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Zusammenfassung

Zellulare Reaktionen auf verschiedene aufere und innere Konditionen werden durch komplexe
und hochdynamische Signalnetzwerke gesteuert. Mehrere Licken in unserem Verstandnis der
Proteininteraktionen beeintrachtigen unser Wissen dartber, wie Proteine mit anderen Molekilen
kommunizieren, um funktionale Signalosomen zu bilden. Protein-Protein- (PPI1) und Protein-Lipid-
Interaktionen sind von grundlegender Bedeutung fiir die Regulierung von zellularen Signalwegen
und physiologischen Prozessen. Proteine bestehen aus verschiedenen funktionellen Modulen,
einschlielllich Domanen und Motiven, die diese Interaktionen koordinieren. In dieser Arbeit wird
insbesondere die selektive Natur von PPIls untersucht, indem SH3 (Src Homology 3)-Domanen-
PRM (Prolin-reiche Motive)-Interaktionen als Modell zur Erforschung zellularer Signalnetzwerke
verwendet werden. Durch die Untersuchung von SH3-Domanen bietet diese Forschung einen
verfeinerten Klassifizierungs- und Selektivitdtsrahmen fur das Verstandnis, wie diese Doméanen
mit PRM in ihren Bindungspartnern interagieren, und verdeutlicht so die Komplexitat von
Proteininteraktionen. Neben PPls sind Protein-Lipid-Interaktionen flir Prozesse wie
Signaltransduktion, Membranumbau und -dynamik sowie inter- und intrazelluldare Kommunikation
von wesentlicher Bedeutung. Daher wird in dieser Studie untersucht, wie verschiedene
Proteinmodule unterschiedliche Struktur- und Erkennungsmechanismen nutzen, um mit Lipiden
zu interagieren, was ihre Bedeutung bei Krankheitsprozessen und ihr Potenzial als therapeutische
Ziele hervorhebt. Daruber hinaus konzentriert sich eine weitere Studie auf das Verstandnis der
Interaktionsmodalitaten innerhalb des RAS-MAPK-Signalwegs und verwandter Signalkaskaden.
Der RAS-MAPK-Signalweg ist entscheidend um wichtige zellulare Prozesse wie Proliferation,
Uberleben, Wachstum, Zellpolaritat und Mobilitat steuert. Aufbauend auf dem grundlegenden
Verstandnis von PPIs und Protein-Lipid-Interaktionen in Signalwegen wird in dieser
Forschungsarbeit die negative Regulierung von CRAF, einer onkogenen Proteinkinase im RAS-
MAPK-Signalweg, durch das Tumorsuppressorprotein SIRT4 Uber spezifische PPls weiter
untersucht. AuRerdem untersuchen wir die Regulierung von SIRT4 unter pseudohypoxischem
Stress, indem wir die Mechanismen seines proteasomalen Abbaus aufdecken. Darlber hinaus
wird in der Studie die Rolle dieser Interaktionen bei humanen Krankheiten untersucht, was auf ihr
Potenzial als Angriffspunkte fur die therapeutische Entwicklung hinweist. Der RAS-MAPK-
Signalweg ist bei pathologischen Zustanden von zentraler Bedeutung, wobei seine Dysregulation
bei kardiovaskularen Stérungen wie arteriovendsen Malformationen (AVMs) beobachtet wird.
RIT1, ein Mitglied der RAS-Superfamilie der kleinen GTPasen, und SOS1, ein positiver Regulator
dieser Kaskade, werden speziell im Zusammenhang mit AVMs untersucht. Unsere Ergebnisse
zeigen, dass neuartige Missense-Mutationen in RIT1 und SOS1 zu einer Hyperaktivierung des
RAS-MAPK-Signalwegs fuhren und damit zur Pathogenese der AVM beitragen. Desweiteren
untersuchen wir einen weiteren wichtigen nachgeschalteten Signalweg von RAS, den PI3K-AKT-
Signalweg, im Zusammenhang mit vaskularen Anomalien. Dartber hinaus wird die Wirksamkeit
verschiedener pharmakologischer Mallinahmen zur Verringerung des Fortschreitens von AVM
untersucht und ihr Potenzial als therapeutische Strategien bewertet. Insgesamt erweitert diese
Forschung unser Verstandnis daruber, wie PPIls und Protein-Lipid-Wechselwirkungen
Signalwege, insbesondere den MAPK-Signalweg, beeinflussen, und verdeutlicht die
Auswirkungen von krankheitsassoziierten Mutationen. Die Ergebnisse erweitern nicht nur unser
Wissen Uber zellulare Signalwege, sondern zeigen auch potenzielle therapeutische Ziele fiir
Krankheiten auf, die mit dysregulierten Signalwegen zusammenhangen.



Summary

Cellular responses to various external and internal conditions are orchestrated by complex and
highly dynamic signaling networks. Several gaps in our understanding of protein interactions affect
our knowledge of how proteins communicate with other molecules to form functional
signalosomes. Protein-protein (PPI) and protein-lipid interactions are fundamental to the
regulation of cellular pathways and physiological processes. Proteins consist of various functional
modules, including domains and motifs, which coordinate these interactions. Specifically, this
study examines the selective nature of PPIs by using SH3 (Src Homology 3) domain-PRM
(Proline-Rich Motif) interactions as a model to explore cellular signaling networks. By examining
SH3 domains, this research offers a refined classification and selectivity framework for
understanding how these domains interact with PRM in their binding partners, thereby clarifying
the complexities of protein interactions. Besides PPIs, protein-lipid interactions are essential for
processes such as signal transduction, membrane remodeling and dynamics, and inter- and intra-
cellular communication. Therefore, this study investigates how different protein modules use
diverse structural and recognition mechanisms to interact with lipids, highlighting their significance
in disease processes and their potential as therapeutic targets. Furthermore, this study focuses
on understanding the modes of interaction within the RAS-MAPK signaling and related pathways.
The RAS-MAPK pathway is a crucial cascade that controls key cellular processes, including
proliferation, survival, growth, cell polarity, and mobility. Building on the foundational
understanding of PPIs and protein-lipid interactions in signaling pathways, this research further
explores the negative regulation of CRAF, an oncogenic protein kinase in the RAS-MAPK
pathway, through the tumor suppressor protein SIRT4 via specific PPls. Additionally, we address
the regulation of SIRT4 under pseudohypoxic stress which uncovers mechanisms of its
proteasomal degradation. This study further explores the role of these interactions in human
diseases, pointing to their potential as drug targets for therapeutic development. The RAS-MAPK
pathway is essential in pathological conditions, with its dysregulation observed in cardiovascular
disorders such as arteriovenous malformations (AVMs). RIT1, a member of the RAS superfamily
of small GTPases, and SOS1, a positive regulator of this cascade, are specifically investigated in
relation to AVMs. Our finding reveals novel missense mutations in RIT1 and SOS1 lead to
hyperactivation of the RAS-MAPK signaling pathway, contributing to AVM pathogenesis.
Additionally, we examine another major downstream pathway of RAS, the PI3K-AKT pathway, in
the context of vascular anomalies. The research further explores the efficacy of various
pharmacological interventions in reducing AVM progression and evaluates their potential as
therapeutic strategies. Overall, this research broadens our understanding of how PPls and protein-
lipid interactions influence signaling pathways, particularly the MAPK pathway, and highlights the
implications of disease-associated mutations. The findings not only advance our knowledge of
cellular signaling but also pinpoint potential therapeutic targets for diseases related to
dysregulated signaling.
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1 General Introduction

1.1 Cell Signaling

Effective communication and information transfer are vital for the proper functioning of cells,
tissues, and organisms. Throughout evolution, diverse mechanisms have evolved to accomplish
these crucial tasks, resulting in a highly complex signaling network. Biological signaling processes
are primarily driven by interactions between proteins and other biomolecules, including protein-
protein, protein-lipid, protein-DNA/RNA, protein-chemical molecules (such as metabolites and
drugs), and protein-carbohydrate interactions [1, 2]. These interactions enable proteins to function
not in isolation but as part of complex networks and scaffolds, facilitating the flow of cell signaling
in biological processes [2, 3]. Disruptions in these networks can lead to pathological conditions. In
cancer, aberrant signaling pathways due to mutations or dysregulation of growth and survival
proteins lead to uncontrolled protein interactions [2, 4]. Similarly, improper protein interactions can
contribute to neurodegenerative diseases like Alzheimer's [5]. As such, understanding these
interactions and their biological relevance is crucial for elucidating disease mechanisms and
developing targeted therapies.

In the following sections, we will particularly focus on protein-protein interactions (PPIs) and
protein-lipid interactions. We will also explore how processes such as growth, proliferation,
differentiation, survival, and cytoskeletal organization are governed by molecular interactions
within the RAS (Rat Sarcoma virus)-MAPK (Mitogen-Activated Protein Kinase) and the PI3K
(Phosphatidylinositol 3-Kinase)-AKT (AKT serine/threonine kinase)-mTOR pathways, and discuss
the diseases associated with the dysregulation of these cascades.

1.1.1 Protein-Protein Interaction

Proteins, as central macromolecules in biological systems, are indispensable for executing nearly
all cellular functions and dynamics. However, their actions seldom occur in isolation. Instead, most
molecular processes rely on molecular machines, intricate assemblies of proteins interconnected
through direct physical PPIs. These interactions, facilitated by specialized regions known as
protein modules, enable the communication and coordination between individual proteins.
Biochemical events, including non-covalent electrostatic forces, hydrogen bonding, and the
hydrophobic effect, drive PPIs [6]. The protein modules allow the formation of PPIls and are
necessary for cellular functions, including mediating functions such as detecting environmental
stimuli, assisting in signal transmission, regulating the metabolic and signaling enzymes,
transforming energy into mechanical movement, and preserving cellular structure [7]. Various
methodologies have been developed for analyzing PPIs due to their pivotal role in mediating
signaling pathways. In PPI studies, both in vitro and in vivo techniques are utilized. In vitro methods
include TAP-MS (Tandem Affinity Purification-Mass Spectroscopy), Affinity Chromatography, Co-
immunoprecipitation, Protein Microarrays, Protein-Fragment Complementation, Phage Display, X-
ray Crystallography, and NMR Spectroscopy, enabling precise detection and analysis of
interactions at the molecular level. In vivo approaches encompass Y2H (Yeast 2 Hybrid) screening
and Synthetic Lethality studies, focusing on functional interactions within living systems [8].
Additionally, in silico methodologies such as Ortholog-Based and Domain-Pairs-Based Sequence
approaches, Structure-Based Predictions, Gene Neighborhood, Gene Fusion, 12H (In silico 2
Hybrid), Phylogenetic Tree, Phylogenetic Profile, and Gene Expression Analysis are employed to
infer PPI based on computational models and evolutionary relationships, offering insights into
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potential interactions before experimental validation [8]. These diverse techniques collectively
contribute to a comprehensive understanding of protein interactions in biological systems.

Almost all cellular processes demand proteins to precisely recognize a multitude of diverse
interaction partners. This diversity in protein interactions is categorized into different types based
on various factors. A fundamental classification depends on the composition of protein complexes:
homo-oligomers comprise identical proteins, while hetero-oligomers consist of different proteins.
Additionally, interactions can be classified as obligate or non-obligate based on their
duration/stability, and as permanent or transient based on binding affinity [9]. Moreover, the
specificity of protein interfaces determines whether interactions are simultaneous or mutually
exclusive [10]. Different interaction types are implicated in various cellular processes, highlighting
the importance of understanding and characterizing PPIs and their impact on biological functions.
Protein domains play a crucial role in mediating these interactions, as they often contain binding
sites that facilitate specific recognition and association with their interaction partners, thus
contributing to the specificity and dynamics of protein complexes in cellular processes.
Understanding the roles and interactions of these protein domains is essential for unraveling the
complexities of cellular functions and regulatory mechanisms. Thus, examining PPIs at the domain
level provides invaluable insights into the mechanisms governing cellular signaling and function
and increases our knowledge regarding the evolution of organisms and function. It also offers
potential avenues for therapeutic intervention in diseases where these interactions are
dysregulated.

1.1.1.1 SH3 Domains: Building Blocks of Protein-Protein Interactions

Within the complex network of PPls, motifs and domains are structural protein elements that
facilitate specific binding and functional interactions. Domains are distinct conserved, stable, and
often independently folding regions within a protein that are responsible for specific functions, such
as binding or enzymatic activity. Motifs are shorter, non/conserved sequences within proteins that
play a role in mediating interactions, often contributing to the overall function of the protein [11]. A
key domain in these interactions is the SH3 (Src Homology 3) domain, which directs the assembly
and disassembly of macromolecular complexes involved in cellular processes. SH3 domains were
discovered in the late 1980s based on homology between the PLC (phospholipase C) and SRC
oncogenes [12]. They are compact protein modules typically spanning about 60 amino acids and
adopt a structural motif characterized by a five/six-stranded B-barrel-like tertiary structure
connected by various loops, including the RT loop (named for the conserved arginine and
threonine residues), n-Src loop, distal loop, and a 310-helix (Figure 1) [13, 14]. Despite their modest
size, SH3 harbors a distinct binding pocket that selectively recognizes and engages PRM (Proline-
Rich Motifs), also known as proline-dependent interactions, present in target proteins. PRMs
generally consist of proline (P) and hydrophobic (X) amino acids, characterized by a core motif of
XPxXP, where 'x' can be any amino acid. The SH3 domain can bind to its binding partners in two
opposite orientations, determined by the relative positioning of non-proline residues,
predominantly consisting of positively charged residues. This is denoted as +x/x+, which
influences the orientation of peptide binding relative to the conserved proline residues at either
the N-terminal (+xXPxXP, class ) (Figure1A) [13] or the C-terminal (XPxXPx+, class Il) positions
of the PxXP core (Figure 1B) [14]. Some SH3 domains display alternative specificity towards both
class | and Il PRM ligands (referred to as class l/ll). For instance, the FYN SH3 domain
demonstrates interaction with both class | and Il PRMs found in the TAU (Tubulin Associated Unit)



protein [15]. In certain instances, the specificity of other SH3 domains towards ligands containing
a combination of proline and non-proline residues is observed (referred to as Class Ill). An
example is seen in the interaction between the second SH3 domain of NCK2 and the PxxDY motif
in the cytoplasmic tail of CD3¢ of the TCR (T-Cell Receptor) [16]. Furthermore, many SH3 domains
demonstrate an expanded range of binding sequences, referred to as proline-independent
binding. This capability allows SH3 domains to facilitate a wider spectrum of interactions,
encompassing engagements with various domains such as GAP (GTPase-Activating Proteins),
kinase-catalytic, BR (basic rich), GuaKin/GK (Guanylate Kinase), SH3, DH (Dbl Homology), SH2
(Src Homology 2), PX (Phox homology), and LIM4 (Lin-11/Isl-1/Mec-3 4), as well as other targets
such as RNA, helices, arginine-lysine residues, spectrin repeat, lipid, and extracellular matrix
molecules [17].

SH3 domains play a crucial role in linking cellular proteins and influencing cellular pathways,
including almost all essential cellular functions, such as cell survival, proliferation, differentiation,
migration, and polarity, through proline-dependent or independent PPIs [17, 18]. This underscores
their significance in malfunction, as observed in various diseases such as neurological defects,
cancer, and infectious diseases [17]. Therefore, understanding the fundamentals of selectivity and
specificity in regulating their PPls across complex cellular pathways could aid in the drug
development that precisely targets and inhibits SH3 domains.

N Class Il: XPxXPx+ ¢

Figure 1. Structural representation of SH3 Domains. (A) The cartoon depiction of the SH3 structure of the CTTN
SH3 domain (PDB code: 2D1X) in complex with class | peptide is presented. (B) The cartoon depiction of the SH3
structure of the CD2AP SH3-2 domain (PDB code: 3U23) in complex with class Il peptide is presented. The figure
illustrates the five B strands along with the RT, n-Src, distal loops, and 310-helix that connect local structural elements.



1.1.2 Protein-Lipid Interaction

Cellular membranes serve as dynamic barriers that enclose and compartmentalize the cell,
facilitating vital processes such as signaling, transport, and cell-cell communication. Mammalian
cells generate a wide array of unique lipid species, and the composition of lipids can significantly
differ based on various factors such as cell type [19], metabolic state [20], disease condition [21],
and external influences (such as dietary intake) [22]. Central to their functionality are the intricate
interactions between proteins and lipids within the membrane matrix. Proteins have evolved an
array of motifs and domains to detect and respond to specific lipids, as well as broader membrane
properties such as curvature, thickness, or specialized microdomains [23].

Membrane proteins can be classified as integral (including transmembrane and anchored
membrane proteins) and peripheral proteins [24]. Essentially, lipids possess the inherent
capability to function as solvents, substrates, and regulatory co-factors concurrently, thereby
influencing the activity of membrane proteins [25]. Integral membrane proteins display alpha
helices that interact with specific hydrophobic membrane lipids. These proteins can be classified
into three main categories: monotopic, bitopic, and polytopic [26]. Monotopic proteins have a
single hydrophilic domain exposed on one side of the membrane, while a hydrophobic domain
anchors the polypeptide chain to the hydrophobic core of the bilayer [27]. Bitopic proteins traverse
the membrane once, with interspersed hydrophobic domains and a hydrophilic domain on each
side of the membrane [28], and polytopic passing the membrane multiple times [29]. In addition to
these classifications, integral proteins can also be structured as beta barrels, extending through
the membrane, with the outer beta sheets containing hydrophobic residues that interact with lipids
[30]. Integral membrane proteins perform various functions, such as molecular transportation,
receptor activity, linking different cellular components, enzymatic catalysis, signal transduction,
cell adhesion, and anchoring within and outside the cell in tissue [31]. Moreover, peripheral
membrane proteins are soluble proteins recruited to the cell periphery of biological membranes,
where they recognize specific lipid head groups or membrane features, functioning as second
messengers to control the spatiotemporal recruitment and activation of specific protein effectors
[23]. Peripheral proteins are transiently and loosely associated with the membrane [32], without
penetrating the hydrophobic core of the phospholipid bilayer.

According to the Human Protein Atlas, 11 percent (2286 proteins) of all human proteins are
detected experimentally in the plasma membrane. Exploring the diverse mechanisms through
which membrane proteins integrate into and interact with membranes, including lipid-binding
domains, transmembrane domains, and lipid modifications, provides insight into the fundamental
principles governing cellular membrane dynamics. This comprehensive examination provides the
opportunity to uncover the roles of protein-lipid interactions in shaping membrane organization,
protein localization, and cellular signaling pathways, thus advancing the understanding of cellular
physiology and pathology at the molecular level.



1.1.3 The RAS-MAPK Pathway

The RAS-MAPK pathway is a crucial signaling cascade involved in transducing extracellular
signals into various cellular responses, such as proliferation, cell survival and growth, and
cytoskeletal remodeling [33]. The pathway begins with the activation of RTKs (Receptor Tyrosine
Kinases) or GPCRs (G-Protein-Coupled Receptors) (Figure 2) [34]. Activation of RTK leads to the
recruitment and activation of adapter proteins like GRB2 (Growth Factor Receptor-Bound protein
2). GRB2, in turn, binds to the SOS (Son of Sevenless), facilitating its activation [35]. SOS acts as
a GEF (Guanine Nucleotide Exchange Factor) that catalyzes the exchange of GDP (Guanosine
Diphosphate) for GTP (Guanosine Triphosphate) on RAS proteins, thereby activating RAS [36].
Active RAS subsequently recruits and activates RAF (Rapidly Accelerated Fibrosarcoma) kinases,
including ARaf, BRaf, and CRaf (also known as RAF1) [37]. RAF then phosphorylates and
activates MEK (Mitogen-Activated Protein Kinase Kinase), which in turn phosphorylates and
activates the terminal kinases ERK1/2 (Extracellular Signal-Regulated Kinase 1/2). Activated
ERK1/2 regulates both cytosolic and nuclear targets, where it phosphorylates various transcription
factors and regulatory proteins, ultimately regulating gene expression and mediating the biological
responses associated with the MAPK pathway [33, 38, 39]. Additionally, GPCR-mediated
activation of MAPKs is regulated by the production of intracellular messengers. GPCR activity
stimulates the Ga, (G protein alpha q subunit)/PLCB (Phospholipase C beta)/PKC (Protein Kinase
C) as a second messenger, which can enhance the RAS-CRAF-ERK1/2 pathway [34] (Figure 2).

Some of the main downstream targets of the RAS-MAPK pathway include: (a) Transcription
factors: ERK regulates nuclear transcription factors, including ELK-1 (ETS Like-1 protein), FOS
(Fos proto-oncogene), MYC (Myelocytomatosis oncogene), JUN (Jun proto-oncogene), members
of the ETS (Erythroblast Transformation-Specific) family, and others [40]. (b) Protein kinases:
one example is RSK (Ribosomal S6 Kinase), which is activated by ERK1/2 and then
phosphorylates various substrates, including transcription factors and other proteins [41].
Moreover, MNK1/2 (MAP kinase-interacting serine/threonine-protein  kinase 1/2) is
phosphorylated by ERK1/2, involved in the regulation of protein synthesis through phosphorylation
of elF4E (eukaryotic translation Initiation Factor 4E) and cell cycle progression [42]. Besides,
MSK1/2 (Mitogen- and Stress-activated Kinase 1/2) is activated by ERK and is primarily involved
in the regulation of nuclear responses and transcription [43]. Furthermore, GSK3 (Glycogen
Synthase Kinase 3) is inhibited by ERK1/2 [44, 45], which might affect glycogen metabolism and
cell cycle. (c) Cell cycle regulators: Cyclin D1 expression is up-regulated by ERK signaling,
promoting progression through the G1 phase of the cell cycle [46]. (d) Proteins involved in
apoptosis: BAD (Bcl-2 associated Agonist of cell Death) phosphorylation mediated by ERK1/2
can lead to its degradation, promoting cell survival. Moreover, BIM (Bcl-2 Interacting Mediator of
cell death) protein ERK1/2-mediated phosphorylation can lead to its degradation, thus preventing
apoptosis [47]. (e) Cytoskeletal remodeling: ERK also affects PAXILLIN and FAK (Focal
Adhesion Kinase) by catalyzing the phosphorylation of PAXILLIN, which enhances its association
with FAK, thereby playing a role in cell migration, adhesion, and spreading [33]. Moreover,
activated ERK1/2 phosphorylates cytoskeletal components like MAP1, MAP2, and MAP4
(Microtubule-Associated Proteins) to regulate cell morphology and cytoskeletal redistribution [48].
All the above-mentioned targets illustrate the diverse roles of the RAS-MAPK pathways in cellular
function. Through these downstream effectors, the pathway influences a wide range of biological
processes essential for normal cellular operation and response to external stimuli.
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Figure 2. The RAS-MAPK pathway and its main downstream targets. The MAPK pathway is initiated by activation
of receptor tyrosine kinases (RTKs) or G-protein-coupled receptors (GPCRs). Activated RTKs recruit and activate
adapter proteins like GRB2, which then activates SOS, leading to the activation of RAS proteins. Active RAS recruits
RAF kinases, which phosphorylate and activate MEK. MEK then activates ERK1/2, which regulates various downstream
targets. Additionally, GPCR-mediated activation enhances the RAS-CRAF-ERK1/2 pathways through second
messengers like Gaq/PLCR/PKC. Key downstream targets of the RAS-MAPK pathway include (a) Transcription factors
(ELK-1, FOS, MYC, JUN, ETS family members), (b) Protein kinases (RSK, MNK1/2, MSK1/2, and GSK3), (c) Cell cycle
regulators (Cyclin D1), (d) Apoptosis-related proteins (BAD, BIM), (e) Cytoskeletal remodeling (PAXILIN/FAK,
MAP1/2/4). These targets illustrate the pathway's role in regulating diverse biological processes essential for cell growth,
proliferation, survival, and cytoskeletal remodeling. This image was made with BioRender (https://biorender.com/).



https://biorender.com/

1.1.4 The PI3K-AKT-mTOR Pathway

The PI3K-AKT pathway controls various cellular functions such as metabolism, growth,
proliferation, survival, and cell migration (Figure 3) [49]. PI3Ks are categorized into three classes
(I-111) based on their substrate preference and sequence homology (reviewed in REF. [49]). Each
class of PI3K has unique roles in cellular signal transduction, with different isoforms within each
class contributing to these roles. Particularly, Class | PI3Ks are activated by RTKs and GPCRs
(Figure 3). PI3K catalyzes the phosphorylation of inositol-containing lipids, specifically Ptdins
(Phosphatidylinositols). Its main substrate in vivo is PIP2 (phosphatidylinositol-4,5-bisphosphate),
which is converted into PIP3 (phosphatidylinositol-3,4,5-trisphosphate), a crucial second
messenger. PIP3 acts as a docking site for proteins with PH (Pleckstrin Homology) domains,
facilitating their recruitment to the plasma membrane and subsequent activation. PIP3 binding
leads to the translocation of AKT, also known as PKB (Protein kinase B), through its PH domain
to the membrane which positions it near upstream regulatory kinases like PDK1
(Phosphoinositide-Dependent Kinase 1), which is also recruited by its PH domain to PIP3 and
phosphorylates AKT at T308, a critical step for AKT activation. However, full activation of AKT
also necessitates phosphorylation at S473 by the mTORC2 (rapamycin-insensitive mTOR-rich
kinase Complex 2). Subsequently, the full activation of AKT leads to the phosphorylation of
numerous target proteins, thereby regulating a wide array of cellular functions [49].

The main downstream targets of AKT include: (a) GSK3: phosphorylation by AKT inhibits GSK3,
promoting glycogen synthesis and cell cycle [50]. (b) mMTORC1 (mammalian Target of
Rapamycin Complex 1): AKT activates mTORC1, which regulates protein synthesis and cell
growth [51]. (¢) FOXO (Forkhead Box O) transcription factors: AKT phosphorylates FOXO,
causing its exclusion from the nucleus and inhibiting its transcriptional activity, which is involved
in apoptosis, cell cycle inhibition, and gluconeogenesis [52, 53]. (d) BAD: AKT phosphorylation
inactivates BAD, promoting cell survival by preventing apoptosis [54]. (e) p27Kip1 (Cyclin-
dependent kinase inhibitor 1B): AKT phosphorylates p27, which leads to its cytoplasmic
retention and degradation, promoting cell cycle progression [55]. (f) TSC2 (Tuberous Sclerosis
Complex 2): phosphorylation by AKT inhibits TSC2, leading to the activation of mMTORC1 and
stimulation of protein synthesis and cell growth [56]. (g) IKK (IkB Kinase): AKT activates IKK,
which leads to the activation of NF-Kb (Nuclear Factor kappa-light-chain-enhancer of activated B
cells), a transcription factor involved in inflammatory responses and cell survival [57]. (h) MDM2
(Mouse Double Minute 2 homolog): AKT phosphorylates MDM2, enhancing its activity to
degrade p53, thereby reducing p53-mediated apoptosis [54]. (i) Small GTPase: AKT influences
the activity of RHO-GTPases (RHOA (Ras Homolog family member A), RAC1 (Ras-related C3
botulinum toxin substrate 1), CDC42 (Cell Division Control protein 42 homolog)), which are crucial
regulators of the cytoskeleton [58-60].
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Figure 3. The PI3BK-AKT pathway. This pathway regulates various cellular functions, including growth, proliferation,
and survival, and cell polarity and mobility. The PI3Ks are activated by receptor tyrosine kinases (RTKs) and G-protein-
coupled receptors (GPCRs), leading to the phosphorylation of phosphatidylinositol-4,5-bisphosphate (PIP2) to form
phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 serves as a docking site for proteins with PH (Pleckstrin
homology) domains, including AKT and PDK1 (phosphoinositide-dependent kinase 1). AKT is fully activated through
phosphorylation at T308 by PDK1 and at S473 by mTORC2. Activated AKT phosphorylates multiple downstream targets
to regulate protein and glycogen synthesis, transcriptional activity, cell survival and apoptosis, cell cycle progression
and actin rearrangement. Figure created using Biorender (https://biorender.com/).
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1.1.5 Crosstalk Between the RAS-MAPK and PI3K-AKT Pathways

The interaction at multiple levels between the RAS-MAPK and PI3K-AKT pathways is crucial for
fine-tuning cellular responses (Figure 4). A key point of intersection between these pathways
occurs at the level of RAS activation. RAS, a small GTPase, is a critical upstream activator of the
MAPK pathway. Upon activation, RAS not only initiates the MAPK cascade but also directly binds
to and activates PI3K [61]. This dual activation by RAS ensures a coordinated and robust response
to growth signals. Additionally, the interaction between RAF and AKT constitutes a complex
network of regulatory events that vary based on cell type and physiological conditions. During
muscle cell differentiation, AKT inhibits RAF [62], and persistent RAF-MEK1 signaling triggers
negative feedback to inhibit RAS and AKT during cell cycle arrest [63]. Additionally, RAF can
stimulate RAS and AKT activation in epithelial cells [64], further pointing out the intricate regulation
between these pathways. Another layer of crosstalk involves the modulation of TSC2 activity.
TSC2 is a critical inhibitor of mMTORC1, and AKT phosphorylates TSC2, leading to its inhibition
and subsequent activation of mMTORC1. Similarly, ERK can phosphorylate TSC2, contributing to
the regulation of mMTORC1 activity [65]. Feedback mechanisms also play a significant role in the
crosstalk between these pathways. For example, mTORC1 activation can lead to a negative
feedback loop that inhibits the PI3K and RAS pathway signaling [66]. Moreover, it is known that
activated ERK phosphorylates GAB1 (GRB2-Associated-Binding protein 1), thereby inhibiting
GAB1-mediated recruitment of PI3K to EGFR (Epidermal Growth Factor Receptor) for activation
[67]. Additionally, MEK1 inhibits PI3BK-AKT signaling by promoting the membrane localization of
PTEN (Phosphatase and Tensin homolog), which dephosphorylates PIP3, counteracting PI3K
activity and limiting AKT activation [68]. These feedback loops are crucial for maintaining signaling
homeostasis and preventing overactivation that could lead to uncontrolled cell proliferation and
cancer. Understanding these interactions provides valuable insights into potential therapeutic
strategies for diseases characterized by dysregulated signaling.
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Figure 4. Interplay between RAS-MAPK and PI3K-AKT pathways. A green arrow signifies stimulation, while a red
line indicates inhibition. This image was created with BioRender (https://biorender.com/).
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1.1.6 Components of the RAS-MAPK Signaling Pathway

The following sections provide a comprehensive overview of the molecular interactions and
regulatory mechanisms of key components of the RAS-MAPK signaling pathway. This will
underscore their significance in cell signaling and emphasize the importance of studying these
components to enhance our understanding and develop potential treatments for diseases
associated with these pathway components.

1.1.6.1 Structure and Function of SOS Proteins

SOS proteins are members of the main mammalian RAS-GEF families (SOS, GRF (Growth-
Regulating Factor), and GRP (Gastrin-Releasing Peptide)) that stimulate GTP/GDP exchange.
These proteins facilitate the dissociation of GDP from RAS, promoting the transition of RAS from
its inactive GDP-bound form to its active GTP-bound state [69]. In humans, there are two paralogs,
SOS1 and SOS2, which are the most widely expressed and functionally relevant GEFs for RAS
and RAC activation in response to upstream cellular signals [70]. The SOS proteins possess a
complex domain organization, including an N-terminal HD (Histone fold Domain), DH and PH
domains, a REM (RAS Exchange Motif) domain, a CDC25H (Homologous to Cell Division Cycle
25; a RAS-GEF in yeast) domain, and a C-terminal PRR (Proline-Rich-Region) motif (Figure 5A).
These domains collectively contribute to the regulation of their cellular functions, mediating
interactions with lipids, proteins, and other regulatory molecules, ensuring precise control over
RAS and RAC signaling pathways.

In the cytosolic state, the N-terminal domains (HD, DH, and PH) maintain SOS auto-inhibition
through interactions that stabilize an inactive conformation [71, 72] (Figure 5B). PRR can also
have an inhibitory effect, independently of the N-terminal, by obstructing allosteric RAS binding
[73]. Upon stimulation, the SOS1/2 proteins are activated by membrane recruitment, which
relieves their native auto-inhibition. This proceeds with SH3-mediated complexes with SH3-
containing proteins like GRB2. The C-terminal PRR, when bound to GRB2 [35], aids in membrane
recruitment, where the PH domain binds to membrane phospholipids (PIP3 and lesser extent
PIP2) [74], and the HD domain interacts with negatively charged membranes [72], both
contributing to the release of inhibition. The central region of the CDC25H catalytic domain
facilitates GDP/GTP exchange on RAS, while the interaction of the REM domain with RAS-GTP
enhances SOS activation, creating a positive feedback loop [75] (Figure 5B). Phosphorylation of
the C-terminal region and competitive binding of proteins like p27kip1 can inhibit SOS, constituting
a negative regulatory feedback mechanism [70]. In addition, SOS1/2 plays a crucial role in RAC
activation through distinct interactions. The C-terminal PRR recruits SOS to activated receptors
via binding to particularly E3B1 (Eps8 SH3 domain-Binding protein 1)-SH3 domains, forming the
SOS-E3B1-EPS8 (Epidermal growth factor receptor Pathway Substrate 8) complex at actin
filaments, where RAC is localized. This interaction enables SOS to promote the exchange of GDP
for GTP on RAC [76]. Thus, SOS1/2 integrates signals to simultaneously activate both RAS and
RAC pathways, coordinating cellular responses like proliferation, cytoskeletal remodeling and
migration [70].
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Figure 5. Domain organization and activation/deactivation mechanisms of SOS1/2 proteins. (A) The primary
structure of SOS1/2 proteins displays a linear, modular organization with distinct functional domains that each contribute
to its regulatory roles. The N-terminal region contains the Histone-like (HD), Dbl Homology (DH), and Pleckstrin
Homology (PH) domains, which maintain auto-inhibition and facilitate membrane attachment. The central region
includes the REM (RAS Exchange Motif) and CDC25H (homologous to Cell Division Cycle 25) domains, responsible
for allosteric and catalytic activation of RAS, respectively. The C-terminal region features multiple PRR (Proline-Rich-
Region) motifs that mediate interactions with adaptor proteins like GRB2 and regulate the allosteric site. The regulatory
role of each domain in protein function is highlighted, with positive regulatory roles indicated in green text and negative
regulatory roles indicated in red text. (B) In its native cytosolic state, SOS is auto-inhibited through interactions within
its N-terminal domains and independent contribution or PRR moaitif in inhibition. Activation occurs upon recruitment to
the plasma membrane, where interactions with membrane phospholipids and adaptor proteins release auto-inhibition.
The N-terminal HD and PH domain interacts with membrane phospholipids, leading to a conformational change that
activates the catalytic module, and the C-terminal PRR interacts with GRB2 to facilitate RAS activation. Catalytic
activation involves the coordinated action of the REM allosteric site (activated by RAS-GTP) and the CDC25H catalytic
site, which reorients its helical hairpin (region between PH and REM domains) to facilitate GDP/GTP exchange, creating
a positive feedback loop. Visual representation designed with BioRender (https://biorender.com/).
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Recent studies increasingly highlight the role of SOS-GEFs, especially SOS1, in human tumors
and other pathologies. Numerous gain-of-function mutations in various SOS1 domains (and rarely
in SOS2) have been identified in inherited RASopathies like NS (Noonan Syndrome) [77-79] and
HGF-1 (Hereditary Gingival Fibromatosis-1) [80], CS (Costello Syndrome) [81], and LPRD
(Leopard Syndrome) [70] as well as pure mucosal neuroma syndrome [82]. Additionally, SOS-
associated mutations are identified in sporadic cancers such as AML (Acute Myeloid Leukemia),
BLCA (Urothelial Bladder Cancer), LGG (Lower Grade Glioma), LIHC (Liver Hepatocellular
Carcinoma), LUAD (Lung Adenocarcinoma), LUSC (Lung Squamous Cell Carcinoma), SKMC
(Skin Cutaneous Melanoma) and UCEC (Uterine Corpus Endometrial Carcinoma) (Reviewed in
Reference [70]). Efforts from academic and industry researchers are focused on developing drugs
that modulate SOS up/down-regulation and GEF activity, as well as those that disrupt functional
interactions with RAS targets (RAS complexes) and signaling regulators (such as GRB2 or ABI1
interactions) [70].

Using single-cell transcriptome data from the Tabula Muris database, as well as data from specific
mouse and human lung cell types, endothelial cells have been identified as the cell type with the
highest expression levels of human SOS1 mRNA [70]. This is supported by data showing the
significant role of SOS-GEFs in endothelial cells and angiogenesis [83, 84]. In this regard, there
are examples of novel AVM (Arteriovenous Malformation)-associated mutations in the SOS gene
in endothelial cells that need biochemical characterization and drug screening to identify potential
therapeutic targets and effective treatments.

1.1.6.2 RAS Superfamily of Small GTPases: Insights into the RIT Subfamily

The RAS small GTPase superfamily consists of low molecular weight (20-30 kDa) proteins that
function as molecular switches, regulating various cellular processes by cycling between active
(GTP-bound) and inactive (GDP-bound) states. This superfamily encompasses over 150
members divided into five major families: RAB (RAS-Associated Binding), RAS, ARF (ADP
Ribosylation Factor), RHO (Rhodopsin) and RAN (RAS-related Nuclear), each with distinct roles
in cellular signaling (Figure 6A) [85, 86].

These proteins share a conserved core G domain (Guanine nucleotide-binding domain) crucial for
their function and interaction with regulatory and effector proteins [85]. The G domain of the RHO
family is uniquely characterized by a "RHO insert" sequence of up to 13 amino acids, which is
critical for their activation [87]. The G domain activity relies on the binding and hydrolysis of
guanine nucleotides. In the GTP-bound state, they activate downstream signaling pathways and
the conversion from GTP to GDP leads to a conformational change that reduces signaling activity
(Figure 6B). This nucleotide cycling is regulated by GEFs, which promote GTP binding, and GAPs,
which enhance GTP hydrolysis [88, 89]. Additionally, RHO GTPases are regulated by GDls
(Guanine nucleotide Dissociation Inhibitors) [90], which manage their subcellular localization by
transporting them from the membrane to the cytosol (Figure 6C). Notably, GEFs and GAPs are
not universally identified for all family members, and in certain cases, the presence of these
regulators may not be crucial for the functionality of the proteins [86]. Additionally, the C-terminal
HVR (Hypervariable Region) of the RAS, RHO, and RAB families is essential for membrane
localization (Figure 6B). In contrast, ARF family members rely on N-terminal regions for membrane
binding. With some exceptions, the membrane-binding regions of these families depend on
modifications such as prenylation, myristoylation, and palmitoylation to ensure proper subcellular
targeting and function, significantly influencing their signaling outcomes. Moreover, the RAN family
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does not interact with membranes and is not modified by lipidation. Instead, its C-terminal
extension undergoes conformational changes during GDP—-GTP cycling, which is crucial for its
role in nuclear transport [86].
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Figure 6. Structural and functional aspects of RAS superfamily proteins. (A) The pie charts depict the distribution
of the 154 members across different subfamilies within the RAS superfamily, including RAB, RAS, ARF, RHO, RAN,
and others. (B) The schematic representation of domain organization highlights the N-terminal region, G domain, and
C-terminal HVR (Hypervariable Region). The N-terminal region is crucial for ARF family membrane binding, while the
HVR is essential for the membrane localization of RAS, RHO, and RAB families, relying mostly on modifications like
prenylation, myristoylation, and palmitoylation. The G domain is responsible for GTP/GDP binding and hydrolysis. The
G domain features a unique "Rho insert" sequence in RHO proteins. (C) The nucleotide exchange activity involves the
roles of GAP (GTPase-Activating Proteins) and GEF (Guanine nucleotide Exchange Factors) in regulating the active
and inactive states of these GTPases. Additionally, GDIs (Guanine nucleotide Dissociation Inhibitors) specifically
regulate RHO GTPases by rendering proteins in inactive state and controlling their subcellular localization. Image
developed with BioRender (https://biorender.com/).
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RAS family consists of six subfamilies: RAS, RAL (RAS-Like), RAP (RAS-Proximate or RAS-
Related Protein), RAD (RAS Associated with Diabetes), RHEB (RAS Homolog Enriched in Brain),
and RIT (RIC-related gene expressed Throughout the organism or RAS-like protein in many
Tissues) [39] (Figure 6A). Within the RIT subfamily, there are 4 members of RIT1, RIT2, RIN (RAS-
like protein in Neurons), and RIC (RAS-related protein which Interacted with Calmodulin)
specifically involved in neuronal differentiation and survival [85]. Among these, RIT1 (RAS-like
without CAAX 1) was identified over two decades ago [91].

RIT1 has three isoforms, each with a distinct N-terminal domain (Figure 7A). The function and
biochemical properties of the N-terminal extensions of RIT1 have not yet been assessed, but they
could potentially lead to different interacting partners [92]. The G-domain of RIT1 shares
approximately 51% sequence identity with members of the RAS subfamily (particularly HRAS
(Harvey Rat Sarcoma virus), NRAS (Neuroblastoma RAS viral oncogene homolog), and KRAS
(Kirsten Rat Sarcoma virus)) composed of a1-a5 helices, 31-B6 sheets as well as, switch | and
switch I, effector binding sites, and a set of highly conserved G box guanine nucleotide-binding
elements (G1-G5) (Figure 7B) [89]. Yet, it harbors key structural differences that likely influence
its mode of interaction with effector and regulatory proteins. The RIT1 G-domain, similar to other
RAS superfamily members, is involved in intrinsic GTP binding and activates RIT1 by inducing a
conformational change in the flexible effector binding interface consisting of switch | and switch II.
However, the slow intrinsic GTP/GDP exchange rate (7.8 + 0.7 x 1072 min™"), which is about four
times faster than HRAS [93], suggests that RIT1 exchange may be controlled by GEFs in vivo,
even though they have not yet been discovered. Additionally, the intrinsic GTPase activity of RIT1
mediates the hydrolysis of GTP and the release of y-phosphate returns switch | and switch Il to
their inactive ground-state conformation. Similarly, the slow intrinsic hydrolysis rate (8.8 + 1.3 x
107® min™") [93] indicates potential regulation by GAPs. However, the specific GEFs and GAPs
that regulate RIT1's activity remain to be elucidated. It is worth mentioning that pathogenic
mutations in the RIT1 gene mainly occur in the G-domain, particularly around the switch Il region
modulating their nucleotide/effector binding [92, 94]. Another distinctive feature of RIT1 is its HVR,
which lacks lipidation. This contrasts with other RAS proteins, where lipidation typically aids in
membrane anchorage. Instead, RIT1's HVR contains clusters of positively charged amino acids
and hydrophobic residues (Figure 7B) that promote plasma membrane association through
electrostatic interactions with negatively charged phospholipids [95].
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Figure 7. Overview of RIT1 isoforms and structure. (A) Schematic representation of the three isoforms of RIT, each
featuring distinct N-terminal domains. This figure was generated using BioRender (https:/biorender.com/). (B)
Alignment of the amino acid sequences of RIT1 (isoform 2), NRAS, HRAS, and KRAS (isoform 4B) is presented, with
different amino acids highlighted for their roles in nucleotide binding (blue), effector binding (green), and membrane
targeting (orange). This figure is adapted from Castel, P., & McCormick, F. et al. (2020) [92].

To date, the key signaling outcomes of activated RIT1 remain poorly defined due to insufficient
consensus on its principal signaling pathways and downstream effects. This might be because of
the cell-context behavior of RIT1 or the lack of a multidimensional proteomic approach to fully
explore the signaling networks activated by RIT1. The functional impact of wild-type RIT1 is often
underexplored, with most studies focusing on pathogenic mutations that may lead to neomorphic
activities. Studies have suggested that RIT1 involvement in p38 MAPK, AKT, and RAF/MEK/ERK
signaling (Figure 8A) [92, 96-98]. Further study on role of RIT1 in activating AKT in response to
ROS (Reactive Oxygen Species) through the p38 pathway revealed that this activation is mediated
through mTORC2, rather than mTORC1 [99]. Moreover, previous studies have demonstrated that
RIT1 preferentially interacts with both BRAF and CRAF and can activate ERK in a BRAF-
dependent manner. This highlights its crucial role in modulating the MAPK signaling pathway
[100]. Additionally, RIT1 interaction with RGL3 (Ral Guanine nucleotide dissociation stimulator-
Like 3/Ral GEF-like 3), a regulator of the RAL GTP-binding proteins, has been observed and
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suggested to act as its downstream effector [101]. In terms of cytoskeletal dynamics, RIT1
interacts with Par6 (Partitioning defective 6), PAK (P21-Activating Kinases), RAC, and CDC42,
linking it to actin remodeling processes [102, 103]. RIT1's signaling is further modulated by LZTR1
(Leucine-Zipper-like Transcriptional Regulator 1), which negatively regulates RIT1 through
ubiquitination and proteasomal degradation (Figure 8A) [104]. Overall, RIT1 is a multifunctional
protein that integrates diverse signaling pathways, profoundly impacting cellular behavior and
responses in various physiological and pathological contexts.
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Figure 8. Multifaceted signaling pathways and tissue expression of RIT1. (A) The diagram depicts the complex
signaling pathways and molecular interactions of activated RIT1. RIT1 participates in p38 MAPK, AKT, and
RAF/MEK/ERK signaling pathways, demonstrating its role in various cellular processes. Additionally, RIT1 interacts with
RGL3, as well as with Par6, PAK, RAC, and CDC42, implicating it in actin remodeling. LZTR1 modulates RIT1 activity
by promoting its ubiquitination and subsequent degradation. lllustration produced using BioRender
(https://biorender.com/). This figure is adapted from Castel, P., & McCormick, F. et al. (2020) [92]. (B) Anatomogram
showcasing the expression levels of RIT1 protein across different human tissues, illustrating its varied presence and
potential functional diversity in the body (expression level data and figure obtained from the Human Protein Atlas
database).

RIT1 is mostly described in neural tissue regulating proliferation, differentiation, and survival [96].
As indicated in Figure 8B, RIT1 protein is widely expressed across various tissues, with particularly
high levels in the brain, endocrine system, gastrointestinal tract, liver, gallbladder, pancreas,
kidneys, urinary bladder, and both male/female reproductive tissues. Furthermore, there are
moderate levels of RIT1 expression in the respiratory system, digestive tract, muscle, skin, bone
marrow, and lymphatic tissue (data obtained from the Human Protein Atlas database). In this
direction, recent clinical findings suggest a significant role of RIT1 in various tissues, with
implications in conditions such as NS and cancer [92, 94]. For instance, the high birth weight,
lymphatic abnormalities, and cardiovascular defects in the NS are all representations of the impact
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of RIT1 mutations on the development and function of related tissues [92, 105, 106]. Moreover,
RIT1 abnormalities, such as activating mutations and gene amplifications, are present in myeloid
neoplasms and are notably common in CMML (Chronic Myelomonocytic Leukemia) [107]. Thus,
understanding the distinct biological and biochemical roles of RIT1 mutants in various tissues
could provide valuable insights into the potential roles of wild-type RIT1 and its broader
implications for therapeutic targeting.

1.1.6.3 RAF Family Kinases: Spotlight on CRAF Activity

The RAF family of kinases, comprising ARAF, BRAF, and CRAF/RAF1, is crucial for connecting
upstream signals to downstream responses within the MAPK signaling pathway. The first member
of the RAF family was identified in 1983 with the discovery of the viral oncogene v-RAF from the
transforming murine retrovirus 3611-MSV [108]. Soon after, the cellular homolog CRAF was
discovered [109], followed by the identification of its paralogues ARAF and BRAF [110, 111]. They
function downstream of RAS proteins. When activated by upstream signals, active and
membrane-localized RAS binds to RAF kinases, promoting their homo-/hetro-dimerization and
activating them through conformational changes, leading to their recruitment to the membrane.
This interaction greatly enhances the kinase activity of RAFs, allowing them to phosphorylate and
activate MEK proteins, which subsequently propagate the signaling cascade and ultimately
activate ERK [112] (Figure 9A).

The RAF family kinases share three conserved regions (CRs) that play critical roles in their
function (Figure 9B). CR1 contains the RAS-binding domain (RBD) and a cysteine-rich domain
(CRD). The RBD is essential for interacting with active RAS proteins, featuring five B-sheets and
several a-helices that allow it to bind the switch | region (also known as the effector loop) of RAS,
thereby promoting RAF activation. Additionally, the RBD can participate in membrane association.
The second domain in CR1, CRD, interacts with membrane lipids and enhances RAS/RBD affinity
at the membrane, leading to stabilizing the RAS-RAF complex and facilitating RAF activation. CR2
serves as a serine/threonine-rich phosphorylation site, acting mainly to negatively regulate RAF
activity through multi-phosphorylation events and 14-3-3 binding that regulates RAF kinase
activation [37]. CR3, located at the C-terminus, contains a kinase domain adjacent to an acidic N-
terminus (NTA) and a regulatory C-terminus. The NTA motif in RAF proteins undergoes
phosphorylation and plays a crucial role in regulating RAF activation and dimerization-driven
transactivation [113]. The catalytic kinase domain is characterized by two lobes that open and
close to bind ATP (Adenosine Triphosphate) and substrates. In its open state, the small lobe,
characterized by an antiparallel B-sheet structure, binds and positions ATP. In its closed state, the
a-helical large lobe interacts with protein substrates, such as the ubiquitously expressed MEK1/2
[37]. Moreover, the regulatory C-terminus contains a secondary 14-3-3 binding site which
promotes dimerization [113].

Despite high conservation among RAF paralogues, their kinase activities differ, with BRAF
exhibiting the highest activity for MEK activation, followed by CRAF and ARAF. One reason is the
different regulatory mechanisms in each paralog. For example, the NTA motif directly influences
the degree of autoinhibition relief, dimerization efficiency, and overall kinase activity, leading to
the differential activities observed among the RAF family members. In BRAF, the NTA motif's
SSDD sequence includes aspartic acids that provide an initial negative charge, facilitating
neighboring serine phosphorylation and resulting in constitutive phosphorylation. This persistent
negative charge more effectively relieves autoinhibition, leading to a higher basal kinase activity
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for BRAF compared to the other RAF isoforms. Moreover, the phosphorylation status of the NTA
motif directly impacts transactivation, making BRAF the most potent activator within RAF dimers,
significantly boosting its activity. CRAF, on the other hand, has an NTA motif with an SSYY
sequence, requiring phosphorylation of both serine and tyrosine residues, a process regulated by
SRC family kinases. This dual phosphorylation is more complex and tightly regulated, contributing
to a lower intrinsic kinase activity compared to BRAF. ARAF, which is quite similar to CRAF
(SSGY), is also targeted by SRC family kinases for phosphorylation at specific tyrosine residues,
contributing to its unique regulatory properties [113].
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Figure 9. Overview of RAF family kinase. (A) The role of RAF kinases (ARAF, BRAF, CRAF/RAF1) in the MAPK
signaling pathway, highlighting their activation by RAS and subsequent effects on MEK/ERK activation. (B) RAF kinases
domain organization, including the conserved regions (CR1-3). (C) Activation and deactivation processes of CRAF
kinase. This figure was generated using BioRender (https://biorender.com/).

RAF family kinases are activated and inactivated through a multistep process that involves
de/phosphorylation events, protein-protein interactions, and conformational reorganization. While
there are common themes in these processes, they involve distinct regulatory proteins and
phosphorylation sites that specifically regulate RAF kinase activity. In particular, the diagram in
Figure 9C illustrates the key steps involved in the activation and deactivation of CRAF. Initially, in
unstimulated quiescent cells, CRAF is kept in an inactive state through the binding of 14-3-3
proteins and phosphorylation at sites such as S259 (within CR2) and S621 (within the C-terminus
of CR3). Upon signal arrival and RAS activation, RAS binding to the CRAF-RBD domain mediates
membrane recruitment, and subsequent dephosphorylation of S259 by PP1/PP2A (Protein
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Phosphatases1 and 2A) allows for 14-3-3 release and further membrane recruitment via the CRD
domain. Subsequent phosphorylation of key residues in the NTA motif of CR3, S338 and Y340-
Y341 (38SSYY3*), leads to activation and promotes dimerization and allosteric transactivation
[114]. Moreover, other phosphorylations within the activation loop of the kinase domain (T491 and
S494) further assist CRAF kinase activity toward downstream MEK [113, 115]. Inactivation is
mediated through negative feedback regulation involving ERK phosphorylation and
dephosphorylation of activating sites by phosphatases PP5 and PP2A. This process is further
complemented by the rephosphorylation of S259, which facilitates the transition back to a closed,
inactive state [114].

Besides the canonical RAF-MEK-ERK pathway for RAF family kinases, CRAF can also contribute
to another downstream signaling, as illustrated in Figure 10A. CRAF has been identified to target
various other proteins, including cell cycle regulators (e.g., Rb (Retinoblastoma protein) [116],
CDC25 [117], AuroraA-PLK1 (Polo-Like Kinase 1) [118], CHK2 (Checkpoint Kinase 2) [119]),
apoptosis modulators (e.g., BCL2 (B-Cell Leukemia/Lymphoma 2) [120], ASK1 (Apoptosis Signal-
regulating Kinase 1) [121], MST2/STK3 (Mammalian STE20-like kinase 2/Serine Threonine-
protein Kinase 3) [122], BAD [123], eEF1A1/2 (elongation Factor 1A 1/2)[124]), and cytoskeletal
components (e.g., ROK-a/ROCK-II (RHO-associated protein Kinase 2) [125], NF-kB [126], and
DMPK (Myotonic Dystrophy Protein Kinase) [127]). Importantly, dysregulation or mutations in
CRAF can disrupt these pathways, contributing to the pathogenesis of various diseases. For
instance, genomic alterations in CRAF contribute to various cancers, including colorectal
carcinoma (intron 9 mutations), acute myeloid Leukemia (exon 12 mutations), SCLC (Small Cell
Lung Cancer; chromosomal rearrangements), and squamous cell carcinoma (4bp deletion in exon
17). Additional involvement in Noonan and Leopard’s syndromes caused by CRAF missense
mutation has been observed [128]. It is also affected by gene amplification and elevated
expression in NSCLC (Non-Small Cell Lung Cancer), glioblastoma, osteosarcoma, breast cancer,
ependymoma, hepatocellular carcinoma, and mantle cell lymphoma. Additionally, increased
activation of CRAF is observed in cancers like pancreatic carcinoma (reviewed in [129]).

Based on the involvement of CRAF in diverse signaling networks and its pivotal role in health and
disease, understanding its regulatory pathways is crucial for developing effective treatments that
manipulate cellular signaling pathways. CRAF can be regulated at various levels (Figure 10B),
including epigenetic modifications. miRNAs, such as miR-15a/b, miR-16, and miR-195, modulate
CRAF gene expression by interacting with the 3-UTR (3' Untranslated Regions), leading to mRNA
degradation or inhibition of translation, and have been shown to regulate CRAF [130]. Additionally,
transcriptional regulation by transcription factors and activators, such as AP-2a (Activating
enhancer binding Protein 2 alpha), plays pivotal roles in regulating the CRAF gene by modulating
its transcription. [131]. Another level of regulation beyond transcription involves post-translational
modifications (de/phosphorylation, de/ubiquitination, methylation, O-GIcNAcylation) and/or
in/direct PPIs that control its stability, structural conformation, and activity [132]. For example,
RanBPM (Ran Binding Protein M), a component of the CTLH (C-Terminal to Lissencephaly-1
Homology motif) complex, interacts directly with CRAF through its C-terminal domain, facilitating
CRAF ubiquitination and subsequent degradation [133]. Moreover, CRAF methylation mediated
by PRMTS5 (Protein Arginine Methyltransferase) leads to the degradation of activated CRAF [134].
PRMT®6 also inhibits the binding of CRAF to RAS by binding and methylating CRAF at residue
R100 [135] On the other hand, USP13 (Ubiquitin-Specific Protease 13) deubiquitinates and
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maintains CRAF stability [136]. Similarly, O-GIcNAcylation of CRAF stabilizes CRAF by
suppressing its ubiquitination in EMT (Epithelial-Mesenchymal Transition) promotion [137]. In
addition, CRAF activity is modulated by various proteins such as KSR1/2 (Kinase Suppressor of
RAS 1/2), arrestins-2, MRAS (Muscle RAS oncogene homolog)-SHOC2-PP1c, PHB1 (Prohibitin
1), 14-3-3, HSP90-CDC37 (Heat Shock Protein 90-Cell Division Cycle 37), PP5, CNK1 (Connector
enhancer of Kinase suppressor of RAS 1)-SRC, PAK1, AKT, PLK1, PDCD6 (Programmed Cell
Death Protein 6), RUVBL1 (RuvB-Like 1), PP2A, RKIP (RAF Kinase Inhibitory Protein), BRAF,
PKA (Protein Kinase A), PKCa (Protein Kinase C alpha type), SPRY2 (Sprouty 2), PHLPP1/2 (PH
domain and Leucine-rich repeat Protein Phosphatases 1/2), RKTG (RAF Kinase Trapping to
Golgi), and RAP1 (Figure 10B).
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Figure 10. CRAF downstream signaling and regulation. (A) Diverse roles beyond the canonical RAF-MEK-ERK
pathway include targeting cell cycle regulators (e.g., Rb, CDC25, AuroraA-PLK1, CHK2), apoptosis modulators (e.g.,
BCL2, ASK1, MST2, BAD, eEF1A1/2), and cytoskeletal components (e.g., ROK-a, NF-Kb, and DMPK). (B) CRAF
regulation involves epigenetic modification (mediated by miRNA interaction), transcriptional modulation, post-
translational modifications (e.g., phosphorylation, de/ubiquitination, methylation) and/or protein-protein interactions,
which can positively or negatively affect its stability, conformation, and activity. Figure illustration created with
BioRender's resources (https://biorender.com/).

Research has shown that KSR dimerizes with CRAF and enhances the catalytic activity of CRAF
within the ERK pathway under metabolic stress conditions [138]. Furthermore, the interaction
between CRAF-RBD and arrestin-2, which scaffolds ERK2, MEK1, and CRAF, has been identified
and proposed to aid in releasing the kinase domain, thereby facilitating the phosphorylation of
MEK1 [139]. In another example, the MRAS-SHOC2-PP1c complex stimulates CRAF kinase
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activity by dephosphorylating the inhibitory S259 site of CRAF [140]. Moreover, PHB1, a key
member of the SPFH (Stomatin/Prohibitin/Flotillin/Hflkc) domain family; a pleiotropic membrane
protein), directly interacts with CRAF and is essential for displacing 14-3-3 from its binding site at
S259. This displacement is crucial for the interaction between RAS and CRAF at the plasma
membrane. Loss of PHB1 results in CRAF not localizing to membranes, leading to increased S259
phosphorylation and 14-3-3 binding in the cytosol, thereby inactivating CRAF kinase [141].
Another activator complex involves CNK1, which mediates SRC-dependent tyrosine
phosphorylation and activation of CRAF by forming a trimeric complex with preactivated CRAF
and activated SRC, facilitating cross-talk between SRC and CRAF and being essential for its full
activation and subsequent ERK activation [142]. Moreover, PAK1 is a key physiological mediator
of CRAF activation by directly binding and phosphorylating CARF at S338, a pivotal step in the
activation process [143]. Another potent activator of CRAF is PLK1 which associates with CRAF
and activates it by directly phosphorylating CRAF at S338 and S339, but not at S621 [144].
Another study proposes that PDCD6 interacts with CRAF upon binding Ca?*, forming a stable
complex that activates the RAF/MEK/ERK pathway and promotes colorectal cancer growth [145].
The other novel CRAF binding protein, RUVBL1, a member of the AAA+ superfamily of ATPases,
activates the RAF/MEK/ERK pathway by preventing phosphorylation of CRAF at S259, thereby
promoting lung tumor progression [146]. Interestingly, BRAF can act as an allosteric activator of
CRAF in its dimeric state. With the NTA motif of BRAF being constitutively phosphorylated, BRAF
initially functions to activate CRAF [147]. Additionally, PKCa directly phosphorylates and activates
CRAF at several sites, including S499. This phosphorylation is crucial for CRAF activation by
PKCa and the transformation of NIH3T3 cells [148].

The findings reveal that AKT interacts with both the C-terminal and N-terminal regions of CRAF,
thereby inhibiting CRAF activity via direct phosphorylation of CRAF-S259, thereby highlighting
significant crosstalk between the RAF-MEK-ERK and PI3K—-AKT signaling pathways as well [149].
Moreover, upon PKA activation, it phosphorylates CRAF and promotes the recruitment of 14-3-3
proteins, which prevents CRAF from being recruited to the plasma membrane and blocks its
activation [150]. The RKIP is also shown to inhibit CRAF phosphorylation at residues S338 and
Y340-Y341 and its ability to phosphorylate its substrate MEK. This inhibition occurs through the
attachment of RKIP to the N-terminal region of CRAF, stabilized by its strong interaction with high-
affinity binding sites at the terminal ends of CRAF [151-154]. Additionally, data indicate that
SPRY2 functions as a negative regulator downstream of BCR stimulation, playing a crucial role in
the attenuation of RAS-MAPK signaling by interacting with CRAF [155]. PHLPP1 and 2 were found
to dephosphorylate CRAF at S338, inhibiting its kinase activity and thereby regulating tumor
progression and invasive and migratory activities of colorectal cancer [156]. Furthermore, RKTG
is proposed to control the spatial distribution of CRAF by sequestering it to the Golgi, which
modifies the interaction of CRAF with RAS and MEK1 and subsequently inhibits ERK signaling
[157]. In addition, RAP1 is found to inhibit MAPK signaling by interacting with the CRD domain of
CRAF, reducing the number of oncogenic RAS clusters, and thereby suppressing CRAF
activation. Within these nanoclusters, RAP1 competes with RAS for binding to CRAF, resulting in
decreased CRAF activation [158].

The 14-3-3 chaperon protein can have a dual role in binding to specific phosphorylation sites of
CRAF and enhancing its dimerization in an active state (Figure 9C) [159] or inducing the formation
of the autoinhibitory closed conformation in an inactive state [160]. Mitra et al. showed the role of

21



HSP90 in interacting with CRAF and aiding in the phosphorylation of S621 on CRAF and
protecting the kinase from degradation, before RAS interaction, with co-chaperone CDC37
supporting this phosphorylation process [161]. However, other data indicate the involvement of
HSP90 and CDC37 in the CARF inactivation process as part of an HSP90-CDC37-CRAF
complex. The data reveals how HSP90 both activates and scaffolds PP5’s association with the
bound CRAF, leading to the dephosphorylation of phosphorylation sites (pS338 and pS621)
adjacent to the kinase domain [162]. As observed in Figure 9C, PP2A holoenzymes establish
stable interactions with CRAF and directly dephosphorylate it at S259, leading to its activation
[163]. In addition, PP2A dephosphorylates attenuated CRAF on p(S/T)P consensus motifs,
making it essential for both CRAF activation and recycling [164].

1.1.7 Pathological Impact of RAS-MAPK and PI3K-AKT Pathways: Implications for
Arteriovenous Malformation (AVM)

Arteriovenous malformation (AVM) is a disorder characterized by an abnormal tangle of blood
vessels connecting arteries and veins, bypassing the capillary system. This condition can occur
in various parts of the body, but is most commonly found in the brain and spinal cord [165]. AVMs
can lead to serious health issues due to the high-pressure blood flow through these abnormal
vessels, which may cause them to rupture. Symptoms of AVM vary depending on their location
and size but can include headaches, seizures, neurological deficits, and, in severe cases,
hemorrhagic stroke due to vessel rupture [166]. AVMs can be asymptomatic and discovered
incidentally for other reasons [167]. While most AVMs are sporadic and occur without a family
history [168], some can be inherited, particularly in syndromes like HHT (Hereditary Hemorrhagic
Telangiectasia), CM-AVM (Capillary Malformation AVM), and PWS (Parkes-Weber Syndrome)
[169].

Genetic abnormalities associated with AVM are often linked to disruptions in key signaling
pathways. Notably, mutations in the VEGF (Vascular Endothelial Growth Factor) signaling
pathway plays a significant role in the development of AVMs. VEGF receptors belong to the RTK
and are a critical regulator of blood vessel formation by activation of MAPK and PI3K-AKT-mTOR
leading to proliferation and differentiation. The overexpression or activating mutations of VEGF
pathway components can lead to abnormal angiogenesis features and is a hallmark of AVM [170,
171]. For instance, studies have identified somatic mutations in the KRAS and BRAF genes
activating the MAPK-ERK signaling in brain and spinal cord AVMs (Figure 11) [172, 173].
Moreover, functionally significant somatic mutations in the MEK1 gene found in extracranial AVM
samples underscore the crucial role of the overactive RAS-MAPK signaling pathway in the
development of these vascular malformations (Figure 11) [174]. Similarly, another paper identified
a somatic HRAS mutation causing extracranial AVM in a patient with a facial AVM, resulting in
higher levels of phosphorylated ERK (pERK) [175].

In addition, increased PI3K activity contributes to accelerating AVM development by intensifying
angiogenesis in HHT. This is supported by findings showing that loss-of-function mutations in the
ACVRL1/ALK1 (Activin A Receptor type lI-Like 1/Activin receptor-Like Kinase 1) and ENG
(Endoglin) genes, which is involved BMP9/10 (Bone Morphogenetic Protein 9/10)-ENG-ALK1-
SMAD1/5/8-SMAD4 (Mothers Against Decapapentaplegic) pathway in regulating blood vessel
development and homeostasis, hinder its ability to activate PTEN. By disrupting the negative
regulatory function of PTEN, these mutations result in increased PI3K activity (Figure 11) [176,
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177]. Moreover, RASA1 (RAS GTPase-Activating protein 1) encodes the p120 RAS-GAP protein,
a GTPase-activating protein that negatively regulates RAS GTPases and the downstream MAPK
pathway. There are many reports of inactivating RASA1 mutations detected in CM-AVM [178],
with data showing that loss of RASA1 is probably due to the impaired ability of GAP to effectively
regulate the RAS-MAPK signal transduction pathway [179, 180]. Interestingly, disease
development requires somatic "second hit" inactivating mutations of RASA1 [181]. Moreover, the
presence of somatic RASA1 mutations in patients with CM-AVM, even without germline RASA1
variants [182], suggests that RASA1 plays a role in both sporadic and hereditary cases. Notably,
RASA1 can also be dysregulated by mutations in other genes. Researchers have identified
EPHB4 (Ephrin type-B receptor 4) as a second gene that is mutated in patients with CM-AVM.
They propose a mechanism whereby these mutations disrupt the EPHB4-RASA1 interaction,
leading to dysregulation and constitutive activation of downstream RAS-MAPK signaling [183].
Moreover, experimental data strongly support a functional link between EPHB4, RASA1 and
mTORC1 [184].
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Figure 11. RAS-MAPK and PI3K-AKT pathways are involved in AVM development. Mechanisms involved in
hereditary-related AVMs (indicated by orange arrows). Typically, ALK1 and ENG stimulate PTEN activity, leading to a
reduction in PI3K signaling. However, HHT mutations in ALK1 or ENG reduce PTEN activity, leading to increased PI3K
activity and, consequently, enhanced angiogenesis. In sporadic cases (indicated by red arrows), somatic activating
mutations in genes such as KRAS, HRAS, BRAF, and MEK1 elevate the levels of pMEK and pERK, promoting the
development of AVMs. Moreover, both somatic and hereditary RASA1 mutations can contribute to further dysregulation
of the RAS-MAPK and PI3K-AKT pathways. Visualization prepared with BioRender software (https://biorender.com/).
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In addition to the VEGF pathway, other signaling pathways have been implicated in the formation
and maintenance of AVMSs, including TGF-B/BMP and Notch signaling pathways. The TGF-/BMP
pathway is crucial for maintaining vascular homeostasis and structural integrity [185]. Mutations
in genes associated with TGF-§ signaling, such as ENG, ACVRL1/ALK1, and SMAD4, are linked
to HHT, which is characterized by AVMs [170]. Moreover, Notch signaling is crucial for governing
arteriovenous specification, which distinguishes arteries from veins. Dysregulation of Notch
signaling has been associated with the abnormal development of blood vessels seen in AVMs
[186]. The increasing identification of AVM-associated mutations underscores the critical need to
study the underlying molecular pathways involved in AVMs, which is essential for developing
targeted therapies that could improve management and outcomes for patients with this complex
vascular disorder.

1.1.8 SIRTUIN Family: Exploring the Critical Roles of SIRT4 in Cell Signaling

The SIRTUIN (SIRT) family of NAD* (Nicotinamide Adenine Dinucleotide®)-dependent enzymes
comprises conserved proteins essential for regulating cellular metabolism, gene expression,
stress responses, energy homeostasis, aging, DNA repair, and immune function [187]. They
belong to class Il of HDACs (Histone Deacetylases) and include seven homologous sirtuins in
mammals (SIRT1 to SIRT7) [188], each with unique subcellular localizations and functions (Figure
12).

Central to all sirtuins is the conserved catalytic core domain, which is responsible for enzymatic
activity, with deacetylation being their primary and most prevalent activity. Nevertheless, other
paralogs possess other enzymatic activities. This core domain is composed of a large rossmann
fold domain that binds NAD*, and a smaller zinc-binding domain that helps stabilize the protein
structure [189]. The highly homologous region in the middle of sirtuins is centered around a highly
conserved histidine, which acts as a proton acceptor and is essential for enzymatic activity [190].
In addition to their core domain, sirtuins possess variable N- and C-terminal extensions that
influence their susceptibility to post-translational modifications (such as phosphorylation) as well
as contributing to substrate specificity and regulatory mechanisms by mediating protein
interactions and directing sirtuins to various subcellular locations [187]. The retention signals of
NLS (Nuclear Localization Signals) and MTS (Mitochondrial Targeting Sequences) within these
terminal regions direct sirtuins to their specific cellular compartments [191]. SIRT1 is mainly found
in the nucleus and cytoplasm; however, SIRT2 shuttles between these locations and is primarily
situated in the cytoplasm. Furthermore, SIRT3 and SIRT5 are predominantly mitochondrial,
although they can be found outside the mitochondria in the cytoplasm and nucleus. Similarly,
SIRT4 is primarily located in the mitochondria, yet recent data indicate it also has a cytoplasmic
presence. In contrast, SIRT6 and SIRT7 reside mainly in the nucleus [192, 193].
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Figure 12. Domain structure, function, and subcellular localization of SIRT1-7. All sirtuins feature a conserved
catalytic core, which includes a rossmann fold domain (gray), a Zn?*-binding domain (orange), and a catalytic histidine
(red arrow). Sirtuins also possess distinct N-terminal (green) and C-terminal (pink) regions that differ in length and
sequence. The main enzymatic functions and subcellular localizations of each SIRT protein are depicted. The figure
was designed with the help of BioRender's tools (https://biorender.com/).

SIRT4, one of the least studied members of the sirtuin family, is gaining attention as recent
research has begun to elucidate its important biochemical roles. SIRT4 consists of 314 amino
acids and possesses the MTS in its N-terminal region facilitating its translocation to the
mitochondria [191]. The enzymatic functions of SIRT4 are activated by the cleavage of the protein
at amino acid 28, which occurs during its import into mitochondria [192, 194]. Within mitochondria,
SIRT4 plays a critical role in maintaining mitochondrial integrity and functions by regulating fusion-
fission dynamics and mitophagy. SIRT4 inhibits mitophagy by promoting mitochondrial fusion and
inhibiting fission. It stabilizes and enhances L-OPA1 (Large GTPases OPA1 (Optic Atrophy 1))
levels, increases fusion, and suppresses DRP1 (Dynamin-Related Protein 1) by inhibiting its ERK-
mediated phosphorylation, reducing fission. Collectively, these effects inhibit mitophagy by
decreasing the number of mitochondria-targeted for degradation [195, 196] (Figure 13).

Another mitochondrial role of SIRT4 is in cellular energy metabolism, which affects proliferation,
insulin secretion, and fatty acid oxidation. SIRT4 ADP-ribosylates and inhibits GDH (Glutamate
Dehydrogenase), an enzyme that converts glutamate to a-ketoglutarate, leading to ATP
production and increased insulin secretion. Ultimately, SIRT4-mediated regulation of GDH limits
amino acid metabolism and the TCA (Tricarboxylic Acid) cycle, which leads to the down-regulation
of insulin secretion [197]. Similarly, IDE (Insulin-Degrading Enzyme) and ADP/ATP carrier protein
ANT2 (ADP/ATP Translocase 2) are other substrate of SIRT4 and play a role in negatively
regulating insulin secretion in response to glucose [198]. Additionally, by inhibiting PDH (Pyruvate
Dehydrogenase), which converts pyruvate into acetyl-CoA, SIRT4 can affect the flux of
metabolites into the TCA cycle [199]. In general, by inhibiting TCA cycle enzymes, SIRT4 can
reduce energy metabolism, which in turn may lead to decreased cell proliferation. Interestingly,
this anti-proliferative role of SIRT4 in inhibiting tumor growth explains why its expression is often
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reduced in many cancer cells [200]. Moreover, SIRT4 regulates fatty acid metabolism in muscle
and adipose tissue. When the body is in a fed state, SIRT4 reduces the activity of mitochondrial
MCD (Malonyl-CoA Decarboxylase), leading to elevated levels of malonyl-CoA and consequently
promoting fat synthesis and repressing fatty acid oxidation [201]. In addition, it is suggested that
SIRT4 influences fatty acid metabolism by affecting the AMPK (AMP-Activated Protein Kinase)-
SIRT1 pathway to decrease fatty acid oxidation capacity [202] and suppressing PPARa
(Peroxisome Proliferator-Activated Receptor a) activity, which in turn lowers the expression of
genes involved in fatty acid catabolism [203] (Figure 13).

SIRT4 can regulate stress conditions by controlling oxidative stress caused by ROS and
maintaining genomic stability. ROS are by-products of oxidative metabolism, primarily from
oxidative phosphorylation and various enzymatic reactions within the mitochondria. Moderate
ROS levels are crucial for physiological processes like signaling and stress responses, but
excessively high or low levels can be pathogenic and lead to dysfunction from drastic oxidative
environment changes [198]. SIRT4 regulates mitochondrial ROS production by inhibiting the
MnSOD (Manganese Superoxide Dismutase) binding to SIRT3. This inhibition increases MNnSOD
acetylation, reducing its activity, leading to higher ROS levels, increased oxidative stress, and
promoting cardiac hypertrophy [204]. In addition, fatty acid oxidation is linked to mitochondrial
ROS production, and although SIRT4 is expected to reduce ROS by decreasing fatty acid
oxidation, in patients with nonalcoholic fatty liver disease, SIRT4 modulation reduces free fatty
acids but paradoxically increases ROS production [205]. Moreover, decreased mitophagy leads
to the accumulation of dysfunctional mitochondria and increased ROS production, as previously
explained, associated with the stabilization and interaction of SIRT4 with L-OPA1 [2086].
Conversely, a different study demonstrated that overexpressing SIRT4 could prevent apoptosis of
podocytes induced by glucose through a mitochondrial mechanism. This protective effect was
associated with an increase in mitochondrial membrane potential and a decrease in ROS
production [207]. These findings indicate that the impact of SIRT4 on mitochondrial ROS levels is
context-dependent. Additionally, DNA damage induces a DNA damage response (DDR) that
assists in maintaining genomic integrity. DDR includes promoting cell cycle arrest through the
phosphorylation of proteins such as CHK1, CHK2, and y-H2AX (gamma H2A histone family
member X) [208]. Another aspect of DDR involves metabolic responses, including the up-
regulation of nucleotide synthesis pathways for DNA repair [209]. Furthermore, SIRT4 has been
reported to play a role in DDR by assisting in metabolic responses through the inhibition of
glutamine metabolism. This metabolic response plays a crucial role in managing cell cycle
progression and sustaining genomic stability in response to DNA damage [210] (Figure 13).

SIRT4, traditionally known for its mitochondrial functions, also localizes to the cytosol where it
dynamically associates with centrosomes, interacting with microtubule components and
influencing cell cycle progression and likely microtubule dynamics [193]. Moreover, cytoplasmic
SIRT4 regulates the Wnt/B-catenin pathway by deacetylating AXIN1 at K147, which activates the
Wnt signaling pathway. This process decreases B-catenin degradation, allowing B-catenin to
accumulate and enhance Wnt signaling [211]. In addition, SIRT4 acts as a tumor suppressor by
deacetylating LATS1, thereby reinstating Hippo pathway activity and countering YAP-driven
oncogenesis [212]. Other findings reveal that SIRT4 is involved in SNARE (Soluble N-
ethylmaleimide-sensitive factor Activating protein Receptor) complex formation by deacetylating
SCFD1 (Sec1 Family Domain containing 1) at K126 and K515. This deacetylation enhances
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SNARE complex assembly, which facilitates the fusion of autophagosomes with lysosomes [213]
(Figure 13). Nevertheless, the full spectrum of cytosolic SIRT4 functions remains largely unknown.

Mitochondrial Quality Control Energy Metabolism

Sl SIRT4
. . ADP
l— __|_ Lipoamidase r|bosyltransferase Deacetylase
L 1 1
L-OPA1 DRP1 ( PDH ) ( GDH )(ANTZ)( IDE )( MCD )CPPARQ) gm.'?;('

| | I |
LRI E W

Mitochondrial Mitochondrial l
Fusion Fission *
B ———
1 | '
v
Mitophagy Insulin
Stress Responses Cytosolic Roles

SIRT4 SIRT4 |
| |

Deacetylase Deacetylase Deacetylase

Mltophagy
. (AXIN) CLATS1) CSCFD1>

. Microtubule dynamic l l l
Reactive Oxygen Genome and regulation of

Species Stability mitotic cell cycle Wnt/ Hippo SNARE Complex
progression Beatenin Formation

Figure 13. Functional roles of SIRT4. Within the mitochondria, it plays a critical role in regulating mitochondrial integrity
and function (impact on mitochondria fusion-fission and mitophagy), energy metabolism (affects proliferation, insulin
secretion, and fatty acid oxidation), and stress responses (controlling oxidative stress and genome stability) through its
activity. SIRT4, traditionally known for its mitochondrial functions, also localizes to the cytosol where it regulates
microtubule dynamics and mitotic cell cycle progression, Wnt/B-catenin and Hippo signaling pathways, and the
formation of the SNARE complex crucial for autophagosome-lysosome fusion. The figure was created using BioRender
software (https://biorender.com/).
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2 Aims and Objectives

This thesis explores the intricate mechanisms of protein interactions and cellular signaling,
emphasizing their implications for human diseases and potential therapeutic strategies. It is
organized into eight chapters, each addressing distinct but interconnected aspects of protein
function and disease pathology.

Proteins are composed of various functional modules, such as domains and motifs, that facilitate
complex and dynamic protein-protein and protein-lipid interactions, forming intricate signaling
pathways. This study focuses on the selective nature of PPls, specifically through the SH3 domain.
It investigates contribution of SH3 domains to the formation of protein complexes by interacting
with PRMs and other non-canonical binding sites on partner proteins, analyzing their significance
across human SH3-containing proteins and their involvement in human diseases like cancer and
Alzheimer’s (Chapter ). By conducting a phylogenetic analysis of human SH3 domain-containing
proteins, the research classifies these domains functionally and examines their binding
specificities towards PRMs. Experimental evaluations of SH3-PRM interactions identify potential
new interactions and establish a framework that enhances the understanding of SH3-mediated
protein networks and offers predictive insights for broader PPIs (Chapter Il). In addition, chapter
Il explores the essential role of protein-lipid interactions in regulating intracellular signaling,
membrane dynamics, and protein localization. This chapter examines how these proteins with
membrane-binding modules employ various strategies and mechanisms, including post-
translational modifications to engage with lipids. It also underscores the importance of these
interactions in disease processes and explores their potential as therapeutic targets.

In addition, building on the foundational understanding of PPIs and protein-lipid interactions in
signaling pathways, this study focuses on understanding the modes of interaction within the RAS-
MAPK signaling pathway and related pathways. The RAS-MAPK pathway is a crucial cascade
that controls key cellular processes, including proliferation, survival, growth, cell polarity, and
mobility. Activation of CRAF, an oncogenic protein kinase in the RAS-MAPK pathway, is linked to
tumor growth and developmental disorders. Chapter IV identifies and characterizes a specific
protein interaction between CRAF and SIRT4, investigates the functional implications of this
interaction, and proposes a novel role for SIRT4 as a cytosolic tumor suppressor that regulates
RAS-MAPK signaling. Furthermore, the regulation of SIRT4 protein stability and degradation
under pseudohypoxic stress is explored. This study identifies the mechanisms involved in its
degradation and determines how stabilty of SIRT4 is affected by mitochondrial
autophagy/mitophagy and proteasomal pathways (Chapter V).

Moreover, this study investigates the role of dysregulation in these interactions in human diseases,
specifically focusing on proteins in the RAS-MAPK pathway involved in cardiovascular disorders
such as arteriovenous malformations (AVMs). Findings suggest that missense mutations in RIT1,
a member of the RAS superfamily of small GTPases, and SOS1, a positive regulator of this
cascade, are particularly relevant to AVMs. Chapters VI and VIl aim to identify and characterize
novel mutations in SOS1 and RIT1 associated with AVMs, explore theirimpact on the RAS-MAPK
signaling pathway and another key downstream pathway of RAS, the PISK-AKT pathway, and
evaluate the potential of targeted inhibitors to reduce hyperactive signaling and alleviate AVM
symptoms and progression.
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Lastly, chapter VIII aims to develop and apply a non-invasive, targeted imaging technique using
fluorine-loaded nanotracers to map and monitor neutrophil dynamics throughout the body in real-
time, particularly in response to cardiovascular injury, to improve the understanding of neutrophil
behavior in inflammation and identify critical disease states in cardiovascular conditions.

Overall, this dissertation aims to advance the understanding of protein interactions and signaling
pathways, identify novel mutations, propose therapeutic targets, and develop innovative
diagnostic tools, ultimately contributing to improved research and treatment strategies for various
diseases.
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Abstract: SRC homology 3 (SH3) domains are fundamental modules that enable the assembly of
protein complexes through physical interactions with a pool of proline-rich/noncanonical motifs
from partner proteins. They are widely studied modular building blocks across all five kingdoms
of life and viruses, mediating various biological processes. The SH3 domains are also implicated in
the development of human diseases, such as cancer, leukemia, osteoporosis, Alzheimer’s disease,
and various infections. A database search of the human proteome reveals the existence of 298 SH3
domains in 221 SH3 domain-containing proteins (SH3DCPs), ranging from 13 to 720 kilodaltons, A
phylogenetic analysis of human SH3DCPs based on their multi-domain architecture seems to be the
most practical way to classify them functionally, with regard to various physiological pathways. This
review further summarizes the achievements made in the classification of SH3 domain functions,
their binding specificity, and their significance for various diseases when exploiting SH3 protein
modular interactions as drug targets.

Keywords: proline-rich motifs (PRM); protein interaction; SH3 domain; 5SH3 domain-containing
proteins; signal transduction; SRC homology 3

1. General Introduction

The SRC homology 3 (SH3) domain was first described in 1988 as a region of ap-
proximately 60 amino acids found in different intracellular signaling proteins, such as
SRC and PLC [1,2]. SH3 domains are arranged as small protein modules in a compact
B-barrel fold made of five p-strands connected by RT, n-SRC, distal loops, and a 31p-helix
(Figure 1) [3]. Thousands of SH3 domains present in eukaryotes, prokaryotes, and viruses
have been investigated and characterized as modules mediating the protein—protein interac-
tion/association [4,5]. SH3 domain-mediated protein-protein interactions have significant
diversification as the binding partners regulate almost all essential cellular functions, in-
cluding cell survival, proliferation, differentiation, migration, and polarity. Moreover,
findings underscore the significance of SH3 domains in shaping protein—protein interac-
tion, their potential influence on protein folding and positioning, their impact on cellular
phenotypes, and the essential role they play in protein function [6]. Mutations and malfunc-
tions of the SH3 domain can lead to significant neurological defects, cancer, and infectious
diseases [7-9].

SH3 domain-containing proteins (SH3DCPs) have a complex array of potential physi-
ological partners due to their ability to recognize diverse structural scaffolds that are both
dependent on, and independent of, the consensus proline-rich motif (PRM). This allows
them to favor typical and atypical specific recognition sites. Biochemical and structural
studies have been published on peptide libraries recognized by SH3 domains. These
studies have been used to predict potential binding partners containing this sequence to
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gain a better understanding of SH3-mediated biological responses [10]. Human SH3DCPs
represent a populous and well-characterized family with almost 300 domains embedded in
221 large multidomains and small monodomain proteins. A novel multidomain phyloge-
netic analysis of SH3DCPs shows their co-occurrence across a large set of protein domains,
and it provides insight into their functional prerequisites in different signaling pathways. In
this review, we focus on the specificity landscape underlying protein—protein interactions
that are mediated by SH3 modules and the functional diversification of SH3 domains in
human signaling pathways based on their phylogenies and relations to different diseases.

[t

RT loop
\ »dstd  n-SRC loop
“¥ PR peptide

Figure 1. A representative structure of an SH3 domain PRM complex. A detailed view into the
structure (PDB code: TFYN) of the SH3 domain of FYN tyrosine kinase (left: surface representation;
right: ribbon representation; UniProt ID: P06241) in complex with 3BP-2 PR peptide (PAYPPPPVP;
orange; UniProt ID: P78314) which shows the characteristic arrangement of beta strands and the
PRMe-interacting variable loops, referred to as 34-a31) (magenta), RT (cyan), and hydrophoebic patch
(W1190) flanked by n-SRC loop (green). Conserved residues that are crucial for the interaction are Y91,
Y93, D99, W119, and P134. FYN SH3 shows the typical topology of two perpendicular three-stranded
B-sheets and a single turn of a3yp.

2, Specificity of Binding

S5H3 domains, among other peptide-binding modules, provide multivalent binding
by increasing the avidity of interactions and promoting phase transition during physical
interactions with a pool of ligands called proline-rich motifs (PRMs) [11-13]. As certain
interactions between the SH3 domain and PRMs are fundamental to the assembly of
multiprotein complexes, it is reasonable to assume that the SH3DCPs are involved in a
wide variety of cellular processes [14-16]. A set of five types of PRM-binding modules,
including SH3, WW, EVHI, GYF, and UEV, have been reported to date [15,17-20]. PRMs are
typically composed of proline (P) and hydrophobic (X) amino acids, with a core canonical
motif XPxXP (where x can be any amino acid). The distinctive cyclic structure of proline’s
side chain gives proline an exceptional conformational rigidity compared with other amino
acids. This unique structural property of proline may interfere with the regular formation
of secondary structures, making it more abundant in unstructured regions. Consequently,
proline residues are frequently exposed on the surface of proteins, making them accessible
for interaction with other proteins or molecules [21]. The outstanding feature of PRMs is
the actual degree of combinatorial diversity, which is determined by the presence of one
or more proline residues [22-24]. The PRMs can be classified into three different types,
including short linear sequence motifs with prolines that are involved in protein—protein
interactions, like canonical PxXP [25,26], tandem repeats containing multiple copies of
the same motifs in a row, like the two adjacent PPII helical PxXP motifs involved in the
interaction with TRTKS-SH3 [26], and clustered motifs, which are multiple copies of the
same motif that are found near each other. An example of proline clustering is an assembly
of synaptic vesicle proteins that are bound with SH3DCPs in nerve terminals [27].

A canonical SH3 domain interaction with proline-rich peptides (PRPs) is characterized
by specific hydrophobic contact recognition and the interaction of positively charged
PRP residues with negatively charged residues of the SH3 domain [24,28]. Additionally,
there are also water-mediated hydrogen bonds contributing to binding that is crucial
for the stabilization of complexes [29,30]. The spatial arrangement of conserved amino
acids located close to each other on the surface of the SH3 domain presents the PRM
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binding surface. PRM binding occurs at three major sites, involving the hydrophobic
patch (Tryptophan), which is flanked by the n-5SRC loop, as well as the RT loop and [4-
a3yp of the SH3 domain (Figure 1) [31,32]. The SH3 domain can bind to their binding
partners in two opposite orientations, defined by the relative positioning of non-proline
residues, which are mostly positively charged residues [32,33]. The location of this basic
residue, designated as +x/x+, determines the orientation of peptide binding in relation
to the conserved proline residues at the N-terminal (+xXPxXF, class I) or the C-terminal
(XPxXPx+, class II) positions of PxXP core [26,34,35]. For all SH3 domains, Arg is the basic
residue defining the orientation, aside from some exceptions wherein Lys is the flanking
residue for the second SH3 domain of TSPOATP], the first SH3 domain of CRK, and SH3
domain of CTTN [10,36]. In both classes [ and 1I, the structural and mutational analysis and
studies suggest that the SH3-PRM interaction can, after initial major binding recognition,
engage flanked areas outside the proline-rich core which regulates and increases binding
specificity [37]. A structural comparison of SH3 domain binding sites shows that the higher
variability and flexibility of loop regions account for the specificity and affinity in PRP
binding [35,39]. The selectivity of the SH3 domain in particular PRPs is generally modest,
with affinities usually in the low micromolar range [23,31-33,40]. An example of class 1 is a
complex between the SH3 domain of MYOI1E through the N-terminal Arginine 358, and
Prolines 371 and 374 in FAK [41]. The crystalline structure of the second SH3 domain of
CD2AP in complex with Pro-457, Pro-459, and Arg-462 in RIN3, shows the preference for
class IT orientation [42]. Some SH3 domains can bind to either class I or class II categories;
FYN-5H3 is one such example [34,43-45]. A comprehensive study on binding specificities
for 115 SH3 domains has shown that numerous SH3 domains exhibit extended alternative
selectivity to non-proline residues in a peptide motif [10]. A crystallography and isothermal
titration calorimetry (ITC) study of GRAP2-SH3C (MONA) and GRB2-SH3N clearly shows
an unexpected binding combination concerning the essential RXXK motif of HPK1, which
complements the PxXP motif [46]. A micromolar range affinity has also been found between
the SH3 domain of STAM2 and GRB2-SH3C with the PX(V/1){D/N)RXXKFP motif of UBPY
and SLP-7, respectively [47,48]. Another consensus PXXDY sequence was identified in
ABI1 (E3B1) and RN-tre, in which DY was found to be crucial for binding, and the proline
residue provided considerable specificity for EPS8-SH3 [49]. Furthermore, NCK2-5H3.1
forms a connection with the unique PxxDY motif found in the cytoplasmic tail of CD3s.
This motif includes Tyr166 within the ITAM subdomain of CD3¢. By associating with this
motif, NCK2-SH3.1 hinders the phosphorylation of Tyrl66, subsequently regulating the
activity of the T-cell receptor [50]. The N-terminal SH3 domain of NCK1, together with
EFS8, is also verified to show specificity for the PxxDY motif [51].

SH3 domains in several studies recently discovered that SH3DCPs also exhibit an
extended repertoire of binding sequences, known as proline-independent binding, allowing
SH3DCPs to mediate a broader array of interactions [19]. An example of atypical binding
is the SH3 domain of RASA1, the RAS-specific GAP (p120RASGAP), which interacts with
the catalytic GAP and kinase domains of DLC1 and Aurora kinases, respectively, thereby
inhibiting their activities [52,53]. Other findings demonstrate a specific Intramolecular
interaction between the SH3 and Guanylate Kinase (GuaKin/GK) domain of DLG4 (PSD-95)
that predominates over intermolecular associations. Unlike the typical binding of SH3
domains to poly-proline motifs, SH3/GK binding occurs through a bi-domain interaction
that necessitates intact motifs [54]. As a non-traditional binding mode, the SH3 domain can
also play a role in facilitating the formation of intricate scaffold structures. The binding
of the SH3-5H3 domains in ITSN1 and SH3GL2 (endophilinl) leads to their association,
and this complex is recruited to locations wherein the clathrin-mediated recycling of
synaptic vesicles takes place. This association facilitates the uncoating of vesicles at neural
synapses [55]. In another study, the five SH3 domains of ITSN1 are associated with the
autoinhibition of the DH domain, indicating that the PxXP-binding groove on the SH3
domain does not play a role in this interaction [56]. Interestingly, SH3 domains can also
be involved in RNA binding. According to a study from Pankivskyi et al. in 2021, the
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interaction between ITSN1-SH3D and mRNA promotes the solubilization of RNA-binding
protein, SAM68. This occurs via interactions with ITSN1-SH3A and the mRNA-binding
protein, SAM68-PRM; this triple complex may lead to the recruitment of specific mRNA for
splicing regulation [57]. Other atypical interactions involve helix structures as interacting
partners for SH3 domains. The C-terminal SH3 domain of NCF2 (p67phox) binds to the non-
PxXP peptide segment of NCF1(p47phox) in helix-turn-helix arrangements [58]. Further
research has indicated that non-PxXP alpha-helical motifs are essential and adequate for the
binding of Pex5p to the PEX13-5H3 domain [58,59]. A notable feature of PEX13 is that it can
simultaneously bind to both the canonical type II PRM sequence on Pex14p and the non-
canonical binding site on Pex5p with a different binding surface on the SH3 domain [60,61].
In another study on C. elegans muscle, the interaction between UNC-89's SH3 (homologs
of human OBSCN-5H3) and coiled «-helical structures of paramyosin, which shares a
strong homology with skip2 residues on human cardiac Myosin (MYH7), leads to the
mislocalization of paramyosin [62]. In a separate investigation, it was discovered that
the interaction between FYN-SH3 and the N-terminal “REKxxYxxY"” motif of SKAP55
necessitates the presence of arginine and lysine residues [25]. This study found that the
REKxxYxxY motif was also recognized by SH3 domains that can bind to canonical class |
motifs, whereas class Il SH3 domains, like GRB-2, were unable to do so [28]. However,
it was also shown that GRB2-SH3_ oy and Gads can recognize and bind to an R-X-X-K
motif of SLP-76 [63]. Moreover, the 40-fold difference in binding affinity for GRB2 suggests
that GRB2-SLP-76 formation does not occur in vivo, in comparison with Gads, to facilitate
receptor T cell signaling, suggesting that other factors are involved in mediating complex
formation [48,63]. In another example, the interaction between BIN1-SH3 and its internal
domain, referred to as Exonl0, contains the basic sequence RKKSKLFSRLRRKKN, which
hinders the SH3 domain from interacting with its typical PxXP ligand in dynamin [64].
Similarly, CdGAP activity is inhibited by the SH3 domain of ITSN1 by direct binding to its
central basic-rich (BR) region comprising Lys and Arg residues (xKx(K/R)K motif) [65,66].
Another non-canonical binding of SH3 domains is found in the trinary SLAM-5AP-FYN-
SH3 complex, in which the SAP-SH2 domain binds to FYN-SH3, thus linking FYN to SLAM
immune receptors [67,68]. NCF1 (p47phox) also contains Arg70-Ile-Tle-Pro-His-Leu-Pro76,
a canonical class I SH3 binding residue within the PX domain that can be recognized by
its C-terminal SH3 domain; however, the surrounding PX structure also contributes to
the production of a higher affinity [69]. The MACFI protein belongs to the plectin family,
which contains spectrin repeats (SR) and an SH3 domain in the middle, suggesting an
SR4-SH3 interaction that stabilizes intermolecular contacts [70]. In addition, other domains,
such as the LIM4 domain of PINCH-1, can also trigger rapid focal adhesion by transiently
interacting with NCK2-SH3.3 [71]. In another interesting example of non-canonical binding,
the single SH3 domain of CASKINT1 lacks key aromatic residues from the canonical binding
groove, causing the protein to behave differently. There is a recent report suggesting that
it might bind to membrane surfaces with high levels of LPA [72]. As with PRAM1-SH3,
charged residues in the RT loop mediate a relatively high affinity for PI{4)P, and to a
lesser extent, PIP, [73]. Protein-protein interactions in extracellular environments can
also be mediated by SH3 domains. As an example, the MIA protein interacts directly with
extracellular matrix molecules via its SH3 domain, which comprises a new binding pocket
opposite the canonical binding site, resulting in cell separation and metastasis [74].
Although it is not an exhaustive compilation, the list above comprises several ex-
tensively researched binding partners of SH3 domains. The typical proline-containing
sequences recognized by these domains are part of a broader group of protein-protein
interaction sites, which are well-known for their capacity to selectively bind to modular
domains. The specific recognition patterns can vary depending on the specific SH3 domain
and its interacting partner in canonical proline-dependent interactions. In general, the
binding site of the SH3 domain is highly conserved across different SH3 domains, allowing
it to bind to a variety of proline-rich sequences with high specificity. For proline-rich
independent interactions on the structure of SH3 domains, binding can vary depending
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on the specific features of binding moieties. The binding site for proline-rich independent
interactions on SH3 domains is not uniform or absolute. It is intricate and varies based on
numerous factors, including the amino acid sequence, the conformation of the SH3 domain,
and the target protein.

It is worth mentioning that different SH3 domains may have distinct binding specifici-
ties, and a single target protein can be recognized by several SH3 domains with different
binding sites. Furthermore, the provided findings suggest that SH3 domains do not solely
dictate their interaction partners. Instead, they have a complex impact on protein—-protein in-
teractions that cannot be accurately predicted based solely on their intrinsic specificity [6,75].
The specificity of SH3-dependent interactions in living cells can be determined by various
factors including SH3 domain features, surrounding amino acids, a combination of multiple
S5H3 domains and peptide motifs, the co-expression and co-localization of SH3 domain
proteins and partners, allosteric intramolecular interactions, and protein context, which
includes their position within the host protein and potential intramolecular interactions [75].
This highlights the existence of intricate interactions between SH3 domains and their re-
spective targets [6]. The interplay between the SH3 domain and the target protein is crucial
for establishing specificity in protein-protein interaction networks, shedding light on how
these networks evolve, and their relevance to diseases like cancer. Multi-domain analysis
and the classification of human SH3CPs is essential for comprehending the patterns and
characteristics of SH3 domains within a protein context, enabling a deeper comprehension
of potential specificity and intramolecular interactions.

3. DCPs Belong to a Versatile Superfamily

Proteins containing SH3 domains are frequently identified by the similarity of their
sequences [31]. From a total number of 394,887 SH3DCPs, which are present in all organ-
isms, 1132 are reviewed; in humans, a set of 237 out of 770 proteins have been analyzed
and characterized [76]. A combination of advanced searching methods with a detailed
sequence comparison, using multiple sequence alignments of inputs generated by the
ClustalW algorithm, was used to review the SH3DCPs and identify the accuracy of the
regions annotated as SH3 domains [77]; this yielded 298 SH3 domains embedded in 221 hu-
man SH3DCPs (Table 51). Though the basic classification of the SH3DCP superfamily is
based on their ability to interact with a specific target (Table 1), they can also be classified
functionally. They encompass a wide range of protein families that are highly divergent
in terms of function and size, however, they are only somewhat well-characterized. Cell
processes involving SH3DCPs are regulated in many types of tissues and cells. Gene
Ontology describes SH3DCPs in terms of three independent categories: biological process,
molecular function, and protein class (Figure S1). These categories are distributed across
three compartments: cytosol, extracellular, and nucleus.

Table 1. Binding Specificity of SH3 domains.

Binding

Canonical

Class
Class 1
Class [l

Class I/T1

Class 111

Ligand SH3DP Example Ref.

+xXPxXT MYOIE interaction with FAK-PRM1 [41]

XPxXTx+ CD2AP-2nd-SH3 in interaction with RIN3 [42]

Specificity of both ligands of /11 FYN interaction with different PRMs Tau [43]

GRAP2-5H3C (MONA) and GRB2-5H3N
interaction with HPK1
Combination of proline with STAM2 interaction with UBPY; GRB2-SH3C
non-proline residues interaction with SLP-7; EPS8 interaction with ABI1
(E3B1) and RN-tre; NCK1 /2 N-Terminal-SH3
interaction with cytoplasmic tail of CD3e

[46-51]
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Table 1. Cont.

Binding Class Ligand SH3DP Example Ref.
GAP domain RASAT interaction with DLC1-GAP domain [52]
Kinase_Catalytic domain RASA] interaction with e‘\!.ll'{)Ta kinases-catalytic 53]
1 domain
G“"‘“v‘il‘f’;m’:jgg"mai” DLG4 (PSD-95) inter-domain interaction [54]
Class VI SH3 domain ITSN1 and SH3GL2 SH3-5H3 domain complex [55]
DH domain ITSN1 interaction with internal domain [56]
RENA ITSN1 SH3D interaction with mRENA 1571
NCF2 (p67phox) SH3D interaction with
NCF1{p47phox) N-term helical region; PEX13
Helix interaction with helical segment of Pex5p; UNC-89 [58,59,62,65]

Non-canonical

SH3 (homologs of human OBSCN-5H3) interaction
with Paramyosin (homologs of human
MYH7-skip2) coiled «-helical structures

FYN-SH3 interaction with SKAP55; Gads-SH3 and
GRB2-5H3¢ .y, interaction with SLP-76; BIN1-5H3

inine-Lysine resi ag 28,48 6366
Asplhineslysine restduics interaction with internal domain; ITSN1 interaction [28 48,6366
with CdGAP-Basic rich domain {(xKx(K/R)K matif)
SH2 domain FYN-SH3 interaction with SAP-SH2 |67,68]
PX domain NCF1(p47phox) inter-domain interaction [69]
Spectrin repeat MACF] inter-domain interaction |70]
LIM4 domain NCK-2 SH3.3 interaction with PINCH-1 [71]
CASKIN1 interaction with lysophosphatidic acid
Lipid (LPA) [72,73]
PRAMI-SH3 interaction with PI(4)I and PIP2
Extracellular matrix molecules MIA-SH3 [74]

These proteins are typically located at the interface between cytosol and membranes,
especially plasma membranes, and they act as molecular components for the formation
and stabilization of junctional complexes and synaptic connections [78,79]. SH3DCPs are
also observed in a variety of scaffolding proteins, including cytoskeletal components, such
as Myosin and spectrin, to maintain and regulate stability and motility [80,81]. Moreover,
SH3 domains employ liquid-liquid phase separation as a mechanism for cellular compart-
mentalization through interactions with PRMs to arrange the constituent components of
distinct pathways for the forthcoming signal transduction [82-85]. Furthermore, the MIA
protein family consists of secreted extracellular proteins that contain a single SH3 domain,
with a conserved SH3 domain-like fold, supplemented by a beta paralleled beta-sheet and
two disulfide bonds. These proteins serve as extracellular matrix constituents that are
essential for tissue reorganization and cellular attachment [86,57].

SH3DCPs also control the molecular functions of enzymes, receptor activities, and
transport processes [85,589]. SH3 domains are protein binding modules in enzymes like
phospholipase Cy [90]. Adaptor and docking SH3DCPs are involved with influencing
signaling pathways, including non-receptor tyrosine kinases of the SRC family, for the
regulation of its catalytic activity and /or mediating interactions [91]. Tt is important to men-
tion that SH3DCP can enter the nucleus under certain circumstances. One such example
is when CASK acts as a molecular regulatory coactivator of Tbr-1 to induce transcription
of T-element-containing genes, such as reelin, which is required for cerebrocortical devel-
opment [92]. However, the CASK-CK domain is enough for this interaction, and further
research is needed to fully understand the involvement of indirect effects or interactions
between other proteins with the SH3 domain in the co-activation of Tbr-1 by CASK. In
another example, through the SH3 domain, SPTAN1 (all-spectrin) could potentially con-
tribute to the repair of DNA interstrand cross-links in the nucleus [93]. Hence, this implies
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that the SH3 domain serves as a mediator of complex formation, linking signaling proteins
at the right time and in the right place with the corresponding signaling pathways [31].
Figure 2 depicts the formation of various protein complexes through SH3 domain-mediated
protein—protein interactions, which bind to partner proteins and play a general role in
different signaling pathways. Biologically, the roles of proteins from SH3DCPs are vastly
diverse, ranging from signaling pathways related to proliferation, cell survival, cell growth,
actin reorganization, cell migration, endocytosis, apoptosis regulation, and proteasome
degradation (Figure 2A). SH3 domains mediate the involvement of numerous proteins
both upstream and downstream of the EGFR-receptor tyrosine kinase (RTK). For instance,
GRB2, NCK, BTK, and SRC SH3 domains interact with EGFR, resulting in the activation of
downstream pathways involved in cell proliferation and actin reorganization. In addition,
a huge number of SH3CPs regulate actin dynamics and cell migration via the direct media-
tion of SH3 domains. The role of complex formations, mediated by SH3 domains, is also
clear in Vesicular trafficking. Moreover, several complexes that are mediated by SH3 also
contribute to T-cell function, immune responses, muscle contraction, and synaptic activity
(Figure 2B).

i
i

Figure 2. Schematic diagram of SH3DCPs in diverse signaling pathways. SH3DCPs are crucial
signaling proteins, and they include adaptor proteins, kinases, RAS GEFs, RAS GADPs, scaffold
proteins, and effectors. They are involved in various signaling processes in the cell. The dashed
separation in the figure distinguishes general cellular functions (A) from specific functions in various
cell types (B). All information presented in this figure is cited as references in Table S1.
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The number and nature of domains in many SH3DCPs are striking, especially the abun-
dance of lipid membrane binding domains, along with protein interaction domains, such
as SH2, WW, and Ig-like domains, and a large number of catalytic and regulatory domains,
such as kinase, REM, GAP and GEF domains (Table 52, Figure S2). In particular, ITSN1/2
(also known as EHSH1 or SH3P17, and SH3P18; Table §1) and DNMBP (also known as
ARHGEF36 or TUBA) are CDC42GEFs, and they contain five and six SH3 domains, respec-
tively (Figure S2) [94]. They play crucial roles in linking Exo-/endocytosis, actin dynamics,
and signal transduction through the small GTPase of the RHO family [95-99]. The associa-
tion of the C-terminal SH3 domain of DNMBP (TUBA) with the N-terminal cytoplasmic
PRM of tricellulin (PLPPPPLPLQPP; aa 46-57) results in TUBA-mediated CDC42 activation,
which is required for the regulation of junctional tension in epithelial cells [100]. In addi-
tion, ITSN1 recruits Endophilin 1 (SH3GL2) at sites of clathrin-mediated synaptic vesicle
recycling via an SH3-5H3 domain-mediated complex formation. The second SH3 domain
of ITSN1 appears to be essential for endophilin1-5H3 interactions in this process [55].

The SH3DCPs are available in a wide range of molecular weights. The largest SH3DCP
is OBSCN (obscurin or ARHGEF30; approximately 720 kDa), a giant sarcomeric protein
of the RHOGEF family that interacts with calmodulin and titin [101]. OBSCN contains
mainly I-set (Ig domains) which provide segmental flexible binding sites for proteins like
titin during the assembly of the sarcomere, as well as the SH3 domain near the tandem
DBL homology (DH)/RHOGEF and pleckstrin homology (PH) domains. Interestingly, a
polyproline stretch within the DH domain has been proposed as a potential regulatory
component as it acts like an intramolecular ligand in the SH3 domain [101]. The observation
that CaMKII selectively phosphorylates the isolated SH3 domain, but not the SH3-DH
fragment, suggests the presence of functional interplay between the SH3 and DH domains
and their potential influence on phosphorylation events in obscurin. However, the role
of the DH and SH3 domains with regard to the functioning of obscurin appears to be
intricate and dependent on various factors [102]. Additionally, investigations into UNC-89,
a C. elegans counterpart of human OBSCN, have disclosed its location at the sarcomeric
M-line of the muscle. It interacts with paramyosin via the SH3 domain, and when the
SH3 domain is overexpressed, it results in paramyosin mislocalization [62]. Another giant
filamentous SH3DCP is NEB (Nebulin; isoform size varies from 600 to 800 kDa), which has
an SH3 domain preceded by a Serine-rich region, both of which are essentially involved in
the interactions between several key signaling molecules (e.g., titin, N-WASP, a-actinin,
myopalladin, and zyxin). These interactions allow for the association of NEB with the
sarcomeric Z-line in skeletal and cardiac muscles, and the regulation of thin filament lengths
and contractility [103]. Two other giant proteins belonging to the plakin family are MACF1
(ACF7; 620 kDa) and DST (dystonin or BPAG1; 629.78 kDa), which are responsible for
interacting with a variety of signaling proteins, and they provide the versatility to create
links between different components of the cytoskeleton, including actin microfilaments,
microtubules, and intermediate filaments [104]. An SH3 domain is positioned within the
central region of the plectin domain in these proteins, and it has been proposed to interact
with the SR4 domain intermolecularly to stabilize the structure and aid with ligand-binding
affinities, particularly in plectin or other plectin family members such as MACF1 and
DST [70]. This indicates that the SH3 domain plays a crucial role in facilitating interactions
and functional interplay within these large proteins, likely contributing to their stability,
ligand-binding affinity, and overall functionality. On the other hand, GRAPL, OTOR, and
MIA are the smallest SH3DCPs, with molecular weights of 13.44, 14.33, and 14.5 kDa,
respectively. GRAPL is similar to GRAP1/2 and GRB2 proteins, but it contains only one
S5H3 and one SH2 domain (Figure 52). It is likely involved with linking intracellular tyrosine
kinase signals to RAS GTPases. OTOR (otoraplin or MIAL1) and MIA belong to several
extracellular SH3DCPs of the melanoma-inhibiting activity (MIA) family [86], and they
contain only one SH3 domain. A crucial question concerns the role of such ‘mini-proteins’
and what they are, as well as how they are involved in extracellular processes. MIA
has been designated as a cartilage-derived retinoic acid-sensitive protein that is mainly
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secreted as an 11-kDa protein in cartilage tissue during embryogenesis and adulthood [105].
In this respect, MIA appears to influence the action of bone morphogenetic protein 2
and transforming growth factor beta 3 during mesenchymal stem cell differentiation by
promoting the chondrogenic phenotype and inhibiting osteogenic differentiation [105].
MIA interacts with fibronectin during this process, and it competes with integrin binding,
detaching cells from the extracellular matrix [106].

4. Phylogenetic Classification of SH3DCPs

The next question we addressed concerned how to classify or categorize SH3DCPs,
taking into account their heterogeneous domain composition. As the phylogenetic tree
based on similarities of isolated SH3 domains was not of practical use, we have used an
approach based on the similarities of domain compositions between SH3DCPs. For this pur-
pose, primary sequences of an entire collection of 221 human SH3DCPs were first retrieved
from the UniProt database, and they were analyzed for occurrences of protein domains.
Next, mutual similarities in terms of domain composition between all protein pairs in the
collection were evaluated. The resultant matrix was then subjected to phylogenetic analysis
using MEGA software (version 7.0). The final phylogenic tree shed light on the evolutionary
relationships between the human SH3DCF superfamily, and it allowed the superfamily to
be classified into thirteen different SH3DCP families (Figure 3). An inspection of individual
families, based on the respective domain organizations (Figure S2), revealed the following
findings. (i) They differ in terms of the number of SH3DCPs per family, ranging from 2
(family 6) to 54 (family 3). (ii) The classification of SH3DCPs into individual families is
often based on the combination of the SH3 domain with at least one or two similar do-
mains, for example, SH2 and/or KinYST domains (Family 1); membrane-binding BAR and
PH domains, RHOGAF, or RHOGEF domains (Family 2); single or several SH3 domains
combined with other shared domains (Family 3); PDZ and/or the GuaKin domain (Family
4); FCH and /or RHOGAP domains (Family 5); UBA and HPhos domains (Family 6), S-rich
and CAS-C domains (Family 7); Myosin and/or MyTH4 (Family 8); SAM* along with PTB
and SLY in some SH3CPs (Family 9); spectrin domain and EF-hand (Family 11); DOCK and
DHR domains (Family 12); and some were also classified with only a single SH3 domain
{Family 13), except Family 10, which comprises diverse combinations of the SH3 domain.
(iii) Exploiting combinations of SH3, with specific domains in each family of the SH3CPs’
domain-organization, indicates that the parallel domain-combination is evolving. This also
explains the functional differentiation of the SH3 domain in different pathways. (iv) SH3
domains can function as adaptors, scaffolds, modulators, and regulatory domains.

4.1. Family 1

Proteins belonging to Family 1 share a mostly conserved domain called the tyrosine
kinase domain, which is responsible for their catalytic activity and phosphorylation of target
proteins. They can be classified into four groups of non-receptor Tyrosine Kinases (SRC,
FYN, YES, HCK, LCK, BLK, FGR, FRK, SRMS, BTK, ITK, TEC, TXK, ABL1, ABL2, MATK,
CSK, LYN, PTK6, TNK2, TNK1 [107,108]), adaptor Proteins (GRB2, GRAF, GRAP2, GRAPL,
CRK, CRKL, SLA, SLA2 [109-112]), tyrosine Kinase-associated Signaling Proteins (RASAT,
MAP3K21, MAP3K10, MAP3K11 [113,114], and Phospholipase C, including PLCG1 and
PLCG2 [115,116]). The main feature of these proteins is that they are all involved in signal
transduction pathways. More specifically, when transmitting signals from the cell surface to
the cytoplasm and nucleus, they can affect gene expression and various cellular processes.
The SH3 domain plays a crucial mediating interaction-based and regulatory role in this
family. For example, SH3 domains of adaptor proteins, such as GRB2 and CRK, bind to
proline-rich motifs in other signaling proteins, allowing them to link receptor tyrosine
kinases to downstream signaling pathways [40,117]. In some cases, the SH3 domain affects
the catalytic activity of the kinase domain. For instance, the SH3 domain of the non-receptor
tyrosine kinase, SRC, can interact with its own SH2 domain and N-terminal fragment of
the kinase domain, leading to the inactivation of its kinase activity [118].
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Figure 3. Phylogenetic tree of the SH3DCP superfamily. The tree was generated on the basis of the
similarities between domain compositions. The SH3DCP superfamily can be divided into thirteen
families, which are marked by different colors of classes at the outer ring.

4.2. Family 2

The proteins listed in Family 2 are primarily involved in the regulation of Rho fam-
ily GTPases, and in some cases, those of the ARF family, which are critical for regulat-
ing the actin cytoskeleton and an array of essential cellular processes; these encompass
cell migration, cell division, cell adhesion, and membrane trafficking. They can be clas-
sified further into two subcategories: GTPase-activating proteins (GAPs) and guanine
nucleotide exchange factors (GEFs). GATs are negative regulators of Rho or ARF fam-
ily GTPases, and they stimulate the intrinsic GTPase activity of GTPases, which leads
to their inactivation. The proteins of this family are GAPs, as follows: ARHGAP10,
ARHGAP26, ARHGAP42, ARHGAP12, ARHGATP27, ARHGAP9 as RHOGATs, and ASAP1,
ASAP2 are ARF GAPs [119-122]. GEFs, on the other hand, activate GTPases by pro-
moting the exchange of GDP for GTP. The proteins in the list are Rho-GEFs, as fol-
lows: SPATA13, ARHGEF4, ARHGEF26, NGEF, ARHGEF19, ARHGEF16, ARHGEFS5,
ARHGEF9, ARHGEF6, ARHGEF7 [120,123-126]. TRIO, KALRN, MCF2L, VAV1, VAV2,
and VAV3 are multi-domain GEFs that regulate Rho family GTPases and other signaling
pathways [120,127,128]. TRIO and KALRN activate RHO GTPases, RAC1 and RHOA, and
they are involved in cell migration and differentiation [129]. VAV proteins and MCF2L
activate RAC1, RHOA, and CDC42, and they are involved in cell growth, differentiation,
and immune responses [127,130]. SKAP1 and SKAP2 do not have a canonical guanine
nucleotide exchange factor (GEF) domain. Instead, they have been shown to act as RAP1
GTPase activators through a non-canonical mechanism that involves interactions with other
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proteins. More specifically, SKAP1 has been shown to bind to RIAM (RAP1-interacting
adapter molecule), which, in turn, recruits activated GTP-bound RAP1 by promoting the
membrane translocation of RAP1 for T-cell adhesion [131,132]. SKAP2 might also interact
with RIAM, and it can similarly activate RAP1. Therefore, although SKAP1 and SKAP2
do not have a canonical GEF domain, they function as GEFs for RAP1 through protein-
protein interactions with RIAM. There is a possibility that SH3 domains, similarly to other
enzymes, control the activity of the GEF and GAP domains through inter /intra-molecular
interactions. For example, unique characteristics were observed in this KALRN (kalirin)
SH3 domain, including the presence of novel binding sites for the intramolecular PxxP
ligand, as well as for binding to the adaptor protein, CRK, to inhibit the GEF activity of
KALRN [133].

4.3. Family 3

The presence of multiple SH3 domains, in most members of Family 3, may confer
several advantages, including increased specificity. First, having multiple SH3 domains
with different binding specificities allows proteins to interact with a larger number of
partner proteins and potentially simultaneously modulate multiple signaling pathways.
Second, it might lead to cooperative binding, which means that the presence of multiple SH3
domains can allow a protein to bind to multiple sites on a single partner protein, which can
enhance the affinity of the interaction and potentially stabilize protein complexes. A study
conducted on a SH3RF3 protein from this family used a detailed functional scaffolding
analysis that revealed that its fourth SH3 domain interacts with MKK7. Additionally, it
was found that the first and second SH3 domains of SH3RF3 interact with JIP3 and JNK1.
These findings suggest that SH3RF3 plays an important part in aiding the assembly of
the MKK-]NK complex via JIF, which leads to the activation of [NK-JUN [134]. Thirdly,
the regulation of protein—protein interactions occurs when the SH3 domains in a protein
can interact with each other, or with other domains within the same protein, to regulate
protein—protein interactions. For example, autoinhibitory interactions of SH3 domains
can block binding sites and prevent interactions until a regulatory signal is received. For
example, ITSN1-L, which is a RHO-GEEF, plays a crucial role in regulating both endocytosis
and actin cytoskeletal rearrangements, and its SH3 domains are important for controlling
its exchange activity. The SH3 domains block the binding of CDC42 to the RHO-GEF
domain (or DH domain) via inter-domain interactions, which inhibits exchange activity [98].
Lastly, localization concerns the presence of multiple SH3 domains with different binding
specificities, which can also allow proteins to target different subcellular compartments
and interact with different sets of proteins in those locations. Interestingly, the specific
order and arrangement of the SH3 domains were found to be important for maintaining
the integrity of protein-protein networks in SH3CPs with multiple SH3 domains [6].

Members of this family can also function as adaptor proteins that typically contain
multiple domains, and they can couple together different signaling molecules or compo-
nents of cellular pathways. Many proteins of Family 3 (SH3CPs) fall into this category. For
example, CD2AP (CD2-associated protein) is an adaptor protein that interacts with CD2,
a transmembrane receptor protein on T cells [135], and other cytosolic proteins such as
nephrin, a protein important for maintaining the integrity of the glomerular filtration barrier
in the kidney [136]. The SH3 domains in CD2AF are thought to mediate protein-protein
interactions with other signaling molecules and cytoskeletal components [137]. NCK1
and NCK2 (non-catalytic region of tyrosine kinase) proteins are adaptor proteins that link
signaling molecules with downstream effector proteins involved in cytoskeletal regulation,
membrane trafficking, and gene expression [137,138]. They contain several protein-binding
domains, including SH3 domains, that enable them to simultaneously interact with mul-
tiple partners. In addition, all RIMBP proteins (RIMBT2, RIMBP3, RIMBP3B, RIMBIP3C)
are part of the synaptic vesicle release machinery and are involved in regulating neuro-
transmitter release [139]. They contain several domains that allow them to interact with
other proteins involved in the synaptic vesicle cycle. Another category that some mem-
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bers of this family fall into is signaling proteins that act as intermediates or effectors in
various signaling pathways. Some examples of MAPKSIP1 and MAPKSIP2 are as follows.
MAPKSIP proteins (mitogen-activated protein kinase 8 interacting protein} are involved
in the regulation of the JNK (c-Jun N-terminal kinase) signaling pathway, which is impor-
tant for stress responses and apoptosis [140]. The SH3 domain in these proteins mediates
protein—protein interactions with upstream and downstream components of the pathway.
STAC, STAC2, and STAC3 are types of STAC protein that are involved in the regulation of
calcium channels, and they play a role in skeletal muscle function. They contain several
domains, including the SH3 domain, that interact with different components of the calcium
channel complex [141]. OSTF1 (Osteoclast-stimulating factor 1) is another example of the
protein involved in the regulation of bone resorption by osteoclasts [142]. The SH3 domain
in OSTF1 is thought to mediate interactions using signaling molecules involved in the
regulation of osteoclast activity. SH3 domain-containing cytoskeletal proteins, categorized
as cytoskeletal proteins, such as Endophilins (Endophilin A2, Endophilin B1, Endophilin B2,
Endophilin 1, Endophilin 3), are involved with controlling the organization and dynamics
of the cell cytoskeleton. They are involved in the formation and recycling of clathrin-coated
vesicles and the regulation of the actin cytoskeleton. Endophilins contain, among others,
a BAR domain which further contributes to their membrane curvature recognition [143].
They also interact with proteins such as dynamin and synaptojanin via the SH3 domain
which regulates the formation of clathrin-coated vesicles during endocytosis [144,145].
DNMBP or TUBA (Dynamin-binding protein) is also involved in actin cytoskeleton organi-
zation, and it is thought to play a role in endocytosis. The SH3 domains in DNMBP are
involved in protein-protein interactions with other cytoskeletal and signaling proteins [95].

4.4. Family 4

Proteins listed in this family share SH3 domains and /or PDZ and /or Guanylate Ki-
nase (GuaKin/GK) domains, and they often have similar functions associated with the
regulation of protein complexes and the structure and function of the synapse, a junction
between two neurons that allows for the transmission of information. SHANK1, SHANK2,
and SHANK3 are scaffolding proteins that play a crucial role in the organization and
function of the postsynaptic density (PSD), a protein-rich area of the synapse [146]. SHANK
proteins interact with other proteins to anchor neurotransmitter receptors and signaling
molecules in the PSD, thereby regulating the strength of synaptic transmission [147]. MPP1,
MPP2, MPP3, MPP4, MPP7, PALSI, and PALS2 are members of the membrane-associated
guanylate kinase (MAGUK) family in synapse organization and function. MAGUK pro-
teins interact with other proteins to form a complex network of signaling molecules at
the synapse, thereby regulating synaptic transmission and plasticity [148,149]. CASK is
a protein in the same subfamily that interacts with other synaptic proteins, including
p-neurexins, and Rabphilin3a via the PDZ domain; it plays a role in the regulation of
neurotransmitter release [148]. DLG1, DLG2, DLG3, DLG4, and DLG5 are members of
the Discs Large (DLG) subfamily of proteins belonging to the MAGUK family; they are
involved in the formation and control of neurotransmitter release [150,151]. CACNB1,
CACNB2, CACNB3, and CACNB4 are subunits of voltage-gated calcium channels (VGCCs)
belonging to the MAGUK family; they regulate the entry of calcium ions into neurons.
Calcium influx through VGCCs is important for synaptic plasticity and neurotransmitter
release [152]. In contrast, TJP1, TIP2, and TIP3, which belong to the ZO subfamily, are also
members of the MAGUK family. They are not expressed in neurons, but in the brain, and
they play a crucial role in maintaining the blood-brain barrier [153].

Overall, although the SH3 domain’s interaction with its targets is less understood
compared with PDZ domains, studies on MAGUK proteins, such as DLG, provide insights
into the complex regulation of SH3 domain interactions and their potential roles in cellular
processes. The N-terminal region of the human DLG undergoes alternative proline-rich
region insertion splicing that can bind in vitro to multiple SH3 domains and control the
formation of protein clusters [154]. For example, the N-terminal portion of DLGI (SAP-97)
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can bind to the SH3 segment of DLG4 (PSD-95), indicating a potential heteromeric interac-
tion between these two proteins. This interaction may play a role in dendritic clustering
and the trafficking of GluR-A AMPA receptors [155]. Other studies suggest that the SH3
domain of DLG1 (SAP-97) and DLG4 (PSD-95) forms a specific interaction with its GK
domain, and this intramolecular interaction prevents intermolecular associations; this sheds
light on the role of the SH3 domain with regard to MAGUK function and oligomeriza-
tion [156-158]. Recent findings suggest that the SH3 domain modulates the GK domain
through an allosteric mechanism rather than by blocking the GK binding surface [159]. The
SH3-HOOK-GK domain configuration is present in most MAGUK proteins, suggesting
that this interaction is a shared characteristic among MAGUK proteins [157,160]. Overall,
these proteins play important roles in regulating the organization and function of the
synapse, and the dysregulation of their activity has been linked to various neurological and
psychiatric disorders.

4.5. Family 5

Proteins classified into this family share a similar domain architecture. They all contain
at least one SH3 domain, either a FCH or RHOGAP domain, or both. This combination
of domains is unique to this protein family and sets them apart from other proteins. The
combination of the SH3 domain with the FCH and /or RHOGAP domains in this group
of proteins suggests that they may play a role in regulating actin cytoskeleton dynamics
and membrane trafficking. Proteins containing the FCH domain may participate in protein—
protein interactions, and they may potentially contribute to the organization of RHO
proteins and the actin cytoskeleton [161]. Conversely, the RHOGAF domain regulates RHO
family GTPases, which are important regulators of actin cytoskeleton dynamics.

4.6. Family 6

UBASH3A and UBASH3B are two proteins that belong to the same protein family,
called the Ubiquitin-associated and SH3 domain-containing protein (UBASH3) family.
These proteins are involved in the regulation of signal transduction pathways, including
T-cell receptor signaling and cytokine production [162-164]. Functionally, both UBASH3A
and UBASH3B contain an Ubiquitin-associated (UBA) domain and a SRC homology 3 (SH3)
domain. The UBA domain enables the interaction between these proteins and ubiquitin,
a protein that plays a critical role in the regulation of protein degradation, DNA repair,
and immune response [165]. The SH3 domain allows UBASH3A and UBASH3B to bind to
proline-rich motifs in other proteins, including signaling proteins, receptors, and enzymes,
thereby regulating their activity [163,166,167]. Structurally, UBASH3A and UBASH3B are
similar in size, each consisting of 504 amino acid residues. Both proteins share a high
degree of sequence identity, with 80% sequence similarity. The overall structure of these
proteins is similar, with an N-terminal UBA domain followed by a central SH3 domain
and a C-terminal HPhos region. However, there are some differences in the sequence and
structure of the UBA and SH3 domains between UBASH3A and UBASH3B, which may
contribute to their distinct functions.

4.7. Family 7

BCAR1, NEDDY, and CAS54 also share other domains in addition to the SH3 domain,
namely, the 5-RICH and CAS-C domains. The S-RICH domain, which is a stretch of amino
acids enriched with serine residues, is located in the N-terminal region of all three proteins.
It has been shown to be crucial for the localization and activity of these proteins at focal
adhesions, which are sites of cell adhesion and signaling, by binding to 14-3-3 proteins [168].
The CAS-C domain is a domain that is found in the C-terminal region of all three proteins,
and it assists with binding to other signaling molecules, such as the adapter protein, SRC,
which mediates downstream signaling events [169,170]. Therefore, the common structural
feature of the SH3 domain, coupled with the 5-RICH and CAS-C domains, contributes to
the functional similarities between BCAR1, NEDD9, and CASS4; this is because it allows
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them to interact with the other proteins involved in cell adhesion and signaling pathways,
leading to similar functional roles in terms of regulating cell adhesion, migration, and
proliferation [169].

4.8. Family 8

These proteins share common structural features in that they all contain SH3 with
myosin domains belonging to the myosin superfamily. Myosins are a family of motor
proteins that use the energy from ATP hydrolysis to generate force and move along actin
filaments, resulting in the generation of force and motion [171]. Functionally, myosins are
involved in a wide range of cellular processes, including muscle contraction, cell migra-
tion, membrane trafficking, and organelle transport [172]. The specific functions of listed
myosins may vary depending on their expression patterns, subcellular localization, and
interactions with other proteins. For example, MYO7A is involved in hearing and bal-
ance [173], whereas MYO5A is involved in melanosome transport and pigmentation [174].
Other myosins, such as MYO1E, are involved in cell migration and the regulation of the
actin cytoskeleton [175]. Myosins can be divided into two broad categories, as follows:
conventional and unconventional myosins. Conventional myosins are typically found
in muscle tissue and are responsible for generating the force and movement required for
muscle contraction [176]. Unconventional myosins, on the other hand, have a more diverse
range of functions, and they are found in a variety of cell types and tissues throughout the
body [177]. Some examples of these unconventional roles include acting as tension sensors
and dynamic tethers, organizing F-actin during endo- and exocytosis, and maintaining
the mitotic spindle structure [175]. Unconventional myosins often have a more complex
domain structure than conventional myosins, and the SH3 domain is one of the additional
domains that is commonly found in these proteins [177]. The SH3 domain in some myosins,
given their interaction with other proteins, may carry out these functions [80]. All listed
myosins contain a single SH3 domain, which is involved in mediating protein-protein
interactions, and this is consistent with the idea that these myosins play roles in diverse
unconventional processes. For example, MYOIE, which is an unconventional myosin
involved in the cell migration and regulation of the actin cytoskeleton, contains a SH3
domain that has been shown to interact with a protein called ZO-1 [175]. This interaction is
thought to play a role in regulating junctional integrity in kidney podocytes by contributing
to the slit diaphragm complex [179]. Similarly, MYO7A, which is involved in hearing
and balance, contains an SH3 domain that contributes to the interaction with the protein
harmonin. This interaction is important for the localization of MYO7A to the stereocilia in
the inner ear, where it is involved in generating mechanical force and movement [150].

4.9. Family 9

The concurrent presence of SH3 domains and SAM?, PTB, and SLY domains in some
of the proteins listed in Family 9 suggests that they play roles in various aspects of signal
transduction and protein—protein interactions. The SAM* (sterile alpha motif) domain is
a conserved protein domain of around 70 amino acids that is present in many proteins
involved in signal transduction and transcriptional regulation [181]. SAM* domains are
known to mediate protein—protein interactions and are believed to function as regulatory
domains that can influence the activity or localization of their associated proteins [182]. The
PTB (phosphotyrosine binding) domain is another protein domain that is commonly found
in signaling proteins. PTB domains bind to specific phosphorylated tyrosine residues in
other proteins, and they are involved in mediating protein—protein interactions that are
essential for the proper functioning of signaling pathways [153]. The SLY domain, a con-
served family of lymphocyte signaling adapter proteins domain, is present in eukaryotes
and is associated with SH3 and SAM domains. It is identified in various proteins, including
SLY1/5ASH1, SASH3, and SAMSNI [184]. The combined presence of these domains in
listed proteins suggests that they likely function as adaptors or scaffold proteins that help
to assemble and organize signaling complexes, and that they mediate the protein-protein
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interactions that are critical for signaling and regulation. Adaptor proteins contain protein—
protein interaction domains that link receptors to downstream signaling components,
whereas scaffold proteins provide a physical platform for multiple signaling components
to interact with and regulate each other’s activity. Based on their known functions and
structural features, EPS8, EPS8L1-3 [185], SASH1 [186], SASH3, and SAMSN]1 [187] are
believed to function as adaptor proteins, whereas CASKINT and CASKIN2 are scaffold
proteins. CASKIN1 and CASKIN2 contain multiple domains which enable them to func-
tion as scaffold proteins that can organize multi-protein complexes [188]. The structural
investigation of CASKIN2's SH3 domain using NMR revealed that its peptide-binding
cleft differed from the typical binding sites for polyproline ligands due to the presence of
non-canonical basic amino acids. Mutations in the cleft suggested that the SH3 domain
in CASKIN2 may have lost its functional ability to promote protein—protein interactions
beyond the conventional roles typically associated with SH3 domains [189].

4.10. Family 10

Although SH3 domains may be a shared feature among these proteins, their overall
domain architectures and functions are diverse. Therefore, it is important to note that
some of these proteins may have multiple functions, or they may interact with multiple
signaling pathways; their precise classification can depend on context and experimen-
tal findings. However, they can be primarily classified into the following functional
categories: signal transduction (STAM, STAM2 [190], NCKIPSD [191], MAP3K9 [192],
MACC1 [193], PRMT2 [194], AHI1 [195], LASP1 [196], SGSM3 [197]), cytoskeletal remod-
eling (HCLS1 [198], CTTN [199], NEBL, NEB [103], LASP1 [196], FYB [200]), endocytosis
(SH3TC1, SH3TC2 [201], SNX9, SNX33, SNX18 [202]), and immune system function (NCF1,
NCF1B, NCF1C, NCF2, NCF4 [203], NOXO1, NOXA1 [204]). Furthermore, many of these
proteins have multiple SH3 domains, and some may have other protein—protein interaction
domains or motifs that contribute to their functions.

4.11. Family 11

The shared structural and functional features of these proteins are primarily related
to their roles in cytoskeletal organization and cell adhesion. The spectrin domain is a key
structural component that provides mechanical stability to the cytoskeleton. It forms a
long, flexible rod-like structure that can interact with other proteins, cytoskeletal elements,
and lipids to provide support and resistance against deformation [205-207]. The SH3
domain, on the other hand, plays a key role in cytoskeletal organization and cell adhesion
by regulating protein—protein interactions and localization. The EF-hands have a high
affinity for Ca2+, they undergo a conformational change when bound to it, and they are
essential for maintaining the structural integrity of the skeleton [206]. Together, the SH3,
spectrin, and EF-hand domains found in these proteins can work together to regulate critical
protein—protein interactions that maintain the structural integrity of the cytoskeleton and
regulate cellular adhesion and signaling. Although each of these proteins have unique
features and functions, they all share common structural and functional elements that
reflect their common ancestry and evolutionary history.

4.12. Family 12

These proteins share both structural and functional similarities as they all belong to
the same family of guanine nucleotide exchange factors (GEFs), known as the DOCK family.
Structurally, they all contain a conserved DHR-2-C (DOCK homology region 2) domain
which is responsible for the GEF activity of these proteins, as well as other domains such as
DHR-2-A (lipid-binding DOCK homology region) and the SH3 domain. Functionally, they
play important roles in the regulation of cytoskeletal dynamics, cell migration, and immune
and neural cell function [208,209]. In the DOCK family, the SH3 domain plays a regulatory
role by mediating interactions with proline-rich motifs in other proteins, allowing DOCK
proteins to bind to, and regulate the activity of, a variety of cytoskeletal and signaling
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proteins. There are some examples of how the SH3 domain in DOCK proteins can play
a role in regulating protein—protein interactions. The SH3 domain of DOCK2 interacts
with the PRM of ELMO1, which may relieve their autoinhibition to promote the activation
of RAC in lymphocyte chemotaxis [210,211]. Moreover, the DOCK1-ELMO1 interaction
was identified for the localization and regulation of RAC1 in cytoskeletal organization and
cell migration [211,212]. The C-terminal PRM region of DOCK1 can also interact with the
SH3 domain of several proteins, including the adaptor protein, NCKp, and CRK, which
helps to control cell migration [213-215]. Thus, the SH3 domain is an important structural
component that facilitates these interactions to influence the subcellular activity of DOCK
proteins, as well as their ability to activate downstream signaling pathways.

4.13. Family 13

All of these proteins contain only one SH3 domain. The specific function of each
protein may be different, but they all share the ability to interact with other proteins via
their SH3 domain. For example, FYB2 (FYN binding protein 2) regulates T-cell receptor sig-
naling and is involved in the formation of the immunological synapse [216]. Another study
found that MIA, a protein secreted from malignant melanoma cells, enhances melanoma
cell migration and invasion by interacting with extracellular matrix proteins and inte-
grin [57,217]. In addition, cadherin-7 was identified as a new MIA-binding protein that
negatively regulates the expression and activity of MIA, and it plays a role in the migration
of melanoma cells during tumor development [218]. Another review integrates research
on Drosophila Tangol and human MIA /cTAGE proteins to provide an evolutionary per-
spective on ER-Golgi transport, which highlights the role of the MIA protein involved in
the regulation of the ER-Golgi transport of proteins [219]. OTOR (melanoma inhibitory
activity-like (alias MIAL)) may play a role in the development and maintenance of the inner
ear [220]. NPHP1 (Nephrocystin-1) plays a role in the macromolecular complex formation
and function of cilia, and disruptions to these complexes can cause renal cystogenesis [221].
PRAM (PML-RAR alpha-regulated adapter molecule) is involved in the regulation of the
differentiation of hematopoietic cells [222]. SH3D21's (SH3 domain-containing protein
21) function is currently unknown, and further research is needed to fully understand the
specific role and mechanisms of SH3D21 with regard to signaling processes. The cellular
localization of these proteins may vary depending on their specific function and the cell
type in which they are expressed. Although some proteins may have a predominant local-
ization to a particular subcellular compartment, others may be distributed more broadly
throughout the cell.

5. SH3 Domain-Specific Disorders, Diseases, and Potential as Drug Targets

The mutational disruption of SH3-target interactions is associated with a variety of
human diseases (Table 2). SH3 domain mutations have been linked to the development
of various diseases such as Joubert syndrome, leukemia, lymphomas, Usher Syndrome or
nonsyndromic deafness, centronuclear myopathy, schizophrenia, and other neurodevelop-
mental disorders (Table 2). Cancer cells can invade by inducing epithelial-to-mesenchymal
transition via SH3DCPs such as SRC family kinases [91]. Elevated levels of other SH3DCTs,
such as GBR2, CRK, and SAMSN]1 adaptor proteins are also detectable in a large percentage
of breast cancers and human colon and lung cancer samples, respectively [223,224]. In
multiple in vitro experiments, SH3 domains have also been shown to be prone to amyloid
fiber formation under acidic conditions, and they underwent conformational changes dur-
ing the aggregation process [225-227]. Various identified mutations in the SH3-binding
motifs can affect the function and interactions of the protein; this shows the importance
of SH3 mediating interactions. For example, a novel homozygous mutation (p.Ser236Phe)
in the SH3 binding motif of the STAMBP gene was found in a two-year-old boy with
microcephaly-capillary malformation syndrome, leading to protein instability and the
prevention of STAM binding [228]. Moreover, viral and bacterial pathogens adapt SH3
protein modules or PRMs from the host to mimic and modulate host cell signaling for their
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own purposes [229,230]. Interesting results have also been obtained regarding the presence
of PRM located at the N-terminus of the Nef protein in HIV, which is essential for the
induction and progression of AIDS-like diseases [231-233]. Several approaches screened
host—viral relationships by identifying the potential interactions between SH3DCPs, in-
cluding GRB2, FYN, NCK1, HCK, and ARHGEF?7, and viral proline-rich sequences [234].
The prevalence and critical regulatory roles of SH3-PRP interactions in human diseases,
coupled with the impact of SH3 domain mutational dysfunction on signaling pathways
and human disease and pathogenicity, allows the exploitation of their protein-protein
interaction to be a potential candidate for a new drug design [80,223,230,235-237]. SH3
domains can be found in oncoproteins as well as in proteins that are excessively expressed
in irregular signaling pathways in cancerous cells. There may be potential for pharma-
cological intervention in signaling cascades to inhibit proliferation; this could occur by
targeting SH3 domains, with small peptides and molecules mimicking binding, and a
high degree of specificity and affinity to specific SH3 domains. These molecules may
represent new cytostatic agents for proliferative diseases, but they may have difficulty
distinguishing between normal and cancerous cells, and they may need to be carefully
dosed to avoid completely inhibiting normal cellular growth responses [5]. In addition,
although SH3 domains can recognize ligands due to their modest affinity, they exhibit
limited selectivity within the SH3 family, and thus, using non-specific SH3 inhibitors may
lead to the de/activation of alternative pathways and resistance. The structure of SH3
domains provides important clues for designing effective antagonists. The SH3 domain
can obtain selectivity through the involvement of other regions that are not accessible for
ligand interactions, thereby expanding the binding site, and in some cases, via unique
SH3-ligand interactions, both of which seem strategic for future drug designs [238]. On
the other hand, research indicated that the presence of SH3 domains plays a crucial role in
enabling the SLAT's ability to oppose the oncogenic activity of SRC in fibroblasts [239,240].
Achieving anti-oncogenic activity through a mechanism involving SH3 indicates a potential
anti-tumor function for SH3 when counteracting oncogenic activity, in addition to its role
in oncogene tumor-driven SH3CPs.

Table 2. Diseases associated with the 5H3 family.

SH3DCP Mutation Disease Refs,
FsX1103 Joubert syndrome [241]
AHIN - - -
Deletion of the SH3 domain Leukemia and lymphomas [242]
Missense mutation (A16285) and
MYO7A truncation/deletion mulations (c.4838dclA, Usher Syndrome or nonsyndromic deafness (DFNB2) [243,244]
¢.5146-5148delGAG)

FRK Re40Q) Cervix and vulva cancer [245]
YES1 K113Q Breast and colon cancer [245]
ACK1 M393T, M4091 Colon, Gastric adenccarcinoma [245-248]
AMFH (434X, K436X, Q573X, K575X Centronuclear Myupathy [249,250]

ARHGAP10 Lacking the RHOGAP and SH3 domains Schizophrenia [251]
e SEE Hzperekplexia, seizures or epilepsy, developmental s
ARHGEE? GESA Delay, or intellectual disability 252
ARHGEF23 Missense and nonsense mutations Neurodevelopmental disorders [253]
V5668A Breast cancer [1o1]
ARHGEF30 - "
AS660V Cardiomyopathies [254]
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Table 2. Cont.

SH3DCP Mutation Disease Refs.
Sporadic nephrotic syndrome and focal segmental
CD2AP K301M glomerulosclerosis (FSGS)
Q434X, Ka436X, Q573X, K575X, P593HfsX54 -
3 ‘ ‘ Centronuclear myopathy (CNM) [249,256]

BIN1 B X594 DEsX53

5138047593 (K358 R (KR)) Alzheimer's disease [257,258]
Autoimmune diseases, (e.g., systemic lupus -

BLE A7IT erythematosus (SLE)) [@59]

BTK Veletinnof c"”“‘é‘;i'\;:ﬂ“ mRdden RS X-linked agammaglobulinemia (XLA) [260,261]

YN SH3 mutations (transformative and Cancer {uterine, sarcoma, thyroid, liver, head and neck, [39]

non-transformative) melanoma, lung, glioma, kidney, breast, hematologic) &

MIA High expression Melanoma development, progression and metastasis [74]

G29095, G2941 Vs 94, W2931G"103, R2923%,
MYO15A P2B80Rfs*19, R2903%, R2924H, G2938R, Human Deafness [262,263]
V2940{s*3034
2q13 Autosomal recessive cystic kidney disease [264]
NPFHP1
L1sor Familial Juvenile Nephronophthisis [265]
Missense mutation at SH3, nonsense mutation Peroxisome-biopenesis disarders (PRD®) including
29 5 Zellweger syndrome (ZS), neonatal ,
PEX13 of W23dter, temperature sensitive mutation of 4 = ; : [266-269]
1326T W313C adrenoleukodystrophy (NALD), and infantile Refsum
‘ disease
Adult T cell leukemia/lymphoma,
o T —— angivimmunoblastic T-cell lymphomas, T-cell A
PLC1 Substitution mutations prolymphocytic leukemia, Sézary Syndrome, PLAID, {20275
autoinflammation, immune deficiency
Autoinflammatory diseases (most notably in the PAPA
PSTPIPL D384G, GA03E, G403R, R405C syrclyome; pyogenic sfertie artinitis, pyodeata [274,275]
i d ’ gangrenosum, and acne) and CVID {common variable %
immunodeficiency)

PTK6 L16F Cancer [276]
RASA1 Moz “D"““S"r;‘:;';:h’ﬂ' vl Cancer, capillary malformation (CM) 1277,278]
RIMBF1 G18085 Autosomal recessive dystonia [279]
SASH1 SBH7R, M59ST, E617K, 1586M, S387R, M595T DIRH (dyschromatosls: unly ersalts haredztarla) and [250,281]

lentiginous phenotype
N G s codi o ‘nce variati . "
un—aynong«;?;(‘::;cm;ﬁatr‘%r;:; WELIAHLDS Axenfeld-Rieger syndrome [282]
SH3PXD2B = " 5 5 PR
BDCSS deletmnsgl:: :;::;i:i;wo Coerminug Borrone dermato-cardio-skeletal syndrome [283]
SHANK1 R&74H Autism spectrum disorder [284]
SHANK2 S557MN, R569H Autism spectrum disorder [285]
" Lacking parts of the SH3 domain in case of Autism spectrum disorder and intellectual disability ”

SHANK3 G1527A (ID) [286]
SPTAN1 D2303_L2305dup Epileptic encephalopathy [287]
VAVl Lamr Cancer |288]
W > 5 substitution Native American myopathy [289]

STAC3 P269R, N281S, W284S, F2951, H31 1R, K329N Native American myopathy, dystrophin-deficient [289-292]

muscles

OBSCN VE668A Breast cancer [293]
CASK G659D Severe intellectual disability (ID), microcephaly and [294]

pontine, and cerebellar hypoplasia in girls (MICPCH)
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One study focused on the design of spirolactam-based peptidomimetics aimed at the
SH3 domain of a LYN that produced ligands with extended conformations; this resulted in
comparable binding affinities to reference peptides (XPpX motif) [295]. Moreover, scientists
developed the mirror-image phage display method to identify D-peptide ligands that are
enzyme-resistant. This method involved creating a mirror image version of the protein and
selecting peptide molecules from a peptide library that could bind to it in a solvent (water)
that does not require chiral cofactors. This method can be used to identify molecules that
can bind to specific target proteins, including cyclic D-peptides, that partially obstruct the
binding site of the ¢-SRC protein. [296]. In another study, highly selective and efficient
peptides that bind to the SH3 domains of CRK and CRKL proteins were developed and
tested for their ability to interfere with SH3 binding in living cells [297].

Furthermore, various laboratories have conducted sophisticated experiments using
combinatorial chemistry to discover novel non-peptide ligands for SH3 domains [295]. By
designing ligands that complement the topography of the binding pocket, researchers were
able to discover ligands with greater selectivity and affinity for the SRC-SH3, and they
also discovered specific ligands for HCK-SH3 [299,300]. By adopting a similar approach,
a ligand that was designed to be an SH3 inhibitor, with a high affinity for the GRB2 SH3
domain, was obtained by replacing key prolines with non-natural N-substituted residues
during ligand screening [301]. Extracellular SH3CP MIAs interact with other proteins
in the extracellular matrix, particularly fibronectin (FN), to facilitate the detachment of
cancer cells and promote their migration and invasion into surrounding tissues [74]. A
small molecule that was discovered using a binding site prediction approach and in vitro
fragment screening can disrupt the MIA-FN interaction by binding to a specific pocket on
the MIA protein; it can serve as a potential target during future drug development against
melanoma [74]. Moreover, 2-aminoquinolines and related compounds have been identified
as potential high-affinity small molecule ligands for the SRC Homology 3 (SH3) domains;
this could be useful for developing novel therapeutics that treat human diseases caused
by abnormal cell signaling pathways [302]. In conclusion, the collective findings from the
above studies provide insights into the application of combinatorial libraries and structural
biology when elucidating the intricacies of protein-ligand interactions and the potential
use of small molecule ligands as drugs.

Currently, there are no approved drugs that directly target SH3 domains. However,
there is ongoing research to develop small molecule ligands that can selectively bind to
SH3 domains and potentially be used as therapeutics for diseases caused by abnormal
signaling pathways. The identification of compounds as potential high-affinity ligands
for particular SH3 domains is a basic step toward developing such drugs. However,
further testing may find their efficacy and safety in vivo unsatisfactory. To address this
issue, it may be beneficial to develop new strategies that can specifically target certain
interactions within one or several SH3 domains of particular SH3DCPs while avoiding
cross-interactions with other SH3DCPs. This could help to minimize any unintended effects
on other targets. Furthermore, the aforementioned unconventional SH3 targets present
exciting opportunities for potential drug development.

Moreover, understanding the intricate details of protein-protein interactions, as ex-
emplified by the multifaceted behavior of SH3 domains, unveils novel opportunities for
therapeutic interventions. Recent research has shed light on the role of SH3 domains in
mediating and regulating protein—protein interactions through their proline-rich binding
grooves, as well as their opposite binding sites, characteristics that might be common
among many SH3 domains. For instance, the analysis of ITSN1's structure reveals that
its SH3(E) domain exhibits two distinct binding surfaces, as follows: one interacts with
the catalytic DH domain to modulate GEF activity [98], and the other specifically binds
proteins containing polyproline residues to facilitate the cellular specific targeting of dy-
namin to endocytic complexes [56,303]. Notably, the proline binding pocket of the SH3
domain does not interfere with the inhibitory function of the SH3 domains with regard to
nucleotide exchange [98]. In another example, the proline-rich region of the N-WASP has
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been identified as an activator of ITSN1 via its interaction with the TTSN1 SH3 domain [304].
However, this activation is not observed with recombinant ITSN1 fragments alone, sug-
gesting the involvement of an unidentified additional protein interaction on the ITSN1 SH3
domain [98], potentially occurring on the other binding surface. These findings emphasize
the potential value of both the front and back sides of SH3 domains, and both surfaces
can be used as promising targets for future drug development. Additionally, the complex
interplay and lack of sole dependency on intrinsic binding specificities make it difficult to
design drugs that effectively target and inhibit SH3 domains. Multiple factors, including
the identity of the host protein and the position of the SH3 domains, play crucial roles in
determining the specificity of these interactions [6,75]. Therefore, achieving the selective
inhibition of SH3 domains requires a comprehensive understanding of these factors and
their intricate relationships.

6. Concluding Remarks

The fact that SH3 domains regulate a wide range of cellular functions raises the ques-
tion regarding the specificity of SH3 domain interaction networks (Figure 2). Multiple
studies noted that the interaction between SH3 domains, with canonical and non-canonical
target sequences in binding partners, leads to specificity among the pool of ligands (Table 1).
Remarkably, in canonical binding, proline is the only N-substituted amino acid found in
nature that can form the polyproline type II (PPII) helix conformation, which exposes a
binding pocket for SH3 domain residues, mainly from the RT and n-SRC loops [19,61,301].
Previous studies also revealed that the poly-proline amino acid stretch is involved in
SH3 domain ligand recognition [305]. Despite intensive research, the specificity of the
interaction of SH3 domains for proline-rich motifs remains unknown. Understanding the
molecular basis for the specific and diverse binding of SH3 domains to PRMs will provide
insights into the regulation of signaling pathways. Multiple studies have been conducted
to investigate and classify the interactions between SH3 domains and various ligands,
resulting in diverse categorizations based on different criteria. Cesareni and coworkers
have investigated the interaction landscape of the human SH3 protein family using a
combination of information extraction strategy and experimental approaches, including a
type of new peptide chip technology; this occurred in order to characterize the specificity
and promiscuity of proline-rich binding domains and to map their interaction network.
Two main groups of SH3 domains were identified based on their interaction with similar
peptide ligands, as follows: SH3 domains that bind to “classical” PxXP core motifs along
with positively charged amino acids, and atypical SH3 domains that lack the core motif [23].
Sidhu also performed versatile canonical and non-canonical specificity profiling of SH3
domains using peptide-phage displays with deep sequencing in 2017 [10]. Moreover, a
comprehensive analysis of 5SH3 domain interactions concerning the evolution of four yeast
species, Saccharomyces cerevisine, Ashbya gossypii, Candida albicans, and Schizosaccharomyjces,
revealed that nearly 75 percent of SH3 families generated within the phylogenetic tree have
a conserved SH3 specificity profile over 400 million years of evolution [306]. Moreover,
numerous SH3 domains exhibit an extended repertoire of binding sequences, known as
proline-independent binding. This enables SH3DCPs to mediate a broader array of interac-
tions, including interactions with other domains, like GAP, kinase-catalytic, basic rich (BR),
Guanylate Kinase (GuaKin/GK), SH3, DH, SH2, PX, and LIM4, or other targets like RNA,
helixes, arginine-lysine residues, spectrin repeat, lipid, and extracellular matrix molecules.
It is important to highlight that these non-traditional targets may hold substantial promise
as viable candidates regarding future drug development. In recent years, to better under-
stand the mechanisms underlying SH3-mediated cellular responses, numerous attempts
to develop different methodologies for studying and mapping SH3-PRM dependent and
independent binding have been conducted. Nevertheless, it can still be argued that the
function of most proteins is intimately dependent upon their native tertiary structures [307].
The systematic analysis of the sequence-structure-function relationships of SH3-PRM

50



Cells 2023, 12, 2054

21033

References

interactions, coupled with biochemical annotations, is needed to explore correct functional
sites and categories from a structure-based perspective.

Our work illustrates the evolutionary relationship of the 221 human SH3DCP super-
family, and it allows for the functional classification of these proteins into thirteen families.
Such classifications provide insights into their diverse roles and interactions within cel-
lular processes. Furthermore, it allows us to identify patterns of SH3 domains and their
co-occurrence with other domains in multidomain proteins, and it allows us to uncover po-
tential functional modules or regulatory units within proteins. This classification approach
aids in the understanding of SH3 domain-mediated interactions and their contributions
to intramolecular activation and deactivation, intermolecular inhibition or networking,
as well as their role as scaffolding and adaptor elements in cellular function and disease
mechanisms. Moreover, the potential of targeting SH3 domains, for future drug designs, as
presented in this review, will help to develop novel therapeutic approaches. Several in vitro
strategies for designing peptide and non-peptide targets, such as peptidomimetics, mirror
image phage display, and combinatorial chemistry, have been explored in order to design
ligands with enhanced affinity and selectivity for specific SH3 domains regarding the
inhibition of their protein-protein interaction. Challenges such as selectivity and specificity
need to be addressed when designing inhibitors, as non-specific inhibition may lead to
the deactivation of alternative pathways and resistance. Moreover, uncovering the full
potential of non-canonical SH3 domain binding targets may provide new possibilities for
therapeutic interventions. Furthermore, the intricate interplay between, and absence of an
exclusive reliance upon intrinsic binding specificities pose challenges for the development
of drugs that can precisely target and inhibit SH3 domains. Continued research and explo-
ration into SH3 domain interactions hold great promise for the future of treating diseases
caused by abnormal signaling pathways.
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Phylogenetic analysis

To identify proteins containing SH3 domains, we employed an advanced search technique
with a combination of sequence similarity identification. The initial step involved identifying SH3
domain-containing proteins (SH3DCPs) which was accomplished by conducting a
comprehensive search using available UniProt protein database. From the total pool of
394,887 SH3DCPs identified across various organisms, we focused on a subset of 1,132
proteins that had undergone review. In the case of human SH3DCPs, 237 out of 770 proteins
were subjected to further analysis and characterization. In the next step, we employed a
sequence comparison approach using the ClustalW algorithm to align and compare the input
sequences to accurately identify the regions annotated as SH3 domains within the SH3DCPs.
This analysis led to the discovery of 298 SH3 domains embedded in 221 human SH3DCPs.
To address the classification and categorization of SH3 domain-containing proteins
(SH3DCPs) considering their diverse domain compositions, we employed an approach based
on similarities in domain compositions between these proteins. For this purpose, we focused
on the collected 221 human SH3DCPs retrieved in the previous steps. To retrieve the primary
sequences of these proteins, we accessed the UniProt database and extracted the necessary
data for analysis. The primary sequences were then analyzed to identify the occurrence of
protein domains within each SH3DCP. This analysis aimed to capture the domain composition
diversity across the entire collection. To evaluate the mutual similarities in domain composition
between all protein pairs in the collection, a matrix was generated. This matrix represented the
similarities and dissimilarities in domain compositions among the SH3DCPs. Next, the
resulting matrix was subjected to phylogenetic analysis using the MEGA software (version 7.0).
The phylogenetic analysis aimed to uncover the evolutionary relationship within the human
SH3DCP superfamily based on their domain compositions. By analyzing the generated
phylogenetic tree, we were able to classify the human SH3DCP superfamily into thirteen
distinct SH3DCP families (Figure 3). This classification provided insights into the evolutionary
relationships and allowed for a more comprehensive understanding of the diversification and
organization of SH3DCPs. This approach, utilizing sequence analysis, domain compaosition
comparison, and phylogenetic analysis, facilitated a meaningful classification of SH3DCPs
based on their heterogeneous domain compositions. To support this analysis, we created a
supplementary Table (Table S1) to document the specific SH3 domains found within each
human SH3DCP, providing further insights into the functionality and distribution of SH3
domains in the human proteome.

Domain organization

In order to analyze the domain composition of SH3DCPs, we first collected sequences of all
human proteins from UniProt that contain at least one SH3 domain. All collected proteins were
then scanned for protein domains using the utility hmmscan from the HMMER package against
the protein domains profile database obtained from Pfam. Outputs from hmmscan were parsed
with Python programming language utilizing the Biopython library and domain composition for
each protein in the collection was retrieved. Similarities and/or differences in domain
composition for each pair of proteins were then calculated with Python script in the form
distance matrix which was then used in MEGA software to generate a phylogenetic tree by
UPGMA method. The phylogenetic tree from the previous step was finally used for
clustering/grouping of SH3DCp while a graphical representation of domain composition for
each protein, generated using Python image libraries OpenCV and Pillow, was added to it for
better visualization.
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Table S1. Phylogenetic classification of the human SH3DCP superfamily into thirteen families.
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Entry name Aliases, interactions & functions? Uniprot References
{no. of SH3 dom) 1De
TXK (1) PTK4; BTKL; RKL; regulates the development and differentiation of conventional T-cells P42681 -
YES (1) HST441; regulates cell growth, adhesion, cytoskeleton remodeling, and differentiation POT947 -
SRC (1) THCE; ASV: participates in transcription, immunity, adhesion, apoptosis, migrafion | P12931 14
MATK (1) | CHEK; CTK, HYL; LSK; has an inhibitory role in the control of T-cell proliferation | P42679 -
LCK (1) LSK, YT16, targets RUNX3, PYK2, MAPT, RHOH and TYROBP in T-cell regulation POG2G 7
FYN (1) | SLK; SYN; requlates cell growth and survival, adhesion, motility, & axon guidance | POB241 o
FGR(1) | SRC2, regulates immune responses via AKT1, ABL1, CBL, CTTN, FAKI, PYK2 & VAVZ | P09769 -
BLK (1) | MODY11; p5; B-cell receptor sugnalmg & development | P51451 -
CSK (1) | CYL, requlates cell growth, migration & immune response | P41240 -
FRK (1) | PTK5, RAK; GTL; stabilizes PTEN & negatively regulates cell proliferation | P42685 2
HCK (1) | p59; targets ADAM15, BCR, ELMO1, GAB1", RAPGEF1, STATSB, TP73 VAV & WAS | P0B631 M
LYN (1) | JTKS; regulates growth factor/cytokine/integnn-mediated innate response: | _POT948 5
PTKE (1) | BRK; controls the differenfiation and maintenance of normal epithelia & tumor growth | Q13882 bl
SRMS (1) | PTK70, phosphorylates DOK1, KHDRBS1/SAMGS and VIM | Q9H3YE -
ABL1 (1) | Proto-oncogene tyrosine-protein kinase; regulates adhesion, motility & differentiation | PODS19 =
ABLZ (1} | Proto-oncogene tyrosine-Protein kinase; regulates adhesion, motility & differentiation | P42684 -
BTK (1) | ATK, BPK, XLA, B-cell development & differentiabon & signaling | Qo187 722
ITK (1) | LYK; EMT; binds GATA3; regulates T-cell development, function & differentiation | Qoaga1 B
TEC (1) PSCTK4, regulates the development, function and differentiation of diverse cell lypes P42680 -
CRK {2) | CRKII; requlates cell adhesion, spreading & migration | P46108 132528
CRKL (2) | CRK-like adaplor protein that activate the RAS & JUN kinase signaling pathway P4G108 -
GRAP1 (2) | DFN114; a BCR-ABL binding enzyme involved in RAS signaling pathway | Q13588 T
GRAP2 (2) | GRID; MONA; binds SHC, GAB1, LCP2, SLPTS; involved in NF-AT activation | o7s791 -
'GRAPL (1) | Involved in receptor tyrosine kinas ng | QeTcl7 | -
GRBZ (2) ASH: NCKAPZ; binds SHC, GABI, FRS2, CBL; links surface receptors to RAS signaling P62993 B3
SLA(T) | SLAP1; SLAT; links ZAPTO with CBL & negatively requlates T-cell receplor signaling | Q13239 | ==
SLAZ (1) SLAP2: MARS; links ZAPT( with CBL & negatively requlates T-cell receptor signaling QOHBQ3 -
RASAT (1) | p‘IEURﬁSGAP CMAVM1; acts as a GAP of RAS | P20936 L
PLCGI (1) | PLC1, PLC148; NCKAP3, calalyzes DAG & IP3 production | P19174 =
PLCGZ (1) | PLCIV, APLAID, FC!\SQ catalyzes DAG & IP3 production | Pioess | -
MAPSK1 (1) | MLK4. negalive regulator of TLR4 signal | Q5TCXE -
THKZ (1) | ACK1; phosphnrylares.kkﬁ AR, WASF’ mediates COCA2 dependent cell migration | Qo7e12 B0
_MAP3KIO (1) | MLK2, MST, MEKK10, aclivales JNK & SEK1 pal Laore -
MAP3KIT (1) | MLK3; PTK1; MEKK11: SPRK; activates BRAF K, p3B and JNK1 pathways | Q16684 -
THKT (1) | Megative regulates the RAS MAPK pathway; utilized broadly during fetal development | Q13470 -

| ARHGAP10(1) | GRAF2, PSGAF acts as a GAF on COC42 & RHOA; involved in actin organization | MAdSE | @
ARHGAP26 (1) | GRAF1; acts as a GAP on RHO family proteins in pathways related focal adhesion QIUNAT | 4
ARHGAP42 (1) | GRAF3; acts as a GAP on RHO family proteins in vascular smooth muscle | ABNIZ8 -
ASAP1 (1) | AMAP1; Centaurinf34; ARF1/ARFSGAP; coordinate membrane trafficking; ciliogenesis | QBULHY | 447
ASAP? (1) | AMAPZ; Centaurin33; ARFGAP; PYK2 & SRC substrale; regulates vesicular transport | 043150 -
ARHGAP2 (1) | CAMGAP1; SH3D20, acts as a GAP an RHO family proteins in endocylosis | QBZUM4 -
ARHGAPS (1) | RGL1, acts as a CDC42/RAC1T GAP, regulates matrix adhesion of hematopoietic cells | Q9BRRS -

| ARHGAP12 (1) | Acls as a GAF on RHO family proleins, maybe downstream of the GPCR Signaling | QBwweE |«
SKAPT (1) | SCAP1; SKAPSS; pasitively requlates T-cell receptor and promotes the MAPK pathway | QBEWVT

| SKAPZ (1) | SCAPZ, PRAP, SAPS, involved in B-cell and macrophage adhesion processes | OF5563 | me
ARHGEFZ6 (1) | SGEF; RHOGGEF; macropinacytnsis; trans-endothelial migration of leukocyles | QOB0RT

| MGEF (1) | ARHGEF27; EPHEXIN1, involved in ephrin-induced axon & spine morphogenesis. | O8Msv2 | -
ARHGEF18(1) | Ephexin2; WGEF: HHOAL:H interacts with BRAF & activales MAPK pathway | Q8Iwe3 -
ARHGEF16 (1) | Ephexind; RHOGICDCA2GEF: cell migration Q5VV41 -

| ARHGEFS (1) | Ephexin-3, pBOTIM, RHOAGEF, involved in SRC-induced podosome formation | Q12774 -
ARHGEF4 (1) ASEF1: STM6: a CDCA2 GEF, invaived in cell-cell adhesion & migration QO9NREBD =58
SPATA13 (1) ASEF2, ARHGEF29; acts as a CDC42GEF in cell migration & adhesion QIENIG i
ARHGEFS (1) HPEMT; Collybistin, RACICDCA2GEF; formation of GABAergic & glycinergic synapses 043307 -
QBSCN (1) ARHGEF30; Obscurin; a giant sarcomeric protein; calmodulin and titin binding QOVST3 | &
ARHGEFE (1) | aPIX; COOL2; associated with X-linked intellectual disability | Q15052 a4
ARHGEFT (1) BPIX, CCOL1; cell adhesion, spreading & migration Q14155 na

| TRIO (2) | ARHGEF23; MRD44, acls as a dual RAC1/RHOAGEF in hippocampal neurons | 075862 -

| KALRN (2) | Kalirin; ARHGEF24: DUO; TRAD; requlates as a RHOGEF nauronal growth & plasticity | 060229
_MCF2L (1) | ARHGEF14, RHOANCDC42GEF associaled wilh osleoarthrilis | 015068 -
VAV (2) | Acts as a RAC1RHOAGEF, invalved in cell differentiation & proliferation | P15488 AP

| VAV2 () | Acts as a RAC1GEF; involved in angiogenesis & endothelial cell migration | Pa2735 -
VAV (2) Acls a RHOA/RHOGGEF; involved in angiogenesis & endothelial cell migration QOUKW4 -



plus other shared domains

le SH3

3: Several or sinc

4: PDZ andior GuaKin domai

_ABIT(T) | E3B1; binds Abl, spectrin & EPS8; regulate the dendiiti autgrowth & branching [Q8izPy [ 3w
ABIZ (1) | ArgBF1; component of the WAVE complex; invalved in cell motility & adhesion | QOWYBE | &
ABI3 (1) | NESH; component of the WAVE complex, regulates c dendntlc - Spine Morphology | Q9P2AE
BAIAPZLT (1) | IR S, IR substrale, RAC1 binding; promoles aclin ly & membrane p | QIUHR4 | ™
BAIAP2LZ (1) | Pinkbar, formation of curved membrane structures. [aguxyt | -
BAIAPZ (1) IRS58, links RAC1ICDCA2 Io downstream effectors, promoles filopodial pre Qouqes -
RUSC1 (1) MESCA, regulates MAPK & NF«B pathways, & NGF-d neurile oulgrowlh | QEBvNZ | -
RUSC2 (1) | MRET61; IPORIN; acts as a RAB35 effector on |nlraoellulal vesicular trafficking | G8M2ys -
SH3IYL1 (1) RAY; involved in hair follicle development, cell migration, & dorsal ruffle formation Q96HLE | ™A
PEX13 {1} | PEROXIN13, NALD; invalved in the import of peroxisomal biogenesis factors PTS1/2 | Q92968 | ™=
MAPKBIP1 (1) | JIPT; 1B1; as MAPK compenent in survival response QouQr2 | 7
MAPKBIPZ (1) JIP2, 182, invelved as MAPK compenent in survival response Q13387 -
FUTE (1) | CDGF1; a Golgi  enzyme regulates adhesion, migration & i | QEBYCS -

CEFS(1) ___HEF§____C§\__S3 SIN; acts as SRC activator on cell i | 043281 me
DEHL (1) | SH3FT; ABP1; CMAP; HIPS5; involved endocytic pathways & podosome formation | QOUJUB -
PPPIR13B (1) | ASPP1. regulates the DNA binding & transactivation function of p3 | QIBKQ4 | =&
TP53BPZ (1} | ASPP?2. PS3BP2, regulates cell growth & apoplosis by binding to p53 & BCL2 | Q13625 L
PPPIR13L(1) | IASPP; NKIP1: RIA4: inhibits p53 & NFwB; requlates apoptosis and transcription | QBWUFS | -
_OSTF1 (1) | SH3P2, OSF induces bone resorption & enhances osteoclast formation & activity | Quessz |
BIN1 (1) | AMPHL, SH3P9, membrane curvalure & deling, negative regulalor of endocyl 000499 e
GAST (1) | KIAAD384; promotes maturation & morphological differentiation of cerebellar neurons | O60BBY
AMPH (1) Amphiphysin, involved in regulated endocyl P49418 "
Endophiin A2 (1) | SH3GL1, SH3D2B; acls on membrane shaping & clathrin-independent endocyloss | Q9961 -
Endaophilin B2 (1) SHSGLBZ, RRIGT; involved in endocytosi Q9NR4E -
Endophilin B1 (1) | SH3GLB1; BIF1, involved in membrane fusion & in the regulabon of autophagy | Qavar | -
Endophilin 1{1) | SH3GLZ; SH3D2A acis on membmne shaping & synaptic vesicle endocytosas | Q99962 -
Endophilin 3 (1) | SH3GL3, SH3D2C: i 1 in membrane shaping & endocy Q99963 [
STAC (2) | Involved in the modulation of calcium channel at the cell membrane | Q99469 -
STAC2 (2) | 24B2, involved in the modulation of calcium channel at the cell membrane | Q6ZMT1 | -
STAC3 (2) | MYPBB; NAM; Required for excitation-contraction coupling in skeletal muscle | QUEMF? |
DNMBP () | TUBM, ARHGEF36; links dynamin to actin regulatory proteins & is involved in adhesion | QEXZF7 =%
ARHGEF3T (2) | FLJ41603. RHOGEF, clathrin-mediated endocylosis. GPCR & p75-NRT signaling A1IGUS :
ARHGEF38 (2) | FLJ20184; RHOGEF; GPCR & p75-NRT signaling | QoNXL2 |
SH3BP4 (2} | EHB10, TP, BOG25, conlrals clathrin-medialed endocylosis QOPOV3 | =
TSPOAP1 (3) | RIMEP1; REP1; PRAX1: synchronizes and couples synaptic vesicle to the exocytic sites | 085153 @&
SH3PXDZA (5) | TKSS; SHSMDI involved in ROS generation, podosome formation & ECM degradation Q5TCZ1 =
SHIPXD2B (4) | TSK4; FAD4Y; involved in ROS generation, podosame formation & ECM degradation | MX283 | =
'SH3IRF1 (4) | POSH1; SH3MDZ; involved in dynamin-dependent endocytoms&.INK activation | QFZeo |
_SH3RF3 (4} | POSH2; SH3MD4, is a RAC effector & mediates proteasomal degradation | Q8TEJ3 | ‘o
SH3D19 (5) | EBP, EVE-1; acts on ADAMS/EGFR axis &supp{esses RAS-nduced cell transformafion | QSHYK7 -
ITSN1 (5) | SH3D1A; SHSPIT acts as a CDCA2GEF on actin nucleation & endocytosis | Q15811 | e
ITSNZ (5) | SH3P18; SWAF; ac!sas a CDCAZGEF on actin nucleation & endocytosis | QONZM3 | -
CD2AP (3) | CMS: |nvr:|ved in receptor clustering & cytoskeletal polarity | QSYﬁKB | 40

K1 | Acts as an RTK-associaled protein on RAS signaling & dsRNA-induced PKR activation | P16333  =wum
NCK2 (3) i ignali ional i ] 043838 |
_RIMBP3B (3) Plays a key role in sperm head morphogenesis during late stages of sperm development | ABNNM3 | -
RIMBP3C (3) | Plays a key role in sperm head morphogenesis during late stagesofspenn develop | ABNJZT
RIMBP3 (3) RIMBP3A, plays a key role in sperm head morph during sperm develop QAUFD9 -
TSPOAP1(3) | RIMBP1; RBP1; PRAX1; synchronizes and couples synaptic vesicle to the exocytic sites | 095153 | &=
RIMBP2 (3) | RBP2, PPPIR_‘I 335_ synchranizes and couples synaplic vesicle to the sites of exocytosis | 015034 | -
'SHIKBP1 (3) | CD2BP3; CINGS5; HSB1; controls cell shape & migration, & stimulates B cell activation | Q96BY7 | -
'SH3RF2 (3) | POSH3; HEPP1; mediates TNFe signaling & p 'degradatlon | Q8TECS | ™

'SORBSH (3) | SH3P12; FLAFZ; GAP; involved in formation of actin stress fibers and focal adhesions | Q9Bxge | ™
SORBS2 (3) | ARGBPZ: forms complex with ABL1/CBL & promotes ABL1 ubiquitination & degrwatlan | 094875 -
SORBS3 (3) | VINEXIN; SH3D4; SCAM1: plays a role in cell spreading | OB0504 | et
MPF2 (1) | DLG2, negatively regulales SRC function in epithelial cells | ames
PALSZ (1) | MPP6; VAM1; act on receplor r:!uslaring by fclrrning nwl!ipmiein complexes | QINZWH | -

_PALS1 (1) | QEN3RS -

PR3 (1) raton -
MPP7 (1) Prom -
CASK(1) CSKP, GSA LINZ HCASK a Ca2+/CAM dent kinase involved in gEnEesis -
MPP4 (1) | DLGG plays a role in retinal photoreceptors development. -
MPP1 (1) EMP55, AAG12, EMP55; as a MAGUK family proteins regulates neutrophil polarity -

DLG3 (1) | MRX80; SAP1 02 KLMR; involved in NMDA receptor-mediated synaptic plasticity -

o] @

T — o
DLG2 (1) | PSDA3; bmr.ls NMDA receptor subunﬁs & regulates en:lta!ory synapses L Q1sro0 e
DLGS (1) | PDLG,; involved in dendiilic spine formation & synaptogenesis as well as ciliogenesis | Q8TDME -
TJP1 (1) | ZO1; involved in fight junction crganization, epithelial polarization and barrier formation | Qorsr | w

_TR2(1) | 202, g 1, plays a role in tight junctions and adherents junctiens | Qoupyz -
TIP3 (1) | 703, links tight junction transmembrane proleins | 095049 -

~ CACNBZ (1) | CACNLB2; GAVBZ, MYSB; a subunit of voltage-dependent calcium channels | Qoszgy @
CACNB1 (1) CACNLET, CAB1. CCHLB1, regulates the activily of L-type calcium channels Q02641 -
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CACNB3 (1) | CACHLB3; CAB3; a regulatory subunit of the voltage-gated calcium channel | P54284 -
CACNMB4 (1) | CACNLB4: CAB4, EJMJ a dlhydmp',lndlne-sensm\ﬁe subunit of L- type calcium channel | 000305 -
SHANK2 (1} | CORTBPH; involved in structural and functional organization of the dendritic spine | QAUPXE | -
SHANK (1) | SSTRIP: acts in GKAP/PSD35/HOMER complex on dendritic spine arganization | Qovbes | =
SHANK3 (1) | PSAP2; acts on th dendritic spine and synapse formation, maturation and maintenance | QIBYBO | @
FCHSD1 (2} | NWKZ, promotes SNXSWASL-mediated actin polymerization. | QBEWNT | -
FCHSD2 (2) | NWK1; SH3MD3; pi actin polymerization & i lization of surface receptors | 094868 -
FNBP1 (1) | FBP17: Rapostin: links RNDZ2 sngnahng to F-actin & spine morphogsnssns | QIBRU3 | -
. MNOSTRIN (1) | Multvalent adapter protein involved in NO metat by sequestering NOS3 | QBIVIg | e
£5 TRIPIO(1) | CIP4. STP, promoles CDC42{WA5P-mduced actin pulyrnenzauun | ofsed2 | e
El FNBPIL(1) | TOCAT; binds CDC42/WASP: promol tubulation & F-actin | QaTONS | -
21 PACSINT (1) SYNDAPINT, recruits DNM1|'2|'3 lo L qulates neurite formation & branching Q9BY11 2
LB PACSINZ (1) | SYNDAPINZ, involved n pEasma membrane protein internalization by endocytosis | QAUNFD | e
S1 | pACsha () | O%UKSG | =
5 8 1 130133
g | L llates membrane bin &__qc ity of pi 10 catalytll: subunut of PI3K | F B | mur
& PIK3RZ(1) | P85B; MPPH1, regulates membrane binding & activily of p110 catalytic subunit of PI3K | 000459 | %
51 ARHGAP3Z (1) | p200; GRIT; acts as a RHOGAP in the differentiation of neuronal cells | ATKAXS -
1 ARHGAP33 (1) | SNX26, TCGAP, acts as a GAP on RHO family proteins in intracellular trafficking | 014559 | -
ARHGAPA (1) | RGC1; SRGAPA: acts as RHOGAP in hematopoietic cells | Pog1T1 £
. SRGAP3 (1) | ARHGAP14; WRP; MEGAP; WAVE-associated Rac1/CDC42GAR | 043295 i
SRGAP1 (1) | ARHGAP13, Acts as RHOA/CDIC42GAP in neuronal migration | Qrzesy | =
| SRGAPZ (1) | ARHGAP34; regulates as a RAC1GAP cell migration and differentiation | 075044 @
Z § UBASH3A (1) TULA1, STS2, as a T-cell ubiquilin ligand family member negatively act on T-cell signaling | P57075 e
@
=g | | _
2 | UBASH3B (1) | TULAZ; ST51; as a T-cell ubiquitin ligand family member negatively act on T-cell signaling | QETHZ | M
= 3 CASS4 (1) CAS4, HEFL; requlates facal adhesion integrity & cell spreading QaNars -
[}
& & | BCARI(Y) | p130CAS; CAST, CASSI; regulates cell adhesion & migration | P56O4E | rammis
= NEDD (1) | CASZ; CASL; CASS2; regulates cell adhesion & migration | Q14511 | e
| MYQTA (1) | DFNB2, NSRDZ2, mediates in complex with USH1C/G & CDH23 mechanotransduction | Q13402 =
% MYOTB (1) | MYOVIIb; acts in the intermicrovillar adhesion complex on microvilli organization & length | QBPIFE -
= :i_' | MYO15A (1) | DFNEB3; unconventional MY(015 required for stereocilia formation in mature hair bundles. | QOUKNT -
Eg MYO158B (1) | MYQ15BP; no functonal matar domain | QI6IP2 -
= | MYOIE(1) | F3GS6; HUNCM-IC; controls the mot t of class |} ining cytoplasmic vesicles | Q12965 150152
| < | MYOIF(1) | Acts with MYO1E on innate immunity in cell migratian & phagocytosis | 000160 -
| EPSAL1 (1) | DRC3; EPSER1; involved in membrane ruffling & deling of the actin cytoskel | Q8TEGE | ™
£ EPS8LZ(1) | DFNB106; required for stereccilia maintenance in adult hair cells | Q9HBS3 -
£ | EPSBLA2) | EPSBR3; function unknown | QBTEGT
2> EPSB(N) DFNB102, regulates in complex with SOS1/ABI1 cell migration & invasion | Q12929 | e
g % SASH1 (1) PEPE1, SH3DB«’\ Acls on TLR4/NF«B signaling & LPS-induced endathel cell migration | 094885 158
& | SAMSN1 (1) | HACS1; SHAD6B: acts on RAC1-dependent cell spreading & polarization | QENSIB |
= SASH3(1) | HACS2; SHADGC; functions as a signaling adapter protein in lymphocytes | O7s8%5 | -
“  CASKINT(1) | CSKI; ANKS5A links CASK tod intracellular effector | GBWXDZ -
T | CASKINZ (1) | CSKIZ; ANKSSB; links CASK to downstream intracellular effectors | QBWXED -
| | MCF1B {2} | MCF1B; required for activation of the latent NADPH oxidase | ABNIT2 -
| NCF1C (2) | MCF1C; required for activation of the atent NADPH oxidase | ABMVUT -
| | NCF1(2) | pdTphox; NOXO2; NCF1A; required for activation of the latent NADPH oxidase | P14598 158160
| | NCF4 (1) | pdOphox; SH3PXD4; involved assembly & activation of the NADPH oxidase complex | Q15080 158160
| | NOXO1{2) | SHIPXD5, p41NOX; activates tagether with NOX2 NOX1/3 | QBNFAZ | mw
| - SNX18(1) | SNAG1, SHIPXZ. stimulates DNM2 GTPase activity, involved in endocytosis | QOBRFOD | wum
| | SNX9(1) | SH3PX1, SDP1; WISP, stmulates DNM2 GTPase actiity, involved in endocytosis | QIY5X1 | wem
| | SNX33(1) | SH3PX2, rearganizes the cyloskeleton, endocylosis and cellular vesidle trafficking | oswvdl | -
| | NCF2(2) | pB7phox; NOXAZ; required for activation of the latent NADPH oxidase | P19B78 | wee0
SH3TC2 (2) CMTAC; MNMN; involved as a RAB11 effeclor in axoglial interactions myelination Q8TF17 174175
| -% | NOXAT (1) | pSINOX; activates as a pfi7eh=like factor NOX1/3 in the host defense & oxygen sensing | QBBURY e
| _§ S 1 | Unknown function | C8TEB2 -
i | | L  LIM-Nebulette; links sarcomeric actin to desmin around the Z-disk. | O76041 | e
£ NEB{l) | NEBU; NEMZ; NEB1778; binds & stabilize F-actin; involved in sarcomeric integrity | P20929 | ™
| 2 LASP(Y) | MLNED; regulates actin-associated ion transport activiti | Q4g47 | werrm
& AHI(Y) | JBTS3; involved in vesicle trafficking, ciliogenesis & WNT signaling | QEN1ST i
= PRMT2(1) ANMZ, methylates arginines in STAT3, FBL, & H4; invalved in growth regulation P55345 -
| - FYB(1) | SLAP13D; THC3; binds FYM and LCP2 & regulates actin cytoskeleton in T-calls | 015117 | %
' | HOLS1 (1) | LCKBP1, HST, CTTNL, involves in anligen receptor signaling in lymphaid cells | P14317 -
| | CTTN (1) | SRCB, EMS1; Amplaxin, involved in the formabion of lamellipadia and in cell mig | Q447 -
| | MACC1 (1) | SH3BP4L, TAS; promotes HGF-MET signaling & cell motility, proliferation & metastasis | DGZN?ﬁ 185 186
MAP3IKS (1) MLK1, MEKKS, activates JMK palh involved in the cytoch C release & apoplosis | PB0192 -
| | SGSM3 (1) | MAP; RUSCS RABGAPS; involved in NFZ-mediated gmwth suppression of cells | Q9BHUT | -
NCKIPSD (1) SPlNQU WISH, WASLBP, stimulates N-WASP-induced ARP2/3 complex activation QaNzZa3 AnLeE?
| | STAM (1) | STAM1; HSEH; involved in signal fransduchon mediated by cytokines and growth factors | Q82783 -
| STAMZ (1) HEP; involved in signal transduction mediated by cytokines and growth factors 075886 -
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*To provide comprehensive alias information and interaction details, Gene Cards database was utilized.
*UniProt I was included to better identify SH3DCPs due lo their various names.
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SPTA1 (1) SPH3; EL2; forms the cytoskeletal superstructure of the erythrocyte plasma membrane | PD2549 - |
SPTANT (1) | NEAS; EIEES; involved in calcium-dapendent cytoskeleton movement at the membrane | Q13813 188 |
DSP (1) | DESP; Desmoplakin; is part of the d mal cadherin-plakoglcbin compl [ P1so4 - |
DST (1) | Dystonin; BPAG1, MACF2, acls as a cyloskeletal linker prolein on axanal transport | Q03001 - |
MACF1 (1) ACFT, LIS9; OFCA; invalved in AXIN1/APCICTNNB1/GSK3E complex translocation QIUPN3 | - |
DOCK2 (1) | IMDA0; involved as RAC1(2 GEF in lymphocyte migration Q92608 188,190 |
DOCK4 (1) | KIAADT16; with its RHOGEF function regulates cell migration | GBN1I0 adl |
DOCK1 (1) | DOCK180; as a GEF regulates cell spreading & migration | Q14185 2

DOCK3 (1) . MOCA; PBP. activates as a RACGEF the WAVE complex & induces axonal outgrowth | GBIZDY o

DOCKS (1) Associates with CRKICRKL, & regulates epithelial cell spraading & migration QOH7DO -

FYB2(1) ARAP; T-cell receptor signaling & integrin-mediated adhesion Q5VWTS -

MiA (1) | MIAT; Associated with mel . glioma and neurcectodermal tumors | QIBET4

MIAZ (1) MGEAT11; TALI; MEAG:; involved in chal | & TAGF is, & OLTA1 | QEEPCH =

MIA3 (1) | TANGO; ARNT, required for membrane-bound ER-resident complexes consisting of MIAZ | Q5JRAG e

NPHP1 (1) | NPH1; Nephracystin-1; contral together with PTKZBIPYK2 the epthelial call palarity | 018259 | wies

OTOR (1) | Otoraplin, MIAL1; FOP; functions in carfilage development and maintenance | Q9MRCY | -

PRAM (1) | PRAMI; PMLRAR, involved in myeloid differentiation & integrin signaling in neutrophils | Q9BEQH2 - |
SH3D21 (1) Unknown function | MFL4E - |



Table S2. List of protein domains found in SH3DCP (alphabetical order)
e

Full name

2-5' RMA ligase 2 domain

ABL inferaclor alpha domain

| ABL interactor homeodomain homaologous region

Ank Ankyrinrepeat
ARFGAP ARF GTPase activating protein
ARHGEF3 RHO guanine nucleotide exchange factor 5
Baculo_p24 Baculovirus P24-like
BAR Binfamphiphysin/Rys )
BAR_3_WASP_bdg BAR 3 domain of WASP interacting protein
hetaPIX_CC BetaPIX coled-col domain
BTK Brutan tyrosine kinase
o] Pratein kinase C conserved region 1
Cc2 Pratein kinase C conserved region 2
CA5_C CRK. ialed substrate C-lerminal
Caskin1-CID CASKIN1 carboxy-terminal interaction domain
Caskin-Pro-rich CASKIN praline-rich domain
Caskin-tall CASKIN carboxy-terminal domain

Calponin homology domain

Cohesin loader N-terminal domain
CRAL-TRIO lipid binding domain

CsD Cold-shock domain

CSD3_N Cold shock domain 3, N-terminal domain

CTHNBL Catenin-beta-like domain

CTV_P33 Citrus tristeza virus P33

CYYR1 Cysteineftyrosine-nich 1 domain

dbPDZ_assoc Unstructured region bety two PDZ d on DIgh or PDZ domain, Dlg/Z0-1-associated domain
DEDD_Tnp_IS110 Transp for efficient DNA transposition or DEDDHike exonuclease Tnpl-1S110 domain

DegS Signal transduction histidine kinase DegS

DHR-2_Lobe_A DHR-2 lobe A domain

DHR-2 lobe B domain

DHR-2 lobe C domain

Dedicator of eytokinesis N-terminal domain
DOCK C2 d

Domain of unknown function 1778

Domain of unknown function 2605
Domain of unknown function 4100
Domain of unknown function 4404
DUFG781 Domain of unknown function 6781
EF-hand EF-hand calcium-binding domain
EFhand Ca insen Cat insensitive EF hand
EF-hand_like EF-hand-like domain
ERM_helical Eznniradixin/moesin, alpha-helical domain
Exonuclease V| i i

F-actin binding domain

Fes-CIP4 homolagy
FERM domain FO subdomain

_FERM_M FERM domain M subdomain
Filamin Actin-binding fifamin domain
FlaC_arch Archaeal flagellar y protein (FLaCa) domain
Flg_hook Flagellin hook region
n3 Fibronectin type Il domain
FIZ Fushitarazu
FUT8_N_cat Fi yltransf 8 N-lerminal and catalytic domains
 GASZ. fic protein 2
GOPD Glycerophosphodiester phosphodieste
Glyco_hyd_101C Glycosyl hydrofase family 101, subfamily C
GP3_package Glycoprotein 3 (GP3) packaging domain
GpE Nucleotide exchange factor GrpE
GSH_synthase Glutathione synthetase
GTPase_binding GTPase binding domain
Guanylate_kin Guanylate kinase domain
HAUS-augmin3 HAUS augmin-like complex subunit 3
_ His_Phos Histidine phosphatase domain
HOIP-UBA HOIL-1 interacting protein ubiquitin-asscciated domain
HR1 Homalogy region 1
HS1_rep Repeatin HS1/Corlactin
hSH3 Helically jed SH3 domain
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lg Immuneglobulin demain

IMD IRSp53MIM homalogy domain
Inhibitor_Mig-6 Mitogen-activated protein kinase (MAPK] inhibitor-6 domain
_INTAP | in and clathrin adaptor AP2 binding region
_ I-set in |-set domain
KxDL
L L27 dormain
L2T_N N-Terminal L27 domain
_ Laminin_ll Laminin Domain Il
LANC_like: Lanthionine synthetase C-like prolein domain
LIM Lin-11/lsl-1Mec-3
LMBR1 LMBR1 domain
Lzipper-MIP1 Leucine-zipper of ternary complex factor MIP1 domains
MAGUK_N_PEST Memib iated guanylate kinase (MAGUK) N-terminal and Palyubiquitination (PEST) d
MCU Mitochondnal calcium uniporter domain
Methyltransf Methyltransferase domain
MIC19_MIC26 Mitochondrial contact site and cnstae organizing system (MICOS) subunits MIC19 and MIC25
L Methyttransferase small domain
Myb_DNA-bind Myb-iike DNA-binding domain
_Myosin_head Myosin head domain
Myosin_TH1 Class | myosin tail homology domain
MyTHE Nyosin tail homology 4 (MYTH4) domain
NBCH_WD40 Neurobeachin, beta-propeller domain
Nebulin Nebulin repeal domain
NECFESHC SH3 domain of 2nd SH3 on Neutraphil cytosol factor 1
NHS Mance-Horan syndrome prolein (NHS)
NPF Asn-Pro-Phe domain
OmpH Quter membrane protein (OmpH-like)
_ p47_phox_C NADPH oxidase subunit pd7Phox, C terminal domain
PBT Phox and Bem1 domain _
PDZ PSD-95/Discs large/Z0-1
Peptidase M1 Pepidase M1 doman_
_ Peptidase_M50 Peptidase M50 domain
Peroxin-13_N Peroxin-13 N-Terminal domain
PH Pleckstrin homology domain
PI3K_P85_i5HZ Phosphatidylinositol 3-kinase regulatory subunit PB5 inter-SH2 domain
PID Phosphatyrosine interaction domain
Pilin_GH Type IV pilindike G and H, pulative
_PLPLC-X Phosphatidylinositel specific phospholipase C X-domain
PHPLC-Y Phosphatidylinositel-specific phospholipase C Y-domain
_ PK_Tyr_Ser-Thr Pratein kinase TyriSer/Thr domain
i Protein kinase domain
Plectin repeat
PTB Phosphotyrosine bi
PX Phox homology )
RABGAP-TBC RAB GTPase-activating protein TBC domain
RASGAP ase-achivating protein
RHOGAP RHO GTPase-activating protein
RHOGEF RHO guanine nucleotide exchange factor
RHOGEF67_u1 Unstructured region one on RhoGEF 6 and 7
RHOGEFG7_u2 Unstructured region two on RhoGEF 6and 7
RMase_Y_N Ribonuclease Y N-terminal domain
RPEL RPEL (RPxxxEL) moti
Rsgh_GTPase Rsgh GTPase
RUN RPIPB/UNC-14/NESCA
SAM* Sterile Alpha Motif (dencted as SAM* when regarded as a domain rather than a protein)
SAM_PNT Sterile alpha motif (SAM)/Pointed domain
_rich Sel i

SLY

SNAP

Sorb Sorbin homologous domain

Spectrin Spectrin repeal

Spectrin_like Spectrin-like domain

SPINS0_LRD leucine-rich domain (LRD) within the C-terminal domain of SPINS0 (also known as NCK interacting protein with SH3 domain
{MCKIPSD})

STACZ2 w1 Unstructured on SH3 and cysteine-nich domain-containing protein 2

Takusan Takusan ("many” in Jaf ) protein family regulates synaplic aclivity

TepQ Towin co-regulated pilus biosynthesis protein Q

Tetrabrachion Tetrabrachion, parallel nght-handed coiled coil domain

Tmemb_cc2 Transmembrane protein with coiled-coil domains 2

TFR Tefratricopeptide repeat domain
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TPR_MalT

Tetratricopeptide repeat domain-containing protein MALT or MalT-like TPR. region

Trypan_PARP Pracyclic acidic repetitive protein (PARP)
UBA Ubiguitin-associated domain
VGCC_betadAa_N Voltage gated calcium channel subunit beta domain 4Aa M terminal
_WHS Wps27, Hrs, and STAM domain
_WDAo WDAQ repeat domain
ww Two tryptophan (W)
YL ¥L1 protein domain or Vps72/YL1, C-terminal
YscB4 YYscB4 actin-binding domain
Z[-C3HC4 Zine finger CIHCA type (RING finger) domain
zf-C4H2 Zinc finger C4H2 type domain
ZI-RING_UBOX Zinc finger, RING-type
Z2U5 Zona occludens protein 5 domain
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Figure S1. Gene Ontology analysis of the superfamily of human SH3 domain-containing
protein. Gene Ontology (GO) terms for the biological process, molecular function, and protein
classes of human SH3 domain-containing protein were identified using the PANTHER 17.0
database. In this study, a file including UniProt ID of human SH3 domain-containing proteins
were inputted into the PANTHER database. The analysis parameters were set to include Homo
sapiens as the species of interest and to retrieve GO terms for functional classification viewed
in pie chart. This analysis facilitated a comprehensive understanding of functional
characteristics of the human SH3 domain-containing protein superfamily.
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Figure S2. Domain organization of the SH3DCP superfamily. The SH3DCP families are
organized based on the phylogenetic tree (Figure 3). Detailed information on all SH3DCPs and
their respective domains can be found in Table S1.
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Abstract: SRC homology 3 (SH3) domains are critical interaction modules that orchestrate the
assembly of protein complexes involved in diverse biological processes. They facilitate transient
protein-protein interactions by selectively interacting with proline-rich motifs (PRMs). A database
search revealed 298 SH3 domains in 221 human proteins. Multiple sequence alignment of human
SH3 domains is useful for phylogenetic analysis and determination of their selectivity towards
PRM-containing peptides (PRPs). However, a more precise functional classification of SH3 domains
is achieved by constructing a phylogenetic tree only from PRM-binding residues and using existing
SH3 domain-PRP structures and biochemical data to determine the specificity within each of the
10 families for particular PRPs. In addition, the C-terminal proline-rich domain of the RAS activator
5081 covers 13 of the 14 recognized proline-rich consensus sequence motifs, encompassing differential
PRP pattern selectivity among all 5SH3 families. To evaluate the binding capabilities and affinities, we
conducted fluorescence dot blot and polarization experiments using 25 representative SH3 domains
and various PRPs derived from SOS1. Our analysis has identified 45 interacting pairs, with binding
affinities ranging from 0.2 to 125 micromolar, out of 300 tested and potential new SH3 domain-S0S1
interactions. Furthermore, it establishes a framework to bridge the gap between SH3 and PRI
interactions and provides predictive insights into the potential interactions of SH3 domains with
PRMs based on sequence specifications, This novel framework has the potential to enhance the
understanding of protein networks mediated by SH3 domain-PRM interactions and be utilized as a
general approach for other domain-peptide interactions.

Keywords: ARHGAP12; GRB2; NCK1; proline-rich motifs; protein-protein interaction; SH3 domain;
signal transduction; SO51; SRC homology 3; WRCH1/RHOU

1. Introduction

Protein—protein interactions are fundamental to the intricate machinery that controls
virtually all biological processes. [1]. Among the diverse array of protein domains that
facilitate these interactions, the SRC homology 3 (SH3) domains stand out as central
modular units. These compact domains, consisting of approximately 60 amino acids
with similar sequences that adopt a compact p-barrel fold made of five f-strands [2], are
found predominantly in various signaling proteins and various protein families [3,4]. The
selective interactions of the SH3 domain with proline-rich motifs (PRMs) are fundamental
for the assembly and orchestration of multiprotein complexes [5]. It is rational that the
SH3 domain-containing proteins (SH3DCPs) are involved in a wide variety of biological
processes | 4], subsequently leading to a substantial influence on a spectrum of diseases,
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such as cancers [6], neurological disorders [7], kidney and urinary disorders [8,9], muscle
and myopathy disorders [10,11], immune disorders [12,13], and genetic and developmental
disorders [4,14,15].

To date, a series of seven types of PRM-binding modules have been reported, including
SH3, WW (two highly conserved tryptophan amino acids), EVH1 (Ena/VASP homology do-
main 1), GYF (glycine-tyrosine-phenylalanine), Profilin, CAP-Gly (cytoskeleton-associated
protein-glycine-rich), and UEV (ubiquitin E2 variant) [16,17]. Proline-rich target peptides
possess core PRMs with unique properties that influence interaction selectivity. The di-
versity of PRMs results from the inclusion of one or more proline residues in various
combinations within the peptide sequences. The proline side chains and carbonyl groups
are exposed at regular intervals, allowing intermolecular hydrogen bonding with PRM-
binding domains [16]. Interactions involving PRMs have a low entropic cost of binding
due to the restricted rotational freedom of proline residues along the peptide backbone.
This restricted flexibility contributes to a higher overall binding energy for complexes
involving PRM-containing peptides (or PRPs). This property increases the affinity of PRM
interactions and influences ligand recognition [16]. In addition, PRMSs can interact with
their binding partners in two distinct orientations; this is influenced by the arrangement
of non-proline residues either located N- or C-terminal to the core motif, often involving
positively charged counterparts (R or K) [16,15].

In the context of SH3 domain interaction with PRMs, a specific contact recognition
occurs, where a positively charged PRM residue binds to conserved negatively charged
residues in the variable loop region of the SH3 domain, resulting in moderate selectivity
and affinity [5,16]. Comparative analysis of SH3 domain binding sites reveals remarkable
variability and flexibility in the loop regions, contributing to the specificity and affinity
of PRM binding [6,19]. The preference of the SH3 domain for specific PRMs is usually
moderate, with affinities typically in the low micromolar range [20-22]. Furthermore, SH3
domains exhibit a broad spectrum of both conventional (PRM-based) and nonconventional
selectivity, effectively recognizing a diverse array of protein interactors in a differentiated
manner [4,5].

SH3DCPs play a pivotal role in biological processes by facilitating diverse protein-
protein interactions that rely on their selectivity and affinity. The intricate nature of pro-
tein assembly orchestrated by SH3 domains raises significant questions regarding the
underlying selectivity framework governing complex networks of SH3 domain-PRMs
interactions [23]. Despite sharing a 25% sequence homology, accurate prediction of the se-
lective PRM recognition by SH3 domains remains a formidable challenge [21,24,25]. In this
study, we analyzed the phylogenetic and structure-function relationships of all 298 human
SH3 domains, specifically focusing on the sequences of their PRM binding sites. We then
performed classification based on their PRM-binding selectivity, organizing them into 10
distinct families. In addition, the distinctive recognition pattern of PRMs within SOS1, a
well-established PRM-containing protein, caught our attention. This pattern of selectivity
across all SH3 families led us to use SOS1 as a comprehensive model protein to elucidate
the recognition mechanisms of established SH3 domains within the human proteome in
our research. The binding capabilities and affinities of 25 representative SH3 domains
toward 10 SOS1-derived PRPs and 2 reference peptides were carefully evaluated. The
reference peptides, RP1, a derivative of SOS1 and part of P3, and RP2, a derivative of the
RHO GTPase WRCH1, were used as controls. Our investigation using fluorescence dot blot
and polarization techniques revealed a significant finding: out of 300 SH3 domain-peptide
combinations, only 45 exhibited binding affinities, which ranged from 0.2 to 125 micromolar.
This study pioneers the understanding of the selectivity and affinity of SH3 protein modules
for specific PRMSs, encompassing a wide range of proteins. This framework lays the foun-
dation for a predictive matrix that enables the anticipation of SH3 domain-PRM-mediated
protein—protein interactions within complex cell signaling networks.
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2. Materials and Methods
2.1. Bioinformatics, Databases, and Structural Analysis

The sequences of the SH3DCP’s were obtained from the UniProt database by combining
full-text searches and sequence homology searches performed with the HMMER v3.4
software package. Isolated sequences of the SH3 domains were then extracted from the
previously obtained proteins, again using the subprograms of HMMER. Alignment of the
SH3 domain sequences was then performed using BioEdit 7.2.5 software, and the resulting
phylogenetic tree was constructed using MEGA 10.2.6 software.

Awvailable structures containing SH3 domains were retrieved from the Protein Data
Bank (PDB) website using the BLAST program. To further analyze the SH3 domain structure
and define its binding residues for interaction with PRMs, Python scripts were used to
identify all residues in SH3 structures within 4.0 A of the PRM bound to it. The information
thus obtained was then projected onto the global sequence alignment of all SH3 domains,
and only homologous residues potentially contacting PRMs were selected to define the
alignment of the PRM-binding residues of SH3 domains. Finally, PRMs were collected from
published articles available on the NCBI website. In addition, BLAST analysis of SOS1
PRMs was performed on the NCBI platform.

2.2. Constructs, Peptides, and Proteins

The constructs and peptides employed in our study are listed in Tables S1 and 52,
respectively. All fluorescein-labeled PRPs were synthesized and used under the conditions
described previously [22]. p3XFLAG-CMV ARHGAP12"! [26] was used to generate a
SH3 domain deletion (ARHGAP1245H3), NCK1%t, NCK145H3-3 and NCK1%et-1 (N205D,
D206T, D226Q, and P227D) were ordered in pcDNA3.0-Flag vectors from BioCat GmbH.,
Heidelberg, Germany. HA-5051 in the pCGN vector was ordered from addgene (#32920).
All SH3 domains of the proteins listed in Table S1 within the pGEX4-T1 vector were
expressed in Escherichia coli strains CodonPlus, Rosetta, and BL21(DE3) and purified as
GST-tagged fusion proteins. The purification process involved affinity chromatography on
a glutathione Sepharose column [22]. For subsequent polarization analysis, a portion of
these GST fusion proteins underwent cleavage of the GST tag using thrombin (#T6884-1KU,
Sigma Aldrich, Taufkirchen, Germany) at 4 °C until achieving full digestion of the fusion
protein. Following this cleavage step, the proteins were subjected to further purification
and separation by employing size exclusion. All purified proteins underwent analysis via
SDS-PAGE and were subsequently stored at —80 °C for further use.

2.3. Pull-Down and Fluorescence Dot Blot Analysis

Pull-down of 10 uM of FITC-labeled peptides (Table 52) with 5 uM of purified GST-
SH3 domains (Table 51) was performed using 10 uL of glutathione Sepharose beads (GE
Healthcare, Chalfont Saint Giles, UK) in a buffer containing 30 mM Tris-HCl at pH 7.5,
3 mM dithiothreitol, and 5 mM MgClI2 for 1 h at 4 °C. Purified GST was used as a negative
control. After three washes, bound proteins were eluted by incubation in the same buffer
containing 20 mM reduced glutathione for 15 min at 4 °C, and the beads were separated by
centrifugation. Bound FITC-labeled peptides were detected by dot blot analysis using 1 uL
of eluent at an emission wavelength of 600 nm and an Odyssey Fc imaging system (LI-COR
Biosciences, Lincoln, NE, USA). Detected signals were quantified densitometrically using
LI-COR Image Studio version 5.2 imaging software.

2.4. Fluorescence Polarization

The interaction between fluorescein-labeled proline-rich peptides (0.2 uM) and in-
creasing concentrations of SH3 domains (ranging from 0 to 200 uM) was measured in
a buffer (containing 30 mM Tris/HCI (pH 7.5), 5 mM MgClp, and 3 mM DTT at 25 "C)
in a total volume of 200 uL using a Fluoromax 4 fluorimeter in polarization mode and
a quartz glass fluorescence cuvette (Hellma Ultra-Micro Cuvette 105.250-Q5, Thermo
Fisher Scientific, Waltham, MA USA). Excitation was performed at 470 nm and emission

85



Cells 2024, 13,195

4of 18

was measured at 560 nm. Dissociation constants (Ky) were determined by fitting the
concentration-dependent binding curve to a quadratic ligand binding equation.

2.5. Trandfection and Immunoprecipitation Analysis

CHO-K1 cells were cultured in Dulbecco’s modified Eagle’s serum (DMEM, Gibco,
Waltham, MA, USA) supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin
(Genaxxon, Ulm, Germany). Cells were co-transfected with HA-tagged SOS1 full-length (FL)
and FLAG-tagged NCK1"!, NCK123H3-3 and NCK15¢*" 1 or FLAG-tagged ARHGAP12"!
ARHGAP1245H3 using a Turbofect reagent (Thermo Fisher Scientific). To perform co-
immunoprecipitation assays, the CHO-K1 cells were lysed on ice for 5 min employing a
buffer containing 50 mM Tris/HCI (pH 7.4), 100 mM NaCl, 2 mM MgCl,, 10% glycerol,
20 mM B-glycerophosphate, 1 mM NazVOy, 1% IGPAL (Thermo Fisher Scientific), and 1x
protease inhibitor cocktail (Roche, Basel, Switzerland). Lysates were cleared by centrifu-
gation (20,000 g at 4 °C for 5 min). Protein concentrations were determined using the
Bradford assay. Lysates were then incubated overnight at 4 C with either anti-Flag M2
agarose beads (Sigma Aldrich) or Protein A-Sepharose beads with anti-Flag antibody and
anti-IgG as control. The beads were then washed three times with a wash buffer containing
50 mM Tris-HCl and 150 mM NaCl with 1 mM EDTA. Proteins bound to the beads were
eluted with 2.5x Laemmli loading buffer and subjected to SDS-PAGE for further analysis.
The primary antibodies used in Western blot analysis included anti-GST (own antibody),
anti-Flag (1:1000 WB and 1:50 CO-IT, #F742; and #F3165, both from Sigma), anti-IgG (1:50;
# 50-2025, Santa Cruz), anti-SOS1 (1:1000; #sc-256, Santa Cruz), and anti-Vinculin (1:1000;
#V9131, Sigma). The secondary antibodies used were purchased from LI-COR (anti-mouse
700 nm: IRDye #926-32213; anti-rabbit 800 nm: IRDye #926-6807).

3. Results
3.1. Sequence-Structure—Function Classification of Human SH3 Domains

In our previous study, we performed a comprehensive survey in which we identi-
fied 298 SH3 domains within 221 SH3DCPs spanning a range of 13- to 720-kilodalton
proteins [4]. This analysis included a phylogenetic assessment of human SH3DCPs based
on their multidomain architecture, providing a convenient functional classification within
different physiological pathways. However, this approach did not address the intrinsic
PRM selectivity of the SH3 domain itself. Therefore, we set out to comparatively study
the sequence-structure—function relationships of human SH3 domains with a focus on
three key aspects: the amino acid sequence, three-dimensional (3D) structure, and spa-
tial arrangement of PRM-binding sites, combining bioinformatics with experimental and
structural biology.

As a first step, we focused on elucidating the critical aspects of the PRM binding
properties of the SH3 domain. To achieve this, we obtained primary sequences covering a
collection of 298 human SH3 domains from the UniProt database. These sequences were
then aligned and used to construct a phylogenetic tree of the SH3 domain superfamily
using MEGA software (version 10.2.6). The resulting phylogenetic tree, designated tree #1
(Figure 51), depicted the evolutionary relationships among human SH3 domains. Exami-
nation of this tree revealed a remarkable conservation of key regions essential for the 3D
structure of SH3 domains (Figure 52). This finding underscored a robust and consistent
sequence-structure relationship spanning specific parts of the SH3 domain responsible
for PRP interactions in SH3DCP families [4]. However, a more complex scenario emerged
when delving into the comprehensive analysis of SH3 domain-PRP interactions. Despite
meticulous exploration of SH3 domain-PRP structures available in the protein database
(Table 53) and a comprehensive review of published biochemical data on SH3 domain-PRP
interactions (Table 54), no discernible structure—function relationship was revealed from
tree #1. Strikingly, PRPs exhibit clustering patterns that are inconsistent with established
SH3 domain families. Instead, they were distributed among distantly related families
(Figure 51).
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A different approach to characterize the SH3 domain-PRM interaction was to perform
a second phylogenetic analysis focusing only on the active site regions of the SH3 domain,
specifically the residues involved in PRM binding. Unlike the methodology for tree #1,
which considered complete SH3 domain sequences, the second phylogenetic tree (tree
#2) was constructed exclusively from the PRM-binding residues potentially involved in
PRM interactions. The PRM-binding residues within the SH3 domains were inferred from
the structures of the SH3 domains in complex with their specific PRPs (Table S3). It is
noteworthy that tree #2 shows 10 different families of SH3 domains that can be very well
assigned to their respective PRPs (Figures 1, 53 and 54). This strategic approach now
allowed us to explore the intricate associations between individual SH3 domains and
specific PRMs, as discussed in the following sections.

SH3-PRM
superfamily
interface

/ |\ I

e
Jﬁﬁ’;ﬁf ||S.%I1L.5:‘ o

Figure 1. Evolutionary relationships among PRM-binding residues within SH3 domains. The
phylogenetic tree (tree #2) was constructed by collecting PRM—binding residues from 298 human
SH3 domains, using published SH3 domain-PRM structures (Table 53) and biochemical data (Table
54), and utilizing the MEGA7 software. SH3 domains were systematically classified into ten distinct
families based on their interaction properties with specific PRMs as indicated by the color codes. SH3
domains highlighted in red were selected as representatives for further analysis in this study. The
protein name is accompanied by the corresponding Uniprot TD and residue span for the SH3 domain.
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3.2. PRM Selectivities of Different SH3 Families

Classification of PRMs into distinct families based on published structural and bio-
chemical data (Tables 53 and 54) reveals specific sequence patterns that guide protein-
protein interactions (Figure S5). Family 1 includes motifs such as RX(L/A)PXXF, RXXPXXFP,
KXX(L/A)PXXP, and PXXP, suggesting a diverse yet structured arrangement for interac-
tion. Family 2, characterized by a PPXPPXP consensus, shows patterns such as XPPX,
PXP, PPXPF, PXXP, and PXXXF, indicating a diverse but consistent motif profile. Family
3 sequences, including PXXDY, PXXPXLPE, PPPXLP, and PPPPP, show specificity around
proline and other residues such as D and Y. Family 4 follows a PXXXPPXPP consensus with
specific motifs such as PXXXP and PPXPP. Family 5 has a specific PXPXXP motif. Notably,
family 6 lacks structural and biochemical data. However, RIMBP1/2 (RIM-binding protein
1 and 2) can recognize a potential consensus of RXXPXXP and can likely bind to motifs
such as the RQLPQL/VF, RLLPPTP, and RQLPQTP found in RIM1/2 (RAB3-interacting
molecule 1 and 2). RIMBP1/2 has been shown to bind and couple RIM1/2 to voltage-
gated Ca® channels [27]. Family 7 shows patterns such as PXXPX(K/R), (K/R)XPXXF,
(K/R)XXPXXF, PXXPXX(K/R), and PXXP. Family 8 motifs, including PXXXF, PXXXPR, and
PXXXPXR, highlight a selective array of proline-rich sequences. Family 9, characterized
by PXXPX(K/R) and PXXPX(L/P), shows specificity for proline and amino acid residues
such as K/R and L/P. Family 10 presents PX(P/ A)XXR, PXXPXXP(K/R), PXXPX(K/R),
RXX(K/R)P, and PPPPP motifs, illustrating a specific yet versatile proline-rich arrangement.
These results highlight the complex yet diverse nature of PRMs across families controlling
specific protein interactions and functions.

We observed an overlap of PRM sequences from families 5 and 6 with family 1,
suggesting potential similarities and shared binding motifs within their respective SH3
domain interactions. In our phylogenetic classification based on SH3 domain specificity
for PRM, family 1 interacts with RX(L/A)PXXP, RXXPXXP, KXX(L/A)PXXP, and PXXP
motifs, whereas family 5 has specificity for PXPXXP and family 6 for RXXPXXP motifs. The
biological interpretation of this overlap suggests a potential convergence or similarity in
binding preferences among these families despite their specific motifs. Such overlapping
PRM sequences imply a nuanced relationship in which ditferent SH3 domain families may
exhibit distinct specificities yet recognize certain common motifs. This observation may
indicate functional redundancies, cooperative interactions, or shared regulatory pathways
among these SH3 domain families in cellular processes.

3.3. Affinity and Selectivity of the SH3 Family Proteins for 5051 PRP

The intriguing recognition pattern of PRMs observed in SOS1, a particularly PRM-
rich protein, caught our attention. SOS1 shows co-occurrence of 13 out of a total of 14
PRMs (including sequences such as PPPP, XPPX, PXP, PXPXP, PPXPP, PXXP, PXXPX[KR],
[KRJXXPXXP, PXXPXXP, PXXXP, PXXXPXXXP, PXXXPR, and PXXXXP), as shown in Table
55. This distinct pattern, showing selectivity across all SH3 families, motivated us to use
SOS1 as a comprehensive model to uncover the recognition mechanisms of established SH3
proteins in the human proteome. Therefore, 25 SH3 domains from different SH3 families
were selected (Figure 1), cloned, purified as GST fusion proteins, and used for PRP binding
analysis (Table 51). We selected at least one representative SH3 domain per defined family
concerning accessibility and experimental viability (see Tables S3 and 54). In addition, we
selected 10 different PRPs from the proline-rich domain (RPD) of the SOS1 protein (Table
55). This collection was designed to cover the full spectrum of PRM types (P1-P10; Table
S2). Two reference peptides were included as controls: RP1, a well-studied SOS1 derivative
encompassing part of '3, and RP2, a peptide derived from the N-terminal extension of the
RHO GTPase WRCH1/RHOU (Table 52). The 12 PRPs were labeled with FITC to assess
their binding capacities with purified GST fusion proteins of the 25 SH3 domains using
fluorescence dot blot and polarization analysis (Figure 2A).
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Figure 2. Evaluation of the binding selectivity of SH3 domain representatives with different PRI
types. (A) Coomassie brilliant blue-stained SD5S gels show purified SH3 domains as G5T fusion
proteins. (B) Fluorescence dot blots revealed the variable binding strengths of 12 fluorescent PRPs
with 25 G5T-5H3 domains. Dot intensities are categorized into five groups ranging from 0 (black) to
100 (dark green). (C) Bar graphs show the evaluated dissociation constants (Ky) for the selected SH3
domain-PRP interactions determined by fluorescence polarization (Table S6; Figure S6). The color
codes indicate the Ky values, classified into high affinity (green), intermediate affinity (blue), low
affinity (red), and very low affinity (black).
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The binding of 12 FITC-labeled PRPs to 25 GST-SH3 domains was qualitatively an-
alyzed by combining GST pull-down and dot blot assays. GST protein alone was used
as a negative control. In a previous study [22], we showed that fluorescein labeling does
not affect the interaction of proline-rich peptides with the SH3 domains. Different binding
strengths were observed among the proteins tested, particularly with the P2, P3, P4, P7,
and PY peptides (Figure 2A). The strongest interactions (dot intensity >80) were between
ABI1 and P2, ITSN1-1 and RP2, and NCK1-3 and P9 and RP1. In contrast, no PRP binding
(dot intensity 0) was detected for NCK1-1, NPHP1, RASA1, SH3GLB-1, SNX9, [TSN51-2,
ITSNS1-3, and ITSN51-4. These data provide valuable insight into the varying degrees of
interaction across the panel of PRPs and SH3 domains tested (Figure 2A).

Fluorescence polarization measurements were performed to determine the binding
affinities of SH3 domain-PRP interaction pairs from the dot blot analysis. SH3 proteins
were titrated at increasing concentrations against fluorescent PRPs, which were kept at a
constant concentration of 0.2 uM. GRB2-2%W1 9“K, which is defective in the binding of PRPs
such as RP1, was used as a negative control as previously described [22]. Interestingly, none
of the PRPs we examined showed any binding for seven SH3 domains: ITSN1-2/-3/-4,
NPHPI1, RASA1, SH3GLB1, and SNX9 (Table S6). The resulting data (Figure S6) allowed the
evaluation of equilibrium dissociation constants (Ky) for 45 interactions between the SH3
domains and the PRPs (Figure 2B; Table 56). In particular, the results confirmed that the
peptides P2, P3, P4, P7, and P9 were associated with approximately 17 SH3 domains. The
Kg values determined were categorized into four affinity levels (Figure 2B; Table S6): high
(0.1 to 1.0 uM; green), intermediate (1.1 to 5 uM; blue), low (5.1 to 25 uM; red), and very
low (26 to 125 uM; black). Whereas previously reported SH3 domain-PRM interactions
exhibited micromolar affinities, our results revealed interactions with nanomolar affinities
in some cases. The most notable and novel pairs of interaction were ARHGAP12/P7,
NCKI1-3/P9, and NCK1-2/RP2, which had affinities in the nanomolar range of 0.2, 09, and
1.0 uM, respectively.

3.4. Non-Conserved Residues Define the Selectivity and Affinity of SH3 Domain—PRM
Interactions

To better understand the role of the residues of SH3 domains in selective binding
to PRPs, we have generated a multiple sequence alignment (Figure 57). It highlights the
conserved and variable residues that are likely to be critical for the selectivity and affinity of
the SH3 domain-PRM interactions. The importance of variable residues was investigated
by specifically selecting ARHGAP12 and NCK1-3 for mutational analysis due to their high
binding affinities of 0.2 and 0.9 uM for P7 and P9, respectively. In contrast, ABL2 and BIN1
were selected for their very low affinity for P7 and P9, respectively. Two different sets of
mutations were generated by substituting a combination of amino acids from ARHGAT12
and NCK1-3 for ABL2 and BIN1 and vice versa (Figure 3A; Table S1).

Comparative fluorescence polarization measurements between wt and mutant SH3
domains (Figure S8) revealed that variable residues determine selectivity and affinity.
The determined Ky values of 14 and 23 uM showed a drastic reduction in the binding
affinity of the Set-1 mutants of ARHGAP12 and NCK1 by 115-fold and 15.6-fold for P7
and P9, respectively (Figure 3B). This demonstrates the importance of the selected variable
residues for the PRP interactions, especially because ABL2%* ! and BIN1%! showed a 9-
and an 11-fold increase in binding to I’7 and I’9, respectively (Figure 3B). In light of this
result, we decided to investigate another set of variable residues (Set-2; Figure 3A). The
binding affinity for ARHGAP12%%2 was reduced 47-fold, indicating the critical role of
these residues in determining the selectivity and affinity of ARHGAT12 for P7 (Figure 3B).
However, NCK1-3%-2 did not differ from the NCK1-3"! in terms of P9 binding, suggesting
that the Set-2 residues are not critical for NCK1-3/P9 interaction (Figure 3B).
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Figure 3. Variable residues determine the specificity and affinity of SH3 domain-PRP interactions.
(A} A sequence alignment of the PRM-binding residues of ABL2, ARHGAP12, BIN1, and NCK1-3 is
extracted from the alignment shown in Figure 57, Residues in red (Set-1) and blue (Set-2) are variable
residues (left panel) and are the subject of mutation analysis (right panel). (B) K, values determined
by fluorescence polarization partially revealed shifts in the binding affinities of the investigated
SH3 domain mutants for P7 and P9, respectively, with decreased affinity for ARHGAP12%!! and
ARHGAP12™'2, and NCK15®" ! and increased affinity for ABL2%!! and BINT5! 1. NCK1%" 2 had
the same K value as NCK1%% (C) 5051 co-immunoprecipitated (Co-IP) with NCK1*! but not with
NCK1-3%513 -3 and NCK15¢" ! overexpressed in CHO-K1 cells.

To investigate a potential SOS1 binding of ARHGAP12 and NCK1 and to assess the
relevance of variable residues in the SH3 domain—-PREMs interaction in cells, CHO-K1 cells
were co-transfected with wt and mutant variants of NCK1 and ARHGAT12 together with
HA-5081 containing P7 and P9 at its C-terminal PRD (Figure 4). Co-immunoprecipitation
(Co-IP) with anti-Flag beads was performed to investigate the possible interaction of
ARHGAPI12 and NCK1 with HA-S0S]1 (Figures 59 and 510). As shown in Figure 3C, all
three NCK1 proteins, wt, ASH3-3, and Set-1, were immunoprecipitated, but SOS51 was
only co-immunoprecipitated with NCK1*! and not with NCK145113-3 and NCK15et-1
(Figure 3C). No ARHGA12-5051 interaction was observed in similar experiments (Figure
510). Taken together, our data not only highlight the essential role of these flanking residues
in determining the selectivity and affinity of SH3 domains for their cognate PRPs but also
provide unprecedented insight into a potential SO51-NCK1 interaction in cells.
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Figure 4. Proteins containing PRMs homologous to P2-P2 derived from the SOS1 PRD. BLAST
searches with each SOS1 PRP identified several human proteins (see Table 57) with a high degree
of sequence similarity to P2-’9. CDC25, cell division cycle 25; DH, DBL homology domain; HD,
histone-like domain; PH, pleckstrin domain; REM, RAS exchange motif; PRD, proline-rich domain.

3.5. SH3 Domain—-PRP Relationships beyond SOS1

We used the position-specific iterated BLAST (PSI-BLAST) algorilhm to perform an
analysis of the SO51 PRPs in the human proteome using the NCBI (National Center for
Biotechnology Information, Bethesda, MD, USA) database as a reference. Our goal was
to identify homologous peptides from proteins other than 5051 as potential interaction
partners for the SH3 domains investigated in this study. In our analysis, we considered
alignments with percentage identities ranging from 98% to 100% and with E values up
to 10, which, although less stringent, may still indicate potential similarities between the
5051 PRPs and other protein sequences. More than 30 proteins were found with partial
sequence identities with P2 to P9 (Table 57; Figures 4 and 511) and ) with P1 and P10 (Refer
to Table 51). Some of these proteins contain multiple PRM repeats (Figure S11), for example,
IQSEC2, paxillin, DLGAP1, PI3BKAP1, and WRCH1/RHOU within P3 (Motif: PVPPPVP),
SSTR5 and SLX4 within P7 (Motif: PPPPQTP), DCAF1 and MAGED4 within P8 (Motif:
HLPSPP), and SOS2 and HCG2013210 within P9 (Motif: PPVPPRQ). This suggests that the
SH3 interactions with the PRPs characterized in this study go beyond SOS1 as a binding
partner, although the binding speciﬁcitles of the listed proteins (Figure 4) remain to be
investigated. However, several studies confirm the interactions of the identified proteins
with SH3DCPs, including zinc finger proteins with p130Cas [25], MACF1 with Spectrin [29],
DLGAP with DLG [30], WRCH1/RHOU with GRB2 [31,32], Paxillin with SRC [33,34], and
S5TR5 with Homer, Dynamin, IRSp53, and Cortactin [35].

4, Discussion

5H3 domains are critical in multiple signaling pathways; they interact with diverse
proteins involved in apoptosis, proteasomal degradation, endocytosis, and with SRC family
protein tyrosine kinases, influencing downstream processes including proliferation, cell
survival, growth, actin reorganization, and cell migration [4]. The broad influence of SH3
domains on cellular functions raises fundamental questions about the specificity of their
interaction networks. Previous research has also highlighted the importance of proline
amino acids in forming the polyproline type Il helix (PP1l) conformation, which provides a
binding pocket for SH3 domain residues, particularly from the RT and n-SRC loops [17].
Despite the discovery of 14 PRM consensus sequences in the human proteome (Table
55), the specificity pattern of the interaction of SH3 domains with PRMs is still unclear.
Understanding the molecular basis of SH3 domain-PRM interactions is crucial to gain
insight into how these interactions regulate signaling pathways.

Interface residues often play an important role in the functional outcome of protein
interactions. Many diseases, including cancer and neurodegenerative disorders, are associ-
ated with aberrant protein-protein interactions resulting from mutated interacting residues.
Abnormal SH3 domain interactions in cancer fuel dysregulated signaling that drives un-
controlled cell proliferation, survival, tumor growth, metastasis, apoptosis evasion, and
resistance to anticancer therapies [4,6]. In neurodegenerative diseases like Alzheimer’s and
Parkinson'’s, these interactions disrupt signaling pathways, leading to the accumulation
of misfolded proteins and neuronal degeneration. Altered SH3 domain interactions in
synaptic proteins affect neurotransmission and synaptic plasticity [7]. In autoimmune
diseases, aberrant SH3 domain interactions contribute to immune cell activation and tissue
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damage, as immune cells mistakenly target healthy tissues [12,13]. Understanding the
interface residues involved in SH3 domain-PRM interactions can thus provide insight
into disease mechanisms and potential targets for intervention. In drug development,
knowledge of interface residues is essential for designing molecules that can disrupt or
modulate specific protein—protein interactions. Targeting these residues can lead to the
development of therapeutic agents for the treatment of various diseases.

In recent years, several studies have been devoted to elucidating the diverse nature
of SH3 domain interactions. Cesareni and colleagues used a novel chip technology to
perform high-throughput qualitative analyses, revealing a variety of human SH3 domains
that fall into two categories: those characterized by classical proline-rich core motifs ac-
companied by positively charged amino acids and atypical ones lacking the core motif [20].
Nevertheless, the diversity of PRM selectivity patterns is evident among all human SH3
domains. Furthermore, a comprehensive analysis of SH3 domain interactions in the evo-
lution of four yveast species, Saccharomyces cerevisiae, Ashbya gossypii, Candida albicans,
and Schizosaccharomyces, revealed that nearly 75 percent of SH3 families identified within
the phylogenetic tree have a conserved SH3 speciticity profile over 400 million years of
evolution [36]. Utilizing the evolutionary relationships of peptide recognition domains in
eukaryotes, we identified common structural features and ancestry that allowed us to group
S5H3 domains into similar binding preference families. This comprehensive investigation
aimed to clarify the specificity profiles of SH3 PRMs within the human proteome through
categorization based on the phylogenetic tree of SH3DCPs.

To provide an accurate specificity map of SH3 domains, we performed deep phyloge-
netic analyses coupled with computational analysis of the related structural data. Initial
evolutionary analysis of the sequence—structure—function of full-length SH3 domains was
unsuccessful due to the presence of SH3 regions that do not interact with PRMs. Within
these, each SH3 domain exhibited variation in binding specificity to PRMs, making the
characterization of SH3DCPs infeasible. Instead of relying on full-length sequences, we
focused on binding residues that directly interact with PRMs, as revealed by sequence
alignments coupled with analysis of the published SH3 domain structures in complex with
PRMs. This refined phylogenetic approach led to the identification of ten distinct families
based on both the structural and biochemical assessments of SH3 domain-PRM interactions
and their distribution within the phylogenetic tree. This approach facilitates the assessment
of cross-reactivity among SH3 domain recognition sites for PRMs, a phenomenon also
observed in previous studies examining the yeast SH3 domain peptide library [37] and
including SH3 domains that recognize multiple PRMs. The findings of this study highlight
the fact that each SH3 domain family interacts with different but distinct sets of PRMs.

Considering the significant involvement of SOS1 in interactions with SH3DCPs such
as GRB2 [38], TTSN1 [39], NCK1 [40], and ABI1 [41], along with its comprehensive coverage
of all known PRMs in the human proteome (Tables 52 and 55), we decided to use SOS1
as a model for in-depth exploration of SH3 domain specificity in the realm of polyproline
interactions. We performed in vitro studies with 25 representative SH3 domains selected
from the phylogenetic tree. We performed low-throughput analyses, including pull-down
assays, dot blotting, and fluorescence polarization, to investigate SH3 domain—-PRP interac-
tions. These investigations revealed novel interactions that had nanomolar affinities, which
were subsequently confirmed by mutational studies.

The general concept of protein association is essential for describing protein—protein
interactions in complexes, especially those with weak affinities in the micromolar range
or transient interactions such as the SH3 domain with PRMs [42]. Mayer and Saksela
noted that the limited selectivity of SH3 domains for PRMs implies that SH3-domain-
mediated interactions may be highly dependent on external environmental factors [43].
In certain scenarios, the presence of additional surfaces on either the SH3 domain or the
ligand it recognizes, along with the presence of either multiple SH3 domains or different
domains within the same protein, or even the co-localization of two partners within
a multi-protein complex, can cooperatively enhance SH3 domain-PRM specificity to a
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significant degree [44]. This suggests that the low-affinity-region results in our study may
be compensated by these scenarios, ultimately increasing the affinity and specificity of SH3
domain-PRM interactions. It has also been reported that the moderate affinities of SH3-
domain-mediated interactions imply that the interactions have a high dynamic remodeling
potential (rapid off-rates), depending on the subcellular localization and accessible binding
partners [43]. This observation is consistent with our polarization data, which showed high
Ky values for many low-affinity interactions.

The question of how the specificity of SH3 domain-RPM networks is achieved has
been addressed by various research groups. It has been postulated that specificity in cells
is not solely encoded by isolated SH3 domain-PRM partners but rather by the context in
which the partners are presented as full-length proteins. Dione et al. have shown that
the identity of the host protein and the position of the SH3 domains within their host are
critical for interaction specificity, cellular functions, and key biophysical processes such as
phase separation [45]. In addition, Zarrinpar et al. have shown that isolated SH3 domains
can determine the interaction specificity between host SH3 domains [46]. This may also be
true for certain high-affinity SH3 domain-PRM interactions, as shown in this study for the
newly discovered interactions of NCK1-2, NCK1-3, and ARHGAP12 with WRCH1/RHOU-
derived RP2 and SOS]1-derived P9 and P7, respectively. NCK1 has been shown to modulate
ITSN1-CDC42-WASP-dependent actin polymerization [47]. WRCH1/RHOU, a CDC42
homologous protein, encompasses an extended N-terminus that contains RPMs specific
for various adaptor proteins, including GRB2, CRK, and NCK1 [32]. The association of
these proteins with WRCH1/RHOU may not only determine its signaling specificity but
may also regulate its activity in cells [48]. However, it should be noted that, in some
cases, a negative effect of other domains on SH3 domain—-PRM binding was observed.
Notably, NCK1-3 showed more extensive protein interaction than the full-length NCK1
in immunoprecipitation experiments, possibly indicating a detrimental effect of the C-
terminal SH2 domain on specific SH3-domain-mediated interactions. Furthermore, the
spectrum of proteins associated with NCK1-3 is not simply the cumulative sum of proteins
associated with individual SH3 domains [49].

A closer examination of the PRMs revealed that the positioning of the proline residues
plays a critical role in the recognition of the SH3 domain, providing the structural basis for
defining interaction specificity. The current results indicate that residues —2, —1, +1, and
+2 are critical for the recognition of SH3 PRMs. In addition, adjacent positively charged
residues contribute additional features that help stabilize the transient interaction [50].
For example, structural studies of the PI3K SH3 domain in association with the peptide
RKLPPRPSK provided evidence for the role of adjacent non-proline residues such as Arg-1,
Leu-3, and Arg-6 in contributing to the SH3 domain interaction [51]. Arginine residues at
positions R + 5, R + 6, and R + 7 are thought to play an important role in enhancing the
affinity of GRB2-SH3 domains for SOS51-PRM by contributing to the overall free energy
of the interaction [52]. While the majority of SH3 domains interact with PRMs, there
have been documented cases where the SH3 domain deviates from the typical classical
proline-rich interaction pattern [4]. For example, the RASA1 (or p120RASGAP) SH3 domain
specifically interacts with the catalytic arginine finger of the RHOGAT domain of DLC1,
thereby competitively and potently inhibiting its RHOGAP activity [53]. Interestingly, none
of the PRPs we examined showed any binding for seven SH3 domains: ITSN1-2/-3/-4,
NPHP1, RASA1, and SH3GLB1 (Table 56). While our study comprehensively highlights
the major SH3 domain-PRM interactions in the human proteome, the specificity and
mechanism of the PRM-independent interaction of SH3 domains remain to be elucidated
in further studies.

In our study, SOS1 was used as a PRP model for biophysical and bioinformatic
analysis of the SH3 domain-PRM interaction landscape because the SO51 PRD contains
13 out of 14 different classified proline-rich consensus sequence motifs (Table S5). This
alternative model reveals a spectrum of interactions between different SOS1 PRPs and a
number of SH3DCPs, including ABI1, ABL2, ARHGAP12, ARHGEF30 (Obscurin/OBSCN),

94



Cells 2024, 13,195

13 0f 18

BIN1, CRK-1, DLG2, GRB2, ITSN1, NCK1, SRC, SH3FXD2A-1, and SORBS1-1. Among
them, ABI1 [54], ITSN1 [55], SRC [56], NCK1 [57], GRB2 [58], CRK [59], and SH3PXD2A
(TKS5) [60] have been previously established as SOS1 binding partners in cells. ABL1,
but not ABL2, has also been shown to interact with SOS1 [61]. Importantly, the precise
binding sites for most of these proteins have yet to be investigated. Our study not only
elucidates the binding sites of these established SOS1 partners but also uncovers novel
interactions, including ABL2, BIN1, DLG2, SORBS1, ARHGEF30, and ARHGAP12. In
particular, a high affinity (<0.5 pM) interaction was observed between ARHGAP12 and
the P7 of SOS1, demonstrating the interplay between small GTPase regulators, GAPs, and
GEFs. However, immunoprecipitation experiments with overexpressed ARHGAP12 in
CHO-K1 cells did not confirm an interaction with SOS1 (Figure S10). The reliability of this
result may depend on the expression level and affinity of other interaction partners, like
accessory proteins, that could potentially bind more strongly and possibly in a multivalent
manner. However, it is important to note that this result does not definitively rule out the
existence of this interaction in cells, especially considering examples of reported GEF-GAT
interactions. A study using immunoprecipitation and mass spectrometry unravels the
intricate protein interaction networks i.l'lvolvi.ng the synaptic proteins SYNGAP1 (RASGAP),
KALIRIN (RHOGEF), and AGAP2 (ARFGAP) in both the postsynaptic density (PSD) and
non-PSD fractions of the adult mouse cortex. This investigation sheds light on their role
in the organization of GAP and GEF protein families and their associations with proteins
associated with intellectual disability and psychiatric disorders [62]. In conclusion, to
confirm the significance and broader implications of these novel findings, additional
studies within the cellular context are warranted.

Predicting the potential interaction of SH3 domains with PRMs by considering their
sequence specificities, as we did in this study, is a promising approach in the field of
molecular biology and protein—protein interactions. In pursuing this goal, we are faced
with an interesting challenge: the identification of binding affinities between SH3 domains
and peptides containing PRMs. The sequence specificity of these interactions is paramount,
as SH3 domains exhibit diverse binding preferences that depend on the PRMs present in
the peptides.

5. Conclusions

S5H3 domains are small protein interaction modules that are involved in numerous
fundamental cellular processes and associated with the development of several diseases, in-
cluding Joubert syndrome, leukemia, lymphoma, Usher syndrome or non-syndromic deaf-
ness, centronuclear myopathy, schizophrenia, and other neurodevelopmental disorders [4].
Over the past three decades, researchers have focused on how members of the SH3DCP
superfamily selectively recognize and bind to their associated PRM-containing proteins.

To systematically address this question, we first extracted 298 SH3 domains in 221
SH3DCPs ranging in size from 13 (small monodomain proteins) to 720 (large multidomain
proteins) kilodaltons [4]. The subsequent evolutionary multidomain relationship of the
SH3DCP superfamily not only allowed us to functionally classify them into thirteen families
but also provided new insights into their diverse roles and interactions in cellular signaling
processes, as well as their relevance to various diseases when exploiting the modular
interactions of SH3 proteins as drug targets [4]. In the present study, we have incorporated
the available sequence, structure, and interaction data into a phylogenetic tree (Figure 1) that
groups 298 SH3 domains in the human proteome into 10 families related to the PRM binding
interface. These families are aligned with the frames necessary for the interaction of their
respective potential PRMs. Mutational analysis suggests the critical role of non-conserved
sequences within each SH3 family in defining the specificity and affinity of their interactions
with specific PRMs. This investigation highlights that the recognition mechanisms of SH3
proteins across the human proteome are not only influenced by PRMs but also by the
core binding site within the SH3 domain. The study of the PRM-binding residues of SH3
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domains revealed a significant relationship between individual SH3 domains and specific
PRMs, culminating in a detailed map of their associations.

In this study, we performed a comprehensive analysis by comparing published bio-
chemical interaction data, available structural information, and sequence alignments. The
goal was to identify specificity-determining residues within PRMs that are critical for
interacting with different SH3 domains. A phylogenetic tree based solely on the interacting
interface of SH3 domains allowed us to categorize distinct families of SH3 domains within
the human proteome, each interacting specifically with unique PRMs. Subsequent muta-
tional analysis supported our categorization and hypothesis by demonstrating that the
non-conserved interface sequences within each family are critical in defining the specificity
of their interaction with PRMs. The different interface residues within each family were
found to determine the affinity and specificity of each protein towards PRMSs. In particular,
the discovery of common PRMs in two different SH3 domain families underscores the
importance of other residues (designated X) beyond proline in determining interaction
specificity. It is generally accepted that prolines serve as recognition sites and the backbone
of interactions, while X residues define specificities. A comparison of the PRM consensus
sequences of the 5O51-homologous proteins reveals other common amino acids, such as
Vin P3 and P9, Q in P7 and P9, R in 3, P4, P5, and P9 (Figure S11). Notably, the third
SH3 domain of NCK1 (NCKI1-3) tightly bound P9 but none of the other PRPs tested in this
study (Table 56); this implies that residues other than valine and arginine in P9 may dictate
the specificity of the NCK1-P9 interaction. In addition, the sequence motif Z*ENDPEW of
NCK1-3 (Figure 3A) contains three negatively charged residues that may be in electrostatic
contact with the R in P9, In contrast, NCK1-1 and NCK1-2, which do not bind P9, contain a
lysine instead of glutamate or aspartate within this sequence motif, which counteracts a
P9 interaction. An important next step in elucidating the specificity of the interaction of
the SH3 domain with the PRM at the atomic level is to analyze the nearly 800 available
experimental structures containing SH3 domains. This will be performed by generating
homology models and correlating and combining them with the measured affinities and
known binding properties of SH3 domain-PRM complexes.

A total of 7 out of the 25 examined SH3 domains showed no interaction with any of the
12 selected PRP’s (Table S6). The tested peptides cover 13 of the 14 recognized proline-rich
consensus sequence motifs, suggesting that they may bind in a proline-independent man-
ner. (Table S5). Itis suggested that these SH3 domains may bind in a proline-independent
manner. SH3 domains in several studies exhibit an extended repertoire of binding se-
quences, known as proline-independent binding, allowing SH3DCPs to mediate a broader
array of interactions [4,5]. An example of atypical binding is the SH3 domain of RASA1,
the RAS-specific GAP (p120RASGAP), which interacts with the catalytic GAP and kinase
domains of DLCT, thereby inhibiting its activity [53,63]. Another example is the selective
interaction of the GADS/GRAB2L SH3 domain with an RXXK motif of SLP-76 [64]. These
types of SH3 interactions with a non-canonical binding mode add to the complexity of
understanding protein—protein interactions involving SH3 domains.

The SH3 domains are modular building blocks across all five kingdoms of life and
viruses and play a critical role in facilitating inter- and intramolecular interactions and
functional interplay within domain-specific interaction networks. SH3DCPs, except the
MIA family with a single SH3 domain, are multi-domain proteins [4]. Several recent studies
have shown that SH3 domains have an extended repertoire of binding sequences, known
as proline-independent binding [4,17,53]. This allows SH3DCPs to mediate a wider range
of interactions. However, a quantitative description of the communication between two
different sites in a multivalent protein is still challenging. In some cases, the task reaches
another level of complexity, such as the interaction of the two SH3 domains of GRB2
with SO51. Not only the association of the two functional SH3 domains of GRB2 with
S0OS1 but also the physical interactions between the two SH3 domains are required to
allosterically control SOS1 activation [22]. Such a regulatory mechanism involves a series
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of intramolecular interactions that are further amplified by the interaction of GRB2 with
upstream ligands [65].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article,/10.3390/ cells13020195,/s1; Table 51: Proteins used in this study; Table $2:
Peptides used in this study; Table S3: Published structures of the SH3 domain-PRM complexes;
Table 54: Published dissociation constants (K,) determined for the SH3 domain-PRP interactions;
Table 55: PRM classification and occurrence in SO51 PRD; Table S6: Dissociation constants (Kg) for
the SH3 domain-PRP interactions determined in this study; Table 57: Proteins containing PRMs
homologous to peptides 2-9 derived from the SOS1 PR; Figure 51: Evolutionary sequence-structure—
function relationships of SH3 domains; Figure S2: Alignment of SH3 domain sequences; Figure
53: PRM-binding residues in human SH3 domains; Figure S4: Exploring evolutionary connections
of PRM-binding residues in SH3 domains; Figure 55: Analysis of SH3 domain-PRMs interaction
specificity across various SH3 domain families in the human proteome; Figure S6: Fluorescence
polarization measurements of SH3 domain interactions with SOS1 and reference peptides; Figure
57: Sequence alignment of PRM-binding residues in representative SH3 domains interacting with
specific PRP; Figure S8: Mutational analysis of the SH3 domain-fluorescent PRF interactions using
fluorescence polarization. Figure 59: Co-immunoprecipitation of NCK1 with SOS1 in CHO-K1 cells;
Figure S10: No co-immunoprecipitation of SO51 with ARHGAT12 in CHO-K1 cells; Figure S11: 5051
homologous PRM sequences found in other human proteins.
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Table S1. Proteins used in this study

SH3 domains! Construct (aa) UniProt ID
ABI 446-505 Q8IZP0
ABL2 107-167 P42684
ABL251 (S121K, N124R, G155F, W156Y)

ARHGAP12 12-74 QBIWWE

ARHGAP 1251 (K285, R3ON, F62G, YBIW)
ARHGAP 12552 (K31T, T46Q, ABES, QETN)

ARHGEF30 (OBSCN) 5600-5667 Q5VETY
BINA 520-593 000499
BIN1S++ (D536N, T537D, Q558D, DE59P)

CRE-1 132-192 P46108
DLG2 536-606 Q15700
_GRB2-1 1-58 _ P62993
GRB2-2 158-215

ITSN1-1 740-806 Q15811
ITSN1-2 913.971

ITSN1-3. 1002-1080

ITSN1-4 1070-1138

ITSN1-5 1155-1214

NCK1-1 2461 P16333
NCKi-2 106-165

NCK1-3 190-252

NCK1-351 (N205D, D206T, D2260, P227D) 190-252

NCK1-3542 (N225E, W229G, K244E) 190-252

RASAT 279-341 P20936
RIMBPZE-1 B32-899 ABNNMZ
SRC 77-140 P12931
SH3GLB1 305-385 Q9Y371
SHIPXD2A-1 166-225 Q5TCZ1
SORBS1-1 793-852 Q9BX66
SNX9 162 Q9Y5X1

1 Expressed in the Escherichia coli strains CodonPlus, Rosstta, and éL21{DE3] with the use of pGEX4T-1.
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Table S2. List of peptides used in this study.

Peptide name  Peptide

P11 1755 APNSPRTPLTPPPAS 3
Pz VHVTLPHGPRSA 1

P3 1%E\PYPPPVPPRRRPESAPAESSPSKIT
APA 175 DSPPAIPPROPTSK!

P5 124|SDPPESPPLLPPREPVRTPDV 228
P8 1278 SSPLHLOPPPLGKK 21

P 157 AFFPNSPSPFTPPPPATPSPHGT 2

P8 VRHLPSPPLTG 27

PO |AGPPYPPRAS

P10 TQHIPKLPPKTY 210

RP12 147YPVPPPYPPRRR!

RPZ’ RCEAPPVPPRRERG®

1P represents peptides derived from SOS1,
2RP1 is the reference peptide1 derived from peptide 3 (P3).
*RP1 is the reference peptide 2 derived from WRCH1/RHOU.
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Table 53. Published structures of the SH3-PRM complexes.

Fam.  SH3/PRM structures’ PRM sequence? Proposed C c PDB Ref?
no. PRM (current study) published PRM code
PACSIN3/TRPV4 TREEAPNPEPILKVW KXX(LIAJPXXP KXXAPXXXPX BF55 ]
SNXB/EEEV nsP3 peptide AERLIPREBABBUBVPA  RX(LA)PXXP RXAPXXP 7049 2]
RIPSPR
PB5A/peplide RX(L/AJPXXP LPX(L/AP 3I5R 6]
_ SPTAN1/P41 peptide _APSY. ] PPXPPXP == 2JMA 4
'SPTAN1/P41 peptide PPXPPXP PXPXP 3THK 5)
_NCK2-1/CD3epsilon PXXDY PXXDY 2JXB (6]
EPSBL1/CD3epsilon PXXDY PXXDY 2ROL M
TUBA-6 (ARHGEF36- PPPXLP PPPXLPS 4cc2 8]
BINWASP
TUBA-6 (ARHGEF38- PPPXLP PPPXLPS 4ce7 8]
_BINWASP
TUBA-6 (ARHGEF36-6)MENA PPPXLP PPPXLPS 4CC3 18]
- ABLT mutant (N114A)P17 PXXXPPXPP == 409 TBP
~ABL1 mutant (H59Q-N96T)/P17 PXXXPPXPP T 4J9C TEP
| ABL1P17 s 4991 TBP
ABL1/PT e 4J9G TBP
4J9H
~ ABL1T mutant (N114A)P41 A PXXXPPXPP PXXP 2088 8]
~ ABL1/P41 peplide PXXXPPXPP PXXP 1BBZ 10,
3EG1 1]
~ ABL1 mutant (N114A)/P0 PXXXPPXPP e 4490 TBP
ABL1/PO PXXXPPXPP j— 4J9F TBP
~ ABL1/3BP-1 PXXXPPXPP PXXXPPXPP 1ABO [12]
5 NCF1-2{p47phox)/p22phox PXPXXP PXPXXP 10V3 [13]
NCF1-2(p47phox)ip22phox PXPXXP PPPRPPAEAR 1WLP [14]
| CRKII-1 (CRK-1)/C3G PXXPX(KIR) et 5L23 TBP.
CRK-1 (C-CRK)IC3G PXXPX(KIR) PXLPXK 1CKA [15]
CRKII-1 (CRK-1)/C-ABL PXXPX(K/R) PXLPXK 51H2 18]
CRK-1/peptide inhibitor PXXPX(KIR) PXXPXR 1B07 117]
CRK-1 (C-CRK)ISCS peptide PXXPX(KIR) PXXPXR 1CKB [15]
HCK/synthetic peptide [KIR)XPXXP LPX(LIAP 2042 118]
2013
FYNisynthetic peplide (KIR)XPXXP RXPXXP 4EIK [19]
FYNisynthetic peplide PXXPXX(KR) PXXPXXR 4ZNX 119]
| FYNISBP-2 — 2 PXXP T EYN 12
FYNIP2Lsynthetic peplide(PI3K- GSSKT [KIR)XXPXXP RPLPVAP 1AON 120]
P85) 1AZG
FYNINSSA APEIEBER PXXPX(KIR) XPXXPX(KIR) WAT (2]
LYNTIP WOPGMPTEBLBBEPAN  PXXPX(KIR) PPLPPR 1WA7 [22)
LGERQA
_VSLAR [KIRIXXPXXP 1QWF 23]
RPRL PXXPX(KIR) 1OWE (23]
SRC mutant (T98D)(C- RP PXXPX{KIR) XPXXPXR 4HVU 24]
SRC)/APP12
SRC mutant (T98E)(C- ABBIBEPRNRP PXXPX(KR) XPXXPXR AHWV [24]
SRC)IAPP12 AHAW
SRCiyrosine phosphatase PEP | ESFIVWEE  PXXPX(KR) PXXPXR 1JEG 125]
_SRC{C-SRC)INL1 PXXP PXXP NLO (26]
SRC(C-SRC)NL2 PXXP PXXP NLP (26)
SRC(C-SRCHPLR1 AF PXXPX(KIR) XPPLPXR 1PRM (27)
1PRL
SRC(C-SRC)PLRZ BALBEEERY [KIR)XXPXXP “RXLPPLP 1RLP (27
1RLQ
_SRC{C-SRC)/NS5A AP PXXPX(KIR) PXXPXR 4417 (28]
[TSN1-2/synthetic peptide WRDSSGYVMGPW Exceptional [WIFJIRMWIXSXAGIFIY]  4lIM (28)
[LVIXGPIWIL]
[TSN2-2/synthetic peptide WRGSLSYLKGPL Exceptional [WIF|[RMWIXSX[A/G]IF/Y] 410 [29]
[LVIXGP[WIL]
belaPIX (ARHGEFT)ialphaPAK  DATPPEUMIABRFEHTKS  PXXXPR XPXXXPXR 125G [30]
VYTRS
betaPIX (ARHGEFT)/ICBL-b R PXXXPR PXXXPR 2AK5 [31]
betaPIX(ARHGEFT)/AIP4 GGFKPSRPPRPSRPEE  PXXXPR PXXXPR 2P4R (32)
BIBRRPASY
betaPIX (ARHGEFT)ATCH GSGGGKPSRPPRPSRP  PXXXPR PXXPXXR 5SXP [33]
RPASY
betaPIX (ARHGEF7)PAKZ EHTKSIYTRS _ PXXXPR PXXXPR 2DF6 [34]
IRTKaS(BAIAP2L1 EspFu-R47 HIFPAPN PVQ PXXXP IPxZPxxxZPxZP ZKXC [35]
N (wherein
ZisPALLorV)
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I PLCG1SLP-76 CIM PXXXPXR XPXXPXRP 1YWO  [36]
9 GRB2-1 mutant Vi RR PXXPX(KIR) e 1AZE [37]
{Y7V,C325)/S0S1
GRB2-1/5081 VPEBUBPRRR PXXPX(KR) o 1GBQ [38]
3GBQ
I 4GBQ
DOCK2/ELMO1 RLLDLENIQIPBEBEBEIP  PXXPX(LIP) _— 2RQR [39]
LR _KEPSNYDFVY
DOCKZ/ELMO1 P PXXPX(LIP) e 3A98 [39]
ph7ehse (NCF2-2)ipa7aer SKi PSADLIL  PXXPX(KIR) PXXPXR 1K4U [40]
{NCF1) NRCSESTKRKLASAV
P4l (NCF4)ipa7ero (NCF1)  KP! SAD PXXPX(KR) e W70 [41]
Cortactin (SRCB)/AMAP1 PXXPX(LIP) RXXPXXP 201X [42]
Cortactin (SRC8)/Arg PXXPX(LIP) — 3ULR [43]
nanreceptor tyrosing kinase
 Ponsin-2(SORBS1-2)(Paxillin PXXPX(LIP) — 209V [44]
CAP-2 (SORBS1-2)Vinculin PXXPX(LIP) XPXXPXL 4LN2 [45]
CAP-1(SORBS1-1)/Vinculin PXXPX(LIP) XPXXPXX 4LNP [45]
NEBL/XIRPZ PXXPX(LP) PPXXXPKP 4F14 [46]
GRB2-2/synihelic peplide RXX(K/RIP " 1106 TBP
GRB2-2/S0S1 pepiide RXX(K/R)P RXXKP ZW0Z [47]
(GRB2-2/Gab2 RXX(K/R)P PXXXRXXKP 2VWF 48]
CD2AP-2IARAP1 PX(PIAJOR PX({PIAJXXR 4%V 49)
CD2AP-2/RING PX(PIAXXRY PX(PIAIXXR 3uz3 48)
PXXPX(K/R)
CD2AP-1/RIN3 AKKNLBERBBBRRVSE  PX(PIADOR + PX(PIAIXXR 4WcCl 49]
PXXPX(K/R)
CD2AP-1/CBL-B PX(PIAJXHR PXXXPR 206F [50]
CMS-1(CD2AP1-1)iCD2 PX(PIAXXR PXXXPR 2J60 [50]
CMS-1(CD2AP1-1)iCD2 PX(PIAXXR PXXXPR 2471 (50]
CINg5-1{SH3KBP1-1)(CBL-b PX(PIAJXXR + PXXXPR 2828 3]
RXX(K/R)P
+PXXPX(KIR)
STAMZIAMSH RXXKIR)P PX(VII)[DINJRXXKP 5IXF [51]
STAM2/UBPY-derived peplide RXX(K/R)P PX(W/1){D/N)RXXKP 1UJ0 52)
BINTIC-MYC PXXPX(KR) PXXPXR VO (53]
GRAPZ-2 {Mona/Gads)HPK1 PXXPX(KR) PXVPXRXXK 1UTI [54]
GRAP2-Z [Mona/Gads)/ PXXPXXP(KIR) ROOMKHK W10 48]
phosphatase-like protein HD-
PP
GRAP2-2/Lymphocyte cytosolic  APSIDRSTKEPL RXX(KR)P PXXDRXXKP 10EB [55,
protein2(SLP-76} 1H3H 56]
GRAP2-2/SLP-76 PSl RXX(K/RIP PXXXRXXKP 2DON 57]
ASAPTMICALT GPGSEP) PXXPX(KR) XPXKPXR BHLO (58]
STAC2/CaV1.1 PXXPXXP(KIR) — 6827 59]

1 Names in parentheses represent aliases.

2 The underfined residues in the second column represent motifs associated with the published consensus PRMs, while the residues highlighted in

green represent the proposed consensus PRM identified in the current study.
TBP stands for to be published. This means that the molecular structure is available in the Protein Data Bank (PDB), but the corresponding research

article is not yet publicly available,
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Table S4. Published dissociation constants (Ka) determined for the SH3-PRP interactions

Fam.  SH3DCP PRM peptide Sequence! proposed C L Method? Ref.
no. PRM (current study)  published PRM (M)
SNX9 EEEY AERLIPREBABBUBVPARI  RX(LAJPXXP RXAPXXP 03 ImC 2]
sP3 PSFR
PACSINT  Itch PEDAGAGENRRVSGNNS  RXXPXXP KRXXPXXPXKR 433 [TC [60]
PSLSNGGFK
PSRPPRPSREEBETERRP
ASVNGSPS
ATSESDGSSTG
TRPV4 KXX(LIA)JPXXP KXXAPXXXPX 516  HSQC 61]
TRPV4 KXX(LIAJPXXP KXXAPXXXPX 127 HSQC
) TRPV4 KXX(LIAJPXXP KXXAPXXXPX 686  HSQC N
DB5A Synthetic RX(LA)PXXP RXLPPRPXX 8.1 FL [62)
_ peptide
POIR RX(LIAJPXXP LPX(LAP 40 SPR [3]
PD1 KXX(LIA)PXXP — 120
2 SPTAN1  Peptided1 PPXPPXP — 180 FL 63]
N-WASP PPPPP J— >IMM  HsSQC [B4]
_EPSE  E3b1 PPPPP+PXXDY PAXDY 35 ELISA [B5]
EPSBL1  CD3e PXXDY PXXDY 24 ITC [l
ITK TSAD PXXPXLP — 150mM - HSQC (66]
PXXPXLP = 123 mM
o ABL1 P4 PXXXPPXPP = 15 FL (67]
P4 PXXXPPXPP o 04
P8 PXXXPPXPP oo 5t
3BP-1 PXXXPPXPP 34
5 SH3PXDZ  SH3PXD  GSHMGDAKQRSPKMRQGR — PXPXXP PPPRR 15 MST 68]
B-112 28 11 FL
NCF1-2 p22phox PXPXXP — BB7  FL (14]
{pd7ewx) PXPXXP RKKPSE 0.64
7 CRK- eelc) PXXPX(KIR) PXXPXK 18 FL [18].
PXXPX{KIR) XXPXLPXKXX 188 FL [69]
: PXXPX(KIR) PXLPXK -2 [TC (701
DOCK180 PXXPX{KIR) PPXLPXK 035  SPR [71]
GNLMENQDLLGSPTPPPP
PPHORHLPEREBSKT
5T12 SLPGPLTPVAEGQEIGMN  PXXPX({KIR) 0.91
TETSGTSAREK
ELSPPPBEPSKIGSISRAS
sL
5081 PXXPX(KIR) PXXPXR ] FL [17]
PXXPX(KIR) 5.2 FL 18]
SRC VsL12 (KIR)XPXXP +XPpXP 045 FL 23]
APP12 PXXPX(KIR) XPpXP+ 12
Synthetic (KIR)XXPXXP RXLPPLPRX 78 FL [62]
_peplide i
5081 YEVP PXXPX{KIR) PXXPXR 25 FL [17]
HCK Nef PXXPX(K/R) PXXP 91 SPR [72]
FYN Nef PRAPXIKIR] PXXP 202 SPR [r2].
PI3K- (KIRJXXPXXP J— imM  HsQC 73]
P850 (KIR]XXPXXP RXXPXXP 50
- (KIRJXXPXXP RXXPXXP 300
pal (KIR)XXPXXP —— 50 [20]
28
18
LCK Tip ATLDPGMPTRELBBRPAN  PXXPX(KIR) — 16.80 74]
LG
TSAD LLRP POLP PXXPX(KIR) J— 89mM  HSQC [66]
LLRP PQLPPEVY  PXXPX(KIR) XPXPXX(RIK) 161 mM
T
8 BPIX Itch KPSRPPRPSRPEBETEER  PXXXPR RPXPPXPR 158 ITC 33]
ARH PAS
fsem PEDAGAGENRRVSGNNS  PXXXPR KRXXPYXXPXKR 144 [TC [60]
PSLSNGGFK
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O EsemEmE

106

ASVNGSPS
ATSESDGSSTG
PAK2 EETAPBUIABEPOHTKSIY  PXXXPR PXXXPR 105 IC [34]
TRSVI
ITSN1-2  Synthetic  WRDSSGYVMGPW Exceptional [WIF][RAxSx[A/ 53 ITC [29]
peplide GIIF/YILIVIXGP]
| _ WiL]
N p— 147 (64]
PLCG1 5081 —— 0.20mM_ SPR [7s]
_D.40mht
0.70mM
PXXXPR 0.28mM
BAIAPZLT  EspF.Rds PXXXP — 0504 ITC [76]
(IRTKS)
SORBS2-  Synthetic Exceptional XRXGXAYLXYVX 38 [TC [29]
1 peptide
Synthetic PXXPX(LIP) PXXPXXP 121 ITC [29]
peptide
GRBZ1  C3G PXXPX(KIR) PXXPXK_ M2 R 18]
5081 PXXPX(KIR) PXXPXR 5 FL
PXXPX(KIR) PXXPPR 56 FL 77
PXXPX(KIR) PPVPPR 3864 [TC 78]
PXXPX(KIR) PX(VILIPXR 3 ImC 78]
55
17
82
PYXPX(KIR) PXXPXR 5 FL M7
PIXPX(KIR) PXPXPRXPKKIS 250  NMR [47]
suggested core:
PXXPXK)
~ PVPBBUBBRRRP PXXPX(KR) PXXPXR 37 NMR
PSPHGTRRHLPSPP Exceptional RR 208 NMR
APNSPRTBITBPPAYS PXXPX{LIP} PXXPRXPXXP 280  NMR
SH3GLZ  lich PEDAGAGENRRVSGNNS  PXXPX(KIR) (KR)XXPXXPX(K 0467  ITC [60]
{Endaphili PSLSNGGFK + IRy
n-A1) PXXPX(LIP)
ASVNGSPS
ATSESDGSSTG
STAMZ UBPY P RXX(KIRIP PX(V/I)DIN)RXX 7 R [52]
. KP
NCK1-3  N-WASP PX(PIAIXXR — ~imM__ HSQC [64]
PPPPP o >>mM  HSQC
AMPH Dynamin- PIXPX(KIR) PXRPXRHIR(H) 019 yeradia- [60]
A tion
GRB22 5081 PXPIAJXR + PPVPPR 1 mc 78]
PXXPX(KIR)
PX(PIAJXXR + PX(VILIPXR 125 [TC 9]
PYXXPX(KIR)
PYXXPX(KIR) 1,396
PXXPX(KIR) 1.718
PYXXPX(KIR) 1.318 B
PX(PIAJXXR + PXXPXR 142 NMR [47]
PXXPX(KIR)
PYXPX(KIR) PXXPXKXXKR 156
SLP76  PAPSI RXX(KRIP PX3RX2KP 87 Imc [55]
Gab2b PX[PIAJXXR + PX3RX2KP 174 M (48]
RXX(KIR]P
GRAP2Z  SLP76 RXX(KIR]P PX3RX2KP 0181 IC [55]
RXX(KIR)P PX3RXZKP 0675 [TC
RXX(KRIP PX3RX2KP 3 Ic [57]
BINT Tau PX(PIAJXXR + PXPPXR and 44 NMR (81]
PKSPSSAK PXXPX(KIR) RXPPXXP
STACT Cavi.1 ED RP PXXPXXP(KIR) — g mc [59]
NVNEVKDPYPSADFPGDD  PXXPXXP(KIR) 0.78
STACZ EED 185
PLAELQLKEKAVPIPE
ED RP PXXPXXP{K/R) 9.31
CaV12  NENEDKSPYPNPETTGEE  PXXPXXP(KIR) 183
DEE
6



."‘RFLSELHLKEKAVPMP

E
CD2AP-1 CD2 CKGPELERBRVQPKPPH  PX(PIAXXR PXXXPR 100 SPR (50,
~_(CMS) G 82]
SHIKBP1-

_ 1(CINgS) i e
1 The underlined residues in the second column represent mofifs associated with the published consensus PRMs, while the residues highlighted in
green represent the proposed consensus PRM identified in the current study.

ZCD: Circular Dichroism Spectroscopy FL: flucrescence-based titrations; HSQC: Heteronuclear Single Quantum Coherence; ITC: |sothermal titration

calorimetry; MST: microscale thermophoresis
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Table S5. PRM classification and occurrence in SOS1 PRD.

No. 1D Consensus Ref. Peptides!

q P1 P2 PI P4 P5 P6 PT P8 P3P0 RP1 RP2
1 X1 PPPP [83] . - - - - - + : E ¥ = .
2 0x2 XPPX [84] + - + + + + + 4 + + + +
3 11 PXP [85) + - + - - + + + + - + +
4 2 PXPXP I S S S S S S
5 1X3 PPXPP [87] - - ¥ F + - - - b - ¥, +
6 20 PXXDY 1 . & 4 & 2§ & ¥ : - -
i 22 PXXP 2l -+ & e Wk - x ¥ % ¥ %
3_ 2)(3 [88] - + + + - - - + +
9 2X4 2 - - i - s ) h A = - L
10 2X5 [89] + - + L 2 3 E z Z I e B
" 1) I S Gl LA A A £ ¥ + ¥
12 x2 [91] - + + + 4 2 B B 3 : E
13 IXP 192] : i + + + - - - + - + +
14 4XP [93] + - + + + - + B 5 ; + E
! The amino acid sequences of the peptides are listed in Table 52. + P of ] in peplides; - Absence of consensus sequence
in pepfides.

108



Table Sé. Dissociation constants (Ka)! for the SH3-PRP interactions determined in this study.

SH3 Peptides*

I

Domains? P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 RP1 RP2

ABI1 - 60.7 - 24.6 - - - - - - - -

ABL2 - - - 125 - - 67.3 - - - 11

ARHGAP12 - - 13.8 - - - 0.2 - - - 16.7 15.5

ARHGEF30 - - - - - - 8.9 - - " - =

BINI - - - - - - 12.0 - 47.0 - - 48.0

CRK-1 Z 3 129 - = s TR g 3 z 2

DLG2 - - - - - - 58.5 - - - - .

GRB2-1 - - 15.0 60 62 - - - - - 11.0 20.0

GRB2-2 - - 12.0 20 35 - - - - - 34 12.9

ITSNI-1 - - - 6.0 - - - - - - 39 11.0

ITSN1-2 - - - “ = g = = B 5 » &

ITSN1-3 - - - - - - & - - - - "

ITSN1-4 - - - - = = & = B 5 » .

ITSNI-5 B[O = % B = 2 L = 3 s = 3.0

NCKI1-1 - - - - - = = - " .

NCK1-2 - - 3 E = = & = _ ™ 2.0

1
NCK1-3 - - - - - - - - 0.9 - 24.6 25

NPHP1 - - - - - = = = “ = " =

RASAI1 - - - - - - = = - s = =

RIMBP3B-1 - 21.0 - - - - 15.0 - - - - -

SH3GLBI - - - . - = = = « = - Z

SH3PXD2A-1__ - 440 180 - - E : X = . - 2.0

SNX9 - - - - - - . . - " )

SORBSI-1 - - - - - - 13.2 - - - . 5

SRC - - 2.0 - - - 133 - i 3 - 2

! The dissociation constants (Kd) were determined by analyzing the fluorescence polarization data (Figure 56) shown as bar charts in
Figure 2B, The evaluated Ku values were categorized into different affinity levels: high affinity (0.1 to 1.0 uM; green), intermediate
affinity (1.1 to 5.0 uM; blue), low affinity (5.1 to 25 pM; red), and very low affinity (26 to 125 uM:; black). No binding is indicated by a
dash (-).

25H3DCPs with two or more SH3 domains are indicated by a dash followed by the SH3 domain number.

3 Proteins in bold: Seven proteins did not bind to any of the 12 peptides that were tested under the conditions of this study.

4 Amino acid sequences of the peptides are provided in Table 52.
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Table S7. Proteins containing PRMs homologous to peptides 2-9 derived from the SOS1 PRD.!

_ Abbreviation/Alias  Protein Names ) Accession no.
CCDC144A Coiled-coil domain-containing protein 1444 XP_016880918.1
DCAF1VPREP DDE1- and CUL4-associated factor 1/\pr (HIV-1) binding protein (VPREP) NP_001336097.1
DLGAP12/4 Disks large-associated protein 1/2/4 NP_001385456.1, NP_001333739.1, NP_055717.2

_HMEN2 Hemicentin-2 ; s XP_011516768.1
IQSEC2 |G motif and SECT domain-containing protein 2 NP_001104595.1

_MACF1 Microtubule-actin cross-linking factor 1 NP_001384402.1
MAGED4 Mel antigen family D, 4 EAWB2887 1

_NFATC2IP NFATC2-interacting protein _ - NP_116204.3
PI3KAP1 Phasphoinositide-3-kinase adaptor protein 1 NP_£89522.2
PLAZ Phospholipase A2 BADS2387.1
SLX4/BTED12 Structure-specific endonuclease subunit! BTB (POZ) demain containing 12 NP_115820.2
38TRS Somatostalin receptor sublype 58 ABE27002.1
WRCH1/RHOU Whni-respansive COC42 homologue/RHO-related GTP-binding protein NP_067028.1
ZNF41 Zinc finger protein 41 NP_001311071.1
ZNF74 Zine finger protein 74 KAIZ506768.1

1 See Figure 4 for more details.
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Inconsistent
SH3-PRM

selectivity

RX(LIAJPXXP ® PPXPP ® PXPXXP PPPPP ® PXXPXXP(K/R)
KXX(LIA)PXXP ® PXXXP @ PXXPX(KIR) ® PXXXPR PXXPX(K/R)

o RXXPXXP PXXDY (KIR)XPXXP @ PXXXPXR RXX(K/IR)P

® PXXP PXXPXLP (KIR)XXPXXP © PXXPX(LIP) PX(PIAJXXR

@ XPPX, PXP PPPXLP PXXPXX(K/R) PXXPX(K/R) @ Atypical

Figure S1. Evolutionary sequence-structure-function relationships of SH3 domains. A whole-sequence
phylogenetic tree (tree #1) encompassing 298 human SH3 domains was constructed using the MEGA software
(version 10.2.6). Using the structures and biochemical information of SH3 domains, presented in Tables 53 and 54,
the interactions between PRMs and their corresponding SH3s are visually represented in the tree. The distinct
preferences of SH3 domains for specific PRMs are represented by colored circles, each denoting a PRM preference,
while the corresponding SH3 domains are highlighted in red. Interestingly, the PRMs exhibit clustering patterns
that are inconsistent with established SH3 domain families.
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W Qi
S DR 36
PR3-
ARRCAFTT |QUTe | &
ARNGAR L1 | QR TN |5

SEET|PIEEIE|E4T

EATIQUNEE | A% - a2
EALF 10180 | L043-2 090
SR | DLIPES 140!
2TENZ | gaMEN] [T

ARRGEARY1|ILARER | §RE-24E
BTN X0 I 143315

EE3|G13368 T2 300

3 FALIG 370
TAD | PEITEA | B4 042
|GUNAL | 146814

SNITRDIS (ALXZAN1 8

Lt}

BC3IDASI4F14TE- 540
a0 i 11-88

SRARE |STETRE 1374-430
SRLTI L] M4

SHIPRDZA|GATCE1 | 1071
HIFAEIAITERL 1306~
SHIPADEL| Q!

EHIPXDIA | GITEEL

u
HCEZ|D41633]193-297

ARECEFTIGIALS | 104- 341
1623-¢m8

SCHAL | QIEURL |195- 428

OTOR | QRCY | 20110
WEAY | GATRAN | &3 -167

5453 | Q18760 | 818 834
SLSE |QIiNSY| 541 - 651
S48 | GETIE | 18
SEm3 | PEINEY 186

s | gy | 345

EACHLRA 003008 | 134-180

AR QR S41 | 160~ 181

CACHLEDQ0RTRF|134-100
74

112

12



i
v
55

TTENZ a3 | 59554
ar-2

SHIRFT | ATRES,
AT 016014185

WCF2 | FI9TH | 487-516
TTINL|gL3RAL|3502-1060
Tram. 40~

-1111

ACEL| QU913 | 30E- 442
SHELH |ERIT | 1-41
CTP4 | Q13643 [340-801

ARRUEFT)| 97159631 3551-1 616

ARRGEFFA|08027%| 280-3785

ARALEP V6| GEIZFY | 3513-1876

FERADS (A 6A1 A§3-530
FORADG 294363 247638

FUarLL|gETe 330338

ARPEE |GLI6I3 535 7-1118

e
T4-533

ETHIQUE4R11E7i-231
a

TR PAEBDL178- 238
BTRIQUELATIILA-2TE

HCE2 | D483 H|152-170
REEL | P1ENED (135~ 165

WCTZ | P198TA 240208
105-368

ORI | QNPAZ | 237200

mmnr 00481
SUIRF GETEIY 484228
amEF

13631626
1838

1136-1638

ARAGEFS G137 1310-1 860
AHIGIL AP EI-126

HCTL | P58 LD 218
WEFLE | AL | 133151

BINT | D0868N|323- 882
ARAGEFL6| 94TV | KER-6EE

VR | 13450 45T 86D
06109

STACI | QINTI | 247358

rr 1

34-1113
16461711

PRNB | D0SURN[2-00
PREA| PETRREL
FEERIPILIOA0

EmEnF e
AP 1291

BIIAFY AT 823-a02
Eorent

AIGAP 32| ATHAKS | 253321

T13-7
WCFLD | AENTT3 | 22728

BCTIC|ABIVEL [202-261

i
S0B8S1 | CRREES| T93-253
200-438

P
BHIG1S | GANTAT) 493-554

ARRGEFSE|JH0ELZ | T13-TTE
ABAGEFTT| AL EOE | 853665
EHITREIR M AN 183250
ARG R | )

R | QYW |-
] | PEITHR IR 6-RTT

DacL igLeI | $- 70

Figure 52. Alignment of SH3 domain sequences. The multiple sequence alignment of
generated using the BioEdit program by CLUSTALW. Amino acids that are either identical or similar are indicated
by gray and green shading, respectively. Gaps are shown as dashed lines.
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LET L6504 =
ORI T 3 S a s

Figure S1. PRM-binding residues in human SH3 domains. The multiple sequence alignment of PRM-binding
residues in SH3 domains is generated using Clustal W multiple alignments in BioEdit 7.2.5 software. Amino acids
that are either identical or similar are shaded in gray and green, respectively. H-repeats indicate deleted parts of
the SH3 domains.
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SH3-PRM

selectivity

RX(L/A)PXXP ® PPXPP ® PXPXXP PPPPP ® PXXPXXP(KIR)
KXX(L/APXXP ® PXXXP @ PXXPX(KIR) ® PXXXPR PXXPX(K/R)

' RXXPXXP PXXDY (KIR)XPXXP ® PXXXPXR RXX(KIR)P

® PXXP PXXPXLP (KIR)XXPXXP @ PXXPX(LIP) PX(PIA)XXR

® XPPX, PXP PPPXLP PXXPXX(K/R) PXXPX(KIR) @ Atypical

Figure S2. Exploring evolutionary relationships of PRM-interacting residues in SH3 domains. To construct the
phylogenetic tree (tree #2), we meticulously examined PRM-interacting residues derived from 298 human SH3
domains, using the MEGA software (version 10.2,6). Using structural and biochemical data from SH3 domains
(detailed in Tables 53 and 54), the graphical representation in the tree illustrates interactions between PRMs and
their corresponding SH3s. Specific PRM preferences of SH3 domains are highlighted by colored circles, while the
related SH3 domains are emphasized in red. Remarkably, the PRMs exhibit clustering patterns consistent with
established SH3 domain families, allowing us to systematically categorize them into ten distinct families, each
associated with specific PRMs, as shown below (Figure 1).
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Family #1 LSt
RX(L/A)PXXP - RXXPXXP - KXX(L/A)PXXP -
PXXP

e 4, P3-P7-RP1-RPZ

ily #
Family #2 o pXPPXP Consensus including:
XPPX - PXP - PPXPP - PXXP - PXXXP

GCoTT ] PXXDY - PXXPXLP - PPPXLP - PPPPP

Family #4 |

Family #5 P2-P3-RP2

PXPXXP
PRM
Specificity
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SH3
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Family #7 (K/R)
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Family #8
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Family #9
—

P1-P3-P4-P5-P7-P8-P9-RP1-RP2
PX(P/A)XXR - PXXPXXP(K/R) -
Family #10 PXXPX(K/R) - RXX(K/R)P - PPPPP

Figure S5. Analysis of SH3-PRM interaction specificity across different SH3 domain families within the human
proteome. The top line illustrates the specificity of PRMs interacting with individual SH3 domain families
represented by SH3 representatives from ’1 to 10 and RP1 to RP2. The lower line delineates the specificity of the
PRM motif within each family by evaluating structural and functional analyses of SH3 domains associated with
PRMs as documented in published data (Tables 53 and S4).
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Figure Sé6. Interactions of the SH3 domains with fluorescent PRPs measured by fluorescence polarization.
Fluorescent peptides (0.2 pM) were titrated with increasing concentrations of the corresponding SH3 domains.
GRB2-2W1"k, defective in the binding of PRPs such as RP1, was used as a negative control as previously described
[94]. The x-axis represents SH3 domain concentrations as GST fusion proteins in uM, while the y-axis represents
fluorescence polarization. The equilibrium dissociation constants (Ka) for the respective measurements were
determined by fitting the titration curves to a quadratic ligand-binding equation (solid lines). All Ka values are
summarized in Figure 2B and Table 56. Error bars are derived from the fitting errors.
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Figure S7. Sequence alignment of PRM-binding residues in representative SH3 domains interacting with
specific PRPs. Conserved residues crucial for these interactions are highlighted. H-repeats indicate deleted
portions of the SH3 domains. The proteins are also assigned to their respective families according to Figure 1.
Residues in red (Set-1) and in blue (Set-2) are non-conserved residues and are the subjects of mutational analysis.
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Figure S8. Mutational analysis of the SH3-fluorescent PRPs interactions using fluorescence polarization.
Fluorescent peptides (0.2 uM) were titrated with increasing concentrations of the corresponding SH3 domain
mutants (see Figure 3A and Table S1). The x-axis represents SH3 domain concentrations as GST fusion proteins in
uM, while the y-axis represents fluorescence polarization. The equilibrium dissociation constants (Ka) for the
respective measurements were determined by fitting the titration curves to a quadratic ligand-binding equation

(solid lines). All Ka values are summarized in Figure 3B. Error bars are derived from the fitting errors.
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Figure S9. Co-immunoprecipitation of NCK1 with SOS1 in CHO-K1 cells. Experimental replicates of co-
immunoprecipitation (co-IP) assays were conducted in CHO-K1 cells, co-transfected with HA-tagged SOS1 and
Flag-tagged NCK1*!, NCK 132, and NCK15%-!, Co-IP was performed using anti-Flag beads to investigate potential
interactions between NCK1 and SOS1 in the cellular context, The immunoblot analysis was performed using anti-
SOS1 (1:1000; #sc-256, Santa Cruz) and anti-Flag (#F742, Sigma) antibodies. All three replicates showed co-
immunoprecipitation of SOS1 with NCK1* but not NCK1*st33, or NCK15e-1,
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Figure 510. No co-immunoprecipitation of SOS1 with ARHGAP12 in CHO-K1 cells. Co-immunoprecipitation
(co-IP) assay was conducted in CHO-K1 cells, co-transfected with HA-tagged 5051 and Flag-tagged ARHGAP12v,
and ARHGAP12%53, Co-IP was performed using protein A beads to investigate potential interactions between
ARHGAP12 and SOS1 in the cellular context. Lysates from these transfected cells were subjected to Co-IP using
anti-Flag (1:50; #F3165, Sigma) and anti-IgG (1:50; # s¢-2025, Santa Cruz) antibodies coupled to protein A beads. The
immunoblot analysis was performed using anti-S0S51 (1:1000; #sc-256, Santa Cruz) and anti-Flag (#F742, Sigma)
antibodies. immunoblot analysis using anti-5051 (1:1000; #s¢-256, Santa Cruz) and anti-Flag (#F742, Sigma)
antibodies revealed no interaction neither ARHGAP12% nor ARHGAP12%H: with HA-S0S1.
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Figure 511. SOS1 homologous PRM sequences found in other human proteins. BLAST searches associated with
each 5051 PRD peptide identified homologous sequences in other human proteins (See also Table S7 and Figure
4).
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Abstract

The intricate linkage between extracellular stimuli and intracellular signaling pathways is a
multifaceted process essential for the orchestration of cellular functions. Among the key steps
in signal transduction, the association of proteins with intracellular membranes is facilitated by
membrane-binding modules. In addition to initiating intracellular signaling, membrane-binding
modules are critical for modulating membrane dynamics and forming protein complexes at the
right time and in the right subcellular localization. While a large number of membrane-binding
modules with a variety of structures and mechanisms of membrane recognition have been
characterized, their pivotal roles in signaling pathways and their impact on human disease are
still in need of greater emphasis. This review explores the diverse roles of membrane-binding
modules in cellular functions, scrutinizes their dysregulation in various human diseases, and
highlights their potential as promising therapeutic drug targets.

Keywords: Membrane-binding modules; protein complex assembly; signal transduction;
subcellular localization; therapeutic potential.

1. Introduction

Membrane-protein interactions are essential for a wide range of cellular functions, from
signaling and trafficking to maintaining structural integrity. They are either defined motifs or
distinct domains within a protein and are responsible for the association of proteins with
intracellular membranes. In essence, while all membrane binding modules are involved in the
interaction between proteins and cellular membranes, they differ in size, specificity, and
structural characteristics. Motifs are characterized by smaller and more specific sequences,
while domains are larger, well-structured functional units within  proteins.
One type of motif comprises polybasic groups containing multiple basic amino acids that
interact with membrane phospholipids via electrostatic interactions. Another type of motif
consists of specific amino acid sequences serving as recognition signals for enzymes involved
in lipidation processes. These sequences guide proteins through lipidation events, including
prenylation (such as farnesylation and geranylgeranylation), myristoylation, palmitoylation,
cholesteroylation, GPI anchoring (glypiation), and PE addition (Table 1). For example,
members of the Src family kinases (such as Lyn, Fyn, and Src) utilize myristoylation and
palmitoylation [1], while RAS proteins employ prenylation and palmitoylation to associate with
the cell membrane [2]. In the case of the HRAS, KRAS4A, and NRAS paralogs, a motif for
palmitoylation provides an additional anchoring site to the inner leaflet of the plasma
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membrane besides prenylation [3]. In contrast, KRAS4B features a polylysine motif within its
C-terminal hypervariable region (HVR), distinct from the prenylation observed in other paralogs
[3]. Furthermore, the human proteome encompasses various membrane-binding domains,
including GRAM, GLA, Annexin, FERM, C1, C2, PH, FYVE, PX, ENTH, BAR, PDZ, SH2, SMP,
PHD, ANTH/CALM, GOLPHS3, IMD, KA1, PTB, Tubby, M domain of CTP:phosphocholine
cytidylyltransferase, membrane binding of Dystrophin protein, GLUE, TPR repeat,
Transmembrane domain (TMD), PLAT, MH2, VHS, C domain of B-arrestin, and PROPPINs
(Table S1). These domains play critical roles in mediating interactions between proteins and
cellular membranes, exhibiting distinct lipid recruitment strategies. They contribute to the
spatial organization and functional modulation of proteins within the cellular membrane
environment and, in some cases, to the generation and/or stabilization of membrane curvature.
In the following, we provide an overview of functional classification of membrane binding
modules, membrane recognition mechanisms with a focus on post-translational modifications
(Table 2), and their significance in mutations associated with various diseases (Table 3).

2. The multiple roles of membrane-binding modules in cellular dynamics and
functionality

Cellular Localization. Membrane-binding modules are primarily studied for their role in
determining cellular localization. Concerning membrane binding motifs, covalent attachment
of lipophilic groups to proteins, such as myristoylation, palmitoylation, and prenylation,
influences protein targeting within different membrane subdomains [4]. Specifically, NRAS and
HRAS undergo farnesylation and palmitoylation at specific cysteine residues. The reversible
process of palmitoylation plays a key role in regulating the localization and intracellular
trafficking of NRAS and HRAS between the plasma membrane (PM) and Golgi apparatus [5,
6). In contrast, KRAS4B lacks palmitoylation but features a polybasic motif consisting of six
lysine residues (Lys 175-180) just before its farnesylation site. Unlike its counterparts,
KRAS4B does not localize to the Golgi apparatus, opting instead for a different route [6].
Instead, farnesylated KRAS4B molecules detach from the endoplasmic reticulum (ER) and
diffuse cytosolically with the aid of phosphodiesterase & (PDEJ), which encloses the farnesyl
anchor of KRAS4B in the cytosol through its prenyl-binding pocket [7]. In addition, protein
domains such as the extensively studied PH domain in the AKT protein facilitate its specific
targeting to the plasma membrane where it undergoes phosphorylation and activation by PDK1
[8]. Similarly, C1 and C2 domains are typically found in members of the protein kinase C (PKC)
family, which are involved in membrane targeting and activation [9]. The PROPPINs'
membrane-binding domain, characterized by their B-propeller structure with Ptdins3P- and
PtdIns(3,5)P2-binding sites, plays a crucial role in their localization to cellular membranes,
which is important for autophagy processes [10].

Signal Transduction. Another function is in signal transduction, exemplified by the TMD of
receptor tyrosine kinases (RTKs), where it plays a pivotal role in tightly controlling the
monomer-dimer equilibrium critical for the regulation of RTKs in vital biochemical processes
[11]. Additionally, TMD domains in other signaling proteins, such as G protein-coupled
receptors (GPCRs) and ion channels, mediate crucial signal transduction events by facilitating
receptor-ligand interactions and modulating membrane potential, respectively [12]. Studies
have also demonstrated how membrane binding motifs can facilitate non-overlapping protein
assembly for functional signaling events. For instance, RAS proteins exhibit distinct clustering
behavior attributed to variations in lipid modifications. These nanoclusters serve as exclusive
sites for effector recruitment and activation [5]. Specifically, HRAS is anchored to the plasma
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membrane via a lipid-modified C terminus containing a polyunsaturated farnesyl and two
saturated palmitoyls. In contrast, NRAS and KRAS4A lacks the second palmitoyl, while
KRAS4B has a polybasic lipid-anchor without palmitoylation [5]. Despite their structural
similarity, these differences in lipid modifications lead to the formation of differential plasma
membrane (PM) clustering may contribute to the functional differences observed in Ras-
mediated signaling pathways, such as cell differentiation, proliferation, and survival. For
example, both HRAS NRAS and monopalmitoylation supports correct GTP/GDP regulated
lateral segregation between cholesterol-dependent and cholesterol-independent
microdomains at membrane [13, 14]. K-RAS, on the other hand, clusters within the cholesterol-
depleted liquid-disordered (Ld) (cholesterol independent) microdomains at membrane [14].
These distinct clustering behaviors among Ras proteins suggest differential plasma membrane
(PM) clustering may contribute to the functional differences observed in RAS-mediated
signaling pathways, such as cell differentiation, proliferation, and survival.

Cellular communication. Another important role is in inter-cellular communication, where the
TMD of GAP junction proteins, such as connexin, form channels that allow the exchange of
ions and small molecules between neighboring cells [15]. Additionally, Intra-cellular
communication can be facilitated by lipid-binding proteins at membrane contact sites (MCS).
These proteins are involved in interactions between the endoplasmic reticulum (ER) and
various organelles, including the plasma membrane, mitochondria, peroxisomes, lipid
particles, trans-Golgi network (TGN), endosomes, and lysosomes. The ORP (oxysterol-
binding protein (OSBP) related proteins) family functions at membrane contact sites, where
the PH domain aids in targeting to these specific membrane regions [16].

Regulation of Enzymatic Activity. In addition, membrane-binding modules can regulate
metabolic processes. The membrane-binding domain in HMG-CoA reductase plays a critical
role in sensing membrane sterol levels and ultimately initiating reactions that lead to sterol-
accelerated degradation of the enzyme via the 26S proteasome pathway [17]. In another
example, CTP:phosphocholine cytidylyliransferase (CCT) plays a pivotal role in
phosphatidylcholine (PC) synthesis, vital for maintaining cellular lipid homeostasis. This
enzyme, crucial in the CDP-choline pathway, is intricately regulated, notably through reversible
membrane binding (by amphipathic a-helix called M domain), which acts as a unigue lipid
compositional sensor [18, 19]. By actively modulating phospholipid compositions and
influencing membrane curvature, CCT ensures cellular membrane integrity and function [19].
Another recent paper in 2021 investigates the crucial role of apolipoprotein E (apoE) in
regulating cholesterol and triglyceride homeostasis, with a particular focus on its structural
domains and their involvement in lipid metabolism. The study highlights how the NT domain,
characterized by a stable 4-helix bundle structure, influences the spatial disposition of the CT
domain within lipid-associated states, such as those found in reconstituted high-density
lipoprotein (rHDL) particles[20]. This interaction with lipids within rHDL particles affects the
protein's function in lipid binding and cellular clearance mechanisms, shedding light on
fundamental mechanisms governing cholesterol metabolism.

Regulation of protein activation. Membrane binding domain contribute to protein auto-
regulation, where the PH domain of the SOS protein, together with its DH domain, plays a role
in regulating its function to inhibit RAS-specific exchange factor activity [21], and the interaction
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of the PH domain with its DH domain controls RAC activation [22]. Another example is the
BAR domain of the RHOGAPs of the GRAF family that binds to the GAP domain and inhibits
its activity [23]. In an alternative scenario, the FERM domain within ERM proteins undergoes
a transition from an inactive state where it engages with the internal C-terminal ERMAD domain
fo an active state triggered by kinase activation of the ERMAD domain [24]. This activation
allows the FERM domain to bind to the membrane. Investigations of the ARF family have also
revealed the impact of membrane association on nucleotide affinity. The controlled exposure
and membrane binding of a myristoylated N-terminal a-helix may facilitate the exchange of
GDP for GTP, thus serving as a crucial regulatory mechanism for ARF by directly connecting
nucleotide exchange to its membrane binding and translocation [25].

Membrane remodeling and Endocytosis. In addition to its role in regulating protein
activation, the FERM domain interacts not only with the membrane but also with the
cytoplasmic extensions of membrane proteins such as integrins, GPCRs, cadherins, and
adhesion molecules, acting as a linker between the membranes and the cortical actin
cytoskeleton [24]. This illustrates how membrane binding contributes significantly to cell
structure and the regulation of membrane remodeling. In addition, dynamin, a GTPase, binds
to the neck of budding vesicles on the plasma membrane through the PH domain and plays a
critical role in vesicle scission during endocytosis [26]. The interaction between ANTH and
ENTH domains, coupled with PIP2 binding, forms a stable and highly organized protein-lipid-
protein complex that enhances membrane anchoring and promotes efficient endocytosis [27].
In addition, the ENTH domain binds to Pl(4,5)P2, which promotes vesicle curvature during
endocytosis [28]. Similarly, the BAR domain senses membrane curvature without specific lipid
recognition but interacts with acidic phospholipids to complement and support membrane
curvature [23, 29, 30).

Organelle formation and dynamics. Membrane binding domains are also involved in lipid
exchange between membranes and may be involved in membrane organization. The function
of the SMP domain involves shuttling between the tubular ER and the acidic lipid-enriched PM,
facilitating lipid exchange via its tip region, which contains positively charged residues to
interact with acidic lipids [31]. Furthermore, proteins with phase separation properties can bind
to the two lipid layers and potentially enhance lipid phase separation [32]. Membrane-binding
domains, such as PLAT, a protein domain commonly found in membrane-associated proteins
when attached to the lipid membrane of the cell, interact with proteins such as GRB2 and
S0OS1. This interaction triggers liquid-liquid phase separation (LLPS), creating distinct phases
either on the membrane or independently in solution, driven by the interplay of these proteins
[33].

3. Membrane recognition mechanisms

Lipid specificity. Membrane-binding modules employ a variety of tactics, including lipid
specificity in membrane recognition. Several papers have investigated the membrane binding
specificity of various membrane-binding modules. These investigations revealed that protein
domains often hinges on the presence or absence of the target lipid within membranes and
exhibit distinct preferences for specific phospholipids [34]. For example, the ENTH domain
within mammalian HIP1 shows a preference for binding to Ptdins(3,4)P- and PtdIns(3,5)P2
[35]. The PH domain was found to bind specifically to various PIPs (phosphoinositides) [36].
The majority of PX domains had a preferential affinity for Ptdins3P [37]. On the other hand,
annexin domains can interact with a wide range of lipids, including phosphatidylserine (PS),
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phosphatidic acid (PA), phosphatidylinositol (Pl), PtdIns(4,5)Pz, various fatty acids, ceramides,
and lipid-derived metabolites [38]. Lipidations, as membrane-binding motifs, can also influence
lipid preference, resulting in non-overlapping nano clusters, as previously discussed (refer to
the section "Signal Transduction”). The polybasic domain of KRAS plays a pivotal role in the
selective sorting of lipid headgroups. When combined with prenylation, the polybasic domain
of KRAS significantly contributes to the specificity of lipid headgroups within KRAS
nanoclusters. These findings indicate that KRAS nanoclusters preferentially accumulate
phosphatidylserine (PS) and phosphatidic acid (PA), while not exhibiting enrichment for PIP2,
PIP3, or cholesterol [39].

Specific structural elements for membrane penetration. Another strategy, in addition to
lipid selectivity through specific membrane-binding modules, is membrane penetration
facilitated by hydrophobic residues. Typical C1 domains interact with the lipid messenger
diacylglycerol (DAG) and DAG mimetics such as phorbol esters via a polar binding pocket.
This pocket is surrounded by hydrophobic and aromatic residues that are critical for their
penetration into membranes for efficient anchoring of DAG [40, 41]. In addition, PH domains,
which have been described for their binding to a variety of phosphoinositides (Pls), exhibit
diverse membrane binding mechanisms. In particular, the extent of membrane penetration
varies among PH domains, influenced in part by the distinct distribution of hydrophobic
residues in their membrane-binding loops upon Pl docking [42]). FYVE domain binding to
PtdIns(3)P induces membrane penetration of hydrophobic surface residues. This is likely due
to local conformational changes and neutralization of the positive electrostatic potential around
hydrophobic loop residues, facilitating membrane entry [43]. The same mechanism is observed
in PX domains, where PtdIns(3)P binding acts as an electrostatic penalty during membrane
penetration of hydrophobic residues [44]. Certain adapter proteins, such as those with ENTH
and ANTH domains from the CALM protein subfamily, have this additional membrane binding
mode. They insert an N-terminal helix into the plasma membrane, which is proposed to occur
when binding to PIP:z induces the N-terminal portion to fold into an a-helix, contributing to
membrane penetration [45]. In another example, the C2 domain of the discoidin family (factor
V) contains a basic patch and aromatic/aliphatic side chains, suggesting membrane insertion
[34]. Additionally, in certain scenarios, the C2 domain exhibits Ca®*-dependent binding to
phosphatidylserine, suggesting mechanisms for membrane interaction and penetration, as
observed for the C2 domain of PKCa [34]. Further research on other proteins has revealed the
contribution of protein lipidation to membrane insertion. A review paper from 2007 describes
how the varying insertion levels of HRAS proteins into the inner leaflet of the membrane result
in a difference in area between the two leaflets, leading to localized membrane curvature that
stabilizes specific domains in the plasma membrane [14]. Another study elucidated the
molecular mechanism of membrane insertion for lipidated LC3 protein, vital in autophagy
initiation, revealing that its reversible conjugation to phosphatidylethanolamine (PE) enables
stable association with the autophagosome membrane. Molecular dynamics simulations
highlighted that basic charged amino acids, particularly Lys65, Arg68, and Arg69, drive the
insertion of the protein-lipid anchor into the membrane, as validated by live-cell imaging,
signifying a critical step in understanding the insertion process of lipidated proteins [46].

Conformational flexibility. Conformational flexibility in membrane-binding modules is
essential for their effective interaction with diverse cell membranes, allowing shape adaptation,
specific target recognition, and multifunctional roles through structural changes. For example,
the BAR and amphipathic helices of the N-BAR domains in endophilin A1 cooperatively
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promote membrane curvature, enabling its role in membrane deformation during endocytosis
[47]. AJENTH domains also function in the development of membrane curvature through lipid
remodeling during the formation of clathrin-coated vesicles [48]. PROPPINs also contribute to
the category of membrane recognition mechanisms related to curvature dependence. This is
evident from their ability to bind to specific phospholipids, such as PtdIins3P and PtdIns(3,5)P2,
in a manner that is dependent on membrane curvature, as indicated by their higher affinity for
small unilamellar vesicles compared to large ones [10].

Multivalent interaction. Multivalent interactions refer to the ability of membrane binding
modules to simultaneously engage multiple lipid sites, thereby increasing both the specificity
and strength of the interaction between the protein and the cell membrane. Notable examples
include the SLM1 PH domain adjacent binding site for PtdIns(4,5)P2: and dihydro-phingosine-
1-phosphate [49]. The SOS1 PH domain binds specifically to Ptdins(4,5)P2 [50], and the
p47°"* PX domain interacts with Ptdins(3,4)Pz [51]. Both domains use an adjacent basic patch,
a similar structural feature in PH and PX domains, to interact with phosphatidic acid (PA) [51-
53]. This interaction with PA may increase their binding affinity to membrane Pls. Similarly, the
PKCa C2 domain simultaneously binds to PS and PtdIns(4,5)P2 [54]. In addition, multivalent
interactions play a role in spatiotemporal regulation, allowing for appropriate interaction with
the membrane and maintenance of proper physiological functions. An example of this concept
is the FAPP1 PH domain, which binds both Pls like Pidins(4)P and ARF1 to facilitate Golgi
localization [55]. Similarly, the DAB1 PTB domain accommodates both the ApoER2 NPXY
peptide and a Pl headgroup binding and plays a critical role in transmitting essential positional
signals to migrating neurons [56].

Cooperation of multiple domains/other proteins. The idea of cooperation in membrane
binding encompasses several interactions, including instances where membrane modules act
as dimers binding to the membrane. The annexin domain, which has been proposed to
promote cooperative membrane aggregation, is not limited to a monomeric interaction with a
membrane through the N-terminus after calcium-dependent binding to another membrane.
Rather, it is proposed that other cooperative processes involve the formation of dimers or the
assembly of heterotetramers consisting of two annexins and two S100 proteins. All of these
interactions are facilitated in a calcium-dependent manner and contribute to the bridging of two
membranes [57]. Another example of the cooperative binding mechanism is observed in the
crystal structure of the EEA1-FYVE domain homodimer in PtdIns(3)P2 binding, which supports
a multivalent mechanism that amplifies weak affinity and modest specificity for enhanced
endosomal tethering [58]. In addition, the PH domain of dynamin is required in a dimeric or
tetrameric structure for significantly enhanced membrane binding [59]. Cooperation of multiple
domains in a protein for membrane recruitment is also seen in phospholipase G-y (PLCy),
where the N-terminal SH2 domain forms complexes with activated RTKs, while the C2 and PH
domains cooperate with the SH2 domain to direct PLCy to the plasma membrane [60]. A more
complex cooperative binding is evident in the retromer complex during late endosome-
mediated tubule formation. The SNX-PX domain dimer serves as a critical anchor to the
membrane, and the SNX-BAR dimer induces curvature, resulting in the formation of tubular
extensions. Completion of this process requires further cooperation, as the N-terminal
sequence of SNX works with the Vps26-Vps35-Vps29 trimer to recognize and interact with
cargo molecules [61].Another example is the cooperative engagement of different lipid anchor
motifs. These include the farnesyl moiety present in all three paralogs of H/K/NRAS in addition
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to the palmitoyl group of NRAS, two palmitoyl groups in HRAS, and a polylysine motif in
KRAS4B [62].

Dynamic adaptation to cellular conditions. Proteins can modulate their interactions in
response to cellular cues. Changes in cofactor, lipid composition, pH, or the presence of
signaling molecules can alter the behavior of the protein or its affinity for the membrane. This
is evident in the case of RASAL and PKCy upon stimulation of G protein-coupled receptors.
Studies on conventional PKC isoforms have revealed a frequency-dependent activation
mechanism that depends on oscillatory contacts with the plasma membrane coupled to
variations in intracellular Ca?* (via the C2 domain) and DAG (via the C1 domain) levels [63]. In
addition, RASAL undergoes rhythmic oscillations, shuttling between the plasma membrane
and the cytosol in synchrony with repetitively measured Ca?* spikes [64]. Local pH variations
at the cellular level play a crucial role, especially in processes such as cell migration [65] and
within mitochondria [66]. The acid-base properties of membrane lipids make them directly
sensitive to pH, resulting in chemical modifications that have broad physical effects on the cell
membrane. In particular, one study showed that changing pH induces local membrane
dynamic deformations, vesicle migration, global deformation, and polarization in vesicles with
phase-separated membrane domains [67]. Importantly, these dynamic changes may have
implications for protein-membrane recruitment. A putative model for pH-triggered membrane
insertion of helices is described in the annexin XIl monomer, where at neutral pH or in the
presence of Ca**, helices D and E form a helical hairpin at the membrane surface, and upon
pH decrease, protonation of carboxylate groups leads to their insertion into the bilayer as a
transmembrane helix [68]. In addition, annexins exhibit coordinated Ca2-induced
translocations in living cells, with different calcium sensitiviies among family members,
suggesting their potential as a sophisticated Ca*-sensing system influencing various signaling
pathways [69].

Regulation via posttranslational modifications.

Lipidation. Posttranslational modifications (PTMs) can effectively regulate proteins recruitment
to the membranes. Among these modifications, lipidations such as prenylation, myristoylation,
palmitoylation, cholesteroylation, GPI anchoring, and PE addition are well-characterized PTMs
occurring on a protein membrane binding motif with a recognition site that facilitate protein
targeting to membranes (As detailed in the motifs undergoing PTMs in Tablet).
Phosphorylation. Phosphorylation can, in many cases, control the membrane binding and
localization of membrane-binding proteins. One example is Annexin proteins which initially
identified as substrates for PKC with several potential PKC binding sites, it has been
discovered that PKC-mediated phosphorylation affects the localization, membrane binding
affinity, and functional properties of annexins. Conversely, annexins ANXA1, A2, A5, and A6
also play a role in modulating PKC localization and signaling [70]. One example is the
phosphorylation of S-27 residue in the N-terminal of ANXA1 protein, which facilitates its
translocation to cellular membrane [71]. In addition, phosphorylation of Y20 in ANXA1 plays a
critical role in membrane remodeling, leading to subsequent proteolytic cleavage that releases
the ANXA1 dimer and contributes to membrane fission and internal vesicle release [72]. The
dependence of phosphorylation of Y23 on ANXA2 to effectively bind and stabilize association
with lipid raft regions of the plasma membrane is also suggested [73]. In addition, it is shown
that the differential distribution of ANXAZ2 is likely influenced by the phosphorylation of either
S-25 or Y23 [74]. Furthermore, the data suggest that annexin VI function may be subject to
growth-dependent regulation by an uncharacterized phosphorylation (on serine and, to a
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lesser extent, threonine) [75]. Similarly, tyrosine phosphorylation of ANXA7/ANXA1 has been
reported without further elucidation of its physiological consequences, and the potential impact
of this modification on membrane recruitment remains to be explored [76]. Moreover,
phosphorylation of ANTH domain in CALM and AP 180 proteins regulates their interactions and
functions in synaptic vesicle endocytosis [77]. Other examples include phosphorylation of
endophilin A1 on T14 by Rho kinase plays a crucial role in regulating its recruitment to activated
EGF receptors during clathrin-mediated endocytosis [78, 79]. This modification affects the
formation of protein complexes necessary for receptor internalization, rather than the protein's
ability to bind to membranes, and may also influence endophilin's auto-regulatory mechanisms
[79]. Additionally, phosphorylation of endophilin A1 at S75, within the central insert region of
the BAR-domain dimer, by LRRK2 is essential for synaptic vesicle endocytosis and
neurotransmission, reducing its membrane affinity and tubulating activity [79, 80]. A similar
change in membrane-binding properties and tubulating activity has been observed in Pacsin 1
protein upon phosphorylation at S76 and T181 within the BAR domain [81]. S76
phosphorylation may alter the curvature of the F-BAR dimer, while T181 phosphorylation may
interfere with the tip-to-tip inter-dimer association necessary for filament assembly [79].
Phosphorylation of Arfaptin proteins, notably Arfaptin-1 at S132 and Arfaptin-2 at S260,
respectively regulates granule fission by disrupting the arfaptini-vesicle neck interaction and
demonstrates neuroprotective effects [79]. Research indicates that PKC3 undergoes multiple
phosphorylation events for the regulation of its activation and translocation in various cellular
processes [82]. For instance, phosphorylation of tyrosine residues Tyr311 and Tyr332 in
response to apoptotic stimuli enables caspase 3 to cleave PKC3. This proteolytic cleavage by
caspase 3 produces a 40 kDa catalytically active fragment of PKC8, which can then translocate
to the mitochondria and/or nucleus, where it facilitates apoptosis [83]. Several studies have
indicated that phosphorylation of the C-terminal tail leads to a conformational change in PTEN,
favoring a closed and stabilized state, thereby reducing its interaction with membrane
phospholipids [84]. In another example, WNK1 phosphorylates synaptotagmin 2 within its C2
domain, thereby augmenting the threshold of Ca2+ needed for membrane binding [85].
Similarly, phosphorylation of C2 domain of human tricalbin at Y1009 could alter the charge of
the region, potentially affecting its ability to interact with lipids [86]. Phosphorylation at Ezrin
residues S66 and Y270, located near the putative FERM interface, could impact the FERM-
membrane interaction [87]. Additionally, Ezrin phosphorylation at T567 site may enhance
protein affinity for PI(4,5)P2 [87]. Other phosphorylation sites of Ezrin and moesin at C-term
(T576 and T558, respectively) play a crucial role in the precise regulation of the connection
between the plasma membrane and the actin cytoskeleton [88]. There is additional threanine
phosphorylation in the FERM membrane-binding domain that are proposed to regulate the
activation of these proteins. However, their effects on membrane binding activity still need to
be functionally validated. In a comparable manner, phosphorylated H58 and Y194 in the FERM
domain of the FAK protein influence its activation and regulation[89]. However, the potential
role of lipid binding to the FAK-FERM domain requires further investigation. Furthermore, the
effect of TYK2-FERM domain phosphorylation on lipid binding, aside from its activation
consequences, needs to be investigated. Another protein whose localization is regulated by
phosphorylation of S13 at the N-terminus is Merlin. This phosphorylation is essential for the
proper loading of Merlin onto adherens junctions during the formation of functional junctions
[90]. It has been suggested that phosphorylation of residues within the membrane insertion
region of FGD family proteins could regulate its multidomain membrane binding. This This
process may create induce enough electrostatic repulsion to remove these proteins from
membranes or potentially modify interdomain dynamics [91]. Mass spectrometry results
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confirm phosphorylation of hLst at residue T870 on FYVE domain, but its role in lipid binding
requires further investigation [92]. Another uncharacterized FYVE membrane-binding domain
in Spir2 proteins involves phosphorylation at S636. Further investigation is needed to
understand the role of this phosphorylation site in membrane targeting and intracellular
membrane transport [93]. Another interesting PTM effect involves GOLPH3. Upon DNA
damage, DNA-PK phosphorylates GOLPH3 at threonine residues 143 and 148 within a TQ
motif. This modification strengthens GOLPH3's interaction with MYO18A, enhancing its pulling
force on the Golgi apparatus. Consequently, the Golgi becomes fragmented and disperses
across the cytoplasm [94]. Moreover, the two novel phosphorylation of the KA1 membrane
binding-domain of Chk1 still requires further characterization regarding its interaction with
phospholipids, beyond its known roles in kinase activation and rapid proteasomal degradation
[95]. Phosphorylation of PTEN at the PDZ-binding domain by ATM triggers its export from the
nucleus [96] and increases cellular sensitivity to DNA damage [97]. Additionally, recent studies
indicate that this phosphorylation impacts PTEN dimerization [84, 98]. Other examples include
serine phosphorylation of PDZ domain-containing proteins such as SAP-97, PSD-95, and
NHERF-1, which may disrupt PDZ protein-protein interactions [99]. A proposed regulatory
mechanism for the formation and stabilization of protein complexes involves the binding of
multiple PDZ domains to lipid membranes containing phosphoinositides [99-101]. Further
studies on the effect of these phosphorylations on lipid binding are necessary. The
phosphorylation of the PH domain is also observed in certain cases, such as the AKT protein
at T72. However, research only demonstrates the role of this phosphorylation in enhancing
AKT kinase activity [102]. The potential impact of this phosphorylation on the membrane
anchoring of the AKT-PH domain remains to be investigated. Similarly, the phosphorylation of
AGAP2-PH at sites K80, K81, and K103 has been proposed to regulate cell cycle, proliferation,
and cell death [103]. However, the exact mechanism by which the phosphorylated PH domain
influences its membrane interaction/association needs further investigation.

Acetylation. Acetylation as another PTM can help directly or indirectly in membrane-binding of
proteins. The ANXA2-S100A10 complex plays a key regulatory role because it is the only form
that can stably anchor to the plasma membrane [104]. This anchoring is vital for the complex's
function in targeting and recruiting specific ion channels and receptors to the membrane.
Crucially, the N-terminal acetylation of ANXA2 is essential for binding with S100A10 [104],
underscoring the significance of this modification in the formation and functionality of the
complex at the membrane. Another indirect effect involves PTEN, which is acetylated by the
p300-CREB-binding protein (CBP) at K402, a site in the C-terminal PDZ domain-binding motif
[84, 105]. This acetylation potentially might affect PTEN's interactions with other proteins,
including its binding with plasma membrane proteins that regulate PTEN's membrane
localization [84, 105]. Moreover, the acetylation of IRS1 and IRS2 is suggested to impair insulin
signaling by diminishing tyrosine phosphorylation, which is essential for the recruitment of
downstream mediators to the plasma membrane [106, 107]. Notably, the presence of some of
these acetylation sites such as K80, K81, and K103 on the PH domain might impede its activity
by inhibiting its plasma membrane recruitment. Further elucidation is needed to understand
this mechanism.

sumoylation. In many plasma membrane proteins, sumoylation serves as another PTM, but its
precise functional significance often remains unclear in many instances. According to in vitro
studies by Schmidt et al., the B-cell restricted factor, Bright, binds to the lipid raft of resting B
cells by Palmitoylation. After BCR ligation, Bright becomes sumoylated and dissociates from
the lipid raft. The amount of Bright in the lipid raft regulates the threshold of BCR signaling;
less Bright bound to the lipid raft results in stronger BCR signaling [108]. This suggests
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sumoylation's role in modulating membrane-association of Bright protein. Moreover,
sumoylation has been found to silence the plasma membrane leak potassium channel K2P1
[109]. In another example, membrane-localized metabotropic glutamate receptors (mGluRs)
are targeted by sumoylation [110], but the exact function of this modification in regulating their
targeting needs to be understood. Moreover, sumoylation directly affects the localization of
proteins such as PTEN. Specifically, sumoylation of the C2 domain at K266 increases its
association with the plasma membrane [111], while sumoylation at lysine K254 promotes
nuclear import [97]. Furthermore, findings suggest that sumoylation of the FAK-FERM domain
at the K152 residue in the presence of PIAS1 significantly enhances FAK autophosphorylation,
leading to its activation and predominantly sumoylated presence in the nuclear fraction [112].
While it is observed that sumoylated FAK is concentrated in the nucleus, alternative research
suggests that the sumoylation of FAK at K152 does not play a crucial role in facilitating its
translocation into the nucleus [113]. In addition, sumoylation of Merlin at K76 within FERM
domain is essential for its tumor-suppressive activity, mediating intra/intermolecular binding
activities, and modulating its cellular localization by regulating cytoplasmic/nuclear trafficking
[114]. Another example is the sumoylation of the Anx domain of ANXA1, which has been
shown to directly enhance its ligase activity [115]. However, given sumoylation's role in
regulating nucleo-cytoplasmic trafficking, this modification may also alter the localization of
ANXA1.

Ubiquitination. Ubiquitination is another common occurring PTM as a covalent modifier to
target proteins for proteasome-mediated degradation or to modulate their functions. The type
of ubiquitin modification determines its function. For instance, monoubiquitination does not
lead to protein degradation but allows the protein to interact with other proteins, change
subcellular localization, and alter structural and targeting properties through ubiquitin-binding
proteins and receptors. Conversely, polyubiguitination can serve various roles depending on
the type of linkage, such as activating kinases or providing scaffolds for signaling processes,
without necessarily targeting the protein for degradation [116]. In this regard, studies have
revealed the presence of monoubiguitinated ANXA1, specifically within its Anx domain, in the
nuclei. This highlights the likely importance of this post-translational modification in its
franslocation, alongside its established role in the DNA damage response [115]. Another
example is AKT-mediated phosphorylation, which leads to Merlin degradation through
polyubiquitination of its FERM domain, with the fragment containing residues 1—133 being
robustly ubiquitinated [114]. Furthermore, PTEN regulation involves both polyubiquitylation for
proteasomal degradation, and monoubiquitylation at K13 (N-term) and K289 (C2 domain)
enhances its nuclear import [84]. Considering the ubiguitination of membrane-binding domains
such as Anx, FERM, and C2 in the examples mentioned above, further investigation into the
impact of this modification on direct membrane binding is needed.

Another less common PTM observed is S-glutathiolation on the N-terminal of ANXA2 at the
C8 residue. Considering ANXA2's involvement in membrane trafficking events, which may
necessitate aggregation activity, it is crucial to investigate the relationship between this
modification and its role in membrane-related functions, particularly in terms of aggregation
activity or potential interference with necessary conformational changes [72]. Another instance
involves the N-terminal domains of ANXA1, which include a glutamine residue at position 18,
where transglutaminase can facilitate the formation of cross-links between ANXA1 chains. This
process results in the formation of ANXA1 homodimers, which display increased sensitivity to
calcium ions for binding to phospholipids [117].

Nitration. Furthermore, protein tyrosine nitration is a form of PTM that results in permanent
structural changes [118]. Nitration has been detected in the ANTH membrane-binding domain
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of the AP180 protein [119]. However, its specific function in membrane binding and its broader
influence on regulating other functions are not yet fully understood. Tyrosine nitration plays a
pivotal role in modulating synaptic vesicle dynamics and neurotransmitter release. There are
several nitration sites within the C2A and C2B domains of Syt1, a calcium sensor crucial for
SNARE-mediated, Ca2+-triggered synaptic vesicle fusion in neurons. Syt1 exhibits
interactions with membranes in both Ca2+-dependent and -independent manners, and these
nitrations could potentially influence its ability to bind to membranes. In particular, the nitrated
residue Y311, situated near the lysine-rich region of the C2B domain, might affects various
aspects of synaptic vesicle exocytosis and endocytosis, including Syt1 oligomerization, Ca2+
affinity, and interactions with syntaxin/SNAP-25. Similarly, the nitration of Tyr364 within the
C2B domain's Ca2+-binding motif could alter Ca2+ binding and consequently impact synaptic
vesicle fusion. Additionally, nitration of Tyr380, positioned in the loop associated with SNARE
interaction, may modulate Syt1's interaction with SNARE proteins. Furthermore, nitration of
tyrosine residues in the C2A domain, such as Tyr151, Tyr216, and Tyr229, could influence
Ca2+-mediated synaptic vesicle fusion and neurotransmitter release by altering the
conformation of the Ca2+-binding loop [120]. Overall, these findings suggest that tyrosine
nitration of synaptotagmin isoforms may disrupt crucial interactions and conformational
changes, thus affecting Ca2+-triggered synaptic vesicle exo- and endocytosis processes.
Oxidation. Moreover, oxidative protein modification can produce stable PTMs on proteins. The
activation of PKCy by H:O. is modulated through the oxidation of cysteine residues within the
C1 domain, suggesting that an oxidative mechanism plays a role in inducing the translocation
of protein kinase C gamma (PKCy) via its C1 domain [121]. Similarly, for other isoforms of
PKCa, PKCPB, PKC8, and PKCe, reactive oxygen species (ROS), at low concentrations, have
been shown to directly activate and induce the translocation to the plasma membrane through
the oxidation of cysteines in the zinc fingers within their regulatory domains (C1 Domain) [122,
123]. However, under the same conditions, PKCC translocates to the nucleus [124].
Glycosylation. Another striking PTM difference is glycosylation found in FVIII, a cofactor in the
blood coagulation cascade, with glycosylation of the N residues in functional A and C1 domains
[125]. One study noted that the lipid-binding region 2303-2332 of recombinant FVIII is
essential for its membrane binding and proper function, with changes in this region initiating
aggregation. Biochemical analysis indicated that deglycosylation, particularly the removal of
N-glycan at positions N-1823 (A3 domain) and N-2131 (C1 domain), resulted in loss of activity,
aggregation and impaired lipid interaction, possibly impacting the conformation of the lipid-
binding region or the accessibility of this epitope [126]. However, other studies on the
glycosylation of FVa suggest that glycosylation at N2181 in the C2 domain, which is essential
for membrane binding, reduces the affinity for phospholipid membranes, especially at low
phospholipid concentrations, resulting in decreased pro-coagulant activity [127]. Another
investigation argues that the N-glycosylation site N292 within the classical PTEN structure lies
adjacent to an ubiquitination site within the C2 phosphatase domain, which is pivotal for
regulating PTEN's nuclear localization [128] and stability [129]. Conseguently, N-glycosylation
at N292 has the potential to impact both the stability and functionality of PTEN [130]. However,
the direct effect of this glycan on the membrane binding of the C2 domain remains uncertain.
In another instance, two N-glycosylation sites on the C2 domain of the TPIP (TPTE and PTEN
homologous inositol lipid phosphatase) protein have been identified[85], yet further
characterization of the role of this glycosylation remains lacking.

Sulfation. Furthermore, sulfation is a PTM that occurs in the trans-Golgi apparatus and has
been observed in the B and C2 domain of FV. Studies have indicated that inhibiting sulfation
by increasing sodium chloride leads to reduced FV activity, highlighting the importance of
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sulfation for efficient thrombin activation [131]. However, due to the C2 domain's requirement
for membrane binding, the effect of sulfation on membrane binding has not been
demonstrated.

Protonation. PTM by protons can directly influence interactions with other molecules or drive
changes in protein structure and dynamics, thereby impacting function [132]. For example, in
the activation of FAK, H58 deprotonation within the FERM-F1 lobe occurs in response to
increased intracellular pH, leading to conformational changes that expose the FAK linker
region and enable autophosphorylation of Y397. This process involves a complex interplay of
molecular events, including Src binding and phosphorylation within the kinase domain,
ultimately resulting in full FAK activation [89]. Crucially, the F2 loop of the FERM domain,
situated near the F1 loop, plays a significant role in receptor and/or phosphatidylinositol 4,5-
P2 interaction during the activation process [89]. It is worth exploring how this protonation might
affect the interaction between the F2 loop and the membrane.

y-Carboxylation. The function of MGP depends on a post-translational modification in which
specific glutamate residues within the GLA domain undergo y-carboxylation by a vitamin K-
dependent carboxylase. MGP, with its y-carboxylated glutamate and phosphorylated serine
motifs, inhibits calcification by binding to the cell surface and vesicle-like structures, particularly
under high calcium concentrations [133]. Similarly, PRRG4 undergoes y-carboxylation
modification in its GLA domain. Data indicate that the absence of this y-carboxylation affects
its function, leading to the accumulation of a slower migrating form of PRRG4 [134].
Importantly, the GLA domain in the family of y-carboxyglutamic (GLA) domain-containing
proteins facilitates calcium-dependent association with anionic phospholipid-containing
membranes [135]. However, further investigation is necessary to fully understand the precise
mechanism by which this PTM modulates their membrane binding capacity and ultimately
impacts their function. This modification is also present in coagulation proteins within their GLA
domain, as outlined in Table 2 and play a crucial role in calcium binding to phospholipid
membranes and in the formation of coagulation complexes, which are essential for the
generation of thrombin [136].

Disulfide bridge. Evidence suggests that the inhibition of PTEN activity relies on the binding of
TRX-1 to PTEN, facilitated by a disulfide bond formation between the active site C32 of Trx-1
and C212 of PTEN's C2 domain. This interaction leads to steric hindrance at the PTEN
phosphatase catalytic site and inhibits the lipid membrane binding activity of its C2 domain
[137].

4. Disease Involvement and Challenges in Drug Development for Targeting
Membrane-Binding Modules

Mutations and dysregulation of membrane-binding modules significantly contribute to
the pathogenesis of various human diseases due to their diverse functionalities (as
explained in part 2. The potential mechanisms by which mutations or dysregulation in
protein modules can lead to (a) mutations affecting folding and/or oligomerization:
mutations in proteins can disrupt their proper folding and/or assembly into functional
complexes (oligomerization). This disruption can interfere with the protein's trafficking
within the cell. For example, proteins may fail to fold correctly in the endoplasmic
reticulum (ER), leading to ER retention or misfolding. Misfolded proteins may then
undergo proteasomal degradation as a quality control mechanism. (b) impact on
protein function: Mutant proteins may reach their intended cellular destinations even
if they fail to fold properly, forming dysfunctional complexes at the plasma membrane.
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This impairment can disrupt their normal function, potentially contributing to disease
progression. (c) regulation of protein expression: Dysfunctions in protein modules
can also arise from changes in the regulation of protein expression levels. Upregulation
or downregulation) of proteins containing these modules can disrupt normal cellular
processes. Overall, the resulting pathologies can be broadly categorized into several
major disease classes, including neurodegenerative diseases, cancers, cardiovascular
diseases, autoimmune disorders, and metabolic syndromes. Table3 elaborates a
detailed exploration of how these alterations contribute to different disease categories.
As explained in Table 3, there are many examples of mutations in membrane binding
modules that have not yet been characterized.

Given the prevalence of membrane-binding domains in numerous diseases, the
discovery and development of drugs targeting these domains is of paramount
importance for advancing therapeutic interventions. However, the development of
drugs targeting membrane-binding modules faces several significant challenges.
Firstly, accessibility is major concerns as membrane-bound domains are often
embedded within the cell membrane, making them less accessible for drug molecules.
This limitation arises due to the essential requirement for a solvent-accessible surface
area, which serves as a hallmark of druggability [138]. Secondly, ensuring that a drug
specifically targets the intended domain without affecting other essential membrane-
bound proteins is a complex task. Thirdly, the diversity and complexity of membrane-
binding domains or motifs, which exhibit a wide range of structures and functions,
complicate the design of a single drug that can effectively target the various motifs or
domains found in different proteins. However, despite these challenges, recent
advances offer promising solutions. The development of exogenous probes specifically
designed to study molecular recognition within membranes, the folding of membrane
proteins, cell signal transduction, the formation of membrane lipid rafts, and
interactions between proteins and lipids is crucial for advancing our understanding of
membrane proteins [139]. Additionally, the dynamic nature of interactions between
membrane-bound proteins and lipid bilayers presents another layer of complexity,
implying that lipid bilayer can significantly influence the mechanism of drug binding.
Kiriakidi et al. explored the conformational features of the candesartan, AT1 receptor
blocker drug, and its localization within the membrane core using molecular dynamics,
suggesting that the lipid bilayer significantly influences the drug's binding mechanism.
This implies that the lipid bilayer restricts the ligand's degrees of freedom presentin an
aqueous environment, thereby inducing conformational changes in the drug [140].
Finally, regulatory hurdles further complicate the process, as stringent approval
processes for drugs targeting novel protein-lipid interactions require extensive
preclinical and clinical studies to ensure safety and efficacy, adding both time and
complexity to drug development. Addressing these challenges requires a deep
understanding of the structural and functional aspects of membrane-binding domains,
along with novel drug development strategies and innovative technologies.
Technological advances in imaging techniques, structural biology, and computational
modeling [141] can offer deeper insights into molecular interactions between
membrane-binding domains and lipids, aiding in drug design.
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Based on a comprehensive review of drug-target development, membrane proteins
are prevalent among drug targets, with receptors constituting the largest group.
Specifically, 193 proteins, or 44% of human drug targets, are receptors, and of these,
82 (19%) are G protein-coupled receptors (GPCRs). Approximately 36% of all drugs
target GPCRs, which are commonly targeted by antihypertensive and anti-allergic
drugs [142]. GPCRs comprise seven TMD helices. Interestingly, experimentally
determined structures of receptor-bound peptides and non-peptide ligands, including
approved and under-development drugs, generally show that most of them bind to the
transmembrane domains of GPCRs [143, 144]. Moreover, ligand-gated ion channels,
the second-largest receptor target class, are frequently targeted by hypnotic drugs and
sedatives, while receptor tyrosine kinases, the third-largest class, are often targeted
by anticancer drugs. Additionally, transporter proteins make up 15% of drug targets,
facilitating the movement of specific substrates across membranes and being
commonly targeted by drugs like antihypertensives, diuretics, anesthetics, and anti-
arrhythmics [142].

Strategies to counteract the membrane-binding modules dysfunctional effect include
(a) restore trafficking: rescuing the partially functional mutant protein from stringent
guality control mechanisms, despite its misfolding. For instance, many mutations in the
TMD of the CFTR ion channel cause cystic fibrosis [145]. A study examined four CFTR
mutants in the transmembrane domain (G85E, E92K, L1077P, and M1101K) and
found that a combination of the correctors C4 and C18 can rescue CFTR expression
and function in three of them (E92K, L1077P, and M1101K). These correctors mitigate
the interactions of the mutants with proteostasis components and reduce
ubiquitination, allowing the functional protein to reach the cell surface [146]. (b) rescue
folding/stability defect: To rescue the folding or stability defects of membrane protein
modules caused by a mutation, several strategies can be employed, such as
assistance from chaperone proteins or pharmacological chaperones—small molecules
designed for this purpose. A study focused on mutations in PMP22 linked to peripheral
neuropathies such as CMT1A. These mutations cause misfolding of PMP22 in the ER,
resulting in toxic accumulation of mutants that contributes to disease. Researchers
analyzed two mutant forms, G150D and L16P, finding they folded similarly to the wild
type but were unstable, especially L16P. They discovered wild type PMP22 binds zinc
and copper, essential for stability. Importantly, zinc supplementation restored stability
in the mutant forms, suggesting a potential therapy for neuropathies caused by protein
folding defects [147]. In another study, treatment with an antagonist was found to
restore both cell surface expression and signaling activity of disease-linked mutants of
V2R in nephrogenic diabetes insipidus (NDI). These antagonists act as
pharmacological chaperones by binding to and stabilizing partially folded mutant
receptors intracellularly, thereby promoting their proper folding and maturation [148].
In general, pharmacological chaperones, typically selective lipophilic ligands, enter
cells and bind to partially folded receptors early in biosynthesis. This binding alters the
protein's folding equilibrium, favoring correct folding, thereby allowing the receptor to
evade ER quality control and increase functional receptor levels at the cell surface
without globally inhibiting the quality control system [149]. This implies that
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pharmacological chaperones can support both the rescue of protein folding and the
subsequent restoration of proper trafficking to the cell surface. Other examples of
GPCRs targeted by pharmacological chaperones include the GnRH receptor, the &-
opioid receptor, and rhodopsin [149]. (c) pharmacological inhibition/ modulation: It
involves using exogenous molecules (such as drugs or small molecules) to interfere
with the activity or function of a protein that is causing undesired effects in a specific
context or scenario. For example, a study identified a critical GxxxA motif within the y6
subunit's TMD1 that is essential for inhibiting Cav3.1 current. An eight-amino acid
peptide containing this motif acts as a novel pharmacological inhibitor of Cav3.1
current, binding dynamically to the channel in a concentration-dependent and voltage-
independent manner [150]. Moreover, peptide-based strategies targeting the TMDs of
receptors such as ErbB family proteins [151] and Neuropilins [152], to inhibit their
dimerization and activation, offer a promising anti-cancer therapeutic approach. Such
approache is demonstrated in another study that disrupting the lipid-exposed face of
transmembrane segment IV (TM IV) of the Class Il G protein-coupled secretin receptor
impedes its oligomerization and reduces its ability to stimulate intracellular cAMP,
suggesting that similar approaches may be effective for other transmembrane proteins
and GPCRs implicated in cancer [153]. Additionally, targeting the lipidations of RAS
proteins to interfere with their pathogenic functions has also been explored. Statins
exhibit pleiotropic effects due to their inhibition of the enzyme 3-hydroxy-3-
methylglutaryl-CoA reductase in the mevalonate pathway, which is essential for
cholesterol and isoprenoid synthesis. These off-target effects interfere with the
prenylation of RAS proteins [154]. A review study described diverse compounds,
including GPI1 anchor inhibitors (e.g., Gepinacin), myristoylation inhibitors (e.g., PF-
03402623), and prenylation inhibitors (e.g., lonafarnib), that target the membrane
binding modules of pathogenic proteins to inhibit their function [155]. (d) gene therapy
and read-through compounds: Gene therapy offers a potential solution by directly
correcting genetic defects at the DNA level. Comprehensive preclinical data in rodents
strongly support the clinical advancement of intrathecal adeno-associated viral (AAV)
gene therapy targeting MFSD8, a multi-pass membrane lysosomal protein, for CLN7
(neuronal ceroid lipofuscinosis type 7) disease with mutations of D368H (within the
extracellular region) and i6SVA insertion (leading to translational termination) [156].
This gene therapy approach shows promise for addressing other disorders related to
MFSD8 mutations within its TMD and other membrane-binding domains. Additionally,
read-through compounds represent another potential strategy to bypass premature
termination codons (PTCs), allowing for the production of full-length, functional
proteins. A recent study identified 180 compounds with read-through activity from a
screen of over 771,000 compounds, including SRI-37240 and its more potent
derivative, SRI-41315. SRI-41315 effectively suppressed PTCs associated with cystic
fibrosis in CFTR protein receptor by prolonging translation at stop codons and reducing
the termination factor eRF1 [157]. Combining such readthrough agents targeting
different parts of the translation process shows promise as a treatment strategy for
PTC-related diseases.
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5. Conclusion

This review has reframed (a) our understanding of membrane-binding modules by
compiling an extensive collection of these domains and motifs (b) biological
comprehension of how these modules mediate their functions, (c) diverse strategies
employed by membrane binding modules to interact with membranes, and (d)
significance of mutations in membrane-binding modules and their association with
various diseases and challenges and opportunities for developing druggable
therapeutic modalities targeting these modules.
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HVR Hypervariable region

TMD Transmembrane domain
PM Plasma membrane

ER Endoplasmic reticulum
PDE® Phosphodiesterase &

PKC Protein kinase C

RTKs Receptor tyrosine kinases
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GPCRs G protein-coupled receptors

Ld Liquid-disordered
MCS Membrane contact sites
TGN Trans-Golgi network
ORP Oxysterol-binding protein (OSBP) related proteins
CCT CTP:phosphocholine cytidylyltransferase
apoE apolipoprotein E
rHDL reconstituted high-density lipoprotein
PLCy phospholipase C-y
PTMs Posttranslational modifications
PC Phosphatidylcholine
PS phosphatidylserine
PA Phosphatidic acid
PE phosphatidylethanolamine
DAG Diacylglycerol
PIPs Phosphoinositides
PI phosphatidylinositol
Bright B-cell restricted factor
BCR B cell receptor
mGluRs membrane-localized metabotropic glutamate receptors
ROS Reactive oxygen species
TPIP TPTE and PTEN homologous inositol lipid phosphatase
TMH Transmembrane helix
5'ss 5' splice site
ER Endoplasmic reticulum
NDI Nephrogenic diabetes insipidus
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Figure 1. Schematic representation of membrane binding strategies (1-7). (1) Lipid specificity: Membrane
binding domains exhibit specificity for certain lipids. (2) Specific structural elements for membrane penetration
include the use of hydrophobic residues for membrane insertion. In certain cases, calcium ions facilitate structural
changes that promote membrane interaction. In addition, lipidation enhances membrane insertion by facilitating in
stable association with membranes. (3) Conformational flexibility: Protein domains adapt their structure to promote
membrane curvature. (4) Multivalent interaction refers to the ability of membrane-binding proteins to simultaneously
engage with multiple targets within the same domain, such as different lipid species, other proteins, or receptor
proteins. This simultaneous engagement enhances the regulatory potential of their interactions with cell
membranes. (5) Cooperation of multiple modules: Cooperative mechanisms include domain oligomerization to
facilitate robust membrane association or the engagement of multiple modules (domains or motifs) within the same
protein, such as two membrane binding domains or two lipidations or a combination of a membrane binding domain
with lipidations. (6) Dynamic adaptation to cellular conditions: Membrane interactions are in some cases modulated
by cellular factors such as cofactor availability, lipid composition, and pH changes. (7) Regulation by post-
translational modifications (PTMs) in membrane binding. PTMs such as lipidations (e.g., prenylation, acylation, PE
addition, GPI anchoring, cholesterylation) facilitate protein recruitment to membranes. Other PTMs that modulate
membrane interaction include phosphorylation, acetylation, ubiquitination, sumoylation, nitration, oxidation,
sulfation, y-carboxylation, protonation, glycosylation, and disulfide bridge.
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Table 1, Lipid-binding motifs.

Lipid- Modificatio  Sub- Proteins  Motif Sequence Comments Ref.
binding n Categories
Motifs
Polybasic - - Sre Miarr- MGSNKSKPKDASQRRSLEPD  In addition to 11
group myristoylation and
S-palmitoylation
K-Ras KMSKDGKKKKKSKTKGVIM-Crarm 1
4B
MARKC Mo MGAFSKTAAK ... (polybasic In addition to [1]
S ed)... N o myristoylation )
Rapia NRKTPVDKKKPKKKSCLLL-Ciyen In addition to 1]
geranylgeranylation
) ] ) ) Rit KNSVWKRLKSPFRKKKDSYT-Cierm 1]
Motifs with ~ Prenylation ~ Farnesylation  N-Ras LNSSDDGTQGCMGLPCYVM-Cierm [1.2]
recognitio H-Has LNPPDESGPGCMSCKCVLS -Crorm [1.2]
n signal Paralem  DMKKHRCKCCSIM-Cior [1.3]
min
K-Ras KKISKEEKTPGCVKIKKCIIM-Cyop, [4]
4A
K-Ras KMSKDGKKKKKSKTKCVIM-Cterm W]
4B
“p2irho In addition to B
Geranylgeranylatio
n
Rheb B . : 18]
Geranylgeran  Rab8 GVKITPDQQKRSSFFRCVLL-Ciary [1]
yiation " Rab5a GGGVDLTEPTQPTRNQCCSN-Cyry  Dual [
R geranylgeranylation
Rab14 EPIKLDKNDRAKASAESCSC-Ciam Dual 1]
geranylgeranylation
Rap2b NTAAQSNGDEGCCSACVIL-Cierm 1]
Rapia NRKTPVDKKKPKKKSCLLL-Cern In addition to ]
protein- based
polybasic group
p21rho - In addition to 15]
Farnesylation
Myristoylation Lyn Migrm- MGCIKSKGKDSLSDDG:- -+ Underlined G-2 1.7,
residues are sites 8]
for N-myristoylation
Giat Migr- MGCTLSAEDK 1]
Fyn Niarm- MGCVQCKDKEATKLTE - Underlined G-2 1,7,
residues are sites 8]
N — _for N-myristoylation
Src Niam- MGSNKSKPKDASQRRR: - Underlined G-2 1.7
residues are sites 8]
for N-
myristaylation, In
addition to protein-
based polybasic
group and S-
palmitoylation
MARKC  MNuw- MGAFSKTAAK .. (polybasic In addition to (1]
5 ed)... protein- based
polybasic group
Yes Nigm- MGCIKSKENKSPAIKY - Underlined G-2 [7, 8]
residues are sites
- o for N-myristoylation
Far Nigr- MGCVFCKKLEPVATAK: -« Underlined G-2 171
residues are sites
for N-myristoylation
Lek Nigrm-MGCGCSSHPEDDWMEN: -« Underlined G-2 [7.8]
residues are sites
for N-myristoylation
Hek Nigrr-MGGRSSCEDPGCPRDE -+ Underlined G-2 7]
residues are sites
- , : R for N-myristoylation
Blk Nierr-MGLYVSSKKPDKEKPIK: -+ Underlined G-2 171
residues are sites
- for N-myristoylation
ARF - N-myristoylation 191
2
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Annexin e N-myristoylation [10]

Al3a
and
o A13b R
Palmitoylati  S- N-Ras LNSSDDGTQGCMGLPCVVM-Ciorm [1,2]
on Palmitoylation :
H-Ras LNPPDESGPGCMSCKCVLS -Ciam Reversible S- 1,2]
) ) Palmitoylation
K-Ras KKISKEEKTPGCVKIKKCIIM-Ciary [4]
4A
GAP-43 Miermn- MLCCMRRTKQV Reversible 5- [
Palmitoylation 1]
PSD-95 Migrm- MDCLCIVTTKKY Reversible S- 1.
Palmitoylation 12]
ABP-L Miorm- MEBGWLRRNLALCLORPLP 11,
Gea Migrm- N-GCLGNSKTE Reversible 5- 1,
Palmitoylation 14
Lyn Niarm- MGCIKSKGKD [1. 8]
Gian Nigrr- MGCTLSAEDK 1]
Fyn Miam-MGCVQCKDKEATKLTE [1, 8]
Sre Nigrr- MGSNKSKPKDASQRRSLEPD I addition to [1,8]
protein- based
polybasic group
and myristoylation
Rap2b NTAAQSNGDEGCCSACVIL-Crarr, [}
Paralem  DMKKHRCKCCSIM-Cie [1.3]
min
Bright €342 5]
N- Hedgeho  Nm-N-CGPGP....G-Ciem Modification with 11,2,
palmitoylation g cholestrol and 18]
palmitate at same
time
OprM N-palmitoylated [17]
cysteine
Gaa Nierr- N-GCLGNSKTE Reversible N- 1,
Palmitoylation 14]
Cholesteray Hedgeho  Num-N-CGPGP....G-Ciom Modification with 1,2,
lation g cholestrol and 16]
palmitate at same
time
GPl-anchor PrP Position 230 at the C-terminal 11,
(Glypiation) 18,
19]
CD59 [20]
Phosphatid Lc3 C-terminal glycine 21
ylethanalam
ine (PE)
Caonjugation
Table 2. Posttranslational modification in membrane integration
Post Protein Common Residue (Location) Ref.
translational
Modification
phosphorylation ANXA1 Y20, T24, S27, 528 (N-term) [0, 22,
23]
ANXA2 S11, 525 and Y23 (N-term) [10, 23-
25]
ANXA4 T6 [23]
Annexin VI S and Lesser extent T, [23, 26]
515 (N-term), T356 (C-term)
ANXAT T275, T286 (Anx Domain) [23]
3
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ANXAT/ANXAT1 Y (N-term) 271
CALM/AP180 5107 (ANTH Domain) 28]
Endophilin A1 T14 (Membrane-binding amphipathic helix) 29, 30]
575 (BAR Domain) 29, 31
Pacsin 1 576 and T181 (BAR Domain) 29, 32
Arfaptin-1 5132 (close to the N-terminus of BAR domain) 29]
Arfaptin-2 5260 (BAR domain)
PKCa S.T.Y [33]
PTEN 5229, T319, T321, T232, Y336 (C2 Domain) and S362, T366, S370, [34, 35]
5380, T382, T383, 5385 (C-terminal phosphorylation)
TPIP 76-78(SIR)and 112-114(TDK) (C2 Domian) [36]
_ Synaptotagmin2  (C2 Domian) [37]
_ Tricalbin Y1009, Y822 (C2 Domian) [38]
Ezrin [39, 40]
[39, 41]
[42]
Moesin
FAK H58, ¥194 (FERM Domain) [43]
TYK2 Y282, Y433 (FERM Domain) [44]
Merlin S (N-term} [45]
FGD3 5547, 1549 (FYVE Domain) [46]
hist2 T870 (FYVE Domain) [47]
Spir2 5636 (FYVE Domain) 48
GOLPH3 T143 and T148 (TQ Motif) 49
Chk1 T378, T382 (KAT) 50
PTEN T398 (PDZ-Binding Domain) 35
SAP-97 5232 (PDZ1 Domain) 51
PSD-95 573 (PDZ1 Domain) 51
NHERF-1 577 (PDZ1 Domain}, S$162 (PDZ2 Domian) 51
AKT T72 (PH Domain} [52
AGAP2 5351, 5377, 5472 (PH Domain}) [53
FGD3 5446 (PH1 Domain) [46
FGD4 5702 (PH2 Domain)
FGD5 ¥1142, ¥1199 (PH1 Domain)
Acetylation ANXA2 S2 (N-term) [54
PTEN K402 {PDZ-Binding Domain) [35
IRS2 K80, K81, K103 (PH Domain) [55
Sumoylation Bright - [15
K2P1 K274 (C-term) [56
mGluRs K882 (Cterm) [67
PTEN K254, K266 (C2 Domain) [35
FAK K152 (FERM Domain) [58
Merlin K76 (FERM Domain) [59
ANXA1 160LKRD (Anx Domain) [60
Ubiguination ANXA1 K58, K166 and K276 (Anx Domain) [60, 61]
PTEN K13 (N-term), K289 (C2 Domain) [35
Merlin 1-133 (FERM Domain) [59
S-glutathiolation ANXAZ C8 (N-term) [10
Transglutaminase-  ANXA1 Q18 (N-term) 62
mediated  cross-
linking
Nitration AP180 Y237 (ANTH) [63]
Syt ¥151, Y216, Y229 (C2A domain), and Y311, Y364, and Y380 (C2B [64]
domain)
Oxidation PKCa/Biy/8lell G (C1 Domain) [65-68]
M-linked Fwlll N residues (A and C1 Domains) 69, 70]
Glycosylation FvV N residues (A, C1, C2 Domians) 71,72]
PTEN N292 (C2 Domain) 73]
TPIP N residues at 103NCSI106 and 152NTSF155 sites (C2 Domain) 36]
Sulfation Fv Y (B and C2 Domains) 71, 74]
Deprotonation FAK H58 (FERM) 43
y -Carboxylation MGP 35-54 residues (GLA Domain) 75
PRRG4 - {GLA Domain) 76
Factor VII E6, E7, E14, E16, E19, E20, E25, E26, E29, E35(GLA Domain) 71, 77]
Factor X E6, E7, E14, E16, E19. E20, E25, E26, E29, E32, E39 (GLA Domain)  [71, 77]
Protein S E6, E7, E14, E16, E19, E20, E25, E26, E29, E32, E36 (GLA Domain)  [71, 77]
Prothrombin E6, E7, E14, E16, E19, E20, E25, E26, E29, E32 (GLA Domain) 71, 77]
Protein C E6, E7, E14, E16, E19, E20, E25, E26, E29 (GLA Domain) 47
Protein Z E7.E8,E11, E15, E17, E20, E21, E26, E27, E30, E33, E35, E40 (GLA  [71. 77]

Domain)
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Factor IX E7, E8, E15, E17, E20, E21, E26, E27, E30, E33, E36, E40 (GLA [71.77]
Domainj
Disulfide bridge PTEN C32 of TRX-1 with C212 of PTEN [C2 domain) [78]
Table 3. Lipid binding domain mutations associated with human diseases
Domain Pathology Protein Amino acid Description Ref.
Annexin ALS (Amyotrophic lateral ANXA11 R235Q, R346/ [79-
sclerosis) S229R, R3021 83]
R302C, G491R,
A293V, 1307M
Ovarian Cancer ANXAT] [84]
Breast Cancer, Ovarian ANXA11 [85]
Cancer, Colorectal Cancer
SLE  (systemic  lupus ANXAT11 - [85]
erythematosus),
undifferentiated connective
tissue disease, rheumatoid
arthritis and APS (anti-
Sarcoidosis ANXA1 SNP in R230C [86]
Inflammation(Cystic ANXAT1 87,
fibrosis), cancer 88]
progression
_prostate cancer Annexin A7/A1 e [89]
heart disease annexin A2/AB/AS - [89-
JATIAA 92]
“lung cancer annexin A2 (93]
coagulopathy of acute annexin A2 - [94]
promyelocytic  leukemia,
antiphespholipid
syndrome, cerebral
thrombosis, and possibly
preeclampsia, stroke and
avascular osteonecrosis of
bone
hypercholesterolemia, an AnxA2 VasL [95,
important risk factor for 96]
atherosclerosis and
coronary artery disease
(CAD)
Alzheimer's disease AnxA2 & AnxAB i [97]
rheumatoid arthritis Annexin V s [98]
Systemnic lupus  Annexin V - 199]
erythematosus (SLE)
antiphospholipid ANXAS [89]
syndrome, autosomal
dominant polycystic kidney
_disease
recurrent pregnancy loss ANXAS - [100]
(RPL)
associated with carotid ANXAS - [1o1]
atherosclerosis and
contributed to
cardiovascular disease
(CVD) risk in patients with
familial
_hypercholesterolemia (FH)
Niemann-Pick type C AnxAB - [102]
ANTH/CALM  SNPs in AD., somatc CALM (PICALM) - [103-
mutation/gene  fusion in 105]
ALL and AML
growth retardation, CALM/PICALM - [1086]
cognitive  defects, and

Alzheimer's disease
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late-onset Alzheimer CALM/PICALM, [106-
disease (LOAD), familial AP180 110]
AD and Down syndrome
Link to psychotic bipolar AP180 - [103]
disorder and to ASDs; (SNAPS1)
downregulated in gliomas
BAR autosomal recessive amphiphysin 2 (BIN1) — 1,
112]
a ry eyésé' “PSTPIP1 E250Q, A230T '[1"1"5!-'
(PAPA- Pyogenic Arthritis, 115]
Pyoderma gangrenosum,
and Acne-syndrome)
hypi emia and PSTPIP1 E250K, E25TK [115,
hypercalprotectinemia 116]
(Hz/Hc)
centronuclear  myopathy  BIN1 K3sN, Di151N, [117-
(CNM) R R154Q 119]
Parkinson's disease Endophilin A — 31,
(LRRKZ2-dependent 115
EndoA phosphorylation
on Ser75)
(3] Hypertrophic cMyBP-C R177H,  A2186T, [120]
cardiomyopathy (HCM) E258K
cMyBP-C Y2358 121
Lung PKC G61W, Q&2H 122
“head and neck PKC W58L 122
H75Q 122]
h e 123)
Dyskinesia AT26T, R418W, 124,
R418Q 125]
atypical hemalytic uremic DGKE RG3E, W158L{s"8, [126,
syndrome (aHUS) V1635fs*3 127]
Hereditary coagulation  Factor V Nonsense mutation [128]
factor v deficiency (R1133X) and a nowi
(bleeding disorder) in-frame 6-bp de
(6116-6121delGAAC
corresponding to the
amino-acid deletion
N1982-51983)
Factor V GIn2031stop [129]
Spinocerebellar ataxia type  PKCy - [130-
14 (SCA14) 133]
PKCy H101Y, G118D, [134]
S119P. G128D
lymphoproliferative PKCy 52485 in C1B [131]
syndrome domain
Von Willebrand Disease ~ VWF R2313H 135]
VWF C2283R, C2327W 136]
VWF - 137,
138]
Spinocerebellar ataxia PRKCG G128D [139,
(SCA) 140]
c2 Spinocerebellar ataxia type  PKCy 1173S, H174P [132]
14 (SCA14)
Dyskinesia ADCY5 M1029K [124,
- B 125]
hypertrophic cMyBP-C V375E, E5420 [141]
cardiomyopathy (HCM)
colorectal and ovarian PKC D193N [122]
cancers and in melanoma
Stomach cancer PKC T218M 122
endometrial/ovarian cancer PKC D254N 122
Lung cancer PKC G257V 122
nonsyndromic mental Cc2dia - [142]
retardation
Joubert syndrome Cccz2p2a - [143,
144]
Joubert syndrome (JS)and CEP120 V194A, A199P in [145]
Jeune asphyxiating cze
thoracic dystrophy (JATD) s sie
non-syndromic hearing Otoferlin P490Q, I515T, [146,
loss in humans (DFNES L1011P, R1520Q, 147]

deafness)
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CTP protein
{An
amphipathic
R-helix
between

F1795C,
E1804del,
P1852A, R1856Q,
D1767G

_{CLD-FL)
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limb-girdle muscular  Dysferlin [147-
dystrophy and  Miyoshi 150]
myopathy
cancer cell invasiveness myoferlin [147,
and muscle development 151,
152]
extrahepatic biliary atresia Jagged-1 [153]
(EHBA)
Von Willebrand Disease VWF [135,
137,
138]
Endometrial Cancer p110a and p110B [154,
155]
Cancer : P85 DS560K and N564K [155]
familial  hemophagocytic  Munc13-4 D127N & D133N [156]
lymphohistiocytosis type 3 in C2A
D941N & D947N
) in C2B )
parahemophilia Factor V R2074H [157]
hemophilia A Factor VI (V1) E21810, A2201P, [158,
L2210F, L2210P, 159]
V2223M, W2229C,
M2238Y, D2288A,
P2300L, P2300S,
R2304C, R2304G,
R2304H, R2304L,
R2307G, R2307Q,
R2307L, Q2311P,
. W2313R, C23265
Leber congenital  RPGRIP1 and [160]
amaurosis (LCA] RPGRIP1L
syndrome
cancer, complex immune PLCy1 E1163K & D1165H [161]
disorders,  inflammation (deletion of 1161-11i
(further implicated in other & 1164-1170)
diseases such as cancer
and steroid-sensitive
nephrotic syndrome) as
well as Alzheimer's and
related neurodegenerative
diseases
Sézary Syndrome FLCG1 R1158H, E1163K, [162]
) D1165H )
antibody  deficiency & PLCy2 M1141K, M1141R [163]
immune dysregulation
(APLAID) syndrome and
pediatric common variable
immunodeficiency (CVID)
Chronic lymphoeytic  PLCG2 + RE65W, S707F, [164]
leukemia BTK LB45F, L84SV in
PLCG &
C481 IN BTK
Harizontal ROBO 3 - [165,
Gaze Palsy with 166]
Progressive Scoliosis
(HGPPS
AP2M1 mutation (epileptic AP-2 - [103)
encephalopathy);
AP251 mutation (familial
hypocalciuric
hypercalcemia type 3);
AP-2a, AP-2B, AP-20
downregulated in gliomas;
AP2A1, AP2A2 association
with AD
lung cancer PTEN 5294N [167]
hereditary spastic CTP H244Y [168]
paraplegia
congenital  lipodystrophy  PCYT1A E280del [169-
and fatty liver disease 171]



residues 235

& 298 Leber Congenital PCYT1A c.897+1G=A [169]
(domain M)) aurosis (LCA) o B -
al dystrophy CCTa R283-STOP 171
(R283%)
spondylometaphyseal CCTa Y240H [171]
dysplasia with cone-rod PCYT1A R283" [169,
— dystrophy (SMD-CRD) 170
CRIB Diverse  Developmental CDC42 121, Y23 & E171 [172]
Phenotypes
Meurodegenerative MLK3 CRIB(-) [173]
diseases involving
neuronal apoptosis
hereditary and sporadic MLK3 c.493 G=T 1741
MsI gastrointestinal
tumours  and colorectal
cancer cell lines .
development, progression, Ackil H464D [175]
and metastasis of several
forms of cancer -
Wiskott-Aldrich  syndrome  WASP - (1786,
) (WAS) . 177]
Dystrophin Duchenne muscular  Dystrophin - [178-
protein dystrophy (DMD), Becker 184]
(Subdomins'  muscular dystrophy (BMD},
of CR, R1-3, intermediate muscular
R10-12 & dystrophy (IMD)
CT) Familial dilated Dystrophin 2 [185]
cardiomyopathy (DCM)
Discoidin Spondylo-meta-epiphyseal DDR2 - 186]
Dysplasia (SMED) DDR2 E113K 140]
Schizophrenia DDR1 e 187]
Lung Adenocarcinoma, DDR1 - 188]
Melanoma, Stomach
lung cancer DDR2 R105S, LB3V, [189-
1120M, 195]
D125Y, S131C,
A21G,
E85X, N134K,
M117V,
D171Y, P197Q,
G253C,
L239R
Promates tumor cell DDR2 S131C [194]
Proliferation and invasion.
autosomal recessive DDR2 E113K [195]
human growth disorder
SMED-SL
Retinoschisis Retinoschisin [196]
juvenile X-linked  retinoschisin (RS1) G708, E72K, [197-
retinoschisis (XLRS) YB9C, 200]
WazG, WaBR,
R102W
N104K, F108C,
G109R
G109E, C110Y,
wii12C
L113F, R141H,
R141G
R141C, C142w,
D143V
R182C, P203L,
H207Q
R209H, R213w,
C219G
C219R
head and neck squamous DODR2 - [201]
_cell carcinoma (HNSCC)
parahemophilia and factor V and VIII -- [196]
hemophilia A
ENTH -~ -~ -
FERM Adult Tcell JAK3 [202]
Leukemia/Lymphoma
Spontaneous coronary talin 1 R297H [203]

artery dissection (SCAD)
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Autosomal Recessive  MYO15A - [204]
Nonsyndromic Hearing
Loss
congenital motar  FRMD7 [205,
nystagmus . 208]
Myeloproliferative JAKZ2 - [207,
neoplasms (MPNs}, 208]
leukemia-like disease —
ed primary  moesin (MSN) -- [209]
immunodeficiency
Chronic myeloproliferative  JAK2 - [210]
neoplasms (CMPNs)
myeloproliferative disease JAK1, JAKZ, - [211]
or cancer, compromised JAK3 and TYK2
_immune function - —
MNeurofibromatosis type 2 Merlin [212-
(NF2} ., Schwannomas, 215]
Meningiomas, malignant
mesothelioma (MM).
Severe combined  Jak3 — 216]
_immunodeficiency (SCID)  Jak2 = 211]
Kindler syndrome Kindlerin - 217]
type | Usher syndrome, myo7a - 218-
nonsyndromic deaf - ) 220]
X-linked intellectual FRMPD4 - [221]
disability and  disrupt
dendritic spine
morphogenesis
FYVE myotubular myopathy and  MTMR3 and - [222,
Charcot-Marie-Tooth MTMR4 223]
disease
Charcot-Marie-Tooth FGD4 M566I [224]
disease )
faciogenital dysplasia FGD1 - [225,
) 226]
*NCI-60 Cancer FGD1 R806H, R738C [227]
*Uterine Cancer FGD1 R749C, R738C, [227]
V7721, R749C
_*ccRCC Cancer FGD1 227]
*Pancreas Cancer FGD1 227
“Testicular Cancer FGD1 227]
*Head & Meck Cancer FGD1 227]
_ Alzheimer's Disease_ RUFY1 _ [228]
Gla anticoagulant activity Protein C - [229,
and increased 230]
phospholipid binding
thrombaotic disease, protein C - Not directly related in ~ [231]
purpura fulminans, GLA domain
antiinflammatory and
antiapoptotic
arterial  and  venous type |l protein C E20A & V34M [232]
venous thrombosis and type Il protein C E26K [233]
pulmenary embolism
Antiphospholipid syndrome  Prothrombin - [234]
hemaphilia B factor IX = [235-
238]
thrombosise  (with co- protein S R2L, R1H, KSE [239]
existence of other genetic
factors)
rombin-heparin Fxa - [240]
inhibition reaction
severe bleeding diathesis  factor X G11v [241]
protein 8 deficiency and Protein S G11D & T37™™ [242]
thrombosis
ischemic stroke Protein S F7a2Cc [243]
low coagulative activity Factor VI S23P [244]
GOLPH3 connective tissue tumors GOLPH3 — [245]
muscle-eye-brain disease ~ GOLPH3 — [245]
Hepatocellular carcinoma ~ GOLPH3 — [246]
Renal cell carcinoma GOLPH3 — [247]
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epithelial ovarian GOLPH3 - [248]
_carcinoma -
Colorectal cancer GOLPH3 249
~ Gastric cancer GOLPH3 250
Esophageal squamous cell GOLPH3 251
carcinoma
Prostate cancer GOLPH3 o 252]
Oral tongue cancer GOLPH3 o 253]
Breast cancer GOLPH3 - 245,
- 254]
Rhabdomyosarcoma GOLPH3 - [255]
Pancreatic ductal GOLPH3 - [256]
_adenocarcinoma
Non-small cell lung cancer  GOLPH3 - [245],
257
Glioma GOLPH3 - [245,
258]
GOLPH3 - 245]
258]
- 260]
diseases, including
amyotrophic lateral
sclerosis, Parkinson's
disease, and Alzheimer's
_disease
lysosomal storage disorder GOLPH3 - [261]
S _ mucolipidosisil -
GRAM Charcot-Marie-Tooth MTMR2 - [119,
digsasei{bMI) myotubularin-related - 262
proteins
dynamin 2 -
‘SBF2 [263]
gas ncer  ____ GRAMDIB [284]
centronuclear  myopathy  MTM1, MTMR2, - [119]
(XLCNM) and CMT MTMR13
neurological  syndromes  myotubularin, - [119]
and neuropathies amphiphysin 2 (BIN1),
and dynamin 2
tissue-specific disorders MTM1, MTMR2, = [119]
8 DNM2, BINT —
autosomal dominant Dynamin - [119]
centronuclear  myopathy
(ADCNM)
Stiff-man syndrome AMPH1 - 265
CMT neuropathy Myotubularin = 119
autosomal recessive form  Amphiphysin - 119
Oof CNM{ARCNM)
X-linked myotubular  Myotubularin (MTM1 ) — [119,
myopathy(centronuclear 266,
) myopathy) -XLCNM 267]
IMD(I-BAR}) bladder cancer MIM - [268]
tumorigenesis, several IRSpS3 - [269]
neurological disorders
including learning defects,
attention deficit disorder,
autism spectrum disorder,
schizophrenia, and
Alzheimer's disease —
developmental delay, IRSp53 - [270]
oligodactyly and
subcutaneous edema, and
died of severely impaired
cardiac and placental
development, exacerbated
_placental abnormalities.
progressive kidney  MIM - [113]
disease
tumor progression and IRSp53 - [271]
secretion  for  cellular
proliferation o
KA1 Alzheimer MARK/PART kinases [272-
276
‘Cancer 'MARK/PAR1 kinases - ['2'?'21:
274]
10



diabetes MARK/PAR1 kinases - 272,
273]
Autism MARK/PART kinases (272,
R 273)
PDZ Alzheimer _MAGI2, MPP7 - 277]
PICK1 - 278]
Charcot-Marie-Teoth L-periaxin - 279]
(CMT) disease
the regulation of insulin  Bridge-1 - [280]
production in diabetes
and the modulation of rates
of cellular  replication
and/or apoptosis.
renal cell carcinoma FDZKA1 == [281]
Cervical cancer HPV-PDZ interactions - [282]
mental retardation Shank-3 PDZ/GKAP - [283]
Autism spectrum disorder PSD-95 and additional - 277,
(ASD) PDZ domain- 283,
containing  proteins 284]
(SHANKZ2, SHANK3,
SNTG2), SHANK -
CASK PDZ/NRXN = [283]
PSD-85
PDZ3/NLGN
Syntrophin
PDZ/NLGN3
Depressive disorder FSD-95 [277]
PICK-1  PDZ/ErbB2 [283]
PICK-1  PDZ/AMPA
GluR2 PICK-1
PDZ/dopamine
) transporter (DAT) -
Nan-specific — 2771
neurodegenerative
disorders
Cystic Fibrosis CAL — 1277,
285
NHEFR2 PDZ [283]
domain/
LPA
(lysophosphatidic acids
infectious disease (HTLV- -- - 2771
1, HPV, Ad)
melanoma, glioblastoma, Syntenin — [286]
breast  cancer, and
urothelial cell cancer
Glioblastoma  multiforme  Syntenin1 PDZ1/ [283]
cancer and melanoma c-Src tyrosine kinase
Calon and skin cancer,and Dvl PDZ domain/ - [283]
leukemia  Frizzed-7 -
Acute lymphoblastic  AF-6 PDZ/ [283]
leukemia, breast cancer, Bcr LARG PDZ/
and prostate cancer CD44 Tiami PDZ/
o i sydecan1 ]
cancers of various forms, GRIP1, SCRIB, - 277
especially skin, uterine, membrane-associated
stomach, and lung cancers  guanylate kinase,
MAGI and MAGIZ,
PATJ, PDZD2, and
o _ MPDZMUPP1_
Epithelial-to-mesenchymal  Par-6 PDZ/ [283,
transition in tumor  Par-3 Par-3 PDZ/ 287]
progression PTEN Dig1 PDZ1/
_P-catenin.
MNon-specific RIMS1, PARD3B, — 277,
neurodevelopmental CASK, DLG4, PSD-95 288]
disorders _
Smith-Magenis syndrome- CASK [277,
like developmental 289]
disorder
Parkinson's disease CNKSR3, MPP2, - 2771
serine protease
HTRA2, NOS1, PICK1
11
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hearing and vision loss USH1C, WHREN, 277,
disorders, including Usher GIPC3, TJP2, PDZD7 290]
syndrome
retinitis pigmentosa USHI1C, WHRN, - 2771
. PDZD7and RIMS1 —
abnormalities in brain mor-  GRIP = 2771
phology
kidney stones SLCYA3RT o [277]
schizophrenia PDZRN, PSD-95, - [277,
PICK1, SHANK 291)
PICK-1  PDZ/ErbB2 - [283]
PICK-1  PDZ/AMPA
GluR2 PICK-1
PDZ/dopamine
ransporter (DAT)

_intellectual disability SHANK [277]
fibrosis, Dwl - 277
neurodegeneration,
hepatocellular
carcinoma,
hepatoblastoma, colorectal
cancer, acute
myeloid leukemia (AML),
chronic myeloid leukemia
(CML), multiple
myeloma, and gastric
cancer
colorectal cancer whirlin isoform 2 - [292]
cryptophthalmossyndrome ~ GRIP - 2771
Mental retardation CASK e {277,

) 289)
metabolic diseases such HTRA2 - 2771
as 3-methylglutaconic
aciduria
chronic pain, epilepsy PICK1 o 277
stroke PICK1 - 277

PSD95 PDZ1/ - 283

NMDAR

PSD95 PDZ2/nNOS o
heart muscle disease LDB - 2771
cardiomyopathy PDLIM3

ZASP - 293

PDZKA1 - 294
Neuropathic pain PSD95 PDZ1/ - 283

Serotonin receptor (5-

HTas)

PICK-1  PDZ/ErbB2 —

PICK-1  PDZ/AMPA

GluR2 PICK-1

PDZ/dopamine

transporter (DAT)
cerebral ischemic damage  PSD95 PDZ1/ - [283]

NMDAR PSD85 PDZ2/

- NNOS_

__hepatitis C virus infection PDZK1 - 294
hypercholanemia TJP2 - 277

PH Aarskog-Scott  syndrome FGD1 - 295
(AAS)
centronuclear myopathy & DNM2 --- [119,
Charcot-Marie-Tooth 298]

_neuropathy
centronuclear  myopathy  MTM1, MTMR2, [119]
(XLCNM) and CMT MTMR13.

Autism V22200 [267]
Neurodevelopmental exon deletion [297]
disorder

Sézary Syndrome PLCGI R48W [162]
Wiskott-Aldrich syndrome  WASP - (298]
(WAS)
breast, colorectal and Akt1 - 299
ovarian cancer Akt E17K 140
hypoinsulinemic AKT2 - 300
hypoglycemia
and hemihypertrophy

12
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hemimegalencephaly
_(HME)

 breast cancer PAR1&2
epithelial malignancies PAR1&2 i
X-linked BTK
agammaglobulinemia
(XLA) BTK P33T & D113V
Alzheimer APPL1 -
leukaemia Ber-Abl
Obesity and Diabets PDKA -
* Charcot-Marie-Tooth PLEKHGS
disease (CMT), lower
motor  neuron  disease
(LMND)
Lymphoproliferative ITK - [314]
syndrome ITK R29H [140]
PHD T-B-NK+ Severe RAG2 - [315]
Combined
Immunodeficieny  (SCID)
and Omenn syndrome
Autoimmune AIRE - [318,
polyendocrinopathy 317]
candidiasis ectodermal
dystrophy (APECED), also
known as Autoimmune
polyglandular  syndrome
type 1 (APS-1)
Breast cancer, melanoma, ING1 [318]
esophageal squamous cell
carcinoma (SSC), head
_and neck SSC
ovarian carcinomas _SPOCt = [319]
Myeloid leukemia JARID1A (RBP2) - [320]
PHF23 - [321]
NSD1, NSD3 i [322,
— R 323
T-cell lymphoblastic  MLL -~ [324]
leukaemia
Endometrial stromal  PHF1 [325]
sarcoma
Childhood overgrowth  NSD1 [326]
syndromes such as Sotos
syndrome and Weaver
syndrome
Various X-linked mental ATRX - [327]
retardation disorders,
including Alpha-
Thalassemia and Mental
Retardation, X-linked
(ATRX) Syndrome _ _
_renal cancer JADE1 - [328]
Rubenstein-Taybi CBP - [329]
Syndrome (RTS)
Borjeson-Forssman- PHFE - [330]
Lehmann Syndrome
(BFLS) _ -
PX C:_hronic granulomatous NCF4 R105Q [331]
disease pd7phox = {332,
333]
AR production  (AD} SNX1, SNXEB, SNX9, - [334-
Alzheimer SNX33, SHaPXD2A 342]
(SH3MD1, FISH, Tks5),
SNX17, PLD1, PLD2
Up-regulated in  PLD1 - [343]
_endometrial cancercells I
Down-regulated in colon SNX1 [344]
cancer
Tumour metastasis SH3PXD2A [345]
(SH3MD1, FISH,
Tkss)
13
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Invasion by metastatic PLD2, PLD1 - [346]
_breast cancer cells B —
Lymphoma cell PLD2 - [347]
_proliferation -
Colon cancer PLD2, PLD1 (348,
_ S 349]
Down-regulated in ovarian  SNX1 - [334,
cancer 335]
Candidate gene involved in -~ SNX19 - [350]
Jacobsen syndrome —_—
Transcriptionally up- SNX19 = [351]

regulated in thyroid
oncocytic tumours
Genetic risk factor in  SNX19 [352]
myocardial infarction
Potential oncogene in  SNX19 [353]
_myeloid leukaemia_ .
Homozygous deletionof 3_  SNX25 [354]
exons found in B-cell non-
Hodgkin's lymphoma cell
Akt-independent  cancer SGK3 (CISK, SGKL) - [355]
cell survival ) )
Prostate cancer risk PIK3C2B (PI3K-C2B) [356]
Up-regulated in some PIK3C2B (PI3K-C2p) [357]
glioblastoma brain tumours )
Up-regulated and SGK3 (CISK, SGKL) [358]
promotes cell survival in
oestrogen-receptor-
_ positive breast cancer
osteopetrosis SNX10 - [359]
May be a chondrogenic SNX19 - [360]
factor in osteoarthritis
Gefitinib-sensitive non-  SNX1 - [335]
small lung cancer
An effector of lithium SNX3 = [361]
treatment  for  bipolar
disorder, and a regulator of
neurite outgrowth ) )
Oestrogen-regulated SNX24 - [362]
expression  in  breast
_cancercelllines
F ential tremor [363]
[364]
Differential expression  SNX16 -- [365]
used as a biomarker in
bladder cancer
Undergoes alternative  SNX16 - [366]
splicing in certain
melanoma cell lines
pathogen invasion SNX1, SNX2, SNX3, - [334,
SNX15, SNXB, SNX9 335,
and SNX33 367-
p47phox,  pdOphox, 37
NOXO1, SNXB,
SNX5, SNX16
inflammation SNX17, SNX20, [335]
SNX27, SNX21
MMEP (microcephaly, SNX3 [372]
microphthalmia,
ectrodactyly and
prognathism)
SLE  (systemic  lupus PXK (MONakKA) - [373]
_erythematosus) — S
epilepsy SNX2 — [374]
PTB Autosomal recessive ARH - [375]
hypercholesterclemia o
Cerebral cavernous OSM (CCM2) - [375]
_malformation — S
caronary artery disease IRS-1 [375]
Alzheimer's disease Fe65 - [375,
376]
Downregulated in cancers Dab2 [103]
(bladder, breast, colorectal,
14
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SH2

oesophageal, ovarian,
_prostate)

Type 2 diabetes mellitus IRS-1 [375]
IRS-2
_diPa
Severe combined ZAP-70 = 13771
_immunodeficiency (SCID)
Sézary Syndrome PLCG1 S520F [162]
Noonan syndrome SHP-2 - 377,
S 378
PTPNT1 (378,
379]
MNoonan-like/multiple giant- SHP-2 3771
_cell lesion syndrome
Juvenile myelomonocytic  SHP-2 377
leukaemia (JMML)
Severe insulin deficiency ~ P85a s [377]
_ RASA1 [375)
Basal cell carcinoma RasGAP - 13771
(BCC)
STAT1 deficiency, STATI 3771
complete
Growth hormone STATSB - 1377,
insensitivitywith 380]
immunodeficiency -
Myeloproliferative LNK [381]
neoplasms (MPNs)
Chronic myelogeneous  ABL1 [140,
leukemia (CML), acute 379]
lymphoblastic  leukemia
(ALL), myelogenous
leukemia
(AML)
Acute myeloid leukemia ABL2 £ [379]
Human immunodeficiency, BLNK - [379]
Pre-B-cell acute
lymphoblastic leukemia
(ALL)
X-linked BTK [ava,
agammaglobulinemia 382]
(XLA [av77,
: : 383
. BTK ¥361C [140]
Acute myeloid leukemia, CBL = [379]
Acute leukemia, B cell
lymphoma, Ewing sarcoma
Isolated lissencephaly CRK [379]
sequence (ILS) to Miller-
Dieker
syndrome (MDS) s -
Peripheral T cell lymphoma__ITK [379]
Acute lymphoblastic  JAK2 [379]
leukemia, Chronic
myelogenous  leukemia,
Polycythemia wvera and
myeloproliferative
disorders
SCID, lymphopenia JAK3 - [379]
T cell acute lymphoblastic  LCK [a7v9]
leukemia, SCID
Multiple lentigines  PTPN11 e [a79]
(ML)/Leopard  syndrome
L)
Basal cell carcinoma, RASA1 - [379]
Capillary malfarmation-
arteriovenous
malformation i o .
X-linked SH2D1A(SAP) [379,
lymphoproliferative 384,
syndrome (XLP) 385]
377
Cherubism SH3BP2 - 379]
Lymphopraoliferative BG loop of the R33sw 140,
_syndrome _SH2 domain 314
15
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SMP

Tubby

T™MD

169

Type 2 diabetes, SHIP2 - [379,
hypertension. . 386]
_Advanc 1 cancer SRC [379]
Suscepti to STAT1 [379]
mycobacterial and  wiral
disease o -
Growth hormone STATSB - [379]
insensitivity with
immunodeficiency, Acute
promyeloyctic  leukemia
(APL)
Myelodysplastic syndrome  SYK [379]
(MDS), Peripheral T cell
lymphoma
Systemic lupus  TYK2 - [379]
erythematosus (SLE)
SCID (T cell defect) ZAPT0 - 1379,
S — 387]
neurclogical disorders E-Syt - [388-
; I I 390}
neurclogical and TMEM24 - [389]
psychiatric diseases )
Alzheimer ERMES [390]
Ciliopathic Polycystic  Tulp3 K4071 391,
Kidney Disease ) 392]
retinitis pigmentosa TULP1, TULP2 [393,
394]
hearing loss TULPs [395]
obesity TULPs En — — [395]
Charcot-Marie-Tooth Peripheral Myelin L16P (TMD1); cause [396-
(CMT) Protein 22 (PMP22) G150D (TMD4) destabilization 398]
of the TMD
and toxic
accumulation
of mutants
S79C (TMD2); Impaired
T118M, L105R intracellular
(TMD3); L147R trafficking
(TMD4)
G107V, 5'ss (TMD3) Mot
characterized
Myelin Protein Zero Y154-stop [396]
(MFZ) . .
G163R Missense mutation [399,
cause disruption of 400]
TMD
homodimerization
G167R Missense mutation [396,
Dejerine—Sottas Syndrome %ﬁ';e deription of ig?l
(DSS) homodimerization,
ER accumulation
and activation of the
unfolded protein
Response (UPR)
frameshift [396]
. codoni72, 167, 174
Peripheral Myelin H12Q, L19P [396]
Protein 22 (PMP22) (TMD1); MBIK,
S72L, S72W, §72P,
S76l, S79P,
frameshift codon80,
L80P, and F8ddel
(TMD2); G100R,
G100E (TMD3);
G150D, G150C
(TMD4)
Hereditary Neuropathy Frameshift codon7,
with liability to Pressure 5'ss (TMD1)
Palsies (HNPP)
Familial Hyperthyroidism Thyrotrophin Receptor  V509A Variant cause [402]
(TSH-R) disruption of
interactions between
TMH3 and TMHS5,
leading to increased
flexibility and
16



constant activation

e oo : NE— of the TSH-R N
Cystic Fibrosis (CF) CFTR R117H (TMD1) Variant cause [403]
misfolded CFTR and
prevents its proper
maturation and
transport to the cell
surface and
abnormal gating
G178R (TMD1) Variant cause
abnormal gating,
and reduced ion
pore conductance
R334W, T338l, Variant leading tono  [404]
R347H, R352Q folding defect
(TMD1); S977F,
L927P, G970R,
G1069R, F1052V,
DiszH(OMD2)
PB7L. R74W, ESEK, Variant causes mild
D110H, H192G, folding defect
G178R, V232D,
F311del, 336K,
Q359K, T360K,
R117C, R117H,
R347P, S341P,
1336K (TMD1);
59451, R1070Q,
RIOZOW(TMD2)
G85E, E92K, G91R, Variant cause
H199Y, P2055, severe folding defect
L208W, L227R
(TMD1); L1065P,
R1066C, R1066H,
L1077P, M1101K
(TMD2) _
Deafness Connexin26 30delG, 35delG, Variant prevent the [405]
120T, 1358, 182M, formation of gap
L90P, Y136X, junctions
V1531, L214P,
E147K, F142L
W24X, 133T, M34 T,  Variant cause non-
V37l, A40V, W77R,  functional gap
T135A junctions
S19T, M34A, FB3L,  Variants impair
VB4L, AB8S, V95M,  biochemical coupling
N2065 mediated by gap
junctions
R143W, Q80R, No functional effects
Va7l, Va7l, 1203T,
M34T, A40A ) )
R32C,31del14, , Mot characterized
S199F, C202F,
F142L, 176-191 del
(16), L81V, M195V,
QB80K, S199F,
D159V
Obesity MC4R G55V, G55D, Mutant strengthened  [406]
S136F, and A303T helix-helix
interactions,
preventing
movement during
receptor activation,
impaired cAMP
production
L54P, EB1K, 169T, Impaired cell surface
S136P, M161T, trafficking, reduced
T162I1. and 1269N aMSH binding, and
diminished cAMP
. I — generation. .
Breast cancer ErbB2 1855V increases the active  [407]

conformation of the
receptor dimer.
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Table S 1. List of Lipid-Binding Domains: Reported versus Accepted Counts.

Domain Name

GRAM (glucosyltransferases, Rablike GTPase activators, and myotubularins)
GLA

Annexin I

FERM (4.1, ezrin, radixin, and moesin) _

C1 (protein kinase C (PKC) conserved 1)

C2 (protein kinase C (PKC) conserved 2}

PH (Pleckstrin Homology)

FYVE (Fabip, YOTB, Vacip, and EEA1)

PX {Phox homology)

ENTH (Epsin N-terminal homology)

BAR (Bin, Amphiphysin, and Rvs)

PDZ (PSD-95, Discs Large, and Z0-1)

SMP (Synaptotagmin-like Mitochondrial-lipid-binding Protein)
PHD

ANTH/CALM {AP180 N-terminal homology)

GOLPH3

IMD

KA1

PTB (phosphotyrosine-binding)

Tubby

M domain of CTP:phosphocholine cytidylyltransferase

CR (cysteine-rich), spectrin-like repeats (R)1-3, R10-12 and C-terminus (CT) of Dystrophin
GLUE (GRAM-like ubiguitin-binding in EAP45)

TPR repeat (Tetratricopeptide Repeat)

Transmembrane domain (TMD)

PLAT (polycystin-1, lipoxygenase, and a-toxin)

MH2 (MAD homology 2)

WVHS (Vps-27, Hrs, and STAM)

C domain of B-arrestin

PROPPINs (B—propellers that bind phosphoinositides)

192

status in UniProtKB
(Reviewed-

(unreviewed)

2140
1451
0-5
52-263
4772 _
490637
2871015
0113
51173
10-46
57-209
155.657
109-434
7-14
0-409
0-2

11-3
5-29
5-43
22-61
0-17
2-11

1-1

0-9
36-1087
21-66
8-19
9-85
0-25
4-33
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SIRT4 as a novel interactor and candidate suppressor of
C-RAF kinase in MAPK signaling

Mehrnaz Mehrabipour!, Saeideh Nakhaei-Rad’®, Radovan Dvorsky'@®, Alexander Lang’, Patrick Verhilsdonk',

Mohammad R Ahmadian'*@®, Roland P Piekorz"*@®

Cellular responses leading to development, proliferation, and
differentiation depend on RAF/MEK/ERK signaling, which inte-
grates and amplifies signals from various stimuli for downstream
cellular responses. C-RAF activation has been reported in many
types of tumor cell proliferation and developmental disorders,
necessitating the discovery of potential C-RAF protein regulators.
Here, we identify a novel and specific protein interaction between
C-RAF among the RAF kinase paralogs, and SIRT4 among the
mitochondrial sirtuin family members SIRT3, SIRT4, and SIRTS.
Structurally, C-RAF binds to SIRT4 through the N-terminal
cysteine-rich domain, whereas SIRT4 predominantly requires the
C-terminus for full interaction with C-RAF. Interestingly, SIRT4
specifically interacts with C-RAF in a pre-signaling inactive (serine
259-phosphorylated) state. Consistent with this finding, the ex-
pression of SIRT4 in HEK293 cells results in an up-regulation of
pS259-C-RAF levels and a concomitant reduction in MAPK sig-
naling as evidenced by strongly decreased phospho-ERK signals.
Thus, we propose an additional extra-mitochondrial function of
SIRT4 as a cytosolic tumor suppressor of C-RAF-MAPK signaling,
besides its metabolic tumor suppressor role of glutamate de-
hydrogenase and glutamate levels in mitochondria.

DOl 10.26508/153 202302507 | Received 4 December 2023 | Revised 6 March
2024 | Accepted ¥ March 2024 | Published online 18 March 2024

Introduction

C-RAF (often also called RAF1) belongs Lo the RAF kinase family (A-
RAF, B-RAF, and C-RAF), which transfers proliferative and growth
signals to downstream activation of MEK/ERK kinases, These RAF
paralogs share several structural properties (Rezaei Adariani et al,
2018; Nakhaei-Rad et al, 2023b), yet they differ in terms of activity
levels and functional roles (Desideri et al, 2015). Among them, C-RAF
exhibits moderate activity, less than B-RAF, but more than A-RAF,
and is associated with cancer and developmental disorders (Blasco

etal, 201; Karreth et al, 2011; Gelb et al, 2015; Degirmenci et al, 2020).
There are three conserved regions (CR) within RAF proteins that are
impartant for their respective regulatory functions (CR1 and CR2)
and kinase activity (CR3) (Rezaei Adariani et al, 2018). CR1 contains a
RAS-binding domain (RBD), mediating a RAS interaction, and a
cysteine-rich domain (CRD), which mediates membrane binding
and enhances RAS/RED affinity at the membrane (Fang et al, 2020;
Tran et al, 2027, Nguyen et al, 2022), CR2 is enriched by several Ser/f
Thr residues, including serine 259 (5259), which is an important site
for inhibitory phosphorylation and 14-3-3 binding that regulates
RAF kinase activation (Dhillon et al, 2002). When phosphorylated by
upstream kinases such as AKT, PKA, or LATS1, CRZ acts as an in-
hibitory domain that keeps C-RAF in an inactive state (Zimmermann
& Moelling, 1999; Dumaz & Marais, 2003; Romano et al, 2014). De-
phosphorylation of CR2 by protein phosphatases, such as PP2A or
PP1, relieves this autoinhibition on the kinase domain and activates
C-RAF (Jaumot & Hancock, 2001). CR3 functions as a catalytic
C-terminal region, constituting a putative phosphorylation segment
for kinase activation (Chorg et al, 2001). Thus, C-RAF cycles between
a close inactive and an open active conformation, which is regu-
lated by different phospharylation and dephosphorylation events
(Lavoie & Therrien, 2015). Overall, phosphorylation, feedback/
autoinhibition, and protein-protein interaction occur in C-RAF
regulation in response to signaling events (Wimmer & Baccarini,
2010; Cseh et al, 2014; Romano et al, 2014; Lavoie & Therrien, 2015:
Varga et al, 2017; Okamoto & Sako, 2023). In particular, RAS and 14-3-3
binding are major regulatory events of RAF activation, membrane
recruitment, and stabilization (Matallanas et al, 2017; Li et al, 2018;
Jang et al, 2020; Tran et al, 2021). Addressing the molecular control of
C-RAF by interacting regulators and the underlying molecular and
structural mechanisms is still necessary for understanding the
complex landscape of MAPK network signaling. Several proteins
that bind and regulate C-RAF have been identified, including RKIP
(RAF1 kinase inhibitor protein), which functions as an anti-
metastatic tumor suppressor and is down-regulated in various
cancers (Yesilkanal & Rosner, 2018; Toutioul el al, 2021; Cessna et al,

"Institute of Biochemistry and Molecular Biology I, Medical Faculty and University Hospital Dilsseldarf, Heinrich Heine University, Diisseldorf, Germany  *Stem Cell
Biology, and Regenerative Medicine Research Group, Institute of Bictechnology, Ferdowsi University of Mashhad, Mashhad, Iran

Correspondence: RezaAhmadian@hhu.ce; Roland Fiekorz@hhu.de

Alexander Lang's present address is Department of Cardiology, Pulmanology, and Vascular Mecicine, Medical Faculty and University Hospital Disseldorf, Heinrich Heine

University, Disseldarf, Germany

*Mohammad R Ahmadian and Roland P Piekorz cantributed equally to this work

2024 Mehrabipour el al,

hitps:/ {doiorg/10.26508/ [sa. 202302507 vol 7 | no 6 | 202302507 1of 13

196



i+ Life Science Alliance

A CR1 cR2 CR3
Nterm pS259 pS340.341 pegi
——H RED am— ——r" | Kinase domain F}
1 55 131136 187 254 M 359 638 &68
B stRTt-GFP« G; c I - Heie — i
7 -
\93 ngg ng & g‘ =, Q,gys #km 1.0
B-RAF- E
? . ks £ o8
C-RAF- - e $
- - - b T 06
A-RAF - - has o=
04
a-GST c]
&
SIRT4 - L & 029
Lo 00
GFP - = & &
bas ‘_ké eﬁ”
0-GFP
D E i F
I Fkk I *:
E'; 1.04
Vinculin é iﬁ
TCL Pe oL
SIRTs I
9 E osq
L]
i ;
C-RAF e E 2 -
PD @ Flag
P
0.0

Figure 1.

S

Identification of a selective interaction between SIRT4 and C-RAF within the RAF kinase and SIRT paralogs.

(A) Domain organizatian of C-RAF including the RAS-binding domain and cysteine-rich demain, which are parts of the N-terminal region (Nterm}. Phosphorylation sites
regulating the aclivity of C-RAF (pS258: inactive form; pY340/347; active form) are indicatad. (B) Total cell lysates (TCL) fram SIRT&-eGFP- or eGFP-expressing HEK293 cells
were subjected to pull-down experiments using normalized bacterial lysates containing the GST-fused Nterm region of A-RAF, B-RAT, ar C-RAF. (C) Densitomatric
quantification of immunoblot signals of binding of SIRT4-eGFP to the N-RED-CRD of C-RAF as compared to A-RAF and B-RAF. Data were subjected to statistical one-way
ANOVA (mean = S.0; P < 0.05;, ***P < 0.001). (D) TCL from HEK293 cells expressing Flag-tagmed versions of SIRT3, SIRT4, or SIRTS were subjected to pull-down (PD)
experiments usirg the GST-fused Nterm region of C-RAF. (E) Censitometric quantification of immunoblot sigrals of binding of the Nterm region of C-RAF to SIRTS as
compared to SIRT2 and SIRTS. Data were subjected to statistical one-way ANOVA (mean + S.0; ***P < 0.001). (F) Co-immunoprecipitation analysis {anti-Flag Co-IP) of
encogenous SIRT4 was perfarmed using TCL from Flag-C-RAF-expressing COST cells.

Source data are available for this figure.

2022; Moghaddam et al, 2023). RKIP binds to the N-terminal region of
C-RAF and therefore inhibits C-RAF-mediated phosphorylation and
activation of MEK1/2 (Rath et al, 2008).

The family of human sirtuins comprises seven members, of
which SIRT3, SIRT4, and SIRTS function as bona fide metabolic
regulators in mitochondria (Ji et al, 2022}, In particular, SIRTZ in-
hibits, as a tumor suppressar, the metabolic gatekeepers pyruvate
dehydrogenase and glutamate dehydragenase (Haigis et al, 2006;
Mathias et al, 2014), with particular significance for the regulation of
glutamine metabolism in tumor cells. Recent findings uncovered
novel extra-mitochondrial roles of 5IRT4 in microtubule dynamics
and regulation of mitotic cell cycle progression, WNT/A-catenin
and Hippo signaling, and SNARE complex formation required for

Molecular basis of SIRTS-C-RAF kinase interaction  Mehrabipour et ol

autophagosome-lysosome fusion (Bergmann et al, 2020; Wang et al,
2022; Yang et al, 2022; Huang et al, 2023). Interestingly, proteomic
analysis of the SIRT4 interactome identified C-RAF as a potential
hinding partner of SIRT4, indicating a novel role of SIRT4 in the
regulation of the RAF-MAPK signaling pathway (Bergmann et al,
2020). Consistent with this idea, recent studies have demonstrated
that (i) the tumor suppressor SIRT4 is down-regulated in most
human solid tumor types and cell lines (Bai et al, 2020; Tomaselli
et al, 2020; Wang et al, 2020}, and (i) the ectopic expression of SIRT4
down-regulates pERK1/2 levels and hence inhibits MAPK signaling
and cell proliferation {Fu et al, 2017; Chen et al, 2019; Hu et al, 2019;
Bai et al, 2020; Tomaselli et al, 2020; Wang et al, 2020). Considering
these interrelated findings, in this study we investigated the
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molecular and functional interaction between the proto-oncogene
C-RAF and the tumor suppressor SIRT4 in the context of MAPK
signaling inhibition.

Results

Identification of a selective SIRT4-C-RAF interaction among SIRT
and RAF protein family members

In a previous study, we employed mass spectrometry and pro-
teomic analysis to identify novel SIRT4-interacting proteins
(Bergmann et al, 2020). Interestingly, C-RAF kinase (often referred to
by its gene name Raf1), a major component of the MAPK signaling
pathway, emerged as a novel SIRT4-binding protein as confirmed by
nanobody-based co-immunoprecipitation analysis (Fig 51). Con-
sidering the presence of M-terminal regulatory (CR1, CR2) and
C-terminal catalytic (CR3) domains in C-RAF (Fig 14), we hypothe-
sized that the N-terminal CR1 regulatory segment, consisting of the
RBD (RAS-binding domain) and CRD, might be involved in SIRT4
interaction.

Accordingly, we addressed the specificity of SIRT4-C-RAF inter-
action by protein pull-down analysis using bacterially expressed
G5T-fused N-terminal (Nterm) regions of A-RAF, B-RAF, or C-RAF,
each cantaining the respective RBD and CRD. Normalized amounts
of GST-RAF lysates were coupled to GSH (glutathione) beads fol-
lowed by incubation with total cell lysates from HEK293 cells
expressing SIRT4-GFP or GFP as a contral. As indicated in Figs 1B and
C and 52A, a strong physical interaction with SIRT4 was only ab-
served for C-RAFyerm, Dut not for A-RAFyenm OF B-RAFyerm. IN
complementary pull-down experiments, we used total cell lysates
from HEK293 cells stably expressing C-terminally Flag-tagged SIRT3,
SIRT4, or SIRTS. Only SIRT4 exhibited a robust interaction with
C-RAFyenm, but not SIRT3 or SIRTS (Figs 10 and £ and S2B). Finally, we
immunoprecipitated Flag-tagged C-RAF from COS7 cell lysates and
could demonstrate co-immunoprecipitation of endogenous SIRTS
(Figs 1F and 52C). Overall, our data suggest that within the sirtuin
and RAF family members studied, only C-RAF and SIRT4 undergo a
unigque interaction,

The CRD of C-RAF and the C-terminus of SIRT4 are major
determinants of the interaction between SIRT4 and C-RAF

Inthe next step, we sought to determine the regions or subdomains
of C-RAF and SIRT4 that are directly invelved in the interaction
hetween these two proteins. We expressed GST-C-RAF-Nterm, RBD,
and CRD in Escherichia coli and used them to pull down SIRT4-Flag
from total cell lysates of HEK293 cells. As indicated in Fig S3A-C,
C-RAFnen and interestingly CRD alone (C-RAFcrn) bound to SIRT4-
Flag, although with a higher efficiency seen for C-RAFyerm. However,
no or only a slight interaction with SIRT4-Flag could be observed for
the RBD (C-RAFggp) (Figs 24 and B and 53A-D). These results suggest
that the CRD is the major SIRT4-binding domain of C-RAF.

In order to get insight into molecular aspects of SIRT4 binding to
C-RAF, we set out to inspect the structures of these proteins and
analyze their putative complex. We first generated a homology

Molecular basis of SIRT4-C-RAF kinase interaction  Mehrabipour et ol

model of human SIRT4 using the 3D structure of SIRT4 from Xenopus
tropicalis (PDB: 50/7) (Pannek et al, 2017) as a template. Given that
SIRT4, but neither SIRT3 nor SIRTS, binds to C-RAFy e (Fig 18 and C),
we have scrutinized their sequences and compared our model
structure of SIRT4 with the structure of human SIRTS (PDB: 4G1C) (Fig
S4A and B), This analysis revealed three regions in SIRT4 that differ
from SIRTS, that is, R1tso_os), R2(1ss-220% aNd R3gass 1) (Figs 2C and O
and 54). The corresponding SIRT4 deletion mutants SIRT4{AG9-98;
AR1), SIRT4(A165-229; AR2), and SIRT4{A255-314; AR3) were gener-
ated as C-terminal GFP-tagged proteins, stably expressed in HEK293
cells, and tested for C-RAFye binding in pull-down experiments.
As shown in Figs 2E and F and S3E, SIRT4(AR3) strikingly showed the
weakest interaction with C-RAFye., whereas ART and AR2 were not
significantly different from wild-type SIRT4, Moreover, SIRT4(AN28),
which lacks the N-terminal mitochondrial translocation signal
(Lang et al, 2017), as well as the catalytically inactive mutant SIR-
Ta(H161Y) (Lang et al, 2017), bound C-RAFuerm Comparable to WT
SIRT4 (Figs 2E and F and S3A-C). Taken together, C-RAFcsp and the
C-terminus of SIRT4, encompassing residues 255-314, are involved
in SIRT4-C-RAF interaction, which is independent of the first 28 a.a.
of SIRT4 and therefore its mitochondrial localization and of the
catalytic activity of SIRT4. Our findings alse add a new function to
the C-terminus of SIRT4 besides its role in proteasomal degradation
and stability regulation of SIRT4 (Hampel et al, 2023).

Mutational analysis of the interaction between C-RAFczp and
SIRT4

We generated nine single mutations and three sets of combined
mutations of C-RAFp based on the multiple sequence alignment
of amino acid deviations of C-RAFcp in comparison with the CRD of
A-RAF and B-RAF (Fig 3A and B). All mutants were expressed and
purified as GST-fusion proteins and subjected to pull-down assays
using total cell lysates from SIRT4-Flag-expressing HEK293 cells. As
indicated in Figs 3C and £ and 56, and quantitatively analyzed in Fig
3D and F, none of the single or combined mutants analyzed a
decreased interaction of C-RAFcup with SIRT4-Flag Rather, we
observed significantly stronger binding for the CRD mutants Q156R,
Set1 (E17£Q/H175R/T1785/K179E/T182L), and Set2 (Q156R/F158L/
L160F) (Fig 3C-F).

To identify residues of the C-RAFpp-5IRT4-binding interface and
obtain a more detailed insight into their intermolecular interplay,
we performed molecular docking analysis between C-RAFeps (PDB:
1FA0) and full-length SIRT4 (Q9YEE?) using the ClusPro 2.0 server.
The 3D surface structure (Fig 3G} highlights the binding between
C-RAFpp and R3 of SIRT4, along with certain parts of R1. For a more
detailed understanding of this intermolecular binding, analysis of
the binding surface using BIOVIA software revealed an interacting
network (Fig 3H), in which the stability of the C-RAFqzn-SIRT4
complex is the result of a combination of various interaction types,
that is, hydrogen bonds, electrostatic interactions, and hydro-
phobic contacts (Table $1). For example, the C-RAF qp residue K157
and the SIRT4 residue D236 form a hydrogen/electrostatic bond
with a distance of 1.8 A, indicative of a strong interaction. C-RAFcpn
residues R143, K157, H175, T178, K179, Q156, E174, S177, N167, and 1154,
and SIRT4 residues R75, R97, T274, H92, T237, D236, Q264, 091, R270,
R291, G93, G235, and Y266 further contribute to the binding stability
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via hydrogen bonds, Notably, electrostatic interactions were ob-
served between C-RAFqpn residues R143, E174, and F141, and SIRTS
residues F277, R270, and R291, respectively (Fig 3H; Table $1).
Moreover, hydrophabic interactions were identified inveolving res-
idues of C-RAFap (H175, L160, F163, R143) and SIRT4 (V232, F234, P240,
Y266, R270),

Because the C-RAFmp Sell and Sel2 mutations resulted in
stronger binding to SIRT4-Flag (Fig 3C-F), further melecular docking
analysis was performed for these C-RAFgn gain-of-function mu-
tations. Comparing the cluster scores of WT C-RAFcqp interacting
with SIRT4 shows a weighted score of -716 for both the middle and
the lowest energy. In contrast, Set1 and Set2 have lower, more
stable cluster scores: -738.7 and -795 for the center and the lowest
energy in the case of Set1, and -744 for both the center and the
lowest energy in the case of Set2. The combined mutations in Set1,
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Figure 2. |dentification of a selective interaction
between the cysteine-rich domain of C-RAF

and the very C-terminal region of SIRT4.

{A) Identification of the CRD of C-RAF as the
primary SIRT4-interacting domain. Total cell
lysates from HEX293 cells stably expressing
SIRT4-Flag were subjected to pull-down
experiments using GST or the GST-fused N-
terminal RBD or CRD subdomains of C-RAF.

(B) Censitometric quantification of immunablot
signals of the relative binding of RED and CRD
subdomains of C-RAF to SIRT4-Flag Data were
subjected Lo stalistical one-way ANOVA (mean +
S0, ***f < 0.001). (C) Predicted functional
surface of 5IRT4 was obtained from comparative
homolosy modeling with SIRTS (see Fin 564 anc B).
Three regions (R1, R2, and R3), which are
different between 5IRT4 and SIRTS, are
highlighted in the 3D-modeled SIRTS structure.
Replacemant of histidine 161 by tyrosine

creates the catalytically inactive SIRT4,

(D) Schematic representation of SIRT deletion
mutarts, including AR, ARZ, AR3, and ANZE
Lacking the N-terminal mitochondrial
translocation sequence. (E) Equal amounts of total
cell lysates from HEK293 cells expressing the
SIRT4-eGFP of the indicated deletion mutants
were subjected to pull-down (PD) analysis using
the GST fused C-RAFuym. (F) Densitometric
quantification of immunoblot signals of the
relative binding of SIRT4-GFP deletion mutants 1o
the G5T-fused C-RAFy.m. Data were subjected

165 229 255 34

} * i * 1 to statistical one-way ANOVA (mean + 50,
*P < 0.08). ;

Source data are available for this figure.

particularly the E1740Q, H175R, T1755, K179E, and T182L mutations,
alter the interaction profile of C-RAFcg, with SIRT4, thereby forming
new hydrogen bonds, as well as electrostatic and hydrophobic
contacts, which potentially enhance complex stability (Fig 570 and
Table 52). Although some interactions are lost in Set! compared
with WT C-RAFepp (Table 52), considering the cluster score and the
mode of binding, we propose also new platforms of interactions.
These involve a new set of C-RAFpp residues, that is, D153, Y170,
P181, L182, M183, and V185, that might collectively increase the
hinding affinity of Set1 to SIRT4 (Fig 570 and Table S2). Moreover,
compared with WT C-RAFpp, the mutations within Setl induce a
modified interaction pattern with SIRT4, characterized by an in-
creased interaction of C-RAFgy residues with R1 of SIRT4 while
exhibiting a reduced interaction with R3 and the SIRT4 eray area
(which lacks R1, R2, and R3) (Fig S74-D).
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Figure 3. Mapping the SIRT4-binding site of C-RAF.
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(A) Multiple sequence alignment highlights amino acid deviations of the CRD of C-RAF as campared to the CRD of A-RAF and B-RAF and is the basis for single-point and
combined mutatiors of T RAF generated in this study. (B) 30 model of the three sets of combined mutations in the CRD of C-RAF. (A, C, E) Total cell lysates from HEK293
cells stably expressing SIRT4-Flag were subjected to pull-down experiments using GST, GST-CRD {WT), ar GST-CRC harboring single-point mutations (C) or cambined
mutations (E} as indicated in (A). (D, F) Densitometric guantification of immunablot signals of the relative ninding of WT and mutated CRD subdomains of C-RAF to
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Similar to C-RAFcrpser, Set2 mutations in the C-RAFczp region
also introduce new interactions, as well as changes in the type
and distance of existing interactions with the respective SIRT4
regions (Fig S7E and F). For instance, the F158L mutation leads to
the formation of a new hydrogen bond with T237 of SIRT4, and the
L160F mutation results in the interaction with both P240 and
V243 of SIRT4, leading to a higher involvement of CRD-Set2
residues (Fig S7F and Table S2). Notably, in the case of
C-RAFcrpsetz, the C-RAFcrp residues C155, L158, F172, and H173
undergo novel hydrogen bonds with SIRT4 residues, suggesting a
restructuring of the binding interface and thereby increasing the
stability of the C-RAFcrp-SIRT4 interaction in the case of
C-RAFcprpserz (Fig S7F and Table S2).

SIRT4 binds selectively to the inactive state of C-RAF
characterized by phosphorylation of serine 259

C-RAF exists in two distinct forms. Its closed, monomeric,
autoinhibited form is stabilized by phosphorylation at serines
259 and 621 (pS259/pS621), and subsequent association with
the 14-3-3 dimer (Rommel et al, 1996; Matallanas et al, 2011).
The C-RAF activation involves a series of complex processes,
including dephosphorylation (pS259) and phosphorylation
(pY340/pY341) events, conformational changes, dimerization,
and association with RAS, 14-3-3, and the membrane, ultimately
stabilizing the open, dimeric, active form of C-RAF (Emerson et al,
1995; Diaz et al, 1997; Jaumot & Hancock, 2001; Harding et al, 2003;
Terai & Matsuda, 2005; Takahashi et al, 2017). Thus, we addressed
whether SIRT4 interacts with C-RAF in its active or inactive state.
As indicated in Figs 4A and S8A, endogenously expressed C-RAF
could be immunoprecipitated from total cell lysates of HEK293
cells expressing SIRT4-Flag. However, when using specific an-
tibodies against pS259-C-RAF (closed, inactive form) and pY340/
341-C-RAF (open, active form), only pS259-C-RAF was detected in
the immunoprecipitates (Fig 4A). These findings are consistent
with homology modeling of C-RAFcgp in the inactive form of
C-RAF (Fig 4B), in which the putative SIRT4-binding region re-
mains accessible as part of the C-RAFcgp domain (indicated in
pale green). Furthermore, co-immunoprecipitation of KRAS
within the SIRT4-Flag-C-RAF-interacting complex could not be
detected (Figs 4A and S8A), supporting the notion that C-RAF
exclusively exists inits autoinhibited form in complex with SIRT4.
Overall, this is consistent with an interaction of KRAS only with
the active form of C-RAF, which requires dephosphorylation of
S259 and unmasking of the RBD and CRD to allow KRAS binding to
C-RAF at the membrane (reviewed in Matallanas et al [2011]).
Further structural analysis provides additional evidence that the
SIRT4-binding region of C-RAF¢gp contains residues required for
KRAS-membrane interaction (Fig 4B).

SIRT4-C-RAF interaction is associated with the inhibition of the
MAPK signaling pathway

It is well established in the literature that SIRT4 overexpression
inhibits cell proliferation, among other cellular responses, in
several tumor cell lines, most likely through inhibition of the MAPK
pathway (Fu et al, 2017; Chen et al, 2019; Hu et al, 2019; Bai et al, 2020;
Tomaselli et al, 2020; Wang et al, 2020). Here, we addressed the
regulatory affect of ectopic SIRT4 expression on ERK1/2 phos-
phorylation. As shown in Figs 4C and D and S8B, the ectopic ex-
pression of SIRT4 led to a clear accumulation of the levels of
inactive C-RAF phosphorylated at S259. At the same time, MAPK
signaling was strongly inhibited as evidenced by an ~80% reduction
in p-ERK1/2 levels as compared to Flag-expressing control cells.
Overall, these data suggest that SIRT4 both interacts with and
possibly sequesters the inactive form of C-RAF. Thus, the extra-
mitochondrial function of SIRT4 on C-RAF-MAPK signaling may
provide a novel control mechanism for tumor suppression (Fig 4E).

Discussion

The work presented in this study has identified a novel interaction
of SIRT4, a tumor suppressor sirtuin, with C-RAF, a key regulatory
kinase and a component of the oncogenic MAPK pathway. The
results indicate that (i) among the RAF kinases (A-RAF, B-RAF, and
C-RAF) and sirtuin proteins (SIRT3, SIRT4, and SIRTS) analyzed, C-RAF
selectively interacts with SIRT#; (i) this interaction involves the
N-terminal CRD of C-RAF and the C-terminal region 3 (R3) of SIRT4 as
revealed by pull-down and molecular docking analyses; (iii) mu-
tational analysis of C-RAFerp so far identified gain-of-function
mutations with improved SIRT4 binding, thus highlighting the im-
portance of these residues in the C-RAFcrp-SIRT4 interaction; (iv) in
particular, SIRT4 specifically interacts with C-RAF in its inactive
state (C-RAFPS*?); and (v) the ectopic expression of functional
SIRT4 leads to accumulation of pS259-C-RAF levels, which is as-
sociated with inhibition of MAPK signaling as shown by greatly
reduced p-ERK1/2 levels. Thus, our data highlight a novel extra-
mitochondrial, anti-proliferative function of SIRT4 in binding and
potentially sequestering C-RAF from its substrate MEK1/2 and
consequently interfering with ERK1/2 activation.

The MAPK signaling pathway plays a critical role in the regulation
of various cellular processes such as differentiation, survival, and,
in particular, proliferation (Zhang & Liu, 2002; Guo et al, 2020; Ullah
et al, 2022). Dysregulation of this pathway is frequently associated
with the initiation and progression of human diseases, including
cancer (Degirmenci et al, 2020) and developmental disorders
such as RASopathies (Dar & Brady, 2022), the latter exemplified
by the RAF1>** mutation causing cardiomyopathy (Dhandapany

SIRT4-Flag. Data were subjected to statistical one-way ANOVA (mean = S.D,; *P < 0.05; **P < 0.07; ***P < 0.001). (G) Molecular docking and binding site analyses between
the CRD of C-RAF and specified regions of SIRT4. The predicted interaction between the CRD of C-RAF and the C-terminal region R3 of SIRT4, along with a smaller part of R1,
is depicted in this 3D model. (H) Schematic, magnified view of the CRD-SIRT4-interacting surface and the involved amino acid residues. The binding types, that is,
hydrogen bonds, electrostatic interactions, and hydrophobic contacts, are indicated. The colored circles mark SIRT4 residues, with the size of the circles indicating the

number of interactions with the CRD.
Source data are available for this figure,
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B Figure 4. SIRT4 interacts with and up-regulates
the inactive form of C-RAF phosphorylated at
serine 259 (5259).
(A) Co-immunoprecipitation analysis using total
cell lysates (Input) from HEK293 cells expressing
Flag or SIRT4-Flag shows the SIRT4 interaction
specifically with C-RAF in its autoinhibited state
membrane-  (p5259-C-RAF) but not with pY340/341-C-RAF in
binding its active state. Moreover, KRAS did not co-
residues immunoprecipitate with the SIRT4-p5259-C-RAF
complex. (B) Homology model of the closed,
inactive C-RAF structure in complex with the 14-3-3
dimer (light gray) was built using the crystal

A

KRAS-binding
residues

Vinculin
C-RAF
SIRT4-Flag

Yinculin ‘d; [ structure of B-RAF as a template. The
C-RAFDSMIE ' accessibility of the CRD in its inactive form is
1 )] represented (pale green). The model depicts
SIRT.‘.-FIagIE[ regions highlighted in blue that are crucial for
] KRAS binding and membrane interaction in the

active state of C-RAF. The amino acids involved are

Vinculin
C.RAF"OH! indicated. (C)_ Total cell lysates from HEK293
cells expressing Flag or SIRT4-Flag were
SIRT4-Flag subjected to immunoblot analysis of pS259-C-RAF
and pERK1/2 levels. The ectopic expression of
SIRT4 in HEK293 cells increased the levels of
C D inactive pS259-C-RAF and reduced ERK1/2

phosphorylation. (D) Densitometric
immunoblot analysis of the levels of pS253-C-RAF

&
(left panel) and pERK1/2 (right panel) upon Flag or
G-RAF . - ['7 SIRT4-Flag expression was subjected to
12 124 statistical one-way ANOVA (mean * S.D; **P <
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et al, 2014; Jaffre et al, 2019; Nakhaei-Rad et al, 2023a). As a key ERK1/2 signaling (Wimmer & Baccarini, 2010; Matallanas et al, 201%;
component of the MAPK pathway, C-RAF is activated by upstream Ullah et al, 2022). Several studies have highlighted the molecular
receptor—RAS signaling and subsequently activates several down- mechanism of C-RAF regulation underlying post-translational
stream effectors, particularly MEK1/2 kinases and subsequently modifications through phosphorylation and dephosphorylation,
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autoinhibition, and conformational changes associated with stabi-
lized protein-protein interaction (Romano et al, 2014; Lavoie &
Therrien, 2015; Varga et al, 2017, Okamoto & Sako, 2023). Classically,
RAS proteins and 14-3-3 binding are major regulators of RAF acti-
vation, membrane recruitment of C-RAF, and its stability (Matallanas
et al, 2011; Tran et al, 2021). The complexity of C-RAF regulation is
further highlighted by its heterodimerization with B-RAF, which acts
as an allosteric inducer of C-RAF in normal and cancer cells in a RAS-
independent manner (Garnett et al, 2005).

Recent findings have identified and characterized additional
C-RAF regulators. SHOC2 serves as a scaffold protein for C-RAF that
recruits together with MRAS protein phosphatase 1 to dephos-
phorylate inactive C-RAF at S259, thereby facilitating the C-RAF
interaction with RAS at the plasma membrane (Matsunaga-
Udagawa et al, 2010; Boned Del Rio et al, 2019; Kwon et al, 2022).
In another example, SHOC2 serves as a regulatory factor for C-RAF
and has been shown to accelerate the interaction between RAS and
C-RAF, ultimately influencing the spatiotemporal patterns of the
RAS-ERK signaling pathway (Matsunaga-Udagawa et al, 2010).
Moreaver, RKTG (RAF kinase trapping to Golgi) has been suggested
to regulate the spatial localization of C-RAF by trapping it to the
Golgi, thereby altering the interaction of C-RAF with RAS and
MEK1 and inhibiting ERK signaling (Feng et al, 2007). Another
regulator of C-RAF is RKIP (Yesilkanal & Rosner, 2018; Touboul
et al, 2021; Cessna et al, 2022; Moghaddam et al, 2023), which
binds to the N-terminal region of C-RAF, thereby inhibiting
C-RAF-mediated phosphorylation and activation of MEK1/2 (Park
etal, 2006; Rath et al, 2008). Interestingly, a comparison between
RKIP and SIRT4 reveals cellular and functional similarities: (i)
both proteins are tumor suppressors (Jeong et al, 2013;
Moghaddam et al, 2023) that inhibit/prevent C-RAF activation,
and their expression is usually down-regulated in cancer
(Yesilkanal & Rosner, 2018; Bai et al, 2020; Tomaselli et al, 2020;
Wang et al, 2020), although the underlying mechanisms for SIRT4
are still unclear; (i) SIRT4 and RKIP are both involved in the
regulation of mitotic cell division. SIRT4 achieves this through
centrosomal localization and potential control of microtubule
dynamics (Bergmann et al, 2020), whereas RKIP achieves this
through interaction with Aurora-B and control of the mitotic
checkpoint (Eves et al, 2006); and finally, (iii) both SIRT4 (Lang
et al, 2017; Li et al, 2023) and RKIP are linked to the regulation of
autophagy. RKIP is involved in LC3 processing and presumably
contributes to autophagosome formation upon starvation (Noh
et al, 2016; Wang & Bonavida, 2018). The role of the SIRT4-C-RAF
axis in the regulation of these cellular responses requires fur-
ther characterization.

Interestingly, analogous to our finding, the role of C-RAFcgp
interaction in an isoform-specific manner with another C-RAF
regulator to inhibit the MAPK pathway has been demonstrated for
RAP1 (Nussinov et al, 2020). Here, RAP1 inhibits MAPK signaling via
interaction with C-RAFerp by reducing the number of clustered
oncogenic Ras molecules, thereby suppressing C-RAF (but not
B-RAF) activation and MAPK signaling. The presence of RAPT within
the nanoclusters competes with RAS for C-RAF as a common target,
resulting in the suppression of C-RAF activation. However, whereas
RAP1 interacts with the open form of C-RAF at the cell membrane,
our data suggest that SIRT4 binds to the autoinhibited (closed) form

Molecular basis of SIRT4-C-RAF kinase interaction Mehrabipour et al.

of C-RAF. Regardless, similar to RAP1, SIRT4 may functionally hijack
and inhibit C-RAF via its CRD.

The intermolecular interplay within the C-RAFcgp-SIRT4-binding
interface remains to be determined at the residual level. The
single and combined C-RAFep mutations, defined by homology
comparison with the CRD of A-RAF and B-RAF (which do not interact
with SIRT4), did not negatively interfere with the C-RAFcrp-SIRT4
interaction (Fig 3). Therefore, molecular docking experiments of
C-RAFcgp ONn SIRT4 were performed to determine their putative
binding interface. In addition to the residues identified in the
mutational analysis of the C-RAFcgp domain (Fig 3), these analyses
revealed other candidate residues that may be critical for the
interaction with SIRT4 (Fig 3H and Table 51). In addition, candidate
residues within the R3 and R1 regions of SIRT4 were identified,
whose function also needs to be tested by mutational analysis.

Interestingly, the SIRT4-binding region of C-RAFcrp contains
residues that are also required for KRAS and membrane interaction
of C-RAFcgp (Fig 4B). Previous results identified seven essential
basic residues within the CRD (R143, K144, K148, K157, R164, K171, and
K179) that are critical for membrane interaction, with particular
emphasis on the key basic residues R143, K144, and K148 (Li et al,
2018). R143, K157, and K179 are accessible in the inactive state of
C-RAF and are part of the SIRT4 interaction surface, whereas the
remaining residues are located on the opposite side and are
shielded by 14-3-3 dimers (Fig 4B). In terms of KRAS binding, F141
and K179 are critical for the interaction between KRAS and C-RAF
during the activation process (Tran et al, 2021). In the inactive state
of C-RAF, in addition to K179, F141 (Fig 4B) is also accessible in the
CRD, consistent with the involvement of these two residues in SIRT4
binding as revealed by docking analysis.

At the level of the functional C-RAF-SIRT4 interplay, it is currently
unknown whether C-RAF is regulated by an acetylation/deacetylation
cycle and whether C-RAF is an enzymatic target of SIRT4. SIRT4 itself
exhibits several NAD*-dependent enzymatic activities, including
ADP-ribosylation, deacylation, and deacetylation (Betsinger &
Cristea, 2019), with recent findings indeed uncovering several
new SIRT4 deacetylation targets not only inside, but also outside
of the mitochondria (Wang et al, 2022; Zhang et al, 2022). In this
context, there is a paradigm for the regulation of B-RAF by SIRT1.
Acetylation of B-RAF at lysine 601 by the p300 acetyltransferase
promotes B-RAF kinase activity, thereby enhancing the prolif-
eration of melanoma and resistance to B-RAF'*°°F inhibitors (Dai
et al, 2022). On the contrary, SIRT1 deacetylates B-RAF at K601 and
therefore inhibits proliferation. Thus, SIRT1 mediates hypoacetylation
of B-RAF and therefore (finely) regulates its downstream MAPK
signaling activity.

Our results add another layer of complexity to the regulatory
network of C-RAF and MAPK signaling by identifying SIRT4 as a C-RAF
binder specifically in its inactive state. As summarized in Fig 4F, in
mitochondria, SIRT4 inhibits anaplerosis and ultimately ATP gen-
eration via inhibition of glutamate dehydrogenase (Haigis et al,
2006). Outside of the mitochondria, SIRT4 interacts, seemingly via
its C-terminal R3, with the inactive “closed” form of C-RAF, in which
the kinase domain is concealed through 14-3-3 binding to pS259
and pS621. SIRT4 binding to the CRD of C-RAF potentially stabilizes
pS259/pS621-C-RAF, thereby preventing membrane recruitment,
which is followed by RAS binding and activation of C-RAF.
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Consequently, an association of SIRT4 with C-RAF interferes with
the activation of downstream MEK/ERK signaling, consistent with
findings showing the SIRT4-mediated inhibition of the MAPK
pathway (Fu et al, 2017, Chen et al, 2019; Hu et al, 2019; Bai et al, 2020;
Tomaselli et al, 2020; Wang et al, 2020).

To date, only the MEK1/2 kinases have been well characterized as
substrates of C-RAF. However, there is evidence for kinase-
independent functions/activities of C-RAF, including regulation of
apoptosis, cell cycle progression, and migration (Nolan et al, 2021). In
this context, there is a broad spectrum of C-RAF targets that could
interact either directly or indirectly with active (pSer-338) or inactive
(pSer-259) forms of C-RAF. This interaction could also be RAS-
dependent or RAS-independent. For example, the interaction be-
tween MST2 and C-RAF (pSer-259) prevents MST2 dimerization
(Romano et al, 2014) and consequently modulates the strength of
mitotic and apoptotic signaling, Notably, we also observed an effect of
ectopic SIRT4 expression on the Hippo tumor suppressor pathway,
which, in addition to the MAPK pathway, also regulates cell prolifer-
ation (Ehmer & Sage, 2016; Zinatizadeh et al, 2021). In particular, the
increase in pS259-C-RAF levels upon SIRT4 expression (Fig 4C and D)
was associated with a decrease in the pYAP/YAP ratio (unpublished
results). Taken together, we describe a novel SIRT4-C-RAF axis that
negatively affects both MAPK and Hippo-YAP signaling. Another ex-
ample is ASK1, which normally activates the pro-apoptotic JNK and p38
pathways, and is negatively regulated by C-RAF (Alavi et al, 2007). C-RAF
phosphorylated at residue 338 interacts with the N-terminal domain of
ASK1in a kinase-independent and HRAS-dependent manner (Du et al,
2004). The C-RAF-ASK1 complex formed in mitochondria is disrupted by
oxidative stress (Matsuzawa et al, 2002). Whether SIRT4 plays a role in
this process remains to be investigated. Other C-RAF activities that may
be affected by SIRT4 include stimulation of negative regulation of cell
migration through direct interaction with ROCKa (Ehrenreiter et al,
2005), promation of the cell cycle progression through interaction with
Polo-like kinase 1 and Aurora kinase A at the mitotic spindle, and the
regulation of the DNA damage response through interaction with
checkpoint kinase 2 (Mielgo et al, 2011; Zannini et al, 2014; Advani et al,
2015; Joukov & De Nicolo, 2018).

The functional implications of the SIRT4-C-RAF interaction can
be extended to apoptosis. Interestingly, C-RAF plays an inhibitory
role in mitochondrial apoptosis by promoting BCL-2 and inhibiting
BAD (Bajia et al, 2022; Riaud et al, 2024). The latter is characterized
by C-RAF-mediated phosphorylation and consequent inactivation
of the PKCO-BAD complex in the control of anti-apoptosis re-
sponses (Hindley & Kolch, 2007). In this line, binding of RKIP to
C-RAF inhibits its translocation to mitochondria and phosphory-
lation of BAD, thereby triggering apoptosis as shown in the case of
HBx-mediated hepatocarcinogenesis (Kim et al, 2011).

Our study has several limitations. Obtaining structural insights
into the effects of the C-RAFcgp mutantsin a liguid environment and
dynamic system would enhance our understanding of the atomic
changes in a more comprehensive manner. However, because of
the unavailability of a complete structure of C-RAF (in contrast to
B-RAF), we were only able to examine the interactions between
SIRT4 and RBD-CRD, and could not address the autoinhibited
versus closed conformation of the entire C-RAF protein. Further-
more, targeted inhibition of the SIRT4-C-RAFcrp interaction is re-
quired to functionally demonstrate the inhibitory role of SIRT4
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overexpression on C-RAF-regulated pathways. This should include
hoth C-RAF kinase-dependent and C-RAF kinase-independent
functions, given that C-RAF deficiency causes embryonic lethality in
mice (Wojnowski et al, 1998; Huser et al, 2001; Mikula et al, 2001),
whereas kinase-deficient C-RAF knock-in mice are viable (Riaud
et al, 2024). Therefore, further in-depth characterization of the
interaction between SIRT4 and C-RAFcgp at the molecular and
cellular/functional levels is required.

Materials and Methods

Plasmid constructs

The N-terminal RBD-CRD, RBD, and CRD of RAF kinases were cloned
into the pGEX-4T1 vector (BioCat GmbH). Upon transformation into
E. coli, lysates containing GST-tagged proteins were prepared as
previously described (Hemsath & Ahmadian, 2005). The SIRT4 de-
letion mutants SIRT4(A69-98) (A1), SIRT4(A165-229) (A2), and
SIRT4(A255-314) (A3) were generated by PCR-mediated mutagenesis
and cloned into pcDNA-3.1 for eukaryotic expression as C-terminal
eGFP fusion proteins. The expression construct for N-terminally
Flag-tagged C-RAF was kindly provided by Dr. Motta (Genetics and
Rare Diseases Research Division, Rome).

Cell culture and generation of stable cell lines

HEK293 cells were maintained in DMEM serum (Thermo Fisher
Scientific) supplemented with 10% FBS (Gibco) and 1% penicillin-
streptomycin (Genaxxon). HEK293 cell lines stably expressing eGFP
or C-terminally tagged SIRT4-eGFP or SIRT4(AN28)-eGFP have been
previously described (Lang et al, 2017). In addition, HEK293 cell lines
expressing Flag M2 as control or C-terminally Flag M2-tagged SIRT3,
SIRT4, or SIRTS proteins have been described (Bergmann et al,
2020). HEK293 cell lines stably expressing SIRT4(A69-98)-eGFP (A1),
SIRT4(A165-229)-eGFP (A2), or SIRT4(A255-314)-eGFP (A3) were
generated by transfection using the TurboFect reagent (Thermo
Fisher Scientific). Stable HEK293 cell lines were cultured in selection
media containing either G418/Geneticin (400 pg/ml; Genaxxon) or
puromycin (1.5 pg/ml; Thermo Fisher Scientific). The expression of
all SIRT4 constructs was regularly controlled by flow cytometry
and/or Western blot analysis.

Preparing total cell lysates for immunoblot analysis

Cells were lysed on ice for 5 min employing a buffer containing
50 mM Tris—HCL (pH 7.4), 100 mM NaCl, 2 mM MgCl,, 10% glycerol,
20 mM R-glycerophosphate, 1 mM NasV0O.,, 1% IGEPAL (Thermo Fisher
Scientific), and 1x protease inhibitor cocktail (Roche). Lysates were
cleared by centrifugation (20.000g at 4°C for 5 min). Protein con-
centrations were determined using the Bradford assay.

Antibodies for immunoblot analysis
Primary antibodies used in Western blot analysis include anti-GST

(own antibody); anti-GFP (1:1,000; #PA1-980; Thermo Fisher
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Scientific); anti-Flag (1:1,000; #F742 and #F3165; both from Merck);
anti-C-RAF-N-terminal (1:1,000; #ab181115; Abcam); anti-C-RAF-
pS259 (1:1,000; #ab173539; Abcam), anti-C-RAF-pY340/341 (1:1,000;
#sc-16806; Santa Cruz Biotechnology); anti-vinculin (1:1,000; #v9131;
Merck); anti-SIRT4 (1:1,000; #69786; Cell Signaling); anti-ERK(1/2) (1:
1,000; #9102; Cell Signaling); anti-p-ERK(1/2) (1:1,000; #4370; Cell
Signaling); and anti-KRAS (1:1,000; 11H35L14; Thermo Fisher Scien-
tific). Secondary antibodies employed were from LI-COR (anti-
mouse 700 nm: IRDye #926-32213; anti-rabbit 800 nm: IRDye
#926-6807).

Protein purification

The CRD of C-RAF, fused with GST, was cloned individually for each
single-point mutation (A142V, L147F, K148T, 1154F, Q156R, L160F,
N161Q, E174Q, W187Y) and for distinct mutants within Set1 (E174Q,
H175R, T178S, K179E, T182L), Set2 (Q156R, F158L, L160F), and Set3
(L147F, K148T, N161Q), using the pGEX-4T1 vector (BioCat GmbH).
Fusion proteins were expressed in £. coli and subsequently purified
using Glutathione High-Capacity Magnetic Agarose Beads (Merck
Millipore GmbH) following the manufacturer's guidelines.

Pull-down assay using GST-fused proteins

Pull-down experiments using GST-fused proteins were performed
using glutathione-agarose beads (Macherey-Nagel). The beads
were incubated with the GST-fused proteins for 1 h, at 4°C under
rotation and centrifuged at 500g followed by three times of washing
with ice-cold buffer (30 mM Tris-HCL, 150 mM Nacl, 5 mM MgCl,, and
3 mM DTT). In the next step, samples were incubated with total cell
lysates from HEK293 cells stably expressing the indicated Flag-
tagged sirtuins or SIRT4-eGFP wild-type and mutants overnight at
4°C followed by three washing steps with ice-cold buffer as indi-
cated above. The protein samples were mixed with Laemmli loading
buffer and analyzed by SDS-PAGE and immunoblotting.

Co-immunoprecipitation analysis

Total cell lysates of HEK293 cells stably expressing C-terminally Flag
M2-tagged SIRT4 were incubated overnight at 4°C with anti-Flag
M2 agarose beads (Merck). The beads were washed three times
with washing buffer (50 mM Tris-HCL, 150 mM Nacl, and 1 mM EDTA).
The beads were mixed with Laemmli loading buffer, and co-
immunoprecipitation of SIRT4-Flag and endogenous C-RAF pro-
teins was analyzed by SDS-PAGE and immunoblotting. Co-
immunoprecipitation of SIRT4-eGFP and endogenous C-RAF using
the anti-eGFP nanobody protocol was performed essentially as
previously described (Bergmann et al, 2020).

Densitometric analysis of specific immunoblot protein signals
followed by statistical evaluation

Intensities of specific protein bands were determined using Image
Studio Lite version 5.2 software. Pull-down data were normalized to
the respective total cell lysate signals to ensure an accurate
comparison of target protein levels across various samples as
previously described (Hsu et al, 2012). Data are presented as the
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mean + S.D., and one-way ANOVA statistical evaluation was per-
formed using Origin data analysis software (OriginLab 2021b). Re-
sults with at least P < 0.05 were considered significant (* P < 0.05;
** P < 0.07 and *** P < 0.001).

Structural analysis

We created a structural homology model of human SIRT4 based on
the X-ray diffraction structure of SIRT4 from X. tropicalis (PDB: 50/7)
and compared it with human SIRT5 (PDB: 4G1C) for mutational
analysis using PyMOL (version 4.6.0). Moreover, because of the
absence of a complete structure of inactive C-RAF, we employed a
comparative approach by superimposing the structures of inactive
B-RAF (full-length; PDB: 6NYB) to gain insights into the potential
structure of inactive C-RAF (Park et al, 2019) in complex with 14-3-3.
The three-dimensional structure of the resulting inactive state of
C-RAF was analyzed and visualized using PyMOL (version 4.6.0).

Molecular docking simulations

The crystal structures of the C-RAFcgp (PDB: 1FAQ) and KRAS-C-
RAFgap-cro complex (PDB: 6XHB) were obtained from the Protein
Data Bank (PDB), and the human full-length SIRT4(AF-Q9Y6E7)
structure was obtained from the AlphaFold database (https://
alphafold.ebi.acuk/). Molecular docking simulations were per-
formed using default mode settings available in the molecular
docking ClusPro 2.0 server (Kozakov et al, 2017). From the refined
selection of proposed structures, a configuration exhibiting optimal
binding energies was chosen, aligning it with experimental data.
After the docking simulations, the resulting structures were me-
ticulously examined to identify significant molecular interactions
using BIOVIA software.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/Isa.
202302507
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Figure S1.Validation of C-RAF as SIRT4-interacting protein.Total cell lysates of
HEK293 cells stably expressing SIRT4-GFP or GFP as control were subjected to co-
immunoprecipitation (IP) analysis using the anti-GFP nanobody method followed by
immunoblotting for endogenous C-RAF using an Abcam antibody (#ab181115).
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Figure S2.Independent experimental repeats statistically analyzed in Fig 1B-F are
depicted.(A) Single experiments related to Fig 1B and C. (B) Single experiments
related to Fig 1D and E. (C) Single experiments related to Fig 1F.
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Figure S3.CRD within the N-terminus of C-RAF interacts with SIRT4.(A) Total cell
lysates from HEK293 cells stably expressing SIRT4-Flag were subjected to pull-down
experiments using GST, GST-C-RAFy.,,,, GST-C-RAFggp,, or GST-C-

RAF p. (B) Densitometric quantification of immunoblot signals of binding of N-
RBD-CRD subdomains of C-RAF to SIRT4-Flag. Data were subjected to statistical
one-way ANOVA (mean + S.D.; *P < 0.05; ***P < 0.001). (C) Three independent
experimental repeats statistically analyzed in Fig S2A and B are depicted. (D) Three
independent experimental repeats analyzed in Fig 2A and B are depicted. (E) Three
independent experimental repeats statistically analyzed in Fig 2E and F are depicted.

Figure S4.Homology modeling of human SIRT4 and SIRTS proteins.(A) 3D
homology comparison between SIRT5 (orange mesh) and SIRT4 (light gray

mesh). (B) SIRT4 regions are highlighted in colors corresponding to

(B). (B) Sequence alignment of human SIRT3, SIRT4, and SIRTS5. The alignment
highlights the initial N-terminal 28 amino acids of SIRT4 in gray. These amino acids
are not represented in the structure. In addition, regions R1, R2, and R3 are indicated
by cyan, mustard, and pink frames, respectively.
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Figure S5.Interaction between SIRT4 and C-RAF is independent of the catalytic
activity of SIRT4.(A) Total cell lysates from HEK293 cells expressing GFP, SIRT4-
GFP, or the catalytically inactive mutant SIRT4(H161Y)-GFP were subjected to pull-
down (PD) experiments using the GST-fused Nterm domain of C-

RAF. (B) Densitometric quantification of immunoblot signals of binding of the Nterm
domain of C-RAF to GFP, SIRT4-GFP, or SIRT4(H161Y)-GFP. Data were subjected
to statistical one-way ANOVA (mean + S.D.; *P < 0.05). (B, C) Three independent
experimental repeats statistically analyzed in (B) are depicted.
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Figure S6.Three independent experimental repeats statistically analyzed in Fig 3 are
depicted.(A) Analysis of CRD single-point mutants (Fig 3C and D). (B) Analysis of
CRD forms with combined mutations (Fig 3E and F).
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Figure S7.Analysis of WT C-RAF g and its gain-of-function (GOF) mutations Set1
and Set2, illustrating their structural influence and the resulting changes in the binding
site pattern between C-RAF ., and SIRT4.(A, B, C, D, E, F) Molecular docking and
binding site analyses were performed between SIRT4 and WT C-RAFp, (A, B), and
the mutated forms of C-RAFgp, that is, Setl (C, D) and Set2 (E, F). R1, R2, and R3
are specific regions of SIRT4 and indicated by color. (B, D, F) Magnified binding
interfaces are depicted in (B, D, F). The binding types, that is, conventional hydrogen
bonds, carbon-hydrogen interactions, various hydrophobic contacts, and electrostatic
interactions, are indicated by colored dashed lines.

Figure S8.Experimental repeats statistically analyzed in Fig 4 are
depicted.(A) Interaction of SIRT4 with the inactive form of C-RAF phosphorylated at
serine 259 (S259) (Fig 4A). (B) SIRT4 expression up-regulates protein levels of C-

RAF phosphorylated at serine 259 (S259) and down-regulates pERK1/2 levels (Fig
40).
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SIRT4, together with SIRT3 and SIRTS, comprises the mitochondrially
localized subgroup of sirtuins. SIRT4 regulates mitochondrial bioenerget-
ics, dynamics (mitochondrial fusion), and quality control (mitophagy) via
its NAD -dependent enzymatic activities. Here, we address the regulation
of SIRT4 itself by characterizing its protein stability and degradation upon
CoCls-induced pseudohypoxic stress that typically triggers mitophagy.
Interestingly, we observed that of the mitochondrial sirtuins, only the pro-
tein levels of SIRT4 or ectopically expressed SIRT4-eGFP decrease upon
CoCls treatment of HEK293 cells. Co-treatment with BafAl, an inhibitor
of autophagosome-lysosome fusion required for autophagy/mitophagy. or
the use ol the proteasome inhibitor MG132, prevented CoCls-induced
SIRT4 downregulation. Consistent with the proteasomal degradation of
SIRT4, the lysine mutants SIRT4K78R) and SIRT4K299R) showed sig-
nificantly reduced polyubiguitination upon CoCl, treatment and were more
resistant to pscudohypoxia-induced degradation as compared to SIRT4.
Moreover, SIRT4(K78R) and SIRT4(K299R) displayed increased basal
protein stability as compared to wild-type SIRT4 when subjected to
MGI132 treatment or cycloheximide (CHX) chase assays. Thus, our data
indicate that stress-induced protein degradation of SIRT4 occurs through
two mechanisms: (a) via mitochondrial autophagy/mitophagy, and (b) as a
separate process via proteasomal degradation within the cytoplasm.

Sirtuins comprise a group of proteins initially defined
through the identification of the NAD -dependent his-
tone deacetylase Sir2 in yeast [1]. Sirtuins can be sub-
divided into five distinct phylogenetic branches by
analysis of conserved catalytic core domain sequences.
In human, seven sirtuins have been identified grouping
them into four phylogentic branches, i.e., class 1 (sir-
tuins 1-3), class 2 (SIRT4), class 3 (SIRTS), and class
4 (sirtuins 6 and 7) [2.3]. These proteins function in

Abbreviations

epigenetic regulation and gene expression control in
the nucleus (SIRTI1, 2, 6, and 7; [4]), microtubule
dynamics (SIRT2., SIRT4; [5-7]), proliferation/cell sur-
vival, senescence and aging (e.g. SIRT4 and SIRTG6;
[8.9]), life-span regulation (e.g. SIRT6; [9.10]), and reg-
ulation of mitochondrial metabolism (SIRT3, 4, 5;
[11.12]). Mitochondrial sirtuins like SIRT3 represent
potential targets for the treatment of aging-associated
diseases [13.14]. This is further emphasized by recent

BafAl, bafilomycin Al; CHX, cycloheximide; MPP', 1-methyl-d4-phenylpyridinium; poly-Ub, polyubiquitination; SIRT, sirtuin.
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Stress-induced proteasomal degradation of SIRT4

data indicating an involvement of SIRT4 in the onset
and development of Parkinson’s disease [15].

Human sirtuins localize in multiple subcellular com-
partments, functioning across them [16-20]. E.g.,
SIRT4 is distributed between the cyloplasm. nucleus,
and in particular mitochondria [5.21], the latter based
on an N-terminal mitochondrial targeting sequence
typical for mitochondrial sirtuins [22-24]. Function-
ally, SIRT4 has been characterized in mitochondria as
tumor suppressor and inhibitor of the metabolic gate-
keeper enzymes pyruvate dehydrogenase (PDH; [25])
and glutamate dehydrogenase (GDH; [26.27]) as well
as based on its deacetylase activity as a regulator of
leucine metabolism and insulin secretion [28]. More-
over, several recent reports attributed novel extramito-
chondrial roles to SIRT4 in microtubule dynamics and
regulation of mitotic cell cycle progression, WN'T/[}-
Catenin and Hippo signaling, and SNARE complex
formation required for autophagosome-lysosome
fusion [5.29-31].

The expression of SIRT4 is regulated both at the
gene/mRINA and protein level. Regarding the latter, the
degradation of sirtuins is mediated by two major cellu-
lar pathways. macroautophagy and presumably the
ubiquitin-proteasome pathway. Mitochondrially local-
ized sirtuins are degraded by macroautophagy in neuro-
nal LUHMES cells, a M. Parkinson disease model,
upon MPP" (1-methyl-4-phenylpyridinium) induced
oxidative stress |32]. This degradation of oxidized sir-
tuins could be prevented by treatment with Bafilomycin
Al (BafAl), an inhibitor of autophagosome-lysosome
fusion and therefore (macrojautophagy, whereas treat-
ment with MG 132, a widely used proteasome inhibitor,
[ailed to preclude reduction of sirtuin protein levels [32].

Interestingly, within human SIRT4 comprehensive
proteome mapping identified the putative Ubiquitin
targel lysine residues K78 and K299 [33,34], thus indi-
cating that SIRT4 may indeed undergo ubiquitination
and possibly polyubiquitination, given its subcellular
distribution not only in mitochondria, but also in the
cytoplasm  and nucleus [5.21].  Polyubiguitination
occurs via the internal lysine residue K48 of Ubiquitin
(K48-polyUb), which is required to tag target proteins
by multiple Ubiquitin molecules for subsequent pro-
teasomal degradation in the cytoplasm [35-37]. Inter-
estingly, hypoxia leads to the downregulation of
SIRT4 at the protein level [38,39] by unknown mecha-
nism(s). Therefore, in the present study we employed a
chemical hypoxia model using CoCls treatment [40] to
address the role of the SIRT4 lysine residues K78 and
K299 [33,34] in basal protein stability and stress-
induced polyubiquitination and proteasomal degrada-
tion of SIRT4.

N. Hampel et al.

Materials and methods

Reagents

CoCl,, Bafilomycin  Al, Cycloheximide (CHX), and
MG132 were obtained from Roth (Karlsruhe, Germany),
Cayman Chemical (Biomol GmbH, Hamburg, Germany),
Sigma-Aldrich (Taufkirchen, Germany), and Selleck Che-
micals (Kéln, Germany) respectively. Primary antibodies
were directed against SIRT3 (#5490; Cell Signaling, Frank-
furt am Main, Germany). SIRT4 (#66543-1-Ig: Protein-
tech), SIRTS (#8782; Cell Signaling, Frankfurt am Main,
Germany), eGFP  (#11814460001;  Roche).,  Ubiquitin
(#12986-1-AP; Proteiniech, Planegg/Martinsried, Germany;
and #3933; Cell Signaling. Frankfurt am Main, Germany),
and o-Tubulin (#ab32866; Abcam, Cambridge, UK and
#11224-1-AP; Proteintech, Planegg/Martinsried, Germany).
Primary antibodies were detected using anti-mouse
(700 nm; LI-COR IRDye #926-32213; Bad Homburg, Ger-
many) or anti-rabbit (800 nm; LI-COR IRDye #926-68072)
secondary antibodies.

Cell culture

Parental and SIRT4 wild-type/mutant expressing HEK293
cell lines were cultured at 37 °C and 5% CO; in DMEM
(Dulbecco’s Modified Eagle Medium) containing high glu-
cose (4.5 gL '; Thermo Fisher Scientific, Oberhausen,
Germany) with 10% FBS (Thermo Fisher Scientific, Ober-
hausen, Germany) and penicillin (100 units-mL~")/strepto-
myein - (100 pgmL™")  (Genaxxon, Ulm, Germany).
HEK293 cells were obtained from the German Collection
of Microorganisms and Cell Cultures GmbH (DSMZ,
Braunschweig. Germany) (HEK293: ACC 305). HEK293-
eGFP and HEK293-SIRT4-eGFP cell lines have been
described previously [5.41].

shRNA-mediated depletion of SIRT4

HEK293 cells were transfected with the pLKO.l vector
control or the pLKO.1_948 vector (TRCNOOOM18948;
Merck. Darmstadt. Germany) using the Lipofectamine
3000 reagent (Thermo Fisher Scientific, Oberhausen. Ger-
many). pLKO.]1_948 expresses a shRNA targeting the
sequence  S-CCAGUGGTACTGGGUGAGAAA-Y  of
the human SIRT4 mRNA. Stable cell lines were obtained
and maintained in selection media containing puromycin
(InvivoGen, Toulouse, France: 1.5 pg-mL ™).

Site-directed mutagenesis

Primers to generate SIRT4 mutations K78R and K299R
were obtained from Eurofins Genomics (Ebersberg, Ger-
many). The sequences of the oligonucleotides used in this
study will be provided upon request. The pcDNA3.1 vector
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containing SIRT4-eGFP was used as a template for PCR-
based site-directed mutagenesis using 100 picomoles of for-
ward and reverse primers, 10-20 ng of template plasmid, and
I puLl. of Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientific, Oberhausen. Germany). PCR reactions
were performed for 15 cycles at a denaturation temperature
of 98 °C (1 min), an annealing temperature of 35 °C
(1 min), and an extension temperature of 72 *C (3 min).
Methylated template DNA was digested by Dpnl afterward.
SIRT4 point mutations were confirmed by sequencing
(MicroSynth Seglab GmbH. Gottingen, Germany).

Generation of SIRT4 expressing cell lines

HEK293 cell lines stably expressing the mutated SIRT4-
eGFP wvariants (K78R, K299R, or K78R/K299R) have
been generated using the Turbofect transfection reagent
(Thermo Fisher Scientific) and cultured in media containing
400 pg-mL~" Geneticin/G418 (Genaxxon. Ulm, Germany)
as a permanent selection agent. The expression of SIRT4-
¢GFP fusion constructs was validated by immunoblotting
and flow cytometry. Generation of HEK293-S8IRT
(H161Y)-eGFP and HEK293-S8TRT4(AN28}-eGFP cell lines
has been previously described [5.41].

Treatment of HEK293 cell lines with the
pseudohypoxia agent CoCl;

HEK293 cell lines were grown to a cell density of approxi-
mately 80% and then subjected to a chemical hypoxia
model [40] using CoCl; treatment at concentrations of 250
and 400 pwm for 24 or 36 h.

Pulse-chase protein stability assay using
cycloheximide

To determine basal protein stability of SIRT4 and mutants
thereof, HEK293 cell lines were treated at a cell density of
approximately 80% with the protein biosynthesis inhibitor
cycloheximide for 4, 8, and 24 h. Based on this chase kinet-
ics, linear regression was employed to calculate the protein
half-life of SIRT4 variants.

Preparation of total cell lysates and immunoblot
analysis

Cleared cell lysates were generated using lysis buffer containing
0.3% CHAPS (3-(3-Cholamidopropyl) dimethylammoniol-1-
propanesulfonate), 50 my Tris—HCI (pH 7.4), 150 mm NaCl,
I mm NayVOy, 10 mm NaF, | mm EDTA, 1 mm EGTA,
2.5 mm NagO;Py, and | pm DTT. The ¢Omplete’™ protease
inhibitor cocktail (Sigma-Aldrich) was used to prevent the deg-
radation of proteins in the lysates, The latter were cleared by
centrifugation (11 000 g at 4 °C for 20 min) and the protein

Stress-induced proteasomal degradation of SIRT4

concentration of the supernatants (total cell lysates) was deter-
mined using the Bradford assay (Roth). Relative quantification
of protein levels (as compared to a-Tubulin or f-Actin loading
controls) was performed by macr-based (Rasband, W.S., Ima-
gel, U.S. National Institutes of Health, Bethesda, Maryland,
USA, https://imagel.nih.gov/ij) densitometric analysis of spe-
cific immunoblot signals.

Immunoprecipitation of ubiquitinated SIRT4-
eGFP wild-type and mutant proteins

Total cell lysates were obtained as described above and
subjected to immunoprecipitation analysis using single-
domain anti-eGFP antibodies (nanobody method based on
[42]) essentially as described [5,41]. Polyubiquitination of
wild-type and mutant SIRT4-eGFP lorms was delected
using Ubiquitin-specific antibodies.

Phylogenetic analysis

Sequences were obtained from the UniProt database (www.
uniprot.org) and further analysis was performed using the
Crustarw multiple alignment method (Thompson et al.,
PMID 7984417) followed by the sequence alignment editor
software mioEmim  7.2.5 (Tom Hall, Ibis Biosciences,
Carlshad, USA).

Statistical analysis

Data are presented as mean + SD. Multiple comparisons
were analyzed by one-way or two-way analysis of variance
(ANOVA) followed by Tukey's posi-hoc test to identify
group differences in variance analysis using the GRAPHPAD
prisM software (GraphPad Software, Boston, USA). Statis-
tical significance was set at the level of P < .03 (*P < 0.05,
**P < 0.01, ***P < 0.001).

Results

The protein levels of SIRT4, but not SIRT3 and
SIRTS5, decrease upon induction of
pseudohypoxia

Given that hypoxia leads to the downregulation of
SIRT4 at the protein level [38,39], we tested the impact
of CoCli-induced pseudohypoxia on all three mito-
chondrial sirtuins in HEK293 cells. As shown in
Fig. 1, CoCly treatment at concentrations of 250 and
400 pwm for 24 h resulted in a decrease of endogenous
SIRT4 protein levels by up to 50%. The specificity of
the anti-SIRT4 antibody was confirmed by immuno-
blot analysis of SIRT4-depleted HEK293 cells
(Fig. S1). In contrast, under the same conditions, total
cell protein quantities of SIRT3 and SIRTS did not
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Fig. 1. Protein levels of SIRT4, but not SIRT3 and SIRT5, are downregulated upon CoCly-induced pseudohypoxia. HEK293 cells were sub-
jected to CoCl, treatment for 24 h followed by analysis of endogenous protein levels of SIRT3 (n = 5-14) (A), SIRT4 (n = 8) (B), and SIRTS
(n=5) (C). Relative quantification of immunoblot signals was performed using imaces-based densitometric evaluation and »-Tubulin levels as
loading control. Unspecific bands are marked (*). To determine statistical significance, a One-Way ANOVA test followed by Tukey's test
was employed (mean =+ SD; *P < 0.05; **P < 0.01).
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Fig. 2. Co-treatment of HEK293-SIRT4-eGFP cells with MG132 or Bafilomycin A1 (BafA1) inhibits degradation of SIRT4-eGFP during CoClz-
induced pseudohypoxia. SIRT4-eGFP expressing HEK293 cells were subjected to CoCl, treatment for 24 h in the presence or absence of
the proteasome inhibitor MG132 or BafA1, which prevents autophagosome-lysosome fusion. SIRT4-eGFP protein levels were analyzed by
immunoblotting using anti-eGFP antibodies (A) and macel-based densitometric evaluation using a-Tubulin levels as loading control (B).
Unspecific bands are marked (*). To determine statistical significance, a One-Way ANOVA test followed by Tukey's test was employed
(n=3; mean + SD; ***P < 0.001).

alter significantly. Thus, within the family of mito- pseudohypoxic stress, presumably independent of
chondrial sirtuins, the expression of SIRT4 is specifi- altered SIRT4 gene expression as evident from the
cally downregulated at the protein level upon study by Pecher er al. [39].

2190 FEBS Open Bio 13 (2023) 2187-2199 © 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

217

SUONIPUGD) PUE S, ) 33§ “[HT0T/RO/0] U0 Amgr] utguy L3114 10N QUGspUR pupy 1SeNSIasn) £ STLE L EPS-1ITL/Z001 01/A0p/uwod Kajim Amiquauniuosqaj//:sciy wouy papeojusoq ‘1 “€20T "€9rS11TE

2931 soMIar) 2ANEAI 2quariddr ) Kq PaWIAN0F 2w S V() 25N J0 s3I 10§ KIIqr] AU Sl o (s



N. Hampel et al.

Inhibition of the proteasome or autophagic
degradation prevents protein degradation of
SIRT4 in CoCl,-induced pseudohypoxia

Consistent with the findings for endogenous SIRT4
(Fig. 1), the protein levels of ectopically expressed
SIRT4-eGFP (Fig. 2A,B), but not eGFP as control
(Fig. S2), were also reduced by approximately 60%
upon CoCl,-treatment. Interestingly, this reduction of
SIRT4-eGFP levels could be prevented by treatment
with either BafAl or MGI132, indicating that both
macroautophagy/mitophagy and the proteasome, respec-
tively, are involved in pseudohypoxic stress-induced
SIRT4 degradation. MG132 mediated inhibition of the
proteasome led also to the stabilization of the catalyti-
cally inactive mutant SIRT4(HI61Y) and the N-
terminal deletion mutant SIRT4(AN28) that lacks the
mitochondrial translocation sequence (Fig. S3). Thus,
proteasomal degradation of SIRT4 is independent of
its enzymatic activity and occurs extra-mitochondrially
in the cytoplasm.

The SIRT4 lysine mutants K78R and K299R are
stabilized in CoCl,-induced pseudohypoxia

Proteome-wide mapping identified within human
SIRT4 the putative Ubiquitin target lysine residues
K78 and K299 [33.34]. Thus, to further characterize
the role of ubiquitination and proteasomal degradation
in stress-induced regulation of SIRT4 levels, we

Stress-induced proteasomal degradation of SIRT4

generated HEK293 cell lines stably expressing the
Lysine to Arginine mutated SIRT4 variants K78R,
K299R, or the double mutant K78R/K299R (Fig. S4),
therefore preventing ubiquitination of these lysine resi-
dues. We subjected these cell lines to CoCl, induced
pseudohypoxic stress followed by the analysis of wild-
type and mutated SIRT4 protein levels. As indicated
in Fig. 3, CoCl, treatment for 24 h resulted in a signif-
icant reduction of SIRT4-eGFP protein levels by
approximately 45%, whereas the mutants K78R,
K299R, and K78R/K299R were stable with no overtly
quantitative changes. Longer CoCl, treatment for 36 h
ameliorated this phenotype and resulted in significant
degradation of all three mutants, although K299R still
retained an increased stability. Thus, both lysine resi-
dues K78 and K299 regulate the protein stability of
SIRT4 upon pseudohypoxic stress.

The SIRT4 lysine mutants K78R and K299R
undergo decreased polyubiquitination upon
CoCl, induced pseudohypoxia

Polyubiquitination (poly-Ub) functions as a precursor
and initiator of proteasome-mediated protein degra-
dation [43]. We next subjected wild-type and mutated
SIRT4-¢GFP from untreated and CoCl,-treated cells
to immunoprecipitation using anti-eGFP nanobody
beads followed by the analysis of the degree of
SIRT4 polyubiquitination using anti-Ubiquitin immu-
noblotting. Consistent with the previous findings, the

(A) (B)
. | E——— |
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E 1 1 1
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40 kD - 1
) s
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0.0- T T T T T T T T T T T
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Fig. 3. The SIRT4 mutants K78R and K299R are more resistant to CoCl,-induced degradation. HEK293 cell lines expressing SIRT4-eGFP or
the indicated SIRT4 mutants thereof were subjected to CoCly-induced pseudohypoxia for 24 and 36 h followed by immunoblot analysis of
the respective SIRT4-eGFP/mutant SIRT4-eGFP levels using anti-eGFP antibodies (A} and imaces based densitometric evaluation using o-
Tubulin levels as loading control (B). Unspecific bands are marked (*). To determine statistical significance, a Two-Way ANOVA test followed

by Tukey's test was employed (n = 3; mean £ SD; ***P < 0.001).
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Fig. 4. The SIRT4 mutants K78R and K299R show a decreased polyubiquitination upon CoClinduced pseudohypoxia. (A) HEK293 cell lines
expressing SIRT4-eGFP or the indicated SIRT4-eGFP mutants thereof were either untreated or subjected to CoCly-induced pseudohypoxia
for 24 h. SIRT4 variants were immunoprecipitated using anti-eGFP nanobody beads and further analyzed for the degree of polyubiquitination
(poly-ub) using anti-Ubiquitin immunoblotting (upper panel). Immunoprecipitated SIRT4-eGFP proteins were detected on the same membrane
using anti-eGFP antibodies (lower panel). (B) Relative guantification of polyubiquitination of SIRT4-eGFP mutants compared to wild-type
SIRT4-eGFP using vaces-based densitometric evaluation. To determine statistical significance, a Two-Way ANOVA test followed by Tukey's
test was employed (n = 4; mean + SD; *P < 0.05; ***P < 0.001). (C) SIRT4-specific conservation of lysines K78 and K299 (marked in red)
within the human Sirtuin protein family. (D) Analysis of evolutionary conservation of K78 and K299 (marked in red) in SIRT4 homologs of ver-
tebrates. Sequences in (C) and (D) were obtained from the UniProt database (www.uniprot.org). Sequence analysis was performed using
the cLustalw multiple alignment method followed by the sequence alignment editor software BloEDIT 7.2.5.

stress-induced polyubiquitination of all three SIRT4 Fig. 4C, both K78 and K299 are unique for SIRT4
variants K78R, K299R, and K78R/K299R was signif- among all seven human sirtuin family members, in
icantly lower as compared to wild-type SIRT4, the particular the mitochondrial sirtuins. The only excep-
latter showing a 3-fold induction in poly-Ub levels tion is K299 which is also found in all known SIRT1
(Fig. 4A.B). Next, we explored the conservation of  isoforms, but this lysine residue does not seem to be
lysine residues K78 and K299 of human SIRT4 both involved in SIRTI ubiquitination [44]. At the level of
within the mammalian sirtuins and evolutionary SIRT4 homologs, K78 seems highly conserved in
within known SIRT4 homologs. As indicated in mammals but is absent in phylogenetically more

2192 FEBS Open Bio 13 (2023) 2187-2199 © 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

219

SUONIPUGD) PUE S, 31 33§ “[rZOT/RO/0] U0 Kmgr] utgu L3114 10NQUGsIpUR pupy 1RISIaAIN K4 STLE [ EPS-11TL/Z001 01/A0p/w0d Kajim Amiquauniuosqaj//:sciy woy papeojusoq ‘1 €207 "€9rS1 178

2931 suomImar) 2ANEAI 2(quatiddr ) Kq PaIan0F 2w S yQ) 251 J0 sam 10y Kaqry AuuQ) Sl o (s



N. Hampel et al.

distant species like Xenopus tropicalis (Fig. 4D). In
contrast, lysine K299 is completely conserved through-

Stress-induced proteasomal degradation of SIRT4

negatively correlates with its protein stability upon
pseudohypoxic stress.

out the vertebrates indicating that K299 plays an evo-
lutionary more conserved role in the regulation of
stress-induced proteasomal degradation of SIRT4.
Overall, these findings identify the SIRT4 residues K78
and K299 as conserved polyubiquitination targets and Pulse-chase assays are established to analyze the degree
indicate that the level of polyubiquitination of SIRT4 of basal protein stability upon cycloheximide (CHX)

The SIRT4 lysine mutants K78R and K299R
display an increased basal protein stability
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Fig. 5. The SIRT4 mutants K78R and K299R display increased protein stability. HEK293 cells stably expressing SIRT4-eGFP or the indicated
SIRT4-eGFP mutants thereof were subjected to cycloheximide (CHX) chase assays for 4, 8, and 24 h or treatment with the proteasome
inhibitor MG132 for 24 h. Expression of SIRT4-eGFP or the SIRT4-eGFP mutants thereof was analyzed by immunoblotting using anti-eGFP
antibodies (A) and imaces-based densitometric evaluation using e-Tubulin levels as loading control (B). Unspecific bands are marked (*). (C)
Determination of the protein half-life (T;,,) of SIRT4-eGFP as compared to SIRT4(K78R)-eGFP and SIRT4(K299R)-eGFP analyzed in CHX
chase assays. (D) MG132 mediated inhibition of the proteasome increases the stability of SIRT4(K78R)-eGFP, SIRT4(K299R)-eGFP, and the
double mutant SIRT4(K78R/K299R)-eGFP as compared to wild-type SIRT4-eGFP. Immunoblots were subjected to vacer-based densitometric
evaluation using s-Tubulin levels as loading control. To determine statistical significance, Two-Way ANOVA tests followed by Tukey's tests
were employed (n = 3; mean £ SD; *P < 0.05; **P < 0.01; ***P < 0.001).
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mediated inhibition of protein translation [45]. There-
fore, HEK293 cell lines expressing wild-type SIRT4 or
the mutants K78R, K299R, or K78R/K299R, were
subjected to a time kinetics of CHX treatment for up
to 24 h. Interestingly, all three mutants displayed a
delayed decrease in protein levels as compared to wild-
type SIRT4 (Fig. 5A,B). To further examine differences
in stability between wild-type SIRT4 and its mutants
we calculated their protein half-lives (T ) (Fig. 5C).
The T/, for SIRT4(K78R) was approximately 1.6-fold
increased as compared to wild-type SIRT4, whereas its
difference to SIRT4(K299R) was nearly significant. To
address whether these SIRT4 mutants are more resis-
tant to proteasomal degradation under basal condi-
tions, we treated SIRT4 wild-type/mutant-expressing
cell lines for 24 h with MGI132. As indicated in
Fig. 5A,D, in contrast to wild-type SIRT4, all SIRT4
variants showed a clear increase in protein levels upon
MG132 treatment, with the biggest significant effect on
the double mutant K78/K299.

Discussion

This study provides novel insights into the posttran-
scriptional regulation of SIRT4 protein levels under
stress, i.e., pseudohypoxia-induced conditions. Our
findings indicate that (a) pseudohypoxia-induced deg-
radation of SIRT4 is mediated by two mechanisms,
via macroautophagy/mitophagy upon mitochondrial
translocation of SIRT4, and moreover as a separate
process via proteasomal degradation within the cyto-
plasm; (b) the latter mechanism depends on two con-
served polyubiquitination targets of SIRT4, i.e., lysine
residues K78 and K299; and (c) within the group of
mitochondrial sirtuins, SIRT4 is the only sirtuin which
protein levels decrease upon CoCl, induced pseudohy-
poxic stress. Consistent with this, downregulation of
SIRT4 by hypoxia (1-2% O,) at the protein level
occurs also under more physiological conditions in
H9c2 cardio-myoblast and endothelial HUVEC cells
[38,39]. This may result in an attenuated ROS
response, given that increased SIRT4 can elevate mito-
chondrial H,O, levels [41]. In contrast, dependent on
the cell model analyzed, the modulation of SIRT3 by
hypoxia results in either decrease or rather an increase
of SIRT3 protein levels as summarized in [46]. E.g., a
2% O, hypoxic condition leads to an increase of
SIRT3 in endothelial HUVEC cells that preserves via
deacetylation of FOXO3 bioenergetics and cell survival
under hypoxia [47].

The expression of SIRT4 is regulated at both the
gene/mRNA and protein level. At the transcriptional
level, mTORCI functions as a negative regulator by

N. Hampel et al.

repressing Sirt4 gene expression via degradation of
the transcription factor CREB2 [48.49]. Moreover,
the Sirt4 gene is directly repressed by the lysine-
specific demethylase 1 (Lsdl) [50]. Positive regulators
of Sirt4 gene expression include E2F1 [51], and inter-
estingly also SIRT6, whose target genes Sirt3 and
Sirt4 are downregulated upon SIRT6 deficiency
resulting in mitochondrial dysfunction [52]. Lastly,
several microRNAs (miR-15a-5p, miR-15b, miR-
130b-5p, and miR-497) bind SIRT4 transcripts and
thereby modulate SIRT4 protein levels under basal
as well as stress-induced and cell aging conditions
[8,53-55].

The mechanism(s) involved in the direct protein deg-
radation of mitochondrial sirtuins have only been
recently addressed in closer detail by Baeken et al.
[32]. The authors showed that MPP" induced oxidative
stress in neuronal LUHMES cells, a M. Parkinson dis-
ease model, results in the degradation of SIRT4. This
could be prevented by treatment with BafAl, an inhib-
itor of autophagosome-lysosome fusion and therefore
(macro)autophagy. Consistent with this, MPP" treat-
ment resulted in an increased sub-cellular co-
localization of SIRT4 with LC3B positive autophagic
structures [32]. In contrast, in the authors’ MPP"
model, the reduction of protein levels of oxidized
SIRT4 was insensitive to treatment with the protea-
some inhibitor MG132. This is in different from the
rescue effect of MGI32 treatment toward CoCl,-
induced degradation of SIRT4 (Fig. 2), and surprising,
given that both MPP*, an inhibitor of mitochondrial
complex I [56], and hypoxia, an inhibitor of complex
II1 [57], lead to the accumulation of the mitochondrial
ROS species H,O,. These contrary results could be
based on the different cell models analyzed and/or due
to different extents of ROS generated by MPP, vs.
CoCl,. In this regard, and given the dynamic subcellu-
lar distribution pattern of SIRT4 [5,21], one can specu-
late that lower to medium mitochondrial H,O, levels
target predominantly mitochondrially localized SIRT4,
whereas high cellular H,O, levels also lead to oxida-
tion of cytosolically localized SIRT4. The latter would
then require the proteasome besides (macro)autophagy
for efficient SIRT4 degradation. However, it needs to
be analyzed to which extent CoCl, treatment mediates
SIRT4 degradation via ROS generation and subse-
quent SIRT4 oxidation.

Polyubiquitination of SIRT4 has been previously
observed [58,59], but the ubiquitination site(s) of
SIRT4 were not analyzed. Consistent with our data,
recent work by Zhao er al. [60] identified lysine residue
K78 of SIRT4 as a polyubiquitination target under
basal, i.e., non-stress conditions. The authors’ data
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Fig. 6. Model overview about the cellular
pathways involved in protein degradation
of SIRT4. Given the significantly increased
protein half-life of SIRT4(K78R) (Fig. 5C)
and the greater stability of SIRT4(K299R)
under pseudohypoxic stress (Fig. 3), it is
tempting to speculate that K78 and K299
play some divergent roles in basal vs.
stress-induced degradation of SIRT4,
respectively.

indicate that the mTORCI-c-Myc regulated E3-
Ubiquitin protein ligase TRIM32 targets SIRT4 via
polyubiquitination of lysine K78 for proteasomal deg-
radation [60]. However, this mechanism may not be
relevant under (pseudo)hypoxic conditions given that
hypoxia downregulates TRIM32 protein levels as
shown in pulmonary artery smooth muscle cells [61].
Thus, it remains to be determined (a) whether other
SIRT4 interacting E3-Ubiquitin protein ligases, includ-
ing RNF138 [60] or TRIM28 ([60] and own unpub-
lished results), are involved in proteasomal
degradation of SIRT4, and (b) which of the lysine resi-
dues K78 and K299 are targeted by these E3-Ubiquitin

B

SIRT4 _Import
RN

K78 K299

Mitophagy

Degradation y’g

BafA1

ligases. Overall, our findings indicate that lysine K78
regulates protein half-life under basal conditions
(Fig. 5C), whereas polyubiquitination of lysine K299
mediates SIRT4 degradation upon cellular stress (Figs 3
and 4).

In eukaryotes, polyubiquitination-dependent protea-
somal degradation of proteins takes place in the cyto-
plasm and in the nucleus [62]. Interestingly, recent
findings identified a mitochondrial E3-ubiquitin ligase
involved in the degradation of the mitophagy receptors
BNIP3 and NIX [63] and further uncovered ubiquitin-
dependent degradation of mitochondrial proteins at
the inner mitochondrial membrane [64]. Given these
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observations one could speculate that polyubiquitination
and proteasomal degradation of SIRT4 occurs not in
the cytoplasm, but during/after mitochondrial transloca-
tion. Although we can exclude this possibility, the
MGI132-mediated  stabilization of the ectopically
expressed N-terminal deletion mutant SIRT4(AN28)
(Fig. S3), which cannot be imported into mitochondria,
supports the existence of an extramitochondrial polyubi-
quitination and degradation mechanism for SIRT4.

Conclusions

We propose a model in which stress-induced degradation
of SIRT4 is regulated by and dependent on its subcellular
localization, i.e., macroautophagy of mitochondrially
localized SIRT4 and the ubiquitin-proteasome mediated
degradation of extra-mitochondrial/cytoplasmatic SIRT4
(Fig. 6). Both degradation systems regulate cytoplas-
matic vs. mitochondrial SIRT4 levels and therefore
the respective subcellular functions of SIRT4. In the
former case, SIRT4, a bona fide tumor suppressor
protein, interacts with the mitotic spindle apparatus
and negatively regulates cell cycle progression [5].
Here, downregulation of SIRT4 upon (pseudo)hypoxia
would favor the proliferation of, e.g., stem cells or
tumor cells in hypoxic niches [65,66]. In the latter
case, mitochondrial SIRT4 interacts with the GTPase
OPAL thereby favoring mitochondrial fusion and thus
counteracting mitophagy [41,67]. Here, the downregu-
lation of SIRT4 would promote mitophagy and pre-
vent the accumulation of defective mitochondria due
to hypoxia. These models need to be tested in the
future.
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Fig. S1. shRNA-mediated depletion of SIRT4 in
HEK293 cells.

Fig. S2. CoCl, treatment of HEK293-eGFP cells does
not lead to downregulation of eGFP levels.

Fig. S3. Stabilization of SIRT4(H161Y) and SIRT4
(DN28) mutants by treatment with the proteasome
inhibitor MG132.

Fig. S4. Flow cytometry-based analysis of expression
of SIRT4 and SIRT4 mutants.
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Figure S1. shRNA-mediated depletion of SIRT4 in HEK293 cells. HEK293 cell lines were generated which either
express the control pLKO.1 vector or pLKO.1_948 that targets the human SIRT4 mRNA. Parental and transgenic cell
lines were subjected to immunoblot analysis using a SIRT4 specific antibody.
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deletion mutant SIRT4(AN28) that does not translocate into mitochondria, were subjected to MG132 treatment for 6

h and 24 h followed by immunoblot analysis of the respective SIRT4-eGFP/mutant SIRT4-eGFP levels. f-Actin
staining served as loading control.
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Figure S4. Flow cytometry-based analysis of expression of SIRT4 and SIRT4 mutants. Parental HEK293 cells as
negative control and HEK293 cell lines stably expressing SIRT4-eGFP or SIRT4 mutants thereof were subjected to flow
cytometry-based (GFP-A) expression analysis.
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Abstract

Arteriovenous malformations (AVMs) are high-flow vascular abnormalities that can cause
recurrent bleeding, varying widely in complexity and severity. In our study, using ultra-deep
sequencing, we identified new somatic SOS1 delins variants in the AVM tissues of three patients.
S0S1 (Son of Sevenless homolog 1), encodes a protein that acts as a guanine nucleotide
exchange factor (GEF) for RAS proteins, which are crucial in regulating the RAS-MAPK signaling
pathway. Our study represents the first biochemical analysis of AVM-associated SOS1 mutations
by introducing variants into HEK293T cells, revealing that these mutations lead to aberrant GEF
activity of SOS1, which results in elevated RAS-GTP levels and subsequent hyperactivation of the
downstream RAS-MAPK signaling pathway, as evidenced by increased p-ERK levels. These
SOS1 variants notably impair AKT activation by reducing phosphorylation at T308, a critical site
for its initial activation, and at S473, which is essential for full activation. Moreover, therapeutic
potentials by assessing the efficacy of various inhibitors: SHP2i (SHP099), KRAS:SOS1 inhibitor
(BI-3406), and MEK inhibitor (PD0325901) were explored all of which demonstrated significant
reductions in p-ERK levels. In particular, the MEK inhibitor Trametinib led to a substantial reduction
in bleeding and AVM size in two of the patients. These results point to SOS1’s involvement in
AVM pathogenesis and highlight the potential for targeted therapies in future clinical trials.

Introduction

Arteriovenous malformations (AVMs) are fast-flow vascular anomalies characterized by abnormal
blood shunting that bypasses the capillary network. This disruption leads to tissue ischemia,
ulceration, and frequent bleeding, making AVMs both progressive and resistant to conventional
treatments [1]. Most AVMs are sporadic and primarily involve activation of the RAS-MAPK
pathway, while rare familial cases affect the PI3K-AKT pathway [2, 3]. Despite the known
involvement of somatic mutations in components of the RAS-MAPK pathway, such as HRAS [4],
KRAS, BRAF [5], MEK1 (MAP2K1) [6], and RASA1 [7, 8], the identification of a definitive causative
variant remains challenging, thus making genotype-phenotype correlation elusive. In these cases,
identifying optimal targeted medical therapy can be difficult. We identified novel somatic mutations
in the SOS1 gene in patients with complex extracranial AVMs using Oncopanel, a next-generation
sequencing tool that evaluates 447 cancer-associated genes. SOS1 functions as a guanine
nucleotide exchange factor (GEF), facilitating the activation of RAS proteins from their inactive
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GDP-bound state to their active GTP-bound form, which is crucial for MAPK pathway signaling
[9]. Although SOS1 has been linked to various RASopathies, including Noonan Syndrome (NS)
[10], Hereditary Gingival Fibromatosis-1 (HGF-1) [11], Costello Syndrome (CS) [12], and Leopard
Syndrome (LPRD), and is involved in several cancers [13], its role in AVMs has not been
previously documented.

Our findings reveal that SOS1 variants lead to aberrant GEF activity, resulting in elevated RAS-
GTP levels and hyperactivation of the downstream MAPK signaling pathway, as indicated by
increased p-ERK levels. These SOS1 mutations notably diminished AKT phosphorylation at T308
and caused a significant reduction at S473, collectively impairing AKT activation. We also
assessed the therapeutic potential of targeted inhibitors: SHP2i (SHP099), KRAS:SOS1 inhibitor
(BI-3406), and MEK inhibitor (PD0325901). All inhibitors demonstrated significant reductions in p-
ERK levels in vitro. Particularly, the oral MEK inhibitor Trametinib showed notable clinical benefits,
including a substantial reduction in bleeding in two patients. Our report expands the genetic
landscape of extracranial AVMs and describes the clinical features, treatment approaches, and
characterization of SOS1 delins.

Results

Clinical Manifestations of Novel SOS1 Delins Variants in AVM Tissue from Three Patients
Using Oncopanel, a targeted next-generation sequencing test evaluating 447 genes implicated in
cancer, we identified somatic mutations in the SOS1 gene in patients with complex extracranial
AVM. We report clinical features (Figure 1), treatment approach, and response to targeted therapy
with the oral MEK inhibitor Trametinib in these patients.

Patient one was an 18-year-old male who presented with AVM affecting his right cheek and jaw,
characterized by marked redness and swelling, along with frequent bleeding episodes. Genetic
analysis revealed a novel SOS1 variant, c.1306delins46, with a variant allele frequency (VAF) of
5.6% and sequencing coverage of 312x. From ages 1 to 9, the patient experienced recurrent
gingival bleeding, necessitating seven embolization procedures. At age 13, he required another
embolization due to a large bleed, which led to a tracheostomy. Propranolol treatment (1.5
mg/kg/day) was introduced, which improved the frequency of bleeding but did not prevent
recurrent episodes. At age 14, the patient underwent surgical debulking with laser, reconstruction
of the left temporomandibular joint (TMJ), and sclerotherapy. Despite these interventions, he faced
a significant oropharyngeal hemorrhage at age 15, requiring emergent ligation and embolization.
The patient was treated with Trametinib at a dosage of 1mg orally daily, which led to a noticeable
reduction in swelling and bleeding episodes. However, the treatment was associated with side
effects, including acne, rash, and swelling of the hands.

The second patient was a 25-year-old female who exhibited an AVM in the left jaw and
temporomandibular joint, experiencing frequent bleeding episodes. The SOS1 variant identified
was harboring ¢.1457_1459delins33 mutation with a VAF of 12% and unspecified sequencing
coverage. Over the years, the patient has undergone a series of treatments: at age 8, she had an
attempted operative resection; between ages 10 and 11, she underwent six embolizations; from
ages 16 to 21, she received sclerotherapy, embolization, and cryoablation in five separate
procedures. At age 21, she had temporomandibular joint arthroscopy and arthrocentesis, CO2
laser treatment to a neck scar, and an attempted transection of the right mandibular nerve. At age
22, she continued with sclerotherapy and CO2 laser treatment to her neck and chin. Further
freatments at age 23 included additional sclerotherapy and embolization, and at age 24, she had
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an excisional biopsy and release of a neck contracture. Currently, she is being treated with
Trametinib at a daily oral dosage of 1.5 mg, which has successfully reduced the frequency of her
bleeding episodes. However, this medication has also led to side effects, including acne and rash.
Patient three was a 28-year-old male who had an extensive AVM involving the right pelvis, gluteal
region, and lower extremity, accompanied by significant lymphedema of the scrotum and a non-
healing ulcer on the hip and leg. The patient also experienced recurrent bleeding episodes with a
hemoglobin nadir of 5.5 ng/mL and suffered a life-threatening hemorrhage following a wound
debridement of the hip wound. His condition has necessitated multiple transfusions, and frequent
admissions to the ICU, and has been complicated by continued bleeding, chronic anemia, and
frequent infections with multi-drug resistant organisms, resulting in a very poor quality of life. The
genetic variant identified was SOS1 ¢.1465_1466ins39 with a VAF of 10.0% and sequencing
coverage of 179x. Treatment with Trametinib at 0.5mg orally daily was initiated but had to be
discontinued due to the development of significant lymphedema.

Functional Domains of SOS1 Affected in delins

The variant identified in patient1, delins1, resulted in the replacement of G'% with a 46-nucleotide
sequence (CATTGGACAGTGTTGTTCAGAAGAATATTGATGGTTGGGAGGGAAA), leading to
the deletion of amino acid D*® and the insertion of a 16-amino acid sequence
HWTVLFRRILMVYGREN, situated near the SOS1-PH domain after the DH domain. In Patient 2,
the delins2 variant replaced G™%-A™8"  with a  33-nucleotide  sequence
(GTCTTAAAGAAAAGTTTTTTTAAAAGAAAGCAA), resulting in the deletion of A**-E*7 and the
insertion of an 11-amino acid sequence VLKKSFFKRKQ, located within the PH domain. In Patient
3, the delins3 variant caused the addition of 39 nucleotides
(TTAAAGAAAAGTTTTTAAGAAAAGTTTTAAAGAAAAAAA) between CM85-G188 | |eading to the
deletion of R*®* and the insertion of a 14-amino acid sequence LKEKFLRKVLKKKS, also located
within the PH domain. Delins mutations include alterations that are predicted to promote
conformational rearrangements of the PH domains, as illustrated in Figure 2.

S0S1 Mutations Associated with AVM Elevate p-ERK Levels

To further investigate the impact of three distinct SOS1 delins on RAS-triggered downstream
signaling, we analyzed the phosphorylation levels of key downstream effectors in the MAPK and
PISK/AKT pathways, including p-ERK, p-AKT(T308), and p-AKT(S473). p-AKT(T308) is
phosphorylated by PDK1, while p-AKT(S473) is regulated by mTORC2, which is crucial for the full
activation of AKT (Figure S1). The signaling outcomes of the SOS1 delins variants in P1, P2, and
P3 were compared to the wild-type SOS1 full-length protein in HEK293 cells. As shown in Figures
3A and 3B, increased levels of p-ERK were observed in all SOS1 mutants compared to the wild-
type SOS1 full-length protein. In contrast, SOS1 variants led to a decrease in the phosphorylation
of AKT at T308 and S473 (Figure 3).

S$051 Mutants Exhibit Gain-of-Function Effects Leading to Increased RAS Activation

Next, we assessed whether the expression of these SOS1 mutants altered MAPK signal
fransduction through RAS. A pulldown assay was performed to isolate GTP-bound RAS (active
RAS) using GST-RAF-RBD. HEK293 cells were transfected with either wild-type SOS1 full-length
protein or one of the three mutant SOS1 variants (P1, P2, and P3). After 48 hours, cells were
lysed, and active RAS was isolated using a GST-RAF-RBD affinity probe. The levels of active
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RAS were analyzed by Western blot. Additionally, the phosphorylation levels of p-ERK for each
variant were compared to wild-type SOS1. The results showed that the SOS1 mutants caused
essentially constitutive RAS activation compared to the wild-type (Figure 4A and 4B). Furthermore,
the extent of RAS activation was positively correlated with ERK activation for each SOS1 mutant
(Figures 4A and 4C).

Pharmacological Inhibition Reverses ERK Hyperphosphorylation Induced by SOS1 Delins
Additionally, to investigate the effect of inhibitors on downstream signaling mediated by SOS1
variants, we employed three inhibitors targeting different stages of the signaling pathway. The first
inhibitor, SHP099, targets SHP2 upstream of SOS1. The second inhibitor, BI-3406, selectively
inhibits the interaction between KRAS and SOS1, acting at the level of SOS1. The third inhibitor,
PD0325901, known as Mirdametinib MEK inhibitor, acts downstream in the pathway by inhibiting
MEK (Figure S1). All delins showed a notable decrease in p-ERK phosphorylation levels when
freated with SHP2, SOS1-KRAS, and MEK inhibitors, as indicated by statistical significance
(Figures 5A and 5B). The results for the empty vector (EV) and wild-type SOS1 (SOS1 wt) upon
inhibitor treatment are shown in Figure S2.

Conclusion

Our study identifies novel somatic SOS1 mutations in extracranial AVMs, offering new insights
into their genetic basis. By demonstrating that these mutations lead to aberrant SOS1 activity and
hyperactivation of the RAS-MAPK pathway, we highlight a crucial mechanism in AVM
pathogenesis. We detail the efficacy of three inhibitors: SHP099 (targeting SHP2), BI-3406
(blocking KRAS-SOS1 interaction), and PD03252901 (Mirdametinib, a MEK inhibitor) in attenuating
MAPK activation. Moreover, we report clinical features, treatment approach, and response to
targeted therapy with the oral MEK inhibitor Trametinib in these patients. The effectiveness of the
oral MEK inhibitor Trametinib in reducing bleeding in two patients as well as three additional in
vitro analyzed inhibitors demonstrates their potential as treatment strategies. As molecular
diagnostics improve and targeted therapeutics for vascular anomalies expand, it will be important
for clinicians to consider SOS1 as a potential causative gene for AVM patients, as identifying these
mutations may have important diagnostic and therapeutic implications.

Methods

Cell Culture, Transfection, and Drug Treatment

Human embryonic kidney 293 (HEK293) cells were cultured by seeding 1,000,000 cells in 10 cm
cell culture plates containing Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; Gibco) and 1% Penicillin/Streptomycin (Genaxxon). Cells were allowed
to adhere for 24 hours before transfection. Upon reaching approximately 70% confluency, cells
were transfected using Turbofect reagent (Thermo Fisher Scientific). The transfection included
HA-tagged SOS1 wild-type (pCMV construct from addgene plasmid #32920), along with delins1,
delins2, and delins3 variants that were cloned into pCMV constructs, alongside an empty vector
(EV) serving as a negative control. The medium was refreshed the next day at the 24-hour time
point with 10pM of SHP2 inhibitor (SHP099; Selleckchem #S6388), 10pM KRAS-S0OS1 inhibitor
(BI-3406; MedChemExpress #HY-125817), and 1uM Mirdametinib MEK inhibitor (PD0325901;
Selleckchem #S1036). Additionally, DMSO was included as a control, with a final concentration of
almost 0.1%.
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Cell Lysis and Protein Extraction

At 48 hours post-transfection, cells were washed with ice-cold phosphate-buffered saline (PBS)
and then lysed in ice-cold lysis buffer for 5 minutes. The lysis buffer composition included 50 mM
Tris/HCI (pH 7.4), 100 mM NaCl, 2 mM MgCl2, 10% glycerol, 20 mM R-glycerophosphate, 1 mM
Na3V04, 1% IGPAL (Thermo Fisher Scientific), and 1x protease inhibitor cocktail (Roche). The
cell lysates were cleared by centrifugation at 20,000 x g at 4°C for 5 minutes. Protein
concentrations in the lysates were determined using the Bradford assay.

RAS Activation Assay

The RAS-binding domain (RBD) of CRAF (amino acids 55-131) was cloned into the pGEX-4T1
vector (BioCat GmbH) and transformed into E. coli. The expressed GST-fused RAF-RBD proteins
were isolated from bacterial lysates using glutathione—agarose beads (Macherey-Nagel). For the
RAS activation assay, the GST-fused RAF-RBD beads were used to pull down GTP-bound RAS
(active RAS) from total cell lysates of HEK293 cells transfected with HA-SOS1-wt, HA-SOS1-P1,
HA-SOS1-P2, and HA-SOS1-P3. The lysates were incubated with the beads for 1 hour at 4°C
under rotation, followed by centrifugation at 500g. The beads were washed three times with ice-
cold buffer (30 mM Tris—HCI, 150 mM NacCl, 5 mM MgCI2, and 3 mM DTT). Protein samples were
mixed with Laemmli loading buffer and analyzed by SDS-PAGE, followed by immunoblotting to
assess the levels of active RAS.

SDS-PAGE and Immunoblotting

1x Laemmli sample buffer was added to the protein samples, and the samples were subjected to
sodium SDS-PAGE using 12.5% polyacrylamide gels. Following electrophoresis, the separated
proteins were transferred to a membrane for immunoblotting.

Antibodies and Detection

Immunoblotting was performed using the following primary antibodies: anti-GST(own antibody),
anti-ERK (1/2) (1:1000; #9102, Cell Signaling), anti-p-ERK (1/2) (1:1000; #4370, Cell Signaling),
anti-Vinculin (1:1000; #V9131, Sigma), anti-AKT (1:1000; #2920, Cell Signaling), anti-p-
AKT(T308) (1:500; #2965, Cell Signaling), anti-p-AKT(S473) (1:1000; #4060, Cell Signaling).
Secondary antibodies used for detection: anti-mouse 700 nm: IRDye #926-32213, and anti-rabbit
800 nm: IRDye #926-6807. The protein bands were visualized using an LI-COR imaging system.
All experiments were carried out in triplicate, and statistical analyses were performed to assess
the significance of the results.

Statistical Evaluation of Downstream Signaling Pathways in Response to SOS1 Delins
Immunoblot protein signals were quantified using Image Studio Lite Version 5.2 software. Signal
intensities were normalized to loading controls, and for accurate downstream signaling
comparison, data were further normalized to total SOS1 expression across samples. Results are
presented as mean + S.D. One-way ANOVA analysis was conducted with Origin data analysis
software (OriginLab-2021b). Significance was denoted as follows: *, p<0.05; **, p< 0.01; ***, p <
0.001.
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Figure Legends

Patient1 Patient2 Patient3

Figure 1. clinical presentation of AVM patients with S0S1 delins. This figure illustrates the clinical presentations of
three patients with novel SOS1 delins variants identified in AVM. Patient 1, an 18-year-old male, had AVM affecting the
right cheek and jaw with significant swelling and bleeding. Patient 2, a 25-year-old female, presented with AVM in the
left jaw and temporomandibular joint, also experiencing frequent bleeding episodes. Patient 3, a 28-year-old male, had
an extensive AVM involving the right pelvis, gluteal region, and lower extremity, complicated by severe lymphedema
and non-healing ulcers.
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Figure 2. SOS1 genomic structure, domain organization, and location of residues altered in AVM. (A) Genomic
structure and intron/exon distribution of the human SOS1 gene, with coding exons depicted as solid vertical boxes and
non-coding exons as empty boxes. (B) Domain architecture of the SOS1 protein, including the HD (Histone-like
Domain), DH (DBL Homology), PH (Pleckstrin Homology), REM (RAS Exchange Motif), CDC25 (Cell Division Cycle
25), and PRD (Proline-Rich domain). Additionally, a 3D structural alignment of the wild-type SOS1 with three mutants
is presented, marking the locations of each delins in green to show their specific positions and potential impacts on
protein structure.
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Figure 3. Downstream signaling effects of S0S1 delins. (A) Inmunoblot analysis of downstream signaling pathways
in HEK293 cells transfected with empty vector (EV), HA-tagged SOS1 wild-type (SOS1-wt), P1, P2, and P3 variants.
(B) Increased levels of phosphorylated ERK (p-ERK) were observed across all variants. (C) Phosphorylation levels of
p38 showed a significant decrease difference between wild-type and delins. (D and E) Phosphorylation of AKT at T308
and S473 exhibited a significant decrease in all mutants compared to wild-type SOS1. Densitometric immunoblot
analysis of the levels of p-ERK, p-AKT(T308), and p-AKT(S473) were subjected to statistical one-way ANOVA (mean +
S.D.; *P < 0.05; *P < 0.01; **P < 0.001).
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Figure 4. RAS activation assay. (A) HEK293 cells were transfected with fulllength HA-tagged SOS1 wild-type (SOS1-
wt), P1, P2, and P3. The binding of active RAS to GST-RAF-RBD was assessed to evaluate the effect of SOS1 variants
on RAS-mediated downstream activation. RAS activation levels in cells expressing mutant SOS1 variants were
compared to those in cells expressing wild-type SOS1, based on three independent replicates. A significant increase in
RAS activation was observed for all mutant variants compared to the wild-type. Correspondingly, p-ERK levels also
increased, showing a similar correlation with RAS activation. (B) and (C) Densitometric analysis of immunoblots for
RAS activation and p-ERK levels was conducted. Statistical significance was determined using one-way ANOVA (mean
+S.D.;*P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 5. Impact of Inhibitors on p-ERK Phosphorylation in SOS1 Mutants. (A) HEK293 cells expressing SOS1
delins (P1, P2, and P3) were treated with three inhibitors: SHP099 (targeting SHP2), BI-3406 (blocking KRAS-SOS1
interaction), and PD0325901 (Mirdametinib, a MEK inhibitor). Additionally, cells transfected with empty vector (EV), HA-
tagged SOS1 wild-type (SOS1 wt), P1, P2, and P3 variants were treated with DMSO as control. p-ERK phosphorylation
levels were measured post-treatment. Significant reductions in p-ERK phosphorylation were observed for all SOS1
delins variants with each inhibitor, indicating effective modulation of ERK signaling (B). Densitometric analysis of
immunoblots was performed, with data analyzed by one-way ANOVA (mean + S.D.; *P < 0.05; **P <0.01; **P < 0.001).
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Figure S1. SOS signaling pathway. The figure illustrates the downstream signaling pathways activated by SOS1-
RAS, highlighting the MAPK and PI3K-AKT pathways. It shows the phosphorylation of key signaling components: p-
ERK, p-AKT(T308) (essential for partial AKT activation and mediated by PDK1), and p-AKT(S473) (crucial for full AKT
activation and mediated by mTORC2). The pathways are depicted with red blunt arrows indicating the targets of the
inhibitors used in this study: SHP099 (which inhibits SHP2 upstream of SOS1), BI-3406 (which blocks the KRAS-S0S1
interaction), and PD0325901 (Mirdametinib, a MEK inhibitor acting downstream).
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wild type and delins (P1, P2, and P3) were treated with DMSO as a control. Additionally, the effects of SHP099 (targeting
SHP2), BI-3406 (blocking KRAS-SOS1 interaction), and PD0325901 (Mirdametinib, a MEK inhibitor) were analyzed on
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ERK phosphorylation levels were measured post-treatment. (B) Densitometric analysis of immunoblots was performed,
with data analyzed by one-way ANOVA (mean + S.D.; *P < 0.05; *P < 0.01; **P < 0.001).
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Abstract

Arteriovenous malformations (AVM) are benign vascular anomalies prone to pain, bleeding, and progressive growth. AVM
are mainly caused by mosaic pathogenic variants of the RAS-MAPK pathway. However, a causative variant is not identi-
fied in all patients. Using ultra-deep sequencing, we identified novel somatic RITT delins variants in lesional tissue of three
AVM patients. RIT] encodes a RAS-like protein that can modulate RAS-MAPK signaling. We expressed RIT/ variants in
HEK293T cells, which led to a strong increase in ERK1/2 phosphorylation. Endothelial-specific mosaic overexpression of
RITI delins in zebratish embryos induced AVM formation, highlighting their functional importance in vascular development.
Both ERK1/2 hyperactivation in vitro and AVM formation in vivo could be suppressed by pharmacological MEK inhibi-
tion. Treatment with the MEK inhibitor trametinib led to a significant decrease in bleeding episodes and AVM size in one
patient. Our findings implicate RIT/ in AVM formation and provide a rationale for clinical trials with targeted treatments.

Keywords Vascular anomalies - Vascular malformation - Arteriovenous malformation - RIT1 - RAS-MAPK pathway -
Trametinib

Abbreviations Introduction
AVM  Arteriovenous malformation
CSF Cerebrospinal fluid Vascular anomalies are classified according to the Classifica-
dpf Days post fertilization tion of the International Society for the Study of Vascular
hpf Hours post fertilization Anomalies (ISSVA) and are subdivided into vascular tumors
PTU 1-Phenyl 2-thiourea and vascular malformations [1, 2]. While vascular tumors
ISSVA  International Society for the Study of Vascular show increased cell proliferation, vascular malformations
Anomalies are thought to represent mainly non-proliferative lesions that
MRI Magnetic resonance imaging originate from errors in vascular development. Most vascu-
NGS Next generation sequencing lar malformations are caused by a somatic mosaic mutation
VP Ventriculoperitoneal in the affected tissue. Activation of the PI3K-AKT-mTOR

pathway are thought to predominate in slow-llow malforma-
tions such as venous and lymphatic malformations [3-5],
whereas variants activating the RAS-MAPK pathway are
typically associated with fast-flow malformations such as
AVM [6-9].
Extracranial AVM can occur anywhere in the body, most
often in the soft tissue of extremities as well as the head
Friedrich G. Kapp, Farhad Bazgir and Nagi Mahammadzade have and neck [10, 11]. AVM may become symptomatic with
contributed equally to this work swelling, pain, pulsations, and bleeding. AVM located in the
face may lead to major disfigurement and life-threatening
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complications | 12]. Almost all AVM progress over time [ 13,
14], which may lead to tissue necrosis, bleeding complica-
tions, and hyperdynamic heart failure. Treatment is mainly
interventional (embolization) and/or surgical resection;
however, invasive therapies can activate the lesion and often
lead to relapse [14]. However, the exact pathomechanism of
AVM development and progression are poorly understood.
Taken together, AVM belongs to the most aggressive vas-
cular anomalies and are often difficult to treat, highlighting
the need for novel treatment strategies.

In this project, we identified novel mosaic delins vari-
ants in RITT that were found in the lesional tissue of three
patients with extracranial AVM. RIT1 acts as modulator of
the RAS-MAPK pathway and has so far not been implicated
in the development of AVM. We characterized these variants
by assessing their effect on ERK phosphorylation in vitro,
on vascular development in vivo in a zebrafish model, and
the response to MEK inhibition. We further present data on
the off-label use of trametinib in one patient.

Results

Novel RIT1 delins variants identified in AVM tissue
from three patients

To identify underlying genotypic changes, a total of 691
samples of patients with vascular anomalies underwent next
generation sequencing at three different centers [or vascular
anomalies. Out of these 691 samples, approximately 100
were from patients with an AVM. Three patients with an
extracranial AVM were found to harbor a RIT! mutation.
Patient 1 (P1) was a 3-year-old girl with an AVM of the
right face. A capillary anomaly and swelling of the right
cheek were noticed at birth (Fig. 1A). A diagnosis of an
infantile hemangioma was initially made at an external hos-
pital and propranolol was initiated at one month of age. The
lesion did not respond to this therapy and a first episode of
epistaxis occurred at 6 months of age, eventually leading
to the diagnosis of a facial AYM on magnetic resonance
angiography (MRA) (Fig. 1B, C). Following this bleed-
ing event, a first catheter embolization with Onyx was per-
formed. Two additional embolizations followed until the
age of 22 months, the last intervention of which was com-
bined with bleomycin electro-sclerotherapy [15]. The lesion
did not respond to either therapy and the AVM progressed
with intermittent life-threatening bleeding episodes (Online
Resource 1). Due to progressive symptoms, the patient was
then treated with extensive Onyx embolization of the AVM,
and a biopsy was obtained for genetic analysis. These inter-
ventions, including the removal of a molar that was rooted
within the AVM, alleviated the symptoms only slightly. Due
to the nature and course of the disease, a hemimaxillectomy
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was considered. However, infiltration of the AVM into
the orbit made a cure by this very invasive approach seem
unlikely. We thus initiated off-label treatment with thalido-
mide (25 mg per day) when the patient was 2 years of age.
Under this treatment—and after the last extensive emboliza-
tion—the severity of bleeding episodes decreased over the
next months before deteriorating again. Genetic testing of
the biopsy of affected tissue identified a RIT! delins variant
(c.246_248delinsCCCTCT p.T83delinsPL (referred to as
RIT. }P", hereafter)), with a variant allele frequency (VAF)
of 3.3%.

Patient 2 (P2) was a 42-year-old man with a first episode
of neck pain at the age of 35 years. A continuously grow-
ing and pulsating vascular lesion was detected (Fig. 1D).
MRA showed an isolated intramuscular AVM connected to
the subclavian and the thyrocervical trunk on the right side
with disfiguring diffuse muscle involvement including the
splenius capitis muscle (Fig. 1E, F). Therapy with siroli-
mus was initiated but had to be discontinued due to sup-
purative osteomyelitis of the jaw within 3 weeks. At the age
of 39 years, the patient received three direct intraarterial
ethanol embolizations at monthly intervals without success.
Although the initially dominating nidus of the AVM was
completely shut down, there was a massive proliferation of
microfistular AV shunts and an increase in tissue volume as
aresult. One year after embolization, debulking surgery was
performed after the situation had stabilized. Histopathology
showed typical findings of a diffuse intramuscular microfis-
tular AVM. Ten months later, progression of the AVM was
noted again and a combined approach with Onyx emboliza-
tion and gross total resection was performed. Since then, the
patient has been without complaints with stable disease and
minimal radiological residunm. A RIT/ delins variant was
identified in the resected tissue (¢.242_248delinsTCCCTC
T p.E81_T83delinsVPL (referred to as RITI P2 hereafter)
with a VAF of 6.0%.

P3 was a 17-year-old girl, who presented with a persistent
prominence in the left forearm that was first noted one year
before (Fig. 1G). At the time of the initial presentation, there
was no associated pain, no functional deficit, no overlying skin
changes, and only minimal swelling. An initial ultrasound was
notable for a 5.4 cmx 1.1 cmx 4.7 cm intramuscular mass
in the left forearm with diffuse internal vascularity seen on
Doppler examination. An MRI of the lesion was notable for
a solid enhancing mass in the left pronator teres muscle with
imaging findings consistent with a solid neoplasm (Fig. 1H).
She underwent an IR-guided biopsy of the lesion. Histopathol-
ogy was consistent with an intramuscular fast-flow vascular
anomaly. She was followed for the next two years and had
progressive growth of the lesion associated with pain. Given
the worsening of her symptoms, she underwent resection of
the lesion. There were no complications and she has had mini-
mal pain since. In the resected tissue, a RIT/ delins variant
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Fig.1 Three patients with somatic RIT] variants identified in AVM
tissuc. a Patient P1 displays a capillary malformation and swelling of
the right side of the face. b MRI of P1 at the age of 4 months, the
image of a transversal T2 TSE sequence, in which an AVM could
be detected, the extent of the lesion is labelled with red dashed line
indicating sofl tissue edema and flow-voids. ¢ The MR angiogra-
phy shows increased perfusion on the right side of the face (left
side within the panel). d Patient P2 shows a prominent mass of the
left cervical/muchal area. € MR imaging (coronal T2 sequence with
fat saturation), which shows the hyperintense isolated intramuscu-

lar lesion, flow-voids seen within the lesion representing high AVM
flow, and disfiguring overgrowth. f MR angiography, which shows the
large AVM connected to the subclavian and the thyrocervical trunk
with multi-chambered central nidus. g Clinical aspect of the Patient
P3 with swelling on the left forearm, close to the medial side of the
elbow. h T2W sagittal images demonstrating a well-defined fusiform
shaped hyperintense lesion involving the flexor muscle (pronator
teres) of the forearm. Flow voids (red dashed line) are seen within the
lesion representing arterial blood vessels. MRI Magnetic Resonance
Imaging
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Fig.2 ERK phosphorylation after expression of RIT] variants in vitro
in HEK293T cells. a Protein structure of RIT1 predicted by Alpha-
Fold, accessed through ensemble.org. The area labelled by the dashed
red line indicates the switch 2 domain. b Schematic drawing of RITY
functional domains of human RIT1 protein (green boxes=GTP-
binding regions; red boxes=switch domain 1 and 2; blue arrows
(upward)=two mutations typically found in Noonan syndrome; blue
arrows (downward)=mutations identified in P1-P3. ¢ Western blot
after expression of RIT! varianls to assess RAS-MAPK pathway
activation. Gamma tubulin served as loading control, FLAG-RIT1
confirms the expression of the construct, total ERK levels serve as
a control to exclude the differential expression of ERK, and p-ERK
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was identified (¢.229delins TTGGATACAA p.A77delinsLDTT
(referred to as RIT1™, hereafter) with a VAF of 13%.

RIT1 delins-induced ERK hyperphosphorylation can
be reversed by pharmacological inhibition of MEK
but not SHP2

All three delins variants are located close to the switch 2
domain of the RIT1 protein, a region that also harbors ger-
mline missense variants commonly associated with Noo-
nan syndrome (Fig. 2A, B). To investigate the impact of
these novel mutations on activation of the RAS pathway,
we assessed ERK phosphorylation by Western blotting after
the expression of RIT/ in the HEK293T cells. We expressed
RITIT, RITIT?, RITIT, RITI wildtype (RITI™), and two
recurrent RIT! mutations found in Noonan syndrome
(p.F82L and p.M90I). All three novel RIT! delins led to a
significant increase in ERK phosphorylation, while over-
expression of the two Noonan syndrome-associated RITI
mutations only induced a modest ERK hyperphosphoryla-
tion (Fig. 2C, D). Additionally, we examined the effects of
the RIT! variants on PI3K/AKT signaling pathway activa-
tion by assessing the ratios of p-AKT (Thr308) as a substrate
of PDK1 and p-AKT (Ser473) as the target of mTORC2
to the total levels of AKT. Interestingly, higher levels of
phosphorylation at AKT-Threonine-308 were observed in
the AVM associated delins, while the phosphorylation at
Serine-473 remained unaffected (Online Resource 2).
Since RAS proteins act downstream of SHP2 and
upstream of MEK and ERK in the RAS-MAPK signaling
pathway, we hypothesized that RIT1-induced ERK hyper-
phosphorylation exhibits a differential response to treat-
ment with SHP2 and MEK inhibition (Online Resource 3).
Indeed, treatment of HEK293T cells with the SHP2 inhibi-
tor SHP099 showed no effects on ERK phosphorylation. In
contrast, MEK inhibition with PD0325901 reversed ERK
phosphorylation close to baseline levels (Fig. 2E, F).

RIT1 delins variants lead to the formation
of AVM-like lesions in zebrafish embryos

Having shown that the RIT/ delins identified in AVM
patients induced strong activation of the RAS-MAPK path-
way, we next assessed whether their expression can lead
to aberrant vascular development in the tail vasculature of
zebrafish embryos. The zebrafish is an established model for
the study of vascular development [16] that has also been
applied to translational research [8, 17, 18]. To this end, we
used plasmids, which contain the transcriptional upstream
activating sequence (UAS) that controls the expression of
wildtype or variant RIT! linked to GFP via the self-cleav-
ing peptide P2ZA. Activation of the UAS element and thus
expression of RIT] is dependent on the presence of the

transcription factor Gald. These plasmids were injected in
the one-cell stage of Tg(flila:Gal4; UAS:RFP) embryos.
While the plasmid integrated randomly into the DNA of
cells of the zebrafish embryo, expression of RIT1-P2A-GFP
was limited to endothelial cells that expressed Gal4 under
the control of the endothelial flila promoter (Fig. 3A) [18].
Using this approach, we observed AVM-Ilike lesions in the
zebrafish embryo tail at 2 dpf. These lesions were character-
ized by aberrant connections between the dorsal aorta and
the caudal vein. A common and severe phenotype exhib-
ited a fusion of these arterial and venous vessels (Fig. 3B,
Online Resource 4). [n many embryos, the aorta and part of
the caudal vein plexus directly downstream of the shunt at
the proximal end of the AVM-like lesions were also fused,
but a shunt could also be focal only (Online Resource 5
and 6). This fusion is in line with a recent study on rasal
mutant zebrafish with a similar phenotype of a distal fusion
[19]. A significantly higher rate of AVM-like lesions at 48 h
post fertilization (hpf) was observed in embryos express-
ing RITI"'~™ delins compared to RITI™ (66-75% vs 24%,
Fig. 3C). Next, we treated injected embryos with 100 nM
trametinib during early development. This early treatment
significantly reduced the formation of AVM-like lesions
(31-39%, Fig. 4A, B), thereby supporting the assumption
that AVM formation is critically dependent on hyperacti-
vation of the RAS-MAPK pathway. To mimic a targeted
treatment more closely in patients, we next treated zebrafish
embryos with established AVM-like lesions after injection
of RIT! delins with 100 nM trametinib from 48 hpf onwards
and compared growth of the lesions in treated and untreated
embryos over the following two days. DMSO-treated
embryos in the control group showed a relative increase in
the size of the lesion to 117.5%, while the size of the lesions
in trametinib-treated embryos decreased to 83.4%; the differ-
ence between treated and untreated embryos was significant
(Fig. 4C, D, Online Resource 7).

Trametinib induced reduction in AVM size
and bleeding frequency in P1

As described above, P1 had a refractory disease with recur-
rent life-threatening bleeding episodes. Due to the aggressive
course of the disease, treatment with thalidomide [20] was
started but was only transiently effective before symptoms
deteriorated again (Fig. SA-C). The MRI showed a large
AVM of the right side of the face that was progressive over
time (Fig. 5D and Online Resource 8). Because of increasing
disease severity, off-label treatment with trametinib (0.25 mg
per day (1/2 capsules), 0.023 mg/kg/d) was started at the age
of 2 years and 6 months. Dosage was increased to 0.5 mg
per day (1 capsule), 0.045 mg/kg body weight after one
month, Trametinib led to a significant clinical response with
a decrease in frequency and severity of bleeding episodes, a
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Fig.3 Endothelial-specific mosaic expression of RIT/ variants leads
to the formation of AVM in zebrafish embryos. a Experimental lay-
out: The plasmid containing human wildtype RIT] or RITI variants,
under the control of a UAS element and linked to GFP with a P2A
sequence is mixed with transposase mRNA and injected into the one-
cell stage of Tg(flila:Gal4; UAS:RFP) embryos. Thereafter, embryos
are examined at 48 hpf. b Vascular network in the tail of an unin-
jected Tg(flila:Gald; UAS:RFP), EV and RIT! variants injected
embryos. Arrows represent the direction of arterial and venous

regression of the AVM as observed in the MRI (Fig. 5E), and
a shrinking of the affected cheek (Fig. 5F). Due to improved
disease control, the patient was able to attend preschool for
the first time in her life. The patient tolerated trametinib
treatment without significant adverse events and remained
on this therapy for 9 months. At 2 years and 10 months of
age, while on trametinib, the patient developed spontaneous
rhinoliquorrhea and was diagnosed with a frontoethmoidal
encephalocele, which, retrospectively, was already present in
the first MRI at 6 months of age. She then underwent three
neurosurgical operations; however, the cerebrospinal fluid
(CSF) leak persisted and at the age of three years a ventricu-
loperitoneal (VP) shunt was implanted. After the placement
of the VP shunt, the rhinoliquorrhea stopped. The VP shunt
was replaced after 3 months due to a defect of the parietal
skin overlying the shunt line. One month later, the patient
developed a pneumococcal meningitis with cerebral edema

@ Springer

RITHWT
RIT1™!
RIT1"
RIT1™

blood flow (red and blue arrow, respectively). Note the malformed
vasculature with a fusion of the dorsal aorta and the caudal vein as
well as dilation of the vessel. Scale bar 50 pm. ¢ Quantification of
the vascular anatomy at 48 hpf following the injection of plasmids
containing the indicated RITV variants, with and without treatment.
n=3. Number of total examined embryos: EV=66, RITI" =02,
RITI™ =67, RITI™ =97, RITI"=61. Fisher's exact test, two-tailed.
P value ****<0.0001. Data are presented as mean=+5SD. EV empty
vector

and herniation leading to death at the age of 3 years and
3 months. We hypothesize that the frontoethmoidal encepha-
locele with difficult dural closure was a predisposing factor
for this lethal infection but cannot rule out a contribution
of trametinib treatment to this event. However, due to the
absence of other adverse events (such as neutropenia or skin
toxicity), and the safety profile of trametinib that does not
include immunosuppressive effects, we consider this tragic
fatal event after 9 months of trametinib trealment as unre-
lated to this medication.

Discussion

In this report, we describe three novel somatic activating
RITI delins variants in patients with peripheral fast-flow
malformations. The exact prevalence of RIT/ variants as the

250



Angiogenesis

cause for AVM cannot be determined precisely. However,
with a total of three cases in the cohorts of vascular anomaly
patients studied by this consortium, they are evidently much
less common than variants of MAP2K1 or KRAS. Consid-
ering the total number of AVMs sequenced and of AVMSs
harbouring a RIT] mutation, we roughly estimate the preva-
lence of RIT! mutations in AVMs at approximately 1 out of
30. Nevertheless, we strongly recommend that RIT/ should
be included in pancls for genetic testing of paticnts with
vascular malformations.

All three somatic mutations are located close to the
switch 2 domain of RIT!, a domain that also harbors RIT1
germline mutations commonly associated with Noonan syn-
drome. Interestingly, similar delins at the switch 2 domain
of the RAS GTPases KRAS and HRAS have been described
in vascular anomalies previously [21]. RIT] delins led to a
strong ERK hyperphosphorylation that was much more pro-
nounced than in Noonan-associated RIT1 missense changes.
Considering the presumed role of RIT1 in the RAS-MAPK
signaling pathway, treatment with a SHP2 inhibitor—as
expected—did not influence ERK phosphorylation in cells
transfected with the delins. In contrast, MEK inhibition
completely rescued ERK hyperphosphorylation. These data
suggest that RIT/ delins act through overactivation of the
canonical RAS-MAPK pathway.

Additionally, we observed overactivation of AKT in our
biochemical assay, hinting at a known but so far underappre-
ciated interconnection and crosstalk between the RAS and
the AKT/mTOR signaling pathways in vascular anomalies.
AKT activation has also been observed in patients with loss-
of-function mutations in RASA1 (an inhibitor of the RAS
pathway), where a consistent endothelial overactivation of
mTORC1 could be found [22]. This is in line with data from
brain AVMs due to KRAS mutations [23] as well as in other
diseases, in which KRAS mutations activate the mTOR sign-
aling pathway [24]. While there is little published data on
the use of sirolimus in patients with AVM, it is currently
not considered a viable option by experts in the field of vas-
cular anomalies. A larger study on sirolimus for different
kinds of vascular anomalies found only a very low rate of
responders [25]. We hypothesize that RIT/ delins close to
the switch 2 region led to a distinct biochemical profile com-
pared to missense mutations of Noonan syndrome, namely
a stronger hyperphosphorylation of ERK, and—to a lesser
extenl—a phosphorylation of AKT at position T308. Explor-
ing these functional differences of different mutations and
the interaction of the RAS and the AKT/mTOR pathways
might provide relevant insights into disease pathophysiology
in the future.

To further assess the impact of the novel RIT! variants
on vascular development, we used an approach that mim-
ics the endothelial mosaicism that occurs in patients. In
our previous work, we assessed various TEK mutations by

endothelial-specific mosaic expression in zebrafish embryos
and observed the development of venous malformations
[18]. In the current work, we observed that RIT! mutations
induced AVM-like lesions in zebrafish embryos, further
confirming that overactivation of RAS-MAPK signaling
caused by RIT] delins has a deleterious ellect on vascular
development. We refer to these lesions as AVM-like, as we
observe a fast-flow shunt and a fusion of artery and vein but
are still studying the biology of these shunts in greater detail
in order to better understand the degree of similarity with
AVMs in patients. Additionally, we show that MEK inhibi-
tion not only normalized ERK phosphorylation in vitro but
also restored normal vascular development and decreased
AVM-like lesion size in vivo during early and late treat-
ment, respectively. These data further validate RAS-MAPK
hyperactivation as the major driving mechanism for AVM
formation and maintenance in the presence of the novel RIT!
delins variants.

Trametinib is a mitogen-activated protein kinase (MAPK)
kinase (MEK) inhibitor and as such an inhibitor of the RAS
signaling pathway. By specifically binding to MEK]1 and
MEK?2, trametinib inhibits the growth factor-mediated cell
signaling and cellular proliferation in various cancers [26].
Due to the identification of the underlying mutations of the
RAS signaling pathway in patients with AVMs [27-29] and
certain complex lymphatic anomalies [30-32], trametinib
has been used in patients with these diseases as an experi-
mental drug with some success. Larger case series or even
clinical trials studying the effect of trametinib on vascular
anomalies driven by RAS activation have not been studied
so far. To our knowledge, two clinical trials are currently
registered at clinicaltrials.gov, which will study the effect
of trametinib on AVMs prospectively (NCT04258046,
NCTO06098872), with additional trials using alternative
MEK inhibitors such as cobimetinib (NCT05125471).

Our in vitro and in vivo findings and the available lit-
erature encouraged us to the off-label use of trametinib in
our severely affected patient P1, who indeed responded very
well with a significant reduction of AVM size and associ-
ated complaints, such as bleeding episodes. Unfortunately,
the patient developed fatal meningitis, most likely due to an
incidental encephalocele. While we consider this event as
not related to trametinib treatment, it further highlights the
need for controlled studies in the field of vascular anomalies,
Lo assess treatment efficacy and tolerability and to advance
care for patients with these diseases into an era of evidence-
based personalized medicine.

In summary, our work introduces RITT as a novel gene
implicated in the pathogenesis of AVM. Functional testing
in vitro and in vivo demonstrated the capacity of the novel
RIT! variants to hyperactivate the RAS-MAPK pathway and
induce the development of AVM. MEK inhibition led to
biochemical normalization, prevention of AVM formation,
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as well as a decreasing AVM size. We also present the  clinical trials. However, our n=1 approach in this study
first promising data on the use of trametinib in a patient  precludes definitive conclusions regarding treatment effi-
with a somatic RIT! mutation, encouraging further inves-  cacy and safety. Larger-scale studies are needed to validate
tigation of MEK inhibition in patients with AVM in future  our findings, to delineate a more precise estimation of the
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«Fig. 4 RIT! variants injected zebrafish embryos respond to early and
late treatment with MEK inhibitor trametinib. a Experimental plan to
assess the effect of trametinib on the RIT? injected zebrafish embryos
after carly and late treatments. Embryos are treated with trametinib
either from 14hpf or 48 hpf on followed by an examination at 48 hpf
(early treatment) or 96 hpf (late treatment) respectively. Presence
of vascular malformation is calculated for early treatment embryos.
Malformation area is calculated before and after trametinib treatment
for each embryo in the late treatment group. b Quantification of the
vascular anatomy at 48 hpf following the injection of plasmids con-
taining the indicated RIT] variants and treatment at 14 hpf. Experi-
ments were performed with three biological replicates. Number of
total examined embryos post-treatment: RITI"T=73, RITI™ =60,
RITI™ =51, RITI™=38. Fisher's exact test, two-tailed. P value *<
(.05, ##*<0,001; *#**< 0.0001. Data are presented as mean+5D.
¢ Quantification of the relative change in the size of the AVM-like
lesions after 2 days of treatment. Experiments were performed with
three biological replicates. Number of total examined embryos:
RITIP =48, RITI™ =40, RITI™=46. Unpaired (-test, two-tailed.
P value**<0.01; ***<0.001; ****<0.0001. Data are presented
as mean+SD. d Example of image analysis to measure the relative
change of lesion size during trametinib treatment from 2 to 4 dpf.
Scale bar 50 pm

prevalence of RIT1 mutations, to characterize their func-
tional consequences on the RAS pathway and neighboring
signaling pathways, and to assess the broader applicability
of MEK inhibition in patients with RIT1-mutated vascular
malformations.

Materials and methods
Patients/study approval

All subjects, and/or their legal guardians, gave written
informed consent to genetic investigations, which were car-
ried out with approval by the institutional review boards
of the University Hospital Regensburg, Germany (17-854-
101), University Hospital of Bern, Switzerland (2017-
01960), and Boston Children’s Hospital, Boston, MA, USA
(IRB-PO0O025772).

Genetic testing

RITI was tested in a total of 691 samples by the partners’
laboratories (235 in Magdeburg, 114 in Bern, 342 in Bos-
ton), including all types of vascular anomalies. Out of these
samples, 118 were submitted for sequencing with the diag-
nosis of “AVM” (58 to Magdeburg, including by non-spe-
cialized centers, 35 to Bern, 25 to Boston). Brain AVMs
were not included in the submitted samples. From these
samples, one sample at each center harbored a RIT! muta-
tion. Since sequencing results at Magdeburg also revealed
mutations (e.g. in TEK or GNAQ) that according to current
knowledge do not occur in AVMs, we conclude that phe-
notyping by non-specialized centers was in part incorrect

and estimate that roughly 30-40 true AVM samples were
sequenced in Marburg. This would be in line with a recently
published cohort from Germany that included 29 patients
with mutations in the RAS pathway [33]. We thus estimate
the prevalence of RIT! mutations in AVMs at roughly 1 in
30 patients.

A tissue biopsy of the AVM of P1 was submitted to the
Institute of Human Genetics, University Hospital Magde-
burg, and the genomic DNA was extracted. Assuming a
mosaic mutation as the cause of the disorder, ultradeep
sequencing and enrichment using an Agilent SureSelect
XT HS2 Custom Enrichment Panel with molecular barcod-
ing (UMIs, 3 bp duplex) (Agilent Technologies) were per-
formed. The library was sequenced on a NextSeq550 instru-
ment (Illumina), 2 x 150 bp paired-end reads. The target
regions had a mean coverage of > 3000x after demultiplex-
ing. The varvis 1.20.0 analysis software (Limbus Medical
Technologies GmbH) was used for analysis.

P2 has been included in the Bernese Congenital Vascular
Malformation Registry, a prospective cohort of congenital
extracranial/extraspinal vascular malformations that have
been enrolling consecutive patients since 2008 [34]. As of
October 2020, genetic testing is performed on tissue avail-
able from diagnostic biopsies of vascular malformations,
using the TruSight Oncology 500 (TSOS500; Numina) Next
Generation Sequencing (NGS) gene panel.

Resected tissue from P3 underwent targeted DNA NGS
testing via the OncoPanel assay at the Center for Advanced
Molecular Diagnostics (CAMD) at Brigham and Women's
Hospital [35]. DNA was isolated using standard extraction
methods (QIAGEN) and quantified with PicoGreen-based
double-stranded DNA detection (Thermo Fisher Scientific).
Indexed sequencing libraries were prepared from 50-ng soni-
cally sheared DNA samples using [llumina TruSeq LT rea-
gents (Illumina). Extracted DNA underwent targeted NGS
using the KAPA HTP Library Preparation Kit (Roche), a
custom RNA bait set (Agilent SureSelect) and sequenced
with the Illumina HiSeq 2500 system.

Cell culture and western blot

Three million HEK293T cells were seeded in 10 cm cell
culture plates supplemented with DMEM containing 10%
fetal bovine serum (FBS) 12 h prior to transfection. At
around 70% confluency levels cells were transfected using
TurboFect transfection reagent (Thermo Fisher #R0532),
with Flag-tagged RIT/ variants in pCDNA constructs or
empty vector (EV) as the negative control. The medium
was refreshed at the 24 h’ time point with MEK inhibitor
(PD0325901, Selleckchem # S1036) and SHP2 inhibitor
(SHP099, Selleckchem # S6388) being added to the trans-
fected cells at 1 pM and 5 pM concentrations, respectively.
AL 48 h post-transfection, cells were washed in ice-cold
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5 months
6 months

before trametinib

29 months
34 months

Fig.5 Response to targeted therapy in P1. a Patient P1 at 5 months
of age. b Patient P1 at 6 months of age (after a bleeding episode). ¢
Patient P1 at 28 months of age, showing a significant and progressive
enlargement of the right cheek due to the AVM. d MRI (transversal
T2 STIR) of the Patient P1 before the start of trametinib treatment;

phosphate-buffered saline (PBS) and lysed in ice-cold lysis
bufler, containing 50 mM Tris/HCI pH 7.5, 5 mM MgCI2,
100 mM NaCl, 1% Igepal CA-630, 10% glycerol, 20 mM
B-glycerolphosphate, 1 mM Na-orthovanadate, EDTA-
free inhibitor cocktail 1 tablet/50 ml. After the addition
of Laemmli sample buffer, the samples were subjected to
SDS-PAGE (12.5% polyacrylamide). Blots were detected
by immunoblotting using a mouse anti-y-Tubulin antibody
(Sigma #T5326). a mouse anti-FLAG antibody (Sigma
#F3165), a rabbit anti-ERK antibody (Cell signaling tech-
nology #9102), and a rabbit anti-p-ERK antibody (Cell sign-
aling technology #4370), a rabbit anti-AKT (Cell signal-
ing technology #9272), a rabbit anti-p-AKT-Thr308 (Cell
signaling technol-ogy #2965), a rabbit anti-p-AKT-Ser473
(Cell signaling technology #4060). The immunoblots were
detected using an Odyssey Fc Imaging System (LI-CORE
Biosciences) and analyzed by Image Studio Lite Ver 5.2.

Zebrafish husbandry
Maintenance and breeding of zebrafish (Danio rerie) were
performed in the fish facility of the Developmental Biology,

Institute for Biology I, University of Freiburg under stand-
ard conditions. Only embryos up to 5 days post-fertilization
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5 months trametinib

28 months

38 months

red dashed line indicates the extent of the AVM. e MRI (transversal
T2 TSE Dixon) of the Patient P1 after 5 months of treatment with
trametinib; red dashed line indicates the now smaller extent of the
AVM. f Patient P1 at 38 months of age, reduced volume of the right
cheek and fading of the capillary malformation can be noted

were used. All experiments were carried out in accordance
with German laws for animal care and the Regierungsprii-
sidium Freiburg.

Plasmid preparation

Plasmids were designed using ApE—A plasmid edi-
tor version 3.0.8. Homo sapiens RITI sequence was
obtained from the online database Ensembl (Transcript
ID: ENSTO0000368323.8), minimally codon optimized
for Danio rerio and ordered as a plasmid including Tol2
sites, a UAS promoter, RITI Pz, and P2A-GFP from Twist
Bioscience (South San Francisco, CA, USA), Plasmids
were purified using Wizard Plus SC Minipreps DNA Puri-
fication Systems (Promega, Walldorf, Germany, A1330)
according to the manufacturer’s instructions.

Mutagenesis

RITI™, empty vector (EV), as well as all other RIT/
mutations analyzed in this study were derived from
the UAS:RIT1">-P2A-GFP construct using Q5 Site-
Directed Mutagenesis (New England Biolabs, E05545).
Corresponding mutagenesis primers were designed
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using NEBaseChanger version 1.3.3. All plasmids were
sequenced by Eurofins genomics to confirm the expected
sequence.

Tol2 transposase mRNA synthesis

8 pg of the plasmid that contains the transposase gene under
control of the SP6 promoter were linearized using 4 pl of
Notl-HF enzyme (New England Biolabs) for 1 h at 37 °C.
The digested sample was purified using the QlAquick PCR
Purification Kit according to the manufacturer’s protocol.
Capped Tol2 transposase mRNA was synthesized from
purified DNA using the mMESSAGE mMACHINE™ SP6
Transcription Kit (ThermoFisher Scientific) according
to the manufacturer’s protocol. The resulting mRNA was
separated into 5 pl aliquots and stored at — 20 °C to prevent
freeze—thaw cycles.

Plasmid injection

The construct was then injected into Tg(flila: Gal4FF";
UAS:RFP)embryos at the one-cell stage together with Tol2
transposase mRNA [36], both at a concentration of 30 ng/
ul. For better readability, Te(flil a:Gal4FF*™; UAS:RFP)
embryos injected with a gene of interest (e.g. UAS:RIT1"-
P2A-GFP) are abbreviated as flila:RITI Honmm;r
instead of Tg(flila:Gal4FF'**3; UAS:RFP) and
Tg(UAS:RITI"'-P2A-GFP) 0 nie-

Microscopy

Imaging plates for confocal microscopy were prepared in
35 mm glass bottom dish with 1.5% agarose in egg water,
1-phenyl 2-thiourea (PTU) and tricaine mix using previ-
ously designed and 3D printed molds (Online resource 9).
Embryos anesthetized with 0.168 mg/ml tricaine in egg
water at room temperature and gently positioned laterally
inside the trenches. Confocal microscopy images were
acquired as z-stacks with ZEISS Celldiscoverer 7 with LSM
900. Images were obtained with the 488 nm and 561 nm
lasers, with a slice interval of 2—4 pm with a 20X (NA 0.7)
objective or as brightfield images with 5x (NA 0.35) objec-
tive unless otherwise specified. For brightfield timelapse
experiments, the interval was setto 1 s.

Fluorescence microscopy images for pre and post late
treatment was acquired with ZEISS Axio Examiner D.1
fixed stage fluorescence microscope. During acquisition
embryos were placed in 3 ml of E3 medium with tricaine
(0.168 mg/ml) at room temperature and imaged with 10X
(NA 0.15) objective. During imaging both, RFP and GFP

channels acquired and only RFP channel is exported for rep-
resentative images.

Lightsheet microscopy was performed with ZEISS Light-
sheet 7 using water immersion W Plan-Apochromat 10x (NA
0.5) M27 75 mm objective. Images were obtained with the
488 nm and 561 nm lasers using single illumination, pivot
scan on, with a slice interval of 2 pm. Timelapse interval is
setto 1 s.

The color cyan was assigned for GFP channel. Colored
versions of the images are included in the supplementary
information. Images and videos were exported as.tif and.
AVI (uncompressed) files, respectively using Fiji software.

Pharmacological treatments

For pharmacological treatments, injected zebrafish embryos
were randomized into control and treatment groups. From
the 10-somite stage or from 48 hpf on, embryos of the treat-
ment group were transferred in E3 Medium (5 mM NaCl,
0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM Mg,S0O,) contain-
ing 0.2 mM I-phenyl 2-thiourea (PTU; Sigma, Taufkirchen,
Germany, P7629) and MEK1/2 inhibitor Trametinib (Med-
ChemExpress, GSK1120212; 10 mg) using 100x stock
solutions dissolved in dimethyl sulfoxide (DMSO; Sigma,
D2650). The treatment dose of trametinib was chosen at
100 nM, according to our previous publication [18], and
by repeating of the toxicity assay in zebrafish embryos.
Embryos of the control group were raised in E3 medium
with 0.2 mM PTU and DMSO (equal amount to the treat-
ment group). The response of the AVM-like lesion size to
trametinib was calculated as follows: each embryo with an
AVM-like lesion was imaged at the Axio Examiner, and
the area of the lesion was divided by the area of the entire
embryo to give a relative area of the malformation at 2 dpf.
This was done to control for different embryo sizes and dif-
ferent embryo growth rates. This measurement was then
repeated at 4 dpf (after treatment) and the relative area of
the AVM-Ilike lesion at 4 dpf was divided by the relative area
2 dpf, followed by multiplication with 100 to give a result
in percent. A result greater than 100% showed an AVM-like
lesion growing in size in relation to the embryo, a result less
than 100% showed a regressing lesion.

Statistical analysis

The statistical analysis was performed using two-tailed
Fisher’s exact test of significance for malformation rate
analysis and early pharmacological treatments and two-
tailed unpaired t-test for late pharmacological treatment
experiments and one-way ANOVA for in vitro experiments
in GraphPad Prism version 10.2.2. The legends of the fig-
ures include information on sample sizes and significance.
P value of <0.05 was regarded as significant. Analyzed
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data for zebrafish malformation rates and early pharma-
cological treatments was obtained from at least three
independent experiments for each variant. The number
of examined embryos is indicated in the figure legends
for each variant. Data are presented as mean = SD for all
experiments. P value ¥*< 0.05, #*<0.01; #**<(0.00] ; #**
#*<0.0001. The structure of the RIT1 protein is predicted
using AlphaFold database [37, 38].
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PE y Infor The online version contains supplemen-
tary material available at https://doi_org/10. 1007/510456-024-09934-8.
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This file contains the following:

Additional Clinical and Laboratory Findings
Supplementary Figures S1 (Online Resource 1)
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Supplementary Figure S4 (Online Resource 4)
Supplementary Video S1 (Online Resource 5)
Supplementary Video S2 (Online Resource 6)
Supplementary Figure S5 (Online Resource 7)
Supplementary Figure S6 (Online Resource 8)
Supplementary File S1 (Online Resource 9)
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Supplemental Figure S1 (Online Resource 1). Patient P1 — Clinical evolution of disease.

Clinical photographs of Patient P1 show progressive growth of the lesion over time.
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Supplemental Figure S2 (Online Resource 2). AKT phosphorylation after expression of
RIT1 variants in vitro in HEK293T cells.

d.

Western blot after expression of RIT/ variants to assess RAS-MAPK pathway and
PI3K/AKT signaling pathway activation. Gamma tubulin served as loading control,
FLAG-RITI1 confirms the expression of the construct, total ERK and AKT levels serve
as a control to exclude the differential expression of ERK and AKT. p-ERK measures
the level of phosphorylation of ERK as a marker of RAS pathway activation. p-AKT
measures the level of phosphorylation of AKT as a marker of mTOR pathway
activation.

Ratios of p-AKT (Thr308) as a substrate of PDK1 to total levels of AKT. Quantification
of the AKT phosphorylation was measured in a total of three western blots (n=3). One-
way ANOVA., P-value *<0.05, *+<0.01. Data are presented as mean + SD. EV = empty

vector.

Ratios of p-AKT (Serd73) as the target of mTORC2 to total levels of AKT.
Quantification of the AKT phosphorylation was measured in a total of three western
blots (n=3). One-way ANOVA. The ditference between groups is non-significant. Data

are presented as mean + SD. EV = empty vector.
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Supplemental Figure S3 (Online Resource 3). Schematic of the RAS signaling pathway.

SHP2 is upstream, MEK further downstream in the RAS-MAPK signaling pathway; created

with BioRender.com.

Ta(flila: Galdvs : UAS:RIFP) N a:GaldEY gy o flila:GaldRITI Gy
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Supplemental Figure S4 (Online Resource 4). Figure 3b zebrafish AVM phenotype with

assigned false colors.

Red color is assigned for RFP channel and cyan color is assigned for GFP channel. White
arrows represent the direction of arterial (top) and venous blood flow (bottom) respectively.

Scale bar 50 pm.
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Supplemental Video S1 (Online Resource 5). Comparison of normal circulation and

aberrant connection of aorta and caudal vein with fusion and dilation of vasculature in
the tail distal to the AVM.

d.

Notice that the blood in the dorsal aorta of the uninjected Tg(flila:Gal4) fish flows to
the end of the tail and then returns in the caudal vein. Scale bar 50 pm.

Notice the aberrant flow in the dorsal aorta of the RITI%?

injected fish which moves into
the caudal vein proximal in the tail, as well as a fusion of aorta and the upper part of the

caudal vein plexus. Scale bar 50 pm.

Supplemental Video S2 (Online Resource 6). Positions of AV shunts in different zebrafish

phenotypes.

Light-sheet time-lapse imaging of embryos with GFP tagged erythrocytes after RIT1"?
injection. Tg(fli:Gal4, UAS:RFP) fish crossed with Tg(LCR:GFP) line and RITI"™
microinjections performed at the 1-cell stage. The shunt is only at the proximal end of
the lesion but fusion of aorta and caudal vein plexus can also be observed distal to the
shunt. Some erythrocytes sediment in the distal part of the lesion due to the proximal
shunt and lack of blood flow in the distal part (and due to the upright position of the
embryo during light-sheet microscopy). The size and pressure from the lesion are also
prevents normal flow even in intersegmental vessels (ISVs). Scale bar 50 pm.

Example of an AV shunt (white arrow) after mosaic endothelial-specific expression of
MAP2KI1®™N in Tg(flila:Gal4; UAS:RFP) fish line. Blood flow and vascular
architecture distal to the shunt is completely normal, indicating that a proximal shunt is
not sufficient to lead to abnormal vascular development in the tail. Angiography is

performed with Dextran, Fluorescein, 500,000 MW (#D7136) at 2dpf. Scale bar 50 pm.
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Supplemental Figure S5 (Online Resource 7). The effect of trametinib on empty vector

injected embryos.

The effect of late trametinib treatment on empty vector injected embryos. Red color is assigned

for RFP channel and cyan color is assigned for GFP channel. Scale bar 50 pm.

Before thalidomide Before trametinib

5 months trametinib

4 months
23 months
9 months
34 months

p

Onyx cast

3 months

3

Supplemental Figure S6 (Online Resource 8). Patient P1 — Radiological evolution of
disease.

(Upper panels) MRI images show the AVM's progression over time, non-response (o
thalidomide, and regression under trametinib treatment.

(Lower panel) Image of an angiography showing the extent of the Onyx cast on the right side

of the face.

Supplemental File S1 (Online Resource 9). .STL file of the designed mould that is used

to create imaging plates for Zeiss CD7 microscope.
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Neutrophils play acomplex role during onset of tissue injury and
subsequent resolution and healing. To assess neutrophil dynamics upon
cardiovascular injury, here we develop a non-invasive, background-free
approach for specific mapping of neutrophil dynamics by whole-body
magnetic resonance imaging using targeted multimodal fluorine-loaded
nanotracers engineered with binding peptides specifically directed against
murine or human neutrophils. Intravenous tracer application before injury
allowed non-invasive three-dimensional visualization of neutrophils within
their different hematopoietic niches over the entire body and subsequent
monitoring of their egress into affected tissues. Stimulated murine and
human neutrophils exhibited enhanced labeling due to upregulation

of their target receptors, which could be exploited as an in vivo readout

for their activation state in both sterile and nonsterile cardiovascular
inflammation. This non-invasive approach will allow us to identify hidden
origins of bacterial or sterile inflammationin patients and also to unravel
cardiovascular disease states on the verge of severe aggravation due to
enhanced neutrophil infiltration or activation.

Neutrophils are an important part of the innate immune system’ and
play a crucial role in host defense against infections. They contribute
not only to the development and progression of sterile inflammation
inatherosclerosis but also to the healing process afterischemic insults
such as stroke and myocardial infarction (MI)*. During inflammatory
challenges, they are rapidly released from the bone marrow into the
blood, which can lead to a tenfold increase in circulating neutrophils.
Subsequently, neutrophils are recruited into inflamed areas where they
internalize pathogens and cell debris, release reactive oxygen species
(ROS) or generate nuclear extracellular traps’. Tracking of neutrophils

by optical techniques has provided insight into new functions of neu-
trophils such as reverse transendothelial migration and tissue-specific
recruitment mechanisms'™. These methods are characterized by high
sensitivity and spatial resolution, but systemic and non-invasive in
vivo mapping with sufficient tissue penetration to monitor neutrophil
trafficking from their origin in the bone marrow to the injured target
organ was not feasible thus far.

Among the molecularimaging techniques capable of whole-body
scanning, lately fluorine ("*F) MRI has emerged as a promising tool’,
Fluorine-19 offers high sensitivity and is nearly absent from biclogical

A full list of affiliations appears at the end of the paper.

e-mail: floegel@uni-duesseldorf.de
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tissue. Thus, accumulation of F gives rise to ‘hot spots’ without any
natural background that can be merged with anatomical'H datasets to
assess their location. To generate “F-based MRI probes, we made use
ofemulsified, biochemically inert perfluorocarbons (PFCs), which are
characterized by a very high payload of F. After intravenous injection,
‘neat’ PFCs are readily taken up by phagocyticimmune cells, which has
already been reported asaside effect during their clinical exploration
as an artificial blood substitute®. Although neutrophils can also be
labeled to a certain degree by conventional PFCs as bystander cells,
highly specific visualization of this cell type requires active targeting™"
of™F tracers. Here, we raise thisapproach to anew level and introduce
specific and multimodal PFC targeting for systemic and non-invasive
3D mapping of neutrophil dynamics by combined in vivo 'H/"F MRI1
with subsequent ex vivo validation by flow cytometry and fluores-
cence microscopy. In a first step, we proved the feasibility of tracking
neutrophil recruitment in mice and expanded this thereafter to human
neutrophils. With this approach, we were not only able to target neutro-
philsinthe circulation but also within their hematopoietic niches and
to follow their migration in vivo into injured tissue over time.

Results

Targeting murine neutrophils viamurine neutrophil-specific
peptide

For targeting murine neutrophils with PFCs, we used a small peptide
(murine neutrophil-specific peptide, mNP) recently identified by phage
display screening to specifically bind to the neutrophil-specificrecep-
tor CD177 (ref. ); a peptide with randomized sequence served as the
control (Con). We modified these core peptides (Extended DataFig. 1a)
N terminally with carboxyfluorescein for fluorescence detection and
Cterminally with cysteine for coupling to maleimide PFCs ('PFCs) to
generate "™PFCs and “"PFCs, respectively. Preformed “PFCs were
equipped with a separate fluorescence label (rhodamine) for analysis of
cellular uptake and to control for potential dissociation of the binding
ligand and PFC (Extended Data Fig. 1b) by luorescence-based methods.
Importantly, all targeted PFCs were additionally PEGylated to block
‘passive’ uptake by phagocytic cells”. Subsequently, isolated murine
immune cells were exposed ex vivo to the generated PFCs, and their
targeting specificity was verified by flow cytometry. We observed a
rapid and strong neutrophil-specific uptake of ™ PFCs, whereas only
minor incorporation was observed for other immune cells, which is
in line with the lack of CD177 expression in these other immune cell
subtypes (Extended Data Fig. 2a,b). Similar results were obtained by
'H/"F MRI (Extended Data Fig. 2d; for superimposing the images of
both nuclei, a‘hotiron’ color look-up table was applied to F images).
Next, we verified the in vivo uptake of intravenously applied ™"PFCs
by neutrophils within the bone marrow by flow cytometry. As soon
as 2 hafter intravenous (i.v.) injection, we found strong labeling of
bone marrow neutrophils by ™ PFCs, while only negligible uptake was
observed for “"PFCs (Extended Data Fig. 2c).

In parallel, we analyzed the biodistribution of ™ PFCs by 'H/“F MRI1
up to 24 h after i.v. injection. During this observation period, ™PFCs
were cleared from the blood pool and, as expected, concurrently accu-
mulated also inthe liver and spleen (Extended Data Fig. 3a). However,
neither analysis of liver serum markers (GLDH, AST, ALP, ALT, biliru-
bin) nor histological examination of the liver and spleen revealed any
evidence for adverse side effects of ™ PFCs (Extended DataFig. 3b,c).

Systemic 3D mapping of neutrophil dynamics by *H/“F MRI

Tofollow the trafficking of neutrophils from their hematopoietic niches
into inflammatory foci, we used amodel of cardiacischemia and reper-
fusioninjury (MI), well known to be associated with acute and massive
neutrophil recruitmentinto the injured myocardium®. For monitoring
the fate of neutrophils upon MI, mice received daily intravenous injec-
tions of ™ PFCs over 3 d before MI, and systemic labeling of neutrophils
within the distinct bone marrow compartments was verified by in vivo

'H/"F MRI. Subsequently, mice were subjected to Ml and, after 24 h,
again scanned by MR1and/or analyzed by flow cytometry (timeline in
Extended Data Fig. 4a,b).

Whole-body 'H/”F MRI before MI corroborated the finding that
thelabeling protocol with ™" PFCs resulted in strong “'F uptake by bone
marrow neutrophils, particularly in the femur, tibia, brachium, ante-
brachium and sternum, with the highest “F signals originating from
the femurand tibia (Fig. 1a, left; for the sake of clarity, "*F signals from
theliver and spleen have been faded out (see Extended Data Fig. 4c for
the enclosure of these organs)). Re-investigation 24 h after induction
of Ml revealed substantial reduction of “F signals in the bone marrow
of the femur and tibia (Fig. 1a, right) with concomitant appearance of
'F labeling in the infarcted heart. In line with these in vivo findings,
flow cytometry identified the femur as the main neutrophil reservoir
and also as the bone marrow compartment with the largest decrease in
neutrophils 24 hafter Ml (Fig. 1b). Because this indicated the femur as
the mostimportant source for neutrophil release upon MI, we focused
forthe following on amore localized mapping approach with optimized
spatial resolution and sensitivity for 'H/™F MRI of the hindlimb and
heart. Of note, independent experiments with anti-Ly6G antibodies
applied 48 and 24 h before "™ PFC application to deplete neutrophils
resulted in strongly decreased “F signals in the bone marrow (Extended
Data Fig. 5a), further corroborating the idea that these signals are pre-
dominantly caused by "™ PFC labeling of neutrophils.

Focal scanning of the thighs before and 24 h after Ml confirmed the
strong decrease of F signals inthe bone marrow of the femur after M1
(Fig. 1c, top and bottom), which was most pronounced in the diaphysis
(Extended Data Fig. 5b,c). In parallel, well-resolved images of the tho-
rax unequivocally corroborated the simultaneous appearance of “F
labeling in the heart (Fig. le, top). Cine MRI in combination with late
gadolinium enhancement (LGE) demonstrated that the detected “F
pattern perfectly matched the LGE-delineated myocardium (Fig. le,
top). Quantification of “F data showed the emerging "“F signal in the
heart to be on the same order of magnitude as the decline in the bone
marrow (Fig. 1d,f), strongly indicating that this is caused by ™ PFC-
loaded neutrophils released from the femur and entering the infarcted
myocardium. Importantly, animals that received “°"PFCs exhibited
significantly less labeling of the bone marrow before MI, which was
unchanged after Ml and led to only minor amounts of “F labeling in the
infarcted region (Fig. 1d,f). Furthermore, application of neutralizing
antibodies to inhibit the egress of ™" PFC-loaded neutrophils from
the femur into the blood blunted Ml-induced effects in the heart and
femur (Fig. 1e,fand Extended Data Fig. 5d.e). Similarly, sham-operated
animals treated with ™ PFCs showed only negligible F signals (Fig. 1f):
ischemicarea (LGE) and functional impairment at this early pointintime
after Mlwere similarinall groups (Extended Data Fig. 5f). Remarkably,
linear regression of the LGE-delineated myocardium and the "Fintegral
resulted in a significant correlation of ischemic area and infiltrated
neutrophils 24 h after M1 (Fig. 2a, adjusted R” = 0.961), When extending
the time window of our analysis to 1, 3, 6, 24, 48 and 72 h after MI, we
observed a continuous increase in F signal up to 24 h (Fig. 2b), which
is in line with the infiltration kinetics of neutrophils after Ml reported
in the literature™. To further validate that ™F patterns detected in vivo
are localized within the infarcted myocardium, hearts were excised and
analyzed by high-resolutionH/"F MRI, which unequivocally pinpointed
the F signal within the infarct area (Fig. 2c). Additional histology con-
firmed the specific uptake of ™ PFCs by neutrophils in the infarcted
heart, while signals from macrophages and monocytes were negligible
(Fig. 3a-d). This was also corroborated by flow cytometry of immune
cells isolated from the infarcted heart (Fig. 3e).

Conjugationis required for specific uptake of mNP

As described above, mNP-decorated PFCs specifically labeled murine
neutrophils (Extended Data Fig. 2a,b and Fig. 4a, left), but when we
additionally characterized the properties of the free mNP peptide itself,
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Fig. 1| Mapping the trafficking of murineneutrophils after Ml by """PFCs
invivo. a, Whole-body 3D 'H/"F MRI for systemic in vivo visualization of
neutrophils before and after MI. Anatomical 'H data were rendered transparent

in grayscale with F data overlaid in orange and red; for the sake of clarity,

signals from the liver and spleen were faded out. Left, intravenous application

of ™ PFCs before Ml resulted in in situ labeling of neutrophils within their
hematopoietic niches, showing the most prominent "F signal in the femur and
tibia. The yellow arrows indicate the areas of the local scans from the femur

and heartin c.e, respectively. Right, re-investigation 24 h after Ml revealed a
pronounced reduction of F signals in the bone marrow of the femur and tibia
with simultaneous appearance of "°F labeling in the infarcted heart. b, Post-
mortem flow cytometry of the different bone marrow compartments confirmed
theinvivo findings in that the femur was not only the bone containing the highest
number of neutrophils before Ml but also the compartment with the strongest
release of neutrophils as compared toall other bones. ¢, Focal 'H/"F MR images of
the bone marrow after in vivo labeling with™PFCs and “""PFCs and subsequent
MI. Left, the first column displays anatomical 'H MR images of the femur, the
second column shows corresponding background-free ™F MR images, and the
third columnis an overlay of both datasets showing strong *F signals within the
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bone marrow after ™*PFC labeling (top) and a substantial signal drop 24 h

after Ml (bottom). d, Quantification demonstrated a significant reduction in

F femur signals after Ml in the " PFC-treated group, whereas application

of “"PFC resulted in low baseline labeling and almost no change after ML AU,
arbitrary units. e, Local 'H/"F MR images of the thorax revealed concomitant
appearance of distinct F signals in the infarcted region when bone marrow
neutrophils were labeled with ™ PFCs. Top left, anatomical 'H MR image with
delineation of the infarcted myocardium by LGE (dotted line). Top right, overlay
withthe corresponding "”F MR image confirms matching of the fluorine signal
with detected LGE patterns. Bottom left and right, substantially lower F
deposition within the infarcted myocardium was observed after labeling with
“PFCs (left) or ™ PFCs when neutrophil egress was inhibited by neutralizing
antibodies (NAbs, right). Neutralizing antibodies against CXCL1, CXCL2

and granulocyte colony-stimulating factor {G-C5F) as well as granulocyte-
macrophage colony-stimulating factor (GM-CSF) were intraperitoneally
injected 1 hbefore and 4 hafter induction of MI (50 pg each at both time
points). f, Quantification of the cardiac "F MR signal for all treatments. Data are
mean +s.d.of n=4-7 (b), n=5-9(d) or n=6-15 (f) independent experiments;
*P=0.05,**P < 0.01, verified by one-way ANOVA.
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Fig. 2| Correlation of the “F signal withischemic area, i P
developmentand ex vivo validation. a, Linear regression between ischemic
area (LGE) and Aluorine signal within the infarcted myocardium. b, Time
course of neutrophil infiltration into the injured heart. The fluorine signal was
determined1, 3, 6, 24, 48 and 72 h after induction of M1 (examples are given at the
top). ¢, To further corroborate the location of the F signal within the infarcted
myocardium, hearts were excised, fixed with paraformaldehyde and analyzed

by ex vivo high-resolution 'H/"F 3D MRL. In long-axis 'H MR images, the infarcted
arca can be unequivocally identified as a dark structure within the bright intact
myocardium. Importantly, the corresponding "F signalis restricted to the
infarcted area, indicating infiltration of ™' PFC-labeled neutrophils only into the
injured myocardium. Left, 3D volume rendering of the heart with superimposed
“Fsignal. LV, left ventricle; RV, right ventricle. Data are mean +s.d. of n=6 (a) and
nn=5-6(b) independent experiments.

we surprisingly found that unbound mNP did not label neutrophils
(Fig. 4a, right). To verify whether conjugation affects its binding, mNP
was coupled toan eight-arm PEGy0o-maleimide molecule. Subsequent
exposure of murine neutrophils to these conjugates indeed revealed
muchstronger uptake (Fig. 4b, left). This was not related to high avid-
ity due to enhanced local density of mNP, because, even at very high
concentrations, free mNP was not taken up by murine neutrophils
(Fig. 4b, right). For additional information on the binding characteris-
tics of mNF, we performed surface plasmon resonance spectroscopy
(SPR, Extended Data Fig. 6a,b). To this end, mNP was conjugated toa
sensor chip, and subsequently neutrophils (red) as well as monocytes

(gray) were flushed over the sensor surface, As can be clearly recog-
nized, SPR sensorgrams revealed rapid association of neutrophils
with the immobilized mNP and a slow dissociation rate. By contrast,
monocytes showed only a minor association with immobilized mNP
(Extended Data Fig. 6a). Altogether, these data indicate that a certain
degree of conjugation of mNP is required for binding and subsequent
labeling of murine neutrophils, which clearly hampers broader transla-
tional application by coupling mNP to small molecular positron emis-
sion tomography (PET) or Gd tracers.

Targeting human neutrophils via hNP

Due to these restrictions of mNP binding, we altered the targeting
strategy for human neutrophils and used a peptide that has been identi-
fied as specific for human neutrophils and does not require coupling
to scaffolds for targeting (human neutrophil-specific peptide, hNP)",
We modified hNP as detailed above and verified its uptake by isolated
human immune cells. As shown in Fig. 4c and Extended Data Fig. 6e,
flow cytometry confirmed specificity of hNP for neutrophils again
compared to a randomized control peptide and to other immune
cell populations.

Because the binding target for hNF on human neutrophils was not
yetidentified, we nextaimed to characterize itsmembrane receptor. For
this, we cross-linked an hNP-TriCeps conjugate tothe surface ofisolated
human neutrophils (Fig. 4d). After cell lysis, ligands were enriched,
purified and identified by mass spectrometry™. In parallel, a transfer-
rin-TriCeps conjugate was used for exclusion of nonspecific binding
candidates. Subsequent data analysis revealed enrichment of 24 proteins
for hNP compared to transferrin (Supplemental Table 1). Remarkably,
volcano plots identified human CD177 as the most abundant protein
(Fig. 4e),indicating that it is a binding partner for hNP, analogous tomNP
binding to murine CD177. This was further corroborated by asecond set
of experiments with a modified spacer (Extended Data Fig,. 6f). Subse-
quently, we transiently transfected Chinese hamster ovary (CHO) cells
with plasmids encoding human CD177 and confirmed that transfected
cells bound hNP but not the control peptide (Fig. 4f). Only the high-
affinity anti-CD177 monoclonal antibody as a positive control displayed
as strong an effect as hNP; untransfected CHO cells did not bind hNP or
monoclonal antibodies against CD177, indicatingabsence of endogenous
CD177 expression (Fig. 4f). Additionally, we stained neutrophils with
hNP only orin combination withmonoclonal antibodies against CD177,
demonstrating that only CD177-positive neutrophils co-stain with hNP
and anti-CD177 monoclonal antibody (Fig. 4g, top). Interestingly, a frac-
tion of the human population does not express CD177 on neutrophils,
and staining blood cells from CD177-negative volunteers did not show
binding of anti-CD177 monoclonal antibody or hNP (Fig. 4g, bottom).
Analogous to the murine neutrophil peptide, we finally performed SPR
analyses of hNP: here, neutrophils exhibited an even stronger initial
binding phase and slow dissociation, while monocytes displayed only
negligible binding to the sensor chip (Extended Data Fig. 6¢,d).

Of note, we observed no uptake of hNP by neutrophils from pigs,
rats or mice (Extended Data Fig. 7a). Sequence analysis revealed only
low-grade amino acid conservation of CD177 between those species,
which may account for the specificity of hNP for human neutrophils
(Extended Data Fig. 7b).

Visualization of human neutrophils by ’F MRI using "**PFCs

Next, hNP was coupled to PFCs, and the formed ""PFCs were evalu-
ated for labeling of immune cells from human blood. ""PFCs avidly
bound to neutrophils, whereas “'PFCs displayed only marginal binding
(Fig. 5a). Importantly, we observed no binding to lymphocytes and only
minor uptake by monocytes and their subtypes even under lipopoly-
saccharide (LPS) stimulation (Extended Data Fig. 8a). To confirm that
the hNP-based targeting approach is also suitable for “F MRI, human
neutrophils were incubated with "*PFCs, separated from free ""'P-
FCs by density gradient centrifugation and subsequently subjected
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to combined 'H/"”F MRI. In T,-weighted '"H magnetic resonance (MR)
images, cells can be identified as a small dark layer within the ‘light’
buffer band (arrow) superimposed on the dark Percoll layer below
(Fig. 5b). As can be clearly recognized, cells exposed to ""PFCs
displayed significantly stronger ’F signals than controls.

"NPPFC uptake and impact on human neutrophil function
Forlongitudinal tracking, it would be highly desirable that"™PFCs not
only bind to but are also internalized by neutrophils to avoid shearing
off of the targeting moieties from the cell surface. To explore uptake
of the targeting peptide upon binding, we coupled the pH-sensitive
dye pHrodo to hNP (°*hNP). Incubation of neutrophils with **hNP at
37°C, butnotat4 °C, led to amassive increase in fluorescence intensity
(Fig. 5¢), strongly indicating energy-dependentinternalization of the
peptide and its deposition within the acidic endosomal-lysosomal
compartments. Next, we monitored uptake of the coupled "™PFCs by
confocalimmunofluorescence microscopy and observed unambiguous
co-staining (yellow arrows) of rhodamine (+PFC) and carboxyfluores-
cein (~»hNP) within cells, while “*"PFCs resulted only in background
signals (Fig. 5d).

Inacompetition approach, neutrophils were pretreated with hNP
at high concentrations to block CD177-binding sites, which strongly
inhibited subsequent ""PFC uptake (Fig. 5¢), further corroborating
hNP specificity and excluding passive endocytosis. Moreover, differen-
tiation between CD177 and CD177' neutrophils demonstrated thatonly
the latter population could be labeled with " PFCs (Fig. 5f). Detailed
physicochemical characterization of the emulsions excluded theidea
that targeting of "™ PFCs may be related to any differences in size, size
distribution, {potential, fluorescenceintensity or *F content (Extended
Data Fig. 8b). Furthermore, only tiny amounts of empty liposomes were
observed asundesired side products of the PFC preparation (Extended
Data Fig. 8c-e, red arrows).

To investigate whether the targeting agent impacts physiologi-
cal neutrophil effector functions, we first performed bulk mRNA
sequencing (-45,000 genes) of human neutrophils exposed to saline
(control), ““"PFCs or "™PFCs. However, after Bonferroni correction of
the datasets, we identified just six genes that exhibited only moder-
ately different expression levels (BTNL3, CLU, CXCLS, PF4, PPBP and
RGPDS; allupregulated) when comparing the targeting PFCs to saline
and only one gene when comparing to “"PFCs (RGPDS, upregulated;
Fig. 6a). As C-X-C chemokine ligand (CXCL)5 is known as a driver of
neutrophil recruitment"”, we next verified their migration toward
interleukin (IL)-8 in the presence of the targeting PFCs but found no
evidence for any changes in their chemotactic properties (Fig. 6b).
Furthermore, neither "PFCs nor the free peptide had any impact on
human neutrophil ROS release (Fig. 6¢). Additionally, we analyzed
expression of the transmembrane proteins CD11b, CD63 and CDé6b,
reported as sensitive markers for human neutrophil activation' ™",
Exposure of neutrophils to ™ PFCs did not affect expression of these

proteins, while LPS as a positive control led to significantly increased
levels of CD11b and CD&6b (Fig. 6d). Of note, very similar results were
obtained in corresponding experiments for "™PFCs and murine neu-
trophils (Extended Data Fig. 9a-c). Bulk RNA sequencing of -25,000
genes upon " PFC injection indicated only one gene with changed
expression levels compared to saline (Perl, downregulated) and to
“PFCs (Pagrla, upregulated), respectively (Extended Data Fig. 9a).
Moreover, migration, ROS production and phagocytosis were alsounal-
tered in the presence of the targeting PFCs (Extended Data Fig. 9c) as
expression levels of murine activation markers CD11b, CD62L and CD63
(ref. ™), while again LPS significantlyincreased CD11b and CD63 onthe
cell surface of murine neutrophils (Extended Data Fig. 9b).

Effect ofinflammatory stimuli on "*PFC labeling

In a next step, we investigated whether ""PFC uptake by neutrophils
is altered under pathological challenges. To mirror the conditions
in murine trafficking experiments after Ml (Fig. 1), we used isolated
neutrophils from blood of patients with STEMI (that s, ST elevation MI)
obtained within the first 24 hafter Mland found substantially stronger
cellular uptake of "™"PFCs than that of healthy volunteers (control) as
demonstrated by both flow cytometry and F MRI (Fig. 7a,b). Impor-
tantly, there was no "™ PFC incorporation by other blood cells from
patients with STEMI (Extended Data Fig, 10a) and the elevated uptake
was specific to hNP, because neither conventional PFCs nor dextran
particles showed stronger internalization by neutrophils from patients
with STEMI (Extended Data Fig. 10b,c).

To evaluate whether this observation is a cross-species phenom-
enon associated with various inflammatory stimuli, we employed a
well-defined model of murine inflammation induced by subcutaneous
implantation of a Matrigel plug doped with LPS*. Twenty-four hours
after surgery, neutrophils wereisolated from the blood, incubated ex
vivowith™"PFCs and subsequently analyzed by flow cytometry. Inline
with the findings above, we observed more rapid and potent uptake of
"NPFCs by murine neutrophilsunder LPS-stimulated conditions than
under unstimulated conditions (control, Fig. 7c). Similar results were
obtained in vivo: intravenous ™*PFC application resulted already after
1hinmuchstronger ™"PFC incorporationinto circulating neutrophils
from LPS-challenged mice than that from healthy mice (Fig. 7d). Impor-
tantly, this effect was restricted to neutrophils, while lymphocytes and
monocytes showed only minor and unaltered ™ PFC uptake under
inflammatory conditions.

Next, we explored whether the enhanced incorporation of neu-
trophil-specific peptide PFCs (""PFCs) under inflammatory stimulus
conditions is specifically related to altered surface expression levels
of their target receptor CD177. First, we analyzed neutrophils isolated
from blood and excised Matrigel-LPS plugs 24 h after implantation
and found that surface expression of CD177 was indeed higher in blood
neutrophils from stimulated mice than in those from unstimulated
mice (control, Fig. 8a, left). However, neutrophils that were obtained

Fig. 3| Identification of ™ PFC-labeled neutrophilsin the infarcted heart.
a, For identification of "™ PFC-labeled neutrophils in the infarcted heart,
mice received injections of rhodamine-tagged ™ PFCs or “"PFCs 2 hbefore
induction of M1 and hearts were excised 2 hafter induction of MI. The infarct
area was visualized by 2,3,5-triphenyltetrazolium chloride (TTC) staining,
which was found to colocalize with strong rhodamine signals derived from
"N'PFC-labeled cells (bottom). By contrast, “*"PFCs led to much weaker and
spread-out signals only (top). Magnifications and histograms (fourth and
fifth columns) demonstrated distinct signals for ™" PFCs but only diffuse
patterns for " PFCs. b, Left, examination of infarct (ML) and remote (RM)
regions revealed strong rhodamine labeling colocalized with Ly6G staining
inthe injured tissue. Right, quantification confirmed the selective uptake of
"N'PECs versus “"PFCs. ¢, Analysis of "™ PFC uptake by cardiac neutrophils
(left, Ly6 G staining), macrophages (middle, major histocompatibility complex
(MHC) I staining) and T cells (right, CD3 staining). Rhodamine signals were

colocalized with neutrophils, while macrophages and T cells showed little
ornasignals. d, Quantification of mean fluorescence intensities (MF1) of
individual cell types demonstrated significantly stronger labeling of neutrophils
than of macrophages and T cells. e, To further corroborate the histological
data, immune cells were isolated from the infarcted heart by Langendorff

i and 1 by flow cy y. Toidentify the different immune
cellclusters, cells were stained for CD45, CD11b, Ly6C and Ly6G. Neutrophils
(CD45'CD1b'Ly6C Ly6G') were characterized by strong labeling after ™ PFC
injection, while classical monocytes (CD45'CD11b ' Ly6C'Ly6G ), macrophages
(CD45°CD1LIb Ly6C Ly6G ) and lymphocytes (CD45 CD1Ib Ly6C LyeGT)
exhibited only low signal intensities in relation to animals injected with “"PFC.
Dataaremean+s.d.ofn=3(a),n=3(b),n=3(c),n=8-48(d)andn =6 (e}
independent experiments (a-c.e) orindividual cell MFI measurements from
three independent experiments (d). £ < 0.01, "< 0,001, verified by two-sided
Student’s ~-test (b) or one-way ANOVA.
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Fig. 4| Limitations of mNP and identification of CD177 as a target for hNP

on human neutrophils. a, Uptake of either ™ PFCs and “"PFCs (left) or the
free peptides mNP and Con (right) by murine immune cells, quantified by flow
cytometry. Note that ™ PFCs (red, left) were strongly taken up by neutrophils
(Neu), whereas unconjugated free mNP (red, right) did not label neutrophils. Ly,
lymphocytes; Mo; monocytes. b, Left, mNF (red) as well as the control peptide
Con (gray) was conjugated to eight-arm PEG,,,-maleimide, and the uptake of
these conjugates by neutrophils was analyzed by flow cytometry. Right, impact
ofincreasing mNP and Con concentrations (1, 2.5, 5and 10 pg ml™) on labeling
of neutrophils. ¢, Representative flow cytometry histograms of human immune
cellsincubated with hNP (green) orits control peptide (Con, gray). d, Concept for
identification of the binding target of hNP using TriCeps, which consists of an
n-hydroxysuccinimide (NHS) group for conjugation to hNF, a hydrazide

Con peptide =

Anti-CO17T mAb = Anti-CD177 mAb —

for binding to different sugar structures on the cell surface and biotin for
purification. e, lsolated human neutrophils were incubated with the hNP TriCeps
conjugate, and, thereafter, cells were lysed and subjected to affinity purification.
Volcano plot of mass spectrometric analysis identified CD177 as the most likely
candidate target for hNP.f, To confirm CD177 as the binding partner for hNP,
CHO cells were transiently transfected with plasmids encoding human CD177.
The binding of hNP (top left) and Con (bottom left) as well as a CD177 monoclonal
antibody (mAb) (top right) was determined by low cytometry. Untransfected
cells served as the control (bottom right). S5C, side scatter. g, Human neutrophils
were co-stained with either hNP (top) or hNP and anti-CD177 monoclonal
antibody (bottom), followed by flow cytometry: a CD177-paositive donor (top) and
a CD177-negative donor (bottom), Dataare mean £ s.d.ofn=5-6 (a)orn=5-7(b)
independent experiments; ***f < 0.001, verified by two-sided Student’s r-test.
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(gray) or left untreated (red), followed by incubation with "PFCs. At distinct
time points, uptake of """'PFCs was determined by flow cytometry. f, Human

blood immune cells were incubated with " PFCs followed by staining for CD177

was

recorded, and nuclei were counterstained with 4°,6-diamidino-2-phenylindole
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and flow cytometry. Neutrophils were gated with the appropriate FSC and S5C
settings, and both subpopulations (CD177, CD177") were identified by CD177
staining. For the histogram plot and quantification, while CD177" neutrophils
were positive for the rhodamine label of the ""*PFCs (red), CD177 neutrophils
were rhodamine negative (gray). FSC, forward scatter. Data are mean + s.d. of
n=4-6la),n=5-6(b),n=5-6(c),n=3(d),n=3-4(e) andn =13 (M independent
experiments; *£ < 0.05, ***P < 0.001, verified by two-way ANOVA (a,c.e) or two-
sided Student’s t-test (b).
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Fig. 6| Targeting with ""PFCs does not impact human neutrophil
properties. a, Differentially expressed genes identified by bulk RNA
sequencing of human blood neutrophils after incubation with "PFCs, ““PFCs
or NaCl as the control. Volcano plots of differentially expressed genes for
human neutrophils treated with saline compared to ""'PFCs (left) or “"PFCs
compared to "WFRECs (right). Genes marked in red are significantly upregulated
with a log, (fold change) greater than 1.5. BF, Bonferroni-corrected Pvalues

of the false discovery rate. In total, 45,413 RNA transcripts were analyzed.

b, Migration of neutrophils treated with ""PFCs (red) or leftuntreated (gray)
toward IL-8. ¢, Neutrophils were incubated with "*PFC or “"PFC or the hNP

or Con peprides, and ROS generation was determined by enzyme-linked
immunosorbent assay. wo, without any PFC. d, Cell surface expression of
neutrophil activation markers: neutrophils were left untreated (gray, control),
incubated with "™ PFCs (red) or stimulated with LPS (blue) as the positive
control, followed by flow cytometry for CD11b (top), CD63 (middle) or CD66b
(bottom). Mean Auorescence intensities were normalized to those of untreated
cells. Data are mean £ 5.d. of n=4(a)}, n=9-10(b),n=5-6 (c)and n =5-8

(d) independent experiments; *F < 0.05, ***P < 0.001, verified by two-sided
Bonferroni-corrected ANOVA (a) or two-way ANOVA (d).

directly from the inflammatory focus, that is, the Matrigel-LPS plug
(tissue neutrophils) tended to exhibit even higher expression levels.
Similar effects were observed after experimental MI (Fig. 8a, right):
again, expression levels of CD177 were elevated in neutrophils iso-
lated from blood of mice with MI (blood neutrophils) versus those of
healthy control mice but highest in neutrophils from theinfarcted heart
(tissue neutrophils).

For human neutrophils, we detected comparable alterations of
CD177 expression in neutrophils from patients with STEML. As shown
inFig. 8b, we observed significantly higher CD177 levelsin blood neu-
trophils from patients with STEMI thanin healthy controls. To further
investigate neutrophils from human inflammatory lesions, we used
tissue samples derived from surgery of the oral cavity, specifically for
pericoronitis, known for substantial neutrophilinfiltration™, and found
once more the highest CD177 expression on those tissue neutrophils.
Remarkably, neutrophils freshly isolated from explanted failing human
hearts similarly showed strong CD177 expression and could be labeled
with ""*PFCs as well (Extended Data Fig. 10d), highlighting the poten-
tial of our approach to track neutrophils also in cardiacinflammatory
processes in patients.

In vivo determination of neutrophil state

Inafinal experimental series, we investigated whether the enhanced
incorporation of "™ PFCs as a consequence of CD177 upregulation
can be exploited to assess the inflammatory state of neutrophils in
vivo. To this end, we monitored in situ ™F incorporation into bone
marrow neutrophils under stimulated conditions, employing again
the Matrigel-LPS-based inflammation model. Twenty-four hours after
plugimplantation, "™ PFCs were applied, and, another 24 h later, mice
were subjected to "H/"F MRI. As shown in Fig. 8c,d, we observed a
substantially stronger “F signal in the bone marrow upon LPS pre-
activation (bottom) than in PBS-treated controls (top). This effect
became even more evident when relating the detected “F signal to
the number of neutrophils present in the bone marrow as determined
directly after MRI (Fig. 8e). This accounts for stimulated neutrophils
already released from the bone marrow and revealed significantly
stronger "°F uptake in the LPS-treated group (Fig. Se), inline with the
enhanced surface expression of CD177 upon LPS challenge (Fig. 8a). Of
note, the increase in ™ PFC incorporation into bone marrow neutro-
phils was on the same order of magnitude as the increase in circulating
neutrophils observed under the same conditions (Fig. 7d), indicating
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Fig. 7 | Inflammatory stimuli increase uptake of ""PFCs by neutrophils.

a, Isolated neutrophils obtained from patients with STEMI 24 h after Ml {red)

and from healthy controls (gray) were exposed to ""'PFCs, and their uptake was
determined over time by flow cytometry. b, Human neutrophils from patients
with STEMI (top) or healthy controls (bottom) were incubated with " PFCs,
purified by density gradient centrifugation and analyzed by 'H/”°F MR Cells are
visible in'H MR images as a small layer (arrow) in the bright aqueous phase on top
of the black Percoll layer (left). Fluorine-19 MRI (middle) and subsequent fusion
of both datasets (right) confirmed localization of the F label within the cellular
layer. Quantification of F signals showed enhanced labeling of neutrophils from
patients with STEMI {red) in comparison tocontrols (gray). ¢, Murine neutrophils

isolated from mice with aninflammatory hot spot (Matrigel-LPS plug; red)

or Matrigel PBS asa control (gray) were incubated ex vivo with ™ PFCs and
analyzed over time by flow cytometry. Histograms (left) display representative
data after 40 min, and the time course of mean fluorescence values is illustrated
ontheright. d, "™ PFCs were intravenously injected in mice with aMatrigel-LPS
ar Matrigel-PBS (control) plug implanted 24 h before. One hour after injection,
blood was withdrawn, and the in vivo uptake of ™ PFCs by lymphocytes (Ly),
monocytes (Mo) and neutrophils (Neu) was analyzed by flow cytometry. Data
aremean +s.d.ofn=5-8(a),n=5-6(b),n=4-5(c) and n=3-5(d) independent
experiments; *P < 0.05,**P < 0.01, verified two-way ANOVA (a,c.d) or two-sided
Student's r-test (b).

that our approach is suitable to mirror the state of neutrophilsinboth
bone marrow and blood.

Discussion
Here, we report a new technique for global in vivo mapping of human
and mouse neutrophils by equipping PFCs with peptides directed
against human or murine CD177 for readout by '°F MRI. This approach
proved to be suitable for highly specific detection of neutrophils in
vitro and in vivo. We were able to label neutrophils in situ, visualize
them non-invasively within their different hematopoietic niches over
the entire body and track their migration to the injured heart after Mi
in vivo, Locoregional analysis of the data revealed the femur as the
largest neutrophil reservoir as well as the main source for neutrophil
release upon MI, with the diaphysis as the most active compartment.
We alsodemonstrated that both sterile (acute MI) and nonsterile (LPS)
inflammation resulted in enhanced labeling of murine and human neu-
trophils, which canserve as anin vivoreadout for their activation state.
Neutrophils have been visualized by a variety of differentimaging
modalities™***, However, optical approaches are not yet ready for
clinical routineimaging, while awhole-body imaging technique suchas
PET provides excellent sensitivity, for example, targeted imaging with
“Ga-pentixafor proved useful foridentification of chemokine (C-X-C
motif) receptor 4 (CXCR4) expression patterns in the myocardium and
systemic organs”™, which could already be exploited for imaging-based
theranostics™. Nevertheless, in terms of specificity, this approach is
somewhat limited as CXCR4 is not only strongly expressed by neutro-
phils but also by monocytes™. Furthermore, (targeted) PET probes
are usually short-lived nuclide tracers, raising difficulties in tracking

neutrophils over longer periods of time, as in the present study. The
widely available MRI platform provides the inherent advantage of com-
bining excellent anatomical resolution with the opportunity for over-
laying additional tissue and cellinformation. For visualization by MRI,
to our knowledge, only neutrophils incubated ex vivo with iron oxide
nanoparticles have been used*”', However, the susceptibility effects
induced by the re-implanted cells are rather challenging to quantify
and are often difficult to differentiate from other unspecific artifacts.
By contrast, our approach does not interfere with the anatomical '"H
images, enabling precise anatomical localization of the "F hot spot
and easy quantification, because the *F signal linearly correlates with
the amount of the deposited PFCs. Decorating the PFC surface with
binding peptides against human or mouse CD177 (hNP or mNP) ensured
specific uptake of the targeted PFCs by neutrophils, while additional
PEGylation masked the PFC droplets for passive internalization by
other phagocyticimmune cells™**,

Selecting CD177 as a neutrophil-specific target had the advantage
that, eventhoughitis linked to glycosyl-phosphatidylinositol (GP1), it
exhibits no transmembrane domain that can transmit signals intracel-
lularly; therefore, binding to CD177 is unlikely to have major effects
on cell activation and functionality ™. By contrast, binding to Ly6G,
a common marker for murine neutrophils, is known, for example, to
modulate their migration to inflammatory foci”. Similarly, approaches
that target receptor components of the innate immune system via
N-formylmethionine-leucyl-phenylalanine (FMLP)" " or Fe-y™*“ on
the neutrophil surface are prone to alter their activation state and
furthermore are not highly specific for neutrophils. Transcriptome
gene expression analysis of murine and human neutrophils exposed
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Fig. 8|™PFC loading as a readout for neutrophil-activation state. a, Cell
surface expression of CD177 on murine neutrophils isolated from healthy
controls (Ctrl, gray) after implantation of Matrigel-LPS (left) or after
experimental M (right) as determined by flow cytometry. Data were separated
for circulating neutrophils isolated from the blood (BN, blood neutrophils,
light red) and neutrophils obtained from the inflamed Matrigel plug or the
infarcted heart (TN, tissue neutrophils, dark red). b, CD177 expression of human
neutrophilsisolated from blood of healthy controls (gray), patients with STEMI
(blood neutrophils, light red) and neutrophils obtained from pericoronitis
tissue specimens (tissue neutrophils). Similar to mice, CD177 expression was
significantly increased in blood neutrophils compared to control values and
again substantially higher in tissue neutrophils than in blood neutrophils. ¢, In

to "'PFCs, ““"PFCs or saline as well as additional functional analyses
confirmed that our labeling approach has no critical effect on their
phenotype. RNA-sequencing data of neutrophils incubated with the
different compounds revealed only a few differentially expressed
genes, when adjusting a threshold of 1.5-fold change in expression
levels, and these alterations occurred over a very moderate range.
The genes that were altered (Perl and Pagrl) in murine neutrophils
are not directly linked to neutrophil function, and, among the six dif-
ferentially expressed genes in human neutrophils, only CXCLS and
PF4 (encoding platelet factor 4) are related to neutrophil migration
and function. However, we found no impact of our targeting agents
onchemotaxis or ROS release of either human or murine neutrophils.
In this context, it is important to note that stimulation of neutrophils
with pro-inflammatory agents usually results in an order-of-magnitude
higher upregulation or downregulation of several hundred genes™ .
In particular, genes encoding classical pro-inflammatory cytokines,
chemokines and signaling pathways are upregulated such as IL-1B,
tumor necrosis factor (TNF)-a, IL-6, IL-8, monocyte chemoattractant
protein 1 (MCP-1) and the nuclear factor (NF)-kB pathway, but none
of these were observed to be altered in RNA-sequencing data from
neutrophils of both species after incubation with *PFCs. Altogether,
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vivo "™ PFC labeling of bone marrow neutrophils dependent on their activation
state: ™ PFCs were intravenously injected into mice 24 h after implantation
ofMatrigel doped with LPS (bottom) or PBS as a control (top). Another 24 h
later, the bone marrow was analyzed by 'H/*F MRI. d, Quantification of the
total amount of °F in the bone marrow of LPS-stimulated mice compared to the
control. e, Normalizing the "F signal to the number of neutrophilsin the bone
marrow demonstrated asignificantincrease in """PFC uptake per cell after

LPS treatment as compared to the control. The number of neutrophilsin the
bone marrow was determined directly after MRI by flow cytometry. Data are
mean + s.d. of n = 4-7 for Matrigel experiments, n = 3-7 for Ml (a), n = 6-8 (b),
n=>5(d)and n =5 (e) independent experiments; *P = (.05, **F < 0.01, ***P < 0.001,
verified by one-way ANOVA (a,b) or two-sided Student’s r-test (e).

gene expression analysis as wellas functional analysis data provided no
evidence that our targeting approach with ¥PFCs has any substantial
impact on neutrophil functionality. These findings are further sup-
ported by previous observations that cross-linking of CD177 did not
induce degranulation or oxidative burst™,

Of note, the precise functional role of CD177 in vivo still remains
elusive. It has been reported that its expression is upregulated in
inflammatory bowel and Kawasaki diseases*'", Here, we extended this
finding tosterile (acute MI) and bacterial (LPS) inflammation, indicat-
ing it as ageneral phenomenon that might be suitable for assessing the
inflammatory state of neutrophils in vivo by enhanced ""PFC labeling.
AsCD177 is already expressed at the metamyeloid stage, our technol-
ogy has the potential to provide insight into neutrophil dynamics
from their formation and release from the bone marrow to migration
into inflammatory foci. Although not feasible at the single-cell level,
it allows us to monitor trafficking of the vast majority of neutrophils
from their origin into the target tissue. Because this is also applicable
to human neutrophils and PFCs have previously been evaluated in
clinical trials, ""PFCs clearly offer the option for transfer into the
clinical setting. Interestingly, in contrast to mice, CD177 is not present
onallneutrophilsin humans. In our samples, approximately 50-60%
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of all human neutrophils were labeled by "™PFCs. Thus, in humans,
this restricts our approach to the tracking of CD177-positive neutro-
phils, which, on the other hand, offers the opportunity to specifically
understand the biology of this large subpopulation. However, given
theincreased labeling underinflammatory conditions, the sensitivity
of this approach would be substantially amplified under most patho-
physiological conditions.

Intranslation to the clinical setting, our approach will allow us to
notonly identify hidden origins of bacterial or sterile inflammationin
patients but also to unravel disease states that are on the verge of severe
aggravation due toenhanced neutrophilinfiltration or activation. For
example, neutrophils are well known to play a pivotal role after STEMI
and are recruited in the first wave after the insult into the myocardium .
They contribute not only to the initial tissue response but are also key
playersin the so-called ischemia-reperfusion injury as well as micro-
vascular obstruction, which is known as a major reason for adverse
remodeling and re-hospitalization due to heart failure in patients
after STEMI***", Importantly, there are recent reports that neutrophil
infiltration after MI can be beneficially modulated by metoprolol ™',
Thus, our approach might help to identify high-risk patients with
enhanced neutrophil activation and infiltration for tailored therapy
to address their specific needs, which would be of substantial clinical
value, Finally, as our approach is not limited to PFCs and MR, the hNP
ligand can easily be conjugated to tracers for other imaging modalities
and may be further used as a theranostic tool™.

Methods

Animal experiments were performed in accordance with national
guidelines on animal care and were approved by the Landesamt fiir
Natur, Umwelt, und Verbraucherschutz (Nordrhein-Westfalen, Ger-
many, file references 81-02.04.2017.A468 (mice), 81-02.04.2020.A290
(mice), L84-02.04.2016.A322 (pigs) and 84-02.04.2014.A232 (rats)). All
studies with human samples were conducted after informed consent
according to the Declaration of Helsinki and local ethics board approval
(Ethikkommission, Universitéitsklinikum Diisseldorf, Germany; file
references 2017114486 and 2021-1635). All study participants gave
written informed consent.

Preparation of "PFCsand “"PFCs

Peptides used in this study were previously identified by phage dis-
play screening approaches"". We modified the peptide sequences by
addinga C-terminal cysteine for coupling reactions followed by three
glycines as a spacer and an N-terminal carboxyfluorescein to enable
fluorescence detection (Extended Data Fig. 1). Peptides were synthe-
sized by Genaxxon BioScience with purity >95% (mNF, DFYKPMPNLRIT-
GGG-C;related Con, SLAMFLTHSPEP-GGG-C; hNP, DLVTSKLQV-GGG-C;
related Con, KQLSEMVTD-GGG-C). For TriCeps experiments, a modi-
fied hNP was used: DLVTSKLQV-GKG-C.

Maleimide PFCs. Nanoemulsions were composed of 20% (all wt/wt)
PFCE (perfluoro-15-crown-5 ether; ABCR), 2.5% Lipoid 575 (Lipoid),
0.45% DSPE-PEG,, (1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[amino({polyethylene glycol)-2000]; Lipoid), 0.05%, maleimide-
PEG,0,-DSPE {Avanti Polar Lipids), 0.025% Lissamine-rhodamine-DHPE
(Molecular Probes) and phosphate glycerol buffer up to 100%. Lipids
were dissolved in chloroform and added to a round-bottom flask.
Chloroformwas removed inarotary evaporator at 200 mbar and 40 °C.
Thereafter, the evenly distributed lipids were resuspended in 10 mM
phosphate buffer (pH 7.4), and PFCE was added dropwise. The crude
emulsionwas further processed on an LV1 Microfluidizer (Microfluid-
ics) for five cycles at a process pressure of 1,000 bar.

For generation of "PFCs or “"PFCs, peptides were coupled to
MipECs, The peptides were used in fivefold molar shortfall to maleimide
and linked via the free sulfhydryl group of cysteine. After incubation
for 24 hat 20 °C and 750 r.p.m., the nanoemulsions were stored at 4 °C.

Animal experiments

Animals used in this study were obtained from Janvier, housed at the
central animal facility of Heinrich Heine University Diisseldorfon a
12-h light-dark cycle, fed with a standard chow diet and received tap
water ad libitum. Male 10-12-week-old C57BL/6 mice (in total, n = 180)
ranging from 20 to 30 gin body weight (BW) were used.

Immune cells from blood or bone marrow. Heparinized blood was
withdrawn by venous puncturewith a 23G cannula of the inferior vena
cava. Erythrocytes were lysed by adding a fourfold volume of NH,CI
buffer (pH 7.4). After 10 min of incubation, samples were centrifuged
at 350gfor 10 min at 20 °C. For isolation of neutrophils from the bone
marrow, mice were killed by cervical dislocation, and bones were dis-
sected. Afterward, cells were isolated from the bone marrow using
established protocols™.

Immune cells from Matrigel-LPS plugs. Mice were killed by cervi-
cal dislocation, and the Matrigel plug was carefully excised. The plug
was incubated in DMEM containing 1 mg mi™ collagenase Il (Merck)
for 10 min at 37 °C. Afterward, the sample was meshed through a cell
strainer (40 um), and isolated cells were resuspended in Miltenyiauto-
mated cell sorting (MACS) buffer.

Immune cells from infarcted hearts. Mice were killed, and the heart
was excised and transferred into MACS buffer to flush out the blood.
After mincing, samples were incubated with 1 mg ml™ collagenase
at 37 °C for 30 min under constant shaking and afterward meshed
through a cell strainer (40 pm). To remove cardiomyocytes, samples
were centrifuged at 55g for 5 min. The resulting supernatant containing
the immune cells was used for further experiments.

In situ labeling of neutrophils for tracking after MI. For labeling of
neutrophils before M, mice were anesthetized (1.5% isoflurane) and
1mmol per kg BW PFCs were injected intravenously via the tail vein
on 3 consecutive days. Induction of MI was essentially carried out as
previously described™. For inhibiting the egress of neutrophils from
the bone marrow in a subset of experiments, a cocktail of neutralizing
antibodies was injectedi.p.1hbefore and 4 hafter MI{CXCL1, CXCL2,
G-CSF, GM-CSF, 50 pg each, Thermo Fisher). To generate neutropenic
mice, 48 and 24 h before MI, 500 pg of the Ly6G-depletion antibody
(BioXcell, clone 1A8) was injected i.p. in independent experiments.

Matrigel-LPS experiments. To induce defined inflammatory foci,
we adopted a recently developed model of localized subcutaneous
inflammation™. To this end, ice-cold Matrigel (Corning) was doped with
LPS (1 pg pl'™"; Salmonella typhimurium, Sigma-Aldrich) and subcuta-
neously (s.c.) implanted into the neck of the mice. Twenty-four hours
after implanting the plug, neutrophils were isolated from the blood
and incubated ex vivo with ™ PFCs or “"PFCs. In separate experiments,
24 hafterimplantation, "™ PFCsor “"PFCs were injected intravenously,
and immune cells were isolated from the blood. In further experiments,
1dafter pluginjection, mice received 1 mmol per kg BW "™ PFCs, and,
24 h later, the bone marrow was analyzed by 'H/"F MRI. Thereafter,
mice were killed, and neutrophils were isolated from the bone marrow
for determination of cell numbers. In each case, immune cells were
analyzed by flow cytometry.,

"'PFC uptake by circulating immune cells and bone marrow neu-
trophils. Mice were kept in anesthesia (1.5% isoflurane) on a warming
plate, and 1mmol per kg BW ™ PFCs or “"PFCs were injected i.v. into
the tail vein. One hour after injection, blood was collected from the
vena cava, and immune cells were isolated. For in vivo uptake studies
in the bone marrow, mice were treated as described above and killed
2 hlater toisolate neutrophils from the bone marrow and analyzed by
flow cytometry.
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"NPPFC uptake by immune cells isolated from the heart. ""PFCs
or “"PFCs (3 mM per kg BW) were injected intravenously 2 h before
induction of MI. One hour after MI, murine immune cells were isolated
from the heart using a Langendorff digestion protocol as described
previously™, The resulting cell fractions were analyzed by flow cytom-
etry. Cells were stained for CD45, CD11b, Ly6C and Ly6G for 20 min at
4 °C to identify lymphoid cells (CD45'CD11b"), classical monocytes
(CD45°CD11b'CD1IC"Ly6G ), macrophages (CD45°CD11b'CDIIC Ly6GY)
and neutrophil granulocytes (CD45°CD11b"CD11C Ly6G*). DAPI stain-
ing was performed to exclude dead cells from analysis.

Immune cell isolation from pig and rat blood. To obtainimmune
cells from pigs, heparinized blood was withdrawn from the ear vein of
animals using a 22G vein catheter as previously described™, For rats,
heparinized blood was withdrawn by cardiac puncture of the left ven-
tricle using a 23G cannula. For both species, erythrocytes were lysed as
described above. After 10 min ofincubation, samples were centrifuged
at350gfor10 minat20 °C.

Heart tissue histology and immunostaining

Neutrophils were prelabeled byi.v.injection of ™ PFCs or “"PFCs (3 mM
perkg BW) 2 hbeforeinduction of Ml,and heart samples were collected
2or 24 hafter surgery. The infarcted area was delineated by TTC staining
(1%). Cryosections (40-60 pum) for MFlassessment and immunostaining
were air dried and fixed with Zambonifixative, and fluorescence images
were immediately acquired. For subsequent immunostaining, tissue
slices were permeabilized with Triton (1%, Sigma). Primary antibodies,
including anti-Ly6G (neutrophils, 1:100), anti-MHC Il {(macrophages,
1:100) and anti-CD3 (T cells, 1:200), were incubated overnight at 4 °C.
After three washing steps, FITC-labeled secondary antibodies were
used toidentify cell markers, and nuclei were counterstained with DAPI.
MFI was guantified in the entire area of M| from at least six successive
sections of each heart (500-pm interval). For cellular MFI, the rhoda-
mine signal was quantified in areas where it was colocalized with the
specific FITC-labeled cell markers. Micrographs were acquired with a
fluorescence microscope (BX 61; Olympus) and analyzed with Fijil.52n*.

Impact of ™ PFCs on gene expression and neutrophil function
Gene expression. One mM per kg BW ™ PFCs or saline were injected
i.v.into mice, and, 2 h later, neutrophils were isolated from the bone
marrow. Total RNA was isolated from purified neutrophils. For tran-
scriptome analyses, DNase-digested total RNA samples were quanti-
fied (Qubit RNA HS Assay, Thermo Fisher), and quality control was
performed by capillary electrophoresis using a fragment analyzer
and the Total RNA Standard Sensitivity Assay (Agilent). All samples
in this study showed high-quality RNA quality numbers (mean =9.3).
Library preparation was performed according to the manufacturer's
protocolusing the lllumina Stranded mRNA Prep, Ligation kit. Briefly,
25 ngtotal RNA was used for mRNA capturing, fragmentation, synthe-
sis of cDNA, adaptor ligation and library amplification. Bead-purified
libraries were normalized and finally sequenced on the NextSeq 1000
system (lllumina) with a single-read setup of 1 < 100 bp. The lllumina
DRAGEN FASTQ Generation tool (version 3.8.4) was used to convert the
BCL files to FASTQ files as well for adaptor trimming and demultiplex-
ing. Data analyses of FASTQ files were conducted with CLC Genomics
Workbench (version 22.0.1, Qiagen). The reads of all probes were adap-
tor (INlumina TruSeq) and quality trimmed (using default parameters:
bases below Q13 were trimmed from the end of the reads; ambiguous
nucleotides, maximum 2). Mapping was done against the Mus musculus
(mm39, GRCm39.105, 12 January 2022) and the Homo sapiens (hg38,
GRCh38.100, 5 June 2020) genome sequences.

Migration. One mM per kg BW ™" PFCs or saline were injected i.v., and,
after1h, LPS-doped Matrigel wasimplanted s.c. into the neck of mice.
After 2 h, the Matrigel plug was excised, and infiltrated neutrophils

were isolated and stained with anti-CD11b and anti-Ly6G antibodies
for flow cytometry.

Reactive oxygen species production. One mM per kg BW ™ PFCs or
saline were injected i.v., and, 2 h later, neutrophils were isolated from
the bone marrow, and extracellular ROS was measured inthe cell super-
natant by oxidation of dihydroethidium followed by UPLC analysis.

Phagocytosis. One mM per kg BW ™" PFCs or saline were injectedi.v.,
followed by 100 pl FITC-labeled Escherichia coli particles (Thermo
Fisher) 2 h later. Again, 2 h later, neutrophils were isolated from the
blood and stained for Ly6G for 20 min at 4 °C., Thereafter, FITC labeling
was determined by flow cytometry.

Cell surface activation markers. One mM per kg BW ™ PFCs or saline
wereinjected i.v., and, 2 hlater, neutrophils were isolated from the blood
and stained for CD11b, CD62L and CD63. As a positive control, mice
were implanted with LPS-doped Matrigel 24 h before blood withdrawal,

Liver serum markers and histology of liver and spleen after ™"PFC
injection. “*'PFCs, ™" PFCs (each at 1 mM per kg BW) or saline were
injected i.v. over 3 consecutive days. Twenty-four hours after the
last injection, mice were killed, and blood samples were withdrawn
to determine GLDH, AST, ALP, ALT and bilirubin levels by standard
clinical procedures. Furthermore, the liver and spleen were dissected,
fixed in formalin and snap frozen. Subsequently, 4-pm cryosec-
tions were cut and stained with hematoxylin and eosin as described
previously™.

Biodistribution of ™ PFCs. Todetermine the biodistribution of ™"p-
FCs, 3 mM per kg BW """PFCs were injected intravenously, and F signal
intensities were determined inblood, liver and spleen at distinct time
points afterinjection.

Experiments with human blood and tissue samples

In total, blood samples from17 patients with STEMIwere used (5 female,
12male; aged 66.9 + 13.6 years; troponin T, 3,398 + 3,520 ng I''; creatine
kinase, 933.4 + 685.8 U ; lactate dehydrogenase, 547.8 £ 2599 U1'Y).
Samples were analyzed 24 h after MI. Samples from the oral cavity of
patients with pericoronitis (n = 6; 4 female, 2 male; 34.1 + 21.7 years)
and explanted human hearts (n = 3;1female, 2 male; 41.6 + 18.2 years)
were processed directly after surgery.

Immune cellisolation from human blood. Blood was collected from
the vena brachialis, and erythrocytes were lysed as described above.
After 10 min of incubation, samples were centrifuged at 350g for
10 minat 20 °C. For isolation of a purified neutrophil fraction, density
gradient centrifugation was performed. Five milliliters of Ficoll 1.077
(Sigma-Aldrich) was layered on 5 ml Ficoll 1.119 (Sigma-Aldrich), and
20 mlof whole blood diluted 1:2 with PBS was carefully layered on the
Ficoll 1.077. Samples were centrifuged at 350g for 20 min with low
acceleration and brake. The neutrophil layer was isolated by careful
aspiration and washed with PBS. Isolated cells were resuspended in
MACS buffer.

Immune cell isolation from pericoronitis surgeries. Human pericoro-
nitis samples were obtained through curettage of the alveolar socket,
and the peridental tissue was stored in ice-cold saline. Afterward,
samples were incubated in DMEM mixed with 1 mg ml ' collagenase
11 (Merck) for 10 min at 37 °C. Samples were meshed through a cell
strainer, and isolated cells were resuspended in MACS buffer,

Immune cell isolation from explanted human hearts. During ortho-
topic heart-transplant surgery in patients suffering from terminal
heart failure, a tissue specimen of about -5 g was excised from the
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apex ofthe failing heartimmediately after explantation. Tissues were
immediately transferred to iced BIOPS buffer as described previously™.
For subsequent isolation of immune cells, heart samples were cut
into small pieces and digested with the Multi Tissue Dissociation Kit 2
(Miltenyi; ‘adult rat heart’ protocol) by incubating for 40 min at 37 °C
with the specified enzyme mix using the 37C_Multi_G program by
gentleMACS. Afterward, 7.5 ml DMEM with 20% FCS was added to stop
enzymatic digestion. The sample was applied to a 70-pm cell filter
and washed with 3 ml DMEM, followed by centrifugation for 5 min at
300g. The supernatant was discarded, and cells were resuspended in
1 ml DMEM and incubated with 10 pl "¥PFCs for 30 minat37°Cona
vertical shaker. Afterward, cells were washed twice with MACS buffer
and stained for CD45, CD11b and CD66b. DAPI staining was performed
for exclusion of dead cells. The uptake of ™'PFCs into neutrophils
(CD45'CD11b"CD66b7) was determined by flow cytometry.

Cell culture experiments

Cell lines. CHO cells (ECACC 85050302) were cultivated in DMEM
high-glucose medium (Gibco, Thermo Fisher Scientific) supplemented
with 10% FBS (Gibco, Thermo Fisher Scientific), 60 mg | penicillinand
100 mg | streptomycin (Genaxxon BioScience) at 37 °C with 5% CO, in
awater-saturated atmosphere.

Magnetic resonance imaging

General. All experiments were performed with a vertical 9.4 T Bruker
AVANCE" Wide Bore NMR spectrometer (Bruker) driven by ParaVision
5.1and operating at frequencies of 400.21 MHz for 'H measurements
and 376.54 MHz for "°F measurements using a Bruker microimaging
unit, Micro2.5, with actively shielded gradient sets (1.5 T m™). Datawere
acquired using a 25-mm quadrature “F resonator with one channel
tunable to both 'Hand F. Mice were anesthetized with 1.5% isoflurane
and kept at 37 °C. After acquisition of morphological 'H images, the
resonator was tuned to °F, and anatomically matching "’F images were
recorded essentially as described previously™.

For whole-body images, mice were repositioned for coverage
of thorax and brain, and abdomen and hindlimbs, respectively. Slice
packages were placed in the axial direction, and datasets were subse-
quently merged using the 3D visualization software Amira (Mercury
Computer Systems). Scan details are as follows: 'H rapid acquisition
with relaxation enhancement (RARE), repetition time (TR) = 3,500 ms,
field of view (FOV) = 2.56 x 2.56 cm®, matrix = 256 = 256, slice thickness
(ST)=1mm, acquisition time (f,.,) =1.24 min; “F 3D RARE, TR = 2,500 ms,
FOV =2.56 = 2.56 cm’, matrix = 64 x 64, ST=45mm, f,,,=1h.

Bone marrow. Slice packages were placed in sagittal orientation
to cover the complete bone marrow in the tibia and femur in both
legs using the following scan details: '"H RARE, TR =2,000 ms,
FOV =4.00 x 2.56 cm’, matrix = 256 x 256, ST =1mm, £,.,= 1 min;
“F RARE, TR =2,500 ms, FOV =4.00 x 2.56 cm’, matrix = 64 x 64,
ST=3mm, t;.,=10 min.

Cardiac. Images of mouse hearts were acquired inshort-axis orienta-
tionusing aretrospectively triggered fast low-angle shot cine sequence
(IntragateFLASH, Bruker) as described previously™. Thereafter,
hearts were excised, washed and fixed with PFA for 3D high-resolution
post-mortem MRI: 'H FISP, TR =4 ms, FOV =1.00 » L.0O x 1,00 cm?,
matrix =128 x 64 x 128, t,.,151min; “F RARE, TR =2,500 ms,
FOV=1.00x1.00 *1.00 cm? matrix=32x%32x32,¢,.,=10h.

Analysis of biodistribution was carried out as described
previously"’.

Isolated cells. After the incubation period, cells were subjected to
density gradient centrifugation to separate PFC-loaded cells from free
PFCs. Afterward, samples were analyzed by MRI to determine the “F
signal within the cell layer as described previously™'.

Perfluorocarbons. For evaluation of F content, 10 pl of the
nanoemulsion was transferred into PCR tubes and measured with
the following parameters: 'H RARE, TR = 3,500 ms, RARE factor 16,
FOV =2.56 % 2,56 cm?, matrix =128 x 128, ST=1mm, Lyg=1min;
“F RARE, TR =2,500 ms, RARE factor 32, FOV =2.56 = 2.56 cm?,
matrix =32 x 32, 5T =1mm, f,., = 5min.

Data analysis. MR data were analyzed as described previously™ .

Flow cytometry

General. Flow cytometry was performed with a FACSCanto Il (BD
Biosciences) or LSRFortessa (BD Biosciences). Cells were gated with
appropriate FSC-SSC settings and thresholds for excluding debris.
To omit dead cells, samples were stained with 1 pg ml™ DAPI (Merck).
For analysis, cells were gated with FACSDiva 6 or Flow)o 7.1, and MFI
and/or the number of positive cells was determined, depending on
the experiment.

Human immune cells were discriminated by staining for CD45
(BioLegend, clone HI30), CD11b (BD Biosciences, clone ICRF44), CD14
(BioLegend, clone M5E2) and CD16 (BD Biosciences, clone 3G8)
(lymphocytes, CD45'CD11b"CD16°; classical monocytes, CD45'C
D11b"CD147CD167; non-classical monocytes, CD45'CD11b"CD14"
CD16""; neutrophils, CD45°CD11b*CD16%). Murine immune cells were
discriminated by staining for CD45 (BD Biosciences, clone 30-F11), CD11b
(BioLegend, clone M1/70), Ly6G (BD Biosciences, clone 1A8), Ly6C (Bio-
Legend, clone HK1.4) and F4/80 (BioLegend, clone BM8) (lymphocytes,
CD45'CD11b Ly6G ; classical monocytes, CD45'CD11b'Ly6G Ly6C";
non-classical monocytes, CD45'CD11b'Ly6G Ly6C"; neutrophils,
CD45°CDI11b’Ly6G"; eosinophils, CD45*CD11b’Ly6G'SSCMFSC), Both
human and murine cells were stained for 20 min at 4 °C, followed by
washing with 200 pl MACS buffer.

If not mentioned otherwise, neutrophil-specific peptide or Con
(both at 1 ug ml™') were incubated for 20 min at 4 °C, while "PFCs or
“"PFCs were incubated at a concentration of 10 pl ml™ for the indicated
period of time, followed by two washing steps with 200 pl MACS buffer.

Immune cells from rat and pig were discriminated with appropri-
ate forward and side scattering and rat immune cells additionally by
CD11b (BD Biosciences, clone WT.5) staining.

Cell lines. CHO cells were gated with appropriate FSC-S5C settings.
Approximately 1 x 10° cells were stained with anti-CD177 monoclonal
antibody (BD Biosciences, clone Y127) and 1 pg mI™ hNP or Con for
20 minat4 °C. Afterward, samples were washed twice with MACS buffer
and analyzed for CD177, hNP and Con binding.

Experiments with cells

Binding of hNP or mNP to immune cells. Cells were isolated from
blood, resuspended in100 pl and transferred to a 96-well plate, result-
ingin1=10° cellsin each well. Subsequently, cells were incubated with
orwithout peptides. Their binding was analyzed by flow cytometry via
detection of their fluorescence label.

Binding of free mNP to murine neutrophils. A total of 1 x 10° bone
marrow neutrophils wereincubated with increasing amounts of mNP.
Toinvestigate putative conjugation effects, we coupled mNP to eight-
arm PEG,yq,-maleimide (Sigma-Aldrich). mNP (or Con) was used ata
twofold molar excess to maleimide for loading all binding sites with
mNP or Con. Coupling was carried out at room temperature for 24 h
with constantshaking. Afterward, 1 x 10°bone marrow neutrophils were
incubated with 1 pg ml™ of the constructs, and uptake was determined
by flow cytometry.

For identification of the surface receptor for hNP on neutrophil
granulocytes, coupling of the peptide to TriCeps and cell incubation
were carried out according to manufacturer's instructions (Dualsys-
tems)"”. Samples were subsequently analyzed by Dualsystems.
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For transient transfection of CHO cells, 2.5 = 10° cells were seeded in
six-well plates. Twenty-four hours later, the mediumwas refreshed. One
pgplasmid DNA®' (human CD177) and 4 ul PEIMAX (Polysciences) were
suspended in 100 pl saline, incubated for 15 min at room temperature
and subsequently added to the wells. The medium was replaced after
24 h, and cells were cultivated further for 24 or 48 h. Thereafter, cells
were detached with PBS with 2.5 mM EDTA, washed and resuspendedin
MACS buffer. Approximately 1 = 10° cells were stained with monoclonal
antibodies against CD177 or hNP or Con and analyzed by flow cytometry.

Cell surface expression of CD177. Neutrophils were isolated from
the blood of healthy mice as well as 24 h after Matrigel implantation
or induction of MI and also directly from the inflammatory hot spot
(Matrigel or infarctarea). For human studies, neutrophils were isolated
fromthe blood of healthy individuals and patients 24 h after STEMI as
well as from tissue samples from oral surgeries (pericoronitis). Isolated
immune cells were transferred into 96-well plates, stained and analyzed
by flow cytometry.

Internalization of hNP into neutrophils. The pH-sensitive pHrodo
maleimide dye (ThermoFisher) was mixed with hNP at an equal molar
ratioin PBS and incubated at room temperature for1hat 700 r.p.m. to
enable the conjugation of hNP and pHrodo. Afterward, isolated neutro-
phils were incubated with 1 pg ml " ofthe pHrodo-hNP constructat4 °C
or 37 °C for 30 min. At distinct time points, cell samples were washed
twice with MACS buffer, and uptake of the pHrodo-hNP construct was
determined via its fluorescence signal by flow cytometry.

Binding and internalization of "PFCs. A total of 1 x 10° cells were
incubated with 10 pl of the emulsion over a period of 80 min at 37 °C.
At distinct time points, 50 pl of the samples were transferred into 2 ml
ofice-cold MACS buffer and analyzed for rhodamine fluorescence by
flow cytometry.

To determine PFC uptake by human neutrophils by "°F MRI, cells
were isolated from 10 ml of whole blood by density centrifugation.
Subsequently, neutrophils (5 = 10*) were resuspended in 3 ml DMEM
and incubated for up to 8 h at 37 °C under constant motion with 10 pl
"TPFCs, Afterward, cells were centrifuged at 350g, washed three times
with PBS, resuspended in 1 ml MACS buffer, purified by Percoll gradient
centrifugation and analyzed by 'H/"°F MRL

Fluorine-19 MRI of murine neutrophils. A total of 4 x 10° neutrophils
isolated from bone marrow with the EasySep Mouse Neutrophil Enrich-
ment Kit (Stemcell Technologies) were resuspended in1 mI DMEM and
incubated for 3 h with 50 pl "™'PFCs or ““"PFCs at 37 °C. Afterward,
cells were washed three times with PBS, fixed with PFA, pelleted by
centrifugation and analyzed by 'H/"°F MRL

Fluorescence microscopy of human neutrophils. Neutrophils
(1%10°) were incubated with 50 pl mI™ ™ PFCs or “"PFCs for 60 min
at37 °C, washed three times with MACS buffer, centrifuged onto a glass
plate, fixed with 0.5% PFA and stained with 1 ug ml ' DAPI to visualize
nuclei. Finally, cells were embedded in MOWIOL and studied by con-
focal microscopy (Zeiss LSM 710 Meta, Zeiss). Images were analyzed
using Fiji 1.52n™.

hNP competition experiment. A total of 1 x 10° human neutrophils
were incubated in 1 mIDMEM at 4 °Cwith or without 5 pg ml™ hNP for
30 min. Subsequently, 10 pl "™"PFCs were added, and, at defined time
points, 50 pl of the cell suspension was transferred into 2 ml ice-cold
FACS buffer. Cells were analyzed by flow cytometry.

Analysis of reactive oxygen species. A total of 5 * 10® human neutro-
phils were incubated in 10 ml DMEM with or without 1 pg ml™ peptide or
50 pl ml ™ emulsion. At distinct time points, cells were pelleted, and 1 ml

of the supernatant was immediately frozen at —80 °C. Subsequently,
the amount of ROS was determined by chemiluminescence analysis.
Murine neutrophils wereisolated from ™" PFC-treated or NaCl-treated
animals, and 1 » 10° cells were incubated with dihydroethidium-HBSS
buffer (20 pM) for 30 min at 37 °C. After centrifugation, 80 plsuperna-
tant was used to determine ROS by UPLC measurement (Waters Acquity
BioH-Class with 2475FLD Detector). Tothisend, gradients Aand B (0.1%
trifluoroaceticacidinl I water and acetonitrile, respectively) ata flow
rate of 0.26 ml min™ at 17 °C were used. Dihydroethidium was excited
and detected at 480 nm and 580 nm, respectively.

Migration of neutrophils. A total of 1 x 10° isolated human neutrophils
were incubated with or without 50 pul "™ PFCs for 1h at 37°Cin1ml
DMEM. After washing with DMEM, 1 = 10° of these cells were placed
in a Boyden chamber containing 200 pl DMEM, The lower part of the
chamber contained 100 ng mi™ IL-8in1mI DMEM. After 1 hinanincu-
bator, the flow through was collected, and the number of neutrophils
was counted by flow cytometry. Murine neutrophils were isolated
from Matrigel-LPS plugs and stained for Ly6G. Afterward, cells were
washed twice, and the number of neutrophils was determined by
flow cytometry.

Analysis of cell surface activation markers. A total of 1 x 10* isolated
human neutrophils were incubated with 50 pl ml* "™ PFCs, 1 ug ml™*
LPS or only DMEM for 1 h at 37 °C followed by intense washing with
MACS buffer. Afterward, 1 x 10° cells were transferred into 96-well
plates and stained for CD11b and CD63 (eBioscience, clone HSC6) or
CD66b (eBioscience, clone G10FS5) for 20 min at 4 °C. After two wash-
ing steps with MACS buffer, cells were analyzed by flow cytometry.
A total of 1 % 10° isolated murine neutrophils were transferred into a
96-well plate and stained for CD11b, CD62L and CD63 for 20 min at
4 °C. After two washing steps with MACS buffer, cells were analyzed by
flow cytometry.

Endocytic properties of neutrophils. Isolated human neutrophils
were incubated for 30 min with 1 pg ml™ 10 kDa FITC-labeled dextran
particles (fluid-phase endocytosis) or for 80 min with 10 pul ml™ PFCs.
At distinct time points, samples were taken and transferred into 2 ml
ice-cold PBS. Afterward, cells were centrifuged at 300g for 10 min,
resuspended in MACS buffer and analyzed by flow cytometry. Murine
neutrophils were isolated from "™ PFC-treated or NaCl-treated ani-
mals and stained for Ly6G for 20 min at 4 °C. After two washing steps,
phagocytosis of FITC-conjugated £, coli particles was determined by
flow cytometry.

Isolation of total RNA. Human blood samples were treated ex vivo
with ""PFCs or NaCl for 1 h, and afterward neutrophils and monocytes
were isolated with the blood neutrophil-isolation kit (Miltenyi) or the
monocyte-isolation kit (Stemcell) according to the manufacturer's pro-
tocol. Murine neutrophils and monocytes were isolated from ™ PFC- or
NaCl-treated animals from the bone marrow with isolation kits (both
from Stemcell) according to the manufacturer’s protocol. Cell disrup-
tionwas carried out with 100 plRLT Plus buffer (Qiagen), and afterward
RNA was isolated according to the manufacturer’s protocol (Zymo
Research, RNA Clean & Concentrator).

SPR analysis of the human and murine neutrophil-specific peptides.
The interaction between human and murine neutrophils and mono-
cytes with NPs was analyzed using a Biacore X100 system equipped
with a CM5 sensor chip (Cytiva). Immobilization of NPs to the chip
surface was performed by activation of carboxymethyl groups of the
CMS5 chip and introduction of reactive disulfide groups by reaction
with EDC-NHS and PDEA (Cytiva), followed by covalent binding of the
NPs via the C-terminal free sulfhydryl group (260 pg, 5 pl min™) and
blockage of excess carboxyl groups. Afterward, human and murine
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neutrophils and monocytes (analytes) were flowed over the immo-
bilized ligand surface to record the binding response of the analytes
to the ligand. After 60 s of analyte association, the chip surface was
regenerated for a period of 300 s by dissociation of the analytes with
running buffer, Additionally, increasing numbers of neutrophils were
flushed over the immobilized peptide with a flow rate of 30 pl min”',
and dissociation was measured for anidentical period. The final report
point, expressed in relative response units of the stability point, was
calculated by subtracting the reference from the ligand response unit,
indicating the level of interaction and comparative binding affinity.
HBS-EP (10 mM HEFES, pH 7.4, 150 mM NacCl, 3.4 mM EDTA, 0.005%
P20) and DPBS plus 0.005% P20 (Sigma-Aldrich) buffers at 25 °C were
used in all experiments as binding and running buffers, respectively.

Characterization of ""PFCs and “"PFCs

Fluorescence. For fluorescence measurements, 10 pl PFCs were spot-

ted onaglass plate and analyzed with an IVIS Lumina Il system (Perki-

nElmer; GFP excitation and emission filters, 0.5-s excitation).
Dynamic light scattering and the { potential were measured as

described previously™” at 25 °C using a Nanotrac Wave Il analyzer

(Microtrac) driven by Microtrac FLEX Software 3.4.

Cryo-transmission electron microscopy. PFCs were diluted with
sample buffer to minimize particle aggregation and therefore ena-
ble proper size measurements, which were carried out as previously
described”.

Statistics

Nostatistical methods were used to predetermine sample size, Experi-
ments were not randomized, and the investigators were not blinded
during experiments and outcome assessment. Unless otherwise
indicated, all values are given as mean + s.d. Statistical analysis was
performed using OriginPro 2016 (OriginLab). Data were tested for
Gaussian distribution using the D’Agostino and Pearson omnibus
normality test. For comparison of parameters between the groups, a
Student’s -test or one- or two-way ANOVA was used.

RNA-sequencing data. FASTQ files were analyzed with CLC Genom-
ics Workbench (version 22.0.1, Qiagen). The reads of all probes were
adaptor (Illumina TruSeq) and quality trimmed (using the default
parameters: bases below Q13 were trimmed from the end of the reads;
ambiguous nucleotides, maximum 2). Mapping was done against
M. musculus (mm39, GRCm39.105, 12 January 2022) and H. sapiens
(hg38, GRCh38.100, 5 June 2020) genome sequences, respectively.
After grouping samples (for n =3 biological replicates each) accord-
ing to the individual experimental conditions, statistical differen-
tial expression was determined using the Differential Expression for
RNA-Seq tool (version 2.6). The resulting P values were corrected for
multiple testing by FDR and Bonferroni correction. P values <0.05were
considered significant.

Reporting summary
Further information onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its Supplementary Information. RNA-sequencing data
have been uploaded to the Gene Expression Omnibus (accession no.
GSE217910). Raw MRI data are available from the corresponding author.
Source data are provided with this paper.
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Extended Data Fig. 1| Synthesis sct for PFC-L i racerstotarget
neutrophils. a, Basic structure of the used peptides for targeting neutrophils.
The N-terminal carboxyfluorescein is incorporated for fluorescence-based
analysis. For coupling the peptides to preformed "'PFCs, a cysteine with a free
sulfhydryl group is located at the C-terminus, next to the GGG spacer. Thered
dashed circle indicates the neutrophil binding sequence. b, For generating
“PFCs, preformed *'PFCs were incubated with the peptides over night to form
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Extended Data Fig. 2| Specific targeting of neutrophils by ™*PFCs. a, Flow
cytometric analysis of murine blood leukocytes incubated with ™ PFCs over

80 min illustrating their predominant uptake by neutrophils (red) as compared
to monocytes (blue) and lymphocytes (gray). b, To further validate specificity,
binding of CD177 mAb as well asincorporation of ™ PFCs under basal and LPS-
stimulated conditions were determined. Almost no binding/uptake into classical
or non-classical monocytes as well as macrophages or eosinophils could be
detected. In contrast to all other immune cell subsets, solely neutrophils showed
asignificant binding/uptake. ¢, Labelling of bone marrow neutrophils isolated
2hupon intravenous injection of ™ PFCs or “"PFCs as determined via Mow
cytometry indicating a strong uptake of " PFCs and almost no incorporation of
tonpECs. d, To verify that cellular uptake of ™ PFCs can be visualized by ™F MRI,
we isolated murine neutrophils from the bone marrow, incubated the cells with
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u — e ———

conpFC TWPFC
MPECs or “PFCs for 3 hat 37 °C, washed intensively and pelleted the cells by
centrifugation. Subsequently, cells were analyzed by 'H/°F MRL. Left: "H/""F MRI
of centrifugation tubes with neutrophils treated with ™'PFCs (lower panel) or
“o°PFCs (upper panel). The small neutrophil cell pellet is located at the bottom of
the tube and can be identified by 'H MRI (1™ column) as slightly darker structure
(arrows) compared to the bright phosphate buffer; corresponding F MRimages
(2™ column) and superimposition of 'H/"F datasets (3" column, with *'F data
color-coded in hot iron). Quantification of F signals (4™ column) clearly indicate
substantial stronger "'F uptake in "**PFC-treated neutrophils (red) compared to
cells incubated with “*"PFCs (gray); a.u. = arbitrary units. Data are means + SD of
n=4(a),n=6(h),n=6(c)orn=23-5(d) independent experiments; *=p = 0.05,
= p=0,01," = p<0.001, verified by two-way ANOVA (a), one-way ANOVA (b) or
two-sided students t-test (c, d).
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Ex ded DataFig.3| A of ™ PFC/*"PFCbiodistribution, liver
serum markers and histology of liver and spleen. a, Biodistribution of
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ALT (alanine aminotransferase) and bilirubin after intravenous application of
NaClas control, “"PFCs or ™PFCs. ¢ +d, 4 pm sections of liver (C) and spleen
(D) stained with hematoxylin and eosin. Organs were excised and processed

for histology 24 h postinjection of NaCl (upper row), “""PFCs (middle), ™ PFCs
(lower). Representative liver/spleen images of organs from three different
animals are shown. Scale bars indicate 100 pm. Data are mean values +SDofn = 6
(a),n=4-6(b)andn=6(c + d) independent experiments.
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E ded Data Fig. 4| Experi al timeline and whole body "H/"F MRI
ofa™¥PFC-treated mouse. a, To label neutrophils within the bone marrow,
"MFPFCs (or “"PFCs as control) were intravenously injected on three consecutive
days (day -3, -2, -1) followed by "H/""F MRI of the bone marrow on day 0.
Subsequently, Miwas induced and bone marrow and the infarcted heart

were analyzed by combined 'H/F MRI 24 h later. b, In separate experiments,
neutralizing antibodies against CXCL1, CXCL2, G-CSF and GM-CSF were injected
intraperitoneally (i. p.; 50 pg) 1 hbefore and 4 h post induction of Mi to inhibit

the Ml-stimulated egress of neutrophils from the bone marrow and their
infiltration into the heart. ¢, To determine the whole body biodistribution of
“WPFCs, "™ PFCs were intravenously injected daily over three consecutive days.
Afterwards, whale body "H/""F MRI measurements were performed to visualize
the labelled neutrophils in the different bone marrow compartments. The bright
"F spotin the middle represents the liver - an organ known to be as major site of
(PFC) nanoparticle deposition.

Mature Cardiovascular Research

289



Article

https://doi.org/10.1038/544161-022-00210-w

a b
_outer epiphysis
25 - : (
L—g
il - diaphysis
x o>
3 &l | diaphysis
.
= T
g 30+ 1 b marrow
(=] L]
E 4
™ 5] L)
L L
@ "y
5 "
Ctrl Depletion inner epiphysis inner epiphysis
Pre MI PostMI c inner epiphysis diaphysis outer epiphysis
W —h R N
15+ 2
S =
& = »
& = 10+
E = ()
" @
-
[ @
. @
3 5
E
L
i a3 2 °
< 0+
s T T T T T T
Ml + - + - +

e 3
Stroke volume Ejection fraction Infarct size
E 125 50 80 50
a * ) s
2 1o S @ £ )
o :\ = c 60 s
@ = o =
oo i a E m _ - E L #£ wi 1 '
£ = § 4 = E a0 B 5 Sl
5 ! Sl & 0 < r ¢ Tl 8
g 4 . % 204 " . g 3 . - g 1
= "3 m
S = ﬁ 10 L ':7 e . h_E 10
=]
E
R 1 . 0 0 i
5 MNPBECS  NAbS ) &5 = i o £ & T ~.
o :’“‘L & & A
Extended DataFig. 5| """PFC incorporation into the bone marrow and deci uponML.d +e, R ion of bone oL phils by NAbs

cardiac function after M. a, Impact of neutrophil depletion on """ PFC
incorporation into the bone marrow: For in vivo labeling of bone marrow
neutrophils, "**PFCs were injected intravenously and 24 h later the "°F signal
within the femur and tibia was determined (gray). Depletion of neutrophils

by Ly6G Abinjection 48 and 24 h prior ™ PFC injection lead to significantly
decreased “F bone marrow signals (red). b+ ¢, Locoregional analysis of the
Sfemur "Fsignal before and after Mi: b, Left: Schematic overview of the femur
with the compartments inner/outer epiphysis and diaphysis. The marrow mainly
belongs to the diaphysis wh the growth of the bones takes place at the
inner and outer epiphysis. At the right, an exemplarily compartmentalization
of a murine '"H MR scan of the femur with the inner and outer epiphysis as well as
the diaphysis is shown. ¢, Quantification of the "F signal in the different femur
compartments revealed highest "™ PFC uptake in the diaphysis before Mland a
significant drop in this compartment after MI. The inner and outer epiphysis are
characterized by lower fluorine intensities prior Ml and smaller, non-significant
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after MI:d, Antibodies against CXCL1, CXCL2, G-CSF and GM-CSF were injected
intraperitoneally (i. p.) 1 hbefore and 4 h post induction of Ml to inhibit the M-
stimulated egress of neutrophils from the bone marrow and their infiltration into
the heart. Left: Combined 'H/“F MRIof the bone marrow (BM) before (left) and
after Ml (right). e, For quantification, the BM "F signal post Ml was normalized to
the “F signals detected before induction of ML £, Ischemic area and functional
liacy 1day post MI: To exclude any effects on PFC distribution
caused by differences in myocardial tissue impairment after Ml between the
individual experimental groups, we determined ischemic area, stroke volume
and ejection fraction from 'H MRI LGE cine measurements for each condition
(LV = left ventricle). However, no significant differences between “"PFCs-,
“MPFCs- or ™"PFCs + NAbs-treated groups were found. Data are means + 5D of
n=4-5(a),n=7 1l{c),n=58(e)andn =5 8(f)independent experiments;
*=p <0.05, verified by two-sided students t-test {a, &) or one-way ANOVA (c).
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a, and human ¢, neutrophils (red) and monocytes (gray) binding tomNP and
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Binding curves of human and mouse neutrophils reveal a rapid association to
the immobilized NP peptide and a slow dissociation rate (human K,: 0.00449 5™,
mouse K;: 0.009015™). In contrast, human and mouse monocytes showed only
aminor association withimmobilized NP peptides. Furthermore, the SPRsignal
was determined for binding of the NP peptide with increasing cell numbers
(L.7%10%, 3.4%10% 6.7x10%, and 1.4x10%). Here, the observed 5PR signal correlated
almost linearly with the injected numbers of both murine b, and humand,
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neutrophils, and binding could be detected even for low cell numbers as 1.7x10°
neutrophils. e, Binding of kNP to h b.
Binding of the hNP peptide as determined by flow cytometry. We detected a
strong binding by human neutrophils while classical as well as non-classical
monocytes showed no binding at all. f, Valids tification of the ANP
surface receptor witha modified spacer sequence: The modified spacer
contained alysine within the glycinespacer (-GKG-instead of -GGG-) which
introduces a second conjugation site for the NHS group of the TriCeps™ to rule
out any influence on the hinding of the peptide. Subsequent mass spectroscopy
revealed a similar protein profile and identified again CD177 as the most likely
binding candidate. Dataare means 5D ofn=1(a- d),n=5-6 (e)andn=1(f)
independent experiments; ***=p < 0,001, verified by one-way ANOVA.
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- ded Data Fig. 8 | Physicochemical prop d cellular uptake
of " PFCs, a, Cellular uptake of **PFCs byh b d
fils: b cells isolated from the blood of healthy volunteers

Humani
were incubated with ""PFCs. Subsequently, cells were stained with CD11b,

CD14 and CD16 to differentiate between neutrophils (red), classical monocytes
(gray) and non-classical monocytes (blue) and the cells were analyzed

by flow cytometry. The cellular uptake of "*PFCs was determined under
unstimulated conditions (top) and after treatment with 1 pg/mlLPS (hottom).
b, Physicochemical properties of the g d ers: Characterization
of size, size distribution and T potential of ™'PFCs and targeting PFCs (""PFCs,
CnpECs) by dynamic light scattering (DLS). The rhodamine fluorescence signal
of the PCS was determined by IVIS imaging and the F content by "F MRI. c-e,

Cryotr on pyoftheg c,

Cryo transmission electron microscopy (cryo-TEM) of " PFCs and ““PFCs.
Graphs: The diameter of the PFCs was determined manually from three images
categorized into 25 nm groups, The relative frequency of the number of PFCs

in the range of 0-200 nm is displayed. Data are derived from three images for
MPPECs and “PFCs each. d, Box plot (box and whiskers; min to max) of the
diameter of “"PFCs/"™'PFCs calculated from cryo-TEM images. e, Relative
amount of liposomes (%) in individual cryo-TEM images. The number of PFCs and
liposomes was manually determined (n = 4/5 images). Red arrows in the cryo-TEM
images indicate liposomes. Data are mean values + SDofn=5-6(a), n=3-6(h),
n=3(c),n=3(d)and n= 6 (e) independent experiments; ***= p < 0.001, verified
by one-way ANOVA (a).
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Extended Data Fig. 9| Impact of ™PFCs on murine neutrophils.
a, Differentially expressed genes (DEGs) identified by bulk RNA sequencing of
murine blood neutrophils after intravenous injection of "**PFCs, “"PFCs or NaCl
(Crrl) as control. Volcano plots of DEGs for murine neutrophils of animals treated
with saline compared to "PFCs (left), or “"PFCs compared to ™ PFC (right).
Genes marked in red are significantly upregulated with alog; (fold change)
greater than 1.5. BF = Bonferroni corrected p-values of the false discovery rate. In
total 25655 RNA transcripts were analyzed. b, Cell surface expression of CD11b,
CD62L, CD63 on blood derived murine neutrophils after intravenous application
of NaCl(Ctrl) or ™PFCs. As a positive control, matrigel doped with 50 pg LPS
was subcutaneously implanted into the neck of mice and after 24 h, neutrophils

U
ctrl ™pFCs

ctrl ™ pFCs
were isolated from the blood and analyzed by flow cytometry. ¢, Impact of ™"PFC
incubation on neutrophil migration, phagocytosis and release of reactive oxygen
species (ROS). Migration was determined in vivo by assessment of the infiltration
of neutrophils into a matrigel/LPS plug: phagocytosis was determined by
intravenous injection of FITC-labelled £.coliinto mice and the subsequent
removal and flow cytometric analysis of blood neutrophils; extracellular ROS
were measured within the cell supernatant of blood neutrophils by oxidation of
DHE (dihydroethidium) followed by UPLC analysis. Data are shown as means + SD
ofn=a/(a), n=3-9(b)and n=5-7 (c) independent experiments.* = p < 0.05
verified by one-way ANOVA.
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(red) or “"PFCs (gray) by neutrophils, monocytes and lymphocytes from STEMI
blood samples. While neutrophils show strong binding of "™"PFCs in comparison
to “"PFCs, monocytes and lymphocytes show only negligible signals. b+ ¢,

1 ke by STEMI pati is hNP-specific: b, Fluid-

phase endocytosis by neutrophils from healthy controls as well as from STEMI
patients was determined by incubation with FITC-labelled low molecular weight
dextran-particles (10 kDa) over 30 min at 37 °C. At distinct time points the uptake
was measured by flow cytometry indicating no significant differences berween
both groups. ¢, Phagocytosis was determined by incubation of neutrophils

CD177

MFI [APC]

from healthy donors (gray) as well as from STEMI patients (red) with neat PFCs
aver 80 minat 37 °C. At distinct time points the uptake was measured via flow
cytometry indicating no major differences between both groups. Left: Histogram
overlays of healthy (gray) and STEMI(red) samples incubated with dextran
particles (b) or PFCs (c). d, CDI77 expression and " PFC uptake of neutrophils
lerived fromti ples of expl 1h h s: Representative
histograms of human heart samples. Dead cells were excluded from the
analysis by DAPI staining. CD45 and CD11b stainings were carried out to identify
neutrophils within the samples. These neutrophils exhibited both strong CD177
expression and uptake of "'PFCs. Dataaremeans + SDofn=4-6(a),n=4-5(b + )
orn =3 (d}independent experiments,
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3 Discussion

Protein-protein and protein-lipid interactions play fundamental roles in mediating precise
physiological interactions within cellular pathways. One key area of investigation was the
fundamentals of PPlIs, particularly how they occur selectively within numerous signaling pathways
to recognize their binding partners. This doctoral thesis exemplifies this through an in-depth study
of the SH3-PRM interaction, a classic example of signaling proteins communicating and executing
cellular functions, which will be further discussed below (Chapters | and Il). Additionally, this
research highlighted the importance of protein-lipid interactions in various functions, including
membrane dynamics, signal transduction, and inter- and intra-cellular communication. It also
demonstrates how different membrane-binding modules in proteins, such as domains and motifs,
facilitate membrane association and their involvement in disease progression (Chapter IlI).

Considering the roles of protein-protein and protein-lipid interactions in shaping signaling
networks, a key focus was the MAPK pathway. This cascade regulates cellular processes,
including proliferation, survival, growth, cell polarity and mobility [33]. In this context, the regulation
of hub protein in MAPK, CRAF kinase, by PPI was investigated. Notably, SIRT4 was identified as
a novel negative regulator of MAPK signaling through physical interaction with CRAF, adding a
new layer of understanding to the regulatory mechanisms of this pathway (Chapter 1V). This will
be discussed in greater detail in the following parts. Additionally, the mechanisms regulating SIRT4
degradation under pseudohypoxic stress were investigated, focusing on how mitochondrial
autophagy/mitophagy and proteasomal pathways impact SIRT4 stability (Chapter V).

Next, the role of mutagenesis in the MAPK signaling pathway components, RIT1 (Chapter VI) and
SOS1 (Chapter VII), was examined in AVM disease. By analyzing the specific effects of these
mutations on the RAS-MAPK and another important downstream cascade, the RAS-PI3K-AKT
pathway, as well as the impact of drug inhibition, this work contributes to a deeper comprehension
of the molecular mechanisms of AVM disease and highlights potential therapeutic targets, which
will be discussed further in the subsequent sections.

Finally, the dissertation presents a novel non-invasive imaging technique that employs fluorine-
loaded nanotracers to track neutrophil dynamics in cardiovascular injury, aiming to enhance the
understanding of inflammation and refine diagnostic capabilities (Chapter VIII).

Overall, these projects collectively enhance our understanding of how protein-protein and protein-
lipid interactions shape signaling pathways, elucidate the regulatory mechanisms within these
pathways, and uncover the impacts of disease-associated mutations that lead to imbalanced
signaling. They also offer potential therapeutic inhibitors and develop new diagnostic tools, with
the goal of improving treatment strategies for various diseases.

3.1 Functional Analysis and Interaction Mapping of the Human SH3 Domains

Proteins contain modular domains capable of recognizing short peptide motifs, facilitating PPIs
required for signal transduction [214]. SH3 domains are an example of modular domains found in
221 proteins (SH3-containing proteins; SH3CPs) that assist in signal transduction by
predominantly recognizing specific peptide motifs (Proline-rich motifs; PRMs) [17], which are
present in approximately 65.2% of the human proteome [215]. The SH3 superfamily is essential
for many fundamental cellular processes, such as proliferation, cell survival, cell growth, actin
reorganization, cell migration, endocytosis, apoptosis regulation, and proteasome degradation
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[17]. The broad involvement of SH3 domains in cellular processes prompts important questions
regarding the specificity of their interactions with PRMs. Understanding how SH3 domains
recognize PRM motifs is key to deciphering their cellular functions.

Over the past decades, significant efforts have been made to elucidate how members of the
SH3CP superfamily selectively recognize and bind to PRMs. For instance, a study by Carducci et
al. (2012) provided an overview of the interaction landscape of the human SH3 protein family by
integrating text mining of scientific literature and experimental data from high-density peptide
arrays, storing the findings in the publicly accessible PepspotDB database [216]. More recently, a
comprehensive analysis by Teyra et al. (2017) used high-throughput peptide-phage display and
deep sequencing to map the specificity of human SH3 domains [217]. Moreover, hierarchical
clustering allowed the researchers to organize SH3 domain specificity data into distinct profile
classes, revealing that many SH3 domain families exhibit tightly clustered binding profiles. This is
exemplified by a study by Verschueren et.al concluded that the specificity profiles of SH3 domains
are largely conserved across four yeast species, Saccharomyces cerevisiae, Ashbya gossypii,
Candida albicans, and Schizosaccharomyces pombe, indicating that high sequence identity within
SH3 families predicts conserved binding specificity, while divergence often correlates with
changes in binding specificity [218]. This finding suggests that specificity niches are conserved
across large evolutionary distances, suggesting evolutionary stability and functional maintenance
within these protein interaction networks. Nevertheless, it is important to remember that a protein's
function is closely linked to its native tertiary structure. As the saying goes, “Structure is more
highly conserved than sequence” [219]. Therefore, a comprehensive phylogenetic analysis that
integrates sequence-structure relationships with biochemical annotations is essential for
accurately identifying functional sites and understanding interactions from a sequence-structure-
function perspective.

In this study, we systematically analyzed 298 SH3 domains from 221 SH3CPs. By combining
evolutionary analysis with structural and biochemical data from the literature, we classified SH3
domains into ten families based on their PRM binding interfaces [220]. While most families
converged on specific PRM patterns, some showed overlapping specificities, such as family one
and family six for the RXXPXXP motif. These overlapping PRM sequences suggest that different
SH3 domain families may exhibit distinct specificities yet recognize certain common motifs. This
could be explained by potential functional redundancies, cooperative interactions, or shared
regulatory pathways in cellular processes. Additionally, this classification was further validated by
examining how different interface residues determine the affinity and specificity of SH3 domain
interactions with PRMs. Besides the consideration of conserved residues of PRM-binding sites
used for alignment and classification, our mutational analysis highlighted the significant role of
non-conserved residues within each SH3 family in defining interaction specificity and affinity for
PRMs. This underscores the dual role of both conserved and non-conserved SH3 domain residues
in determining specificity and affinity. It is important to note that although in silico and in vitro
studies offer valuable insights into the interaction specificity of modular domains, correlating these
findings with in vivo PPls is crucial for a more accurate understanding and assessment of signaling
properties. A recent study by Dionne et al. (2021) detailed that while SH3 domains are known to
mediate PPIs through their intrinsic binding specificities, their ability to define PP specificity in vivo
is heavily influenced by their host proteins. The study demonstrates that the identity of the host
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protein and the positioning of SH3 domains within the host is crucial for determining PPI specificity
[221].

Other than that, we specifically examined SOS1, a GEF involved in activating RAS proteins within
the MAPK pathway, interaction with SH3 families, a PRM-containing protein showing co-
occurrence of 13 out of 14 proline-rich consensus motifs. For that, we examined SOS1-derived
PRPs (Proline-Rich Peptides) interaction with 25 representative SH3 domains selected from each
family with low-throughput analyses, including pull-down assays, dot blotting, and fluorescence
polarization. The results revealed, in most cases, weak micromolar affinity for SH3-PRP
interactions. Reports suggest that the moderate affinities of SH3-domain-mediated interactions
reflect a significant potential for dynamic remodeling, with rapid dissociation rates that depend on
factors such as subcellular location and the availability of binding partners [222]. In addition, new
models have been developed to account for these weak and transient PPIs. For instance, the SH3
domain-PRM interactions can be significantly increased by additional binding surfaces on the SH3
domain or its ligand. This enhancement can also result from having multiple SH3 domains or
different domains within the same protein, or from the co-localization of interacting partners within
a multi-protein complex [223, 224]. Additionally, our data revealed some high affinity newly
discovered SH3 domain interactions of NCK1-2 and NCK1-3 (Non-Catalytic region of tyrosine
Kinase adaptor protein1-SH3 domain 2 and 3), as well as ARHGAP12 (Rho GTPase Activating
Protein 12) with WRCH1/RHOU (Wnt-1 Responsive CDC42 Homolog 1/RAS Homolog family
member U)-derived RP2 and SOS1-derived P9 and P7, respectively. Further structural and
biophysical characterization will be required to fully understand their function.

Furthermore, studies have highlighted the concept of proline-independent binding, where some
SH3 domains interact with sequences that do not follow the traditional proline-rich motif. For
instance, the RASA1 SH3 domain interacts with the GAP domain of DLC1 (Deleted In Liver
Cancer 1 protein) [225] and kinase domains of Aurora [226], while the FYN-SH3 interacts with the
SAP (Signaling lymphocyte Activation molecule-associated Protein)-SH2 domain [227]. These
atypical interactions complicate the understanding of SH3 domain-mediated PPls and suggest
that SH3 domains possess a broader range of binding sequences. Generally, SH3 domains tend
to maintain their binding specificities within species and across species, but there are exceptions
where changes in binding specificity occur despite sequence similarities [218]. These exceptions
might be due to the presence of proline-independent specificities. Moreover, this non-canonical
proline-independent interaction might explain why 7 out of the 25 examined SH3 domains in this
study showed no interaction with any of the 12 selected PRPs. Consequently, challenges persist
in fully comprehending SH3-PRM interactions, especially in distinguishing between proline-
dependent and proline-independent binding modes. Additionally, other than SH3s, numerous
modular domain families, including WW (two highly conserved tryptophan amino acids), EVH1
(Ena/VASP Homology domain 1), GYF (Glycine-Tyrosine-Phenylalanine), Profilin, CAP-Gly
(Cytoskeleton-Associated Protein-Glycine-rich), and UEV (Ubiquitin E2 Variant) have been
reported as PRM-binding modules [228, 229]. Thus, exploring unique properties influencing
interaction selectivity within each of these superfamilies is another issue to be addressed.

Moreover, disruption of SH3 domain interactions, deletion, or abnormal expression of SH3
domains is linked to the development of various human diseases, including cancer, leukemia,
osteoporosis, Alzheimer’s disease, and a range of infections [17]. Thus, continued investigation
into SH3 domain interactions holds promise for advancing our understanding of cellular signaling
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pathways and developing novel therapeutic strategies for diseases linked to abnormal SH3-
mediated signaling.

3.2 SIRT4 as a New Interacting Partner and a Potential Inhibitor of CRAF

Kinase in MAPK Signaling

In this study, we could identify a novel interaction between SIRT4, a tumor suppressor, and CRAF,
a key kinase in the oncogenic MAPK signaling pathway [230]. Our findings show that CRAF
selectively interacts with SIRT4 among the RAF kinases and sirtuins tested, with this interaction
occurring between the N-terminal CRD of CRAF and the C-terminal region 3 (R3) of SIRTA4.
Mutational analysis of CRAF-CRD identifies gain-of-function mutations that enhance SIRT4
binding, highlighting the significance of these residues. Notably, SIRT4 specifically binds to CRAF
in its inactive form (CRAF-pS259), and overexpression of functional SIRT4 leads to an
accumulation of CRAF-pS259 and a reduction in MAPK signaling, as evidenced by decreased p-
ERK1/2 levels. These results suggest that SIRT4 may have an extramitochondrial, anti-
proliferative effect by sequestering CRAF, thereby interfering with CRAF-mediated activation of
MEK1/2 and subsequent ERK1/2 phosphorylation.

In tumors with alterations in the MAPK pathway, an increasing number of oncogenic driver
mutations have been identified in CRAF [231]. Moreover, the down-regulation or mutation of
negative regulators is commonly observed during tumorigenesis. For example, PHLPP1/2, which
acts as a negative regulator of CRAF by dephosphorylating it to diminish its signaling, often
exhibits altered expression or functional impairment in cancer. In colorectal cancer patients, down-
regulation of PHLPP genes and nonsense mutations (approximately 2-3% of cases) within the
phosphatase domain of both isoforms are observed [156]. In another example, RKIP, an
antimetastatic tumor suppressor that is down-regulated in various cancers [232], binds to the N-
terminal region of CRAF and inhibits its phosphorylation and activation of MEK1/2 [152]. Similarly,
the negative regulation of CRAF by SIRT4 aligns with previous studies showing SIRT4 down-
regulation in various cancers and its inhibitory effects on cell proliferation [196, 200, 233-235].
Future studies should investigate the expression levels and mutational status of SIRT4 in different
cancer types. The specific interaction between CRAF and SIRT4 presents an intriguing target for
therapeutic intervention. Strategies to enhance this interaction or mimic the inhibitory effect of
SIRT4 on CRAF could provide new approaches for treating cancers with hyperactive MAPK
signaling.

The regulatory N-terminal region of CRAF plays a significant role in controlling its activation by
interacting with several regulatory proteins. For example, the interaction between CRAF-RBD and
arrestin-2, which organizes ERK2, MEK1, and CRAF into a scaffold, is believed to aid in releasing
the kinase domain of CRAF, thereby enhancing the phosphorylation of MEK1 [139]. In addition,
RKIP inhibits CRAF phosphorylation at residues S338 and Y340-Y341 and its ability to
phosphorylate MEK by binding to the N-terminal region of CRAF and stabilization provided by
high-affinity binding sites at the terminal ends of CRAF [151-154]. Similarly, RAP1 impedes CRAF
activation by binding to the CRD domain of CRAF, diminishing oncogenic RAS clusters by
competing with RAS for binding to CRAF within these nanoclusters [158]. In comparison, SIRT4
regulates CRAF activity through a similar mechanism by interacting with the N-terminal CRD
domain, potentially sequestering inactive CRAF (pS259). However, the precise molecular
mechanism by which SIRT4 promotes the accumulation of CRAF phosphorylation at S259
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remains unclear. This could involve direct modulation of CRAF conformation, recruitment of
kinases that phosphorylate S259, or inhibition of phosphatases that dephosphorylate S259.

In our study, we performed an extensive structural mutational analysis to explore the interaction
between the CRD of CRAF and SIRT4. By selecting single and combined mutations based on
sequence alignments of the CRD regions across CRAF, ARAF, and BRAF, we aimed to identify
key interacting residues. Contrary to our expectations, these mutations did not result in a loss of
function, but rather in a gain of function. To further investigate, we conducted molecular docking
studies between the CRD of CRAF and full-length SIRT4, providing a 3D structural view of their
interaction, revealing the binding interface involving key residues of the CRD and predominantly
the R3 and, to a lesser extent, the R1 regions of SIRT4. Beyond the residues identified through
mutational analysis of the CRAF-CRD domain, the docking and binding site analysis highlighted
additional critical residues within the CRD and the R3 and R1 regions of SIRT4. Further mutational
analysis is required to assess the functional significance of these newly identified residues. In
addition, to gain a deeper and more detailed understanding of the molecular-level changes, it
would be beneficial to investigate the effects of the CRAF-CRD mutants in a liquid environment
and a dynamic system. Unfortunately, due to the lack of a complete structural model for CRAF,
unlike BRAF, we were restricted to analyzing only the interactions between SIRT4 and the CRD
domain. This limitation prevented us from exploring the autoinhibited closed conformations of the
full CRAF protein in interaction with SIRT4.

Moreover, docking results revealed that the SIRT4-binding region of CRAF-CRD overlaps with
residues critical for KRAS interaction and membrane association. Previous research identified
seven essential basic residues within the CRD—R143, K144, K148, K157, R164, K171, and
K179—that are vital for membrane binding, with particular emphasis on R143, K144, and K148
[236]. Our docking results show that in the inactive state of CRAF, residues R143, K157, and K179
are exposed and contribute to the SIRT4 interaction surface, while the remaining residues are
shielded by 14-3-3 dimers. For KRAS binding, F141 and K179 are crucial for interaction with KRAS
during CRAF activation [237]. Consistent with our docking analysis, both F141 and K179 are
accessible in the inactive state of CRAF and are involved in SIRT4 binding. These observations
indicate that the CRAF-CRD residues required for RAS and membrane interaction, which are
necessary for CRAF activation, are occupied by SIRT4, which may help keep CRAF in its inactive
state.

CRAF predominantly operates through the MAPK pathway but also targets a variety of proteins
that influence multiple signaling pathways, resulting in diverse cellular responses. As
demonstrated in the Figure 10A (Introduction section), these targets include cell cycle regulators
(e.g., Rb[116], CDC25 [117], AuroraA-PLK1[118], CHK2 [119]), apoptosis modulators (e.g., BCL2
[120], ASK1 [121], MST2/STKS3 [122], BAD [123], eEF1A1/2 [124]), and cytoskeletal components
(e.g., ROK-a/ROCK-II [125], NF-kB [126], and DMPK [127]). While this study focuses on the
MAPK pathway, it is important to consider how the CRAF-SIRT4 interaction might influence non-
canonical CRAF-mediated pathways. In addition, given the known cytosolic roles of SIRT4 in cell
cycle progression [193], regulating Wnt/B-catenin [211] and Hippo signaling pathways [212], and
facilitating autophagosome-lysosome fusion through SNARE complex formation [213], it is
important to explore how these functions intersect with its regulation of CRAF. In particular, the
results from this study showed elevation of CRAF-pS259 levels following SIRT4 expression
correlated with a reduction in the pYAP/YAP ratio, negatively modulating Hippo signaling
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(unpublished data). Additionally, in this context, several questions remain unanswered: How is the
CRAF-SIRT4 interaction regulated by different cellular stimuli? What are the physiological
consequences of this interaction in vivo?

Given the diverse enzymatic activities of SIRT4, including deacetylase, deacylase, ADP-
ribosyltransferase, and lipoamidase functions in mitochondria [238] and deacetylase in the cytosol
[211-213] (Figure 12 and Figure 13), and considering that CRAF is a protein kinase, the precise
nature of their functional interaction remains uncertain. Specifically, it is unclear whether CRAF is
regulated through enzymatic reactions mediated by SIRT4 or if SIRT4 acts as a substrate for the
enzymatic activity of CRAF. Notably, SIRT4 has three phosphorylation sites at S255, S261, and
S262 [192, 239, 240], which were identified in mass spectrometry data but have not yet been
experimentally validated. Further investigation is needed to determine whether these
modifications are induced by CRAF kinase activity and to understand how they might influence
SIRT4 function. Up to now, no acetylation has been reported for CRAF. Nevertheless, a recent
study showed that SIRT1 regulates BRAF activity by deacetylating it at K601, which contrasts with
the acetylation of BRAF by p300 acetyltransferase that enhances kinase activity and contributes
to melanoma proliferation and resistance to BRAF-V600E inhibitors [241]. Therefore, further
research is essential to understand the SIRT4-CRAF functional relationship and implications for
cellular processes.

3.3 SOS1 Delins Characterization in Arteriovenous Malformations: Pathways to

Targeted Therapy

Here, we report three novel SOS1 mutations associated with AVM. Our data present the first
biochemical characterization of AVM-causing SOS1 mutations, suggesting that these mutations
cause aberrant GEF activity of SOS1, as demonstrated by increased RAS-GTP levels in all three
delins mutations. As a result, it causes subsequent hyperactivation of downstream signaling, as
evidenced by elevated p-ERK levels. Notably, these SOS1 variants showed a decrease in AKT
phosphorylation at T308, which is mediated by PDK1 and crucial for the initial activation of AKT,
as well as a significant reduction in phosphorylation at S473, which is essential for the full
activation of AKT. Additionally, our findings show that SHP2i (SHP099), KRAS:SOS1 (BI-3406),
and MEKi (PD0325901) effectively reduced p-ERK levels, highlighting the potential for targeting
different stages of the signaling pathway.

Previous studies observed the critical role of SOS-GEFs in endothelial cells and their involvement
in angiogenesis [83, 84]. Studies also emphasize the importance of ERK phosphorylation,
mediated by the MAPK cascade, in driving cell proliferation, a critical aspect of angiogenesis [242].
This aligns with our findings that SOS1 mutants lead to increased downstream ERK
phosphorylation by enhancing GEF activity towards RAS, which in turn amplifies the RAS-MAPK
pathway and promotes proliferative responses. Additionally, based on a previous study showing
the SOS1, E3B1, and EPS8 complex have RAC-GEF activity in vitro [76], further investigation is
needed to understand how AVM-associated mutations affect RAC activation.

Moreover, besides the MAPK pathway, others like PI3K are shown to contribute to angiogenesis
[243]. Therefore, the effect of SOS1 delins was further investigated on the PISK-AKT pathway by
examining phosphorylation at T308, mediated by PDK1 and crucial for the initial activation of AKT,
and phosphorylation at S473, essential for the full activation of AKT [49]. The results showed a
decrease in AKT phosphorylation at T308 and S473. However, there is conflicting evidence
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concerning the specific role of AKT. For example, studies demonstrated that inhibiting AKT
disrupts vascular growth [244]. Nevertheless, expressing constantly active AKT1 mutants (T308A
and S473A) inhibited proper capillary formation, suggesting that precise AKT activity regulation is
crucial for normal angiogenesis and morphogenetic program [245]. Thereby, they observed a
dynamic interplay between AKT and ERK during capillary-like network formation, where increased
ERK activation correlated with reduced AKT phosphorylation and protein levels, necessary for
proper network formation [245]. Further investigation is needed to observe how the correlation of
ERK increase with the reduction in AKT observed in our experiment may contribute to AVM
formation.

Our results indicate that SOS1-mutant variants are sensitive to the MEK inhibitor Mirdametinib,
SHP2 inhibitor SHP099, and KRAS:SOS1 inhibitor BI-3406, which suggests potential treatment
options for SOS1-mutant AVM in the future. The efficient results from MEK inhibition are consistent
with studies showing that SOS1 mutants, such as the SOS1 N233Y mutation associated with lung
tumors, are sensitive to other MEK inhibitors like Trametinib [246]. Furthermore, the selective
KRAS:SOS1 inhibitor BI-3406, which binds to the catalytic site of SOS1 and disrupts its interaction
with KRAS, thereby lowering GTP-loaded RAS levels and reducing cell proliferation [247], showed
promising results in attenuating pERK levels in SOS1 delins. Notably, BI-3406 has been effective
in inhibiting both pERK and proliferation in major KRAS mutants such as G12V, G12D, G12C, and
G13D [248]. However, its efficacy against SOS1-driven mutants had not been demonstrated
before. Furthermore, SHP2 inhibition upstream of SOS1 showed effective results in attenuating
SOS1 delins but with less efficiency than MEKi and KRAS:SOS1 inhibitors. This might be due to
research showing that SHP2 inhibition may not completely block signaling because activated
SOS1 can bypass SHP2 to drive signaling even if SHP2 is inhibited [249-251].

The SOS1 gene harbors AVM-associated mutations within its N-terminal regulatory domain,
particularly two in the PH domain and one in the linker region of the DH-PH unit. The N-terminal
regions of SOS1 are crucial for maintaining its autoinhibition through interactions that stabilize an
inactive conformation and restrain its catalytic activity. Upon activation, these domains also
facilitate the recruitment of SOS1 to the plasma membrane and the subsequent release of
autoinhibition [71, 72]. Interestingly, mutations affecting the N-terminal regulatory domain of SOS1
are prevalent in various cancers and RASopathies [70]. Notably, a detailed study on Noonan
syndrome, a common RASopathy, analyzed the structural perturbations caused by specific amino
acid substitutions. The study classified these mutations based on their effects on intermolecular
interactions [78]. Particularly, PH domain lesions fall into classifications affecting the interaction
between the HD, DH, and PH domains, thereby destabilizing the autoinhibited where the HD and
DH domains block the distal RAS binding site [72, 78]. The effect of these AVM deletion mutations
followed by long amino-acid insertions might change the interface of the HD and the DH-PH unit,
which are conformationally coupled and need to be further analyzed. Another class of mutations
affects the membrane-binding surface of the PH domain [78]. The predicted PIP2 binding residues
of the PH domain are K456, R459, K472, and R489 [252], and the PA (Phosphatidic Acid)
interacting region on the PH domain includes residues 472—-483 [78, 253]. In patients 1 and 2, the
location of the mutations does not overlap with membrane-binding sites, but in patient 3, the
removal of R489 and the insertion of 14 amino acids might affect membrane binding, which needs
further analysis. In general, based on the location of these mutations in this study, it can be
postulated that AVM-associated mutations may affect SOS1 activity by interfering with the
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autoinhibitory intradomain interactions mediated by the PH domain or by affecting PH domain
membrane binding. Regardless of the exact mechanism through which SOS1 delins induce an
oncogenic phenotype, our experiments demonstrate that this occurs through the activation of the
RAS pathway. Further structural and membrane binding analysis is required to evaluate how the
PH domain lesions lead to the constitutive activation of SOS1, resulting in enhanced and
unregulated interaction with RAS and subsequent hyperactivation of the MAPK pathway.

3.4 RIT1 Delins in Arteriovenous Malformations: Implications for Targeted

Therapy

This study identifies novel somatic RIT1 delins variants in patients with AVMs and demonstrates
their role in hyperactivating the RAS-MAPK signaling pathway [254]. The functional significance
of these variants was confirmed through in vitro and in vivo models, showing that the RIT1 variants
lead to increased ERK phosphorylation and AVM formation in zebrafish embryos. Importantly, the
study also highlights the potential therapeutic benefit of MEK inhibition, as demonstrated by the
significant decrease in ERK phosphorylation and clinical improvement in a patient treated with
Trametinib.

Previous studies have primarily associated AVMs with somatic mutations in other components of
the RAS-MAPK pathway, such as HRAS [175], KRAS, BRAF [173], and MEK1 [174]. This study
extends the spectrum of somatic alterations involved in AVM by implicating RIT1, a RAS-like
protein, thereby providing new insights into the molecular mechanisms driving AVM development
by modulating the RAS-MAPK pathway. In addition, based on the cross-talk between the RAS-
MAPK and PI3K-AKT pathways, particularly RAS proteins regulating the PI3K pathway in
oncogenesis [61], the impact of RIT1 variants on the PI3K-AKT signaling pathway was further
explored. The results showed that AVM-associated RIT1 delins variants led to increased
phosphorylation of AKT at T308, but not at S473, which are regulated by different kinases (PDK1
and mTORC2, respectively [49]). This suggests selective activation of the PI3K-AKT pathway,
highlighting the potential involvement of the AKT pathway in sporadic AVM pathogenesis. This is
despite the fact that the PI3K-AKT-mTOR pathway is typically predominant in slow-flow
malformations, such as venous and lymphatic malformations [255, 256], whereas the RAS-MAPK
pathway is usually associated with fast-flow malformations like AVM [174, 257, 258].
Nevertheless, involvement of increased PI3K-AKT in congenital AVM has also been observed,
linked to the reduction of PTEN activity, which normally counteracts PI3K activity and limits AKT
activation [176, 177]. Overall, the dual activation of both pathways by RIT1 variants suggests a
more complex interplay between these signaling cascades in sporadic AVM pathogenesis.

A closer examination of the mutation locations reveals that the three novel RIT1 delins variants
found in AVM patients are all situated near the switch Il domain of the RIT1 protein. This finding
is consistent with the observation that pathogenic mutations in the RIT1 gene tend to cluster in
the G-domain, especially around the switch Il region, which influences nucleotide and effector
binding [92, 94]. Further structural analysis is needed to determine the precise effects of these
mutations at the switch Il region on GTPase activity and effector binding, and how they contribute
to the hyperactivation of the downstream pathway.

In addition, our in vitro data shows mechanistic insight into effective MEK inhibitors, such as
Mirdametinib, preventing ERK hyperphosphorylation. Combined with the reduction in AVM-like
lesion size observed in vivo, this provides a strong rationale for further clinical trials. This is
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particularly relevant given the limited efficacy and high relapse rates associated with current
interventional and surgical treatments for AVMs [259]. This study also investigated the effects of
SHP2 (SRC Homology-2 Protein tyrosine phosphatase) inhibition on RIT1-induced ERK
hyperphosphorylation. SHP2 is a tyrosine phosphatase that acts upstream of RAS and is involved
in the activation of the RAS-MAPK pathway. However, treatment with the SHP2 inhibitor, SHP099,
did not affect ERK phosphorylation levels in HEK293T cells expressing RIT1 variants. This
suggests that the hyperactivation of ERK in RIT1 variants may bypass SHP2, making SHP2
inhibitors less effective compared to MEK inhibitors. Recent research by Antonio, et al. (2023)
shows that pathogenic RIT1 can recruit RAF kinases to the plasma membrane through weak
binding, but this alone might not be enough to activate the MAPK pathway, which also requires
classical RAS proteins. RIT1 increases RAF concentration and promotes its activation by RAS in
response to RTK signaling. In the absence of RAS proteins, the ability of RIT1 to hyperactivate
the MAPK pathway is limited. They also showed that pharmacological inhibition of MAPK, using
inhibitors targeting SHP2 or SOS1, reduces downstream activation but does not affect RIT1-GTP
levels [260]. The differences in SHP2 inhibitors effectiveness between the study by Antonio et al.,
which used 10 yuM of RMC-4550, and our study, which used 5 uM of SHP099, suggest that higher
concentrations or a different SHP2 inhibitor from an alternative source may be needed for effective
inhibition. However, the conclusion remains that it is possible to bypass SHP2, and pathogenic
RIT1 still depends on the canonical RAS-RAF-MAPK pathway. Furthermore, given the complexity
of RIT1-AVM pathogenesis involving both MAPK and PI3K-AKT-mTORC1 pathways, a multi-
target or combinatorial approach may be necessary to achieve optimal therapeutic outcomes.
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