanine nucleotide dissociation
inhibitors (RhoGDIs) sequester and inactivate the GTPases in the
cytosol®’. This coupling of the GDP/GTP cycle to a membrane
association—dissociation cycle adds another layer of regulation.
With 145 members, the RhoGEF and RhoGAP multidomain pro-
teins vastly outnumber the 10 classical Rho family GTPase switch
proteins that they regulate'’, which enables intricate control of Rho
signalling specificity (Extended Data Fig. 1).

Rho signalling responses in cells are highly localized'' and have
been observed in distinct subcellular zones'*™'°, with several GTPases
operating simultaneously. Cell morphogenesis therefore involves the
concerted action of multiple Rho family members and their regu-
lators, which together form complex networks'”'. However, our
understanding of how the Rho signalling system coordinates such

Rho GTPases coordinate changes in cytoskeletal architecture to

specific and spatially confined cell responses is limited and stems
from studies of individual Rho regulators, while a systems-level
view is lacking.

Here, we present a family-wide characterization of RhoGEFs
and RhoGAPs regarding their substrate specificities for the pro-
totype GTPases RHOA, RAC1 and CDC42, their interactomes
and their subcellular localization. It places the regulators into
their functional context and provides a framework for future tar-
geted studies of their diverse roles in controlling Rho GTPases.
Our study uncovers systems-level behaviour of the RhoGEFs and
RhoGAPs, showing how they collectively shape and contextual-
ize Rho activity gradients. The data reveal how, in response to
mechanical cues, GEFs and GAPs are segregated on integrin adhe-
sions to control spatially distributed morphodynamic responses
driving cell migration.

Results

To characterize the mammalian RhoGEFs and RhoGAPs, we
generated an expression library comprising 141 full-length comple-
mentary DNAs (64 Dbl family GEFs, 11 Dock family GEFs, 64 GAPs
and 2 dual GEFs/GAPs), almost all of which represent the longest iso-
form known to exist (Extended Data Fig. 1; Supplementary Table 1).
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ARHGAP22, ARHGAP23, ARHGAP26, ARHGAP28, ARHGAP29, ARHGAP30, ARHGAP31, ARHGAP35, ARHGAP40, DLC1, GMIP, MYO9A,
76 activities “ MYQO9B, STARDS8, STARD13, TAGAP
by 50 RhoGAPs ARAP1, ARAP2, ARAP3, ARHGAP4, ARHGAP9, ARHGAP12, ARHGAP15, ARHGAP20, ARHGAP22, ARHGAP23, ARHGAP27, ARHGAP30,
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RACT CDC42 SH3BP1, SRGAP1, SRGAP2, SRGAP3, SYDE2, TAGAP, ABR, BCR

33 16 ARAP1, ARAP2, ARAP3, ARHGAP1, ARHGAP11B, ARHGAP20, ARHGAP22, ARHGAP30, ARHGAP31, ARHGAP39, ARHGAP40, FAM13B,
GMIP, MYO9B, SRGAP2, STARD8

Fig. 1| Family-wide RhoGEF and RhoGAP activity screens. a, FRET-based RhoGEF activity assay: HEK293T cells were transfected with the mCherry-labelled
RhoGEF cDNA library and the FRET sensors RHOA-2G, RACT-2G or CDC42-2G together with RhoGDI (where indicated). b, FRET-based RhoGAP activity
assay: RhoGDI shRNA-depleted HEK293T cells were transfected with the mCherry-labelled RhoGAP cDNA library and the indicated sensors. FRET ratio
(R) values were normalized to control+RhoGDI (a) or control (b) and are shown as the mean +s.d. (n=3 independent experiments). Broken lines indicate
activity thresholds. The significance of values above (a) or below (b) the threshold was calculated using unpaired two-sided Student's t-tests versus
control+RhoGDI (a) or control (b) and the Benjamini-Hochberg procedure; significant values are marked by asterisks. Graphs below show quantification
of RhoGEF and RhoGAP activities towards RHOA (green), RAC1 (blue) and CDC42 (red), allowing direct comparison. Changes in FRET ratio (AR) values
compared with control+RhoGDI (a) or control (b) were normalized to the maximal observed FRET ratio change (AR,,.y) in each assay. For regulators with
multiple activities, only those above 20% of the main substrate activity were considered (marked by asterisks). Venn diagrams and lists of regulators with
activity are displayed sorted by the substrate GTPases RHOA, RACT and CDC42. Source data including P values are provided in Source Data Fig. 1.
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Fig. 2 | Autoinhibition is a common feature of RhoGEFs and RhoGAPs. a,b, Semiquantitative comparison of catalytic activities of full-length longest
isoforms versus shorter isoforms or truncations of randomly selected nine RhoGEFs (a) and ten RhoGAPs (b). Experiments were performed as described
in Fig. 1. Left: the graphs show the mean change in FRET ratio (AR) normalized to RhoGEF or RnoGAP expression levels as determined by normalized
mCherry intensity (normalized /,c..,) (horizontal black line) +s.d. (n=3 independent experiments). Middle: graphs show the mean FRET ratio (R)
values normalized to control +s.d. (n=3 independent experiments; results from two independent experiments are shown for ARHGEF40 and DNMBP).
Broken lines indicate activity thresholds, as in Fig. 1. Statistical significance was calculated using unpaired two-sided Student’s t-tests. Right: domain
representations of the constructs used, as shown in Extended Data Fig. 1. ISO, isoform. Source data are provided in Source Data Fig. 2.

Not included are OBSCN (~8,000 amino acids) and ARHGEF33,
ARHGEF37 and ARHGEF38, which were originally not predicted = miscuous than RhoGEFs. First, we systematically characterized the
substrate specificities of all regulators to link them to their cognate
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Fig. 3 | The RhoGEF and RhoGAP interactome is highly interconnected and includes components of multiple cellular processes. a, The RhoGEF and
RhoGAP interactome network. As examples of subnetworks of the RhoGEF and RhoGAP interactome, interactions with complexes involved in cell polarity,
junctions, membrane trafficking, growth factor receptor signalling and actin cytoskeleton organization are shown. The orange lines indicate interactions
among the prey of the tested regulators. b, Enrichment of interactions among RhoGEFs and RhoGAPs (n=1,292 interactions, two-sided Fisher's exact test,
P <0.001). Shown are all 66 bait-bait interactions, with nodes colour-coded by their subcellular localization (see also Fig. 5d).

Rho GTPase downstream pathways. An extensive literature curation
of claimed specificities revealed an incomplete data landscape with a
high degree of conflict among reports (Supplementary Table 2). We
therefore developed a screening-compatible live-cell imaging assay,

using fluorescence resonance energy transfer (FRET)-based bio-
sensors for the prototype GTPases RAC1, CDC42 and RHOA»!**
(Extended Data Fig. 2; Supplementary Information). This approach
enabled the analysis of ectopically expressed full-length regulators
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in their native cellular environment. We found catalytic activities
for 45 out of 75 RhoGEFs and 48 out of 63 RhoGAPs. In addition,
the dual GEFs/GAPs ABR and BCR exhibited GAP activity (Fig. 1;
Supplementary Table 2). The positive hits included regulators with
high substrate specificity (35 RhoGEFs, 31 RhoGAPs) and many
that regulate multiple Rho GTPases (10 RhoGEFs, 19 RhoGAPs).
Our data therefore not only reveal extensive promiscuity among
regulators but also that the inactivating RhoGAPs are less selective
than the activating RhoGEFs (P=0.02; Supplementary Table 2).
This agrees with our literature survey showing twofold higher
promiscuity for RhoGAPs compared with RhoGEFs (21 out of 49
active GAPs versus 15 out of 65 active GEFs; see the ‘reference list
in Supplementary Table 2). Promiscuity has been predominantly
reported for the co-regulation of CDC42 and RACI (refs. “*).
However, we found a similar number of regulators that control
RHOA together with CDC42 and/or RAC1 (16 versus 18 and 17).

While our data largely agreed with existing data (70%; see the
reference list in Supplementary Table 2), we describe ten previously
unidentified activities. PLEKHG4B, for instance, is a strong exclu-
sive CDC42 GEF (see also Fig. 4), and SYDE2 is a RAC1-specific
GAP. The screen also revealed discrepancies with the literature.
The previously proposed representative CDC42-specific GAPs
ARHGAP1, ARHGAP17 and ARHGAP31 showed either no activ-
ity towards this GTPase or more efficiently inactivated RACI in our
assay. In fact, none of the GAPs tested exhibited exclusive substrate
specificity for CDC42, although 21 GAPs promiscuously regulated
CDC42. By contrast, we found exclusive CDC42 activity for a total
of 12 GEFs. Overall, we provide a standardized, systematic analysis
of RhoGEF and RhoGAP substrate specificities in cells as a refer-
ence for future studies.

Autoinhibition is a common feature of RhoGEFs and RhoGAPs.
Some RhoGEFs and RhoGAPs displayed minimal or no activity
in our screen. A requirement for release from autoinhibition via
mechanisms such as phosphorylation, protein or lipid interactions
may account for the observed lack of activity?>. To study whether
autoinhibition is a general mechanism in controlling the Rho
regulators, we included shorter forms of nine RhoGEFs and ten
RhoGAPs, which lack potential regulatory elements that are present
in the longest isoforms. Thirteen of these exhibited a higher cata-
Iytic efficiency than their longer counterparts (Fig. 2). This shows
that cellular regulatory conditions are preserved in our assay and
could explain why activities of strongly autoinhibited regulators
have not been detected. The longest isoform of ARHGAP9 only

exhibited catalytic activity towards RACI1. Surprisingly, isoform 3,
which lacks an amino-terminal SH3 domain, also inactivated
CDC42, which suggests that autoregulatory features might also
affect the substrate selectivity of Rho regulators. Our data show that
RhoGEFs and RhoGAPs are widely autoinhibited and suggest that
they respond to local cues and feedback regulation.

Interactome analysis reveals that many RhoGEFs and RhoGAPs
associate with each other in complexes. Next, we used affinity
purification coupled to mass spectrometry (MS) to obtain a high-
quality RhoGEF and RhoGAP network of 1,292 interactions (1,082
of which were novel) among 863 proteins (Fig. 3a; Supplementary
Table 3, Ssilver set’). This interactome explores a largely uncharted
part of the human interactome and connects the Rho regulatory
system to functional complexes that link the actin cytoskeleton to
critical cell functions (Fig. 3a; Extended Data Fig. 3a,b). Our dataset
therefore provides a rich source of information that can be used for
targeted studies to further dissect the interplay of Rho GTPases with
other signalling pathways”.

Notably, in addition to 20 interactions with Rho effector proteins
and 24 interactions with small GTPases, our network includes 66
interactions among RhoGEFs and RhoGAPs themselves (Fig. 3b).
In support of their functional relevance, we found that these pairs
of interacting regulators are co-expressed (Methods; P=7x10",
Wilcoxon test). Moreover, we validated 22 out of 26 randomly
selected RhoGEF and RhoGAP interactions by co-immunoprecip-
itation (Extended Data Fig. 4; Supplementary Information). Both
homotypic and heterotypic interactions occurred, with fewer com-
plexes between RhoGAPs (24 GEF/GAP, 28 GEF/GEF, 11 GAP/
GAP and 3 GEF-ABR or GEF-BCR). Our data indicate a previously
unrecognized extensive interplay between Rho regulators to jointly
coordinate Rho signalling networks.

A multi-RhoGEF complex downstream of GPCR signalling
mediates RHOA-CDC42 crosstalk. As a case study, we func-
tionally characterized a multi-RhoGEF complex identified in
our network: the interaction between the as yet undescribed
PLEKHG4B with ARHGEF11 (also known as PDZ-RhoGEF) and
ARHGEF12 (also known as LARG). ARHGEF11 and ARHGEF12
are two well-studied activators of RHOA signalling downstream
of G-protein-coupled receptors (GPCRs) and have essential roles
in chemokine-driven tumour cell invasion®* (Figs. 3b and 4).
ARHGEF11 and ARHGEFI12 are engaged following GPCR stim-
ulation by binding to activated heterotrimeric Ga,, and Ga,,

3>
>

Fig. 4 | A multi-RhoGEF complex downstream of GPCRs mediates RHOA-CDC42 crosstalk. a, Schematics of the three human RhoGEFs and truncations
used in this study. b, ARHGEF11 and ARHGEF12 specifically interact with PLEKHG4B. Representative immunoprecipitations (IPs) of all eight PLEKHG family
proteins (GFP) with FLAG-tagged ARHGEF11 or ARHGEF12 (GEF11/12) from HEK293T cell lysates. Data shown represent two and three independent
experiments for ARHGEF11 and ARHGEF12, respectively. ¢, ARHGEF11 (GEF11) and ARHGEF12 (GEF12) are RHOA-specific GEFs, whereas PLEKHG4B

(4B) activates CDC42. FRET assay and statistics are as described in Fig. Ta. ARHGEF11-Y885A (GEF11-Y885A), ARHGEF12-Y940A (GEF12-Y940A) and
PLEKHG4B-Y943A (4B-Y93A) are GEF-dead mutants. d, Sequence alignment of the three human GEFs revealing the conserved tyrosine residue in the DH
domain that is critical for catalysis®’. e, Autoinhibition of PLEKHG4B and its release by ARHGEF11 and ARHGEF12 binding. Left: PLEKHG4B-stimulated SRE.L
luciferase reporter activation assay in HEK293T cells expressing the indicated constructs. Right: CDC42-2G FRET ratios of cells transfected with RhoGDI,
mCherry-tagged PLEKHG4B constructs and indicated miRFP-tagged ARHGEF11 and ARHGEF12 mutants. f, ARHGEF11 and ARHGEF12 are inhibited by
PLEKHG4B. Upper: ARHGEF11 and ARHGEF12-stimulated SRE.L luciferase reporter activation assay. The anti-FLAG western blot shows the expression of
the transfected constructs. Lower: RHOA-2G FRET ratios of cells transfected with RnoGDI, mCherry-ARHGEF11 and ARHGEF12 and the indicated miRFP-
tagged PLEKHG4B mutants. g, PLEKHG4B inhibits Ga,;-mediated ARHGEF11 and ARHGEF12 recruitment. Left: representative IP of the three GEFs (GFP)
with wild-type (WT) or constitutively active FLAG-Ga,; (Q226L; QL). Data shown represent three independent experiments. Right: representative IP of
YFP-tagged ARHGEF11 and ARHGEF12 with indicated FLAG-tagged proteins. Data shown represent two independent experiments. h, Model of PLEKHG4B
interactions with the ARHGEF11-ARHGEF12 dimer® and their mutual regulation of Ga,,,.;-mediated GPCR signalling. All bar graphs show the mean +s.d.
(n=3 independent experiments in ¢ and f (upper); n=3 independent samples of one experiment in e (left), representative out of three experiments, with
similar results obtained; n=4 independent experiments in f (lower)). For ¢, e (right) and f, significance was calculated using unpaired two-sided Student's
t-tests versus control+RhoGDI (c), versus PLEKHG4B (e, right), versus FLAG (f, upper) or as indicated by lines. For e (left), significance was determined
using one-way ANOVA, followed by Tukey's multiple comparisons. Significance is ranked as follows: *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant.
Numerical source data, including P values, and unprocessed blots related to b, f and g are provided in Source Data Fig. 4.
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subunits®**. PLEKHG4B, but not the other seven members of the
PLEKHG (Pleckstrin homology domain-containing family G)
proteins, interacted with these two GEFs (Fig. 4b; Extended Data
Fig. 5a). While ARHGEF11 and ARHGEF12 are RHOA-specific,
PLEKHGH4B selectively activated CDC42 (Fig. 4c) and draws
an additional Rho GTPase substrate into this multi-GEF assem-
bly. PLEKHGH4B is subject to autoinhibition, as truncation of its
N terminus increased its CDC42 GEF activity (Fig. 4e; Extended
Data Fig. 5b). An increase in CDC42 GEEF activity of full-length
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PLEKHGH4B was also induced when it was co-expressed either
N-terminal fragments of ARHGEF11 or ARHGEFI2 or cata-
Iytically inactive mutants (Fig. 4d,e). This shows that the bind-
ing of PLEKHGH4B to its partner GEFs releases its autoinhibition.
Conversely, coexpressing an N-terminal fragment of PLEKHG4B
or its GEF-inactive mutant strongly decreased the catalytic activi-
ties of ARHGEF11 and ARHGEF12 towards RHOA (Fig. 4d.f).
Moreover, in the context of GPCR signalling, both ARHGEF11
and ARHGEF12 selectively associated with constitutively active
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Fig. 5 | Spatial distribution of RhoGEFs and RhoGAPs. a, Selection of MDCK live-cell images from a confocal microscopy screen showing the localization
of YFP-tagged RhoGEFs and RhoGAPs to different subcellular structures. See Supplementary Fig. 1 for the full dataset. b, Actin association assessed by
confocal imaging of fixed, cytochalasin D-treated MDCK cells transiently transfected with the indicated YFP-tagged RhoGEFs, RhoGAPs or controls. abm,
actin-binding mutant®*; ER, endoplasmic reticulum. ¢, Summary of the distribution of RhoGEFs and RhoGAPs over different subcellular compartments and
structures. Scale bars, 10 um. For a and b, representative images of two independent experiments (with five images obtained for each experiment) are
shown, with similar results obtained.

Ga,;QL, as expected. The addition of PLEKHG4B, however, inhib-  of PLEKHG4B. In return, PLEKHG4B inhibits ARHGEF11 and
ited this interaction (Fig. 4g, right). ARHGEF12-mediated RHOA activation in the following two

The three GEFs therefore mutually control their catalytic activi- ~ ways: directly by reducing their catalytic activity and indirectly by
ties. ARHGEF11 and ARHGEF12 enhance the CDC42 GEF activity ~ perturbing their engagement with GPCRs via Ga,,,; (Fig. 4h).
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Our resource enabled us to provide proof of concept of a mecha-
nism of cross-talk among Rho GTPases in a pathway previously
thought to only activate RHOA?.

RhoGEFs and RhoGAPs provide positional information to Rho
GTPase signalling regulation. To understand how RhoGEFs and
RhoGAPs contribute spatial information to Rho signalling, we
mapped their subcellular distribution. Confocal live-cell micros-
copy of yellow fluorescent protein (YFP) fusion proteins in MDCK
epithelial cells revealed that over half of RhoGEFs and RhoGAPs
inherently localize to one or more distinct structures at steady-state,
thereby collectively decorating virtually all cellular compartments
(Fig. 5a,c; Supplementary Fig. 1; Supplementary Table 4).

To identify additional actin-associated regulators, we treated
cells with cytochalasin D, an agent that disrupts the actin network
and induces the appearance of phalloidin-reactive filamentous
foci**. By scoring transiently expressed RhoGEFs and RhoGAPs
for their colocalization with these foci, we identified a total of 34
actin-associated proteins, only 12 of which were already known
(Fig. 5b; Extended Data Fig. 6). Fittingly, the interactomes of
these 34 RhoGEFs and RhoGAPs were enriched in actin-binding
proteins (P=1x10", odds ratio="7.2; Supplementary Table 3).
Interestingly, CDC42 regulators were overrepresented on actin
(Fig. 7¢). These findings suggest that close proximity of dedicated
RhoGEFs and RhoGAPs to actin is important to locally sense and
control cytoskeletal dynamics.

Eleven regulators were localized to the nucleus in interphase
cells. To assess whether these proteins are implicated in mitosis or
cytokinesis following breakdown of the nuclear envelope, we anal-
ysed short interfering RNA (siRNA) screen data of MDA-MB-231
cells”. Indeed, depletion of these RhoGEFs or RhoGAPs led to a
significant increase in multinucleated cells, which is a hallmark of
cytokinesis failure, compared with the other non-nuclear-local-
ized regulators in interphase (P=9x10~, Wilcoxon test; Fig. 6a,
Extended Data Fig. 7a).

Out of the 41 proteins tested, the position of the fluorescent tag
affected the localization of only 3 proteins (Supplementary Table 4).
However, examples of diverse isoform localizations were identified
(Supplementary Information).

Our spatial mapping at steady-state does not consider poten-
tial stimulus-dependent or interaction-dependent relocalization
of regulators. We therefore investigated the consequences of recep-
tor tyrosine kinase signalling and determined which RhoGEFs and
RhoGAPs are recruited by the central adaptor protein GRB2 to the
epidermal growth factor receptor (EGFR). Five out of the 25 putative
GRB2-interacting regulators tested were directly associated with the
adaptor and were co-recruited to the plasma membrane following
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EGF stimulus (Fig. 6b; Extended Data Fig. 7b; Supplementary
Table 4). Notably, they all predominantly resided in the cytosol
without stimulus. Another example is the C-Dock subfamily of
RhoGEFs (comprising DOCK6, DOCK?7 and DOCKS), which
were highly interconnected with the four members of the LRCH
(leucine-rich repeat and calponin homology domain-containing)
protein family® (Fig. 6¢; Supplementary Table 3). The Dock pro-
teins relocalize from the cytosol to sites of LRCH expression; that is,
peripheral actin filaments and the endoplasmic reticulum (Fig. 6d—
i; Extended Data Fig. 8). Given that RhoGEFs and RhoGAPs and
their interactors are enriched for PDZ, SH2, WW and SH3 domains
(P<0.01), which are common in scaffold or adaptor proteins, such
recruitment probably affects the cellular distribution of other Rho
regulators. These data suggest that ultimately, most, if not all, Rho
regulation occurs on dedicated cellular structures.

Overall, we found 70% (99 out of 141) of the ectopically expressed
RhoGEFs and RhoGAPs enriched at distinct subcellular compart-
ments (Fig. 5¢; Supplementary Table 4). The vast majority localized
to structures previously shown to harbour Rho signalling. Our data
provide a cellular heatmap of Rho regulation and suggest a critical
role of RhoGEFs and RhoGAPs in conveying spatial context to Rho
signalling control.

Focal adhesions are major sites of Rho GTPase regulation. To
further resolve RhoGEF and RhoGAP localization to focal adhe-
sions (FAs), which are key sites of cytoskeletal dynamics™, we used
total internal reflection fluorescence (TIRF) microscopy in flat
COS-7 cells. Unexpectedly, we found that one-quarter of all regula-
tors (37) associated with these structures (Fig. 7a; Supplementary
Fig. 2). Previously, only eight RhoGEFs and RhoGAPs were pro-
posed to form an integral part of the integrin adhesion network®>**
(adhesome.org), of which we confirmed six (Supplementary Fig. 2).
For 24 proteins identified in our screen, no evidence of FA localiza-
tion existed in the literature. Interestingly, six regulators exhibited a
pericentric enrichment juxtapositioned to FAs with a fluorescence
intensity minimum in the centre (Fig. 7b; Supplementary Fig. 2).
This result indicates the functional relevance of distinct microlocal-
izations around FA complexes. In support of our data, the interac-
tomes of the FA-associated RhoGEFs and RhoGAPs were enriched
in components of the adhesome (P=2.5%x107, odds ratio=2.3;
Supplementary Table 3). Notably, RAC1 regulators were overrepre-
sented on adhesions (Fig. 7c). Together, these data suggest that FAs
are central sites of Rho signalling regulation.

Spatial segregation of RhoGEFs and RhoGAPs on FAs. We then
explored the relevance of the FA association of RhoGEFs and
RhoGAPs to the spatial organization of Rho signalling. Cell motility

>
>

Fig. 6 | RhoGEFs and RhoGAPs provide positional information to Rho signalling regulation. a, Implication of nuclear-localized RhoGEFs and RhoGAPs in
cytokinesis. Distribution of z-scores for a number of multinucleated cells after genome-wide siRNA knockdown in MDA-MB-231 cells. Images of control

(MOCK) and TIAM2 RNA interference (siTIAM2) cells are shown as examples. Arrows indicate abnormal nuclei. Knockdowns were done in quadruplicate, and
the z-scores were calculated against the mean of all measurements. b, Stimulus-dependent relocalization of RhoGEFs and RhoGAPs. Confocal micrographs of
Hela cells coexpressing EGFR-CFP, mRFP-GRB2 and indicated YFP-tagged regulators before (Pre) and 1min after EGF stimulation. ¢, Left: C-Dock RhoGEFs and
LRCH family proteins form a highly interconnected network. The thickness of nodes represents the z-score, and the interactome was derived from the ‘bronze
list" (Supplementary Table 3). Right: domain architecture of the human LRCH and C-Dock proteins. d, Live confocal micrographs of MDCK cells expressing

the indicated YFP-tagged LRCH and C-Dock proteins alone, or indicated proteins together, revealing the recruitment of C-Dock RhoGEFs from the cytosol to
the cell periphery by LRCH2. Line scans show colocalization of proteins. e, DOCK7 binds all four LRCH proteins. Representative IP of mCherry-DOCK7 with
FLAG-tagged LRCH proteins or FLAG-Cherry control from HEK293T cell lysates. f, LRCH4 binds all C-Dock RhoGEFs, but not DOCK9. The DOCK-DHR2
domain is sufficient for binding. Representative IP of FLAG-LRCH4 with indicated mCherry-tagged Dock proteins or DOCK7-DHR2 fragment. g, The LRCH2
leucine-rich repeats probably mediate the interaction with DOCKS, while the CH domain is dispensable. Representative IP of YFP-DOCK8 with FLAG-tagged
full-length LRCH2 or fragments. h, Upper: live confocal micrographs of MDCK cells coexpressing CFP-LRCH4 together with the ER marker PTP1B-YFP, revealing
colocalization. Truncation of the putative LRCH4 transmembrane region (LRCH4-ATMR) causes its relocalization to the cell periphery. Lower: the CH domain
of LRCH2 is sufficient for its targeting to the cell periphery. i, Cytochalasin D experiment (as in Fig. 5b), revealing actin association of a YFP-tagged LRCH2 CH
domain fragment. Scale bars, 10 um (b, d, h and i) or 50 pm (). All confocal images are representative of three independent experiments. Data shown in e-g
represent two independent experiments. Numerical source data and unprocessed blots are available in Source Data Fig. 6.
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is coupled to cycles of RACI1-dependent lamellipodial protrusion
at the leading edge and to RHOA-dependent myosin II contractil-
ity in the proximal lamella'”. Consistently, recent studies of REF52
fibroblasts, a cell line frequently used for studying FA dynamics,
have pointed to the existence of RAC1 and RHOA activity zones at
the leading edge during isotropic cell spreading”. How protrusion—
contraction cycles are spatially regulated and coupled to changes in
mechanical tension in the cell is not understood. We therefore inves-
tigated whether adhesions act as scaffolds that specifically position
GEFs and GAPs to control such activity zones. TIRF microscopy
of isotropically spreading REF52 cells revealed a continuum of
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centripetally maturing adhesions® and remarkably distinct localiza-
tion patterns of the regulators (Fig. 7d). Quantification of RhoGEF
and RhoGAP fluorescence along these structures in concentric sam-
pling regions (Fig. 7e,f; Extended Data Fig. 9a; Supplementary Fig. 3)
and z-scoring and clustering of the normalized distributions (Fig. 7f)
revealed a striking segregation of RAC1 regulators. While all RAC1-
GAPs were enriched on mature FAs towards the cell centre, all
RAC1-GEFs were preferentially targeted to peripheral adhesions.
SRGAPI1 and ARHGAP39, two RACI-GAPs implicated in SLIT-
ROBO signalling****, were separately clustered. The four FA-binding
RHOA-specific GAPs clustered less uniformly. Interestingly, the
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GAPs DLC1 and STARD13 accumulated in the periphery in a simi-
lar pattern to that of RAC1-GEFs. The only FA-localized RHOA-
specific GEF in our screen, VAV3, was enriched towards the cell
centre and clustered together with RAC1-GAPs. Notably, we did
not find any other previously reported FA-localized RHOA-GEFs
on these structures (Supplementary Table 4). These results sug-
gest a mechanism whereby FA scaffolds, presumably by relaying
mechanical inputs to the FA-localized RACI regulators, spatially
segregate GEF and GAP activity between the periphery and cell
centre to shape the prominent leading-edge RACI activity zone***.

Spatiotemporal RAC1 mechanosignalling from integrin adhe-
sions. To understand how the positioning of regulators on adhe-
sions generates Rho GTPase activity patterns and is coupled to
mechanical forces in the cell, we used the Rho kinase inhibitor
Y-27632 to perturb actomyosin contractility and reduce cytoskel-
etal tension. Y-27632 treatment caused increased protrusion and
the disassembly of mature FAs* and led to the disappearance of the
regulators from these structures. However, while the RACI-GAPs
remained largely cytosolic, all RAC1-GEFs accumulated on newly
forming, edge-localized FA precursors (focal complexes (FCs))
(Supplementary Videos 1-6; Fig. 8a; Extended Data Fig. 10). This
striking RAC1-GEF edge relocalization and the loss of RAC1-GAPs
could explain the previously observed Y-27632-induced RACI acti-
vation at the leading edge®. This suggests that RAC1 regulators on
integrin adhesions can directly translate the mechanical state of the
cell into RAC1 activity patterns in migrating cells. The RHOA-GAPs
DLC1 and STARD13 similarly accumulated on FCs. This pattern
may further contribute to the control of the protrusion-contraction
balance via reciprocal RHOA and RAC1 regulation'”*.

Finally, we analysed adhesion-related RAC1 signalling modali-
ties in post-spreading REF52 cells in a highly contractile state and
imaged RAC1, CDC42 and RHOA biosensor activity on large
mature FAs that accumulate at the cell periphery (Fig. 8b). To
provide a high signal-to-noise ratio, we used oblique illumination
microscopy to preferentially image the plasma membrane. We dis-
covered a prominent reduction in RAC1 activity on FAs (Fig. 8b,c),
which probably reflects the accumulation of RACI-specific GAPs
on mature FAs that are stabilized by the elevated contractile forces.
By contrast, we did not observe any specific RHOA or CDC42 activ-
ity patterns at such FAs.

Our data suggest a role of RAC1-GEFs and GAPs in mecha-
nosignalling. We propose that maturing integrin adhesions serve
as spatially organizing platforms that enable these regulators to
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transduce mechanical cues from actomyosin into RACI activity
patterns to control protrusion—contraction dynamics in migratory
cells (Fig. 8d).

Discussion

Understanding how Rho GTPases spatiotemporally orchestrate
morphodynamic processes is a long-standing challenge. A central
question is how Rho signalling activity is established in narrow
zones in cells while all involved proteins are subject to rapid entro-
pic leakage. Recent studies have challenged the perception of Rho
signalling as a ‘GTPase-centric’ process, with a static GTPase that is
sequentially regulated by a GEF and GAP to control a single cyto-
skeletal structure'*'.

Here, we provided a family-wide analysis of RhoGEFs and
RhoGAPs that maps the cellular repertoire of context-specific Rho
regulation and unveiled emergent organization principles of Rho
signalling at the systems level. It establishes the framework for a
‘regulator-centric’ model in which RhoGEFs and RhoGAPs con-
textualize and spatially delimit the diffusional flux of Rho GTPases.
They do so by providing positional information based on the place-
ment of the enzymes on dedicated cellular structures and the assem-
bly of additional signalling network components. Most regulators
are autoinhibited, presumably due to the back-folding of adjacent
regions onto the catalytic domains, thereby preventing access to sub-
strates**. This suggests that RhoGEFs and RhoGAPs are poised to
effectively respond to local regulation, a mechanism that further spa-
tially confines their activity and allows rapid adaptation to changes
in stimulus. Many regulators associate in collaborative networks,
such as the PLEKHG4B-ARHGEF11-ARHGEF12 complex char-
acterized here. This cooperativity, together with the promiscuity of
the GEFs and GAPs, increases their combinatorial possibilities to
control downstream signalling. It allows them to simultaneously
engage multiple Rho GTPase family members and to precisely tune
their activities. This also explains why the ectopic expression of
RhoGEFs and RhoGAPs leads to a continuum of cell morphologies
rather than the clear-cut cell shapes observed after global expression
of activated forms of the GTPases* (Supplementary Information).
Cooperativity also allows for tight coupling of Rho activation and
inactivation, which can limit the spread of Rho activity zones and
increase the responsiveness of the morphodynamic process'”. Such
interactions within similar protein classes have been described
for phosphatases and kinases to interlink distinct types of cellular
responses and to add robustness to signalling systems'’*. Diffusion
spreads the active GTPases from the site of morphogenetic signalling.

3>
>

Fig. 7 | Enrichment and spatial segregation of RhoGEFs and RhoGAPs on FAs. a,b, FA localization (@) and pericentric FA localization (b) of YFP-tagged
RhoGEFs and RhoGAPs revealed by TIRF microscopy of COS-7 cells expressing the marker mCherry-paxillin. Right panels show longitudinal and transverse
FA fluorescence intensity profiles of the white lines in the merged images on the left. Representative images of two independent experiments (with

three images obtained for each experiment) with similar localization are shown. See Supplementary Fig. 2 for the full dataset. Scale bars, 5um (black)

or 20 um (white). ¢, RAC1-specific and CDC42-specific regulators are enriched on FA and actin, respectively. Odds ratios for enrichment of RhoGEFs

and RhoGAPs with activity towards RHOA, RACT or CDC42 (as identified in the FRET screen, without ARHGAP42, ABR and BCR) on main subcellular

locations are shown. Left: values are for regulators with exclusive substrate specificity (exclusive, 64 GEFs and GAPs), with any promiscuous or exclusive
activity (active, 93 GEFs and GAPs) and for all active and non-active regulators (all, 138 GEFs and GAPs). Right: odds ratios for RACT regulators on FA with
exclusive (exclus.) substrate specificity calculated separately for RnoGEFs and RhoGAPs. Broken lines indicate no enrichment at odds ratio=1. P values
were determined by two-sided Fisher's exact test. d, TIRF images of isotropically spreading REF52 cells grown on fibronectin expressing the indicated YFP-
tagged proteins, showing their distribution on integrin adhesions as marked by mScarlet-dSH2 (a reporter for early and mature adhesions®). Normalized
intensity at adhesions is false colour-coded according to the scale. Images are representative out of 10, 21 and 13 cells, with similar results obtained,

for ARHGAP22, DOCK3 and paxillin, respectively. See Supplementary Fig. 3 for details and statistics. Scale bars, 10 um. e, Quantification of the relative
distribution of RAC1-specific GEFs and GAPs on adhesions (listed in Supplementary Table 5) in 0.8-um sampling regions from the cell edge to the centre,
and the remaining central region (see also Extended Data Fig. 9a and Supplementary Fig. 3). Means of n=9-23 cells from one experiment are shown (see
Supplementary Fig. 3 for details of n). Note that for RAC1-GAPs, co-transfection of RAC1-Q61L was required to balance GAP activity and induce proper
cell spreading. RAC1-Q61L expression did not alter the protein distribution on adhesions (Extended Data Fig. 9b-e). For RAC1-GEFs and paxillin control,
the plasma membrane marker K-Ras-HVR was co-transfected instead. f, Hierarchical clustering analysis heatmap of RhoGEF and RhoGAP distribution on
adhesions, as in b. The z-scores were calculated from the mean of n=9-23 cells from one experiment (see Supplementary Fig. 3 for details of n) for each
sampling region across all analysed proteins. Numerical source data are provided in Source Data Fig. 7.
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This is balanced by an efficient turnover of the GDP/GTP cycle, biochemical studies of selected regulators*>*". RhoGAPs are also less
which is mediated by the action of RhoGAPs in the vicinity of the interconnected in homotypic GAP-GAP complexes and have sig-
activated GTPases. We show that RhoGAPs are more promiscu- nificantly fewer domains than RhoGEFs (P=5X10"), and are there-
ous than RhoGEFs, a finding that is in agreement with previous fore potentially more autonomous from regulation. Moreover, only
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RhoGAPs localize to ‘non-canonical’ structures (comprising mito-
chondria, the Golgi, lysosomes, endomembranes and the endoplas-
mic reticulum) that are not primarily reported to host Rho signalling.
Rho activity detected at these structures, for example, CDC42-GTP
on the trans-Golgi®', may be fuelled by passive transport of the acti-
vated GTPase to this site rather than by local GEFs. These properties
may contribute to a housekeeping function of the RhoGAPs, which
allows them to efficiently reset the GDP/GTP cycle and prevent sig-
nal leakage to the cell volume. This is reminiscent of other reaction
cycles driven by the activities of opposing enzymes. Inactivating pro-
tein phosphatases, for example, also tends to display lower sequence
selectivity than their activating kinase counterparts™. The efficient
(re)cycling of Rho proteins through the confined activity zones
essentially requires RhoGDIs, which sequester inactive Rho GTPases
and facilitate their diffusional exploration of the cell.
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Our activity screen focused on RHOA, RAC1 and CDC42. Seven
other Rho family proteins are subject to similar GEF and GAP con-
trol'”>* and are awaiting enzyme-substrate characterization.

The finding that integrin adhesions are spatially organizing
platforms for the control of Rho signalling provides a mechanism
for the transduction of mechanical cues into morphodynamic
responses. Our data suggest that actomyosin forces are directly cou-
pled to the presence and abundance of GEFs and GAPs on FAs and
consequently to the spatiotemporal control of RAC1 at the leading
edge. The spatial patterning of its activities thereby correlates with
the distribution of protrusion and contraction processes, the key
determinants of cell motility. Further studies are needed to reveal
how the control of contractility via RHOA is coupled to this RAC1-
regulating system on FAs. This will enhance our understanding
of the antagonism of RHOA and RACI downstream of integrin
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Fig. 8 | Spatiotemporal RAC1 mechanosignalling from integrin adhesions. a, Time-lapse images showing RhoGEF and RhoGAP redistribution on
adhesions in isotropically spreading cells after Y-27632 addition (corresponding to Supplementary Videos 1and 2). REF52 cells were treated as in Fig. 7d.
Left: representative time points before and 30 min after addition of inhibitor. Right: kymographs of boxed regions on the left, with the cell edge marked

in red. The RACT-GEF DOCKS3, but not the RAC1-GAP ARHGAP31, localizes to peripheral focal complexes after Y-27632 treatment (as indicated by the
presence of dSH2 close to the cell edge). The data shown represent four and six independent experiments for DOCK3 and ARHGAP31, respectively.

b, Left and middle: RAC1, RHOA and CDC42 activity on mature FAs of REF52 fibroblasts. Cells were transfected with RHOA-2G, RAC1-2G and CDC42-2G
FRET sensors together with mCherry-paxillin, spread on fibronectin for >2 h and imaged by oblique illumination microscopy to bypass polluting signals
from RhoGDI-bound, inactive Rho GTPase pools in the cytosol. Magnifications of boxed regions are shown in the middle panels. Right: intensity plots
along the lines drawn in the images on the left show the distribution of the normalized FRET ratio (blue) and the paxillin intensity (red; given in arbitrary
units (a.u.)). Representative examples of analysed cells are shown. ¢, Quantification of the experiment in b. FRET ratios were measured for individual cells
in FAs, and the rest of the cell excluding FAs and spatial inhomogeneity is given as ‘FRET ratio FA/non-FA'. The red broken line indicates no difference
between FRET values in FA versus non-FA; a ratio >1indicates higher Rho GTPase activity in FAs, while a ratio <1 indicate lower activity (data are from
one experiment; for RAC1, n=366 FAs in n=14 cells; for RHOA, n=246 FA in n=11 cells, and for CDC42, n=87 FAs in n=8 cells). Boxplot centre lines
represent the median values, box limits the 25th and 75th percentiles, and whiskers extend 1.5 times the interquartile range from the 25th and 75th
percentiles. P values were calculated by Wilcoxon signed-rank test versus 1. d, Schematic showing that on maturing integrin adhesions, the segregation
of RAC1-specific GEFs and GAPs between the cell periphery and centre generates spatiotemporal RACT activity patterns that control the protrusion-
contraction dynamics in cells. Actomyosin mechanical forces (F,.,) correlate with the stability of mature FAs and therefore the abundance of RAC1-GAP
activity. Scale bars, 10 um (a and b). Numerical source data are provided in Source Data Fig. 8.
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Methods

Cloning of RhoGEF and RhoGAP cDNA expression library. After scanning all
human sequences (UniProt, 2015) with the Pfam® HMM models for the RhoGAP,
RhoGEF and DHR-2 domains using the hmmsearch function from the HMMER
package®’, 145 RhoGEFs and RhoGAPs were identified. A total of 141 full-

length cDNAs were curated through the MGC/ORFeome collection, the Kazusa
DNA Research Institute collection, gene synthesis (33 cDNAs, GenScript), the
contribution by authors of previously published materials and cloning from cDNA
libraries. A total of 116 out of 141 cDNAs matched the longest predicted isoform.
A total of 25 cDNAs represented slightly shorter forms, which, on average, lacked
only 3% of the full-length size. cDNAs were from human (112), mouse (26), rat
(2) and chimpanzee (1) genes. Expression libraries of mCitrine-YFP and mCherry
fusion proteins were generated using a modified Creator donor plasmid system
with flanking AscI and Pacl restriction sites® or the Gateway system (Thermo
Fisher) (Supplementary Table 1; Extended Data 1). All mutation and deletion
constructs were created by site-directed mutagenesis (Agilent Technologies). To
maintain potential carboxy-terminal PDZ-binding motifs present in 52 RhoGEFs
and RhoGAPs (37%)° (Supplementary Table 4), stop codons were introduced into
the Pacl site.

Mammalian cell culture. HEK293T, HEK293, COS-7, HeLa and REF52 cells were
grown in DMEM (Thermo Fisher), and MDCK cells were grown in modified
Eagle medium (Thermo Fisher), supplemented with 10% fetal bovine serum
(FBS, Biochrom) and 100 Uml™ penicillin-streptomycin (Thermo Fisher) unless
directed otherwise. HEK293T cells were transfected using polyethylenimine
(Polysciences), MDCK cells were transfected using Effectene (Qiagen), and
COS-7, HeLa and REF52 cells were transfected using Lipofectamine 3000
(Thermo Fisher). Stable RhoGDI-knockdown HEK293T cells were generated
using the following lentiviral short hairpin RNA (shRNA) target sequences:
CGTCTAACCATGATGCCTTAA (shRNA1; NM_004309.3-1198s1cl; the

RNAi Consortium (TRC)) or CAAGATTGACAAGACTGACTA (shRNA2;
NM_004309.3-503s1c1). The mCherry-paxillin COS-7 cell line was generated by
lentiviral infection with a mCherry-paxillin Gateway expression construct under
the control of the ubiquitin C promoter (provided by A. Léwer, TU Darmstadt).

Immunoprecipitation and western blotting. HEK293T cells were lysed in

NP40 lysis buffer (1% NP40, 20 mM Tris-HCL (pH?7.5), 150 mM NaCl, 1 mM
EGTA, 5mM NaF) with complete protease inhibitor cocktail (Roche) and N-
ethylmaleimide (Sigma). For immunoprecipitation, cleared lysates were added to
either FLAG-M2 affinity gel (Sigma) or protein G sepharose beads (Sigma) coupled
with anti-green fluorescent protein (GFP; ab290, Abcam). After 1h of rotation
(4°C), beads were washed three times in lysis buffer and eluted with Laemmli
buffer. The following antibodies were used for western blotting: FLAG (Sigma, M2;
1:5,000); GEP (Abcam, ab290; 1:10,000); RhoGDI (Santa Cruz, sc360; 1:2,000);
a-tubulin (Sigma, DM1a; 1:10,000); and mCherry (Abcam, ab125096; 1:2,000).
Protein bands were detected either by chemiluminescence or using a LI-COR
Odyssey imaging system (LI-COR Biosciences).

FRET biosensor-based RhoGEF and RhoGAP activity assay. HEK293T cells
were seeded in poly-L-lysine-coated (25ng pl) 96-well plates (u-Plate, ibidi) in
FluoroBrite DMEM (Thermo Fisher) supplemented with 10% FBS and allowed
to adhere overnight. For the RhoGEF screen, wild-type HEK293T cells were
transfected with 40 ng of FRET sensor, 80 ng of RhoGDI or mCherry control,
and 280 ng of RhoGEF or mCherry control. For the RhoGAP screen, RhoGDI-
knockdown HEK293T cells (shRNAZ2; Extended Data Fig. 2c—e) were transfected
with 30 ng of FRET sensor and 270 ng of RhoGAP or mCherry control. After
24h, the medium was replaced with FluoroBrite DMEM supplemented with 1%
FBS. Cells were imaged 48 h after transfection. For autoinhibition experiments,
the transfected ARHGEF5 isoform2 and ARHGEF16 isoform?2 plasmids were
reduced to 60 ng and 70 ng, respectively (filled to 280 ng with empty vector), to
adjust their expression levels to those of the corresponding longer isoforms. For
the PLEKHG4B, ARHGEF11 and ARHGEF12 FRET experiments, cells were
transfected with 40 ng of FRET sensor, 80 ng of RhoGDI or mCherry control,
140 ng of mCherry-labelled RhoGEF or mCherry control and 140 ng of miRFP670-
labelled RhoGEF mutants or truncations or miRFP670 control. For titration
experiments, total DNA levels were filled to the same amount with mCherry or
miRFP670 plasmid.

FRET experiments were performed on an Olympus IX81 microscope equipped
with an UPLSAPO Xx10/0.4 numerical aperture (NA) air objective, a MT20
150 W xenon arc burner light source (Olympus) and a temperature-controlled
incubation chamber to maintain 37°C, 5% CO, and 60% humidity. Images were
acquired with a water-cooled EMCCD camera (Hamamatsu) at 16-bit depth.
The following combinations of excitation filters (Ex), dichroic mirrors (DM) and
emission filters (Em) were used: donor channel Ex: 430/25, DM: zt442RDC, Em:
483/32; FRET-acceptor channel Ex: 430/25, DM: zt442RDC, Em: 542/27; acceptor/
mVenus channel Ex: 500/20, DM: zt514RDC, Em: 542/27; mCherry channel
Ex: 572/23, DM: HC BS 593, Em: 623/24; miRFP670 channel Ex: 640/30, DM:
R405/488/561/635, Em: 692/40. Five fields of view were imaged for each condition
in each of the above channels and transmission light channel.

Raw image datasets were processed using a custom Fiji script. First, raw images
were smoothed by Gaussian filter convolution with a radius of 1 pixel and then
background-corrected by subtracting the average background images. Regions of
interest were generated based on the acceptor channel, the mCherry channel and,
where needed, miRFP670 channel images, and low-intensity pixels from donor
and FRET-acceptor channels were excluded. FRET ratio (R) images were created
by dividing the FRET-acceptor channel by the donor channel image on a pixel
basis. Within the region of interest, average intensities of the FRET ratio image and
images of the acceptor, mCherry and miRFP670 channels were measured.

Average FRET ratios of five fields of view were normalized to control. For the
RhoGEF screen, four control wells were averaged per plate, while for the RhoGAP
screen, three control wells. Thresholds to assign RhoGEF and RhoGAP activities
were defined as a multiple of the standard deviation (o) of control+RhoGDI
(RhoGEEF screen) or control (RhoGAP screen), based on the following precision
recall analysis benchmarks: 14 3¢ of control+RhoGDI for RHOA (1.0619),
1+ 1.506 of control+RhoGDI for RAC1 (1.0121), 1+ 1.76 of control+RhoGDI for
CDC42 (1.016) for the RhoGEF screen and 1 -40 of control (0.9265) for RHOA,
1-40 of control (0.9603) for RAC1, 1- 26 of control (0.9779) for CDC42 for the
RhoGAP screen.

For direct comparison of the catalytic activities of a given RhoGEF or
RhoGAP towards the three GTPases tested, the change in FRET ratio compared
to control+RhoGDI (RhoGEF screen) or control (RhoGAP screen) (AR) was
normalized to the maximal observed FRET ratio change (AR;,x). For RhoGEFs
and RhoGAPs with activity towards multiple substrates, only those above 20% of
the main substrate activity were taken into account.

To assess potential autoinhibition activities of RhoGEFs and RhoGAPs
by semiquantitative FRET analysis, changes in FRET ratio (R) compared to
control+RhoGDI (RhoGEF screen) or control (RhoGAP screen) were calculated
(AR). The RhoGEF or RhoGAP mCherry intensities were then normalized to the
mCherry control intensities, and the AR of each of the two regulator constructs
were then each divided by their corresponding normalized mCherry intensities.

Literature survey of RhoGEF and RhoGAP specificities. Information from 450
publications with claims of catalytic activities of RhoGEFs and RhoGAPs towards
RHOA, RACI1 and CDC42 was collected. Since the resulting ‘integrated’ specificity
list (Supplementary Table 2) was highly inconsistent owing to differences in the
experimental approaches used (Supplementary Information), separate datasets for
activities detected in vitro and in vivo were generated. An entry of a regulator in
these lists (‘activity’ or ‘no activity’ towards the three GTPases) was only accepted
if either no conflicting study existed or a conflicting report could be overruled

by three consistent studies. Finally, a ‘reference list’ was generated that excludes
mismatches between the in vitro and in vivo lists.

RhoGEF and RhoGAP interactome acquisition and analysis. Sample
preparation and MS. 3XFLAG-tagged and mCitrine-YFP-tagged RhoGAP and
RhoGEF expression plasmids were transiently transfected into HEK293T cells
and, separately, stably integrated mCitrine-YFP-tagged RhoGEF and RhoGAP
constructs into HEK293 cells. Cells were lysed in NP40 buffer and proteins were
isolated using anti-FLAG M2 (Sigma) or packed GFP-trap (Chromotek) sepharose
beads following standard procedures (Supplementary Information). Samples

were processed using a solid-phase digest protocol using proteomic reactors® or
spin-tips. A subset of samples (search task numbers 285 and 748) were digested
‘on-bead’ (Biostudies:S-BSST160; Supplementary Information).

Digested samples were processed on a ThermoFisher LTQ linear ion trap, a
ThermoFisher LTQ-Orbitrap or a SCIEX TripleTOF 5600 (Biostudies:S-BSST160)
as detailed in the Supplementary Information. Data were acquired in a data-
dependent manner. MS/MS spectra were searched against the latest human
proteome at the time (RefSeq (v.42 and v57)”) using the Mascot (Matrix Science)
spectral matching program. Search engine results from each run were submitted
to the ProHits platform”. Conversion and Mascot parameters are detailed in
Biostudies:S-BSST160.

For samples submitted to PRIDE under the accession PXD010084
(Biostudies:S-BSST160), proteins were digested on-beads with trypsin as
previously described’” and desalted using the stage-trip protocol” (Supplementary
Information). MS acquisition occurred in the data-dependent mode using the top
20 peaks for MS2 fragmentation at a resolution of 70,000 for MS1 and 15,000 for
MS2 and a maximum injection time of 100 ms for MS2. Database searching was
performed using MaxQuant (v.1.5.2.8)™, with oxidized methionine, deamidation
on asparagine and glutamine as well as acetylated N termini as variable
modifications and carbamidomethylation as a fixed modification against a human
UniProt database (2017-01) and a peptide and protein false discovery rate (FDR)
cut-off value of 1%. We performed protein-level quantitation using the MaxLFQ
algorithm” with the match-between-runs option turned on without requiring MS2
for LFQ comparisons.

Interactome network construction. For data filtering, false positives carried over
from previous samples were removed. Total peptide counts were then normalized
by protein sequence length. To increase the score weight of prey from better
quality runs, the normalized prey total peptide counts were multiplied by that of
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the corresponding bait. To identify proteins that were statistically more abundant
as prey of specific baits (in specific samples), only prey with normalized counts
greater than the upper limit of the 99% prediction interval were kept using their
distribution across all samples as background. For bait-prey combinations tested
in multiple replicates, the top two normalized prey counts were averaged for the
background distribution. A frequency and Mascot score cut-off was then defined
that achieved a precision greater than 75% (7% and log(score) = 6.3 respectively;
positive dataset: HIPPIE database’®, negative dataset: negative controls). Prey were
removed if they did not meet these cut-off values and appeared in the CRAPome
database” with a positive score. A FDR (based on DECOY sequences) of less than
1% was also a MASCOT cut-off score requirement. Additionally, prey appearing
with fewer than three total unique peptides across bait samples were removed as
interactors of these baits. The resulting list constitute the ‘bronze list’ of interactions.
Finally, the ComPASS z-score’ was calculated and a silver cut-off was defined
(minimum precision of 70%) as well as a gold cut-off (maximum Matthew
correlation coefficient). Samples processed by different machines were separately
treated. The code for this analysis can be found at https://gitlab.ebi.ac.uk/petsalaki/
the-rhome. The amount of data generated from the baits analysed by a Q Exactive
HF-X instrument (see above) were insufficient to create a background distribution
or to calculate the 99% prediction interval, as were the number of known true
interactions. As at least two replicates for these runs existed, SAINTexpress’” was
applied and the following parameters were required: a cut-off value >0.3 for the
SAINT score, a z-score >1, a bait sequence coverage of at least 15% and a project
frequency <50%. This latter cut-off seems lenient, but several of our baits interacted
with each other in this set (Extended Data Fig. 4) and therefore had a high project
frequency. Finally, all interactome datasets were merged, the project frequency
recalculated over the entire project and prey with a frequency >10% were removed.

Pathway enrichment. Pathway enrichment analysis (Extended Data Fig. 3a) was
performed using ReactomePA™. Pathways were merged if they had a highly
overlapping Pearson’s correlation of components value of >0.7. Clustering was
done using the hclust function in R*'.

Interactome quality. Quality control of our interactome was done by comparing

our data to Bioplex 2.0 (ref. *). Only open reading frames that had a similar

sequence length (£10%) to our constructs were used (Supplementary Information).
Interactions were compared to the IntAct database® for ‘novelty’ For calculation of the
tissue-specific coexpression of binding partners, GTEx v.7 was used (www.gtexportal.
org; dbGaP accession phs000424.v7.p2). The background set comprised 5,000 % 5,000
random protein pairs, and significance was tested using two-tailed Wilcoxon tests.

SRE.L luciferase assay. Rho GTPase activity was assessed using the Rho-pathway-
selective SRE.L luciferase reporter as previously described™. HEK293T cells on
12-well tissue culture plates were co-transfected with 200 ng of pGL4.34 SRE.L
firefly reporter, 20 ng of pRL-CMV Renilla luciferase reporter (used as a control
for transfection efficiency) and 50 ng of 3XFLAG-tagged RhoGEF expression
constructs. The total amount of transfected DNA was kept constant between

wells by adjustment with 3XFLAG empty vector. At 16-20h post transfection,

cells were lysed in 140 pl NP40 lysis buffer containing complete protease inhibitor
(Roche) and 1 pgml™ Dnase I (New England BioLabs) for 20 min at 4°C on

a rocking shaker. Transcription levels of Renilla and firefly luciferase were
measured using a Dual-Glo Luciferase Assay System (Promega) following the
manufacturer’s instructions, using 20 pl of lysate in a 96-well white flat-bottom
microplate (Greiner Bio One) in an Infinite M200 PRO plate reader (Tecan). Firefly
luminescence intensity was normalized to Renilla luminescence intensity. After
taking aliquots for the luciferase assay, lysates of triplicates were pooled for analysis
of protein expression by western blotting.

G-LISA assay. RHOA, RAC1 and CDC42 G-LISA kit activity assays (Cytoskeleton)
were performed according to the manufacturer’s instructions. In brief, 20 h after
transfection, HEK293T cells were washed in ice-cold PBS, lysed with G-LISA kit
lysis buffer and centrifuged. Aliquots for estimating protein concentration were
collected, and remaining lysates were snap-frozen in liquid nitrogen. A total of
0.5mgml™" of protein was subsequently used per condition in the assay.

Confocal microscopy localization screen. MDCK cells seeded on glass-bottom
dishes (MatTek) were live-imaged 24 h post transfection on a Fluoview 1000
confocal microscope (Olympus) equipped with a UPLSAPO_60/1.3 NA silicon
immersion oil lens using the following Ex and Em settings: mCerulean-CFP Ex:
440 nm, Em: 460-500 nm; GFP, AlexaFluor488 Ex: 488 nm, Em: 500-545 nm;
mCitrine-YFP, Venus-YFP Ex: 515 nm, Em: 530-545 nm; AlexaFluor555 Ex:

559 nm, Em: 570-625nm; mCherry Ex: 559 nm, Em: 575-675 nm; AlexaFluor647
Ex: 635nm, Em: 655-755 nm. Images were also acquired using a Nikon/Andor
CSU-W spinning disk microscope equipped with a X100 oil CFI P-Apo A/NA 1.45/
WD 0.13 objective and an Andor iXON DU-888 EMCCD using the following
settings: mCerulean-CFP Ex: 445 nm, Em: 460-500 nm; mCitrine-YFP Ex: 514nm,
Em: 542-576 nm; mCherry Ex: 561 nm, Em: 582-636 nm; AlexaFluor647 Ex

637 nm, Em: 665-705nm. For GRB2 translocation experiments, HeLa cells were
imaged by time-lapse microscopy before and after the addition of 100ngml" EGE
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TIRF microscopy screen. COS-7 cells were reverse transfected and seeded on
glass-bottom dishes (MatTek). Images were taken 15-20h post transfection at
37°C on an Olympus IX81 microscope equipped with an APON X60/1.49 NA oil
immersion TIRF objective and a motorized four-line TIRF condenser (Olympus)
using a water-cooled EMCCD camera (Hamamatsu) at 16-bit depth. The following
Ex and Em settings were used: mCitrine-YFP, mEGFP Ex: 488 nm, Em: 525/50;
mCherry Ex: 561 nm, Em: 617/73; miRFP Ex: 640 nm, Em: 692/40. Fluorescence
intensity line scans were generated using the plot profile tool in Fiji. The pixel
intensity was averaged on a line width of 3 pixels and normalized to the average
intensity along the selection.

Cytochalasin D assay. MDCK cells on glass coverslips were transfected with
mCitrine-YFP-tagged RhoGEF or RhoGAP library constructs, treated for

30 min at 37 °C with 50 pM cytochalasin D (Focus Biomolecules), fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100/100 mM glycine and
blocked in 3% BSA. GFP primary antibody (Abcam, ab13970; 1:1,000) incubation
was performed at 4°C overnight, and Alexa Fluor488 secondary antibodies
(Molecular Probes, A11039, 1:1,000) were incubated for 30 min. CF568 Phalloidin
conjugate (Biotium) to stain actin filaments was added to the secondary antibody
mixture. Coverslips were mounted using ProLong Gold (Invitrogen).

Spatial segregation analysis of RhoGEFs and RhoGAPs on FAs. REF52
fibroblasts were reverse transfected 15-20h before imaging. Cells were trypsinized,
allowed to recover for 10 min and seeded on fibronectin-coated (25 pgml™) glass
(u-Slide glass bottom, ibidi) in FluoroBrite DMEM supplemented with 10% EBS.
After 30-80 min of seeding, images were taken using a TI2-E inverted microscope
(Nikon) equipped with a spinning TIRF illumination unit (VectorTIRE, 3i), a CFI
Apo x60/1.49 NA oil TIRF objective (Nikon) and an ImagEM X2 EM-CCD camera
(Hamamatsu) at 37 °C and 5% CO,. Images were analysed using a custom-made
script in Fiji. Images were corrected by dark-current subtraction and flat-field
correction. Adhesion complexes and cell outlines were segmented using mScarlet-
dSH2 and iRFP-RAC1-Q61L or miRFP-KRas-HVR channels, respectively.
mCitrine-YFP fluorescence intensity at adhesion complexes was normalized to the
average intensity at these structures and quantified from the cell edge to the cell
centre 14 times in 0.8-um sampling regions and in the remaining centre region.
Relative intensities of sampling regions were averaged across n=9-23 cells, and
the z-score was calculated for each sampling region across all analysed proteins.
Hierarchical clustering analysis was performed in Morpheus (https://software.
broadinstitute.org/morpheus) based on 1-pearson correlation using average
linkage. For Y-27632 experiments, REF52 cells were treated as described above and
imaged by time-lapse spinning TIRF recording. Y-27632 (10 ugml-') was added

40 min after seeding.

FA biosensor analysis. At 2h before imaging, REF52 cells were reseeded into black
6-well glass-bottom plates (Cellvis, p06-1.5H-N) coated with 10 ugml™ fibronectin
(Cornwell). Imaging was performed in phenol-red free DMEM (Sigma) containing
0.5% FBS (Sigma), 0.5% BSA (Sigma) and 4 mM L-glutamine (Sigma). Live-cell
microscopy was performed at 37 °C using laser-based autofocus on an Eclipse Ti
inverted fluorescence microscope (Nikon) with a Plan Apo VC A oil X60/1.4 NA
objective controlled by MetaMorph (Molecular Devices). For oblique illumination
imaging, 440-nm or 561-nm solid-state laser diodes integrated within a modular
TIRF system were used (ILAS2, Roper Scientific). FRET/mCherry illumination
experiments were performed using an Andor Zyla 4.2 plus (USB3.0) camera. All
images were acquired with 2 X 2 binning at 16-bit depth.

FRET data were analysed as described elsewhere'”. FA structures were
thresholded and used as masks based on the mCherry-paxillin signal using a
custom-made script in Python 3.0 (http://www.python.org). FA structures that
were >50 pixels in size were included in the analysis to ensure the analysis of
mature FAs and to exclude non-FA elements such as vesicular organelles. Data
analyses, processing and graphical visualization were performed in R (http://
www.R-project.org/).

High-content imaging. COS-7 cells were plated in duplicate in 384-well plates
and transfected with mCitrine-YFP-tagged RhoGEF or RhoGAP constructs

or empty mCitrine vector. Cells were fixed and permeabilized using 0.2%
Triton X-100/PBS for 15 min and incubated in 0.5% FBS/PBS for 1 h. Cells
were incubated with the primary antibodies mouse anti-a-tubulin (Thermo
Fisher, A11126; 1:1,000) and rabbit anti-GFP (Molecular Probes, A11122;
1:5,000) in 0.5% FBS/PBS overnight at 4 °C and with the secondary antibodies
Alexa Fluor647 goat anti-mouse (Molecular Probes, A21237; 1:500) and Alexa
Fluor488 goat anti-rabbit (Molecular Probes, A11008; 1:500) in 0.5% FBS/
PBS for 1h. Finally, cells were incubated with 10 pgml™' 4,6-diamidino-2-
phenylindole (DAPI)/PBS (Thermo Fisher) for 15min and washed twice in PBS.
All steps were performed at room temperature, including three washes in PBS
before each step.

Cells were imaged at X20 magnification using an Opera High Content
Screening System (Perkin Elmer) (35-40 images per well; Biostudies:S-BSST160).
Columbus Image Analysis software (Perkin Elmer) was used to segment images
and to detect cells. Poorly segmented or incompletely imaged cells were filtered
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out, and transfected cells were identified by their anti-GFP staining. A total

of 236 features quantitatively describing cell and nuclear morphology, DAPI,
a-tubulin and GFP staining intensities and textures of transfected cells were
analysed (Biostudies:S-BSST160). Z-scores were calculated as follows: Z = (well
mean score — YFP control well mean score)/YFP control well standard deviation
(Biostudies:S-BSST160).

Statistics and reproducibility. The FRET-based RhoGEF and RhoGAP activity
assay was run in three independent replicates, and the statistical significance

of all values above and below the threshold (RhoGEF and RhoGAP screen
respectively) was calculated using unpaired two-sided Student’s ¢-tests (observed
versus control+RhoGDI (RhoGEF screen) or observed versus control (RhoGAP
screen)). To prevent alpha error accumulation as a result of multiple hypothesis
tests, the Benjamini-Hochberg correction was applied as a FDR-controlling
procedure, with a=0.05.

When calculating the enrichment of a feature in our interactome, we used
10,000 iterations of a randomized network, derived from Bioplex 2.0 (ref. ™*), as
background, which maintained the size and degree distribution of our network.
When comparing enrichment of localizations, the Cell Atlas study or data from
Simpson et al.*” were used as background, as described in the main text. The
enrichment was calculated using the fisher.test function in R. To compare the
domain compositions of RhoGAPs and RhoGEFs, the distribution of the domain
numbers for RhoGAPs versus RhoGEFs was calculated using two-tailed Wilcoxon
tests (RhoGAPs: 3.2+ 2.4 versus RhoGEFs: 4.9 +3.6, P=5X10"). To identify
actin-binding proteins in our interactome, the keywords ‘actin binding proteins’
were used to search the UniProt database (UniProt, 2015; Biostudies:S-BSST160).
FA-associated proteins were extracted from the adhesome.org database™
(Biostudies:S-BSST160). Odds ratio and two-tailed Fisher’s exact tests were
calculated based on 2 X2 contingency tables.

To determine the RhoGEFs and RhoGAPs that contribute to cytokinesis,

a dataset comprising images of single MDA-MB-231 cells following genome-
wide knockdown was analysed®. Briefly, the percentage of multinucleated cells
was calculated in each RNA-interference-treated cell population from each well
by first identifying multinucleated cells using the ‘M’ nuclear segmentation
algorithm of the Columbus Image Analysis tool (PerkinElmer), and then dividing
this number by the total number of cells in the well. For each well a z-score was
calculated based on the mean percentage of multinucleated cells of the well. The
enrichment was calculated by assessing whether depletion of nuclear RhoGEFs
and RhoGAPs resulted in significant increases in the percentage of multinucleated
cells (based on z-scores) compared with non-nuclear RhoGEFs and RhoGAPs
(Wilcoxon test, two-tailed).

For all other data, data are represented as the mean +s.d., and statistical
analyses were performed using unpaired two-sided Student’s t-tests, unless
otherwise noted. Differences in the mean were considered significant at P <0.05.
In Fig. 4e, left, significance was determined using one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparisons. Significant levels were
ranked as follows: *P <0.05, **P<0.01, ***P <0.001, NS, not significant. Exact P
values are given in the numerical source data. The sample number (n) indicated
in the figure legends shows the number of independent biological samples run in
each experiment. Where representative experiments are shown, experiments were
repeated at least three times with similar results obtained, unless otherwise noted.
All replicate measurements were taken from distinct samples.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data collected and analysed in this study are available at http://the-rhome.
com. The protein interactions from this publication (silver dataset) have been
submitted to the IMEx (http://www.imexconsortium.org) consortium through
IntAct* and assigned the identifier IM-26436. The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE" partner repository
with the dataset identifiers PXD010084 and PXD010144. cDNA sequences have
been submitted to the European Nucleotide Archive (ENA) (accession numbers
1.5482294-1.5482434). All data can also be found at Biostudies:S-BSST160 (ref. ).
Source data for Figs. 1, 2, 4, 6-8 and Extended Data Figs. 2, 4 and 5 are available
online. All data supporting the findings of this study are also available from the
corresponding authors upon reasonable request.

Code availability

The code used for the filtering of the interactome data is available at https://gitlab.
ebi.ac.uk/petsalaki/the-rhome. The code for FRET analysis and FA localization
analysis is available at https://github.com/paulmarkusmueller/Mueller_et_al_2020
or from the corresponding authors upon request.
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Extended Data Fig. 1| Domain architecture of the human RhoGEF and RhoGAP proteins. The canonical isoforms of all 145 human RhoGEFs and RhoGAPs
containing all distinguishable domains, were collected from UniProt and clustered by multiple sequence alignment using ClustalOmega. The resulting
dendrogram and domain structures as predicted by SMART and Pfam (or by Prosite for ARHGEF37 and ARHGEF38) were assembled using iTol. Not all
domain families are listed, non-selected ones are indicated as ‘other’. IGc2, |G and |G_like were summarized as |G. OBSCN is downscaled by a factor of

0.5. Four cDNAs are not included in our collection: OBSCN (~8000a.a.), as well as ARHGEF33, ARHGEF37 and ARHGEF38 which were originally not
predicted as RhoGEFs.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Establishment of the FRET-based RhoGEF/RhoGAP activity screen. a, RhoGDI restores basal activity levels of overexpressed

Rho sensors, facilitating RhoGEF assays. Data represents mean + SD normalized to RhoGDI/sensor vector ratio O, n=5 FOV of one sample, experiment
repeated once with similar results. b, RhoGDI depletion increases the basal activity of the Rho biosensors, facilitating RnoGAP assays. Data represents
mean + SD normalized to WT, n=4 independent experiments. ¢, Western blot showing shRNA-mediated RhoGDI-knockdown in cell lines used in (b)

and (d) compared to virus and non-infected (WT) controls. Representative example out of three experiments with similar results. d, Biosensor response
to RhoGAPs is more pronounced in RhoGDI-depleted cells. Cell lines as in (c) were transfected with Rho sensors and RhoGAPs or mCherry (control).
Data represents mean + SD normalized to control of each cell line, n=4 independent experiments. e, FRET ratio is stable across a wide range of sensor
expression levels. Cells were transfected with indicated amounts of biosensor vector. mVenus intensity represents relative sensor expression levels. Data
represents mean + SD, n=3 independent experiments. p-values were calculated by unpaired two-sided Student's t-tests between each of the samples
under the line. f and g, Minimal RhoGEF or RhoGAP levels are sufficient to alter the Rho GTPase activity state. HEK293T (f) or RhoGDI-shRNA2 HEK293T
(g) cells were cotransfected with Rho sensors and increasing amounts of mCherry-tagged MCF2 (together with 80 ng RhoGDI where indicated, or 80 ng
mCherry) or increasing amounts of mCherry-ARHGAP1 or mCherry-ARHGAP22, respectively. mCherry intensities represent relative RnoGEF or RhoGAP
expression levels. Data represents mean + SD normalized to the O ng MCF2+RhoGDI sample or normalized to the O ng RhoGAP sample, respectively,
n=>5 FOV of one sample, experiment repeated once with similar results. h, The FRET assay detects only catalytically active RhoGAPs (WT) but not GAP-
deficient RK-mutants (ARHGAP4-R543K, ARHGAPT1A-R87K, ARHGAP40-R311K, FAM13A-R81K, SYDE2-R854K). Data represents mean + SD normalized
to WT control (mCherry), n=3 independent experiments. i, G-LISA pulldown assay data confirming the substrate specificities found in Fig. 1 for a subset
of regulators. RK: ARHGAP23-R986K in lysates. Data represents mean + SD normalized to YFP, n=3 independent experiments. j, Error-propagation in
pulldown assays due to fast GTP hydrolysis. Lysates of transfected HEK293T cells were either processed as fast as possible or with the maximum allowed
time according to manual, before processing by Cdc42 GLISA assay. Data represents mean + SD normalized to YFP, n=3 independent experiments.

(a-h) All p-values were calculated by unpaired two-sided Student's t-test against WT, CONTROL, YFP or O ng vector transfected or as indicated by lines
and ranked as ***p<0.001, **p<0.01, *p<0.05, n.s.=not significant. Source data including p-values is provided in Source Data Extended Data Fig. 2.
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Extended Data Fig. 3 | Reactome pathways enrichment analysis and GO Terms enrichment analysis. a, Pathway enrichment analysis was performed
using the ReactomePA function from Bioconductor. Clustering was done using the hclust function in R. b, GO Terms enrichment analysis was performed
using the Funcassociate 3.0 web server (http://llama.mshri.on.ca/funcassociate/). Edges between GO terms were calculated using vectors of the genes
included in the term and our set and calculating the Jaccard index. Highly redundant nodes were reduced manually to the most informative one for
improved visualization (e.g. among the nodes: ‘Cell process’, ‘regulation of cell process’, ‘positive regulation of cell process’, only ‘Cell process’ is kept).
Results were visualized using Cytoscape. Our 1292 interactions were used for this enrichment and as background the entire human proteome.
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Extended Data Fig. 4 | Validation of interactions between RhoGEFs and RhoGAPs identified by mass spectrometry. To assess the quality of the network
dataset, lysates of HEK293T cells transfected with the indicated YFP- and FLAG-tagged regulators or controls were immunoprecipitated (IP) as indicated
using either a FLAG or GFP antibody and subsequently immunoblotted using a corresponding GFP or FLAG antibody. Protein bands were detected either
by chemiluminescence or using a gel imaging system. 22 out of 26 RhoGEF/RhoGAP pairs tested were successfully validated in two independent repeats.
See Source Data_Extended Data Fig. 4 for unprocessed blots.
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Extended Data Fig. 5 | Characterization of the PLEKHG4B/ARHGEF11/ARHGEF12 multi-RhoGEF complex. a, PLEKHG4B, ARHGEF11 and ARHGEF12
interact via their N-termini. Immunoprecipitation assays (IP) performed in HEK293T cells expressing YFP-PLEKHG4B together with the indicated full-
length or truncated FLAG-ARHGEF11 or FLAG-ARHGEF12 constructs (left panel) or FLAG-ARHGEF11 or FLAG-ARHGEF12 together with the indicated
full-length or truncated YFP-PLEKHG4B constructs (right panel). Data are representative of 2 independent experiments. b, PLEKHG4B autoinhibition
is released by ARHGEF11 and ARHGEF12. Anti-FLAG Western Blot corresponding to the SRE-luciferase reporter activation data presented in Fig. 4e,
left panel, showing the expression of the transfected constructs. Mean + SD (n=3 independent samples of one experiment, representative out of three
experiments with similar results). Significance was determined using One-way ANOVA, followed by Tukey's multiple comparisons. Significance was
ranked as *** p<0.001. Numerical source data including p-values is available online. See Source Data_Extended Data Fig. 5 for unprocessed blots.
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Extended Data Fig. 6 | Cytochalasin D screen reveals actin-associated RhoGEFs and RhoGAPs. Confocal images of MDCK cells transiently transfected
with YFP fusion constructs of the indicated a, positive (upper panel) or negative (lower panel) control proteins, or b, YFP-tagged RhoGEFs and RhoGAPs.
Cells were treated for 30 min with cytochalasin D, fixed and stained for actin with phalloidin. YFP signals were enhanced by anti-GFP immunofluorescence
(green: YFP, red: actin in merged images). All 34 actin-associated regulators are displayed. Representative images of two independent experiments (with
five images obtained for each experiment) with similar results are shown. Scale bars: 10 pm. The assay not only reliably identified all 12 regulators that

we found to colocalize with actin in the primary confocal microscopy screen but also a set of known actin-associated proteins. No coaggregation was
observed for negative control proteins known either to be cytosolic or to localize to other compartments. In addition, ARHGEF11, a RhoGEF that associates
with actin filaments but is not detectable through microscopy on this structure, was found to coaggregate with actin, while a mutant deficient in actin
binding® (ARHGEFT1abm) did not.
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Extended Data Fig. 7 | RhoGEFs and RhoGAPs provide positional information to Rho signalling regulation. a, Images from genome-wide siRNA
knockdown screen in MDA-MB-231 cells, related to Fig. 6a. Shown are representative examples of abnormal nuclei in cells treated with siRNA against
the indicated eleven RhoGEFs/RhoGAPs identified in this study to localize in the nucleus. Experiment was done in quadruplicates. Scale bars: 50 pm.

b, Live confocal micrographs of Hela cells coexpressing EGFR-CFP, mRFP-GRB2 and the indicated YFP-tagged RhoGEFs/RhoGAPs before and 1min

after EGF stimulation (100 ng/ml), related to Fig. 6b. 25 candidate GRB2-interactors were tested: eight regulators identified in our interactome analysis
(Supplementary Table 3) and additional proteins listed in the BioGRID database (https://thebiogrid.org/). Hela cells were chosen because of their robust
responsiveness to growth factor stimulation, resulting in an almost complete GRB2 recruitment to the plasma membrane. Only direct interactors of GRB2
co-translocate to the plasma membrane to the same extent. Note, that ARHGEF5 isoform 2, lacking a large N-terminal portion, does not bind GRB2 and
remains cytosolic. Representative examples of three independent stimulation experiments with similar results are shown. Scale bars: 10 pm.
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Extended Data Fig. 8 | C-DOCK subfamily RhoGEFs interact with LRCH family proteins. a, Domain architecture of all human LRCH family proteins and
their isoforms and all eleven DOCK family proteins. Asterisks (*) mark LRCH protein isoforms used in this study. LRR: Leucin rich repeats; CH: Calponin
homology; TMR: transmembrane region; SH3: Src homology 3; PH: Pleckstrin homology; DHR: DOCK homology region. b, Live confocal micrographs of
MDCK cells expressing all four LRCH proteins (YFP). Note the compromised CH domain in LRCH3 isoform 3 used in this study which may account for

its cytosolic localization. ¢, The A-DOCK family protein DOCK2 (YFP) is not recruited by LRCH2 (CFP) to the periphery of MDCK cells. Live confocal
micrographs related to Fig. 6d. d, Live confocal micrographs of MDCK cells coexpressing CFP-DOCKS8 and the indicated LRCH proteins and fragments
thereof, showing the recruitment of DOCKS to the endoplasmic reticulum by LRCH1 and LRCH4, or to the cell periphery by LRCH4-ATMR. LRCH2-CH,
lacking the Leucine rich repeats, cannot recruit DOCKS to the cell periphery. e, Live confocal micrographs of MDCK cells coexpressing CFP-LRCH1 and the
ER marker PTP1B-YFP, revealing their colocalization (related to Fig. 6h). f, Cytochalasin D experiment related to Fig. 6i, revealing actin association of full-
length LRCH2. Scale bars: 10 pm. All confocal images are representative of three independent experiments with similar results.

NATURE CELL BIOLOGY | www.nature.com/naturecellbiology


http://www.nature.com/naturecellbiology

RESOURCE

distance from cell edge [um]

distance from cell edge [um]

>
194
o
-l
o
m
~
w—l
i
o
w
o
=
<
4

== 2 center e 2 center
* = - _§ Moa-112_, L. _&Mo4a-112_,
—e—i < O ——_ S5 (96-104 § - £5196-104 €
—o—i S5 S 8¢ 1 88-96 — s gz | 88-96 &
—eo—i 30 = @8 | 80-88 S = 48| 80-88 &
= = 72-80 8 = 72-80
— o)) g . 64-72 F e - 64-72 3
—— c 7] k= 56-64 2 5 . 56-64 2
—— 3 3 & 48-56 § 8 £ 48-56 §
o || E &= oy i el
-40 8 2-40 8
@ = 24-32 § E ] 24-32 §
—o—i 7] = =t t16-24 2 = 2N 16-24 B
i e —— [N 08-16 °© = nu 08-16 °
h M m— “cfoo-0e = “} 00-08
ot 2 3 2 oW
192 P oo sres Sl
roi| @ Q9=
S © o v - 2 Lo, - 2 | center m m m
i : - 5 —_ = T -9 - —_ o & Ho4-112_
a ~ «~ o £ Eo 21 [96-104 € A 37 96-104 E
Ajisuajul aniejal = E 58 1 88-96 = = £% [8e-96 = _ _ _
g : O ) = #8 | 80-88 & > i #8 [ 80-88 %
© o \H\” MWlwm 9 M ['3 72-80 @ 1
- 3 - ] & 64-72 F center
% - s ) 56-64 & | = s6-64 8
.S g —aB Mwumm 4 W “\ umvwm § 10.4-11.2
ErC S 8 R 32-40 8 < E 32-40 8 9.6-104
AES] s il ool 247328 - o |24-32§ 88-96
cOE 3 el = wmumm 2 = S0 16-24 3
2B = Luyos-1e ., Lifoenis 8.0-88
z° ~ s z s s 5 g 72-80
o 17} Ausuejur annejas ] Aysusjur annejal N 64-72
5 56-6.4
o el 48-56
£2 40-4.8
°.9Q 32-40
ED ¢ 24-32 °
c|& @ - 4-3.
Sl al%s 16-24
8 © 0.8-1.6
S e} 0.0-08
£ o 6 ¥ 4 9 @ o %
% c © - M - - o o o
90O « o JIsusjuI SAne|el
7] +
0 ®
5 €
4 —
center
10.4-11.2
9.6-104
Ny, M 8.8-9.6
S 5 3 8.0-88
8= |- < ¢ b 72-80
s g & 4 64-7.2
© ) © ° 56-6.4
e
5 [ 48-56
g & 40-48
o [ s o) 32-4.0
P © © 24-32
) [ 4-3.
o 16-24
% 08-1.6
o 0.0-0.8
= S —
© < N O o ©
o < < < <05 oo
Kysusyul anejas
© NIT1IXVd 2ZdVOHYY ZNHO ¢3AAS NZL1-LOVd

Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Spatial segregation of RAC1-specific GEFs and GAPs on integrin adhesions in spreading cells. a, Quantification of RhoGEF/
RhoGAP distribution on integrin adhesions. REF52 fibroblasts were transfected with YFP-tagged regulators and the adhesion marker mScarlet-dSH2,
together with the plasma membrane marker miRFP-KRas-HVR, or with iRFP-RAC1-Q61L for RAC1-specific GAPs, to balance the GAP phenotype (see
(b-e)). Normalized intensity at adhesion complexes is false colour-coded as indicated. Graph shows normalized mean intensity over all pixels of each
sampling region + SD (n=number of pixels in each sampling region) of the example cell on the left. See Methods for details. b, The spreading phenotype
induced by RAC1-specific GAPs can be re-balanced by coexpression of low levels of constitutively active RACT (RAC1-Q61L). Dominant negative RAC1
(RAC1-T17N) causes a spreading phenotype similar to RAC1-specific GAPs. REF52 cells were transfected with YFP-tagged Paxillin control, the exemplary
RACT-specific GAPs ARHGAP22, CHN2 or SYDE2, or dominant negative RAC1 (RAC1-T17N)), together with mScarlet-dSH2 and miRFP-KRas-HVR
(control, left panel) or iRFP-RAC1-Q61L (right panel). Experiment was repeated three times with similar results. ¢, Expression of RAC1-Q61L does not alter
the relative distribution of actin, paxillin and phospho-tyrosine on integrin adhesions in isotropically spreading cells. REF52 cells were transfected with
mEGFP-LifeAct or mEGFP-Paxillin, together with mScarlet-dSH2 (phospho-tyrosine adhesion marker) and miRFP-KRas-HVR (control) or iRFP-RACI1-
Q61L. d, Expression of RACT-Q61L does not alter the relative distribution of ARHGAP9 in isotropically spreading cells. ARHGAP9 is a RAC1-specific GAP
showing only a mild spreading phenotype. REF52 cells in (b), (c), and (d) were treated as in (a). nin (c) and (d) is given as number of analyzed cells inside
the graph. e, Expression of RAC1-GEFs, or of RACT-GAPs together with RAC1-Q61L, does not alter the relative distribution of dSH2 on integrin adhesions
in isotropically spreading cells. Left panel: Quantification of GEF/GAP distributions as shown in Fig. 7e, right panel: corresponding distributions of dSH2.
Means of n=9-23 cells from one experiment are shown (for details on n see Supplementary Information Fig. 3). All scale bars: 10 um. Boxplot centre lines
in (c) and (d) represent the median values, box limits the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles.
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Extended Data Fig. 10 | RhoGEF/RhoGAP re-distribution on focal adhesions in isotropically spreading cells upon Y-27632 addition. Timelapse images
showing RhoGEF/RhoGAP re-distribution on adhesions in isotropically spreading cells upon Y-27632 addition (corresponding to Supplementary Videos
3-6). REF52 cells were treated as in Fig. 7d. Left panel: representative timepoints before and 30 min after addition of inhibitor. Right panel: kymographs
of boxed regions with the cell edge marked in red. Note, that the RAC1-specific GEF ARHGEF®6, as well as the RHOA-specific GAPs DLC1 and STARD13,
localize to early nascent adhesions after Y-27632 treatment (as indicated by dSH2 close to the cell edge), whilst the RAC1-specific GAP SYDE2 does not.
Data shown represent four, five, three and four independent experiments for ARHGEF6, DLC1, SYDE2 and STARD13, respectively. All scale bars: 10 um.
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statistical power. For each RhoGEF/RhoGAP, we performed at minimum 2 replicates of the pull downs for mass spectrometry, as is standard
practice in the field. The RhoGEF/RhoGAP substrate specificity screen was performed at 3 independent replicates. Further information on
sample size can be found in the figure legends and the methods section.

>
QO
—
C
=
(D
=
D
W
(D
Q
=
@)
>
=
(D
©O
]
=
>
(e}
%)
c
3
QO
=
<

Data exclusions  AP/MS samples were excluded if the bait was not detected in the peptides identified, as this indicates that the experiment was unsuccessful.
These criteria were pre-established.

Replication Pull down samples were performed at least twice with different tags to ensure that the prey identified are not artifacts of the tag used on the
bait. Further information on replication can be found in the figure legends and the methods section. All attempts at replication were
successful.

Randomization  No experimental groups were defined in this study as it is a systematic study of mammalian RhoGEFs/GAPs and therefore no randomization
was required.

Blinding No experimental groups were defined in this study as it is a systematic study of mammalian RhoGEFs/GAPs and therefore no blinding was
required.
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Rabbit anti-RhoGDI (WB), Santa Cruz, sc360, 1:2000
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Cell line source(s) HEK293T were obtained from ATCC (#CRL-3216), MDCK Il from Prof. Philippe Bastiaens (MPI Dortmund), COS-7 from ATCC
(#CRL-1651) and REF52 cells from Prof. Klemens Rottner (HZI Braunschweig). COS-7-Cherry-Paxillin and HEK293T-RhoGDI-
shRNA#1 and -shRNA#2 were generated in our laboratory.
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