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In addition to transmitting receptor-mediated signals to adjust the gene
expression profile of the cell, small GTPases of the Ras family also control
the remodelling of the actin cytoskeleton. The conversion of Ras GTPases
from their active to their inactive form is controlled by Ras
GTPase-activating proteins (RasGAPs). IqgC, a RasGAP from Dictyoste-
lium discoideum, was originally assigned to the IQGAP family, but its
sequence and recent functional analyses show that IqgC is more closely
related to RasGAPs from the GAPI1 family of fungi. IqgC has two promi-
nent domains, a RasGAP domain and a C-terminal RGCt domain, and
interacts with Ras, Rab and Rap GTPases, but shows GTPase-promoting
activity only towards Ras. IqgC suppresses macroendocytosis but supports
cell-substratum adhesion and directed cell migration. Its localisation to
macroendocytic cups is mediated by the RasGAP domain, whereas its loca-
lisation in ventral focal adhesions is mediated by the RGCt domain. We
hypothesise that IqgC plays an important role in the balance between the
competing feeding and migratory behaviour of amoeboid D. discoideum
cells.

RasGAPs vs. IQGAPs—similarities

and differences

Ras GTPase-activating proteins (RasGAPs) are nega-
tive regulators of small, monomeric GTPases of the Ras
family. Ras GTPases are often referred to as molecular
switches because they toggle between the GTP-bound
‘on” state, which can transmit signals, and the
GDP-bound ‘off” state, which is inactive [1]. The transi-
tion from the active to the inactive state depends on
GTP hydrolysis, which is immensely facilitated by Ras-
GAPs. RasGAPs are modular proteins of varying sizes
that share a common RasGAP catalytic domain, usu-
ally surrounded by C2, pleckstrin homology (PH), cal-
ponin homology (CH) and Secl4-like domains, mostly

Abbreviations

involved in their regulation and membrane transloca-
tion [2]. The RasGAP domain catalyses GTP hydrolysis
at the active site of Ras by stabilising the transition state
[3]. Upon binding of Ras to its GAP, the conserved cat-
alytic arginine of GAP, termed the arginine finger,
inserts into the phosphate binding site and stabilises the
transition state of the phosphoryl transfer reaction by
neutralising the negative charge of the phosphate. The
reaction is further stabilised by the interaction with the
secondary arginine/lysine residue of GAP and addi-
tional residues that support the conformation of Ras
that is favourable for GTP hydrolysis.

BiFC, bimolecular fluorescence complementation; CAF, cancer-associated fibroblasts; CH, calponin homology; CT domain, C-terminal
domain; fMLP, N-formyl-methyl-leucyl-phenylalanine; GRD, GAP-related domain; IQGAP, 1Q motif-containing GTPase-activating protein; NAF,
normal associated fibroblasts; NF1, neurofibromin 1; Nox2, NADPH oxidase 2; PH, pleckstrin homology; PI(3,4,5)P3, phosphatidylinositol
(3,4,5)-trisphosphate; PI3K, phosphoinositide 3-kinase; RasGAP, Ras GTPase-activating protein; RGCt, RasGAP C-terminal.
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lggC — an IQGAP or a RasGAP?

The human genome harbours 14 RasGAP genes,
whose protein products are divided into six groups: (a)
pl120GAP/RASAL, (b) neurofibromin, (¢) GAPI, and
(d) SynGAP family members, (e) plexins and (f)
IQGAPs [3]. Members of the GAPl and SynGAP
families, and probably plexins, have dual GAP activity
towards Ras and Rap GTPases [4-6], whereas the Ras-
GAP domains of IQGAP family members are not cat-
alytically active [7-9]. Nevertheless, the name IQGAP,
an abbreviation for IQ motif-containing GTPase-
activating protein, remained in use, although IQGAPs
are not true RasGAPs. They probably lost their cata-
lytic activity early in evolution in an opisthokont
ancestor from which fungi and animals branched off
[10]. Comparison of the structures of the GAP-related
domain (GRD) of human IQGAPI1 and the RasGAP
domain of human RASAIl has revealed mutations
responsible for the loss of GAP activity in the IQGAP
family [11,12]. Instead of the arginine finger in Ras-
GAPs, IQGAPs have a conserved threonine residue
(threonine-1046 in human IQGAPI). In addition, the
conserved FLR motif (FLRXXXPAXXXP, from
phenylalanine-901 in human RASAT1), which contains
residues important for binding to Ras, is converted to
a YYR motif (YYRXXXPAXXXP, from tyrosine-
1192 in human IQGAPI) in IQGAPs. Therefore,
IQGAPs not only lack RasGAP activity, but also do
not bind Ras GTPases via their GRD.

IQGAPs are multidomain proteins containing the
N-terminal CH domain and the coiled coil (CC) repeat
region, centrally located WW and IQ domains, GRD
and RasGAP C-terminal (RGCt) domains in the
C-terminal half of the protein and an extreme
C-terminal (CT) domain [13,14]. IQGAPs bind a large
number of partners via these domains; for example,
human IQGAP1 has more than 150 identified interac-
tors [15]. These include the GTPases Cdc42 and Racl,
which make IQGAPs effectors of the Rho family
GTPases [16]. Early studies have shown that the GRD
is necessary but not sufficient for high-affinity binding
to Cdc42 and Racl [8,17,18]. In a more recent study, a
multiple-step binding mechanism involving sequential
binding to RGCt, GRD and CT has been proposed
[14,19]. Since IQGAPs interact with numerous binding
partners, they act as molecular scaffolds [15]. Initially,
they were perceived as modulators of the actin cyto-
skeleton [20], but later studies showed that IQGAPI
binds components of various signalling pathways and
thus modulates their activity. Therefore, IQGAPs reg-
ulate various cellular processes such as migration
[21-24], adhesion [23,25,26], cytokinesis [27], phagocy-
tosis [24,28] and macropinocytosis [29] and are impor-
tant for the physiology of the whole organism [30].
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Dictyostelium discoideum is an amoebozoon that
serves as a model organism for a number of biological
processes, including cell motility and chemotaxis, actin
cytoskeleton dynamics and associated signalling mech-
anisms [31]. D. discoideum is genetically tractable, its
genome has been sequenced, and many functional
assays are well-established [32]. The genome of D. dis-
coideum encodes at least 18 RasGAP domain-
containing proteins [33,34], including IqgD (Uni-
ProtKB AC: Q552W4). Based on the GRD-RGCt
domain organisation characteristic of the IQGAP pro-
tein family [10], four RasGAP domain-containing pro-
teins, DGAP1, GAPA, IqgC and IqgD, have been
classified as the D. discoideumn IQGAP family [35].
Except for IqgD, the other three proteins lack the
N-terminal domains and are much shorter than
IQGAPs from higher eukaryotes. Therefore, they are
often referred to as IQGAP-related proteins. However,
a more detailed analysis of the amino acid sequence of
IqgC, followed by experimental evidence, revealed
that, unlike DGAP1 and GAPA, IqgC has conserved
RasGAP catalytic activity that is unique among nomi-
nal IQGAPs [36].

We have shown that IqgC binds three small
GTPases of the Ras superfamily: RasG, RapA and
Rab5 [36-38]. While RasG is a specific target for its
GAP activity, IqgC is not a GAP for the other two.
Here, we review the biological role of IqgC in macro-
endocytosis, adhesion and motility and revise its posi-
tion within the IQGAP family.

IqgC negatively regulates
macroendocytosis via small GTPase
RasG

In vegetative D. discoideum cells in the growth phase,
fluorescently labelled IqgC is localised to macropinocy-
tic cups and nascent macropinosomes and, to a
lesser extent, to phagocytic cups and phagosomes
(Fig. 1A—C). This localisation and the presence of the
conserved arginine finger (arginine-205) and the almost
completely conserved FLR motif (LLRYINPAVVTP
from leucine-351) suggested that IqgC could be a Ras-
GAP that acts as a negative regulator of Ras activity
during macroendocytosis. Indeed, the yeast two-hybrid
assay showed a specific interaction with constitutively
active RasG [36]. Furthermore, IqgC does not interact
with Rho family GTPases, in contrast to DGAPI,
GAPA and other IQGAPs. The interaction of IqgC
with RasG was confirmed in biochemical assays and in
living D. discoideum cells using the bimolecular fluores-
cence complementation (BiFC) approach. Its RasGAP
activity against RasG was demonstrated in an in vitro
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Fig. 1. IqgC localises to macroendocytic cups, ventral adhesion foci and hyaline zones in leading pseudopodia in vegetative D. discoideum
cells. (A) Side view of a schematic representation of a vegetative cell expressing fluorescently labelled lggC (green) taking up a
TRITC-labelled yeast cell (magenta) (/eft), and top view of two horizontal cross sections (right): One near the dorsal cell surface (top right)
and the other near a substrate (bottom right). (B) Confocal sections showing the localisation of fluorescently labelled 1ggC (green) in
macropinocytic cups, (C) phagocytic cups, (D) ventral adhesion foci and (E) actin-rich hyaline zones in leading pseudopodia of a randomly

moving vegetative D. discoideum cell. Scale bars in panels B-E, 5 pm.

GAP assay with purified proteins. Depletion and over-
expression of IqgC in wild-type cells showed that the
amount of IqgC in the cell correlated negatively with
macropinosome size and macropinocytosis efficiency,
resulting in better growth of the knockout mutant in
liquid culture medium [36,37]. We have also shown
that IqgC binds to RasG via its RasGAP domain and
that this interaction is crucial for the localisation of
IqgC to macropinocytic and phagocytic cups [37].
These results confirmed that IqgC interacts specifically
with RasG during macropinocytosis. Mutation of the
arginine finger or the FLR motif in IqgC prevented its
interaction with RasG and its correct localisation.

The amount of IqgC in cells also correlated nega-
tively with the efficiency of phagocytosis. In particular,
the uptake of large particles was significantly increased
in the absence of IqgC, whereas the effect was less
pronounced during the clearance of bacteria from sus-
pension [36]. However, the stronger effect on phagocy-
tosis than on macropinocytosis is surprising because
recruitment of IqgC to phagocytic cups is weaker than
its recruitment to macropinocytic cups. A possible
explanation could be that the influence of IqgC on
phagocytosis is independent of its interaction with
RasG on phagosomes. As mentioned above, IqgC also
binds RapA, which is known to increase phagocytosis
and decrease macropinocytosis [39]. However, unlike
RasG, this binding is nucleotide-independent and is
mediated by both the RasGAP and RGCt domains of

IqgC, reminiscent of IQGAPI1-Cdc42 binding [38]. It is
therefore possible that IqgC negatively regulates
phagocytosis by sequestering RapA.

A comparison of IqgC with three other D. discoi-
deum RasGAPs involved in macroendocytosis, NF1,
RGBARG and C2GAP2, has been presented recently
[37]. Here we only mention the recently identified
D. discoideum complex Leep2, a heterodimer consist-
ing of Leep2A and Leep2B [34]. These two proteins
show sequence homology to human RalGAPA1/
RalGAPA2 and RalGAPB, respectively, which
together form two RalGAP complexes that function as
GAPs for the human Ras-like GTPases RALA and
RALB [40,41]. However, in D. discoideum, Leep2 acts
as a RasGAP for RasB, RasG and RasD, with the
highest GAP activity towards RasG. Deletion of the
complex reduces the frequency and size of macropino-
somes and thus negatively regulates fluid uptake by
macropinocytosis. However, overexpression of Leep2
also reduces the efficiency of macropinocytosis. Leep2
localises to macropinocytic cups and nascent macropi-
nosomes. Interestingly, similar to IqgC, Leep2 is not
localised at the leading edge and pseudopodia in ran-
domly moving cells, but is cytosolic with enrichment
in the actin-rich hyaline zone. It is also faintly visible
on phagocytic cups.

A correlation between increased Ras activity and
membrane ruffling coupled to macropinocytosis was
demonstrated in mammalian cells almost four decades
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ago [42]. Today, we know that actin polymerisation
around signalling patches containing active Ras and
PI(3,4,5)P5 drives macropinosome formation [43]. Nev-
ertheless, our knowledge about the involvement of Ras-
GAPs in the regulation of macropinocytosis in
mammals is still quite limited. In fact, a pivotal role of
RasGAPs in macropinocytosis was first demonstrated
in D. discoideum for RasGAP NFI1, an orthologue of
human neurofibromin 1 [44]. By suppressing the activ-
ity of several Ras GTPases, NF1 limits the size of both
macropinocytic and phagocytic cups [44,45]. To date, a
negative role in the regulation of macropinocytosis in
mammalian cells has only been demonstrated for neu-
rofibromin 1 and RASAL3 [46-48]. Neurofibromin 1
(NF1) is the most extensively studied RasGAP in mam-
mals. It is ubiquitously expressed, with the highest
expression in the nervous system. Germline mutations
in NFI are associated with the complex multisystem
disorder neurofibromatosis type I [49]. In a recent
study, bone marrow-derived macrophages from Nf7
knockout mice were shown to exhibit significantly
increased membrane ruffling and macropinocytosis
[47]. Increased Ras/PI3K signalling in the absence of
Nfl leads to increased activation of protein kinase C,
which together with active Racl promotes assembly of
NADPH oxidase 2 (Nox2). The assembled Nox2 com-
plex generates reactive oxygen species that promote
cofilin activation, dendritic actin polymerisation, mem-
brane ruffling and macropinocytosis [50,51]. RASALS3,
a member of the SynGAP family that is predominantly
expressed in bone marrow and lymphoid tissue, is
another example of a RasGAP whose downregulation
increases macropinocytosis [48,52]. The expression of
RASAL3 is significantly suppressed in human prostatic
cancer-associated fibroblasts (CAF) compared to nor-
mal associated fibroblasts (NAF). Prostatic CAF and
prostatic fibroblasts derived from Rasal3 knockout
mice have increased Ras activity and increased macro-
pinocytosis, whereas both NAF and control mouse
fibroblasts do not exhibit macropinocytosis.

Similar to macropinocytosis, data on the role of
mammalian RasGAPs in the regulation of phagocyto-
sis are quite limited. However, in contrast to macropi-
nocytosis, phagocytosis appears to be downregulated
by depletion of RasGAPs [53-55]. Studies using micro-
glia from heterozygous NfI mutant mice or bone
marrow-derived macrophages from mice carrying the
NfI-Q181X nonsense mutation both showed reduced
phagocytosis compared to wild-type controls [53,54].
Similarly, macrophages isolated from Rasa4 knockout
mice showed impaired actin polymerisation and
phagocytic cup formation [55]. CAPRI/RASA4 is a
member of the Gapl RasGAP family with a broad
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tissue distribution [56]. In wild-type mouse macro-
phages, Rasa4 localises to the phagocytic cups during
FcyR-mediated phagocytosis. However, the effect of
RASA4 on phagosome formation appears to be medi-
ated by its interaction with Rho family GTPases, since
its RasGAP domain also interacts with Cdc42 and
Racl in a nucleotide-independent manner. This inter-
action is important for their recruitment to the cup
and the regulation of actin polymerisation that drives
cup formation. Consistently, overexpression of active
Cdc42 or Racl enhances phagocytosis in both
wild-type and Rasa4-deficient macrophages [55].

IqgC positively regulates adhesion and
directed migration

The local interaction of D. discoideum cells with the
underlying substratum is mediated by punctate ventral
structures that resemble integrin-based focal adhesions
in metazoan cells [57]. Although different transmem-
brane receptors take over the role of integrins in D. dis-
coideum, many other components of the focal adhesion
complexes are conserved, for example paxillin, talin
and vinculin. Compared to the integrin-based focal
adhesions, the ventral adhesion foci in D. discoideum
are more volatile and have a lifespan in the order of
1-2 min. We have recently shown that the attachment
of iggC knockout cells to hydrophobic, hydrophilic
and positively charged surfaces is impaired, suggesting
that IqgC is involved in innate regulatory mechanisms
of cell adhesion [38,58]. We also found that IqgC is
recruited to ventral adhesion foci (Fig. 1A,D). Interest-
ingly, the RGCt domain is sufficient for the incorpora-
tion of IqgC into ventral foci, which is possibly
mediated by RapA, but the interaction of the RasGAP
domain with RasG appears to positively regulate IqgC
turnover. The presence of the fully functional RasGAP
domain is also required to support the attachment of
cells exposed to shear stress.

IqgC is recruited to the ventral adhesion foci approx-
imately 4 s after paxillin B [38]. Two other components
of the focal adhesion complex in D. discoideum, talin A
and myosin VII, have been identified in the IqgC inter-
actome, and it is possible that they mediate the proxi-
mal interactions during IqgC recruitment. However,
paxillin B appears to be critical for the stable incorpo-
ration of IqgC, as IqgC was not detected in the ventral
foci of paxB knockout cells. IqgC likely contributes to
the stability of the ventral adhesion foci, as the elimina-
tion of IqgC led to a shortening of their lifespan. The
elimination of talin A or myosin VII resulted in similar
premature disassembly of the foci, suggesting that each
of the three proteins contributes to the stability of the
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adhesion complex to a similar extent. Overall, our
results suggest that IqgC is an important regulator of
the assembly, stability, and disassembly of ventral com-
plexes that control cell-substratum adhesion in
D. discoideum.

Genetic elimination of IqgC leads to a slight
increase in cell velocity during random migration and
chemotaxis to cAMP [38]. More importantly, the
directed persistence of random migration is drastically
reduced in the mutant cells. Given its role in support-
ing the stability of ventral adhesion foci, it is possible
that IqgC also regulates the spatially coordinated for-
mation and removal of these foci, thereby influencing
the persistence of cell locomotion. Indeed, it is
well-documented that stabilisation of newly formed
protrusions by attachment to the substratum facilitates
directed migration [59-61].

It is currently not clear to what extent IqgC affects
cell migration through its influence on cell-substratum
adhesion and to what extent it modifies Ras-mediated
actin polymerisation during leading edge protrusion. It
is known that Ras activity is required for the forma-
tion of cortical protrusions during both migration and
macroendocytosis [62,63]. It has therefore been sug-
gested that macropinocytosis and migration are largely
incompatible [64]. More specifically, a low local con-
centration of active Ras leads to the formation of
pseudopodia, whereas a high concentration promotes
the induction of macropinocytic cups [65]. Our results
support this notion, as the level of exogenously
expressed IqgC correlates positively with cell speed
[38], whereas it correlates negatively with the efficiency
of macropinocytosis [36]. Also, whereas IqgC is
strongly localised on macropinocytotic cups (Fig. 1B),
only its weak accumulation in the hyaline, actin-rich
zones in leading pseudopodia has been observed
(Fig. 1E) [36]. We therefore hypothesise that the coor-
dination between global and local IqgC-mediated deac-
tivation of RasG influences the balance between
migration and macropinocytosis. Consistently, it has
recently been shown that the effects of Ras suppres-
sion by rapid recruitment of RasGAPs C2GAPB in
D. discoideum and RASAL3 in neutrophils and macro-
phages at the cell membrane differ depending on
whether recruitment is local or global [66].

Although IQGAPs have been identified as compo-
nents of integrin adhesion complexes in mammalian
cells, their possible structural or regulatory role
remains largely unexplored [25,26]. It is interesting to
note, however, that the interaction between IQGAPI1
and Haxl mediated by the RGCt domain plays a sig-
nificant role in focal adhesion turnover and directed
migration in MCF7 cells [23]. Of the mammalian

lggC — an IQGAP or a RasGAP?

RasGAPs, RASA1 has been detected as a component
of the integrin-associated complex in fibroblasts and
haematopoietic cells [67] and has been shown to local-
ise to the adhesion sites of hepatocellular carcinoma
cells [68]. It has been suggested that RASAL is impor-
tant for cell polarisation and motility by regulating the
realignment of focal adhesion independently of its role
in Ras regulation [69]. These effects are mediated by
the SH2 and SH3 domains at the N terminus of
RASAI. An unexpected role of RASAI in the recy-
cling of endocytosed integrins to the plasma membrane
has been demonstrated in breast cancer and murine
endothelial cells [70,71]. Overall, the role of IQGAPs
and RASAI in cell adhesion and migration in mam-
malian cells does not appear to be functionally related
to the role of IqgC in these processes.

The members of the mammalian GAP1 family (not
to be confused with the RasGAP family of the same
name in fungi), GAPI™/RASA2 and GAPI1'"™*BP/
RASA3, have been identified as important regulators
of T cell activation and adhesion by regulating the
activities of Ras and Rapl [72]. In endothelial cells,
depletion of the dual Ras/RapGAP RASA3 increased
the size and lifespan of focal adhesions due to
impaired dynamics of their assembly and disassembly
as a result of Rapl hyperactivation [73]. While the
effect of RASA3 depletion on the focal adhesion
dynamics is opposite to the effect of IqgC depletion in
D. discoideum, the functional consequences of its inter-
action with RapA are currently unclear [38]. Another
member of the mammalian GAP1 family, CAPRI/
RASA4, has been shown to be important for
chemoattractant-triggered, nonadaptive Ras activation
in human neutrophils [74]. In rasa4 knockdown cells,
Rapl was hyperactive and its activity was prolonged
upon fMLP stimulation, along with increased adhesion
[74]. Also, the calcium-dependent recruitment of
RASA4 to the plasma membrane decreased LFA-1
integrin—-mediated T cell adhesion by inhibiting Rapl
activity [75]. In both cases, the membrane localisation
of RASA4 depended on the presence of the C2 and
PH domains and not on the RasGAP domain.

IqgC is closely related to the GAP1
family of RasGAPs from fungi

IqgC was originally assigned to the IQGAP family of
D. discoideum, and its renaming to DJAIQGAP3 has
even been proposed [76]. However, a comprehensive
phylogenetic analysis of proteins possessing a RasGAP
domain has shown that IqgC is more closely related to
a group of RasGAPs from fungi, the GAPI family
[10]. The confusion likely arose because both IQGAPs
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and GAPIls share a RasGAP-RGCt domain architec-
ture that is not present in any other group of Ras-
GAPs, suggesting that they likely descended from a
common ancestor [10]. The GAPI1 family of fungi has
escaped the attention of researchers in the field of Ras
signalling and has not even been mentioned in recent
reviews on RasGAPs [3,72,77,78]. The family was
named after the founding member from the fission
yeast Schizosaccharomyces pombe [79,80], and since
then GAPI1 orthologues have been identified and char-
acterised in about a dozen species of filamentous fungi
[81-86]. GAPI family members are involved in the reg-
ulation of polarised growth and infection-associated
morphogenesis in various fungal pathogens [87-89].
Mechanistically, GAPIs play an important role in
the deactivation of Ras in fungi, and the GAPI-
deficient strains phenotypically resemble the mutants
with constitutively active Ras [85,90]. During polarised
hyphal growth in filamentous fungi, Ras activity con-
trols Cdc42-mediated actin polymerisation [91,92]. The
deepest insights into the role of a GAP1 were gained
in studies of pheromone-induced shmoo growth during
sexual mating in S. pombe [93,94]. During this process,
several zones of Ras activity appear and disappear
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along the cell cortex until one zone stabilises and trig-
gers the growth of a shmoo protrusion towards a part-
ner cell, which undergoes an  analogous
transfiguration, eventually leading to cell fusion [95].
The formation of these patches is initiated by the local
autocatalytic production of Ras-GTP. Subsequently,
GAPI binds to the membrane-bound Ras-GTP and
deactivates it. The competition between these two pro-
cesses ultimately determines whether the patch of
active Ras disappears or triggers a shmoo. A reaction—
diffusion model predicts that the extracellular phero-
mone concentration and the relative diffusion rate
between GAP1 and Ras-GTP play the decisive role in
this process [96]. A patch of activated Ras is only sta-
bilised when the level of the pheromone signal is
increased by proximity to a neighbouring cell, leading
to the activation of downstream signalling mechanisms
that trigger the growth of a shmoo. Interestingly, IqgC
is also involved in controlling the dynamics of spatially
delineated cytoskeletal regions in the cortex of D. dis-
coideum cells, namely the macroendocytic cups and the
ventral focal patches [36,38]. It remains to be investi-
gated whether these processes have a common mecha-
nistic basis in S. pombe and D. discoideum.

RasGAP RGCt

98,14 % 83,33%

| I 96,33 %
94,43 % 72,73 %

| I 83,90 %
90,43 % 63,64 %

| I 78,20 %
82,67 % 58,33 %

I I 71,47 %
81,82 % 55,56 %

| I 71,00 %
79,05 % 44,63 %

| l 63,16 %

Fig. 2. IqgC is conserved in dictyostelids. Schematic representation of the protein domain organisation of IqgC and orthologues from six
other dictyostelid species. Protein sequence alignment was performed using NCBI Blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Domain
boundaries were determined using InterPro [97]. The orthologue from C. fasciculata contains an additional ABC transporter transmembrane
domain and was aligned to IqgC starting at the 849th amino acid. The numbers on the left indicate the number of amino acid residues in
each protein. The numbers on the right indicate the percentage of total identity compared to IggC. The numbers above the domains indicate
the percentage of identity for each domain compared to the corresponding domain in IggC. The vertical red bars represent the arginine fin-
ger, which is conserved in all proteins. The vertical purple bars represent the FLR motif, which starts as LLR in all proteins, just as in IqgC.
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Concluding remarks

Although it was originally presented as an
IQGAP-related protein [35,76], phylogenetic analysis
suggested that IqgC is more closely related to the
GAPI1 group of RasGAPs of fungi [10]. A comprehen-
sive characterisation of IqgC performed over the last
7 years shows that its localisation and function are dis-
tinct from the truncated IQGAP-related proteins in
D. discoideum, thus supporting its reclassification. We
therefore suggest that IqgC should be referred to as
GAPI-related RasGAP in the future. In addition to its
GAP activity towards RasG, IqgC also binds Rap and
Rab GTPases. These interactions play an important
role in the regulation of macroendocytosis, cell-
substratum adhesion and directed migration by IqgC.
The presence of highly conserved IqgC orthologues in
six other dictyostelid species indicates the universal
importance of these RGCt-containing RasGAPs in the
physiology of these organisms (Fig. 2).

Acknowledgements

This work has been supported by the Croatian Science
Foundation under the project IP-2020-02-1572.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

VF and IW conceptualised the paper; VF, DP, LM,
and IW reviewed the literature; VF and IW wrote the
paper; DP made the figures. All authors edited and
approved the manuscript.

References

1 Vetter IR and Wittinghofer A (2001) The guanine
nucleotide-binding switch in three dimensions. Science
294, 1299-1304.

2 Bos JL, Rehmann H and Wittinghofer A (2007) GEFs
and GAPs: critical elements in the control of small G
proteins. Cell 129, 865-877.

3 Scheffzek K and Shivalingaiah G (2019) Ras-specific
GTPase-activating proteins-structures, mechanisms, and
interactions. Cold Spring Harb Perspect Med 9,
a031500.

4 Kupzig S, Deaconescu D, Bouyoucef D, Walker SA,
Liu Q, Polte CL, Daumke O, Ishizaki T, Lockyer PJ,
Wittinghofer A et al. (2006) GAP1 family members
constitute bifunctional Ras and rap GTPase-activating
proteins. J Biol Chem 281, 9891-9900.

FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

10

—_
—_

12

14

lggC — an IQGAP or a RasGAP?

Krapivinsky G, Medina I, Krapivinsky L, Gapon S and
Clapham DE (2004) SynGAP-MUPP1-CaMKII
synaptic complexes regulate p38 MAP kinase activity
and NMDA receptor-dependent synaptic AMPA
receptor potentiation. Neuron 43, 563-574.

Pascoe HG, Wang Y and Zhang X (2015) Structural
mechanisms of plexin signaling. Prog Biophys Mol Biol
118, 161-168.

Brill S, Li S, Lyman CW, Church DM, Wasmuth JJ,
Weissbach L, Bernards A and Snijders AJ (1996) The
Ras GTPase-activating-protein-related human protein
IQGAP2 harbors a potential actin binding domain and
interacts with calmodulin and rho family GTPases. Mol
Cell Biol 16, 4869-4878.

Hart MJ, Callow MG, Souza B and Polakis P (1996)
IQGAPI, a calmodulin-binding protein with a
rasGAP-related domain, is a potential effector for
cdc42Hs. EMBO J 15, 2997-3005.

Weissbach L, Settleman J, Kalady MF, Snijders AJ,
Murthy AE, Yan YX and Bernards A (1994)
Identification of a human rasGAP-related protein
containing calmodulin-binding motifs. J Biol Chem 269,
20517-20521.

van Dam TJP, Bos JL and Snel B (2011) Evolution of
the Ras-like small GTPases and their regulators. Small
GTPases 2, 4-16.

Kurella VB, Richard JM, Parke CL, LeCour LF,
Bellamy HD and Worthylake DK (2009) Crystal
structure of the GTPase-activating protein-related
domain from IQGAPI. J Biol Chem 284, 14857-14865.
Scheffzek K, Ahmadian MR, Kabsch W, Wiesmiiller L,
Lautwein A, Schmitz F and Wittinghofer A (1997) The
Ras-RasGAP complex: structural basis for GTPase
activation and its loss in oncogenic Ras mutants.
Science 277, 333-338.

Abel AM, Schuldt KM, Rajasekaran K, Hwang D,
Riese MJ, Rao S, Thakar MS and Malarkannan S
(2015) IQGAP1: insights into the function of a
molecular puppeteer. Mol Immunol 65, 336-349.

Nouri K, Fansa EK, Amin E, Dvorsky R, Gremer L,
Willbold D, Schmitt L, Timson DJ and Ahmadian MR
(2016) IQGAPI interaction with RHO family proteins
revisited: kinetic and equilibrium evidence for multiple
distinct binding sites. J Biol Chem 291, 26364-26376.
Thines L, Roushar FJ, Hedman AC and Sacks DB
(2023) The IQGAP scaffolds: critical nodes bridging
receptor activation to cellular signaling. J Cell Biol 222,
€202205062.

Fili¢ V, Mijanovi¢ L, Putar D, Talaji¢ A, Cetkovi¢ H
and Weber I (2021) Regulation of the actin
cytoskeleton via rho GTPase Signalling in Dictyostelium
and mammalian cells: a parallel slalom. Cells 10, 1592.
Sokol SY, Li Z and Sacks DB (2001) The effect of
IQGAPI1 on xenopus embryonic ectoderm requires
Cdc42. J Biol Chem 276, 48425-48430.

85U8017 SUOWILLIOD 8A1181D) 3|ced!dde 8Ly Aq peuenob afe sejole YO ‘88N JO S3|NJ o} Akeud18U1IUO A8 |1 UO (SUOIPLOD-PUR-SLLBY/LID A8 | 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWwie | 8u 89S *[5202Z/0T/0E] Uo AriqiTauliuo AB|IM ‘@Iniisu| 91A0%s0g Jopny Aq £800.'€9YS-TTZZ/200T 0T/I0p/W0D A8 | im Arelq1jpulju0'Saey//Sdny Woly pepeojumoq ‘0 ‘g9vSTTzZ



lggC — an IQGAP or a RasGAP?

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Mataraza JM, Briggs MW, Li Z, Frank R and Sacks
DB (2003) Identification and characterization of the
Cdc42-binding site of IQGAPIL. Biochem Biophys Res
Commun 305, 315-321.

Nouri K, Timson DJ and Ahmadian MR (2020) New
model for the interaction of IQGAP1 with CDC42 and
RACI1. Small GTPases 11, 16-22.

Watanabe T, Wang S and Kaibuchi K (2015) IQGAPs
as key regulators of actin-cytoskeleton dynamics. Cell
Struct Funct 40, 69-77.

Bensenor LB, Kan H-M, Wang N, Wallrabe H,
Davidson LA, Cai Y, Schafer DA and Bloom GS
(2007) IQGAP1 regulates cell motility by linking
growth factor signaling to actin assembly. J Cell Sci
120, 658-669.

Casteel DE, Turner S, Schwappacher R, Rangaswami
H, Su-Yuo J, Zhuang S, Boss GR and Pilz RB (2012)
Rho isoform-specific interaction with IQGAP1
promotes breast cancer cell proliferation and migration.
J Biol Chem 287, 38367-38378.

Ren X, Guo X, Liang Z, Guo R, Liang S and Liu H
(2023) Haxl regulate focal adhesion dynamics through
IQGAPI1. Cell Commun Signal 21, 182.

Brandt DT, Marion S, Griffiths G, Watanabe T,
Kaibuchi K and Grosse R (2007) Dial and IQGAP1

interact in cell migration and phagocytic cup formation.

J Cell Biol 178, 193-200.

Humphries JD, Byron A, Bass MD, Craig SE, Pinney
JW, Knight D and Humphries MJ (2009) Proteomic
analysis of integrin-associated complexes identifies
RCC2 as a dual regulator of Racl and Arf6. Sci Signal
2, ra5l1.

Arora PD, Nakajima K, Nanda A, Plaha A, Wilde A,
Sacks DB and McCulloch CA (2020) Flightless anchors
IQGAPI1 and R-ras to mediate cell extension formation
and matrix remodeling. Mol Biol Cell 31, 1595-1610.
Adachi M, Kawasaki A, Nojima H, Nishida E and
Tsukita S (2014) Involvement of IQGAP family
proteins in the regulation of mammalian cell
cytokinesis. Genes Cells 19, 803-820.

Nakajima K, Arora PD, Plaha A and McCulloch CA
(2021) Role of the small GTPase activating protein
IQGAPI in collagen phagocytosis. J Cell Physiol 236,
1270-1280.

Sharma M and Henderson BR (2007) IQ-domain
GTPase-activating protein 1 regulates beta-catenin at
membrane ruffles and its role in macropinocytosis of
N-cadherin and adenomatous polyposis coli. J Biol
Chem 282, 8545-8556.

Hedman AC, Smith JM and Sacks DB (2015) The
biology of IQGAP proteins: beyond the cytoskeleton.
EMBO Rep 16, 427-446.

Bozzaro S (2019) The past, present and future of
Dictyostelium as a model system. Int J Dev Biol 63,
321-331.

32

33

34

35

36

37

38

39

40

41

42

43

44

V. Fili¢ et al.

Eichinger L and Rivero F, eds (2013) Dictyostelium
discoideum protocols. Humana Press, Totowa, NJ.

Xu X, Wen X, Veltman DM, Keizer-Gunnink I, Pots
H, Kortholt A and Jin T (2017) GPCR-controlled
membrane recruitment of negative regulator C2GAP1
locally inhibits Ras signaling for adaptation and
long-range chemotaxis. Proc Natl Acad Sci U S A 114,
E10092-E10101.

Chao X, Yang Y, Gong W, Zou S, Tu H, Li D, Feng
W and Cai H (2024) Leep2A and Leep2B function as a
RasGAP complex to regulate macropinosome
formation. J Cell Biol 223, €202401110.

Shannon KB (2012) IQGAP family members in yeast,
Dictyostelium, and mammalian cells. Int J Cell Biol
2012, 894817.

Marinovié M, Mijanovié L, Sostar M, Vizovisek M,
Junemann A, Fonovi¢ M, Turk B, Weber I, Faix J and
Fili¢ V (2019) IQGAP-related protein IqgC suppresses
Ras signaling during large-scale endocytosis. Proc Natl
Acad Sci U S 4 116, 1289-1298.

Putar D, Cizmar A, Chao X, Simi¢ M, Sostar M, Cuti¢
T, Mijanovi¢ L, Smolko A, Tu H, Cosson P et al.
(2024) IqgC is a potent regulator of macropinocytosis
in the presence of NF1 and its loading to
macropinosomes is dependent on RasG. Open Biol 14,
230372.

Mijanovi¢ L, Putar D, Mimica L, Klajn S, Fili¢ V and
Weber I (2025) The IQGAP-related RasGAP IqgC
regulates cell-substratum adhesion in Dictyostelium
discoideum. Cell Mol Biol Lett 30, 4.

Seastone DJ, Zhang L, Buczynski G, Rebstein P,
Weeks G, Spiegelman G and Cardelli J (1999) The
small Mr Ras-like GTPase Rapl and the phospholipase
C pathway act to regulate phagocytosis in Dictyostelium
discoideum. Mol Biol Cell 10, 393-406.

Chen X-W, Leto D, Xiong T, Yu G, Cheng A, Decker
S and Saltiel AR (2011) A Ral GAP complex links PI
3-kinase/Akt signaling to RalA activation in insulin
action. Mol Biol Cell 22, 141-152.

Shirakawa R, Fukai S, Kawato M, Higashi T, Kondo
H, Tkeda T, Nakayama E, Okawa K, Nureki O,
Kimura T er al. (2009) Tuberous sclerosis tumor
suppressor complex-like complexes act as
GTPase-activating proteins for Ral GTPases. J Biol
Chem 284, 21580-21588.

Bar-Sagi D and Feramisco JR (1986) Induction of
membrane ruffling and fluid-phase pinocytosis in
quiescent fibroblasts by ras proteins. Science 233, 1061—
1068.

Kay RR, Lutton JE, King JS and Bretschneider T
(2024) Making cups and rings: the “stalled-wave”
model for macropinocytosis. Biochem Soc Trans 52,
1785-1794.

Bloomfield G, Traynor D, Sander SP, Veltman DM,
Pachebat JA and Kay RR (2015) Neurofibromin

FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOWILLIOD 8A1181D) 3|ced!dde 8Ly Aq peuenob afe sejole YO ‘88N JO S3|NJ o} Akeud18U1IUO A8 |1 UO (SUOIPLOD-PUR-SLLBY/LID A8 | 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWwie | 8u 89S *[5202Z/0T/0E] Uo AriqiTauliuo AB|IM ‘@Iniisu| 91A0%s0g Jopny Aq £800.'€9YS-TTZZ/200T 0T/I0p/W0D A8 | im Arelq1jpulju0'Saey//Sdny Woly pepeojumoq ‘0 ‘g9vSTTzZ



V. Fili¢ et al.

45

46

47

48

49

50

51

52

53

54

55

FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

controls macropinocytosis and phagocytosis in
Dictyostelium. Elife 4, ¢04940.

Buckley CM, Pots H, Gueho A, Vines JH, Munn CJ,
Phillips BA, Gilsbach B, Traynor D, Nikolaev A,
Soldati T et al. (2020) Coordinated Ras and Rac
activity shapes macropinocytic cups and enables
phagocytosis of geometrically diverse bacteria. Curr
Biol 30, 2912-2926.¢5.

Del Bello B, Gamberucci A, Marcolongo P and
Maellaro E (2022) The autophagy inducer trehalose
stimulates macropinocytosis in NF1-deficient
glioblastoma cells. Cancer Cell Int 22, 232.

Ghoshal P, Singla B, Lin H, Cherian-Shaw M, Tritz R,
Padgett CA, Hudson F, Zhang H, Stansfield BK and
Csdanyi G (2019) Loss of GTPase activating protein
neurofibromin stimulates paracrine cell communication
via macropinocytosis. Redox Biol 27, 101224.

Mishra R, Haldar S, Placencio V, Madhav A,
Rohena-Rivera K, Agarwal P, Duong F, Angara B,
Tripathi M, Liu Z et al. (2018) Stromal epigenetic
alterations drive metabolic and neuroendocrine prostate
cancer reprogramming. J Clin Invest 128, 4472-4484.
Gutmann DH, Ferner RE, Listernick RH, Korf BR,
Wolters PL and Johnson KJ (2017) Neurofibromatosis
type 1. Nat Rev Dis Primers 3, 17004.

Ghoshal P, Singla B, Lin H, Feck DM, Cantu-Medellin
N, Kelley EE, Haigh S, Fulton D and Csanyi G (2017)
Nox2-mediated PI3K and cofilin activation confers
alternate redox control of macrophage pinocytosis.
Antioxid Redox Signal 26, 902-916.

Salloum G, Bresnick AR and Backer JM (2023)
Macropinocytosis: mechanisms and regulation. Biochem
J 480, 335-362.

Saito S, Kawamura T, Higuchi M, Kobayashi T,
Yoshita-Takahashi M, Yamazaki M, Abe M, Sakimura
K, Kanda Y, Kawamura H ez al. (2015) RASALS3, a
novel hematopoietic RasGAP protein, regulates the
number and functions of NKT cells. Eur J Immunol 45,
1512-1523.

Elmadany N, Logiacco F, Buonfiglioli A, Haage VC,
Wright-Jin EC, Schattenberg A, Papawassiliou RM,
Kettenmann H, Semtner M and Gutmann DH (2020)
Neurofibromatosis 1 — mutant microglia exhibit
sexually-dimorphic cyclic AMP-dependent purinergic
defects. Neurobiol Dis 144, 105030.

Yang Y, Yao Z and Huo L (2024) The Nf1-QI181X
point mutation induces M2 macrophage polarization
via the AKT/STAT pathway to promote smooth
muscle cell proliferation and migration. Mol Biol Rep
51, 946.

Zhang J, Guo J, Dzhagalov I and He Y-W (2005) An
essential function for the calcium-promoted Ras
inactivator in Fcgamma receptor-mediated
phagocytosis. Nat Immunol 6, 911-919.

Federation of European Biochemical Societies.

56

57

58

59

60

61

62

63

64

65

66

67

68

lggC — an IQGAP or a RasGAP?

Jin H, Wang X, Ying J, Wong AHY, Cui Y, Srivastava
G, Shen Z-Y, Li E-M, Zhang Q, Jin J et al. (2007)
Epigenetic silencing of a Ca(2+)-regulated Ras GTPase-
activating protein RASAL defines a new mechanism of
Ras activation in human cancers. Proc Natl Acad Sci U
S A 104, 12353-12358.

Mijanovi¢ L and Weber 1 (2022) Adhesion of
Dictyostelium amoebae to surfaces: a brief history of
attachments. Front Cell Dev Biol 10, 910736.

Loomis WF, Fuller D, Gutierrez E, Groisman A and
Rappel W-J (2012) Innate non-specific cell substratum
adhesion. PLoS One 7, €42033.

Singh SP, Thomason PA, Lilla S, Schaks M, Tang Q,
Goode BL, Machesky LM, Rottner K and Insall RH
(2020) Cell-substrate adhesion drives scar/WAVE
activation and phosphorylation by a Ste20-family
kinase, which controls pseudopod lifetime. PLoS Biol
18, €3000774.

Bastounis E, Meili R, Alvarez-Gonzdlez B, Francois J,
del Alamo JC, Firtel RA and Lasheras JC (2014) Both
contractile axial and lateral traction force dynamics
drive amoeboid cell motility. J Cell Biol 204, 1045—
1061.

Arcizet D, Capito S, Gorelashvili M, Leonhardt C,
Vollmer M, Youssef S, Rappl S and Heinrich D (2012)
Contact-controlled amoeboid motility induces dynamic
cell trapping in 3D-microstructured surfaces. Soft
Matter 8, 1473-1481.

Iwamoto K, Matsuoka S and Ueda M (2025) Excitable
Ras dynamics-based screens reveal RasGEFX is
required for macropinocytosis and random cell
migration. Nat Commun 16, 117.

Williams TD, Paschke PI and Kay RR (2019) Function
of small GTPases in Dictyostelium macropinocytosis.
Philos Trans R Soc Lond B Biol Sci 374, 20180150.
Veltman DM (2015) Drink or drive: competition
between macropinocytosis and cell migration. Biochem
Soc Trans 43, 129-132.

King JS and Kay RR (2019) The origins and evolution
of macropinocytosis. Philos Trans R Soc Lond B Biol
Sci 374, 20180158.

Lin Y, Pal DS, Banerjee P, Banerjee T, Qin G, Deng
Y, Borleis J, Iglesias PA and Devreotes PN (2024) Ras
suppression potentiates rear actomyosin contractility-
driven cell polarization and migration. Nat Cell Biol 26,
1062-1076.

Meng X, Krishnan J, She Y, Ens W, Standing K and
Wilkins JA (2004) Association of rasGAPSH3 binding
protein 1, G3BP1, and rasGap120 with integrin
containing complexes induced by an adhesion blocking
antibody. J Proteome Res 3, 506-516.

Yang X-Y, Guan M, Vigil D, Der CJ, Lowy DR and
Popescu NC (2009) p120Ras-GAP binds the DLC1
rho-GAP tumor suppressor protein and inhibits its

85U8017 SUOWILLIOD 8A1181D) 3|ced!dde 8Ly Aq peuenob afe sejole YO ‘88N JO S3|NJ o} Akeud18U1IUO A8 |1 UO (SUOIPLOD-PUR-SLLBY/LID A8 | 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWwie | 8u 89S *[5202Z/0T/0E] Uo AriqiTauliuo AB|IM ‘@Iniisu| 91A0%s0g Jopny Aq £800.'€9YS-TTZZ/200T 0T/I0p/W0D A8 | im Arelq1jpulju0'Saey//Sdny Woly pepeojumoq ‘0 ‘g9vSTTzZ



lggC — an IQGAP or a RasGAP?

69

70

71

72

73

74

75

76

77

78

79

80

81

RhoA GTPase and growth-suppressing activities.
Oncogene 28, 1401-1409.

Kulkarni SV, Gish G, van der Geer P, Henkemeyer M
and Pawson T (2000) Role of p120 Ras-GAP in
directed cell movement. J Cell Biol 149, 457—-470.

Mai A, Veltel S, Pellinen T, Padzik A, Coffey E,
Marjomaki V and Ivaska J (2011) Competitive binding
of Rab21 and p120RasGAP to integrins regulates
receptor traffic and migration. J Cell Biol 194, 291-306.
Benwell CJ, Johnson RT, Taylor JAGE, Lambert J and
Robinson SD (2024) A proteomics approach to
isolating neuropilin-dependent o5 integrin trafficking
pathways: neuropilin 1 and 2 co-traffic a5 integrin
through endosomal p120RasGAP to promote polarised
fibronectin fibrillogenesis in endothelial cells. Commun
Biol 7, 629.

Johansen KH, Golec DP, Okkenhaug K and
Schwartzberg PL (2023) Mind the GAP: RASA2 and
RASA3 GTPase-activating proteins as gatekeepers of
T cell activation and adhesion. Trends Immunol 44,
917-931.

Molina-Ortiz P, Orban T, Martin M, Habets A,
Dequiedt F and Schurmans S (2018) Rasa3 controls
turnover of endothelial cell adhesion and vascular
lumen integrity by a Rapl-dependent mechanism. PLoS
Genet 14, €1007195.

Xu X, Wen X, Moosa A, Bhimani S and Jin T (2021)
Ras inhibitor CAPRI enables neutrophil-like cells to
chemotax through a higher-concentration range of
gradients. Proc Natl Acad Sci U S A 118, ¢2002162118.
Strazza M, Azoulay-Alfaguter I, Dun B, Baquero-
Buitrago J and Mor A (2015) CD28 inhibits T cell
adhesion by recruiting CAPRI to the plasma
membrane. J Immunol 194, 2871-2877.

Lee S, Shen Z, Robinson DN, Briggs S and Firtel RA
(2010) Involvement of the cytoskeleton in controlling
leading-edge function during chemotaxis. Mol Biol Cell
21, 1810-1824.

Hennig A, Markwart R, Esparza-Franco MA, Ladds G
and Rubio I (2015) Ras activation revisited: role of
GEF and GAP systems. Biol Chem 396, 8§31-848.
Harrell Stewart DR and Clark GJ (2020) Pumping the
brakes on RAS — negative regulators and death
effectors of RAS. J Cell Sci 133, jcs238865.

Imai Y, Miyake S, Hughes DA and Yamamoto M
(1991) Identification of a GTPase-activating protein
homolog in Schizosaccharomyces pombe. Mol Cell Biol
11, 3088-3094.

Wang Y, Boguski M, Riggs M, Rodgers L and Wigler
M (1991) sarl, a gene from Schizosaccharomyces pombe
encoding a protein that regulates rasl. Cell Regul 2,
453-465.

Bian C, Kusuya Y, Hagiwara D, Ban S, Lu Y,
Nagayama M and Takahashi H (2022) Dysfunction of

82

83

84

85

86

87

88

89

90

91

92

93

V. Fili¢ et al.

Ras-GAP protein AfgapA contributes to hypoxia
fitness in Aspergillus fumigatus. Curr Genet 68, 593-603.
Kershaw MJ, Basiewicz M, Soanes DM, Yan X, Ryder
LS, Csukai M, Oses-Ruiz M, Valent B and Talbot NJ
(2019) Conidial morphogenesis and Septin-mediated
plant infection require Smol, a Ras GTPase-activating
protein in Magnaporthe oryzae. Genetics 211, 151-167.
Polaino S, Villalobos-Escobedo JM, Shakya VPS,
Miralles-Durdan A, Chaudhary S, Sanz C, Shahriari M,
Luque EM, Eslava AP, Corrochano LM et al. (2017) A
Ras GTPase associated protein is involved in the
phototropic and circadian photobiology responses in
fungi. Sci Rep 7, 44790.

Li Y-Q, Li M, Zhao X-F and Gao X-D (2014) A role
for the rap GTPase YIRsrl in cellular morphogenesis
and the involvement of YIRsrl and the ras GTPase
YIRas2 in bud site selection in the dimorphic yeast
Yarrowia lipolytica. Eukaryot Cell 13, 580-590.
Harispe L, Portela C, Scazzocchio C, Penialva MA and
Gorfinkiel L (2008) Ras GTPase-activating protein
regulation of actin cytoskeleton and hyphal polarity in
Aspergillus nidulans. Eukaryot Cell 7, 141-153.
Schubert D, Raudaskoski M, Knabe N and Kothe E
(2006) Ras GTPase-activating protein gapl of the
homobasidiomycete Schizophyllum commune regulates
hyphal growth orientation and sexual development.
Eukaryot Cell 5, 683-695.

Xu Y, Tan J, Lu J, Zhang Y and Li X (2024) RAS
signalling genes can be used as host-induced gene
silencing targets to control fungal diseases caused by
Sclerotinia sclerotiorum and Botrytis cinerea. Plant
Biotechnol J 22, 262-2717.

Cao H, Gong H, Yu M, Pan X, Song T, YulJ, Qi Z,
Du Y, Zhang R and Liu Y (2024) The Ras GTPase-
activating protein UvGapl orchestrates conidiogenesis
and pathogenesis in the rice false smut fungus
Ustilaginoidea virens. Mol Plant Pathol 25, ¢13448.
Hausauer DL, Gerami-Nejad M, Kistler-Anderson C
and Gale CA (2005) Hyphal guidance and invasive
growth in Candida albicans require the Ras-like GTPase
Rsrlp and its GTPase-activating protein Bud2p.
Eukaryot Cell 4, 1273-1286.

Fortwendel JR (2015) Orchestration of morphogenesis
in filamentous fungi: conserved roles for Ras signaling
networks. Fungal Biol Rev 29, 54-62.

Arkowitz RA and Bassilana M (2015) Regulation of
hyphal morphogenesis by Ras and rho small GTPases.
Fungal Biol Rev 29, 7-19.

Dautt-Castro M, Rosendo-Vargas M and Casas-Flores
S (2021) The small GTPases in fungal signaling
conservation and function. Cells 10, 1039.

Weston C, Bond M, Croft W and Ladds G (2013) The
coordination of cell growth during fission yeast mating
requires Ras1-GTP hydrolysis. PLoS One 8, ¢77487.

10 FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

85U8017 SUOWILLIOD 8A1181D) 3|ced!dde 8Ly Aq peuenob afe sejole YO ‘88N JO S3|NJ o} Akeud18U1IUO A8 |1 UO (SUOIPLOD-PUR-SLLBY/LID A8 | 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWwie | 8u 89S *[5202Z/0T/0E] Uo AriqiTauliuo AB|IM ‘@Iniisu| 91A0%s0g Jopny Aq £800.'€9YS-TTZZ/200T 0T/I0p/W0D A8 | im Arelq1jpulju0'Saey//Sdny Woly pepeojumoq ‘0 ‘g9vSTTzZ



V. Fili¢ et al.

94

95

Merlini L, Khalili B, Bendezi FO, Hurwitz D,
Vincenzetti V, Vavylonis D and Martin SG (2016)
Local pheromone release from dynamic polarity sites
underlies cell-cell pairing during yeast mating. Curr Biol
26, 1117-1125.

Merlini L, Khalili B, Dudin O, Michon L, Vincenzetti
V and Martin SG (2018) Inhibition of Ras activity
coordinates cell fusion with cell-cell contact during
yeast mating. J Cell Biol 217, 1467-1483.

96

97

lggC — an IQGAP or a RasGAP?

Khalili B, Merlini L, Vincenzetti V, Martin SG and
Vavylonis D (2018) Exploration and stabilization of
Rasl mating zone: a mechanism with positive and
negative feedbacks. PLoS Comput Biol 14, ¢1006317.
Blum M, Andreeva A, Florentino LC, Chuguransky
SR, Grego T, Hobbs E, Pinto BL, Orr A, Paysan-
Lafosse T, Ponamareva I et al. (2025) InterPro: the
protein sequence classification resource in 2025. Nucleic
Acids Res 53, D444-D456.

FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 11
Federation of European Biochemical Societies.

85U8017 SUOWILLIOD 8A1181D) 3|ced!dde 8Ly Aq peuenob afe sejole YO ‘88N JO S3|NJ o} Akeud18U1IUO A8 |1 UO (SUOIPLOD-PUR-SLLBY/LID A8 | 1M AlRIq 1 BU1|UO//SdNY) SUORIPUOD pue SWwie | 8u 89S *[5202Z/0T/0E] Uo AriqiTauliuo AB|IM ‘@Iniisu| 91A0%s0g Jopny Aq £800.'€9YS-TTZZ/200T 0T/I0p/W0D A8 | im Arelq1jpulju0'Saey//Sdny Woly pepeojumoq ‘0 ‘g9vSTTzZ



	Outline placeholder
	 RasGAPs vs. IQGAPs-similarities and differences
	 IqgC negatively regulates macroendocytosis via small GTPase RasG
	 IqgC positively regulates adhesion and directed migration
	 IqgC is closely related to the GAP1 family of RasGAPs from fungi
	 Concluding remarks
	 Acknowledgements
	 Conflict of interest
	 Author contributions


