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LIST OF ABBREVIATIONS

Abbreviation Long form

Aa Amino acid

ACK Activated CDC42 kinase

AKT Proteinkinase B

AlF4 Tetrafluoroaluminate

ARF ADP ribosylation factor

ARP2/3 Actin related protein 2/3

BCR Breakpoint cluster region

CDC42 Cell division control protein 42 homolog
CNTD1 Cyclin N-terminal domain

CR Conserved regions

DEP1/2 Dishevelled, Eg-10 and Pleckstrin domain
Dia Diaphanous-related formin

EGFR Epidermal growth factor receptor

ERK Extracellular-signal regulated kinase

F Farnesyl

BAR Bin-Amphiphysin-RVS

GAP GTPase activating protein

GDI Guanine nucleotide dissociation inhibitor
GDP Guanosin-di-phosphate

GEF Guanine-nucleotide exchange factor

GG Geranylgeranyl

GGA Golgi localized, gamma ear-containing, ARF-binding protein
GRD RAS-GAP related domain

GTP Guanosine-Tri-phosphate

HACE HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase
HRAS Harvey Rat sarcoma virus

HVR Hypervariable region

IPP5P Inositol polyphosphate 5-phosphatase
IQGAP IQ motif containing GTPase activating protein
kDa Kilo dalton

KRAS Kirsten rat sarcoma virus

MEK Mitogen-activated protein kinase

MLC Myosin light chain

mTOR Mammalian target of rapamycin

mTORC Mammalian target of rapamycin complex
NADPH Nicotinamide adenine dinucleotide phosphate
NFkB Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
NMR Nuclear magnetic resonance

OCRL Lowe Oculocerebrorenal syndrome protein
PAK P21 activated kinase

PDKA1 Phosphoinositide-dependent protein kinase 1
PH Pleckstrin homology

PI3K Phosphoinositide 3-kinases

PIP Phosphatidylinositolphosphate

PKN Seine/threonine protein kinase N

PTM Posttranslational modification

RAB Ras related in brain

RAC Ras-related C3 botulinum toxin substrate




RAF Rapidly growing fibrosarcoma
RAL GDS Ral guanine nucleotide dissociation stimulator
RAN Ras-related nuclear
RAS Rat sarcoma
RBD RAS binding domain
RGL RAS related GDP dissociation stimulator like
RHO Ras Homolog
RHOA/B/C Ras homolog family member A/B/C
RIN RAS and RAB interactor
ROCK RHO associated protein kinase
ROS Reactive oxygen species
RTK Receptor tyrosine kinase
SH Src homology
SIN1 Stress-activated MAP kinase-interacting protein 1
WAVE WASP family verprolin homologous protein
WRCH Wnt-1 responsive CDC42 homolog
Amino Acid Three letter Letter code
code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine GIn Q
Glutamic acid Glu E
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val V




The RAS GTPases superfamily manifests several roles in diverse cellular processes such
as proliferation, differentiation, trafficking, adhesion, and migration. RAS GTPases cycle
between being GDP bound (inactive state) and GTP bound (active state), which is regulated
by two classes of proteins — GAPs and GEFs — which accelerate the slow intrinsic GTP
hydrolysis and promote the slow intrinsic nucleotide exchange rates, respectively. Activated
RAS GTPases associate with their downstream effectors to wind up their cellular functions,
and perturbation in their functions is often reported in cancer and developmental disorders,
so-called RASopathies. Novel mutations in ARF3 GTPases were identified in patients
suffering from different levels of neurodegeneration. Our structural-functional analyses of
ARF3 variants indicated that their nucleotide exchange rates had increased drastically. We
were able to prove that the discovered variants are located in the nucleotide-binding pocket,
which interferes with the protein functions by stabilizing the protein in GTP-bound form, and
subsequently disturbs the Golgi integrity. The HRAS germline mutations, in particular
Gly12Ser substitution, lead to the constitutively active forms of HRAS and are associated
with Costello syndrome, a complex developmental disorder. It was already known that
active HRAS interacts with RIN1 and enhances the RAB5 GTPases activation, as well as
ABL1/2 tyrosine kinases, which are signaling modulators in endosomal sorting and
cytoskeletal dynamics processes. In our study, we discovered that HRAS Gly12Ser
elevates the RIN1-dependent RABSA activation, and subsequently disturbs the integrins
concentration and localization in keratinocytes, which underly the molecular pathogenesis
for dermatological findings in Costello syndrome. RHO GTPases, a family of RAS GTPases,
have extra regulators, so-called RHOGDIs, which bind to their isoprenoid moiety and
sequester them away from the membrane and establish a cytosol pool of RHO GTPases.
We inspected the RHOGDI specificity of several RHO GTPases through a structure-function
assessment. We discovered that the RHOGDI association with RHO GTPases relies on the
positively charged residues and their proximity in the polybasic region and two distinct
negatively charged clusters in RHOGDI, which create an electrostatic force to extract RHO
GTPases from the membrane. IQGAPs are scaffold proteins, which tether several proteins
into specific complexes and safeguard the strength, efficiency, and specificity of signal
transduction. Characterization of IQGAP1 and 2 interaction networks with various RHO
GTPases showed that both IQGAPs bind CDC42 and RAC1-like proteins, but not the other
RHO GTPases due to several residues outside the switch regions. In-depth mutational
analyses clarified that the RGCT domain of IQGAPs is responsible for high-affinity binding
to the switch region of CDC42. Our studies proved that the GRD domain of IQGAPs is in
direct contact with the insert helix of CDC42 and binds to CDC42 in a nucleotide-
independent manner.



Die Superfamilie der RAS-GTPasen spielt bei verschiedenen zelluldaren Prozessen wie
Proliferation, Differenzierung, Trafficking, Adhasion und Migration eine wichtige Rolle. RAS-
GTPasen wechseln zwischen GDP-Bindung (inaktiver Zustand) und GTP-Bindung (aktiver
Zustand), was durch zwei Klassen von Proteinen - GAPs und GEFs - reguliert wird, die die
langsame intrinsische GTP-Hydrolyse beschleunigen bzw. die langsamen intrinsischen
Nukleotidaustauschraten fordern. Aktivierte RAS-GTPasen arbeiten mit ihren
nachgeschalteten Effektoren zusammen, um ihre zellularen Funktionen zu erfillen, und
eine Storung ihrer Funktionen wird haufig bei Krebs und Entwicklungsstérungen, den so
genannten RASopathien, beobachtet. Neuartige Mutationen in ARF3-GTPasen wurden bei
Patienten mit verschiedenen Stufen der Neurodegeneration identifiziert. Unsere strukturell-
funktionellen Analysen der ARF3-Varianten zeigten, dass ihre Nukleotidaustauschraten
drastisch ernoht waren. Wir konnten nachweisen, dass die entdeckten Varianten in der
Nukleotidbindungstasche lokalisiert sind, was die Proteinfunktionen beeintrachtigt, indem
sie das Protein in GTP-gebundener Form stabilisiert und anschlieRend die Golgi-Integritat
stort. Die HRAS-Keimbahnmutationen, insbesondere die Gly12Ser-Substitution, fihren zu
den konstitutiv aktiven Formen von HRAS und werden mit dem Costello-Syndrom, einer
komplexen Entwicklungsstérung, in Verbindung gebracht. Es ist bereits bekannt, dass
aktives HRAS mit RIN1 interagiert und die Aktivierung der RAB5-GTPasen sowie der
ABL1/2-Tyrosinkinasen verstarkt, die Signalmodulatoren bei endosomalen Sortier- und
Zytoskelettdynamikprozessen sind. In unserer Studie entdeckten wir, dass HRAS Gly12Ser
die RIN1-abhangige RAB5A-Aktivierung erhdht und in der Folge die Konzentration und
Lokalisierung von Integrinen in Keratinozyten stort, was die molekulare Pathogenese der
dermatologischen Befunde beim Costello-Syndrom erklart. RHO-GTPasen, eine Familie
von RAS-GTPasen, verfligen Uber zusatzliche Regulatoren, so genannte RHOGDIs, die an
ihren Isoprenoid-Anteil binden, sie von der Membran absondern und einen Zytosol-Pool
von RHO-GTPasen bilden. Wir untersuchten die RHOGDI-Spezifitdt mehrerer RHO-
GTPasen durch eine Struktur-Funktions-Bewertung. Wir entdeckten, dass die RHOGDI-
Assoziation mit RHO-GTPasen auf positiv geladenen Resten und deren Nahe in der
polybasischen Region und zwei verschiedenen negativ geladenen Clustern in RHOGDI
beruht, die eine elektrostatische Kraft erzeugen, um RHO-GTPasen aus der Membran zu
ziehen. IQGAPs sind Gertlstproteine, die mehrere Proteine zu spezifischen Komplexen
zusammenbinden und die Starke, Effizienz und Spezifitit der Signaltransduktion
sicherstellen. Die Charakterisierung der Interaktionsnetzwerke von IQGAP1 und 2 mit
verschiedenen RHO-GTPasen zeigte, dass beide IQGAPs CDC42 und RAC1-ahnliche
Proteine binden, nicht aber die anderen RHO-GTPasen, was an mehreren Resten
aullerhalb der Schalterregionen liegt. Eingehende Mutationsanalysen ergaben, dass die
RGCT-Domane der IQGAPs fur die hochaffine Bindung an die Schalterregion von CDC42
verantwortlich ist. Unsere Studien haben gezeigt, dass die GRD-Domane von IQGAPs in
direktem Kontakt mit der Insertionshelix von CDC42 steht und auf nukleotidunabhangige
Weise an CDC42 bindet.



The RAS (Rat sarcoma) superfamily of small guanosine triphosphatases (GTPases) is
composed of over 150 members in humans and governs a variety of fundamental cellular
processes [1]. RAS GTPases usually act as molecular switches (Figure 1B) and cycle
between a GDP (guanosine-diphosphate) bound and GTP (guanosine-triphosphate) bound
state [2]. The RAS superfamily constitutes several subfamilies such as RAS, RHO (RAS
homolog), RAB (RAS related in the brain), RAN (RAS related nuclear), and ARF (ADP
ribosylation factor) (Figure 1A), which share similar sequence elements, and display an
overall three dimensional structure [3]. In the RAS family, HRAS, KRAS, and NRAS are the
most extensively studied members. The majority of RAS GTPases share a set of conserved
G motifs (GDP/GTP-binding domain) that start from the N-terminus and are identified as;
G1, GXXXXGKS/T or P-loop; G2, containing a conserved T; G3, DXXGQ/H/T; G4, N/TKXD;
and G5, C/SAK/L/T [4]. All these ensemble motifs build up a 20kDa G domain, which has a
conserved structure among all the RAS superfamily proteins [1]. The G2 moitif, together with
the G3 motif, creates flexible regions called switch | (SWI) and Il (SWII) respectively, which
change their conformation upon binding to GDP or GTP nucleotides [5,6]. Their switch
mechanism between GDP and GTP nucleotides is tightly regulated by 1) Guanine-
nucleotide exchange factors (GEFs) that accelerate the exchange of bound GDP
nucleotides for GTP, and 2) GTPase activating proteins (GAPs) that stimulate the slow
intrinsic GTP hydrolysis by offering an essential catalytic arginine [7]. Membrane
association is a very crucial step that allows RAS proteins to initiate signal transduction [8].
As a first step they are targeted to the plasma membrane by posttranslational modification
of the C-terminal CAAX motif, where C is a Cys, A is mainly an aliphatic amino acid, and
the X residue determines which type of prenylation should occur to these proteins [9,10].
Once X is Ser, Met, Ala, or GIn, the RAS protein acquires a farnesyl (F) moiety, while the
presence of Leu alters the modification by Geranylgeranyl (GG) moiety [9]. This prenylation
facilitates the targeting and binding of the RAS protein to the membrane, where it engages
with other proteins in order to transduce the signal, which was initiated by extracellular
stimuli [11].

GTP-bound RAS proteins execute their function through binding to their effector proteins,
such as the well-known proteins RAF (Rapidly growing fibrosarcoma), RAL-GDS (RAL
guanine nucleotide dissociation stimulator), and RGL (RAL GDP dissociation stimulator
like), and RIN (RAS and RAB interactor) [12—-15]. RIN1 interacts with RAS directly, and it
has been reported that RIN1 can compete with RAF1 to associate with RAS [16,17].

RAS proteins govern many signal transduction cascades including RAF/MEK (Mitogen-
activated protein kinase)/ERK (Extracellular signal-regulated kinases) and PI3K
(Phosphoinositide 3-kinases)/AKT (protein kinase B) pathways, that play a fundamental role
in these pathways in different cellular processes including proliferation, differentiation,
apoptosis, and survival (Figure 1) [18-24]. The phosphoinositide kinases (PIK)
phosphorylate the inositol ring of phosphatidylinositol (Ptdnins), which is a component of
the eukaryotic cell membrane and is important in various cellular events, including survival,
proliferation, and cytoskeleton organization [25]. The PIKs constitute three general families
and are termed as PI3Ks, Pl4Ks, and PIPSKs [26]. PI3K can be activated through growth
factors, and generates PIP3 (Phosphatidylinositol-3,4,5-triphosphate), which recruits the
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protein kinase AKT to the plasma membrane [27]. AKT is fully activated by double
phosphorylation on Thr308 and Ser473 through PDK1 (Phosphoinositide-dependent
protein kinase 1) and mTORC2 complex (mammalian target of rapamycin complex 2),
respectively [27-29]. The PI3K-AKT and mTOR signaling cascades regulate cancer
hallmarks including cell cycle, survival, motility, metabolism, and genomic instability
[25,30,31]. The mTORC1 and mTORC2 complexes play a crucial role in diverse cellular
processes in response to a variety of intracellular and extracellular stimuli [32]. Aberrations
in the RAS signaling pathway are associated with a set of clinically related developmental
disorders distinguished by facial dysmorphism, cardiac diseases, abnormal growth,
irregular cognitive deficits, and ectodermal and musculoskeletal anomalies, categorized as
RASopathies [33-35].

A

" G

P Ioop‘,,S"WI SWil

_ Signal transduction [ Proliferation, Survival, Growth |

Figure 1. RAS superfamily of small GTPases. (A) The core G domain is comprised of 5 motifs, that
are engaged in GDP/GTP binding and hydrolysis. The membrane targeting motif of the RAS
superfamily is encrypted in HVR. (B) The active/inactive states of RAS superfamily members are
tightly controlled by GAPs and GEFs regulators. (C) Schematic RAS signaling pathway displaying
the downstream effectors, as well as upstream activators. Growth factors (GF) bind to receptor
tyrosine kinase (RTK) and initiate the activation of RAS, which leads to the activation of the RAF-
MEK-ERK cascade. Activated RAF-MEK-ERK results in various cellular functions, including
proliferation, survival, and growth. PI3K generates PIP3 and provides a docking site for PDK1 and
mTORC2. PDK1 and mTORC2 phosphorylate AKT at Thr308 and Ser473, respectively.

1.2 ARF GTPASES

ARF GTPases are distinguished by possessing a unique N-terminal extension that folds as
an amphipathic helix, and an N-terminal myristoyl group, which play a key role in membrane
association and dissociation [36,37].



ARF GTPases are ubiquitously expressed and mediate crucial functions, like bidirectional
membrane trafficking, namely endocytosis, and exocytosis, as well as the recruitment and
activation of enzymes, namely phosphatidylinositol (PtdIns) kinases (PIK) that can modify
the membrane lipid composition [38—40]. The lipid modification of ARF GTPases is a
myristoylation process on a Gly residue of the N-terminus, which directs them to the
membrane [40,41].

ARF1 and ARF3 are localized mainly at the Golgi apparatus, particularly at the cis and trans
Golgi networks, respectively [42]. They execute their function in the secretory membrane
transport systems by interacting with their effectors such as adaptor proteins, Golgi-
localized y-adaptin ear-containing proteins (GGAs), or coat proteins [38,40]. ARF GTPases
can tether non-coat Golgi apparatus specific proteins such as golgin-160, which determine
Golgi apparatus integrity [43]. ARF GTPases fine-tune several indispensable processes
through the regulation of the Golgi apparatus structure and function, cargo sorting, and
membrane trafficking. This highlights their central role in the normal development and

homeostasis of organelles.
/L]’l‘l_ﬂ.qb e
E (ARF1) PlK |

ﬂ Medial Golg Lipid production
' ————— / and transport

Medial Golgi

Trans Golgi

Trans
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O

Figure 2. ARF GTPases localization and function at the Golgi apparatus. ARF1 localizes at cis Golgi
and ARF3 localizes at the trans Golgi network. ARF1 activates PI4K and subsequently regulates lipid
production and transport, and ARF3 influences exocytosis and membrane trafficking through
association with GGAs.

1.3 RHO FAMILY

The RHO families are comprised of 20 canonical members, that are divided into six
subfamilies according to their sequence homology: RHO (RHOA, RHOB, and RHOC); RAC
(Ras-related C3 botulinum toxin substrate) (RAC1, RAC1B, RAC2, RAC3, and RHOG);
CDC42 (Cell division control protein 42 homolog) (CDC42, G25K, TC10, TCL, WRCH1, and
WRCH2); RHOD (RHOD, RIF); RND (RND1, RND2, and RND3); and RHOH [44].

Activated RHO GTPases participate in essential cellular processes and biochemical
functions including actin cytoskeleton reorganization, microtubule dynamics, gene
expression, and the regulation of enzymatic activities [45,46]. In the context of
mechanotransduction, the majority of studies target RHOA, CDC42, and RAC1 proteins to

10



grasp their impact on the actin cytoskeleton. These three proteins are the most studied and
best-characterized members of the RHO GTPases [46-50].

A major structural component that makes RHO GTPases different from other RAS
GTPases, is the presence of an insert helix, located between residues 122 and 135 (CDC42
numbering) [51]. An insert helix is a surface-exposed and dynamic region and is highly
variable among different members of RHO GTPases [52]. The latest studies implied the
significance of the insert region for RHO GTPases in interaction with effectors, which is
important for downstream signaling and exerting effector function [563-55].

RHO proteins are post-translationally modified at the C-terminus by prenylation or
palmitoylation, which affects their subcellular localization and their association with specific
membranes [56]. In addition, RHO GTPases can be phosphorylated or ubiquitylated, which
affects their downstream signaling or their turnover (Table 1) [57].

Table 1. Overview of post-translational modifications of RHO, RAC, and CDC42 GTPases. These
modifications affect RHO GTPases membrane localization, and in some cases modulate the GDP-
GTP exchange.

Prenylation | Palmitoylation | Ubiquitination | Phosphorylation
K6-7 S188
A2 e ) K51 T127
RHOB GG/F + K6 S185
K7
RHOC GG - - S73
T108, Y64, K147
RACT GG ) S71 K166
RAC2 GG - - -
RAC3 GG - K166 -
RHOG GG - - -
Y64
CDC42 GG - - 3185
TC10 GG + - T197
TCL GG + - -
WRCH1 - + K177, K248 Y254
WRCH2 - + - -

RHOA, RHOB, and RHOC are highly homologous and their amino acid sequences are 88%
identical [58,59]. However, the C-termini of these three proteins, particularly the HVR, are
quite different and this dissimilarity is reflected in their localization [60]. RHOA and RHOC
are localized mainly at the plasma membrane or cytosol, while RHOB stays predominantly
at late endosomes and lysosomes [61].

Different stimuli comprising growth factors, cytokines, and UV irradiation can upregulate
RHOB protein levels [62]. Previous reports indicated how the downregulation of RHOA or
RHOC enhances RHOB expression [63,64]. Aligned with other studies, these findings
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emphasize that RHOB turnover is fast and, unlike the other RHO GTPases, which are
relatively stable, RHOB has a shorter half-life [62,65]. Previous reports implied that RHOB
is required for the initiation of apoptosis in transformed cells upon DNA damage [66]. RHOB
has an impact on the proliferation and adhesion of transformed cells [67]. Due to similar
effector binding regions, RHOA and RHOB can share several potential effectors such as
mDIA, NF-kB, and protein kinase C-related kinase (PKC) [65,68].

RHOC interacts with RHOA effectors, in particular ROCK (RHO-associated protein kinase)
and Citron kinase, with an even higher affinity [69,70]. Studies have shown that the
constitutively active RHOC (G14V) binds ROCK1 better than RHOA (G14V), which may
indicate different contributions of RHOA and RHOC to cell motility [58,70].

Activated RHOA results in the assembly of contractile actin-myosin filaments called stress
fibers, which are required for intercellular tension, and focal adhesion complexes which are
hotspots for mechanotransduction (Figure 3) [48].

RAC1

}

WAVE

}

Lamellipodia -
membrane ruffles

CDC42

l [E Stress fibers
WASP '

Filopodia -
microspikes

@ Focal adhesion

! Actin filaments

Figure 3. Signal transduction pathways involved in the formation of filopodia, lamellipodia, and stress
fibers, mediated by CDC42, RAC1, and RHOA respectively. RHOA, CDC42, and RAC1 can
modulate the signaling pathway that links membrane receptors to the cytoskeleton by assembling
focal adhesions.

The crystal structures of RHOA in complex with GTPase binding domains (GBDs) of ROCK
or PKN (RHO associated protein kinase) have been dissolved and it has been shown that
these domains form a-helical coiled-coils, which are positioned in a parallel and anti-parallel
manner, respectively [71,72]. GTP-bound RHOA activates PKN through its C-terminus and
prompts actin-myosin Il contractility in neuronal cells [73]. To generate stress fibers and
focal adhesions, RHOA required at least ROCKs and DIA (Diaphanous-related formin) in
its downstream path [47,74]. ROCKs are Ser/Thr kinases and regulate the induction of
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stress fiber, through their substrates like MLC (Myosin light chain) and MBS (Myosin binding
substrate) of MLC phosphatase [75]. Inhibition of MLC phosphatase takes place by
phosphorylation and results in an increase in MLC phosphorylation and subsequently
induces the actin filament cross-linking activity of myosin Il [45,75,76]. It has been shown
that ROCK function alone is not adequate as it stands for RHO-induced stress fiber
assembly [77]. It has been shown that the presence of ROCK combined with DIA, a member
of the formin-homology (FH) family, is essential for stress fiber formation [47,78,79]. DIA
interacts with a profiling-actin complex on the growing ends of actin filaments and promotes
the linear elongation of actin networks [45,80].

Although several proteins are described as potential downstream effectors for RHOA, and
their cellular implications have been examined, only a few investigations have been
undertaken to understand their activation mechanism.

Even though mammalian RAC1, RAC2, and RAC3 are encoded by different genes, they
share around 90% identity in their respective amino acid sequences [81,82]. Unlike these
three paralogs, RHOG, another member of the RAC family, is more divergent and it is about
70% identical to RAC1 [56]. RAC1b is an alternatively spliced isoform of RAC1, which is
distinguished by a 19 amino acid in-frame insertion directly after the switch Il region, and
was identified in the skin and epithelial tissues from the intestinal tract and breast cancer
[83—85]. It has been revealed that the 19 amino acid insertion induces an open conformation
in the switch | region, in which the switch | region obtains a distance of 6.5 A° to the
nucleotide-binding site, and this results in an accelerated GEF-independent GDP/GTP
exchange and a deficient GTP hydrolysis [85,86].

RAC2 is mainly expressed in hematopoietic cells, and it has been proposed that it is
responsible for the regulation of the oxidative burst in these cells together with RAC1 [87].
Any downregulation or inactivation of RAC2 is linked to several neutrophilic, phagocytic,
and lymphocytic defects which might stem from RAC2-specific activation of NADPH
(Nicotinamide adenine dinucleotide phosphate) oxidase [88—-92]. Both RAC1 and RAC3 are
ubiquitously expressed and therefore regulate a broad range of cellular processes [82].

All the RAC proteins induce the formation of lamellipodia and membrane ruffles (Figure 3),
probably through interaction with the WAVE (WASP family verprolin homologous protein)
regulatory complex (WRC) which is a five-subunit protein complex [93,94]. The WAVE
complex interacts with and activates the ARP2/3 (Actin-related protein) complex via its C-
terminal acidic domain, and the activation of the heptameric ARP2/3 complex leads to the
initiation of branched filaments at the end of existing actin filaments [95-97]. It has been
proposed that RAC1 can localize the WAVE complex to the periphery to promote actin
nucleation through ARP2/3 [45,47,98].

Since actin cytoskeletal dynamics regulate vesicular trafficking, the role of RAC1 in the
generation of actin-rich membrane protrusion during endocytosis has been studied
numerous times [99,100]. Moreover, RAC1 activity is recognized as indispensable for the
activation of NADPH oxidase in phagocytic cells during phagocytosis [101,102].

As in other proteins, a counterbalance between synthesis and degradation regulates the
expression of RHO GTPases. Ubiquitination governs the degradation process of RAC1 and
other RHO GTPases (Table 1) [103]. RAC1 ubiquitination became a focus of studies with
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the discovery of HACE1 (HECT domain and ankyrin repeat containing E3 ubiquitin protein
ligase) ubiquitin ligase as a tumor suppressor [103,104]. It appeared that the loss of HACE1
was correlated with breast cancer progression due to increased RAC1 activity levels and
as a result of enhanced levels of reactive oxygen species and cell migration [104,105].

Besides the plasma membrane and cytosol, RAC1 can localize to the nuclear envelope and
nucleoplasm [106,107]. Lanning et al. discovered that the polybasic sequence of RAC1
HVR is the nuclear localization signal (NLS) motif, and described that the difference in NLS
sequence alters the nuclear accumulation of different GTPases [106,108,109].

Together with CDC42 and RHO, RAC1 regulates the formation and maintenance of
adherens junctions in epithelial cells [110,111]. IQGAPs (IQ motifs containing GTPase
activating protein) are scaffolding proteins and play a significant role in protein complex
assembly and signaling networks [112—-117]. IQGAP1 overexpression results in decreased
E-cadherin mediated cell-cell adhesion and leads to weak adhesion [118]. IQGAP1 interacts
with B-catenin and dissociates the a-catenin from the cadherin-catenin complex in epithelial
cells [115,118]. GTP-bound RAC1 and CDC42 interact with IQGAP1 and hinder its
association with B-catenin and accordingly maintain E-cadherin mediated cell-cell adhesion
[115,119].

Given the essential roles of RACs, it is not surprising how deficient RAC activity is
associated with various diseases including cancer.

CDCA42 stands out as playing a crucial role in establishing cell polarity, migration, cell cycle,
and proliferation in all eukaryotic cells, regardless of the biological context [120-122].
CDC42 induces the formation of filopodia and microspikes (Figure 3) through its association
with members of the Wiskott-Aldrich syndrome family of proteins (WASPs), like N-WASP or
WASP [123-125]. WRCH1 is the only member of the CDC42 subfamily that does not induce
filopodia formation and interacts with neither WASP nor N-WASP [56,126].

Distinct pools of CDC42 have been discovered in various subcellular membrane
compartments including the plasma membrane, the Golgi complex, and the endoplasmic
reticulum [127—129]. CDC42’s role in the Golgi pool has been studied several times and the
majority of findings suggest that the Golgi pool acts as a reservoir for particular
circumstances [127,130].

Many CDC42 and RAC effectors contain a conserved 18 amino acid binding motif that has
been termed CRIB (CDC42/RAC-interactive binding), comprises eight conserved residues
within a stretch of 16 to 18 amino acids, and constructs the consensus region of the larger
G-protein binding domain (GBD) [131,132]. The CRIB motif exists in ACK (Activated CDC42
kinase), WASP, and PAKs (p21 activated kinase), and it appears to take the Asp38 in the
switch | region as the recognition residue for RAC/CDC42 from RHO [47,133].

In the switch Il region of RHO GTPases, there are Leu69 and Leu72, which form critical
hydrophobic contacts with a majority of effectors, and it has been suggested that they are
crucial for the CRIB-containing effectors [134,135]. The electrostatic steering regions and
GBDs of CRIB-containing effectors can also keep the intramolecular interactions under
control [125,132].
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IQGAPs, which are recognized as RAC and CDC42 binding proteins, are found in three
paralogs; IQGAP1, IQGAP2, and IQGAP3 with similar domains expressed in mammalians
[117,136—139]. IQGAP1 is the most studied member of this family and is ubiquitously
expressed [140]. IQGAPs possess several domains which interact with numerous proteins
in multiple functions to shield the strength, efficiency, and specificity of signal transduction
[115,138,141-143]. IQGAPs consist of an N-terminal calponin homology domain (CHD), a
coiled-coil repeat region (CC), a tryptophan-containing proline-rich motif-binding region
(WW), 4 isoleucine/glutamine-containing motifs (IQ), a RASGAP-related domain (GRD), a
RASGAP C-terminal domain (RGCT), and a very C-terminal domain (CT)
[115,116,140,144].

The crystal structure of a GRD fragment in complex with the constitutively active form of
CDC42 has been published and it has been demonstrated that GRD adopts a RASGAP-
like structure [145]. However, the IQGAP GRD domain is considered an inactive RASGAP
due to the absence of crucial catalytic and structural features of a functional GAP [145,146].

It has been reported that the C-terminal region of IQGAP1 is involved in CDC42 and RAC1
interaction [136,147,148]. Although studies indicated that IQGAP1 binds to both GTP/GDP
CDC42, it associates only with RAC in a GTP-bound form [144,148]. It has been shown that
IQGAP1 mutants defective in CDC42 binding resulted in aberrant multipolar morphology
and altered polarization and migration [149]. These findings endorse the significance of
IQGAP-CDC42 interaction in cell polarity and migration [150].

Heterozygous mutations in CDC42 have been discovered to cause neurodevelopmental
phenotypes, comprising facial dysmorphism, intellectual disability, cardiac effects, and
hematological and immunological abnormalities [22,151]. The collection of these
phenotypes is representative of Noonan syndrome, which is classified as a RASopathy, and
here in the case of CDC42, their upregulated function leads to a disturbance in the RAS
signal flow [22]. Overexpression of CDC42 and the other RHO GTPases is reported in
several cancers, and due to their central roles in cell architecture and motility, they become
potential targets in therapeutic strategies [152—154].

The GDP/GTP cycle of RHO GTPases is regulated by three structurally distinct and
functionally unrelated classes of proteins (Figure 4): 1) GEFs accelerate the slow intrinsic
exchange of GDP to GTP and switch on the signal transduction in stimulated cells; 2) GAPs
promote the slow intrinsic GTP hydrolysis activity and switch off the signal transduction; 3)
GDIs sequester RHO GTPases farther from the membrane by interacting with their
isoprenoid moiety and constitute an inactivated cytosolic reservoir [44,155-157].
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Figure 4. Summary of RHO GTPases regulation through GEF, GAP, and GDI. In resting cells, GDIs
bind to RHO GTPases lipid moiety and displace them from the membrane. GEFs associate with RHO
GTPases in stimulated cells and accelerate the GDP/GTP exchange. GAPs promote the slow
intrinsic GTP hydrolysis activity of RHO GTPases and switch off signal transduction.

1.3.4.1 GUANINE NUCLEOTIDE EXCHANGE FACTORS (GEFS)

GEFs are classified into two families based on their structural differences: DBL homology
(DH) containing proteins, and dedicator of cytokinesis (DOCK) proteins [155,156]. In
general, GEFs bind to their respective RHO GTPases selectively and diminish their affinity
for GDP, resulting in GDP displacement and eventual GTP association [158,159].

The nucleotide exchange reaction takes place in several steps: first a low-affinity docking
complex forms between GEF and the GDP-bound RHO GTPase [160]. Then GDP
dissociates from the primary complex, forming a binary complex of GEF and nucleotide-
free RHO GTPase [159,161]. This intermediate complex does not last or accumulate in the
cell, as it dissociates due to the high intracellular concentration of GTP, resulting in the
formation of GTP-bound RHO GTPases [158,162]. Dominant negative variants of RHO
proteins (Thr17 in CDC42 is substituted with asparagine) create a tight complex with their
cognate GEFs and hamper the activation of endogenous RHO GTPases [163].

The DBL protein, a prototype of the DBL GEF family, was isolated as an oncogenic product
from diffuse B-cell lymphoma cells during an oncogene screening [164]. The unique DH
domain in the DBL family is considered a very efficient catalytic machine, which can promote
the nucleotide exchange of RHO GTPases 107-fold [155]. The X-ray and NMR analyses
showed that the DH domain consists of a unique extended bundle of alpha helices which is
composed of three conserved regions (CR), namely CR1, CR2, and CR3 [165]. The CR1
and CR3 regions are solvent-exposed until they form a complex with RHO GTPases [166].
Often, the DH domain is followed by a pleckstrin homology (PH) domain, which aids the
DBL GEFs anchoring to the membrane through phosphoinositides and directs them towards
the relevant RHO GTPases, which are already at the membrane [155]. The PH domain can
bind to the DH domain and hamper the catalytic activity of the DH domain and rule as a
regulatory domain [44,167].

16



Out of 74 DBL proteins, nine of them lack the C-terminal tandem PH domain, three of them
contain a membrane-bending domain, and around seven of 20 studied DBL proteins did not
manifest any GEF activity [166]. Besides the DH-PH tandem motif, the DBL family is
comprised of several other domains, which serve in: interaction with other proteins,
association with membrane lipids, autoregulation, and subcellular localization [57,168,169].
74 DBL proteins have been reported in humans, which can be monospecific, bispecific, or
oligospecific for a wide range of RHO GTPases [166].

The DOCK family is classified into four subfamilies: DOCK-A, DOCK-B, DOCK-C, and
DOCK-D, which are comprised of a total of eleven members and encompass two DOCK
homology regions (DHRs) [170,171]. DHR-1 binds to certain phospholipids like
Ptdins(3,4,5)P3 and mediates the membrane association, while DHR-2 is the catalytic
domain of DOCK GEF [172,173]. DOCK-A and DOCK-B exclusively mediate GEF activity
for RAC, while DOCK-C and DOCK-D mainly activate CDC42 [174]. The DOCK family
arranges fundamental cellular processes that are dependent or independent of their GEF
activity, such as brain development, cell migration, phagocytosis, and cardiovascular
development [174-176].

The RHOGAP family is determined by the presence of a conserved catalytic GAP domain,
which is solely adequate to interact with RHO GTPases and accelerate the GTP hydrolysis
reaction by several orders of magnitude [3,177,178]. 190 amino acids constitute the GAP
domain of the RHOGAP family and there is a high sequence homology within the family
[179]. Since RHOGAPs and RASGAPSs look almost equivalent in their tertiary structure, it
has been proposed that their GAP domains are evolutionarily related [179—-181].

A conserved arginine residue, known as arginine finger, from the GAP domain is inserted
into the GTP-binding pocket of a cognate RHO GTPase and stabilizes the partial negative
charges that develop at the transition state [157]. Then it positions the conserved glutamine
from the switch Il region (Glu61 in CDC42) to activate a water molecule for a nucleophilic
attack on the y-phosphate of GTP [157,180,182]. Crystallographic analyses revealed that
switch |, switch I, and P-loop of RHO GTPases are part of the contacted surfaces with
RHOGAP [2,135].

In the very first studies, the crystal structure of the GAP domain of p50-RHOGAP in a
complex with RHOA*GDP+ALF4 was solved [183]. BCR, p50RHOGAP, and p190 were the
very first to be identified and are also the most studied members of this family [184—186].

The majority of the RHOGAP family members embody several functional domains and
motifs other than the GAP domain, which are involved in membrane targeting or
autoregulation [157,187]. Masking the arginine finger is an elegant way to hinder GAP
activity [188]. The best example is ARHGAP1, which contains phospholipid binding domain
sec14, which can either bind to the GAP domain and block its activity or direct ARHGAP1
to endosomes [189]. The other prevalent domains are CC, P, SRC homology 3, PH, and
BAR/F-BAR [44,178,190].

The catalytic activity and substrate selectivity depend upon several mechanisms including
phosphorylation, lipid binding, subcellular distribution, and protein-protein interaction
[188,191-193].
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RHOGAPs are extensively expressed, and according to database searches, 66 distinct
RHOGAP domain-containing proteins have been identified. Among the discovered GAP
domain-containing proteins, some proteins are incapable of promoting GTP hydrolysis, due
to a lack of the arginine finger [44,178]. These catalytically inactive RHOGAPSs include
OCRLA1, INPP5P, FAM13B, ARHGAP36, CNTD1, and DEP1/2 which are incapable of
terminating the RHO GTPases signaling by stimulating the GTP hydrolysis [44,178].
However, studying the GAP activity of several RHOGAPs for RHO GTPases suggested that
the RHOGAPs do not show a definite selectivity towards particular RHO GTPases [178].

RHOGAPs are primarily considered tumor suppressors, as a dysfunctional RHOGAP can
result in uncontrolled RHO GTPase signaling and subsequently elevated transformation
and cancer progression [194—-196]. Therefore, targeting RHOGAPSs becomes interesting in
the case of cancers with downregulated or inactivated RHOGAPs [196]. It has been
proposed, that targeting the C1 domain of f2-chimerin might regenerate the GAP activity of
B2-chimerin to deactivate RAC1 in cancer cells [196,197]. Nevertheless, proposing this
solution to restore the GAP activity and tumor suppressor function demands a more
physiologically relevant environment to provide more evidence for targeting these proteins.

Unlike the other regulators, only three genes encode RHOGDI in mammals [198].
RHOGDI1 (or RHOGDIa) is the most studied member of the family; it is ubiquitously
expressed and can interact with several RHO GTPases [199]. RHOGDI2 (or RHOGDI, or
LY-GDI) is predominantly expressed in hematopoietic cells and it interacts with several
RHO GTPases with a lower affinity than RHOGDI1 [200]. RHOGDI3 (GDly) is mainly
expressed in the brain, lungs, pancreas, kidneys, and testes [201]. The unique N-terminal
extension of RHOGDI3 anchors it to the Golgi complex and other cellular membranes [202].
Despite the prenylation of RHO GTPases, a considerable proportion of these proteins
remain in the cytosol, and several proofs consider RHOGDI as the reason [203,204]. This
leads to a faster localization and activation of RHO GTPases at any membrane in the cell
in reply to certain stimuli [203,204]. It has been shown that in the absence of RHOGDI, the
RHO GTPases reservoir would not last and would be degraded by proteasomes [203].
Therefore, the stability of RHO GTPases in the cytosol is owed to their interaction with
RHOGDI.

A multi-step binding mechanism has been described for RHOGDI-RAC1 association: 1)
RHOGDI associates with highly conserved switch regions of RAC1 through its switch
binding domain; 2) the polybasic region of RAC1 is attracted to both the N-terminal of
RHOGDI and Geranylgeranyl binding domain; 3) both the N-terminal domain and
Geranylgeranyl binding domain of RHOGDI create intermolecular charge forces towards
the positively charged HVR of RAC1, and 4) the Geranylgeranyl moiety of RAC1 is
positioned towards the hydrophobic cavity of RHOGDI which is located between the
Geranylgeranyl binding domain and C-terminal of RHOGDI. Subsequently, the
Geranylgeranyl moiety is pulled out of the membrane and the RHO GTPases dissociate
from the membrane [205,206].

Previous studies showed that particular protein-protein interactions induce RHOGDI-RHO
GTPases dissociation. It has been reported that ezrin-radixin-moesin (ERM) proteins, RHO
GEFs, and the p75 neurotrophin receptor can separate RHO GTPases from RHOGDI by
competing to interact with RHOGDIs [207-210]. Moreover, phosphorylation of RHOGDIs
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reduces their affinity for RHO GTPases and results in the release of RHO GTPases and
their subsequent activation [206,207].

Alterations in RHOGDI's expression level have been implicated in several cancers,
including hepatocellular carcinoma, pancreatic cancers, and Hodgkin’s lymphoma cell lines
[211-213].

A recent comprehensive study led to the determination of a pseudo-natural product called

Rhonin, which hinders RHOGDI activity and enhances the GTP-bound RHO GTPases
[214].
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Structural-functional studies have revealed the significance of RAS GTPases in the
regulation of numerous cellular processes. Their dysfunction is frequently reported in cancer
as well as developmental and neurological disorders. Several missense variants of ARF3
GTPases were identified in patients suffering from different levels of neurodegeneration.
Constitutive HRAS activation results in Costello syndrome, a rare developmental disorder,
identified by distinct facial dysmorphism, cardiac malfunction, and cutaneous
manifestations. The discovery of mutations in ARF3 GTPases and HRAS raises questions
about their role in the pathogenesis of neurological disorders and Costello syndrome,
respectively. This thesis aimed to characterize the ARF3 and HRAS mutations biophysically
to decipher the molecular mechanisms behind the pathogenesis of the reported disorders.

RHOGDIs represent a special class of regulatory proteins for RHO GTPases, which
regulate the spatiotemporal localization of RHO GTPases. However, the exact mechanism
of selective RHO GTPases extraction from the membrane by RHOGDI stayed obscure.
Therefore, we aimed to determine the structural parameters, which define the GDI function
and puzzle out the mechanistic details of RHO GTPases regulation by RHOGDI.

IQGAPs are multidomain proteins and are considered special effectors for RHO GTPases.
Until now, the selectivity criteria of these interactions has been a subject of controversial
debate. Moreover, the relevance of the interaction of IQGAP distinct domains remains
unknown. Hence, another aim of this thesis was to investigate structural differences in RHO
GTPases, which define the selectivity of IQGAPs and characterize the binding properties of
the GRD domain of IQGAPs and the GRD contacting surface on the CDC42 GTPase.
Addressing these questions will advance our knowledge about the structural-functional
relationship in the integrity of signal transduction and uncover molecular details of
dysregulated signaling pathways.
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Abstract: Much progress hits been made toward deciphering RHO GTFase functions, and many
studies have convincingly demonstrated that altered signal transduction through RHO G TPases
is a recurring theme in the progression of human malignancies, It seems that 20 canonical RI O
GTlases are likely regulated by three GDIs, 85 GEFs, and 66 GAT's, and eventually interact with
>70 downstream effectors. A necurring theme s the challenge in understanding the molecular
determinants of the specifivity of these four classes of mteracting proteins that, irrespective of
their functions, bind to vommon sites an the surface of RO GTPases, Identificd and structurally
verified hotspats as functional determinants sperific to IO GTPase regulation by GDIs, GLl's, and
GAPs as well as signaling through effectars are presented, and challenges and future perspectives
are discussed.

Keywords: CDC42; effectors; RACT; RHOA; RHOGAT; RHOGD!; RHOGEF; RHO signaling

1. Introduction

The RHO (RAS homolog) family is an integral part of the RAS superfamily of guanine
nucleotide-binding proteins. RHO family proteins are crucial for several reasons: (i) ap-
proximately 1% of the human genome encodes proteins that either regulate or are regulated
by direct interaction with RI1O proteins; (i1) they contral almost all fundamental cellular
processes in eukaryotes including morphogenesis, polarity, movement, cell division, gene
expression, and cytoskeleton reorganization [1]; and (iii) they are associated with a series
of human diseases (Figiire 1) [2].

The RHO family of proteins functions as molecular switches in the cell and cycle
between being in a GDP-bound, inactive state and a G1P-bound, active state [1]. Invaluable
insights have been gained by shructural and biochemical studies of RHO GlTases and their
complexes with interacting partners thus far, increasing our understanding of both how the
switch mechanism of the RHO GT1'ases is regulated and how a RHO (GTTase can interact
with four classes of structurally and functionally unrelated protein families (Figure 1) [3],
The cellular regulation of this cycle involves guanine nucleotide exchange factors (GEEs),
which accelerate intrinsic GDP/GTP exchange, and GTPasc-activating proteins (GADs),
which stimulate intrinsic GTP hydrolysis activity [4]. The formation of the active GTT-
bound state of the G1Tase is accompanied by a conformational change in two regions
(knawn as switch 1 and II), which provides a platform for the selective interaction with
structurally and functionally diverse proteins (the so-called downstream effectors; Table 1)
that injtiate a network of eytoplasmie and nuclear signaling cascades [5,0]. A prerequisite
of RO protein function is membrane association, which is achieved by isoprenylation, a
posttranslational modification. In this respect, RI 10 proteins are regulated by & third control
mechanism that directs their membrane targeting to specific subcellular sites. Specifically,
guanine nucleotide dissociation inhibitors (GDIs) bind selectively to prenylated RHO
proteins and control their cycle between the cytosol and membrane. Activation of RHO
proteins results in their association with effector molecules that subsequently activate
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a wide variety of downstream signaling cascades, thereby regulating many important

plsiclogical and pathophysiclogical processes in eukaryolic cells [7],
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Figure 1. Molecular principles of RIO GlTase regulation and signaling. Moest RIIO GTPuses (20 canonical human
members) act as molecular switches by cyeling between a GDP-hound, inactive state and a G TP-bound, active state: They
interact specifically with four strueturally and functonally unrelated classes of protems: (A) In resting cells, guaning
nucleotide dissoriation inhibitors (GDIs; 4 human members) sequester RHO in the evtoplasm, away from the membrane,
by binding to the lipid anchor and thus creating an inactivated cytosolic pool; (B) in stimulated cells, different classes
of membrang receptors activate guanine nucleotide exchange factors (GEFs; 85 human members: 74 DBL and 11 DOCK
fatnily proteins), which in tuen aclivale RHO by accelerating (he intrinsic exchange of GDP for GTP and switch ON
signal transtuction; (C) active GTP-bound RO interacts through the CTPase-binding domain (GBL) with and activates
downstream targets (effectors; »70 human members) to cause a vanety of intracellular pathways, which control a multitude

of biochemical processes invelved in the regulation of different biological (dys)functions; (D) GTPase-activating proteins.

(GAPs; 66 human members) negatively regulate RHO by stimulating ils slow intrinsic GTP hyd rolysis activity and swilch
OFF signal transduction, Notably, all REIC-mteracting proteins recognize and bind RH(Y at consensus-binding sites called
switeh Tand IT

The molecular mechanisms of RHO GTPase regulation have been well characterized,
but cur understanding of the signal transduction to downstream targets and, most notably,
the autoinhibitory mechanisms of GhiFs, GAPs, and effectors remain unclear. Very impor-
tant and challenging, the elucidation of these critical conlrol mechanisms will open nesw

directions for the design ol additional therapeutic interventions.

Signaling by these GTPases is controlled by other mechanisms ineluding posl-translational
modifications such as phosphorylation, ubigquitylation, sumeylation, and acetylation (see for

‘more delails [#,9]),
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Table 1. RHO GTPases, potentlal effectors and (heir functions in mammalian cells
KU GTPases I:ffector Proteins Funetion Functions and Effects References
ROCK 1/11 Ser [ Phr kifse: Am‘aﬂl::';“n‘;w' [014
RHOA _Filitre_m_ k_lnase__ Say /The Kitiase Cy"r},nk’ir_aeslg_ [12]
MRS Phosphiatise subimil MLC mactivation 2]
Dlai/z Formin-like proteins Actin polymerizallon 10
T RAOR " integrinpl  Cellsurfaceveceptor  Cel) adhesion and igration e
RHOC FMNL3 o like protelns Migration, Livastarn i3]
RO Kaiso Transeription factor TR activation Nne
PAK1/2/3* Ser /Tir kinase TN et e (17]
T MIK2/3¢ Ser /Thr kinase TNK activation [1519]
WAVE Seaffold Actinn organization {201
P70 56 kinase ! Ser /Thr Kinase Translation regulation 1211
IQGARL /27 Scabfold Actin/ celi-cell contacts (22,231
oy T MEKK1/A® Ger /T kivase " INK activation e
POR Seaffold Actin organizalion [25]
po7PiE Scaffold ROS ganeralion [26]
P13 kinase Lipid kinase FIP2 levels [27
DAG kirase: Lipi kirasa.  PAlevels =]
PLCp2* Lipase DAG and 173 levels [30]
RACIE  plzan Catenin Cullalir transformation e
RAC2 LFA-1 Cell susface recepior [ cell adlissicn [52]
RACS Gm ARFGAPandseaffold N8 Of el adhesion [22]
RETOG. Kinectin Kinesin receptor Miﬂﬂﬁ;ﬁmndm a4
N-WASP Seaffold Actin nganization @Al
enese PAKA Set /Thr kinase Actin organization 131
MBCKa /f Seer /The klnase Actin orgasization 137
TeL GIT-HIX comples Scadivld .‘E’*;‘I"Eﬁi’;“;’f’;‘“_ e
RHON Plexin A1/B1 Semaphorin co-receptar Growihcane farmation [0y
RIF DIA1/2 Formin-like proteins Actin organization [4Al]
erotubule
RND1 Stithmin2 ;i:g::ﬂ ﬁ:}fé‘s depolymmeéj:%a;gc;. Neurite 42
RNDZ Rapostlin Formin-binding protein Newrite hranching [43]
RND3 e C S Lpwiiiaathen, - B8.
ROCKI Ser/ Thr kirase Adctomyasm contractility [4546]

* Proteins shown with an ssterisk sre shurad effactors for both RAC T and (DCI2
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2. The RHO Family and the Molecular Switch Mechanism

Members of the RTIO family have emerged as key regulatory molecules that couple
changes in the extracellular envirenmenl Lo intracellular signal transduction pathways To
date, 20 canonival members of the RHO family have been identified in humans and can
be categorized mto distinel subfamilies based on their sequence homology: REO (RUOA,
RHOB, and RHOC); RAC (RACI, RACLE, RAC2, RACS, and RHOG); CDC42 (CDC42,
G25K, TC10, TCL, WRCHI, and WRCH2); RHOD (RHOD, RIF); RNT (RNDI, RNDZ, and
RND3); and RHOH [47],

RHO family proteins are approximalely 21-25 kDa insize, They typically contain a
conserved GRP-/GTP-binding domain, called the G domain, and a Cterminal hypervar-
able region (HVR) ending with a consensus sequence knewn as CAAX (€ is cysteine, A
is any aliphalic amine acid, and X is any amine acid) (Figure 2). The G demain consists
of five conserved sequence motifs (G1 Lo G5) thal are involved in nucleclide binding and
hydrolysis [48]. In the cycle between the nactive and active states, at least two regions
of the protein, switch 1(G2) and switch I (G3), undergo structural rearrangement and
transmit an “OF" to “ON" signal [3]. Subcellular localization, which is known to be
critical for the biclogleal activity of RHO proleins, is achieved through a series of postirans-
lational madifications al a cysteine residue in Lhe CAAX molif including isoprenylation
(geranylgerany] or farnesyl), endoproteclysis, and carboxy] methylation [19].

G

ey

G domain HVR

S 5 Related biochemical
RAC1/2/3/RHOG - “I —+epe=t proportes
fap ’,:A'Jl A self activating
RACTE . “ b st proteln (k. /k., = 31)
. =
e " Elecirostalic steering
A ——==p ¥ mechanism for
Cbc42 , llll FEYET - = WASF recognition
" i LG
H:*‘_,J" Different hiochemical
T | S o opert d
wiret I il e
SH3 "3 GRB2INCK/CRK
4 —_— o mediated regulation
WRCH1 Al g |“ — 4 —OGFY and signaling
= - Gs
o

Related biochemical

RHOAIC - Jl l bt b ; properties
y - n DG

¥ )
A Potential

g ¥ i
RHOB y JII =t palmitaylation
e —— 7 @TPase deficlent
RND/213 = l I e ] proteins
- —a 1€ e
o Cumulating in GTP
P s g bound states due to
RHODRIF | - [ 4= high K,k values
e =2 1=

AT DAAR pascysieing

Figure 2. Domains, signature motifs, and post-translational modifcation of RHC GTPases, RED
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of caplionAll members of the RHO family contain canserved glycine 12 (G) and glidamine 61 ((;
RATT numbering), EXCEpL for the RND prateins, which contain, among other deviations, other
mslcies al (hese positions. This is why RND protelns constantly remain in the GTP bound stale [30],
Other signatures are, for example, a 19-amino acid msertion next o the switch [T region in RACIB
with drastic biochemicsl consequences [31], and glutamic acids () in CDC42 erucial fora selective:
WASF interaction [52]. Some members have amino acid insertion outside the G domain (yellow boxes)
with yet unknown propedies. The N-lerminal insertion in WROTT contains proline-rich motifs
tesponsible for interaction with SH3-conlining adaplor proteins (53], Most members have comparabli
biochemical properties such as nucleotide binding, exchange, and hydrolysis, Tn contrast o most
memibers, which end up under resting conditions in an inactive GDP-bound state, RACTE, RHOD,
and RIF cumulate in the GTP-bound state due to a faster intrnsic nucleotide exchange reaction
(ki) compared to the intinsic GTI hydrolysis reaction (key) [54]. The C-lerminal hypervariable
region (HVR) rontains the terminal CAAX box, which undergoes posttranslational modification
by geranylgeranylalion (GG) or alternatively famesylation (17 h the case of RHOB and he RND
proteins at the conserved cysteine (green). Additonal modification by a palmitoyl (I7) moiety has been
eported for RITOB, and the CDC42-related proteins TC10, TCL, and WRCHL, These modifications
lead to the membrane anchorage of the members, a process that is stabilized and potentiated throwgh
variable nitmbers of posttively charged arginine and lysine residues (1),

Cince an isoptenoid meiety is added to CAAX, a RHO protein is translocaled to
the endoplasmic reticulum, where RCEL cleaves the AAX ipeptide tail, and then, IO
undergoes carboxymethylation by ICMT [55] RTTO proteins can also be phosphorylated,
which ran affect their assecialion with their regulators or effectors or inlluence their
membrane stability [56-54].

A characteristic region of REO {amily GT Fases is the imser( helix (amino dcids 124-136,
RITOA numbering), swhich may play a role in effector activation and dewnstream pro-
cesses [54].

Although the majority of the RHO family proteins are remarkably inelficient GTP-
hydrolyzing enzymes, in quiescent cells, they accumulale in an inaclive state because GTT
hydrolysis by REIO proteins is, on average, two orders of magnitude faster than GDRP/GTP
exchange [47]. These different intrinsic activities provide the basis for a two-state molecular
swilch mechanism, which greatly depends on the regulalory functions of GEFs and GAPs,
Fleven of the 20 RHO (a niily members possess classical molecular swilches, namely, RHOA,
RIOB, RIMOC, RAC], RAC2, RAUS, RHOG, CDC42, G25K, TCL0, and TCL [47].

Atypical RHO family members including RN, RNDZ, RND3, RACIB, RHOH,
WRCHT, RHOD, and RIF have been proposed to accamulate in the GTP-bound form in
cells [47], RND1, RNDZ, RND3, and RHO constitute a completely distinet group of
proteins within the RHO family (Figure 2) [40], as they do nol share several essential amino
acids including Gly-12 (RACT numbering) in the G1 mobif (a phosphate-binding loop or
P-loop) and Gln-61 in the (3 motif or switch [ region, which are catical in GTF hydrolysis,
Thus, they can be considered GTPase-deficient RHO-related GTP-hinding proleins [&1],
RHO and RIF are invalved in the regulation of actin dynamics [41] and exhibit much
faster nucleotide exchange than GTP hydrolysis. WRCHI, a CDC42-like protein thal has
been reported Lo be a fast-cycling protein, resembles RACTE, RHOD, and RIFin this regard
(Figure 2) [47], These atypical members do not possess the classical switch mechanism and,
therefore, may be regulated through other mechanisms.

3. Regulation of RHO Family GTPases
A1, Guaning Nuclestide Dissoclation Inhibitors (GI)s)

Despile the vast number of RHOGTHFs and RHOGATS, only three GDIs exist in
the human genome, The RHOGDI family includes ubiquitously expressed GDIT (or
RHOGDI) [22]; GDIZ (GDIR, LY-GD or D4-GDIY, mainly in hematopoiatic tissue [53];
and GDI3 (or GDly), which is usually ex pressed in human cerebral, lung, and pancrealic
tissue [A4]. An N-terminal extension that anchors GDI3 to the membrane of Golgi vesicles
dislinguishes this isoform from the others [65],
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Several studies in recent decades have provided information about the structure and
funiction of GDIs and proposed that they avt as shutiles for RO GTPase [7,66-65], The
shublling process is initlated by the release of RHO G TPases from donor membranes, the
formation of inhihitory eylasolic GRI-RHO GTase complexes, and the delivery of RHO
Gl'Pases 1o the membranes of subcellular compartments [#6,67].

It has heen demoenstrated that the isoprenylation process in cells can be regulated by
GDIs [e4]. GDI mediates the release of RITO GTPases from the membrane, maintains them
inan inactivaled state, and safeguards them against degradation or nonspnctlil_' activation
by RHOGERs [25,29,00]. Different structural studies have revealed two sites of GDI and
RUE GTTPase imteragtion [70-74]. First, an N-terminal regula tory arm of GDL hinds fo

the switch region ol RO GTPases and mhibits GOP dissocation and GTP hydrolysis.

Seqond, the N-lermirus of G atiracls the positively charged RHO ky pervariabie region,
which is engaged with negalively charged phospholipids of lhe membrane and iniliates
the insertion of the geranylgeranyl noiety on the RHO G Fases into a hydrophobic pocket
in the GD1 molecule, leading to membrane release [73].

3.2, Guanine Nucleotide Exchange Tuctors (GETs)

GiTlls are able Lo seleclively bind Lo their fespective RHO proleins and aceelerale the
exchange of lightly bound GOP for GTP [5]. Typically, GETs profeundly reduce the affinity
of RHC proteins for GOF, Jeading toits displacement tromr GRE and subsequent assoviation
with GTI [76,77]. This reaction involves several stages including an intermediate state in
which the GEF is in the cormplex with the nucleotide-free RO protein, This intermediate
does nol accumalale in the cell and Tapidl ly dissociates bevause of the h ighin travellular GTP
voncemtration, leading to the formation of the active REO-GTF complex. The main principle
driving this mechanism is based on the binding affinity of nuclestide-free RHO proten
heing significantly greater for GTP than for GREEF proteins [76,78], Callular activation of
RHO proteins and their cellular signaling can beselectively uncoupled from GIEFs through
the overexpression of dominant-negative mutants of RO proteins (e.g, threonine 1910
RITCA s replaced with asparagine) [77], Dominant-negalive mutants form a tight complex
with their cognate GEFs, preventing them fram achivating endogenous RHO proteins.
RFOGEFs are classified into two distimct families: DBL humulugy (DI domain-containing
proteins, and dedivator of cytokinesis (DOCK) proteins [S0,6]].

3.2.1. DBL Family GLPs

RHOUEFs of the diffuse B-cell lymphorma (DBL) family directly achivate the proteins
of the RHO family [82]. The prototype of this GEF Family is the DBL protein, which
was isolated as an encogenic product from ditfuse B-cell lymphoma cells in an oncogene
sereen [83] anil was laler reported to act on CDCA2 [R4]. Human DBL family proteins have
recently been grouped into functionally distinet categories based on both their catalytic
efficiencies and their sequence-struclure wlalionship [+7]. Members of the DB family are
characterized by a unijque DBL homology (H) domain [85-84].

The DH domain is a highly efficient calalylic machine [80] thal is able to accelerate
the nucleotide exchange of RHO proteins by as much as 107-fold. The DH domain is often
followed by a pleckstrin homelogy (PH) domain, indicating its essertial and conserved
function. A model for I'H domain-assisted nudleotide exchange has been proposed for
somie GEFs such as DBL, DES, and TRIO [80], Thus, the PH domain serves nrultiple toles in
signaling events by anchoring GEFs to the membrane (via phosphoinositides) and directing
them towar! their respective CTPase partners, which are on the mermbrane [50].

Through a search for DH domain-containing proteins in the human genome, 74 DE[
proteins have been identified (Mgure 3) [47]. Inlerestingly, nine of these DRL proteins lack
the C-terminal tandem PITdomain, and three of these proteins contain a membrane bending
and tubulating BAR (BIN/amphiphysin /RVS) demain, and seven of 20 investigated DEL
proteins do not exhibit any GEF activity (Figure 9) [47], In addition 1o the DTI-P'H tandem
mohif, DBL fmily proteins are highly diverse and contain add itional domams with dilferent
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functions (Figure %) including SH2, SI13, CI1, RGS, PDZ, and/or 1Q domains, which enable
their interaction with other proteins; BAR, PH FYVI, C1, and C2 domains; which enable
their interaction with membrane lipids; and other funclional domains such as Ser / Thr
kinase, RASGEF, RHOGAT, and RANGEF [32]. These additional demains have been
implicated in autoregulation, subcellular localizalion, and connection Lo upstraam signaling
molecules [40,49,50]. Spatiotemporal regulation of DEL proleins has been suggested as a
mechanism that specifically initiates the activation of substrate RHO proteins and controls
a broad spectrum of normal and pathological eellular functions [89]. Thus, it is evident
thal members of the DBL protein family are altractive therapeulic largels for a variety of
diseases [J1,41].
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Figure 3. Domain organizatioh of DBL family proteins. The DEL family RHOGEFs ave mostly multimedular proteins anc
have a number of functional domains that imay mediale cross talk between RHO prolems and olher signaling pathways. OH
domains are almest always found with a PH domain in the C-lerminus, Some DBL proteins contain two DH-PH casseltes,
while some DBL proleins lack tandem PH domains. Functional demalns, in addition te We catalytic DH domain (green),
are probably involved in lipid and membrane binding (blue), proteln interactlons (bright green), and enzymaltic actlvities
(red and arange). A scale of amine acid numbers in increments of 200 {5 shown at the botton. Underlined proteins do not
exhibit activity under cell-free conditians [47),
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3.2.2 Structural and Funclional Characteristics of the DI domain

The DH domain is the signature of DBL family proteins, The catalytic guanine
nucleotidde exchange activity of DB family proteins is realized entirely within the [3H
domain, which is nol anly sufficient Tor catalylic aclivity but also critical for substrate
speciticily [47,92]. The catalytic IDH domain consists of approximately 200 residues, and
as determined by x-ray and NMR analyses of the DIT domain in several DBL proleins, if
is compesed of a unique extended bundle of 10-15 alpha helices [3]. This halical fold
is mainly composed of three conserved regions, CR1, CR2, and CR3, each of which is
10-30 residues long and forms separale alpha helices that are packed together [45 54
The CR1 and CR3 regions ave solvent exposed unlil complexed with RHO proteins [47],
Excepl for these three conserved regions (CR1, CR2, and CR3) in OH domains, DBL family
members share litle homoelogy with each other (#7].

%23 The Tandem PI1 Domain in OBL Proteins

In the majority of DBL family proteins, the catalylic DII domain is followed by a [T1
domain consisting of approximately 100 residues (Figure ), and even though the identity
of the "H domain among members of the DBL family is less than 20%, he MH-domain
conlaining DBL proleins share a similar three-dimensional struclure wilh two orthogonal
antiparallel B-sheets and a folded C-terminal g-helix that cover one end [4,95] The
I'H domain was origimally identified ina number of eytoplasmic signaling proteins that
displayed hamology with a region repeated in pleckstrin [96,97]. The DH-T'H tandem is
a signature mobf of the DAL family, indicating that the PH domain has an essential and
conserved function [5558], The landem PH domain can acl as a "membrane-targeling
device” due to its ability to bind phosphoinositices [94]. Tt can also bind directly (o RHO
proteins and putentiate (ke DI {-catalyzed nucdeotide exchange reaction [9293]. [n contrast,
the PH domains have been shown to hind and inhibit the activity of the DH domain [99,100].
In addition lo ils membrane-targeling properties, emerging evidence suggests thal the
It dornain may also play important regulatory roles by serving as a protein-protein
mteraction module [101].

324, A Plethera ol DBL Famuly Protems

It is evident that DBL family proteins are more abundant ani varied in cells than RITO
family proleins. To date, 74 DB, proteins have been reported in humans,; and they are
ulassified into different subfamilies: 46 DBL proteins are monespecifie for RHO-, RAC-, and
COC42-selective proleins, five are bispecific for RHO- and CDC42-selective proteins, and
six are wligospecific for All three RO protein subgroups [47]. Since there are many more
DBL proteins and many of them can activale mare than one KHO prolein, the aclivation of
RHO proteins catalyzed by DBL family proteins constitutes & level of regulabion m which
the signaling pathways can converge or diverge toward one or more RHO proteins [7].
This mullifunctionalily suggests that al Jeast one representative of each DBL subfamily is
expressed in all mammalian cells, but they may act at distinct subeellular sitos.

3.5, DOCK Tamily of RHOGEFs

The 11 members of the DOTK Gmily can be calegorized inlo four subfamilies; DOCK-
A, DOCK-B, DOCK-C, and DOCK-D [#1,102], DOCK GLEFs have lwo conserved domains:
liptd-hinding DOCK homology region | (DHR-1), which facilitates DOCK localization
to membrane compartments, and catalytic DOCK homology region 2 (DHR-2), which
induces the GOP-GTP exchange reaction [#1,1112-1(4]. Tt has been proposed that BICK
Gl s activate BAUT and CDO42 proleins, but notother RUO proteins [105,106].

DOCK proteins onchestrate important processes in brain development including
neuron, microglial, and Schwann cell development and hunctions [102,107] DOCK2 and
DOCKS play significant roles in immune responses such as the rhemolactic responses
of T ¢ells and Beells, ROS production in neutrophils, and migration of malure dendritic
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volls [#17 Ta et al. demonstrated thal DOCK] forms a comples with FTMO1, RACL, RAC2,
and Liea2, which imtiates actin polymenzation in hreast cancer cells [104]

DOCKZ has been indicated Lo increase amyloid beta plaque formalion, which makes
this protein a potenifal Alzheimer’s therapeutic target [169,110], [anssen et al, showed that
In T cells, DOCKH can form a complex with WASP and ART'2/3 and link TCR o the actin
eyluskeleton fo form a synapse for T cell responses [111],

Wiverall, DOCK GFTs play pivotal rles in different hiological processes thalran be
dependent or independent of theirr GEF aclivily,

3.4, GTPase-Avtinating Prokeins (GAPs)

Hyd rolysis af bound GTT s the (iming mechanism that terminales signal tansduction
of RHO family proteins and enables their return to an inachve, GDP-hound state [57]. The:
inteinsic GTPase reaction is usually slow but can be stimulated to accelerate by spveral
orders of magnitude through interaction with RUO-specific GAPs [114,113], The RHOGAP
family isidentified by the presence of a conserved catalylic GAT dornain Lhal is sufficient
forengaging RIO protems and mediating accelerated catalysts [114,115]. The GAF domaln
imserts a conserved arginine residue, termed an “arginine fnger”, inlo the GTM-binding
site of the cognate RHO protein Lo stabilize the Lransilion state and catalyze Lhe G TTase
reaction [7475,77] This mechamism is simular to that of ather small GTP-binding proteins
ncluding RAS, RAB, and ARF, allhcugh the sequence and folding of the respective GAF
families differ from other GTP-binding proteins [115,1 16]. Masking the calalytic arginine
finger is an élegant mechamsm for the inhibition of GAT activity: This action has also
been recently discovered in the fumaor suppressor protein DLCT, an REIOGAR which is
compatitively and selectively nhibited by the SH3 domain in pT20RASGATT117,1 18]

The firel RHOGAT discovered, pSORHOGAT, was idenlified through a biochemical
analysis of human spleen cell extracts in the presence of reombinant RIOA [119]. The ma-
jority of RHOGAT family members typically harbor several other funclional demains and
miodifs that are pmplicated in fight regulation and membrane argeting (Figure 4) [74,52,57]
Numerous mechanisms have been shown to atlect the specificity and calalylic aclivity of
RHOGAPS (e.g., intramolecular autoinhibition [ 20], postiranslational modification [121],
and regulalion by interaction with lipid membranes [122] and prateins [118])

RHOCAF insensitivily has been [requently analyzed through the substitution of
gither amina acid that is critical for GTP hydrolysis by RIO proteins (g, Glyld or
Clnddin RHOA), and Lhese mulations generate proteins known as constilutively aclive
mutants [123,124], In other mutants, the catalytic arginine residue of the GAF domain
is replaced with an alanine residue [114,124]. The latter approach is, in principle, very
usefu] onder cell-free cond itons but nol optimal in vells because an Arg-to-Als mutantmay
provide a readoul similar Lo that of the wild-type protein as it inlerferss with downsleam
signaling by compefing with effector(s) for binding to RIIO proteins, These REIOGATD
mutants are able to bind persistently to their target prolein, sequestering the trgel, which
most likely leads Lo a readout similar to that of activated wild-type RHOGAT. Therefore,
tl has recently beer suggested that mutating entical “binding determinanls”, particularly
Tys319and Arga23 (pall numbering), may be a hetter strategy than substituling the catalytic
arginine [114]. Charge reversal of these residues most likely leads to loss of REIOGAP
assacialion wilh its substrate RHO protein and Lhus abrogales Lha achivily of the GAT
domain, This cutcome tenders mutagenesis not only a tool Tor determining the specificity
of RHOGATDs, hut also for investigating GAT domain-independent funchion(s) of the
RHOCAPs.
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Figure 4. Domain organization of the RHOGAP family proteins (adapted from Aminetal,, 2016 [114]).

RHOGAPs are mostly multimodular proteins and have a number of functional domains that may
mediate cross talk between RHO proteins and other signaling pathways. Functional domains, in
addition to the catalytic GAP domain (red), are probably involved in lipid and membrane binding
(blue}, protein interactions (bright green), and enzymatic activities (red and erange). A scale of amino
acid numbers in increments of 200 is shown at the bottom. Underlined proteins are GAP-like proteins
with no RHOGAP activity [114].
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341 RHOGAT Family Proteins

The GTTase reaction is of great medical significance, since any disruplion of Lhis reac-
tion such as thal capsed by inhibilory mutations in genes encoding GAI” proteins results
in persistent downsiream signaling. The discovery that CAPs are required for G'lTase
downregulation was made o the basis that microinjeclivn of recombinant GTT-hound
RAS into living cells results in faster TI liydrolysis than is realized inviteo [125]. The
firsl discovered RHOGAT, pSURHOGAT, was identified by biorhemical analysis of human
spleen cell exiracts with recornbinant RHOA [110], and this discovery led to the identifica-
tion of other RHOGAP-conlaining proteins such as chimaerin and BCR, whose amine acid
sequences are related to pSORFIOGAP [126], Since then, more than 66 RHOGAP-containing
proteins have been identified in humans [174,127] The RHOGAT family is identified by
the presence of a conserved calalylic GAT domalin that ie sufficient for RHOGATP inter-
action with RO protemns and, in moest cases, stmulabion of the intrinsic GTFP hydrolyss
reaction uf RHO GTTases [115] Tn addition o their signature RHOGAT domain, most
RHOGAP family members fiequently harbor several other functional demains (Figure 4),
The majority of these domains can be classified inlo the following three major groups:
(i) lipid= and membrane-binding domains, (i) peptide- and protein-iriteracting domains;
and (i) catalytic domains with enzymalic aclivities, The mosl widespread domains are
PH, CC 1 SEC homology 3, and BAR /F-BAR (Figure 4), These domaing are implicated
in regulation, membrane targeting, luealization, and poleniial phusphorylation sites and
indicale the complexity of the ragulation of GTTase activity. Thirleen GADs lack any
additional putalive domains bul contain highly varable regions in their N- and C-termini
(Figure 4). [tis possible that these regions consist of motifs that have nol vet been idertifed,
amd these regions may contribute W their specific function in the cell.

3,42, Structural andd Funehonal Characteristics of the REWGAP [omain

The GAF domain of the RHOGAP family cansists of appreximately 190 amine acids
and shares high sequenice homology within the family. Although the RHOGAD domain
sharus no similarilies lo RASGAT tamily me rhers al the amine acld level, RHOGA e and
RASCAPs resemble each ather in their terliary structure [126,124], Comparative struetural
analysis of the RHOGAL domain with other GADs of RAS subfamilies has suggested that
GAF domaine in RAS and REIC family proteins are evolutionarily related [128,130] and
that the catalytic domains of RHOGATs share a core structural fold, The RHOGAT demain
s macde up of seven a-helices, The funchional charactenstic of the RHOGAP demain is a
pair of conserved basic residues: catalytic arginine (the arginine finger) and lysine (ArgZs2
and Ly=319 in pRSORHOGAP numbering) [114,131],

343, The Mechanism by Which the UGAP Bomaim Mediates (GTF Lydrolysis
Crystallographic studies of RUOGAF domains in complex with (CDC42 bound io GppNLp,
RHOA/CDC42 bound to GDIMAIL [76,7 95 and RHOA bound to GDP Mghs [172] have
provided insighls inlo (he catalylic mechanism of GTT hydrolysis upon stimulation. The
UTPase reaction;, as part ol the switch mechamsm, leads [o changes in the centormation of
the GTPase, especially in flexible and mobile loops known as switeh megions. RHOGAT
interacts with the switch Iand [ regions [3,123] and the P-loop of the RHO protein, The
GAT domain accelerales the intrinsic GIT hydrolysis by RHO proteins in lwo ways First,
il directly contribules \o catalysis by inserting catalytic arginine i the GAF domain fnto
the active site of the RHO protein. This establishes contacts with the maim-chain varbunyl
of Gly 12 (RACT numbering) and helps stahilize the GTP-hydrolysis transition state [ 1],
Second, this interaction stabilizes the negative charges formed during the transthon state
of GTT hydrolysis and positions the catalytie glutamine resid ue (Ging1 RACT numbeting)
of the RIMO protein to enable its conrdmation with nucleophilic waler molecules [124,] 15),
RHOGAP alse stabilizes the switch rogions of the RHO protein by interacting with residues
associated with M intrinsic GTPase activity [115]. ARHGAP3s, CNTD1, DEP, DEFZ,
TAMIAB, INPTET [156], and OCRL1 lack an arginine finger. which makes them catalytically
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imactive (Figure 4) [114], ARFIGATA6 1s involved in GLI transeription factor activation, but
Lhis function proceeds independent of its GAT domain CNTD] lacks RHOGAT aclivity
and acls as an ART& GAP DEP1 and DEI'2 coordinate cell cyde progression and inlecfere
willt RHOA action and signaling even though they lack RHOGAT aclivity OCRL] has
been shown Lo interact with GTP-bound RACT without stimulating hydrolysis. p85e and
puER (85-kDa regulatory suburits of phosphoinesitide 3-kinases) are also RHOGA-like
proteins (Figure 4), as they do nol show any delectable GAP activity toward different RHO
proteins [25]. A prerequisile of GAT funclion is thal the GAT domain position its catalylic
resicdue Arg282 (p50 numbering); therefore, GAPs include a number of amino acids that
are eritical for binding and stabilizing the protein comples. Both p85 isoforms lack most of
binding determinants (e g, Arg323, Asn3¥], Valddd, and Prodss) as well as the conserved
amimo avids around the argimne Brger [[14],

344, Overabundance and Diversity

Using database searches, 66 dislinct RHOGAP damain-conlaining proleins were found
lo be encoded in the human genome, whereas the number of KHO fz_miiy preteins thal
nead 10 e regulated by GATS was 18 (excluding constitulively active RHO proleins), The
overabundance of RHOGAPs implies that they must be tightly regulated in the cell to
prevent RHO proteins from being accidentally turned off. Of the 66 RFTOGATPs, 57 pro-
teins have a commaon calalytic domain capable of terminating RHO protein signaling hy
stimulating the slow intrinsic GTP hydrelysis (GTTase) reaction (Tigure 4). Investigation
of the sequence-structure-function relationship between REOGATs and RHO proteins
by combining i vitto dala with in silico dala has revealed that the REIOGAY demaim
iself 15 nonselechive, and in some cases, 1| 1s rather inafficient under cell-fres condibons.
This finding suggests that other domains in RHOGAPs confer substrate specificity and
fire-tunes their catalytic efficiency in cells [ 114]

34,5, Regulation and GAF Proteins Functions

RHOGATs are widely expressed, which makes theiv apparent redundancy queslion-
ahle. Therefore, cells must regulate RHOGAPs very tightly to prevent unwanted events thal
switch off signaling. To ensure stringent regulatory control, RHOGAPs are modulated al
different levels, indicating that regions putside the RHOCGAFP domain mast likely determine
fhe speaificity of RIHOGAPs (Figure 4). Numerous mechanisms have been shown to affect
the catalytic achivity and substrate specificity of KHOGATs (e.g,, autoinhibition (GRAF and
OITHNT) [120]); posttranslational regulation such as phosphorylation (p120GAT and Mge-
RACGAF) [1217; lipid binding via PITor €2 domains [ 22]; prolein-protein inleractions
(DLCL/pl20RASGAL) [117,118] and subcellular distribution through specific colocaliza-
lion of RHOGATs with RUO proteins at the membrane, for example, with a scaffelding
protein (Figure 4) [157].

4, Downstream Effedtors of RHO GTPases

[ ahility of RHO G TPases Lo contiol a wide range of inlracellular signaling pathways
is attribuled to their association with their cellular targets: effector proteins (Figure 5,
Table 1), In contrast to regulators that interact with REO GTPases o modulate their switch
function, effectors reguire GTHases lobe ina specific conformation to realize their own
intrinsic function. To date, mare than 70 potental effectors have been denfifed o RLICA,
RALY, and CDC42 [Fu].
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Figure 5. Regulation of actin-based motility by RHOA, RACI, and CDC42. Activated CDC42, RAC,
and RHO bind to and specifically activate their downstream effectors, which are either kinases
(e.g,, ROCK, PAK, and PISK) or scaffolding proteins (e.g., DLA, WASFE, [RSp53, and IQGAP). These
effector proteins activate diverse signaling pathways with distinct effects on the actin cytoskeleton
and cellular morphology. An important aspect of cell motility is the equilibrium between the myosin
light chain (MLC) and phosphorylated MLC, which is tightly regulated.

WASP
-1 CiP4 — microtubules —-[Podosorna formation]

The effector proteins are either kinases or scaffolding proteins (Figure 5, Table 1). Ki-
nases form an important class of RHO effectors and result in downstream phosphorylation
cascades. Different RHO-associated serine/threonine kinases such as PAK (p21-activated
kinase), ROCK (RHO-associated coiled-coil kinase), CRIK (citron kinase), and PKN (protein
kinase novel) interact with and are regulated by their partner GTPases [138-140]. Another
group of effectors comprise scaffolding proteins, which probably form a framework for sig-
naling cascades, especially through filamentous actin dynamics. 1Q motif-containing
GTPase-activating protein 1 (IQGAPI) [141], mammalian homolog of Drosophila di-
aphanous 1 (DIA1), Wiskott-Aldrich syndrome protein (WASP), and Rhotekin (RTKN) are
the most extensively investigated effectors in this regard and facilitate complex formation
in cells [142].

4.1, Structural Characteristics of RHO GTPase-effector Interactions

The crystal structures of the GTPase-binding domains (GBDs) of PKN and RHO
kinase (ROCK) in complex with RHOA revealed that the domains, as predicted from
their primary structure, form w-helical coiled coils that are arranged in an antiparallel
and parallel fashion, respectively [143,144]. A 13-residue left-handed coiled coil in the
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C-terminal portion of the ROCK-GRD, which is considered the mivimal seiuence coguired
for BHO-interacting motif activity, bindsexclusively to the switch and a2 regiens of RHOA,
In contrast, the RHOA-TKN complex has two pessible conlact siles on RHOA [143]; contact
site 1 consists of the 1, 32/ 43, and b regions of RITOA, whereas contact site 2 overlaps
remarkahly well with the ROCK-binding site. The structures of CI3C42 in complex with
effector proteins containing & CDC42/RAC-mteractive binding (CRIB) mobf such as PAK]
and WAST, which have been deterimined mostly by NMR spectroscopy due Lo their high
Oexibility [145129], haye shown thal the GBD in this class of ellectors makes extensive
contact with the surface of RO GTPases, Spacifically, GBD binds through its f-hairpin
and C-lerminal e-helix o the ol swileh T, and 1T regions and wraps around Lhe o5 and p2
regions of the GTPase with ik exlended N-termrious, which éncompasses the CRIB mokf
The basic region of WAST, immadiately upstream of the CRIB motif, has heen shown to
pensrate [avorable electrostatic steerime forces o unigue glutamate residues in CDC42
(Gluds, Glul 71, and Glul78) that cantrol the accelerated WASP-CTICAZ association reaclion
(Figure ) [52,150], This process is a prerequisite for WASI activation and a critical step in
the lemporal regulation and integration of WAS-mediated cellular responses (Figume 3),

Two ather effegtors, arfaptin and p&?\“m’, have novel structures and conlact sites
en the GTVase [151,152), Arfaptin forms an clongaled crescent=shaped dimer will three
helix coiled-coils thal makes contact with the swilches Tand [T and a2 regions of RACI,
regardless of (ks nucleotide-bound state [152], ard strueturally mimics the DH domain of
Tiam1 [153) pﬁ?P“”-‘ has an a-helical domain thal consisls of four telralricopeptide repeal
(TIR) motifs, which bind w1, the N-terminal residues of switch | and the G3-and G5 loaps,
but not the switeh 1T region or the principal parts of switch T[151], T has been propesed
that the swilch regions might be the contact sites for a third prolein that is associated with
the Racl-GTP-pa7 complex [154,150],

The mechanism of effector activation of the (T Pase-effector complex slruetures men-
tioned thus far have nol been clarifiet]; however, intramolecular autoinhibition and expo-
sure of their funcfional domains dre known to be required, A common feature of effector
complexes 1s that, with the exception of pﬁ?P““, they all make intensive contact with
the switch /o regions of RHO GTTases, which indicates thal [his region probably sacves
as the platferm for the GTP-dependent recognition of effectors, Two invariant leueine
rasidues (Lewbd and Leu72), which form crucial hydrophabic contacts with almost all
sffector domains, have been proposed as essential elements for the CRC42 /RAC-medialed
activation of CRIB-containimg effectors [ 1449]. A different achivation mechanism has been
implicated for the RHO-=specific affectors PEN and ROCK, with other domains that bind
copperatively Lo sites outside the switch regions of RHOA [[56].

4.2, RO GTPase-Medicted Effector Signaling

The fact that effectors commonly contact distinet residues within the Righly conserved
swildh Laned 1 regions of RHO GTPases [2,5] strongly suggests that other domaims hind
cooperalively to siles oulside the swilch regions [4,156], This possibility might explain the
cellular specificity of RIIO GTPase effector interactions. Moneering experments by Alan
Halland colleagues showed that the reorganization of the actin cytoskelelon is regulaled by
proteins in the RHO family including CDC42, RACT, and RHOA (Figure 3) 157 CDC42
and RACT aclivalion, in lurn, activales the ARP2/3 complex indireclly via WAST and
WAVE to induace branched actin filament networks and the formation of tight bundles
of parallel flaments that form the core in filopodia and the formation of a network of
diagonally onented actin filaments thal give rise Lo thin sheels of lamellipedia. RHOA
activation luads Lo the activation of ROCK and DIA and the organization of actomyosin
bundles inlo shress fbers as well as the farmalion of focal adhesions [1,5]. Coordination of
the distinet roles of these (T Fases 1s crueral for regulating cell migration, s demonstrated
by wound elosuee in a fibrablash monelayer: CDC42 wegulates coll polarily, RACT negulales
thie protrusion of lamellipodia at the leading edge, and RO regulates the turnover of
highly organized struclures termed focal adhesions (reviewed in [7,155-167]).
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Muareover, RHO G TPases control signal transduction pathways that influence gene
expression including the serum response factor (SRE), nuclear factor B3 (NFxl3) transcrip-
Lion faclor, e-JUN N-terminal kinase (INK), and p38 milogen-aclivated protein kinase
pathways [19,166], It has been reported that several enzyme aclivities can be allered
RHO GTTases. RACT can bind directly to pb7F", a component ol the NADIH oxidase
complex, and activate NADPH oxidase achivity o generate reachive oxygen species (ROS)
(Table 1) [167]. The BCR gene produces a 160 kDa product called p160™, which ancom-
passes several distinct domains. p160 exhibited GAL activity loward RACT, RACZ, and
CDC42 CTVases, An early study has shown that BOR regulates RAC-mediated superoxide
production by the NADPH-oxidase system of leukacytes [165].

5. Conclusions

Abnormal aclivation of RHO proteins has bean shown to play a crucial role in cancer,
infectious and cognitive disarders, and carchovascular diseases. However, several studies
musl be performed to gain understanding into the complexity of RHO protein signaling.
(i) The RLIC family comprises 20 signaling proleins, of which only RHOA, RACT, and
CDC42 have been comprehensively studied thus far. The functions of the less-charactenized
members of this prolein family awail detailed investigalion. (i) Despile intensive research
over the past bwvo decades, the mechanisms by which RHOGDIs associate and extract
RHO proteins from the membrane and the factors displacing the RHO protein from (he

complex with RHOGD] remain to be elucidated. (i} A fremendous number of 20 RIIO-

regulating proteins (85 GIFs and 66 GAPs) exist in the human genome. How these
regulators selectively recognize their RHO protein targets is not well understosd, and the
majority of GEls and GAPs in humans remain uncharacterized. (iv) GDIs, GETs, GAPs,
and effectors, despile their structural diversity, sharo consensus binding sites within he
switch L and 1l regions [%]. However, all these KIO-binding partners require contact with
other regions, nol Lheir shared binding region, to realize Lheir specificily for different RHC
profeins, (v) A major challenge atead, which has not been fully addressed thus far, will be
gaining an understanding of the spatial temporal regulation of RHO GTTase activily and
the inferachon of RO proteins with distinet downstream ¢ffeciors. (vi) Most GEFs and
GATs need Lo be regulated and their aclivation is generally achieved through the release
of autcinhibitory elements [92,120]. With a fow exceplions [4], the operaling principles.
of these autoregulalory mechanisms remain obscure. (vii) A better understanding of
the specificity and the mode of action of the regulalory proteins as well as the selective
recruitment and activation of effectors to spacific subcellular sites is not only fundamentally
important for understanding many aspeqts of RHO biology, but is also the masler key to
unlockiny the identity of key targets useful in developing drugs against s vanety of diseases
caused by aberrant RHO prolein funclions. This regards the spatiotemporal features whose
understanding is afflicted with major conceptual shorteomings, Future models should
consider both the emerging princple of biomolecular condensates (or non-membrane
baund organelles) thal are assemblaed in liquid-liquid phase separation [165,170] and the
modulating prinaiple of accessory proteins [171-173], which appears 1o safeguard the
strangth, efficiency, and specificity of signal transduction.
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Abstract: Three deciatles of research hive documented the spatiotemporal dynamics of RHO fam-
ily GTPase membrane extraction regulated by guanine nucleohde dissociation inhibitors (GDls),
but the interplay of the kinetic mechanism and structural specificity of these interactions is as vet
unresolved. To address this, we reconstituted the GDI-contralled spatial segregation of geranylger-
anylated RHO protein RACT in vitro. Various biochemical and biophysical measurements provided
unprecedented mechanistic details for GDI function with respect to RHO protein dynamics. We de-
termined that membrane extraction of RHO GTPases by GDI vecurs via i 3-step mechanisme (1) GDI
non-specifically associates with the switch regions of the RHO GTTases; (2) an electrostatic switch
determines the interaction specificity between the C-terminal polybasic region of RHO GTases and
two distinet negatively-charged clusters of GDIT; (3) o nonsspecific displacement of geranylgeranyl
moiety from the membrane sequesters it into a hydrophobic cleft, effectively shielding it from the
aqueous milieu. 'his study substantially extends the model for the mechanism of GDI-regulated
RHO GTPase extraction from the membrane, and could have implications for clinical studies and
drug development.

Keywords: U1DC42; electrostatic steering; G domain; hypervariable region; geranylgeranyl; guanine
nucleotide dissoviation inhibitors; liposomes; membrane extraction; polybasic motif; RACT; RAC2;
REOA; REIOGDT

L Introduction

The RHO family GTPases, most prominently RACT, CDXC42, and RHOA, share two
common functional characteristics, membrane anchorage and an on/off switch cyele [1].
They typically contain a conserved GDP/GIT binding domain, called G domain, and
a C-terminal hypervariable region (1TVR) ending with a consensus sequence known as
CAAX (Cis cysteine, A is any aliphatic amino acid, and X is any amino acid). Subcellu-
lar localization, which is eritical for the biological activity of RHO GlTases, 1s achieved
by a series of posttranslational modifications at the cysteine residue in the CAAX mo-
tif, including isoprenylation (geranylgeranyl or farnesyl), endoproteolysis and carboxyl
methylation [2]. Membrane-associated RHO GTPases act then, with some exceptions [3],
as molecular switches by cycling between an inactive GDP-bound state and an active
GTP-bound state. This cycle underlies two critical intrinsic functions, GDP-GTP exchange
and GTP hydrolysis, which induce structural rearrangements of two regions of the protein,
called switch I and switch I1 [4] (encompassing amino acids 2942 and 62-68, respectively)
and is controlled by two classes of regulatory proteins, guanine nucleotide exchange fac-
tors (GEFs) and GTPase activating proteins (GAFs) [4]. RIIO GTPases act as dynamic

Tk | Mol Scr. 2021, 22, 12493, https:/ /doiong/ 103390/ ims232212495
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swilches in many developmental and cellular contexts [5] by selectively binding to and
activaling structurally and funclionally diverse effectors: This class of proleins activales a
witle variety of downstream signaling vascades [-—2], thereby regulating many important
physiological and pathophysiological processes in eukaryobic cells [ 11-12],

The spalial and lemporal activation of RHO GTTases inside a cell i= fundamenlal, for
example, to the regulation of local movements and cell-cell contacts that are required for
morphogenesis [12]. They are commonly found Lo cycle belween two pools, a inembrane-
associaled and a cylasolic poal Given the facl Thal mémbrane aliachment is a prevequisile
for the signalimy roles ol this protein l%l:mily, it 18 clear that reversible membrane transloca-
tion offers cells a means o regulate (he location of (ke aclivation event. However, there s
a serious handicap lo such physical cyeling for RHO GlTases. The highly hydrophabic
geranylgeranyl (GG) moiety of RHO proteins renders them energetically unfavorahle to
partition inte the cytosol as individual monomers. Post-translationally modified RHO
proteins can only detach from membranes if they are assisted by RHO-specific guamine
nuolentide dissogahon inhibitors (GDIs), that shield the bulky lipid moiebes from the
aqueous envirenment of the cylosal [4,12].

In cantrast Lo the lremendous number of Lhe other regulalory proteins of the RHD
family (74 GEVs and 66 GAPs) [14,17], anly three GDIs exist in the human genome [ 1¢],
The GO family includes the ubiquitously expressed GDL (or GDla) [17], GDI2 (GO,
LY-GDOT or D4-GDI), which is mainly found in hemalopoletic lissue, particulady in B-and
T-lymphocytes [18], and GRI3 (or GUrly) thal is preferentially expressed in hrain, pancreas,
lung, kidnay, and testis [1Y]. Unlike the other two GITs, GDI3 contains an N-levminal
extension that confers anchorage into the membranes of Celg vesicles [20], As GDIR 15
very similar to GDIL it yan form & complex with all the GDII targets [21], GDI1 and
GDIZ contain at their vory N-terminus a large number of acicic resiclues which have heen
proposed Lo be essential (or their funclion in the rell [22]. In addibon te their physiological
exprission, GDIs are exprossed in several human gancers, including breast, liver, ovarian,
pancreatic and myeloid Jeukemia [13,18,23,24], Changes in GOl expression levels have
shown pro-lumorigenic o anli-lumorigenic elfects, that are cell lype- and tssue-dependent.
One reason for these opposile effects is most probably due to our lack of underslanding of
the basic mechanism of GDT function and their binding specificilies to the dilferen| RHO
proteins

Undlarstanding the mechanisms by which signaling evenls are localized and the
physiological consequences of spatial restriction are exerted, s one of the major chal-
lenges in cell biology: Comprehensive studies in the last three decades have providad
meight into the structure and function of these regulators acting as & shuttle for the RHO
GTPases [14,25-27]. The shuttling process, which considerably differs from the KRASL
PIEN [26-31], involves the extraction of RHO GT Pases from doner membranes, formation
of cytosolic GDI-RLO GTPase complexes and delivery of RUG GTVases to the target
membranes [19,27]. Accordingly, il has been proposed thal GDI regulales the isopronyla-
tion process in Lhe cell [32]. GDI is known Lo extiact RHO GTPases from the membrang,
mamtain them in an inactivated state, and protect them from both degradation apd un-
specific activation by REC-specific GEFs [)5,35,34], Structural studies by different groups
have revealed wo siles of inleraction belween G DI and RHO GTTases (25 34]. st an
N-lerminal region of the GOTs binds fo e switch regionsof RHO GTRases leading 1o the
inhibition of both GIOP dissociation and GTT hydrolysis. This step involves the Thid3 (rom
the switch | region which would contact the Mg?* ion and has an indispensable role in
nucleotide binding of RFO GTPases. The Asp45 residue from the N-terminal region of
the GRMs forms a hydrogen bond with this Theds residue of switch Tregion and increases
the affiniby for the bound GDP nucleotide, thal may explain the preference of G for
CGRY beund form of RHO proteins [17,58]. The first step positions the GDIs hydrophobic
pocket fowand the membrane surface. In the second step, the geranylgerany| mewety of
RHO GTVases moves oul of the membrane and inserts inlo the hydrophobic pocket of Lhe
GO molecule after which the formed complex moves to the cytosal [35,38], The mem-
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hrane release of COC42eG 01 camplex occurs at & similar rate as the release of CDC42
alone, with the major effect of GDI being to impede the resassociation of CTT42 with
membranes [40]. Moreover, 11 has heen reported that GOL birels the soprenylated RACT
and RHOA proleins with extremely high binding affinities 0.4 and (.05 nanomaolar affinity,
respeclively, as compared Lo nor-isoprenylated proteins [41,42]. Although Lhese sludies
have clearly demonstrated how GDls interact with and serve as nti_gﬂﬁ\-"f regulators of
RHO G Pases; yet the basic mechanisms of how they pull the isaprenoid moiely from Lhe
membrane remain elusive:

I this study, we investigated the interaction betwean the three GOT proteins and
varous members of the RHO GTase family using structure-funclion evaluation as well as
kinetic and aquilibrium measurements. We found clear speci ficity for the RHO GTFase-GIT
interactions, and substantially extended the existing mailel for binding and membrane
extraction of RHO GTPases by GDIL. We found, that: (1) the geranylgeranyl molety is
dispensable for RACI-GDI interaction, (2) seven out twelve RHO family GTTases did not
interact with GDI, (3) a conserved C domain s not rate-limiting for the GDI hinding,
(4) RAC1 polybasic maotif dictates GDIT binding, (5) electrostalic pincer residues of GDI1
grasp RACT MVE, and (5) GRIT buckles RAC] into its site.

2, Results and Discussion
21 Geranylgeranyl Moiety Is Dispensabie for RACT-GOIT Interacton

To understand the impact of the sopreny] meiety of RAC] on GDI binding, we
compared the biochemical properties of geranylgeranylated RACT (RACT95) from insect
cells and non-isoprenylated RACT full-length (RACL™M) from Escherichia coli. Previous
mass spectromelric analysis and lipesome sedimentation of intact RACTH, compared
lo RACIT have revealed a fully modified RAC1%® by geranylgeranylation [14]. Unless
otherwise stated, the unmodified RACT purified from E. coli is designated as RACTT,
the madified RACT puritied from insect cells as RAC1SS, and the unmutated (wild-type)
RACT as RACIWT i cell-based experiments.

We determined the GDI association rates with both RACISS and RACTHT using a
stopped-flow Quorometric assay. Figure 1 A shows a rapid decrease in flucrescence after
mixing GDI1 with the RACL proleins; which is dltec—lly related Lo the assodialion reaclion
between the BAC1-CDIN pairs. Observed rale constants (k) oblained by a single expo-
nential fitting increased linearly as a fanchion of the GDIT concentrations (Figure 153), and
vielded similar association rate constantz (Kag) for both RACI%% and RAC1E, The dissaci-
ation of the GIIT1 from mdGRP-bound RACT proteins was measured in a digplacement
experiment. Ohserved single exponential fluorescence increase yielded respective dissacia-
tion rate constants (kyg), which ditfer only 3-fold (Tigure 1C). Notably, the RAC1SS-GDIT
interaction showed a biphasic behavior (double nprnenﬁal kinetics); particularly for the
off-rate, an inilial rapid increase in Nuorescence was followed by a slow plateau phase,
which can be atlributed Lo the GG moiety of RACT GG Caleulaled dissociation constanls
(Ky) from the ratio of the kyy and kg, values (Figure 1D) unexpectedly revealed only a
7-fold higher alfinity for RACISS vs, RACTFY,

Instead of the simple exponental decrease seen wath GAP, there 1s an imtial rapid
increase in flugrescence followed by a decrease al a rale similar to thal seen al high GATD
concentrations. The first phase of the reaction s concentration-dependent, whereas the
second is less ohviously so. This suggests thal an inilial association between the proteins
leatls to an increase in Muorescence, which then decreases on mant-GTP hydrolysis (and
consequent dissocation of the proteins) to a level below that of the starting level, in
agreement wilh the observalion that the fluorescence of Ras,mant-GIT is lawer than that
of Ras,mant-GTF This interpretation means that the mechanism cannot be treated as a
vary rapid initial equilibration followed by a relatively slow cleavage slep, which is the
underlying assumption in the analysis of the data obtaned with GAL.
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Figure 1. RAC1G% and RACI™: bind with a similar affinity to GDI1. (A) Association of GDI1
(4 uM) with RAC15C and non-isoprenylated RACIFL (0.2 uM, respectively). (B-D) Quantitative
measurements of GDI1 interaction with RAC1C and RAC1TFL led to the calculation of the individual
binding constants, association rate constant or kay (B), dissociation rate constant or kg (C), and
dissociation constant or Ky directly from the kg /kep ratio (D), (E) Titration of increasing GDI1
concentrations to RAC19C and non-isoprenylated RACTH: (0.2 uM, respectively), using fluorescence
polarization, resulted in the determination of the equilibrium K values.

This result clearly contradicts existing models which have suggested that the isoprenyl
moiety of the RHO GTPases contributes to orders of magnitude higher binding affinity for
GDI as compared to unmodified RHO GTPases [11,42]. The studies have determined Ky
values of 0.4 nM and 5 pM for the interaction of GDI1 with prenylated RAC] and RHOA,
respectively, as compared to the 180 nanomolar Ky value determined in our study. The
reason for the extraordinarily large differences between the binding affinities obviously
lies in the proteins and the type of fluorescence reporter groups used in each case. On the
one hand, we and Tnimov et al. applied native GDI1 while Newcombe et al. [41] used a
coumarin-labeled GDI1 at position cysteine 79, which is actually buried and located in
the back side of the C-terminal geranylgeranyl binding domain (GGBD); this modification
at this position can drastically alter the confirmation and consequently its biochemical
properties of GDI1. On the other hand, native RACTSS purified from insect cells was used
by Newcombe et al. as well as in this study, Tnimov etal. [42] used a cell-free modification
approach of RHOAF: and purified geranylgeranyl transferase | and nitrobenzoxadiazole
(NBD)-labeled geranyl-pyrophosphate [1]. In this way; the nature of the isoprenyl moiety
and the absence of further posttranslational modifications by specific proteolytic removal
of the terminal three residues, and carboxylmethylation of prenylted cysteine residue, are
largely different from native RHOAYS.

Kinetic and equilibrium data revealed that the RAC1-GDI interaction is not markedly
dependent on the presence of the geranylgeranyl moiety. The binding affinities determined
for the RAC1-GDI interaction by three different methods indicate that GDI1 binds to
non-isoprenylated RACI as efficiently as it does to isoprenylated RACT; RAC1SY exhibited
only 25 to 4.6-fold lower Ky values compared to RACI'. Evidently, these data clearly
challenge the current regulatory model that the isoprenyl moiety at the C-terminus of RHO
GTPases contributes to several orders higher binding affinity of GDI1.

The data presented in this study on similar binding affinity of GDI1 for RAC15G
and RAC1"L is not surprising for two reasons: (1) It is evident that GDIT recognizes and
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binds regions of RACT other than the geranylgeranyl moiety in the cell hecavse the latter is
ingerted into the lipid bilayer and anchars the RACT to cellular membranes. Thus, binding
of the geranylgeranyl moiely by GDI1 cannol be rate-limiling: (2) GDI1 may not get inlo
a situation where it competes for prenylated and nonprenylated RACT simply because
nonprenylated RHO GTTases, such as RACT, may nol exist in cells; this has not been
reported to our knowledge. Our data van provide an indication of the interaction specificity:
of GDIs for RHO GiTPases. Therefere, we thoroughly investigaled {he specificily and the
structure-funclion relationships of the three GDIs and various RHO GTPages.

2.2 Conserted G Domain Is Not Rate-Liniting for the GO Binding

The above findings prompled us lo unambiguously challenge the paradigm of RACI
regulation by GIIL To this end, we investigated the interactions of the three GDI paralogs,
GO, GDI2 and GDI3, with variowus non-isoprenylated members of the RHO GTTase
family (Table S1; Figure S1). GDI3 was purified as an N-terminal truncated variant lacking
the amphipalhic helix (amino acids or aa 1-20). Kinelics of association of the GDIs (2 uM)
with 0.2 uM mdGDP-bound REIO GTPase was monitored under the same conditions as
described above for RACT. Calculated kg, values for each measurement (Figure 52) were
plolted as bar charts in Figure 2A, which clearly show thal all three GDIs associated with
RALT, RACS, RHOG and RIOA under the expenimental condiions but apparently not
with RAC2, CDC42, TC10, TCL, RHOB, RHOC, RHOD and RIF. GDI2 and CDI3 showied
significantly faster association with RACS as compared to GDI1. Most remarkably, unlike
G and GI3, GDIZ was able to bind RAT2. These resulls clearly indicate for the very
first ime that GDIs can discriminate between the RO GTPases by interacting with some
but not all the RHO proteins.

Te examine binding properties, Lhe respective associalion rale constants (kqq) and
the dissocialion rate constants (k) were determined for the interaction of GDIL with
RACL, RACS, RHOC and RHOA, and GDI2 wilh RACZ under conditions described above
(Figures 1A and S3A). All kinetic paramelers along with calculated dissociation con-
stants (Kg) are summarized in Tigure 2B, The data are very similar for the G interaction
with RACT, RACS, RHOG and RIOA with Ky values between 0.9 and 3.2 uM. However,
GDIZ inleraclions exhibited similar rate conatants for RACT and RACS, which were signifi-
cantly different from (hat of GDI1 (Figure 2B). GDI2 exhibited more than 10-fold faster ke,
values and up to d-fold slower kyy values, GRI2-RAC interaction was characterized by a
much slower rate of association as compared to RACT and RACE, resulling in a binding
affinity of 18.8 yM under the given experimental conditions (Fgure 18).

The biochemical charactertzation together with structural studies has shown that
the RAC paralogs exhibit different properties concerning ligand- and protein-protein
interactions [43]. Whereas RAC] and RACS hehave almosl identically;, RACZ revealed
a 25-fold lower nucleotide affinity because of a decreased nucleotide association rate, a
slightly higher PAK] (p2] activated kinase-1, a downstream effector for RACT and CDC42)
binding-affinity, and a significanl increase in GEl-catalyzed nucleotide dissociation. These

aberrant properhies most likely are the consequence of different conformational fexibilities

in the swilch 1 region [44].

To understand this result, we have performed integrated sequence-structure analysis
far all available G struclures in complex with RHO G TTases (Table S52) and identified
amino acids of the G domain (aa 1-176) invalved in RHO GTPase-GDI interactions shown
an an interaction matrix in Figure 2C. [Erevesls that almost all of them are indentical in
different RHC GTPases, GDls appear o maj nly contact RHO GTFases through the switch 1
and [l regions, and the g-helix 3 (shown in grey). The same is true also for the GDIs, which
apply identical residues, with a few exceptions, to conlact RHO GTPases. A major parl
of the contacts stems from the N-terminal switch binding domain (SWBD in green) and
some fram the GGRD (in arange; Figure 213,T). So, identical conlact sites do not explain
the observed differences in kinetic measurements and this finding rather suggests s GOLL
modulalory region oulside the G domain, namely the HVR.

51



Int, |, Mol Sei, 2021, 22, 12493

bofl9

COa (a0 s ) B, (0 ) I (uM)

K sV (WM's ) T0

K (M)

Figure 2. Biochemical and structural view into the RHO GTPase-GD1 interactions, (A) Kinetics of association of 2 uM GDI
proteins (GDI, GDI2 and GDIZAN20) with 0.2 uM mdGDP-bound RHO GTPases (twelve different proteins) was only
monitored for RACI, RAC3, RHOG and RHOA using stopped-flow fluerimetry. GDI2 but not GDI1 and GDI3 associated
with RAC2, No binding was observed (n. b. v.) for the other GTPases. Obtained k. values are the average of four to
six independent flucrescence measurements, consisting of 1000 data points each (mean + 5.10.). Kinetic data are shown
in Figure S2, (B) Individual rate constants were determined, under the same conditions as shown in Figure 1A-C, for the
interaction of GDI1 with RAC1, RAC3, RHOG and RHOA, and GDI2 with RACT, RAC2 and RAC3, respectively. Kinetic
data were derived from the average of four 1o six independent measurements (mean £5.10.). Kinatic data are shown in
Figure §3. (C) An interaction matrix of the GDI proteins with twelve RHO family GTPases is generated to determine the
frequency of contacts in respective structures. {see Table S2; for more detail see Figure 54). It comprises the amino acid
sequence alignments of the RHO proteins (lower leit panel) and the GDIs (upper right panel), respectively. Each element

corresponds to a possible interaction of RHO residues (row; RAC numbering) and GDI residues (column; GDI1 numbering).

The number of actual contact siles between RHO and GDI proteins (with distances of 4 A or less) were calculated and are
indicated with numbers for matrix elements between 1 and 9. (D) A detailed view into the structure (PDB code: THH4)
of GDP-bound RAC1%E (grey ribbon) in complex with GDI1 (surface representation) revealed that the basic HVR (blue)
is sandwiched between a series of avidic residues of GDI1 supplied by NTA (purple) and GGBD (orange). (E) Schematic
diagrams of the domain organizations of GDI and RAC15C illustrate their detailed boundaries. Amino acid sequence
alignments of the N-terminal arm (NTA; 25 amine acids) and the C-terminal six residues of the GDI proteins (boxed)
highlight negatively and positively charged residues (red and blue). Colors are the same in (D).
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A comparizon of available structures of the RACT-GDI and RAC2-GDI2 comploxes
revealed a rather high sequence similariby [15,26]. An mspection of full interaction matrix
revealed very few amine acid devialions within Lhe RAC G domains (Y/T89) and GIJI
paralogs (A/P/G31, E/K/RE3, A/T/V5E4,; Figure S4). However, Y98 in RACT and RAC3
undergoes contacts with H28 and V25 of GDI1 which may not be achieved by T84 in RACZ,
that may only contact V25 but not 823, Among the deviations in GDIs, the loop containing
A/GA1in G and GOT3 3s in close vicinily of D65/R66 of RAC paralogs, which may, in
the case of P31 in RACZ, adopl a different orientation and thereby influence KAC2-GDI2
hinding. Residues in SWBD, such as K53 and A54 (GDI1 numbering), appear to he crilical
for RHO GTPase-GT interaction. The double mutation of T35/ 156 lo serines in G has
been shiown to drastically decrease its affinify for RACT [45].

The interaction matrix showed a conserved interface between RHO GTPases and Gllls,
but the missing paris of most structures arg, on the one hand, the C-terminal HVR (178-190
aa in RACI; Figure ZF) [46], and on the olher hand, the N-terminal of the GDIs (1-25 aa
in GDLL; Figure 2D) [21], The crystal structure of the RAC19C«GDFsGDI complex (PDB
code: THH4) has remarkably provided the first evidenee for the existence of 4 network of
electrostatic interactions batween these otharwise highly Mexible regions [35]. Accordingly,
GDIL phvisusly supplies two sets of negatively charged residues to grasp (he polybasic
molif of RACT HVR: These are F109, 3140, F163 and F164 of GO GGBD across from T17,
E19, E20, D21 and E22 at the fexible NTA of GDI1 (Figure 2E), Thus, It seems Lhat GDI1
applies an eloclrostalic pincer lowards the polybasic motif of RJ_\C 1 and exlracts il from the
membrane. This mechanistic model was next investigated in-depth.

2.3, RACT Polybusic Motif Dictates GDIT Binding

A sequence analysis of HVRs of GDI associating RHO GTPases (‘hinders’) vorsus
those with no ohserved G association ['nen-binders') showed clear differences in both
numbers and relative posilions of positively charged residues (Figure 3A), To examine
the impact of LIV on the RO GTPase-GDIT interaction, we measured the kinetics of
G association with different HVR variants of RACT and RAC2. Remarkably, a loss of
RACT association was chserved with a C-terminal truncated variant lacking HVE-CAAX
(RACT) ag well as KRERK-lo-ERUEE (RACT™E; charge-reversal variant) and KRKRK-
lo-QOKRA (RACT-t0-RAC2 or RACI*ACZ yapjant). In conirast, a gain of GDlassocialion
with RAC2 was ohserved with QQOKRA-to-KRKRK (RAC2-to-RACT or RACZFAC yiari-
anl; Figure 3B). These findings were verified by fluorescence polarizalion experimenls
(Figure S3A) and ohtained data summarized in Figure 3C revealed that (1) RACIAN yet
bound GDI with a 26-fold lower affinity as compared to RACL, (2) RACI®E, binding to
GDIT was vet vheerved with a very low affinity while this was not possible for RAC1FS2,
and (3) RACZEACY did, in conlrast o RAC2, bind GDI1 with an almest similar affinily as
determined for RACT. Taken together aided HVR alteration can completely abolisk GDI1
assovialion with BACT and revert GO association with RAC2.

The resulls clearly demanstrate the critical role of the polybasic matif of RACT in
determining GDL binding, It seems thal both an incréase of overall positive charge in
HVR of RAC2 and the distance of the basic residues from the geranylgaranyl site stiongly
reinforce GDIL binding affinity. We hypothesize that the GDI1 selectively binds RACT
polybasic molif Lo pull the GG moiely from the plasma membrane and direct il inlo the
hydrophobic cavity of ibs GGBD.

The relative pesition and the order of the basic residues in HVR seem to contribute
to the formation of an electrostatic network (Figure 2E) that may significantly stabilize
GDI interaction with, for example, RACT and RAC3S but not RAC2: Synthelic peptides
conlaining the polybasic motifs of RATI (aa 178-188), but not RACZ (178-18%), have been
shown ta inhibit NADPH oxidase activity ina RACI-dependent system, and interfere with
Ihe lranslocation of RACT protoing to the plasma membrane [47], While the geranylgerany|
motety mediites membrane anchorage, the polybasic mohif of RACY mteracts with plasma
membrane phosphoinositides and stahilizes its proper arientation [44].
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RAC1 LCPPPVKKRKRRCLLL,,
RACZ LCPQETROGKRAESLL,, ¥
RAC3 LCPPPVEKPGKRCTVF,, &
RHOG LNPTPIKRGRSCILL,, & s
RHOA LOARRGKKKSGCLVL,, 2 -
RHOB -=--LOKRYGSQNGCINCECRVL,, ¢ T
RHOC LOVRKNKRRRGCPIL,, 3 & 8
cbcaz LEPPEPKKSRRCVLL,,, ¢ s &
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Figure 3, RAC] HVR generates a selective and high affinity interaction toward GDI1. (A) A sequence alignment of
hypervariable region (HVR) of RHO GTPases shows significant differences in the frequency of the basic resiclues (blue).
GDI-binding proteins are shown in bold. Critical amine acid deviations in RACZ are shown in orange. The isoprenylation
site (cysteine 189 in RACT) is highlighted in bold. (B) Kinetics of GDI1 association were measured by mixing RAC1 and
RAC2 variants (0.2 uM, respectively) with 2 uM GDI1. (C) Ky values for the RHO GTPase-GDI1 interaction were determined
by titrating RACI1 and RAC2 variants (0.2 uM, respectively) with increasing concentrations of G using flucrescence

polarization (see Figure S5 for more details).

Considering the amino acid sequence identity of the G domain on the one hand
(Figure 2C), and the sequence similarities among the hypervanable regions on the other
(Figure 3A), it is striking thatseven out twelve RHO family GTPases do not interact with
GDI1 (Figure ZA). For example, the HVRs of RHOA versus RHOC and RAC3 versus CDC42
look very similar, and yet GDI1 binds one but not the other, under the same experimental
condition in this study. An in-depth analysis of the RAC1 and RAC2 variants revealed that
the HVR polybasic motif dictates GDI1 binding (Figure 3B,C). The number of positively
charged residues appears not to be a binding determining factor since the HVR polybasic
motif of the nonhinder RHOC has a higher positive net charge as compared to the binder
RHOA (Figure 3A). This is also true if comparing the binder RAC3 with the nonbinder
CDC42, which exhibits a much larger amino acid variability with their HVRs. Thus, we
assume at this stage that, not the number of positive charges but rather the position of the
hasic residues relative to the C-terminal cysteine determines the bilateral binding selectivity
of the HVR polybasic motif by the negatively charged residues of both GGBD and NTA
(Figure 2D, E). This may be the reason for TC10 and RHOD not to interactwith GDI1 related
to the distance of the polybasic motif to the C-terminal Cysteine (Figure 3A). Notably,
Gosser et al. has reported a binding affinity of 1.6 nM between unmaodified CDC42 and
GDI, which significantly impaired upon N-terminal deletions of GDI [49]. This value
is three orders of magnitude lower than the Kj values we have obtained from kinetic
and equilibrium measurements (Figure 1). Gosser et al. have used in addition to mGDP-
bound CDC42 also a fluorescein-conjugated GDI at position cysteine 79, which is actually
buried and located in the back side of the GGBD; this modification at this position can
drastically alter the confirmation and consequently int biochemical properties of GDI1.
Mareover, residues next to the positively charged residues within the HVR seem to play
arole, too. Glutamines in RAC2 and RIF seem to be deleterious for the interaction with
GDI. Glutamate 181 in CDC42 may exert electrostatic repulsive effects on the GDI binding
(Figure 3A). Serine 185 is a phosphorylation site on CDC42, regulating its translocation to
the cytosol by favoring its interaction with GDI1 [50]. Future studies will shed light on
these issues,

2.4. Electrostatic Pincer Residues of GDIT Grasp RAC1I HVR

GD11 function appears to be driven and controlled by electrostatic forces, that attract
the polybasic motf of RACT. To examine this mechanism, we generated different deletion
and charge reversal variants of GDI1 and measured both their binding capabilities to
RAC1SC and RACIFY, as well as their functional properties to displace RAC15C from
PIP-enriched synthetic liposomes. GDITFIZE, swhich apparently does not contact RAC1
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HVE but the switch 2 region (Figure 2E), was used as a control. Kinetic analysis shpwed
that most GOl variants are disabled in associaling with RACI (Figure 2A). Substitulions of
D140, T163. and F164 for Iysines or deletion of the N-leriminal and very C-lerfminal amino
acicls sigruficantly imp.a'rwd oo binding to woprenylated and mln—isupren_vldted RACI,
as compared to GDI WT, The most drastic effects were observed with 25 and 58 amino
acidls deleted at the N-terminus (AN25 and ANGS) on the one hand, and double (E163K
and F164K or 2E > 2K) and riple (TN40K, E163K and E164K or 3E > 3K) mulations, on
the other, which did not bind to the RAC proteins under the rexperimnni‘al conditions.
Fluorescence polarizabion measwrements verified that most GDI1 variants were yet able
to bind RACIT, bul with up ko 145-fold lower binding affinllies compared lo GoRwWr
(Fgure 4B). RACT binding was completely abolished in the case of ANAS and 3E > 3K
variants, GDIAY® not only lacks the very N-terminal acidic resides, that are integral
elements of the electrostatic pircer function, but also the switeh binding domam (SWBD),
which forms multiple conlacts with the RACT switch regions (Figure 2C,1). GDI19EK
mos! likely creales intermolecular charge repulsion towards positively changed HVR.
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Figure 4. RHOGDI grasps hasic HVE of RACT with multiple negatively charged residues. (A)
Kineties of assaciation of 2 uM GO wariants with 0.2 uM mdGRP-bound RACT was monitored using
stopped-flow Auorimetry, The obtained data are the average of four o sixindependentmeasurements
tmean = 5.0.), Kinetie data are shown m Figure 56, (B) K values for the interaction between the
GDIT variants and mdGDP-bound RAC] were determined by fluorescence polarization (See
Figure 57 for more detarlsy, (€) Individual rate constants were determined, under the same

conditions as shown o Figure 1A-C, for the interaction of RACT with GIIT) WT, AN1S and ACG,
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respectively. Kinetle dats were devived from the average of four lo siv independen| measiirements
(mean + 5.0, (137 GDIL varianks are, In cantrast to GOUYT, Impatmed in extracting RACISS from
PIP-enriched synthetic liposomes. The graphs represent densitbmetric analysis of three independent
liposome sedimentation experiments (see Figure 58), Data are expressed as the mean of triplicate
experiments £ slandard deviation (unpaired 1-lest, * p < 005, ¥ p < 0.01, and ** p < 0001} (E)
FLAG-GDH variants were not able o extract YFP-RACT frony the plasma naembrane of HUVECS,
Al individual images are illustrated i Figure 59, Soale bar represents 50 pm, Armow point to
coledlization of RACT and G at the membrane ruffles.

To analyze the function of the GDI variants in extracting RAC1SY from Lhe lipesomes,
we petformed a liposome sedimentation assay established previously [14]. Therefore,
we mixed PIM-enriched liposomes (200 pm in diameler) wilh GDP-hound RAC] G5 and
isolated liposome-bound RACISC from the pellet fracton (Figure 4D, first lane) after
sedimentation. Next, 1 uM of RAC195eGDP bound te i posomes was mixed with 2 i
of GO WT and ifs variants (2 uM, respechively) to measure their ability to displace
RACISE from the liposounes. Tigure 41 shows Lhat GoTiWT quantitatively displaged
RACIY from the lipesomes. In contrast, the majorify of the GDI1 variants revealed
a significant reduction in their activities, consistently with the kinetic and equilibrium
measuremenls (Figure 4A-C). Parlicularly, GDN AN and GTINPE2R wore conmpletely
disabled in binding and extracting RAC1Y from the liposomes, strongly supporting the
nolion that GO supplies an electrostatic pincer to b“;f?ﬂf;{ RACT and pull it out frem the
plasma membrane. Moreover, GDNFPR and GDIPPR remained partially associated
with lipasomes and were sedimented in the E?.llei lraction (Figuie 413}, The facl Lhal these
GDIN variants were able to bind to RAC1Y o the liposomes but could not extract it
from the liposomes strongly suggests that an electrostatics-guided hinding and extraclion
mechanism is impaired unilaterally. We think that hinding of the GDI GGBD with the
RACT FIVR takes |t away from its membrane association and release addibonal basic
cesidues on HVR for the interaction with the negaltively charged residues of the GDIT NTA
(the so-called electrostatic pincer) Figure 5). Loss of the GGBD-LIVR interaction at this step
obviously disabled the GD11 variants {GDI‘I"H“( and GIN 2ETKY thal is assoclated with
RACISS an the liposomes, to extract RACT S0 from the membrane.

YFP-RALD and FLAG-GIIT variants were eclopically expressed in HUVECs (o ana-
lyze the molecular basis of (heir interactions using immunofluorescence (Figures 4E and 59),
In the absence of FLAG-GDI, YFP-RACT was both localized in the cytoplasm and af the
plasma membrane (arrowhead). When either GDIWT e GDIANLS ere co-expressed,
RACT was extracted from the plasma membrane and resided in the cytoplasm, In contrast,
GDIMNE and GDPP2R interestingly co-localized with RACT at the plasma membrane
{arrow head), supporting above data that they still bind RACI, however were disabled
in displacing il from the membrang (Figure 40). The RAC] localization pallern in co-
expression with GOIN? and GO was similar to the RACT localization in the absence
of GDI In contrast, RACI®E was exclusively cytosolic both in the absence of GDI1 and
in Lhe presence of GRIANIZ, GDIAND and G2, Co-exprassion of GO and RACI<E
seemed to result in the localization of RACIT™E in the perinuclear structure. Similar to
RACI, corexpression of RACT™E without GDI or with GTITAN and GDEFER pesulted
ina similar RACI localizalion, Furthermore, GDIM™® co-localization was slronger when
co-expressed with RAC1™ in comparison 1o ils co-expression with RACI, which ie due to
the reduction of tepulsion that exists between 25 N-terminal amino acids of GO and HVR
of RACT™E,
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Figure 5, Schematic models of GDI1-regulated RAC1 extraction from the cell membrane. (A) GDI1
SWBD (green) recognizes and binds the switch regions of RACI to initiate its extraction from the
membrane, (B) This step is followed by the electrostatic attraction of RAC1 pelybasic region through
the negatively charged GGBD (orange) and probably also NTA (purple). (C) NTA and GGBD are
integral elements of the electrostatic pincer function, creating intermolecular charge attraction forces
towards positively changed HVR. (D) This electrostatic steering mechanism rounds off the GDII-
mediated RACT extraction from the membrane by locking the geranylgeranylaled C-terminus of
RAC! through the terminal charged regions of GDI1, and safeguarding RAC1%S -bound state of
the GDI. Coloring is the same as the colering of GDI1 and RACT structures shown in Figure 20, K.
Posilive charges are schemalically shown as + and negalive electrostatics as —. For more details, see
the discussion and conclusions.

Both GGBD and NTA of GDI1 provide negatively charged residues as the basic
building block of the electrostatic pincer of GDI that grips the RAC1 HVR, pulls the
geranylgeranyl moiety out of the membrane and push it into the hydrophobic cavity
of GGBD (Figure 5). A prerequisite for ensuring the pincer function is the preceding
association of GDI1 via SWBD and also GGBD (Figure 2C). GDI1 variants that lacks
negatively d'tar%e_d residues in GGBD (GDIZE>2K) or NTA (GDIAN5) are able to recognize
and bind RAC1YS but are disabled in displacing RAC15% from the membrane.

The results above are consistent with previous findings and support the concept of
an electrostatic pincer mechanism on a subset of RHO family GTPases, An early NMR
study has shown that deletion of the highly flexible N-terminal region of GDI1 impairs its
ability to extract RAC1 from the plasma membrane in Hel.a cells [51]. Mutations of R186
to cysteine in CDC42 HVR has very recently been shown to disrupt its imteraction with
GDI1 in patients with a novel autoimmune hematological disorder [52]. Thus, electrostatic
complementarity between GGBD with the corresponding negative potentials, as shown in
this study, and the polybasic region of RACI, on the one side, and the negative potentials
of the N-terminal, rather flexible NTA moving towards the polybasic region from the
other side, obviously provide the required forces to facilitate RAC1 displacement from the
membrane [15,36,51,53].

2.5. G211 Buckles RACY info [ts Site

A closer look into the RAC15C-GDP-GDI1 complex ('DB code: 1HH4) revealed that
the very terminal regions of GDI1 may undergo an electrostatic interaction and thus tighten
the complex and avoid dissociation. To examine this hypothesis, we [unctionally analyzed
two flanking deletion variants of GDI1 regarding RACT binding and membrane extraction,
Kinetic analysis showed that the association rate of GDITANS and GDITAC® were drastically
slowed down up to 24-fold, especially for mGDFP-bound RAC15E (Figure 4A). Equilibrium
measurements of these terminally deleted variants revealed a massive reduction in the
Kg values of 440- and 140-fold, respectively, as compared to GDITWT (Figure 4B). These
GDI variants also exhibited a reduced activity in RAC1S extraction from the liposomes
(Figure 4D).

Our findings revealed that completing the RACT-GDI1 interaction is seemingly based
on electrostatic steering, selectively dictated by charge-charge interactions. This mechanism
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is notably represenled by almost identical kg rales, and more than 100-fold difference
in the kg, rate for interaction of GDI wt, AN15 and AC6 with RACTT (Figure 4C). The
kinelic values disclose, [or example, the significance of these negalively charged residues
of the very N-terminus of G911 (13, B5 and 159 GIIT] residues 1-8 are not visible in the
RACT-GIT structure; Figures 20.F and 4B) in closing up the RACT memhbrane extraction
and shielding the geranylgeranyl moiety. Moreover, GOI1 ACh oxlyibited similar atributes to
GDIANIS apd GDITERTK i erms of RACT binding capability bul has a different offect on
RACT extraction from the liposomes (Figure D), This suggests fhat the CT motif may have
additional roles beyond stabilizing the RAC1%“-GDI1 complex theough an intramelecular
NTA-CT interaction.

These data about the roles of the very N-terminal and C-terminal regions ot GDIL,
which may hold brue for GDIZ and GDI3 due lo sequence similarities (Figure 20}, strongly
suggest thal these regions may act as a 'buckle’ thal connects them and safeguards RACT-
bound state of the GO

3. Conclusions

This study elucidated & diglincl and specific mode of GDI [unction that holds true
for unly a subset of RHO GTPases. Our data uncovered a latent set of interactions be-
tween RACT and GDIL which add additional insight into the multi-step process thal
facilitates membrane extraction and inhibition of RACI activation. We thus hypothesize
that GIITL binds Arst with ils SWBD Lo the highly conserved swilch regions [4] of RACISS
on the membrane and then by the GGED the RACT HVR associated with the negatively
charged phospholipids (Figure SA,B) [45]. This slep may initiale an eleclrostalic steering
mechanism, which, resulting from long-range charge-charge interactions, determines se-
lective recognition of the LIVR positive potentials by the GDIT NTA negative potentials
(Tigure 5C). This process may generale the raquired force to pull the geranylgeranyl moiely
from the membrane and place it into the GGBD hydrophobic cleft. A last step may be
locking RACISS-GDI interaction through the very terminal residues of G NTA ancl
CT (Figure 50).

An electrostativ steering mechanism has been previously demonstrated for the inter-
action between CDC42 and WASPE [34,55]; and VWE and GPIbe [56]. It results from long-
range charge-charge inleractions, and diclales selective bimolecular recognilion. Notably,
electrostatic steering forces control the accelerated association reaction of two molecules,
bul nol the dissociation reaction [54], This small list of inleractions can now be extended to
interactions between GI21s and RHCO G Tases, such as RACT.

Curdata demonstrated that GOTT binds essentially similarly to prenylated and non-
prenylated RACL. This is plausible since the geranylgeranyl moiety of BACT is inserted into
the cellular lipid bilayer and simply prevented from protein inleractions. Sa, what could be
the biological implication of the finding that GDI1 binds essentially similarly to RACT with
and withoutl a geranylgeranyl moiety? The answer probably lies in the specificity of GDIs
for RHO GTTases. Our protein inleraction and slruclura-function studies ravealed Lhe
following insights: (1) The achivilies of three GDs do not differ considerably (Figure 2A),
pointing lo their cell-lype specific expression pallerns on the one hand and Lheir subcellular
loralizalion on the othey, providing two GDIs, e.g., G and G, ave expressed al Lhe
same tme in the same cell. GDI12 showed the highest ki, value for RACZ, associating up
to 6-fold faster than RACT and RACS. (2) The three GDIs exhibited a clear specificity for
the RAC-ke proteins, RAC], RACZ, RAC3 and RHOG, as well as for RHOA, under the
experimental condibions used n thisstudy. A systematic analysis of the sequence-strueture-
function relalionships of the RHO (TPase-RHOGDT inleraclion identified the C-lerminal
HIVR of the RO GTPases as the key elemant that ascertains the GDI specificity. (3) Neither
GDIL nor GDI3 but GDI2 exhibited clear selectivity for RACZ, even though this interaction
is one of the weakest interactions measured in this study (Figure 2A,B). To explain the
RACZ-GDI2 interaction selectivity, which can preferably lake place in the hematopoiatic
system [57,54], we inspected the RHO (GTPase-GDL interaction matrix in detail and found
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aming acids in GDI2 deviating from these o GO and GOTS, namely ProZ8, Leuds, Mel3s,
Asp39, Alal39 and Pheld] (Figure 53), The latter fwo resiclues which undergo contact o
RHO GTase FIVR may be critical as changes in HVR such as RACT-lo-RAC2 and RAC2-
to-RACT clearly affected their Interaction with DI (Figure 3B,0), This nolion gees along.
with our olher dala and confirms the contral role of HVR in the interaction with GIls.

Spatiefermporal activation of RELO prateins raquires that various regulators are or-
chestrated. (T as a membrane cycling faclor regulates the state of activation of RHO
proleins by displacing them fvom different membranes and masking them from their acti-
vatipn by GEFs or proteasomal degradation [12,539]. Specific binding of the GDI prateins
toward RACT in the lerms of fast-kinelic elucidales a new mechanism through eleclrostatic
steering between VR of RACT and negatively charged NAerminus of GO (Fgure 5).
Nevertheless, HVR determines the kinetivs of membrane localization of RHO GTPases [45].
Thera are genuine data, which showed RACT with a strong polybasic region that would
be mainly largeled lo plasma membrane, hut RAC2 and ("DC42 wilh a weaker polybasic
regivn remain in endomembranes [60]. In this context, the high affinity of RAC1 membrane
binling calle for a ghler interacon with GRLin order 1o extract it from membranes.

A number of medulatory proteins and enzyme activities may facilitate or block the
GDIregulated RACT exiraction from the membrane. A group of proteins that associate
with the C-terminal HVR of RACT and may inlerfere wilh the RhoGOI function, includes
CMS/CDIAT [46], B-PIX [51], Pacsin2 [52], NMP1 [63], smgGD8 [64], and CaM [65]. The
dissowiation of RACT from GO and ils (re)associalion wilh he cell membrane sill memain
unglear.

There are several modulators proposed to fulfill these Fundtions. Petential RhoGIDI
displacement factors include the neurotrophin receplor p75 (p78N1%) and TROY [66-65],
and members of the ezrin/radixin/ moesin (KRM) protein family [(9-71], Cther factors
thal directly moculate the RhotiDT funclions are coronin-LA [72,73], syndecan 4-syneclin
complizs [74], the GAP domain of the RIO regulators BCR and ABR [75,76] and phospho-
fipids, such as phosphainesitide (34,5)-trisphosphate (PIPs) [77], Thosphorylation of GDI]
by PAKT at Serl0)] and Serl?4 has been shown v medhate its dissooation from RACT but
nol RHOA [78], However. the mechanistic delails of such GDT madulators or displacement
factors remain unclear,

Enzyme aclivities thal control posttranslational modificativns, indluding phosphoe-
rylation, acetylation and sumoylation, add an additional leval of com plnxil)' Lo gellular
bioc hermistry and the regulation of the GDI function. 14-3-37, a member of the 14-3-3 lamily,
has been shown W promote tumor cell invasion and metastasis by binding to and inhibiting
GRII [23] 14-2-37 binds phesphorylated GDI and interferes with ils association with
RHO proteins, Whereby promoting epidermal growth faclor (TGT)-induced RHO protein
achivabion, GDI acelylation has also been shown to affect the REO GTPase-L D] interac-
tions [79], while GDIT sumoylabion increases this interaction [79,60], which 1= negabivaly
regulaled by Lhe physical intecaction of XIAT with G [81]. Ubiquitination of GDT by
GRAIL, an 113 ligase, does not lead to proteclybic degradation but rather to stabilizabion of
anl [a2],

The structure of uncomploxed GDIL is yet unknown, raising vet unreselved ques-
tions aboul kow the fexible NTA of GDIT is stabilized and whether CDIL undergees
confarmalional changes o open up the hydrophobie cavity of its GGRR

Very recently, we identified a navel matil in the very C-terminal end of GRBZ, consist-
ing of four amino avids, that appeass (o play a key wole in the allosteric regulation of GRE2
signaling from activated receplors to SO%1 activation [53]. [ths remarkable that deletion
of the CT motif of GDI completely abolisher! the GDI-indued displacement of RACT
from the liposomes. We prepose thal this motif physically binds terminal amino acids of
G NTA and ultimately locks the formed RATISS-GIDIT complex. However, the CT
mitif may also contribute o the eléctrostalic pincer (unction, by pulling RACTYS sut of
the membrane.
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While the RACT G domain mediates regulation and stgnaling [4], its HVR, mod ulated
by varicus postiranslatipnal modifications, finetunes infracellular trafficking, compartmen-
talization, subeellular localizalion, interactions, and membrane associalion by inleracling
with a variety of proteins [46], Given this knowledge and the results presented in fhis
study, a crucial and intoresting area for fulure research, is {o examine modulalory machas
mismis, contrelling RAC] funchon, which impinges on s C-lerminal remon. Last but not
leasl, unraveling of the molecular basis of RACT regulation may aid in understanding a
variety of diseases wilh the tmplicalion of RACI deregulation and dysiunclion, including
atherosclerpsis, diabetes and cancer [84].

4. Materials and Methods
4.1 Comstriiets

Different vdrianks pGIK vectors (pGEXZT and pGEXAT-1) encoding an N-terminal
glutathione S-ransferase (G3T) fusion protein were used lo overexpress human GDI (ace.
no. PI398) GDI2 (ace, noe PR256E), and GDI3 (avc no. Q99819) as well a8 human REO-
related genes, (e, WACT (ace, no, PE30IN; aa 1-179), KAL2 faee, no. P15153; aa 1-192), RACS
{ave. nw, PAUTE3; aa 1-192), RHOG (ace. no. PE095; aa 1-178), RHOA (ave. now PO1586; aa
1-151), RHOB (ace. no, PA2745; a4 1-181), RHOC (acc. ne POR134; aa 1-18]), COCA2 (ace no,
P60953; aa 1-178), TC10 face now 170815 aa 2-193), RIE (acc. no. QOHBLIG; aa 1-195), and
meuse RHOD ace ao, P73, ag 2-193). For haculovirus-insect cell expression, human
RAC] was subcloned into pFastBaclITE vecter (Invitrogen, Carlsbad, CA, USA) and fused
with an N-terminal hexa-histicime (6x11is) tag. For expression in human cells, RAC] and
(1) variants were cloned in pEYIE and pcDNA-FLAG vectors, All RHO GTPase and
Gl variants were generaled by PCR-hased site-directed mulagenesis as described [45].

4.2 Proteins

All proteins were produced using Escherichia voli and batulovirus-insect cell sxpressicn
system as described [34] Clulalhione S-bransferase (CST) fusion proteins were 1solaled by
affirity chromatography on a glutathione Sepharose column in the first step and purified
by size exclusion chromatography after proteolytic cleavage of GST in the second step [86].
His-tagged protens were isolated from SE9 insect cells, using affinity chromatography on
Ni-NTA ¢olumns. The quality of the proteins was anzlyzed by 12% SDSPAGE. Prolein
coneentrations were delermuned using Bradford reagent (Coomassie dye reagent; Sigma,
(Steinheim, Germany)), and the COP concentration in e case of purified RO CTFases
was delermined using APLC [47], Nucleotide-lree RHD proleins were prepared using al-
Kaline phosphatase (Sigmi Aldeich, Deisenhofon, Germanyland phosphodiesterase (Sigma
Aldrich, Deisenhofen, Garmany) at 4 'C as previously described [87]. RHO GTPases were
loaded with 2-deoxy-3-CO-N-methylanthraniloyl GDP (mdGR); the duorescont reporler
group methyl-anthraniloyl (in) was attachad Lo lhe 3'-0H group, and can, due Lo the lack
200 notisomerize between 2~ and 301 groups as campared to mGOP [44].

4.3, Lipusonte Assuys

The liposomes were freshly pmpamd lo perforimn liposome sedimentalior as de-
siribed [M]. Briefly, liposome assays were performed by mixing and incubating the
liposomes and purified RACL proleins, The muxiures were incubated for differont time
poinls and centrifuged at different spewils to separate the lipossme pellets and supernatants
lar oplimizing the cenlrifuging force, The liposames were prepared as a lpid mixlure
(194 g, containing 39% (w/w) phosphatidylethanolamine (PE), 16% (w/ ) phosphatidyl-
chaline (PC), 36% (/) phosphatidylserine (TS), 4% (w0 /w) sphingomyelin (SM), and
8% (w/w) phosphatidylincsitel 4,5-bisphosphate (TMP), and phosphatidylinosttal 3,4,5-
trisphosphate (PLFy), that was dred using light nitrogen stream. The lipids were purchisad
trom Sigma-Aldvich (Munich, Germany). Ohtained lipid film was hydrated with 300 ul. of
a buffer, containimg 30 mM HEPES-NaOH pl17.4, 50 mM NaCl, 3 mM DTT, 5 mM MgCls,
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Sonication (205 with minimal power, 50% off and 0% on) was employed finally to form
lipasumes, which weme ulbimately extrucded through a Glter with a pore size of (.2 um,

4.4, Huorescence Measuremtents
Kinetics and equilibrium measurements were performed as described [#6], Briefly,

all fluprescence measurements were performed al 25 "C In buffer containing 30 mM

Tris/ HCL pH 7.5, 10 mM Kal1PO, / KLl POy, pl17.5, 5 mM MgCly, and 3 mM Dithiothreitol
(DTT). The association of madGDP-hound RHO GTPases (0.2 uM) with RHOGDTS (2 uM or
increasing concentralions) was measured in a lime-dependenl manner using a slop ped-
fow instrumnent SFE-61, HiTech Scientific (TgK Scentific Limited, Bradford, UK) and SX20
MV, Applied Pholophysics (Lealherhead, UK). Emission was detected through a cutoff
filter of 408 nm. The observed rate constants were caloulated by fitting the data as single
exponenlial decay using the Gralit program (Trithacus software, Staines, UK). Dissociation
experiments were performed by displacing the bound GDI from the complex upon adding
excess unlabeled GDP-bound RHO proteins. Flusrescence polarizalion experimenls were
performed in a Fluoromax 4 Auerimeter (Horiba Jobin Yvon, France) in polarization mode
by fitrating increasing amounts of different variants of GDIT to md GDP-bound REHO
proteins (0.2 uM) in a olal volume of 200 ul. An excilation wavelenglh of 360 nm and an
emission wavelength of 450 nm were used. The Kd values were caleulated by fitting the
concenlralion-dependent binding curve using a quadralic ligand binding equalion.

4.5 Seyuence and Structurul Amilysis

Sequence alignments were performed with Uhe Bialdit program using the Clusta]lW
algorithm [&]. The intermelecular contacts were determined (<4.0 A) between the GDIs
and BRI GTPases using available RO GTPase-CDI complex structures in the Protein
TNata Bank. A python code has hean wrillen using BioP'vihon modules (pairwise2 and

SubsMal.MatrixInfa) [90] to caleulate inter-molecular distances in TDB struclures between

the pairs of residues as inleraction malrix and synchronise them with sequence alignmunls.
of RHO GTPases and GDIs respectively. All structural representations were generated
uging PyMOL, viewer [41].

4.6, Nucleofection and DimmunofTuarescence Anadysis

PYFP-RACT and peDNAZ-TLAG-GDI plasmids were microporaled into HUVECS us-
ing the 4D-NucleofectorTM systern (Lonza, Colugne, Germany) according ko the manufac-
turer ‘s instructions. Afler lransfection, cells were seeded on fibronectin-coaled (Sug/ml)
Zem? zlass coverslips (Thermo Scientific, Menzel-glaser, Germany) and were fixed aftor
24 | for immunefluorescence analysis. Alter fixing with warm (37 °C) 4% paraformalde-
hyde in phosphate huffered saline (PBES) for 15 min followed by thres washes with RS,
coverslips were mountod on Mowiold-88 /DABUO soluhon (Calbiochem, Sigma Aldrich).
Zells were permeabilized with (,2% triton X=100 in PBS for 3 min and blocked for 30 min
with 1% HSA in PBS. Hereaftor, coverslips were stained with primary anti-FLAG antibody
(Sigma, ff [7425) in 1% HSA /PBS aver nighl al 4 " Afler washing with PBS, coverslips
were meubated with Alexa™ 3535-conjugated anti-rabbit antibody (f A-31572; Scientific Life
Technologies, Darmstadt, Germany) for 1 h at room temperature. Coverslips were mounted
wilth Mowicld88/DABCO solulion (Calbiochem, Sigma Aldrich). Confocal scanning laser
microscopy was performed on a Nikon A1R confocal microscope (Nikon Instruments,
Amsterdam, The Netherlands), Cells wilh moderale exprassion of the constructs and no
aberrant phenotype from non-transfected neighboring cells were imaged. A z-stack image
with a total {hickness of 2 wm was acquired and images were aqually adjusted using Image]
{(La-UORE Biosciences (Bad | lomburg, Germany). The max z-projection is shown with a
scale bar representing 50 wem.
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Abstrack: 1Q motif-containing G [Pase-activating proteins (IQGAPs) modulate a wide range of
cellular processes by acting as scaffolds and driving protein components into distinct signaling
networks, Their funutional states have been proposed to be controlled by members of the RHO
family of GI'Pases, among other regulators. In this study, we show that IQGATT and IQCGAP2
can associate with CDC42 and RACTHlike proteins but not with RIF, RETOD, or REHO-lke proteins,
including RENOA. This seems to be based on the distribution of charged surface residues, which
varies significantly among RHO GTases despite their high sequence homology. Although effector
proteins bind first to the highly flexible switch regions of RHO GTPases, additional contacts outside
are reguired for effector activation, Sequence alignment and structaral, mutational, and competitive
biochemical analyses revealed that RHO GTPases possess paralog-specific residues outside the two
highly conserved switch regions that essentially determine the selectivity of R0 GTPase binding to
1QUAs. Amino acid substitution of these specific nesidues in RHOA to the corresponding residues
in RAC] resulted in RHOA assodiation with [QGADL Thus, electrostatics most likely plays a decisive
tole in thess interactions,

Keywords: [QGAD; scaffold; RHO GTPases; CDCA2; RACT selective bindings

1. Intreduction

1Q motif-containing GTPase-activating proteins (IQGADs) belong to the class of mul-
tidomain scaffold proteins that play central roles in the assembly of protein complexes
and signaling networks [1-7]. In humans, three IQGAP paralogs have been described.
The ubiguitously expressed IQGAPL is the best-characterized paralog. [QGAPL is mostly
expressed in the liver, prostate, kidney, thyroid, stomach, testis, platelets, and salivary
glands, while IQGAP3 is found in the brain, lung, testis, and intestine [8]. Multiple domains
enable IQGADs to interact with a large number of proteins and to modulate the spatiotem-
poral distributions of distinct signal-transducing protein complexes, including B/ CRAT-
MEK1/2-ERK1/2 [4-11], FGFR1-CDC42-NWASP-ARP2/3-actin [12-14], TIAMI1-RAC1-
PAKS [15,16], and CDC42/RAC1/CLIP170 [17,18]. I1QGAT paralogs share similar domain
urganization and high sequence homology (Tigure LA), The N-terminal calponin homology
domain (CHD) binds T-actin [19]. 'The polyproline-binding region (WW) binds ERK1/2 [4].
The 1Q motif (IQ) binds HER1/2, KRAS, B/CRAF, MIK1/2, and calmodulin [4,20-24],
The RASGAP-related domain (GRD) and RASGAT C-terminal domain (RGCT) bind to
CDC42 and RACL The C-terminal domain (C) binds E-cadherin, f-catenin, AP'C, and
CLIP170 [3].

Ik | Mol Sex. 2021, 22, 12596, https: / /doiong/ 103390/ fms2222125%
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Figure L. IQCAP1 and [QUAP2 seleclively associate with CDC42 and RACI-like proteins. (A) Domain organization of the
IQGAP paralogs and their C-terminal fragments assessed in this study (see text for more details}. (B} The association of
IOGAPIS™ and IQGAPZY™ (2 pM) with various mGppNHp-bound RHO GTPases (0.2 uM) was investigated (Figure 51).
The ke values for the interaction of IQGAPT and IQGAPZ with several RHO GTPases, shown as bars, illustrate that
both IQGAPs assaciate with CDC42 and RAC]-like proteins, The RHO-like proteins RND1, RND2, RND3, TC10, RIF,
and RHOD did not associate with these IQGAPs under these conditions. (C) The association rates (kay,) were measured
using 0.2 uM mGppNHp-bound RHO GTPases with increasing concentrations (2-8 uM) of IQGAPIS™ . Dissociation
rates (k) were measured by mixing 2 uM IQGAP1S™ complexed with mGppNHp-bound RHO GTPases (0.2 uM) and
unlabeled RACI-GppNHp (10 M). The individual rate constants were calculated for the interaction of TQGAPTS* with
RAC- and CDC42-like proteins, and the resulis are plolied in bar charis. Association rales (K, ), dissociation rates {k,g), and
dissociation constants (Ky) lor IQGAPTS™ARHO protein binding are shown. RAC2 showed the highest binding altinity for
TQCAPTS™, followed by CDC42, RACS, RHOC, and RAC, The dala are expressed as the means + S.D. All measurements
were obtained in duplicate. n. s. 0. =no signal observed. Kinetic data, which are summarized in Table $1 and shown in
Tigure 52, were oblained in triplicate. The data are expressed as the means + 5.D. (D) Binding of endogenous [QCAPM
to GppNHp-bound RHOG and CDC42 (left panel} was analyzed ina GST pull-down assay (i = 3) using total cell lysate
(TCL) of HEK-293 cell (i, input; o, output), GST-CDC42eCppNHp was used as positive control. GST control experiments
confirmed the specificity of the interaction between RHOG and IQGAP!, The upper part of the membrane was used for
an anbi-IQGAPT immunoblotting, and the lower for an anti-GST. Densitometry analysis of relative IQGAT binding to
GST-CDC42 or GST-RHOG {a. w, arbitrary unit) were performed in the next step. Bar charts at the right panel display the
quantitation of detected signal in G5T-pull down assay from a triplicate experiment.

CDC42 and RACI belong to the RHO (GTPase family, which includes 20 classical
paralogs [25] that control diverse cellular functions [26,27], RHO CTPases are classified
into six subfamilies: the RHO subfamily (RHOA, RHOB, and RHOC); the RAC subfam-
ily (RACI, RACIB, RAC2, RACS, and RHOG); the CDC42 subfamily (CDC42, G25K,
TC10, TCL, WRCH1, and WRCH2); the RND subfamily (RND1, RND2, and RND3); and
RHOD, RIF, and RHOH, which do not precisely fall into any of these subfamilies [25,28],
The RHOBTB and MIRO subfamilies are atypical members of the RHO family that are
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structurally differcnt from dlassical RHO family meimbors and possess other additional
funchional domains [24].

RHO GTTases are malecular switches that cyele between an inactive (GDP-bound)
and an active (GTP-hound) farm [25], In the active state, they interact with & multitude of
target (elfeclon) proleins, such as IJGATs, loind uce enllular responses [0 52). Interaction
with RO GTPases, such as COC42 or RACT, and /or phospherylabon of Ser-1441 and
Her-1443 may release JOGAPs from an autoinhibiled slale and induce their aclivated
signaling competent state [20,22,25,33], The interaglion of the C-lerminal half of [QGAP1,
ervompassing the GRD, ROCT, and CT domains (hereafter galled C794), with RACT and
C1IC42 has been intensively studied by several groups | 21,2%,3%249 ] Despite the common
hinding properties of COCY2 and RACT 0 JQGAPs, there are significant differences, which
may heattributed to divergent KICAP-RHFO GTPase complexes that control distinet cellular
processes [23,04,3640,41], As the highly Aexible switch | and H regions (encompassing
amino avids 2942 and 62-68, respeclively), which change their conformalion upon GDF Lo
GTT exchange [11], are almost identical in CDC42 and RACL, the selectivity-determining
resiclues meed 1o be Tocated putstde these lwoe regions.

Since ils discovery in 1494, IJGAP] has emerged as a key scalfold protein [42] that
lirtks crucial components of multiple eellular processes. Many studies have providied
valuable evidence for the interaction balweean IQGATPT and CTIC42, but the mechanism
determining [QGAF binding selectivity for different members of the RHO GTTase family
has remained unclear, The following questions were alid ressed in this study: T what exion |
do IQGAP paralogs differ in their RO GTHase-binding characteristios antl specifici t,
and how does TQGATT distinguish different RHO G IMTases? Te this end, we investigated
the interagtions of IOGAP: with 14 RHO CGTPases using the C794 and C795 segments
of IQGAPT and 1QGAP2, respectively, which exhibit a sequence dentity of 72%. We
excluded IQGAF3, RHOH, WRCHI, WRCHZ, and 1T, frant [his study because of their
leny solubility and physical instahility, These analyses revealed that JQGAPs bind (D42
and RAC]-like profeins but not R like proteins. IQGAF] competilion experiments
along with mutational and structural analyses revealed three distinet regions proximal to
the swilch reglons that are differentially invelved inselgctive binding of TQGAP] and 2 ta
RO (GTPases,

2. Results
2.1 IQGAPL2 Sefectively Bind CDCE2 ind RACT-Like Members of the RIO Family

The C-terminal 794 amine acids (aa) of IQGADP], encompassing the GRD, RGCT, and
CT domains, and C795 of TAGAT'Z, were successiully puritied o measure their binding
properties aver a broad range of RHO GTPases. Interadtion studies were performed using
time-reslved stopped-flow flucrescence (SEF) spectrometry under previpusly described
comditions [23]. Acvardingly, bolh TQGAT's were assogiated similarly wilth the active forms
of RACT, RACZ, RACS, RHOG, and 42, bul not with RNDI, RNDZ, RND3, 1CI,
RHOA, RHOB, RHOC, RHOD, ar RIF (Figures 1B and STA-F).

RND proteins represent 4 distinet group of proteins within the RFIL family. Thay
were purified in Lheir GTT-bound state, but replacing GTT with mGppNHp, 2 /8-C-(N-
methyl-anthraniloyl}- guanesine-8"-[{{}y}imdaltriphosphate, a slow-hydrolyzing analog
of GTP, resultad in complex instability, Therefore, for interaction studies with [QGALSs,
we performed indirect competitive assays, We measuted the association of 1QGATT 7
with BACT in the presence and absence of excess GT-bound RND proteins. As 4 positive
control, we used LppNHp-bound CDC42. In contrast to CDC4Z, which competitively
blocked the [QGAP-RACT interaction, nio linding of RND proteins was vhesrved (Figlre 13
and Tigure S16,H), suggesting that TQGAF and TQGAPZ do not interact with these
unconventonal members of the KO family

Given these findings, it was important to investigate the comples formation and
binding stoichiomelry between CDC42/RACT and the IQGAT proleins. LeCour et ali
have proposed that constitutively sctive D299 but el RACT29T binds the [IGAP2



Dk, | Mol e, 2023, 22, 12596

Ao 17

(GAP)-relaled domain (GRD) ina 21 ratio to promote IQGAPZ dimerization [41]. There
fore, we performed analytical size-exclusion chromatography using IQGAPT™™ and
IQGATZE™ alone vy mixed with CDC420GppNHp or RACTsGppNHp. The elulion pro-
files showed that CDC4Z, RACL, and [QGAPT eluted as dimers, while [QGAPE eluted
mainly as monomers and tosome extent as liimers and lelramers (Figure S3A; peaks #1 and
#2), The elution profiles of the [QGAPs mixed with CDC42 and RACT showed, in addition
to RACT and CNCAZ {peak #1), bwo peaks (#2 and #5), indicating molecular weighls (Myys)
of 222-235 kDa and elulion volumes of 10.2-11.0 mL (Figure S34). Covmassie-brilliant-
blue-stained SDS-PACE gels revealed thal only peak #3 contained IQGAP complexes with
RACT and CC4Z, wilk an average My of 228 kDa thal corresponds 1o a heterolelramer
(Figure S3B). [QGAT2EME giso eluted as higher oligomers (peak #8), which did not conlam
sither RACT or CDC42,

LetCour et al. have reported a high affinity interaction between CDCA2%! and
IQGAP GRD (41). Tn our previous study, we have shown thal CTCL2%M as 3 [3-fold
stronger interaction with GRO as compamﬂ_wtth CoCagWt (23). Therefore, we purified
and investigated (he slpichiometry of D496 LoGp_pNHp for ile comples Formation with
TQGAI GRD in direct comparison with CDC42WT eGppNHp. [n the case of CHC42QEM,
the elution proble represented two peaks (Ugure 54, upper muddle panel) for the GRD and
COCLYE complex, corresponding 16 helerolrimeric Fomplex with a stoichiometry of 21,
ag proposed by LeCour el al. [22,41]. However, GRD and CDC4WY complex eluted a= a
heterotelamer (a 22 comples; Rigure S, lower panels)

Cverall, the analyses of the size-exclusion chromatography data suggest that under our
experimental conditions, the composition of the TQGATL/2 complexes with both RACT and
CDT42 corresponds 0 a 2:2 ratio, Furthermore, the COC42-CppNTHp elution profile at 15,6
and 1589 mL of elution velume (Figure 53) vonfirmed the previous cbservations reported
by Zhang et al. regarding the reversible homodimerization of RHO f@mily GTPases [44].

2.2, RACZ Exhihited the Hight‘sf A}fﬁ'rlim for [OGAFL

T examine binding properlies, the respective association rale constants {kqg) and
the dissoviabon rate constants (k) were defermined for the interachon of 1QGA P1ET
wilh CDC4Z and RACL-like proteins under the alorementioned canditions (Figures 1C
and 52). All the kinetic parameters along wilh caleulaled dissociation constants (Ky) ate
summiarized in Table 51. The values are in a range similar Lo that of wild-type RACT, RACS,
RHOG, and CNCAZ, with the exceplion of RACZ, which strikingly showed a K value of
27 nM, the highes! affinity for [QGAPT™ (Rigure 1C). The tapid association and slow
dissociabion alesare remarkable, and suggest that the RACZ-1QGAP] interaction remains
stable for 4 long residence time:

[he TQGAP 157 hinding of RHOG, in addition o ils binding Lo the RAC and CDC42
proleins, prompted us to investigate the association of RO with endogenous 1QGAIM
using purifiel GST-.lU'lUUlele‘IP as bail ina pull-down assay. GST was used as the
negative conirol, and GST-CDCA2eGppNHp was used as Lhe positive control. Quanlifica
tion of the immunoblot analysis using specific antibodies against GST and 1QGAP] showed
thal cellular TQGAT bound RHOG as etficiently as it bound CRC42 (Figure 1T2).

Next, we performed an in-depth investigation of the IQCAPT™ interactions with
RACT and CDC42, which are widely acknowledged to be TQGAT-binding pariners.

2.3, Patentinl Hotspots for IDGAP Binding Appear Outside the Szwiteh Regions

The switch regions (Figure 2A), which are gensrally known as effector binding sites,
ave required bul not sufficient for effeclor binding selectivity. The amino acid sequences
of these bwo regions are almest identical, which 1s particularly notable in companson fo
1QGAPT-hinding proteins (e.g, members of the RAC subfamily) with nonbinders (e,
members of the KHO sublamily) (Figure 28), Thus, 4 sel of specifitity-determining residues
In BHO G T ase Lhat direct interactions with TOGATs must reside outside of Lthe switch
regons, o this context, nutably, the COCA2 subfamily includes both LQGAFP binders and
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nonbinders. Accordingly, we found four different hotspols, residues 25/26, 45/32, 74,
and #3/88 (based on CDC42/RAC numbering), that are highly conserved in [QGAP]
binders and clearly deviate from the corresponding residues in nonbinders (Figure 21),
Notably, we did not consider residues that are quite variable not enly between the binders
and nonbinders but also within the [QGATT binders themselves (e, T24, A27, G0,
S41; Figure 2B). Morsover, an inspection of the crystal structures of RO GTPases in five
different subfamilies showed thal these (our sites did not significantly contribute {o loval
structural varialions (Figure 2C, upper pane]), These residues surcound the switch regions
and, mast interesthingly, are all located on the surface of the respective proteins and are thus
available for inlermolecular inleraclions (Figure 2C, middle panel).

As almuost all amino acicls at the selected hotspots in RHOA and BND proteins have
charged side chaing, electrostatics very likely play a crucial role in complex formation with
IQGAPT. With the aim of verifying this hypothesis, we first calculated the electrostatic
potentials around these molecules. While the form and magnilude of Lhe electroslalic
isosurfaces for cognate REO GTPases were found to be similar, striking differences were
tound between their subclasses, with particularly strong negative polentials in the vases of
TC, TCL, RHOA, and RND proteins (Figure 2C, lower panel). The electrostatic surface
potenlials of 15 different REIO GTPases are shown in Figure S5, Aiming, fo understand
the origin of these differences in the electrostalic potentials of the 15 examined RHO
OTPases, we valculated the net charges of their G-domains with —1 atlribuled o aspartic
or glulamic acid and +1 attribuled o arginine or lysine, Although RHO GTPases are
highly homologous, vanations in particular amime acids that might seem negligible from
a sequence point of view can lead (o a hroad span of net protein charges. In the cases
of the studied GTPases, the span of electrostatic charges ranges from —4 for RHOB to
alectrically neutral RIF, clearly explaining the differences in electrostatic potential. The
larger the lobe of Lhe negative potential around the prolein is, the more negalive its nel
charge, Correlating the electrostatic charge with the binding to IQGA], negative charges
might discrimmnate the association with TC10, TCL, RHOA, and RND paralogs. On the
other hand, balanced potentials seem to be just a prerequisite for binding, because the.
tharges and corresponding electrostatic palentials of all other (GTPases are similar, bul
RHOD and RIF belong te nonbinders.

4. PAKT, pa054%  and DOCK2 Campete with IQGAP for Binding RACT

To further map the IQGAP1™ hinding regions on the surface of the RAC1 structiire,
we parformed compettive hinding experiments, We repeated the measurement of the
TQGATPT ™ qssaciation wilh RACTemGppNHp in the absence and presence of a 10-fold
molar excess of olher RAC]-intéracting proteins thal may be compelilors: [ull-lenglh
DI, the DBL homology-pleckstrin homoelogy tandem (DH-PH) domain of TIAMI and
TRICY, the DOCK homology region 2 (DIR2) domain of DOCKE, the GALP domain of
pa0EAT, the G Pase-binding domain (GBD) of PAKT, the RAC1-binding domain of plexin-
B1 RBD, and the letratricopeptide repeat (TPR) of pﬁ?ﬂ“”‘ (Figure 1), These proteins were
premixed with IOGAT M hafope rapid mixing with RACTemGppNHp in a stopped-flow
apparatus. The working model was based on the presumption that if the binding of RACT
to IQGAM ™™ and {0 RAC l-interacting proteins s mutually exclusive, then the proteins
in the mixture will interfere with the ability of IQL}AP'i["}?" to associate with RACI, As
shown in Pigures 3A and 56, IQGAPT=™ gssoviation with RACLeGppNHp was parfially
abalished with DOCK2and pS0©AY, complelely abolished with PAK1, and not affected by
the olher profeins. Notably, GELs, and most likely DOCK2, do notsigmificantly distinguish
between GIT- and GTT- (or GppNHp=) hound RHO GTTases [24],
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Figure 2, RHO GTPases exhibit significantly different electrostatic properties. (A) The G domain organization of RAC1
indicates secondary structure elements, key functional regions and locations of residues crucial for IQGAP] binding. (B) A
muliiple amino acid sequence alignment of canonical RHO GTPases revealed various residues outside of the switch regions
that may determine their differential interactions with IQCAPs. IQGAP binders are colored green, and the nonbinders are
colored red. {C) Structures in ribbon representation, solvent accessible proteins surfaces and electrostatic potential maps
for RACT (PDB code, 1MH1), CDC42 (PDB code, 20RZ), RHOA (PDB code, 1A2B), RND! (FDB code, 2CLS), and RHOD
{PDB code, 2J1L) are shown. Thr-25, Asn-26, Met-45, Asn-52, Gin-74, Val-85, and Ala-88 of RACI proposed to determine its
specificity for the binding of IQGAPs are located on the surface, negatively charged residues on corresponding positions
in, for example, RHOA and RNDI1 cause significant negative electrostatic potentials. Images were generated with the
PyMOL molecular viewer. (D) The distribution of charged amino acids vary significantly among RHO CTPases despite
their high sequence homology. Sequence alignment of the RHO GTPases used in this study reduced in a way that only loci
containing at least one positively charged amino acid, i.e., arginine or lysine, or one negatively charged aminoe acid, i.e.,
glutamate or aspartate, were retain, respectively. It demonstrates diverse occurrence of charges in proteins molecules of
RHO GTPases that is also reflected on huge differences of electostatic potentials shown in C, They roughly also correspond
to theoretical net charges for whole proteins that were obtained as sums of the +1 or —1 for positively or negatively charged
residues, respectively. As only RHOoD and RIF were found to be electrically neutral while all other GTPases possess overall
negative net charge, characteristic lobes of negative, red colored electrostatic potentials around the majority of proteins were
observed (for reference see also Figure S5).
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A Competition with IQGAP1™ bindi B ™ TIAM1  DOCK2
g 2 4 3 B 0.006 §§ &,
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Figure 3. IQGAP1™ competes with DOCK2, p50©AF, and PAK1 for binding RACL, (A) The evaluated observed rate
constants (k. ), shown as bars, demonstrate that IQGAP1™" associates with RACI regardless of the presence of excess
amounts of GDI1, TIAM1, TRIO, Plexin-B1, or pﬁ?ﬂ"”‘, while the association was blocked in the presence of DOCK2 or
p50CAF and completely abolished in the presence of PAK1. (B) The p50“AF-stimulated GTPase activity of RACI was
drastically reduced in the presence of IQGAP17®_ (C) TIAM1- and DOCK2-catalyzed nucleotide exchange activity of
RAC1 was not significantly changed in the presence of excess amounts of IQGAPTY™. All measurements in (A-C), which
are shown in detail in Figure 56, were obtained in triplicate. The data are expressed as the means + S.D. (D) The Jefl panel
shows the structure of RACI (gray represents the surface) in complex with different RAC and CDC42 interacting partners
(in different colored ribbons), including DOCK2ULEZ, TTANTDUTLL TRIOPLFIL 550GAP (D1, PAK1GED, pa7phesI R,
and Plexin-B1*'0, The right panel highlights the contact sites of these binding proteins on the surface of RACT in the
corresponding colors. The protein database identification codes of the respective structures are indicated. (E) The complex
structure of RAC3 (PDB code, 2IC5) and the CRIB motif of PAK] {PDB code, 2QME} shows that T25, N26, M45, N52, and
Q74 of RAC3 are in close proximity to the CRIB motif-binding region. Electrostatic potentials (right panel) show that the
PAK1 CRIB motif generates an overall negative electrostatic surface potential.

In addition, we measured the impact of IQGAP1Y binding to RAC1 on the GEF
and GAP activities of TIAMI1, DOCK2, and pSDG‘”' (Figure 3B,C). The speculation that
GEFs may mmg‘ehe with IQGAP197™ for RAC1eGDP binding is based on the assumption
that IQGAPI®™ binds to other sites outside the switch regions [10]. No change was
observed for the nucleotide exchange reaction catalyzed by TIAMI or DOCK2 (Figure 5C),
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corruhorating our previcus hservation that 1QGA ISP which binds CDC42eGDP, doss
interact with RACTLDY [22] In contrast, pBD‘-;A“-sﬁmulaiEd GTP hydralysis activity
was drastically inhibited, red ured by 25-fold, in the presence of IQGAPT=™ (Figure 3B),
confirming (he selective and high-affinity binding of IQGAP17 to RAT] #GTP

[ determine which amino acids of RACT are critical for the observed inleractions
and effects, we first overlald the extracled structures of the invesligated binding proteing
{Figure A0, lefl panel) wi th residues that form the interaching interfaces and depicted fham
on asurface representalion of the respective RACT structures (Figure 20, right panel). The
interacting interfaces are shown in colors corresponiding to the RAC1-binding proteins, We
turther analyzed the crystal structure of RATS in complex with PART GBI, which fully
interfersd with [QGAPLY™ binding lo RAC], and may thus shate overlapping binding
regions. Remarkahly, the residues previously identified by secjuence structural analysis as
potential (hotlspots for the association of RIO GTHPases with HQGAPIT™M, namely, T25,
IN2&, M45, N&Z, and Q74 of RATS, are located in proximily of the RACI-hinding region
of PAK] GBD (Figure “E), Visualizing the electrostatic potential of this compley structure
showed thal PAK] GBD genemles an overall negative electrostatic potentidl on the surface
of RACS (Tigure 1, right panel).

2.5 IQGAPT Bindiug Hatspots Significantly Vary among RHO GTPases

To identify whether the predicted holspots determine differences in the interac-
tipn of [QCAP1I™™ with RHO proteins, we replaced these sitas in RACT and CDC42
wilh the corresponding amino acids in RHOA (T25K/N2613, M4FT/N52E, 740, and
VESD/SBED) (Figure ZA). Notably, 588 of CDC42 18 in the same region as 1QGAPZ-
contacting residues [41]. The inferaction of these variants with TQGATT™ wae mea-
sured under the same conditions as describad above. Strikingly, major changes in e
JQGAPTH binding kinetics were observed for the RAC 1 vanants but not for the CDC42
variants (Figure 1, left and middle panels). All the variants exhibited slower associalion
Kinetios and faster dissociation kinefics (Figure 57), As 4 result, the overall decrsase in the
hinding affinities of the RACT variants for IQGAM ™ ranged between 7- and 17-fold,
suggesting that these residues are either parl of the RAC1 IQGAPT binding interface or in
close proximily o lhe [QGAT -binding siles. Toidentify the impacl of (hese residues, we
generaled a RHOA vaciant containing five subslitutions, K37T, D28N, E47M, E54N, and
D760, to mimic RACL. Interestingly, this RHOA-to-RACT varianl was capable of associ-
aling with [QGATIET™ while RHOAWT did not show any associalion with QGAP1&7™
(Figire 4, right panel). These data confirmed the idenlified sequence-specific hinding sites

as holspots:
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Figure 4. Kitetic measurements of RACT and (DE42 variants binding [QGAPIS™, The caleulated
association rales (k. ), thssociation rates (kg ), and dissociation constants (Ky) for e mteraction
of IQGAPIY™ with differond vanants of RACL (A), CDU4Z (B), and BHOA (C) are platled as bar
charts, All kieetic data are sunimarized in Table S1 and showi in Figure 87, The data are expressed
as the tnegans £5 1.
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3, Discussion

A large number of studies have examined the interaction belwesn [JGADs and
the small (TPases of the RLIO) family. Amoeng the 20 classical RUO proteins, RACL
and CDC42 have been extensively shudied to characterize their binding behavior with
TRGATS [11,29,33,30, 34 45], Aceordingly, TOGATs aw able o interacl with different RHC
GTPases. To understand the roles of these interactions in the orchestration of signaling
events in which IQGATS serve as sealfold proteins, we explored Lhe seleclivily of these
interactions Specifically, we measured the profein-pmotein interaction of 14 RO GTHases
with IQGATT™ and IQUAT2Y™ Lo identify seloctivity doterminants. Timeresolyed SFT
speclrometry was purformed fo monitor the kineties of QGAP assoqations with RITO
GTTases. The results clearly showed that Lhese two TQGAD paralogs hind only ChC4z,
RHOG and RAC-lke proteins, Notably, 2 RHOG helongs (o the same branuh of the
phylogenehc teee of RO GTPases that includes RACT, RACIB, RAC2 and RACS, we
supges| designaling it RAC4.

The cemparative anaél;aiu of the binding kinetics of the RAU paralogs RACI, RACZ,
and RAC3 with IQGAT =™ showed that RACZ kinetics with IQGATT were clearly
different {han those of RACT ard RACS, which is consistent with cur previous studies,
Notahly, RACT and RACS have closely related biochemical properties that differ from
thise of RACL. Previeus studies reporting results of medeling and normal mode analyses
supported the Wea that the altered molecular dynamics of RACZ, particularly at the switch
[ vagion, may be crilical for differences in its behaviors compared Lo those of RACT and
RAC3 [46]. In our study, RAC2 exhibiled a 4-Fold faster koy and an 8-fold lower ki,
which resulted in a 34-fold lower Ky value, compared to RACT (Figure 1C). An amino
avld sequence comparison of the RAC protins showed that three identical residues m
RACT and RACT were differenl in RACZ: 548, Y90, and D150 in RACZ correspanded to
LB, 1190, and G150 in RACT and RACS, respectively. These residues are lovated vutside
the IQCAP] GRD-hinding interface of twe C13042 molecules, which mainly contacts the
swilch tegions [41]. This previous finding and the fact thal C1C42 and RACT ware found
to differ in fheir interactions with [QGAPL [23,24 4] suggest that RAT proteins may hsve
additional conlact sites thal differ [rom these of CC4Z, Casteel et al. and Bhatlacharya etal,
have shown the formation of an IQGAPT comples with REICA and RIOE but not with
RHORB [47 48], Ohur results do nol confirm the direct bindlog of IQGATP1/2 to RHOA /T
I our vpinien, the observed interactions of QGAI with RHOA or RHOC appear to
be inditect, since hese proleins wete cojmmunoprecipilated from calls overexpressing
tagged RHO wild-tvpe proteins and their constitutively aclive form, or they may have
heen mediated hy an IQCAP] domain that does not include C794, Bvidence supporting an
indirect eflect is based on pur resid ue-swapping experiment: a vaviant of RHOA with five
substitulions mimicking RAC1 was able ta efficiently bind [QGAPL. In contrast, RHOAWT
tid ot bind IQGAP, validating the identified sequence-spevific hinding sites as hinding
hotspots, Our findings also rule out the pessibility that some domains other than C7594
may mediate hinding with RHOA.

Several proteins, including IQCAFS and the RHO family members RIOLL WRCIHI,
WRCT1Z, and TCL, were nolinvestigated in this study becaose of their limited solubility
and stability. Our offorts Lo puriiv and characlerize these proleins by generaling various
vonstructs, particularly I0GADPS, were not suceessful. [n addition, the preparation of
mGppNHp-bound RND proteins was nol poesible due 1o Uheir instability in the presence
of other guanine nucleotides, Purified RND proteins were exclusively GTP-bound, and
altempls to hydralyze GTT (0 GOT for saveral days al 25 °C or to exchange GTT for GTT
analogs resulted m their precipitation [25,4%]. The reason for this oufveme is that these
proteins are not regulated by & ponventional GDP/GIT eyeling mechanism and exist in the
GTP-Bound form bncells [28,49],

A remarkable feature of RUD (3TPases is that their regaiators (GDUs, GEPs, and
GAD) and effectors, although functionally quite diveese, share s consensus binding site
encompassing switch [and 11 regions [21]. The competition experiments inour study wern
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hasid vn this basic concept (Figure WA C). Tn contrast o regulators hal inleract with RHO
(GTPases to modulate therr switch function, the interaction between REIO (GTPases and
their elfeclors conlrals 4 wide range of intracellular signaling pathways and depends on the
kinetics of their interactions, not their binding affinity. In fact, pA7P™™ and Plexin-1, which
hind RACT with slightly lewer hinding affinilies of 2.7 and 6.6 uM, respectivaly (3,511,
compared o [QGAPT™™ wers unable to compete with [QGAPT ™, even st 10-fold mular
expess. These proleins have an affinity for RAC] similar to that of [QGATT M i) different
kinelic properties upon binding (a [ast kgn and a slow k), as we delermined in (his
study. The observed compatitive effects of DOCK2 and ps0©SAT on IQCAPIT™ hinding
lo RATTsGppNHp seem lo be consislant with the presuined imporlance of the binding
kinetivs. A previcns study showed that very fast GEF- and GAP-catalyeed (zactions were
both preceded by a much faster assonanon with their cognate GT Pase, implying very high
Ko values [A2]

Mereayer, the structural properties thal characlerize the GTHase-hinding domains of
the effectors and their binding sites are, despite their fundamentally conserved sites, rather
diverse. This ingludes the urexpected features of p67#% comiacl sites pn RACT. ph7ehe:
has an n-helical damain with foar telratricopeptide repeat (TT'R} molifs [57] that bi nd ad,
the N-terminal residues of switch L and the G2 andl G5 loops, but nal the switeh [Lregion
or the principal parts of switch T{Tgure 10) [31]: It has also been proposed thal the swilch
regions might be the contact sites for a thied protein thal is simullanecusly associated with
the RAC 18 GTTepA7PI complex and bound Lo membrane phospholipics [=1,55],

In & comprehensive study, Owen et al. analyied a multitude of CDC42 and BACT
variants, particularly variants with changes in the switch regions and the insert helix, to
assess (heir interactions with [QGATL Their resulls suggested that CDC42 and RACI
associate with IQGADP] in 4 significantly different manmer [36,40]. Major [QGAP-binding.
siles in U142 are residues in the swilch regions, including T34, V36, T37, D38, D63,
Y6d, Re6, and LE7, which are basically identical in COC42 and RACT This and anether
study have shown that the msert helix of CDC42, especially residue Asn-132, may provide:
an additional binding stte for IJGAP2 GRD on CDU42, leading to CIC42 dimerization,
whiclt s nob evident for RACT [2401]. These data may explain the slightly different
binding kinetics of CDC42 and RACL towards WOGAP] (Figure | B); the faster association
rate and low dissociation rate explain the 3-fold higher binding affinity of CDC42 [or
TQGEAT compared Lo thal of RACT. Usipg analytical size-exclusion chromalography, we
did not observe differences between RACT and CDU42 in therr complex tormation with
IQGATT or TQGATZ (Figure 53). All four protein complexes showed an average My
of 228 kDa, which corresponds 10 heterofetramers formed In & 2:2 ratio. Our data on
residue swapping in RHO GTPases suceassiully validated Lhe role of holspel residues
identified m the RACI-IQGAPT™™ interaction (Figure 4), Eour of seven the hotspats (125,
T52, VB85, and 588) investigated in the residue swapping experiments in tis study are
wilhin the CRC42 - IQGATE binding interface, while N2&, M48, and Q74 are clearly outside
hut close to the IQGAF2-binding site [24,11]. Our findings support previous research on
overlapping RACT and CDC42Z contact regions, bul [hey also pravide additional insights
nta the possible RACT-IQGAL interaching interface, which needs to be confirmed by
adlditional structural studies.

LeCaur el al have jnvestigaled the IQGAT1 GRD domain i 4 complex wilh
CECA20A1L [25,40] Ditferent groups used this variant of RACT, TTIC42, and RACA
in biophysical studies because L bingds 1o effector proteins with 10- to 30-fold higher affinity,
The meason i¢ a tremendous increase and stabilization of an exposed hydrophobic duster
bebween (he swilch vegion o GTT-bound proteins, consisting of 36, V38, and 139 [rom
switeh [; 63, Y6h, Re# from switeh 11; and L&Y and 172 from helix o2 [31,56]. This is
consistent wilh the determined binding affinity of IQGAT'L for CHC42061 LemCppNHp
of 2.37 UM, which is 13-fold highel as compared Lo the Ky value ohiained from 1IQGAT]
binding to CDC42 [254] |- In conclusion, we believe that using this variant to characterize
RHO GTPase effector interaction may lead to incorrect conclusions,
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Tn =iliee analyses of RHO ' GTPases in this study, based on sequence alignment, con-
parison of different crystal structures, and elecirostatic potentials ogether with kinetic
experimentls revealed that significant differences in the IQCAP-binding selectivity can
he attributed to a few amino acids deviating between subgroups in the RO GTPase
family, A critical issue thal needs to be further considered invaolves the electrostalics thal
can either affect bimolecular iteractions due to repulsive forees or substantially enhande
maolecular interactions hased on atlraclive forces, which can contribute |o [he seleclivity
arnd papid associalion of bwo molecules (57 £3]. A structural inspection of RHO GTPases
revealed that thay differ considecably in (heir electrostativ potentials, as demonstrated
by lhe aquipntpnlial conlours; Bven hjghly related paralogs, such as CICAT (with a net
charge of —4) vs, TC10 (=8), KND1 (=7) vs. KND2 (=2), and BACT (- 1) vs. RAC2(-1),
are quite different regarding their electrostatic potential distribution (Figures 20 and 55),
These differences may have significant effects on interaction selectivity. A remarkable
example is the dramatic difference of Lhe ke, values of approximately 800-fold for the
WASP association with CDC42 and TC10. Unique glutamates in COC4Z (T4y, KI71, and
L178), which are missing in TCW, generale favorable electrostafic steeting forces (hal
control the acceleratod A2 WAST association meaction [45,54], Nolably, RHOC and
RHOD are unrelated members of (he RO family with mwspect 1o their intrinsic nucleotide
exchange and hydrolysis reactions 28] and their interactions with GEs apd GAT's [f,03],
Altheugh RND1 and RND3 show surface potenlials similar to RHOA (Figure 53), they are
known Lo antaguuiz:a REOA Tunction [A407] A pmvic:uu]y performed stroclure- fundlion
analysts showed that GTP-bound RND proteins share a similar fold but strking differences
from the conventional members of the RHO family, such s RHOA, especially with regand
ko interacting interfaces with RHOA regulators and effectors [28.19]. Although a large
computational toolbex is currently available for studying the roles played by electrostatics
(i the regulalion of the prolein life cycle and protein interaclions, electrostalic features are
still neglected factors in basic science [ 7).

Considermg the high seguence identity between the RITO T Pases withim the switch
regions, which are generally acknowledged to be the main binding sites for three classes of
regulators and of downsiream effectors [31], we propesed [hat furlher conlact siles oulside
of lhe switch regions are required to define the selectivity of the respective interactions,
Recently, nine different CDC42 missense mutations causing a phenotype resembling Now-
nar syndrome kave been idenfified by researchers, Among these mulants, CDCY28000
and TOC420 exhibited defective interactions with IQGAFL [45]. However, the mutated
residues are part of the switch 11 region and do not significantly differ between RHO
GTPases. Another recently described disease, called NOCARH syndrome, caused by a
specific missense mulalion in CDC~!2MM, wais idenlified by [am and colleagues, Biochem-
ival analysis has shown that the mteraction of s mutant with 1QGAPT is dramatically
diminished [39]. It was thus proposed that this mutant localizes to the Golgi apparatus,
sioce IQGATT has been shown to promote CDC42 translocation from the Golgi apparalus
to the plasma membrane [~4].

T comelusion, sur study demanstrated that, in addition Lo these in he swilch regicns,
distinct residues in CDC42 and RACI-like proteins are required for their association with
IQGAPT™™, and these resicdues are missing in nonbinders, Since IQGADs are mvolved in
many cellular processes, il will he a greal advanlage lo elucidals (he respaclive mechanisms
of their scaffolding functions. Vur data shed hight on the mechanism of RHO G Fase
binding to IQGAPs, allowing us to better understand their physical interattions, The
IQGAPT™ interaction with UDC42 and BACT was found to be slighfly different. These
interaclions remain & subject of further structural analysis, The binding vharacteristics
of other REL GTPases, including RACZ and RHOG, {0 [QGAP proteing in macrophages
and endothelial cells and their roles in differentiation, angiogenesis, barmer tunction, and
inflammation awail lurther investigation [=4,70].
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4, Materials and Methods

Constructs. Different varianls’ pGTX vieclors (pGEX2T and pGREX4T-1) encoding an
N-terminal glutathione S-ttansferase (UST) fusion protein were used to overexpress human
IQGATTS (ave. no. P46940; ax 863-1657), IQCATISFD (43 962-1345), human Piexin Bl
RBD (ace. no, (M3157; aa 1724-1903), human pe7P TRI' (ace. no, P19874; aa 1.-2083),
human PAKLT GBD (ace. Now (QQ13153; aa 57 1413, murine TLAMI DEH-PH (ace. no. (Q60610;
aa 1033-1404), human TRION DH-PH (ace. no. O73962; aa 1226-1533), and human paosd!
(ace, np. (207960; aa 198-439), as well as human RIO-related genes, that is, RACT {acc
no. PA3000; @a 1-179), RAC2 (ace. no. P15153; aa 1-192), RACA (ace. no. PAO763; aa
1-192), RHOG (ace. no. PB4095; aa 1-178), RIOA (ace. no. PE1586; aa 1-181), RHOB
{acc. no. PA2745; aa 1-181), RHOC (ace. no. TDE134; 3a 1-181), CDC42 (ace. ne. PAIYSS;
aa 1. 178), TC10 (ace. o, PI7081; aa 2-193), RND1 (ace. no, QU2730; aa 1-232), RND2 (acc.
no, P52198; aa 26-184), BNDA (ave, no, PAIRE7; aa, 1-244), RIF (ace, no. QULIBHD; aa 1-195),
and mouse RHOD (ace. no. PO7348; aa 2-193). pliT23h was used (o exprass TOGAP2EITS
{ace. No, 1213576; aa 780 1575), and 1QGAPA"™ (ace. No. (J13576; a3 84116310, Luman
DOCK DHR2 (ace. now Q926085; 1211-1624) was cloned in the pOPTN vector as previously
described [71].

Proteins. All proteins were purified according to established protocols (23], All
proteins, excepl [QG,JCLPE‘W"Se were isplated as glutathione S+ransferase [GSTY fusion
proteins by affinity chromatography on a glutathione Sepharcse column in the ficst step and
putlfied by size-exclusion chrematography aller proteclytic cleavage of GST in the second
step [23,72]. IQGAF2Y was purified as a His-tagged protein. This profein was isolated
from the supernatant via Ni-NTA affinily purification. Nucleotide-free RHO proteins
were prepared using alkaline phosphatase (Roche) and phosphodiesterase (Sigma-Aldrich,
Sk Louis, MO, USA) al 4 °C as previously described [73]. Fluorescent methyl-anthraniloyl
{m}was usod 1o generate mGppNIHp-hound RHO proteins; GppNHp is 4 slow-hydolyzing
analog of GIT. The quality and concentrations of the labeled proteins were determined
as previously described [73]. RND proteins, which were isalaled in the GTT-bound formn,
could not be loaded with mGppNHp. GTP degradation by alkaline phosphatase, which is
normally used to exchange bound nucleatides with other fluorescent nucleotides; led to
their precipitation despite the presence of mGppNI Ip.

GST pull-down assay. Confluent HEK29% colls cullured on 10 cm dishes were lysed
in lysis buffer contaiming 50 mM Tris-HCL, pH 7.5; 1%, 150 mM NaCl;and 10 mM MgCls 1%
lzépal Ca-630 supplemented wilth a prolease inhibitor lahlel (complete protease inhibitor
cocklail, EDTA-{ree, Merck).

The cell lysatas were poured into prechilled tubes and centrifuged at 13,000 rpm for
Smin at 4 °C. Glulathione agarose beads were washed with iwe-cold buffer and incubated
with 10 micrograms sach of GST-RHOG, GST-CDC42-hound GppNIp, and GST alane
for 40 min ¢n a rotator at 4 °C. Then, the samples were centrifuged and washed three
timies with cold buffer containing 50 mM Tris-HCL, phl 7.5; 1%, 150 mM Na('l; and 100 mM
MgClz. The HEK293 cell lysates were added Lo beads, rotated at 4 °C for 40 min, and later
centrifuged and washed three times with cold buffer, The samples were mixed with 1-fold
Laemmli buifer, boiled for 10 min at 95 “C and resolved by SDS-PAGE. The separated
proteins on 10% SD5-palyacrylamide gels were transferred to a nitrocellulose membrane,
The proteins on the membrane were detected by mouse monoclonal anti-1QC AP inlibody
ab56529 (Abcam) and mouse monoclonal anti-GST antibody 26245 (Cell Signaling).

Analytical size-exclusion chromatography, CDC42eGppNHp and RAC1eCppNHp
were mixed with IQGAT1™ or TQGAP2™" in a buifer containing 30 mM Tris/HCl,
pLL 7.5 150 mM NaCl; and 5 mM MgCly, Analyses were performed at a low rate of
0.3 ml/min and a fraction volume of 0.5 ml, on 4 Superdex 200 10/300 column (GF Health-
care Life Sciences) using an AKTA purifier, Tha Mygs for each eluled peak were calculaled
based on the calibration curve and the partition coefficient plot (Kav = Ve — VII/Ve — VD)
versus the logarithm of the Myys: Ve, elution volume nuimber; VO, void volume (=8 ml.);
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Ve, geomelrie column volume (=24 ml). The eluted (ractions were collected and rasolverd
by SDS-PALE, and the gels stained with Coomassie brilliant blue.

Fluarescence stap ped-flow spectrometry. All kinelic paramelers (Kopg, Konoand kog)
assessed in this study were measured using a previpusly described kinetie analysis proto-
cal [72]. The kinetic parametars were monitored with a stopped-llow appaiatus (Hi-Tach
Seientific SF-61 and SX20 MV Applied Phatophysics), and the analysis was performed
as described [72] using excilation wavelengths of 362 nm (fer mant) and 546 nm (for
tamra). The emission was delecled wilhh a cuteff greater than 408 nim (for mant) and
BA0 mm (far tamra). The GAP-stimulated GTHase reachion was assessed afier (0,2 nM
tam rali TP-bound RACT was mived wilh 10 pM F,_SHG'_AI‘; tamraGTT is the abbreviation lor
letramethyirhodammeTtabeled GTP [74), The GEE-tatalyzed nuclectide exchange eaction
was assessed after 0.2 pM mG 0P -hound RACT was mixed with 40 uM GIEP and 10 pM
TIAMI or DOCK2, The effector association with the REO proteins was measured afte
0.2 uM miGppNHp-hound RHO prafeins were wixed with 2 uh C794 of TQGAP] or C795
of IQGAL2. Dissoeiation experiments were performed by displacing the bound effector
from the complex upon adding excess unlabsled GppNHp-bound RHO proteins. All
measurements were performed in 30 mM Tris-HCl, pH 7.5; 10 mM K HPO /KHa POy,
pli74; 2 mM MgCly: and 3mM DTT a1 25 “C. The data obtained are averages of al least
four independent measurements. Compelition experiments were carried oul by measuring
the aszociation of IQGAP1= with RACLemGppNHp in the presence and absence of
excess amounts of RAC-hinding proleins: TIAMT DH-PH, TRIC DH-PH, DOCK2 DHRZ,
paUTAY, PAKT GBD, plexin Bl RBD, and p67"™M* TR Previous studies have shown that
the assoclation of these proteins with RACTemGppNHp, except fur TQGAT, does not lead
to & change in Auorescence [50,54,4%,75], which is a crucial prerequisite for stopped-flow
Muarometric competition experiments. The experiment was based on the concept that an
increasein fuorescence upon IQGAT associalion with RACLemGppNHp Is altenuated
by any one of the RAC-hinding proteins that compete with [QGATP for the same binding
sites The experimental stup was as [ollows: syringe | contained 4 uM IQGAPT ™ Gn
40 uM vf the respective RAC-hinding proteins in a premixture, and syringe 2 contained
0.4 uM RACTemGppNHp. The lwa samples were eapid |y mixed 101 willr a dead time
af 2 meec and njected inlo an observation cell at a final volume of 70 ul.. The measured
rate constants were fitled witha single exponential function using the Gralil program
(Frithacus softwats), ' '

Structural analysis. All sequences related to RIO GTPases were mitrieved from
the UniProt datahase. Amine acid sequence alignments were performad in the Biolidil
program using the CluslalW algorithun [76]. Model structures of RHO GTPases for which
no N-ray or NMR structure was available in the TDB were generated will the program
MODELLER [77]. The struvtures generated with MODELLER sere RHOG, RIF RNDZ,
and TCL, and the following POB entries were used as template structures: 11413, 2J11,,
IREX, and 2ATX. Rool-mean-square deviation (RMSD) was caleulalod with the prompt
command in the PyMOL program [78]. Structural analysis and elactrostatic potential
maps were generaled using PyMOT melecular viewer, version 1.5.04 (Sehrodinger, TLO),
and the AI'BS program [75 0], respectively. The APBS program is based on @ standard
procedure in which the electrostatic solvation energies of individ ual moleties are subtracted
from the electeostalic energy of the complex. Protein molecules weara fi ully elarged in
accordance with the CTHARMm foree field. The refinement consisted of a shorl procedure:
for minimization (200 sieps) of the complex energy with the fixed steucture of the GTPases,
The nonlinear Poisson-Boltzmann equation was used in the caleulation of binding energies
and in the caleulalion of the eleclinslatic potential around Lhe G IMases, To compare (he
clectroslatic potentials of proteins with different total charges, the positive and negative
vharges of the proteins were staled separately to ensure that the electrostalic potential of
earh amino acid was +1 and —1, respeclively. A value of electrostalic polential at a certaln
space point mdicates the tendency of an electron (Le., general negative charge) placed at this
poinl to be repulsed (red) or attracted (blue). Triangulation of the electrostalic ispsurfaces
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for graphic representation was performad using the marching cubes algorithm [#1] The
final pictures were generated by the Raster3D) package [54]. All APBS calculations were
pecformed with Lhe same paramelers: values of eleclrostalic polenlial were caleulated at

the points on the regular 3D grid within the éube with side lengths of $0.0 A and 60,0 A for

the coarse and fine mesh, respectively, while the number of points in each direction was
128in both ¢ases, The dielectric constants for (he protein and solventwere sel to 2.0 and
781, respectively:

Supplementary Materials: The follow g are available anlioe al T Caowiimdploon stk 0
S300 Mirm22231 250 451
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Abstract: For the discovery of novel chemical matier
generally endowed with bioactivity, stralegies may be
purticularly eflicient that combine previous insight
about biological relevanee, ¢.g., natural product (NP)
structure, with methods that enable efficient coverage
of chemical space, such as fragment-based design. We
deseribe the de novo combination of different 5-
membered NP-derived N-heteroatom fragments to
structurally vnprecedented “psendo-narural products”
in an clficient complexity-gencrating and cnantiose-
lective one-pot synthesis sequence. The pscudo-NPs
inherit charaeteristic elements of NP structure but
oceupy areas of chemieal space not covered by NP-
derived chemotypes, and may have novel biological
targets. Investigation of the pseudo-NI's in unbiased
phenolypic assays and targel identification led 1o the
discovery of the first small-molecule ligand ol the
RHO  GDP-dissoctution  inhibitor 1 (RHOGDIT ).
termed Rhonin. Rhonin inhibits the binding of the

RHOGDIL chaperone to GDP-bound RHO GTPascs

and alters the subcellular localization of RHO
GTPases.

Introduction

The discovery of novel chenucal matier, which in general is
endowed with bicactivity and bivlogical relevance, is ut Lhe
heurt ol chemical biology. Such compound classes may have
new hiological targets and modes of action, and, therefore,
their hioaetivities will best be evaluated in unbiased target-
agnostic phenotypic assays followed by target identification
and validation.!"

Strategies for the design of such novel compound classes
can draw inspiration from previous insights about the
biological relevance of compound classes, us [or instance
wamed by Biology Omented Synihesis (B1OS). In BIOS,
complex natural product (NP) scaffolds are reduced to less
complex, synthetically better accessible structures retaining
the characterisiic properties of the guiding NPe*! However,
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RIOS covers only a small fraction of natural product-like
chemical space and arrives at compound classcs that may
retain similar bioactivities to the goiding NPs. These
limitations can be overcome by the design and synthesis of
“pseudo-natural prodycts” (pseudo-NPs) Pl In the pseudo-
NP concept. NP fragments that represent NI structure and
pruperties®) are combined through de nove combination 10
allord unprecedented NP-inspired compound classes not
accessible by known biosynthesis pathways. Pseudo-NPs
inherit characteristic NP structures and properties but go
beyond the chemical space explored by nature and, there-
fore, promise Lo have unexpected bioactivity and targets.

Five-membered N-heterocyeles are defining structural
units of numerous patural products with diverse bioactiv-
itics. For instance. succinimides ogeur in the haterumai-
mides, which have antitumor activity and the fungal
metabolite hirsutellone, which 18 active against Mycobacre-
riwm tuberculosis (Figure 1n)" Pyrrolines are characteristic
structural elements of eudistomin alkaloids with calmodulin
antagonist activity (Figure 1a)” and the tobaceo alkuloid
myosmine®™  (Figure Loy, Pyrrolidines ovecur as isolated
scaffolds in various structurally simple alkaloids like nicotine
or fused to other scaffolds in siructurally more complex
alkaloids, such as dendrobine (Figure 1a), Additionally, two
pyrrofidines are (used m u bicyelic [2.2.1] arrangement in the
nicotin receplor agonist epibatidine (Figure la),

Research Articles

Inspired by this diverse oceurrence of five-membered N-
heteracyeles in NPs. we designed and synthesized a psendo-
NP collection that combines these fragr in different
connectivities. Phenotypic luvestigation of bioactivity and
target identification led to the discovery of Rhonin, a novel
inhibitor of Hedpehog-induced osteogenesis. Rhonin is the
first small-molecule ligand of the RHO GDP-dissociation
imhibitor] (RHOGDIT) und inhibits binding of this chaper-
one to GDP-bound RHO GTPases.

Results and Discussion

Establishment of a Tandem Catalysis Sequence

For the synthesis of a pseudo-NP collection. we aimed 10
combine S-membered N-heterocycle fragments in a com-
plexity-generating manuner with different connectivities (Fig-
ure 1b), Le., such that i) the fragments do not share aloms
and are linked viu one bond (monopudal connection; gray
honds, Figure 1b), 1) they share two atoms linked vig o
common bond (edge fusion; red bonds, Figure 1b) or they
may be linked in a bieyclic arrangement sharing three atoms
and two bonds (bridge fusion; magenin bonds, Figure 1b),
Thereby related but different pseudo-NPs could be synthe-
sized based on a limited set of fragments.
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Figure 1. Design of a pseudo-NP collection. a) Representative natural prod ying S-membered N-f ycles, b) Tandem catalysi:

sequenca for the syrithesis of a pseudo-NP collection containing 5-membered N-heterocycles In different connectivities,
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It was initially planned 1o construet pyrrolidi by
means of an cnantioscloctive  dipolar  cycloaddition of
azomethine viides with maleimides. This would yield an
edge-fused pyrrolidine-succinimide psendo-NP class, ie. 3.
Subsequent oxidation of the pyrrolidine to an imine would
give rise to a succinimide-pyrroling combination 4 which can
undergo  further transformations. The imine could be
converted W a new szomething ylide which might react with
maleimides in a second 1 3-dipolar eyeloaddition 1o yield a
double fused pseudo-NP class § combining two succinimides
with a bicyclic azabicyclo[2.2.1] scaffold, charactenstic of
epibatiding. Nucleophilic addition 1o maleimides will gen-
erate o pseudo-NP class 6 containing two [rugments linked
by an edge fusion to o sceond suceimimide fragment via a
monapodal connection. Finally. conjugate addition to differ-
ent a.frunsaturated electrophiles would yield pseudo-NPs 7
in which a succinimide and a pyrroliding are combined. and
the side chain may contain additional nataral product
fragments.

Using this divergent synthesis approuch, several different
preudo-NF types would be elliciently accessible by the
unified strategy. This synthetic swategy offers several
attractive [eatures, The metal-catalyzed 13-dipolar cyclo-
addition and the subsequent regio- and chemoseleclive
oxidation could potentially be coupled in s novel tandem
catulytic approach in which the metal catalyst used lor the
eycloaddition could be employed in combination with an
oxidizing agent. Such tandem catalysis sequonces combining
two or more mechanistically distinet chemical reactions are
considered to be particularly attractive since they enable
expedient generation of molecular complexity and efficiency
of the reaction sequence.”! Hitherto, A'-pyrrolines have
been synthesized by means of cycloaddition of Munchnones
1o electron-deficient alkenes."! Thus, the tandem catalysis
strategy outlined in Figure 1b also represents a novel
method for the synthesis of this compound class.

In order to identify suitable reaction conditions for the
landem cotalysis sequence, azomething ylide 2a (Figure 2a;
R¥=4-1r) was allowed 10 teact with N-methylmaleimide 1a
(R'=Me) in CH,CLy in the presence of Cu(CHON)PF, as
catalyst  and  (H)p-Fesulphos  [(R,)-2-{tere-butylthio)-1-
(diphenylphosphino ferrocenc)] as chiral ligand for the 1.3-
dipolar cycloaddition """ Subsequent addition of TBHP as
a terminal oxidant for the Cu'-calalyzed oxidation gratify-
mely yielded the desired pyrroline 4a (Figare L R'=Me,
R'=4-Br) in good vield (82%) and with complete regio-
and chemoselectivity, The combination of these two steps
with the envisaged additional cycloaddition and conjugate
addition required careful optimization of the reaction
conditions. Afler substantial experimentation, the use of
L5 equivalents of both EtN and maleimide in CH,Cl. was
found 1w be best for the formation of Michael addition
products 6 (Tables 81 and 8§2). The double eycloaddition to
tricyclic products § procecded best in the presence of 0.8
equiv. of DBU in THF (Tables 83-55). Furthermore, in the
presence of CH.ClL, and DBU. nucleophilic addition 1o
acyclic Michael acceptors occurred and products 7 were
obtained.

Angaie. Chem, Int. Bd. 2022, 61, 202115192 (3 0f 12)

1§ 2022 The Authors: Ang

Synthesis of @ Pseudo-NP Collection
The sucecssful identification of conditions for the selective
formation of the three envisaged compound classes enabled
the assembly of a pseudo-NP collection. In the synthesis of
double cycloadducts 5 (Figure 2a. conditions A), the aro-
matic nng of the azomethine ylides 2 can be varied
(Figure 2a, Sa-8d). Electron-donating und -accepling sub-
stituents on the phenyl ring were well tolerated and gave the
cycloadducts Sa-d in pood yields and with generally
excellent enantivselectivity (see Figure 2a). In addition, both
aryl and alkyl maleimides could be successfully employed in
Lhe reaction in different order und combinations’ (Figure 2u,
5e.50.

Linder the conditions identificd for the Michacl addition
to unsaturated cyclic electrophiles. a variety of azomething
ylide precursors embodying electron-donating or -withdraw-
ing substituents gave the corresponding producis 6 in
excellent yields and with high diast lecti

= und enanti liv
ities (Figure 20, 6u-6¢), regurdless of the electronic nature
and the position of the substiluents on the phenyl ring in the
dipole. Acyclic electrophiles, like chalcone and different
vinyl- and ethynyl ketones. gave the corresponding products
7 in good yields and with high ee (Figure 2a, 7a-Ti),
Notably, in the case of styryl-vinyl ketone, a single
regivisomer e wis obtained m 72 % yvield, Ethynylphenyl
ketone yielded the Feisomer g in 71% yield, In total 21
pscudo-NPs were synthesized in multi-milligram  amounts
(typically ca. 5 mg per compound).

The relative configuraticn of the cycloadducts was
unambipuously assigned by means of a crystal structure
obtained for rac-6a. By means of VCD spectroscopy.™ the
absolute configuration of the major diastereomer of 7a was
determined as (5)-Ta For Th, a crystal structure analysis
established the E-configuration (see the Supporting Infor-
mation for details). Since the diastereoselectivity of the last
funetionalization i determined by the two stereocenters
established in the first eycloaddition, the absolule conlig-
wration of all other compounds was assigned by analogy. For
a mechanistic proposal W rationalize the abserved direction
and level of siereochemical induction (sec Scheme 81,

These results demonstrate that the synthesis stratepy
efficiently yields a pseudo-NP collection including the
formation of three stereoceuters and @ tetrasubstituted
carbon atom ina highly efficient one-pot sequence.

Cheminformatic Analysis

The chemical space vecupied by the new pseudo-NT's was
anilyzed by employing the nutural-product score (NP-score)
dhistribution ™ Since the mujority of the eolledtion is defined
by pyrrolines Tused 1o suceinimides, the NP-score was
caleulated for the sub-library defined by this scaffold and
compared with both the score caleulated for NPs in
CHEMBL'Y and the score calenlated for marketed and
experimental drugs listed in DrugBank"! The pyrroline-
derived pseudo-NI's display a narrow distribution in a region
of the NP-score gruph which is sparsely covered by NPs
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Figure 2. Synthesis of pseudo-MPs that occupy a distinet portion of chemical space. 2) Reaction conditions: A) 1a-d (3 equiv), DBU (05 equiv),
THF, rt; B) Ya-d (1.5 equiv), EtsN (1.5 equiv), DCM, rt; ©) Te (1.5 equiv), DBU (0.5 equiv), DCM, rt. For 7a, the yield represents the epimeric
mixture of the phenylethyl ketone. ODA; Osteoblast differentiation assay, RGA: Reporter gene assay. All ODA and RGA data are mean values of
three independent experiments (n=13). b} NP-likeness score comparison of NPs rep i in ChHEMBL (dashed curve), Drugbank {dotted curve)
2nd succinimide-pyrroline pseudo-NPs (solid curve). ¢) PMI plet for suceinimide-pyrroline pseudo-NPs. The average of PMI coordinate distribution
Is shown by & cross. d) ALogP vs MW plot of sucdnimide-pyrroline pssudo-NPs.

(Figure 2b). The fact that the combination of NP-derived NPs may be counterintuitive, However, the fragment
fragments yields compounds with properties diverging from  combination generated here is not encountered in nature,

Angav, Chem. Int. Ed 2022, 61, 202115193 {4 0f12) € 2022 The Authors, A dte Chemie | | Edition published by Wiley-VCH GmbH

88



such that the NP=score distribution of these pseadu-NPs
should be different to NPs themselves. Comparison to the
set of compounds in DrugBank, which represent approved
and experimental drugs, demonstrates that the pseudo-NDs
display NP-scores in an ares populated by synthetically
nccessible, biologically relevant molecules. However, an
additional analysis of the principal moments ol inertia
(PM1)) sed us & measure of molecular shape, revealed
that the pseudo-NPs deseribed here have @ higher degree off
three-dimensionality (Figure 2c) compared to typical syn-
thetically accessible compound collections.™ This observa-
tion is supported by the average distance ol points from the
rod-dise axis calealated to 012, as well s the cumulative
digtance value which was caleulated w 241 (see Figure §1).
Additionally. the average fraction of sp’ hybridised earbons
of these pseudo-NPs was calculated to (.31, which is within
literature suggested range of values'™l (see Table 86).
Further analysis using Lipinski-rule-of-5  (Lipinski-RoS)
criferin showed that only 42% of the newly synthesized
collection is included within the limils of drug-like space
(Figure 2d), indicating that de nove combinations of NP-
derived fragments may result in compound collections with
enhanced biological relevance even when deviating from
established metrics.

The analysis indicates that the succinimide-pyrroline
peeudo-NPs may occupy 8 previously nol sccessible [raction
ol NP-inspired chomical space. reflecting the fact that they
are nol obtainable via current biosynthetic pathways. This

Research Articles

electrophile, activity is higher (compare Te o Ta, Tg and
Te) All active cycloadducts were derived from N-mcthyl
maleimide. If the methyl group was replaced by a phenyl
substituent. activity was lost (compare 7¢ and 7f). The most
potent compound 7a inhibited Hb-induced osteogenesis
with an 1Cy wvalue of 1502 pM (Figure 3a and 3b).
Interestingly. 7a did not inhibit the orthogonal GLI-depend-
ent Teporter gene assuy in Sonic hedgehog (Shh)-LIGH12
cells. However, Ta moderately and partially suppressed the
expression of the Hh target genes Prehl and GHl to approx.
509 at a concentration of 5 pM (Figure 3c).

Maost Hh pathway inhibitors target the seven-pass trans-
membrane protein Smoothened (SMO), eg Vismodegih
and  cyclopaming,  and  often  wlffect  SMQ ciliary
localization™ However, 7a did not displace the SMO
binder BODIPY -cyclopamine from SMO (Figure 82) and
did not affect the localization of SMO 1o cilia as indicated
by the co-localization of acetylated tubulin (as & ciliary
marker) and SMO (Figure 3d). Thus, Ta inhibits purmarph-
amine-induced osleopenesis most likely without largeting
SMO.

Osteogenesis Inhibitor 7 a Targets RHOGDI1
For target identification, allfinity probes 8 und 9 (Figure 4a)

were synthesized based on the structure-activity relation-
ship. The corresponding Boc-protected  analogue of 8

novel scaffald may be endowed by design with ad geous
physiochemical properties, as the pseudo-NP collection
displays a NDP-score distribution closer to the region
occupied by approved drugs, even if the majority of the
collection falls outside the limits of Lipinski-Ro3 space.

Biological Evaluation of the Pseudo-NP Callection

Investigation of biological sctivity of the pseudo-NP collec-
tion in several cell-based assays monitoring modulation of
aulophagy. Wnl signaling, teactive oxygen species (ROS)
induction, Notch signaling and Hedgehog (Hh) signaling
revealed that the pyrroline-derived compounds are sclective
inhibitars of Hh pathway-dependent osteog i pluri-
potent mouse mesenchymal CIH/AOTL2 cells (see Ta-
ble 87), Osteogenesis was induced using the Smoothened
agouist purmorphamine. Despite the limited number of
compounds, trends for structure-activity correlation became
apy Thus, ion of the ketone part of the most
potent hit 7a, e.g., by introduction of a para-Br substituent
inlo the aryl ketone part (to yield Th), or by a pere-F inlo
the phenyl ring (Figure 2o, compare Ta und 7d) abolished
uctivity. The configuralion of the stéreoventer generated in
the final conjugate addition to vield, ¢.g., Ta, has only minor
impact on the bioactivity (Table 87, compare Ta and its
epimer Ta—epi). A phenyl group is not strictly required in
the electrophile [or sctivity, since methyl-vinyl ketone
yielded active compound Te (Figure 20 and Table 87, 7e).
However, in the presenee of a phenyl group derived cither
from the aryl ketone part or the arylvinyl part of the

Angaw, Chem. Int. Ed. 2022, 61, £202115193 (Sof 12)

retained significant osteogenesis inhibiting activity (S10a,
1C=1204£1.2 pv, Table §7), whereas the Boc-protected
analogue of 9 was inactive (S10b, Table 87). Label-free
quantification of proteins that selectively bound to the active
prabe 8 as compared 1o the control probe 9 indicated RHO
GDP-dissociation mhibitor 1 (RHOGDI ). Filamin-B and
Filamin-C as potential targets (Table 58), Subsequent
immunoblotting after the pulldown confirmed the selective
enrichment of RHOGDI! but not of Filamin-B and Filamin-
' (Figure 4b and Figure 83). Furthermore, excess of S1la
prevented the enrichment of RHOGDIL by probe 8 (Fig-
ure 4¢). Uhese hndings point toward RHOGIDI as a target
of Ta.

RHOGDI1 is a chaperone for geranylgeranylated
(GerGer) proteins, in particular the RHO GTPases.”™" The
major fraction (H-95%) of prenylated RHO GTPases are
mamlained in @ stable soluble state in the cytosol by
RHOGDILP Ta directly binds 1o RHOGDI1 as demon-
strated for the fluorescent Ta derivative 10, which displays a
dissociation constant (Kp) of 300 pm and 85 pw for
RHOGDILALS and RHOGDILAZS, respectively (Fipures 4d
and de). RHOGDII can extract GDP-bound inactive RHO
GTPases [rom membranes and sequesters them in the
eviosol, In an in vitro Bposome sedimentation assay,™
addition of RHOGDIT b lipesomes Toaded with prenylated
GDP-bound RACT resulted in extraction of RACI, ie.,
RACT was detected in the soluble fraction (Figure 4f),
However. in the presence of 7a and RHOGDIL. RACI
remained bound to the liposomes, Le., RACL was detected
in the insoluble fraction. This finding indicates that Ta
inhibits the extraction of RACL by RHOGDIL The
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Figure 3. Cornpound 7a inhibits Hh-induced osteogenesis. 3) Stiucture of 7a. b) Hh-induced osteogenesis in C3H/107T1 /2 cells. Cells were trested
with 1.5 pu purmerphamine and cormpound 7a for 96 h prior to detection of alkaline phosphatase activity (mean +5SD, n—3). €) C3H/10T1 /2 cells
were treated with purmomphamine (1.5 pu) and of 7a er DMSO for 96 h prior to detection of the expression of Pleh1, Gli, Ap3d1 and Gopdh by
means of RT.-qPCR. (mean+ SD, n=3). d) Detection of SMO in cilla in NIH/3T3 celis. Blue: nuclel; red: SMO; green: acetvlated tubulin, Insets:

representative single cilia. Scale bar: 10 pm.

structurally similar analog 7d (Figure 2a), which did not
inhibit osteogenesis. also did ot inhibit extraction of RACI
from liposomes (Figure 4f). Similar results were obained in
a lipesome flotation assay™ (Figures S4a and S4ab). In
addition o RACL, 7a alsu mhibited the RHOGDII-
medidted extraction of RHOA and CDC42 (Figure S4¢ and
S4d). Ta slowed down the Kinelics of geranylgeranylatod
RACT extraction mediated by RHOGDH in a surlace
plasmon resonance (SPR) setup using immobilized synthetic
PL4.5)P,-rich liposomes loaded with peranylgeranylated
GDP-bound RACL whereas the inactive derivative Td did
not (Figores 85a-85¢), These resulls suggest that 7a may
directly modulate the RHOGDIL-RACT intersction. To
gain insight into the binding site for 7a on RHOGDIL.
competition between fuorescent derivative 10 and preny-
Inted RACL was monitored. Addition of prenylated RAC1
o a  pre-formed MW-RHOGDII complex reduced
Muorescence  polarization, indicating displacement of 10
from RHOGDI (Figuredg). However, non-prenylated
RACT was able 1o bind RHOGINT but could nen displace
the ligand. Morcover, increasing concentrations of Ta
competed with the binding of RHOGDII to a GerGer-
RABI peptide. which was previously shown to bind to the
prenyl-hinding pocket of RHOGDII (Figure 4h).™ Probe
10 also bound to RHOGDIZ and RHOGDI3 (Figure 4e). [n
order 10 determine selectivity for binding to RHOGDI,

Argew, Chem. Int. Ed. 2022, 61, 202115193 {6of 12)
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diyplucement ol  NMuorescein-labelled  atorvastatin (Kp=
S8 nm) from the preny ding pocket of the lipoprotein
chaperone PDES was investigated ™ PDEGS preferably binds
famesylated lipoproteins like the RAS and RHEB. 7a does
not compele with Juorescein-labelled atorvastatin for bind-
ing 10 PDES& (Figure 85d), Moreover. prube 10 binds 10
PDES only al higher concentrations (Figure S3e), thus
demonstrating selectivity for RHOGD),

Compound Ta exhibited limited solubility in our expen-
ménts. To enhance solubility, the phenyl rings attached w
the pyrroline part of 7a were replaced with pyridines, For
simplification of denvatization, these compounds were
synlhesized through an alternative Iwo-siep protocol (see
the Supporting Information and Scheme $2). The pyridine
derivatives were either as polent or more patent than the
original compound Ta in the osieogenesis assay while
displaying better kinetic solubility (Table §9).

We selected compound 71 (280 mg were readily ob-
lained) for [urther investigations as it most  polently

inhitited purmorphamine-induced psteopenesis (Figure Sa
and 5h), while displaying good kinctic solubility of 47.3 pm
(Table S4) and permeability (41.1% flux in a parallel
artificial membrane permeability assay: PAMPA ). Similar to
7a. cempound 71 did not suppress GLI-dependent reporter
gene expression and only slightly reduced the expression of
the Hh larget genes Ptchi and Glid (Figure 5S¢ and Fig-

| Edivon published by Wiley- VCH GmbH
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Figure 4, Cornpound 7 a is a RHOGDI inhibiter. a) Structure of the affinity probes 8 and 9, b) Affinity-based enrichment of RHOGDI from NIH/
373 lysates by probe 8 as compared to probe 9 and detection using 2 RHOGDR aritibody. ) Comipetition pulldown was perforrmed as in b.in
presence of §10a as a competitor. d) Structure of the fluorescent derivative 10. e) Binding of derivative 10 to RHOGDI1-3. K, (RHOGDI1A15):
8.51 pm, Ko (RHOGDITA25): 3.00 pw; Kp (RHOGDIZ): 9.08 pwm; K (RHOGDIB): 11,45 pw. Fluorescence polarization messurements using 10 and
RHOGDI1-3, Representative data (mean values + 5D, n=13), f) Displacement of prenylated GDP-bound RAC1 from liposornes by GST-RHOGDI
Iri the presence or absence of 50 yw 7a or inactive derivative 7d as determined wusing a |lposome sedimentation assay. Representative data (n=3).
P: pellet. S: supernatant. g) Competition of derivative 10 with RAC1, Fluorescerice polarization measurements after adding 2 pM prenylated RAC]
or non-prenylated RACT to 2 yw compound 10 and 5 pm RHOGDIN. Representative data {n=3), h) Fluorescence pelarization measurements upon
titration of 7a inte a mixture of 5 pM FITC-labelled GerGer-Rabl peptide and 50 pu RHOGDI
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Figure 5. Rhonin (71) inhibits osteogenesis and binds to RHOGDIN. a) Structure of compound 71 termed Rhonin, b) C3H/10T1/2 cells were treated
with 1.5 pu purmorphamine and compound 71 for 96 h prior to determination of alkaline phosphatase activity, Data are mean values+5D, n—3.
€} CIH/10T1 /2 cells were treated with purmorphamine (1.5 puj and 71 or DMSO for 96 b prior 1o detection of the expression levels of Pich1, GiT,
Ap3d1 and Gapdh using of RT-qPCR (mean values +5D, n=3). d) SMO binding assay upon treatment of cells with BODIPY-cyclopamine followed
by addition of 71, Vismodegib or DMSO and quantification of SMO-bound BODIPY-cyclopamine using flow cytometry. €) Ciliary localization of
SMO in NIH/3T3 cells. Representative results; each data point represenits the (ntensity value of one single ¢ilium. Statistical significance was
evaluated using an unpaired t-test with a confidence interval of 95% (p <n.s). f) Influence of 71 on osteogenesis in presence of 1 pm or 01 pu of
SAG and of 71 (mean values=+5D, n=3). g) Displacement cf'pwnfllwd GQP—bound RACT from synthetic liposomes by GST-RHOGDI in the

presence of absence of 50 i 71 as determined using a liposorme sedir assay. R ive data (n—3). For uncropped blot see
Figure S14. h) Limited proteolysis of RHOGDIN in preserice of 100 pu 'ﬂ. Volcsno plot {FDR 0.05, Sp=0.1) of the identified and quantified
peptides of RHOGDI {=95% sequence coverage). |) Mapping of pr K-p ptides (amino acids 179-199) in the amino acid

sequence of RHOGDI . Protected [ysines detected using the Hﬁrm‘ probe are shown in hlue J) 2nd k) Mapping of proteinase K-protected
peptides in the structure of RHOGDIT with the bound gemnylgeran)ﬂ gmup m and a computationally predicted model of the RHOGDIN-71
complex (k). Red coloration: region pi d from p p isinp of compound 71. The structures were prepared
based on the PDB entry THH4.
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ure 86u). Howewer, 71 inhibited the expression of the
alkaline phosphatase gene (Alpl) which is in line with
suppression of osteogenesis (Figure 86b). We detected o
partial decrease in BODIPY-cyclopamine fluorescence in
SMO-expressing cells (Fignre 5d), However, iu the presence
of 71 and wpon stimulation with purmorphamine, SMO was
localized 1o the cilia (Figure S¢) and cilia formation was not
allecied (Figure 86¢), To further address putative SMO)
targeting by 7L we esplored Thmedisted suppression of
osteogenesis in the presence of low and high concentrations
of the SMO agonist SAG. Compounds like Vismodegib that
targel the heplahelical bundle of SMO, display decreased
polency in the presence of high doses of SAG, which itsell
binds 1o the heptahelical bundle as well (Figure Sod)!
Derivative 71 displaved similar poteney in the presence of
0.1 pm and 1 pv SAG and behaved like GANTSL (Figure 5¢
and Figure S6e). Thus, 71 does not appear to influence
osteogenesis throngh modulation of SMO.

In agreement with the observations for 7a, compound 71
inhibited RHOGDI-mediated extraction of RACL [rom
ipusomes (Figure 5g). Wherens non-prenylated TAMRA-
GDP-RACL bound to RHOGDIL with a Ky ol 5.7 pm,
which is in apreement with previous reports.™ in the
presence of 71 the K value for the RHOGDII-RACL
interaction increased to 1333 pyv, which indicates that 71
does imterfere with RHOGDIL-RACI-GDP complex for-
mation (Figures 860). Based on the obwined resulls, the
measured affinity between probe 10 and RHOGDI s K=
3185 pm (from Figure 4e) and is in line with the K, for 71
of ca. 2.2 pm (as determined by the Cheng-Prusoff equation
using data from Figures 86f). The K, for the binding of
probe 10 to RHOGDIL might sppear to be too low to
interfere with the extremely high affinity GerGer-RACH
RHOGDI interaction (Kp=ca, 10°" M) and this would
be true if 71 and GerGer-RAC1 were competing directly for
binding to RHOGDI1 in the absence of other factors.
However, as shown in Figure 4f, there is a clear displace-
ment of RACT [rom ity complex with RHOGDIL i the
presence of Hposomes. The reason for this is that there is
already  substantial competiion for RACL binding 1o
RHOGDI from the high concentration of lipids that arc
able to bind RAC] with relatively high affinity, and this
competition can be modified by 71. As shown in Figure 87,
there is a predicted displacement of RACL from RHOGDIL
in the jmicromolar to hundreds of micromolar range of 71
concentration. Al 50 pMTlL ca. 50% of RACL is bound 10
liposames. in approximate agreement with the results of
Figure 4f and Figure 5g. Eifectively. 71 acts as a buffer that
reduces the free concentration of RHOGDIL and this leads
to the effects seen.

To map the binding site of 71 in RHOGDIL, we
performed o limited proteolysis analysis of RHOGDIL
Mass spectrometry revealed thal several peplides in the
179199 amina acid sequence were protected from protei-
nase K-mediated proteolysis in the presence of compound
71 (Figure Sh and i and Tablz §810). These proteolysis-
protected peptides are located in the protein structure
adjacent to the geranylgeranyl binding site (Figure 5j and
3k}, This finding soggests binding of 71 in the GerGer-

Angaw. Chem. int. Ed 2022, 61, 8202115193 (90f 1)
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binding pocket. As the conformotypic peptides contamed a
lysine residuc, we employed the lysine-reactive probe
STPyne (Figure S6g) to label lysives in a lysate of HEK293T
cells expressing buman RHOGDIL. In the presence of
compound 71, lysines 186 and 199 in RHOGDII were less
efficiently labeled. thus indicating a limited access of STPyne
to these residuegs due to compound binding (Figure 5i and
Table $11), Furthermore, & possible binding pose and
contacts of the ligand in the GerGer pocket were predicted
using computational methods. Docking into the binding site
was performed using an induced it docking (IFD) method-
ology, which was [ollowed by a molecular dynumics (MD)
simulation with explict walers. The COSY and NOESY
212 NMR results Tor 71 in chlorolorm clearly show that the
imine i the preferred tagtomer in solution. An cnamine
structure was considered for the docking as well because the
solution situation may not be directly comparable 1o the
compound in complex with the protein™! Ab-initio IFD
methodology afforded credible poses for both imine-like
undl enamine-like tautomers of 71in the flexible binding site
ol RHOGDI1 (Figure 58). The best poses [or the two
tantomers afforded satisfactory docking scores, with enam-
ine giving somewhal better results. None of the poses
generated fur the imine matched with the experimentally
obtained structure—activity information for the tested com-
pounds, whereas the orientation found for the enamme-like
structure seemed 10 be in agreement with the physical data.
The difference in the observed results could be explained by
the significant geometry change of the compound core in the
two tautomers (Fignre $9). Therefore, further calenlations
and computational analysis were performed with the
enamine. The ligand in the resulting pose is stabilized in the
protein pocket throughout the entire MDD simulation
(120 ns: Figure S10 and Table 812), Notable interactions of
compound 71 with the C-terminal fstrand of RHOGDIL
(Trpl94, Lenl% and Nel98) were observed (Figure S11 and
Video 81). thus, providing a plausible explanation for the
abserved mcrease i the proleolytic stahility of the erminal
protein region in the presence ol 71 These lindings confirm
RHOGDIT as a direet target el compound 71 Therclore,
compound 71 was termed Rhonin.

RHOGDI is a Negative Regulator of Osteogenesis

To examine the role of RHOGDIL in purmorphamine-
Iinduced osteogenesis. we depleted RHOGDIL by means of
a small interfering RNA (knockdown efficiency: B8 %;
Figure 512a). Purmorphamine-mediated osteoblast differ-
enliation was increased upon RHOGDIL depletion using
siRNA (Figure bu). By wanalogy, RHOGDIL knockdown
along with simullaneous setivation of the Hh pathway
increased the lovels of the Hh wrget senes Pichl! and (elil
(Figure ob). Conversely, RHOGDIT overexpression de-
ereased Hh pathway activity (Figure 6c and Figure 512b).
These results indicate that RHOGDII i a nepative regu-
lator of Purmorg L i i i

Chur flindings cstablish a hink between RHOGDI and
osteogenesis. The influenee of RHO G'TPases on osteoblast
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Figure 6, RHOGDI1 Is a negative regulator of osteogenesis. &) and b} Influence of RHOGDIN krockdown, a) Osteogenesis assay upon RHOGDI |
kniockdowr. NT: control sSIRNA (rmean values +SD, n =3). Knockdown efficiency: 889, See also Figure S12a. b) Pteh1 and GIiT exprassion upon
RHOGDIT knockdown in C3H/10T1/2 cells (mean values +5D, n=3), ) Influence of RHOG DI averexpression on osteogenesis (mean
values+5SD, p=3), See also Figure S12b. d) Detection of GTP-bound RHO GTPases by means of G-LISA upon treatment with 10 pim Rhonin for
24 h—Control: lysis buffer; +Contral: respective constitutively active GTPase (mean values +5D, n=3). e} and f) Influence of Rhonin (10 pM) on
the total cellular levels of RHO GTPases upon treatment for 24 b detected using immunoblotting (e). Quantification of band intensities in relation
to the loading control tubulin is shown in f (mean values +SD, n=3). g) Distribution of RHO GTPases in different cellular fractions upon
treatment with Rhorin (10 um), On a separate gel, calnexin and Ecadherin were detected as markers for ER and plasima membrane, respectively,
For uncropped blots see Figure S14.

differentiation is cell- and context-dependent and would
depend on the employed system since activity of RHO
GTPases will depend on different fuctors, 1.e. phosphoryla-
tion. ubiquitination, GEFs, GAPs and possibly other

Angew. Chem, Inr, £d, 2022, 67, €202115793 (10 of 12)

effeetors™ In human mesenchymal stem cells, RHOA and
ROCK were positively correlated with commitment to the
osteablust lineage.” We detected suppression of purmorph-
amine-induced ostepgenesis by inhibitors of RAC or ROCK
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(see lTable §13), RHOGDI modulation by Rhomin has an
cffect on Hh-induced osteogencsis opposite 1o RHOGDIT
depletion. Such divergence between chemical and genetic
perturbations has been observed before and, actually, may
differentinte a chemical-biological analysis form a genetic
investigation ™™ Genetic knockout or knockdown remove or
reduce the target prolein, whereas small molecules modulate
mdividual binding sites or [unctions. RHOGDI recognizes
its Largel GTPases via two bmding sites. While Rhonin
affects binding to the prenyl-binding pockel, RHOGDIL
knockdown abolishes binding to both sites.

Rhonin Activates RHO GTPases by Inhibiting RHOGDI1

Since RHOGDI is a repulator of RHO (1Tases, small-
molecule modulator of RHOGDI should affect the activity
of RHO GTPases. Rhonin increased the levels of GTP-
bound RHO GTPases (Figure 6d), which i in accordance
with inhibition of RHOGDIL sctivily. Rhonin did not alter
the totul levels of the three RHO GTPases (Figure 6e and
6f). Interference with RHOGDIL function should alter the
subcellular localization of RHO GTPases P Indeed, treat-
ment with Rhonin led o a shift of the membrane-bound
RHO GTPases from the plasmit membrane 1o the endoplas-
mie teticulum (ER) membrane (Figure 6g). Thus, upon
treatment with Rhonin the amount of RHOA and RACT at
the ER membranc increases, This finding suggests mislocal-
ization of RHO G'TPases. RHO GTPases are involved in
cell migration which may depend on different RHO
GTPases. cell type or stimulns.™ Therefore. we investipated
the migration of NITH/3T3 cells in the presence of Rhonin
using a wound healing assay. Similar to the RHOA inhibitor
1 {3 Loxin), Rhonin moderately inhibited wound closure
and. thus, cell migration (Figure §13).

Conclusion

We validate the “pscudo-natural product™ concept by the
design. synthesis and evaluation of a compound collection
that combines five-membered N-heterocyeles (Le. pyrroli-
dines, pyrrolines and succinimides) characteristic for NP
classes with different structure and different hiosynthetic
origin, in novel arrangements and with different connectiv-
ities, The novel pseudo-NP Rhonin proved to be an inhibi

Research Articles

Seventh  Framework  Programme  (FP7/2007-2013, ERC
CGirant agreement no. 26839), as well as the Cerman
Research Fonndation (DFG, AH 92/8-1). the Cluster of
Excellence RESOLV (“Ruly Explores Solvation™) (EXC-
2033, project 390677874; formerly EXC 1069). the Interna-
tional Research Training Group (IRTG 1902, 5P6). the
European Nelwork on Noonan Syndrome and Relaled
Disorders (NSEuroNetr, 01GM16218), the German Federal
Ministry of Edveation and Research—German Network of
RASopathy Research (GeNeRARe, D1GMI1902C) and the
Scripps Research Institute, We thank Dr. Sonja Sievers and
the Compound Management and Screening Center (C0O-
MAS), Dortmund, Germany for sercening the compounds
and Beate Schilermann and Christine Nowak (Max Planck
Institute, Dortmund) for technical support. We thank Lena
Knauer and Kathrin Louven {Technical University Dort-
mund} for performiug X-ray crystallographic analysis. We
are grateful towards Dr. Peter Bieling (Max Planck Institute
of Maolecular Physiology, Dortmund), Dr. Leif Dehmelt
(Technical University Dortmund), Dr, Peter t'Hart (Chem-
fcal CGienomics Ceutre, Dortmund) and Dr. Oliver Rocks
(Max Delbriick Center for Molecular Medicine. Berlin) for
valuable discussions, Open Access [unding enabled and
arganized by Projekt DEAL.

Conflict of Interest

G.K. is an employee of AstraZeneea, UK.

Data Availability Statement

The duta that support the fmdings of this study are available
from the corresponding author upon reasonable request.

Keywords: Inhibitors -« Liposomes « Osteogenesis + Proteins «
Pseudo-Natural Products - RHOGDI - Small Molecules

[1] &) A, U, H. Waldmann, Bioorg. Med Chem. Lett. 2018, 25,
3079; b) B. K. Wagner, S. L. Schreiber, Cell Chem. Biol, 2016,
23, 3 o)l Vincent, P. Loria, M. Fregel, R. Stanton, L.
Kiteting, K. Nocka, R, Doyonnas, C. Steppan, A Gilbert, T,

of Hh-induced osteogenesis but does not efficiently target
canonical Hh signaling and SMO in particolar and may
therefore targel downstream osieogenic pathways ™9 In
conclusion, we report the first small molecule that directly
targets RHOGDI, impairs RHOGDI function as well as the
wetivity of RHO G Pases and promises to be an invaluable
tool o explore RHO GTPase-related biology.

Acknowledgements

This work was supported by the Max Planck Society and the
European Research Council under the European Union’s

Angew, Chem. Int. Ed. 2022, 61, £202115192 {11 of 12}

Schroeter, M. €. Peuki Set, Transh Med. 215, 7, 293ps15.

|2] H. van Hattum, H. Waldmaon, T Am. Chem Soc. 2014, 136,
11853,

131 8) G. Karugeorgis, E. §. Redkech, I, Cebullos, M. Schwallen-
berg, S. Sievers, . Ostermann, A. Pahl, 5, Ziegler, H.
Waldmann, Nat. Chenn 2018, 70, 1103; b) G. Karageorgis, 1), 1.
Faley, L. Larata, [T Waldmann, Nat. Chenr. 2020, 12,227 ¢) G,
Karageorgis, D). Foley, 1. Larats, S Brakmann, H. Wald-
mann, Angew. Cher nl. Ed, 2021, 60, 15705, Angew. Chim.
2021, 133, 15837,

[4] B. Over. S. Wetzel, C. Grutter, Y. Nakai, 8. Renner, D. Ranh,
H. Waldmann, Nat. Chen. 2003, 5,21,

|5] M. T. Uddin, 5. Kokubo, K. Ueds, K. Suenaga, 1. Uemura, .
Nar. Prod. 2001, 64, 1169,

[6] M. Isaka, N. Rugseree, P Muithip, P. Kongsseree, 8. Prabpas,
Y. Thebtaranonth, Tetrahedran 2008, 6, 5377,

B 2022 The Authors; Angewandie Chemie Intemational Edition published by Wiley VCH GmbH

95



[7] 4. | Kobayashi, L1 Nk Y. Uhi
dront [ett, 1986, 27, 1191,

[B] 8 Tyroller, W. Zwickenpfiug, E. Richter, £ Agric. Food Chem.
2002, 56, 4000,

[9] T.1., Lotw, T, J. Miirks, Nat. Chen. 2MS, 7, 477,

110] u) A, D. Melhuda, G, W, Amurante, 7.5, Wang, M. Lupariu,
F. D. Toste, J. Am. Chem. Soc. 2011, 133, 3517; b) W, Son. G,
Zhu, C, Wu, G, Li, L. Hong, R. Wang, Angew. Chem, fnt. £d
2013, 52, 8633 Angew, Chem. 2013, 125, BT95.

|11] A.P. Antonchick, € Gerding-Reimers, M. Catarinella, M.
Schtrmann, H. Preut, §. Ziegler, 1. Rauh, 1. Waldmann, Nat.
Chem, 2000, 2, 735,

[12] R. Nuruyun, M. Putowski, Z.-5 Jia, AP Antonehick, H.
Waldmann, Ace. Chem. Res. 2014, 47, 1296,

[13] € Merten, 1. P, Golub, N. M. Kreienbarg, /. Org. Chem, 2019,

87497,

i, Y. Uiratm, Tetrale-

[14] P. Eril, S, Roggo, A. Sehullenhaver, 1. Chen. Tif, Medel, 2008,

[15] A. P, Bento, A. Gaulton, A. Lleesey, L, J, Hellis, J. Clinmbers,
M. Davies, Ii. A. Krtiger, Y. Light. L. Mak. §. McGlinchey. M.
Nowatka, G, Papudatos, R. Suntos, J. P. Overington, Nucleic
Acuds Res. 2014, 42, 11083,

[18] V. Law, C. Knoox. ¥. Djoumbou, 1. Jewson, A. C. Gue, Y.
Liu, A. Macigjewski, 1. Arndt, M. Wik, V. Neveu, A. Tung,
G. Gubriel, C Ly, S Adamjee, 2. T. Dame, B, Han, Y. Zhou,
D. 8. Wishart, Nuclete Acids Res. 2014, 42, 1091,

[17] W. L B, Saver, M. K. Schwasz, /. Chens Inf. Comput, Sel
200343, URT.

[18] 1. Colomer, C. 1. Empson, . Craven, Z, Owen, R. G. Dove-
ston, L Churcher, 8, P. Marsden, A. Nelson, Chem. Conmizn.
2016, 52, 7209,

[19] F. Lovering, 1. Bikker, €. Humblet, J. Med. Chem. 2008, 52,
B752.

[20] T L. Lin, W. Matsui, @nco Targers Dher. 2012, 5, 47.

[21] R, Gurciu-Matu, E. Boulter, K. Burridge, Nat. Rev, Mol Cell
Hiol 2011, 12, 493,

122] E. Boulter, R. Garcio-Mata, C. Guilluy, A. Dubush, G. Rossi,
P. ). Brenwwald, K. Burridge, Nat. Cell Binl, 2010, 12, 477.

123] S-C. Zhang, L. Ciremer, H. Heige, P. Janning, A. Shymunels,
1. C. Cirstea, E. Krause, B, Narnberg, M. R. Ahmadian, PLoS
Ene 2014, 9, 102425,

[24] 1. Bigay, J.T. Casella, G. Drin, B. Mesmio, B. Antoony,
EMBO 1. 2008, 24, 2244,

Angav. Chem. Int. Ed 2022, 61, £202115192 {12 0f 12}

Research Articles

1 2022 The Authors: Angs

[25] I\ Mejuch, Gi. Garivet, W. Loler, N. Kaiser, 11 K. Fansa, C.
Fhrt, O, Koch, M. Baumann, 8. Ziegler, A. Willingholer, H,
Waldmann, Angew. Cheme fnt. Ed. 2017, 56, 6181; Angew.
Chent, M7, 129, 6277.

26] A.R. Shepard, R. L, Conrow, L 1L Pang, N. Jacobson, M.
Rerwsn, K. Rutschmuanm, . Auerbuch, R. Srivamurutpum,
V. W. Carnish, ACS Chenw. Biol. 2013, 8, 549,

[27] J. K. Chen, 1. Taipale, K. L' Young, L. Maiti, ¥, A. Beachy,
Proc. Natl. Acad, Sei. USA 2002, 99, 14071

28] A. R. Newcombe, R, W. Stockley, 1. 1. Hunter, M. R. Webb,
Biochemisiry 1999, 38, 6879,

[24] Z. Tuimov, £. Guo, Y. Gambio, U.'L. Nguyen, Y. W. Wu, D.
Abankwd, A. Stigler, M. Collins, H. Waldmam, R, 8.
Goody, K. Alexandrov, 1. Biol. Chene 2012, 287, 26549,

[30] @) Y. €. Martin, J Comput.-Aided Mol Des. 209, 23, 693
b} P. Pospisil, P, Ballmer, L. Scapozza, G. Lalkers, J. Recepr.
Signal Transducton 2003, 23, 361; ¢) A. D, Bochevaroy, E.
Harder, T, T. Hughes, I. R. Greenwood, D. A. Braden, D. M.
Philipp, D. Rinaldo, M. 1. Halls, 1. Zhang, R. A. Friesner, Inz
J. Queantum Chem, 2013, 113, 2110

[31] w) R. G, Hodge, AT Ridley, Nae Rév. Mol Cell Bint. 2016,
17, 496 b) G V. Pusapani. 1. H. Kong, I3 8. Patel, A. Krishnan,
A Sagoer, M. Kionchrew, J. Briscoe, L. Aravind, R. Robatgi,
Dev. Cell 2018, 44, 271; ¢} K. Huck, C, Sens, C. Wuerfel, C.
Zoeller, L A. Nukehbandi, fe 1. Mol, Sei. 2020, 21, 385, d) M.
Omishi, Y. Fujita, H. Yoshikawa, T. Yamashita, Cell Death [is.
2013, 4, e698; ¢) . Larmey, G. Stenbeck, C, D, Nobes, A J.
Lax. A. F. Grigoriudis, L Bere Miner, Res. 2004, 19, 661,

[32] K. McHeath, 2. M. Pirane, C. M. Nelson, K, Bhadrimaju, C, 8.
Chen, Dev, Cell 2004, 6, 483,

[33] a)Z A. Knight, K. M. Shokar, Ceil 2007, 128, 425; b} W. A.
Weiss, 8. 8. Tuylor, K. M. Shokal, Nar. Chem. Biol 2007, 3,
739,

134] AL Ridiey, Curr. Oprr. Cedl Biol. 205, 36, 103,

[35] D.S. Amarasckars, 5. Kim, J. Ruo, Int. J. Mol, Sei 2021, 22,
2851,

- i bt W her 25 2021
Accepted manuseript online; February 16, 2022
Version of record online: Murch 2, 2022

die Chemie | tional Edition published by Wiley VCH GmbH

96



CHAPTER VI. CDC42-IQGAP INTERACTIONS SCRUTINIZED: NEW INSIGHTS INTO
THE BINDING PROPERTIES OF THE GAP-RELATED DOMAIN

Niloufar Mosaddeghzadeh, Silke Pudewell, Farhad Bazgir, Neda S. Kazemein Jasemi,
Oliver H. F Krumbach, Lothar Gremer, Dieter Willbold, Radovan Dvorsky, Mohammad R.
Ahmadian

DOI: 10.3390/ijms23168842

GDP

SW /I
X

Status: Published in August 2022

Journal International Journal of Molecular Sciences
Impact factor: 6.20

Contribution: 50%

Expression and purification of RHO GTPases and IQGAPs,
preparation of nucleotide-free form of RHO GTPases, protein
interaction analyses including fluorescence polarization
measurements, stopped-flow measurements and pull-down
assay, figure preparation and illustration, drafting and writing
the manuscript.

97



International Journal of
Maolecular Sciences

oy

Article

CDC42-IQGAP Interactions Scrutinized: New Insights into the
Binding Properties of the GAP-Related Domain
Niloufar Mosaddeghzadeh 17", Silke Pudewell '**", Farhad Bazgir ", Neda S, Kazemein Jasemi ’,

Oliver H. E Krumbach !, Lothar Gremer >3, Dieter Willbold 23, Radovan Dvorsky +*
and Mohammad R. Ahmadian *

check for
.~ updates

Citation: Mosaddegheadih, N,
Pudewsll, 5.; Bargir, B Kazomein
Jasemm, NS Knumbach, OHE
Gremet, L: Willbald, D Dhvorsky, R.,
Ahmadian, MR CDC42-I0CAP
Triteractions Serutinieed - New
Insights into the Binding Froperties
of the GAI-Related Domain. lit, ),
Mol. Sei. 2022, 23, 8842, hitpu://
oy s/ 10,3390 /ims2 3168842

Academic Feitor: Alesandi Baykoy
Rovwived: 23 June 2022

Acgephed: 6 August 2022
Pubtished: 9 August 2022

Publishoers Note: MDD stavs neutral
with regard to jurisdichional claims in
pubtished maps and institutiona) affil-

lationes,

Copyright: © 2022 by the authors.
Licenser MDPL Basel, Switeerland.
This article 15 an open acows article
distributed  under the terms  and
conditions of the Creative Commaons
Attribution (CO BY) license (hgpsi//
creativecommuns.ong/ licenses /by /
3043,

1 Institate of Biochemistry and Molecutar Biology 11, Medical Faculty and University Hospital Dimsselcorf,
Heinrich Heine University Ditsseldorf, 40225 Diisseldorf, Germany

2 Institute of Physical Biology, Heinrich Heint University Dtsseldorf, 40225 Dusseldorf, Germany

' Ingtilate of liological Information Processing, Structural Biochemistry (IB1-7), Forschungszentrum [ilich,
52425 Julich, Germany

& Center for Interdisciplinary Biosciences, I ). Safarik University, Jesenna 5, (40 01 Kosice, Slovakia

* Corespondence: reza.ahmadian@uni-duesseldorf.de; Tel: +49-211-511-2754

t  These authors contributed equally to this work.

Abstract: The 1Q motif-containing GTPase-activating protein (IQGAP) family composes of
three highly-related and evolutionarily conserved paralogs (IQGAI', IQGAID? and [QGAI3), which
fine tune as scalfolding proteins numerous fundamental cellular processes. IQGAT is described as
an effector of CDC42, although its effector function yet re-mains unclear. Biophysical, biochemical
and molecular dynamic simulation studies have proposed that [QGAF RASGAP-related domains
(GRDs) bind to the switeh regions and the insert helix of CDC42 in a GTP-dependent manner. Our
kinetic and equilibrium studies have shown that IQGAP1 GRD binds, in contrast to its C-terminal
794 amino acids (called C794), CIXC42 in a nucleotide-independent manner indicating a binding
outside the switch regions. To resolve this diserepancy and move beyond the one-sided view of
GRD, we carried out affinity measurements and a systematic mmutational analysis of the interfacing
residues between GRD and CDC42 based on the crystal structure of the IQGAP2 GRD-CDC42941L
GTP complex. We determined & 100-fold lower affinity of the GRDT of TQGAPT and of GRD2 of
IQGAP2 for CDC42 mGppNHp in comparison to C794/C795 proteins. Moreover, partial and major
mutation of CDC42 switch regions substantially affected €794 /C795 binding but only a Little GRD1
and remarkably not atall the GRD2 binding. However, we clearly showed that GRD2 contributes
to the overall affinity of C795 by using a 11 amino acid mutated GRD variant. Furthermore, the
GRD1 binding to the CDC42 was abolished using specific point mutations within the insert helix
of CDCY2 clearly supporting the notion that CC42 binding site(s) of IQGAP GRD lies cutside the
switch regions among others in the insert helix. Collectively, this study provides further evidence
for a mechanistic framework model that is based on a multi-step binding process, in which IQGATD
GRD might act as a “scaffolding domain” by binding CDC42 irrespective of its nucleotide-bouned
forms, followed by other IQGAT domuins downstream of GRD that act as an effector domain and is
in charge for a GTP-dependent interaction with CDC42.

Keywords: CDC42; GAD; GAl-related domain; GRD; (T ase activating protein; IQGAL"; nucleotide-
independent binding; RASGAP; RITO GTFases; scaffold protein; scaffolding protein; switch regions

1. Introduction

RHO GTPases act, with some exceptions [1], as molecular switches by cycling be-
tween an inactive (GDP-bound) and an active (GTP-bound) state. Their functions at the
plasma membrane are usually controlled by three groups of regulatory proteins: guanine
nucleatide dissociation inhibitors (GDIs), guanine nucleotide exchange factors (GEFs) and
GTPases activating proteins (GADs) [2]. The formation of the active GTP-bound state of
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RHO G Fases, such as CDC4Z, is accompanied by a conformational change in lwo regions,
known as switch Land U (encompassing amina acids or aa 2042 and 62-88, respectively);
these regions provide a platform for & GTP-dependent, high-affinity assoctation of strue-
turally and functionally diverse effector proteing, e.g, ACK, PAKT, WASP, ROCKI, DIA and
IQGAPI, through their so-called GTPase-binding domains (GBDs) [2 13] (reviewed in [14]).
CTPase-effector signaling activates further a wide variety of pathways in all eukaryotic
cells [1].

A unique feature distinguishing the RHO family from other small CTFase (amilies is
the presence of a 12 aminc-acid insertion (aa 124135 in CDC42) that protrudes from the G
domain structure by farming a short helix, the so-called insert helix (TH) [15]. This TH is
highly charged and variable among the members of the RHO family [15]. The IH has been
very recenlly shown to have larger conformational Hexibility in the GDOP-hound CDC42
than in the GTP-bound CDC42 [16]. 1H 18 a binding site for RHOGDI, pS0GAL, DIA,
FMNLZ, PLD1 and IQGAP2 [10,12,17-21], and appears rather essential for downstream
aclivation of RHO GTTases [21-23],

TQGAPT is ubiquitously expressed and shares a similar domain structure with its hu-
man paralogs IQGAP2 and IQGAP3 (Figute 1A), including an N-terminal calponin homol-
ogy domain (CHD), a coiled-coil repeal region (CC), a tryplophan-containing proline-rich
motif-binding region (WW), four isoleucine/ glutamine-containing motifs (1Q), a RASGAP-
related domain (GRD), a RASGAP C-terminal domain (RCCT) and a very C-terminal
domain (CT). IQGAPs Interact with a large number of proteins and modulate the spa-
tiotempaoral distributions of distinct signal-transducing protein complexes [24-34]. As
multidomain scaffold proteins, they safeguand the magnitude, efficiency and specficity of
signal transcluction [35] They have been Jogalized at multiple subcellular sites orchestral-
ing different signaling pathways and thus controlling a variety of cellular funchions [56-2].
Notably, IQGAT has been implicated as a drug target due to its vital regulatory rolesin
cancer development [4249] although the molecular machanism of its functions is unclear.
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Figure L. [QCAP GED binding is nueleotide independent. (A) Domain organization of the [QCAP
paralogs along with thelr GRDs and C-terminal fragmenis assessed [r this study (see Lext for more
details). (B) Fluorescence polarization analysis of LXGAPT and 1QGAPZ proteins with mGppNEp-
and mGDP-hound COC4Z (C) Pull-down of endogenous [QGAPT FL from TTRK29% lysates with
GppNHp- ar GDP-bound GST-CIXCAZ and GST-RACT, respeciively. Densitometry evaluation of
telative 1QGAPT Binding (o GSTLTICAZ protems (a. 1, arbitrary unit) from a Friplicale expirioment is
shown as bar charts.
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Earlier studies analyzed the crucial rolo of TQGAT RGCT in high-alfinity binding to
the swilch regions of the GI'P-hound, active CC4Z and proposed it as an [QGAP “effertor
domain’ [5,50,51] Aceordingly, Swart-Mataraza et al. roported that the CDC42 GppNIHp
can still hind to IQGAP-AGRE (lacking as [122-1324) [52], Morsover, Li et al. mappesl the
CDUA2 and IQGAT inding regions and determined that switch | and surroumling regions
{resicdlues 29-56) logethar with the insert region (residues 122-134) are required for high
alfinity binding lo IQGAPT [53]. LeCour et al, however, solved a cryslal structure of con-
stitutively active CDCA2(QB L) in romplex with the IQGAP2 GRD (GRD2) and proposed
that CDC42 binds GROZ from two different sites i a 4:2 stoichiometry [12,54], Une s the
'GAPex-mode binding site’ (ex stands [or ‘extra’ subidomains consisting of variable N-and
- tarminal flanking regions) and the other is the "RASGA-mexde binding site” very much
resambling the RASGAP and CDC42GAP structures [18,55] with a conserved core domain
(GATC). Analyzing this struclure, Ozdemir el al. proposed that CDC42 [H binding to Lhe
GAPes-domain induces GRD2 dimerizalion and changes the RASGAT sile allosterically,
which subsequently create another interaction interface for CC42 binding (leading to a
2 stoichipmetry of GRO2 and CNC42) [9],

A number of hiophysical and hicchemical studies have provided valuable insights inlo the
strucluwal and binding properties of the C-terminal domains of IQGAPT (C794) and [QGAF2
(C795), encompassing Lhe GRD, RGCT and CI domalns, with COCAZ (12,5052 54,56 41),
Evidently, all three domains bind with different affinities to CDIC42 [5]. However, the
mechamstic principles behind these interactions have remamed unclear. Moreover, there
are conflicting views regarding the assignment of a 'COC42-specific GRD" for 1QGAPs.
One model proposes the GRD and its RASGATP-mode binding with (he swilch regions of
CDC42 [12,54,56, %8, 64], wheneas The other model excludes GRD and marks RGCT, lovaled
distal to the GRT, as crucial for high-affinity binding to CDC42 in 4 GTP-dependent
manner [5,26,5-52]. Aiming to shed light on this discrepancy and to understand the
molecular basis of CDC4Z-IQGAL interaction we comprehensively investigated the nature
of the GRI interaction with CDC42 in this study and delermined the role of the TH of CDC42
ifn contribuling to GRD associallon. Purthermore, we studied the binding characleristics
of C794 regarding the swilch region and [H conlact siles by mulational analysis, and
verified the results in vell-hased studies with endogenous IQGADI'L. Collectively, our
results consvlidate and yefine the importance of [QCAF RUCT as the true GBD m the
recognition of CDC42 and its binding ina GTP-dependent manner. The GRD, althoagh not
a cenlral effector domain, is evidently necessary for seaffalding CDC42 and facilitating its
recruitmenl lo preexisling cues.

2, Results and Discussion

[QGATT and IQGAPZ proteins were analyzed in this study to entically evaluate
the functiom ol the respective GRD domains, First, we determined the CDCA2 binding
properties of different KQGAP proteins, including (QGATPT full-length (FL). Secand, we
examined the mle of aming-acids crucial for the interplay between IQGAP2 and D42
using mutalional IQCAPs ancd CDC42 variants. Third, we analyzed the unpact of CDC42
IH as an IQGAP bingling sile. Tourth, we investigaled the RASGAT aclivity of IQGAT']
GRD towinds eight differenl members of the RAS family and examined the inloduction of
a catalytic arginine finger in the GRD,

2.1, GRD Iz Nat the Prominent Binding Donnin for High IOGAP-CDCA2 Affinfty
2.1.1. GRD Bindg 1o CDT42 with Very Low Affinity in a Nucleolide-Independen! Manner

Different domains and fragments of the IQGADs, including GRD1 and C794 of 1Q-
GAT'L as well as GRD2 and C795 of 1QGAD2 (Tigure 1A), were pudified to delermine
their blnding affinities for mGOP- and mGppNHp-bound CDCAZ using [lucrescence po-
larization. Obtained dissociation constants (K,j; Figure 1B) clearly show that all [IQGAD
constructs are able to bind CRC42 but wilth different affinities and preferences for the
nucleolide-bound forme of CRC42, GRDs of both [QGAPs are low-affinity binders and do
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not discriminate betwesn the active and the inactive states of C1DCA2. Similar observations
were made for GRE3and the CT of JQGAM (Supplementary Figure 51). [n contrast, C794
and T795, encompassing in addilion to both GRD and CT also the central RGCT (Figure 1A),
exhibited K values of L6 and 09 uM, respectively, indicaling an around 100-fold higher
affinity for the GTP-bound aclive CDC42 as compared to CDC42 GDF (Figure 1B). This
result clearly suggests that RGCT bul not GRD reprasenils & 'CRC42-specific GRD' for at
least IQUGAT] and IQGATZ, by directly associaling with the switch regions of CDC42 GTT!
Unfortunately, our efforts to obtain IQGAPT RGUT (aa 1276-1575) and 1QGAP2 C790 (aa
B41-1631) for determmning their binding affinities {0 the members of the RHO GTl'ase
family, including CNCAZ, has been remaining unsuccessful [26,51]. Purified IQGAF1 RGCT
tends lo assemble into higher oligomeric or polvmeric slates, and, thus, is disabled in
binding CDC42 [51].

Several lines of evidence support the crucial role of RGUT rather than GRD as
the 1QUAF effector domain for CDC42: () Here we can show that proteins contain-
ing RGCT bind with a mare than 100-fold affinity to CDC42 mGppNIp as compared
to isolated GRD or CT (Figure | B and Figore 51), (i) substitution of the Serine 1443 for
glutamate (4 phosphomimetic mutation) drastically impaired 1QGAP] binding o CDC42
mUppNHp [5,51]: (i) an [QGATT protein, lacking the GRID (aa1122-1324), only binde
CDC42 GppNHp, in conlrast fo IQGAPT jtsell, that binds bolh GppNHp-bound and GDP-
bound CDC42 [52] The latter has been also demonstrated in other studies [#7,74] and
support our previous | 26,%1] and current findings that 1QGAP demains, including GRD
and CT, bind CDC42 GOT as strong as CDCA2 GppNHp (Figure 1B).

2,1.2, Endogenous IQGAPT also Binds CROC42GOP

Serum-stimulated 1TEK293 eells, endogenously expressing IQGAF] full-length (FL),
were now used to carry out a pull-down assay with purified GST-Tusion proteins of T4
and RACT in either CDRP-bound or GppNHp-bound forms. [QGATT FL bound to these
GTTases, regardless of therr nucleotide status even though the binding to GDP-bound
predeins was ohserved Lo he much weaker (han the GppNHp-bound proleins (Figure 1C)
This pattern corresponds to the binding behavior of C794 and not with the hinding of GRD
alene. Densitometric evalualion of three independent pull-down experiments showetl (hal
IQGATL FL binding lo COC42 GDI is much stronger than lo RACT GDP (Figure 1C).

Altogether, our data suggest thal IQGAP] forms a complex with CDC42 through
different sites in both nucleotide-dependent and nucleotide-independent manner.

2.2, Switch Regions of CDC42 Are Not the Main Binding Sites for the GRDs

Timpson's and our group have provided evidence thal the [QGAT RGET is essential
for high affinity binding to the switch regions of the CTTbound, active CDCAZ and thus
acts as an 1QGAP “effector domain’ [5,5,51]. This critical issue has now heen further
expandet] with additional experiments as deseribed above (Figure 1), and confirms the
crucial role of the RGCT as an [QGAD “effector domain’ that selecively associates wilh
CDC42 GTP and carcles oul the high aifinily associalion, Other groups have, in contras,
used the constitutive active COC42(061L) in their structural and biochemical analys:s
and proposed that CRCAZ(Q611) GTIGRD forms a GT Pase-effectar complex [12,54,55,37].
Such a role of the GRD in associating with CDC42 GTF is aslonishing considering the afore
mentitned studies on both GRDL-CT that binds CDC42 with a higher affinity as compared
with GRD and an 1QGAP vamant, lacking the RASGAP domam (aa 1122-1324), which
equally mteracts with CDC42 as compared with WGATT wild type [52]. To clarify this
discrepancy, we have carefully examined ‘the RASGAP-mode binding site” of CIC4Z using
mulational approaches coupled with kinetic and equilibritum measurements. Resulls of
this examination are discussed in following subsections.

101



Inl. | Mal, Sor 2022, 23, 8842

Sal 15

22,1, Mulations in CDC42 Switch Regions Unly Mildly Affect GRED Binding

Froposed inleracting mode of GRD with the swilch regions of CDC4Z (RASGAP made
binding) was deduced from the QGAPZ GRD2 structure in complex CDC42980 GT1 [12)
and two C0C42 mutation variants within the switch L and [ regions (2xSW and BxSW) and
a ll-residues mutant variani within the GRD of [QCAP2 C795 (11xGRD) were generatod
as lllustraled in Figure 2A, Identical and highly conserved residues within the inleracting
interface highlighled in Tigure 2B, were all replaced by alanine: All varianis were stable in
their purified forms and Far-UV €D speciroscopic measurements excluded any improper
folding as compared to the wild-ty pe proteins (Supplementary Figure 52).
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Figare 2 Analysis of COC42 switeh region and TOGAPT GRD mutants, (A) The selection of GRID2
and CNCAZ mitations is based on the GRNZ/CNCAZYL stncture (PRB: 5CIP). Interacting residiies
colored on both proteins were selected for mutational analysts. For more defails see alse Table S1.
(B) Multiple sequence aligniments of swilch regions of RHO GTPases and 1QGADPs highlight ldentical
or homologons mteracting redidnes that have been replaced in this study by alanine for analyzing
their impact on [QGAP binding. Conserved residues are shaded in grey, Mutations in CRC42 swilch
regions inglude 2x5W (bolded residues) and 8xSW (all elght residues, as indicated), and 1xGRD in

TQGAPZ C795. (C) Fluorescence polarization measurernents of mGppNHp-boind CDC42 WT, 2x8W
and 8xSW witl IOGAP1 GRIY or [OGAP2 GRDZ (D) The Ky values for the mteractions of IGAP]

C794, IQGATZ (795 and C795 11xGRD with the CDCA2 variants in mGppNTp- and mGDP-hound
fonm were determined using fluprescence polarization n.b, stands for no binding observed, C794 and
C795 CRCA2 WT measurements are included from Figure 1B for simple comparison. (E) Observed

rate constants (kupe) for the [OGAFs association with mGppNHp-bound CDC42 WT, 2x8W and SxSW
wirre measured using stopped-flow Auorimetry: (F) Pulldown of endogenous IQGAPL FL from
HEK293 lysates with GST-CIC42 tn GppNIHp-bound or GDP-hound state. Cell Jysite was used as
an mput control, Densitometry evaluation of relative IQGAP1 bmdmg_ 0 GST-CDCAZ protems (4, u.,
arbitrary unit) from triplicate experiments is shown as bar charts.
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We first delermined the K, values for the GRD1 and GRD2 interachon with the
mGppNHp-hound COC42 WT, 2x5W and BxSW. [nterestingly, we found 4 two to three-fuld
reduction in the linding affinity of GRID1 but no notable reduction for GRDZ with the
DU variants as compared to CDC42 WT (Figures 18, 2C and S3). As the effect of 2x and
8x mtroduced mutations on the propesed crucial interaction sites of CNC42 and GREZ did
nof result in a4 decrease of affinity, our data ¢learly indicates that the association of CDC42
swilch regions with IQGAP mus| be through other siles rather than the GRD

2.2.2 IQCAP C794/C795 Binding Is Impaired by Switch Region and GRD Mutations

Next, we measdred the Kg valoes for the interaction of IQGAPT C794 or 1QGAP2 C795,
conlaining the GRI, RGCT and CT domains, with mGDbound and mGppNHp-bound
CDC42 variants. Data shown in Figure 2D (Supplementary Figure 54) indicale thal the
substitulion of two amine acids in the swilch regions was nol sufficient Lo largely impair
the COC42-C794 interaction. However, mGppNEHp-bound, bul not mGDP-bound CDUCAZ
BxSW exhibited a drastic reduction (86-fald) in its binding affinity for C794. For mGDP-
hownd CRC42, inroduction of SW mutations only shightly decreased the affinity of C794.
The [QLAP2 0795 binding to the CTXC42 switeh regions was not impaired by nerther 2x
nor & mutants of COC42 in mGppNHp-hound state. Interestingly, IQGAP2 C795 showed
a slightly decreased binding to the mGD-hound CDC42 2x5W mutant but na binding to
the Bx5W mutant, a much different resull than oblained for GRIOZ binding alona. The data
From real-time stop ped-llow fluorescence spectrometry (Figure 27 and Tigure S5) showed
both IQGATDs associated with similar k., values, as observed in Figure 2D

The next question addressed was to what extent CDCA2 bincling of KIGAP] FL was
affected by the swilch region mutations, Therefore, endogenous IQGAP] was pulled down
from MEK243 lysates using GDP-bound and GppNHp-bound GST-CDC42 WT, 2xsW and
BxBW. As shown in Figure 2E TQGAPT binding to CRC42 did not change with two amine
acid substitution of the switch regions but was disrupted with the eight mutations, These
experiments suppiort our kinetic and equilibrium measurements and clearly indicate that
the switch regions are significant for the IQCAP mteraction with both G -bound and
GppNHp-bound CDC42.

Taken together, the presented data suggest a slightly different binding behavior ot
IQGATT and TQGAP2 variants for CDCAZ, Our results do not support the interacting mode
betwaen IQGAT and CDC42 based on the crystal structure [12] and the central role of the
GRD n it [74] sinee the introduction of SW mutabons of CDC 42 dearly affected C795/C794
binding hut only little the GRD binding. We, in contrary, propose that the interactions sites
on IQGAY for complex formation with CDC42 GTP are clearly within the RGCT and might
be different hetween IQUAP] and 1QGATL

2.3, Insert Helix Confribustes to the Bindimg Affintty of CDC42 for JQGAPT GRD

The question arises as which regions on CDC42 could bind CRD if we can now
exclude the switch regions. A region/site that has attracted our attention is the [H of
D42 for valid reasons. We have shown that [QGADs bind to RAC-Iike and (CDC42-like
proteins bul not to the ather members of the RHO family [26] and the TH consistently is a
highly variable region among the RHO GTPases (Figure 2A) [15], Several CDC42-hinding
proterns, including RIOGDIL, pA0GAF, FMNL2 and 1QGAP2 have been shown to contact
Vhe JEL [0, 12,17, 168, 20], Thus, mutafional analysis of the CDC42 U was performed, using
four dilferent single residue mutations and & quadraple mutation (Figure 24 and Table 51).
Note thal variable residues were replaced in CDC42 by the corresponding residugs of
RALT Most remarkabily and 1n sharp contrast to the SW mutations (Figure 2), all 1H
mulations aholished GRRI1-CDCAL interaction irrespective of the nucleotide-bound states
of CDC42 (Figures 5B and 56), which underlines the central role of CDC42 TH in GRD
binding. The stenario was rather different for C794, which binds mGRP-bound CDC42
with 3-fold and mGppNHp-bound CDRC42 with 20-fold lower affinities (Figure 3B). These
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data are consisten! with the recent chservation by Nussinoy and calleagues thal the CC42
IH reveals nucleotide-dependent conformational Qexibility [14].
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Figure 3, COCLZ 11 mutations decrease binding affinity, (A) Amino acid alignment of the nsert helix
of selected members of the RIO GTPase family, CDC42 mutations (red) o RACT were introdiced
oulside of the conserved regions (grev), (B) Fluorescence polarization data for the interaction of GRD1
and C7% with the CDC42 TH vavians. (C) Pull-down of endogenous [QCAP] FL from HEK293
lysates with GST-COC4Z IH vartants in both GppNHp-bound and GDP-bound forms, Cell lysate
was used as an input contral, The pull-down data for GST-CIC42Y is shimwn in Figore 2F as all
pulldown experiments were conduetéd inder the same conditions. Densitometry evalnation of
redative IOGATT hinding to GST-CDCA2 proteins (4, w, arbitrary unit) from a riplicate experiment is
shown as bar charts.

The data from fluorescence polarizalion could be verified via pull-down assay. The
binding pattern of COCA2 [T mukants with endogenous IQGAF 1 followed the same pattern,
displaying no binding for A130K and 4x 111 and very weak binding for SIZ4D (Figure 2C).
Gengrally, binding ¢ould be abserved much sironger for GppNI Tp-bound than for GDP-
bound CDCAZ variants, supporting the pull-down data shown above (Figure [C).

Several published studies have shown that mulations of the CDCH2 [ impact their
propearties in hincing [QGAPs, Lietal. (1999) have shown that 1H deletion in CDC42 im-
pairs its binding affinity for the effectors, in particular IQGAP1 C794 [31]. Owen el al. (2008)
investigated the impact of the [H mutations in CDC42%L on [QGART C794 binding [56)
Consistentwith our findings, they chserved a slight decrease in C794 affinity lor COC42961-
with AT30K or N132K. Moreaver, Ozdemir el al. also applied the CDC42981L yasian and
suggested the TH together with swileh T region to be mainly responsibile [or its binding le
the ex-domain of GRD (GRDex) of TOGAP2 [+]-

2.4, Q61L Variant Is Not w Wildtype Equivalent for CDCA2 IQGAP Inferactions

An issue that still neads to be addressed 1s why are there soveral discrepancies hetween
the studies reganding the GRD binding property for CDC427 A possible answer to this
question is the use of different COC42 mutanis in these studies thal are alike, but not
equivalent, espevially regarding this interaction.
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In the GTP-hound CNC42, Q6] acts as a “catalytic residue” that is involved in hydrogen
bnnding with a catalyric water molecule, an arginine finger of GAP and the y-phosphate of
GTL initialing a nucleophilic atlack that hydeolyzes GTT (Figure 4A) [15,65], L61 does nol,
however, undergo these functionally critical hydragen bonds but rather points towards
protein surface withoul causing significant structural changes (Fi gure A}, As a result,
the substitution of Q&1 hy leucine drastivally inereases the binding affinity of IQGAPs for
CDECQ0L GTE by up to 15-6old as was clearly demonstrated previously [5,26,51]. Despite
this facl, many groups use this CDC42 variant for the interaction analysis of effectars, such
as [QUADPs [12,754,56,57). Thus, we revisited Lhis issue and have comparatively analyzed the
interaction of IQGAPT GRDwith CNC42960 5nd CHC42%T usin g fluorestenue polarization
and size exclusion chromalogeaphy (SEC). Tiquilibrium measurements shown in Figure 4B
¢learly revealed that the Q611 mulation resulls in a stong enhancement of GRDT and
GRD2 binding with the mGppNHp-bound CDC42, bul pol with mGDF-beund CDCA2, The
binding affinity of mGppNHp-bound CDC42%1L rises from a low affinity 186 uM /69 uM
binding toa high 2.7 uM /2.5 uM binding for GRD1/GRDZ, respectively (ligures 1B and 57).
This 15 a change of 30-50-fold and might explain the huge differences of CDC42 interactions
with GRD. Mareover, SEC analysis showed that GRDI forms & 2:2 stoichiometry will
CDC42! GppNHp but 21 stoichiometry with CDC42900 GppNUHp (Figure 4C-F) The
latler is remarkably consislenl wilh the previous reporls on a high-affinily binding of
1QGAP2 GRDZ with CDC42901E GTP and 4:2 and 2:1 stoichivmetry, respectively [12,54],
These findings verified the vlear difference between CDC42 and CDC42%!! and how
replacement of Q81 by L changes the binding properties (affinily and stoichiometry) of
COE42 inleraction witly TOGAP GRDs,

Chen et al. have reported that the Q611 mutaticn strengthen hydrogen bond inter-
aclions between CC42 and the y-phosphate of GTT [6]. Analyzing the € ded 298k GTP
GIRD2 structure, OGzdemir et al proposed thal CDC42 [H binding to the GAPex-domain
incduces allosteric changes in the RASGAT site, which in turn facilitate GRD dimerization,
and enable the second CDC429L (6 bind Lo this sile (vielding a 2:1 stoichiomelry) [54].
Collectively, we recapitulate that CDC 2960 s ot an ideal analag of CNCA2Y especially in
studying the interaction of the downstream effeclors. G12V and Q611 mulations of COCAL
cause GAP insensitivily leading (o sustained hyperaclivation of CDC42 [15,15,55,07 £5]
Thus, we suggest (7 nC42™ GppNHp and even CRC42S1EY GTP variants as more suitahle
species for the investigation of COC42-effector interaction rather than CDC42%1L GTR

2.5. GRD Lacks the Structural Fingerprints fo Induce the GAT Activity

The structure of the RAS-RASCA P complex shows GAP-334 interacting predominantly
with the swilch regions of RAS [55]. Three regions (finger loop, FLR motif and helix
w7/ variable loop) constitute structural fingerprints of the RASGAP p120 and neurofibromin
that form critical RAS binding sites in order to apply an arginine finger into the active
center of RAS [77,65]. Amino acid sequence analysis of these RASGAPs with the three
IQGAT paralogs showed that major parts of these fingerprints ave different in [QGATPs
(Figure RA). Moreoyer, the catalytic argimine is missing and there is instead a threonine
(T1045 in lQGAl?I; Figure SA). Thus, il is quite understandable why TQGATT did nol
display RASGAL activities towards HRAS [60]. 1tis, however, known thal GAPs specific
for ather members of the RAS superfamily use other catalytic residues than an arginine
(reviewed in [=4,70]),

We set out to examine a possible GAP activity of ISCGAPT GRD lowatds different RAS
family CTPases. Figure 3D shows that TQGAPL GRID is a pseud -RASCAT domain with no
obvious calalylic ability (orange bars), Earlier studies have shown thal (he subslilulion of
the arginine finger of the RASCGADs to other aming adids completely abolishes their GAT
activity [67.,64], Therafore, threonine 1046 of [QGAPT GRD was replaced by an arginine and
the impacl of TI046R on the GTP hydrolysis of the eight RAS proteins was measured. Dala
shown in Figure 5B revealed no apparent GAP activities of TQGAT1 CRpT 1Mok (green bars)
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as enpected for a RASGAT. These data suggest that TQGAFS, besides lacking an arginine
hnger, do not conlain critical RAS-binding residues of the a7 /variable loop (Figure 5A ).
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Figure 4, Comparative analysis of IQGAP1 GRDI imteraction with CDC42Z9 and cRC4a™,
(A) Structural overlay of COC42% GDP AlFy pSOGAP (gren; PDB: 1GRN) on €DC42Q4L grp
1QGAPZ (blue; PRB: 5CIF) with the focus on Q61 hydrogen boiwds (red dashed lines). GDP AlRy
s the transition state of the GTF hydralysis sesction and is coosdinated with the magmesiom, lon
(Mg~} and the nucleophilic water molecule (w) and the argmine finger (R282) of pSOGAP. Aliuniniun
triflunride (AlFz) mimics the y-phosphate of GTP i the transition state, In cantrast (o Lel, Q61
15 erilical for the catalysis of the GTP hydrolysis reaction through theee hydrogen bonds (see fext).
(B) Fluovescenve polarization dala of IQGAP GRD1 with CRC42 mGppNHp and CRC4Z mGOE
(C-T) IQGAP GRD differently forms complexes with CDC42WT and CDC4ZIL, respectively, when
applied on an analylical SEC. Tor this purpose, CDC42WT GppNHp (C) or CRCAZSAL GrpNHp ()
were mixed with [QGAPT GRIN and SEC was performed on a Superdes 200 10/300 column using
an AKTA purifier (flow tale of 0.5 ml. /iy, fraction volume of 0.5l and a buffer, containing 30
mM Tris/HCL pH 725, 150 mM Nat'l, and 5 mM MgCls. The elution profiles represented one peak
for the respective CDCAZ prateins (#1), bwo peaks for the respective mixtures of respective CRC42
proteins with GRD (#2 and 43) and one peak for the GRD1 (#4). (E) Coomassie hrilliant blne staining
of the correspending elution volumes mdicated that enly peaks 2 contain GRD1 complexes with
CDCAZNT or CDC4ZYL, respectively: Peaks #3 only confain the (D42 proteins as compared o
the peaks #1 and 4. (F) The SEC profiles of CDC42WT and COC422L are summarized for ead
peak regarding the elution volume, the molecular weight (MW) and the stoichiometry. M stands
for monvmeric and D for dimerie. e theoretical MWs of CI2C42 (21.2 kDa) and GRD (43 kDa)
were calculated using the Expasy Protpariam ool The presented MWs for each peak was calenlated
based on the ealibration curve (aldolase 158 kDa and ovalbumin 44 kDa, respectively) and partition
couffcient plot (Kav = Ve V/Ve — V) versus the logarithm of MWs; Ve elution volume mumber;
VO: void volume (8 mL); Vo geometric column volume (24 mL)), Accord ingly, peaks #2 cormespond
Lo a heterotetrameric complex hetween COC4ZWT GppNHp and GRDI with a MW of 130 kDa, and +
heterotrimeric complex of GRD and CDC4294L GppNHp with a MW of 85 kDa.
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A [ finger loop 1 [ FLR motif variable loop/helix
p120 777E1.SMEDEATTLFRAT 901 FLRLICPAILNF 934 AKSVONLANLVEFGAKE
NF1 1264 BV . ELADSMQTLFRGN 1389 FLRFINEAIVSE 1422 SKILOSTANHVLET , KE
IQGAP1 1033 EIKSKVDQIQEIVTGH 1201 YYRYMNPAIVAP 1229 AKMLOHAASNKMELGDN
IQGAP2 946 EIKSKVDQVOUDIVTGH 1105 YYRYMNEAIVAP 1142 AKVLOHAASNKLFEGEN
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Figure 5. Deviation in RAS-binding residues in GRDs cause lack of RASGAL activity. (A) Sequence
alignment of human RASGATs p120, neurcfibramin (NF1) and the three IQGAP paralogs high-
lights distinctive deviations in three signature motifs (grey boxes): the finger loop, FLR region and
a7 /variable loop. RAS-binding residues are shown in red and conserved residues in blue. The
calalytic arginine (green) is substituted by threonine in IQGAPs, The numbers correspond to the
amino acids of the respective proteins. (B) GTI" hydrolysis of various RAS family GTPases was
measured in the absence (blue) and in the presence of p120 GAP domain (red; pesitive control, where
no GTP detected) or GRDI™ (orange) and GRD1T™E® (green). The GTP hydrolysis of the RAS
proteins (10 uM) was measured via HPLC and the GTP content normalized to 100% before adding
p120 ar GRD1, respectively, at 100 M concentrations and 1 min incubation time,

3. Material and Methods
3.1. Constructs

The pGEX4T1 encoding an N-terminal glutathione S-transferase (GST) fusion protein
was used to overexpress human IQGAP] (accession number P46940) GRID (aa 962-1345),
{794 (aa 863-1657) and CT (aa 1576-1657); human IQGATP2 (accession number (J13576)
GRD2 (aa 875-1246) and C795 (aa 780-1575); human [QGAP3 (aceession number P6(953)
GRD3 (aa 942-1330); human CDCA2 (accession number P60953; aa 1-178). All constructs
and related variants are list in Supplementary Table 51. For purification of these proteins,
pGEX-4T1 constructs were transformed n Escherichia coli and proteins were 1solated via
affinity chromatography using a glutathione Sepharose column on a AKTA start protein
purification system (Cytiva, US) [71]. GST-cleavage was carried out by incubation with
thrombin (HT6884-1KU, Sigma Aldrich, Taufkirchen, Germany) at 4 “C until full digestion
of the fusion protein. Quality of the proteins were checked via SDS-PAGE and Coomassie
staining. CDDC42 variants were further verified for their activity in HPLC by determining
the amount of bound nucleotide [71]. Nucleotide free proteins were prepared by incubating
the proteins with alkaline phosphatase (#P0762-250UN, Sigma Aldrich, Germany) and
phosphodiesterase (#P3243-1VL, Sigma Aldrich, Taufkirchen, Germany) at4 *C [7] ]. CDC42
variants were labelled with either GDP (#51060, Sigma Aldrich, Taufkirchen, Germany),
GppNHp (#NU-401, Jena Bioscience, [ena, Germany), mant-GDP (#NLU-204, Jena Bioscience,
Jena, Germany) or mant-GppNHp (#NU-207, Jena Bioscience, Jena, Germany).

3.2 Circudar Dichroism (CD) Spectremetry

Far-UV-CD spectroscopy of protein samples were performed on a JASCO [-715
CD spectropolarimeter (Jasco, Gross-Umstadt, Germany) using quartz cuvettes (Helma,
Miihlheim, Germany) with 1 mm path length. Spectra were recorded at protein concen-
trations of 20 uM CDC42 WT and variants in 1 mM NaPi buffer, pH 7.0 or 8 uM IQGAP
WT and variants in 12.5 mM TRIS/HCI pH 7.4, 37.5 mM NaCl, 1.25 mM MgCl,, at 22 °C
with instrument settings as follows: 0.1 nm step size, 50 nm min~" scan speed, 1 nm
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band wilh. Signal-lo-noise ralio was improved by accumulalion of 10 scans per sample.
The mean resicue ellipticity [0y in deg-em? dmol =1 was calenlated from the equation
[Blaww = (Baps -~ MRW)/ (¢« d < 10), wilh flyy, observed elliplicity (in degrees); ¢, con-
centration (in g/ml); d, cell path length (in cm); MEW (mean residue weight), molecular
weight divided by number of peplice bonds,

3.3, Cell Culture and Lysis

HEK293 cells were cullured in Dulbecco’s Modified Fagle's Medium (DMEM) (#
12320032, Thormo Fisher, Waltham, CA, USA) supplemented with 10 % FBS and 1%
Penicillin/Streptomyein in an exponential growth phase at 37 “C with 5% CO; and 95%
humidity. Lysis was performed by washing the cells with PBS~ and scraping them down
with FISH buffer (50 mM Tris/HCl pH 7.5, 100 mM NaCl, 2 mM MgCls, 109 glycerol,
20 M f-glyerolphosphate, 1 mM Na;VO,, 1« protease inhibitor cocktail and 1% IGPAL).
Cells were lysed for 10 min on ice and then centrifuged for 10 min at 15,000 < g. Supernatant
was used for affinity pull down measurements.

34 GST-Pull-Dawn

The pull-down of endogenously expressed proteins with purified GST-fused proteins
was performed usimg glutathione agsrose beads (#745500.10, Macherey-Nagel, Duren,
Germany), Beads were coupled to the GST-fused protein for one hour at 4 °C while mixing
and centrifuged for 5 min al 500 < g. Excess protein was removed by three washing sleps.
Coupled beads were incubated with ITEK293 lysate for one hour at4 °C on a rotor and again
washed 3 limes. In the final step, beads were mixed with 1+ Laemunli buffer and proteins
were denatured at 95 °C for 5 min. Samples were evaluated via SDS-PAGE and western
blotling using anti-GST (own antibody, mouse) and anli-lQGAPL (NBI'1-06529, Novus,
Wieshaden Nordenstadl, Germany, rabbit) primary antibodies and secondary antibodies:
IRDye® 800 CW anti-Rabbit [gG and IRDyve®™ 680 RD anti-Mouse 1gG from LiCor. Values
were analyzed by using multiple t test apalysis in GraphPad Prism 6 {one unpaired | test
per row, fewer assumptions by analyzing each row individually).

3.5, Fluorescence Stopped-Flow Spectrometriy

All kinetic parameters (k) evaluated in this shudy were analyzed using a previously
described kinelic analysis protocel [72]. The kinelic paramelers were monitored with a
stopped-flow apparatus (HiTech Saientific, Applied Photophysies SX20, Leatherhead, LK),
The excitation was sef for mant at the wavelength of 362 nim, and emission was detected
through a cutelf filter of 408 nm. The observed rate constants were calculated by fitting the
data as single exponential decay using Grakit program.

A, Fluorescence Polarization

To determine the dissociation constant Ky of direct profein-protein interaction (includ-
ing weak inleractions) fuorescence polarization analysis was performed in a Fluoromax
4 fluorimeter (Horiba Scientific, Loes, France). Hee, 1 tM mant-GDP or mant-GppNHp
labelled CDCA2 protemns were prepared in a total volume of 170 ul. in a three directional
cuyvelle. Measuremen! was performed in polarizalion mode versus lime with an excilalion
wavelength of 360 nm (slitwidth: 8 um) and an emission wavelength of 450 nm (slit width:
W0 pm). Ky values were caleulaled in GraFil 5 by filling the concenlralion-dependent
hinding curve using a quadratic ligand binding equation.

3.7, GTP Hydrolysis Measurements

GTP hydrolysis rates of a set of different GTPases in presence and absence of GRID1
and its TI046R mutant containing the arginine residue were measured hy high-performance
liquid chromatography (HPLC) analysis, GTP-bound HRAS in presence of p120 GAP was
used as control. Then, 10 pM of each GTPase in the GTI1 bound state was injected inta
the FIPLC mixing chamber after 1 min of incubation in abserice (infrinsic) and presence
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(GAD stimulated) of 100 oM of GRDT WT and TI046R variant. The GTI content for each
measurement was caleulaled by dividing the intensily of (he GTP delection peak to lhe
sum of the mtensthies of the GTT plus GDF peaks,

4. Conclusions

The exact binding site of the [QGAP GRD and CDC42 12 stll not completely clear o
dale. This article provides evidence that the IQGAP GRU does nol acl as the primacy or
leading effector binding domain of COC42 and counterevidence the role of [QGAT GRD in
CDCA2 binding deduced from a crystal structure of an JQGAP2 GRD2-CDC420611 (GTF
complex. We could show that the GRD does nol bind Lo CCT42 in a nucleolide-ilependent
manner and that even multiple mutations of the suggested main residues of Inleraction
domnot aboelish the direct physical interaction in cells and under cell-free conditions. Our
data support the binding medel of Ozdemir el al, [54] and propose the CDC42 1H a5 a key
binding site for GRD. lurthermore, we shed light once more into the interaction difference
of COC42% and CDC42%ML that might be one of the main reasons of (he discrepancies In
the published (lata as discussed above, By our comparative measurements of IQGATT and
LQGAL2Z varianls, we found differences in their binding strength and specificily towards
CDC42Y but also towards various CDC42 vaciants, Qur efforls (o investigate alss IQGATR
were 50 far not successful. The exact binding residues and imtarachion sites of 1QGAP] and
TLGAPZ with the switeh regions of CDC42 will still vemain Lo be identified in the future.
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Abstract

Hetepoaypous germbine missense variants in the HRAS gene tnde lie Costello sytdoonne (05) The moleculsr basis o outaneois
mianifestations in 5 is largely unknown, We used an immortalized human coll line, HaCa'T ketatinocytes, stably expressing wild-
type e CHeassonated (pOly125er) HRAS and delined UMY as qunntita!iw]]y mest praronent, high affimity etfector of sctive HIEAS in
these cells, As an exchange lacton lor BABS GTPases, RIN1 is invalyved in endosomal sorting of rell-adhesion integrins, RINLdependent
RABSA activation was strongly inpreased by HRASTTI9 and HRAS- RINI-ABLY/2 signaling was induced in HRASYT - and HRASTIVIZ=r
expressing celly Along with that, TRASV S sypression deeredssd toral inteytin levels and sriehied 51 integrinin RARS. and EEAL
positive varly endosomes. The infacellular level of active 1 integrin was incvased in HRASTY S 130T kerati nocytes due (o frapaired
recycling, whereas RINL distuption vaised A1 integnn cell surface distribution. HRAS™ induced co-lacalization of 1 integrin
with SNX17 and BADRY in early/soting and Jate endosomes, respeetively, Thus, by retsining 1 integiin in mtracellular endosormal
compartmients, HRAS RINT sipnaling aftecta the subeellular avallability of #1 integring This may intertere with intesin dependent

processes as we detected for H
integrin-dependent g such as cell adl

Introduction
Coswlly syndrome (C3) (GMIM #218040) @ rare developmueatsl
dlscrdley, = churwserized Ly & mudtolgan presenmion witl dis
Litietive TacEl fEttme, fallupe-to-thriye, developrrantal detay cye
Alae nunrestativons and o histoey af palyhyelmnicos (7] Mbrs
e paten s Aoty distnetdey tratalopic fearuiss noluding lues
rechitnclant and =9t 2N ol the wecl, nands and 1287, deep pal
tout and plantae rreasss, twperpizmenitaton and pratoaturely
aged skin With sneveasing age, patents develoy palinoplana:
fernonderma ned fecial papilloraate, preferentially o the faos
afid perianal replon. mdividuals with ©F bave sparee aud curly
Tsgly, frontotemporal alopecss, brittle and thy fingemails wnd
tenalls as well 45 spatdlale Onget pade (1.3) £F 15 caus=] by
pattiogeris hetanyEms sermline vioran ts i the frse-nroogete
HRAS, which cause ctinsfimtiye TIRAS artwaron (3), Appoex
i CEamsrmated HEAL yarants fe=iltin the jnissense
chunge o SlylfSer (1),

HBEAS e ss molesulay awilch Iy allesnatng petwesn an
active muanoame mphospliste [E1F found and Martve Suance-
it it plare (GOF o sue Aorive TITAS Dinds b diverse
wifisters and ety dentrals & wdrieny of celhuzr sprading

VI pells spreading on fibronectn, We conelude that dystegulation of veceptor tiafficking and
sion are relevant in the pathobiology of €5,

puthwiys Arnongst HEAS efledlos the soneflrennife AT
kinases the catabvbco sobomits of phosphoinczstide Sebonases
(FIRECAL phosphalli=se C1 (PLCEL) and RAL gianine nuclkatids
Qizeoifatlin stinulawt (RALSDS) ate baut elaraguyined (3], Liss
5 kncwn apant e MRAS affsctor RAS and RAE [nf=iactor 1 {RINY
] s asdociired shgnaling pathiviys (508) Bidiog 0f 220 HIAS
o BN promiotes the acdvidon of RAES CTPases (7] und ABLY/ Y
Iyrogine Kinases (@), Thiough these \wo signaling Htanches ende
sarnal serting svents and cytibsckeleral dynamnes are pootdinated
(7 %] Mrrnslocnton of ROTL betwean cyioplastain and mambran=
soripartnenes s connolsd i part by Ser®t phosphordation -
Aepandent binding to 3459 proteins (10,19}

Thie molecular putliophysiolgy ceussd by dissgesasanriam]
HIEAL variants hos besn jrvestisted 1 eatons mel types midyd
ng nermnal cdlls, heam mpscls eslls, Tinrhlasts and skises (0
Loy Hrywsver, up hi Aste the sekeonar bists for darmstolumeg -
el Tindlugs in 25 aod arhey RASupailies |s larpely unknowm

The splthellum of the siin, e epldatmle & oomposed of
oy favets of Beratinocynes that dnderes prollferatien and pro
arurrmed Afarendlation (0} This process—dsn Snown 35 e i
dormizl stradffciian—e the prergnisite for @ fonetioeal sl

Recelved; Marchs, 707, Reviseds July 15, 260 2. Accepled: Auge) T, G072

© Thre Aurhon () 2072 Bubsluhed by Onlied o ivernlly Frewe A righes rete vesd, For Beemiasionms, plemse gmall: imamai el mas @i,

SZAE JFuEnep ) Ho 1SS0 UepiEssEng FauiEaassoue) on - sy A 00 | Jemgs LT BLICE0 L 1) NoE)s) HE-S o LR 8IS U Ne SHAGSRYSEY S 0|0 LSy Repiaoumng

[

114



2 | HumanMoleadar Genefies, 2022 Vol 00, Mo, 00

healthy shin. and [90AS has besn shown 16 L= an (mgertant
modidator o keratinooyte skatfication (71 29). The basal ker
atineoyes e gty proliermtive and cpnnect the epidennls with
e sxtencelhilar matix (BECM) nd N derois vin focal wdlse-
sions and kendesmosomes (10,5%) Moreaovey, keratinocytes sm
Iy close pontact with meighborng keratmocytes through cellcell

rontacts, inciuding adhereds [unctons, tght (Unctons. desiio-

sonniEs e wap | bt (20,24 Al of tiese cellosl] andl e=l-EOM
et Ape Taalltared Uy dlverss tansmegilicane: aud coll gl

slun proteits such se mdbering, Cauding dd mEsgrine (20,23
Tranfmemerans nregTine connect the actin oytaskelston of the
cell wrth the B2M and transdues signals in bothdieenons. [ne-
grin recapiors consist of wipha and beta subunits, and the majormy
of Woese Lsterodiners Cotitai the ST sutunit that playy o contul
rale m the malnrenance of epidermel stratifization and adhesion
Lo Wi Dlsermant menbirans (7525

1n Yine odth tha dynamic natire of the epidarmis amd to misin-
min apldarmal homeostasts, keratinecytes continieusly =orga:
filme thew seflcoll crrithcts and adhbalon simee with nelahlanlip
rells and o the EOM, respectivaly (20), For this 5 tghtly regu-
lared yesiels basad amdesomel sorting (wailicking) machinery s
essantal o internalize mevele back to the plasma membrans
anddfor degrade contact end sdlis=non proteing, Accordigly, the
s face wrEllability @nd sctivity of Imegrns () keratincoytes snd
congsequently, the afficiency to gat in contact with the ECM and
te apprafrintely ranpond wesnvienmantal cuss & contiolls by
rrithed trafficking of these recsptars within 3 oycle of 2hdocyte
s tecyeling and ysesonu) degrudation (24,28, Notably, o large
propartion of nteerine 15 recyzlind Back %o the plasms membrans
resulting i @ temerkably provemn hall-lfe (12-24 hoars) (24)

The RAE family of GTPases, in pattinilar te HING &ffscton
RAES, mgwaiss  vesicle-dependent  cellwiar distnibntion  of
int=prins audl, therety, controls cell sdbesion aud albssion
depandent processes such as cell spreading and iuigration (24.27),
Spatiotenporal rearpanization of the actin ryhos keletoy (s ceatyal
For bow Intagrin-dependent coll aflidsion and motility (28) snd
the tyrosine Hinases AR/ doamstretm of 2N can promate
artin polytreristion during thess processss (25 5)

e we provide svidenos for 8 critical (unction of the HRAS
RIN1 signaling nede for adhesion-nssonated InEenn mificking
1 bamortalized Hela keratnooytes, and we add a novel aspect
In thie mndecular pathopenesis ot C5

Results

Ag an eplderms! cellular model systam we nsed immorakized
himan kevatinocyte cells (HaCal) stably expreseing HA-tagged
HEASWT MAHRASYT) spel JIRASTYUST (TAMRASTNET)
clones each (ndicated s 1 and 2) b Pepdfy Reyadnocyie
spestiic banding partners of HRAS, w= afflnity puriied HA-
HIRASWT gnel FA HTASYPLS from, el Waates 2nd aulyded
prenipimbes by differentinl quaniitative protesimles In totd, 285
proteing were quentfiEd ([Supplementury Matezial, Table $1). &
missing value tolerant nenlinear darative partial least squanes
(MIEALS) principal component analysis (PCA] demonstrated
tie clear distinguisliabilicy of HAMBASYT snd HA-SRAR0 R
clones, based on the relative abmndance of the proteis m he
précipitutes. weroding W pringpul compenaat 1 (PC 72% of the
azplafned vrrtation) and PO2 (#7%) Hatlve and empty vecm (V]

trinstented HYCAT calls fry medasepdrabe cluster (Fg. 14), Cuags
tztive comnpatison of HAHRASYT and HA-HRASTES samples
tdeniiEd &2 significantiy Afferential abundant proteins (F< 005
of=1 and FoldChame difersnoes 15, Gupplementary Feuls
anrd D m, Suppl ary Malenal Table 51) Pearson's
sorselaton based hisravcidonl clustering wis terformad for all
gepasyplotelts lsed [y the WP RAS SIGNALING geite-sut (W
geey tiiglbiarg) MNineteen known HBAS aswcitd proing
whete ol (Flg. 18), We ldantifisd (he RAS abid RAR lnteractos |
(RINY) (7 difference: 78) and R elated pioting Rapls (RANLA)
and Raplb (RAPIR) a= highly abundaur i HA ARASIWLS: v

HA-HEASWT pracipimates (Fig 18 dupplemsntary Masta)l Table

543 Motably, protecmic analyses of HaCaT cells expressing the
onlogEnlc vaisnl HA-HEASSYIMN facuited (n 4 similar but nol
identical pattorn comparad with CS-3ecociated HA-HRAGWYIIs
=ipressing HaCaT kerslinocytes [Supplementary Matertsl Fig
S1), s =ngpeete gulation-speeifle consaguencse (1 addition
1o muzation eftecr averlape. In this arudy, we fovused on KINL
(for datuils see Supplrmentany Material, Results and Discussin)
Co immuno precdiimton of sndogenows RN was inceased by
approdimataly 2ol in HA-HRASWISS comparad (o HA-HRASYT
srpressing Halal keratinceytes cultwed in 0% serum (Fig 14)
Mareoyer we used the 05T lagged RAS sssoctution. domaln of
RINT (RINT [RA]) snd precipitated H-fapoed HRAS from HaCaT
sitracts Whersas HAHRATWT wiae pulled down (PDY weakly,
HARRATHT gpopgly co-praciphatad  with GSTRINL A
demrnstrating BN hindlng with sefivated HRAS (Fig 15) By
flimresz=nee polenizition, we detectsd an approdmaEly 2

fold increasad hinding affiniry of RINI[EA| with HEASPASM
s HRAS®T (Fig. 1E and Supplementsry Materinl. Fig 457), The
mildlly hyperaative HRASTYES showed sn affinity 1o RINT(RA]
momparabie with HEASYT, while oo binding was detsctad for
semitint negative TIASSEA2 Tiyally, we comparsd sxpression
of HRAS palliway protelns in HaCal, HEK-283 Hels cells =5
uell ge pribary ferutinorytes qid primuary fibroblasts @INY &
stengly egpressid 1 HalaT cells and phmary kerallnosyles,
hewever (einry) weally w pricnary Glioblasts and bn Hola celis
(Flg 1F) W diel niat detert RIN I HEK=295 cells. Stmilar 0 RIS,

sTIongest SXpression of HRAS was detscied th acaT and primary
kemntmorytas (Tig, 1), Whereas-sxpression of FIZE and PLCe wns
robust in {HaCs" and pramary) keretnocyies, RALGDS protem
levele were moderate, each cimpared by the remuining cell ypes
i, 1F), RAFL was well expreseed in HER-202 und Hela cells
bt weakly in Hatal ketatinocytes (Supplementary Matardl, Fig

534) Acclrdingly, sxpression of HAHRASS =0 oy HAHRASYT
At hol sigrifisanly affect BAE-medigted phosphorplation of
MER1/2 and ERELE (Fapplementary Materal. Pz 538) These
datelndicale that HRAS RN slgnaling s rlevantin beratinooyle
Bl

RIN1 s 2 guanine hucleeijds ewchuarigs faciar for the RAS
iz protwin BARSA snd an activater of nan-racepmay tyroslne
profain kinases ABLIA (FH) To determing HRAS-RIN1 stmulated
RAETA uctivaliom, we m=asutsd the jelease ab fiopsde=atly
Jabeled GOF (mmtt dscmyADY) from recsmbinant FARSA
the absence of witve HRAT profein, recombinant EIN1IGEF-
BAI"T [compnaing the guanine =xchange factor and BAS
sssaciation domans) did not affect mucliotide axchangs on
RABSA. Upsn sddiion of GppiHp-loaded HEASMT Hi st
or FRASTWRMN the nucleotide exchange rare of RABSA wis
significantly incisusad Ly 34 22 and &3duld pespartively
(Fg 24 and Syppleotentary Materal Fip S4) As & nepative
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Figure 1. RIN1 iz & highly abundant and high-affinity effector of HRAS in HaCa'" keratinecytes: (A] Distinet proteamie relative quantisative differences
between HataT kemtinocytes expressing HRASYT and HRAS™ 1= HRAS was precipitated with anti-HA magnetic beads and subjected fo LG-MS/MS
analysis Scatter plot distribution of HRAS™T (blue) HRASSYSS (yreen) niative (HaCa'l, otange) and BV {pink) transfected (HA EV) sumples (o the top
twa principal comporents in NIBALS PEA, based on 85 proteins quantifisd 1, princple component (B) RINT i highly sbundant in HA HRagS 25
i Penpson's cornelation: baged hierichicnl clustering of HRASYT, HRASSY-5 nutive (Haa'T) and EV fected (HA EV) sumples, based

an all quantified protéing implemented i the WP RAS SIGNALING (wwwpses-maliloon) gene-set, The velativie protein abundance s coded by
colora fram red (high abundant) to blue (low abundant). (G) RINT strongly co-precipitates with HRASSVS 0L of HaCaT cells stably oxpressing
Ha-tagaed HRAS variants and controls were subjected to 1P with anti-HA magmotic beads. Co-precipitation and input levels of endogenous BIN1
e | by anti (1IN blotting Actin was used as louding control. The ginph shows selative nmounts of co immunopecipitated KINT
ligisc 1 i precipitnted HA HILAS and 1o total amounts of KINT and HA HRAS in cell lysates (1.=3) One wiy ANOVA, Tukey's midtiple
comparison lest, V< 005, n=1. (D) HRASTA= afficiently co pracipitates with RINT in C11ase pulldown assays. HA HRAS was PD Tom cell sxtiats
ol MaCa T keratinocytes stably oxpressing HA-HRASY or 114 N by uging GST-fused RIN1IRA] Precipitates (PCPT) and TCL were subjected to
Immunoblotting as indicated. The giaph shows mean relative protein amounts of precipitated TA-NRAS normaliaed to total HA-TTRAS (n - 3). One-way
ANCVA, “Tukey's multiple compririsan test, 2 0.0% RINIIRA Ras and Bab intemctor | [RAS assocation domsing (B) WINT & a bigh affinity eifectorn
af HRAS. Fluoresenee polarization experiments were peiformed (o deterimine the dissocintion constants (Kd) by titrating mantCppiHp bound HEAS
wvariants with increasing concentrations of KINY|RAL mantGppNHp iz a Flaorescent, nan hydralyzable 11 annlog onder the experimental sonditions
{F) HaCaT ared primary keratinecytes (strongly) capress RINT and TIBAS TCLs of pimary Gbeoblasts and primary kemtinocytes, (deived fiom thee
Juyendle individuats eech), ae well ss HalaT keratinosytes, TEK-29 colls and eLa colls were suljected to imunoblotiing as indicsted. e-tubulinand
GAPDIT wene used ag loading controls. RIN1, RAS and RAB interactor 1; PI3K, phosphoinceitide 3-kinase; RALGDS, RAL guanine nucleotide dissodation

imutarar; P2, phiepholipase €1

s ———————————]

comntrol, wi deed inactive |IRASFEE e RINT|GLI- A |97 phosphory ladon (by 4- toS-Tald) compared with control (EV) eells
varianl with reduced RABSA GEF activily (41) resulied in lower (g 28). HRAS-promeled CREN phosphorylation does require
increase of RABSA nucleotide exchange rates (by 16, 20- and  RIN1, becavse transient overexpression of [A-TTRASY or 1A
A-fold for 1RASHT, | IRASEHEE and |IRASTOS mapectively)  TIRASSY5% anhanced CRKI phosphorylation in native Haa'l
(Il 24 and Supplermwnlory Matenal, g 51). These lindings  cells bul not in RINT-deficient HaGaT cells (Vg 2C). Finally we
suggest that the HRAS HINT RARS signaling pathwayisfunctional  detected shrong and medium expression of pCREI in HaCa'l
anil depends on [ IRAS avtivity. As the collular lewel of GITP s and primary keratinocytes, respectively (Mg, 71030 Thus, TIRAS
mch higher than GOE we conelude that increased RABSA GDP and RINT contral ABL Rinase-mediared downstream signaling
relpase rares In the presence of HRASIESS for HRASTOOL)  in keratinocytes. WINT is regulated by the phosphorylation of
compared 1o |(RAST likely rendar RARSA in an active GIP serine 351 (Ser™), which enhances interaction with 14-33
fsomnd state (b prove HRAS-RINI-ABL signaling in immortatived — adaptor proteins and reduces RING membrane residence and RAS
Feratingcytes, we generated RINT deficient HaCaT cells by accessibility (19) Phospho Ser™* levals were only tendentially but
using the Type || CRISPR-Cas systemn with fracrRNAs (37). As not significantly redured in | laCa'l rells expressing [TRAS= 75
read-out, we determimed Ty phespharglation of the adaptor — vs HRAST {1y 21). However, transiunily expressed PGEHE-RINTTT
protein. CREIL a well established ABL substrate (33), CREI  wasclearlyenriched at the membrane of HRASS S cella (Fig. 27
rhosphorylation was significantly reduced in RIN1-defictent  and Supplermentary Material, Mg S5). Taken together, these
HaCaT volls i pative | laCaT colls (I'lg 4B). Conversaly, cells stably  data snggest that IRASST-250 gtfects RINT mpdiated signaling
sveraxpressing HRASYS or HRASS755 strongly mcreased CRET  pathways
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= UM effecton patlways: (A) The HEAS - RINT- BABS signoling sods i {unctional The release ol mant decsy - GOP [rom RABSA was
msasuedintin . nucleotide exchangs) and in the presence of IuNlit_Ll il.HI an IHR‘\.\ il sy indicated ina (Tuarimeter instoument, e
(&="), obserired fluorescent rates peravoond, *, P < 005 %, P < DA *** P e 0001, 4 P ¢ irod 2-tailed T-test (B) HRAS stimulates activity of
ABL, TCLa of native and FINT-deficient HaCaT crlls a8 well a5 Ha 'aTkz TAtinGoytes sts wreaging HA- HF‘PF vartants and Fv-controls were subjectod
to immunocblotting as indicated. Phosphorylation levels of the c-ARL *zu‘r.etnh CREIT {p-CRET LY were nommatized to actin The mean 4 50 of four
lnei,-p—wlenl experiients (n =) sach iz chown relative 10 native HaCa'l' controls of BV controle Cine-way ANOVA, Siduk's rriultiple computizon test,

< D.0%, CABL, tytesine kinase ABLL (C) HRAS promated CRRI phesphorylation does require RINT. Nutive and 1INT deficient HaCoTl cells wers
n"dnf‘l iy transfocted with EV {HA-EV), TIA-HTRA oF HA-TTIRASSWES and TCLs were subjected to immunobletfing as indicated. Actin was vsed
a8 leading contml. (D) Phospho-CRET s expressed in HalaT and primary kemtinooytes. TCLe af primary fibrobla mimary: kertinecytes, HaCaT
keratinocytes, HEK-703 & 1 Hela eolls wiere subjectéd to immunoblotting using anti phospho-CRET antibod CRE™N Y, GAPDH was uned
as lading control. (B HRAS™T reduces RINT*TYT phesphorylation. Redisimmunopr=cipitation bafter (IPA) cell extrmcts wers subjected o
irnunebleting with antitodies against phesphory lited aned total RINT, Levels of plosphorylated RIN L were double narmatised to total BIMT and
auting ‘Ihe graph s relative phosphorylation of HINT (L S0} i lour |1nit-[.--ru]rnl experments (ne1); EV deed WG, Cne way ANUOA
with Tukey's multiple comparison test (B < 005) ghowed no gignificant diffe (B} Cxpresgsion of HAJTRA oot ibrane localzation
of AN HaCaT colls ¢ xrrrrs-s;u;"llk.f‘ T or [RASHVLES gnd eontrol gells (EV) were trangiently transfected with DGFP-RING fixed and staline] with
DAPT tes vizuahine nuclkd. Celle wore imuged by confocal microseopy, scale bar 25 um
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HRAS aﬂ‘ee:ts concentration and/or localization of
integrins

Tie o strony volyerment of RABS GTPasss and ABL kindsss )
TtEQrin tegulutian (24, 07-30), we campared lsvsle ot A1 and fa
inrepriin in various call types. ) integrin was obustly expreesad
in primayy fileshlaste and keratinocytes, in HaCaT and Hels
cells, bur rotm HEE 203 calls (Fig 2A). p) inegrin was datectsd
anly in HasaT end primsry kerainooytes hul not in primasy
fibroblasts, EF-292 and Hela oells (Fe 3A) Maxt, we sxnmined
the fmpact of FRAS and RIND an integrin expresston o HaczT
cells Inmmumoblotting analvsls reveabsd & slonificap: dsoreass
of P intearin leval in cells expressing HRASWT o HRASIMIer
sempated to contral (EV) nalle (Flg. 38), The law] af g1 integrin
wig not sianificantly afférted by the pressnce of HRAS™YT 2y
HRASOWIE (Flg 28) g1 2nd A4 integrln livels 1y RIN -Fuficikon
Hals! keratinocytes were simblar to those in HaGaT control cells
{Fiz. 3B). Integrins are embedded in o dynamic syele of endory
tasis, r=mycling and degmdation; depsnding on thelr acdvation
state, they localize 1n endosornal SICUres or at the plasma
metmnbrane (34) We analvzed the dlspibuten of g1 thteerin by
immimecytochemistry, Both actve and mral 81 inteprin predom-
Seiantly locallze gt the call ressleane In contol (EV) and HRAsWT
Axnrdesing calls (Fig. 22 Supplemantary Materal, Fig 56) Hacal
walls exptessing HRASTUSr shoreil 4 shiong =lrichimant of 81
integrin posltive veslclss dimstde the cell body (Flg 3¢ and L Sup-
ey Material, Fig. 59), Co-smiting with RABS, o murker
patein for eaily sndosames (M473), rvealed sokcaliztion of
A1 integnn with RABS af these inmacelhilar vesicles (Fig 3T
Supplenientany Wanial, Fig S6). We daterminnd moderate ocour:
rence oI #1 integrin-pocitive vesizles in RINL-Jeflcient cells, Tiow-
vt Uese arily marindlly colscallzad witl) RABS (Fie. 3C and I
Supplemantary Material, Fle 38) Haxt, we visgalized the sarly
snpltaconst matker protein FEAY (35), We dawiteG o father weak
oo docalization of ERAT wath #1 Wtsgrin both, in cantrl EV
and HEASYT evpressing rells the size of EFAL positiye vesicls
was sHalitly nereased in HRASWT cails compared to conggl ells
{Supplementary Materlal, Fig. 7). HRAS™ST eypression was
assoclated with clearly enlatped or clustered EEAT pasltive vasi:
cles uiil paptial covlocalization with g1 int=grin (Supplemisntary
Marerial, Flg. 57 RIN1 - HaCaT kerstinocytes showsd very small
EE&T-prnsitive vasicles with vary wehi ar without 81 Integin oo
lomalizarion, whieh was simllar 0 fative HaCal cells (Suople-
mentary Material, Flg 57) Qi dora snzgest that HEASNIr
promotes anrichment of g1 =g o the early sndomsomal com
partment | sddltion 1o HEASinduced deregylation of 41 and
B4 anteprin, we detecter tearsased ahundaons of & and w2 mte
grins 0 HalCaT calls exprassing HAASWT (Supplumentsry Mate
rial, Fig S84} Finally, immunoflucrescence analvsis revealed a
=hieng enrleliment of Eeadliziin positive Intracellnlar vesicles
i HRASWIS HaaT calle (Supplementiry Matsrsl fig S28)
Tlien togethar, altored HRAT <lonzling may Intarfere with 2 can-
tral selliar wiechanisy thatcentrols shundance and dlstibutioh
of diverse cell zantact and sdh=gon molegnles

HRAS75¢! affects integrin trafficking

Burface avaiiability smd sctvity of tegrtng s congulled by
erafficking within a eyele of sndoeytasts, meyeling and Jysazomal
dagradafion (24.24) We used annbody TSMIE specific for
the sctive conformation, spplied Oow oaometry (34,36 and
demrmined e arnounl of sotve mwegiin both ou dhie 1) eurface
Befiye fntedallzation s in inrdecellular compartments uiisr
dmeriglization. HalsT cells atably expressing HRASWT showed

Human Mofecuar Cepeties, 2022 Vil 00, Na 00 | &

a strlar relative amonnd of sitive o=l sarfune #1 mtegnn
s contml cells (EV) (Fig 48). S1able over-expresslon of arlive
FEASTAISE clightly but npt sgnificantly reduced the relatve
amount of #1 intsgrin ab the csll sutface in ol HEAS?Ser
call lines (1 and 2) (Fig- 4A) Quantficaton of mtvaceiiular g1
Integrin over time revialed stingest differances betwean el
clonee after 18 wiln nteynalization (Supplementary Matatial
Fi G4y AL this palnt the fraction of inEmalized g1 ntzsrnin
wils Toctessed by spprodmalely 1.5-10ld fu HACAT ksratinocyles
supteseing HEASVIS v HEASWVT o1 couteal (EV) c=lis (Fig. 45)
These Tesults sugeest that HRASW s aftents inregrm trafficking
by moreasing the itrscellular fraction of active 81 meprm o
discrifninare if HRASWYIS simnlates endocyiosts or impairs
tecyilinng of A1 integnn, We petfonmed Inteinslization sssays in
the prasence of the meyéling inbifbitor primaquine (37) Upan
4E miln uteenalization. e gnount of intracellulay 81 Integrin
was similar I HaGaT cells exprossing HRASTWSE HEASWT
o conti| célls {Flg 4C) Thess dats suspsen that evpressinn
of C5-aesaclared HA-HHASOISe jnravfayes with recyoling of
setive inegrin Knock out of BINY did not affect inrernalized
#1 tntegen lovel, however, cell surface levil was sHghtly—
but not significantly—mereased (Supplemantary Mabterial Fig
$10) We coilld suppore (hess results by Imimunocytocheminsl
exmriltiation using the oisrker prowin SMXI17 eartlhg nexin
17) that promotes recyeling of the recepmr over lysosemal
degradation Wt sy and sortng sndosomes (P4, 7523), Stabls
sxpressinn of BRASTVINT pacyltad |n mersaesd Waeallzasion
of petvsfiotl #1 integnn A SNRLT positive veeldes (Tig 40,
supplamantary Materizl Fg SILA) Enockout of RINT had no
affect on this |ocalltation (Suppleroentary Materinl, Fig S11E)
mactim A1 itegrms are rapidly recyslad in 2 RABS dipendant
manner, whereas uctive mceplols afe Waificksd threugh the
TARLT lotg loap pathway (25) Expression of HRSSTS [
1o sipnificant effect on the dstribution of sctive/total mtegnn at
RAB4 -poeave vesicies (Supplemen tary Mameil, Fig S124) and
Allohtly imevessed localltution of actve B1 ltesnin at RASL]-
positive vesicles (Supplementsry Materal, P SL98) HIND-

defictent cells showed 20 iugressed number of RAR4-positive

vesicles without 81 integrin oo Jotalization (Supplementary
Matamial, Pig 5190) Taksn tagethar, our dars sugzest that C5-
assnciated snnches 31 integrn i the endesomal
eompalTRnt-on the cost of surface ntegrin. T line with this,
viswallzation of RABT, & masker for Jate andosomes, showsd
srhanend co-localization with towd A1 inogrin ln HRASTZT
célls (Supplementary Material Fig 513) In conuast by using
Tysesomal enarker LAMEL we deteqted 1o co-lpaalizative with
A1 Integrin tn these cels (Supplémentary Marerisl Flg 514)
We cunclude that cvenerpression of TIRASTHES dlenulbs the
balanecs erwaen call surfrcs and moscellujar 1 mtegrin poolt
0 HatsT keratneoytes aad HEAS-RIN signaling regulaies £1
mregan gvallabiliey at the cell Jurface

HRAS-RIN1 sigr controls HaCaT
keratinoeyte spreading on fibronectin
Integrin Laffickioe & Qectly poplicetad in e frealation
af cell spresding and cell mipration (24.24) We siodlsd e

romseguences of HRAS Er;m. signaling on spreaditg of Hsa::ﬂ‘

nafls o fibrenasBu-coated cavershps Cells mypressing HRASWT

or HEASTNE shawed sigrificantly fewer mell promisions (12
Hlopadis) and & general decressed sprsading ability compsrsd w
EV fransfected oslls (Fig. ©A). HaCaT cells deficent fop RINY e
Ak ol actin lindies, «pread very quiclkly, and wete shonificantly
Largor compamd to pative HaCaT calle (Fip S8) These findings
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rriorphioltg snd endesonme tusion [7,1252-55) Om the aller hand,
an fromivement of RIS o endecytis sorting of integrin jeseptors
hps not et been described in any rell ype A ole of HIAS 38
A repulatar of enddoey e soring has ol geinsd much atteanon
o st

Here, we shew that MEAS-RIN1 sigpallng vontrmls int=grn
taffitking afd, thetefore, e swdllabillly of Integring ob Die
<=l Surtale of spiiaranl HaCaT Kerafinoeytze o vell typs tha)
upkeeps o potent and dghtly cohblied Tnegen Saflicking
ThaEshinery (23.24) Exeq ot sar fesults we supasstilis: aetivatun
of HRAS RIML smtinllng snhatces the intracelllar #1 irmeatin
fraction at the expenss of surfese §1 meegnn (for &n overdew
of pelevant resuls, s=e Supplementry Matsnal, Tabie 52) in
e with thw, oost of svaliabile ducs ndicate st HEAS-HINL
sgnaling fmereases the intracellular fraction of eell surface
fec=ptors (10,91 50.53).

Thiere aee signifcant data on the HRAE hotrielopuss (7TRase
RRAS and s invelyament (n integom regulaan (55), Fravious
aversapyissiin stidies sliswed thar (EAS promot=s endieynistd,
epatio emporal clistering and racyoling of A1 lnwsgrin (57) More
aver it was demonstrated that RRAZ Induces active g1 Integnin
endacytosis Gepending on RINZ and RABE (58), Catr dats sugoest
& different Finetion foy HRASTINT signaling i ntsgrin traf-
feking, sctvation of this rascade profotes (pirscelular abnch-
mant of #1 intearin by gcting on wrafficking betwesn differsnr
sticlesomnl compartments becgus: Fine setiva/iotal #1 il
arin s enreled m SMNELT pesitive veslkrles in mlle syppeosing
HIRAS T3ser (G nnle mentiry Matertal, THbIE 52); SNEL promotes
receptor reayoling over lyzasomal deeradation st early and sort-
g <ndosemnas (M,26.38) 10 his context, it has pravinuely besn
shieown. tiat HRAS forms = complias with SHEIT 58, supporting
frole of HILAS BIMT at sarly and sorong endosomes And sscond,
wie dlelzetzd noeases] levsls of motivatatal A1 imtsgrn m LAET
pogitive wenicls (late endosortes) it not 0 lysosomes of ciells
oserpressmy HREASTVES (Sypplamentary Marsrai Fible £3)
Baged on the pratulaled tinction of RRAS 2 a posilive regulator of
A1 Inteotin endocytasis and perycling and. thereby ephancement
of Integrin Binction in oell sdbeston and spreading (57), we suggest
@ complzmentary funciion for HRAS The latwriather holds back
#1 Infsgrin in the endasomal compartmant and Tine QecrEnses
1ts surface avallabiity In fne with this. HRAS and HRAS have
been reparted o play opposite and counteracting rolee lo meagrin.
nigdlaved wdliagion ln some cell typies {5U),

The function of HRAS in the epidennis

et epicotmma manifosiarion in patienly with ©S (12) piovss 4
critical tunerion of 1TRAS sianaling In spldenmal devalppment
andiur homecstasls Mice exprassing an wotjpnted FRASEL
transgene showss pleamany A1 and f4 Inteprin expression
andl deveiaped maesive hyperpisstic skin papillamas A0 sites
of wounding (G1-63) RAS function [n eplderinal homsostaals
has thainly been atiribubed to RAT-MAF Blosse and P13 kinas
slgnasling (21,73 £3) Here, e put forwend the Hfous-RIN signating
asls that regulatss the expression andior distribution a7 intaemn
yecuptols Intégring umdethe the abgly O Retulinocytes L
adthesing o e BOM (25-25 38 and an almred calular distsibutinn
of mtegrin f in well agresment with affectsd cell adhesion, [nline
with this we show that expressian of HHARTIF gffacts HaCaT
Eeratmocyte spreading on fibronscnn. Hotably, cverekpression of
wili-type HRAS (HEASWT) isalso sufficten( (o Induce the etaaned
=ifects on HaQaT kergtinocyte adbssion, sugesstig a deoss effect
I this specitic cellulay cahtegt Finally, knockoutof RING resuled
In an overspread HaCaT cell phenciype We cooclide st

Human Molecufar Geneties. 2022 Val 00, Mo (0 | 9

HRAS TN signaling Jkely contiols c=ll adbiesion by soflng on
Integrn availuliliey,

Towddition o dystegulata 81 mizenn that s cors constituent
of fotsl adbesions (FU230S), we detett=d recuced levels of
B4 imegrin 1w HaCal kerstinocyies oveleppressmg HHAS®T
Ur HRAZTWHST Together with o8 Integrin, §4 intweirin forms
the cential vord of the homiddsmosatie [03). Avallable das
sugpet that dysrepulation of @ fnt=grin resulls o defective
Fasernel L mpmbiane sdheston snd inlgration defbis (ar defails
see Suppleméentiry Materin] fesuls and Discussion) (2025)
Fince g4 mtegrin. stmilar w @1 intEgrin, 15 sorred vim endosarmn
rempATtmEn (§405), {15 plansible that frafficking ditecrs may
affect the cellular disriliteon andfor amount of f4 integnin
Moreover, e detsdied allersd ehpression o Hetibution &f
other contker and sdheston molecules in cells cyoreapressing
HRASHT o HRASTVEST (fop ifetalls sse Supplamentary Materidl
Disenssion) Taken together we suggest thal HRAE contwls
aukcellular distribnion and svailabiliny of various cantact and
adhedion pratine 1 kayatinocytes

Integrin mediared sdhiesicn and spreading resulte in intracal.
|ular reactive oxygen spaclis (ROs) produgtion snd madulation of
various 2ignaing pathways (G6665) Vice nersa, intracellitlar RO
Iepele e an#ifec! ot intemin mediatad signaling and therehy
if luapee cell adlission and migration (M0} Cncogenls RAS pim
t2ins dlse prothits the senevation of ROS, whish n m med-
iate mulliple signaling pathweays (71,70) Accerdingly, privary
fibotilasts from subjects with C2 shwed ineregsed |avels of RIS
EsUlEing in anlianced AMP sctvaies pioEiy nase o (AMPL:)
and piE activation a5 wall as dysreculated anametle reiaballsm
(73, In conclysion, HRASTWHR sesorinted defects it integnn
trafficking. as wa describe In our study for HaCsT keratmarytes
a5 well as moreased ROS levels, ns sliown in CF fbroblagts (73),
iy romeiatdy con rluts o speeific cellular pathophysiolopic
foatires, such as adhesion and mipratin deficits,

ted endosomal swﬁng is a novel

'pathemeehamsmmm.‘a‘op es

5 kalange to the fASqpathies, 5 group of disardeys caused by
permiine variants in genas enooding companents v regularos

of BAS signating pathways Mastly gaiaof function ar hyparsct-

varen of the RAS-MAPE pathway L& clted o explaln the molse-
ulir eomseuznges of patheig=ol: varmnts: Qur data peint o a
eevE] aspact [0 the molecular pathogenesis of RASopatlies
e describs HILAS-RINY s regilatory sianaimg sus fon (inteey)
rrafficking in HaCaT kevatinecytes Defortive andocyil sorting of
tEeptors, Le BOFR and plttsingte mreptmre, hias been altaady
pirapesed and demmonatrated ge 2 patlion e et busts for Mo
nan syndrsme mlated shenotypes (74-74), In analogy, Ul-allelle

pathogsnic vanants in BINZ. an dbseuitoosly expressed protein
thal Juteracts with RARS wnd i= imwlved o the regulation of
andonvtic Tafticking, «suse o syndromic disoyder characterized
by a significant skin manjfestaton (77), i concluslon, altsysd
sndesoms! sortmg of call gyrfacs mceptors may szplaly cartam
wpldanyial manifestatione fn vatiouz RASopathies and related
dlearders,

Limitations

This study also has limrations As a cslilar model we used
HaoaT colle e 5 & spobtateously immoreslized spitheis!
cell e with lossof fnotion vafsuls o tumer proEin pse
[TPRSY (7879} TPST i= invalved Iy the regulation of ksratinocy e
reimecsasis (prowd, differontiation and sanescenos) (80, thus i

sy ey pepemjumey
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wanmel e = uded Ut tis loss ol TESY il [nences experimeniyl
s ilts i e vells

Materials and Methods

Gell culture

The Hela T ke ainecyte coll line ¢ 2 spotitanesusly inspsisiiped
and pt b iganie sl |ns that maintaine bypical dhackerin
Bhes of ke ratinoeytes and b Widely sed foe it ki aodss 814
HAZUT vells wars cyltired o Flheco's Moditisd Exgle Madium
{IAMEM, Giten, Therme Fisher Stizntitic, Tnc, Waltamm, M. USA)
contaimng 10% semum (Smma-Aldnck, Mercl Darmsiadt, Ger-
nmzany) and penicillin. strepromycin (100 Uiml and 100 e/,
tespectvely) (Sizms-Aldnch) sl 20°C and 5% G, Human pri-
mary keratinacytes were freshly teolated from juventle foreskin
2= previously reperted (E2), Brisfly foreskin tesus wae oul o
szl plecos, whicl) wers ircubated i trypstn soludon (0.28% v
in pheaphate buffersd saling Merch) ta separmte 2pidermis and
dermie Méchanical disesclitinn of the spidermal layes pradinead
3 suspsnelon of kerainocyes that wete oulthmied fior 5 rir
at 37vC and 5% €0y In sepumefiew Epilie medium (Life Tech-
nolegies, Therm Flsher S4enitfic) Pamary fhrebdasts oktatnad
fram shin biopsies of thres fuventle Indivadule were Culbured o
CHMTER (G, Thermio Fishsr Sctmmlif] suppiemnsnted with 0%
ferdl boving szrum (GE Healthemrs, Chsifont 5t Giles, UK) and
pErisilin=trmplesnyein (10U T ml ol 100 gl mspecively,
ThermoFichary

Generation of stable cell lines

The coding s=quences of A tageed HREASYWT (Gerillank acces
ston numbar NM_OOE243.4) and the HEAS mutans 24 A
(pEly135Rr) and CHL=T (pGlyl2Val] wer sub<ioned intw
PeDNA 2D TEST Mrummmbian Exprassiin Vecloy [Therne Fisher
Scientfic). HaCa'l' cells were tansfectsd by electioponstion
sing the Neon Uhmsfection system (Thermo Fishar Scenniic]
acbarding to the manufscwrers instuctiong (pulsd valtags
10 V: pulse width 16 ms pulss mmnber 4) Calls were selected
with SO0 peiml Genstin (Sleo, Therma Frsher Soisnific)
wccording oo the mandfscturer's msguchons C2ls wers single
cell sarted by Tloprmsosncs aotivarsa call sorting (FACS) (FACH
Aria [l BE Hiosciences, San bos= CAL LSA) and single cell sinnes
were analyzed for BxpressioH.

Generation of RIN1 knockout cells

Twispecific crRMNAS Srgeting RINT (Deslpn 1T He Cs3RIML T AA:
CATTOS A ETEATALRAGT HY Caud RIML L AL CAGATG ALY
GACTAGGTE), the trarrBMA and Castprotsin wers synthesimed by
Tnbegrate] THA Technoligles (I0T Ine - lows, USA) The sssambly
of the ribanoclanprommin (KNP} pomplex and the detivery by Heaon
elnimoporation system (ThermaElber Golantific) wera parfonmod
atcording m the mianufsetners matruetons Brefly cyaNA and
tranr RIVA wete hybridized &1 dhe samte miolar bibios in DT duplss
Dosffiar (20 e HEPES, pH 78 00 patasslim acetate) at ok
for & min 306 were allowed m alowly coal th 2MC To genarte
T BNPs, (st protein and RHAS duples (RNA LORNA)
were incrilated B Resyspanelon Buffer & (fom Nenn System
Tt Tor 20 min at rodm rermperature. 5 % 0% HalaT cels were
esuspendad in Besuspension Guffer K and ANPs were added.
Elpctroporation was performed with = 1) wb Neon System Kt
(s viliege 1600V, ks width 10 ms, plles ndmbel 3), Celis
were grown el norrs] conditions, aingle cell sorted o 98
well platss usliy FACS sorter (FACE Avia I, BD Tiosoienees) and
analyzed feo AN nocknit Sones by mmmebilottng

‘Sample preparation for proteomics

In-gel digestivn was done following established pmescols (9)
Shitdnking and swsllng was pezformed] with 100% w==tonitile
(ACH] mact 100 i WHGHED;  inge] rertyc ton was aefisved with
A0 dithiorhreins | (dissalvad In 100 M MELGHGE)). Alkylatien
was performed with S b indscstamidy (Alssclved oo dob i
HHEHEDS) Fotelne in the gel pleces were digested by covering
thetn wWith & trypsin oluticy (¥ ngdul sequencing-grade ypsin,
dissalved in S0omM NILEGT: contaming |7 AGN) and inel

lsating Thie mixeure &t 3790 for avermght Toyptle peplides wers
yielded by extractlon with 2% formic aaid (FA), Bus ACH The
sxuact was svaporated. For liquid chromatoersply -mass spac

nopetyy (LC-ME/MS)-analyae sainples weve dicsolyed i 20 uL
O A% FA

Differential quantitative proteomics
Chromatoeraphic separation of peptides gwas achiawed by nang
s performumes lguid chiomatgraphy (UPLE nanocguity
system, Waters, Millard WA USA) with & two-buffer system
(ruffer A 00% F& 0 owater, huffer B O01% TA m ACH). Attachad
b Eos [TPLIT wias & peplie trap (180 o« 20mim, 1004 pors sl
Spimn particle wize Symametry C18, Waters) for ouline desalting
and purification followed by 5 28-0m C1E revel sed-phass ool
(75 pm « 200mm, 1504 pore size 17 pin parsicle size, Papide
REH 213, Waters). Pegtides wWere Ssprested Wsfng sh 70-min
pradient with lnearly mereasing ACH esticimbrdiion from 2%
1 30% ATN in 65 mrinu=s. The eluting peprides were analyzad
o & Cnsdsupole Crkitsp hylrid mass spectrometer (Glswctlve,
Therma Fisher Slentifid) Hera the fons being responsible for
iz 17 highest signal intsysitiss per pragursar soan (L 10° ons
20000 kesolution, 240 ms G twne) were snabeed by ME/MS
(Bigher-anprpy ~ellisinnal dessciation (HCD) at 28 narmalized
vallishon eneigy 1« 10 fone, 12 300 esalutien, S0ms i lee) i
& range af (00-1200m/z. 4 dynarmic precursor enclusion of 20=
Wi e

LE-MSM5 data were ssarched with the Sequest dgordthm
mesgrated I the Fowome Discpversr softwps (v 24115
Tharme Piher Soentific) somnst 3 mnewed humas Swisstrot
database, obtsmed m Apdl 2020 contammg 20260 entmes
Caamidamechylation was set 2 Nved modificstion G eysleine
residues and the opldatan of methionine ahd pyroglutinmew
formating ot gltmine residues il the peprids 13 termmnus, &
well a8 acetylaton of the prot=in NErminus wep alowsd s
vambls oniiEatons. A nusdtium oumber of 2 nnssing SvpnT
nleavages was sot. Puptides betwesn & and 144 amilnn sclds wherg
consulemd A stret citeff (False disooyvary rats [LE) <0.01) was
sitfor peptide and protein ilentification

Constructs, recombinant proteins and nueleotide
loading

[N etz wape ussd fon bartagtal overenpression of RINT [SEE-
RA| (amine acids 2997 15) variants (wiid sps and pEluETAAR)
Ml length varianls of HRAS (wildtygie, c 4G =A [pClY125r),
=36 394e1GCinAA (pAlyt3Qln) and £0Cs A (pSariTae)
snd ful) length RABSA. Protsins were solated as glutithions 5
pransfersse ((G571) fushon prateins m Eschanchig colf 2121 [LES) and
purniied after clesvage of the G5V mg vin gol filtration (Supsrdex
75 or i00, GE Healtheare) Mucleotide-fres and futrestant
gucleotide bound proteins (RABSA and HRAS) wers prepared
using alkaline phosphatass (Ruche Basel, Switzerland) and
phosphodisstiase (Slgma.aldrioh) av #*C Methylantimniley)
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{manty CppliHp (gusnomns 3 g ambdolrphosphats), o mmne
fytdeoilysatile GTE analog snd methylanthraniloy] (mant-) dG1p
(dagrguamcsme & diphespbars] were gsed ae  thiomesnt
Hlieotidss. The manlGpohHp sentenl of sach labsiesd protsin
was determined by HPLC using & baffer contauing 20-25%
aremnitrile All froteins were analyzed by sodiirm doderyl aulfate
pilyaurylamide pel eledtiophupesis (SLSPACE) and stoped &l
~HHC

Fluorescence polarization

Incresmmg amounts of RINL[RA] were titrated o rosntGpphlHp-
bound HEAS promwins (1 uM] in 2 buffer, contmining 360 mM
THs/HCl (pH 7.5, 150 mM MaCl Sl MeCle, 3 mM dithinthraltal
and 3 togal velwme of 200 4] 5t 2500, Fop exsitation, wavelength of
367 ey (sl whelt 8 nderen was uesd for the many fluceaplios
anil 480 nm owae ussd dor emission (S0 widthe 10 wiicron)
The dissonitnnn constant (Kd) ware caleulat=d by Hiting the
Saliennmtion dependelit bindlng cupve Nsing 3 quadrats leatid:
Tinding equatlen, Flusrescence ssperiinents were parformsd in 5
Fluciomae4 Muofimater in polarization mode

Cuamine nuclestide axchangs reactons were perfirmed with a
Flithrearmigs 4 HlUsrmiste rnstosinent. Thesecbntion nd smisaion
wnyelangthe for tpant deoxy S0P wvere 560 win aud 450 nm
respretively For miicleotide samhangs (Sdctions, | aM o fnant
aoary-CHP RABSA 100 pd GOP, 16 b4 FINT (SEF-HA| and 1 aM
GEpMHp-bound FRAS wers used in 200 ulof measurstaent |uller
cantaining 20 m s HCL pH T 5010 mild K HPO ARy, 2 mM
MaCly andd 3 mM dithiothreitol &t 35°C

GTPase pull down assay

The RAS-assielatuon (4A) dumalns 6 BINL [Ruiing aukds 524—?16)
was us2d o specificlly poll down EFP-beund HLAS fiop ol
extracts Praparalion of GETIA leads, el |ysls and wmmmlnn
of TR Laund GTHaz=s W been descrited praviousiy (149)

(Co-immuneprecipitation

Cells were washed and scraped off in we-cold PEE, Coll pelles
were lps=qon o for 60 min n i=-rdld se-pmmne presipitatinn
biffer (50 mM Ts-HC| 1 20, 190 oM W&, 053 Napidet
a0, supplﬁ-rﬂ-nr&d WLk complate Min) Peotesse ahibltore and
PhoeSiop (Koche)) and clarifizd by centrifugation (14000 rpm,
4= min, 4°C), Aller remeving small aliquors (tolel sell lysates
- TCL), supemamne wers noubaed widy 4yl Heres Ant HA
mispnelic besde (#ER236 Thenmn Fisher Soentific] at 420 with
rokation foy G0 1aln. Basds wera maguetically separated from eall
lystates and sulseguently wished (3} with To-TR-bulfer by ok
ton fop 2 plo 2t rasm taperdiuye, Aty fna] wish, beads were
supplementad with sample butfer, hearmd 0 95°C and preasipt
rat=d [iroleing wete subledtsd (o SDE FAGT wnel (manunoliotting
or fo sumpls greparting for pratediles

Tmmunoblotting and antibodies

Zelle wers Culnued g specitied, washad With PBS and scraped
aff 1 icegold FBE Cell pellets were lysed on ice for 60 roin with
=il Iypis Hufi=r (50 tM Ti=HO| pH 8.0, 1507 W Nacl 1% Nol
et P40 wupplemensd with complere Minl Piomase inhibitwire

Human Molecyilar Geneties, 2022 Vi 00 Mo 20 | 12

antl Phesslop (Roche)) C2)) lysates were vlanbad by ventofy .
gaton (L4000 tpm, 45 min 40} snd supstnatints were sup-
plemented with samiple b iter Mromlns were separated on 50
tlyncryhiminde gelsan transferrad W PVLT membines o llow

i bleckny (20 mbd Tris-HCL pH 7 4; 150 mb btacl 0136 Tween-
200 5% non-dt dry milk) dnd washing {20 mM Tris HCL pH 7.4
L0 paM Mal: O0% Twean 20, membyanes were oubated iy
privaney antihody salution (40 mM Fris-HEL i 7 4 150 mMNac
0.9 Twwari-20; % BSA or 5% punefar dey mitk) contaltliyy Hie
approfiae antibodiss Rabbit polyvelane) wativales ageinst kL
(Tharmo Fleher Solentifle. PASS7200 LI0O0/Siguen. HEATRSAS
11a00), MK (Upstae Moterhmaiogy e Thenna Msher Snen.
tific; 96186, L1000, FLCEL (Abbexa Lod, Rlovsd, Cambridgs, TE,
MLRIS7E20, B1000), BAF-1 (Gante Cruz Biotmihnology tie., Dalias
Texas, USA; sc-r267 1200}, RALGDS (Thermiy Fishay Setentifie,
PAS-49099, [:1000), MEK1/2 (Cal] Slenalitng Tecli, Danvets, MA
fe B1220 19000, phosphesMERL (Ser)7/221) (cull Signating
Techn, S120 (1000), pAd/47 MAR Finass [RRE L) (2 Sanaling
Tacl, i ST04 1A000) plisolio-pas/as (AP ¥inase (il
nmmznyrml (Cell Signaling Terk; nn 2101, L1000}, Akl
(el zigrating Teen.; no, 027%; 1 1004), phospho-AkrlT/E (Ser)3)
(Cell Stenaling Teck . ro 9271 11000), HRAS (Proteintech: 15295

VAR L1000, uorny (Slgma: ASQE0, 1260, ¢ ABL (Tl stnallng:
2652, 11000}, and pCrkdl Tyreal (Sell spnaling; 2451, 11000
aiz well as rabbit monocional phespho RINL antibodiss (abcam;
a1 79975, [EPRZPEA ()| phespho Barass, 1A000) wete de=d. Muls
menedlongl antdodies apainst o Tabulln (Sigme-Aldrich, Sl
DHILA, TS026 L 3000), GAFDH (ihciy, Cranbrides TR aks24s,
110 G00), C198 F1 inteerin (BDr 610467, 10005 SLIO4 f4 Inte-
wrife (BI; B4 23% 1/500), RARS (RD) 10724, LS00 were nppliedt
Bat moneclongl HAHRR (Roche, 17013 8197100, 190 o) wies
usad te detect HA HRAS Membmnas were washad and mnaubared
with s=andary horsettdish petopidnse (P} couplad animbhit
(MANYEY) and anti-mmonse (NABAY) antbodies (GE Healthicars: 1;
Fe0t) orwith poat ant movEs (55 Starkright Blus 700 Tlupmphirs
antibodies (BleSad: 12004158, 1,10 000), After final washing, pro-
fems wer visdalized osug the ChemiDie MY Snegine System
[Bin-Fad Lahofatories, [ne | Eherules, AL (75A), Data shown o=
represeniative of thies indepzndent expraimeniz.

Immunocytochemistry and antibodies

HalaT cells wers ssadsd o coverslips (300000 calls3.5 an) and
ultvared overnieht. Sor transiant expression of RARS (PECEP
[ Rabdl W), HARD (pmEGERCl Rab/a WT) RAELT (pmPcpi.
T RABLLA WT), LAMPL (plasriid RFPLAMPL addgers #18517)
and B RER-NY (eoneeal), cells wise teanefilad WILH jei0PTims
(1. 75) far 74 b acoording to manutactires s protooel [Palyoius
transtection. Mch, France) Subsequently cells wets nnsed
witth 2R fixed with 4% performaldeivde ($igma-Aldach) in
PES aal washed three finee with FES After tsatment with
peymeabilizafenbiceking sobition [T9% BRA, 3% poar seram
NE% Nonidst P40 In FBS). cells were Incukated o anlibody
sulitbin {(#65 goat savurn ad 0% Woniden 0 in PES) cantaining
apfirapriate primary anthodizs: Alera Thior 488 or unconfugated
mois moleclonsl 81 intsghin witody clone FEDD (alicang,
toml B miegring ab 19360 /ah2asgs, 1)) Alexa Fluor 480 o
ncon) wgated mvuss monorlona 41 intEprin <lone TS2/16 (Sant
Cmz Hotechnologyr aetiip 81 lotegrm, TE2AE, ac-L2 700 L4600
manse monocional BABS antbody (BE Riosmences 610724
100, Febbdtronocional anth-EARS antibody (cell slansiing Tel
JEAT, 1100) moblt rmohoclonal EEAL (Cell Blgnaline Tech: 32488,
1100y, rabiie pelyclopal SNELT wibody (Novis Binlogicsl:
NEM 02417 L100); bl monoclonal Beadlistn antihody
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(ghrmm, abd0TFP [ER7OOT), 1350) Oslls ware waslhsd willi PHS
and inaazted Wikl Fluorephiorscaniugated secondary gaal ant-
Rogsz Alaga Fluprazs ay Afera Fluorsss sntbody of Texne
Fed & plhalloidin (Lifs Technologizs) o antibody soldon. Afler
extensive waslimy with PEE cells were embedded in PraLoug a-
mnnd Antifade Mountant with DAR] (F36252, Life Technoligles),
Flyed saraples wote gnalvaed with Zeiss Axlovert 200 M with
ApoToE for stuctured Wunination (63x Plan-Apgehrogat 2
DIC, WA 14, Car! Zewss Mooy, Jens, Gatfnany) 4ha coplocal
lssel seanning mimneteles (L2ow TC5 SESAFS, Gn HC L APG
ISR, NA |4, Lalisn Mictosystenm, Werzlan Germany) wers imsd
for mage aoquisition, mapactively Contocal magss of §1 mtegnn
tabeled MalaT kerapnocytss wers apalyzed for inmacel|lular
vesicles uBlng lrans (v1.6.1, Dkfpnd Instruments, Ablogdon, UK)
Aftey background subtracton, relevant vasieles wern Idsntified
appilying ab auterstle tireshold Dased tepm=ntation alporkthg
{le surface wol), fullawed by 3 spherlclty fMter (sphinaicity
[ammeter = 0.67) on the seamantad chijeors,
Antibody-based integrin internalization assay
Gells were kept undet serumedepsived conditions (1% sarim) for
23 o and harvested with StanProAccutase [Thermo Fisher So-
2ntlfl) Cells were incubated én fos and el surtacs §1 (miegrins
wele Gtatned with dinecy confugzted anlibedy dlons TSE/6-
Alexn Flyor 488 (fetzcts the active conformiaiion of Al Integrin, se.
23791 AFES, ania CrusBdiEch nology) or Botype conttol mihuss
Il y (14-4714.82, Invitnopen) diliuted 17100 n PACS Tnffer (RRS
contaiming O 5% BSA and 2 m EDTA) for &0 i at 40 o
raaion. Atrer L cells were wazhed bwice with FACS buffer Tn
Sttt tntegrin integnalizaton, cells wers moulatsdl in pre-warmed
il (0 4% serum/DMEM) st 3300 for 15, 206t BOmn After inter
nahization, rells wete umadinEly Tarsiersd on ice apd qooked
dewnn. This yenctining cell suface bonud aobibody was remioved
by aicdic wash buffer (0.2 M acetc sicld 0.5 M NaClL pH 220 1y
thrsa washimg steps (3 min =ch), fellowsd by nengyllsaton with
0,2% BSA/DMEM, lu plaraibel, anibody reated calls wire faftan 1os
{1 iy infemalization) &s & contrel for andocyoests Centrals and
lsotype comtrmls conlirmed funeunnslity and antbady specltiony
of the nemalziton assuy (data oot shown), To meesue the
total amount of c2l| surface integnn ataned by the @1 Integmn
antbody, calls were |eft on e without and wash Fiiomescant
Imtensioes of mml cell sirface-dnd insemalized #1 inbegrin of
20000 cells per conditon were measursd with BACS Canto ) (BD
Birgnapoes). Viable =itgle cells were gared by forward asstioy
(P57} snd sl sty (S50 dos Lot (Flowing Sonwsres by Py
Torho, Nkd Centrd for Bisteaindlogy Finland) Flugrescgnte
Intenzities of Intemalined 81 misgnn ware normalized against
tutel rell surfame [loorescance intensitles. Retatlve {{ucrescent
meensitiae of HaCTaT/EV and HadaT conma) zells wers ronsiderad
a8 G0 Ta Inhibat integrin meeynling. cells werg trestad Win
200 uM priveaguiig Gurine 15 wiln inrernalzation.

Cﬂﬂs wiege k:j_:’ Whider s=rindeplved conditiong {;.'J 1% seium]
overzglit and then seeded oo fibrensctiiy coited

Beforehond, coversllps wars conted with 10 ugfmi ﬁhmmcun
(F2006, Sema) tn BBL aver night &t 4G waahed with BRS snd
blemled in 1% SSAPES for G0 min at 3700 Cells were harvested
With StemPrede igse (Thetmo Fishe Scienifle), washed Wilh
PRS, and zssded in TMEMAT% BSA Aftar 1 b 4t 3740 gampiss
wers Lwad with 4% PEA for 10 min 4t reom wnpsratuee and
sifbseruenty treated with permeabilization/blecking solution

(7 BS54, 3% gost senamc (05 fonidet 240 m PRS), fedlowed
Ty antbody soludon (3% geat setum =nd 1% Nonldse F40
m FBS sontuining Bhalowiin TewmmsResl (Life Technologres)
Aller =ptensive Wushing with PEE celle wers smileddsd in
Prolong Diamond Antifade Mountant with DA (PRoss? L
Teelitiologies). Oelle were visualized by using 9 enfocal lsser
scanning sldoscopy (Lelua TOE SPE, £2% HC PL APO OF LS,
MA L4, LElen Mictosysteme, Wetslar, S=rmany) and (mugs
Wiere [aken The Oimbeie of spread and ool speesd cells wers
determineg [y yEual mepsction, with only solmy calls with
= clenr flar spread out o)l merpholary Being consTered &
fully spreard. The number of e9l] prowmsions (e filépodia) was
detapmined by visual inspectan of confocal images and the areq
O Cielle s tricEbured dsing linded) area ireasirament wal.

Statistical analysis

Fluarveoen b slgnals on bloks from theee Indepeadent agparipents
were quantifisd by densitomenis analyals using the lmaws Lal
softwrale (Va0 0, Bi-Had Labonatories) A ONE-WAY-ANOVA In
comtination with Takey'sor Sidak's post-foe multipls compaisen
tost was used (o detirmine the significance of the diffarange
between cells oversxpressing HRAEWT and HRASTVS values
fre pr=enten ds the men esmundird deviafion snd wese aon
sidored aignificat ab Pomloe <008 For dfferen ] quaniii=
tive proteomiics, mbtained relativa diffsrances of protsin aowmn
darees wiiars fogd transfbrmel Wedisg pormalization wis (-
formed for sch sunple. Missing valug talsmnt MIEALS BCA cal.
qulation sud visualization wers perfonoss using the Mtz
backaga froplemented in the B softwars enyironment (B4 Lstalle
and background information on NIFALE PCA caleulutions are
Aegonitad In the Sppplanantary Matariale snd Methads 1 inves
ngale the abundance disoibutdon of HEAS signaling-associated
proteins, Pearson's corrlatog) based hisramhicol clost=rng was
performed based on all protems present in the WilkdPathways
RAS signaling gensst (55), cbtuined from the Molecular Sighn
e Daggbase (MelpDE) (8€), Heatmup viewdlization of custarine
tesults e perfarmed uslog Bie pheatep packsgs, mplementd
(In e T saftware environimenl To test for the overpapresanialion
FE G terme and patliveys sormes AiffEEntin abundant nt=res
1079 berween WT and Giv125er HILAS g=ne 2ezannchment imaly-
=18 [FSEA] (version £.1) was used (286) Log? fransformied centered
protain dbundances were sled against pene aroligy geTe sels
{Cellular Compunent: Blolovical Process, Melecular Tus ton) and
Eurgted peyis-zuty from the Wikibathwey datalase Permiytation
e fr{ormed brssd o gepeets & uwaiphled snrichiment statls-
e was apphed, tshog the sipnsl-to-nalse 1ote 4 a meie fo
e=ne ranking Balancing and normalizarion where disahled Within
GIEA Gene-sels with o Puzlue < 0,07 2ndsn FRR < 0,25 weis con.
sidered sipnificantly srmched, Enriched gane sats where plasted
seording 1o their normaized enfldimint 22one using Misnsatt
Exdedl T-tosting was performed in Peyssus (Varsion 165.0) Pre-
felns with = Pvalue <008 exeeading & FoldChange differante of
=18 hastwuay HEASWT and HEAS ST Jayivad |fs were conu)d-
2red 55 statizonally significant diffzrential abundant

‘Supplementary Material
Supplamentary Mararsi s ayailable at BV online
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Abstract

Vesicle biogenesis, trafficking and signaling via Endoplasmic reticulum-Golgi network
support essential developmental processes and their disruption lead to
neurodevelopmental disorders and neurodegeneration. \We report that de nowvo
missense variants in ARF3, encoding a small GTPase regulating Golgi dynamics,
cause a developmental disease in humans impairing nervous system and skeletal
formation. Microcephaly-associated ARF3 variants affect residues within the guanine
nucleotide binding pocket and variably perturb protein stability and GTP/GDP binding.
Functional analysis demonstrates variably disruptive consequences of ARF3 variants
on Golgi morphology, vesicles assembly and trafficking. Disease modeling in zebrafish
validates further the dominant behavior of the mutants and their differential impact on
brain and body plan formation, recapitulating the variable disease expression. In-depth
in vivo analyses traces back impaired neural precursors' proliferation and planar cell
polarity-dependent cell movements as the earliest detectable effects. Our findings
document a key role of ARF3 in Golgi function and demonstrate its pleiotropic impact

on development.
Introduction

The Golgi apparatus is a polarized, membrane network-built organelle
organized as a series of flattened, stacked pouches (cisternae) held together by matrix
proteins and microtubules and structured into the cis and trans-Golgi compartments. It
is responsible for transporting, modifying, and packaging proteins and lipids into
vesicles for their targeted delivery'*. Golgi also provides signaling platforms for the
regulation of a wide range of cellular processes (e.g., cell polarity, stress response and
mitosis) suggesting a role as a cell sensor and regulator similarly to other organelles,
which ultimately orchestrates development*®. Golgi function is highly depending upon
its rapid structural remodeling in response to different physiological stimuli, which is
attained via tightly regulated processes involving ribbon disassembly, tubulovesicular
conversion as well as stacks repositioning®”. Of note, stimulus-dependent Golgi
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95 repositioning in the apical radial glia precursors is crucial to maintain stem cell identity,
96 likely controlling polarized trafficking during corticogenesis®.

97 In the last years, several Mendelian disorders have causally been related to the

8

defective or aberrant function of components of the transport machinery®. In particular,

8

disruption of Golgi organization underlies several diseases, most of which share
100 altered neurodevelopment and early-onset neurodegeneration'®'2, In these disorders,
101  collectively named “Golgipathies”, recurrent features include microcephaly, CNS
102 defects (e.g., delayed myelination, cortical atrophy, abnormal corpus callosum, and
103  pontocerebellar hypoplasia) and developmental delay (DD)/intellectual disability (ID)
104 1213 More generally, defective vesicle formation and unbalanced trafficking have been
105 recognized as prominent patho-mechanisms in several neurodevelopmental disorders
106  with CNS malformations and microcephaly'#'6, and neurodegenerative conditions'”.18,
107 The six members of the ADP-ribosylation factors (ARF) family of small GTPases
108 (ARF1, ARF3-6, and ARF2, missing in primates) regulate key events of Golgi structure
1089 and function, vesicular biogenesis and cargo transport. ARF function is broadly
110 overlapping and redundant in cells'®2° where they participate in bidirectional
111 membrane trafficking required for endocytosis and anterograde/retrograde transport,
112 including protein recycling to the membranes or their degradation?®-24,

113 These proteins bind to guanine nucleotides with high affinity and specificity and
114  cycle between a GTP (active) and GDP (inactive)-bound form?25, Similar to other
115 members of the RAS superfamily, release of GDP is stimulated by specific guanine
116  nucleotide exchange factors (ARFGEFs), indirectly favoring binding to GTP?22627 Ag
117 a consequence of the conformational change promoted by GTP, the N-terminal
118  myristoylated region is exposed, allowing anchoring of the active GTPase to
119  membranes of different organelles, including cis and frans-Golgi, plasma membrane
120 and endosomes, where these proteins exert their function??252¢-30_ Moreover, the
121  conformational rearrangement of the switch 1 [SW1] and switch 2 [SW2] regions
122 controls the interaction with a number of effectors and regulators®-2. The intrinsic slow
123 GTPase activity of ARFs is accelerated by specific GTPase-activating proteins
124 (ARFGAPs), which result in protein inactivation and release from membrane?229.33.34,

125 By interacting with coat and adaptor proteins via this switch system'?2, ARF
126  proteins support various steps of the biosynthetic trafficking, such as COP-| vesicle

127 formation and budding, which are essential for anterograde/retrograde cargo
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128 transport®35. ARF proteins can also recruit non-coat Golgi-specific factors to
129 membranes (e.g., Golgin-160 and GCC88)¥, which are fundamental for Golgi
130  structural integrity®*3°, and thereby contribute to the control of Golgi and organelle
131  structural organization and function20:2340.41,

132 The use of constitutively active (CA, GTP-bound) and dominant negative (DN,
133 GDP-bound) ARF mutants as well as ARF silencing in cells has demonstrated the
134 variable consequences of aberrant ARF function on Golgi integrity, morphology,
135 vesicle formation and recycling®*, and the redundant roles among the various ARF
136 proteins. CA mutants (i.e., ARF1/3971) produce loss of the Golgi ribbon-like structure
137  with an overall expansion of the Golgi and COP-I compartments due to conspicuous
138  vesiculation?®?3. Conversely, DN mutants (e.g., ARF3"'®) induce a different pattern
139  of Golgi fragmentation, with dispersion of the coat proteins and COP-| disassembly2.
140 The latter resembles the ARF poisoning effect triggered by brefeldin A (BFA), which
141 blocks the normal activation of all ARF proteins by binding ARF1-GDP-GEF*2,

142 ARF-regulated Golgi dynamics during mitosis is crucial for cell division and
143  cytokinesis**5. Ultimately, by controlling Golgi structure, function, cargo sorting and
144 trafficking, ARFs actively participate to the fine regulation of key events during
145 embryogenesis (i.e., cell polarity establishment and migration during gastrulation,
146  neuronal maturation and tissue morphogenesis)*®. A hyperactive or reduced arf1
147  function in zebrafish results into altered body plan and head development?*, In
148  particular, hyperactive arf! induces body plan alterations that are consistent with
149 altered planar cell polarity (PCP)*.

150 Notwithstanding their emerging pivotal roles in development, mutations in ARF
151 genes have only recently been linked to human disease, with activating missense
152  variants of ARF1 (MIM: 103180) causing a rare dominant malformation of cortical
153  development resulting from defective neuronal migration (MIM: 618185)*. More
154 recently, during the revision of this work, two pathogenic variants in ARF3 were
155 described in three individuals with a variable neurodevelopmental phenotype, and

156  microcephaly in the most severe case®.

157 Here, we report five de novo missense ARF3 variants underlying a similar
158 disorder affecting CNS and skeletal development. /n silico and in vifro analyses provide
159 evidence of a variable impact of mutations on protein stability, activity, Golgi integrity,
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160 vesicle formation and cargo recycling. In-depth investigation in zebrafish corroborates
161  the dominant nature of mutations, confirm a diverse effect on Golgi morphology during
162  early embryogenesis, and recapitulate the variable brain and axial defects observed in
163  patients. Experiments in live embryos further trace back the effect of aberrant ARF3
164 function to an altered balance of cell proliferation and death within the anterior
165 developing brain and to impaired PCP-dependent cell axes formation.

166 Results

167 ARF3 mutations cause a developmental disorder affecting CNS and skeletal
168 formation

169 In the frame of a research program dedicated to subjects affected by unclassified
170  diseases, trio-based exome sequencing allowed us to identify a previously unreported
171  de novo ARF3 variant, c.379A>G (p.Lys127Glu; NM_001659.2), as the putative
172 disease-causing event in a girl (Subject 1) with a severe syndromic
173 neurodevelopmental disorder characterized by growth restriction, severe
174  microcephaly, progressive diffuse cortical atrophy, hypoplasia of corpus callosum and
176  other brain anomalies at MRI (ie., lateral ventricular enlargement, severe brainstem
176 hypoplasia particularly affecting the pons, cerebellar inferior vermis hypoplasia),
177  seizures, profound DD/ID and skeletal involvement (i.e., 11 rib pairs and severe
178  scoliosis), inguinal hernia and congenital heart defects (CHD). (Supplementary
179 Figure 1, Supplementary Tables 1 and 2 and clinical reports). Whole exome
180 sequencing (WES) data analysis excluded the presence of other relevant variants
181 compatible with known Mendelian disorders based on their expected inheritance model
182 and associated clinical presentation, and high-resolution SNP array analysis excluded
183 occurrence of genomic rearrangements. The missense change, which had not
184  previously been reported in population databases, affected an invariantly conserved
185 residue among orthologs, paralogs and other structurally related GTPases of the RAS
186 family (Supplementary Figure 2a). Through networking and GeneMatcher®!, we
187 identified four additional subjects with de novo ARF3 missense variants, which had not
188 been reported in ExAC/gnomAD and involved amino acid residues located in regions
189  highly constrained for variation (Supplementary Table 2, Supplementary Figure
190 2a,b). No additional candidate variants in clinically associated genes were identified in
191  any patients (WES statistics and data output, Supplementary Tables 3-7). Affected
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192  residues but Leu'? were conserved among ARF3 orthologs and paralogs, and three of
193 them were also conserved among other RAS GTPases (Supplementary Figure 2a).
194 The identified missense variants affected residues whose corresponding positions in
195 other GTPases of the RAS superfamily had previously been associated with human
196 disease (Supplementary Table 8). Among these, the same Lys-to-Glu substitution at
1897 codon 127 in Subject 1 was recently reported to affect the corresponding residue in
198 ARF1 in a patient with DD, microcephaly, periventricular heterotopia, progressive
199  cerebral atrophy and epilepsy*?.

200 Affected subjects showed variable degree of DD/ID associated with brain and skeletal
201 anomalies (Supplementary Figure 1, Supplementary Table 1 and clinical reports).
202 No characteristic craniofacial gestalt was noted, with only minor craniofacial features
203 reported in single patients, mainly related to microcephaly (Supplementary Figure
204 1a,b). Likewise Subject 1, Subject 2 (p.Leu12Val; p.Asp67Val) showed microcephaly,
205 profound DD/ID, absence of speech and language development, progressive diffuse
206 cortical atrophy with diminished hemispheric white matter, thin corpus callosum,
207  progressive pontocerebellar hypoplasia without involvement of the cerebellar vermis,
208 hypotonia, microsomia, and consistent skeletal defects (Supplementary Figure 1b,c;
209 Supplementary Table 1 and clinical reports). A comparable but less severe
210 condition was also observed in Subject 4 (p.Asp93Asn), who manifested hypotonia,
211 severe DD/ID, delayed speech and language development, post-natal microcephaly,
212 thinning of the corpus callosum as well as milder skeletal defects (Supplementary
213  Figure 1, Supplementary Table 1 and clinical reports). Subject 3 (p.Pro47Ser) and
214  Subject 5 (p.Thr32Asn) showed the mildest phenotype with DD/ID and delayed
215  (Subject 3) or severely delayed (Subject 5) speech and language development.
216 Subject 3 also shows early-onset seizures and a severe hypoplasia of the anterior part
217  of the temporal lobe associated with hypomyelination and thin corpus callosum, while
218  Subject 5 showed hypoplasia of the corpus callosum, mild white matter involvement in
219  periventricular and supraventricular areas, and a large cisterna magna with a milder
220 skeletal involvement (Supplementary Figure 1b,c, Supplementary Table 1 and
221 clinical reports).

222 Disease-associated ARF3 variants variably affect protein stability and function
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223 The identified disease-associated variants affected residues spotted throughout the
224 coding sequence except the C-terminus region (Figure 1a). First, we examined the
225 possible functional consequences of each amino acid substitution using a three-
226 dimensional structure of the GTPase recently solved by X-ray diffraction®? as
227 reference. All residues except for Leu'? cluster within or close to the GTP/GDP binding
228 pocket (Figure 1b). Lys'? is one of the four residues of the NKXD motif directly
229 mediating binding to GTP/GDP by binding to the ribose ring®?, and substitution of the
230 positively charged residue with a negatively charge glutamate was predicted to affect
231  nucleotide binding (Figure 1c). Similarly, Thr®2 contributes to stabilize the GTP/GDP
232 binding via direct hydrogen bonding with one oxygen atom of the o phosphate (Figure
233  1c). While conservative, the Thr to Asn substitution was predicted to result in a steric
234 hindrance. Asp® does not directly contact GTP, even though it participates to the
235 overall general structure of the nucleotide binding pocket by a direct hydrogen bond
236 with the lateral chain of Lys'?(Figure 1¢). The Asp-to-Asn change was anticipated to
237 disrupt the interaction between the two residues, destabilizing GTP/GDP binding
238 (Figure 1d). Pro%” and Asp® were predicted to affect ARF3 GTPase activity. Pro* is
239 located within the SW1 region, which plays a key role in the catalytic activity of the
240 GTPase and the conformational rearrangement mediating binding to effectors® %,
241  Substitution of this non-polar residue with a polar serine was expected to strongly
242 perturb the functional behavior of the protein. Similarly, Asp® participates in the
243 coordination of the Mg ion through direct hydrogen bonds with a water molecule®'
244  (Figure 1c), and contributes to the regulation of GDP/GTP binding upon the “inter-
245 switch toggle” mechanism®; its substitution with valine was predicted to considerably
246 perturb GTP/GDP binding® and the overall organization of the nucleotide binding
247  pocket. Similar pathogenic variants in RAS proteins were predicted to destabilize the
248 binding to GTP/GDP**35, and ARF1 substitutions in Lys'?, Asp® and Asp® were
249 documented to have deleterious effect in yeast®®. Leu'? (in cis with p.Asp67Val in
250 Subject 2) is located within the flexible N-terminal myristoylated alpha helix implicated
251  in membrane-cytoplasm shuttling?®®, a region that has not been resolved structurally.
252 No obvious consequence could be hypothesized for p.Leu12Val. However, a possible
253 impact on nucleotide binding and GTPase activity cannot be excluded®”. Of note, while
254 Thr*?, Asp® and Lys'? map regions of the GTPase not directly involved in

255 intermolecular contacts, Pro*” and Asp¥ lie in regions close to the surface of the
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256 GTPase interacting with effectors/regulators®®, which does not rule out the possibility
257 of a more complex functional behavior of the p.Pro47Ser and p.Asp67Val changes. To
258  explore the structural and functional consequences of these two substitutions, we built
259 a model of ARF3 interacting with the cytosolic coat protein complex (COP) formed by
260 y-COP (COPG1) and I-COP (COPZ1) starting from an available GTP-bound
261 ARF1:COPG1-COPZ1 complex (PDB: 3TJZ) as template® (Figure 1e-h). The model
262  for the wild-type (WT) ARF3 protein was validated by a 500-ns molecular dynamics
263 (MD) simulation, documenting conservation of all known interactions with GTP and
264 Mg? (Figure 1e,f; Supplementary Table 9). The ARF3:COPGH1 interface is stabilized
265 by an intermolecular hydrogen bonding network involving Arg'®, Thr*¢ and Asn® ARF3
266 residues (Supplementary Table 10). We assessed the structural perturbations due to
267 the introduced p.Pro47Ser and p.Asp67Val changes using the same time-frame. A
268 minor impact on the ARF3 surface interacting with COPG1 was evident in the
269 simulation when introducing the p.Asp67Val substitution (Figure 1g; Supplementary
270 Table 10). As predicted by the structural inspection, this change resulted instead in a
271  significant rearrangement of the nucleotide binding pocket with a reduction of the
272  interactions of Lys'¥ and Thr* with GTP (Supplementary Table 9). The Pro-to-Ser
273  substitution at codon 47 did not significantly affect ARF3 binding to GTP
274 (Supplementary Table 8), while a dramatic perturbation of the intermolecular binding
275 network with COPG1 due to a substantial rearrangement of the SW1 region was
276 observed (Figure 1h; Supplementary Table 10). Consistently, essential dynamics
277 analysis documented a major effect of p.Pro47Ser in terms of global fluctuations and
278 long range correlated movements, compared to the other simulations (Supplementary
279 Figure 3). These structural analyses predicted that all variants but p.Leu12Val affect
280 ARF3 GTP/GDP binding and/or the GTPase activity. A more articulated impact on
281 conformational rearrangements mediating binding to effectors was suggested for
282 p.Prod7Ser.

283 To experimentally validate the predicted consequences on ARF3 function, we
284 examined the protein levels of each mutant in transiently transfected COS-1 cells,
285 basally and after 3 and 6 hour-treatment with the protein synthesis inhibitor, CHX.
286 Immunoblotting analysis documented levels of ARF3P9N and ARF3™*2N comparable to
287 the WT protein, while showed a slightly reduced level for ARF3P47S and a marked
288 reduction for ARF3%'7E and particularly ARF3L'2V/057V (Figure 2a; Supplementary
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289 Figure 4a), the latter also confirmed in zebrafish embryos (Supplementary Figure
290 4b), which was not related to a significant reduction in the mRNA levels
291  (Supplementary Figure 6a). A similar reduction in expression was confirmed by
292 quantitative imaging analysis in COS-1 cells expressing mCherry-tagged ARF3K127E
293 and ARF3Y'2V0S7V (Supplementary Figure Sb-c’). Treatment with MG132 and
294  bafilomycin A1, partially rescued the reduced levels of ARF3%'?’€ and ARF3-12V/087V,
295 indicating an involvement of both the proteasomal pathway and autophagy in
296 degradation (Figure 2a’").

297 In its active GTP-bound state, ARF3 is able to bind to the Golgi-associated gamma-
298 adaptin ear-containing ARF-binding protein 3 (GGA3) to regulate downstream events
299 controlling trans-Golgi function and intracellular trafficking®. Thereby, we performed
300 pull-down experiments using the GGA3 protein-binding domain (PBD) on cell lysates
301  from transfected COS-1 cells to compare the relative amounts of GTP-bound fraction
302  of WT and mutant ARF3 proteins. In the same assay, we parallelly assessed ARF3971t
303 and ARF3™™ as CA and the DN mutants, respectively®®*', Compared to cells
304 expressing ARF3YT those expressing the ARF3K1Z7E ARF3LI2V/DSV and ARF3T?2M
305 mutants showed a statistically significant reduction of the absolute ARF3 GTP-bound
306 fraction, while a significant increase and a trend in the same direction were
307 documented for ARF3P®N and ARF3P47S respectively (Figure 2b,c). Next, by
308 employing a cell-free system and fluorescence polarization we examined the
309 biochemical behavior of a subset of mutants for which we obtained purified proteins.
310 Compared to the WT protein, we observed an increased intrinsic (ie., GEF-
311 independent) nucleotide exchange for the ARF3KZ7E and ARF3P®N mutants. A
312  reduced exchange rate was instead registered for ARF3L'2VDETV \while ARF3™2N did
313  not show significant alterations (Supplementary Figure 6a,a’). By inspecting the GTP
314  hydrolysis of the purified proteins, we failed to note major changes compared to AR3"T
315 (Supplementary Figure 6b,b"). Altogether, these data suggest a stabilized GTP-
316 bound conformation and an overall hyperactive behavior for ARF3°%3M and, to a minor
317  extent, ARF3P47S, while a DN behavior could be established for the ARF3™* N variant.
318 These findings could not unambiguously functionally classify the ARF3%'?’€ and
319  ARF3-12VIDSTV pehavior.

320 Disease-associated ARF3 mutants differentially impact on Golgi morphology

10
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321  Next, we assessed the specific Golgi phenotype resulting from overexpression of the
322  individual mutants in cells. Given the role of ARF proteins in maintaining proper Golgi
323 integrity, organization and function*?%3%4181 we performed confocal microscopy
324 analysis of COS-1 cells overexpressing mCherry-tagged WT and ARF3 mutants and
325 labelled for the resident trans-Golgi protein Golgin-97%2. To specifically ascribe the
326 observed phenotype to known dysregulated ARF function and derive possible insights
327 into the mechanism, we directly compared Golgin-97 patterns to that obtained by
328 known CA (p.Q71L) and DN (p.T31N) ARF3 proteins. Four major Golgi morphotypes
329 were identified (Figure 3a,b). As expected, ARF3"T-expressing cells showed a diffuse
330 cytoplasmic ARF3 localization. Perinuclear (PN) localization of the protein was also
331 observed, partially co-localizing with Golgin-97 (i.e., GTP-bound ARF3), which showed
332  acanonical, compact ribbon-like morphology (Figure 3a, upper row, Supplementary
333 Figure 7). Conversely, only in a minority of cells expressing the DN ARF3™'N, the
334 ftrans-Golgi was recognizable as a discrete compact entity, while most cells showed
335 partial or total dispersion of Golgin-97 within the cytosol (Figure 3a, 2" row,
336 Supplementary Figure 7), in line with previous reports*-*? indicating occurrence of
337 massive Golgi disassembly. In striking contrast, cells expressing the CA ARF3971L
338 protein showed a compact and expanded Golgin-97 staining, likely reflecting an
339 expansion in size of the trans-Golgi (Figure 3a, 3" row, Supplementary Figure 7),
340 as previously reported?®. Dot plot representation of the Golgin97 mean intensity (1) and
341 area (A) in cells expressing ARF3"T ARF3°97'- and ARF3™*'M allowed to classify these
342  distinct Golgi structural rearrangements into discrete classes: compact, expanded,
343  partially or totally dispersed (Figure 3b, Supplementary Figure 7), providing an
344  unbiased toolfor the Golgi morphology assessment. Notably, altered Golgi morphology
345 was not only characterized by an increase in area, but also by a significant decrease
346 in Golgin-97 signal intensity with respect to compact Golgi. The three altered Golgi
347 morphotypes were variably observed in cells expressing the identified ARF3 variants,
348 and a variable severity of the phenotype was documented. Cells expressing the
349 ARF3KIZE ARF3LIVIDENV and ARF3°%N showed Golgi structural alterations in all
350 analyzed cells, while compact Golgi organization was observed in a fraction of cells
351  expressing the ARF3™ and ARF3P#S (Figure 3a,c), which is suggestive of a milder
352 impact of these mutants, in line with the mild clinical features of patients
353 (Supplementary Table 1 and clinical reports). Notably, similar to what was observed
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354 for the DN mutant, ARF3X127E ARF3L'2V/I0SWV and ARF3™# mainly induced variable
355 Golgi dispersal, which was observed in all cells expressing either ARF3X127E or
356 ARF3V2VDSWV (Figure 3a, 4™ and 5™ row, c). Cells expressing ARF3™2N wwere
357 characterized by a milder reorganization of the Golgi with only a minority of cells
358 showing total dispersion (23%, Figure 3a 6'" row, c). On the other hand, resembling
359 the effect of the CA mutant, ARF3°®* and ARF37S showed a significant increase of
360 cells with expanded Golgi (79% and 67%) (Figure 3a 7" and 8" row, c). Of note, a
361 more severe effect was documented for ARF3P%N with a fraction of cells also
362 exhibiting partial dispersion, while a compact Golgi was observed in approximately
363 30% of cells expressing ARF3P4’S (Figure 3c). These findings provide evidence of a
364 differential functional impact of the identified ARF3 variants on Golgi structural
365 morphology (Figure 3c).

366 Next, we further investigated Golgi morphology wvia ultrastructure inspection by
367 performing transmission electron microscopy (TEM) on cells expressing ARF3¥127€
368 and ARF3"™™ which showed the “fully dispersed” and “expanded” trans-Golgi
369 morphotypes, respectively. While perinuclear Golgi mini-stacks well organized in
370 ribbons were recognizable in cells expressing ARF3"T (Supplementary Figure
371 8a,a’), those expressing ARF3%'?7E exhibited Golgi fragmentation characterized by an
372 integrity loss of the mini-stacks with numerous diffused vesicles and small cisternae
373  scattered in a wide area (Supplementary Figure 8 b,b’). Cells expressing ARF3°%3
374 displayed a different pattern with loss of the typical ultrastructure of Golgi elements
375 and a marked increase in swollen cisternae and a diffuse vesiculation, which were
376 confined within the defined area normally occupied by Golgi (Supplementary Figure
377 8 c,c’). A similar fragmentation pattern had previously been described*2383# also for
378 CA ARF and ARF-like mutants*®®8 \We cannot exclude occurrence of more
379 complex morphological alterations, whose assessment would require electron
380 tomography analysis or 3D super resolution microscopy.

381 To further validate these findings within an organismal context, we next set out to
382 examine the frans-Golgi in zebrafish embryos expressing ARF3%127E and ARF30%N
383 for which opposite effects were observed in cells. Zebrafish harbors two paralogs,
384 arf3a and arf3b, which share common ancestry with mammalian ARF3 and
385 conservation of the amino acids involved in the identified mutations (Supplementary

386 Figure 2a). arf3a and arf3b are both expressed during early embryonic development,
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387 and arf3b shows higher level of expression after maternal-to-zygotic transition (MZT)
388  throughout gastrulation and somitogenesis (Supplementary Figure 9), indicating its
389 predominant role during these developmental stages. Next, we overexpressed
390 mRNAs encoding ARF3WT, ARF3%'27E and ARF3"%N and used specific cellular and
391 subcellular makers to assess frans-Golgi morphology in precursor cells of the
392 envelope layer (ELV) in early gastrula (Figure 4a). We reasoned that the complexity
393 of the physiological Golgi dynamics in vivo and the expected occurrence of fragmented
394  Golgi in proliferating cells** might limit our ability to distinguish the specific pathogenic
395 effect of the mutants on Golgi in fish. Thereby, we first verified whether the dispersion
396 of Golgi elements due to expression of ARF3X127E could be observed in early zebrafish
397 embryos. To this aim, we injected mRNAs encoding the mCherry-tagged ARF3"" and
398 ARF3X77E in a first batch of siblings, together with a fluorescent membrane marker
399 and EGFP-tagged GalT (galactosidase T55), a marker of trans-Golgi. By using this
400 marker, we parallelly confirmed ARF3"'?7E.mediated Golgi elements dispersal in a live
401 time lapse of COS-1 cells (Figure 4a-c; Supplementary Movie 1) and in alive
402  zebrafish embryos (Figure 4d,e). In embryos, we observed a diffused distribution of
403  ARF3"T partially overlapping EGFP-GalT staining. The latter was structured in ribbon-
404 like elements. Conversely, in ARF3X12'E expressing fish, EGFP-GalT signal
405  distribution appeared less intense and organized in small and large puncta, some of
406 which also co-localized with ARF3 (indicating Golgi-localization) (Figure 4d,e,
407 Supplementary Figure 10a). Next, we compared the EGFP-GalT staining associated
408 with ARF3%'27E and ARF3"N yusing the patterns resulting from CA and DN ARF3
409 mutants as reference. Again, we observed a reduced number of ribbon-like Golgi in
410 cells expressing ARF3X127E (<20%) as compared to WT, similarly to the DN ARF3-
411 expressing embryos (Supplementary Figure 10b,c). Despite the changes in Golgi
412 morphology were subtler in fish injected with ARF3"*N |oss of typical Golgi ribbon-
413 like structures was evident. This pattern was accompanied by instances of large
414 EGFP-GalT" structures (39%), also documented in fish expressing the known CA
415 mutant (Supplementary Figure 10b,c).

416  Overall, the collected in vitro and in vivo findings suggest that the identified pathogenic
417  variants in ARF3 have a variable dominant impact on protein stability, activity, and
418 Golgi morphology. The Golgi morphotype analysis established the presence of

419  different functional classes of disease-causing ARF3 mutants, broadly ascribing to a
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420 DN or CA mechanism. Notably, their variable strength appeared to correlate with the

421  severity of clinical features observed in patients.

422  ARF3 mutants impair COP-| vesicle formation and cargo recycling in COS-1 cells
423  Given the known involvement of ARF GTPases into vesicles budding, endosomal
424  transport and recycling, and considering the observed Golgi phenotypes, we then
425 asked whether and how ARF3 mutants impact on the formation and activity of the
426 endolysosomal compartments along the endocytic-recycling pathway. First, we
427 examined the integrity of COP-| vesicles by immunostaining the B-COP subunit of
428 COP-L In line with the Golgi phenotypes and previous reports on DN and CA
429 ARF3%85 cells expressing ARF3K127E and ARF3L12VDS7V \ere characterized by a
430 sparse distribution of the signal throughout the cytoplasm, indicating a disassembly of
431 COP-| vesicles. Differently, a large number of cells expressing ARF3P4S and
432  ARF3P%N showed an expanded B-COP signal, which is indicative of an enlarged COP-
433 | compartment. Cells expressing ARF3T*2N did not show a clear-cut phenotype, with a
434 minor incidence of cells showing partial/complete disassembly, indicative of a mild
435  effect of the mutant (Figure 5a,b).

436 Next, to follow cargos destiny within the endocytic-recycling pathway, we continuously
437  incubated COS-1 cells with fluorescently labeled transferrin (Tfn) at 37 °C for 5 or 30
438 minutes to trigger internalization and trafficking of the endocytic vesicles containing
438 labeled Tfn/TfnR complex to the endolysosomal compartment®®. The subcellular
440  distribution of vesicles in these two time points was assessed by confocal microscopy.
441 In a normal scenario, upon 5 min incubation, Tfn is internalized and found along the
442  endocytic pathway; following longer incubation time, the majority of the Tfn* cargo is
443 expected to have recycled back to the cell surface, such that limited Tfn levels are
444  observed in the PN compartment® %, Upon 5 min incubation, the distribution of Tfn
445 appeared nonuniform in ARF3"T expressing cells, with sparse Tfn* vesicles clusters
446  observed throughout the cell, mostly within the PN space (“semi-clustered”), similarly
447  to non-transfected cells (Supplementary Figure 11 a,b). In contrast, a higher fraction
448  of the cells expressing ARF3K127E and ARF3L12VIDSTV showed Tfn* vesicles enriched
449  within the PN region (“clustered”) (Supplementary Figure 11 a-b’). In cells incubated
450 for a longer time with Tfn, both mutants showed an even stronger cargo accumulation

451  (Figure 6a-b’; Supplementary Figure 11c).
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452  To further assess possible defects in recycling, cells incubated for 30 min with Tfn
453 were stained for Rab5 and Rab11, early (EE) and recycling (RE) endosome markers,
454 respectively®7' The fraction of internalized Tfn co-localizing with Rab5* vesicles was
455  significant higher in ARF3X1%7E and ARF3Y2W067V gxpressing cells compared to the
456 control cells (Figure 6¢,d). A similar trend was observed with respect to Rab11, which
457 was statistically significant for ARF3-'2/067V (Sypplementary Figure 12). These
458 findings indicate a dominant behavior of ARF3X127E and ARF3-12¥/P57V in causing cargo
459 transport delay. None of the other mutants showed altered behavior.

460 Not recycled Tfn is normally eliminated via the lysosomal pathway’>7% . To evaluate
461 mis-targeting of the Tfn to lysosomes or overload of the degradative pathway, cells
462 incubated with Tfn for 30 min were stained with the lysosomal marker Lamp2.
463 Compared to cells expressing ARF3WT, only cells expressing ARF3P%N showed a
464 significant increase of the fraction of Tfn colocalized with Lamp2 at the PN.
465 Nevertheless, expression of all mutants except ARF3P47S was associated with a
466 significant increased fraction of Lamp2* vesicles colocalized with Tfn (Supplementary
467 Figure 13). Hence, despite the mutation-specific patterns, lysosomes seem to

468 generally increase their Tfn loading in the majority of the mutants.

469 Functional validation in zebrafish confirms the pathogenicity and dominant
470 mechanism of action of ARF3 variants

471  We expanded our in vivo validation by investigating a possible variable impact of all
472  the identified ARF3 mutants on embryogenesis. To this aim, myc-tagged WT and
473  mutant ARF3 mRNAs were microinjected at one-cell stage zebrafish embryos (Figure
474 Ta). As anticipated, endogenous arf3 is detected at early stages of embryogenesis
475 (ie., before MZT) and it accumulates only later starting at late blastula/early gastrula
476 period (Supplementary Figure 9). In the injected embryos, we profiled the expression
477 timing of Myc-tagged protein and determined a subtle expression of both WT and
478 mutant ARF3 before MZT, with a clear increase only later during development. This
479  pattern mimicked the endogenous arf3 expression (Supplementary Figure 14).

480 Injected embryos were sorted based on the expression of GFP-CAAX (used as
481 injection marker), and developmental progression was followed from early time points
482  of gastrulation till 48 hours post fertilization (hpf) embryos (long-pec stage) (Figure 7a-

483 b’), when morphogenesis is nearly completed and sub-compartmentalization of
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484  different neural structures can be appreciated’®. Embryos expressing each of the
485 tested ARF3 mutants showed significant phenotypic alterations compared to siblings
486  expressing ARF3"T and not injected controls, Compared to normal development (class
487 ), mutant embryos showed variable degree of survival rate and developmental delay
488 (class ll) (Figure 7c-c”, Supplementary Fig.15a). A statistically significant decrease
489  in the survival rate of embryos expressing ARF3“'?7E was documented (Figure 7¢"),
490 and morphogenesis appeared particularly perturbed both at the level of the head and
491  trunk for a significant fraction of embryos. For the majority of the analyzed mutants, a
492  substantial fraction of embryos (2 25%) showed mild or severe phenotypes (class |
493 and |V, respectively) that were characterized by reduced head size, with/without
494  microphthalmia, and/or mild shortening and lateral bending of body axis (class lll), or
495 considerably reduced head (microcephaly or anencephaly) and eye size, with marked
496 reduction of the trunk, defective body elongation and severe lateral bending (kinked
497 notochord, class IV) (Figure 7c-c”', Supplementary Fig.15a).

498 To validate the mechanism of action and further test the dominant behavior of the
499 ARF3 variants in vivo, we directly compared the observed ARF3 overexpression
500 phenotype with that obtained by downregulating endogenous arf3 via translation
501  blocking morpholino (MO) approach, targeting both arf3a and arf3b maternal and
502  zygotic translation. At 24 hpf, fish injected with MO against arf3a and arf3b showed a
503  subtler phenotype, with a prevalence of class Il phenotype (developmental delay), and
504 only a small percentage (< 8%) of animals showing the characteristic body curvatures
505 observed in fish expressing ARF3 mutants (Figure 7d,d’). These defects increased
506 only later in development but remained < 20% on average (Figure 7d""). Moreover,
507 contrary to fish expressing ARF3 mutants, we did not observe severely affected
508 embryos among the arf3 MO-injected embryos (Figure 7d-d") nor significant death
509 (Supplementary Fig.15b). Notably, the incidence of the observed phenotype
510 increased with increasing MO doses (Figure 7d-d""), and by 48 hpf a significant rescue
511  of the phenotype could be observed when co-injecting mRNA encoding ARF3WT
512 (Figure Te-e'), demonstrating the specificity of the phenotype in relation to arf3
513 downregulation.

514 The MO approach had previously been used as tool to test the genetic mechanism of
515 action in vivo, assuming that downregulation of endogenous protein expression
516 alleviates the phenotypes associated with CA mutants but exacerbate the phenotype
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517 of DN mutants’’. Therefore, we performed a set of experiments in which each of the
518 pathogenic ARF3 alleles was co-injected with arf3/b MO (+MO). When we statistically
519 assessed the incidence of phenotypes in “+MO” conditions against those observed by
520 injecting solely mutant ARF3 mRNA (-MO), a significant worsening of the most severe
521  traits was documented in for ARF3K127E (class IV), ARF3-12V08V and ARF3T*2M (both
522  for class lll). On the other hand, we observed a significant alleviation of the phenotype
523 (class Ill) in embryos expressing ARF3P%N and co-injected with arf3a/b MO. We did
524 not observe any substantial change in the phenotype severity for ARF374'S (Figure
525 Tf). A ratio between the percentage of embryos showing the most severe traits,
526 including class IV and V (deceased fish) with or without MO confirmed the trend for
527 most of the mutants (Figure 7f). Altogether, these data provided in vivo evidence of a
528 dominant mechanism of the identified disease-causing variants, clearly distinguishable
529 from the arf3 loss-of-function effect. Moreover, corroborating the in vitro results, these
530 findings supporta DN mechanism for p.K127E, p.L12V/p.D67V and p.T32N, and a CA
531  behavior for p.D93N.

532 Zebrafish embryos expressing ARF3 mutants recapitulate the variable disease
533 severity

534 To explore further the consequences of ARF3 mutations on neurodevelopment, we
535 more accurately characterized zebrafish head and brain phenotype. At 24 and 48 hpf,
536 compared to not injected controls and siblings expressing ARF3"T, we registered a
537 significant reduction of the head area for p.K127E and p.L12V/D67V, with the most
538 severe cases lacking the frontal part of the brain and eyes (Figure 7b’; Figure 8a,b).
539 Phenotypic assessment at later stages (4.5 days post fertilization, dpf) documented
540 appearance of microcephaly also in embryos expressing ARF3P®N while none of the
541  other mutants showed significant changes (Figure 8b’).

542 These in vivo measurements resembled the variable clinical traits reported in patients,
543 with only Subjects 1 (p.K127E) and Subject 2 (p.L12V/p.D67V) showing severe
544 microcephaly at birth, and Subject 4 (p.D93N) displaying post-natal microcephaly
545 (Figure 8b", Supplementary Figure 1, Supplementary Table 1 and clinical
546 reports).

547 Next, taking advantage of our live whole-brain/embryos samples, we examined the

548  anterior brain volume in fish exhibiting early- and late-onset microcephaly as well as
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549 embryos expressing ARF3P47S, which was associated to a mild reduction within the
550 developing forebrain in Subject 3 (Supplementary Figure 1, Supplementary Table
551 1 and clinical reports). To this aim, we employed the NBT:dsRed transgenic line,
552 labeling differentiated neurons. Volumetric reconstructions from live confocal z-stack
553 acquisitions confirmed a significant reduction of the brain volume for ARF3*'?7E and
554 ARF3-"2VIDSV (Eigure 8¢,c’).

555  Additional volumetric measurements obtained from fixed specimens at 48 hpf by
556 labeling mature axonal and neuronal structures confirmed the observed brain volume
557 reduction for ARF3X'27E (Supplementary Figure 16). Of note, despite head
558 measurements documented only a delayed effect of ARF3P®N and did not show
559 significant changes for ARF3P47S the volumetric analysis of the anterior brain at 48 hpf
560 was able to capture a significant reduction of brain mass for both mutants (Figure
561 8c,c').

562 Defective formation of the forebrain commissural fibers of the corpus callosum (CC) is
563 acommon feature of all patients. No evolutionary related structure has been described
564 in teleost fish; nevertheless, the anterior commissure (AC) is the major white matter
565 structure within the developing telencephalon. Likewise CC, AC consists of thick
566 axonal bundles connecting the two hemispheres of the telencephalic forebrain. To
567 expand our brain phenotyping, we assessed AC formation in 48 hpf fish injected with
568 WT and mutant ARF3 mRNA by using staining against anti-acetylated tubulin to
569 visualize the axonal bundles. A significant reduction in the width of the AC lateral
570 bundles was observed for all the ARF3 mutants. A stronger effect was recorded for
571 ARF3KZE ARF3UI2VIDSTV and ARF3P¥MN when the width of the entire AC was
572 considered (Supplementary Figure 17).

573 Altogether, the morphometric parameters measured in vive are consistent with the
574 variable degree of impaired brain development as a distinctive feature of the disease,
575 and support the occurrence of telencephalic white matter defects as a common trait of
576 this new Golgipathy. Our findings further document a severe effect on brain
577 developmentfor the p.K127E and p.L12V/D67V ARF3 substitutions in zebrafish, which
578 captures the severity of phenotype observed in Subject 1 and 2.

579 Aberrant ARF3 function induce proliferation and cell cycle defects within the

580 anterior brain
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581 Cortical malformations resulting in microcephaly are often caused by aberrant
582 neurogenesis underlying altered proliferation and cell cycle progression, which
583 ultimately lead to premature stem cell death”®®!, To test this hypothesis and probe into
584 the mechanism causing reduced brain volume in mutant embryos, we examined the
585 proliferative status and quantified cell death. By performing whole-brain
586 immunohistochemistry using anti-proliferating cell nuclear antigen (PCNA) and anti-
587 phospho-histone 3 (pH3) antibodies, we queried the proliferative and mitotic ability of
588  precursor cells at 48 hpf within the forebrain proliferative zone (pz), which is clearly
589 discernible from ventral confocal images (Figure 8a,b). The number of pH3* cells
590 within this region was significantly reduced in embryos expressing ARF3%127E: a similar
591 trend was observed for ARF3112VD87Y and ARF3P®N expression fish (Figure 9b,c). In
592  addition, we detected changes in the overall distribution of proliferative cells within the
593 dorsal brain domain, which ectopically invaded the midbrain territory normally
594 populated by differentiated neurons and nerve bundles (tectal neuropil)®22, with a
595 stronger effect observed for ARF3X127E and ARF3%® (Supplementary Figure 18a-
596 h). This pattern indicates the occurrence of a complex impairment of the developmental
597  processes within the anterior brain. No major changes in the total number of pH3* cells
598 were observed except for an increase in the cerebellum in ARF3P%N expressing fish
599  (Supplementary Figure 18i-k).

600 Next, by assessing the known chromatin morphology by inspecting pH3 staining
601 appearance, we profiled cells with respect to cell cycle stage®*. Compared to controls,
602 significant alterations in the relative proportion of mitotic cells between early phases
603 (prophase/prometaphase), metaphase or late phases (anaphase/telophase) were
604 observed in embryos expressing the ARF3 mutants with the exception of ARF3P47S,
605 Specifically, precursor cells scored a higher percentage of pH3™ cells in
606 prophase/prometaphase at the expenses of later cell cycle stages, suggesting a delay
607  or arrest in early mitosis (Figure 9b,d,e).

608 Precursor cells failing to progress through cell cycle are normally targeted to apoptosis
609 via mitotic surveillance systems®®. Similar mechanisms activated during aberrant
610 neurogenesis deplete the pool of stem cells available for neurogenesis and brain
611  growth, and result in microcephaly®®%7. To test this possibility, we next assessed cell
612  death rate within the forebrain of our fish mutants by live embryo staining with acridine

613 orange (AQ). The analysis showed a significant increase of AO* spots (i.e., dying cells
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614 and/or apoptotic bodies) in ARF3%'#E and ARF3Y'2¥/DSTV expressing fish (Figure 9f
615 and g, upper graph). This finding is in line with the clinical and functional in vive data
616  reporting p.K127E and p.L12V/D67V as the ARF3 amino acid substitutions associated
617  with the most severe phenotype characterized by early-onset microcephaly in patients
618 and severe head area reduction in fish, respectively. Increased cell death was also
619 recorded for ARF37¥S and ARF3P%®N expressing fish when a larger area of the
620 forebrain including the eyes was examined (Figure 9g, lower graph).

621  Last, given the importance of Golgi for the establishment and the dynamics of mitotic
622 spindles in dividing precursors®-90 we asked whether spindle aberrations could at
623 least partially explain the cell cycle alterations observed in fish, as previously reported
624 in a number of cortical malformations with microcephaly®'-#3. We took advantage of
625 the transgenic line Tg(XIEeflal:dclk2DeltakK-GFP) marking microtubules in early
626 embryos, and investigated metaphase spindles morphology within the anterior ventral
627  brain in live embryos expressing ARF3"T, ARF3X'27E and ARF3%*N, causing early- vs
628 late-onset microcephaly. Compared to controls, aberrantly elongated spindle
629 morphology was recorded for both mutants (Supplementary Figure 19), indicating a
630 common effect on spindle microtubules organization, likely explaining the similar
631 impact on cell cycle.

632 Collectively these data suggest a complex impact of different ARF3 mutants on
633 neurogenesis and point to an impaired balance between precursors' cell mitosis and
634 cell death as a mechanism contributing to the observed neurodevelopmental
635 phenotypes.

636 ARF3 mutants variably impact PCP-dependent axes formation in early zebrafish
637 development

638 We detailed the morphological defects and developmental processes implicated in the
639 observed body curvature. We focused on the notochord, which supports the body
640 elongation along the anterior to posterior axis (AP) and spine formation®, and whose
641 altered development has been associated with CA ARF1 in fish*’. We documented the
642  occurrence of multiple notochord curvatures of variable degrees in animals expressing
643 each of the ARF3 mutants except ARF374’S (Figure 10a-c). Quantification of the
644 degree of bending (180°: normal; 179° 2 angle 2 110°: mild; angle < 109°: severe)
645 showed a similar incidence of mild and severe bending (in > 90% of embryos) in fish
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646  expressing ARF3Y127E and ARF3L'MIEETY (Figure 10b,c), in line with the overal| severity
647  of the skeletal phenetype characterizing subjects 1 and 2 (Supplementary Figure 1,
848 Supplementary Table 1 and clinical reports). Overall, all mutants expect ARF3747%
648 showed a significant higher number of notochord curvatures (Figure 10c¢’).

650 We further examined the underlying causes of the perturbed body trunk and notochord
651 morphogenesis by tracing back axes establishment in development. First, we
652 examined patterning and morphogenesis in animals in their segmentation stage (15
653  hpf), During this period, the embryo AP and medio-lateral (ML) axes are already
654 established and somitogenesis occurs, MRNA levels of Krox20 and MyaD (markers of
655 the hindbrain rhombomeres in the anterior cephalic domain and of developing somites
656  from the paraxial mesoderm, respectively) were assessed in whole-mount embryos by
657 in situ hybridization (ISH). While proper patterning of cephalic region and paraxial
658 mesoderm was in place, we observed a veriable perturbation of the AP and ML axes
659 in the ARF3 mutants (Figure 10d,e). Embryos expressing ARF3 mutants showed a
660 clear shortening of the AP length compared to WT (Figure 10e,f). Consistently,
661 the number of somites in mutant embryos was also reduced (Supplementary Figure
662 20). Expansion of the paraxial tissue in the ML axis was also apparent for some
663 mutants (Figure 10e) The data pointed to a defective convergence-extension (CE)
664 process, which was evident for all mutants except ARF3™7¢ when the CE index (ie.,
665 the ratio between the AP extend and ML extend of the anterior somites) was assessed
666  (Figure 10 e,g). For both AP and ML axes defects, severely affected embryos were
667 more prevalent among those expressing ARF3%127E,

668 Lasily, benefiting from the transparent and fast zebrafish development, we assessed
669 the time occurrence of axes defects |inked to gastrulation (and thereby CE)
670 perturbation by investigating earlier stages (Supplementary Figure 21a). Already
671 between 10 - 13 hpf, when segmentation has just started, brain thickenings and tail
672  bud are visible at the very anterior and posterior end of the embryo, respectively, as a
673 result of correctly orchestrated gastrulation movements™. By measuring the angle
674 between the developed cephalic and caudal structures at this stage, we documented
675 a reduced embryo elongation (likely due to aberrant /delay gastrulation) for ARF3%127&
6876 and ARF3"¥¥ (Supplementary Figure 21b,c), indicating an early impact of these

677  mutants on axes formation.
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678 Perturbed cell movements were further confirmed in live embryos expressing
679 ARF3K'Z’E \which exhibited the strongest effect in terms of axis elongation (AP, ML).
680 Early embryos (6 — 7 hpf) showed reduced epiboly and impaired gastrulation, which
681  ultimately resulted in in defective head and tail bud formation (Supplementary Figure
682 21d,e). Of note, cells expressing the mutant appeared mostly round, with a reduced
683 number of protrusions, with respect to cells expressing the WT protein
684 (Supplementary Figure 21d-f), suggesting occurrence of altered polarity
685 establishment and cytoskeletal organization as an early molecular event, in line with
686 the emerging roles of Golgi in instructing cell polarity®.

687 These in vivo findings demonstrate impairment of axes formation of variable degree as
688 a common trait of the mutants causing skeletal deformities in patients, broadly
689 recapitulating the severity of the clinical phenotype, and trace back the mechanism to

690 a compromised PCP-dependent CE cell movement for the severe cases.
691 Discussion

692 Controlling organelle stability, targeted trafficking of proteins and lipids and signaling,
693 the highly conserved ARF GTPases contribute to cell polarity, division and migration
694 ultimately instructing development*%47, Here we identify de novo missense ARF3
695 variants as the molecular event underlying a clinically variable neurodevelopmental
696 disorder characterized by DD/ID and variable CNS defects as common features.
697 Microcephaly and progressive cerebral atrophy occurred in most affected individuals,
698 while epilepsy and skeletal abnormalities were variably documented as associated
699 traits. The clinical phenotype of this disorder is reminiscent of the condition caused by
700 activating mutations in ARFT1%, characterized by DD/ID, microcephaly, delayed
701  myelination, cortical and cerebellar atrophy, periventricular heterotopia and seizures
702 as major features, but also showing periventricular heterotopia. A related
703 neurodevelopmental disorder characterized by DD/ID, progressive microcephaly,
704 failure to thrive, and periventricular heterotopia has been linked to biallelic inactivating
705 variants of ARFGEF2 (ARPHM, MIM: 608097)'%, encoding ARF-specific GEF
706  stimulating the GTPase activation. Consistent with the observed clinical variability, our
707 in vitro data demonstrate variable consequences of the identified disease-causing
708 ARF3variants on protein stability, nucleotide binding activity and exchange, as well as

709 on frans-Golgi and vesicles integrity and function. The differential impact of DN and
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710 CA on Golgi integrity is supported by in vivo validation. Zebrafish models, which
711 recapitulate the pleiotropic effect and the variable strength of each ARF3 variant on
712  developing brain and body axes, offer further insights into the underlying sub-cellular
713 and cellular pathogenic mechanisms.

714  The activity of ARF3 at the frans-Golgi is tightly regulated via a conformational switch
715  controlled by reversible GDP-to-GTP binding, which determine Golgi stability and
716  trafficking?®32, Our structural inspection indicates that the majority of the disease-
717 causing ARF3 mutations affect conserved residues involved in GDP/GTP
718  binding/exchange, previously reported to be mutated in other GTPases of the RAS
719  superfamily (e.g., ARF1, HRAS, KRAS, NRAS, MRAS, RRAS, RRAS2), which cause
720 neurodevelopmental syndromes or contribute to oncogenesis‘®®-1%! (COSMIC
721  database, Supplementary Figure 2a and Supplementary Table 8). Lys'? in ARF3
722  (mutated in Subject 1) is homologous to Lys''7 in HRAS (MIM: 190020), which if
723  mutated cause Costello syndrome (CS [MIM: 218040])'°2, Pro*” (mutated in Subject 3)
724  is homologous to Pro®*in HRAS, KRAS and NRAS. The same Pro-to-Ser change have
725 previously been reported as a somatic event in HRAS underlying vascular tumors',
726 and other changes affecting this residue in KRAS, HRAS and NRAS have been
727 described in RASopathies'®*1% (ClinVar IDs: VCV000040454, VCV001052630,
728 VCV000039647). Furthermore, a missense change affecting the adjacent residue in
729  ARF1 (p.Thr48lle) was observed in a patient with clinical features overlapping with the
730  present series'®. In HRAS and KRAS, mutations affecting Thr®, which is adjacent to
731  the aspartic acid residue homologous to Asp®” in ARF3 (mutated in Subject 2), have
732 causally been linked to RASopathies'?*107.1%_Consistent with our findings, a recent
733  report identified two missense changes affecting Asp®” and Arg” of ARF3 in patients
734 showing severe microcephaly at birth and progressive cortical and brainstem atrophy
735 and epileptic seizures, and neurodevelopmental delay, cerebellar hypoplasia and
736  epilepsy, respectively®. Finally, both p.Pro47Ser and p.Asp67Val affect a conserved
737  hydrophobic region of ARF3 involved in effector binding?*3.19% with molecular
738  dynamics simulations suggesting a major perturbation exerted by p.Pro47Ser on ARF3
739 binding to effectors. These considerations stimulate future studies aimed to
740 demonstrate whether effector binding in these mutants is qualitatively and/or
741 quantitatively altered.
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742  Our in vitro data show an altered behavior of all ARF3 mutants in terms of stability and
743 GTP binding. Among these, two amino acid changes, p.D93N and p.P47S, were
744 classified as CA, with the former exhibiting the strongest activation, in line with the
745 severe and milder phenotypes observed in patients harboring these variants,
746 respectively. The GTP binding behavior of the p.T32N substitution could be classified
747 as DN, while a more complex behavior emerged for p.K127E and p.L12V/D67V
748 variants. The dramatically accelerated degradation of the two ARF3 mutants and
749 reduced absolute levels of their GTP-bound forms cannot rule out the possibility of a
750 loss-of-function behavior, which is in contrast with the activating role of the
751 p.Lys117Arg substitution in HRAS causing upregulation of MAPK signaling in Costello
752  syndrome'02110_ Similar to this variant, however, biochemical investigation performed
753 on purified proteins in a cell-free system demonstrates an increased nucleotide
754 exchange rate and exclude any significant impact of on the GTPase catalytic activity.
755 The reduced activity of the purified ARF3L'2Y057V is instead in line with the structural
756  prediction, anticipating a destabilization of both GTP and GDP binding via impaired
757 coordination with Mg?*. It should be noted that myristylation is not achieved in the
758  bacterial expression system employed to purify the proteins and the used cell-free
759 assay does not account for the relevance of the lipid bilayer on the structural
760 rearrangement of the GTPase and its and function®:1"", Future dedicated experiments
761  are required to more accurately examine the biochemistry of these mutants.

762  To functionally characterize the behavior of ARF3 mutants we profiled their impact on
763  Golgi morphology. While depletion of ARF1 or ARF3 was not reported to affect Golgi
764  structure?®, a differential impact of DN and CA forms is known. Golgi fragmentation
765  with dispersion of specific Golgi associated and coat proteins (beta-COP) is reported
766  for DN ARF mutants®®*°%' while an extension of the Golgi compartment, with swelling
767 of Golgi and COP-| vesicles resulting in a sustained vesiculation has been associated
768 with expression of constitutively active mutants® 2. The observed frans-Golgi and
769 vesicle morphotypes identify different functional classes, mirroring CA and DN
770 behaviors. The pathophysiological relevance of these findings for embryonic
771  development are supported by in vivo analysis of live frans-Golgi morphology in early
772 zebrafish embryos overexpressing ARF3X'27E and ARF30%N,  Nevertheless, the
773 molecular mechanism by which aberrant ARF3 function causes different Golgi
774  fragmentation patterns and the extent to which antero-retrograde transport might be
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775 impaired due to defective COP-| assembly and function remains to be determined. In
776  this context, it should be noted that the specific Golgi phenotype shown by p.K127E,
777 p.L12V/D67V and, to a less extend, p.T32N are reminiscent of the BFA-induced effect
778  in cells. Upon treatment with BFA, ARF-GDP-GEF complex titrates the available GEF
779 molecules away from the other ARF proteins, inhibiting their function*?. Indeed, only
780 co-occurring loss of function of multiple ARF proteins is able to perturb organelle and
781  vesicle integrity?112,

782  Defective Golgi stability and activity is an emerging cause of cortical malformation'2.
783 The finding of fragmented Golgi in cells and embryos expressing the disease-
784 associated ARF3 mutants assigns this disorder to the recently defined family of
785 “Golgipathies”, a group of heterogenous neurodevelopmental disorders clinically
786 characterized by a wide spectrum of CNS abnormalities 273, Even if not detailed and
787 therefore not easily comparable to our work, the recent functional investigation carried
788  out by Sakamoto et al. on two ARF3 mutations causing a similar neurodevelopmental
789  condition corroborates the present findings.

790 Regulated transport through the endolysosomal system assists the differential
791  targeting of cargos containing signaling molecules, polarity and morphogenic factors
792 to membrane or to frans-Golgi network for retrieval or to lysosomal degradation. The
793 importance of a healthy machinery to support this choice is just starting to gain
794  attention in the context of development and disease’ 113, Of note, our experiments with
795 fluorescently labeled Tfn in combination with staining for EE, RE and lysosomes
796  unravel a cargo accumulation and delayed recycling in cells expressing ARF3 mutants
797 specifically leading to early-onset microcephaly and severe skeletal defects.
798 Interestingly, only an increased lysosomal Tfn cargo delivery seems to occur for
799 p.DO3N causing late-onset microcephaly and mild skeletal deformities. The data also
800 suggest a general overload of the lysosomal system for all mutants, the relevance of
801  which should be further investigated. Thereby, besides the clear distinction in Golgi
802 morphological patterns, a variable impact on the efficiency of sorting and transport
803 seemto underlie the variable severity observed in our patients. Adding to our evidence,
804 impaired endosomal trafficking of EGF sighaling components and Tfn recycling
805 underlie proliferative defects recently identified as a major cause of a

806 neurodevelopmental disorder with microcephaly'4115,
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807 The attentive in vivo investigation performed here makes a strong case for the
808 importance of correct ARF3 function during a number of processes supporting
809 embryogenesis. First, the extensive phenotypic characterization in zebrafish provides
810 sufficient evidence of the pathogenicity of all the identified ARF3 variants and their
811 dominant nature. In line with the Golgi phenotype observed in vitro, overexpression of
812 ARF3 mutants and downregulation of endogenous arf3 in zebrafish embryos
813 corroborate the DN (p.K127E, p.L12V/D67V, and p.T32N) and CA (p.DS3N) behaviors
814  in vivo.

815 Independently of the specific mechanism of dominance, all mutants modelled in fish
816 recapitulated the involvement of brain and axes malformations, and the variable
817 strength of the disease manifestation. Strikingly, likewise patients, overexpression of
818 ARF3K27E gpnd ARF3LIVIOENV produce early-onset severe microcephaly in fish, while
819 fish expressing ARF3%"™ show late-onset microcephaly. Furthermore, in depth brain
820 analysis documents underlying brain volume reduction and validates defective
821 forebrain white matter as a common feature of this neurodevelopmental disease. In
822 line with these results, a severe vs mild clinical phenotype was anticipated in the yeast
823 arfl mutants involving Lys'” and Asp®, documenting complete or incomplete
824 dominant lethal phenotypes, respectively®,

825 Mechanistically, our in vivo work also provides insights into the processes that might
826  hinder neurogenesis and contribute to the neurodevelopmental defects. Our cell cycle
827  profiling experiments indicate a possible delay of the mitosis in the early stages and
828 anincreased cell death within the developing anterior brain for the majority of the ARF3
829 fish mutants. A "Golgi check point” sensing Golgi integrity and correct segregation has
830 been suggested as an additional level to control cell cycle progression''®, whose
831 contribution to the observed brain growth and morphogenesis defects is worth of
832 further investigation. On the other hand, our forebrain recording during development
833 determined the occurrence of altered spindle morphology in microcephaly-causing
834 ARF3 mutants, which might ultimately underlie mitotic arrest and cell death.
835 Supporting this hypothetic scenario, mitotic arrest resulting in increased apoptosis of
836 cells with aberrant spindle are appreciated as pathological mechanisms underlying
837 conditions characterized by cortical malformations and microcephaly, some of which
838 already successfully modelled in zebrafish® 819283117  The involvement of Golgi

839 function in cell division, microtubule organization and spindle formation is
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840 recognized®® In line with our data, elongated spindles result from depletion of the
841 constituent Golgi proteins, which keep the integrity of the organelle in mouse cocyte®™.
842 The role of ARF1 in mediating Golgi morphological changes during mitosis*3, and the
843 function of class | ARF proteins in controlling proliferation have been reported8.119,
844  including the ARF3 involvement on cell cycle progression and apoptosis in gastric
845 cancer''® Our zebrafish data show variably penetrant effects on cell proliferation and
846 death, especially for p.P47S and p.T32N. This resembles the milder effect of these two
847 mutants observed in cells in terms of GA integrity, vesicles assembly and recycling and
848 anticipated by the mildest clinical traits associated with them. An investigation including
849 a larger sample size might further clarify the presence of subtler effects. Conversely,
850 additional, and not explored mechanisms might produce the mild phenotypes
851 observed.

852 Lastly, strengthening the causal association of the described ARF3 mutations to the
853 observed skeletal traits, variable degrees of axial malformations have been highlighted
854 in the generated fish models recapitulating the severity of the disease in human.
855 Likewise in patients, similar defects are associated with DN and CA mutations, with
856 p.K127E and p.L12V/D67V producing the most severe effects. Morphometric and live
857 imaging analysis in early embryonic stages traced back the first assessable effect to
858 defective PCP-mediated cell motility. CE movements, which require a fine tuning of
859 cell polarity factors within cells and are needed to shape the AP and ML axes'20-122
860 are evidently affected by ARF3 mutants. Of note, biosynthetic trafficking and correct
861 function of ER and GA is essential during animal development for regulating
862 morphogens' distribution*®#71% and required for cell polarity establishment and
863 migration, as shown in vitro'?*, nematodes'® and zebrafish'®. Consistent with our
864 findings, fish expressing the CA microcephaly-associated ARF1 mutant show similar
865 PCP-related axial defects*’. Moreover, fish mutants for ARF-interacting COP-I/COP-I|
866 coat components exhibit skeletal and notochord abnormalities associated to Golgi
867 disassembly'? 1%, On the other hand, post-Golgi trafficking and sorting of polarity
868 components also contribute to brain development, underlying correct asymmetric cell
869 division and migration in vertebrate neurogenesis, axon arborization and
870 synaptogenesis*®'®. Along these lines, the impaired function of ARFGEF2 underlying
871 the microcephalic traits observed in patients with ARPHM has been indeed linked to
872 proliferative and migratory defects due to frans-Golgi to membrane trafficking of E-
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873 cadherins and beta-catenin®. The direct contribution of the impaired recycling found

874 in cells to the observed brain defects in vivo remains to be assessed.

875 In conclusion, our work identifies ARF3 as a gene implicated, when mutated, in a
876 clinically variable neurodevelopmental disorder belonging to the emerging class of
877 “Golgipathies"?'3, Our findings specifically highlight a role of ARF3 in the maintenance
878  of trans-Golgi integrity, and document an obligate dependence of early developmental
879 processes and brain morphogenesis on proper function of this GTPase. The generated
880 in vivo models represent a tool that can be exploited to deepen our understanding on

881 the pathological mechanisms underlying the disease.
882 Methods

883 Subjects

884 The study has been approved by the local Institutional Ethical Committee of the
885 Ospedale Pediatrico Bambino Gesu IRCCS (OPBG), Rome (1702_OPBG_2018).
886 Subject 1 was analyzed in the frame of a research project dedicated to undiagnosed
887 disorders (Undiagnosed Patients Program, OPBG), while the other subjects were
888 referred for diagnostic genetic testing. Clinical data and DNA samples were collected,
889 stored and used following procedures in accordance with the ethical standards of the
890 declaration of Helsinki protocols, and after signed consents from the participating
891 families. The authors affirm that human research participants provided informed
892 consent for publication of the images in Supplementary Figure 1 and of clinical
893 information potentially identifying individuals.

894 Exome sequencing analysis

895 In all families, WES was performed using DNA samples obtained from leukocytes and
896 a trio-based strategy was used. Target enrichment kits, sequencing platforms, data
897 analysis, and WES statistics are reported in Supplementary Table 3-7 and in the
898 Supplementary Methods. WES data processing, read alignment to the
899 GRCh37/hg19 version of genome assembly, and variant filtering and prioritization by
900 allele frequency, predicted functional impact, and inheritance models were performed
901 as previously reported'-'34 WES data output is summarized in Supplementary
902 Table 3-7. Cloning of the genomic portion encompassing the ¢.34C>G and ¢c.200A>T
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903 missense substitutions (p.Leu12Val and p.Asp67Val; Subject 2) was used to confirm
904 that both variants were on the same allele. Variant validation and segregation were

905 assessed by Sanger sequencing in all the subjects included in the study.

906 Structural analysis and molecular dynamics simulations

807 The structural impact of the disease-associated missense changes was assessed
908 using the available three-dimensional structures of human ARF3 complexed with GTP
902 and V. vulnificus multifunctional-autoprocessing repeats-in-toxin (MARTX) (PDB 6ii6,
910 https://www.rcsb.org/structure/6ii6)%2. The structure was visualized using the VMD
911  visualization software v.1.9.3'* A model of GTP-bound ARF3 interacting with the
912 cytosolic coat protein complex subunits y-COP (COPG1) and {-COP (COPZ1) was
913  built using the SWISS-MODEL automated protein structure homology modeling server
914  (http//swissmodel.expasy.org)'*® using the 2.90 A resolution X-ray structure (PDB

915 3TJZ)%. Alignment of template and model amino acid sequences is reported in
916 Supplementary Figure 21. The p.Asp67Val and p.Pro47Ser mutations were
917 introduced using the UCSF Chimera v.1.15"¥7. The side-chain orientations were
918 obtained with the Dunbrack backbone-dependent rotamer library'28, choosing the best
919 rotamer with minimal/no steric clashes with neighboring residues. Following
920 protonation of titratable amino acids at pH=7, proteins were added in cubic boxes and
921 solvated in water. Counter-ions were added to neutralize the charges of the system
922  with the genion GROMACS tool'®, After energy minimizations, the systems were
923  slowly relaxed for 5 ns by applying positional restraints of 1000 kJ mol™ nm?2to atoms.
924  Unrestrained simulations were carried out for a length of 500 ns with a time step of 2
925 fs using GROMACS 2020.2. The CHARMM36 all-atom force field? was used for the
926  protein description and water molecules were described by TIP3P model'!. V-rescale
927 temperature couplingwas employed to keep the temperature constant at 300 K'*2, The
928 Particle-Mesh Ewald method was used for the treatment of the long-range electrostatic
929 interactions'4?, The first 5 ns portion of the trajectory was excluded from the analysis.

930 All analyzes were performed using GROMACS utilities.

931 Expression constructs and in vitro mRNA synthesis
932 The full-length coding sequence of WT human ARF3 (NM_001659.3) was obtained by
933 PCR and cloned into the pcDNA3.1/myc-BHis eukaryotic expression vector (Life

934 Technologies). The disease-associated substitutions were introduced in the
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935 pcDNA3.1/myc-6His expressing ARF3 WT and into pcDNA3/hAM3(WT)-mCherry
936 (plasmid 79420, Addgene)'** by site-directed mutagenesis (QuikChange Il Site-
937 Directed Mutagenesis Kit, Agilent Technologies, 200522-5). For zebrafish expression
938 experiments, the myc-tagged (C-terminus) WT and mutant ARF3 segquences or
939 mCherry-tagged plasmids were subcloned into the pCS-Dest vector (plasmid 22423,
940 Addgene)'* via LRIl clonase-mediated recombination (ThermoFisher, 12538120).
941 pCS-Dest-mKOFP2-CAAX and pCS-Dest-EGFP-GalT were generated by subcloning
942 the ADDGENE plasmids 75155 and 1192946, respectively. Plasmids were digested
943  and linearized with Kpnl-HF (NEB New England Biolabs, R31428), and mRNA was
944  produced using mMessage mMachine SP6 transcription kit and poly(A) tailing kit
945 (Thermo Fisher, AM1340). All cloned sequences were confirmed by bidirectional DNA

946 sequencing.

947 COS-1 cell culture and transient transfection assays

948 COS-1 cells (CRL-1650-ATCC) were cultured in Dulbecco’ s modified Eagle's medium
949 supplemented with 10% heat-inactivated fetal bovine serum (FBS, GIBCO, 10270-
950 106), 1x sodium pyruvate (EUROCLONE, 11360-039) and 1x penicillin-streptomycin
951 (EUROCLONE, ECB3001D), at 37 °C with 5% CO2. Subconfluent cells were
952 transfected with plasmids encoding myc- or mCherry-tagged WT and mutant ARF3,
953 EGFP-GalT (Addgene, 11929,'%) and GFP-rab11 (Addgene, Plasmid #12674)'%
954 using FUGENE 6 (Promega, E2691), according to the manufacturer's instructions.

955 Zebrafish husbandry

956 Zebrafish NHGRI, Tg(Xla.Tubb:DsRed)'*® and Tg(XIEeflal:dclk2DeltaK-GFP)'4¢
957 were cultured following standard protocols. Fish were housed in a water circulating
958 system (Tecniplast “) under controlled conditions (light/dark 14:10, 28 °C, 350-400 uS,
959 pH 6.8-7.2) and fed daily with dry and live food. All animal experiments were conducted
960 under the approval of the Italian Ministry of Health (DGSA -Direzione generale della

961 sanita animale e dei farmaci veterinari, 23/2019-PR).

962 ARF3-myc immunoblotting in COS-1 and in zebrafish embryos

963 Transfected COS-1 cells were lysed in radio-immunoprecipitation assay (RIPA) buffer,
964 pH 8.0, containing phosphatase and protease inhibitors (Sigma-Aldrich, P5726,
965 P0044, P8340). Lysates were kept on ice for 30 min and centrifuged at 16,000 g for 20
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966 min at 4 °C. Samples containing an equal amount of total proteins (15 pg) were
967 resolved by 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel (Biorad, 1610185).
968 Proteins were transferred to nitrocellulose membrane using a dry transfer system
969 (Biorad), and blots were blocked with 5% non-fat milk powder (Biorad, 170-6404) in
970 Phosphate-buffered saline (PBS) containing 0.1% Tween-20 for 1 hours at 4 °C and
971  incubated with mouse monoclonal anti-Myc (1:1000, Cell Signaling, 22768), mouse
972  monoclonal anti-B-tubulin (1:1000, Thermo Fisher, 32-2600), mouse monoclonal anti-
973 GAPDH (1:1000, Santa Cruz, sc-32233) and anti-mouse HRP-conjugated secondary
974  antibody (1:3000, Thermo Fisher, 31450). For zebrafish immunoblots experiments,
975 total protein lysates from a pool of non-injected control zebrafish embryos and from
976 siblings injected with myc-tagged ARF3"T and mutant ARF3 different stage of
977 development were obtained by syringe homogenization in cold lysis buffer (Tris HCI
978 10 mM pH 7.4; EDTA 2 mM; NaCl 150 mM; Triton X-100 1% supplemented with 1X
979 protease inhibitors cocktail (Roche, 11836170001) and equal amounts of protein
980 extracts (40 pg) were separated on a 12% Sodium dodecyl sulfate (SDS)-
981 polyacrylamide gel. The total protein concentration was determined by the Bradford
982 assay (Bio-Rad) using Infinite M Plex (Tecan). After electrophoresis, the proteins were
983 transferred to PVDF membrane using a wet transfer system (Biorad, for myc-tagged
984 ARF3 mutants at 6 and 12 hpf) or nitrocellulose membrane using Trans-Blot Turbo
985 Transfer System (Biorad, myc-tagged ARF3 mutants from 1.75 to 3.7 hpf). Blots were
986 blocked with 5% non-fat milk powder (Biorad) or bovine serum albumin (BSA, Sigma-
987  Aldrich, A8022-100G) in PBS containing 0.1% Tween-20 (Sigma-Aldrich, P2287)
988 overnight at 4°C constantly shaking and incubated with primary antibody in blocking
989 solution. The following primary antibodies were used: mouse monoclonal anti-myc
990 (Cell Signaling, dilution 1:1000, 2276), rabbit polyclonal anti-GAPDH (1:1000,
991 Genetex, GTX124503). Following washes in PBST 0.1%, membranes were incubated
992  with anti-mouse- (1:3000, Thermo Fisher, 31450) and anti-rabbit-HRP-conjugated
993 secondary antibodies (1:3000, Thermo Fisher, 31460). Immunoreactive proteins were
994 detected by an enhanced chemiluminescence (ECL) detection kit (Thermo Fisher,
995  34095) according to the manufacturer’s instructions, and an Alliance Mini HD9 with Q9
996 Mini 18.02-SN software (Uvitec) was used for chemiluminescence detection.
997 Uncropped blots are provided in the Source data file and Supplementary information.
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998 In vitro ARF3 protein stability assays

999 COS-1 cells were seeded at 3x10% in 6-well plates and the following day were
1000 transfected with WT or mutant myc-tagged ARF3 expression constructs for 24 hours.
1001 A subset of transfected cells was then treated with CHX (10 pg/ml) (Sigma-Aldrich,
1002 C7698) for 3 and 6 hours and with proteasome inhibitor MG132 (100 pM) (Sigma-
1003  Aldrich, C2211) or with the autophagy inhibitor bafilomycin A1 (200 nM) (Sigma-
1004  Aldrich, B1793) for 6 hours to assess protein stability and degradation pathways.
1005 Alliance Mini HD9 with Q9 Mini 18.02-SN software (Uvitec) was used for
1006 chemiluminescence detection. Uncropped blots are provided in the Source data file
1007 and Supplementary information.

1008 ARF3 activity (GTP-bound state) assay in COS-1 cells

1009 COS-1 cells (1 x 10°%) were seeded in 100 mm petri dishes and transfected with myc-
1010 tagged ARF3 expression constructs. Twenty-four hours after transfection, cells were
1011 washed twice with ice cold PBS and collected in 50 mM Tris (pH 7.4), 150 mM NaCl,
1012 10mM MgClz, 10% Glycerol, 1% NP-40 with proteases and phosphatase inhibitors
1013  (Sigma-Aldrich, P5726, P0044, P8340). Cell lysates were further subjected to pull-
1014  down using GGA3-conjugated agarose beads (Cell Biolabs, STA-419) and incubated
1015  at 4 °C for 60 min. Control samples were preincubated with 100 uM GDP (Cell Biolabs,
1016 240104) or the GTP analogue guanosine-5'-(y-thio)-triphosphate (GTPyS) (Cell
1017  Biolabs, 240103) for 30 min and then pulled-down according to the manufacturer's
1018 instructions (Cell Biolabs, STA-407-1). For immunoblotting analyzes, pulled down
1019  samples including GTPyS/GDP controls and whole cell lysates were combined with a
1020 2x sample buffer and denatured at 95 °C for S min. Samples were then separated by
1021 SDS-PAGE and incubated with mouse monoclonal anti-Myc and mouse monoclonal
1022 anti-GAPDH antibodies. GTP-bound protein level was detected by an ECL detection
1023 kit (Thermo Fisher, 34577). Alliance Mini HD9 with Q9 Mini 18.02-SN software (Uvitec)
1024 was used for chemiluminescence detection. Uncropped blots are provided in the
1025 Source data file.

1026 Protein expression and purification, nucleotide exchange and GTP hydrolysis
1027 ~measurements

1028 Proteins were isolated as glutathione S-transferase (GST) fusion proteins in E. coli
1029  strain CodonPlusRIL, purified after cleavage of the GST tag via gel filtration Superdex
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75 or 200 (GE Healthcare, 28989333, 28989335). Nucleotide-free and fluorescent
nucleotide-bound ARF3 proteins were using alkaline phosphatase (Sigma-Aldrich,
P0762-250UN) and phosphodiesterase (Sigma-Aldrich, P3243-1VL) at 4°C. Various
fluorescence reporter groups, including Mant and Tamra, have been coupledto 2" (37)-
hydroxyl group of the ribose moiety of GDP and GppNHp (Tamra GTP from Jena
Bioscience, #NU-820-TAM, MantdGDP from Jena Bioscience, #NU-205L). All proteins
were analyzed by SDS-PAGE and stored at -80°C. Fluorescence polarization
experiments were performed in a Fluoromax 4 fluorimeter in polarization mode. The
excitation and emission wavelengths for Mant-deoxy-GDP were 360 nm (Slid width: 8
pm) and 450 nm (slid width: 10 pm), respectively. For nucleotide exchange reactions,
1 uM Mant-deoxy-GDP ARF3, 100 uM GDP, 10 pM ARFGEF BIG2 were used in 200
pl of measurement buffer containing 30 mM Tris/HCI, pH 7.5, 10 mM KzHPO4/KH2PO4,
2 mM MgClz and 3 mM dithiothreitol at 25°C). For GTP hydrolysis activity 1uM of
Tamra-GTP bound proteins were used with the excitation, wavelength of 543 nm (slit
width: 8 micron) and emission wavelength of 580 nm (slit width: 10 micron), in a buffer
containing 30 mM Tris/HCI (pH 7.5), 150 mM NaCl, 5 mM MgCi2, 3 mM dithiothreitol
and a total volume of 200 pl at 25 °C. The observed rate constants (koss) were
calculated by fitting the data as single exponential decay using GraFit software
v.5.0.13 150,

RT-PCR prolife of endogenous arf3a and arf3b mRNAs in zebrafish embryos

To evaluate gene expression of arf3a and arf3b paralogs throughout zebrafish
embryogenesis, total RNA was isolated from whole embryonic tissue samples at
different stages of development (1 — 18 hpf) using TRIzol reagent (Invitrogen,
15596026). The first-strand cDNA was synthesized from total RNA using the
SuperScript™ |V First-Strand Synthesis System (Thermo-Fisher, 18091050)
according to the manufacturer's protocol and DNAse treatment was performed to avoid
genomic DNA contamination. RT-PCR was performed with specific primer sets
annealing on conserved regions of arf3a and arf3b zebrafish paralogs
(ENSDARTO0000103639.5 and ENSDARTO00000053775.3, respectively) using
GoTaq® G2 Green Master Mix (Promega, M7822) (Supplementary Table 11).

Amplification of the elongation factor 1a (eiffa) was used as housekeeping control
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gene. Alliance Mini HD9 with Q9 Mini 18.02-SN software (Uvitec) was used for signal

detection. Uncropped gels are provided in the Supplementary information.

RT-PCR of myc-tagged ARF3 in COS-1 cells

To verify the expression of myc-tagged ARF3-12V/IDETV gnd ARF3P%N after transient
transfection in COS-1 cells, RNA from transfected cells was extracted using RNeasy
Mini Kit (Qiagen, 74104) and the cDNA was retrotranscribed using oligo-dT
SuperScript IV System kit (Thermo-Fisher, 18091050) according to manufacturer's
protocols. The RT-PCR assay was design to map the boundaries between the C-
terminal coding region of ARF3 and the myc-tag sequence (Supplementary Table
11), low number of cycle (ie. n = 15) were used in the PCR reaction to avoid PCR
plateau phase and signal saturation. RT-PCR on GAPDH gene was used as internal
housekeeping control. KAPA2G Fast ReadyMix (Sigma Aldrich, KK5603) was used to
amplify the target sequence, according to protocol instructions. Alliance Mini HD9 with
Q9 Mini 18.02-SN software (Uvitec) was used for signal detection. Uncropped gels are
provided in the Supplementary information.

ARF3 overexpression and arf3a and arf3b downregulation in zebrafish embryos
Injection of in vitro synthesized capped mRNAs encoding myc- and mCherry-tagged
ARF3 (15 pg, ARF3"T, and mutant ARF3), mKOFP-CAAX (15 pg), H2A-mCherry (15
pg), EGFP-GalT (15 pg), EGFP-CAAX (15 pg) and EGFP-GalT (50 pg) was performed
in one-cell stage zebrafish embryos using FemtoJet 4x microinjection system
(Eppendorf). mRNA was produced using mMESSAGE mMACHINE™ SP6
Transcription Kit Poly A Tailing Kit (ThermoFisher, AM1340 and AM1350). Injected
embryos were cultured under standard conditions at 28 °C in fresh E3 medium and for
each batch, not-injected fish were used as controls together with fish injected with the
WT form of ARF3 mRNA. To perform arf3a and arf3b knockdown experiments in
zebrafish embryos, 0.3 mM of each antisense morpholino cligonucleotides (MO, Gene
Tools LLC) targeted specifically to the translational initiation site of arf3a and arf3b
(resulting in 0.6 mM of MO in total) were co-injected into one cell stage embryos
(Supplementary Table 11). All the injected fish were monitored every day, survival
rate and phenotype were scored at 24 hpf and 48 hpf.
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1091  ARF3 protein localization and Trans-Golgi morphology analysis in fixed COS-1
1092 cells

1093 COS-1 cells (20 x 10°) were seeded in 24-well cluster plates onto 12-mm cover glasses
1094 and transfected with WT or mutant mCherry-tagged ARF3 expression constructs for
1095 48 hours. Cells were then fixed with 4% paraformaldehyde for 10 minutes at room
1096 temperature, followed by permeabilization with 0.025% Triton X-100 for 5 minutes at
1097 room temperature. Cells were stained with mouse monoclonal anti-Golgin-97 antibody
1098  (1:50, Invitrogen, A21270) for 1 hour at room temperature, rinsed twice with PBS and
1098 incubated with Alexa Fluor 488 goat anti-mouse secondary antibody (1:200, Invitrogen,
1100 A11017) for 1 hour at room temperature. After staining, coverslips were mounted on
1101  slides by using Vectashield Antifade mounting medium containing 1.5 pg/ml DAPI
1102  (Vector Laboratories, H-1200-10). Images were acquired using a Leica TCS SP8X
1103  laser-scanning confocal microscope (Leica Microsystems) using LAS X software v.3.5
1104 equipped with a pulsed and tunable white light laser source, 405 nm diode laser and 2
1105 Internal Spectral Detector Channels (HyD) GaAsP, and an acousto-optical beam
1106  splitter (AOBS) allowing separation of multiple fluorescence spectra. Sequential
1107 confocal images were acquired using excitation laser lines at 405 nm (for DAPI,
1108  emission range 410-480 nm), 488 nm (for Alexa Fluor 488, emission range 500-550
1109 nm) and 594 nm (for mCherry, emission range 600-650 nm), with a HC PL APO CS2
1110  63x (numerical aperture, NA, 1.40) oil immersion objective (Leica Microsystems), a
1111 1024x1024 format image, 0.38 um pixel size and 400Hz scan speed. Z-reconstructions
1112 were obtained from a z-step size of 0.5 pm, with an electronic zoom of 1.8x. Maximum
1113  intensity projection (MIP) of z-series was obtained by LAS X software v.3.5.
1114  Deconvolution analysis (HyVolution v.2 software, Leica Microsystems) using ‘best
1115  resolution’ algorithm of Golgin-97* cisternae and vesicles was applied to z-stacks with
1116  an electronic zoom of 4x, to improve contrast and resolution of confocal raw images;
1117  then surface 3D rendering was generated from the deconvoluted images using LASX
1118 3D Analysis tool (LAS X software v.3.5). Evaluation of different Golgi morphologies
1119  was performed by creating different masks with Fiji's! to determine the Golgi area
1120 (Golgin-97*) and identify the cell boundaries (Arf3-mCherry*) in transfected cells. Total
1121 cell area, Golgi area and mean intensity (MI) for Golgin-97 were calculated for each
1122 cell. Whole cell area was determined using mCherry fluorescence as a mask. Golgi
1123 mean intensity (Ml of Golgin-97* area, arbitrary units) vs. Golgi area [(Golgin-97*
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1124  areaftotal cell area)*100] were plotted for ARF3WT, ARF3971L and ARF3™'™N and the
1125 parameters giving the best separation between the chosen populations were manually

1126 selected, as reported in Figure 3.

1127 Time-lapse imaging of Golgi dynamics in COS-1 cells

1128  For live imaging, COS-1 cells (10 x 10% were seeded into p-dishes 35 mm (Ibidi)
1128 24 hours before transfection. The day after, cells were co-transfected with WT or
1130  mutant mCherry-tagged ARF3 and EGFP-GalT constructs. Four hours post-
1131  transfection, time-lapse acquisitions were performed with a Leica TCS-SP8X confocal
1132  microscope (Leica Microsystems) with a PlApo CS82 20x/0.75 objective, using
1133  excitation lines at 488 nm (for EGFP, emission range 500-550 nm) and 594 nm (for
1134 mCherry, emission range 600-650 nm). Parallel live imaging of control and mutant
1135 samples was performed simultaneously using the Mark & Find mode of the LAS X
1136 software v.3.5. Cells were monitored every 15 min and imaging was carried out with
1137  a 1024x1024 format, 0.38 um pixel size, scan speed of 600Hz, a zoom magnification
1138 upto 1.5and z-step size of 0.7 pm, Time-lapse microscopy was performed with a stage
1139  incubator (OkoLab) allowing to maintain stable conditions of temperature at 37°C, with

1140 5% of COz and humidity during live cell imaging.

1141 Trans-Golgi analysis in live zebrafish embryos

1142  Trans-Golgi morphology was assessed from single confocal images of the animal pole
1143 of late gastrulae injected with ARF3"T and ARF3 mutants as well as EGFP-GalT and
1144 mKOFP-CAAX mRNA. Images were acquired using a Leica TCS SP8X or Stellaris 5
1145 confocal microscope (Leica Microsystems) equipped with LAS X software v.4.5, a
1146  pulsed and tunable white light laser source, 405 nm diode laser, hybrid detectors, and
1147  an acousto-optical beam splitter (AOBS) allowing separation of multiple fluorescence
1148 spectra, HC FLUOTAR L VISIR 25x/0.95 water-immersion objective, a 1024 x 1024
1149  format at 400 Hz and z-step of 0.75um using laser line and emission filters as above.
1150 Trans-Golgi morphology (EGFP-GalT*) in each cell was scored independently by two
1151 researchers and two different categories of the EGFP-GalT* signal were identified:
1152  cells showing a "“ribbon-like" displayed a recognizable EGFP-GalT" ribbon-like or a
1153  circular or semi-circular compact structure, while if no circular nor ribbon like structure
1154  could be recognized and instead the pattern was more dotted, either with a single large

1155 and small dots recognizable or with spread dots distributed randomly inside the
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1166  cytoplasm, cells were classified as harboring a “non-ribbon/puncta-like” EGFP-GalT*

1157 staining, as indicated in the main text and in Supplementary Figure 10.

1158 Transmission electron microscopy analysis of Golgi morphology

1159 COS8-1 cells were seeded at 2 x 10% in 6-well plates and transfected with ARF3 WT,
1160 K127E and D3N for 48 hours. Cells were then fixed with 2.5% glutaraldehyde in 0.1
1161 M sodium cacodylate buffer (pH 7.2) 1 hour at RT, washed in buffer and post-fixed in
1162 1% OsO4 in 0.1 M sodium cacodylate buffer for 1 hour at RT. Post-fixed specimens
1163  were washed in buffer, dehydrated through a graded series of ethanol solutions (30—
1164 100% ethanol) and embedded in Agar Resin Kit (Agar Scientific, R1031). Ultrathin
1165 sections, obtained by a UCB ultramicrotome (Leica), were stained with uranyl acetate
1166  and Reynolds' lead citrate and examined at 100kV by a Philips EM 208S Transmission
1167  Electron Microscope (FEI- Thermo Fisher) equipped with acquisition system Megaview

1168  |ll SIS camera (Olympus-SIS Milan, Italy) and iTEM3 software.

1169 Assessment of COP-l vesicles assembly, Tfn accumulation and recycling in
1170 COS-1 cells expressing WT and mutant ARF3

1171 COS-1 cells (20 x 10°) were seeded in 24-well cluster plates onto 12-mm cover glasses
1172  and transfected with WT or mutant mCherry-tagged ARF3 expression constructs. After
1173 48 hours of transfection, COS8-1 cells were washed and serum starved for 45 minutes
1174 at 37°C and were then incubated with 50 ug/ml Alexa Fluor 488 or Alexa Fluor 647
1175 conjugated transferrin (Invitrogen, T13342 and T23366, respectively) in serum-free
1176  medium for the indicated time (5 or 30 min). At the end of the 37°C incubation period
1177  used to follow intracellular trafficking, the cells were cooled to 4°C, washed twice with
1178  ice-cold PBS to remove unbound transferrin, and then incubated twice for 2 min at 4°C
1179  with ice-cold stripping buffer (150 mM NaCl, 20 mM HEPES, 5 mM KCI, 1 mM CaCl2,
1180 1 mM MgCI2, pH 5.5) to remove the excess of transferrin bound to the cell surface. To
1181  followthe formation of COP-| vesicles and the levels of Tfn present in early endosomes
1182 (EE), and lysosomes after 30 min of incubation, cells were fixed with 4%
1183  paraformaldehyde for 10 minutes at room temperature, followed by permeabilization
1184  with 0.025% Triton X-100 for 5 minutes at room temperature and were then stained
1185  with antibodies recognizing COP-I, EE and lysosomal markers overnight for 1 hour at
1186 4°C. These antibodies were used: rabbit polyclonal anti-@ COP (1:2000, Abcam,
1187 ab2899), rabbit monoclonal anti-Rab5 (1:200, Cell Signaling, 3547S) and mouse
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1188 monoclonal anti-LAMP-2 (1:200, Santa Cruz, sc-18822), respectively. Cells were then
1189  rinsed twice with PBS and incubated with Alexa Fluor 633 goat anti-mouse secondary
1190 antibody (1:200, Invitrogen, A21050) or Alexa Fluor 488 goat anti-rabbit secondary
1191  antibody (1:200, Invitrogen, A11070) for 1 hour at room temperature. To assess the
1192  levels of Tfn presentin recycling endosomes (RE) after 30 min of incubation, cells were
1193  co-transfected with the plasmid encoding the GFP-tagged RE marker Rab11. All the
1194 slides were mounted using Vectashield Antifade mounting medium containing 1.5
1195  pg/ml DAPI (Vector Laboratories, H-1200-10). Confocal z-stacks of the cells incubated
1196 S min with Tfn and of those stained for BCOP or the cells expressing GFP- Rab11 and
1197  incubated 30 min with Tfn were obtained using TCS-SP8X confocal microscope (Leica
1198  Microsystems) with a HC PL APO CS2 63x (NA 1.40) oil immersion, using excitation
1199 lines at 488 nm (for GFP, emission range 500-550 nm), 594 nm (for mCherry, emission
1200 range 600-650 nm), 640 (for Alexa Fluor 647, emission range 650-700 nm) and 630
1201 nm (for Alexa Fluor 633, emission range 640-690 nm), a 1024x1024 format at 400Hz,
1202  0.14 um pixel size, a zoom magnification of 2.5 x and z-step size of 0.7 pm. Confocal
1203 z-stacks of the cells stained for Rab5 and Lamp2 at 30 min upon Tfn treatment were
1204 obtained using Stellaris 5 (Leica Microsystem), A HC PL APO CS2 63x/1.40 Oil
1205 objective was used. Confocal acquisitions were performed using 405, 488, 594, 633-
1206 nm laser excitation lines for the different fluorophores used and emission spectra as
1207 above. Sequential acquisitions were performed and with a 1024x1024 format at 400
1208 (Rab 5) or 200 Hz (Lamp 2), and a z-step of 0.7 um. For all the experiments, laser
1209 intensity and detectors parameters and offsets were unchanged per each condition of
1210 a single experiment. Phenotype categories for cells expressing WT and mutant ARF3
1211 were independently inspected by two researchers and classified as reported in the
1212  main text. Briefly, for COP-| vesicles assembly, the number of cells (%) showing
1213  “"assembled”, "disassembled” or “extended" COP-1 compariment at the PN were
1214  estimated by the occurrence of clustered, absent /highly scattered or increased B-
1215 COP' area, respectively. The B-COP* area was measured using a manual ROI
1216  selection, ROl manager and measurement tool in Fiji. For each cell the B-COP" area
1217 was normalized by the total area of the nucleus and cells with an extended COP-|
1218 compartment were estimated by a ratio B-COP* area/nucleus area. The distribution
1219  patterns of the Tfn inside the cytoplasm was scored in replicate for the different

1220 incubation times. The Tfn signal distribution inside the cell and its relative clustering at
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1221  the perinuclear compartment (PN) was inspected and the number of cells (%) showing
1222  different classes of Tfn phenotype was calculated. Three different categories of Tfn
1223  distributions were identified (accumulation at the PN = “clustered”, presence of a Tfn*
1224 clusters and sparse dotted signal throughout the cell = “semidispersed”, no Tfn*
1225 clusters visible = “dispersed”). Co-occurrence of Tfn with Rab5, Rab11 or Lamp2 at
1226 the PN was quantified using the colocalization algorithm of IMARIS softare v.9.5
1227 (Bitplane) and the built-in thresholding method, which was equally applied to all
1228 conditions within each experiment. Manders overlap coefficients were calculated for
1229 the fraction of Tfn overlapping the respective fluorophores in a manually selected ROI

1230 corresponding to the visible Tfn+ PN cluster and viceversa ™2,

1231 Zebrafish body axis, notochord and head phenotyping

1232 Embryos were screened for gross phenotype penetrance and classified as class |
1233 (“normal”), class Il ("developmental delay”), class lll (“mild” microcephaly, with/without
1234  microphthalmia and/or mild shortening and lateral bending of body axis) and class IV
1235 ("severe” microcephaly/anencephaly with/without microphthalmia and marked trunk
1236 deformity, defective body elongation and severe lateral bending) at 24 hpf and 48 hpf,
1237 as reported in the main text. For detailed analysis, not injected controls and injected
1238 fish at 12 and 15 hpf (for body axis), 30 hpf (for notochord) and 48 hpf (for head size)
1239 were embedded in 2% low melting agarose (Sigma-Aldrich) dissolved in E3 medium.
1240  Bright-field images were acquired at Leica M205FA microscope (Leica Microsystems)
1241  equipped with LAS X software v.3.0, 0.63x magnification (for body axis and head size)
1242 and Leica Thunder Imager microscope (Leica Microsystems) with N PLAN 5X/0.12
1243 PHO objective (for notochord) equipped with LAS X software v.3.7. These parameters
1244 were assessed: j) head size measured by the area surface between the rostral most
1245  part of the head and the optic vesicle; ii) degree of the notochord angles (plotted in a
1246 Rose diagram using Oriana software v.4 15%) and incidence of embryos showing mild
1247 and severe notochord curvatures (calculated on the average degree of all the
1248 curvatures per embryo); /if) number of notochord curvatures and iv) antero-posterior
1245  (AP) embryo extension, measured as length from the most anterior region of Krox20
1250 domain (R3) to the posterior region of MyoD domain (paraxial mesoderm) and v)

1251 convergence-extension index, calculated as the ratio of AP and medio-lateral axes
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1252 (ML, calculated as the length of the visible first somite); vi) angle between the antero-
1253  posterior ends.

1254  Zebrafish live imaging of brain volume and 3D rendering from Tg(NBT:dsRed)
1255 fish

1256 Live Tg(NBT:dsRed) fish injected with WT and mutant ARF3 at 48 hpf were embedded
1257 in 2% low melting agarose/E3 medium and imaged using Leica Stellaris 5 confocal
1258 microscope (Leica Microsystems) equipped with LAS X software v. 4.5 using a
1259 sensitive hybrid detector and keeping minimal laser power (579 nm wavelength). Live
1260 z-stacks were performed using HC FLUOTAR L VISIR water immersion 25x/0.85
1261 objective, using excitation lines at 594 nm (emission range 600-650 nm), a 512x 512
1262 format at 400 and 600 Hz and a z-step size of 2.5 um. Volumetric brain reconstructions
1263 and quantifications were obtained using 3D Volume (Blend model) and Surfaces
1264 rendering reconstruction algorithm of IMARIS v.9.5 (Bitplane), employing the same
1265 parameters for the different individuals.

1266 Whole-mount immunofluorescence in 48hpf zebrafish embryos

1267 Zebrafish embryos were fixed in 4% PFA/PBS (Thermo Fisher, 28908) for 3 hours at
1268 room temperature (RT), dehydrated through methanol washes from 25% (in PBS) to
1269 100% and stored at -20°C. Fixed samples were rehydrated back to PBS through serial
1270 washes and incubated with 150 mM Tris-HCI pH 9.0 for 5 min at RT and 15 min at
1271 70°C for antigen refrieval. The samples were then permeabilized with 0.8% PBST
1272  (Triton, Sigma-Aldrich, X-100) and 1 pg/ml proteinase K (Sigma-Aldrich, P2308) for 40
1273 min at RT (for acetylated a-tubulin and HuC/Elav) or with cold Acetone for 20 min (for
1274 PCNA and Phospho-Histone H3, pH3). The samples were post-fixed in 4% PFA/PBS
1275 for 20 min at RT and incubated 4 hours in a solution containing 10% of normal goat
1276 serum (NGS) and 2% of BSA in 0.8% PBST for 4 hours at 4°C. These primary
1277  antibodies were used: mouse anti-acetylated tubulin (1:250, Sigma Aldrich, T7451),
1278 rabbit anti-Elavi3+4 (1:100, GeneTex, GTX128365), rabbit anti-PCNA at (1:250,
1279 GeneTex, GTX12449), mouse anti-pH3 (1:250, Abcam, ab14955) overnight at 4°C
1280 with gentle shaking. These secondary antibodies were used: goat anti-mouse Alexa
1281  Fluor 488 (1:1000, Thermo Fisher, A11001), goat anti-rabbit Alexa Fluor 633 (1:1000,
1282 Thermo Fisher, A21070), goat anti-rabbit DylLight 594 (1:1000, GeneTex,
1283 GTX213110-05). The Stellaris 5 confocal microscope (Leica Microsystem) equipped
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1284 with LAS X software v. 45 and a HC FLUOTAR L VISIR water immersion 25x/0.95
1285 objective were used for z-stack image acquisition. Ventral z-stacks of embryos stained
1286 for acetylated a-tubulin, mounted in 2% low melting agarose/PBS (Sigma-Aldrich,
1287 A9414), were acquired with: 499 nm laser line (emission range 510-600 nm),
1288 1024x1024 format at 400 Hz, and 1.5 pm z-step size. Z-stacks of embryos stained for
1289 PCNA and pH3, mounted in 90% glycerol/PBS, were acquired sequentially with
1200 591nm and 631nm laser lines and emission range 596-636 and 644-700 nm,
1291 respectively. Volumetric brain acquisitions were obtained by scanning with a
1292  1024x1024 format at 200 Hz and 0.5 or 0.7 ym z-step size and with a digital zoom of
1293 2.5 (ventral brain) or by scanning with a 512x512 format at 400 Hz and 2 pm z-step
1284 size (dorsal brain). Embryos stained for HUuC/Elav were imaged using the confocal
1295 microscopes Leica TCS-SP8 or Olympus FV1000 equipped with FV10-ASW version
1296 4.1, 20x/0.75 objective, using laser line 543 (for HuC/Elav, emission range 560-
1297  620nm) and 635 nm (for acetylated tubulin, emission range 655-755nm) scanning with
1298 a 1024 x 1024 format, a speed of 400 Hz and z-step size of 2 pm.

1299  Analysis of the forebrain anterior commissure

1300 For morphological analyzes of forebrain anterior commissure and its lateral bundles,
1301 the medial and lateral width were calculated using the "line selection” tool in Fiji's! as
1302 indicated in the Supplementary figure 17.

1303  Analysis of the number of mitotic cells and the pH3 distribution in precursor
1304 cells of the developing anterior brain

1305 The number of pH3* precursor cells (mitotic) was quantified in both ventral and dorsal
1306 anterior brain z-stacks of the stained 48 hpf embryos. The number of cells was
1307 quantified manually or using the “spot analysis” algorithm of IMARIS software 9.5
1308 (Bitplane) throughout the 3D volume of the confocal acquisitions, applying the same
1309 parameters to all the scans. The automatic analysis was manually inspected and
1310 corrected. Superficial staining corresponding to large epidermal cells was excluded
1311 from the analysis. A 3D rendering in the whole dorsal anterior brain was also
1312 performed using the same software and showing the pH3+ cells. For the ventral scans,
1313  the pH3 signal positivity and distribution pattern was assessed in precursor cells found
1314  within the defined ROI corresponding to the proliferative zone of a ventral portion of
1315  the forebrain, clearly discernible in the confocal acquisitions. The total number of pH3+
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1316  cells (mitotic) were counted along the full z-stack of the ROI. Following Tang ef al.
1317 (2012)'%%, cells at different mitotic phases corresponding to early (prophase +
1318 prometaphase), metaphase and late (anaphase + telophase) were scored based on
1319  the pH3 signal distribution, indicative of the cell's chromatin topological status. For the
1320 dorsal scans, to assess possible alterations of the normal spatial distribution of pH3*
1321  cells within the optic tectum, the number of mitotic cells in different regions (left and

1322  right neuropil vs medial proliferative zone and cerebellum), was manually quantified.

1323 Staining and analysis of apoptotic cells in the anterior brain

1324 To assess apoptotic cells in the anterior brain of developing fish expressing WT and
1325 mutant ARF3, live staining with acridine orange (AQO) was performed. Briefly,
1326  microinjected larvae at 48hpf were incubated with 100 pg acridine orange (Sigma-
1327  Aldrich, A6014) in E3 medium for 1 hour in the dark at 28°C then washed extensively
1328 with E3 and mounted for microscopy in multi-well dishes using 1.5% low melting
1329 agarose/E3 (Sigma-Aldrich, AS414). Live z-stacks of the anterior forebrainin x, y, z
1330  were acquired at the Thunder Imager microscope (Leica Microsystems), using HC PL
1331 Fluotar 10x/0.32 DRY objective, 2048x2048 format, 475-nm excitation line and with a
1332 z-step of 5 pym. AO* spots were counted using the "multi-points” tool of Fiji'®! after
1333  adjusting brightness and contrast equally across all the conditions of a single

1334  experiment.

1335 Live imaging and analysis of mitotic spindles in precursor cells of the anterior
1336  brain

1337 To examine spindle morphology of dividing progenitor cells in zebrafish forebrain,
1338 transgenic Tg(XIEefial:dclk2Deltak-GFP) fish marking microtubules were injected
1339  with mRNA encoding my-tagged ARF3"T, ARF3%127E and ARF3P%N together with the
1340 mRNA encoding H2AmCherry marking the chromatin. Fish at 1 dpf (~ 30 hpf) were
1341 embedded in 1.5% low melting agarose in E3 medium and live confocal x, y, z, ¢
1342 acquisitions of the forebrain region were obtained at the Stellaris 5 confocal
1343 microscope (Leica Microsystems), with a HC Fluotar VISIR L 25x/0.95 water
1344 immersion objective, 488 nm laser line (for GFP, emission range 504nm-600nm), and
1345 594 nm (for mCherry, emission range 625-700 nm) in sequential model and with a
1346 format of 512x512 at 400 Hz and with a z-step of 1.5 pm. A time interval (TI) of 4

1347 minutes was set between consecutive scans for ~ 1 hour (ARF3"T and ARF39%N,
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1348  acquired with a digital zoom of 1.7) and > 5 hours (ARF3"T and ARF3%'?7E acquired
1349  with a digital zoom of 1). The mitotic spindle's length and width were analyzed using
1350 the selection and measurement tools in Fiji"",

1351  Whole-mount in situ hybridization of Krox20 and MyoD mRNA

1352 The fragments of Krox-20 and MyoD cDNA used for riboprobe synthesis were
1353  amplified from a zebrafish cDNA preparation by PCR using One Tag DNA polymerase
1354 (NEB New England Biolabs, BM0509S) and the primers listed in Supplementary
1355 Table 11. The PCR fragments were cloned into pGEM-T Easy vector (Promega,
1356 A1380) and sequences were confirmed by DNA sequencing. The digoxigenin-labeled
1357 antisense riboprobes were synthesized by in vitro transcription with DIG RNA labeling
1358 kit SP6/T7 (Roche, 11277073910). /n situ hybridization analysis in whole-mount
1359  zebrafish embryos at 15 hpf was performed as described in Thisse et al.’®®. Briefly,
1360 samples were permeabilized with proteinase K treatment (1 pg/ml, Sigma-Aldrich,
1361 P2308-25MG) for 2 minutes, pre-incubated in 2% blocking reagent (Roche,
1362 11096176001) and incubated with the transcribed riboprobes (2 ng/ul) in hybridization
1363 mix (50% formamide, Sigma-Aldrich, F9037-100ML, 1.3x SSC 20X ( 175,3gr NaCl,
1364  88,2gr Na Citrate 300mM, PH 7), 100 g/ml heparin, ( Sigma-Aldrich, H3149-25KU), 50
1365 pg/ml yeast RNA, Sigma-Aldrich, 10109223001), 0.2% Tween-20,0 (Sigma-Aldrich,
1366 P2287), 5% CHAPS (Merck, 850500P-1G), 5 mM EDTA pH 8, Sigma-Aldrich, E7889-
1367 100ML) at 65 °C for at least 15 hours. Afterwards, samples were rinsed with scalar
1368 dilutions of SSC solutions (25%, 50%, 75%) and incubated with anti-alkaline
1369 phosphatase (AP)-conjugated antibody (1:5000, Roche, 11093274-910) for 2 hours at
1370 room temperature. Chromogenic staining was developed via BM Purple substrate
1371  (Sigma-Aldrich, 11442074001) according to manufacturer's instructions. Specimens
1372  were mounted in 90% glycerol and dorsal images were acquired at the Olympus TH4-
1373 200 microscope (Olympus) equipped with Olympus cellSens Standard software
1374  v.1.14, with C Plan 10X/0.25 RC1 objective or Thunder Imager (Leica Microsystem)
13756  with N PLAN 5X/0.12 PHO objective.

1376 Embryo extension analysis at 13 hpf and confocal live imaging of zebrafish
1377 embryos during late gastrulation

1378 Overall embryos extension of embryos injected with myc-tagged ARF3 WT and
1379  mutants at 13 hpf at the end of gastrulation was estimated by calculating the angle
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1380 amplitude between A-P ends (head and tail bud, respectively) from bright field images
1381 acquired at Leica M205FA microscope (Leica Microsystems), using the "angle
1382 measurement” tool of Fiji'®'. For in vivo gastrulae imaging, embryos at mid-gastrula
1383 stage were embedded in 2% low melting agarose (Sigma-Aldrich, A9414) in E3
1384 medium. 4D (x, y, z, ) fluorescent data were acquired using Leica TCS-SP8 confocal
1385 microscope (Leica Mycrosystems) with hybrid detectors and keeping minimal laser
1386  power. Time-lapses were acquired with a PlIApo CS2 20x/0.75 objective using a 488
1387 nm laser line (for GFP, emission range 495nm-550nm) and 594 nm (for mCherry,
1388 emission range 605-680 nm). Z-stacks were obtained with a Tl of 30 min, a 1024 x
1389 1024 format at 400Hz and a z-step size of 3 ym. Fluorochromes unmixing was
1380 performed by acquisition of automated-sequential collection of multi-channel images,
1391  to reduce spectral crosstalk between channels, and the same setting parameters were
1392 used for all examined samples. Embryo live imaging was performed simultaneously
1393  using the Mark & Find mode of the LAS X software.

1394  Statistics and reproducibility

1395 Data were analyzed independently by at least two researchers and statistical
1396 assessments were performed using GraphPad software v.9 (Prism). Log-rank (Mantel-
1397 Cox) test was used to assess survival in zebrafish mutants and morphants. For
1398 phenotypes penetrance assessment Chi-squared test in a 2x2 contingency table was
1399 used, performed as pairwise statistical comparisons across experimental conditions as
1400 indicated in the text and figures. Normality tests (Anderson-Darling, D'Agostino &
1401  Pearson, Shapiro-Wilk and Kolmogorov-Smirnov tests) were run to assess normal
1402  distribution of the data. Parametric data with more experimental groups were analyzed
1403  with ANOVA test, non-parametric data with Kruskal-Wallis test and specific post hoc
1404  tests were always used as indicated in the figure legends and Statistical table 12. All
1405 the analyses were two-tailed.

1406 Image processing

1407 Raw images were analyzed with Fiji'>', LAS X Life Science imaging softwares (Leica
1408 Microsystem, v.3, 3.5, 3.7, 4.5), FV10-ASW software v.4.1, Olympus cellSens
1409 Standard imaging software v.1.14 (Olympus Life Science) and IMARIS v.9.5 (Bitplane)
1410 and processed using Photoshop or lllustrator (Adobe Systems Incorporated) for figure
1411 assembly. Image acquisition parameters (laser lines and power, detector settings,
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objective used) were maintained equal within each experiment. Brightness and
contrast were adjusted equally across whole images and between images belonging
to the same experiment. Exceptions are explained here. In Figure 10, due to possible
background differences within each imaged well, each brightfield image showing the
notochord was individually adjusted for brightness and contrast to allow best notochord
visualization. Given the high signal intensity that would shadow the Golgi staining, in
Supplementary Figure 10 the brightness of the mKOFP signal (blue) used only for
membrane rendering was reduced in post-processing for ARF3X'27 as compared to
ARF3WT, Allthe schematic illustrations were generated by researchers using lllustrator
2021-2022 (Adobe) except for the human brain illustration item in Fig. 8 which was
created with BioRender.com and modified in lllustrator 2021-2022 (Adobe).

Data availability

The clinical data were collected after signed consent forms. The entire dataset is
included within the manuscript. Given the progressive nature of the disease, additional
information eventually collected after this publication will be made available upon
request to the corresponding authors (antonella.lauri@opbg.net,

marco tartaglia@opbg.net) and referring clinicians. The sequencing data are available
under restricted access for privacy/ethical reasons, access can be obtained contacting

the corresponding authors. The ARF3 variants identified in this study have been
deposited in the ClinVar database under the following accession codes:
SCV002549683 (c.34C>G, p.Leu12Val)
[hitps:/iww.ncbi.nlm.nih.gov/clinvar/variation/1697208/70g=SCV002549683&m=NM
_001659.3(ARF3):c.34C%3EG%20(p.Leu12Val)], SCV002549684 (c.95C>A,
p.Thr32Asn)

[https:/iwww.nebi.nlm.nih.gov/clinvar/variation/1697208/?0q=SCV002549684&m=NM
_001659.3(ARF3):c.95C%3EA%20(p.Thr32Asn)], SCV002549685  (c.139C>T,
p.Pro47Ser)

[https:/wwaw.ncbi.nlm.nih.gov/clinvar/variation/1697210/70g=SCV002549685&m=NM
_001659.3(ARF3):c.139C%3ET%20(p.Pro47Ser)], SCV002549686 (c.200A>T,
p.Asp67Val)

[https:/iwww . nebi.nlm.nih.gov/clinvar/variation/1697211/?0q=SCV002549686&m=NM
_001659.3(ARF3):c.200A%3ET%20(p.Asp67Val)], SCV002549687 (c.277G>A,
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1444  p.Asp93Asn)

1445  [hitps://www.ncbi.nlm.nih.gov/clinvarivariation/1697212/?0g=SCV002549687&m=NM
1446 _001659.3(ARF3):c.277G%3EA%20(p.Asp93Asn)], and SCV002549688 (c.379A>G,
1447  p.Lys127Glu)

1448  [https://www.nebi.nlm.nih.gov/clinvar/variation/1697213/?0g=SCV002549688&m=NM
1449 _001659.3(ARF3):c.379A%3EG%20(p.Lys127Glu)]. The UCSC GRCh37/hg19
1450 human genome assembly used as reference for reads alignment is available at

1451  https:/iwww.ensembl.org/info/website/tutorials/grech37 .html. The dbSNP150, gnomAD
1452 V.2.1.1, ClinVar and COSMIC v.96 databases used in this paper are available at

1453  https://anomad.broadinstitute.ora/, https://genome.ucsc.edu/cgi-
1454  bin/hgTrackUi?db=hg38&g=snp150Common and
1455  (https://www.ncbi.nlm.nih.gov/clinvar/), hitps://cancer.sanger.ac.uk/cosmic,

1456 respectively. The raw blots and raw data for the different measures of this study are
1457  provided in the Supplementary Information/Source data file. Source data are provided
1458  with this paper. Due to the large size of each dataset, all the raw imaging data,
1459  supporting the findings of the work are available from the corresponding authors upon
1460 request. All the constructs generated in this study will be shared upon request to the
1461  corresponding authors.
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1868 Figure legends

1869 Figure 1. Structural organization of ARF3, location of mutated residues and
1870 molecular dynamics analyses. (a) Domain organization of ARF3 excluding the
1871  unstructured C-terminal tail. Switch 1, switch 2 and the NKXD fingerpoint motif are
1872  highlighted in pink, green and yellow, respectively. The variants identified in affected
1873  subjects are also reported; (b) 3D structure in two different orientations of GTP-bound
1874 ARF3 interacting with the MARTX toxin (PDB 6ii6). Side chains of the ARF3 residues
1875 mutated in the affected subjects and GTP are in cyan and red, respectively. Main chain
1876  of residues belonging to switch 1, switch 2 and NKXD fingerpoint motif are colored as
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1877 above; (c) Enlargement of the ARF3 GTP binding pocket with the five mutated
1878 residues. The direct hydrogen bond between the N atom in the Lys127 lateral chain
1879 and the oxygen atom of the GTP ribose ring is highlighted in dashed line. The Mg?*
1880 ion is colored in magenta, while the oxygen atom of the water molecule, mediating the
1881 interaction between Asp® and the manganese ion, is shown in light blue color. The
1882  two hydrogen bonds between Asp™ and the water molecule are highlighted with dotted
1883 lines. (d) zoom showing the structural organization around residue 93. Left: view of
1884 the WT Asp® forming a hydrogen bond with Lys'®. Right: structure with the
1885 p.Asp93Asn mutation and hydrogen bond breaking. The Mg?* ion is colored in
1886 magenta (e) Homology model of GTP-bound ARF3 interacting with the cytosolic coat
1887  protein complex COPG1-COPZ1 (PDB: 3TJZ) validated by a 500-ns molecular
1888 dynamics (MD) simulation. The region of contact between ARF3 and COPG1 (orange
1889 color) is shown in e. (f-h) MD simulations of wild-type (f), p.Asp67Val (g) and
1890 p.Pro47Ser (h) ARF3 complexed with COPG1-COPZ1. Residues involved in the
1891 contact are shown with their side chain and colored as the respective protein/region.
1892 ARF3 backbone is represented with a diameter proportional to its per-residue
1893 fluctuations (RMSF).

1894 Figure 2. Expression, stability and GTPase activity of WT and mutant ARF3
1895 proteins in COS-1 cells. (a, a') Western blot analysis showing the protein levels of
1896 myc-tagged ARF3"T and all the identified mutants in transfected COS-1 cells, basally
1897 and after treatment with cycloheximide (CHX) (10 pg/ml) for the indicated time points
1898 (a), and with MG132 (100 uM), or bafilomycin A1 (200 nM) for six hours (a"). (b) Pull-
1899 down assay using GGA3-conjugated beads shows ARF3 activation in COS-1 cells
1900 transiently transfected with WT or mutant myc-tagged ARF3 expression constructs.
1901  Active and total ARF3 levels are monitored using anti-myc antibody. GAPDH and beta-
1902  tubulin are used as loading controls. Pull down assays of ARF3"T transfected cells
1903 performed in the presence of an excess of GDP and yGTP are used as negative and
1904  positive controls, respectively (b, left panel). Pulldown samples in b (left and right), are
1905 loaded on different blots and processed parallelly. Representative blots are shown and
1906 data are expressed as mean + SEM of three independent experiments. Two-way
1907 ANOVA followed by Tukey's post hoc test (a, WT vs. all mutants, ****p < 0.0001; a',
1908 K127E vs. K127E+MG132 **p=0.0052; K127E vs. K127E+Bafilomycin *p=0.0185;
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1909 L12V/D67V vs. L12V/D67V+MG132 *p=0.0123; L12V/D67V vs.
1910  L12V/DE7V+Bafilomycin *p=0.0411), One-way ANOVA followed by Sidak's post hoc
1911  test (b left panel, WT vs. WT+GTP *p=0.0197), One-way ANOVA followed by
1912 Dunnett's post hoc test (b, WT vs. K127E **p =0.0088; WT vs. L12V/IDE7V **p
1913 =0.0058; WT vs. D93N **p= 0.0035; WT vs. T32N **p = 0.0075; WT vs Q71L
1914  ****p<0.0001; WT vs. T31N ***p=0.0006) are used to assess statistical significance.
1915 (c) Summary table of the data obtained relatively to the stability and activity of the
1916  different ARF3 mutants. Source data are provided as a Source Data file.

1917  Figure 3. ARF3 mutants induce variable Golgi morphological alterations in COS-
1918 1 cells. (a) Maximum intensity confocal z-projections showing immunostaining against
1919  Golgin-97 (trans-Golgi marker) (green) performed in fixed COS-1 cells transiently
1920 transfected with mCherry-tagged ARF3"T, ARF3™™™ and ARF3%'- (DN and CA
1921  variants, respectively) or mutants identified (magenta) for 48 hours. Composite
1922  colocalization images are shown in the right panels with nuclei (DAPI staining) in blue.
1923 The images are representative of three independent experiments. Scale bars = 2 ym
1924  (high magnification) and 10 pm (all the other images). (b) Golgi mean intensity and
1925 area define distinct Golgi morphotypes. Dot plots of mean intensity (M) and area of
1926  Golgi in cells transiently transfected with mCherry-tagged ARF3WT or ARF397't and
1927 ARF3™™ mutants (up, middle, bottom panels) are shown. Golgi Ml and area (% of
1928 whole cell) of cells were measured based on Golgin-97 staining. Whole cell area was
1929 determined using the area covered by mCherry fluorescence as a mask.
1930 Representative 3D rendering images of the observed Golgi staining are shown. Cell
1931 populations located in different gates are characterized by distinct Golgi morphologies:
1932 Compact: A < 2.6 and M| > 1.5 (green gate); expanded Golgi: 2,7 < A< 12 and Ml >
1933 0.8, (purple gate); partially dispersed Golgi: 2,7 < A < 12 and Ml < 0.8 (pink gate);
1934 totally dispersed Golgi: A > 12 and M| < 0.8, (bordeaux gate). (c) Incidence of trans-
1935 Golgi morphotypes.The bar graph represents the percentage of cells showing
1936 compact, expanded, partially or fully dispersed distribution (part.disp and ful.disp.) of
1937 Golgiin mCherry-tagged ARF3 transfected cells, based on the classification described
1938 above in b. N of cells = 26 (WT); 22 (Q71L); 29 (T31N); 20 (K127E); 20 (L12V/DE7V);
1939 21 (P47S); 28 (D93N) and 27 (T32N). Data are expressed as mean + SEM of three
1940 independent experiments. Two-sided Chi-square's testin a 2x2 contingency table (WT
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1941  vs. all mutants, compact vs. all phenotypes ****p <0.0001) is used to assess statistical
1942  significance. Arb.units = arbitrary units. Source data are provided as a Source Data
1943  file.

1944 Figure 4. Trans-Golgi fragmentation visualized by EGFP-GalT in cells and
1945 zebrafish embryos expressing the mutant mCherry-tagged ARF3¥'7E (a)
1946 Schematic representation of the experimental set up in both in vitro and in vivo
1947 systems. COS-1 cells are transfected with DNA constructs expressing WT and mutant
1948 ARF3-mCherry (magenta) and EGFP-GalT (trans-Golgi maker, green) and analyzed
1949 by live confocal microscopy between 4-6 hours post transfection. Zebrafish embryos
1950 are injected at 1 cell stage with WT and mutant ARF3-mCherry and EGFP-GalT
1951  mRNA. mKOFP-CAAX mRNA is used as membrane marker (cyan). Animals are
1952 analyzed by live confocal microscopy during gastrulation (~6-7 hpf). (b,c) Maximum
1953 intensity projections of confocal images of a single time-lapse experiment
1954 (Supplementary Movie 1) performed in transfected COS-1 cells at 15 min (~4 hours
1955 post transfection) and 120 min later (~6 hours post transfection) from the start of the
1956 time-lapse experiment. The images show diffused EGFP-GalT signal (frans-Golgi
1957 fragmentation) in ARF3X'27E over time (white arrows). Scale bar = 20pm. (d,e) 3D
1958 Image reconstructions from live confocal acquisitions of the animal pole in developing
1959 zebrafish embryos expressing ARF3W™ and ARF3%'27E at the mid-gastrulation stage (~
1960 6 hpf). White arrowheads indicate a compact trans-Golgi morphology surrounding the
1961 nucleus (“ribbon") in the EVL cells. Yellow arrowheads indicate cells showing "punta”
1962 morphology of the TG dispersed throughout the cytosol. Scale bars = 20 ym and 50
1963 um. The images are representative of embryos from two independent batches.
1964 Quantification is shown in Supplementary Fig.10a. Source data are provided as a
1965 Source Data file.

1966 Figure 5. Variable impact of ARF3 mutations on COP-| vesicles assembly. (a)
1967 Maximum intensity confocal z-projections of COS-1 cells expressing mCherry-tagged
1968 ARF3"" and all identified mutants and stained for the B-subunit of COP-I. The right
1969 panel shows a magnification of B-COP signal. Nuclei are labeled with DAPI (blue).
1970 Yellow and red and purple arrowheads: normal, diffused and expanded B-COP signal,
1971  respectively. Scale bar is 10 pm. The images are representative of cells from a single
1972  experiment. (b) Quantification of the percentage of WT and ARF3 mutant cells
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1973 showing different classes of phenotypes as indicated in the legend (compact and
1974 expanded: clustered signal visible at the PN region and with a ratio between COP-|
1975 area/nucleus area <- 0.25 or > 0.25, respectively). N of cells = 18 (WT); 26 (K127E,
1976 compact vs. diffused ****p<0.0001, compact vs. expanded ****p<0.0001); 16
1977  (L12V/D67V, compact vs. diffused ****p<0.0001); 18 (T32N); 15 (D93N, compact vs.
1978 expanded “**p=0.0007) and 15 (P47S, compact vs. expanded **p=0.011). Two-sided
1979 Chi-square's test in 2x2 contingency table is used to assess statistical significance.

1980 Source data are provided as a source data file.

1981 Figure 6. Internalized Tfn accumulates in the perinuclear region and in Rab5+
1982 endosomes of COS-1 cells expressing ARF3¥127E and ARF3L120VI057V (3) Maximum
1983 intensity confocal z-projections showing the distribution of Tfn-488 (black dots) upon
1984 30 min of incubation in COS-1 cells expressing mCherry-tagged ARF3"T and all
1985 identified mutants. Red circle indicates Tfn signal at the perinuclear region (PN).
1986 Outlines (black in a and yellow in ¢) depict the boundaries of representative transfected
1987 cells. In a the black and white images are rendered by inverting the original LUT in Fiji
1988 and nuclei are pseudo-colored (purple) in the images. The images are representative
1989  of two independent experiments. (b-b’) Incidence of cells showing “clustered”, “semi-
1990 clustered” or “dispersed” Tfn staining (b) and the ratio of the cells (%) showing
1991 “clustered” Tfn phenotype normalized by not-transfected cells (NT) with the same
1992 phenotype (b', internal control). N of cells = 42 (WT); 22 (K127E, ****p<0.0001); 33
1993 (L12V/D67V, ***p=0.0002); 31 (P47S); 26 (D93N); and 25 (T32N). Data are expressed
1994 as mean * SEM (b,b") of three (WT) and two (all the other mutants) independent
1995 experiments. (¢) Maximum intensity confocal z-projections showing COS-1 cells
1996 expressing ARF3"T and all identified mutants, incubated with Tfn-488 for 30 min
1997 followed by immunostaining against RabS (marker of early endosomes). For all the
1998 panels single channels (ARF3mCherry: gray, Tfn-488: magenta, Rab5: green), the
1999 merge showing the co-localization between Tfn and Rab5 is shown. The insets in the
2000 white square show a zoom on the PN co-localization signal. Nuclei are stained with
2001 DAPL The images are representative of cells from a single experiment. (d)
2002 Colocalization analysis showing the spatial co-occurrence of Tfn and Rab5+ signals
2003 at the PN region in the z-stacks analyzed, n of cells = 13 (WT; K127E **** p<0.0001;
2004 T32N), 16 (L12V/D67V, **p=0.0016; DI3N), 21 cells (P47S). The fraction (%) of Tfn*
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2005 signal co-localized with Rab5* vesicles at the PN (thresholded Mander's coefficient
2006 M1) is reported as box-and-whisker with median (middle line), 25th-75th percentiles
2007 (box), and min-max values (whiskers) of a single experiment. All the data points and
2008 the mean ("+") are also shown. Two-sided Chi-square's test in a 2x2 contingency table
2009 (semi-clustered and dispersed vs. clustered, b), One-way ANOVA followed by
2010 Dunnett's multiple comparison post hoc test (b, d) are used to assess the statistical

2011 significance. Source data are provided as a Source Data file.

2012  Figure 7. Expression of mutant ARF3 and downregulation of endogenous arf3
2013 induce distinct phenotypes in zebrafish. (a) Experimental strategy in zebrafish
2014 models. Injected with WT and mutant ARF3 at 1 cell stage and phenotyped at different
2015 stages. (b-b’) Images and close-ups of ARF3"" and ARF3X?’E expressing embryos
2016 at 24 hpf, co-injected with GFP-CAAX and Phenol-Red (dashed circle depicts cephalic
2017  region). (c) Bright-field images of embryos expressing WT and mutant ARF3. The
2018 images are representative of embryos from two (b,b’) and five (¢) independent
2019 batches. (c¢') Embryo survival, n of embryos = 246, 114, 53, 86, 85, 161, 114 (not
2020 injected, WT, K127E, *p=0.03, L12V/D67V, P478, D93N, T32N) from pooled batches.
2021  (c") Incidence of gross phenotypes at 24 hpf (classes: |, ll=yellow arrows, lll, IV=gray
2022 and black arrows, respectively), n of embryos = 132 (not injected); 69 (WT); 21
2023 (K127E, ****p<0.0001); 58 (L12V/DB7V, *p=0.02); 45 (P47S, "p=0.03); 86 (D93N,
2024 **p=0.0018); 64 (T32N, “***p<0.0001). Data are expressed as mean + SEM of four
2025 (not injected, WT), three (D93N) and two (K127E, L12V/D67V, P47S, T32N)
2026 independent batches, (d-d"") Bright field images (d) and phenotype incidence at 24hpf
2027 and 48 hpf of arf3a/arf3b MO-injected embryos (d'.d"). Respectively, in d' and d" n of
2028 embryos = 50, 48 (not injected); 25, 22 (MO 0.4 mM, ***p=0.0002, ****p<0.0001); 31,
2029 27 (MO 0.6 mM ****p<0.0001); 21, 17 (MO 0.8 mM, ****p<0.0001) of one batch. (e-
2030 e") Bright-field images (e) and phenotype incidence at 24hpf and 48hpf (e'.e”) of
2031  arf3a/arf3b MO-injected embryos (0.6mM) -/+ ARF3"T mRNA. The imagesindand e
2032 are representative of embryos of one batch. Respectively in e’ and ", n of embryos =
2033 47 (not injected); 22, 18 (MO 0.6 mM, ****p<0.0001); 17,15 (MO 0.6 mM + ARF3WT,
2034 **p=0.0091 in e") of one batch. (f) Phenotype worsening index at 48 hpf (fold-change)

2035 for ARF3 mutants (severe + deceased) compared to controls (co-injected with arf3
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2036 MO). In the scatter plot the values <=0 (green) are found in the “alleviation window"
2037 depicted with a green shading. Dots represent the "worsening index" for each
2038 experiment, calculated by dividing the percentage of severely diseased fish (class V-
2039 V) in "MO+" condition by the same percentage obtained in "MO-"condition of two
2040 (K127E, L12VID67V, P47S, T32N) or three (D93N) independent batches. The mean
2041  effect of MO for each mutation is also shown as bar graph. N of embryos = 21 and 36
2042 (K127E - and + MO *p=0.0307); 58 and 47 (L12V/D67V — and +MO, **p=0.0068), 45
2043 and 54 (P47S - and +MO); 86 (D93N + and - MO, ***p=0.0004); 64 and 35 (T32N -
2044 and + MO, *p=0.0370). Data in the bar graphs are expressed as a mean +SEM of two
2045 independent batches. Survival is assessed by Log-Rank (Mantel —-Cox) test (c¢’), Two-
2046 sided Chi-square’s test in a 2x2 contingency table (class II, llland IV vs. [ in ¢", d'd",
2047 e',e") or Two-sided One sample t-test (class I/ IV/V vs. | in f) testing null hypothesis
2048 Ho, represented by the expected mean value of the control population, are used to

2049 assess statistical significance. Source data are provided as a Source Data file.

2050 Figure 8. Occurrence of microcephaly and reduced brain volume in zebrafish
2051 expressing a subset of ARF3 mutants. (a) Bright-field images of the head (purple
2052 dashed line) in fish expressing WT and mutant ARF3 at 48 hpf (the inset for ARF3%127E
2053 documents a severe case). The images are representative of embryos from two
2054 independent batches. (b-b’) Head area quantification at 48hpf (b) and 4.5 dpf (b'). In
2055 b, set 1: n of embryos = 25 (not injected), 23 (WT); 22 (K127E, ***p=0.0002) and 25
2056 (L12V/DB7V, *p=0.0106) of cne batch; set 2: n of embryos = 29 (\WT);; 28 (P47S); 30
2057 (D93N); 29 (T32N). in b', n of embryos = 30 (not injected); 30 (WT), 27 (P47S); 30
2058 (D93N, ***p=0.00086) and 28 (T32N) of one batch. Data are expressed as box-and-
2059  whisker with median (middle line), 25th—-75th percentiles (box), and min-max values
2060 (whiskers). All the data points and the mean (“+") are also shown. (b’") Schematics of
2061 the brain volume reduction in human patients harboring a subset of ARF3 mutants and
2062 in zebrafish models generated in this study. The human brain in the illustration was
2063 created with BioRender.com and modified using lllustrator (Adobe). A summary of OFC
2064 and brain malformations data from patients in this study are depicted below (no sign of
2065 brain malformation (<), mild (+), moderate (++) and severe (+++) malformations). (¢)
2066  Volumetric reconstructions (c) and anterior brain volume (white dashed line) from live
2067 confocal acquisitions from whole brains of 48hpf Tg(NBT:dsRed) fish injected with
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2068 mRNA encoding WT and ARF3 mutants. The images are representative of embryos
2069 from two independent batches for WT, K127E and L12V/D67V and from one batch for
2070 the other mutants. OT: optic tectum, Ce: cerebellum, Fb: forebrain, Mb: midbrain, Hb:
2071 hindbrain. (¢’) Quantification of the brain volume. Set 1: n of embryos = 4 (WT), 4
2072 (K127E, *p=0.0163) from one batch; set 2. n of embryos = 3 (WT); 3 (L12V/D67V, **
2073 p=0.0029); 4 (P47S, *p = 0.0350 and D93N, ***p=0.0010) of one batch. Data are
2074 expressed as mean + SEM. Different datasets for the same measurement are shown
2075 inadjacent plots with the internal WT control for each set, not injected controls between
2076 batches are not significantly different. One-way ANOVA followed by Dunnett's multiple
2077 comparison post hoc test (b, left panel; ¢', right panel), Krustal-Wallis followed by
2078 Dunn's multiple comparison post hoc test (b, right panel; b'), unpaired t-test with
2079  Welch's correction (c', left panel) are used to assess statistical significance. Source

2080 data are provided as a source data file.

2081  Figure 9. Increased number of cells in early mitosis and cell death within the
2082 developing forebrain of zebrafish expressing a subset of ARF3 mutants (a)
2083 Schematics of the forebrain (Fb, gray) proliferative zone (pz, cyan) and a confocal scan
2084 of the ventral Fb in zebrafish expressing ARF3" (dashed white circle) showing
2085 proliferative and mitotic cells (PCNA and pH3 staining in red and cyan, respectively).
2086 Mb: midbrain, Hb: hindbrain (b) Maximum intensity z-projections from a subset of
2087 confocal sections showing pH3+ mitotic cells within the ventral Fb (vFb) in zebrafish
2088 expressing WT and mutant ARF3. The images are representative of embryos fromone
2089 Dbatch. Dashed white line indicates the Fb ventricle, insets show zooms on pH3+ cells.
2090 Arrowheads indicate examples of pH3+ cells in different stages of mitosis: early mitosis
2091  (purple); metaphase (green) and late mitosis (blue). (¢) Quantification of the total
2092 number of pH3" cells in pz, n of embryos = 5 (WT and K127E, * p= 0.0217) of one
2093 batch. Data are expressed as box-and-whisker with median (middle line), 25th—75th
2094 percentiles (box), and min-max values (whiskers). All the data points and the mean
2095 ("+") are also shown. (d,e) Incidence of pH3* cells in the different mitosis stages. N of
2096 cells= 111 and 110 (WT); 81 (K127E, early mitosis vs metaphase *p=0.0168, early vs
2097 late mitosis ***p=0.0003); 88 (L12V/DB7V, early mitosis vs metaphase *p=0.0115,
2098 early vslate mitosis ****p<0.0001); 75 (D93N, early mitosis vs metaphase **p=0.0028),
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2099 110 (P47S); 109 cells (T32N, early mitosis vs metaphase *p=0.0267, early vs late
2100 mitosis **p=0.0069) from 5 embryos of one batch, Data are expressed as mean £ SEM.
2101  In c and e different datasets for the same measurement are shown in adjacent plots
2102  with the internal WT control for each set. (f) Maximum intensity z-projections of the
2103 ventral brain stained with the acridine orange (AO). The black and white images are
2104 rendered by inverting the original LUT in Fiji. The images are representative of embryos
2105 from two independent batches. Orange arrowheads indicate specific staining. vFb pz,
2106 ventricle, eyes and olfactory epithelium (OE) are outlined for morphological guidance,
2107 * indicates eyes with pigmentation background. (g) Quantification of the number of
2108 AO+ spots. N of embryos =6 (WT); 5 (K127E, *p=0.0163, "p=0.0461 for upper and
2109 lower graphs, respectively); 6 (L12V/D67V, *p=0.0109); 6 (P47S, **p=0.0017 and
2110  D93N, *p=0.0387) of one batch. Data are expressed as box-and-whisker with median
2111 (middle line), 25th—75th percentiles (box), and min-max values (whiskers). All the data
2112 points and the mean ("+") are also shown. Two-sided Chi-square's test in a 2x2
2113 contingency table (e), One-way ANOVA followed by Dunnett's (c and g, upper graph)
2114  or Kruskal-Wallis followed by Dunn's (g, lower graph) post-hoc tests are used to assess

2115  statistical significance. Source data are provided as a source data file.

2116 Figure 10. Aberrant ARF3 function causes axial defects with notochord
2117  curvatures and defective axes formation in zebrafish. (a) Notochord curvatures of
2118 variable severity (purple angles schematics) and bright filed images of WT and mutant
2119  ARF3 expressing fish at 30 hpf. The images are representative of embryos from three
2120 (WT, K127E and L12V/D67V), two (P47S) and one batch (other mutations). (b) Rose
2121 diagrams showing notochord angles, n of angles = 17 (WT); 49 (K127E); 32
2122 (L12V/D67V); 31 (P47S); 35 (D93N) and 38 (T32N) pooled from a total n of embryos
2123  indicated below (c). Mean vector (u) + circular SD are shown. Dark and light violet
2124 shadings in the rose diagrams represent mild and severe classes of notochord
2125 curvatures, respectively. (c) Incidence of embryos with mild or severe notochord
2126 curvatures, set 1: n of embryos = 9 (not injected); 17 (WT); 15 (K127E, ****p<0.0001)
2127 and 11 (L12V/D67V, ***p=0.0005) of three independent batches; set 2: n. of embryos
2128 =13 (WT); 28 (P47S); 19 (D93N, ***p=0.0003) and 24 (T32N, ****p<0.0001) of one
2129  batch. Data are expressed as mean £ SEM (set 1) or mean (set 2). (c') Quantification
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2130  of the number of notochord curvatures per embryo from one batch (same n of embryos
2131 asinc): K127E, ****p<0.0001; L12V/D67V, **p=0.0015; DI3N, **p=0.0022 and T32N,
2132 ***p<0.0001. (d) Schematics of Krox20 and MyoD expression at 15 hpf. Black square
2133  brackets indicate AP and ML axes. R3 and RS: rhombomeres 3 and 5. (e) Bright field
2134 images showing Krox20 and MyoD in situ mRNA staining (insets show severe cases).
2135 The images are representative of embryos from two independent batches for WT,
2136 K127E and L12V/D67V and from one batch for the other mutations. (f) Quantification
2137 of AP embryo extension, set 1: n of embryos = 10 (not injected); 10 (WT); 10 (K127E,
2138 ****p<0.0001); 10 (L12V/D67V, **p=0.0078); set 2: n of embryos 18 (WT); 22 (P47S,
2139 *p=0.0169); 24 (D93N, * p=0.0207) and 16 (T32N, ***p=0.0002) of one batch. In ¢’ and
2140 f data are expressed as box-and-whisker with median (middle line), 25th—75th
2141 percentiles (box), and min-max values (whiskers). All the data points and the mean
2142  ("+") are also shown. (g) Incidence of fish with different convergence and extension
2143 (CE) index values (same n of embryos as in f) ****p<0.0001 (K127E and L12V;D67V),
2144 **p=0.0015; *p=0.0251 (D93N), *p=0.039 (T32N). Different datasets for the same
2145 measurement are shown in adjacent plots with the internal WT control for each set.
2146  Not injected controls between batches are not significantly different. Non-parametric
2147  Kruskal-Wallis followed by Dunn'’s multiple comparison post hoc test (c', f), Two-sided
2148  Chi-square's test in 2x2 contingency table (c, g, normal vs. phenotype) are used.
2149 Source data are provided as source data file.
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RAS GTPases are molecular switches and cycle between active GTP-bound and inactive
GDP-bound states [215]. In their active state, RAS GTPases associate with a multitude of
effector proteins to induce a network of nuclear and cytoplasmic signaling pathways [44].
The RAS superfamily regulates various cellular processes, including proliferation,
differentiation, migration, and apoptosis, in response to different extracellular stimuli [216].
The RAS/MAPK pathway is one of the most studied signaling cascades due to its essential
role in many cellular functions, which are critical for normal development [217]. Mutations
in genes that encode components of the RAS/MAPK pathway have been implicated in
cancer and RASopathies [218]. We succeeded in biochemically characterizing ARF3
GTPases variants, as well as a HRAS mutant, that was linked with neurodegeneration
disorders and Costello syndrome, respectively, to understand explicitly the molecular
mechanisms underlying these disorders.

Decades of research on RHO GTPases have revealed outstanding characteristics such as
diversity in their regulators, a wide range of their cellular targets, and substantial cross-talk
and harmony, that lie beneath GTPases signal transduction pathways [219]. We were able
to evaluate RHOGDI specificity for different RHO GTPases and proposed a detailed sketch
for the GDI-RAC interaction and RAC displacement from the membrane.

The selectivity criteria of IQGAP1/2 proteins as downstream effectors for certain RHO
GTPases were investigated using structural, mutational, and biochemical analyses.
Furthermore, we investigated the other domains of IQGAPs in their interactions with
CDC42, to unveil more about the scaffolding function of these multi-domain proteins, as
well as molecular details of dysregulated signaling pathways.

Previously, it has been shown that RHO GTPases are released from the membrane by GDI,
and create a reservoir of inactivated RHO GTPases in the cytosol [206,220,221]. In addition,
it has been demonstrated that non-prenylated RAC1 is incapable of binding GDI1, and GDI1
binds prenylated RAC1 and RHOA with a significantly higher affinity compared to non-
prenylated RAC1 and RHOA [222,223].

Our study disclosed that the specific mode of GDI function only applies to a distinct subset
of RHO GTPases, and we added additional details to the multi-step mechanism that
promotes membrane extraction and the inhibition of RAC1 activation. We observed that
both prenylated and non-prenylated RAC1 bind GDI1 in principally the same manner, and
this is due to the specificity of GDIs for certain RHO GTPases, according to the data we
obtained.

Our protein-protein interaction studies revealed that all three GDlIs activities are nearly the
same, and the slight difference in their affinity stems from variations in their cell-type specific
expression patterns. GDI2 displayed a six-fold faster association rate constant for RAC2 in
comparison to RAC1 and RAC3, and even in comparison to GDI1 and GDI3, GDI2 interacts
with RAC2 slightly stronger. Under the same experimental conditions, we observed that all
three GDIs demonstrated explicit specificity for RAC1, RAC2, RAC3, and RHOG, as well
as RHOA. Several studies demonstrated that the mechanism of RHOGDI selective
interaction with RHO GTPases is regulated by the interaction with certain receptors or post-
translational modifications like SUMoylation, and phosphorylation [206,210,224,225].
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However, our cell-free analyses indicate that there were potential gaps in the understanding
of the selectivity of GDIs for RHO GTPases.

Analysis of sequence-structure-function relationships of RHO GTPase-RHOGDI interaction
indicated that the C-terminal hypervariable region (HVR) of the RHO GTPases is an
essential component that defines the specificity of GDIs activity. It has been shown that
RAC1 with more positively charged residues (R/K) in its HVR is predominantly localized at
the plasma membrane, however, CDC42 and RAC2 with a less positively charged HVR
remain in the endomembrane [107]. The crystal structure of RAC1 and GDI uncovered that
these positively charged residues in the HVR of RAC1 are positioned towards negatively
charged residues in both the N-terminal arm and C-terminal Geranylgeranyl-binding domain
of GDI1 [226]. Data from our kinetic analyses indicated that mutating the positively charged
amino acids in RAC1 HVR to negatively charged residues results in the repulsion of the
proteins and the hampering of the RAC1 and GDI1 interaction, as well as shifting the
localization of RAC1 to the perinuclear structure. Considering RHOC with more positive
charged residues and as a RHOGDI non-binder clarified that, in addition to the number of
positive charges, the position of these basic residues in the C-terminal can change the fate
of RHO GTPases interaction with RHOGDI.

Moreover, the substitution of negative charges for lysines or the deletion of N-terminal and
C-terminal amino acids in GDI1 impeded the GDI1 interaction with both prenylated and non-
prenylated RAC1. These findings confirm that the C-terminal Geranylgeranyl-binding
domain and the N-terminal arm of GDI create an electrostatic pincer that grabs the RAC1
HVR and extracts the Geranylgeranyl moiety from the membrane.

Overall, we hypothesize that the GDI1 switch binding domain recognizes and interacts with
switch regions of RAC1, then both the C-terminal Geranylgeranyl-binding domain and N-
terminal arm of GDI1 initiate an electrostatic attraction towards the RAC1 hypervariable
region and grab the RAC1 and steer it out of the membrane by locking the Geranylgeranyl
moiety of RAC1 in the hydrophobic cavity of the Geranylgeranyl-binding domain of GDI1.

Deciphering the molecular basis underpinning RAC1 spatio-temporal regulation will help us
to understand several diseases with the implication of RAC1 dysregulation and dysfunction,
like cancer and neurodegeneration. Several pieces of evidence demonstrate that RHOGDIs
is over-expressed in human cancers through dysregulation of RHO GTPases, and result in
aggressive phenotypes, for instance, invasion and metastasis [227-229]. It is necessary to
consider the cross-talk between RHOGDIs and several factors, such as phospholipids and
other interacting proteins in a combined manner, to fully understand the molecular basis
behind the disrupted RHOGDI-RHO GTPases interaction in the development of cancer.

In chapter V, we demonstrated our analyses on a generated pseudo-natural product called
Rhonin, which is described as the first molecule ligand of RHOGDI1. We observed that
Rhonin inhibits RHOGDI-mediated RAC1 extraction from liposomes. Moreover, Rhonin
hindered RHOGDI-RAC1 Geranylgeranylated complex formation, by binding to RHOGDI.
The wound healing assay demonstrated that Rhonin treatment changes the RHO GTPases
localization from the plasma membrane to the endoplasmic membrane and inhibits cell
migration.

Our findings provide a more complete picture to better understand the RAC1 extraction from
the membrane promoted by GDI1 and highlight the effect of the RAC1 C-terminal region on
its regulation and function.
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IQGAPs are scaffold proteins, which are assigned to various subcellular sites and involved
in multitudes of functions to guarantee the protein complex formation of several signaling
molecules and ensure the specificity and efficiency of signal transduction [143]. RHO
GTPases, in particular, CDC42 and RAC1 bind to IQGAP1 and assist IQGAP1 in its
activities including intracellular adhesion [144,230]. However, the specificity of different
IQGAP paralogs for various RHO GTPases remained unclear. In this study, we aimed to
understand more accurately what criteria in RHO GTPases are crucial for IQGAP
interaction.

We carried out a comprehensive interaction study for 14 RHO GTPases with the C-terminal
794 amino acids of IQGAP1 (IQGAP1 €7%4) and the C-terminal 795 amino acids of IQGAP2
(IQGAP2°7%) to clarify the selectivity determinants. The protein-protein interaction studies
indicated that IQGAP1 and IQGAP2 bind selectively to CDC42 and RAC-like proteins.
Although the switch regions have been described as the main binding sites, additional
contact sites outside the switch regions are imperative for IQGAP binding. The switch
regions are highly conserved in RHO GTPases, which are necessary but not sufficient for
effector binding selectivity [135]. We compared the amino acid sequence of IQGAP binders
versus IQGAP non-binders, and discovered four different hotspots, residues 25/26, 45/52,
74, and 85/88 are highly conserved and almost identical among IQGAP binders, yet vary in
non-binders. These residues are enclosed to switch regions, positioned on the surface of
the corresponding proteins, and are exposed for interaction. We checked the electrostatic
properties of the selected hotspots and found out that they contain more negative net
charges in IQGAP non-binders. The kinetic measurements showed that the mutation of
these residues in CDC42 and RAC1-like proteins to equivalent residues to IQGAP non-
binders like RHOA diminishes their binding affinity between 7- and 17-fold. These findings
refer to the significance of these hotspots in RAC1 and CDCA42 proteins binding to IQGAP.

To understand the located contacting regions between IQGAP1 and RAC1, we conducted
a competitive binding assay, in which we analyzed the association of IQGAP1 with RAC1
in the presence and absence of an excess amount of RAC1 binding partners. Our
competition assays revealed that IQGAP1 competes with DOCK2, p50GAP, and PAK1 to
bind RAC1, which suggests that these proteins share an overlapping binding surface.

Overall, our study showed that additional distinct residues, besides those in switch regions,
are required for RHO GTPases to enable them to associate with IQGAPs. Our study showed
that the kinetic properties of IQGAP1 interaction with CDC42 and RAC1 are slightly
different, and further analyses are needed to illuminate the correlation of these differences
to their functional outcomes. IQGAPs modulate a broad spectrum of biological processes
and they have become a drug target due to their regulatory role in cancer development.

Recently presented data from single molecule showed that IQGAP1 stabilizes the actin
filaments, regulates the actin filament spatial organization, and also that the C-terminal half
of IQGAP1 is required for full inhibition of actin filament growth [231]. Yet, the mechanistic
framework for IQGAP interaction with CDC42 and RAC1 and the implication of these
interactions in actin dynamics at the leading edge and cell migration requires further
investigations.
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Like other multidomain proteins, IQGAPs use different domains to assemble various protein
complexes at distinct cellular compartments [112,117]. For example, IQGAP1 interacts with
actin filaments through its N-terminal CDH domain and 1Q motifs interact with calmodulin
[114,117,232]. It became widely accepted that the switch regions of CDC42 and RAC1 are
associated with IQGAP1 GRD [54,145,233]. The published crystal structure of constitutively
active CDC42 Q61L in complex with IQGAP2 GRD suggests that CDC42-IQGAP2 GRD
binding is in a 4:2 stoichiometry [54]. That means two CDC42 proteins bind in a RASGAP
interaction mode and the other two CDC42 proteins bind to extra domain sequences of
GRDs [54]. However, different studies also showed that IQGAP RGCT mediates the high-
affinity binding to switch regions of CDC42 and CDC42 can still bind to IQGAP1-AGRD
[144,148,234]. To clarify this discrepancy in the CDC42-IQGAP interaction mode, we
studied GRD interaction with CDC42 in detail through structural-functional analyses.

Our kinetic and equilibrium measurements demonstrated that both IQGAP1¢7®* and
IQGAP2°¢7% (encompassing GRD, RGCT, and CT domain of IQGAP1 and 2, respectively)
bind CDC42 mGDP- and mGppNHp-bound, yet with a higher affinity for mGppNHp-bound
CDC42. Similar measurements indicated that IQGAP1 GRD and IQGAP2 GRD bind CDC42
with low affinity but in a nucleotide-independent manner. This data suggests that the RGCT
domain associated directly with the switch regions of CDC42. To extend these findings, we
evaluated the association of endogenous IQGAP1 full-length with purified CDC42 and
RAC1 proteins. The pull-down analyses showed that IQGAP1 full-length binds both these
GTPases, though binds weaker with the GDP-bound RAC1 and CDC42, than their
GppNHp-bound forms.

Our equilibrium measurement data did not show a significant affinity loss for CDC42
variants carrying different mutations in switch | and Il regions in interaction with GRD
domains of IQGAP1 and 2. These findings propose that the association of CDC42 with
IQGAP GRD is through other regions than switch regions.

Later, we tried to reveal the CDC42 contacting sites on IQGAP GRD by considering the
CDC42 insert helix as its potential effector binding region. The kinetic data manifested that
a mutation in the CDC42 insert helix results in a diminished GRD1 and CDC42 interaction,
regardless of the nucleotide-bound states of CDC42 insert helix variants. Moreover, the
pull-down results confirm that mutations in the CDC42 insert helix hinder IQGAP1 full-length
binding. A recent study by Haspel et al. showed that the insert helix of CDC42 shows much
larger conformational flexibility in GDP-bound CDC42 than in the GTP-bound form, and
differences in conformational flexibility of GDP- and GTP-bound CDC42 Q61L are smaller
[235]. Hence, we can consider the insert helix of CDC42 as a highly dynamic region, which
even in its GDP-bound form does not lose its ability to bind to effectors.

Several previous studies suggested that CDCA42 interaction is through the switch regions of
this protein with the GRD domain of IQGAP [54,145]. One credible argument against these
findings is using the constitutively active CDC42 variant Q61L, rather than using the CDC42
wild type. Therefore, we assessed IQGAP1 GRD binding to CDC42 Q61L in comparison to
CDC42 wild type through equilibrium measurements and size exclusion chromatography
(SEC). Our results confirmed that CDC42 Q61L binds IQGAP1 GRD and IQGAP2 GRD 50-
fold stronger than the CDC42 wild type. In addition, the SEC analyses indicated that CDC42
Q61L and IQGAP1 GRD form a 2:1 stoichiometry, which is compatible with the previous
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study for IQGAP2 GRD with CDC42 Q61L. However, our SEC data showed that the CDC42
wild type and IQGAP1 GRD form a 2:2 stoichiometry. The stoichiometric ratio for the wild-
type form of a protein provides insights into the nature of protein interactions, which exist in
a normal physiological state. It became clear that L61 is in direct contact with the GRD
domain of IQGAP, since, unlike Q61, it is not involved in hydrogen bonding with a catalytic
water molecule and is positioned toward the protein surface. Hence, CDC42 Q61L cannot
be considered the best analog of CDC42 wild type, particularly in understanding the
interaction network of downstream effectors.

The GRD domain of IQGAP does not show any RASGAP activity, even though there are
structural similarities between the GRD and GAP domains of RASGAPs like GAP-334 and
neurofibromin [145]. It would not be frugal for nature to create a GAP domain that acts only
as an effector module and has a different mode of interaction than those true GAPs with
GTP hydrolysis activity.

Overall, our findings verified 1%t the role of IQGAP RGCT in mediating high-affinity binding
to GTP-bound CDC42, and 2™ proposed the insert helix of CDC42 as the possible
contacting site in interaction with the GRD domain of IQGAP. Further studies are needed
to explain the significance of IQGAP GRD interaction with CDC42 in signal transduction
and cellular processes.

It was already known that GTP-bound HRAS binds RIN1 and enhances the activation of
RAB5A GTPases and ABL1/2 tyrosine kinases, which are the two main signaling axes
responsible for endosomal sorting and cytoskeletal dynamics [236—238]. To understand the
molecular pathophysiology for dermatological findings in Costello syndrome, we examined
the role of the HRAS-RIN1 signaling node, in the presence of constitutively active HRAS
variants.

In the presence of HRAS wildtype, RIN1 as a GEF showed a 34-fold increase in its
nucleotide exchange rate for RAB5A. The RIN1 nucleotide exchange rate for RAB5A was
even significantly higher in the presence of HRAS G12S or HRAS G13E. Our findings imply
that HRAS activity is critical for the RIN1-RABS5 signaling pathway. Given that GTP is far
more abundant in cells than GDP, we conclude that RAB5A is most likely in an active GTP-
bound form in the presence of HRAS G12S or HRAS G13E, in comparison with HRAS
wildtype. Our data also indicated that HRAS G12S perturb the 1 integrin pools balance
within the cell and cell surface. Since alterations in HRAS-RIN1 signaling lead to
perturbation in integrin equilibrium, we conclude that this signaling pathway is accountable
for the pathogenesis of epidermal findings in Costello syndrome.

A trio-based exome sequencing of individuals suffering from neurodegeneration diseases
led to the identification of de novo mutations in ARF3. All amino acid substitutions including
L12V, D67V, T32N, D93N, and K127E were conserved among ARF3 paralogs and
orthologs, and three of them including D67V and K127E were also conserved in other RAS
GTPases. The discovered variants altered residues that were previously linked to human
diseases were driven by corresponding variants of the RAS superfamily.
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To gain structural insights into the pathogenic mechanism of identified variants, we
compared them with the published crystal structure of other RAS GTPases carrying the
corresponding amino acid substitutions. Our findings indicated that all residues are
clustered within or in the vicinity of the GTP/GDP binding pocket. For instance, D67
coordinates with Mg?* ion through hydrogen bonds with a water molecule, which is required
for GDP/GTP binding, and its substitution for Valine would significantly disrupt GDP/GTP
binding. Similarly, K127 is part of the NKXD motif, which is located near the guanine moiety
of GDP/GTP, and its substitution for glutamic acid perturbs the affinity for nucleotide
binding.

The intrinsic and GEF stimulated-nucleotide exchange rates of all variants were evaluated
using fluorescence polarization. It was striking that the intrinsic nucleotide exchange rates
of D93N, as well as K127E variants, were considerably higher than for the wild type. These
two variants showed a 15- to 18-fold higher intrinsic nucleotide exchange rate and reflected
that no GEF is required to promote the nucleotide exchange reaction.

To establish a more detailed biochemical consequence of these mutations in ARF3 protein,
we inspected the intrinsic GTP hydrolysis activity. Except for the D93N variant which
showed a slight increase in GTP hydrolysis, the rest of the ARF3 variants indicated quite
similar GTP hydrolysis rates compared to the ARF3 wild type.

Collectively, we revealed that discovered ARF3 variants are most likely accumulated in their
GTP-bound state, which is very critical for their function, to maintain the Golgi integrity and
subsequently affect normal brain development.
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