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Abstract
Rho family small GTPases are essential for cytokinesis completion. Rac-
GAP1, a dimeric multidomain protein with a lipid-binding C1 domain and a
GTPase-activating protein (GAP) domain, is a major regulator in this pro-
cess. However, despite many cellular and biochemical studies, whether
RhoA or Rac1 is the actual substrate inactivated by RacGAP1 has
remained a matter of debate. Rho family GTPases are inactivated by their
GAPs on membranes, but the activity and specificity of RacGAP1 have only
been studied biochemically in solution. Here, we reconstituted RacGAP1 in
a membrane environment, using liposomes and highly purified proteins. Our
study reveals that PS is a major lipid required for RacGAP1 membrane-
binding in addition to PIP2, and that the GAP domain cooperates with the
C1 domain for membrane-binding. Consistently, fluorescence-based kinet-
ics show that membranes potentiate the activity of RacGAP1 and of the
C1GAP and GAP constructs towards Rac1. However, membranes do not
modify RacGAP1 marked specificity for Rac1, identifying it as a
Rac1-selective GAP. The Rac1-GDP-Pi crystal structure and mutagenesis
identify the switch 1 and the insert region as important determinants for this
specificity. Together, our results suggest a structural model in which the
Rac1-RacGAP1 complex associates snugly with the membrane to efficiently
remove Rac1 from the division plane.
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1 | INTRODUCTION

Cytokinesis, which occurs at the end of cell division,
involves the formation of the cleavage furrow, which posi-
tions the division plane leading to daughter cells
(reviewed in Wadsworth, 2021). A major regulator in this
process is RacGAP1 (also known as MgcRacGAP, and
called CYK-4 in C. elegans) (reviewed in White &

Glotzer, 2012). RacGAP1 is also known as a subunit of
centralspindlin, in which it forms a complex with the kine-
sin motor MKLP1 that is essential for the assembly of the
mitotic spindle and the completion of cytokinesis
(Mishima et al., 2002; Pavicic-Kaltenbrunner et al., 2007).
RacGAP1 is a multidomain protein comprised of a dimeric
N-terminal coiled coil region, where MKLP1 binds, a lipid-
binding C1 domain and a GTPase-activating protein
(GAP) domain that inactivates small GTPases of the
Rho/Rac/Cdc42 subfamily, flanked by regions ofPavlina Dubois and Yann Ferrandez have contributed equally to this study.
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undefined structure (Jantsch-Plunger et al., 2000; Toure
et al., 1998) (Figure 1a). The structures of the coiled-coil,
C1 and GAP domains have been determined (Lekomtsev
et al., 2012; Murayama et al., 2024; Pan et al., 2021). The
C1 domain has a conventional diacylglycerol-binding
C1 fold (Lekomtsev et al., 2012). However, it binds to
phosphatidylinositol 4,5-bisphosphate (PIP2) and phos-
phatidylinositol 4-phosphate (PI(4)P) phosphoinositides
in vitro and is necessary for the association of RacGAP1
to the plasma membrane, suggesting that its role is to link
the mitotic spindle to the plasma membrane by binding to
these lipids (Lekomtsev et al., 2012). The structures of
the GAP domain in complex with Cdc42 or fused to RhoA
carrying a phosphomimetics, both bound to GDP and the
transition state phosphate analog AlF3 (Murayama
et al., 2024), showed that the GAP domain is highly simi-
lar to that of conventional GAPs which inactivate small
GTPases of the Rho/Rac/Cdc42 subfamily by stimulating
the hydrolysis of GTP into GDP (reviewed in Cherfils &
Zeghouf, 2013). In particular, the GAP domain features a
conserved arginine (“the Arg finger”) which points into the
GTP-binding site, as observed in structures of related
RhoGAP/Rho GTPase complexes where it is critical for
GTP hydrolysis (Rittinger et al., 1997). Accordingly, muta-
tion of the Arg finger in RacGAP1 produces a GAP-dead
mutant that is unable to support cytokinesis completion,
which underlines the functional importance of the GAP-

stimulated reaction (Canman et al., 2008; Miller &
Bement, 2009; Zhang & Glotzer, 2015).

However, the identity of the actual substrate of Rac-
GAP1 has remained a matter of debate despite many
in vitro, cellular and genetics studies (reviewed in
Basant & Glotzer, 2017). The Rho GTPases subfamily,
of which RhoA, Rac1 and Cdc42 are the most studied,
are major regulators of cell shape and motility
(reviewed in Jaffe & Hall, 2005). Notably, RhoA is a
major regulator of cytokinesis and is enriched at the
cleavage furrow (reviewed in White & Glotzer, 2012;
Basant & Glotzer, 2017), while Rac1 is depleted from
this region (Yoshizaki et al., 2003). Genetics studies in
xenopus embryos and C. elegans favored RhoA as
being the primary substrate of RacGAP1, which would
lead to a flux in which RhoA is repeatedly activated by
its guanine nucleotide exchange factor (GEF) ECT2
and inactivated by RacGAP1 (Miller & Bement, 2009;
Zhang & Glotzer, 2015). In contrast, other studies pro-
posed that the primary role of RacGAP1 is to inactivate
Rac1. These included alternative genetic studies in
xenopus embryos and in C. elegans (Canman
et al., 2008; Zhuravlev et al., 2017), and in vitro bio-
chemical studies of the activity of the GAP domain
(Amin et al., 2016; Kawashima et al., 2000; Toure
et al., 1998) or of full-length human RacGAP1 (Bastos
et al., 2012), which found that RacGAP1 has GAP

F I GURE 1 RacGAP1 is not
autoinhibited in solution. (a) Schematic
representation of the constructs used in
this study. (b) Catalytic efficiency (kcat/KM)
in solution, determined by fluorescence
kinetics. kcat/KM were obtained from
apparent rate constants (kobs) determined
over a range of GAP active site
concentrations (0–20 nM). Bars represent
the mean ± SD from 3 to 4 independent
experiments. Statistical analysis is given
in Table S1. (c) Oligomerization of
RacGAP1 and C1GAP assessed by size-
exclusion chromatography. The elution
profile of RacGAP1 (black) corresponds
to an estimated molecular weight of
�150 kDa, consistent with a dimer. The
C1GAP construct (red) elutes at a volume
consistent with a monomer (�25 kDa).
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activity towards Rac1 and to a lesser extent Cdc42, but
has no activity towards RhoA. These conflicting results
underline the need for biochemical characterization that
fully reflects physiological conditions.

A mechanism to solve this conundrum could be that
determinants exist that control the specificity and/or the
efficiency of RacGAP1. An earlier model proposed that
phosphorylation of the GAP domain by the Aurora
kinase would switch its specificity (Minoshima
et al., 2003), however this mechanism was subsequen-
tially ruled out (Bastos et al., 2012). In addition, phos-
phomimetics of the phosphorylation site did not
enhance the activity towards Cdc42 or RhoA
(Murayama et al., 2024). An alternative mechanism
could be that the specificity of RacGAP1 is regulated
by membranes. Indeed, most GAP reactions take place
at the surface of membranes, to which activated Rho
GTPases are reversibly associated by their lipidated
C-terminus. Accordingly, membranes are increasingly
recognized as major components of the regulation of
the small GTPase cycle (reviewed in Cherfils &
Zeghouf, 2013). Notably, membranes have been
shown to potentiate the activity of GAPs for Arf
GTPases (Bigay et al., 2003; Duellberg et al., 2021),
Rab GTPases (Fullbrunn et al., 2024) and Rho
GTPases (Karimzadeh et al., 2012). However, the GAP
activity of RacGAP1 has not been studied in a mem-
brane context. Here, we studied the activity and speci-
ficity of human RacGAP1 towards the three major Rho
GTPases in a membrane environment, using lipo-
somes and highly purified proteins, fluorescence-based
kinetic assays, mutagenesis and X-ray crystallography.
Our study reveals that, in addition to C1 domain-PIP2

interactions, RacGAP1 forms non-specific interactions
with phosphatidylserine (PS) through its GAP domain,
and that membranes potentiate its activity towards
Rac1. However, membranes do not modify its marked
specificity towards Rac1, thus defining RacGAP1 as a
Rac1-selective GAP on membranes. Using crystallog-
raphy and mutagenesis, we identify the switch 1 and
the insert region of Rac1 as important determinants of
this specificity. Our results are consistent with a model
in which the Rac1-RacGAP1 complex associates
snugly with the membrane to efficiently remove Rac1
from the division plane.

2 | RESULTS

2.1 | Full-length RacGAP1 is not
autoinhibited in solution

Earlier activity and specificity biochemical studies of
RacGAP1 were carried out in solution, using the iso-
lated GAP domain and/or non-quantitative assays. We
therefore first characterized the activity of purified
recombinant full-length RacGAP1 (RacGAP1 hereafter)

towards Rac1 (Figures 1a and S1a), using a fluores-
cently labeled bacterial phosphate-binding sensor,
which allows to quantify the GAP activity by measuring the
kinetics of inorganic phosphate (Pi) release using fluores-
cence detection (Galicia et al., 2019; Mishra &
Lambright, 2021; Nixon et al., 1995). The GAP rates were
measured over a range of RacGAP1 concentrations, from
which kcat/KM values were determined (Figures 1B and
S1b, c). RacGAP1 displayed a kcat/KM of 2.2 � 106

M�1 s�1, confirming that it is an efficient GAP for Rac1 and
showing that it is not autoinhibited in solution (Bastos
et al., 2012). We then analyzed whether dimerization of
RacGAP1 contributes to its GAP activity, using a Rac-
GAP1 construct that lacks the dimerization N-terminal
coiled-coil and the C-terminal region beyond the GAP
domain (C1 and GAP domains, C1GAP hereafter)
(Figures 1a and S1a). Size exclusion chromatography
(SEC) confirmed that RacGAP1 is dimeric and C1GAP
monomeric (Figure 1c). C1GAP was equally active as
RacGAP1 (kcat/KM = 2.3 � 106 M�1 s�1) (Figure 1b and
S1d), indicating that in solution, the GAP activity towards
Rac1 is not modulated by dimerization. Finally, the GAP
domain alone was slightly more active than RacGAP1 and
C1GAP (kcat/KM = 3.0 � 106 M�1 s�1), indicating that the
C1 domain has only a small contribution, if any, to the reg-
ulation of the GAP activity in solution. Thus, RacGAP1 is
an active GAP for Rac1 in solution, and neither the coiled-
coil, C1 domain, or C-terminal region significantly modulate
its GAP activity.

2.2 | Dissection of RacGAP1
interactions with negatively charged
membranes

It was previously shown that the C1 domain binds to
PIP2 in vitro using liposomes, surface plasmon reso-
nance, and in cells using PIP2 depletion (Lekomtsev
et al., 2012). To characterize further the role of nega-
tively charged lipids in RacGAP1 binding to mem-
branes, we carried out liposome flotations using
liposomes of controlled lipid composition and size
(Figures 2a and S2a and Table S2). As a control, Rac-
GAP1 did not interact with neutral liposomes.
RacGAP1 interacted strongly with liposomes containing
2% PIP2 and 10% PS, which approximates the concen-
tration of these lipids in the plasma membrane (about
70% of protein bound). Surprisingly, RacGAP1 inter-
acted only weakly with liposomes containing 2% PIP2

as the sole negatively charged lipids (22% bound),
while a stronger interaction was observed with lipo-
somes containing only PS (50% bound). These results
suggest that PS is the primary lipid responsible for the
interaction of RacGAP1 with membranes and that opti-
mal binding requires both PS and PIP2. The PS/PIP2

liposomes (referred to as PML liposomes hereafter)
were therefore used for subsequent experiments.
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The contribution of PS to RacGAP1 binding to
membranes suggests that RacGAP1 could form non-
specific electrostatic interactions outside the C1
domain. To address this question, we compared the
interaction of RacGAP1 with PML liposomes to those of
C1GAP and of the GAP domain alone (Figures 2b and
S2b). As a control, none of the truncated constructs
interacted with neutral liposomes. C1GAP bound to
PML liposomes as strongly as RacGAP1 (80%), sug-
gesting that the N- and C-terminal regions do not con-
tribute to the interaction of RacGAP1 with membranes.
Surprisingly, the GAP domain alone displayed a weak
interaction with PML liposomes (20%). Thus, binding of
RacGAP1 to membrane involves the GAP domain in
addition to the C1 domain, likely through non-specific
interaction with anionic lipids.

RacGAP1 is dimeric, hence has twice the number
of membrane-binding regions as C1GAP, which is
monomeric. It is thus surprising that RacGAP1 does
not bind to membranes more strongly than C1GAP.
One explanation could be that, as a consequence of
their different organizations and shapes, RacGAP1, but
not C1GAP, is sensitive to membrane curvature. We
assessed this possibility by comparing the binding of
RacGAP1 and C1GAP to large liposomes (200 nm)
and to smaller, curved liposomes (50 nm) (Figures 2c
and S2c). RacGAP1 bound slightly less well to curved
liposomes (60% bound); however, a similar decrease in
binding was also observed for monomeric C1GAP
(48% bound). Thus, while RacGAP1 has a slight prefer-
ence for flat over curved membranes, this sensitivity is
not due to its dimeric structure.

Together, our results show that while PIP2 is
needed for optimal binding of RacGAP1 to membranes,
the primary phospholipid responsible for membrane
binding is PS. Unexpectedly, the GAP domain binds to

the membrane in addition to the C1 domain, and dimer-
ization does not play a role in membrane-binding.

2.3 | RacGAP1 activity towards Rac1 is
potentiated by negatively charged
membranes

Since RacGAP1 interacts strongly with membranes, we
next asked whether membranes affect its GAP activity.
Rac1-GTP, the substrate of RacGAP1, is associated
with membranes by its lipidated polybasic C-terminus.
We showed previously in related GEF assays that a
Rac1 construct carrying a polyhistidine tag in the
C-terminus, which recruits it to Ni lipid-containing lipo-
somes, is a fully functional surrogate of lipidated Rac1
(Ferrandez et al., 2017; Peurois et al., 2017). GAP
kinetics in the presence of PML liposomes were
performed with this Rac1 construct using the
phosphate-sensor assay, which we optimized for use
with liposomes by careful removal of Pi contamination
prior to kinetics measurements (see methods). Rac-
GAP1 displayed a 5-fold increase in activity towards
Rac1 in the presence of membranes (kcat/
KM = 11.4 � 106 M�1 s�1), indicating that membranes
potentiate its activity (Figures 3 and S3a,b). To assess
whether dimerization contributes to this effect, the
same experiment was carried out with the monomeric
C1GAP construct. Surprisingly, membranes had a
larger effect on the activity of C1GAP (21-fold increase,
kcat/KM = 40 � 106 M�1 s�1) (Figures 3 and S3c),
resulting in an activity 4-fold higher than that of Rac-
GAP1. Finally, membranes also increased the GAP
activity of the isolated GAP domain, although to a
slightly lesser extent (3-fold, kcat/KM = 9.3 � 106

M�1 s�1) (Figures 3 and S3d, e).

F I GURE 2 RacGAP1 uses both its GAP and C1 domains to bind to negatively charged liposomes. (a) Binding of RacGAP1 to neutral
liposomes or to liposomes containing 2% PIP2, 10% PS, or 2% PIP and 10% PS (PML liposomes). Binding was measured by flotation using
200 nm diameter liposomes. (b) Binding of RacGAP1, C1GAP, and the GAP domain to neutral or anionic PML liposomes (200 nm diameter).
(c) Binding of RacGAP1 and C1GAP to large (200 nm diameter) or curved (50 nm diameter) PML liposomes. Bars represent mean ± SD from
2 to 4 independent experiments. Statistical analysis is in Table S1.
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Thus, membranes potentiate the GAP activity of
RacGAP1, C1GAP, and the isolated GAP domain
towards Rac1, with the largest activity increase seen
for C1GAP, which is consistent with their membrane-
binding properties.

2.4 | RacGAP1 is highly selective for
Rac1 on membranes

Whether Rac1, Cdc42, or RhoA is the physiological
substrate of RacGAP1 during cytokinesis has remained
a matter of debate. The effect of membranes on the
GAP activity of RacGAP1 towards Rac1 raises the pos-
sibility that membranes could also modulate its specific-
ity, an effect that was previously observed for a GEF for
Arf GTPases (Padovani et al., 2014). To investigate this
possibility, we determined the efficiency of RacGAP1
towards RhoA and Cdc42 on membranes. As a refer-
ence, we first determined the GAP efficiency of Rac-
GAP1 in solution towards each GTPase (Figures 4a
and S4a). Although a weak GAP activity could be mea-
sured towards Cdc42 (kcat/KM = 0.24 � 106 M�1 s�1)
and RhoA (kcat/KM = 0.025 � 106 M�1 s�1), this activity
was 9 times (Cdc42) and 88 times (RhoA) weaker than
that towards Rac1 (kcat/KM = 2.2 � 106 M�1 s�1).
These results confirm the weak activities in solution
previously reported in (Bastos et al., 2012). Next, we
measured the GAP activity of RacGAP1 towards these
small GTPases in the presence of PML liposomes
(Figure 4b and S4b). All GTPases were attached to
PML liposomes containing Ni-lipids by their C-terminal

His-tag (Peurois et al., 2017). An even smaller activity
was measured towards Cdc42 (kcat/KM = 0.093 � 106

M�1 s�1, about 2-fold decrease, 122 times lower than
Rac1). PML liposomes stimulated the GAP activity of
RacGAP1 towards RhoA by 11-fold (kcat/KM

= 0.28 � 106 M�1 s�1), but this activity remained con-
siderably lower (41 times) than that towards Rac1 (kcat/
KM = 11.4 � 106 M�1 s�1).

We conclude that membrane-bound RacGAP1 has
a marked specificity for Rac1 over RhoA and Cdc42,
hence that membranes do not function as specificity
modulators for RacGAP1.

2.5 | The Rac1-GDP-Pi structure
suggests that the Pi release step
contributes to RacGAP1 specificity

The specificity of RacGAP1 for Rac1 may stem from
structural differences between Rac1 and other Rho-
family GTPases that could be detected by RacGAP1 in
the course of the GAP reaction. Structures of Rac-GTP
(substrate) (Hirshberg et al., 1997; Krauthammer
et al., 2012), Rac1-GDP-AlF3 (transition state, deter-
mined in complex with bacterial GAPs) (Stebbins &
Galan, 2000; Wurtele et al., 2001), and Rac1-GDP
(product) (Ferrandez et al., 2017, this study) along the
GTP hydrolysis reaction have been determined. To
complete the GTP hydrolysis structural pathway, we
determined a high-resolution crystal structure of
Rac1-GDP-Pi, the intermediate that follows the

F I GURE 4 RacGAP1 is specific for Rac1 in solution and on
membranes. (a) Catalytic efficiency in solution of RacGAP1 towards
Rac1 (gray), Cdc42 (green), and RhoA (purple). (b) Catalytic
efficiency on PML liposomes of RacGAP1 towards Rac1 and RhoA.
No activity was observed towards Cdc42. All GTPases are attached
to liposomes by their C-terminal His-tag. kcat/KM values were
determined from kobs obtained over a range of active site
concentrations (0 to 50 nM). Bars represent means ± SD of 3–4
independent experiments. Statistical analysis is in Table S1.

F I GURE 3 Anionic membranes potentiate the GAP activity of
RacGAP1 towards Rac1. The catalytic efficiency of RacGAP1,
C1GAP and GAP constructs was determined using fluorescence
kinetics in solution (hatched bars) and on PML liposomes (gray bars).
kcat/KM values were determined from kobs obtained over a range of
active sites concentrations (0 to 20 nM). Bars represent means ± SD
of 3 independent experiments. Statistical analysis is in Table S1.
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transition state and precedes the dissociation of the
GDP and Pi products (Figures 5a and S5a and
Table S3). The structure shows that the positions of the
GDP and Pi ligands in the nucleotide-binding pocket
are similar to those previously observed in such
intermediates, including unbound Rab11-GDP-Pi
(Pasqualato & Cherfils, 2005), SOS-bound Ras-
GDP-Pi (Sondermann et al., 2004), and RhoA-GDP-Pi
bound to RhoGAP (Molt Jr. et al., 2019) (Figure S5b).
Notably, the catalytic Gln61 in the switch 2 has a
canonical position, and one oxygen of Pi is located
within hydrogen bonding distance (2.6 Å) of the leaving
oxygen of GDP. These observations suggest that Rac1
follows the canonical catalytic mechanism, possibly
involving substrate-assisted hydrolysis as proposed for
Rab11 (Pasqualato & Cherfils, 2005).

However, the switch 1 of Rac1-GDP-Pi is remote
from the nucleotide-binding site (referred to as open
conformation), in contrast with that of RhoA in the
RhoA-GDP-Pi-RhoGAP1 complex (Molt Jr. et al., 2019)
(referred to as closed conformation) (Figure 5b).
Rac1-GTP (Hirshberg et al., 1997; Krauthammer
et al., 2012) and Rac1-GDP-AlF3 bound to bacterial
GAPs (Stebbins & Galan, 2000; Wurtele et al., 2001)
also display a closed conformation (Figure 5b). In con-
trast, the open conformation is seen in Rac1-GDP
(Ferrandez et al., 2017, this study) (Figure 5c).

Compared to the closed conformation, the open confor-
mation lacks major interactions with the bound nucleo-
tide, including the interaction of Thr35 with Mg2+, and
Tyr 32 points outside rather than towards the
nucleotide-binding site and does not interact, directly or
through a water molecule, with the γ-phosphate. Impor-
tantly, overlay of Rac1-GDP-Pi with the Cdc42-
RacGAP1 and RhoA-RacGAP1 complexes (Murayama
et al., 2024) shows that Rac1-GDP-Pi is compatible
with the interaction with RacGAP1 (Figure 5d), sug-
gesting that the switch 1 may convert to the open con-
formation at the Rac1-GDP-Pi intermediate while still
bound to RacGAP1. The absence of interaction of Pi
with the switch 1 could then facilitate Pi release, and
Rac1-GDP could dissociate from RacGAP1 without fur-
ther conformational change. Together, the structure of
Rac1-GDP-Pi points to a dynamical determinant at the
switch 1 that could be perceived by RacGAP1 at the Pi
release step.

2.6 | The switch 1 and the insert helix
contribute to RacGAP1 specificity
towards Rac1

Next, we searched for sequence differences between
Rac1 and RhoA/Cdc42 that could contribute to the

F I GURE 5 Crystal structure of
Rac1-GDP-Pi. (a) Close-up view of the
catalytic site of Rac1 around GDP-Pi. The
Mg2+ ion is in green, surrounding water
molecules in gray. Residues that interact
with Mg2+ or Pi are shown. Hydrogen
bonds are in dashed lines. (b) The closed
(GDPNP, GDP-AlF3) and open (GDP-Pi)
conformations of the switch 1 of Rac1
along the GTP hydrolysis reaction. The
closed conformation of RhoA-GDP-Pi in
complex with RacGAP is shown for
comparison. PDB entries: Rac1GDPNP,
PDB ID: 3TH5; Rac1-GDP-AlF3, PDB ID:
1HE1; RhoA-GDP-Pi/RhoGAP, PDB ID:
6R3V. (c) The switch 1 in Rac-GDP-Pi is
in the open conformation as Rac-GDP.
Note that it lacks interactions of Tyr32
and Thr35 with the bound nucleotide.
Rac1-GDP is from this study. (d) The
open conformation of the switch 1 in
Rac1-GDP-Pi is compatible with its
interaction with RacGAP1. Rac1-GDP-Pi
is overlaid onto Cdc42 from the
Cdc42-GDP-AlF3/RacGAP1 complex
(PDB ID: 5C2J).
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specificity of RacGAP1 for Rac1. First, we located an
appealing difference in the switch 1, Gly30, an amino
acid that uniquely provides flexibility to proteins. This
residue is replaced by Ser in Cdc42 and Glu in RhoA
(Figure 6a). We mutated Gly30 to Ser, as found in
Cdc42, which resulted in a 2-fold decrease of the GAP
activity of RacGAP1 both in solution and in the pres-
ence of PML liposomes (Figure 6b,c). Since residues at
this position do not contact GAP domains in any of the
known structures of Rho family GTPase/GAP com-
plexes, it is likely that the mutation propagates struc-
tural differences elsewhere in the switch 1, probably by
reducing the flexibility of the switch 1. Interestingly, a
Pro29Ser Rac1 mutation, a conserved residue located
next to Gly30 (Figure 6a) was found in human mela-
noma (Krauthammer et al., 2012), which may also mod-
ify the flexibility of the switch 1 and affect the GAP
reaction. However, the Pro29Ser mutation had no
effect on the activity of RacGAP1 (Figure 6b,c), indicat-
ing that the physiological effect of the mutation at Pro29
does not arise from a defect in its sensitivity to
RacGAP1.

The replacement of Gly30 in Rac1 by other residues
in Cdc42 and RhoA is not sufficient to account for the
large drop in efficiency of RacGAP1 towards Cdc42
and RhoA. The crystal structures of RhoA and
Cdc42 bound to GDP-AlF3 and RacGAP1 (PDB ID:
5C2K and 5C2J) display a contact between Met132
(RhoA) or Asn132 (Cdc42) in the insert helix with
Asp413 in the GAP domain (Figure 6a). Residue 132 is
changed to Lys in Rac1, hence it may contribute to a
specific Rac1/RacGAP1 interaction. Mutation of
Lys132 to Met reduced the efficiency of RacGAP1 by
5-fold in solution, indicating that the insert contributes
to Rac1/RacGAP1 interaction (Figure 6b). Surprisingly,
this decrease was markedly stronger in the presence of
PML liposomes (31-fold), suggesting that this residue
could also be involved in the interaction of the Rac1/
RacGAP1 complex with membranes (Figure 6c).

Taken together, our data suggest that the dynamics
of the switch 1 encoded by Gly30 and the contact of the
insert helix with RacGAP1 and possibly with the mem-
brane are important determinants of the specificity of
RacGAP1 for Rac1.

F I GURE 6 Determinants of the
specificity of RacGAP1 for Rac1. (a) Left:
Sequence alignment of the switch 1 and
insert helix of Rac1, RhoA, and Cdc42.
Conservative changes are in gray, non-
conserved residues in red, and residues
mutated in this study in green. Right:
Position of the residues mutated in Rac1,
shown on the structure of the Cdc42–
RacGAP1 complex (PDB ID: 5C2J).
(b) Acceleration of the rate of inactivation
of Rac1 mutants by RacGAP1 in solution.
(c) Acceleration of the rate of inactivation
of Rac1 mutants by RacGAP1 with PML
liposomes. Bars represent mean ± SD
from three independent experiments.
Statistical analysis is in Table S1.
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3 | DISCUSSION

In this study, we investigated how membranes
affect the specificity and activity of RacGAP1 using
in vitro reconstitutions, crystallography and muta-
genesis. We found that PS is a major lipid needed
for RacGAP1 binding to membranes, while PIP2 is
required for optimal binding. Our data show that the
GAP domain, presumably through non-specific
interactions with anionic lipids, cooperates with the
C1 domain, previously reported to bind PIP2

(Lekomtsev et al., 2012). Accordingly, the GAP
activities towards Rac1 of full-length RacGAP1, of
the C1GAP construct and of the GAP domain alone
are stimulated by PIP2/PS-containing membranes.
Surprisingly, the C1GAP domain binds to mem-
branes as well as full-length RacGAP, and is more
active, pointing to a non-trivial negative role of
dimerization by the N-terminal coiled-coil domain.
However, membranes do not modify the marked
specificity of RacGAP1 for Rac1. Finally, structural
and mutagenesis analyses identify important deter-
minants for this specificity, located in the switch
1 and the insert region of Rac1.

3.1 | The role of membranes in the
inactivation of Rac1 by RacGAP1

These results provide important novel insight into the
interaction of RacGAP1 with membranes and the role
of membranes in Rac1 inactivation. AlphaFold predicts
that the C1 and GAP domains of RacGAP1 form a
compact unit in which the C1 domain is available for
binding to the membrane and the GAP domain for bind-
ing Rac1 (Figure S6a). We used the AlphaFold C1GAP
model and the structures of the GAP domain of Rac-
GAP1 bound to Cdc42 and RhoA (PDB ID: 5C2K and
PDB ID: 5C2J) to build a model of the Rac1/C1GAP
complex, which we then docked to the membrane using
the PPM/ server (Figure 7a). As a validation criterion,
the known membrane-binding regions of Rac1 (gera-
nylgeranylated polybasic C-terminus) and of RacGAP1
(PIP2-binding site in the C1 domain) are oriented
towards the membrane in the docked model. The
model also places the GAP domain of RacGAP1 and
the K132 residue in the insert region of Rac1 close to
the membrane, in agreement with our membrane-
binding and GAP activity results. Remarkably, the
Rac1/RacGAP1 model displays a large polybasic

F I GURE 7 Model of the
Rac1-RacGAP1 complex associated with
membranes. (a) The Rac1-RacGAP1
model displays a positively charged
surface oriented towards the membrane.
The structure of C1GAP was generated
by Alphafold 3, then the Rac1-C1GAP
complex was oriented on the membrane
by PPM/OPM. Arg and Lys residues
facing the membrane are in violet. The
position of the geranylgeranylated
polybasic C-terminus of Rac1 is
indicated. (b) Model of asymmetric
binding of dimeric RacGAP1 to
membranes. The unbound subunit (left) is
free to search a large membrane surface
for new Rac1-GTP substrates (arrows).
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surface apposed to the membrane, comprised of multi-
ple Lys and Arg residues on the C1 and GAP domains
and on the GTPase core of Rac1 (Figure 7a). This posi-
tively charged tract is well suited to form multiple non-
specific interactions with anionic lipids, in agreement
with the recruitment of RacGAP1 to PS lipids and
the sensitivity of its GAP domain to anionic mem-
branes. Together, based on our biochemical and
modeling data, we propose a mechanism of inactivation
of Rac1 by RacGAP1 on membranes in which the
Rac1/RacGAP1 complex apposes snugly on the mem-
brane through multiple non-specific interactions of the
Rac1 and C1GAP polybasic surfaces with anionic
lipids, in addition to the previously described specific
interactions of the C1 domain with PIP2 (Lekomtsev
et al., 2012). This points to an important role of the
membrane in defining precisely the positions and orien-
tations of Rac1-GTP and of the GAP domain, which
allows their coincidence detection and productive
interaction.

Of note, the arrangement of the C1 and GAP
domains predicted for RacGAP1 is distinct from that of
the related C1 and GAP domains of β2-chimaerin,
which displays an autoinhibitory conformation in which
the C1-GAP linker blocks access to the membrane-
binding pocket of the C1 domain (Figure S6b)
(Canagarajah et al., 2004). While co-localization of
RacGAP1 and Rac1-GTP on the membrane is in princi-
ple sufficient to stimulate the efficiency of the GTPase
reaction in itself (reviewed in Nawrotek et al., 2023), the
autoinhibited β2-chimaerin structure raises the possibil-
ity that RacGAP1 could exist in solution in an alterna-
tive, partially autoinhibited conformation, which would
convert into a fully active conformation upon interaction
with a PIP2/PS-containing membrane. Whether this
represents another layer of regulation of RacGAP1
remains to be investigated.

An intriguing observation is that the truncated
monomeric C1GAP construct, which has half as many
membrane-binding surfaces and active sites as dimeric
RacGAP1, binds to membranes as tightly as RacGAP1
and is more active on membranes. Since C1GAP and
RacGAP1 are equally active in solution, it is unlikely
that the N- and C-terminal regions exert an inhibitory
effect on the GAP domain in RacGAP1. Alternatively,
the difference could be due to the dimerization of Rac-
GAP1. While all active sites in the C1GAP sample are,
by construction, available, RacGAP1 can bind to the
membrane (hence use its GAP domains) either one or
both subunits at a time (Figure 7b), as observed previ-
ously for a dimeric ArfGEF (Das et al., 2019). This
mechanism may enhance the ability of the unbound
subunit to search for new Rac1-GTP substrates to inac-
tivate on the membrane (reviewed in Nawrotek
et al., 2023), eventually optimizing the full removal of
Rac1 from the division plane. The role of dimerization
remains an important question for RacGAP1, and more

generally for membrane-peripheral proteins, which will
require further investigation in future studies.

3.2 | The specificity of RacGAP1
for Rac1

Our study also reveals that the marked preference of
RacGAP1 for Rac1 in solution is not modified by the
presence of membranes. With a barely detectable
activity towards Cdc42 (122-fold lower than Rac1) and
a very weak activity towards RhoA (41-fold lower than
Rac1) in the context of membranes, inactivation of
Cdc42 and RhoA by RacGAP1 is thus likely negligible
in cells with respect to Rac1.

Thus, whether in solution or on membranes, Rac-
GAP1 has intrinsic determinants to efficiently inactivate
Rac1, but not the Cdc42 or RhoA GTPases. This nar-
row specificity defines RacGAP1 as a Rac1-specific
GAP and rules out that membranes function as modula-
tors of RacGAP1 specificity. Our study identifies two
residues involved in this specificity, one located in the
switch 1 and the other in the insert helix. Based on
the conformation of the switch 1 seen in Rac1-GDP-Pi,
we propose that the unique Gly30 in the switch 1 of
Rac1 allows the switch 1 to adopt an open conforma-
tion immediately following GTP hydrolysis, while
Rac1-GDP-Pi is still bound to RacGAP1. By making
fewer interactions with Pi compared to RhoA and
Cdc42, Rac1 could thus release Pi faster than RhoA
and Cdc42. In addition, as the switch 1 would have
already converted to the open conformation of unbound
Rac1-GDP, no further conformational change would be
needed upon Rac1-GDP dissociation. Overall, Gly30
would thus lower the energy cost of the GAP reaction
for Rac1, which can contribute to the specificity of
RacGAP1. A second determinant is Lys132 in the
insert region. Our converging biochemical results
and structural modeling suggest that this residue is
involved in both Rac1/RacGAP1 and Rac1/membrane
interactions, both of which are important for defining the
optimal spatial coincidence between Rac1 and
RacGAP1 at the surface of the membrane (Figure 7a).
They also point to a previously unnoticed role for the
insert region in defining how Rac1 interacts with mem-
branes. Finally, our model of the membrane-bound
Rac1/RacGAP1 complex suggests that a third contribu-
tion to efficient GAP activity is provided by the polyba-
sic geranylgeranylated C-terminus of Rac1. The
lipidated C-terminus of GTPases is increasingly recog-
nized as an important player in defining the orientation
of small GTPases with respect to the membrane
(reviewed in Hutchins & Gorfe, 2024). Its sequence is
very different in Cdc42 and RhoA, which can lead to an
orientation on the membrane that does not match that
of RacGAP1. Together, we propose that the specificity
of RacGAP1 for Rac1 on membranes involves a
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combination of protein-nucleotide interactions at the
switch 1, protein–protein interactions at the insert, and
protein/membrane interactions at the insert region and
the C-terminus, all of which depend on specific resi-
dues that differ between Rac1 and either Cdc42
or RhoA.

4 | CONCLUDING REMARKS

In conclusion, our biochemical study provides a robust
mechanistic model for the specific inactivation of Rac1
by RacGAP1 during cytokinesis and provides a solid
framework to interpret cell-based assays. This model is
in agreement with cell biology studies that found that
Rac1 is inactivated by RacGAP1 (Canman et al., 2008;
Toure et al., 1998; Zhuravlev et al., 2017) and that sup-
pression of Rac1 activity in the division plane is critical
for successful cytokinesis completion (Yoshizaki
et al., 2003, reviewed in Jordan & Canman, 2012). Why
in some studies Rac1 appears to be insensitive to Rac-
GAP1 or RhoA appears to be inactivated by RacGAP1
(Miller & Bement, 2009; Zhang & Glotzer, 2015) may
thus be due to indirect effects. These indirect effects
could involve the coupling between the regulatory
machineries of Rac1 and RhoA at the membrane such
as, for example, the interaction of RacGAP1 with the
RhoA-specific GEF Ect2 (Zou et al., 2014). Finally, our
findings point to potential new avenues for targeting
RacGAP1 in cancer by small molecules. These could
include protein-membrane inhibitors, as exemplified by
Bragsin which inhibits the activation of Arf GTPases
by impairing the orientation of a specific activator on
membranes (Nawrotek et al., 2019), or inhibitors that
target the unique properties of Rac1, such as the anti-
metastatic inhibitor C41, which replaces the GDP
nucleotide by exploiting the flexibility of the switch
1 (Dilasser et al., 2025).

5 | MATERIALS AND METHODS

5.1 | Protein expression and purification

Full-length human RacGAP1 carrying a 6xHis-MBP tag
followed by a TEV protease cleavage site was cloned
into the Gateway destination vector pHMGWA. The
GAP domain (residues 348–546) and C1GAP (residues
283–546) constructs carrying a 6xHis tag followed by a
TEV protease cleavage site were cloned into the Gate-
way destination vector pHGWA. All RacGAP1
constructs were expressed in E. coli BL21(DE3) in
auto-induction LB medium supplemented with ampicil-
lin at 100 μg/mL and ZnSO4 at 10 μM. Cells were grown
at 37�C and 200 rpm shaking to an OD600 of 0.8. Over-
expression was induced overnight at 20�C. Bacterial
cultures were centrifuged for 30 min at 4000�g.

Bacterial pellets were resuspended in 4�C lysis buffer
(50 mM HEPES, pH 7.5, 500 mM NaCl, 20 mM imidaz-
ole, 10 μM ZnSO4, 2 mM DTT, 5% glycerol) containing
a protease inhibitor cocktail, lysozyme at 0.25 mg/mL
(Sigma-Aldrich) and 7.5 U/mL of benzonase (Sigma
Aldrich) disrupted by sonication on ice. Lysates were
spun down for 45 min at 20000�g. The cleared lysate
supernatant was loaded onto a Ni-NTA affinity chroma-
tography column (HisTrap FF, Cytiva), previously equil-
ibrated with buffer A (50 mM HEPES, pH 7.5, 500 mM
NaCl, 20 mM imidazole, 10 μM ZnSO4, 2 mM DTT, 5%
glycerol). His-tagged proteins were eluted with about
35 mM imidazole. The His-tags or the His6-MBP tags
were cleaved by TEV protease (1:20 w/w) in a dialysis
bag with 10 kDa cut-off against 2 L of dialysis buffer
(50 mM HEPES, pH 7.5, 250 mM NaCl, 10 μM ZnSO4,
2 mM DTT, 5% glycerol) at 4�C overnight for the GAP
and C1GAP constructs, or for 48 h for full-length Rac-
GAP1. The cleaved fractions were separated using an
affinity chromatography column (HisTrap FF, Cytiva)
and further purified by gel filtration on a Superdex
200 16/600 column (Cytiva) equilibrated with storage
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10 μM
ZnSO4, 2 mM DTT, 5% glycerol).

Human full-length Rac1, RhoA, and Cdc42 carrying
a C-terminal 6-His tag were expressed and purified as in
(Peurois et al., 2017). The Rac1 K132M mutant was
generated by site-directed mutagenesis and obtained
from GenScript. The Rac1 P29S mutant was obtained
with the site-directed mutagenesis kit QuikChange II
(Agilent). The Rac1 G30S, P29S, and K132M mutants
were purified as in (Dilasser et al., 2025). Rac1 lacking
the C-terminal residues (Rac11-177) was purified as in
(Ferrandez et al., 2017).

The coumarin-labeled phosphate-binding protein
(MDCC-PBP) was prepared and purified as described
in (Solscheid et al., 2015).

Proteins’ purity was assessed by SDS-PAGE.

5.2 | Liposome preparation and flotation
assays

All liposomes were prepared as described in (Peurois
et al., 2017). All lipids are from Avanti. The lipid
composition of liposomes is given in Table S2. The size
distribution of liposomes was controlled by dynamic
light scattering. Liposome flotation experiments were
performed as described in (Karandur et al., 2017). Pro-
teins at a concentration of 2.0 μM were incubated for
15 min with liposomes at 1 mM (lipid concentration).
Liposome-bound proteins (top fraction), unbound pro-
teins (bottom fraction), and the middle fraction were col-
lected and analyzed by SDS-PAGE. The fraction of
liposome-bound proteins was estimated as the ratio
of the top fraction to the total proteins. All experiments
were done at least in duplicate.
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5.3 | GAP kinetics assays

For GAP assays, small GTPases were pre-loaded with
GTP as described in (Peurois et al., 2017). GAP kinet-
ics were measured using a reagentless biosensor
assay, which measures the increase in fluorescence of
MDCC-PBP upon binding of inorganic phosphate
(Solscheid et al., 2015). GTP hydrolysis reactions were
carried out in HKM buffer (50 mM HEPES pH 7.5,
120 mM potassium acetate, 1 mM MgCl2). GAP kinet-
ics were monitored by fluorescence, recorded at
λex = 430 nm and λem = 465 nm, on a Cary Eclipse
fluorimeter (Varian) under stirring or on a FlexStation
plate reader. We noted that the fluorescence signal
was quickly saturated in the presence of liposomes due
to Pi contamination from phospholipids. The assays
were thus optimized by removing Pi by addition of
0.004 mg/mL purine nucleoside phosphorylase and
0.06 mg/mL 7-methylguanosine to all solutions prior to
dilutions as described (Brune et al., 1994). Small
GTPases were at a concentration of 2.0 μM, MDCC-
PBP at 10 μM. Except when indicated otherwise, the
concentrations of the GAP domain, C1GAP and Rac-
GAP1 ranged from 1 to 50 nM for the determination of
kcat/KM in solution, from 0.1 to 1 nM for C1GAP in the
presence of liposomes, and from 1 to 10 nM for
full-length RacGAP1 in the presence of liposomes.
Inactivation of RhoA was very slow and required GAP
concentrations from 10 to 100 nM. For GAP assays in
the presence of plasma membrane-like liposomes, the
concentration of total lipids was 100 μM. MDCC-PBP
was pre-incubated with liposomes for 2 min, then Rac-
GAP1 constructs were added and the mixture was
incubated for 2 more min before the GTP-loaded
GTPases were added. kobs values were obtained by fit-
ting the kinetics curves to a single exponential equa-
tion. kcat/KM were determined by linear regression from
kobs values measured over a range of RacGAP1 con-
structs concentrations following the Michaelis–Menten
formalism as described in (Galicia et al., 2019). Activa-
tion of Rac1 mutants was characterized using a single
RacGAP1 concentration (10 nM in solution and at
0.1 nM on PML liposomes). For each Rac1 construct,
GTP hydrolysis kinetics were measured simultaneously
in the presence and in the absence of RacGAP1. To
take into account the difference in spontaneous GTP
hydrolysis of the mutants, the increase in GTPase
activity was then expressed as the ratio between kobs
values for the C1GAP-catalyzed and the spontaneous
hydrolysis rate.

5.4 | Gel filtration experiments

100 μL of purified proteins at 50–100 μM were injected
on a Superdex S200 10/300 GL column, pre-
equilibrated with the elution buffer containing 50 mM

HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2, and 2 mM
β-mercaptoethanol.

5.5 | Rac1-GDP-Pi and Rac1-GDP
structure determination

Crystallization screens were performed using the
sitting-drop vapor diffusion method at 18 �C with a Mos-
quito robot (TTP LabTech) in 96-well crystallization
plates by mixing 100 nL of Rac1(1–177)-GDP at 5 mg/
mL with 100 nL of precipitant solution. Crystals of
Rac1-GDP-Pi were obtained in the A2 condition from
the PACT++HTS screen (Jena Bioscience) containing
100 mM succinic acid/sodium phosphate/glycine (SPG)
buffer pH 5 and 25% PEG 1500. The Rac1-GDP crys-
tals were obtained in the C11 condition from the PACT
++HTS (Jena Bioscience) containing 100 mM HEPES
pH 7.0, 200 mM calcium chloride, and 20% PEG 6000.
Crystals were cryo-protected using the reservoir solu-
tion supplemented with 20% glycerol prior to flash
freezing. Complete diffraction datasets were collected
on PROXIMA-2A beamline (SOLEIL synchrotron,
France) (Rac1-GDP, resolution 1.8 Å) or ID30A (ESRF)
(Rac1-GDP-Pi, resolution 2.27 Å) and were integrated
with the program XDSme (https://code.google.com/
archive/p/xdsme/). The resolution of the Rac1-GDP
structure is 0.8 Å higher compared to our original
Rac1-GDP structure (Ferrandez et al., 2017). The
structures were solved by molecular replacement with
CCP4 Phaser using the structure of Rac1-GDP as a
model (Ferrandez et al., 2017) (PDB entry code 5N6O).
Refinements were carried out with the program Phenix
(Liebschner et al., 2019), in alternation with graphical
building using Coot41. Data collections and refine-
ments statistics are reported in Table S3. Coordinates
and structure factors of Rac1-GDP and Rac1-GDP-Pi
have been deposited in the Protein Data Bank with
entry codes 8S1N and 8S1O.

5.6 | Structure modeling

The structure of the C1GAP tandem was predicted
using Alphafold 3 (Krokidis et al., 2025). The prediction
is of confident high quality, with a predicted local dis-
tance difference test (plDDT) between 100 and 80, and
a predicted template modeling score (pTM), which
measures the accuracy of the overall structure, of 0.86.
Structures were aligned with Pymol from the Sbgrid
Consortium. Docking of the Rac1-RacGAP1 model on
membranes was done with the OPM/PPM web server
(Lomize et al., 2022).
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